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 Infectious diseases of domestic and wild animals have a tremendous impact on the economy 
and public health worldwide. Sixty percent of the pathogens that cause diseases in humans 
have their source in animals (whether domestic or wild), as do 75 % of emerging human 
diseases and 80 % of the pathogens that potentially could be used in bioterrorism. Animal 
diseases that are transmissible to humans (collectively known as zoonoses), such as avian 
infl uenza, rabies, bovine tuberculosis, and brucellosis, represent a very relevant public 
health threat worldwide, being imperative to prevent and/or control them. Likewise, 
pathogens that are not zoonotic but have a negative impact on livestock production, and 
the associated fi nancial income, should not be overlooked. Some estimates suggest that 
world production of food animals is reduced by more than 20 % due to disease, which may 
be particularly important in developing countries where the unavailability of animal protein 
is socially impacting and inevitably exacerbates infectious diseases risk. 

 The World Organization for Animal Health (OIE) was created in 1924 with the aim of 
controlling the international spread of infectious animal diseases, but currently, over and 
above this original mission, the new mandate is “ to improve animal health worldwide .” The 
OIE builds its expertise on a global network of Reference Laboratories and Collaborating 
Centers that play an essential role in prevention, detection, surveillance, and control of 
animal diseases worldwide. Reference Laboratories serve as centers of scientifi c and techni-
cal expertise for offi cial listed diseases and have particular responsibility for carrying out 
confi rmatory diagnostic tests for these diseases. Collaborating Centers are centers of exper-
tise in key competences related to the management of a particular animal health issue, such 
as epidemiology, diagnosis, risk analysis, welfare, or veterinary training. This global network 
of excellence enables OIE to remain at the forefront of world veterinary scientifi c expertise 
and successfully carry out its activities, providing authoritative scientifi c opinions and advice 
on key topics, such as animal health and welfare and diagnostic techniques. Moreover, the 
OIE is involved in the preparation of standards on diagnostic assays and their offi cial valida-
tion which are published in the  OIE Terrestrial Manual  and  Aquatic Manual  and updated 
annually by the World Assembly of the Delegates of the OIE (available from   www.oie.int    ). 

 The achievements of biotechnology are signifi cantly contributing to the development 
of novel, rapid, and powerful diagnostic assays for animal diseases, namely based on molec-
ular approaches, such as standard and real-time polymerase chain reaction and isothermal 
nucleic acid amplifi cation methods. The recent advent of high-throughput sequencing 
technologies is also boosting the prompt detection of all microbes in a sample, uncovering 
novel pathogens and signifi cantly advancing veterinary diagnostic microbiology. Furthermore, 
the analysis of single nucleotide and large sequence polymorphisms in the genome of 
pathogens provides novel information on their traits, such as virulence and antimicrobial 
resistance determinants, and supports epidemiological studies. Outstandingly, biotechnol-
ogy is enabling the development of diagnostic kits that can ultimately be used in point-of-
decision settings, away from centralized laboratories to assist in local decision- making, for 
instance during an outbreak. OIE is aware of the opportunities and challenges that these 
novel molecular-based approaches bring to veterinary diagnosis and several OIE Reference 
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Laboratories and Collaborating Centers are also dedicated to  Research and Development  
activities on these fi elds. In this context, the present Springer’s book on the use of molecu-
lar biology strategies in veterinary laboratory practice showcases the versatility of the veteri-
narian profession in meeting the challenges posed by the continuous advance of science, 
namely in the biotechnology fi eld. The editors have succeeded in bringing together an 
impressive group of renowned collaborating authors, primarily veterinary doctors and 
researchers of veterinary science, from institutions with established and prized expertise in 
the fi elds of molecular biology and veterinary diagnostics, including several OIE Reference 
Laboratories and Collaborating Centers. This book provides therefore an excellent and 
authoritative overview of molecular biology strategies for pathogen detection and charac-
terization, along with the most recent technological innovations and their potential to 
reconstruct transmission chains and to disclose pathogen biology, evolution, and interac-
tion with the host. Beyond the techniques, the book also discusses the integration of these 
new molecular approaches in the framework of veterinary practice and animal health 
management. In recognition of the challenge faced by the public and private components 
of Veterinary Services and all veterinarians to improve the animal health status worldwide, 
this book may aid veterinary laboratories in setting up molecular diagnosis valences and is 
a valuable resource to veterinary doctors and laboratory technicians, researchers, and 
students of veterinary medicine and science interested in knowing more about these 
challenging, but promising molecular strategies to unravel animal infectious diseases. 

 Director General    Bernard Vallat  
 World Organization for Animal Health (OIE)  
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 Infectious diseases of animals represent a signifi cant economic burden to economies world-
wide and may raise relevant Public Health concerns. Molecular diagnostics has emerged as 
the fastest growing and trending segment of the in vitro diagnostics industry and seems also 
promising in the veterinary sector, providing novel and powerful tools that enable the fast 
and accurate diagnosis of animal diseases. 

 In this book, we provide an overview of molecular biology tools for pathogen detection 
and characterization, along with potential applications to disclose pathogen biology and 
interaction with the host. In Part I, biobanking, biosafety and good laboratory practices, 
biological specimen collection and processing, quality assurance and control, and validation 
of molecular diagnostic assays for veterinary use are concisely introduced as a basis for the 
molecular strategies enclosed in protocol sections. The signifi cance and integration of 
molecular biology methods in the framework of veterinary practice are discussed, along 
with a SWOT analysis presenting our view on the advantages, limitations, opportunities 
and weaknesses, or challenges, of these approaches. The rationale is on the techniques and 
applications rather than the pathogen or disease models. Part II is dedicated to the molecu-
lar detection and identifi cation of animal pathogens using a wide range of established tech-
niques and covering, also, emerging diagnosis approaches. A brief overview of the advances 
on nanoscience and microfl uidics is provided, including a discussion on how the recent 
developments in these research fi elds may be translated into fi eld deployable biosensors. 
Part III addresses genotyping tools for assessing the genetic landscape and epidemiology of 
pathogens. Part IV introduces integrative omics and high-throughput technologies as pow-
erful research tools, yielding massive amounts of information that may ultimately improve 
the control and management of infectious diseases. We strived to span a broad range of 
molecular approaches, from simple and affordable to emerging and sophisticated, which we 
anticipate will be useful for veterinary doctors and laboratory technicians, researchers, and 
students of veterinary medicine and science.  

  Lisbon, Portugal     Mónica     V.     Cunha   
      João     Inácio    
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    Chapter 1   

 Overview and Challenges of Molecular Technologies 
in the Veterinary Microbiology Laboratory 

           Mónica     V.     Cunha      and     João     Inácio    

    Abstract 

   Terrestrial, aquatic, and aerial animals, either domestic or wild, humans, and plants all face similar health 
threats caused by infectious agents. Multifaceted anthropic pressure caused by an increasingly growing and 
resource-demanding human population has affected biodiversity at all scales, from the DNA molecule to 
the pathogen, to the ecosystem level, leading to species declines and extinctions and, also, to host- pathogen 
coevolution processes. 

 Technological developments over the last century have also led to quantic jumps in laboratorial test-
ing that have highly impacted animal health and welfare, ameliorated animal management and animal 
trade, safeguarded public health, and ultimately helped to “secure” biodiversity. In particular, the fi eld of 
molecular diagnostics experienced tremendous technical progresses over the last two decades that signifi -
cantly have contributed to our ability to study microbial pathogens in the clinical and research laboratories. 
This chapter highlights the strengths, weaknesses, opportunities, and threats (or challenges) of molecular 
technologies in the framework of a veterinary microbiology laboratory, in view of the latest advances.  

  Key words     Molecular diagnostics  ,   Veterinary microbiology  ,   Nucleic acid testing  ,   Animal health  , 
  Animal welfare  ,   Public health  ,   Biodiversity  ,   Validation  ,   In-house  ,   Molecular assays  ,   Quality assurance  , 
  Quality control  

1       Introduction 

 Active and passive surveillance of infectious diseases in farmed and 
wild animals enable the detection of (re)emergent pathogens and the 
monitoring of endemic and/or zoonotic diseases and, ultimately, 
back up stakeholders, supporting national and international policies 
aimed at the protection of animal health and welfare, food security 
and public health, and the trade of animals and animal products. 
During recent years, the world has witnessed the emergence or 
reemergence of a number of major animal diseases such as foot-
and-mouth disease (FMD), bluetongue, classical swine fever (CSF), 
and avian infl uenza, which are emblematic examples of the over-
whelming economic, social, and public health impacts that ani-
mal diseases may cause. Effective surveillance and control of animal 
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diseases require a rapid and accurate detection of the etiological 
agent by the use of effective diagnostic tests. Veterinary microbiol-
ogy laboratories play a fundamental role in this context, the main 
purposes being the detection, identifi cation, and characterization of 
any pathogenic organisms present in a diverse range of biological 
samples, such as tissues, blood, urine, and other fl uids collected 
from suspect animals. The characterization of the microorganisms 
may include drug susceptibility testing and genotyping of the iso-
lates for epidemiological purposes, which is essential to track sources 
and routes of infection, as well as for pathogen population studies. 
The direct observation by optical microscopy of biological samples, 
usually stained by different processes, may give a fi rst indication of 
the presence of a microorganism. Histopathological examination 
of hematoxylin-eosin-stained paraffi n-embedded tissues may also 
give indications on the infectious disease and the putative agent, 
thus potentially complementing the diagnostic algorithm. However, 
the confi rmation of an infection usually involves the isolation of the 
causative agent(s), followed by identifi cation through additional 
phenotypic tests. Also widely used are immunological-based diag-
nostic methods relying on the specifi c binding between antigens 
and antibodies. These methods allow detecting the presence of 
antibodies produced in response to an antigen, or the presence 
of an antigen, through various experimental formats, such as agglu-
tination tests, immunofl uorescence, and ELISA. All these labora-
tory diagnostic approaches are based on the analyses of phenotypic 
characteristics of the microorganisms and can be designated as tra-
ditional, classical, or conventional methods. In contrast, the so-
called molecular diagnostics methods detect or analyze, in the 
majority of the cases, genotypic characteristics of the microorgan-
isms, such as the presence of certain genes or their respective 
polymorphisms. In this context, it is possible to identify the micro-
organisms at different taxonomic levels, from domain to species, 
and even down to intraspecifi c levels, through the analysis of genes 
or other genome regions. Moreover, relevant information can be 
obtained about pathogenic microorganisms by the analysis of 
molecular determinants encoding virulence factors (e.g., toxins) or 
conferring antimicrobial resistance. Importantly, in this fi eld are the 
availability, appropriateness, and accuracy of diagnostic and pheno-
typic characterization tests to avoid selective pressure from unnec-
essary or erroneous antimicrobial use during therapy. 

 The fi eld of molecular diagnostics experienced tremendous 
technological developments in the last two decades that have con-
tributed signifi cantly to our ability to study microbial pathogens in 
the clinical laboratory. Molecular methods have thus been taking 
an increasingly important role, supporting, complementing, and, 
in some cases, even replacing the conventional methods. This 
chapter highlights some of the strengths, weaknesses, opportuni-
ties, and threats (or challenges) of molecular technologies designed 
for the diagnosis of infectious diseases in animals.  

Mónica V. Cunha and João Inácio
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2     Molecular Diagnostics Market 

 Molecular diagnostics appears as one of the highest growth seg-
ments within the overall in vitro diagnostics (IVD) market, which is 
currently estimated at approximately € 36,000 million, and is fourth 
in terms of sales behind the segments of immunology, blood glucose 
tests, and clinical chemistry [ 1 ]. The market for molecular    diag-
nostics thus passed from a nonexistent dimension in 1990 to over € 
3,000 million in 2011, with a forecast of € 4,980 million for 2016 
[ 1 ], corresponding to a compound annual growth rate (CAGR) of 
almost 11 %. In this segment, nearly two thirds of the market value 
corresponds to the use of molecular tests for the diagnosis of infec-
tious diseases and to the study of their agents (approximately € 1,950 
million in 2011), including sales of reagents, equipments, services, 
products for extraction of nucleic acids, and other consumables. Of 
this amount, approximately € 1,155 million (59 %) is dedicated to 
the diagnosis of viral diseases, with a particular emphasis on real-time 
PCR-based tests. The remaining amount corresponds mainly to the 
diagnosis of bacterial infections, with particular emphasis for micro-
organisms such as  Chlamydia trachomatis ,  Neisseria gonorrhoeae , 
methicillin-resistant  Staphylococcus aureus  (MRSA), and  Clostridium 
diffi cile . The market for molecular diagnostics of fungal agents and 
other eukaryotic parasites is still very small. 

 The overall veterinary IVD market is a fraction of that of the 
human market and was recently estimated at € 2,064 million 
(in 2013), with a forecast of € 3,030 million in 2018, representing 
a CAGR of about 8 % [ 2 ]. The market is mainly driven by the grow-
ing incidences of disease outbreaks and of zoonotic diseases, the 
increasing companion animal market (backed up by the rise in the 
adoption of pets), the increase in the disposable incomes in devel-
oping countries, and a rising demand for clinical diagnostic tests 
specifi cally designed for food-producing animals (in order to meet 
the demand for safe meat and dairy products and the increasing 
number of livestock) [ 2 ]. The majority of sales occur in the United 
States (45 %) and Europe (30 %), but the demand for veterinary 
diagnostic tests is steadily growing in the Asia-Pacifi c and Latin 
American countries. The main segments of the veterinary IVD mar-
ket are clinical chemistry, immunodiagnosis, and hematology, with 
the fourth position corresponding to the molecular diagnostics, with 
a total market value estimated at around € 292 million. This last fi g-
ure should increase to approximately € 500 million in 2018 [ 2 ].  

3     Brief Overview of Molecular Technologies in the Veterinary Microbiology 
Laboratory 

 Molecular methods have two main applications in the veterinary 
microbiology laboratories. Firstly, and probably the most com-
mon, these methods are used as tools to identify, characterize, and 
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genotype the microorganisms following their culture and isolation 
from samples. Secondly, these methods can be used to detect 
pathogen nucleic acids directly in the biological samples, allowing 
working with inactivated materials, thereby reducing the risk of 
environmental contamination and occupational infection when the 
pathogens are also zoonotic. The molecular diagnostics technolo-
gies comprise basically two main strategies: the hybridization and 
the amplifi cation of nucleic acids, although many systems based on 
the amplifi cation include additional steps of hybridization to iden-
tify the amplifi ed products. 

 The direct hybridization with labeled DNA probes allows the 
identifi cation of microorganisms cultured from biological samples 
and, in some cases, the direct detection of their presence in those 
samples. Among the fi rstly described applications of nucleic acid 
hybridization methods in the veterinary context, we fi nd, for 
example, the detection of bovine herpesvirus type 1 in bovine exu-
dates [ 3 ] and of  Trypanosoma evansi  in infected blood samples [ 4 ]. 
In a more recent example, the hybridization with specifi c comple-
mentary DNA probes has allowed the discrimination between 
 Streptococcus  species associated with mastitis in cattle [ 5 ]. Despite 
their high specifi city, the applications based on the direct hybrid-
ization of nucleic acids were never really adopted for the clinical 
routine diagnosis, since they are very labor-intensive, costly, and 
slow. Additionally, these applications usually have a reduced sensi-
tivity since a high number of target DNA copies must be present in 
the sample. To circumvent this diffi culty, in vitro cultivation may 
yield a high number of the target microorganisms, bringing an 
additional limitation in cases where the handling of large quantities 
of viable pathogens is not recommended. 

 The most used nucleic acid amplifi cation technology in veteri-
nary microbiology laboratories is, undoubtedly, the polymerase 
chain reaction (PCR), introduced in the mid-1980s [ 6 ]. Reverse 
transcriptase PCR was also introduced at that time, allowing pro-
ducing copies of DNA from RNA templates [ 7 ]. Among    the fi rst 
applications of PCR in the veterinary fi eld, we fi nd examples for 
the detection of porcine herpesvirus type I (causing Aujeszky dis-
ease) [ 8 ]; of  Neorickettsia risticii  (formerly,  Ehrlichia risticii ) [ 9 ], 
implicated in the Potomac horse fever; of the equine herpesvirus 
type 1 [ 10 ], responsible for respiratory, neurological, and abortion 
problems in horses; of  Toxoplasma gondii  in sheep [ 11 ]; and of 
 Babesia  and  Theileria  parasites in cattle [ 12 ], among others. There 
are currently thousands of published works describing the use of 
PCR-based methods to detect, identify, and characterize patho-
genic microorganisms of veterinary relevance, these methods being 
particularly useful for the study of fastidious organisms that are 
diffi cult or impossible to cultivate in artifi cial media, such as viruses 
and bacteria of the genera  Brucella ,  Mycobacterium ,  Rickettsia , and 
 Chlamydia , among many others. An important landmark that 
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greatly contributed to the accumulation and popularity of molecular 
technologies in diagnostic laboratories, including the veterinary 
context, was the introduction of the real-time PCR in the mid- 
1990s [ 13 ,  14 ], enabling the detection of amplifi ed nucleic acids as 
they are being synthesized. This technology also allows quantifying 
the number of copies of template nucleic acids present in a sample, 
useful, for example, to estimate viral loads, to monitor the success 
of antimicrobial therapies, and to potentially discriminate infec-
tion, colonization, or contamination of the samples. The technol-
ogy of real-time PCR has been widely exploited to support the 
diagnosis of viral diseases, of which many are notifi able to the 
World Organisation for Animal Health (OIE), such as FMD, CSF, 
and bluetongue [ 15 ]. Many other applications have also been 
developed to detect veterinary-relevant bacteria, such as particular 
ecotypes within the  Mycobacterium tuberculosis  complex species 
[ 16 ] and eukaryotic parasites, such as  Theileria annulata  [ 17 ]. 

 Among the strategies for nucleic acid amplifi cation are also 
worthy of note those based on isothermal processes. For example, 
the technology of nucleic acid sequence-based amplifi cation 
(NASBA) has been used to develop diagnostic tests for several 
viruses with single-stranded RNA genomes, such as the FMD virus 
[ 18 ]. In another example, the technology of loop-mediated iso-
thermal amplifi cation (LAMP) has gained increasing interest in 
recent years for the use in molecular diagnostics tests, and there are 
also several references within a veterinary context, for example, for 
the detection of the CSF virus [ 19 ], the FMD virus [ 20 ], and spe-
cies of  Brucella  [ 21 ]. 

 The DNA fragments amplifi ed by PCR or by other technology 
of nucleic acid amplifi cation can also be analyzed by hybridization 
with DNA probes immobilized on solid supports (reverse hybrid-
ization), such as nylon or nitrocellulose membranes, glass, or other 
materials. The reverse hybridization technology on nylon or nitro-
cellulose membranes has been used, for example, to detect and 
identify species of  Babesia  and  Theileria  directly from blood sam-
ples of cattle [ 22 ,  23 ], and to genotype  Mycobacterium bovis  and 
other veterinary-relevant tuberculous mycobacteria by spoligotyp-
ing [ 24 ,  25 ]. Several systems are currently commercialized that 
may enable a differential diagnosis result within hours.  High- density 
systems for reverse hybridization have been also developed, com-
monly known as microarrays, allowing the simultaneous analysis of 
hundreds to thousands of different genomic targets in the same 
assay. Microarrays are particularly useful for studies of gene expres-
sion, and, although still very expensive, some applications have also 
been described for the detection and identifi cation of veterinary-
relevant pathogens such as  Mycoplasma  spp. [ 26 ]. 

 Nucleic acid sequencing has also become common for 
microbiological diagnostic laboratories due to the rapid techno-
logical developments in this fi eld and the consequent reduction 
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of associated costs. The sequencing of certain genes or other 
genomic regions amplifi ed by PCR enables to easily identify and 
genotype the microorganisms, by using, for example, multilocus 
sequence typing (MLST) approaches [ 27 ]. The more recent 
introduction of the next-generation sequencing and metage-
nomics technologies has, among other applications, allowed the 
discovery and characterization of newly emerging or unknown 
pathogens, independently from culture, excellent examples being 
the identifi cation of the Schmallenberg virus [ 28 ] that recently 
affected cattle in Europe, or the recognition of viruses that 
affect bees [ 29 ].  

4     SWOT Analysis of Molecular Diagnostics Technologies 

 The available information in the literature on the development and 
application of molecular diagnostics methods is profuse, including 
the description of methods for the detection and identifi cation of 
veterinary-relevant pathogens causing diseases listed by the 
OIE. However, relatively few molecular methods in the form of 
widespread tests or diagnostic services have been successfully arriv-
ing to the IVD market and seldom have been adopted offi cially by 
national and international veterinary authorities as reference meth-
ods for a particular animal infection or disease. The use of molecu-
lar tests turns out to be optional in most laboratories, being used 
only when the classical diagnostic methods do not allow a satisfac-
tory response [ 30 ]. Despite the great advantages normally associ-
ated with molecular diagnostics technologies, for example, in terms 
of specifi city and sensitivity, accuracy, and speed of response, labo-
ratories face several challenges in the implementation and use of 
these methods and, sometimes, in the interpretation of the clinical 
relevance of the results. In Table  1 , we detail our view on the most 
relevant strengths, current weaknesses, opportunities, and threats, 
or challenges, associated with molecular diagnostics technologies, 
possibly contributing to a better comprehension of the current 
state of the art of the IVD segment in the context of veterinary 
diagnosis and to outline some clues regarding the future.

   The implementation and use of molecular methods is usually 
more expensive when compared to the classic microbiological 
diagnostic tests, since they usually require a relatively sophisticated 
laboratory infrastructure and equipments, and reagents and con-
sumables are also typically more costly. In addition, the procedures 
may be more demanding and/or have increased complexity, in 
particular to prevent the occurrence of cross-contamination that 
may lead to false-positive results, which in turn require more spe-
cialized technical personnel. However, the simplifi cation and 
increasing automation of various procedures have been contribut-
ing to a greater integration of molecular diagnostics methods in 
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   Table 1  
  SWOT analysis of molecular diagnostics technologies in the veterinary microbiology laboratory   

  Strengths    Weaknesses  

 • Overall higher analytical and diagnostic 
sensitivities and specifi cities, higher 
accuracy, and shorter time-to-result 

 • Suitable for the analysis of a large 
number of samples (e.g.,  high sample 
throughput in automated systems ) 

 • Suitable for the detection of a wide range 
of pathogens, at different taxonomic 
levels (e.g.,  virus ,  bacteria ,  fungi , 
 protozoa ,  and other eukaryotic parasites ; 
 detects fastidious microorganisms and 
those that cannot be cultured ) 

 • Allow the discovery and characterization 
of newly emerging or unknown 
pathogens (e.g.,  broad - range PCR assays 
or metagenomics ) 

 • Can be also used after the starting of 
antimicrobial therapy ( results not affected 
by the presence of antimicrobials in 
samples ) 

 • Eventual delays in sample collection, 
transport, and storage have less effects 
on the fi nal result ( DNA is a very stable 
molecule ) 

 • Suitable for identifying antimicrobial 
resistance and highly virulent strains 
( by targeting the respective trait - associated 
genes ) 

 • Possibility to detect several pathogens or 
respective genetic traits simultaneously 
( multiplexing capability ,  allowing to 
obtain more information per single test , 
 at a lower cost ) 

 • Suitable for the direct analysis of a wide 
range of biological samples (e.g.,  tissues , 
 blood ,  and other fl uids ;  nucleic acids of the 
pathogens can be detected directly in the 
samples ,  allowing to work with 
inactivated materials ) 

 • Possibility of quantifi cation of target 
nucleic acids in samples (e.g.,  to assess 
viral load in the blood ,  to discriminate 
between infection ,  colonization ,  and 
contamination ,  to guide treatments , 
 and to monitor progress of disease ) 

 • High discriminatory power for 
microorganisms typing (e.g.,  to track 
sources of infection ,  assess transmission 
chains and epidemiology studies ) 

 • Molecular data is easily shared using 
public databases online, and a wide 
range of bioinformatics tools for analysis 
is available 

 • Higher costs for establishing a molecular biology 
laboratory ( including facilities ,  equipments ,  and skilled 
technicians ) 

 • Comparatively more expensive reagents and 
consumables ( also usually requiring more costly 
transportation and storage conditions ,  such as a cold 
chain ) 

 • Usually requires technically complex procedures ( with 
meticulous following of effective standard operating 
procedures and quality control ;  accuracy ,  reproducibility , 
 and reliability of some assays may depend on the expertise 
of the technician and of other factors such as instruments 
calibration and batch - to - batch variation of reagents ) 

 • Higher potential for the occurrence of false-positive 
results (e.g.,  due to specimen contamination by target 
nucleic acids ) 

 • Higher potential for the occurrence of false-negative 
results (e.g.,  related to the diffi culty of extracting 
pathogens nucleic acids from some specimens or to the 
presence of inhibitors of amplifi cation reactions ) 

 • Nucleic acid detection may not always prove 
involvement in infectious processes (e.g.,  in active  vs. 
 latent infections ,  asymptomatic animal carriers ,  and 
opportunistic pathogens members of the normal microbial 
fl ora ) 

 • Nucleic acid detection cannot usually differentiate 
between viable and nonviable microorganisms ( unless 
the molecular target is ,  for example ,  messenger RNA , 
 which is more technically demanding ) 

 • Single use of molecular techniques does not allow 
archiving of samples for future study (e.g., 
 microorganisms are not normally isolated in pure 
culture ,  which can limit epidemiological surveillance ) 

(continued)
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clinical laboratories. With the currently available technology, it is 
now possible to process and extract nucleic acids from hundreds of 
samples and proceed to analysis for defi ned genetic markers in less 
than a working day. Thus, the ability of molecular-based methods 
to analyze hundreds or thousands of samples in a short time, and a 
greater speed to reach the fi nal results (also potentially contribut-
ing to limit the use of unnecessary empirical antimicrobial therapies), 

  Opportunities    Threats  

 • molecular diagnostics is one of the highest 
growth segments within the IVD market 

 • Rising demand for clinical diagnostic 
tests for food-producing and companion 
animals 

 • Less strict regulations in the veterinary 
IVD sector can promote a more rapid 
adoption of new technologies ( when 
compared with the human IVD sector ) 

 • Professional guidelines and educational 
efforts to disseminate molecular 
diagnostics and data interpretation 

 • Increasing automation of molecular 
diagnostic assays ( contributing to a 
greater integration in diagnostic 
laboratories ,  making also possible the 
remote analysis ,  and lowering the cost per 
test ) 

 • Demand for diagnostic tests for use in 
the point of decision (e.g.,  directly at 
farms ,  slaughterhouses ,  or local veterinary 
clinics and laboratories ) 

 • Demand for the development of simple, 
effi cient, and fast nucleic acid extraction 
and purifi cation assays 

 • Novel technologies becoming more 
mature for the development of 
alternative molecular diagnostic tests 
(e.g.,  microfl uidics and nanotechnology ; 
 biosensors ) 

 • Novel applications and increasing 
affordability of next-generation 
sequencing approaches (e.g., 
 metagenomics ) 

 • Increased amounts of gene and genome 
sequences information in publicly 
available databases 

 • Some expertise in classical diagnostic 
methods is disappearing (e.g.,  expertise 
in virus culture and electronic microscopy ) 

 • Pressure to keep a low cost per analysis in the 
veterinary fi eld ( which is more pronounced in the 
livestock segment than in the companion animal 
segment ,  including pets and horses ;  may limit a more 
widespread adoption of molecular diagnostics 
technologies ) 

 • Lack of harmonization between the molecular tests 
used among different laboratories ( which may yield 
contradicting results ,  also related with different levels of 
exigency in the implementation of these tests ) 

 • Clear algorithms for the use and interpretation of the 
medical relevance of molecular results may be diffi cult 
to establish ( standards for reporting molecular data 
and respective interpretative criteria need to be 
established for most infectious diseases ) 

 • Conservatism of the medical personnel in the adoption 
and prescription of new diagnostics technologies ( also 
associated with the usually little importance given to 
molecular diagnostics technologies in veterinary medical 
curricula ) 

 • Diffi culty in assessing reference materials and good 
gold standard methods to validate molecular tests 

Table 1
(continued)
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may generate substantial savings, making these technologies more 
competitive in terms of cost per analysis. An earlier detection of the 
infectious agents in diseased or carrier animals may also limit the 
spread of these pathogens to neighbor animals (and even to 
humans) and improve the overall quality of the veterinary service. 

 Another important aspect is related to the sensitivity of molecu-
lar methods. It is widely recognized that the analytical sensitivity of 
these methods is extremely high, particularly in those based on the 
amplifi cation of nucleic acids, often being possible to detect the 
presence of a single copy of the target nucleic acid in the reaction 
mixture. In contrast, the performance of molecular methods may 
become unsatisfactory for the detection of nucleic acids directly 
from samples, yielding false-negative results. A problem still largely 
unsolved concerns the processes of extraction and purifi cation of 
nucleic acids from biological samples (e.g., blood or tissues). The 
extraction and purifi cation of microbial nucleic acids from some 
biological matrices prove to be complicated, due to the intrinsic 
characteristics of the agents (e.g., diffi culty to lyse cell walls, such as 
in bacteria from the  Mycobacterium tuberculosis  complex), due to 
the presence of a much higher proportion of nucleic acids from host 
animals, or related to the presence of inhibitory compounds in the 
nucleic acid extracts that may affect the success of the amplifi cation 
reactions [ 16 ]. Protocols for the extraction of nucleic acids, includ-
ing several steps of mechanical, chemical, or enzymatic lysis, and 
several purifi cation steps can be effi ciently used in research, but are 
not practical or are too expensive for routine use. Thus, the avail-
ability of effi cient, consistent, and reproducible nucleic acid extrac-
tion processes adapted for diffi cult biological matrices, yet affordable 
and simple to use, is still an unmet need that has hindered the wide-
spread routine use of molecular methods in the veterinary microbi-
ology laboratory. The consistency of the extraction process becomes 
even more critical if the aim involves the quantifi cation of the 
pathogenic agents in the samples. 

 Another major challenge of molecular diagnostics lies in the 
lack of harmonization of the operational procedures used among 
different laboratories, which contrasts greatly with the situation of 
conventional diagnostic methods, whose use is very standardized. 
In veterinary medicine, molecular tests are largely designed in- 
house and implemented locally in different laboratories, as there 
are fewer commercial diagnostic kits available (also due to the 
smaller IVD market). Thus, to detect the same agent in the same 
type of sample, laboratories may use different methods for the 
extraction of nucleic acids and/or discrepant primer sequences 
and/or diverse amplifi cation conditions. Consequently, the com-
parison of results among different laboratories is complicated and 
may even be contradictory, an illustrative example being the dis-
crepant results for the PCR-based diagnosis of feline immunodefi -
ciency virus (FIV) infection in cats by different laboratories using 
parallel samples [ 31 ]. The level of optimization and exigency in the 
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implementation of molecular diagnostics methods varies greatly 
from laboratory to laboratory, from those that simply reproduce a 
particular system that has been described elsewhere in the litera-
ture, offering little quality control to those who effectively conduct 
a technical validation and quality control of the methods, assessing 
their specifi city, sensitivity, and positive and negative predictive val-
ues, among other features. 

 Important in this context is the availability of reference mate-
rials and adequate gold standard diagnostic methods to validate 
and assess the performance of molecular tests. International 
agencies, such as the OIE, are making efforts to alert for the need 
for international standardization and validation of molecular tests 
for the use in veterinary microbiology laboratories and are mak-
ing available relevant guidelines and procedures toward that aim. 
Nevertheless, since there is currently no major regulatory valida-
tion hurdles for the marketing of veterinary molecular diagnostic 
tests for infectious diseases, veterinarians and technicians must 
keep themselves informed and be smart buyers of these tests or 
services [ 32 ]. 

 Perhaps one of the major challenges with regard to the molec-
ular diagnostics technologies is precisely the interpretation of the 
clinical relevance of a positive or negative test. A negative result, 
which may indicate the absence of the agent, should always be 
interpreted considering the limitations of the specifi city and sensi-
tivity of the molecular test since, as mentioned above, false- negative 
results may occur, for example, due to the ineffi ciency of the nucleic 
acid extraction methods. With respect to the positive tests, the 
interpretation could be considered straightforward, for example, in 
cases where the presence of a particular pathogenic agent implies 
the occurrence of disease. However, a positive amplifi cation result 
does not always mean that the agent is present in the sample in a 
viable state. The agent may be dead or nonviable, or there may be 
only remnants of nucleic acids (e.g., in animals that began therapy 
or when the agents have been successfully eliminated by the 
immune system) [ 33 ]. An interesting but yet unanswered question 
for different infectious diseases is how long the nucleic acid of 
causal agent may remain detectable in the samples after treatment 
and/or recovery of the animals. In other cases, nucleic acid detec-
tion may not mean that the animal is effectively ill, for example, in 
cases of latent infections, in asymptomatic carrier animals, in hosts 
in equilibrium with the agent, and when dealing with ubiquitous 
microorganisms. The vaccination of animals may also interfere 
with the performance or interpretation of molecular diagnostics 
assays, the detection of FIV in vaccinated cats being a good illus-
trative example of this limitation [ 31 ]. Moreover, when the disease 
is caused by opportunistic pathogens belonging to the normal 
microbial fl ora of animals, the interpretation of a positive molecu-
lar test also becomes more diffi cult, being necessary to differentiate 
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between colonization and active infection. Veterinary doctors and 
technicians should be aware of the enhanced accuracy and speed of 
molecular tests for the diagnosis of infections but also to under-
stand their limitations. Thus, clear algorithms for the use of molec-
ular tests must be settled for each disease (and eventually for each 
animal species), establishing the appropriate specimen to collect, 
the suitable timing for collection, and the proper test to use, 
namely, regarding qualitative versus quantitative response, and 
whether it is fi t for purpose (i.e., fulfi lls the needs of the situation). 
The clinician should be aware of the pathogenesis of each patho-
gen and collect the most adequate sample for its detection since 
the analysis of the wrong sample type is a common mistake leading 
to false-negative results [ 34 ]. A clear reporting of molecular data 
by diagnostic laboratories, an effective communication between 
the laboratory and the clinical settings, and clear interpretative cri-
teria for the results have also to be established, requiring well- 
designed clinical studies. Molecular results should be analyzed 
considering the limitations of the techniques, the epidemiological 
context, and, preferably, where appropriate, in complement to the 
classical methods in a search for various relevant phenotypic and 
genotypic characteristics of the agents. Ultimately, the veterinarian 
should bring together all these results within the context of the set 
of clinical signs and symptoms exhibited by the suspect animal(s), 
to reach a fi nal diagnosis. 

 Very few studies attempted to investigate the need for educa-
tion in the fi eld of molecular diagnostics technologies among vet-
erinary practitioners. As an example, a recent survey assessed the 
knowledge and clinical use of PCR-based diagnostics in equine 
practice by diplomates of the American College of Veterinary 
Internal Medicine [ 34 ]. Noteworthy, the results of this study 
mostly express our own perception on the level of existing knowl-
edge about these technologies and its applications in the general 
veterinary community. Although the majority of the surveyed vet-
erinarians reported being familiar with the principles of nucleic 
acid amplifi cation, just over half of respondents knew the differ-
ence between standard and real-time PCR. Most of these profes-
sionals also reported to regularly submit samples to specialized 
laboratories for the PCR detection of pathogens. However, this 
study found surprising that blood was the most commonly submit-
ted sample, given that the majority of respiratory, enteric, and neu-
rologic equine pathogens are not detectable in the peripheral blood 
[ 34 ]. Particularly relevant, this survey found that specialized infor-
mation about molecular diagnostics is not routinely accessible to 
practicing veterinarians, and most of these professionals empha-
sized the need for an improved and continuing education on these 
technologies. Professional guidelines and educational efforts 
should be therefore increasingly developed to disseminate the best 
practices in molecular diagnostics and data interpretation and 
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directed to all the people in the diagnostic chain, from the owner, 
farmer, or professional that collects the sample to the person that 
reports the result and the veterinarian that has to make an enlighten 
evidence-based decision. 

 During easily transmitted and economically impacting disease 
outbreaks, such as FMD, the early detection of infection is particu-
larly important but is often impractical to test all the samples in 
centralized reference laboratories. Moreover, in many regions of 
the globe, even the veterinary reference laboratories may not be 
adequately equipped to face these threats. In this context, the 
availability of diagnostic methods for use in the point of decision 
(e.g., directly at farms, slaughterhouses, or local veterinary clinics 
or laboratories) is particularly relevant and is forecasted to repre-
sent a major opportunity for the IVD market. Molecular diagnos-
tics methods generally are not applicable in these circumstances, 
requiring the use of sophisticated and expensive equipments oper-
ated by skilled technicians. The increasing availability of portable 
thermal cyclers may be potentially useful for a wider use of molecu-
lar technologies, allowing their implementation closest to the 
regions where outbreaks occur (e.g., in regional laboratories or in 
the fi eld) [ 15 ]. The use of isothermal technologies for the amplifi -
cation of nucleic acids, such as LAMP, may also prove useful in this 
context because of its lesser requirement for sophisticated equip-
ments. The detection of amplifi ed products by electrophoresis is 
not practical outside the laboratory, but disposable strips for lateral 
fl ow detection of nucleic acids are also already commercially avail-
able [ 19 ]. Other fi elds experiencing great developments are micro-
fl uidics and nanotechnology. The procedures normally required 
for the molecular detection of pathogens in biological samples, 
including cell lysis, extraction of nucleic acids, amplifi cation of 
 specifi c genomic targets, and their detection, can all potentially be 
integrated into autonomous miniaturized microfl uidic systems, 
enabling the development of molecular diagnostics devices (com-
monly referred to as lab-on-a-chip), which can be used in the point 
of decision [ 35 – 40 ]. Nanotechnologies have also sparked interest 
in the development of new diagnostic tests, including molecular 
tests, taking advantage of the unique properties that many materi-
als exhibit at the nanoscale [ 41 ,  42 ]. Biosensors based on these 
technologies are likely to eliminate the need for any steps of extrac-
tion and amplifi cation of nucleic acids from samples [ 42 ], and sev-
eral prototypes were recently described in the literature for the 
detection of viruses and bacteria.  

5     Conclusion 

 The unprecedented growth of human population, increasingly 
demanding for more food supplies and animal protein, changes in 
land use, globalization, industrialization, deforestation, and climate 
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change, among others, have cumulatively and irreversibly affected 
biodiversity at all scales, from the DNA molecule to the ecosystem 
level. All animals, either domestic or wild, and humans face similar 
health challenges imposed by pathogenic agents. Over the last 
century, laboratorial tests had a tremendous impact on animal 
health and welfare, contributing to ameliorate animal manage-
ment and animal trade, helping to protect public health, and ulti-
mately helping to minimize biodiversity loss. The    growing 
technological innovations in molecularly based tests have contrib-
uted to more rapid pathogen detection results and to the certifi ca-
tion of the sanitary status of animal or animal groups, to increase 
our understanding of the epidemiology of pathogens, to support 
their control and eradication, and to provide guidance to policy 
makers. On a more fundamental perspective, molecular technolo-
gies have also been crucial to increase our understanding on 
pathogen biology, including interaction and coevolution with the 
host and, also, on xenobiotic (including antimicrobial drugs) 
resistance. 

 Unquestionably, molecular technologies have broadened up 
the scope of veterinary diagnostics and will be increasingly used 
for the rapid diagnosis and study of the pathogenesis and epide-
miology of infectious diseases. It is likely that in the near future, 
as has happened in recent years, molecular methods will replace 
some currently used classical diagnostic tests, providing signifi -
cant improvements in specifi city, sensitivity, and speed of 
responses. However, the pathogenicity of a microorganism is a 
complex phenomenon resulting from mechanisms and interac-
tions at the genomic, regulatory, and expression levels. Thus, a 
complete picture of the characteristics of a microorganism, espe-
cially those  relevant for their pathogenicity and interaction with 
their hosts, can hardly be achieved only on the basis of the analysis 
of their genome. The real added value of molecular technologies 
will be their complementarily use with conventional microbio-
logical tests, properly integrated in a laboratorial diagnostic and 
research algorithm, allowing the collection and analysis of multi-
variate phenotypic and genotypic characteristics of pathogenic 
microorganisms.     
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    Chapter 2   

 Signifi cance and Integration of Molecular Diagnostics 
in the Framework of Veterinary Practice 

           Alicia     Aranaz    

    Abstract 

   The fi eld of molecular diagnostics in veterinary practice is rapidly evolving. An array of molecular techniques 
of different complexity is available to facilitate the fast and specifi c diagnosis of animal diseases. The choice 
for the adequate technique is dependent on the mission and attributions of the laboratory and requires 
both a knowledge of the molecular biology basis and of its limitations. 

 The ability to quickly detect pathogens and their characteristics would allow for precise decision- 
making and target measures such as prophylaxis, appropriate therapy, and biosafety plans to control disease 
outbreaks. In practice, taking benefi t of the huge amount of data that can be obtained using molecular 
techniques highlights the need of collaboration between veterinarians in the laboratory and practitioners.  

  Key words     Molecular diagnostics  ,   PCR  ,   RT-PCR  ,   Veterinary clinical microbiology  ,   Pathogens  

1       Introduction 

 Molecular techniques, fueled by polymerase chain reaction 
(PCR), have revolutionized the diagnostics in veterinary practice. 
Molecular approaches are now widely accepted for identifi cation 
of etiological agents and in many cases have replaced traditional 
systems based on the more cumbersome phenotypic identifi ca-
tion. Several assays are currently described for the detection and 
identifi cation of many pathogens of the  OIE - listed diseases  and 
other  diseases of importance to international trade . However, 
compared to serological techniques, molecular assays are still offi -
cially recommended as prescribed tests only for a limited number 
of diseases, when concerning the international trade and move-
ment of animals and animal products (  http://www.oie.int/en/
international-standard- setting/terrestrial-manual    ). 

 The development of molecular methods has provided new 
tools for enhanced surveillance and outbreak detection, and this 
may result in better implementation of infection control programs. 
Benefi ts of using molecular diagnostics are clear in terms of time to 
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result and accuracy; however, laboratories also face several challenges 
when implementing molecular diagnostic assays, related with 
throughput, quality control, direct use on clinical samples, or dif-
fi culties for the defi nition of gold standards to assess the tech-
niques. The aim of this chapter is to give an overview of the general 
uses of molecular techniques in routine work of veterinary diag-
nostics and to discuss some of their limitations.  

2     Basic Approaches in the Laboratory 

 In the past 20 years, international research efforts have provided an 
exponential knowledge on pathogen genomic sequences and the 
availability of molecular technologies of different complexity. This 
knowledge has resulted in powerful tools that enable the rapid and 
specifi c diagnosis of animal diseases [ 1 ,  2 ]. The practical relevance 
of these techniques is directly related to the problems that the 
pathogens pose in the laboratory; the more fastidious the patho-
gen, or noncultivable, the more useful will be the molecular tech-
nique. However, for some fast-growing pathogens, biochemical 
characterization using commercial automated systems is still a valu-
able tool. Accordingly, molecular techniques are of paramount 
importance for diagnosis of viral diseases and for some serious bac-
terial pathogens, such as brucellae, mycobacteria, and rickettsiae, 
which take considerable time to grow in vitro and/or require spe-
cifi c culture media or cell culture systems, and are not adequate for 
wide-scale culture-based diagnosis. Moreover, additional time is 
required for the biochemical or serological identifi cation of the iso-
lates. It is also known that false-negative culture results may occur. 
To overcome these limitations, efforts have focus on the PCR 
amplifi cation of nucleic acids directly extracted from clinical speci-
mens or environmental samples. Extensive research and use of 
these techniques have increased our knowledge of pathogens and 
epidemiology of the diseases. 

 Molecular diagnosis of diseases caused by main pathogens of 
veterinary interest can be applied following two main approaches:

    1.    Coupled to conventional microbiological culture to identify 
bacterial or fungal isolates, or cell culture in the case of viruses, 
replacing the more cumbersome biochemical or serological 
identifi cation. This requires only a step to inactivate the patho-
gen and to prepare the nucleic acids that will work as template 
for the amplifi cation reactions. In many instances, the suspen-
sion of the colonies in distilled sterile water and simple boiling 
is enough for DNA extraction, being suited for laboratories 
even with minimum resources.   

   2.    Direct detection of the pathogen’s nucleic acids in clinical 
specimens (e.g., tissues, feces, body fl uids, and swabs). In this 
case, the direct detection presents the advantage of rapidity 
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(which can mean saving up to several months) and the possibility 
to work with inactivated material, so reducing the risk of labo-
ratory hazards (important when pathogens are also zoonotic). 
However, the direct detection of pathogen’s nucleic acids in 
clinical samples requires the use of improved DNA/RNA 
extraction methods. Although amplifi cation-based assays are 
extremely sensitive when used on microbial cultures, its sensi-
tivity may drop when directly applied to samples eventually 
containing inhibitors. Protocols requiring many steps involv-
ing mechanical, chemical, and enzymatic disruption of microbial 
cells, or involving commercially available DNA/RNA extrac-
tion and purifi cation kits, may be useful and effi cient for 
research activities but may not be adequate or be cost-prohib-
itive when handling a large number of samples with routine 
diagnostic purposes, as during disease outbreaks (high pressure 
to analyze many samples in the minimum period of time) or 
surveillance (high number of samples during an extended 
period of time). Furthermore, the use of automated work sta-
tions that handle several samples at a time may not be available 
in resource- limited laboratories. The effectiveness of every 
nucleic acid extraction protocol depends on the matrix (i.e., 
type of clinical sample) and the pathogen and needs to be 
adjusted for each specifi c combination.      

3     Level of Information 

 Most molecular diagnosis approaches currently used in the routine 
veterinary laboratory rely in the PCR and its variants, such as 
nested-PCR and real-time PCR. The performance of these assays 
mainly depends upon the primers used, which are usually a pair 
of short oligonucleotide fragments complementary to fl anking 
regions of the target sequence and that will specifi cally anneal to 
the microbial genetic material present in the sample. The laboratory 
can design  in - house  PCRs based on previously well- characterized 
and validated genomic targets and primers sequences available in 
scientifi c publications and online databases. Otherwise, the labora-
tory staff would need to select novel targets and to design appro-
priate primers (free software can be downloaded and used for this 
purpose). Ideally, the primers should be 100 % specifi c and, at the 
same time, should detect all variants that are being “hunted”; this 
may require a balance between the use of conserved and of highly 
variable genetic regions as complementary targets for those prim-
ers. Depending on the primer design strategy, molecular tests can 
allow the identifi cation of the etiological agents further than the 
species level, such as distinct groups (lineages) with a characteristic 
geographic spread, for instance, the  Mycobacterium bovis  clonal 
complexes [ 3 ] or the  Brucella melitensis  groups [ 4 ]. The possibility 
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of designing own primers allows to focus diagnosis on local needs 
and priorities but will require further experimental optimization of 
the PCR-based reactions in every laboratory. Nevertheless, an 
increasing number of commercial kits to detect pathogens have 
become available; some diagnostic kits are certifi ed by the OIE as 
fi t for purpose. 

 Regarding the number of distinct sequence targets that are 
detected per amplifi cation reaction, there are two strategies: the 
use of a single target (singleplex) or of several targets (multiplex). 
The latter strategy involves the use of multiple different pairs of 
primers in the same PCR, usually yielding amplifi cation products 
with distinct lengths. Multiplexing allows for an increased work-
fl ow and reduced cost and has been used mainly with the two fol-
lowing objectives:

    1.    To identify pathogens to the species, or even to the strain level 
using, e.g., specifi c genes, genetic regions, or insertion sequences, 
or specifi c nucleotide polymorphisms, as complementary tar-
gets. Examples are the tests to distinguish the classical  Brucella  
species and vaccine strains [ 5 ] and to identify the biovars of 
 B. suis  [ 6 ], using standard gel electrophoresis to assess the ampli-
fi cation results, or the test for ruminant  Mycoplasma  spp. using a 
bead-based liquid suspension array [ 7 ].   

   2.    To allow the simultaneous detection of multiple pathogens in 
a same specimen. This option may be used in a syndromic 
approach, i.e., to identify the etiology of diseases caused by 
different pathogens but with similar clinical signs or pathologi-
cal fi ndings, such as the simultaneous detection of  Chlamydia  
spp.,  Coxiella burnetii , and  Neospora caninum  in abortion 
material from ruminants [ 8 ]; the detection of  C. burnetii  and 
 N. caninum  in equine-aborted fetuses and neonates [ 9 ]; and 
the diagnosis of  Brucella ovis ,  Actinobacillus seminis , and 
 Histophilus somni  infection in ram semen [ 10 ,  11 ], among 
many other examples. In combination with reverse transcrip-
tion PCR (RT-PCR), this multiplex strategy is being used to 
detect endemic and different transboundary porcine viruses 
[ 12 – 14 ]. There is a trend to multiplexing, aiming to develop 
syndrome-specifi c assays targeting multiple candidate agents, 
but the design of the assays needs to be evaluated experimen-
tally in order to check that test sensitivities do not signifi cantly 
decrease when compared to singleplex testing.     

 Molecular techniques can be also applied to identify “clones.” 
PCR-based techniques such as multilocus variable-number tandem 
repeat analysis (MLVA) are less demanding and less  time- consuming 
than other previously used methods, such as the analysis of restric-
tion fragment length polymorphisms (RFLP) or pulse-fi eld gel elec-
trophoresis (PFGE), and provide results that can easily be compared 
between laboratories. Results obtained with the implementation of 
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these techniques (called molecular epidemiology) may be combined 
with classical epidemiology to understand the dynamics of an infec-
tion and to design control measures. 

 These results can be worked out with phylogenetic purposes as 
well. A variety of PCR-based methods have been used, involving, 
e.g., the study of the presence or absence of large pieces of DNA, 
called regions of difference (RD) or large sequence polymorphisms 
(LSPs), which are expected to represent unidirectional evolution 
events, and of single nucleotide polymorphisms (SNPs), which are 
fast to test and less prone to homoplasy. As an example, these 
genomic targets have been used to delineate the phylogeny of the 
members of the  Mycobacterium tuberculosis  complex [ 15 ,  16 ]. 

 Whole-genome sequencing is becoming affordable and applied 
to accumulate information on the biology of known pathogens or 
to disclose novel emerging pathogens. Analysis of complete 
genomes, or representative parts of the genome, can reveal the 
probable chain of transmission events and demonstrate the value of 
such techniques in providing information useful to control pro-
grams, as it has been done with the genetic analysis of the complete 
genome of the foot-and-mouth virus in the last outbreak in the 
UK [ 17 ]. In a near future, application of whole-genome sequenc-
ing analysis will offer defi nitive information about each pathogen. 

 The detection of unknown pathogens has been possible using 
broad-based primers with degenerate sequences. A most recent 
approach consists of a combination of nonspecifi c amplifi cation 
and extensive sequencing. This approach requires a sound knowl-
edge of taxonomy and genomics [ 18 ]. Furthermore, these new 
technological trends provide with an enormous amount of data 
that must be mined by bioinformatics. As an example, the use of a 
metagenomics approach allowed to identify the Schmallenberg 
virus, a novel orthobunyavirus that affected cattle in Europe in 
2011 [ 19 ].  

4     The Technique That Is Best Suited for the Laboratory 

 The choices for the most adequate molecular techniques and 
equipments are dependent on the mission and attributions of the 
laboratory. Several methods of nucleic acid amplifi cation have 
been developed, and some of them are now common in veterinary 
diagnostics. Thermal cyclers to perform basic PCRs have become 
compact, easy to use, and (relatively) affordable equipments pres-
ent in almost every diagnostic infrastructure. PCRs are frequently 
used in combination with an electrophoretic transfer cell to ana-
lyze the molecular weight of the amplifi ed products. Additionally, 
laboratories may have an imaging system and software for gel 
documentation. 
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 The success of PCR-based assays relies on its performance and 
versatility but also in the ease of use and affordability. Standard 
PCR requires the use of crucial reagents including dNTPs, a ther-
mostable DNA polymerase and the respective buffer, and a pair of 
well-designed primers to make millions of copies of the deoxyribo-
nucleic acid target in a couple of hours. In theory, the number of 
copies could reach 2  n  , where  n  is the number of rounds of 
denaturing- annealing-extension steps. The amplifi ed product 
(amplicon) can be detected by simple electrophoresis on an aga-
rose gel and staining with a fl uorescent dye (e.g., SYBR ®  Green) 
that preferentially binds to double-stranded DNA. An internal 
molecular weight ladder is run at the same time in the gel to esti-
mate the size of the amplicons. The presence of the amplicon of 
the defi ned size (in base pairs) indicates the presence of the target 
DNA and, therefore, of the pathogen. An alternative system of 
detection consists on reverse hybridization where amplicons are 
denatured and allowed to hybridize with specifi c probes (single- 
stranded DNA) that are immobilized on a membrane strip. 
Subsequently, bound products may be detected, e.g., using an 
alkaline phosphatase reaction and a colorimetric detection assay. 
This system can detect sequences and specifi c point mutations in a 
gene and is commonly used to detect genotypes or pathogens 
(species identifi cation, presence of toxin genes and of other viru-
lence factors), as well as resistances to drugs. 

 Nested PCR implies the use of two rounds of amplifi cations 
with a second set of primers that anneal in a shorter region of the 
amplicon product from the fi rst round of amplifi cation. This 
method increases sensitivity and can also increase specifi city; the 
disadvantage is the increased risk of DNA carryover and subse-
quent potential occurrence of false-positive results. 

 Detection of ribonucleic acid (RNA) requires a reverse tran-
scription reaction to synthesize a complementary DNA copy which 
will be subsequently amplifi ed using conventional PCR. Reverse 
transcription PCR (RT-PCR) is used for gene expression analysis 
and detection of viral RNA [ 20 ]. 

 Real-time PCR enables the amplifi cation and quantifi cation of 
the amount of specifi c nucleic acid sequences in the template sam-
ple. It has been implemented in many laboratories because the 
equipment to perform real-time PCR has become reasonably 
priced, taking into account the array of possibilities it offers. 
Reactions are carried out in closed tubes, and results are monitored 
based on fl uorescence generated by intercalating dyes or by differ-
ent fl uorophore-labeled probes; fl uorescence is proportional to 
amplifi cation with optimum performance within a defi ned area of 
the amplifi cation curve. Readings are detected automatically, and 
analysis is performed using ad hoc software. Current apparatus can 
monitor several fl uorescence signals (channels) in a single tube. 
This allows single-tube closed tests, so this format also decreases 
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the problem of contamination. For these reasons, this technique is 
best suited for routine testing of a large number of samples. 
Another benefi t over conventional endpoint detection is that this 
technique allows for quantifi cation of target sequences (qPCR); 
the number of amplifi cation cycles that are required to generate 
product to cross a threshold cycle ( C   t  ) correlates with the quantity 
(or copy number) of target sequences in the sample. Real time can 
be combined with reverse transcription (RT-qPCR or rRT-PCR); a 
major advantage of this technique is the detection of viral 
RNA. Several good examples are described for livestock diseases 
that are notifi able to the OIE, e.g., for foot-and-mouth disease, 
bluetongue, and classical swine fever, among many others [ 14 ,  20 ]. 
In humans, this has also been used for monitoring treatment effi -
cacy in some infections. 

 Microarrays can be used to detect the presence of genes or 
polymorphisms from the organisms under study or used to detect 
the presence of pathogens, depending on the design. This tech-
nique consists of an array of a large number of specifi c oligonucle-
otide probes (complementary to target sequences) spotted on the 
surface of a solid support (“microchip”); complementary DNA 
(usually amplifi ed DNA) is hybridized onto it and detected with 
fl uorescent dyes, and then signals are measured and analyzed using 
specifi c software. DNA arrays have been exploited to study infec-
tious processes of pathogens, for diagnostics, and to study host- 
pathogen interactions [ 21 ]. This technique is still costly and not 
affordable for all potential users. 

 Other techniques, such as fl uorescence in situ hybridization 
(FISH), are restricted to research and are more time-consuming, 
or under study, and may become popular in the future.  

5     Limitations of the Molecular Techniques 

 The main problems that can affect the performance of PCR-
based technologies are the occurrence of false-positive and false-
negative results, comparison to gold standards, and interpretation 
[ 20 ,  22 ]. Awareness of potential problems and control of the 
underlying causes result in higher confi dence and acceptance of 
the techniques. 

 Regardless of the type of technique, knowledge of problems 
associated to amplicon contamination and quality controls should 
be established since the very beginning. The millions of copies gen-
erated by PCRs can act as carryover products and contaminate 
equipments or reagents and serve as templates that generate false- 
positive results. To control this pitfall, meticulous good laboratory 
practices are required, and many laboratories use clearly defi ned 
separated areas for the preparation of PCRs (“clean area”), amplifi ca-
tion, and post-amplifi cation in order to reduce cross- contamination. 
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Careful work reduces the need for inactivation of carryover products 
using enzymatic or chemical treatments. Negative controls are also 
run in every batch of samples. 

 False-negative results may arise from the presence of PCR 
inhibitors in the sample or the presence of foreign DNA (e.g., host 
eukaryotic DNA) that could interfere with performance of the test, 
particularly when the amount of nucleic acid from the infectious 
agent in the sample is low. PCR inhibitors are a heterogeneous 
class of substances with different properties and mechanisms of 
action. They are present in a large variety of sample types and may 
lead to decreased PCR sensitivity or even false-negative PCR results 
[ 23 ]. If this is the case, removal of PCR inhibitors during sample 
preparation is needed. This problem is relevant when performing 
direct DNA extraction, in special, when processing complex bio-
logical matrices. The amplifi cation of an internal positive control is 
used to detect inhibitions; these controls can be an endogenous 
gene (housekeeping genes, such as mammalian beta-actin) that it is 
present in the specimen or an exogenous control that is added to 
each sample. 

 Validation of the tests requires a preliminary assessment involv-
ing a comparison to a gold standard reference method. The tradi-
tional defi nitive confi rmation of infection has been based on 
microbiological (in vitro growth on culture media, viral propaga-
tion in cell culture) or histopathological diagnosis, but these gold 
standard techniques may require considerable time, and the sensi-
tivity is not 100 %. Estimates of sensitivity and specifi city in com-
parison with an imperfect gold standard and ancillary tests may 
provide discrepant results that cause confusion [ 24 ]. Interpretation 
can be specifi cally problematic when it leads to offi cial or legal con-
sequences in cases when the samples are negative by culture but 
positive when tested by PCR (since PCR detects nucleic acids from 
both viable and nonviable organisms). 

 The use of molecular tests is recommended when the presence 
of a pathogen implies disease or is a part in the assessment of an 
eradication program. A negative result, which would indicate the 
absence of the pathogen, should be interpreted carefully according 
to the epidemiological context and taking into account the limita-
tions on sensitivity that may be related to the protocol for DNA 
extraction and the molecular technique itself. On the other hand, 
in some situations, the identifi cation of pathogen’s nucleic acids 
does not provide a clear etiological answer (e.g., latent, asymptom-
atic infections, carriers, presence of widespread pathogens), and 
interpretation of results must be done according to other parame-
ters (epidemiological context) or with the support of additional 
laboratory diagnostic tools (e.g., serology). 

 Quality assurance and quality improvement programs need to 
be developed for increased acceptance of the techniques for rou-
tine diagnostic purposes [ 22 ,  25 ]. So far, there has been limited 
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harmonization of techniques. Interlaboratory comparisons, 
consisting on a same blind-coded panel of samples to be tested 
simultaneously in several laboratories, are diffi cult to organize 
because of logistics and biohazard, but they remain the best system 
to assess the wide range of diagnostic techniques (commercially 
available kits and in-house assays) for the specifi c pathogens. These 
comparisons allow evaluating the profi ciency of the participating 
laboratories in that precise test. Some good examples are available 
in the literature [ 26 ,  27 ].  

6     Technologies in the Near Future 

 While it is not possible to foresee the platforms that will become 
routine in the future, there are two technologies that are standing 
out in terms of expectancies and reports. 

 The introduction of inexpensive platforms for massive DNA 
sequencing has provided culture-independent methods for virus 
discovery and characterization, surveillance, and outbreak investi-
gation [ 28 ]. High-throughput sequencing requires sequence 
acquisition and complex bioinformatics analysis to assemble the 
contiguous short reads in order to obtain the correct genomic 
sequence that can be compared to known microbial sequences. 
There are several sequencing technologies currently available on 
the market, each with intrinsic limitations and potential applica-
tions [ 29 ]. Because of specialized equipment and level of expertise 
needed, these technologies are still restricted to research on patho-
gen discovery at highly specialized laboratories. In the future, 
advancements and simplifi cations of the associated technology and 
costs may move sequencing to the forefront position of clinical 
diagnostics [ 28 ]. 

 On the other hand, recent advancements on the use of molecu-
lar techniques on-site, at the clinics or at the farm, hold great prom-
ise, especially for low-resource scenarios. This option is known as 
“pen-side testing” of animals, and it is a system analogous to the 
point-of-care testing or alternate-site testing in human clinics. This 
consists of tests performed outside the central laboratory using 
devices that can be easily transported and handled in the fi eld by 
nonspecialists [ 30 ]. Regarding molecular techniques, these employ 
portable cyclers based on isothermal amplifi cation, for example, 
nucleic acid sequence-based amplifi cation (NASBA) and loop-
mediated isothermal amplifi cation (LAMP). Ideally, analyses are 
carried out in self-contained sample systems which integrate sample 
preparation, amplifi cation, and detection steps. This option would 
be ideal when timely and accurate diagnosis of animals with sus-
pected clinical signs is critical for urgent intervention, such as 
infections with legal disastrous consequences (e.g., foot-and- mouth 
disease or avian fl u). This pen-site testing can also be a complement 
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to the use of centralized laboratories and a help in geographical 
areas that do not have easy access to other traditional facilities. 
Currently, these options are under development; however, other 
tests, such as the lateral fl ow devices (immuno- chromatographic 
strip tests) that can detect antigens or antibodies, seem to be sim-
pler and rapid tools for the use in the fi eld. A good example on the 
use of these new technologies has been discussed for the diagno-
sis of food-and-mouth disease in sub-Saharan countries [ 25 ]. 
The defi nitive chance to replace traditional diagnostic methodolo-
gies will depend on cost-effectiveness and practicalities in every 
situation.  

7     Conclusion 

 The fi eld of molecular diagnostics is rapidly evolving, with an 
expanding number of techniques and assays. The advisability of 
each technique depends on the purpose of use and the existing 
limitations. The ability to quickly detect pathogens and their char-
acteristics (e.g., subtypes, virulence factors, and drug-resistance 
traits) would allow for precise decision-making and target mea-
sures such as prophylaxis, appropriate therapy, and biosafety plans 
to promptly control disease outbreaks. New tools are needed for 
diagnosis and surveillance of emergent or reemergent pathogens 
that may arise from globalization of travels and trade, changes in 
vector distribution, anthropological pressure on pristine areas, and 
many other factors. Keeping abreast with this exponentially grow-
ing knowledge requires constant dedication. In this sense, to take 
advantage of these possibilities, future veterinarians must have a 
global understanding regarding the type of tests that can be applied 
in the laboratory and the conclusions that can, or cannot, be drawn 
from the results. In this sense, fundamentals of sequence analysis 
should become an important item in the teaching program of vet-
erinary medicine, including genes, methods, and databases that 
should be accessed for sequence comparison [ 18 ]. This require-
ment for long-life learning is extensive to all veterinarians. 

 In practice, taking benefi t of the huge amount of data that can 
be obtained using molecular techniques highlights the need of col-
laboration between veterinarians in the laboratory and practitio-
ners. The possibility to detect an extensive number of pathogens in 
the laboratory does not preclude the need for adequate samples 
collection and shipment, an adequate anamnesis, and a defi nition 
of the objective of the diagnosis from the practitioner. The labora-
tory must provide an accurate and fast diagnosis and assistance in 
the interpretation of results. The fi nal diagnosis of the disease and 
the decision to apply a treatment or a control program must be 
made by the practitioner according to laboratory results but also to 
other epidemiological factors. 
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 Currently, the use of molecular techniques is highly variable 
between countries, with a marked contrast between laboratory 
facilities in developed and developing countries. Obviously, the 
concept of “affordable test” depends on the fi nancial availability 
and cost of imports (equipment, reagents) that are limiting factors 
in resource-limited countries. Development of diagnostic tests 
should take into account many epidemiological scenarios, such as 
endemic and/or zoonotic diseases, and highlights the benefi t from 
exchange of scientifi c expertise. Appropriate worldwide use of 
these tools will contribute to the implementation of the “One 
World, One Health” perspective.     
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    Chapter 3   

 Biosafety Principles and Practices for the Veterinary 
Diagnostic Laboratory 

           Joseph     Kozlovac      and     Beverly     Schmitt   

    Abstract 

   Good biosafety and biocontainment programs and practices are critical components of the successful 
operation of any veterinary diagnostic laboratory. In this chapter we provide information and guidance on 
critical biosafety management program elements, facility requirements, protective equipment, and proce-
dures necessary to ensure that the laboratory worker and the environment are adequately protected in the 
challenging work environment of the veterinary diagnostic laboratory in general and provide specifi c guid-
ance for those laboratories employing molecular diagnostic techniques.  

  Key words     Biosafety  ,   Biocontainment  ,   Laboratory biosecurity  

1      Introduction 

 Veterinary diagnostic laboratories play a critical and fundamental 
role in a country’s individual veterinary health and public health 
systems but also act as a key component to regional and worldwide 
veterinary health and public health systems. The fi eld of biosafety 
promotes safe laboratory practices, procedures, and proper use of 
containment equipment and facilities; promotes responsible activi-
ties among laboratory workers; and provides advice on laboratory 
design. Individuals working in veterinary diagnostic laboratories 
have occupational exposure to a variety of hazardous materials in 
the workplace. Diagnostic laboratories are demanding work envi-
ronments where the pace is hectic, the work load is often heavy, 
and the pressure to provide rapid, accurate, and reliable results is 
ever present. Therefore it is of primary importance that institu-
tions have a robust biosafety program in place which ensures that 
laboratory staffs are well aware of the risks present in the labora-
tory but more importantly that they understand how to use the 
protective equipment provided and practice those critical safety 
behaviors which are based on internationally recognized, scientifi -
cally valid best practices.  
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2    Basic Elements of a Biosafety Program 

 All successful biosafety programs, and indeed any effective safety 
and health program, will have the following key elements in 
common: (1) management commitment and leadership, (2) 
employee participation, (3) hazard identifi cation and assessment, 
(4) hazard prevention and control, (5) hazard communication 
and training, and (6) evaluation of program effectiveness [ 1 ]. The 
diagram in Fig.  1  depicts those core elements necessary for an 
effective biosafety management program, and each will be further 
discussed below. Biosafety has developed as a distinct and some-
times independent fi eld from industrial safety because of the 
complexity, unique work environment, and evolving nature of the 
hazard—biological organisms. Therefore, management commit-
ment must be strong and consistently demonstrable in order for a 
biosafety program to be developed, implemented, sustained, and 
continually improved. An organization’s leadership sets the tone 
for the biosafety program, and this begins with the organizational 
vision and mission statements. A vision statement is the leader-
ship’s mental image of the possible and/or desirable future state of 
the organization (or subcomponent of the organization). In order 
for the  leadership’s vision to have impact on employees, it must be 
communicated in a lasting and dramatic fashion; “Excellent science 
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  Fig. 1    Biosafety management program core elements       
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done safely” would be a good example. A mission statement is an 
organization’s vision translated into written form. It should be a 
short and concise statement of goals and priorities, such as the 
below example of a mission statement for a biosafety program:

   The purpose of the Biosafety Program is to prevent or minimize 
employee exposures or the accidental environmental release of 
hazardous biological agents through the promotion of safe laboratory 
practices and procedures and proper use of containment equipment 
and facilities by employees, students, visitors, and contractors. 

   The biosafety program vision and mission for maximum effec-
tiveness should be able to directly link to the institution’s vision 
and mission statements or goals. An institution’s biosafety policy is 
especially critical in that it defi nes the roles and responsibilities for 
the program at all levels, as well as the methodology for defi ning 
program goals and how individual accountability at all levels is 
measured. It is important that the biosafety policy clearly states the 
intent and direction of institutional leadership, and supporting 
documentation must identify a chain of responsibility for informa-
tion on biosafety-related issues. It is important to note that the 
written biosafety/biocontainment policy is just another mecha-
nism of communicating the policy to the employees. Laboratory 
supervisors’, principal investigators’, biosafety and safety profes-
sionals’, and other institutional leaders’ attitude toward biosafety 
and what they do both as individuals and collectively, or fail to do, 
is a more powerful expression of the actual biosafety policy and 
culture than the actual written words of the policy. In other words, 
a strong biosafety culture will only be created and maintained when 
all levels of management demonstrate their commitment person-
ally by embodying and rewarding culture-supportive behaviors and 
conclusively addressing behaviors in others that undermine the 
culture of safety. 

 Following clockwise on the diagram of Fig.  1 , the fourth 
through seventh balloon collectively represent universal employee 
participation through hazard identifi cation and assessment, hazard 
prevention and control, information and training, and evaluation 
of program effectiveness. Employee participation is critical to the 
success of any biosafety program. Employees from all levels within 
the organization need to be engaged and provided opportunities 
to actively participate within the biosafety program, such as partici-
pating on various safety committees engaged in risk assessment 
and policy development, participating in active discussions of bio-
safety topics at regularly scheduled laboratory meetings, inclusion 
of lab staff on biosafety inspection and audit teams, and, fi nally, 
ensuring that employees are involved in determining biosafety-
related goals and metrics for their specifi c work areas. Organizations 
need to ensure that employees are actively encouraged to report 
unsafe conditions, accidents, and near misses, as well as making 
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recommendations to improve safety and health within their 
working environment. The critical components of this encour-
agement are the creation and enforcement of “whistle-blower”-
type protections for those employees that report concerns at a 
minimum and ideally the creation of a reward structure for 
reports that encourage safe practices but discourage false or retali-
ated reporting. As a safety culture is established within an organi-
zation and employees adopt those critical safety behaviors as the 
norm, an environment is created in which risky behaviors are no 
longer tolerated among peers or management [ 2 ]. Of course, any 
robust biosafety program must include a continuous formal 
process of hazard identifi cation, risk assessment, hazard preven-
tion, and mitigation, which is conducted by the laboratory super-
visor or a committee such as a biosafety committee. We will further 
discuss these elements in the next section as they are closely related.  

3    Risk Assessment for Veterinary Diagnostic Labs 

 The nature of veterinary diagnostic work, which involves working 
with samples of unknown status that may contain strict veterinary 
pathogens or zoonotic pathogens, differs from work conducted in 
research laboratories where the agent risks are known and can be 
incorporated into the initial risk assessment. Diagnostic workers 
who work in (human) public health have a signifi cant and known 
occupational exposure risk to cultures or tissues containing patho-
gens that infect humans. However, the risk to those individuals 
working in veterinary diagnostic laboratories for occupational 
exposure to pathogens that can infect and cause disease in humans 
is not negligible. Indeed 65 % of identifi ed infectious diseases in 
humans are caused by organisms which infect multiple hosts in 
nature, and 75 % of emerging human infectious diseases over the 
past three decades have been zoonotic in nature [ 3 ]. Accordingly, 
veterinary health professional and diagnostic workers should be 
familiar with the principles and practices for preventing transmis-
sion of infectious agents (collectively known as “standard precau-
tions”). In 2006, the National Association of State Public Health 
Veterinarians’ (NASPHV) Veterinary Infection Control Committee 
published a compendium of veterinary standard precautions, 
 Zoonotic Disease Prevention in Veterinary Personnel  [ 4 ], which is an 
excellent review of the standard precautions one should employ 
while working with animals in the fi eld, veterinary clinic, and diag-
nostic labs that handle animal tissues or zoonotic agents. Another 
excellent reference on standard precautions entitled  Guideline for 
Isolation Precautions :  Preventing Transmission of Infectious Agents 
in Healthcare Settings  was published in 2007, by the Healthcare 
Infection Control Practices Advisory Committee (HICPAC) [ 5 ]. 
This guide discusses worker practices and precautions to minimize 
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infectious disease transmission in patient care and diagnostic labs 
and is another valuable reference for those individuals working in 
both animal and human diagnostic laboratories. 

 In addition to occupational risks associated with potentially 
zoonotic veterinary pathogens, those individuals conducting risk 
assessment with veterinary pathogens in which humans are not a 
relevant host must be cognizant of those risk drivers for animal 
agriculture that are based primarily on the potential economic 
impact on animal health associated with the release of a veterinary 
pathogen, as well as the international trade implications of disease 
[ 6 ]. Some agent-specifi c characteristics that should be evaluated as 
part of a comprehensive risk assessment involving pathogens of 
veterinary signifi cance are the following:

 ●    Is the agent endemic or foreign to the region?  
 ●   Is the host animal native or exotic to the area?  
 ●   What is known regarding the morbidity and mortality caused 

by the agent, including whether it is exclusively an animal 
agent or a zoonotic agent?  

 ●   Are there effective prophylaxes, treatments, or vaccines avail-
able (for animals and/or humans)?  

 ●   What are the shedding and transmission patterns of the agent 
in the relevant host species?  

 ●   Will the agent be introduced into species for which there are 
no data?  

 ●   Are there active control or eradication programs for the disease?  
 ●   What are the environmental stability, quantity, and concentra-

tion of the agent?  
 ●   How will the agents be used—in animals (large or small scale), 

in the fi eld, or in the laboratory?  
 ●   What is the host range of the agent and are there ongoing 

surveillance testing programs?  
 ●   Is the agent vector-borne and transmitted, and what is the 

occurrence of competent vectors? [ 7 ].    

 A risk assessment must also review the operational elements 
of the proposed work with biological hazards. Diagnostic labora-
tories need (at a minimum) to conduct risk assessment on the 
following operational areas:

 ●    Receiving, unpacking, and transfer into the laboratory.  
 ●   Initial processing of the sample.  
 ●   Preparation of sample for analysis (culture, ELISA, polymerase 

chain reaction (PCR), etc.) [ 8 ].    

 Although risk assessment methodology can be either quantita-
tive or qualitative, it is recognized that most life science institutions 
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favor qualitative methodology such as operational risk management, 
which is a continuous process that can be broken down into the 
key steps depicted in the diagram of Fig.  2 . For more detailed 
information on operational risks associated with specifi c diag-
nostic activities, the authors recommend that the readers review 
US Centers for Disease Control and Prevention (CDC):  Guidelines 
for Safe Work Practices in Human and Animal Medical Diagnostic 
Laboratories  (  www.cdc.gov/mmwr/preview/mmwrhtml/su6101a1.
htm    ) [ 9 ]. Finally, a risk assessment must review the training, expe-
rience, and competency of the individuals who will be conducting 
the work with biohazards. The risk for exposures, laboratory-
acquired infections, and the unintended release of research, clinical, 
or diagnostic materials to the environment should ultimately be 
reduced by ensuring the competency of laboratory workers at all 
levels. Indeed, many institutions have successfully implemented a 
formal training and mentoring program for individuals new to 
the laboratory regardless of previous education and experience 
elsewhere, and the authors believe this is a practice that should be 
encouraged at all laboratories. However when working with a new 
biohazard or a change to work currently performed, the level of 
risk changes and an evaluation of the risk must be conducted, 
which includes a review of the experience and competency of the 
laboratory supervisor and staff as part of this formal risk assess-
ment process. An MMWR supplement  Guidelines for Biosafety 
Laboratory Competency  was published on behalf of CDC and the 
Association of Public Health Laboratories (APHL) in 2011 [ 10 ]. 
These competencies outline the essential skills, knowledge, and 
abilities required for working with biologic agents at the three 
highest biosafety levels (BSLs) (levels 2, 3, and 4) as defi ned in the 
HHS/NIH publication  Biosafety in Microbiological and Biomedical 

  Fig. 2    Risk assessment and management process       
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Laboratories , 5th edition [ 11 ]. This document can be a useful tool 
in categorizing the level of laboratory competency of staff in a 
diagnostic laboratory as well as for the development of competency- 
based biosafety training programs.

   Once a valid and complete risk assessment has identifi ed 
agent hazards, operational hazards, and staff training needs, the 
individual(s) conducting the risk assessment can minimize those 
risks through the use of appropriate facility engineering controls, 
administrative controls, personal protective equipment, and train-
ing programs designed to integrate all those factors at the level of 
individual employee competence.  

4    Biocontainment Levels 

 Many institutions and organizations throughout the world must 
consider the risks presented by proposed research with agricultural 
pathogens and make decisions regarding the placement of these 
pathogens into proper biocontainment and/or biosafety categories 
[ 6 ]. Many countries and international organizations such as the 
World Organization for Animal Health (OIE) have published 
guidance to defi ne biocontainment and/or biosafety levels, which 
provide specifi c combinations of facility design features, engineer-
ing controls, work practices, and personal protective equipment 
(or alternative barriers) for a range of assigned risks from low to 
high. The majority of guidance documents recommend that the 
selection of facility design features, protective equipment, and 
administrative controls must be informed by a robust, site-specifi c 
risk assessment (as earlier described) which takes into consideration 
agent characteristics, type of work to be conducted, and training 
and competency of staff conducting the work. The new OIE 
Manual chapter “Standard for managing biorisk in the veterinary 
laboratory and animal facilities” was adopted at the May, 2014 
OIE General Session.  It has not yet been combined with the old 
Manual chapter on biosafety; that still is a stand-alone chapter 
although efforts are being made to combine the two in the near 
future. The new chapter draws heavily from concepts articulated in 
the CEN Workshop Agreement (CWA) 15793 on Laboratory 
Biorisk Management which was scheduled to expire in September 
2014 but has been transferred to the International Standard 
Organization (ISO) to be used as the primary source for an ISO 
deliverable. The new chapter moves away from the traditional 
approach of describing minimal recommended biocontainment 
levels to a laboratory-specifi c risk control measures approach. The 
authors are supportive of the concepts contained within CWA 
15793 and fi rmly believe that biorisk  management programs can 
be a valuable tool in facilitating good biosafety and laboratory 
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 biosecurity practices and applaud OIE for including these concepts 
as one of the focal points in the new Terrestrial Manual chapter. 
However, the authors still see value for international organizations 
in providing minimal biocontainment levels.  

5    Minimal Facility Requirements for All Biological Laboratory Work 

     1.    The laboratory should be easy to clean, with surfaces that are 
impervious to water and resistant to chemicals. There shall be 
a hand-washing basin near the exit. An emergency shower, 
including an eye bath, should be present in each laboratory 
suite appropriate to the risks represented by chemicals and 
other hazards present.   

   2.    Personnel access to the work area should be restricted; appro-
priate security measures such as controlled electronic access 
may be necessary with higher risk agents.   

   3.    The laboratory door should be closed when work is in progress 
and ventilation should be provided by extracting air from the 
room (where biosafety cabinets are used, care shall be taken to 
balance ventilation systems).   

   4.    No infectious materials shall be discarded down laboratory 
sinks and a method for decontaminating waste materials should 
be available within the facility (autoclave, etc.).   

   5.    Laboratory windows that open to the outside are not recom-
mended. If a laboratory has operable windows they should be 
fi tted with fl y screens [ 9 ,  11 ].     

 Veterinary diagnostic laboratories routinely receive specimens 
where a variety of diseases are possible. When the infectious nature 
of the sample is unknown, it is prudent for initial processing activi-
ties to utilize facilities, procedures, and personal protective equip-
ment as described by the World Health Organization (WHO) 
(  www.who.int/csr/resources/publications/biosafety/WHO_
CDS_CSR_LYO_2004_11/en    ) and other internationally recog-
nized guidance as biosafety level 2. Primary containment equipment 
such as a Class II biological safety cabinet should be used when 
laboratory manipulations have the potential to generate aerosols 
or splashes of potentially infectious materials. When the clinical 
history of the specimen suggests a higher level of containment, 
that level should be utilized in a similar fashion.  

6    Operational Procedures (Emphasis on Molecular Testing) 

 The use of molecular procedures such as PCR and sequencing does 
not preempt the need for adequate biosafety and biocontainment 
procedures to work with diagnostic specimens and/or agents. 
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Biocontainment and biosafety operating procedures need to be 
determined and must be based on a risk assessment [ 12 ]. Standard 
operational procedures for handling diagnostic specimens and/or 
agents are as follows:

    1.    Access to the laboratory is restricted.   
   2.    Laboratory personnel must wash their hands after handling 

infectious material and before leaving the laboratory.   
   3.    Eating, drinking, smoking, handling contact lenses, and apply-

ing cosmetics or medicinal products are not permitted in areas 
designated for work with infectious material. Food is stored 
outside of laboratory work area.   

   4.    Mouth pipetting is prohibited.   
   5.    A policy for handling sharps must be in place.   
   6.    Generation of aerosols must be minimized. Any procedures 

that are recognized to generate aerosols should be performed 
in primary containment equipment such as a Class II biological 
safety cabinet.   

   7.    Work surfaces must be decontaminated before and after manip-
ulation of infectious material.   

   8.    All infectious material must be decontaminated before disposal 
using a method such as autoclaving.   

   9.    Personnel protective equipment (PPE) must be used based on 
risk assessment of the infectious material. Examples of PPE are 
lab coat, gloves (latex, nitrile), and respirator (if a respirator is 
used that individual should participate in a facility respiratory 
protection program which includes medical evaluation, train-
ing and fi t testing).   

   10.    Biosafety cabinets are recommended for work with infectious 
material as proper use will protect the operator and prevent 
contamination of the environment [ 11 ].    

   Laboratories performing molecular work may encounter unique 
safety hazards including electrical shock, ultraviolet light, and caustic, 
corrosive, carcinogenic, or mutagenic chemicals. High-voltage 
power sources used in electrophoresis and sequencing equipment 
should not be used near fl ammable liquids and gases. Power 
sources should be serviced only by appropriately trained techni-
cians. Ultraviolet light (UV) is used to visualize nucleic acid bands 
in gels and to break down DNA and RNA on work surfaces. Special 
care should be taken to wear eye and skin protection when there is 
possible exposure to UV light. Chemicals such as phenol, chloro-
form, ethidium bromide, and guanidine isothiocyanate are com-
monly used in molecular work such as nucleic acid extraction. 
Follow the material safety data sheet recommendation when using/
disposing of these and other chemicals [ 9 ].  

6.1  Special Safety 
Considerations 
for Molecular Work
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  A laboratory may have the need to extract RNA/DNA from 
samples that may be infected with a high-consequence pathogen 
and subsequently tested at a lower containment level. In these 
situations, the type of pathogen should be considered with 
emphasis on whether the extraction method will provide complete 
inactivation. 

 Extraction procedures on viruses utilizing protein disruption 
chemicals such as phenol and guanidine isothiocyanate (GITC) 
will completely inactivate most viruses [ 13 ]. These methods may 
be less effective for bacterial spores, and the worker may need to 
introduce a heat treatment step [ 14 ]. After extraction, the pellet 
may be tested at a lower level of biocontainment with a recom-
mended treatment of the tube containing the pellet with a suitable 
disinfectant. All developed processes should be tested and validated 
with a robust isolation protocol before implementation.  

  Molecular techniques such as real-time PCR have demonstrated 
improved utility in disease outbreaks over conventional techniques 
such as virus isolation [ 15 ]. Real-time PCR performed in a 96-well 
plate format enables use of high-throughput equipment which can 
dramatically increase laboratory “surge capacity.” Due to the speed 
and accuracy of the procedure, the total number of samples tested 
is practically limited primarily by the initial sample processing and 
reporting steps. While use of PCR in an outbreak can decrease the 
number of people needed at the bench, it is necessary to adequately 
staff support positions to handle the initial sample processing and 
reporting duties. 

 A great deal of monetary and personnel resources have been 
dedicated in the last decade to establishing and implementing PCR 
in low-resource countries, in particular, for avian infl uenza detec-
tion. While PCR is a robust diagnostic tool, this technology has 
prerequisite infrastructure requirements such as a dependable 
source of electricity to run specialized equipment (thermo cyclers 
and analysis software). Lack of resources in low-resource countries 
will be a continuing challenge to development and sustainment 
of surveillance programs for animal and zoonotic diseases of 
concern. 

 Validation and quality assurance for molecular techniques is 
very similar to that required by conventional assays—with some 
special considerations [ 16 ]. PCR can lend itself to the use of inter-
nal controls that can provide assurance of test performance at 
several key steps, such as extraction and amplifi cation. It is recom-
mended that validated internal controls be utilized for quality 
control purposes. 

 New next-generation sequencing technology is making 
genomic analysis cheaper and more routinely available to laborato-
ries of any size. From a biosafety perspective, this technology has 
the same requirements as outlined previously in the chapter.   

6.2  Movement 
of Extracted DNA/RNA 
from High to Low 
Containment 
Laboratory Areas

6.3  Operational 
Challenges
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7    Conclusion 

 Implementing and maintaining appropriate biosafety measures is 
one of the most important parts of veterinary diagnostic laboratory 
operations. Robust and comprehensive risk assessments must be 
conducted to determine the appropriate protection measures to be 
utilized in the laboratory. The use of molecular techniques does 
not preclude the application of adequate biosafety measures to 
handle the biological risks of pre-extraction diagnostic samples, as 
well as the general laboratory safety measures needed to address 
chemical and physical hazards inherent in these procedures.     
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    Chapter 4   

 Veterinary Biobank Facility: Development and Management 
for Diagnostic and Research Purposes 

              Tina     Lombardo    ,     Silvia     Dotti    ,     Riccardo     Villa    ,     Stefano     Cinotti    , 
and     Maura     Ferrari    

    Abstract 

   Biobanking is an essential tool for ensuring easy availability of high-quality biomaterial collections that 
combine essential samples and epidemiological, clinical, and research data for the scientifi c community. 
Specimen collection is an integral part of clinical research. Indeed, every year throughout the world, mil-
lions of biological samples are stored for diagnostics and research, but in many fi elds the lack of biological 
material and models is a major hindrance for ongoing research. A biobank facility provides suitable samples 
for large-scale screening studies and database repositories. Software dedicated to biological banks simplify 
sample registration and identifi cation, the cataloging of sample properties (type of sample/specimen, asso-
ciated diseases and/or therapeutic protocols, environmental information, etc.), sample tracking, quality 
assurance, and specimen availability characterized by well-defi ned features. Biobank facilities must adopt 
good laboratory practices (GLPs) and a stringent quality control system and also comply with ethical 
issues, when required. 

 The creation of a veterinary network can be useful under different aspects: the fi rst one is related to 
the importance of animal sciences itself to improve research and strategies in the different branches of the 
veterinary area, and the second aspect is related to the possibility of data management harmonization to 
improve scientifi c cooperation.  

  Key words     Biobanking  ,   Biological resources  ,   Quality controls  ,   Cryopreservation  ,   Veterinary medicine  

1      Introduction 

 The word “biobank” is a little over a decade old. It has been used 
since 1996 [ 1 ] to describe collections of various types of biological 
samples. Biobanks have been defi ned in a variety of different ways 
and this has been a major challenge [ 2 ]. As reported by Hallmans 
and Vaught, a biobank may be defi ned as the long-term storage of 
biological samples for research or clinical purposes [ 3 ]. In addition 
to storage facilities, a biobank can comprise a complete  organization, 
including biological samples, data, personnel, policies, and proce-
dures, for handling specimens and performing other services, such 
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as database management and scientifi c studies planning [ 3 ]. The 
Organisation for Economic Co-operation and Development, 
OECD, defi nes biobanks as “a collection of biological material, the 
associated data and information stored in an organized system for 
a population or a large subset of a population” [ 4 ]. Based on this 
defi nition, these infrastructures can be seen as components of dedi-
cated research facilities, which enable the linkage of samples, their 
storage locations, and their “quality assured history since their 
original time of sampling” with associated, well-documented, clin-
ical data. For managing such a biobank, Yuille et al. [ 5 ] have 
emphasized that an effi cient information infrastructure is a critical 
component in life-science research and have even created the term 
“biobank informatics” as a discipline, with the purpose of identify-
ing the best coding systems available for storing and retrieving 
biobank information. 

 In veterinary medicine, the activity of a biobank should not be 
limited to the collection of biomaterials, but should involve the 
processing, cataloging, and distribution of samples to the scientifi c 
community for research purposes and therapeutic applications. 

 The fi eld of “biobanking” has evolved from a simple collection 
of frozen specimens to a virtual biobank in response to regulation 
changes, the advances made in biological sciences, and the advent 
of the computer chip [ 6 ]. 

 Biobanks play a pivotal role in research, diagnosis, and pro-
duction, as they provide high-quality biomaterial that is otherwise 
diffi cult or impossible to access for scientists of both human and 
veterinary medicine; in fact, the availability of high-quality sam-
ples is a reported problem and samples stored in improper condi-
tions may lack the expected quality for their use [ 7 ]. Human 
biological specimens have been collected and distributed for many 
decades and have played a key role in the understanding and treat-
ment of human diseases; in fact, in human medicine, the network 
of biobanks is advanced, but in veterinary medicine such network-
ing is at a very early stage. Human specimen collections vary 
widely in biological resources and structure. Furthermore, mod-
ern cryopreservation techniques allow the storage of different 
types of biological samples, ready to be used upon request. The 
role of biobanks is gradually increasing as they have been identi-
fi ed as a key source of biological tissues to be used in transplanta-
tion, tissue engineering, regenerative medicine, pharmaceuticals, 
and diagnostics. One of the major objectives in Europe is to defi ne 
concerted actions aimed at developing and sharing best practices 
and standardizing the procedures [ 8 ]. Currently, there is consid-
erable variation in national laws and local practices applied to the 
processing and storage of biological samples in the various coun-
tries throughout the world [ 2 ]. This variability complicates the 
conditions for collaboration among scientists from different coun-
tries, reducing the future sharing of research data and samples and 
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the possibility of carrying out collaborative research if regulations 
are not harmonized [ 9 ]. A process to reduce this variability has 
been initiated, and several sets of standards and best practices, 
helpful in improving quality of standards for biobank operations 
and biospecimens, have been published [ 10 ]. 

 The Istituto Zooprofi lattico Sperimentale della Lombardia e 
dell’Emilia Romagna (IZSLER) is a veterinarian public institution 
of the Italian Ministry of Health that includes 16 off-site laborato-
ries and has its headquarters in Brescia. In recent decades, almost 
all of these laboratories involved in different areas have stored sam-
ples of animal origin, resulting from routinely diagnostic proce-
dures and research. This activity has created several biological 
resources and materials collected according to different quality cri-
teria and without harmonized procedures, depending on the main 
competence areas of the departments. In order to enhance interop-
erability and ensure the availability of biological material with well- 
defi ned quality features, a centralized infrastructure for storing 
biological resources in Brescia has been developed. This procedure 
allows the storage of samples that are controlled by standardized 
processes. At the same time, within national and international bio-
bank collaborations, studies are performed using a large number of 
samples from different sources, which could be used for epidemio-
logical researches. For such studies, it is of pivotal importance to 
establish quality criteria regarding the type of samples, storage con-
ditions, and the availability of specifi c information. The subsequent 
paragraphs will describe the experience of IZSLER with the devel-
opment of a biobank infrastructure, mainly based on biological 
resources, to be used in the fi eld of diagnosis, research, and micro-
organism production.  

2    Development of a Veterinarian Biobank Infrastructure 

 The development of a veterinarian biobank infrastructure was 
based on the following steps: sample census, data recording, qual-
ity management system and quality controls, safety and security of 
the storage area, and personnel. 

  The fi rst step consisted in the inventory of the existing resources 
located in all the different facilities, the purpose of their use and 
storage, and the amounts of existing aliquots; this approach was 
necessary to evaluate the space and equipment required for their 
preservation. In particular, the main aspects were to defi ne the qual-
ity standards required and the various biohazard levels, storage con-
ditions, and selection of specifi c tests to be performed in order to 
ensure the identity, purity, and suitability of each specifi c sample. 
The outcome of this investigation has allowed the detection of 17 
different types of biological resources equivalent to 42,683 stored 
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samples. Biological resources from different animal species were 
subdivided into the following sections: microbiology and parasitol-
ogy (bacteria,  Chlamydiaceae , fungi, metazoans, mycoplasmas, 
 Prototheca  algae, protozoans), virology and prions (viruses, viral 
pathological materials, prions), biological products (cell cultures, 
fi eld sera, hybridomas, IgG anti-immunoglobulins, immune sera), 
and others (chemical compounds, histological materials). On the 
basis of these fi ndings, it was decided to proceed with the creation 
of a centralized infrastructure. Biological resources included in the 
biobank were selected for their suitability, depending on the type of 
the sample collected and according to specifi c quality criteria. Due 
to the presence of unique sample types, for some kind of biological 
resources (i.e., bacteria, viruses), three different aliquots were con-
sidered: the base matrix (master sample) to be used for the prepara-
tion of new batches, the working batches originated from the master 
to be used, and fi nally the “backup sample” as a deposit rate 
(usually equal to ¼ of the amount fi tted). Storage in a different 
remote infrastructure is aimed at preserving samples in the event of 
a technical failure or calamity. This additional “mirror banking” of 
samples ensures that, if samples are compromised for whatever rea-
son, replicate undamaged aliquots will still be available.  

  In order to ensure the traceability of biological samples, a database 
has been developed with different data recordings, each one spe-
cifi c for a biological resource. All samples are identifi ed by a code 
and labeled with a bidimensional bar code. Data regarding all indi-
vidual samples are collected in a software database that allows the 
number and position of the sample to be traced. In particular, bar 
codes ensure major reduction of errors in all specimen-handling 
processes and the possibility of tracking information about manip-
ulation activities according to standard operating procedures 
(SOPs), quality control results, and loading and unloading order 
management. 

 Standard operating procedures mean documented procedures 
which describe how to perform tests or activities normally not 
specifi ed in detail in study plans or test guidelines. The database for 
managing a biobank includes a web-based catalog, which lists the 
access terms and conditions and the resource characteristics. The 
catalog is intended to be used as a reference for scientists seeking 
information about biological samples and data suitable for their 
research.  

  Currently, biobanks must follow internationally accepted guide-
lines and best practices issued by ISBER (International Society for 
Biological and Environmental Repositories) [ 11 ] and BBMRI 
(Biobanking and Biomedical Resources Research Infrastructure). 
In particular, BBMRI aims to improve biobanking accessibility 
and interoperability by harmonizing similar biobanks in different 
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locations and enriching the genotypic and phenotypic data [ 12 ]. 
All biospecimens should be handled according to well-defi ned 
protocols, and the whole clinical “biobanking” process should be 
fully documented, from seeking informed consent from the donor 
or patient to collecting, transporting, processing, storing, and 
retrieving the biospecimens [ 13 ]. Careful documentation of the 
methods and conditions used during collection and processing 
will increase the future value of specimens [ 14 ]. Furthermore, 
quality control programs must be established to check compliance 
with the standard operating procedures for specimen collection, 
handling, and analyses [ 15 ,  16 ]. 

 With regard to “animal” biobanks, informed consent is not 
required; however, all other parameters must be performed accord-
ing to the same criteria. Biobanking work, including associated 
laboratory handling specimens, has been performed in a standard-
ized way. It is recommended the use of SOPs with the aim of con-
tinuously assessing the methods, materials, and equipment 
employed. SOPs should consider the specifi c requirements of anal-
ysis platforms and the biological questions to be addressed. 
However, SOPs can only be applied to prospectively collected sam-
ples, whereas for old archived samples, processing has often not 
been documented in suffi cient detail without following specifi c 
SOPs, as in the past there was no application of quality manage-
ment system, and storage of biological materials was performed by 
scientists with no standardized procedures. In the context of qual-
ity management, the scientifi c use of this material therefore requires 
special analyses to assess the proper preservation of biomolecules 
[ 17 ]. The recommendations for biobanking activities, quality 
assurance (QA), and quality control (QC) programs must be fol-
lowed to ensure the high quality of samples. As described by 
OECD [ 18 ], good laboratory practices (GLPs) are “a quality sys-
tem concerned with the organizational process and the conditions 
under which non-clinical health and environmental safety studies 
are planned, performed, monitored, recorded, archived and 
reported.” The principles of GLPs represent a managerial concept 
in order to cover the whole organization process, beginning from 
the planning and arriving to the reporting of the applied proce-
dures. Furthermore, this way of management facilitates the 
exchange of information and contributes to the protection of 
human health and the environment. Stability of biological samples 
depends on the procedures from the time of acquisition to the time 
of processing and storage; in fact, the use of anticoagulants, stabi-
lizing agents, the time from collection to storage, and the sample 
handling temperature must all be controlled. 

 Biological samples can be stored for up to 30 years, but specifi c 
protocols are required to reduce the damage induced by preserva-
tion techniques [ 19 ]. This issue has been widely reported with 
proposals for rigorous quality controls for each step of the working 
fl ow, including collection, processing, and storage [ 20 ]. 
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 These procedures aimed to assess the preserving conditions 
depend on the type of biospecimen. Appropriate controls can be 
applied to cell suspensions (cell viability assays, contamination 
assays), to DNA and RNA (quantifi cation and purity, function of 
DNA-modifying enzymes), to tissue morphology, and to viral 
batches (viral contamination tests, standard microbiological testing 
methods, and real-time PCR). All strains enrolled in IZSLER collec-
tion are submitted to different cultural and molecular biology con-
trol tests, in order to evaluate their features, purity, and identity. 

 However, no appropriate quality controls exist for liquid bio-
samples (serum, plasma, urine, saliva, cerebrospinal fl uid, syno-
vial fl uid). 

 At IZSLER, the activity of the laboratories involved in bio-
banking is carried out using a quality assurance system in accor-
dance with the requirements of UNI CEI EN ISO/IEC 
17025:2005 as well as ISO 9001:2008 quality system for cell cul-
tures. Biological resources are prepared and stored according to 
internal procedures.  

  Laboratory activity is based on certain fundamental rules of good 
microbiological practice for the safe manipulation of biological 
samples. 

 Each operator (technician) must follow internal training 
courses, specifi c for their activities, positions, and competencies. 

 The operators should have basic knowledge on various bio-
logical topics. First of all, microbiology is one of the main subjects 
to know, as well as the isolation and cultivation of pathogens. 
Another important aspect is represented by the information on dis-
infection of work surfaces, equipment, and environment. Personnel 
should be aware of the need to minimize the production of aero-
sols and control other potential risks of contamination between 
biosamples and workers.  

  This is one of the main points that must be monitored and con-
trolled. In fact, it represents a potential risk in the whole storage 
process. Starting from this point of view, monitoring temperature 
within mechanical freezers and refrigerators is an important quality 
assurance measure in addition to general building safety and secu-
rity to protect against fi re, unauthorized entrance, and other usual 
hazards. Furthermore, all freezers must be protected by a real-time 
temperature monitoring and alarm system. Alarm systems should 
be in place to monitor the temperature conditions of mechanical 
freezers or, for nitrogen freezers, the liquid nitrogen level (Fig.  1 ). 
Furthermore, a well-designed biobank software system has been 
developed to provide the possibility of monitoring the temperature 
values with an alarm service. Such temperature logging informa-
tion must be automatically transferred via electronic interface into 
the biorepository management system and be linked with the 
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samples stored in the corresponding freezer. Any interruption of 
electrical power should be compensated for within minutes by an 
independent system, such as a generator with locally controlled 
production of electrical power. Automatic data logging into a data-
base and the alarm service are very important for quality manage-
ment of a biobank. If a measured value drifts outside inner or outer 
thresholds, an alarm is sent to staff members.

3        Sample Types and Preparation 

 Pre-analytical conditions are a key factor in maintaining the high 
quality of biospecimens. They are necessary to achieve the highest 
specifi city of the laboratory test used for clinical diagnosis as well as 
for accurate reproducibility of experiments in the fi eld of biomarker 
discovery. Inappropriate collection, handling, and storage of sam-
ples, as well as errors in data analysis and documentation, may all 
contribute to the generation of irreproducible and unreliable data. 
Preservation and optimization of biosample integrity to foster rel-
evant research results and outcomes is a guiding principle of sam-
ple management. 

 The fi eld of veterinarian research is rapidly evolving with new 
technologies and new standards. Samples are collected and stored 
also for a long period of time (years) before being used. For this 
reason, sample handling procedures should be defi ned and appro-
priated in order to guarantee a suitable use for the technology of 
tomorrow. 

  Fig. 1    Illustration of the real-time monitoring and alarm system of the IZSLER Veterinary Biobank facility       
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 Biological samples have different storage requirements. For 
this reason, various approaches can be defi ned in order to obtain 
the most correct procedure. 

  The routine use and collection of blood samples for diagnosis has 
provided general information on optimal methodologies and 
potential pitfalls. 

 Although procedures for collecting, processing, storing, and 
shipping blood components are generally standardized and well 
documented, several important factors need to be considered. 

 An important early decision in blood collection is whether to 
collect anticoagulated blood (consisting of plasma, buffy coat, and 
red blood cells) or coagulated blood (consisting of serum and red 
blood cell clot). Hemolysis of the specimen affects the accuracy of 
laboratory tests, particularly chemical and serological tests; there-
fore, it should be prevented by employing careful handling tech-
niques according to optimum needle size, proper handling of the 
tubes, and proper pipetting techniques; however, if hemolysis is 
observed (pink to red tinge in sample), this information should be 
recorded [ 21 ]. In fact, hemolyzed samples would not be used for 
proteomics analysis, but destroying them may be unnecessary as 
any sample is worth saving, unless storage space is constrained. 
Annotation of all pertinent information about the samples allows 
the identifi cation of potential factors that could infl uence out-
comes. Serum and plasma specimens are of better quality for analy-
sis if smaller-volume aliquots are initially prepared rather than 
larger ones that have to be thawed, handled, and refrozen, perhaps 
several times. Indeed, the ability to provide ready-to-use (RTU) 
aliquots without additional handling steps facilitates the sharing of 
samples and provides multiple replicates handled in an identical 
manner. It is also important to consider new or alternative meth-
ods and reagents that may offer longer-term stability or increased 
effi ciency in the collection and preservation of blood [ 22 ,  23 ].  

  The ability to cryopreserve and successfully recover cell lines has 
been critical to the conservation of these biological samples, in 
particular the preservation of stem cells and the preparation of 
well-characterized cell banks. Indeed, the systematic storage and 
establishment of cryopreserved banks of cells for the stem cell 
research community is essential to the promotion of standardiza-
tion in stem cell research and its use in clinical applications. Despite 
the signifi cant potential for the use of stem cells in research and 
therapy, they are challenging to preserve and have been shown to 
be unstable after prolonged culture, often resulting in permanent 
alterations in their genetic background, which ultimately alters the 
phenotype of the culture. The working process related to cell cul-
ture isolation, amplifi cation, control, storage, and shipment should 
be carried out in accordance with a quality management system 
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such as ISO 9001:2008. Preparation and propagation of cell cultures 
are performed as indicated by international guidelines, and their 
sensitivity and reproducibility have been evaluated during inter-
laboratory tests. Each cell culture process provides ideal conditions 
for the growth of many organisms [ 24 ]; for this reason, particular 
attention must be placed on quality controls that should be per-
formed on all samples with the purpose of assessing their purity 
and safety. These tests are carried out using microbiology, virology, 
serology, and molecular biology methods, as reported by the 
 European Pharmacopoeia  or other international guidelines. These 
assays are mainly based on in vitro tests. However, in vivo methods 
are used on laboratory animals, in the absence of validated in vitro 
systems or as indicated by international guidelines. In particular, 
the tests usually performed are aimed at detecting contamination 
from bacteria, fungi, yeasts, and mycoplasmas as well as animal and 
human viruses for human cell lines. Furthermore, bacterial endo-
toxin level, tumorigenicity, and cross contamination are investi-
gated. Tests on cell cultures for detecting bacteria, fungi, and yeasts 
must be performed in an isolation unit, according to the  European 
Pharmacopoeia .  

  Serological and molecular screening focused on the identifi cation 
of chlamydial infections is routinely performed. Isolation of chla-
mydial species is carried out on cell culture. 

 Identifi cation of the species belonging to the  Chlamydiaceae  is 
carried out using molecular tests, i.e., real-time PCR and PCR- 
RFLP analysis, which amplify specifi c genome sequences. The iden-
tifi cation of new chlamydial species not yet classifi ed is also 
performed using new real-time PCR and specifi c gene sequencing.  

  The fi eld sera include samples from different animal species, mainly 
farmed, pets, and wildlife animals. The samples are collected by 
blood, sent to IZSLER to be tested in accordance with national or 
regional control programs or for specifi c serological tests. All these 
samples can be used as positive reference due to the presence of 
antibodies toward a specifi c pathogen, turning them very useful for 
retrospective serological surveys and validation of innovative sero-
logical tests. All serum samples collected and stored in the biobank 
are tested toward a panel of pathogens with the aim to know the 
presence/absence of antibodies. 

 Different serological techniques can be used and these are 
reported in specifi c sheets. Titers of humoral antibodies of serum 
samples are also registered and values are performed at preestab-
lished intervals. The immune sera consist in polyclonal sera obtained 
from different animal species (rabbit, goat, mouse, rat, guinea pig) 
and toward several bacterial and viral antigens. They have been pro-
duced with antigens mostly purifi ed and have a specifi city panel 
available at the facility where they have been produced.  

3.3  Chlamydiaceae
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  The hybridomas that produce monoclonal antibodies are selected 
to be used in in-house diagnostic assays. They were generated to 
produce monoclonal antibodies against a wide spectrum of viruses, 
bacteria, and proteins, mainly of veterinary interest, and immuno-
globulin isotypes of various animal species that were shown to be 
strategic tools for both research and diagnostic purposes. 
Hybridoma cultures are usually collected for freezing during the 
exponential growth phase and then are submitted to a double 
series of cloning procedure to assure the stability of the hybridoma 
and the clonality of the produced antibody. The monoclonal anti-
bodies expressed by each hybridoma are controlled through a 
series of immunological assays aimed at identifying and character-
izing their reactivity profi le.  

  Bacterial/fungal strains are identifi ed by either phenotypic or 
genotypic tests. The former consists of microscopic observation 
and isolation in specifi c culture media. Identifi cation is made 
through biochemical tests performed using commercial tests like 
the “API” or the “Vitek” systems. Genotypic tests, mainly PCR- 
based, are carried out to detect genes of virulence. Moreover, the 
16S rDNA gene sequence analysis can be used to confi rm the iden-
tity of bacterial species. 

 Parasites are identifi ed using either phenotypic or genotypic 
tests. The former consists of microscopic observation and compari-
son with identifi cation keys. Genotypic tests, mainly PCR-based, 
are carried out to identify genus or species.  

  The identifi cation of  Prototheca  algae (species and eventually sub-
species) is currently carried out through microscopic examination, 
growth in specifi c culture media, and molecular assays (HMR- 
PCR, end point PCR, or sequencing).  

  Tissue samples can be stored in different ways, depending on their 
intended purpose. Indeed, molecular tools for tissue profi ling, 
such as real-time PCR and expression microarrays, generally 
require collection of fresh frozen tissues as sources of high-quality 
RNA. Frozen tissue sections are made from high-quality tissues 
immediately snap-frozen in liquid nitrogen after being excised and 
identifi ed by a pathologist. Available tissues include normal, dis-
eased, and tumor animal tissues. The tissues excised are immedi-
ately frozen by liquid nitrogen and then stored at −80 °C. Tissue 
sections of 5–10 μm in thickness are mounted on positively charged 
glass slides. Furthermore, 0.4–0.7 g samples of standard size could 
be frozen in blocks into liquid nitrogen for 20–40 min after surgi-
cal excision. Otherwise, tissues could be fi xed in 10 % neutral for-
malin for a minimum of 24 h and stored as paraffi n blocks of 
0.5 × 1 × 1 cm. Formalin fi xation and paraffi n embedding (FFPE) 
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preserve the morphology and cellular details of tissue samples. 
Thus, it has become the standard preservation procedure for diag-
nostic surgical pathology [ 25 ]. Historically, the archived FFPE 
blocks have been successfully used for immunohistochemistry 
application. However, formalin-fi xed archival samples are known 
to be poor materials for molecular biology applications due to the 
irreversible modifi cations caused by formalin fi xation on macro-
molecules. In the last ten years, there has been an exponential 
increase in the development of molecular assays using FFPE blocks. 
At present, when sections from FFPE blocks are to be used for 
molecular extraction, focus is placed on the time of fi xation in for-
malin in order to avoid over-fi xation. The advances in the fi eld of 
molecular biology techniques have attempted to overcome the 
issue of formalin cross-linking and have successfully extracted 
DNA, RNA, and proteins, although fragmented.  

  Cell-associated viruses that can be grown in adherent or suspen-
sion cell cultures or chorioallantoic membranes of embryonated 
hen’s eggs can be isolated from several types of samples. The main 
principle of isolating viruses is to choose the most suitable cell line 
and mechanically lyse infected cells and subsequently carry out sev-
eral amplifi cation passages to increase the titer in order to produce 
the master sample and then the working samples. Virus batches are 
tested for potential microbiological and viral adventitious contami-
nations; the tests are performed using microbiology, virology, 
serology, and molecular biology methods. The primary sources of 
potential viral contamination come from infected animal tissues 
used to prepare biological reagents and media and during labora-
tory manipulation. Virus detection and identifi cation can be made 
by employing several methods, mainly based on serology tests 
using monoclonal antibodies and standard and real-time PCR. 
These assays amplify specifi c viral genome sequences known to be 
characteristics of a virus with a nucleotide sequence available in 
database collections. Extraneous viral contaminations can be veri-
fi ed through tests based on molecular biology techniques that 
allow the detection of viral DNA and RNA of other viruses. 
Mycoplasma contamination can be detected using real-time PCR 
methods. Bacterial contamination is determined through inocula-
tion of nonselective culture media. In addition, electron  microscopy 
is available for viral detection and identifi cation using negative 
staining methods. Such “catchall” methods (able to detect even 
non-suspected/unknown viruses) benefi t from “Airfuge” ultra-
centrifugation, increasing the sensitivity of the detection level. 
Indeed, immune electron microscopy methods (IEM and IEM 
gold) based on the use of hyperimmune sera and/or monoclonal 
antibodies may help viral identifi cation and classifi cation.   

3.9  Viruses and Viral 
Pathological Materials
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4    Storage of Biological Resources 

 Proper storage requires the use of cryovials and labeling systems 
that will withstand the intended storage conditions: vessels, labels, 
and bar codes or other printing systems are chosen for extended 
storage periods. 

 Samples have been deposited in freezers or other appropriate 
storage containers according to specifi c storage systems in order to 
preserve several parameters known to infl uence the condition of 
biospecimens. 

 In accordance with features, intended use and estimated length 
of storage, specimens may be stored at: room temperature, 4 °C, 
−20 °C, −80 °C, or −196 °C (vapor phase nitrogen) (Figs.  2  and  3 ). 
Temperature is a major variable in specimen management. 
Moreover microorganisms and viruses can be submitted to lyophi-
lization process that allows preserving viability for a long time. 
These freeze-dried samples can be stored at 4 °C or at −20 °C, 
reducing the necessity to have freezers with lower temperature 
(−80 °C); for these reasons, this is a practical and effi cient method 
for prolonged storage, less expensive, and more available in 
 emerging countries.

5        Application of Biological Resources 

 Two major formats of biobanks with several subtypes can be distin-
guished: the population-based biobank and the disease-oriented 
biobanks, each with distinct and complementary scientifi c value. 

  Fig. 2    Cryogenic area for preservation of biological resources       
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The most common format is the longitudinal population-based 
biobank, with biological samples and data from randomly selected 
individuals of a general population, used as resources for future 
unspecifi ed research [ 26 – 28 ]. The specifi c strength of this format 
is the assessment of the natural frequency of occurrence and pro-
gression of common diseases, with special emphasis on predispos-
ing genetic variants and environmental risk factors. In contrast, in 
disease-oriented biobanks, which may contain tissue, isolated cells, 
blood, or other body fl uids, specimens are collected in the context 
of medical diagnosis and treatment. These biosamples allow the 
comparison of different disease stages and/or forms of treatment 
at a molecular level, in order to evaluate biomarkers for the diag-
nosis of a disease or assessment of risk/predisposition and progno-
sis (research purpose), monitoring the recurrence of diseases, 
prediction of mortality, and response to therapy [ 29 ]. The devel-
opment of precisely defi ned clinical data elements (CDEs) may 
help to ensure that clinically relevant data are collected at each time 
interval [ 12 ]. In veterinary medicine, the wide availability of bio-
logical samples stored in biobanks provides the basis for research, 
leading to a better understanding of animal disease biology and the 
development of new diagnostic tests that require the use of biosa-
mples with well-defi ned features [ 13 ]. The European Technology 
Platform for Global Animal Health (ETPGAH) has identifi ed the 
lack of biological material as one of the main gaps in the develop-
ment of new effective tools for the control and prevention of ani-
mal diseases. Biobanks represent an important tool in improving 
epidemiological research dependent on the availability and quality 
of the biomaterials but also on the collection of associated data [ 6 ]. 
In particular, for retrospective studies and longitudinal designs for 

  Fig. 3    Freezing area for preservation of biological resources       
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evaluating the course of diseases, the requirements for obtaining 
time-specifi c data are even stronger. Furthermore, biological mate-
rials are a critical resource for genetic research. Major research in 
genomics is being pursued to improve the effi ciency of selection 
for healthier animals with disease resistance properties. Molecular 
genetic tests have been developed to select farm animals with 
improved traits, for example, removal of the porcine stress syn-
drome and selection for specifi c estrogen receptor alleles [ 30 ]. The 
sequencing of the genome to identify new genes and unique regu-
latory elements holds great promise in providing new information 
that can be used for livestock production. Currently, in vitro 
embryo production and embryo transfer are being the preferred 
means of implementing these new technologies to enhance effi -
ciency of farm animal production. Furthermore, the possibility of 
developing an integrated approach of genomics and proteomics 
using bioinformatics is essential for obtaining complete use of the 
available molecular genetic information. The development of this 
knowledge will benefi t scientists, industry, and breeders consider-
ing that the effi ciency and accuracy of traditional farm animal selec-
tion schemes will be improved by the implementation of molecular 
data into breeding programs.  

6    Role of Biobanks in Veterinary Medicine 

 A decade ago, biobanks were simply repositories of biospecimens. 
Clinical data of limited quantity and quality had to be retrieved 
from hospital information systems retrospectively [ 31 ]. Nowadays, 
biobanks are much more than just collections of biospecimens; in 
fact, the legal entity “biobank” refers to the management of the 
samples stored under that label, the huge amount of either clinical 
or experimental data, and the requirements for their cession [ 32 ]. 
In human medicine the concept of storing biological material rep-
resents a consolidated aspect that involved either ethical or scientifi c 
tools with a particular regard to both individual and community 
interests [ 33 ]. The recent advances in veterinary medicine have 
allowed the creation of a biobank for storing animal samples. These 
resources should be useful for several different aspects. The fi rst is 
related to the role of veterinary medicine itself, as the biobank 
allows more detailed information to be obtained regarding all bio-
logical resources available, for improving knowledge in several vet-
erinary areas such as food safety, animal health, global climate 
change, public health emergency, and genetic conservation of bio-
diversity. The second aspect is related to the possibility of crossing 
traditional discipline boundaries for future interdisciplinary research, 
pathogenetic studies on eubacteria and viruses, detection of emerg-
ing zoonoses, epidemiological surveys and phylogenetic trees, 
and genetic evolution studies that play a key role in public health. 
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The use of biobanks for epidemiological research does not only 
depend on the availability and quality of the biomaterials, but also 
on the collection of associated information, such as anamnestic and 
epidemiological data, purity, and identity of the samples, (testing 
performed) depending on the biological resource, allowing large-
scale screening studies. 

 Furthermore, experimental investigations and the development 
of diagnostic tests and vaccines could be transferred to national 
and international industrial branches. 

 The BVR (Biobank of Veterinary Resources) of IZSLER infra-
structure integrates existing and newly established animal biological 
samples and data collections, resources, technologies, and exper-
tise to facilitate high-quality medical research, improving stan-
dardization and international cooperation. Furthermore, this 
infrastructure will provide the fl exibility needed to facilitate growth 
of the network with new members and partners. An additional ser-
vice includes the possibility of storing human and animal biosam-
ples, offering repository services, and ensuring governance systems 
that provide quality assurance.  

7    Remarks and Future Perspectives 

 The fi eld of biobanks is very complex and diversifi ed, as it deals with 
the collection, treatment, storage, distribution, and computeriza-
tion of biological material, not only of human, animal, and plant 
material, but also that from sources such as fossils and microbes. 
Biobanks and biospecimens are essential components for several 
areas of clinical and basic research, and, in fact, public awareness of 
biospecimens and biobanking has grown signifi cantly [ 19 ]. 

 The primary purposes for improving biobank networks are to 
harmonize and spread quality banking practices to distribute bio-
specimens with well-defi ned features and associated data. One of 
the major obstacles for developing a uniform system of regulation 
across Europe is the lack of an agreed defi nition of “biobank” [ 2 ]. 

 Biological samples collected at the IZSLER Veterinary 
Biobank infrastructure could be a key resource for the scientifi c 
community. The possibility of creating a veterinary biobanking 
and biological resource infrastructure in Italy, and then in Europe, 
will allow the harmonization of standards for sample collection, 
storage, and techniques of analysis, data management, and prepa-
ration of a specifi c database. One solution to address the issues of 
standardization of quality and capacity should be the creation of 
biobank networks [ 34 ]. 

 The main challenge of an international biobank network is bal-
ancing the need to centralize specimens and resources with the 
reality of delocalized collection activities, especially in a clinical 
context. Currently, these networks could be considered as a trade 
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union between human and veterinary medicine, which could 
signifi cantly develop a multidisciplinary approach for discovering 
new frontiers within life sciences and patient care. 

 Interoperability in biobanking represents the key for improv-
ing national and international research collaborations [ 35 ]. 
Furthermore, the integration of human and veterinary biobank 
initiatives should harmonize databank diagnostic and typing meth-
ods. There is a considerable variation in national laws and local 
practices regarding the processing and storage of biological sam-
ples, personal information, and data recorded among countries 
around the world. This variability complicates the conditions for 
collaboration between scientists from different countries, reducing 
future sharing of research data and samples. Furthermore, if regu-
lations are not harmonized between nations, the possibility of car-
rying out collaborative research decreases [ 29 ]. 

 Millions of biological samples are stored every year through-
out the world for diagnostic and research, but in many fi elds the 
lack of biological material and models is a major hindrance for 
ongoing research. Currently, variability regards the collection, pro-
cessing, storage, and relative data of the majority of biospecimens 
available for research and diagnosis. Such heterogeneous practices 
provide biospecimens of unknown molecular integrity and con-
tribute to irreproducible results, impeding the development of 
more effective therapeutics and diagnostics [ 36 ]. 

 Biobanking plays a crucial role in providing access to high- 
quality biomaterial, essential not only for human medicine, but 
also for veterinary medicine. Modern techniques of cryopreserva-
tion allow the long-term storage of biological samples for clinical 
or research purposes comprising a complete organization includ-
ing biological samples, data, personnel, policies, and procedures 
for handling specimens and performing other services, such as 
managing the database and planning scientifi c studies. 

 Software dedicated to biological banks facilitate sample regis-
tration and identifi cation, the cataloging of sample properties (type 
of sample/specimen, associated diseases and/or therapeutic proto-
cols, environmental information, etc.), sample tracking, quality 
assurance, and specimen availability. Biobank facilities must adopt 
good laboratory practices and a stringent quality control system 
and comply with ethical issues when required [ 8 ]. 

 The necessity for accessing high-quality specimens has increased, 
along with the necessity for standards to guide the proper collec-
tion, processing, storage, and distribution of specimens. 

 Perhaps more importantly, it is essential to know that the sam-
ple used for research and diagnosis is accurately characterized; once 
the most critical points in a biospecimen processing method have 
been identifi ed, specifi c tests or markers to assess the quality of the 
biospecimen are needed. 
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 If appropriately collected, documented, and stored, biospecimens 
are a valuable resource that can help answer current and future 
scientifi c questions, to meet the needs of emerging technologies 
[ 37 ]. The lack of concerted efforts, together with heterogeneous 
policy approaches and practices, jeopardizes international collabo-
ration and the sharing of samples and data. A new attitude and 
strategy for sharing data and promoting cooperation in the fi eld of 
biobanks may not only have a great impact on public health pro-
grams, but also in the development of new biomarkers and drugs. 

 The importance of biobank networking has been emphasized 
by many authors, and there are several major biobank networking 
initiatives worldwide. Currently, international initiatives are emerg-
ing in order to fi nd ways to cooperate even in the context of het-
erogeneous ethical and legal frameworks in which the national 
biobanks are being established.     
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    Chapter 5   

 Biological Specimen Collection and Processing 
for Molecular Analysis 

           Susan     Sanchez       and     Holly     Sellers   

    Abstract 

   This chapter provides a standardized best practice approach to sample collection and handling for the 
purpose of nucleic acid (NA) extraction and PCR. These methods are described through text and clearly 
illustrated fi gures. Furthermore, for those cases in which transportation of samples cannot be accom-
plished due to the inability to maintain the cold chain or limitations on the import of live disease agents in 
diagnostic samples, the chapter describes the use of FTA cards for collection transport and NA preparation 
of samples for PCR. This chapter also makes emphasis in the best safety practices for handling of samples/
tissues to avoid unnecessary disease exposures to laboratory personnel. Finally, NA extraction best practices 
and methods will be briefl y outlined.  

  Key words     Tissue  ,   Swab  ,   Culture  ,   Virus  ,   Bacteria  ,   Fungi  ,   Protozoa  ,   Nucleic acid  ,   Animals  ,   Disease  , 
  Organs  ,   FTA card  ,   Polymerase chain reaction  ,   PCR  ,   Typing  ,   DNA extraction  ,   RNA extraction  

1      Introduction 

 Sample collection is the fi rst and most important step for accurate 
diagnostic testing. The sample must be appropriate for the test that 
is going to be performed. In this chapter, the primary focus will be 
on sampling and sample preparation for molecular analyses. The 
molecular analysis will most commonly be a polymerase chain reac-
tion (PCR)-based test. Because the pathogens affecting both farm 
and companion animals are varied and include viral, bacterial, 
protozoal, and fungal pathogens, the processing of the samples 
outlined in this chapter will allow for both DNA and/or RNA 
extraction. Therefore, nucleic acid extraction (NA) will be used as 
an encompassing term that will be applicable to any pathogen. 

 PCR requires nucleic acid extraction from the diagnostic sample. 
Understanding the location of the pathogen in the host during an 
infection (this may vary during the course of the disease), as well as 
the duration of the infection, will improve the success of detecting 
the causative agent. It is also important to note that surveillance 
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(asymptomatic animals) and diagnosis of disease (sick animals) may 
call for different sample types. The methods described in detail in 
this chapter are more suited for disease diagnosis than for surveil-
lance. For example, doing surveillance of foot-and- mouth disease 
in pigs can be accomplished by testing oral fl uids present on rope 
samples; this allows for testing of a group, while the individual sick 
animal will require for confi rmation the testing of the vesicular 
fl uid. Similar case can be made with porcine circovirus type 2 and 
porcine reproductive and respiratory syndrome [ 1 – 3 ]. 

 Many text books, commodity industries, and world organiza-
tions have published detailed information on sample selection for 
attaining the best results when diagnosing the many diseases that 
affect animals [ 4 – 10 ]. The intent of this chapter is not to repeat 
these details, but to address the important factors of sample collec-
tion and preparation using poultry as an example that can be 
applied to other animal groups (Table  1 ). Choosing the correct 
sample to send to the laboratory will allow for a fruitful diagnosis 
and a happy client.

   Swabs, fl uids, fl ushes, feces, and blood are convenient and 
appropriate samples to collect from live animals as are biopsies from 
affected sites. Fresh tissues or tissue scrapings are normally obtained 
from dead animals at necropsy. Unfi xed tissue samples are the best 

   Table 1  
  Examples of clinical signs and tissue samples that should be collected from chickens   

 Clinical signs  Sample to submit for testing 

 Hepatitis  Liver 

 Drop in egg production  Feces/large intestines, vaginal swabs 

 Lameness  Synovial fl uid, tendons, heart, liver 

 Respiratory  Tracheas, tracheal swabs, feces, cloacal swabs, vaginal swabs 
(if also present with decreased egg production) 

 Dyspnea  Tracheal swabs, tracheas, eyelids, lungs 

 Nephritis, swollen kidneys, 
fl ushing 

 Kidneys 

 Tumors  Heparinized whole blood, tumor, plasma 

 Immunosuppression  Bursa, thymus, spleen, bone marrow 

 Skin lesions  Scab 

 Fowlpox  Pock lesion for cutaneous disease or trachea if diphtheritic disease 

 Neurological signs  Brains 

 Enteritis, malabsorption  Intestines, duodenal loop, feces 

 Proventriculitis  Proventriculus 

  These samples will allow for accurate molecular testing of virus and bacteria  
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specimens for pathogen detection. Nevertheless, most laboratories 
fi nd them diffi cult to deal with due to the need for processing 
before nucleic acid extraction. This tissue processing is messy and 
must be performed consistently for repeatable and comparable 
results. Fixed tissues are sometimes the only sample available for 
analysis. The type of fi xative and the time elapsed from fi xation 
make these samples very unreliable, although useful for pathogen 
molecular detection if no other samples are available [ 11 ]. 

 The method of choice for each laboratory must be based on 
the diagnostic needs, cost/benefi t, and workload. 

 Nucleic acid-based molecular tests are some of the most versa-
tile, as they are capable of detecting the pathogen directly in the 
sample and can be performed on a variety of sample types. Of 
course, the quality and quantity of the sample are of paramount 
importance for optimal results. Samples for PCR should be 
obtained with care to avoid contamination from other sites, the 
environment, other animals, etc., and shipped to the testing labo-
ratory as soon as possible in sterile individual containers. The sam-
ples should be kept cold during shipping and moist with sterile 
saline. After their arrival to the laboratory, fl uids, swabs, and fl ushes 
do not require processing prior to NA extraction and can be added 
directly to the lysis buffer of the nucleic acid extraction kit at the 
volume recommended by the manufacturer. Occasionally, these 
samples may be enriched or diluted in selective or enrichment 
media before processing, but in most cases this is not necessary. 
Tissues, however, always require processing prior to nucleic acid 
extraction. 

 If transport to the laboratory must be delayed, samples can be 
placed in RNA Later solution (there are many different suppliers of 
this product such as Ambion Inc., Austin, TX; Life Technologies, 
Grand Island, NY; Qiagen, Hilden, Germany) or DNA/RNA 
Shield (Zymo Research, Irvine, CA). The solutions containing 
nucleic acid preservatives inactivate viruses and nucleases and allow 
the storage of samples for up to a month at room temperature. 
Samples can also be refrigerated overnight or frozen at −20 or 
−80 °C for longer holding periods, until ready for shipment. The 
samples should be shipped frozen with enough ice to ensure that 
they arrive frozen to the testing laboratory. It is not always possible 
to maintain the cold chain; however, the use of FTA™ cards 
(Whatman, GE Healthcare, Piscataway, NJ) is a viable alternative 
for sample preservation. One drawback of this method is that the 
samples are then only useful for NA detection, but not culture, 
cytology, direct antigen detection, etc. [ 12 – 14 ]. 

 The use of FTA™ cards has greatly facilitated the collection, 
handling, and shipment of samples for nucleic acid testing world-
wide. FTA™ is an acronym for  Flinders Technology Associates  and 
the cards were originally developed in the 1980s by Burgoyne and 
Fowl at Flinders University, in Australia, as a method for protecting 
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nucleic acid samples from degradation by nucleases and other 
processes. The patented FTA™ cards contain proprietary chemicals, 
integrated within a fi lter paper matrix, that lyse cells, denature pro-
teins, and immobilize and preserve nucleic acids from just about 
any sample type. Samples can be stored and shipped at room tem-
perature without special handling. The integrity of the samples is 
optimized when cards are stored in an airtight pouch with a desic-
cant. The cards are available in several formats including the FTA™ 
Indicator Card with a color indicator that changes from pink to 
white following sample application, making it ideal for application 
of colorless samples. Nucleic acids can be purifi ed from just a couple 
of punches excised from the FTA™ card. We will describe later how 
to apply fl uids and tissues on FTA™ cards for preservation of NA 
and shipping to the laboratory. 

 In this chapter, we will describe several methods to prepare tis-
sues in a standardized manner, as well as describe the application of 
several sample types to FTA™ cards. Finally, the chapter will address 
FTA™ card processing for nucleic acid amplifi cation. The Figs.  1 , 
 2 ,  3 , and  4  included for these processes are intended to be self- 
explanatory and easy to follow and give the operator well-defi ned 
visuals for sample processing. The fi gures are the result of many 
years of experience in busy laboratories with a heavy caseload.

2          Materials 

       1.    Brain heart infusion broth (BHI).   
   2.    Disposable weigh dish.   
   3.    Scalpel and scalpel blades.   
   4.    Sterile forceps.   
   5.    Sterile pipette tips.   
   6.    Pipette able to dispense 2 ml, 3 ml, and 200 μl.   
   7.    Gloves.   
   8.    Laboratory dedicated wear.      

      1.    Small manual tissue grinder. Many manufacturers provide dis-
posable grinders in sterile packages. Nevertheless, pestle and 
mortar or other similar manual instruments can be used. The 
advantage of the disposable is the fact that they have a plastic 
sleeve that will protect the user from splashes enhancing safety 
as well as minimize sample to sample contamination.  See  
Fig.  1b  for an example of a disposable manual grinder.      

      1.    Mechanical grinder. There are several mechanical grinders from 
different manufacturers. Some examples are Bullet Blender 
(Next Advance Averill Park, USA), TissueLyser (Qiagen), and 
Tissue Homogenizer (Precellys, Bertin Technologies). In our 

2.1  Fresh Tissue 
Processing

2.1.1  Manual 
and Mechanical Grinder 
Common Materials Needed

2.1.2  Manual Grinder 
Specifi c Material Needed

2.1.3  Mechanical Grinder 
Specifi c Material Needed
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laboratory we use Bullet Blender preferentially. The protocol 
described here is for using this specifi c equipment.   

   2.    Stainless steel beads 0.35 mm. Optimal for all tissue types of 
0.150–0.200 g. Other bead sizes may be necessary based on the 

  Fig. 1       Solid tissue preparation for nucleic acid extraction ( see  Subheading  3  for further information)       

 

Sample Preparation for Molecular Analysis



66

size and type of tissue that will be processed. The manufacturer 
of the blender will likely carry beads of many different sizes, 
made of many materials in their catalog, available for purchase. 
Decide which ones are appropriate for your application and 
laboratory.   

   3.    5 ml sturdy tubes.       

  Fig. 2    FTA™ tissues and tissues scraping sampling ( see  Subheading  3  for further information)       
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      1.    FTA™ cards (Classic or Indicating card—  www.whatman.com    ).   
   2.    W   hirl pack bag or similar air tight storage pouch.   
   3.    Desiccant packet.   
   4.    Pipette (50–250 μl).   
   5.    Sterile, RNAse-/DNAse-free pipette tips.   

2.2  Materials List 
for Sample Collection 
for FTA™ Cards

  Fig. 3    FTA™ fl uid and swab sampling ( see  Subheading  3  for further information)       
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  Fig. 4    FTA™ punch processing for nucleic acid amplifi cation ( see  Subheading  3  for further information)       
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   6.    Dacron, polyester, or fl ocked sterile swabs.   
   7.    Sterile scalpel.   
   8.    Sterile scissors and forceps.   
   9.    Sterile petri dish.   
   10.    Gloves.      

      1.    Harris Uni-Core punch (or similar).   
   2.    Cutting mat.   
   3.    70 % Ethanol.   
   4.    Sterile forceps.   
   5.    RNAse-/DNAse-free microcentrifuge tube.   
   6.    Gloves.       

3        Methods 

       1.    Label a sterile bead tube with the sample identifi cation number.   
   2.    Using a sterile scalpel cut a small piece (~1 cm 3 ) of affected tis-

sue and place in a weigh boat (Fig.  1b ).   
   3.    Weigh tissue to ≥0.150 g and no more than 0.200 g (Fig.  1c ).   
   4.    Transfer the tissue sample aseptically to the labeled tube of the 

disposable pestle (Fig.  1 d1).   
   5.    Add 1 ml of BHI to the tube; place the plastic sleeve over the 

top of the container (Fig.  1 e1).   
   6.    Push the pestle down the tube making sure that the tissue is at 

the bottom and twist it 180° in both directions at least twice. 
At this time the tissues will be mostly homogenized (Fig.  1 f1).   

   7.    Remove and discard the pestle/grinder.   
   8.    Bring to a total volume of 3 ml by adding 2 ml of BHI to 

homogenate.   
   9.    Transfer the required amount (normally 200 μl) to a microcen-

trifuge tube for further nucleic acid extraction processing 
(Fig.  1g ).   

   10.    Grinder tubes with homogenate can be stored frozen for later 
testing. Viral and bacterial cultures are possible from these 
samples.      

      1.    Label a sterile bead tube with the sample identifi cation 
number.   

   2.    Using a sterile scalpel cut a small piece (~1 cm 3 ) of affected tis-
sue and place in a weigh boat (Fig.  1b ).   

   3.    Weigh tissue to ≥0.150 g and no more than 0.200 g (Fig.  1c ).   

2.3  Materials List 
for FTA™ Card Punch 
Collection (Fig.  4a )

3.1  Tissues 
Preparation (Fig.  1 ; 
 See   Notes 1 ,  2 , and  5 )

3.1.1  Manual Grinder

3.1.2  Mechanical Grinder
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   4.    Transfer the tissue sample aseptically to the labeled tube. Add 
3.0 ml of BHI broth (Fig.  1 d2).   

   5.    Tightly screw the tube closed and place in the grinder. A mini-
mum of three tubes have to be used in the blender, spaced so 
that they are balanced. If fewer than three samples are to be 
blended, water fi lled tubes must be used to balance. Do not 
reuse the balance tubes more than fi ve times due to the risk of 
tube breakage. These instructions are specifi c for the Bullet 
Blender, but most other equipment also requires balancing the 
loads. Regardless of the equipment, all tubes will break after 
multiple uses (Fig.  1 e2).   

   6.    Set the controls for speed 9 and time 4 min. Close the lid and 
press the start button (speed and times mentioned here are for 
the Bullet Blender; other equipment may require other speeds 
and times; check manufacturer’s instructions and protocols).   

   7.    After completion of grinding cycle visually inspect the samples 
(Fig.  1 f2). Not all tissue samples are alike. Skin samples are 
usually tougher and, therefore, more diffi cult to homogenize. 
If samples are not suffi ciently homogenized, repeat grinding 
process ( see   Note 3 ).   

   8.    After homogenization is complete, transfer the required 
amount (normally 200 μl) to a microcentrifuge tube for fur-
ther nucleic acid extraction processing (Fig.  1g ).   

   9.    Grinder tubes with homogenate can be stored frozen for later 
testing. Viral and bacterial cultures are possible from these 
samples.       

       1.    Label the FTA™ card with sample identifi cation, date, and 
other pertinent information (Fig.  2a ).   

   2.    Use a sterile scalpel to cut a cross section of the tissue (Fig.  2 b1).   
   3.    Make several tissue impressions with cut side of tissue to one 

circle on FTA™ card (Fig.  2 c1).   
   4.    Close the card and place in sealed pouch with desiccant 

(Fig.  2e ).   
   5.    Store at room temperature to −80 °C until nucleic acid extrac-

tion or shipment.   
   6.    For shipment of the FTA™ card, place the pouch containing 

the FTA™ card and desiccant into an envelope and ship.      

      1.    Label the FTA™ card with sample identifi cation, date, and 
other pertinent information (Fig.  2a ).   

   2.    Use a sterile scalpel to scrape the surface of the tissue (Fig.  2 b2).   
   3.    Apply the tissue scrapings from the scalpel to one circle on the 

FTA™ card (Fig.  2 c2).   

3.2  FTA™ Card 
Tissue Sampling 
(Fig.  2 ;  See   Notes 1 ,  2 , 
and  4 )

3.2.1  Solid Tissue

3.2.2  Tissue Scrapings
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   4.    Allow the spot to dry completely (this can take up to 1 h) 
(Fig.  2 d2).   

   5.    Close the card and place in a sealed pouch with desiccant 
(Fig.  2e ).   

   6.    Store at room temperature to −80 °C until nucleic acid extrac-
tion or shipment.   

   7.    For shipment of the FTA™ card, place the pouch containing 
the FTA™ card and desiccant into an envelope and ship.      

       1.    Label the FTA™ card with sample identifi cation, date, and 
other pertinent information (Fig.  3a ).   

   2.    Collect the fl uid (e.g., allantoic fl uid) samples (Fig.  3 b1).   
   3.    Pipette 250 μl of fl uid dropwise onto the center of one circle 

on the FTA™ card (Fig.  3 c1).   
   4.    Allow the spot to dry completely (this can take up to 1 h) 

(Fig.  3 d2).   
   5.    Close the card and place in a sealed pouch with desiccant 

(Fig.  3e ).   
   6.    Store at room temperature to −80 °C until nucleic acid extrac-

tion or shipment.   
   7.    For shipment of the FTA™ card, place the pouch containing 

the FTA™ card and desiccant into an envelope and ship.      

      1.    Label the FTA™ card with sample identifi cation, date, and 
other pertinent information (Fig.  3a ).   

   2.    Use a Dacron, polyester, or fl ocked swab to obtain the sample 
from the patient (Fig.  3 b2).   

   3.    Roll and press the swab with the sample onto the circle of the 
FTA™ card, expressing as much sample as possible from swab 
(Fig.  3 c2).   

   4.    Allow the spot to dry completely (this can take up to 1 h) 
(Fig.  3 d2).   

   5.    Close the card and place in a sealed pouch with desiccant 
(Fig.  3e ).   

   6.    Store at room temperature to −80 °C until nucleic acid extrac-
tion or shipment.   

   7.    For shipment of the FTA™ card, place the pouch containing 
the FTA™ card and desiccant into an envelope and ship.        

      1.    Sanitize the Harris Uni-Core punch and mat with 70 % etha-
nol and allow to dry prior to use (Fig.  4 b1, b2).   

   2.    Place the mat under the FTA™ card circle to be punched 
(Fig.  4c ).   

3.2.3  FTA™ Card Fluid 
and Swab Sampling 
(Fig.  3 )

 Fluids

 Swabs

3.3  FTA™ Cards 
Punch Collection 
(Fig.  4 ;  See   Notes 1  
and  2 )
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   3.    Using the Harris Uni-Core punch, press down on the FTA™ 
card circle containing the sample. The paper disc will be 
retained in the core punch (Fig.  4c ).   

   4.    Repeat core sampling until the desired number of discs has 
been obtained. Discs will remain within the core punch. The 
punch can hold up to 8–10 discs (Fig.  4d ).   

   5.    Open an RNAse-/DNAse-free 1.8–2.0 ml microcentrifuge 
tube and depress the release button on the top of the Uni-
Core punch to dispense discs into the tube (Fig.  4e ).   

   6.    Close the cap of the microcentrifuge tube.   
   7.    Sanitize the punch and mat again with 70 % ethanol and allow 

to dry before obtaining another sample.   
   8.    Punch is ready for PCR. Place the punch in your mastermix 

(Fig.  4f ). There is no need for nucleic acid extraction from the 
punches. PCR is conducted suing the punch as template.       

4    Notes 

        1.     Safety considerations 
   (a)    Always wear a clean laboratory outer garment when work-

ing with diagnostic samples.   
  (b)    Wear protective glasses to avoid splashes to the eyes.   
  (c)    Wear gloves when handling animal tissues.   
  (d)    Fresh tissue manipulations should be carried out inside a 

biosafety cabinet.   
  (e)    Do not use the mechanical grinder if working with nonhu-

man primate tissues, non-captive marine mammals, and 
tissues suspect of any Risk Group 3 agents. There is a small 
risk that tubes may break.    

      2.     Quality assurance  
 The standardization of procedures is critical for the credibility 
of all diagnostic laboratories. Results should be repeatable; this 
is hampered occasionally by the type and volume of the sam-
ples received. Therefore, standardizing the sample of tissue by 
weighing, resuspending in standard volumes, and applying 
standard amounts to FTA™ cards is critical for your molecular 
diagnostic laboratory. Too much tissue or tissues that are not 
properly homogenized can lead to false positives or negatives. 
The protocols described here have been quality tested; this 
means that multiple tissue samples have been serially tested to 
determine the best procedure to yield positives and negatives 
consistently. It is always good practice to check the quality of 
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your procedure with known positive and known tissue samples 
and determine if repeated sampling yields consistent results.   

   3.     Important considerations for mechanical grinder use 
   (a)    If homogenization is unsatisfactory, run for another 3 min 

at speed 10 (speed and times for the Bullet Blender; other 
equipment may require other speeds and times; check 
manufacturer’s instructions and protocols). As a general 
rule, use more speed and less time. Be sure that lids are 
screwed on tightly.   

  (b)    Do not wash and reuse tubes.    
      4.     Important considerations for sampling on FTA™ cards 

   (a)    Always wear gloves when handling FTA™ cards and avoid 
touching the area within the indicator circle to avoid con-
tamination of samples.   

  (b)    Use FTA™ indicator cards for colorless samples so that the 
area to be sampled is easily identifi ed by the color change 
once sample is applied. If an indicator card is not available, 
apply the sample to the card and circle the area of sample 
application with a pencil.   

  (c)    For tissue impressions or scrapings, allow complete absorp-
tion of sample, but do not leave additional pieces of tissue 
or scrapings on the card. All of the sample should be com-
pletely absorbed by the FTA™ paper.   

  (d)    Allow FTA™ cards to dry completely; otherwise, sample 
can transfer to other portions of the paper cassette. It may 
take up to 2–3 h for samples to dry completely on card.   

  (e)    Store dried FTA™ cards in sealed pouch preferably with 
desiccant pack.    

      5.     Important considerations about nucleic acid extraction  
 The steps to a diagnostic PCR test are as follows: Sample col-
lection → sample processing → cell disruption → NA purifi ca-
tion/concentration/inhibitor control → PCR → storage. 

 Once the correct site for sampling has been determined, 
then any sample from that site collected using a swab or the 
sample itself (bodily fl uids, tissues, etc.), as long as they are 
fresh, will be suitable for NA extraction, provided they have 
been handled appropriately after collection and they are not 
too old and kept at inappropriate temperature that allow for 
the degradation of the pathogen NA (RNA degrades faster 
than DNA). Formalin- fi xed tissues can be used, but success is 
more variable mostly depending on the size of the product that 
will be targeted for amplifi cation. The fi rst step for the extrac-
tion is to break apart the bacteria, fungi, or viral target (also the 
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host cells they may be invading) to release their DNA/RNA. 
Such methods vary from physical to chemical and/or combi-
nations followed by the NA extraction through fi ltration/affi n-
ity columns or precipitation. Some samples such as fecal 
material have high levels of inhibitors that need to be con-
trolled (eliminated/diluted) during the NA extraction to avoid 
nonspecifi c inhibition of the PCR tests [ 15 – 18 ]. Although we 
may think that noncommercial extractions are more economi-
cal than their commercial counterparts, they do not account 
for the cost of the labor and the quality control (QC) tests that 
have to be associated with making sure the extractions work 
just as effi ciently every time with every batch of new reagents. 
Commercial tests are developed to be better than the compa-
ny’s previous rendition and better than their competitors [ 18 ]. 
They are sold as kits, where all the reagents are included, and 
they all have gone through rigorous QC. Every time a box is 
open, you are guaranteed that their effi ciency will be the same 
as the one before and the same as the next one. Furthermore, 
they have been optimized for the use of high-throughput 
equipment making them very suitable for testing large num-
bers of samples; this is a common scenario in veterinary medi-
cine herd health [ 19 ]. Current kits from many manufacturers 
decrease inhibitors, some also come with internal controls, and 
are able to isolate from the same sample, both DNA and RNA 
with high effi ciency. The cost is relatively modest per sample, 
although they are sold in large packages that may be expensive. 
Nevertheless, they allow for easier validation of the extraction/
PCR protocols for each of the matrices that will be use for dis-
ease diagnosis (feces, tissue, urine, etc.). A good NA extraction 
is a powerful adjunct to a good PCR test; the sensitivity of any 
PCR test will be dependent on how good the NA extraction is. 
No matter how well tuned your PCR is, if there are not enough 
copies of NA or there are inhibitors present, the sensitivity of 
the PCR will suffer. Commercial kits because they will main-
tain their quality across laboratories will allow for standardiza-
tion across of PCR tests [ 20 ]. Much is written about NA 
extraction, and we recommend to check the current literature, 
check what is commercially available and you can afford, deter-
mine if you will require high throughput now or in the near 
future, and validate the method you choose to use comparing 
it with a gold standard for each of the matrices fi rst and then 
with known positive clinical samples. Finally, always maintain 
strict quality control protocols that will allow for the reproduc-
ibility and reliability of the extraction method you decide to 
use and works best for your PCR test. “One extraction does 
not fi t all PCR or matrices.”         
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    Chapter 6   

 Validation of Molecular Diagnostic Assays and Quality 
Assurance and Control in the Veterinary Laboratory 

           Nick     Saunders     and     Ian     Sharp    

    Abstract 

   This chapter describes the process of validating in-house molecular assays although the principles described 
are equally relevant to all diagnostic assays. The best practice principles described below are based on the 
In Vitro Diagnostic Medical Devices Directive (IVDD) and associated documentation. Although compli-
ance with these regulations is not required for diagnostic reagents used on animals, the principles are 
equally relevant to validation of all diagnostic assays, whatever their purpose.  

  Key words     Validation  ,   In-house  ,   Molecular assays  ,   Quality assurance  ,   Quality control  

1      Introduction 

    The introduction of new or modifi ed diagnostic tests for veterinary 
application is associated with signifi cant risks, and a consistent 
approach to assay validation and verifi cation is therefore a require-
ment (Fig.  1 ).

      In vitro diagnostics (IVDs) for human use come under statu-
tory regulations in most jurisdictions (e.g., the US Food and Drug 
Administration (FDA), the European Commission (EC)), and 
although veterinary IVDs are generally free of these controls, there 
is a responsibility, and usually a commercial necessity, to ensure 
that tests are fi t for purpose. Both in-house and commercial assays 
(commercial kits used in modifi ed form or for off-label applications 
fall within the in-house status) need to be backed by the same level 
of evidence supporting their performance against a specifi cation. 

 Once an assay has been introduced, systematic quality assur-
ance (QA) activities are essential to ensure that the assay continues 
to perform according to the requirements of the specifi cation and 
fulfi lls its purpose. 
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 Quality control (QC) procedures must also be applied to 
maintain the uniformity of the procedures and materials used to 
perform the assay. Output data monitoring using multi-rule  criteria 
is a useful aspect of QC.  

2    Validation of Molecular Diagnostics 

 This chapter refers to all nucleic acid-based (i.e., molecular) assays 
including those designed for diagnostic and reference purposes. 

 The World Organisation for Animal Health (OIE) has devel-
oped a register of diagnostic kits certifi ed by the OIE as validated 
as fi t for purpose [ 1 ]. Examples of the most common purposes 
are to:

    1.    Demonstrate freedom from infection in a defi ned population 
(country/zone/compartment/herd): (1a) “free” with and/or 
without vaccination and (1b) reestablishment of freedom after 
outbreaks.   

   2.    Certify freedom from infection or presence of the agent in 
individual animals or products for trade/movement purposes.   

   3.    Eradication of disease or elimination of infection from defi ned 
populations.   

   4.    Confi rmatory diagnosis of suspect or clinical cases (includes 
confi rmation of positive screening test).   

Project planning 
(panel, assay 
definition, 
materials 
sourcing) and 
commercial 
analysis 

Validation 
core tasks

Review 
meeting

Follow-
up/final 
tasks

Data 
analysis 
& 
technical 
report

Panel 
review

OR

Sign-off

Technical transfer 
including training, 
final SOP, reagent 
manufacture and 
quality control, batch 
record collection, 
verification

Post-implementation 
surveillance and 
exploitation 

  Fig. 1    Assay development and validation plan       
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   5.    Estimate prevalence of infection or exposure to facilitate risk 
analyses (surveys, herd health status, disease control measures).   

   6.    Determine immune status of individual animals or populations 
(post-vaccination).    

  These purposes are broadly inclusive of many narrower and 
more specifi c applications of assays. Such specifi c applications and 
their unique purposes need to be clearly defi ned within the context 
of a fully validated assay. 

 The term “validation” is often used very loosely and can cover 
a variety of different processes. From the manufacturing industry, 
“Validation is a quality assurance process of establishing evidence 
that provides a high degree of assurance that a product, service, or 
system accomplishes its intended requirements. This often involves 
acceptance of fi tness for purpose with end users and other product 
stakeholders.” Validation is an evidence-based process that requires 
proper planning in order to ensure that newly developed assays 
comply with laboratory standard systems. There are a number of 
stages in this process, including planning and inception, assay devel-
opment and optimization, assay validation, rollout and verifi cation 
(i.e., a quality control process that is used to evaluate whether the 
assay complies with its specifi cation), and fi nally implementation. 
Method validation can be used to judge the quality, reliability, and 
consistency of analytical results. It is therefore an integral part of 
any good analytical practice. Annex 15 to the European Union 
(EU) Guide to Good Manufacturing Practice [ 2 ] which deals with 
qualifi cation and validation provides a useful context. 

 Analytical methods need to be validated before their introduc-
tion into routine use and revalidated whenever the conditions under 
which the original validation was done change (e.g., use of an instru-
ment with different characteristics or samples within a different car-
rier matrix) and whenever the method is changed or modifi ed 
beyond the original specifi cation. The changes to a protocol that 
may be considered signifi cant and that therefore require assay revali-
dation with adequate evidence for equivalent performance depend 
on the specifi c details of the test. Validation may be extensive, for 
example, in the case of a newly developed in-house assay, or narrow 
in scope, for example, in the case of a commercial assay already in use 
which has had minor modifi cations. Various situations are likely to 
arise in which it is appropriate to repeat only a subset of validation 
tasks. For example, if the extraction method is changed, it may not 
be necessary to carry out specifi city checks, but the sensitivity will 
require reassessment. It is essential to provide documentary evidence 
that any assay is suitable for its intended purpose. 

 The laboratory may already have in-house or commercial 
assays in use for which no specifi c evidence of previously under-
taken validation or verifi cation is available. Almost certainly, this 
work would have been performed, but historically there may not 
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have been a good culture of record keeping. It is important to 
provide  documentary evidence of fi tness for purpose. It is not 
normally necessary to repeat validation and verifi cation work, and 
in practice, it may not be possible to retrospectively undertake this. 
It may be suffi cient to prepare a fi le referring to existing evidence, 
such as results from interlaboratory comparisons or other studies 
undertaken, copies of published papers, internal quality control 
(IQC) and external quality assessment (EQA) results, etc. 
However, the process of reviewing validation data may highlight 
factors that require confi rmation.  

3    Quality Assurance 

 Quality assurance is the process whereby the quality of laboratory 
reports can be guaranteed and comprises all the different measures 
taken to ensure the reliability of investigations. It is not limited to the 
technical procedures performed in the laboratory. Therefore, 
although procedures within the laboratory that ensure that the test-
ing procedures (the analytical phase) are reliable are important, con-
sideration must also be given to the pre- and post-analytical phases, 
where the majority of the errors in the entire testing pathway occur. 

 The laboratory does not have control of many of the pre- 
analytical steps, such as what and how specimens were taken, labeling 
(of samples and request forms), and transportation. However, it 
can infl uence these activities by providing guidance in the form of 
a user manual. This provides details of those key factors related to 
the specimen which are known to affect the performance of the 
test or the interpretation of the results and instructions for trans-
portation of samples, including any special handling needs. The 
laboratory should also have a procedure which defi nes the criteria 
for specimen rejection. It is good practice to notify the user con-
cerning rejected specimens. 

 Many veterinary laboratories are accredited by the national 
accreditation body to the international standard ISO 17025 [ 3 ]. 
Accreditation is a means of assessing the technical competence of 
the laboratory and provides assurance to the laboratory and its cus-
tomers that its service is fi t for purpose. 

 The key elements of accreditation are competency of staff; use 
of documented, validated procedures; appropriate management 
and use of equipment and reagents; and a system of evaluation and 
quality improvement, involving internal audit, recording, and 
management of user complaints and nonconformities. 

 There is a much used saying among “quality” professionals, “If 
it isn’t written down it didn’t happen.” Good record keeping is 
essential, for audit purposes (internal and external), to aid identifi -
cation of root causes when problems are identifi ed (e.g., determin-
ing which reagents or instruments might be responsible for a poor 
performing test) and evidence of due diligence if the quality of 
testing is questioned by a customer. 

Nick Saunders and Ian Sharp
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 The most important aspect of quality is the culture of the 
organization. Some organizations regard accreditation as a tick 
box exercise. For these, compliance with accreditation standards 
will always be a burden. The efforts required getting ready for 
assessment visits by the accreditation body, to update standard 
operating procedures overdue review, to carry out audits, and to 
close nonconformities that should have been dealt with weeks or 
months ago, become a last minute struggle. For such organiza-
tions, the quality management system (QMS) is in place to 
maintain accreditation and not to ensure best practice. Another 
well-known saying is that “Quality starts at the top.” If senior 
management recognize the value of the QMS, resource it appro-
priately, attend quality management meetings, and support quality 
related activities, then the culture of the organization will be 
enhanced as will be its performance.  

4    Quality Control 

 Quality assurance of test methods will be provided by a combina-
tion of internal quality control (IQC), internal quality assessment 
(IQA), and external quality assessment (EQA). 

  IQC is the analysis of material of known content in order to deter-
mine in real time if the procedures are performing within predeter-
mined specifi cations. It is primarily the day-to-day monitoring of 
reproducibility or precision designed to detect errors in any single 
days analytical procedure. Performance of control material within 
predefi ned limits is essential for technical validation of a diagnostic 
test. The type of control used will depend on the type of assay. For 
qualitative assays, controls may just consist of a positive or negative 
sample. For quantitative assays, quality requirements of controls 
need to be determined for high and/or low clinical decision limits, 
depending on the analyte. A good understanding of the assay is 
essential in order to ensure that the appropriate controls are used. 
There is further discussion on the use of controls for polymerase 
chain reaction (PCR) assays later in this chapter. A number of 
papers have been published on the use and interpretation of con-
trols in veterinary laboratories [ 4 ,  5 ]. 

 Commercial assays will include assay controls but the labora-
tory should not rely on kit controls alone. Manufacturers adjust 
controls from batch to batch to give consistent results although 
assay sensitivity may vary between batches. This consistency is an 
obvious aid to the user, but it does mean that if you only use the 
controls that come with the kit, you will not detect any batch to 
batch variation. Therefore, it is recommended that the labora-
tory also use independent internal quality control materials, 
either purchased from a commercial source or prepared in-house. 

4.1  Internal Quality 
Control
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Use of the same internal control material over an extended 
period monitors batch to batch variation. 

 Internally prepared controls must:

 ●    Behave like real samples  
 ●   Have suffi cient to last for a period of time, ideally at least a year  
 ●   Be stable over the period of use  
 ●   Be appropriately apportioned for convenient use  
 ●   Vary little in concentration between aliquots  
 ●   Operate within the linear region of the assay    

 A series of QC results may be plotted as run charts, also known 
as Levey Jennings or Shewhart charts. These show the values plot-
ted against the mean and usually the 1, 2, and 3 standard deviation 
(SD) values. Westgard rules [ 6 ,  7 ] may then be used to defi ne 
specifi c performance limits and detect both random and systematic 
errors. Three of the six commonly used Westgard rules are warning 
rules, the violation of which should trigger a review of test proce-
dures, equipment calibration, and reagent performance. Three are 
mandatory rules which, if broken, should result in the rejection of 
results in that assay run. 

 It is important to note that a system of quality control is 
unlikely to improve a method that is fundamentally unsound. 
Performing quality control does not by itself improve the quality 
of any assay. It is the interpretation of the data obtained and appro-
priate actions taken that will lead to quality improvement.  

  IQA is the repeat testing of a percentage (typically 0.5–1 % of 
workload) of routine test samples to determine the laboratory’s 
ability to obtain reproducible results. IQA is a commonly used tool 
in clinical microbiology laboratories but less so in other disciplines. 
Consistency is an important measure of quality assurance, so repeat 
tests continually giving the same results as the original show a sys-
tem that is in control. The fact that IQA is performed on so many 
samples throughout the year means that the results obtained are 
statistically signifi cant. 

 A specimen is split in two on arrival into the laboratory, and 
while one part is put through the test procedure in the normal way, 
the other one is given an IQA number and a new request form is 
created. The IQA sample is then tested and reported in the normal 
way, except that the report is sent to a member of staff rather than 
a requesting clinician. The IQA result is then compared with the 
original result and any discrepancies noted. Discrepancies are nor-
mally classed as either minor or major. Minor ones show variation 
but would not affect the result, whereas major discrepancies are 
likely to lead to a different result. All discrepancies should be inves-
tigated and major ones are likely to require repeat testing and may 
result in an amended report being issued. 

4.2  Internal Quality 
Assessment (IQA)

Nick Saunders and Ian Sharp



83

 IQA requires the    repeat sample to be booked in, for tests to be 
selected and then performed, results to be validated, and a report 
to be produced, with interpretive comments included. Therefore, 
IQA assesses important aspects of the pre- and post-analytical 
phase which take place within the laboratory as well as the analyti-
cal phase itself. Although on its own, IQA does not prove that the 
laboratory is actually getting the right result, it is a good test of the 
system and, when combined with other quality control measures, 
is helpful in evaluating process control.  

  External quality assessment is usually an externally organized func-
tion that monitors the effi cacy of quality assurance procedures. It 
compares the performance of different testing sites by allowing the 
analysis of an identical specimen at many laboratories, followed by 
comparison of individual results with those of other sites and with 
the correct answer. EQA acts as a check on the effi cacy of internal 
quality control procedures. 

 EQA is performed on a limited number of samples, and the 
process is inevitably retrospective, providing an assessment of per-
formance rather than a true control for each test performed. It 
gives participants an insight into their routine performance so that 
they can take action to achieve improvements. EQA is an educa-
tional tool. To achieve the greatest benefi t from EQA, samples 
must be treated the same way as routine samples. 

 The diagram in Fig.  2  is a good illustration of how to interpret 
QC results in terms of assay performance. The correct EQA result 

4.3  External Quality 
Assessment (EQA)

2

Accuracy and precision

Poor accuracy and
precision
Poor assay,
Poor operator

Good precision but
poor accuracy
Poor assay,
Good operator

Good precision and
good accuracy
Good assay,
Good operator

  Fig. 2    Illustration of how to interpret quality control results in terms of assay 
performance       
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could be the dart closest to the bull’s eye in the fi rst dartboard on 
the left. Therefore, the correct EQA result does not show that the 
laboratory is capable of getting consistent results or of getting the 
correct result consistently. If IQA results are consistently the same 
as the original test results, they show good precision as shown in 
dart boards 2 and 3 but do not distinguish between these two 
options, i.e., show good process control but not whether the assay 
is good. If IQC results are consistently accurate (mean close to 
expected value of the control and small SD values), then this shows 
good precision and a good assay, as indicated by dartboard 3. 
However, only the examination phase is assessed by IQC.

   Clearly, EQA, IQA, and IQC all have their role to play. EQA 
allows comparison with results obtained by all other laboratories 
participating in the scheme. IQA shows whether or not the labora-
tory has the pre-examination, examination, and post-examination 
activities in control, and IQC shows whether or not the actual 
results are correct. By performing EQA, IQA, and IQC and 
 reviewing the data obtained, you get a powerful indication whether 
or not you have a well-controlled process (and competent opera-
tor) and also a good assay.  

  All personnel involved with the validation, quality assurance, and 
quality control of diagnostic tests must have clearly defi ned lines of 
accountability and be equipped with appropriate knowledge, com-
petency, and experience. Records of their qualifi cations must be 
available.  

  All equipment used in the assay validation exercise must be main-
tained, serviced, calibrated, and monitored as appropriate to ensure 
that it is suitable for use. This is essential to ensure that all condi-
tions can be reproduced accurately during subsequent routine pro-
duction of reagents and performance of the assay.   

5    Planning and Inception 

  The drivers for introduction of new diagnostics are most com-
monly gaps in capability and capacity or opportunities for improved 
service presented by new knowledge and technology. During the 
planning phase, the aim is to produce a clear, agreed project plan. 
A vital part of the process is to ensure that the project is properly 
resourced.  

  A suitable panel (“review team”) should then be established to 
review the plan. This panel will also review the progress of the vali-
dation work, evidence that the test is fi t for purpose and that plans 
for monitoring of test performance are in place. It is important to 
note that the size and composition will depend on the complexity 

4.4  Personnel

4.5  Equipment

5.1  Establishment 
of the Project

5.2  Establishment 
of a Review Team
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of the project. The principle of having a review team will apply 
however simple the project. However, a straightforward revalida-
tion following a minor change may be undertaken and overseen by 
just one person. However, fi nal sign-off of the project must be 
undertaken by an appropriate senior member of staff. 

 The project leader and project manager roles may be per-
formed by a single individual. The project manager, who has over-
all responsibility for the completion of the validation project and 
responsibility for signing off the completed validation fi le and the 
documented standard operating procedure (SOP) for performance 
of the assay, should, most appropriately, be at least at team leader 
level (however described). The project leader has responsibility for 
the project work, including laboratory activity needed for the vali-
dation, data analysis, compilation of the validation fi le, report writ-
ing, presentation of data to review meetings, writing and 
maintaining the SOP, and training of staff to carry out the proce-
dure described in the new SOP. 

 One member of the review team should be responsible for 
ensuring that all documents relating to the project (i.e., the contents 
of the project dossier) are brought to the attention of senior man-
agement. This person must also ensure that the management are 
informed of the key project events (i.e., project inception and fund-
ing, development work successful in meeting design requirements, 
project abandonment, validation study completion, declaration that 
the test is fi t for purpose and plans for deployment). An example of 
a suitable team would be two laboratory scientists, at least one clini-
cal representative and the local quality representative. It is highly 
desirable that one or more of the members of the team should be a 
potential end user of the assay, as this will be useful in providing 
input to the validation parameters to ensure clinical utility. It is rec-
ommended that at least one of the members of the team has statistical 
expertise, but alternatively a statistician should be consulted to give 
advice on the validation study design. The project manager or proj-
ect leader, but preferably not both, unless both roles are held by a 
single person, may be members of the review team. 

 The review team has the following responsibilities:

    1.    To assess how the assay will improve or fi ll gaps in the current 
testing repertoire. This should include identifi cation of the 
diagnostic need, the currently available alternatives, the end 
users, and any other stakeholders.   

   2.    To compile a register of risks associated with project success or 
failure and implementation of the assay (e.g., users might use 
inappropriate specimen types or misinterpret the results). The 
register should specify design actions to be taken in mitigation 
of the specifi ed risks.   

   3.    To ensure that laboratory safety issues associated with the test 
and the validation program have been assessed.   

Validation, QA and QC of Molecular Methods



86

   4.    To ensure that the engagement of collaborative partners to 
provide expertise or share costs has been considered.   

   5.    To ensure that training and other human resources issues are 
addressed.   

   6.    To ensure that the means for effi cient project management 
have been established, including the nomination of advisors 
and reviewers as necessary.   

   7.    To approve the assay validation plan and then, when complete, 
to review the validation study data and decide whether the 
assay is suitable for deployment.   

   8.    To review the assay deployment and post-deployment plans.   
   9.    To ensure that the project dossier is maintained.       

6    Assay Validation Plan 

 The objective of the assay validation plan is to ensure that the assay 
conforms to the required specifi cation. The specifi cation may be 
broad, for example, requiring that the assay accurately and reliably 
measures only the analyte of interest in clinical samples with the 
required level of sensitivity. Ensuring test reliability will include the 
need to control the uniformity of the assay procedure and reagents 
over time and the maintenance of full result traceability. 

 The review panel and project leader should conduct planning 
meetings, perform literature searches, appraise options, and, where 
possible, consult with other centers that carry out the same or simi-
lar assays. The project plan documentation should be version con-
trolled. When the project plan has been agreed, the project leader 
will be responsible for performance of the laboratory tasks. When 
the agreed project milestones have been reached, a review panel 
meeting should be held with the project leader presenting the data. 
Any follow-up work and/or analysis, if necessary, will be agreed, 
following which the project lead will generate the technical report. 
The technical report is then circulated to the review panel, which 
will then either sign off the assay as ready for rollout for routine use 
(technical transfer including training of routine diagnostic staff) or 
request further work that is carried out before the assay can be 
signed off as suitable. 

 The technological details of the proposed assay, including 
information on the platforms, reagents, controls, and protocol to 
be used, should be specifi ed in the validation plan. Sample prepara-
tion methods form an integral part of the diagnostic test for valida-
tion purposes. 

 The plan should specify the sample types to be evaluated and 
both the essential (i.e., minimum) and optimal sample volumes.  

Nick Saunders and Ian Sharp



87

7    Validation Design 

 The project leader should prepare the validation plan including the 
following points that are based on the STARD initiative [ 8 ] and 
external literature including MIQE [ 9 ]:

    1.    Defi ne the purpose and objectives of the validation study. For 
example, the study may be intended to validate the perfor-
mance of a new assay or may aim to demonstrate that a signifi -
cantly modifi ed assay or protocol variant gives results within 
the tolerance of the original.   

   2.    Identify any training requirements to ensure everyone involved 
in the validation has suitable levels of competency. Ensure train-
ing records are up to date for procedures being carried out.   

   3.    Identify any risk assessments which need to be reviewed or 
written.   

   4.    Identify the available standards or reference materials. These 
act as controls to allow the assay to be standardized, facilitate 
assay comparison, and permit stability of the assay to be deter-
mined over time.   

   5.    Identify the assay to be used for comparison with the assay 
undergoing validation. This should be the currently accepted 
“gold standard” where one is available.   

   6.    Design an analytical validation study to test the sensitivity and 
specifi city of the assay using control materials, extracts from a 
wide range of strains/variants of the target organism, speci-
mens spiked with the target organisms, and a range of unre-
lated strains or species that could be present in a sample, but 
that should not give a positive result.   

   7.    Design a clinical validation study appropriate to the clinical 
context (e.g., surveillance, screening, clinical diagnosis). 
Choose the study group including species, case defi nitions, 
inclusion/exclusion criteria, and study settings.   

   8.    Identify the types (i.e., specimen, method of sampling, trans-
port and processing) and numbers of samples to be tested. 
Consider the need to include known positives, known nega-
tives, low and high positives, and samples which are known or 
likely to be problematic (e.g., containing inhibitors or possibly 
cross-reactive markers).   

   9.    Select appropriate statistical tools for determination of an appro-
priate sample size and to avoid bias. It is essential to consider 
statistical requirements to ensure that results are statistically 
signifi cant. The sample size needed to ensure statistically signifi -
cant results depends on a number of variables. Some guidance is 
given in Tables  1  and  2 . The validation design should avoid 
discrepant analysis bias. Some samples may give discordant 
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results with the new test compared to a “gold standard.” If only 
these samples are retested, bias is introduced as there is a prob-
ability that the second analysis will give concordant results for 
some of these samples. Both concordant and discrepant samples 
should be retested to avoid bias.

        10.    Consider documenting an assessment of assay usability includ-
ing method practicability, user feedback, and barriers to 
implementation.   

   11.    Plan to review the validation study in a timely manner. The 
review meetings should have minutes detailing attendees and 
agreed actions.   

   12.    Ensure that all SOPs related to the modifi ed or new kits or 
reagents are current. It may be necessary to maintain new or 
revised SOPs as working drafts while their contents are being 
validated, ensuring risk assessments are up to date. SOPs 
should be controlled documents.   

   13.    Where assays are designed to diagnose diseases for which rele-
vant clinical material is hard to obtain or rare (e.g., the viral 
hemorrhagic fevers), their use may be justifi able due to their 
potential diagnostic value, even though the full validation cri-
teria described here are not met. Defi ciencies in assay valida-
tion should be documented in the development dossier, 
together with justifi cation for each instance where the data are 
inadequate. In such cases, a plan for completion of satisfactory 
validation should be outlined. For example, it may be possible 
to obtain samples post-implementation, or it may be reason-
able to place greater reliance on the use of carefully designed 
simulated specimens.    

      Table 1  
  Relationship between sample size and 95 % confi dence interval   

 Number of infected (noninfected) 
subjects required a  

 Estimated test sensitivity (or specifi city) b  

 50 %  60 %  70 %  80 %  90 %  95 % 

 50  13.9 %  13.6 %  12.7 %  11.1 %  8.3 %  – 

 100  9.8 %  9.6 %  9.0 %  7.8 %  5.9 %  4.3 % 

 150  8.0 %  7.8 %  7.3 %  6.4 %  4.8 %  3.5 % 

 200  6.9 %  6.8 %  6.4 %  5.5 %  4.2 %  3.0 % 

 500  4.4 %  4.3 %  4.0 %  3.5 %  2.6 %  1.9 % 

 1,000  3.1 %  3.0 %  2.8 %  2.5 %  1.9 %  1.4 % 

   a As defi ned by the reference standard test 
  b 95 % confi dence interval around the estimated sensitivity or specifi city (± value in table)  
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   Table 2  
  Design parameters for validation experiments   

 Parameter  Design 

 Analytical sensitivity  Four different assay runs with at least three replicates per dilution of the sample 

 Diagnostic sensitivity  Testing of samples (that have been tested using the “gold-standard” or 
appropriate alternative assay) from cases with the defi ned clinical profi le(s). 
The minimum numbers of samples to be tested (to give a required level of 
reliability of the sensitivity measurement) will depend on the prevalence of 
disease and can be calculated from the minimum sensitivity levels and the 
95 % CI shown in Table  1  

 Analytical specifi city  Testing of DNA extracted from as many variants as possible of the target 
organism, genetically related organisms and organisms likely to be found in 
positive and negative cases (>100) with the defi ned clinical profi le(s) 

 Diagnostic specifi city  Testing of >50 samples that were positive and >50 samples that were negative 
using the gold-standard assay 

 Effi ciency 
(quantitative 
assays) 

 Test tenfold dilutions of a positive sample or control in triplicate. Dilution 
range to give  C  q s from <12 to >35 cycles 

 Linearity 
(quantitative 
assays) 

 Test tenfold dilutions of a positive sample or control in triplicate. Dilution 
range to give  C  q s from <12 to >35 cycles 

 Measurement range  Test tenfold dilutions of a positive sample or control in triplicate. Range to 
extend from lowest practical dilution to tenfold beyond highest dilution 
giving a positive result 

 Precision 
(quantitative 
assays) 

 Three samples (high, medium, and low positive) assayed at least four times or 
more in one run and over at least four different runs on different days 

 Reproducibility 
(quantitative 
assays) 

 Three samples (high, medium, and low positive) assayed at least four times or 
more in one run and in at least four different runs on different days. These 
to be run in different laboratories or using different reagent batches or 
different instruments 

 Analytical accuracy 
(quantitative 
assays) 

 Three analytical standards (high, medium, and low positive) assayed at least 
four times or more in one run and over at least four different runs on 
different days 

 Clinical accuracy 
(quantitative 
assays) 

 Three clinical standards (high, medium, and low positive) assayed at least four 
times or more in one run and over at least four different runs on different 
days 

 Reference intervals  Testing of >100 samples (that have been tested using the gold-standard assay) 
from cases with the defi ned clinical profi le(s) 

 Clinical validation  Analysis of samples from cases with the defi ned clinical profi le(s) with 
follow-up. This is on-going audit of assay performance 

 Shelf life  Samples from three batches stored at the designed storage temperature. 
Aliquots used to assay three samples (high medium and low positive) at least 
four times or more in one run and in at least two different runs on different 
days 
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8      Performing the Validation 

  With appropriate planning, much of the data required for validation 
can be collected in relatively few assay runs with, for example, the 
same run used to produce data on accuracy and reproducibility in 
concert. 

 Diagnostic accuracy can be assessed through sensitivity and 
specifi city, positive and negative predictive values (PPV and NPV), 
or positive and negative diagnostic likelihood ratios. The determina-
tion of accuracy requires that the true condition (i.e., as determined 
by a gold standard where one exists) of the sample is known as indi-
cated in Table  3 , which defi nes these terms. Where possible, the 
study should include high, medium, and low positives (i.e., reactive 
samples), as well as negative samples. It is likely that misleading 
results will be produced if only high positives are used to test diag-
nostic sensitivity.

   Table  1  gives guidance on the acceptable sample numbers used 
in validation experiments. Interpretation of the acceptability of an 
assay based on its validation data will necessarily depend upon the 
performance relative to alternative tests and upon the diagnostic 
situation, for example, a very high NPV will be required for a 
screening test.  

  False negatives in molecular diagnostic assays, particularly the ones 
based on the PCR, may arise due to problems encountered at vari-
ous stages of the diagnostic cycle. Although some of the problems 
are generic, also relating to other testing methods, some are spe-
cifi c to the design and use of diagnostic PCR. The problems of 
diagnostic PCR that are most intractable in terms of false-negative 
results are extraction failure and reaction inhibition. 

8.1  General 
Principles

8.2  Controls

    Table 3  
  Defi nitions   

 Reference test results (gold standard) 

 Positive  Negative 

 New test results  Positive  TP  FP 

 Negative  FN  TN 

   TP  number of true-positive specimens,  FP  number of false-positive specimens,  FN  number of false-negative specimens, 
 TN  number of true-negative specimens 
 Sensitivity = TP/(TP + FN) 
 Specifi city = TN/(TN + FP) 
 Diagnostic accuracy = (TP + TN)/(TP + FP + TN + FN) 
 Positive predictive value = TP/(TP + FP) 
 Negative predictive value = TN/(FN + TN) 
 Positive diagnostic likelihood ratio = sensitivity/(1 − specifi city) 
 Negative diagnostic likelihood ratio = (1 − sensitivity)/specifi city  
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 The use of an appropriate internal control aids in identifying 
false-negative results and greatly reduces the risk of incorrect diag-
nosis and reporting. Consequently, it is best practice to include a 
whole process internal control (i.e., one capable of detecting both 
extraction failure and amplifi cation inhibition). Figure  3  illustrates 
the difference between whole process and amplifi cation controls.

   External controls (i.e., where reference materials are tested in 
a parallel PCR reaction containing the sample) are less satisfactory 
although they are simple to design and implement. The risk that 
false negatives remain undetected, though greatly reduced, 
remains. However, for quantitative PCR it is advantageous that the 
control reaction cannot interfere with test accuracy. 

 It is essential to use an appropriate RNA or DNA control 
depending on target amplifi ed. Figure  4  shows a selection of con-
trol materials. The internal control should be designed so that any 
adverse effect on the sensitivity of the assay is minimized. It should 
also be demonstrated that the internal control and target PCRs are 
similarly affected by the presence of potential inhibitory substances. 
This can be achieved by spiking the PCR reaction with potential 
inhibitors, such as hemoglobin or reagents, such as ethanol or phe-
nol that may be carried over from the extraction process. The shift 
in crossing threshold values can be used to assess the relative impact 
of inhibition on the amplifi cation of both the internal control and 
target organism.

     The analytical sensitivity of an assay is its ability to detect a low con-
centration of a given substance in a biological sample. This type of 
sensitivity is expressed as a concentration (e.g., as copies, colony- 
forming units (cfu), plaque-forming units (pfu), or genome equiva-
lents per ml or per g of sample material) in acceptable units. A lower 
detectable concentration shows a greater analytical sensitivity. 

8.3  Determination 
of Analytical 
Sensitivity (Detection 
Limits)

sample
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  Fig. 3    PCR controls       
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Analytical sensitivity is directly related to the limit of detection 
(LoD), also known as the minimal detectable concentration, which 
is the lowest quantity of a substance that can be distinguished from 
the absence of that substance (i.e., a blank value). Conventionally, 
the LoD is reported as the estimate of the detection limit that can 
be achieved with 95 % confi dence. This determination requires pro-
bit analysis involving testing of replicate samples around the end 
point of the assay and the processing the detection rate at each level 
through statistical analysis software [ 10 ]. 

 For validation purposes it is essential that the analytical sensi-
tivity is determined by the fi nal version of the assay, once develop-
ment and optimization are complete. When reference controls are 
available, they should be used directly or indirectly via calibration 
of commercial or in-house working controls. The indirect route is    
only acceptable when the reference control material is derived from 

cloned or natural target in 
bacterial chromosome

cloned or natural 
target in RNA phage

plasmid target in bacterial cell

linear dsDNA clone

plasmid clone

cloned or natural 
target in DNA phage

cloned or natural target in 
circular ssDNA phage

ss RNA transcripts amoured RNA

Target sequence is shown in red and carrier nucleic acid in black 

  Fig. 4    Nucleic acid control targets for PCR       
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a true biological source that has restricted availability to calibration 
purposes only. When an international standard has been estab-
lished, the units should be calibrated against this reagent. 

 Ideally, international reference standards, containing a known 
concentration of analyte, are the reagents to which all assays are 
standardized. Such standards are prepared and distributed by inter-
national reference laboratories. National reference standards are 
calibrated by comparison with an international standard reagent 
whenever possible; they are prepared and distributed by a national 
reference laboratory. In the absence of an international reference 
standard, a national reference standard becomes the standard of 
comparison for the candidate assay. These standard reagents are 
highly characterized through extensive analysis, and preferably the 
methods for their characterization, preparation, and storage have 
been published in peer-reviewed publications. 

 The analytical sensitivity should be measured over at least four 
different assay runs, with three replicates per assay. If the method 
is to be used to detect a range of sample types, the sensitivity with 
all types must be determined.  

  Analytical specifi city is the ability of an assay to exclusively identify 
a target substance or organism rather than similar but different 
substances (e.g., rabies rather than another lyssavirus) in a sample 
or specimen. For validation, appropriate materials (i.e., cells or viri-
ons) containing nucleic acid targets likely to be encountered in 
relevant samples should be tested. The widest, feasibly obtainable, 
variety of differing strains containing the target sequence should be 
included. In addition, nucleic acid containing material that should 
be negative or not detectable in the assay but that is likely to be 
encountered in samples should be tested.  

  The diagnostic sensitivity of an assay is the ability to detect the 
infection of interest in a population, expressed as a proportion or 
percentage (see Table  3 ). Diagnostic sensitivity of the assay depends 
on the ability to obtain the target substance in a processed sample 
from an animal that has the condition, as well as the ability to 
detect very low concentrations of a substance. 

 The diagnostic specifi city of an assay is the ability to correctly 
identify an animal that does not have the infection in question and 
will ideally refer to a particular comparator group. The diagnostic 
specifi city is expressed as the probability that a test will produce 
true negative results when used on a noninfected population. 

 The sampling design must be chosen to allow estimation of 
DSe and DSp. The designated number of known positive and 
known negative samples will depend on the likely values of DSe and 
DSp of the candidate assay and the desired confi dence level for the 
estimates (Table  1 ). A rather large number of samples is required to 
achieve a very high confi dence for DSe and DSp when a minimal 
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amount of error in the estimate is desired. Logistical and fi nancial 
limitations may require that less than an optimal number of samples 
will be evaluated. Sample size also may be limited by the fact that 
reference populations and gold standards may be lacking. It may, 
therefore, be necessary to use a suboptimal number of samples ini-
tially. It is, however, essential to improve the quality of the DSe and 
DSp estimates by testing samples as they become available.  

  Additional criteria are relevant to the assessment of quantitative 
assay performance (e.g., when using quantitative real-time PCR 
assays). The slope (used to determine the PCR effi ciency), the 
linear range, and the  X  and  Y  intercepts of the standard curve 
formed using dilutions of control material are key measures. The 
coeffi cients of variation across the linear range should be deter-
mined based on quantitative values (i.e., target copy numbers). 
Alternatively, it may be more helpful to calculate standard deviations 
of the quantifi cation cycle ( C  q ) values. These values are essential in 
order to judge whether variation between clinical results is signifi -
cant and to establish the reliable quantitative range for an assay. 

 International standards, where available, should be used for 
the calibration of quantitative assays. The use of commercially 
available quantifi ed standards may also be appropriate, but the val-
ues assigned will not have the same standing as international stan-
dards. Quantifi ed material can be generated synthetically (e.g., in 
plasmids) or by purifi cation from the target organism. These stan-
dards are usually quantifi ed by spectroscopy (i.e., from absorbance 
at 260 nm,  A  260 ) or, if greater sensitivity is required, by fl uorome-
try (i.e., using intercalating fl uorescent dyes). 

 Results should not be extrapolated beyond the established lin-
ear dynamic range of the assay. Consequently, the quantitative 
range of the assay should ideally encompass the range expected 
from clinical samples. The standard curve should include a mini-
mum of four points and the upper and lower values of the stan-
dards should be within one log of the top and bottom, respectively, 
of the reported quantitative range. When positive results that are 
above or below the quantitative range are obtained, these should 
be reported as “positive, greater than xx copies/mL” or “positive, 
less than xx copies/mL,” respectively. 

 Appropriate quantifi ed controls that may be used to monitor 
the performance of assays should be established. The levels of tar-
get molecule within controls should be set so that the assay is reli-
ably positive. However, the concentration should not be 
signifi cantly higher than that of a typical clinical sample (e.g., as an 
indication the control might be designed to give a  C  q  value of 
30 in a typical real-time PCR reaction). Test controls allow assay 
performance to be monitored over time and assessed by Westgard 
rules [ 6 ,  7 ].  

8.6  Quantitative 
Assays
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  The linearity of an analytical procedure is its ability (within a given 
range) to obtain test results which are directly proportional to the 
concentration of analyte in the sample. Ideally a linear relationship 
should be maintained across the range of the analytical procedure. 
Linearity may be assessed by testing dilutions of a quantifi ed stan-
dard and then plotting  C  q  values as a function of analyte concentra-
tion. Results should be evaluated by appropriate statistical methods, 
for example, by calculation of a regression line by the method of 
least squares.  

  The range of an analytical procedure is the interval between the 
upper and lower limits (e.g., concentration, number of organisms 
or number of DNA copies) in the sample for which it has been 
demonstrated that the analytical procedure has a suitable level of 
precision, accuracy, and linearity. This is normally derived from lin-
earity studies and depends on the intended application of the pro-
cedure. It is established by confi rming that the analytical procedure 
provides an acceptable degree of linearity, accuracy, and precision 
when applied to samples containing amounts of analyte within or 
at the extremes of the specifi ed range of the analytical procedure.  

  The precision of an analytical procedure can be expressed as the 
variance, standard deviation, or coeffi cient of variation of a series of 
measurements. 

 Precision can be determined by repeat testing of samples. The 
precision of an analytical procedure expresses the closeness of 
agreement (degree of scatter) between a series of measurements 
obtained from multiple sampling of the same homogeneous sam-
ple under the prescribed conditions. Note: precision is not the 
same as accuracy since an assay may be precise but inaccurate. 

 Precision may be considered at three levels: repeatability, inter-
mediate precision, and reproducibility. “Repeatability” is the 
agreement between replicates within and between assay runs by 
the same operator over a short period of time. “Intermediate preci-
sion” measures variation within a laboratory to include, for exam-
ple, tests performed on different days, by different analysts and 
using different equipment. “Reproducibility” includes the agree-
ment between replicate tests performed in different laboratories. 
Reproducibility studies are necessary if the diagnostic method is to 
be used in more than one laboratory. 

 Precision should be investigated using homogeneous, authen-
tic samples, i.e., behaving as much like real samples as possible. 
However, if it is not possible to obtain a homogeneous sample, it 
may be investigated using artifi cially prepared samples or a sample 
solution. Known positive samples should give the same acceptable 
range of results if assayed four times or more in one run and over 
at least four different runs on different days. This validation is not 
an assessment of reproducibility, which is the closeness of agreement 
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between independent results obtained with the same method on 
identical test material but under different conditions (i.e., different 
operators, different apparatus, different laboratories, and/or after 
different intervals of time). Reproducibility is measured as the 
standard deviation qualifi ed with the term “reproducibility” 
(i.e., reproducibility standard deviation). Since there is less control 
of possible variables when determining reproducibility compared 
to repeatability, it should be expected that the reproducibility stan-
dard deviation will be higher than repeatability standard deviation. 
A comparison of precision between platforms should be consid-
ered, especially if more than one platform (i.e., for extraction and/
or amplifi cation) is an option, e.g., for contingency purposes such 
as during machine breakdown or surge capacity.  

  To assess analytical accuracy, known negative and positive samples 
(i.e., with known reference or accepted reference test values) 
should be extracted and assayed four or more times in one run. At 
least four replicate runs should be performed to allow intra-assay 
reproducibility to be measured, and these should each occur on 
different days. With sensible planning, this task can be achieved 
when performing analytical sensitivity testing. The acceptable 
range of results will depend upon the application.  

  The validation of clinical accuracy requires comparison of the assay 
to an appropriate “gold-standard” method using sequential clinical 
samples obtained in real clinical situations. The number of samples 
tested will vary depending on the availability of suitable clinical 
material. They should, wherever possible, include a wide range of 
concentrations of positive samples as well as negative samples. It 
may be helpful to consult a specialist statistician to determine the 
appropriate treatment of the data.  

  The robustness of the assay may be evaluated by deliberately devi-
ating aspects of the protocol that are perceived as being sensitive to 
the outcome, for example, by simulating pipetting errors affecting 
critical components, such as enzyme and Mg 2+  or by extending the 
storage of PCR reaction mix at room temperature or at 4 °C before 
amplifi cation. Such data are likely to be useful for troubleshooting 
if this is required.  

  The reference intervals, also referred to as the reference range, nor-
mal range, or reference limits, are the upper and lower levels of 
analyte that you would expect to see in a normal population. Any 
values above or below that range are outside normal limits. 
Reference intervals are important when the purpose of the assay is 
to determine whether the test subject or the sample is in or outside 
the normal range. Generally, reference intervals are not relevant for 
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the quantifi cation of infectious agents by real-time PCR since there 
is no infection in the normal population.  

  The presence of interferences may be identifi ed during assay devel-
opment and/or validation. When it is known that samples might 
contain materials that potentially interfere with the test result, the 
SOP should be modifi ed, wherever possible, to introduce a suit-
able sample pretreatment. However, the complete removal of 
interfering substances cannot be guaranteed, and it is therefore 
essential to include appropriate positive controls to ensure that this 
problem is detected.  

  The limitations of the assay, whether based on general experience 
or identifi ed during validation, should be documented and made 
available to users. Examples of limitations include any lack of sen-
sitivity compared to another method, low sensitivity for certain 
specimen types, and the possibility of false results in contaminated 
specimens.  

  While analytical validation is designed to show that the test chem-
istry reliably detects the target, diagnostic validation ensures that 
the test detects the target in clinical specimens. The clinical sensi-
tivity and specifi city of a test refer to its ability to detect the disease 
accurately. Clinical validation can be carried out retrospectively or 
prospectively. Often it is useful to establish an additional post- 
implementation prospective evaluation to add data to the fi le. 

 The next step is to integrate the test into routine as part of a 
clinical diagnostic pathway. Workfl ows are established to ensure 
that the test is performed at an appropriate point in the diagnostic 
cycle, that performance is triggered by specifi c clinical questions, 
and that the results are interpreted in a way that feeds back into the 
management of disease. The validation fi le should include informa-
tion on the situations that would trigger use of the test and the 
appropriate clinical interpretation of the results in relation to iden-
tifi cation of the pathogen. Details of appropriate reporting com-
ments in relation to the results in particular scenarios should be 
provided. High and low positives in various samples and in differ-
ent clinical contexts may have different implications. Thorough 
clinical validation should provide insight into the relevance of the 
test results.  

  It is important to know how long the reagents used in diagnostic 
assays remain active when stored under specifi ed conditions. All 
commercially purchase reagents have use by dates, which have 
been determined though shelf-life studies. It is not common for 
shelf life to be determined for in-house assays, but the same prin-
ciples apply and it is best practice to do so. 
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 The signal to noise ratio of the assay may decline gradually, and 
this may be diffi cult to detect without rigorous application of 
multi-rule run QC (i.e., Westgard [ 6 ]) since positive controls may 
give acceptable results while the assay is performing suboptimally. 

 The principle of shelf-life studies is straightforward. Batches of 
vials of the reagent are stored at the required temperature and sam-
ples are tested at different times using a known QC sample. The 
European Standard Stability testing of in vitro diagnostic reagents 
BS EN 13640 [ 11 ] recommends that shelf-life testing is performed 
on samples from three batches. 

 While shelf-life studies determine the stability of the reagents 
under specifi ed conditions, reagents may be treated differently dur-
ing their life. It is best practice to consider conditions that the 
reagents might be subjected to and recreate them in the laboratory 
to determine whether their performance is affected. For example, if 
the reagents might be freeze-thawed several times during their life 
aliquots should be subjected to freeze-thaw cycles and retested. 
Samples may be tested after each cycle or collected and tested in a 
single run. Where reagents are to be transferred between laborato-
ries, they may, during transit, be stored overnight in a warm ware-
house. It is recommended that easily envisaged scenarios such as this 
are simulated in the laboratory to test the effect on the assay. It is 
acceptable to perform stress studies on only one batch of a reagent. 

 If stress studies reveal that reagents are not stable under defi ned 
conditions, then instructions for use must clearly state this. For 
example, if reagents are found to be impaired following several 
freeze-thaw cycles, the SOP should require that freeze-thawing is 
limited to a number of cycles at which the level of impairment is 
acceptable, e.g., instructions for reagents that need to be stored 
frozen may need to dictate that the vial is discarded after fi rst use.   

9    Risk Assessment 

 To minimize the hazards to both users of the assay and to test sub-
jects, a risk assessment should be performed prior to using any 
reagent in a diagnostic test [ 12 ]. The risk assessment should con-
sider the infection risk of test materials that contain biological sub-
stances and take into account all combinations for use, for example, 
different platforms or ancillary reagents. The risks of an incorrect 
diagnosis, either false positive or negative, should also be assessed. 
Depending on what risks are identifi ed, further action may be 
required to ensure that appropriate control measures are imple-
mented. These might include treatments to inactivate infectious 
agents, a review of the scope of stress studies, a review of the 
reagent storage conditions, the provision of additional information 
in the instructions for use or revision of the guidance, or the inter-
pretation of results or limitations of the assay.  

Nick Saunders and Ian Sharp



99

10    Data Analysis and Composition of the Technical Report 

 The validation work should be completed in accordance with the 
study design. The technical report and validation fi le should sum-
marize assay validation, results, and recommendations. The recom-
mendations should include the multi-rule run QC criteria 
established using positive control results. For in-house assays, the 
validation should be supported by the work carried out during 
assay development. Workbook records can be cross-referenced in 
the validation report if appropriate. 

 To avoid bias, validation results should be analyzed as defi ned 
in the study design and then compared with expected values to 
determine whether or not the kit or reagent is suitable for use. The 
comparison of sensitivity and specifi city may be with results 
obtained using alternative reagents or commercial kits.  

11    Review of Technical Report and Sign-Off 

 Although validation should be completed in a timely manner, the 
need to meet deadlines must not compromise thoroughness. A report 
on the validation data should be presented to the reviewers who 
make the decision on whether the assay is fi t for purpose guided by 
the assay defi nition. The panel’s conclusion should be documented 
and include, as appropriate, a formal declaration, signed by the 
project leader and the project manager, that the assay is suitable for 
diagnostic or reference work. Any use prior to completion of the 
validation and sign-off must be reported as “research use only.”  

12    Instructions for Use and Labeling 

 Assays should be supplied with clear instructions for use. These 
may be in the form of an SOP or as a product information sheet 
(PIS). The IVDD [ 13 ] may be a good guide to the details of what 
should be included in the PIS, although some of the requirements 
are less relevant for in-house reagents. A minimum requirement 
for labels is that the reagent name, batch number, and expiry date 
are clearly identifi able.  

13    Monitoring the Performance of Assays and Maintenance of the Validation File 

 It is good practice to retain batch records for reagents used in 
assays for an extended period of time. The international standard 
ISO 13485 [ 14 ], written specifi cally for medical devices but equally 
applicable for veterinary reagents, states that batch records must be 
retained for the lifetime of the reagent and not less than 2 years 
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from the date of batch release. In practice, most laboratories retain 
records for considerably longer than this. 

 Batch records include details of the purchase and manufacture 
of every reagent, including reagent lot numbers, details of what 
equipment was used, how the reagent was made, and all treatment 
undertaken. All reagents must be manufactured, stored, and used 
under the control of the laboratory’s quality system and suffi cient 
records taken to allow a full audit trail to be undertaken. 

 Once satisfactory validation has been completed using a 
defi ned SOP, it is essential that the assay is performed according to 
the SOP. Minor changes to the method that are immaterial to the 
performance specifi cation of the assay should, as far as possible, be 
accommodated within the SOP, provided evidence is available. For 
example, it may be better to specify the use of distilled, deionized, 
or molecular grade water rather than a particular brand of molecu-
lar grade water. Similarly, it may be reasonable to avoid specifying 
the particular model of PCR instrument to be used. 

 When changes to the protocol that fall outside of the SOP 
must be made, revalidation is required. Revalidation will vary from 
a single run showing that  C  q  values are unchanged for a range of 
reference samples (e.g., as might be appropriate for a change to a 
buffer) to full revalidation (e.g., for use of an alternative sample 
preparation method or primer change). 

 Assays that are currently in use with validation records that do 
not comply with the recommendations of this guidance should be 
retrospectively provided with a compliant validation fi le wherever 
practical. It may be necessary to implement appropriate data col-
lection from continuing use to provide supportive information. 
Historical records should be reviewed and summarized to provide 
evidence that the assay is fi t for purpose and a validation checklist 
should be used to cross-reference these documents. A conclusion 
based on the information obtained from the historical data should 
be documented including a formal declaration that the assay is 
suitable for use. 

 Documents relating to assay development and performance 
monitoring should be fi led in a retrievable and auditable manner. 
All pages of documents should be numbered. The header or footer 
should show the document version number and a reference date.  

14    Production of Reagents 

 Staff involved in the preparation of reagents must be suitably 
trained and have documented evidence of competency. 

 Following the development of a satisfactory assay, it is essen-
tial that the procedures for production of reagents for routine use 
are clearly defi ned to ensure that the assay continues to be fi t for 
purpose when further batches are made. SOPs that describe the 
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production process in detail, including specifi c information about 
the reagents, equipment, and conditions of storage and use, are 
required. Where appropriate, worksheets should be used to record 
manufacturing information. A complete reconstruction of the 
manufacturing process for every batch should be possible. SOPs 
should include details of how any interim and fi nal products are 
quality controlled, including batch release criteria, prior to batch 
release. A worksheet should be prepared to allow recording of 
quality control results and should include a fi nal batch release 
sign- off by a responsible person.  

15    “Rollout” of Assays 

 The collection of diagnostic validation data will necessarily involve 
limited technical “rollout” within the developing laboratory. Full 
adoption of the new assay into clinical use will include consider-
ation of the reagent supply chain and arrangements for quality 
assessment, including participation in external quality assessment 
(EQA) schemes wherever appropriate. If the test is required to 
meet the needs of a range of end users, rollout should be consid-
ered. A rollout plan should include the timeline, equipment, per-
sonnel, and risk management proposals. 

 Following rollout, an assay verifi cation study and continuing 
quality assessment should be performed. This is usually best orga-
nized by the developing laboratory. Verifi cation should involve the 
testing of validation panels or be limited in scope to a few well- 
characterized samples and standards. In some circumstances, it 
may be desirable that validation materials are sourced from labora-
tories other than that of the developer. Round-robins may be use-
ful in ensuring continuing attention to quality.  

16    “Post-Deployment” Surveillance and Verifi cation 

 Post-deployment is the equivalent of “post-marketing,” which is 
the term used in the IVDD and other regulatory literature to refer 
to the time following “rollout.” Once the assay has been validated 
and put into use, information on its performance should continue 
to be gathered. However, through a validation it is not possible to 
include all sample types and less common problems may not be 
identifi ed. Details of any problems, e.g., poor performance and 
false positives or negatives, should be documented. All problems 
should be investigated and appropriate corrective action imple-
mented. Timely communication with users of the assay or similar 
assays is very important, both to make them aware of any problems 
and as part of the root cause corrective action. If necessary, the 
risk assessment should be reviewed in light of the new information. 
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It is possible that the assay may need to be modifi ed to prevent the 
problem recurring. All information must be included in the project 
dossier with the assay development and validation documentation. 
The full project dossier should be available to all laboratories per-
forming the test. 

 The assay should be reviewed periodically to highlight perfor-
mance compared to alternative assays, whether commercial or in- 
house, and thus ensure continued improvement. Reviews should 
include the relevant scientifi c literature which may highlight alter-
native assay technologies or the emergence of novel strains. 

 An assay validation process checklist is presented in Table  4 .

   Table 4  
     Assay validation checklist   

 Name of assay 

 Specifi c targets (pathogens and genes) of the assay 

 Project manager 

 Project leader 

 Staff performing the hands-on development work 

  Section: planning and inception  

  Subsection    Contributor    Deadline    Completion  

 Setting purpose and objective for new assay 

 Setting up a project risk register 

 Health and safety issues 

 Business analysis 

 Commercial analysis 

 Regulatory compliance 

 Human resources aspects 

 Project planning and initiation 

  Section: assay validation  

  Subsection    Contributor    Deadline    Completion  

 Design of validation study 

 Setting benchmarks and performance measures 

 Identifi cation of gold standards 

 Identifi cation of reference material and reagents 

 Preparation of specifi c SOPs (MIQE compliant) 

 Assessment of analytical performance 

(continued)
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Table 4
(continued)

 Choice of study population 

 Choice of sample type 

 Sample size calculation 

 Performance of clinical validation 

 Data analysis and interpretation 

 Assessment of usability 

 Reagent stability studies 

 Further optimization if required 

 Production of documentation 

 Sign-off process 

  Section: rollout and verifi cation  

  Subsection    Contributor    Deadline    Completion  

 Review of needs and users 

 Planning of rollout 

 Field verifi cation studies 

 Provision of validation panels 

 Interlaboratory comparison 

  Section: implementation  

  Subsection    Contributor    Deadline    Completion  

 Implementation in laboratory work fl ows 

 Implementation in diagnostic pathways 

 Implementation in clinical pathways 

 Post-marketing assessment 

 Long-term data collection 

 Periodic QC/QA 

 Periodic profi ciency testing 

 Production aspects of implementation 

 Periodic reassessment of fi tness for purpose 

17       Conclusions 

 With the advent of molecular biology, opportunities for develop-
ment of new diagnostic assays have increased signifi cantly. 
Molecular assays are faster, more sensitive, and more specifi c than 
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we could have dreamed of even a decade ago. This has encouraged 
laboratory scientists to develop new molecular assays, either to 
replace existing non-molecular ones or to identify new markers. 
We expect commercial assays to have been rigorously developed 
and validated extensively to ensure that they meet their specifi ca-
tion and are fi t for purpose when we use them in the laboratory. 
We have a responsibility for ensuring that assays developed in-
house provide the same level of assurance as commercial assays. It 
is salutary to remember that if an in-house assay is not fi t for pur-
pose or there is insuffi cient evidence that it is, it is the laboratory 
which must take legal responsibility if a diagnostic result leads to an 
adverse event. 

 Once developed, it is equally important that rollout and rou-
tine use of newly developed assays are carefully managed. An assay 
which works perfectly in the expert hands of an individual scientist 
who has carefully developed it must work just as well in routine 
use. Therefore, good quality assurance must be embedded at all 
stages of the process, i.e., during assay development, validation, 
and rollout and fi nally in routine use. 

 If the guidance provided within this chapter is followed, the 
developer will gain an excellent understanding of the performance 
of the new assay and should have every confi dence that it is fi t for 
purpose.     

   Glossary of Terms 

  Fitness for purpose    “Fit for purpose” means that the kit has to be 
validated to such a level to show that the kit’s results can be interpreted 
to have a defi ned meaning in terms of diagnosis or another biologi-
cal property being examined ( see  www.oie.int/our-scientifi c-expertise/
certifi cation-of-diagnostic-tests/the-register-of-diagnostic-tests).  

   In-house    Any assay developed within the laboratory or commercial 
assay which is modifi ed or used off label, i.e., used in a different way, 
for a different purpose or using a different sample type from that rec-
ommended by the manufacturer.   

  Validation    Confi rmation, through the provision of objective evidence, 
that the requirements for a specifi c intended use or application have 
been fulfi lled [ISO 9000:2000]. Validation is normally performed by 
the manufacturer (whether commercial or in-house).   

  Verifi cation    Confi rmation, through the provision of objective evi-
dence, that specifi ed requirements have been fulfi lled [ISO 9000:2000]. 
Verifi cation is normally performed by the user prior to introduction of 
a validated assay to determine if the assay achieves the required speci-
fi cation in their hands.   
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    Chapter 7   

 Molecular Approaches to Recognize Relevant 
and Emerging Infectious Diseases in Animals 

           Fredrik     Granberg     ,     Oskar     E.     Karlsson    ,     Mikael     Leijon    ,     Lihong     Liu    , 
and     Sándor     Belák   

    Abstract 

   Since the introduction of the fi rst molecular tests, there has been a continuous effort to develop new and 
improved assays for rapid and effi cient detection of infectious agents. This has been motivated by a need 
for improved sensitivity as well as results that can be easily communicated. The experiences and knowledge 
gained at the  World Organisation for Animal Health  ( OIE )  Collaborating Centre for Biotechnology-based 
Diagnosis of Infectious Diseases in Veterinary Medicine, Uppsala, Sweden , will here be used to provide an 
overview of the different molecular approaches that can be used to diagnose and identify relevant and 
emerging infectious diseases in animals.  

  Key words     Infectious diseases  ,   Pathogen detection  ,   Molecular diagnosis  ,   Transboundary animal 
diseases  ,   Endemic diseases  ,   Zoonoses  ,   PCR  ,   Isothermal amplifi cation  ,   Hybridization  ,   Proximity 
ligation assay (PLA)  ,   Microarrays  ,   Nanotechnology  

1      Introduction 

 The increased occurrence and emergence of devastating infec-
tious diseases, in both domestic and wildlife animal populations, 
are causing very serious socioeconomic losses at both global and 
regional levels. This increase has been attributed to several con-
tributing factors, the most prominent being the accelerated 
movements of humans and animals due to increased globaliza-
tion and international trade, the climatic changes, and the larger 
and larger populations kept together in animal husbandry and 
breeding. Some of these diseases, termed  transboundary animal 
diseases  (TADs), such as foot-and-mouth disease and classical 
swine fever, have a high capacity to spread very rapidly over coun-
tries and borders, having a devastating impact on animal produc-
tivity and trade, as well as causing other losses in the animal 
husbandries and in wildlife. Other diseases, such as anthrax, 
bovine tuberculosis, and rabies, have more  endemic  character, 
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establishing themselves in limited areas and showing slower 
 tendency of spread. Considering their importance, many of these 
infectious diseases are listed by the World Organisation for Animal 
Health (OIE) as notifi able animal diseases, collectively referred 
to as OIE-listed diseases. The OIE is also determining and updat-
ing the  international animal disease status  on a regular basis. The 
current OIE-listed diseases and the latest disease status reports 
are available at the OIE website (  www.oie.int    ). 

  Zoonoses ,  veterinary ,  and human public health.  Of special impor-
tance among the animal infectious diseases are the ones that have 
the capacity to cross the species barriers and establish infections in 
a wider range of hosts including humans, causing  zoonotic infec-
tions . It has been estimated that approximately 75 % of the new and 
emerging human infectious diseases over the past 10–20 years have 
been caused by pathogens originating from animals or from prod-
ucts of animal origin [ 1 ,  2 ]. Many of these diseases have the poten-
tial to spread through various means, over long distances, and to 
become global problems. 

  Accurate and rapid diagnosis.  Considering the extremely high 
direct and indirect losses and other consequences caused by the 
TADs and the other infectious diseases, it is very important to 
develop and apply a wide range of diagnostic methods. These 
should preferably allow rapid detection and identifi cation of the 
infectious agent(s), with high specifi city and sensitivity, while still 
being affordable and readily available. When outbreaks do occur, 
rapid and accurate diagnosis is needed to screen susceptible popu-
lations and monitor the spread of the infectious pathogens, there-
fore helping with epidemiological investigation and implementation 
of necessary control measures, such as vaccination, stamping out, 
and quarantine restrictions, in order to prevent further spread. 

  Collection of clinical samples and sample preparation . Identifi cation 
of the relevant groups of animals, showing clinical signs or at stages 
of infection when the presence of infectious agents is likely to be 
suffi ciently high, and correct sampling are the fi rst two crucial steps 
in the diagnostic process. The next steps of great importance are the 
sample preparation procedures, such as cleanup and target enrich-
ment, which are performed in order to reduce possible contami-
nants and retain concentrated materials from the target agents, 
most commonly nucleic acid and/or proteins, for further analysis. 
If any of these steps are not properly considered and carried out, all 
diagnostic methods, even the most powerful and sensitive, will be 
unable to detect and identify the infectious agents, and this is lead-
ing to false diagnosis, which could have very serious consequences. 

  The OIE Collaborating Centre (OIE CC) for Biotechnology- Based 
Diagnosis of Infectious Diseases in Veterinary Medicine.  Since the 
authors’ institutes in Uppsala, Sweden, are well-recognized centers 
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of excellence in molecular diagnostics, the OIE has granted them 
the mandate to work together as its only collaborating center 
focused on biotechnology-based diagnostics (  www.sva.se/en/
About-SVA/OIE-Collaborating-Centre    ). In this chapter, the 
experiences and knowledge gained at the OIE CC will be used to 
provide an overview of the molecular approaches capable of recog-
nizing relevant and emerging infectious diseases in animals. 

  Detection and identifi cation of the infectious agents . The diagnostic 
laboratories can apply two basic ways for a proper diagnosis: (a) 
 direct detection and identifi cation  and (b)  indirect detection and 
identifi cation  methods.  Direct detection and identifi cation  means 
that the infectious agents and/or their components, such as nucleic 
acids or proteins, are detected in the collected samples. Commonly 
used  classical diagnostic methods  for direct detection include iden-
tifi cation of microorganisms by culture techniques and immuno-
fl uorescence, and the most widely applied  molecular diagnostic 
methods  are the various assays of nucleic acid hybridization, e.g., 
polymerase chain reaction (PCR) and isothermal amplifi cation 
methods, such as the loop-mediated isothermal amplifi cation 
(LAMP), among others. When running  indirect diagnosis and 
identifi cation , the immune responses of the host are investigated, 
looking for antibodies against various infectious agents, which 
indicate the occurrence of the infections in the hosts. In this chap-
ter we focus on  direct diagnosis , with special regard to  molecular 
diagnostic methods , as well as some considerations regarding the 
interpretation, understanding, and communication of the diagnos-
tic results.  

2    PCR-Based Approaches 

 Molecular approaches become increasingly important in infectious 
disease diagnostics and, with the exception of isolation by cultur-
ing, may supersede all other direct detection methods. The main 
reasons are that a unique signature of every microorganism is 
encoded in its genome, which in principle enables perfect specifi c-
ity, and that various enzymatic mechanisms can be utilized to 
manipulate and amplify the genetic material, yielding an exquisite 
sensitivity of the molecular DNA-based assays. While bacteria have 
their genome encoded in the form of DNA, some viral genomes 
are composed of RNA, and an initial reverse transcription step is 
therefore required before further manipulations and amplifi cation 
can be carried out. Enzymes typically utilized are polymerases, 
reverse transcriptases, ligases, glycosylases, and nucleases. Of these, 
the polymerases require a pair of sequence-specifi c primers, which 
enables selective target amplifi cation. 
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  PCR employs thermostable polymerases to enable amplifi cation by 
continuous thermocycling and is currently the most commonly 
used method for amplifi cation of genetic material [ 3 ]. The highly 
charged phosphodiester backbone of DNA makes the PCR prod-
uct amenable to high-resolution visualization on agarose gel elec-
trophoresis utilizing DNA-binding fl uorescent dyes such as 
ethidium bromide. Electrophoresis both provides a means for 
detection by band visualization and enables at least a tentative veri-
fi cation of specifi city by estimation of the amplicon length. 

 Shortly after the introduction of PCR, attempts were made to 
enhance sensitivity of detection of target nucleic acid sequences by 
running a second PCR assay targeting the internal region of the 
amplicon resulting from the fi rst reaction, so-called nested PCR 
[ 4 ,  5 ]. The greater sensitivity has been attributed to both a dilution 
effect of any inhibitory compounds present in the sample, since 
only a minor fraction of the fi rst reaction volume is used in the 
second reaction, and the fact that the primer-driven reaction is run 
twice, using four specifi c primers, rather than two. An intermediate 
situation is obtained if one of the primers from the fi rst reaction is 
retained in the second, which yields a semi-nested PCR format. 

 The drawback of using PCR, and in particular the nested PCR 
formats, is that conserved regions must exist on the genome, and 
this might be a serious problem for highly variable RNA viruses. 
Although more recently the convenient and less laborious real- 
time PCR methods have been developed ( see  below) and are mostly 
used today in clinical practice, nested PCR assays are still used due 
to their high sensitivity and robustness.  

  Gel-based PCR is a heterogeneous, relatively laborious, detection 
method. Furthermore, it only refl ects the end point of the PCR 
and, for this reason, doesn’t allow the determination of the initial 
quantity of the detected material, e.g., determination of the viral 
load. Since it lacks specifi c markers for the targeted amplicon, 
unspecifi c amplifi cation yielding similar product sizes may lead to 
false positive detection. Nested PCR has the further disadvantage 
of being prone to cross-contaminations since reaction tubes with 
potentially very high quantities of target DNA are opened between 
the two reactions. Many of these drawbacks were solved by the 
advent of real-time PCR [ 6 ]. With this technique, the PCR prod-
uct is monitored in the course of the reaction using DNA-binding 
moieties that alter their fl uorescence upon binding to the amplifi ed 
DNA. This allows a closed tube, homogeneous assay format, which 
reduces the risk for cross-contamination and also removes the 
laborious gel electrophoresis step. In addition, the cycle number 
where the fl uorescence reaches a defi ned threshold level will 
depend on the initial quantity of target DNA or RNA (before 
reverse transcription). 

2.1  PCR Assays

2.2  Real-Time 
PCR Assays
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 Three main approaches have been taken to monitor fl uorescence 
alteration in real time due to the buildup of the PCR  product, 
which can be ordered according to the level of specifi city the methods 
provide. The simplest method is to add a fl uorescent dye to the 
PCR mixture with the property that the fl uorescence intensity 
changes upon DNA binding. Typical dyes are asymmetric cyanine 
dyes, such as SYBR green or tiazole orange, that exhibit a fl uores-
cence increase when bound to DNA [ 7 ,  8 ]. These types of real-
time PCR have no better specifi city than gel-based PCR, rather the 
opposite, since no information is provided about the product 
length. New possibilities are given by tethering the dye to one of 
the PCR primers that are constructed so that incorporation of the 
primer into the amplicon leads to an alteration of dye fl uorescence. 
Several chemistries have been devised to this end, for example, 
scorpion primers [ 9 ], LUX primers [ 10 ], and Plexor primers [ 11 ]. 
Although in principle not providing a better specifi city in regard to 
spurious amplifi cation than the pure dye approach, fl uorescent 
primers enable multiplexing by co-adding several primer pairs, 
each with a distinct fl uorophore. The third approach includes addi-
tion of a third fl uorescently labeled oligonucleotide, located 
between the primers, called a probe. The probe can also be labeled 
with a quencher (dual-labeled probe) but not always, e.g., not for 
the LightUp probes [ 7 ] or in the PriProET approach [ 12 ,  13 ]. 
Prominent examples of methods based on dual-labeled probes 
include TaqMan [ 14 ] and molecular beacons [ 15 ]. 

 The signal that can be obtained from a probe-based real-time 
PCR experiment is often limited by the competing reannealing of 
the double-stranded PCR amplicon. Asymmetric PCR can be used 
to overcome this problem since it allows preferential amplifi cation 
of one strand in a double-stranded DNA template. This is achieved 
by manipulating primer properties, most critically concentration, 
as well as other factors infl uencing primer melting temperature, 
such as length and nucleotide sequence. In the LATE-PCR method 
[ 16 ], asymmetric PCR has been combined with molecular beacons 
for readout to achieve a detection format that allows quantifi cation 
from the end-point fl uorescence. This format is suitable for simpler 
portable PCR instruments designed for detection in the fi eld and 
has recently been commercialized by various companies. 

 The application of real-time PCR techniques and other meth-
ods in molecular diagnostics in veterinary medicine have recently 
been extensively reviewed [ 17 ,  18 ] and will be further discussed 
later in this section. To conclude this subsection, it is suitable to 
mention a recently developed method for the rapid molecular 
pathotyping of avian infl uenza [ 19 ] and Newcastle disease [ 20 ] 
viruses that combines several of the themes discussed here. This 
technique employs a three level semi-nested PCR format that utilize 
Plexor [ 11 ] fl uorogenic primers as a detection mechanism. 
Furthermore, the assay format allows a highly multiplex interrogation 
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of the sample by using primers in two vastly different concentration 
regimes. Instead of, as hitherto has been the case, requiring nucle-
otide sequencing over the hemagglutinin and fusion protein genes 
of avian infl uenza and Newcastle disease viruses, a much faster 
diagnosis can be obtained by a simple PCR-based method. This 
method could even be implemented on fi eld PCR instruments for 
rapid on-site diagnosis and thereby providing means for faster con-
tainment of disease outbreaks.   

3    Isothermal Amplifi cation 

 Isothermal amplifi cation of nucleic acids is an alternative method to 
PCR. The reaction is performed at a constant temperature in simple 
devices, such as water baths or heating blocks, which eliminates the 
need for high-end equipment and system maintenance. It can be 
used to test for infections in regions where resources are limited and 
logistic chains are impossible, but a rapid answer is needed. 
Isothermal amplifi cation normally takes about an hour or less to 
complete, providing a fast specimen-to-result diagnosis at the point 
of care (POC). To make the best use of isothermal amplifi cation, a 
system should ideally integrate the upstream sample preparation 
and the downstream detection steps and be operated by personnel 
without extensive training. Several platforms utilizing isothermal 
technology are commercially available or close to market [ 21 ]. 

 Recently, the fi eld of isothermal amplifi cation technologies has 
advanced dramatically, resulting in several different amplifi cation 
systems. These have been summarized by Niemz et al. [ 21 ] and 
include transcription-mediated amplifi cation (TMA) [ 22 ], helicase- 
dependent amplifi cation system [ 23 ], loop-mediated isothermal 
amplifi cation (LAMP) [ 24 ], and rolling-circle amplifi cation [ 25 ]. 
Of those methods, LAMP has gained the greatest interest because 
of its high specifi city, effi ciency, and rapidity. By addition of a 
reverse transcriptase in the reaction, RNA targets can also be ampli-
fi ed and detected by LAMP, which is referred to as RT-LAMP. The 
LAMP utilizes four primers that bind to six distinct regions of the 
target DNA to specifi cally amplify a short region and is catalyzed 
by  Bst  DNA polymerase with strand-displacement activity [ 24 ]. 
Addition of loop primers may accelerate the reaction [ 26 ]. As of 8 
February 2014, PubMed listed 990 publications with the search 
term “loop- mediated isothermal amplifi cation.” LAMP technol-
ogy has been applied for the detection of viral pathogens such as 
classical swine fever virus [ 27 ] and foot-and-mouth disease virus 
(FMDV) [ 28 ], bacteria such as  Clostridium diffi cile  [ 29 ], and par-
asites such as malaria [ 30 ]. Commercial developments have pro-
gressed: a total of eight LAMP kits are approved in Japan for the 
detection of SARS coronavirus,  Mycobacterium tuberculosis  (TB), 
 Mycoplasma pneumoniae ,  Legionella  species, infl uenza A virus, H1 
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pdm 2009 infl uenza virus, H5 infl uenza virus, and human 
 papilloma virus, as reviewed by Mori et al. [ 31 ]. Future develop-
ment would need to consider simplifi cation of sample preparations, 
reaction mix in a dried down formation and integration of all three 
steps in a compact, disposable, and inexpensive system.  

4    Detection by Hybridization-Based Approaches 

 Identifi cation and classifi cation of bacteria and viruses using DNA 
hybridization-based approaches rely on the use of oligonucleotide 
probes that selectively bind to target sequences based on the degree 
of complementarity. This was early utilized in fl uorescence in situ 
hybridization (FISH), which became a valuable tool for localiza-
tion of infectious agents in clinical samples without cultivation 
[ 32 ]. However, to overcome limitations in multiplex capacity, sen-
sitivity, and signal intensity, there has been an ongoing develop-
ment of the initial approach. This has resulted in high-throughput 
methods such as DNA arrays but also interesting new hybridiza-
tion-based methodologies combined with signal amplifi cation, 
such as padlock probe (PLP) [ 33 ] and proximity ligation assay 
(PLA) [ 34 ]. PLP belongs to the methodologies of genomic parti-
tioning where one specifi c region of the genome is massively repli-
cated, and thereby detectable, even though it normally is masked 
by the presence of other genomes or in too low amount to be 
detected. PLA relies on the primary detection of antigens followed 
by oligonucleotide amplifi cation and subsequent detection by fl uo-
rescent probes or by RT-PCR. 

  With the development of DNA macro- and microarray technolo-
gies, it became possible to detect and characterize a wide variety 
of bacteria and viruses through simultaneous hybridization against 
large numbers of DNA probes immobilized on a solid support 
[ 35 ,  36 ]. 

 The probes represent known sequences that may serve as 
markers for identifi cation and/or genotyping of bacterial strains, 
resistance genes, viruses, etc. These are commonly arranged in an 
ordered array of spots (or features), and hybridization with a 
labeled target, i.e., the sample to be investigated, will therefore 
result in a hybridization profi le in which individual probe results 
also can be assessed. As the names imply, the main difference 
between macro- and microarrays is the number and size of spots 
on the support. Macroarrays typically have larger and fewer spots 
and have proven particularly effective for detecting smaller subsets 
of genes, such as genes involved in antibiotic resistance [ 37 ]. 
Microarrays can contain thousands, and even up to many  hundred 
thousands , of spots with different oligonucleotide probes and have 

4.1  DNA Array 
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successfully been used for detection and genotyping of bacterial 
and viral pathogens [ 38 ,  39 ]. The main advantages of microarray 
technology are high throughput, parallelism, miniaturization, and 
speed. However, microarrays are still considered to be an expensive 
technology and usually require large amounts of nucleic acid tar-
gets. Furthermore, unless it has been completely automated, the 
data analysis procedure might be time-consuming, and the results 
can be diffi cult to translate into information that is clearly commu-
nicable and decision supportive.  

  Genomic partitioning refers to the methodologies used for capture 
and enrichment of target regions. Within these methodologies, 
PLP has been used repeatedly for genotyping, localization, and 
array-based diagnostics. The earliest version of PLP consisted of 
two oligonucleotide probes of 20 nt connected by a linker region 
of 40 nt [ 33 ]. As the probes hybridize towards the target, the 
 construct is ligated into a circular detector that can be replicated 
isothermally by Phi29 polymerase [ 40 ]. The detection can then be 
performed through incorporation of fl uorophore tagged nucleo-
tides. The PLP concept was further expanded with the introduc-
tion of the molecular inversion probe (MIP) technology. Where 
PLP leaves no gap after hybridization to the target region, MIP 
aims at leaving a single nucleotide gap. This gap is then fi lled in by 
addition of a single type of nucleotide into the assay. This approach 
enables substitutions on nucleotide level to be detected using just 
four reactions easily set up in a normal lab environment. It also 
provides a possibility of highly multiplexed designs of assays 
[ 41 ,  42 ]. Building on the same principle as PLP and MIP, the con-
nector inversion probe (CIPer) technology extends the gap up to 
a few hundred nucleotides. Using DNA polymerase to fi ll the gap 
generates a product that can be sequenced, revealing the content 
of the target region [ 43 ]. Applications of PLP methodology and its 
derivatives for infectious diseases in animals include detection of all 
hemagglutinin and neuraminidase subtypes of AIV [ 44 ], as well 
as multiplex detection of FMDV, swine vesicular disease virus 
(SVDV), and vesicular stomatitis virus (VSV) [ 45 ]. In addition, by 
designing different probes for the genomic and replicative form of 
the virus, it is possible to not only detect a virus but also localize it 
in relation to the host cells and perform semiquantitative analysis 
of the amount of replicative viruses, as demonstrated with porcine 
circovirus type 2 [ 46 ].  

  Although PLA is designed for detection of protein interactions and 
localization using antibodies for target recognition, hybridization 
events are required to generate a detectable signal [ 34 ]. Two sets 
of antibodies are designed: one targets the protein/s of interest 
and the other target the fi rst set. The antibodies in the second set 
carry short oligonucleotide strands that can hybridize with special 

4.2  Genomic 
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connector oligonucleotides and thereby enable the formation of 
circular DNA constructs. These are amplifi ed and detected by PCR 
and fl uorescent probes. The methodology combines dual antibody 
specifi city with the signal amplifi cation power of DNA amplifi ca-
tion to produce a versatile and sensitive method for detection of 
very low amounts of targets. It also enables in situ localization 
studies of protein targets within cells [ 47 ]. Furthermore, PLA 
requires little to no sample preparation, making it ideally suitable 
for screening of massive amounts of samples, and can be used with 
a solid support to capture antigens for detection, similar to ELISA. 
The use of a solid support may also facilitate the removal of con-
taminants from the sample, thereby enabling PCR-based detection 
without the problem of inhibition. By combining the solid-sup-
port approach with RT-PCR detection, great sensitivity was dem-
onstrated in a study of avian infl uenza virus [ 48 ]. Other applications 
of PLA technology include detection of several viruses, among 
them FMDV, with detection levels close to those of RT-PCR and 
100-fold more sensitive than ELISA [ 49 ], as well as localization of 
infl uenza virus proteins within cells [ 50 ].   

5    Further Trends, New Tools in Molecular Diagnostics 

 In the development of new molecular diagnostic methods, there has 
been a continuous effort to enable effi cient and rapid detection of 
infectious agents from ever-smaller volumes of complex fl uids with-
out the need for a skilled operator. As a result, microfl uidic analysis 
systems and nanotechnology-based detection devices have gained 
increased popularity, as previously reviewed [ 51 ,  52 ]. These systems 
and devices have been employed to construct a  wide range of 
 integrated tools , capable of semiautomated complex diagnostic 
 procedures, which also allow rapid, portable fi eld-based testing [ 53 ]. 

  Several sequential laboratory procedures are usually required to 
detect infectious agents in clinical samples, such as concentration, 
lysis, extraction, purifi cation, amplifi cation, and product detection. 
Recent progress in microfl uidic technology has allowed multiple 
procedures to be incorporated in sequence for one-step sensing or 
in parallel for high-throughput screening [ 54 ,  55 ]. These inte-
grated systems with use in molecular diagnostics are more com-
monly known as biochip or lab-on-a-chip (LOC) devices. Since 
they usually consist of fl uid channels and sensing chambers with 
dimensions of a few to hundreds of microns, very small amounts of 
sample can be analyzed, requiring only low consumption of 
reagents. The use of materials that can be easily functionalized, 
such as glass and plastic, allows the inner surfaces to be coated with 
different capture and sensing agents, e.g., antibodies and nucleic 
acids. Although this makes microfl uidic analysis systems versatile 

5.1  Microfl uidic 
Analysis Systems

Molecular Diagnostics of Infectious Diseases in Animals



118

tools for pathogen detection, the main application involves systems 
based on the recognition of target nucleic acids. 

 As discussed above, the detection of target nucleic acid from a 
pathogenic microorganism or virus can be achieved either by direct 
probing or by fi rst introducing an amplifi cation step.  Amplifi cation- 
based detection  usually gives higher sensitivity and has successfully 
been implemented on microfl uidic chips using both PCR and 
alternative amplifi cation methods, such as nucleic acid sequence- 
based amplifi cation (NASBA) [ 56 ]. However, regardless of ampli-
fi cation method, it is fi rst necessary to concentrate and lyse the 
sample material to extract and purify the nucleic acid. As described 
in the review by Heo et al. [ 57 ], a variety of alternative solutions 
have been developed to perform these sequential steps on a micro-
fl uidic chip. Popular strategies for sample concentration include 
magnetic beads [ 58 ] and dielectrophoresis [ 59 ]. The lysis of 
enriched samples can then be achieved by various methods, such as 
thermal energy, optothermal energy, mechanical force, and chemi-
cals [ 60 ]. For the purifi cation of extracted nucleic acid, packed 
silica beads, microfabricated structures, and magnetic beads have 
all proved to be useful solutions [ 61 ]. After amplifi cation, the 
detection of products is most commonly performed with fl uores-
cence or electrochemical methods, which easily can be miniatur-
ized. A classifi cation into three categories was suggested for 
microfl uidic chips that use amplifi cation-based detection by 
Mairhofer et al. [ 52 ]. These categories included microfl uidic chips 
with (1) a stationary chamber as nano-/picoliter reservoir for con-
ventional thermocycling, (2) a continuous fl ow where the sample 
is moved between individual temperature zones at different loca-
tions for cycling, and (3) a droplet-based system where each ampli-
con is individually amplifi ed within a water-in-oil droplet. Examples 
of fully implemented amplifi cation-based systems include devices 
for detection of different viruses, such as dengue virus and entero-
viruses [ 62 ], as well as various bacteria, most notably  Bacillus 
anthracis  [ 63 ,  64 ].  

  Nanotechnology has extended the limits of molecular diagnostics 
to the nanoscale (one-billionth of a meter), allowing diagnostic 
assays to take advantage of the unique electrical, magnetic, lumi-
nescent, and catalytic properties of nanomaterials. This has con-
tributed to the development of innovative assays that provide 
rapid detection of infectious agents with improved sensitivity and 
limit of detection (LOD) [ 65 ]. Because of the small scale, nano-
technology can also be used to create high-density arrays of sen-
sors for high-throughput detection without increased sample 
requirements. Moreover, the use of sensitive nanoscale sensors 
has the potential to eliminate the need for sample preparation 
and target amplifi cation, making it possible to construct assays 
for direct detection in opaque media, like blood and milk [ 51 ]. 

5.2  Nanotechnology- 
Based Detection
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There has also been a special focus to develop affordable 
nanotechnology- based devices that provide fast and reliable 
results in simple and user-friendly formats for use even in rural 
areas of developing nations [ 66 ]. 

 Most sensor systems for diagnostic use are comprised of two 
components, one receptor for target recognition by specifi c bind-
ing and one transducer that convert receptor readings into a signal 
that can be measured, such as an electronic or optical signal [ 67 ]. 
Nanoscale sensors are usually comprised of biological recognition 
elements coupled to different nanomaterials for signal transduc-
tion and detection. These nanomaterials include noble metal 
nanoparticles, nanobarcodes, quantum dots, and magnetic 
nanoparticles [ 68 – 71 ]. Nanowires and nanotubes can also be 
coated with biological recognition elements to be used as nanosen-
sors, and binding events are measured as a change in their electrical 
conductance [ 72 ]. Another example is silicon-based cantilever sen-
sors functionalized with biomolecules such as DNA for target rec-
ognition. These sensors are often combined into high-density 
arrays for high-throughput screening [ 73 ]. Applications of 
nanoscale sensors for detection of infectious agents include multi-
plex detection of both viruses and bacteria [ 74 ,  75 ].   

6    Summary and Final Remarks 

 As detailed above, numerous molecular methods have been devel-
oped for the detection and characterization of infectious agents in 
the fi eld of veterinary and human medicine. Among them, PCR 
has been the most commonly used technology. When considering 
the development of new technologies, a general trend can be 
observed towards robust and affordable automatic systems that 
also integrate sample preparation steps for rapid and highly sensi-
tive multiplex detection of an easily enlarged panel of pathogens, 
both bacterial and viral. Although few, if any, of the novel systems 
have successfully incorporated all of these properties, they still rep-
resent important technological advancements towards more sensi-
tive and effi cient detection. Even so, only a limited number have so 
far been developed into commercial diagnostic kits, and only a few 
molecular tests are offered by veterinary diagnostic laboratories. 
The full potential and impact of molecular diagnosis is therefore 
yet to be realized. A possible explanation may be that most new 
published assays are only analytical validated and not properly eval-
uated in accordance with the appropriate criteria for fi eld valida-
tion. New molecular tests might also not comply with current 
accreditation standards. 

 For the interpretation and understanding of the diagnostic 
results, it is very important to put the molecular diagnostic meth-
ods in the context of the complex scenario of infectious diseases, 
i.e., to follow not only the technical rules and procedures of the 
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molecular methods but also simultaneously acquire suffi cient 
medical understanding in order to gain a more complete picture. 
A “PCR positive result” by itself, without analyzing the complex 
scenario, can be unreliable, even misleading, and may cause serious 
problems for the veterinary and human medical health authorities 
during implementation of eradication programs. To avoid such 
problems and to provide a reliable diagnosis, it is important to 
obtain a complete medical understanding of the disease scenario. 
Reliable diagnoses can be reached, of course, even on the basis of 
single PCR assays, if they are raising the right questions and the 
results are professionally communicated. On the other hand, there 
are many cases of infectious diseases where the diagnosis is more 
reliable if a range of various methods, both direct and indirect 
approaches, are applied simultaneously. It should therefore be 
emphasized that in certain cases, the simultaneous application of 
novel molecular diagnostic methods and classical approaches, such 
as isolation by culturing, is required for a fully reliable diagnosis. 

 Another important, but often neglected, aspect is the commu-
nication of diagnostic results. The successful control and eradica-
tion of infectious diseases is strongly accelerated and enhanced if 
the diagnostic laboratories are able to communicate the results rap-
idly and properly towards the practitioners and the health authori-
ties. It is very important to pay suffi cient attention even to this 
task, because a rapid and clear two-way communication between 
the laboratories and the practitioners, as well as the decision- 
making authorities, is essential in order to assure the success of the 
control and eradication programs. 

 The authors’ institutes that constitute the OIE CC have been 
early developers and adopters of new diagnostic technologies and 
approaches, from the fi rst PCR-based assays until today’s plethora 
of various molecular methods, closely following and participating 
in the ongoing effort to develop improved tests. More recently, 
this has resulted in the adaptation and evaluation of PLP and PLA 
for detection of veterinary important pathogens, as well as a new 
PCR-based multiplex platform for molecular pathotyping of 
viruses, among other contributions. The OIE CC has had an 
important role in the development of novel molecular diagnostic 
methods, in international standardization and validation, as well as 
in international dissemination of results, outreach, and training. 
These activities are done with the support of the OIE, our home 
institutes SVA and SLU, and in collaboration with large interna-
tional and national consortia of various EU projects, such as LAB-
ON- SITE, ASFRISK, CSFV_goDIVA, AniBioThreat, RAPIDIA-
FIELD, and Epi-SEQ. National grant agencies are also supporting 
this work, such as the Formas BioBridges Strong Research 
Environment project No. 2011-1692, which is supporting the 
diagnostic developments for the improved diagnosis of a wide 
range of poultry pathogens, many of which have zoonotic features, 
in the spirit of the One World, One Health concept.     
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    Chapter 8   

 Real-Time Reverse Transcriptase PCR for the Detection 
of Bluetongue Virus 

           Carrie     Batten     ,     Lorraine     Frost    , and     Chris     Oura   

    Abstract 

   In recent years, real-time reverse transcription polymerase chain reaction (rRT-PCR) has become one of 
the most widely used methods for the diagnosis of infectious pathogens. The combined properties of high 
sensitivity, specifi city, and speed, along with a low contamination risk, have made real-time PCR technol-
ogy a highly attractive alternative to more conventional diagnostic methods. Numerous robust rRT-PCR 
systems have been developed and validated for important epizootic diseases of livestock, and in this chapter 
we describe an rRT-PCR protocol for the detection of bluetongue virus. The assay uses oligonucleotide 
primers to specifi cally amplify target regions of the viral genome and a dual-labeled fl uorogenic (TaqMan ® ) 
probe which allows for the assay to be performed in a closed-tube format, thus minimizing the potential 
for cross-contamination.  

  Key words     Bluetongue virus  ,   Molecular biology  ,   Real-time reverse transcriptase PCR  ,   TaqMan ®   , 
  Diagnosis  

1      Introduction 

 Techniques based on the amplifi cation of specifi c nucleic acid 
sequences by polymerase chain reaction (PCR) are highly sensitive 
and specifi c. Real-time polymerase chain reaction (rPCR) is cur-
rently one of the most widely used methods in the fi eld of molecu-
lar diagnostics and research. The rPCR technique avoids the use 
of agarose gel electrophoresis, thus reducing the risks of contami-
nation, and enables the amplifi cation of nucleic acids and the 
detection of the amplifi ed products in “real” time. The technique 
is fast and simple to perform and can be carried out in a 96-well 
format, making it suitable for large-scale testing and epidemio-
logical screening. Portable real-time PCR machines are now avail-
able, enabling the application of molecular technologies in the 
“fi eld” with prospects for radically changing diagnostic approaches 
in the future. 
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 In real-time PCR, the detection of amplifi ed target sequences is 
carried out by monitoring the fl uorescence generated by intercalating 
dyes, fl uorophore-labeled primers, or sequence-specifi c probes. 
Target sequences can be quantifi ed by determining the number of 
amplifi cation cycles required to reach the fl uorescence threshold at 
the beginning of the exponential phase of the PCR. This is known of 
as the threshold cycle or Ct value. 

 The real-time reverse transcription PCR (rRT-PCR) protocol 
described in this chapter for the detection of bluetongue virus 
(BTV) uses a sequence-specifi c hydrolysis probe (commercially 
called TaqMan ®  probes) to generate fl uorescence. Hydrolysis 
probes are dual-fl uorophore-labeled oligonucleotides with a fl uo-
rescent reporter at one end and a quencher of fl uorescence at the 
opposite end of the probe. The close proximity of the reporter to 
the quencher prevents detection of its fl uorescence. The probe has 
a high melting temperature ( Tm ) and hybridizes to complemen-
tary sequences present on the amplicon prior to the extension step 
of the PCR. During primer extension, both fl uorophores are sub-
sequently released as a result of the 5′ to 3′-exonuclease activity of 
a suitable DNA polymerase (e.g.,  Taq  polymerase). Once the labels 
are separated, the increase in reporter fl uorescence that arises due 
to the lack of the adjacent quencher is monitored by a real-time 
PCR instrument. An increase in the product targeted by the probe 
at each PCR cycle therefore causes a proportional increase in fl uo-
rescence due to the breakdown of the probe and release of the 
reporter [ 1 – 3 ]. 

 Recent outbreaks of bluetongue (BT) in northern Europe 
have highlighted the necessity to develop high-throughput, sensi-
tive, and specifi c assays in order to rapidly detect BTV. When 
designing group-specifi c primers and probes for the detection of 
BTV, it is important to select regions of the genome that are suf-
fi ciently conserved to enable the detection of all known BTV sero-
types and related topotypes but also suffi ciently divergent from 
other orbiviruses so there are no cross-reactions between closely 
related viral species. This is not a simple task due to the high diver-
sity of BTV which is evolving continuously by genetic drift, recom-
bination, and gene reassortment. Many different rRT-PCR assays 
for the detection of BTV have been developed in recent years [ 4 ]; 
however, the World Organization for Animal Health (OIE) and 
European Union Reference Laboratory (EURL) for BTV at the 
Pirbright Institute consider that the assay described in this chapter 
[ 5 ,  6 ] is currently the group-specifi c BTV assay of choice as it is 
able to detect all recognized serotypes of BTV that are currently 
known to be circulating.  
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2    Materials 

      1.    Optical reaction plates and caps, 96-well PCR plate, or PCR 
strips/tubes.   

   2.    DNA decontamination solution (e.g., DNA Zap ™ solutions 1 
and 2, Invitrogen).   

   3.    Microcentrifuge tubes.   
   4.    Disposable gloves.   
   5.    Nuclease-free water.   
   6.    Appropriate one-step reverse transcriptase real-time PCR kit 

(we describe the use of the Invitrogen Superscript III RT-PCR 
kit; however, the assay can be adapted to use other manufac-
turers’ commercial systems).   

   7.    Forward primer, reverse primer, and fl uorogenic probe 
(Table  1 ;  see   Note 1 ). Primers and probes must be diluted to 
a working concentration (Table  1 ) in nuclease-free water and 
kept at 1–8 °C. Stock primers and probe (and additional ali-
quots of working concentrations of primers) are stored at −5 
to −30 °C.

       8.    Aerosol-resistant pipette tips.   
   9.    Adhesive PCR fi lm.   
   10.    Marker pens (waterproof) and adhesive labels.      

      1.    PCR cabinet.   
   2.    Calibrated pipettes.   
   3.    Freezer (−5 to −30 °C).   
   4.    Refrigerator (1–8 °C).   
   5.    Ice bucket with ice.   
   6.    Large capacity centrifuge.   
   7.    Real-time PCR machine.       

2.1  Reagents 
and Consumables

2.2  Equipment

    Table 1  
  Primers and probe sequences   

 Oligo name  Sequence (5′–3′)  Working concentration (μM) 

 Primer Hofm_BTV_IVI_F2  TGG AYA AAG CRA TGT CAA A  20 

 Primer Hofm_BTV_IVI_R2  ACR TCA TCA CGA AAC GCT TC  20 

 Probe Hofm_BTV_IVI_P a    FAM -ARG CTG CAT TCG CAT 
CGT ACG C- Tamra  

 5 

   a Probe labeled with FAM (carboxyfl uorescein) fl uorophore and  Tamra  quencher  

Bluetongue Virus Real-Time RT-PCR
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3    Methods 

      1.    dsRNA from BTV test samples should be prepared as per stan-
dard methods (e.g., Qiagen/Roche viral nucleic acid extrac-
tion kits) and stored at −50 to −90 °C. BTV negative and 
positive control samples of known origin should also be pre-
pared ( see   Note 2 ).      

      1.    In a PCR clean room, prepare the one-step real-time RT-PCR 
reaction master mix according to Table  2 . Suffi cient volume of 
the master mix should be prepared to allow for testing of the 
required number of samples ( see   Note 3 ).

       2.    Working in a clean laminar fl ow cabinet ( see   Note 4 ), add all 
reagents to a suitable container (e.g., microcentrifuge tube) 
allowing for the total volume of reagents ( see   Note 5 ). Mix the 
reagents gently with a pipette. Once outside the PCR clean 
room, maintain the master mix on ice and shielded from light.   

   3.    In a class II safety cabinet, carefully aliquot 6 μl of extracted 
RNA for both samples and controls into an optical reaction 
PCR plate following a planned layout ( see   Note 6 ). Alternatively, 
use PCR strips/tubes that are suitable for a real-time PCR 
machine.   

   4.    Seal the PCR plate containing the aliquoted RNA with a PCR 
adhesive fi lm (or carefully close the caps on the PCR plate/
strips/tubes, hereinafter referred to as PCR plate), and heat 
denature the RNA ( see   Note 7 ) for 5 min at 95 °C using a 

3.1  Sample 
Preparation

3.2  Assay Setup

   Table 2  
  Composition of the master mix for one-step real-time RT-PCR   

 Master mix composition  Volume for 1 reaction (μl) 

 2× Superscript III RT-PCR reaction mix  12.5 

 Primer Hofm_BTV_IVI_F2 (20 μM) a   0.5 

 Primer Hofm_BTV_IVI_R2 (20 μM) a   0.5 

 Probe Hofm_BTV_IVI_P (5 μM) a   1.0 

 RNase-free water  2.5 

 2.5 μM ROX l  0.5 

 50 mM MgSO 4   1.0 

 Superscript III RT/Platinum Taq  0.5 

 Total volume  19 

   a The fi nal concentration of the primers and probe per reaction is 0.4 μM and 0.2 μM, 
respectively  
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thermocycler as a heating block. Label the remaining RNA 
samples and store at −50 to −90 °C.   

   5.    When the denaturation is complete, ensure that the samples are 
not condensed on the adhesive fi lm/optical cap/lids, hereinaf-
ter referred to as seal. If so, centrifuge the plate for 1 min at 
approx. 150 ×  g  to collect the sample at the bottom of the plate.   

   6.    Working in a class II safety cabinet, carefully remove the PCR 
seal ( see   Note 8 ) and change gloves to avoid contamination.   

   7.    Pipette 19 μl of the master mix (a multichannel pipette can be 
used) into the wells of the PCR plates containing the dena-
tured RNA samples and controls. Cover each well of the PCR 
plate containing the reaction components fi rmly with a new 
seal ( see   Note 9 ).   

   8.    Centrifuge for 1 min at approx. 150 ×  g  in a benchtop 
centrifuge.      

      1.    For instructions to set up the real-time PCR machine and how 
to use the software refer to the relevant manufacturers’ manual. 
Amplifi cation should be performed using the thermal profi le 
outlined in Table  3 .

       2.    Negative test controls should have “No Ct” as their fi nal result 
( see   Note 10 ).   

   3.    All positive control values should fall within a predefi ned range 
( see   Notes 2 ,  11 , and  12 ).   

   4.    Samples with Ct values are considered positive ( see   Note 11 ). 
Samples with Ct values of “No Ct” are considered negative.       

4    Notes 

     1.    The primer and probe set described target BTV genome seg-
ment 10 and are specifi c for BTV. This primer and probe set 
will detect BTV serotypes 1–26 [ 5 ,  6 ]. Primers and probe 

3.3  Amplifi cation 
and Detection

   Table 3  
  Thermal cycling program   

 Step  Temperature  Duration  Number of cycles 

 Reverse transcription  48 °C  30 min  1 

 Reverse transcriptase inactivation/ Taq  activation  95 °C  2 min  1 

 PCR  95 °C  15 s  45 

 56 °C  30 s 

 72 °C  30 s 

Bluetongue Virus Real-Time RT-PCR



130

arrive from a supplier in a solution or lyophilized state; all 
primers and probes should be HPLC purifi ed. All primers and 
probes will be accompanied by a “Technical Data Sheet” which 
gives detailed information for the individual primers and probe. 
This information will also detail the volume of RNase-free 
water to be added to the lyophilized primer and probe in order 
to resuspend it to a concentration of 100 μM. In the case of a 
reagent in solution, the concentration of the solution will be 
given. Once resuspended, this solution should be considered 
the “stock solution” of primers and probe. Aliquots should be 
made and labeled appropriately (with the name, batch number, 
and concentration) to prevent repetitive freeze- thaw. Aliquots 
should not be freeze-thawed more than approximately fi ve 
times. Stock solution of primers and probes should be stored 
at −30 to −5 °C. From the stock solution, a working concen-
tration of primer and probe should be prepared by resuspend-
ing in RNase-free water. Those should be appropriately labeled 
with the name, batch number, concentration, and date and 
stored at 1–8 °C for no longer than six months.   

   2.    Where possible, RNA should be extracted from known BTV 
negative and positive samples to act as controls. If feasible, a 
single batch of negative and positive control samples should be 
prepared and aliquoted for this purpose. Negative and positive 
samples should be extracted with each test. The Ct value for 
the positive control should be recorded and monitored 
between runs. Ideally a positive control should have a Ct value 
of approximately 28.   

   3.    Generally, when preparing the master mix, make enough vol-
ume for the number of samples being tested plus 10 % to allow 
for possible pipetting errors.   

   4.    All laminar fl ow cabinets, pipettes, and work surfaces should be 
cleaned regularly using a DNA contamination solution such as 
DNA Zap ™ solutions 1 and 2, Invitrogen, or other similar 
product. This will ensure that there is no contamination from 
other master mix preparations, reducing the risk of false-posi-
tive results.   

   5.    When using real-time RT-PCR kits, the  Taq  polymerase should 
be added to the master mix last, as the enzymes are labile at 
room temperature.   

   6.    Great care should be taken to avoid the creation of aerosols 
and other potential routes of contamination. Use barrier 
pipette tips and change tip for each sample.   

   7.    BTV has a dsRNA genome; therefore, the dsRNA needs to 
be separated to ssRNA prior to reverse transcription and 
PCR amplifi cation in order for the reverse transcriptase enzyme 
to function. This is achieved by heat denaturation for 5 min 
at 95 °C.   

Carrie Batten et al.
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   8.    Placing the plate in a 96-well rack stabilizes the plate and makes 
it easier to remove the seal. The bottom of the plate should be 
free from moisture, as this can evaporate leaving calcium 
deposits on the bottom of the plate during thermocycling. 
Calcium fl uoresces, and this may interfere with the fl uores-
cence captured during amplifi cation. The same applies when 
using PCR strips/tubes.   

   9.    A roller can be used to aid in sealing the PCR plate. Touching 
the seal with gloves or fi ngers may leave marks which affect the 
fl uorescence detection.   

   10.    A late Ct in a negative control with a sigmoidal character may 
indicate cross-contamination.   

   11.    Positive controls and positive samples should generate clean, 
sigmoidal curves.   

   12.    Raw data should be inspected if there are any samples/controls 
generating a non-sigmoidal curve. This may indicate a prob-
lem with the computer selecting a baseline, inhibition from 
ineffi ciencies during the extraction phase, or a fault with the 
real-time PCR machine.         
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    Chapter 9   

 Nested and Multiplex Real-Time PCR Using Dual-Labeled 
Probes: Detecting and Discriminating  Mycobacterium 
tuberculosis  Complex Members in Cultures and Animal 
Tissues 

           Pedro     Costa    ,     Isabel     Couto    ,     Miguel     Viveiros    , and     João     Inácio    

    Abstract 

   Members of the  Mycobacterium tuberculosis  complex (MTC) are causative agents of tuberculosis (TB) in 
both humans and animals. In the last two decades, the accumulating knowledge of the nucleotide sequences 
of several genes, and of the whole genomes, of MTC members has allowed the development of novel 
molecular assays able to detect and discriminate between these species. However, despite the signifi cant 
advances in the development of molecular assays for detecting MTC members in human samples, only a 
few assays have been described for detecting these agents in animal tissues. In this chapter we describe the 
use of two  TaqMan  ® -based real-time PCR approaches, highly sensitive and specifi c and easy to perform, to 
detect and identify veterinary-relevant MTC species in both animal tissue samples and cultures.  

  Key words      Mycobacterium tuberculosis  complex  ,    Mycobacterium bovis   ,   Bovine tuberculosis  , 
  Real-time PCR  

1      Introduction 

 Members of the  Mycobacterium tuberculosis  complex (MTC) are 
causative agents of tuberculosis (TB) in both humans and animals. 
This complex encompasses several closely related pathogenic species, 
notably  M. tuberculosis , the main agent of human TB,  M. bovis , pri-
marily linked to bovine TB but also often isolated from a wide range 
of other domestic and wild animals, and  M. caprae , mostly associ-
ated to caprine TB [ 1 – 3 ]. Other less frequently found MTC species 
associated to TB disease in animals are  M. pinnipedii ,  M. microti ,  M. 
mungi , and  M. orygis  [ 4 – 10 ]. Finally,  M. canetti  and  M. africanum  
complement the known list of MTC species, being these last two 
closely related with  M. tuberculosis  and almost always restricted to 
human tuberculosis, in spite of some sporadic reports of infections 
caused by  M. tuberculosis  also in domestic and wild animals [ 1 ,  8 ]. 
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 Bacteriological culture, followed by biochemical and/or 
molecular identifi cation, remains the gold-standard method to 
confi rm MTC infection, a time-consuming process due to the 
extremely fastidious growth of these mycobacteria. Also, the con-
ventional laboratory diagnosis does not routinely differentiate 
between the species of the MTC. 

 In the last two decades, the accumulating knowledge of the 
nucleotide sequences of several genes, and of the whole genomes, 
of MTC members has allowed the development of novel molecular 
assays able to detect and discriminate between these species [ 11 – 17 ]. 
For example, the insertion element IS 6110  has become one of the 
most used DNA targets for developing molecular diagnostic tools 
for the detection of MTC species, since it is found exclusively 
within the members of this complex [ 18 ]. Comparative genomic 
analysis also evidenced that modern MTC species probably evolved 
from a common ancestor through the accumulation of sequential 
and irreversible genomic deletions, named regions of difference 
(RDs) [ 1 ,  2 ,  19 – 22 ]. The pattern of the presence or absence of 
these RDs in the genome of MTC members provides a highly spe-
cifi c molecular signature that can accurately discriminate among 
these mycobacteria [ 1 ,  2 ,  8 ,  18 ,  23 ]. 

 In spite of the signifi cant advances in the development of 
molecular assays for the detection of MTC species in human sam-
ples, only a few assays have been described for detecting these 
agents in animal tissues, particularly in fresh tissues from livestock 
[ 24 – 28 ]. Most of these PCR-based assays only yield a moderate 
sensitivity, particularly when testing tissues without the character-
istic TB lesions or detectable acid-fast bacilli [ 24 – 26 ,  29 ,  30 ]. 
This limitation is most probably related to the ineffi ciency of 
mycobacterial DNA extraction procedures from affected animal 
tissues [ 18 ,  24 ,  30 ]. 

 In this chapter we describe the use of two  TaqMan  ® -based 
real-time PCR assays to detect and identify veterinary-relevant 
MTC species. These two approaches can be used complementarily 
to improve the laboratorial diagnosis of TB in animals, particularly 
of bovine TB. In the fi rst approach an IS 6110 -targeted nested 
real- time PCR allows the direct detection of MTC members in 
fresh animal tissue samples with very high sensitivity and specifi c-
ity. In the second approach, multiplex real-time PCR assays allow 
the identifi cation of the MTC members most commonly associ-
ated with TB in livestock and other animals, based on genomic 
deletion analysis. Both approaches can be incorporated at the vet-
erinarian mycobacteriology routine diagnostic algorithm or can 
be used for specifi c purposes in particular situations to obtain 
accurate confi rmation of MTC infections and species 
identifi cation.  
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2    Materials 

     1.    Animal tissue samples (e.g., lymph nodes, liver, spleen, or lung 
tissue samples from TB-suspect animals such as bovine, wild 
boar, or deer).   

   2.    Reference strains (e.g.,  M. tuberculosis  ATCC 25177;  M. bovis  
AN5;  M. bovis  BCG ATCC 27291) and clinical isolates of MTC.   

   3.    Materials for homogenization and DNA extraction from tis-
sues: pestle and mortar; zirconium beads; DNA extraction kit 
(e.g., the QIAamp DNA Mini Kit, Qiagen).   

   4.    Phosphate-buffered saline (PBS) buffer: 137 mM of NaCl, 
2.7 mM of KCl, 8 mM of Na 2 HPO 4 , 1.5 mM of KH 2 PO 4 , 
pH 7.2. Weigh all components into a glass beaker and dissolve 
in 800 ml water. Adjust the pH to 7.2 with HCl and NaOH 
solutions. Add distilled water to a total volume of 1 l, dispense 
the solution into aliquots, and sterilize by autoclaving (20 min, 
121 °C). Store at room temperature.   

   5.    TE buffer: 10 mM of Tris–HCl, pH 8.0, 1 mM of EDTA.   
   6.     TaqMan  ®  probes and primers (Table  1 ) ( see   Note 1 ).
       7.    Reagents for standard PCR amplifi cation:  Taq  DNA poly-

merase and respective 10× reaction buffer; deoxynucleotide 
triphosphates (dNTPs); MgCl 2 .   

   8.    Reagents for real-time PCR amplifi cation (e.g., the SsoFast 
supermix, BioRad).   

   9.    Homogenizer/bead shaker (e.g., the FastPrep FP120 Bio101, 
Savant Instruments Inc., Holbrook, NY).   

   10.    Centrifuge.   
   11.    Standard and real-time PCR equipment (e.g., the CFX96 real- 

time PCR instrument, BioRad).      

3    Methods 

 To prevent the risk of human infection, the manipulation of MTC 
cultures and TB-suspect tissues must be performed in a confi ned 
biosafety level 3 laboratory. 

  The culture supernatants can be processed using a rapid and simple 
boiling-based DNA extraction procedure.

    1.    Grow the MTC strains using standard liquid culture media and 
procedures for these organisms.   

   2.    After incubation, centrifuge 10 ml of culture at 3,800 ×  g  for 
30 min.   

3.1  DNA Extraction 
from Reference 
and Clinical MTC 
Cultures
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   3.    Discard the supernatant, wash the pellet in 10 ml of PBS, and 
centrifuge again at 3,800 ×  g  for 30 min.   

   4.    Discard the supernatant and suspend the pellet in 250 μl of TE 
buffer.   

   5.    Heat the suspension in a water bath at 95 °C for 25 min.   
   6.    Centrifuge at 15,000 ×  g  for 5 min.   

    Table 1  
     Sequences of primers and probes   

 Primer/probe  Sequence (5′–3′)  Complementary target 

 F_Actin  GGC TCY ATY CTG GCC TC   β - actin  gene of mammals a  

 R_Actin  GCA YTT GCG GTG SAC RAT G 

 P_Actin b   Cy5.5-TAC TCC TGC TTG CTG ATC CAC 
ATC-BHQ2 

 F_IS 6110   GGG TCG CTT CCA CGA TG  IS 6110  element of MTC 
species c  

 FN_IS 6110   CTC GTC CAG CGC CGC TTC GG 

 R_IS 6110   GGG TCC AGA TGG CTT GC 

 P_IS 6110  d   FAM-CGC GTC GAG GAC CAT GGA GGT-BHQ1 

 F_16SrDNA  CCG CAA GGC TAA AAC TCA AA  Mycobacterial 16S rDNA e  

 R_16SrDNA  TGC ACA CAG GCC ACA AGG GA 

 P_16SrDNA f   TET-TCG ATG CAA CGC GAA GAA CCT TAC-BHQ1 

 F- esat6   AGG CGT ACC AGG GTG TC  RD1 (Rv3875 locus, 
 esat6  gene) 

 R- esat6   CGA AGC CAT TGC CTG ACC 

 P- esat6  b   Cy5.5-ACAACGCGCTGCAGAACC TGG-BHQ2 

 F-Rv1510  CCT GCA AGA AAC GAC CCG  RD4 (Rv1510 locus) 

 R-Rv1510  GCGACGGTGCCAATCATC 

 P-Rv1510 f   TET-CCATCGTACCCATCCGCT GCG-BHQ1 

 F-Rv2073c  AGTCGGTGTGCACGATGG  RD9 (Rv2073c locus) 

 R-Rv2073c  CGC TCG TTG CCG AGC AC 

 P-Rv2073c g   Texas Red-CTG GTC GCC GAG TAT CCC GAA 
G-BHQ2 

   a Probes and primers described by Costa et al. [ 18 ] 
  b Probe labeled with Cy5.5 fl uorophore and BHQ-2 quencher 
  c Probes and primers described by Restrepo et al. [ 33 ] and Costa et al. [ 18 ] 
  d Probe labeled with carboxyfl uorescein (FAM) fl uorophore and BHQ-1 quencher 
  e Probes and primers described by Richardson et al. [ 34 ], Kirschner et al. [ 35 ], and Costa et al. [ 18 ] 
  f Probe labeled with TET (tetrachlorofl uorescein) fl uorophore and BHQ1 quencher 
  g Probe labeled with Texas red fl uorophore and BHQ2 quencher  
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   7.    Transfer a 150 μl aliquot of the supernatant (containing the 
DNA) to a sterile microtube and store at −20 °C until fur-
ther use.   

   8.    Stock DNA suspensions are diluted ten times in distilled water 
before its use as template for PCR assays.      

      1.    Homogenize the tissue sample using a clean, sterilized pestle 
and mortar (the addition of a small volume of PBS buffer and 
sterilized powdered glass, silica, or sand can help the homog-
enization process).   

   2.    Transfer 450 μl of tissue suspension to screw-cap microcentri-
fuge tubes.   

   3.    Inactivate the tissue sample in a water bath at 100 °C for 5 min.   
   4.    Centrifuge the samples in a bench centrifuge at 15,000 ×  g  for 

2 min.   
   5.    Discard the supernatant and add 80 μl of PBS buffer and an 

equivalent volume of 100 μl of zirconium beads.   
   6.    Proceed to the mechanical disruption of the mycobacterial 

cells (e.g., FastPrep FP120 Bio101 bead shaker at 6.5 m/s for 
45 s, three times).   

   7.    Cool the suspensions on ice for 15 min.   
   8.    Proceed to the DNA extraction using a commercially available 

kit, according to the manufacturer’s instructions (e.g., the tis-
sue protocol of the QIAamp DNA Mini Kit).   

   9.    Store the genomic DNA suspensions at −20 °C until further use.   
   10.    Stock DNA suspensions are diluted ten times in distilled sterile 

water before its use as template for PCR assays.      

  The nested IS 6110 -targeted real-time PCR assay consists of two 
steps: (1) a fi rst standard PCR using primers FN_IS 6110  and R_
IS 6110  and (2) a second duplex real-time PCR using the previous 
amplifi cation product as template and a mixture of IS 6110  and 
 β - actin  gene-targeted  TaqMan  ®  probes (P_IS 6110  and P_Actin, 
respectively) and the corresponding fl anking primers (F_IS 6110 /R_
IS 6110  and F_Actin/R_Actin, respectively) (Table  1 ) ( see   Notes 2  
and  3 ).

    1.    For the fi rst standard PCR, each amplifi cation reaction is 
 prepared for a fi nal volume of 25 μl, including the addition of 
5 μl of template DNA sample.   

   2.    Prepare a reaction mixture for all the DNA samples to test, 
including the positive (DNA from a reference strain culture) 
and negative (distilled sterile water) amplifi cation controls, 
containing 400 μM of dNTPs, 1 U of  Taq  DNA polymerase 
and 1× of the respective buffer, 3.5 mM of MgCl 2 , and 0.8 μM 

3.2  DNA Extraction 
from Animal Tissue 
Samples

3.3  Detection of MTC 
in Tissue Samples by 
Nested Real- Time PCR
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of each primer (FN_IS 6110  and R_IS 6110 ), completing to 
80 % of the fi nal volume with PCR-grade water ( see   Note 4 ).   

   3.    Distribute 20 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   4.    Label each tube and add 5 μl of the correspondent DNA sam-
ple and controls.   

   5.    Proceed to the amplifi cation step using the following program: 
(a) initial denaturation step at 95 °C for 10 min; (b) 45 cycles 
of 30 s at 95 °C, 30 s at 65 °C, 30 s at 72 °C; and (c) a fi nal 
extension step of 10 min at 72 °C.   

   6.    Store the products at 4 °C until their use for the second duplex 
real-time PCR step ( see   Note 5 ).   

   7.    For the second nested duplex real-time PCR, each amplifi ca-
tion reaction is prepared for a fi nal volume of 20 μl, including 
the addition of 5 μl of the previous amplifi cation product 
(including for the correspondent positive and negative amplifi -
cation controls).   

   8.    Prepare a reaction mixture for all the DNA samples to test 
containing: 1× SsoFast supermix, 0.4 μM of each primer (F_
IS 6110 , R_IS 6110 , F_Actin, and R_Actin), and 0.15 μM of 
each  TaqMan  ®  probe (P_IS 6110  and P_Actin), completing to 
75 % of the fi nal volume with PCR-grade water.   

   9.    Distribute 15 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   10.    Label each tube and add 5 μl of the correspondent DNA sam-
ple (product of  step 6 ) and controls.   

   11.    Proceed to the amplifi cation step using the following program: 
1 cycle at 95 °C for 2 min, followed by 45 cycles at 95 °C for 
5 s, and 60 °C for 10 s. The increase of fl uorescence and ampli-
fi cation curves for each sample should be recorded and assessed 
according to the instructions of the manufacturer of the real-
time PCR instrument. Only samples containing MTC DNA 
should yield positive amplifi cation results with the IS 6110 -
targeted probe ( see   Note 2  and Fig.  1 ).

         The identifi cation algorithm of MTC strains consists of two steps: 
(1) a fi rst duplex real-time PCR targeting the mycobacterial 16S 
rDNA and the MTC-specifi c IS 6110  and (2) a second triplex real- 
time PCR targeting the Rv3875- esat6  (RD1), Rv1510 (RD4), and 
Rv2073c (RD9) genomic regions of MTC ( see   Notes 3 ,  6 – 8 ).

    1.    For the fi rst duplex real-time PCR, each amplifi cation reaction 
is prepared for a fi nal volume of 20 μl, including the addition 
of 5 μl of template DNA sample.   

   2.    Prepare a reaction mixture for all the DNA samples to test 
(extracted from MTC cultures to identify), including the positive 

3.4  Identifi cation 
of MTC Strains 
by a Two-Step 
Multiplex Real-Time 
PCR Algorithm
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Tissue sample Bacteriological culture

DNA extraction from tissues (3.2)

Detection of MTC by nested real time PCR (3.3) Identification of MTC by multiplex real-time PCR (3.4) 
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mycobacteria

RD1 +
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  Fig. 1    Schematics of the detection and identifi cation algorithm for MTC species most commonly associated 
with TB in livestock and other animals. DNA directly extracted from tissues can be used as template for the 
detection of MTC by nested real-time PCR targeting the IS 6110  ( left dashed box ). The amplifi cation of the 
mammal β-actin gene is used as control for the occurrence of inhibitors of the reactions. The inset in the bot-
tom illustrates the amplifi cation results usually obtained by the nested duplex real-time PCR assay of an MTC- 
infected ( black lines ) and non-infected ( gray lines ) tissues samples for the amplifi cation targeting the IS 6110  
( solid lines ) and the mammal β-actin gene ( dashed lines ) (RFU-relative fl uorescence units). DNA extracted 
from cultures can be used as template for the identifi cation of MTC by multiplex real-time PCR ( right dashed 
box ). The DNA extracted directly from tissues can be also used as template for these multiplex assays, but the 
sensitivity for the detection of MTC is lower than when using the nested real-time PCR assay. In the fi rst ampli-
fi cation step, the isolate will be assigned as an MTC member (by detecting the presence of the IS 6110  ele-
ment) or, alternatively, as a non-MTC  Mycobacterium  species. The subsequent RDs-targeted triplex PCR allows 
the identifi cation of the most veterinary-relevant MTC members to the species level as  M. bovis  (or  M. bovis  
BCG),  M. caprae , or  M. tuberculosis , according to their distinct patterns of presence or absence of RD1, RD4, 
and RD9. Other MTC members such as “ M. canettii ,”  M. africanum ,  M. pinnipedii , and  M. orygis  may present 
similar RDs profi les, but these species are rarely found in domestic (particularly livestock) and big game ani-
mals. Due to specifi c deletions spanning at least part of the region RD1, other less frequently found MTC spe-
cies of  M. microti  and  M. mungi  present the alternative profi le RD1 (−), RD4 (+), and RD9 (−)       
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and negative (water) amplifi cation controls, containing 1× 
SsoFast supermix, 0.4 μM of each primer (F_16SrDNA, 
R_16SrDNA, F_IS 6110 , and R_IS 6110 ), and 0.15 μM of each 
 TaqMan  ®  probe (P_16SrDNA and P_IS 6110 ), completing to 
75 % of the fi nal volume with PCR-grade water.   

   3.    Distribute 15 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   4.    Label each tube and add 5 μl of the correspondent DNA sam-
ple and controls.   

   5.    Proceed to the amplifi cation step using the following program: 
1 cycle at 95 °C for 2 min, followed by 45 cycles at 95 °C for 
5 s, and 60 °C for 10 s. The increase of fl uorescence and ampli-
fi cation curves for each sample should be recorded and assessed 
according to the instructions of the manufacturer of the real-
time PCR instrument ( see   Note 9 ).   

   6.    For the second triplex real-time PCR, each amplifi cation reac-
tion is prepared for a fi nal volume of 20 μl, including the addi-
tion of 5 μl of template DNA sample.   

   7.    Prepare a reaction mixture for all the DNA samples to test, 
including the positive and negative (water) amplifi cation con-
trols, containing 1× SsoFast supermix; 0.25 μM of F- esat6 , 
R- esat6 , F-Rv1510, and R-Rv1510 primers; 0.4 μM of 
F-Rv2073c and R-Rv2073c primers; 0.15 μM of P- esat6  and 
P-Rv1510  TaqMan  ®  probes; and 0.25 μM of P-Rv2073c 
 TaqMan  ®  probe, completing to 75 % of the fi nal volume with 
PCR-grade water.   

   8.    Distribute 15 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   9.    Label each tube and add 5 μl of the correspondent DNA sam-
ple and controls.   

   10.    Proceed to the amplifi cation step using the following program: 
1 cycle at 95 °C for 2 min, followed by 45 cycles at 95 °C for 
5 s, and 60 °C for 10 s. The increase of fl uorescence and ampli-
fi cation curves for each sample should be recorded and assessed 
according to the instructions of the manufacturer of the real-
time PCR instrument.   

   11.    The interpretation of the amplifi cation results should be per-
formed according to Fig.  1  ( see   Note 10 ).    

4       Notes 

     1.    Probes and primers are frequently delivered lyophilized and 
need to be diluted with sterile water according to the manu-
facturer’s instructions. Stock solutions can be prepared at a 
standard concentration of 100 pmol/μl and stored at −20 °C. 
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Aliquots of working solutions of each probe and primer are 
prepared from stock solutions in water and stored also at 
−20 °C. Prepare small aliquots of working solutions (up to 
100 μl) and avoid continuous freeze and thaw of the solu-
tions. Keep labeled probes protected from light.   

   2.    The amplifi cation of the  β - actin  gene serves as control to 
detect inhibition of the PCR reactions when using DNA 
extracted from tissues as template [ 18 ].   

   3.    The MTC-specifi c IS 6110 -targeted primers and probe used 
were shown to be highly effi cient for detecting tuberculous 
mycobacteria in animal tissue samples [ 18 ]. It has recently 
been found that IS 6110 -like elements may be present in other 
non-MTC mycobacteria such as  M. smegmatis  [ 31 ]. However, 
the probe and respective fl anking primers used show no rele-
vant complementary regions with these IS 6110 -like nucleotide 
sequences [ 18 ].   

   4.    The use of a nested amplifi cation assay for MTC detection 
presents an associated increased risk of cross contamination of 
samples. Therefore, we should emphasize the need of working 
in a laboratory harboring good practice standard conditions 
for molecular analysis, which include working in separate clean 
rooms and the use of positive and negative controls.   

   5.    The standard PCR step amplifi es an MTC-specifi c 199 bp frag-
ment of the IS 6110 . The amplifi ed products can be analyzed in 
a 2 % agarose gel electrophoresis, according to standard 
protocols.   

   6.    The complementary regions of the P- esat6 , F- esat6 , and 
R- esat6  probe and fl anking primers, respectively, are located in 
the 6 kDa early secretory antigenic target gene ( esat6 , Rv3875 
locus), included in the RD1 genomic region, which is present 
in most MTC members with the exception of the vaccine  M. 
bovis  BCG strains.   

   7.    The complementary regions of the P-Rv1510, F-Rv1510, and 
R-Rv1510 probe and fl anking primers, respectively, are located 
in the Rv1510 locus, coding a conserved probable membrane 
protein, included in the RD4 genomic region, which is present 
in all MTC members with the exception of  M. bovis . However, 
a recent study reported that RD4 may be also absent, at least 
in part, from some  M. caprae  isolates [ 32 ].   

   8.    The complementary regions of the P-Rv2073c, F-Rv2073c, 
and R-Rv2073c probe and fl anking primers, respectively, are 
located in the Rv2073c locus coding a probable short chain 
dehydrogenase, included in the RD9 genomic region, which is 
present in  M. tuberculosis  but absent from  M. bovis  and other 
MTC species.   
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   9.    The fi rst step allows the identifi cation of the cultures as MTC 
members, by targeting their IS 6110  element, or as a mycobac-
terial species, if only a 16S rDNA product is detected in the 
duplex amplifi cation reaction.   

   10.    The second amplifi cation step allows assessing the presence or 
absence of the Rv3875- esat6  (RD1), Rv1510 (RD4), and 
Rv2073c (RD9) loci in the MTC strains. The correspondent 
pattern allows inferring the species of the isolate as  M. tubercu-
losis , if all loci are present, as  M. caprae , if only the Rv3875- 
esat6    (RD1) and Rv1510 (RD4) loci are present, as  M. bovis , if 
only Rv3875 (RD1) locus is present, and as  M. bovis  BCG, if 
all the previous loci are absent.         
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    Chapter 10   

 A Real-Time PCR Assay for the Diagnosis 
of Gastrointestinal Nematode Infections 
of Small Ruminants 

           Florian     Roeber    ,     Aaron     R.     Jex    , and     Robin     B.     Gasser    

    Abstract 

   The diagnosis of gastrointestinal nematode infections in small ruminants is central to studying the biology 
and epidemiology of these parasites and underpins their control. Traditional methods of diagnosis are inac-
curate, time-consuming and laborious. Here, we describe a step-by-step protocol for the molecular-based 
diagnosis of infections by real-time PCR.  

  Key words     Livestock parasites  ,   Strongylid nematodes  ,   Diagnosis  ,   PCR  ,   Real-time PCR  

1      Introduction 

 Parasitic worms of livestock cause diseases of major socioeconomic 
impact worldwide. The current fi nancial losses caused by parasites 
to agriculture have a substantial impact on farm profi tability around 
the world [ 1 ,  2 ]. Parasitic roundworms (nematodes) of livestock 
animals are mainly controlled by treatment with antiparasitic drugs 
(anthelmintics) [ 3 ]. Even with optimally timed, strategic treat-
ments, this type of control is expensive. The excessive and uncon-
trolled use of anthelmintics has resulted in substantial and 
widespread problems with resistance in nematodes against these 
compounds [ 4 ,  5 ]. Given the signifi cant problems with parasitic 
diseases and drug resistance, there is an urgent need for an increased 
focus on integrated control, which includes the use of diagnostic 
methods. Unfortunately, traditional parasitological methods of 
diagnosis are often unreliable and/or time-consuming to carry 
out [ 6 ]. These limitations relate to their inability to accurately 
identify parasite stages (eggs or larvae) from fecal samples to spe-
cies and also to the time that it takes to allow eggs to develop to 
larvae (via “coproculture”) for subsequent microscopic identifi ca-
tion [ 7 ]. Recently, a DNA approach was developed to overcome 
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these limitations. Using genetic markers in the second internal 
transcribed spacer (ITS-2) of nuclear rRNA genes, we established 
a rapid and highly effective real-time PCR assay for the specifi c 
diagnosis of infections by nematodes, including  Haemonchus con-
tortus ,  Teladorsagia circumcincta ,  Trichostrongylus  spp.,  Chabertia 
ovina  and  Oesophagostomum venulosum , of sheep [ 8 ]. This real-
time PCR involves the incorporation of a specifi c fl uorescent dye 
(SYTO-9 ® ) into the PCR, which binds to produced double-
stranded molecules and enables the detection of accumulating 
DNA. The change of fl uorescence during the thermocycling is 
directly related to the initial starting number of target sequences. 
The fewer the cycles required to produce a detectable fl uorescence, 
measured as cycle threshold or  C   t   value, the greater the number of 
target sequences present. Published evidence [ 9 ,  10 ] shows clearly 
that this assay outperforms traditional methods used for the diag-
nosis of gastrointestinal nematode infections in small ruminants, 
and can be employed for routine diagnostic application or as an 
epidemiological tool. Here we describe a step-by-step protocol for 
this PCR assay (Fig.  1 ).

  Fig. 1    Step   -by-step protocol for the molecular diagnosis of strongylid nematode infections from small 
ruminant fecal samples. Following coproscopy (1). the fecal suspension is washed and nematode parasite 
eggs are recovered (2). Genomic DNA is isolated from eggs (3). and regions within the second internal tran-
scribed spacer of nuclear ribosomal DNA specifi cally amplifi ed by real-time PCR (4). After completion of PCR 
and melting-curve analysis (5). an estimate of the contribution of individual nematode species or genera to the 
egg count is estimated       
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2       Materials 

      1.    Saturated sodium nitrate fl otation solution: Fill a beaker with 
1 l of hot water and add 400 g of sodium nitrate salt. 
Continuously stir the suspension until the salt is fully dissolved. 
Check specifi c gravity of 1.300 with a hydrometer ( see   Note 1 ).   

   2.    McMaster parasite egg counting chambers.   
   3.    Metal spatula.   
   4.    Metal sieve (aperture of 250 μm).   
   5.    60 ml plastic container.   
   6.    Pipette with sieve top.   
   7.    Weight (±0.05 g accuracy).   
   8.    50 ml tubes with conical bottom.      

      1.    Standard pipettes and tips (1 ml, 200 μl and 20 μl).   
   2.    Vortex.   
   3.    RNase/DNase-free microcentrifuge tubes (1.5 ml).   
   4.    Refrigerator (4 °C).   
   5.    Centrifuge for 50 ml tubes; minimum of 2,000 ×  g  at room 

temperature.   
   6.    Microfuge.   
   7.    Adequate DNA extraction kit (e.g., PowerSoil ®  DNA Isolation 

Kit, MO BIO Laboratories Inc., USA).      

      1.    Oligonucleotide primers targeting the ITS-2 region of the 
most relevant nematode parasites (Table  1 ) and the conserved 
primers NC1 (5′-ACG TCT GGT TCA GGG TTG TT-3′) and 
NC2 (5′-TTA GTT TCT TTT CCT CCG CT-3′) [ 8 ,  11 ].

       2.    Real-time PCR thermal cycler and respective software 
( see   Note 2 ).   

   3.    Commercial PCR mixture containing standard reaction buffer, 
heat-activated DNA polymerase, dNTPs, and 6 mM MgCl 2  
( see   Note 3 ).   

   4.    SYTO ® 9 green fl uorescent nucleic acid stain (Life Technologies, 
USA) ( see   Note 4 ).       

3    Methods 

      1.    Collect feces from the rectum of sheep using a disposable plas-
tic glove. Invert the glove to capture the sample, expel air, tie 
a knot in the glove and label with a permanent marker ( see  
 Note 5 ).   

2.1  For Fecal 
Flotation and the 
Enumeration of 
Nematode Eggs

2.2  For the Isolation 
of Nucleic Acids 
from Nematode Eggs

2.3  For 
the Amplifi cation 
of Nucleic Acids by 
Real-Time PCR

3.1  Preparation 
of Fecal Samples 
and Enumeration 
of Nematode Eggs

Diagnosis of Gastrointestinal Nematode Infections 
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   2.    Homogenize the entire fecal sample and transfer 4 g to a 60 ml 
container ( see   Note 6 ).   

   3.    Add 50 ml of sodium nitrate solution and homogenize 
( see   Note 7 ).   

   4.    Pour suspension through a sieve and collect run-through in a 
clean container.   

   5.    Pour suspension into a 50 ml tube and make up to 50 ml with 
sodium nitrate solution. Close the tube and invert three times. 
Immediately open the tube, aspirate 1.5 ml with a sieve-top 
pipette and fi ll three chambers of the McMaster slide.   

   6.    Count thin-shelled strongylid nematode eggs (i.e., <100 μm in 
length and <50 μm in width) in each of the three chambers and 
calculate the mean number from the three counts. Every egg 
counted equates to 30 eggs per gram in a 4 g sample.      

      1.    Centrifuge the suspension at 1,000 ×  g  at 22–24 °C for 5 min 
to fl oat the eggs to the top of the suspension.   

   2.    Decant 5 ml from the supernatant into a fresh 50 ml tube and 
fi ll with tap water. Centrifuge again at 2,000 ×  g  for 5 min to 
pellet the eggs in the bottom of the tube ( see   Note 8 ).   

   3.    Discard the supernatant without dislodging the pellet. 
Completely resuspend the pellet in 5 ml of water by  vortexing, 
add 45 ml of water and then centrifuge again at 2,000 ×  g  for 
5 min.   

3.2  Concentration 
of Nematode Eggs 
from the Fecal Sample

   Table 1  
  Parasite-specifi c primers used in the real-time PCR assays   

 Primer a   Sequence (5′–3′) 
 Start position 
in ITS-2 region b  

 Amplicon 
length (bp) c  

 Melting tempera-
ture of target 
sequence (°C)  Target species 

 HAE  CAA ATG GCA TTT 
GTC TTT TAG 

 41  265  78.81   H. contortus  

 TEL  TAT GCA ACA TGA 
CGT ACG ACG G 

 98  218  78.15   Te. circumcincta  

 TRI  TCG AAT GGT CAT 
TGT CAAA 

 40  267–268  77.87   Trichostrongylus  
spp. 

 CHO  GTG ATG ACC TCG 
TTG TCA CCG TG 

 143  162  82.12   C. ovina  

 OEV  TGA AAT GAG ACA 
ACC GTA GTC G 

 222  105  79.38   O. venulosum  

   a According to Bott et al. [ 8 ] 
  b Using the sequences with the GenBank access numbers for  H. contortus  (accession no. X78803),  Te. circumcincta  
(accession no. X86026),  Trichostrongylus axei ,  Tr. colubriformis ,  Tr. vitrinus ,  Tr. rugatus  (accession nos. X78065, 
X78063, X78064 and Y14818)  Oe. venulosum  (accession no. Y10790) and  C. ovina  (accession no. Y10789) as 
references 
  c When combined with the conserved NC2 reverse primer at the 5′ axei end of the large subunit of rDNA  
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   4.    Discard the supernatant. Add 250 μl of water and aspirate 
using a pipette and transfer the suspension (0.5–1.5 ml) to a 
1.5 ml microcentrifuge tube, freeze (−20 °C) or use directly 
for genomic DNA isolation.      

      1.    Transfer 250 μl of the suspension to a PowerSoil ®  DNA isola-
tion tube and perform isolation of nucleic acids according to 
the manufacturer’s instructions.   

   2.    Use DNA samples immediately for molecular analysis or store 
frozen (−70 °C).      

      1.    Five primer pairs HAE-NC2, TEL-NC2, TRI-NC2, 
CHO-NC2 and OEV-NC2 are used in separate reactions for 
the specifi c amplifi cation of the ITS-2 region of  H. contortus , 
 Te. circumcincta ,  Trichostrongylus  spp.,  C. ovina  and  O. venulo-
sum , respectively, from strongylid egg DNA from fecal sam-
ples. In addition, primer pair NC1-NC2 [ 8 ,  11 ] is used to 
assess inhibition in, and amplifi cation effi ciency for, individual 
genomic DNA samples.   

   2.    Perform each PCR reaction in a volume of 25 μl, containing 
12.5 μl Sensimix dT Mastermix, 0.2 μM of forward and reverse 
primer and 8 μM of SYTO-9 ®  fl uorescent dye [ 9 ,  10 ]. Samples 
without genomic DNA (no-DNA controls) are included in 
each PCR run. Also included in each run is a serial titration 
(1 ng, 100 pg, 10 pg and 1 pg) of ITS-2 sequences of each  H. 
contortus ,  Te. circumcincta ,  T. vitrinus ,  C. ovina  and  O. 
 venulosum ,  cloned into the vector pGEM-T (Promega), as cali-
brated “reference positive” controls (to provide standard 
curves) ( see   Note 9 ).   

   3.    PCR is performed under the following conditions: 95 °C for 
10 min, followed by 35 cycles of 95 °C for 15 s (denaturation), 
55 °C for 30 s (annealing) and 72 °C for 5 s (extension). To 
verify their specifi city, all amplicons are subjected to melting- 
curve analysis (75–85 °C at 0.1 °C/s) ( see   Note 10 ).   

   4.    Test-positive samples are identifi ed on the basis of a single melt 
peak, which is consistent with that of the homologous control 
for each PCR ( see   Note 11 ). The specifi city of the amplicons 
can also be verifi ed by selective sequencing, employing an 
established approach [ 11 ] ( see   Note 12 ).       

4    Notes 

     1.    It is critical to use a salt solution of this specifi c gravity to 
achieve maximum fl otation of nematode eggs.   

   2.    We use the Rotor-Gene 3000 thermal cycler (Qiagen, USA) 
and the respective software.   

3.3  DNA Isolation 
from Fecal Pellet

3.4  Real-Time PCR, 
Melting Curve, 
and Analyses 
of Results

Diagnosis of Gastrointestinal Nematode Infections 
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   3.    We use the Sensimix dT Mastermix (Bioline, UK).   
   4.    SYTO ® 9 is light sensitive, and exposure to light must be mini-

mized. It is supplied in 100 μl volumes and can be made up to 
a stock solution (1 ml) by mixing 19 μl of dye with 981 μl of 
molecular grade water. From this stock solution, use 2 μl in a 
25 μl PCR reaction to achieve a fi nal dye concentration of 
8 μM. Repeated thawing of the stock solution and exposure to 
light can result in reduced signal in real-time PCR assays and 
should therefore be kept to a minimum.   

   5.    Fill sampling jar or bag as much as possible and seal airtight to 
provide oxygen-poor environment (to delay development and 
hatching of eggs). Store samples refrigerated (4 °C) and send 
for diagnosis within 1 day [ 12 ]. Development and hatching of 
eggs may have impact on the quantifi cation of nematode eggs 
and should therefore be reduced.   

   6.    If feces are dry, add 0.5 ml of water to facilitate homogeniza-
tion. Thorough homogenization of fecal matter is essential to 
release the nematode eggs from the fecal mass and helps to 
disperse the eggs evenly throughout the sample.   

   7.    If a spatula is used for homogenization, clean with bleach solu-
tion (3 %) [ 13 ] to avoid possible transfer of eggs from sample 
to sample.   

   8.    If the supernatant contains a signifi cant amount of debris (e.g., 
fecal and plant), sieve through one layer of surgical gauze.   

   9.    To prepare a standard curve for quantifi cation in real-time 
PCR, the concentration of the reference DNA sample has to 
be determined spectrophotometrically. Typically, a DNA con-
centration of 25–100 ng/μl can be expected from a single 
nematode. From this stock solution, take a specifi c volume 
(e.g., 4 μl) and mix into molecular grade water (e.g., 96 μl) to 
prepare a dilution of 1 ng/μl. This solution can be further 
diluted in tenfold dilution steps (using 10 μl of the previous 
dilution and mixing it into 90 μl of water) to obtain reference 
controls of 1 ng, 100 pg, 10 pg and 1 pg. Instead of using 
parasite DNA as reference controls, target sequences can be 
cloned into a plasmid vector (pGEM-T-Easy, Promega, USA) 
and then grown in  Escherichia coli , according to the manufac-
turer’s protocol. In brief, 8 μl of purifi ed amplicon containing 
the insert sequence are ligated into the vector and incubated at 
4 °C overnight. The ligation product is mixed with competent 
 E. coli  and cultured on Luria Bertani agar plates at 37 °C for 
12–16 h. Screening and selection can be performed by PCR 
using primers specifi c to the cloned insert. Successfully trans-
formed colonies can be further grown in a liquid broth and 
preserved frozen as 30 % glycerol stocks. The cloned DNA 
inserts can be serial titrated with molecular grade water, to 
determine the dilution or concentration of template required 
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to achieve the same or a similar amplifi cation characteristic and 
standard curves as for genomic DNA reference samples.   

   10.    We use Rotor-Gene v.1.7.87 software, and apply the normal-
ization option and a confi dence threshold of 96 %.   

   11.    Any suspected inhibition in PCR, likely linked to fecal compo-
nents (e.g., humic acids, phenolic compounds and/or polysac-
charides) can be assessed. In brief, aliquots (2 μl) of samples 
that are test negative by PCR but shown to contain strongylid 
eggs by coproscopic examination are spiked with a limiting 
amount (1 pg) of genomic DNA from  H. contortus  or an alter-
native strongylid nematode. The amplifi cation from spiked 
sample aliquots is compared directly (in the same experiment) 
with that from 1 pg of  H. contortus  DNA alone and a sample 
without DNA (no-template control).   

   12.    Based on the fi ndings from previous studies [ 9 ,  10 ], this PCR 
assay can replace inaccurate and time-consuming classical diag-
nostic procedures. This assay achieves specifi c or generic diag-
nosis and takes less than 1 day to perform, compared with at 
least 1 week for larval culture, thus signifi cantly reducing delays 
and response times for the treatment or control of clinical cases 
of parasitic disease. The assay has high diagnostic performance 
(i.e., sensitivity and specifi city) [ 9 ,  10 ] and has broad applica-
bility, in that it can be used to conduct large-scale epidemio-
logical studies, to support the diagnosis of drug  resistance and 
will be applicable or adaptable to other parasites and/or hosts. 
This PCR tool has the potential to replace the conventional 
technique of larval culture and can be extended to include the 
testing of other parasites or pathogens, depending on where 
the assay is to be deployed. Current evidence [ 14 ] shows that 
this assay is adaptable to an automated PCR platform ( Easy -
Plex, AusDiagnostics Pty. Ltd.), allowing the development of a 
range of next-generation diagnostic tools to underpin the con-
trol of socioeconomically important infectious diseases of ani-
mals. The routine application of such automated diagnostic 
platforms for pathogens of veterinary importance provides 
major scope for better disease surveillance, detailed epidemio-
logical or ecological studies, and shorter response times to 
tackle and control disease outbreaks.         
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    Chapter 11   

 Improved Detection of  Mycobacterium bovis  in Bovine 
Tissues Using Immunomagnetic Separation Approaches 

           Irene     R.     Grant      and     Linda     D.     Stewart   

    Abstract 

   Immunomagnetic separation (IMS) represents a simple but effective method of selectively capturing and 
concentrating  Mycobacterium bovis , the causative agent of bovine tuberculosis (bTB), from tissue samples. 
It is a physical cell separation technique that does not impact cell viability, unlike traditional chemical 
decontamination prior to culture. IMS is performed with paramagnetic beads coated with  M. bovis -specifi c 
antibody and peptide binders. Once captured by IMS,  M. bovis  cells can be detected by either PCR or 
cultural detection methods. Increased detection rates of  M. bovis , particularly from non-visibly lesioned 
lymph node tissues from bTB reactor animals, have recently been reported when IMS-based methods were 
employed.  

  Key words      Mycobacterium bovis   ,   Lymph node tissue  ,   Immunomagnetic separation (IMS)  ,   Isolation  , 
  Detection  ,   IMS-PCR  ,   IMS-culture  

1       Introduction 

 Bovine tuberculosis (bTB), caused by  Mycobacterium bovis , contin-
ues to be a signifi cant animal health issue in many countries of the 
world [ 1 ]. The single intradermal comparative cervical tuberculin 
(SICCT) test, more commonly known as the tuberculin “skin test,” 
is used in many countries to identify bTB “reactor” animals, which 
are then compulsorily slaughtered. At the time of slaughter, meat 
inspectors look for visible lesions typical of bTB in the lymph nodes 
of the head and chest and in the lungs of these animals and excise 
tissue samples to be sent to the bTB testing laboratory to allow con-
fi rmation of  M. bovis  infection status. Tissues are also taken from 
bTB reactor animals displaying no visible lesions (NVL). Currently, 
confi rmation of diagnosis of bTB is reliant on successful isolation of 
 M. bovis  by culture, but this approach can be problematic for a vari-
ety of reasons. There may be small numbers of mycobacteria present 
in the selected tissues, at or below the detection limit of culture, so 
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false-negative culture results may be obtained. Chemical decontami-
nation of the tissues (typically with oxalic acid) prior to culture on 
solid and liquid media is known to signifi cantly reduce the viability 
of  M. bovis  in vitro [ 2 ], which may also lead to false-negative culture 
results. The time to confi rm the presence or absence of  M. bovis  in 
clinical samples by culture can be up to 8 weeks, and any delay in 
confi rmation, as well as false- negative culture results for NVL tis-
sues, has consequences for disease control programs [ 3 ]. 

 Immunomagnetic separation (IMS) is a sample preparation 
technique that aids the selective separation and concentration of 
target bacterial cells from complex food and veterinary sample 
matrices such as milk, feces, blood, and tissues [ 4 ]. It effectively 
selects the desired bacterium out of the sample background micro-
fl ora and sample components by use of microscopic paramagnetic 
beads coated with antibodies (or other appropriate binders) spe-
cifi c for the bacterium of interest. Numbers of target bacterial cells 
may also be concentrated from the test sample by resuspending 
beads in a smaller volume after IMS. IMS has a longer history of 
being employed for food testing [ 5 ] than in the veterinary diag-
nostic laboratory context, but it is becoming more widely used for 
veterinary testing. Several IMS methods for  M. bovis  have been 
published in recent years [ 6 – 9 ]. However, Stewart et al. [ 9 ] 
attempted to optimize the IMS method by evaluating a range of 
novel  M. bovis  binders (polyclonal and monoclonal antibodies, as 
well as phage display-derived 12-mer  M. bovis -specifi c peptide 
binders) they had produced, in order to identify the best bead- 
binder combination to achieve maximal  M. bovis  cell capture 
(Fig.  1 ). Dynabeads ®  MyOne™ Tosylactivated dually coated with a 

  Fig. 1     Mycobacterium bovis  cells captured by monoclonal antibody and biotinyl-
ated 12-mer peptide-coated Dynabeads ®  MyOne™ Tosylactivated—a large clump 
of  M. bovis  cells and an individual cell are clearly seen attached to the beads. Bead 
suspension after IMS was stained by auramine O fl uorescent acid-fast stain       
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monoclonal IgM antibody and a biotinylated 12-mer peptide was 
found to perform best [ 9 ]. The optimized  M. bovis  IMS protocol 
was subsequently used to test a large number of bovine lymph 
node tissues from bTB reactor animals demonstrating either visible 
lesions (VL) or non-visible lesions (NVL), and  M. bovis  cells cap-
tured on the magnetic beads were subsequently detected by touch-
down PCR targeting IS 6110  and MGIT™ liquid culture [ 10 ]. 
Results of this survey indicated that the IMS-based approaches 
confi rmed  M. bovis  infection in more lymph node samples, particu-
larly in NVL tissues from bTB skin test reactor animals, than the 
existing oxalic acid decontamination and solid and liquid culture 
approach. Here, the optimized IMS approaches for isolation and 
detection of  M. bovis  in bovine tissues will be described.

2        Materials 

     1.    Purifi ed mouse anti- Mycobacterium bovis  IgM monoclonal 
antibody (11G3) ( see   Note 1 ).   

   2.    N-terminally biotinylated 12-mer peptide (EEA302) with 
amino acid sequence NFRVSIDVVKSR (10 mg/ml in sterile 
distilled water), custom synthesized by any peptide synthesis 
company.   

   3.    Dynabeads® MyOne™ Tosylactivated (Life Technologies): 
bead diameter 1.08 μm, bead concentration 100 mg beads/
ml (approx. 10 12  beads/g), surface area 8 m 2 /g ( see   Note 2 ).   

   4.    Coating buffer: 0.1 M sodium borate buffer pH 9.5, prepared 
by dissolving 6.183 g H 3 BO 3  (MW 61.83) in 800 ml distilled 
water, adjusting pH to 9.5 using 5 M NaOH and then adjust-
ing volume to 1,000 ml with distilled water.   

   5.    3 M ammonium sulfate: prepared in coating buffer by dissolv-
ing 39.6 g (NH 4 ) 2 SO 4  (MW 132.1) in 0.1 M sodium borate 
(pH 9.5), adjusting pH (if necessary) and then adjusting vol-
ume to 100 ml.   

   6.    Phosphate buffered saline pH 7.4 (PBS): 0.01 M phosphate 
buffered saline composed of 0.138 M sodium chloride and 
0.0027 M potassium chloride, pH adjusted to 7.4.   

   7.    Washing and storage buffer for beads (PBS/BSA/T20): phos-
phate buffered saline pH 7.4 (PBS) with 0.1 % (w/v) bovine 
serum albumin and 0.05 % (w/v) Tween 20 added.   

   8.    Wash buffer for IMS (PBS/T20): phosphate buffered saline 
pH 7.4 (PBS) with 0.05 % (w/v) Tween 20 added.   

   9.    Tris-EDTA buffer (pH 8.0): 10 mM Tris–HCl and 1 mM 
disodium EDTA, pH adjusted to 8.0.   

   10.    Reagents for conventional PCR reactions (for post-IMS detec-
tion of  M. bovis  by PCR): DNA polymerase enzyme and 
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respective 10× buffer, primers INS1 (5′-cgt gag ggc atc gag 
gtg gc-3′) and INS2 (5′-gcg tag gcg tcg gtg aca aa-3′) [ 11 ], 
MgCl 2  (25 mM), dNTPs (25 mM), and distilled PCR-grade 
water. In this protocol, a PCR SuperMix is employed for PCR 
reactions (Platinum ®  Blue PCR SuperMix, Life Technologies).   

   11.    BBL™ MGIT™ culture tubes for  M. bovis  previously supple-
mented with BBL™ MGIT™ OADC and BBL™ MGIT™ 
PANTA supplements (Becton Dickinson) (for post-IMS 
detection of  M. bovis  by culture).   

   12.    Equipment and other supplies: centrifuge; magnetic rack; 
Stuart rotator mixer (or similar); Dynal BeadRetriever™ and 
respective tube and tip strips (Life Technologies) (not neces-
sary if using the manual IMS procedure); thermal cycler, elec-
trophoresis apparatus, and UV transilluminator (for post-IMS 
detection of  M. bovis  by PCR); MGIT 960 instrument (Becton 
Dickinson) (for post-IMS detection of  M. bovis  by culture); 
sterile mortar, sterile sand, and pestle.      

3     Methods 

  This coating procedure is essentially as described in the pack insert 
accompanying Dynabeads ®  MyOne™ Tosylactivated ( see   Note 2 ).

    1.    Transfer 250 μl of uncoated Dynabeads ®  MyOne™ 
Tosylactivated to a sterile microcentrifuge tube.   

   2.    Wash beads twice with 1 ml of coating buffer, separating on a 
magnetic rack for 2 min between washes.   

   3.    Resuspend beads in 100 μl of coating buffer and vortex 
thoroughly.   

   4.    Premix 50 μl of N-terminally biotinylated 12-mer peptide and 
50 μl of purifi ed mouse anti- M. bovis  monoclonal IgM anti-
body ( see   Notes 1  and  3 ); add to activated beads and mix by 
vortexing.   

   5.    Add a further 735 μl of coating buffer and mix again by 
vortexing.   

   6.    Add 415 μl of 3 M ammonium sulfate and mix by vortexing.   
   7.    Incubate overnight at 37 °C with “end-to-end” mixing on a 

Stuart rotator mixer (or similar) at 10 rpm.   
   8.    Wash freshly coated beads twice with 1 ml of washing buffer, 

separating on a magnetic rack for 2 min between washes.   
   9.    Resuspend coated beads in 500 μl storage buffer, which is 

twice the original volume of uncoated beads used. This fi nal 
volume is suffi cient for 50 IMS reactions when 10 μl of coated 
beads are used per 1 ml test sample.   

3.1  Coating 
Dynabeads ®  MyOne™ 
Tosylactivated 
with Phage Display-
Derived Peptide 
and Monoclonal IgM 
Antibody

Irene R. Grant and Linda D. Stewart



157

   10.    The Dynabeads ®  MyOne™ Tosylactivated are now coated and 
ready for use. They should be stored at 2–8 °C until required 
( see   Note 4 ).    

    For health and safety reasons all procedures involving bovine tis-
sues containing, or potentially containing,  M. bovis  must be carried 
out in a class 1 biological safety cabinet located in a containment 
level 3 laboratory facility.

    1.    Transfer approx. 3 g of cubed lymph node material to a sterile 
mortar, add sterile sand, and grind thoroughly with pestle.   

   2.    Add 4.5 ml of sterile phosphate buffered saline pH 7.4 (PBS) 
and grind further (=1:1.5 dilution).   

   3.    Transfer sample to centrifuge tube and centrifuge at 300 ×  g  for 
3 min to sediment sand and tissue particulates.   

   4.    Make a 1:10 dilution of clarifi ed lymph node tissue superna-
tant in sterile PBS ( see   Note 5 ) and use 1 ml of this dilution 
(=1:15 dilution of original lymph node sample) for immuno-
magnetic separation (IMS).    

         1.    Add 10 μl of dually coated (Mab 11G3 and biotinylated pep-
tide EEA302) Dynabeads ®  MyOne™ Tosylactivated to fi rst 
well of BeadRetriever™ tube strip, 1 ml of PBS/T20 buffer in 
the next 2 wells, and an appropriate volume of buffer, depend-
ing on subsequent endpoint detection method (PCR or cul-
ture;  see  later), to 4th well.   

   2.    Transfer 1 ml of the 1:10 dilution of the clarifi ed lymph node 
tissue supernatant to the 1st well of the BeadRetriever™ tube 
strips. Fifteen samples can be processed at the same time.   

   3.    Transfer tube rack containing samples to BeadRetriever™ 
machine.   

   4.    Pre-wet BeadRetriever™ tip strips (magnet covers) by dipping 
each tip briefl y in PBS/T20 and slide into place in 
BeadRetriever™ machine ( see   Note 6 ).   

   5.    Perform automated IMS using “environmental” program. 
This preloaded IMS program consists of a 35-min incubation 
period in well 1 of the bead retriever strip with mixing at a 
medium speed throughout. The beads are then captured and 
transferred to well 2 and washed for 1 min at a medium speed. 
During the next stage, the beads are transferred to well 3 and 
washed again for 1 min at medium speed. Finally, the beads are 
transferred to well 4 ( see   Note 7 ) where they are released using 
a 10-s high- speed mix into an appropriate buffer, depending 
on which endpoint detection method is going to be applied 
( see  below).      

3.2  Lymph Node 
Preparation for IMS

3.3  Immuno-
magnetic Separation

3.3.1  Automated 
Immunomagnetic 
Separation (IMS) Using 
Dynal BeadRetriever™
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  In the absence of a Dynal BeadRetriever™, IMS may be performed 
manually ( see   Note 8 ) using 1.5 ml microcentrifuge tubes and a 
suitable magnetic rack ( see   Note 9 ).

    1.    Distribute 10 μl of dually coated (Mab 11G3 and biotinylated 
peptide EEA302) Dynabeads ®  MyOne™ Tosylactivated into 
suffi cient sterile microcentrifuge tubes for the number of sam-
ples to be tested ( see   Note 10 ).   

   2.    Dispense 1 ml of 1:10 dilution of clarifi ed lymph node tissue 
supernatant into tubes containing beads, vortex briefl y, and 
then place on Stuart rotator mixer (or similar rotating mixer) 
at room temperature for 30 min at 10 rpm.   

   3.    Transfer tubes to a suitable magnetic rack and separate beads 
for 10 min before removing supernatants carefully with 
pastettes and discarding into suitable disinfectant. Keep mag-
net in place throughout and be careful to avoid loss of beads 
with sample ( see   Note 11 ).   

   4.    Dispense 1 ml PBS/T20 into each tube, remove magnet from 
rack, and shake samples thoroughly.   

   5.    Replace magnet for 2 min to capture beads then remove and 
discard spent PBS/T20.   

   6.    Repeat  steps 4  and  5  again (=second wash step).   
   7.    Resuspend beads in a buffer appropriate for subsequent detec-

tion by PCR or culture ( see  below).    

          1.    Resuspend beads after IMS in 100 μl Tris-EDTA buffer 
(pH 8.0), transfer bead suspension from well 4 of tube strip to 
screw-capped microcentrifuge tube, and boil for 25 min at 
100 °C in a water bath to inactivate bound  M. bovis  cells and 
release DNA. Centrifuge tubes briefl y to sediment cell debris 
and beads and use supernatant as template DNA.   

   2.    Each PCR reaction consists of 45 μl Platinum ®  Blue PCR 
SuperMix ( see   Note 13 ) plus 1 μM of primers INS1 and INS2 
[ 11 ], 2 mM MgCl 2 , and 5 μl of template DNA.   

   3.    Perform touchdown PCR amplifi cation on a thermal cycler 
with an initial denaturation step of 96 °C for 3 min, followed 
by 8 cycles of denaturation at 96 °C for 1 min, annealing tem-
peratures starting at 72 °C for 1 min (decreasing by 1 °C/
cycle), and 72 °C for 1 min for extension. This step is followed 
by 30 cycles of 96 °C for 1 min, 65 °C for 1 min, 72 °C for 
2 min, and a fi nal extension at 72 °C for 8 min before holding 
at 4 °C.   

   4.    Visualize PCR products using 2 % agarose gel electrophoresis 
and ethidium bromide staining.      

3.3.2  Manual IMS Using 
Magnetic Rack

3.4   M. bovis  
Detection Options 
Post-IMS

3.4.1  Touchdown IS6110 
PCR ( See   Note 12 )
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      1.    Resuspend beads after IMS in 100–300 μl ( see   Note 14 ) of 
PBS and inoculate into a BBL™ MGIT™ tube previously sup-
plemented with BBL™ MGIT™ OADC and BBL™ MGIT™ 
PANTA as per usual practice for  M. bovis  culture.   

   2.    Incubate MGIT™ culture tubes in MGIT 960 instrument for 
up to 8 weeks at 37 °C.   

   3.    Examine any IMS-MGIT™ culture that indicates growth posi-
tive on the MGIT™ system throughout the incubation period 
for the presence of acid-fast bacteria typical of  M. bovis  by Ziehl- 
Neelsen (ZN) staining. A subsample of each acid-fast positive 
IMS-MGIT™ culture should be sent for genotyping (by spoli-
gotyping) after boiling in a screw-capped microcentrifuge tube 
for 25 min at 100 °C in a water bath (to render samples safe to 
be taken out of containment level 3 laboratory).   

   4.    At the end of the 8-week incubation period, a subsample 
(100 μl) of all IMS-MGIT™ cultures that have not indicated 
growth positive on the MGIT™ 960 system, or have indicated 
growth positive but tested ZN negative ( see   Note 15 ), is trans-
ferred to screw-capped microcentrifuge tubes and boiled for 
25 min at 100 °C in a water bath (to render samples safe to be 
taken out of containment level 3 laboratory) and then sub-
jected to touchdown IS 6110  PCR (as described above) in 
order to detect the presence of low numbers of viable  M. bovis  
which may not have reached detection threshold of either 
MGIT™ system or ZN staining.        

4     Notes 

     1.    The monoclonal antibody (11G3) was jointly produced by 
Queen’s University Belfast and the Agri-Food and Biosciences 
Institute for Northern Ireland [ 9 ]. Other anti- M. bovis  poly-
clonal or monoclonal antibodies may be available commercially 
or may have been generated in-house by other research groups. 
Any such antibody could potentially be used to coat Dynabeads ®  
MyOne™ Tosylactivated for IMS purposes; however, there is 
no guarantee that capture of  M. bovis  will be as good as when 
 monoclonal antibody 11G3 is used in conjunction with the 
12-mer peptide. An experiment to assess the detection sensitiv-
ity of such coated beads should be carried out, as described by 
Stewart et al. [ 9 ], to verify good  M. bovis  capture capability 
before adoption of an alternative IMS protocol.   

   2.    Other types and sizes of surface-activated magnetic beads are 
commercially available. If a different type of bead is employed, 
then the bead coating protocol may differ, so follow the manu-
facturer’s instructions accordingly.   

3.4.2  MGIT™ 
(Mycobacteria Growth 
Indicator Tube) Culture

Immunomagnetic Separation of Mycobacterium bovis
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   3.    This combination of  M. bovis  binders with Dynabeads ®  
MyOne™ Tosylactivated was empirically shown to be the best 
bead-binder combination for maximal capture of  M. bovis  from 
buffer and animal tissue homogenates [ 9 ].   

   4.    If the coated beads are not used within 2–3 weeks, it is recom-
mended to “refresh” the storage buffer by separating beads on 
magnetic rack, removing spent storage buffer, and adding 
freshly prepared storage buffer.   

   5.    This 1:10 dilution of the clarifi ed lymph node supernatant 
proved necessary to permit beads to associate freely with  M. 
bovis  cells within the tissue sample during capture phase of IMS.   

   6.    This is an important step because if not pre-wetted, the beads 
tend to stick to the plastic tips which may reduce the number 
of beads recoverable.   

   7.    Automated IMS achieves greater cleanup of beads because 
beads move from well to well, leaving original sample behind 
in well 1.   

   8.    Manual IMS achieves capture of target bacterium but, as beads 
stay in same tube throughout all steps in the process, the same 
degree of cleanup of beads is not achieved as when automated 
BeadRetriever™ protocol is used.   

   9.    Larger sample volumes (10–50 ml) could be tested if magnetic 
racks for 10 ml or 50 ml tubes are available; however, in our 
experience larger sample volumes and racks are more diffi cult 
to work with. Beads tend not to be held as securely at the mag-
net interface when using the larger volume racks, so there is 
more risk of losing them and hence bound  M. bovis  cells during 
the washing steps.   

   10.    Vortex and coated beads thoroughly immediately before use to 
ensure uniform dispersal and equal numbers of beads added 
per test sample.   

   11.    The beads may visibly slide down back of tube and could easily 
be aspirated (and any bound  M. bovis  lost) when initial removal 
of sample takes place, so care must be exercised at this point. 
However, as washing steps proceed, the beads will be observed 
to be more tightly held by the magnet.   

   12.    A published touchdown PCR specifi c for  M. tuberculosis  com-
plex [ 11 ] was employed by Stewart et al. [ 10 ]. However, any 
 M. bovis -specifi c PCR method, such as Taylor et al. [ 12 ], could 
potentially substitute the touchdown PCR described here.   

   13.    A PCR SuperMix was used because, when so many samples 
were being processed, we found it easier and quicker than 
pipetting out each component of the PCR reaction.   

   14.    Volume of buffer to resuspend beads in will be dictated by 
whether only a MGIT tube is being inoculated or a MGIT 
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tube plus two slopes of a solid culture medium. Remember, 
only if you resuspend beads in a smaller volume after IMS will 
concentration of the  M. bovis  cells from the original sample be 
achieved (e.g., 1 ml of sample volume subjected to IMS and 
beads resuspended in 100 μl of buffer or broth = 10× concen-
tration of  M. bovis  numbers).   

   15.    Stewart et al. study [ 10 ] demonstrated that if only ZN staining 
is relied upon to confi rm presence of  M. bovis  in MGIT cul-
tures, then some samples containing low numbers of viable  M. 
bovis  will be missed (false-negative culture result). Hence, we 
advocate that all MGIT cultures should undergo fi nal PCR 
check before disposal. There was also some suspicion that the 
presence of the beads may have interfered with the MGIT™ 
960 detection system, although this is not proven currently.         
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    Chapter 12   

 Detection of Fish Pathogens by Loop-Mediated Isothermal 
Amplifi cation (LAMP) Technique 

           Hatem     Soliman    ,     Mona     Saleh    , and     Mansour     El-Matbouli    

    Abstract 

   Rapid detection of fi sh pathogens is mandatory for applying the crucial preventive and control measures to 
reduce fi sh losses and, consequently, minimize the economic impact of diseases on the fi sh farm owners. The 
currently used molecular diagnostic tools of fi sh infectious agents, such as PCR and RT-PCR, are sensitive 
and specifi c but still have some drawbacks. These tools are usually time consuming and laborious, need 
skilled persons, and require sophisticated devices to be performed. Therefore, next-generation tools for 
rapid diagnosis of fi sh infectious diseases were developed to conquer these shortages. One of these novel 
tools is the loop-mediated isothermal amplifi cation (LAMP) technique. LAMP is considered a more advan-
tageous tool than PCR because it needs only a heating block or a thermostatically controlled water bath as 
a source of constant temperature. It is considered to be more specifi c than the PCR assay as it uses 4–6 
primers, which may diminish the occurrence of false-positive results. The time required for the amplifi cation 
process by LAMP is ranging from 30 min to 1 h comparing to 3–5 h in the case of PCR. The visual detec-
tion methods coupled with the LAMP assay eliminates the post-run processing for detection of the ampli-
fi cation products. Its sensitivity is either comparable with the PCR or better than it. A variety of LAMP 
assays were developed for simple and rapid detection of a diversity of fi sh pathogens. Herein, we describe 
how to perform a LAMP assay and troubleshoot any potential problem arising during the process.  

  Key words     Diagnosis of fi sh infectious diseases  ,    Bst  polymerase enzyme  ,   Visual detection  ,   Lateral fl ow 
strips  ,   Loop primers  ,   SYBR Green I stain  ,   Fluorescent detection reagent (FDR)  ,   FITC-labeled DNA 
probe  ,   Biotin-labeled primer  

1       Introduction 

 In the past centuries, diagnosis of fi sh infectious diseases was con-
ventional and based on clinical signs, postmortem examination, 
and isolation of the etiological agents, followed by phenotypic and 
serological confi rmation or histopathological investigations [ 1 ,  2 ]. 
However, these techniques have some drawbacks, such as lack of 
specifi city and inadequate sensitivity to detect pathogens present in 
low numbers or in the absence of the disease clinical signs [ 3 ]. 
Therefore, a new generation of diagnostic techniques was in 
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request. By discovery of nucleic acid amplifi cation technologies, 
diagnosis of infectious diseases became more specifi c, rapid, and 
sensitive [ 4 ]. These techniques, as leading methods in detecting 
small quantities of nucleic acids, improved the detection of various 
kinds of pathogens [ 5 ]. Molecular research has demonstrated not 
only the ability to identify pathogenic species but also to identify 
particularly virulent strains [ 6 ]. The most extensively used tool for 
nucleic acid amplifi cation of infectious agents is the polymerase 
chain reaction (PCR) [ 7 ]. However, PCR-based methods have 
some drawbacks, such as the need of thermal cycling sophisticated 
instruments for the amplifi cation process, they are relatively time 
consuming, and usually request complicated post-run analysis for 
the detection of the amplifi ed products [ 8 ]. A next-generation 
nucleic acids amplifi cation technique was recently developed to 
overcome the PCR disadvantages and to offer an isothermal assay 
for the detection of infectious agents [ 9 ]. Loop-mediated isother-
mal amplifi cation (LAMP) was developed as a simple, rapid tech-
nique for effi cient amplifi cation of nucleic acids using a heating 
block or a thermostatically controlled water bath, to provide a con-
stant temperature, with high specifi city and sensitivity [ 10 ]. LAMP 
is based on auto-cycling strand displacement activity of the  Bst  
DNA polymerase large fragment for DNA synthesis [ 10 ,  11 ]. The 
assay is carried out at a constant temperature between 60 and 
65 °C, usually within 1 h. Four specially constructed primers are 
necessary to perform LAMP assays [ 10 ]. The use of these primers 
improves the specifi city of the assay as it recognizes six distinct 
regions on the target DNA [ 10 ]. By the use of one or two addi-
tional primers (loop primers), not only the duration of the assay 
will be reduced but also the specifi city of the assay will be increased; 
as in this case the six primer sets will recognize eight different 
sequences on the target DNA, which may aid in the elimination of 
any false-positive results [ 12 ]. A valuable advantage of LAMP is 
the possibility of amplifi cation of RNA templates through reverse- 
transcription loop-mediated isothermal amplifi cation (RT-LAMP). 
In addition to the LAMP reagent mixture, a reverse transcriptase 
enzyme will be used under the same temperature and within the 
same time range [ 13 ]. The sensitivity of the LAMP assay is either 
comparable to that of PCR or sometimes is superior to it [ 14 ]. 
More recently, LAMP technology has been developed into com-
mercial kits for detection of a variety of pathogens [ 15 ]. Detection 
of infectious agents with LAMP comprises three steps: sample 
preparation, amplifi cation and detection of the amplifi ed products. 
While the amplifi cation step is already optimized to be carried out 
in 30 min to 1 h, still the sample preparation and detection steps 
may be time consuming. We tried to simplify the sample prepara-
tion step and reduce its processing time by using immunocapture 
and direct binding approaches to replace the DNA extraction 
 procedures [ 16 ]. These new techniques reduced not only the 
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processing time to 15–30 min but also the cost of the sample prep-
aration step as there is no need for nucleic acid extraction kits. 
LAMP yields a large amount of DNA and a pyrophosphate by-
product, which enabled the development of simple visual detection 
methods of the amplicons without costly specialized equipments 
[ 17 ]. In addition to SYBR Green I, fl uorescent detection reagent, 
and cationic polymers, nucleic acid lateral fl ow assays have been 
used for the visual detection of the LAMP products [ 14 ,  18 ]. 
LAMP and RT-LAMP have thus been used successfully for the 
detection of a variety of fi sh pathogens. Herein, we describe how 
can LAMP and RT-LAMP assays be performed correctly in order 
to help the veterinarians to reach a rapid and accurate fi eld diagno-
sis with reduced costs.  

2     Materials 

       1.    LAMP uses a mixture of 4–6 primers, depending on the use of 
one or two additional loop primers ( see   Note 1 ). The primer 
designations are usually outer forward primer (F3), outer back-
ward primer (B3), forward inner primer (FIP), backward inner 
primer (BIP), forward loop primer (FLP), and backward loop 
primer (BLP).  See  Table  1  for examples of LAMP primer sets 
that we have recently described for the detection of viral hem-
orrhagic septicemia virus (VHS), of infectious pancreatic necro-
sis virus (IPNV), and of Cyprinid herpesvirus-3 (CyHV-3).

       2.    Primers stock solutions: primers are ordered and come from 
the synthesis company with a specifi cation sheet that usually 
contains all the information required to rehydrate the primers. 
For each of the LAMP primers, add the recommended amount 
of PCR-grade water and mix it well to get a primer stock solu-
tion of 100 pmol/μl. Prepare several aliquots from these stocks 
to avoid degradation by repeated freezing and thawing, and 
keep it at −20 °C until used.   

   3.    Primers working solutions: the working concentrations of 
LAMP primers solutions may be as following—10 pmol/μl of 
F3 and B3; 80 pmol/μl of FIP and BIP; and 40 pmol/μl of 
FLP and BLP. Prepare 100 μl of each LAMP primer working    
solution as indicated below.

   Primers F3 and B3: mix 10 μl from the correspondent 
100 pmol/μl primer stock solution with 90 μl of 
PCR-grade water.  

  Primers FIP and BIP: mix 80 μl from the correspondent 
100 pmol/μl primer stock  solution with 20 μl of 
PCR-grade water.  

  Primers FLP and BLP: mix 40 μl from the correspondent 
100 pmol/μl primer stock solution with 60 μl of 
PCR-grade water.  

2.1   Primers

LAMP as a Diagnostic Technique of Fish Pathogens
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  Primer mix: prepare the primer mix by thorough mixing 
of equal volumes from each LAMP primer working 
solution in a new microcentrifuge tube, and keep it at 
−20 °C until used ( see   Note 2 ).         

      1.    10× LAMP reaction buffer: 20 mM Tris–HCl, pH 8.8, 10 mM 
KCl, 1.5 mM MgSO 4 , 10 mM (NH 4 ) 2 SO 4 , 0.1 % Triton 
X-100 (e.g., 10× Thermopol ®  reaction buffer, New England 
BioLabs, GmbH, Frankfurt, Germany).   

   2.    5 M betaine solution.   

2.2  Reagents 
and Other Materials 
for LAMP Reactions 
and Direct Product 
Detection

   Table 1  

  Sequences of LAMP primers    targeting relevant viral fi sh pathogens   

 Target virus  Primer sequences (5′–3′)  References 

 VHS a    F3 —GGS AAG CAA GGA YCA CGA G  [ 13 ] 

  B3 —CAG GTG TCC YTC TAG TGT TTC 

  FIP —GAT CCA CCG ATA CTG TTT TTG GGG TTT TCC CGT TCT 
TCC CTG AAC CC 

  BIP —ARG GGG TYT GCA CAR CCT CGC TTT TCG ACK YGG 
GRC AAK GGG C 

  FLP —GTT ATG TCC TTA TGG ACA TTG 

  BLP —GTC AAA CTC ATT GGC AGG G 

 IPNV b    F3 —CCA ATC TGC GGT GTA GAC AT  [ 14 ] 

  B3 —CAT CAG CTC TCC CAG GTA CT 

  FIP —CCT CCT CGT CCA CTC CTG GTT TTT CCA TCG CAG 
CCC ATG AAC 

  BIP —TGC GAA ACA CAT CCC TGG CCT TTT TCT TGT TGG AGC 
CCT TTG C 

  FLP —CGA TGA GTG GCA GCC CTT 

  BLP —GAT CCA GAC CGG AAC CCT G 

    CyHV-3 c    F3 —TGC AGC AGC CCT TCA AG  [ 16 ,  18 ] 

  B3 —GAC ACA CCG CCT GGT AAG 

  FIP —TGC ACA CCG CCG TCA GCT CAG GTG ACG GCG TTG GT 

  BIP —GAA GTG CAA GAT GCG CGA CGA CTC GGC GCC TCC AA 

  FLP —GTC CAG CTT GTC CGC CAT G 

  BLP —CAC CCT TCA CCG TCA GAA TCT C 
   a Viral hemorrhagic septicemia virus 
  b Infectious pancreatic necrosis virus 
  c Cyprinid herpesvirus-3  
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   3.    100 mM dNTPs mix solution.   
   4.    25 mM MgSO 4  ( see   Note 3 ).   
   5.     Bst  DNA polymerase, large fragment (New England BioLabs, 

GmbH, Frankfurt, Germany).   
   6.    PCR-grade water.   
   7.    Enhanced Avian Myeloblastosis Reverse Transcriptase (eAMV) 

(Sigma–Aldrich, GmbH, Schnelldorf, Germany).   
   8.    SYBR Green I nucleic acid stain, 10,000× concentrate in 

DMSO. To prepare the working dilution (1:10 in DMSO), 
mix 1 μl of SYBR Green I nucleic acid stain 10,000× concen-
trate with 9 μl DMSO, and then make aliquots of 1 μl each and 
keep it at −20 °C until used.   

   9.    Fluorescent detection reagent (FDR) (Eiken Chemical Co. Ltd., 
Japan).      

      1.    Lateral fl ow strips for nucleic acid detection (Milenia GenLine 
HybriDetect, Milenia Biotec GmbH, Bad Nauheim, 
Germany). It contains dipsticks and assay buffer.   

   2.    5′ end biotin-labeled FIP primer (prepared as in Subheading  2.1 ).   
   3.    5′ end FITC-labeled DNA probe ( see   Note 4 ).       

3     Methods 

 LAMP reaction mixtures should be prepared on ice. After thawing, 
LAMP reagents and primers should be thoroughly mixed by vor-
texing and then spin-down and kept on ice until used. Carefully 
follow all waste disposal regulations when disposing waste 
materials. 

       1.    LAMP reactions are usually carried out in a total volume of 
25 μl.   

   2.    Prepare the master mix, which consists of all the reagents 
needed for one sample multiplied by the number of samples to 
test plus the positive and no-template controls and one addi-
tional sample to overcome eventual pipetting errors.   

   3.    The reagents needed for one LAMP reaction are 2.5 μl of 10× 
reaction buffer, 8 μl of 5 M betaine solution, 0.7 μl of 100 mM 
dNTPs solution ( see   Note 5 ), 3 μl of primer mix ( see   Note 6 ), 
2 μl of 25 mM MgSO 4  solution ( see   Note 3 ), 1 μl (8 units) of 
 Bst  DNA polymerase, and 5.8 μl PCR-grade water to complete 
the volume to 23 μl.   

   4.    After mixing the reagents of the master mix, dispense 23 μl in 
each tube labeled with the sample number.   

2.3  Detection 
of LAMP Products 
Using Lateral 
Flow Strips

3.1  Amplifi cation 
of DNA Templates 
by LAMP
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   5.    Add 2 μl of sample DNA to each tube ( see   Note 7 ). In the 
positive control tube, add 2 μl of the relevant DNA solution, 
while in the no-template control, add 2 μl of PCR-grade water.   

   6.    Incubate the reaction tubes in a water bath or heating block at 
65 °C for 1 h.   

   7.    After incubation, inactivate the enzyme at 85 °C for 3 min and 
proceed to the products detection methods.      

      1.    Perform as described previously for the amplifi cation of DNA 
templates (in Subheading  3.1 ) with the following modifi ca-
tions: the reaction mixture will contain 2.5 μl of 10× reaction 
buffer, 8 μl of 5 M betaine solution, 0.7 μl of 100 mM dNTPs 
solution ( see   Note 5 ), 3 μl of primer mix ( see   Note 6 ), 2 μl of 
25 mM MgSO 4  solution ( see   Note 3 ), 1 μl (20 units) of eAMV 
reverse transcriptase ( see   Note 8 ), 1 μl (8 units) of  Bst  DNA 
polymerase, and 4.8 μl PCR-grade water to complete the vol-
ume to 23 μl.   

   2.    After dispensing 23 μl of the master mix in each tube, add 2 μl 
of sample RNA ( see   Note 7 ). In the positive control tube, add 
2 μl of the relevant RNA solution, while in the no-template 
control, add 2 μl of PCR-grade water.      

  Visual inspection is the simplest and fastest method for detection 
of the LAMP products. Herein, we describe the close-to-fi eld 
methods that may be used for this purpose. 

      1.    After termination of the LAMP reaction, spin-down the reac-
tion tubes ( see   Note 9 ).   

   2.    Add 1 μl of 1:10 diluted SYBR Green I stain to each reaction 
tube, mix by pipetting, and observe the results.   

   3.    The reaction mixture will turn green in the presence of LAMP 
products while it will remain orange in their absence (Fig.  1 ).

       4.    The positive control must be green in color and the no- 
template control must be orange.      

      1.    During the preparation of the master mix, add 1 μl of FDR to 
the reaction mixture and reduce the amount of the PCR-grade 
water to 4.8 μl in the case of DNA amplifi cation or 3.8 μl in 
the case of RNA amplifi cation.   

   2.    After completion of the LAMP reaction, expose the reaction 
tubes to the UV illumination (wavelength of 254 nm).   

   3.    Samples containing LAMP products will yield a green fl uores-
cence while negative samples will not yield any green fl uores-
cence (Fig.  2 ).

       4.    The positive control must yield a green fl uorescence and the 
no-template control will not produce any green fl uorescence.      

3.2  Amplifi cation 
of RNA Template 
by RT-LAMP

3.3  Detection 
of LAMP Products

3.3.1  Using SYBR Green 
I Nucleic Acid Stain

3.3.2  Using Fluorescent 
Detection Reagent (FDR)
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  Fig. 1    Visual detection of LAMP products using SYBR Green I nucleic acid stain. 
In tube A, the color of the reaction mixture changed to  green , indicating the pres-
ence of the LAMP product ( positive reaction ). In tube B, the color of the reaction 
mixture remained  orange , indicating the absence of LAMP products ( negative 
reaction )       

  Fig. 2    Visual detection of LAMP products using fl uorescent detection reagent 
(FDR). In tube A, the reaction mixture is emitting a green fl uorescence under UV 
light (wavelength of 254 nm) indicating the presence of LAMP products ( positive 
reaction ). In tube B, the reaction mixture is not emitting green fl uorescence, indi-
cating absence of the LAMP products ( negative reaction )       
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      1.    Replace the unlabeled FIP primer with the biotin-labeled FIP 
version in the preparation of the primer mix.   

   2.    After fi nishing of the LAMP reaction, add 10 pmoles of the 
FITC-labeled DNA probe to the LAMP products ( see   Note 
10 ), denature at 95 °C for 1 min, and then incubate at 60 °C 
for 5 min ( see   Note 11 ).   

   3.    Mix 8 μl of the hybridized products with 150 μl of the assay 
buffer in a new tube, dip the lateral fl ow strip into the mixture, 
and observe the result.   

   4.    Samples that produce two purple bands in the strip ( see   Note 
12 ) are considered to be positive, meaning that specifi c LAMP 
products were amplifi ed, while negative samples produce only 
one purple band, correspondent to the control line (Fig.  3 ).

       5.    The positive control must also produce two purple bands while 
the no-template control must produce one band.        

4     Notes 

     1.    Usually, four primers (F3, B3, FIP, and BIP) must be used to 
perform the LAMP assay. No LAMP products will be pro-
duced in the absence of these primers. One or two additional 
loop primers (FLP and BLP) may be used, depending on the 
target sequence used to construct the primers. Sometimes the 
target sequence does not enable the design of any loop primer 
or will enable the design of one (forward or reverse) or two 
loop primers. These primers, if present, will usually accelerate 

3.3.3  Using Lateral Flow 
Dipsticks

  Fig. 3    Detection of LAMP products using nucleic acid lateral fl ow strips. The strip 
labeled as “pos” is the positive control showing two  purple bands  ( positive reac-
tion ). Strips 1–6 correspond to positive samples, demonstrating two  purple 
bands  at both the control and test lines. Strips 7–9 correspond to negative sam-
ples showing only one  purple band  on the control line. Strip labeled as “neg” is 
the no- template control (Color fi gure online)       
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the amplifi cation process and increase its specifi city. LAMP 
primers may be designed from target sequences using the 
 software program (PrimerExplorer V4, Net Laboratory, 
Tokyo, Japan) from Eiken Chemical (  https://primerexplorer.
jp/e/    ). The program generates a huge number of primer sets 
(may reach 1,000 primer sets). Generated primer sets should 
be selected avoiding the potential formation of primer dimers 
and according to the stability of the primers ends which should 
be below −4 kcal/mol.   

   2.    The preparation of a primer mix containing all of the 4–6 
LAMP primers in only one solution will reduce pipetting pro-
cedures and potential errors and will make the preparation of 
the master mix easier.   

   3.    MgSO 4  concentration is a key factor in the LAMP assay and 
must be optimized for each primer set. If the amount of MgSO 4  
is not optimized in the reaction mixture, no LAMP products 
will be produced. As stated in the composition of the 
ThermoPol ®  reaction buffer, it contains already 1.5 mM of 
MgSO 4 . To adjust the fi nal MgSO 4  concentration in the reac-
tion mixture, we know that the addition of 1 μl of the 25 mM 
MgSO 4  will increase its concentration by 1 mM, when the end 
volume of the reaction mixture is 25 μl. For example, for a fi nal 
MgSO 4  concentration of 4.5 mM, we will have to add 3 μl of 
the 25 mM MgSO 4  solution to the reaction mixture.   

   4.    One of the loop primers (FLP or BLP), if present, can be used 
as a probe, after labeling it with FITC at the correspondent 5′ 
end. In this case, the selected loop primer (unlabeled) should be 
omitted from the LAMP reaction mixture. This means that for 
a LAMP reaction if we have 6 primers (F3, B3, FIP, BIP, FLP, 
and BLP) and we select the FLP primer to be labeled at its 5′ 
end and used it as a probe so, the primer mix will be performed 
using the rest 5 primers only (F3, B3, FIP, BIP, and BLP).   

   5.    The concentration of the dNTPs in the reaction mixture is 
much higher than in standard PCR reactions and may need to 
be optimized for each LAMP assay.   

   6.    The amount of primer mix will depend on the number of prim-
ers included in the mix ( see   Note 1 ). If it contains 6 primers 
(when including both loop primers), 3 μl will be added to the 
reaction mixture; if it contains 5 primers (with only one loop 
primer), 2.5 μl will be added; fi nally, if it contains 4 primers 
(without loop primers), only 2 μl of the primer mix will be 
added to the reaction mixture. The amount of added PCR- 
grade water must be adjusted accordingly. Primers concentra-
tions in the reaction mixture will be 0.2 μM of F3 and B3, 
1.6 μM of FIP and BIP, and, if present, 0.8 μM of FLP and/or 
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BLP. The primer concentrations in the reaction mixture may 
need to be optimized for different primer sets. It is found that 
increasing the concentration of the FIP and BIP, and of the loop 
primers if present, may improve the sensitivity of the LAMP 
assays. However, increasing the concentrations of the F3 and B3 
primers should have no effect on the sensitivity since these outer 
primers are only used for initiating the amplifi cation reaction.   

   7.    The full description of viral nucleic acid extraction procedures 
from biological fi sh samples is out of the scope of this chap-
ter but several “in-house” and commercial approaches are 
available and widely described in the literature. Please also 
refer to our previous published work for examples of RNA 
and DNA extraction procedures from clinical fi sh samples 
[ 13 ,  14 ,  16 ,  18 ].   

   8.    eAMV reverse transcriptase is preferable as it works under high 
temperatures (up to 65 °C), which is the same temperature of 
the LAMP reaction.   

   9.    This procedure is needed to remove any droplets from the 
inner side of the lid, to prevent any contamination when 
 opening the tubes.   

   10.    The amount of added FITC-labeled DNA probe will have to 
be optimized for each LAMP reaction [ 18 ]. When setting up a 
new assay, the optimum amount of the probe can be deter-
mined by testing different concentrations. The hybridization 
of the probe with the amplifi cation products may also be opti-
mized under different temperatures and incubation times. The 
probe concentration that yields the highest intensity of the 
purple color band on the lateral fl ow strip, at the selected incu-
bation temperature and time, will be chosen as the optimum 
concentration.   

   11.    This incubation is for the hybridization between the probe and 
the complementary LAMP products.   

   12.    This type of strips contains two marked lines (control and test 
lines). The control line (on top of the strip) should always yield 
a purple color, since it confi rms that the capillary lateral fl ow of 
the products was correctly performed and that the strips are 
not expired. The test line will yield a purple color only in the 
presence of specifi c LAMP products. If the strip develops only 
a purple band in the test line, but without the correspondent 
control band, nonspecifi c reactions may have occurred and the 
assay did not performed correctly.         
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    Chapter 13   

 Direct Detection of  Theileria annulata  in Bovine 
Blood Samples Using Standard and Isothermal 
DNA Amplifi cation Approaches 

           Jacinto     Gomes     and     João     Inácio    

    Abstract 

   Tropical theileriosis is a tick-borne disease responsible for important health problems in cattle, caused by 
the hemoprotozoan  Theileria annulata . Traditionally, detection of  Theileria  pathogens in infected animals 
requires the microscopic examination of stained-blood smears and serological methods. Molecular diagnostic 
assays have been developed for the detection of  Theileria  parasites, including PCR-based and reverse line 
blotting approaches, but these methods usually demand qualifi ed personnel, complex instrumentation, 
and expensive materials. Loop-mediated isothermal amplifi cation (LAMP) can facilitate the design of 
molecular assays independent of the use of sophisticated equipment. In this chapter we describe the appli-
cation of two molecular assays for the direct detection of  T. annulata  in bovine blood samples, based in 
real-time PCR and LAMP, both targeting the  Tams1 -encoding gene of this parasite.  

  Key words      Theileria annulata   ,   Theileriosis  ,   Molecular diagnostics  ,   Real-time PCR  ,   Loop-mediated 
isothermal amplifi cation  

1       Introduction 

 Tropical theileriosis is a tick-borne hemoprotozoan disease 
responsible for important health problems in cattle ( Bos taurus  and 
 Bos indicus ) and in Asian buffalo ( Bubalus bubalis ). The etiological 
agent is the apicomplexan parasite  Theileria annulata , which 
occurs around the Mediterranean basin, Middle East, and Southern 
Asia [ 1 – 3 ]. The animals that survive the acute disease become car-
riers of  T. annulata  piroplasms and play an important role as a 
reservoir for the maintenance of the parasite life cycle [ 4 ]. 
Traditionally, detection of  Theileria  pathogens in infected animals 
requires the microscopic examination of stained-blood smears, 
which has low sensitivity and specifi city. Serological methods are 
also available, but cross-reactions are common, current infections 
and previous exposures are not generally distinguished, and 
 antibodies tend to disappear in long-term animal carriers [ 2 ,  5 ]. 
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Molecular diagnostic assays have been developed for the detection 
of  Theileria  parasites, including PCR-based and reverse line 
blotting approaches [ 1 ,  4 ,  6 – 9 ]. However, these molecular assays 
usually demand qualifi ed personnel, complex instrumentation, and 
expensive materials. For an effective and wider use in the routine 
diagnosis of animal diseases, especially in low-resource settings, 
these technologies should be simpler, standardized, affordable, 
fi eld deployable, and disposable. Isothermal DNA amplifi cation 
processes, such as loop-mediated isothermal amplifi cation (LAMP) 
[ 10 ], could facilitate the integration of DNA-based methodologies 
into bench molecular diagnostics kits independent of the utiliza-
tion of sophisticated equipments. LAMP relies upon an auto-
cycling strand displacement DNA synthesis and is more tolerant to 
the presence of inhibitory substances such as blood, serum, plasma, 
or heparin [ 10 ]. The reaction runs very rapidly in the presence of 
template DNA and deoxynucleoside triphosphates, usually in less 
than 90 min at a constant temperature (e.g., 60–65 °C). LAMP 
provides high amplifi cation effi ciency and shows a detection limit 
and specifi city comparable to those of standard PCR. The high 
potential of LAMP for the development of improved molecular 
diagnostic assays fully justifi es the increasing number of reports on 
its application, including for the detection of  Theileria  parasites 
[ 11 – 15 ], namely, of  T. annulata  [ 16 ,  17 ]. 

 In this chapter we describe the use of two molecular assays 
for the direct detection of  T. annulata  in bovine blood samples, 
based in standard real-time PCR and LAMP, both targeting the 
 Tams1 -encoding gene of this parasite.  

2     Materials 

     1.    Genomic DNA extracted from bovine blood samples to test 
( see   Note 1 ).   

   2.    Positive control of amplifi cation: DNA extracted from a 
 T. annulata  positive sample ( see   Note 2 ).   

   3.    PCR specifi c primers for  T. annulata  targeting the  Tams1 -
encoding gene: Tams1_forw (5′-CAA ATT CGA GAC CTA 
CTA CGA TG-3′) and Tams1_rev (5′-CCA CTT RTC GTC 
CTT AAG CTC G-3′) ( see   Notes 3 – 5 ) [ 9 ].   

   4.    LAMP specifi c primers for  T. annulata  targeting the  Tams1  -
encoding gene: Tams1_F3 (5′-CCG TTA ATG CTG CAA 
ATG AGG-3′), Tams1_B3 (5′-CCA CTT ATC GTC CTT 
AAG CTC G-3′), Tams1_FIP (5′-GCT TAA GTT TGA ATG 
CCT KTA CTG GCC CTT AAG GTC GGA GAC AAG-3′), 
and Tams1_BIP (5′-GAT GTT CAA GAA GAA GGG AGA 
CAA GCC CTT GAA CAA GAC WTC ATC G-3′) ( see   Notes 
3 ,  6 , and  7 ) (Fig.  1 ).
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       5.    Reagents for performing real-time PCR amplifi cations (e.g., 
SsoFast ™  Evagreen ®  Supermix, Bio-Rad, CA, USA).   

   6.    Reagents for performing LAMP:  Bst  DNA polymerase large 
fragment and respective 10× reaction buffer (New England 
Biolabs), 25 mM of MgCl 2 , 20 mM of dNTPs, and 5 M of 
betaine.   

   7.    Reagents for performing gel electrophoresis: agarose, ethid-
ium bromide, and 1× TBE buffer.   

   8.    Standard and real-time PCR equipments (e.g., CFX96 ™  Real- 
Time PCR Detection System, Bio-Rad, CA, USA).   

   9.    Standard equipment for performing agarose gel electrophore-
sis and the respective detection of the products under UV 
light.      

3     Methods 

      1.    Each amplifi cation reaction is prepared for a fi nal volume of 
20 μl, including the addition of 5 μl of template DNA 
sample.   

   2.    Prepare a reaction mixture for all the DNA samples to test, 
including the positive and negative (water) amplifi cation controls, 
containing 1× SsoFast ™  Evagreen ®  Supermix, 0.3 μM of 
Tams1_forw primer and 0.15 μM of Tams1_rev primer, com-
pleting to 75 % of the fi nal volume with PCR-grade water.   

3.1  Detection of 
 T. annulata  with 
Real-Time PCR

F3c F2c F1c3’ 5’
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  Fig. 1    Generic location of the six segments in the target DNA used to design 
LAMP primers. Forward (F3) and backward (B3) outer primers and forward (FIP) 
and backward (BIP) inner primers are indicated. The specially designed FIP and 
BIP primers contain two distinct sequences (F1c plus F2 and B1c plus B2, 
respectively) corresponding to sense and antisense segments of the target DNA, 
one for priming in the fi rst stage and the other for self-priming in a subsequent 
amplifi cation reaction stage       
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   3.    Distribute 15 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   4.    Label each tube and add 5 μl of the correspondent DNA 
sample and controls.   

   5.    Proceed to the amplifi cation step using the following program: 
(1) one initial denaturing step for 2 min at 95 °C and (2) 45 
cycles of denaturation for 15 s at 95 °C, annealing for 30 s at 
55 °C and extension for 30 s at 72 °C ( see   Note 8 ). The 
increase of fl uorescence and amplifi cation curves for each 
sample should be recorded and assessed according to the 
instructions of the manufacturer of the real-time PCR instru-
ment. Only samples containing  T. annulata  DNA should yield 
positive amplifi cation results.   

   6.    After the amplifi cation step, an additional control step for the 
determination of the melting curve of the amplifi ed frag-
ments can be performed (if the real-time PCR instrument 
used has that feature). For this, at the end of the amplifi cation 
program, add an additional step consisting of a 1 °C tempera-
ture increase every 5 s (beginning at 55 °C and ending at 
95 °C) ( see   Note 9 ).      

      1.    Each isothermal amplifi cation reaction is prepared for a fi nal 
volume of 15 μl, including the addition of 5 μl of template 
DNA sample.   

   2.    Prepare a reaction mixture for all the DNA samples to test, 
including the positive and negative (water) amplifi cation 
controls, containing 4.8 U of the  Bst  DNA polymerase large 
fragment and 1× of the respective hybridization buffer, 6 mM 
of MgCl 2 , 1,400 μM of each dNTP, 0.8 M of betaine, 1.6 μM 
of each Tams1_FIP and Tams1_BIP primers, and 0.2 μM of 
each Tams1_F3 and Tams1_B3 primers, completing to 66.7 % 
of the fi nal volume with PCR-grade water ( see   Note 10 ).   

   3.    Distribute 10 μl of the reaction mixture by individual 0.2 ml 
microtubes.   

   4.    Label each tube and add 5 μl of the correspondent DNA sam-
ple and controls ( see   Note 11 ).   

   5.    Proceed to the amplifi cation step by incubating the tubes at 
63 °C during 90 min ( see   Note 12 ).   

   6.    Finalize the amplifi cation step with an incubation at 80 °C dur-
ing 2 min, to inactivate the enzyme.   

   7.    Confi rm the occurrence of positive amplifi cation results by 
analyzing the products in a 1.5 % (w/v) agarose gel electro-
phoresis (in 1× TBE buffer, at 90 V for 90 min; with ethidium 
bromide staining) and visualization under UV light, using 
standardized protocols ( see   Notes 13 – 16 ) (Fig.  2 ).

3.2  Detection of 
 T. annulata  with LAMP
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4             Notes 

     1.    Blood samples may be collected from animals into sterile tubes 
with EDTA and the total genomic DNA extracted using 
commercially available kits or automated systems (e.g., we use 
a BioSprint ® 96 automated workstation and the BioSprint ® 96 
Blood kit, Qiagen) [ 9 ]. The average total DNA yield in sam-
ples is around 35–40 ng/μl. Extracted DNA should be stored 
at −20 °C until further use.   

   2.    As positive controls of amplifi cation, we may use DNA samples 
extracted from  T. annulata -infected macrophage cultures or 
directly from bovine blood samples for which  T. annulata  
DNA was detected using other molecular tests such as reverse 
line blotting [ 9 ].   

   3.    Primers are frequently delivered lyophilized and need to be 
diluted with sterile water according to the manufacturer’s 
instructions. Stock solutions can be prepared at a standard 
concentration of 100 pmol/μl and stored at −20 °C. Aliquots 
of working solutions of each primer are prepared from stock 
solutions in water and stored also at −20 °C. Prepare small ali-
quots of working solutions (up to 100 μl) and avoid continu-
ous freeze and thaw of the solutions.   

  Fig. 2    Characteristic ladderlike appearance of LAMP products in an agarose gel 
electrophoresis. Lanes 1–4 correspond to positive amplifi cation results and lane 
5 corresponds to the non-template negative control. M—log scale 100 bp DNA 
Ladder (Jena Bioscience)       
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   4.    These primers were designed with complementary targets in 
conserved segments of the  Tams1  gene, allowing the amplifi ca-
tion of a fragment with about 319 bp. Alignments containing 
tens of  Tams1  gene sequences were analyzed for detecting 
these conserved nucleotide segments within  T. annulata , pro-
viding also enough nucleotide differences when compared to 
homologous genes from other closely related species [ 9 ]. The 
homologous genes of the closely related species  T. lestoquardi , 
 T. parva , and  T. taurotragi  all present several mismatches in 
the complementary target region for both primers, rendering 
it highly specifi c for  T. annulata .   

   5.     Tams1  is a  T. annulata -specifi c gene encoding an immuno-
dominant major merozoite/piroplasm surface antigen of this 
parasite. This gene is commonly used as genomic target for 
detecting this parasite [ 4 ,  8 ,  9 ,  18 ,  19 ].   

   6.    LAMP uses a minimum of four primers (two inner primers, 
FIP and BIP, and two outer primers, F3 and B3) that recog-
nize six distinct regions fl anking the amplifi ed DNA target 
sequence (Fig.  1 ). An adequate design of these primers is the 
most important key for the success of the LAMP approach. It 
may be necessary to design several primer sets before fi nding 
one that works effi ciently in the LAMP reaction [ 20 ,  21 ]. 
Some useful tips when designing LAMP primers are as follows: 
(1) 5′ and 3′ ends of FIP and BIP inner primers should not be 
adenine and thymine (AT)-rich and the  Tm  for each domain 
(F1c, F2, B1c, and B2) should be between 55 and 65 °C; (2) 
the distance between the 5′ end of F2 and the 5′ end of F1 
domains should be 40–60 bp (the same for the distance 
between the 5′ end of B2 and the 5′ end of B1 domains); (3) 
the distance between the F2 and F3 domains (as well as 
between the B2 and B3 domains) should be 0–20 bp; and (4) 
the total length of the amplifi ed DNA segment (from F2 to B2 
domains, including both these domains) should be <200 bp. 
Primers should be designed so as not to easily form secondary 
structures. Dedicated software for designing LAMP primers 
is freely available online: PrimerExplorer ( http://primerex-
plorer.jp/e/    ).   

   7.    The purity of the LAMP primers is important for obtaining 
reproducible amplifi cation results. The use of HPLC-purifi ed 
primers is recommended.   

   8.    In order to improve the detection of lower levels of  T. annu-
lata  in blood samples, we use 45 cycles in real-time PCR assays.   

   9.    This step of melting temperature curve analysis allows confi r-
mation that the detection of fl uorescence is related to the 
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amplification of specific DNA targets from  T. annulata  
(presenting melting temperatures between 79 °C and 83 °C), 
and not with the formation of artifacts such as primer dim-
mers (with melting temperatures around 73 °C). The distinct 
melting temperatures of  Tams1  gene fragments, amplifi ed 
from different bovine blood samples, suggest that several 
 T. annulata  genotypes may be circulating in a region [ 9 ].   

   10.    The reagents are stored at −20 °C and the preparation of the 
reaction mixtures should be conducted on ice. Mix well all 
reagents by pipetting or tapping with the cap closed, avoiding 
the formation of bubbles, and then spin down. Avoid violent 
mixing of the reagents as it may inactivate the  Bst  DNA 
polymerase.   

   11.    LAMP is possible when using nondenatured DNA templates. 
Nevertheless, for attaining higher sensitivities, the use of prior 
denatured DNA template targets is recommended (e.g., by 
heating at 95 °C for 5 min) [ 20 ].   

   12.    For incubation we may use, e.g., a thermoblock or a water bath.   
   13.    To confirm the specificity of the amplified products, the 

DNA fragments may be digested with the restriction enzyme 
 Rsa I, at 37 °C for 1 h, and subject to a 1.5 % (w/v) agarose 
gel electrophoresis and posterior visualization under UV light, 
after staining with ethidium bromide, using standardized 
protocols.   

   14.    We use ethidium bromide to stain the LAMP amplifi ed prod-
ucts when performing gel electrophoresis. We notice the 
occurrence of migration artifacts during the gel electrophore-
sis step of these complex mixtures of products when using 
alternative fl uorescent dyes (e.g., SYBR Safe DNA Gel Stain, 
Life Technologies). Ethidium bromide is a known mutagen 
and should be handled as a hazardous chemical.   

   15.    The fi nal amplifi cation products present stem-loop DNA struc-
tures, encompassing alternate inverted repeats of the target 
sequence with multiple loops, and appear with a ladderlike pat-
tern in agarose gel electrophoresis (Fig.  2 ).   

   16.    Due to the very high yield of DNA amplifi cation and to the 
high sensitivity of LAMP, this method also presents a very high 
risk for contamination when handling amplifi ed products. 
Therefore, opening and closing of the reaction tubes should be 
conducted in a different room from where the reaction mix-
tures are prepared, and the DNA extraction from samples is 
performed.         

Direct Detection of Theileria annulata
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    Chapter 14   

 Reverse Line Blot Hybridization with Species-Specifi c 
Oligonucleotide Probes: Application to Piroplasm Detection 

           Ana     Hurtado    

    Abstract 

   Reverse line blot (RLB) hybridization has become a well-established and widely used method for the 
 multiplex identifi cation of several  Babesia  and  Theileria  species in hosts and tick vectors. The procedure is 
based on the simultaneous PCR amplifi cation of a polymorphic region of the 18S rRNA gene from differ-
ent piroplasms followed by identifi cation of the individual species by hybridization to species-specifi c 
 oligonucleotide probes covalently linked to a nylon membrane in a macroarray format.  

  Key words     PCR  ,   RLB hybridization  ,    Babesia   ,    Theileria   ,   Piroplasms  ,   Ticks  ,   Tick-borne disease  

1       Introduction 

 Piroplasmosis are worldwide-distributed diseases caused by tick- 
borne intracellular apicomplexan parasites of the genera  Theileria  
and  Babesia  [ 1 ,  2 ]. These diseases are of serious health and eco-
nomic concern in extensive or semi-extensive production systems 
where livestock spend most of the year grazing in mountain pas-
tures in contact with ticks. Specifi c and sensitive identifi cation of 
piroplasms in infected animals and ticks is crucial in disease investi-
gations and epidemiological surveys. 

 Reverse line blot (RLB) allows the simultaneous detection and 
identifi cation of piroplasms in three steps: DNA purifi cation (not 
described here), simultaneous PCR amplifi cation of a polymorphic 
region of the 18S rRNA gene from the different piroplasm species, 
and identifi cation of the individual species by hybridization to 
species- specifi c oligonucleotide probes bound to a nylon mem-
brane. Simultaneous PCR amplifi cation of the different  Babesia  
and  Theileria  species is achieved by using generic primers (one of 
them biotinylated) that target conserved regions of the 18S rRNA 
gene. Species-specifi c oligonucleotide probes designed within vari-
able regions of the amplicons are covalently linked to the carboxyl 
groups of a negatively charged nylon membrane through a C6 
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amino linker using a line-blotter apparatus. The membrane is then 
rotated 90° before adding the biotin-labeled PCR amplicons so 
that they come into contact with all the probes in a macroarray 
format. Biotin-labeled PCR products specifi cally hybridized to the 
oligoprobes are visualized by chemiluminescence; streptavidin- 
horseradish peroxidase (HRP) conjugate binds to the biotin- 
labeled amplicons and, after washing, bound conjugate acts on a 
chemiluminescent substrate (e.g., ECL or SuperSignal West Dura) 
to produce light that can be captured using an autoradiography 
fi lm. A schematic representation of the process along with an 
example of the hybridization signal obtained is shown in Fig.  1 . 
Amplicons can be stripped away and the entire blot used again in a 
new hybridization assay.

   RLB hybridization is a highly specifi c and sensitive diagnostic 
tool that can be used to identify piroplasms in different sample 
types like blood and tissues from different animal hosts and ticks, 
both as single and mixed infections [ 3 ]. The use of generic 18S 
rRNA gene primers and the inclusion of a catchall  Theileria  and 
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  Fig. 1    Schematic representation of the RLB hybridization process. ( a ) Oligoprobes are covalently coupled to the 
membrane in lines using a line-blotter apparatus; ( b ) the membrane is then rotated 90°; ( c ) the PCR amplicons 
are added perpendicularly to the probes; ( d ) amplicons come into contact with all the probes in a macroarray 
format; ( e ) schematic representation of the hybridization and detection reactions; ( f ) example of the RLB 
hybridization signal on an autoradiography fi lm       
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 Babesia  control probe allow for the discovery of novel species or 
genotypes; a generic hybridization signal with the catchall probe in 
the absence of species-specifi c hybridization signals would indicate 
that a new species or genotype is present. Sequencing analysis of 
the amplicon would then be needed to characterize it, and, if 
required, a new specifi c probe could be designed and added to the 
panel of probes used in the array. In fact, this strategy has helped in 
the description of novel species/genotypes [ 4 – 6 ]. 

 RLB hybridization methods were fi rst used for bovine piro-
plasm detection in 1999 [ 3 ] and soon extended to other piroplasm 
species [ 4 ,  5 ,  7 ,  8 ]. Nowadays, RLB hybridization has become the 
molecular technique of choice for the simultaneous detection and 
identifi cation of several  Babesia  and  Theileria  species in hosts and 
tick vectors [ 9 – 15 ]. More recently, the piroplasm RLB membrane- 
based assay for bovine piroplasm detection has been transferred to 
a DNA bead-based suspension array test using the Luminex ®  
xMAP technology that provides higher throughput screening and 
more fl exibility in array preparation [ 16 ].  

2     Materials 

      1.    PCR thermocycler.   
   2.     Miniblotter  ®  45 line-blotter apparatus and foam cushions.   
   3.    Hybridization oven, glass cylinders, and hybridization mesh 

sheets.   
   4.    Shaking water bath.   
   5.    Centrifuge.   
   6.    Vacuum pump.   
   7.    Orbital shaker.   
   8.    Exposure cassette.   
   9.    Plastic container (e.g., Tupperware).      

      1.    Primer RLB-F2 [ 7 ]: 5′-GAC ACA GGG AGG TAG TGA 
CAA G-3′.   

   2.    Primer RLB-R2 [ 7 ]: 5′-CTA AGA ATT TCA CCT CTG ACA 
GT-3′ (5′ biotin-labeled).   

   3.    PCR Buffer, MgCl 2 , and  Taq  polymerase.   
   4.    dNTPs.   
   5.    Molecular grade ultrapure water.      

      1.    Negatively charged nylon membrane (e.g., Biodyne ®  C, Pall 
Corporation, NY, USA).   

   2.    16 % EDAC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, 
hydrochloride): Weight 3.2 g of EDAC and add 20 ml of ultra-
pure water.   

2.1  Equipment

2.2   PCR

2.3   RLB
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   3.    20× SSPE: Weight and mix 175.3 g of NaCl, 27.6 g of 
NaH 2 PO 4 , and 7.4 g of EDTA. Add 800 ml of water, adjust 
the pH to 7.4 with 10 M NaOH, and bring volume to 1 L 
with water. Sterilize in the autoclave for 15 min at 121 °C.   

   4.    2× SSPE: Dilute 100 ml of 20× SSPE into 900 ml water.   
   5.    100 mM NaOH: Weight 4.2 g of NaOH and bring volume to 

1 L with water.   
   6.    10 % SDS: Weight 100 g of SDS, add 800 ml of water, mix 

well, and bring volume to 1 L with water.   
   7.    1 % SDS: Dilute 100 ml of 10 % SDS into 900 ml of water.   
   8.    2× SSPE/0.1 % SDS: Mix 495 ml of 2× SSPE and 5 ml of 10 % 

SDS.   
   9.    2× SSPE/0.5 % SDS: Mix 950 ml of 2× SSPE and 50 ml of 

10 % SDS.   
   10.    0.5 M EDTA: Weight 46.5 g of EDTA-Na 2  and bring volume 

to 250 ml with water.   
   11.    20 mM EDTA: Mix 960 ml of water and 40 ml of 0.5 M 

EDTA, and adjust pH to 8.0 with NaOH.   
   12.    Indian ink: Make up a 1/100 dilution in 2× SSPE.   
   13.    500 mM NaHCO 3 : Weight 4.2 g of NaHCO 3 , add 90 ml of 

water, adjust pH to 8.4 with NaOH, and bring volume to 
100 ml with water.   

   14.    Streptavidin-horseradish peroxidase (HRP) conjugate.   
   15.    Chemiluminescent substrate (e.g., ECL or SuperSignal West 

Dura): The substrate consists of two solutions to be mixed 
prior to incubation.   

   16.    Film developer and fi xer: Dilute with distilled water following 
manufacturer’s instructions.   

   17.    Autoradiography fi lms 18 × 24 cm.   
   18.    Oligonucleotide probes ( see  Table  1 ), containing a 

 N -(trifluoroacetamidohexyl-cyanoethyl- N , N -diisopropyl- 
phosphoramidite  [TFA])-C6 amino linker.

3             Methods 

      1.     PCR reaction mix : Reactions are performed in a fi nal volume 
of 25 μl containing 50–100 ng of genomic DNA, 200 nM of 
each primer (RLB-F2 and 5′-biotin-labeled RLB-R2), 1× 
PCR buffer, 1.5 mM of MgCl 2 , 200 μM of each dNTP, 1 U of 
 Taq  polymerase, and PCR-grade water to complete the volume 
( see   Notes 1  and  2 ).   

3.1  Generic PCR 
Targeting the V4 
Region of the 18S 
rRNA Gene of  Theileria  
and  Babesia  Species
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    Table 1  
  Sequence and concentration of oligonucleotide probes used for piroplasm species identifi cation 
by RLB   

 Target species  Sequence (5′–3′) a  
 Concentration 
(μM)  References 

 Catchall probe ( Theileria  
spp. +  Babesia  spp.) 

 TAA TGG TTA ATA GGA (A/G)C(A/G) 
GTT G 

 8  [ 7 ] 

  B. bigemina   CGT TTT TTC CCT TTT GTT GG  8  [ 3 ] 

  B. bovis   CAG GTT TCG CCT GTA TAA TTG AG  8  [ 3 ] 

  B. caballi  (genotype B)  GTT GCG TTG TTC TTG CTT TTT GCT T  32  [ 5 ] 

  B. caballi  (genotype A)  CGG GTT ATT GAC TTC GCT TTT TCT T  8  [ 5 ] 

  B. canis  subsp.  canis   CGT TGA CGG TTT GAC CAT TTG GT  8  [ 11 ] 

  B. canis  subsp.  vogeli   GTG TTC GAG TTT GCC ATT CGT T  8  [ 11 ] 

  B. crassa   TTA TGG CCC GTT GGC TTA T  8  [ 8 ] 

  B. divergens   GTT AAT ATT GAC TAA TGT CGA G  8  [ 3 ] 

  B. gibsoni   TTG CCC GAC TCG GCT ACT TG  32  [ 11 ] 

  B. major   TCC GAC TTT GGT TGG TGT  8  [ 7 ] 

  B. microti   ATC TCG CTT CCG AGC GTT TTT T  16  [ 11 ] 

  B. motasi   ATT GGA GTA TTG CGC TTG CTT TTT  16  [ 4 ] 

  B. occultans   GTG TGC CTC TTT TGG CCC ATC  16  [ 17 ] 

  B. ovis   GCG CGC GGC CTT TGC GTT ACT  32  [ 4 ] 

  T. annae   CCG AAC GTA ATT TTA TTG ATT TGG C  8  [ 11 ] 

  T. annulata   CCT CTG GGG TCT GTG CA  8  [ 7 ] 

  T. buffeli   GGC TTA TTT CGG (A/T)TT GAT TTT  8  [ 3 ] 

  T. equi   TGG TTT TAG GAG CC(A/G) GAG  10  [ 18 ] 

  T. equi  (genotype A)  GTT TCG ATT ATT CGT TTC CCG G  16  [ 5 ] 

  T. equi  (genotype B)  GGG GCA TGT TTT CAT GAC TCG A  8  [ 5 ] 

  T. lestoquardi   ATT GCT TGT GTC CCT CCG  8  [ 8 ] 

  T. luwenshuni /OT1  ATC TTC TTT TTG ATG AGT TGG TGT  8  [ 4 ] 

  T. ovis   TTT TGC TCC TTT ACG AGT CTT TGC  8  [ 4 ] 

  Theileria  sp. OT3  ATT TTC TCT TTT TAT ATG AGT TTT  32  [ 4 ] 

  Theileria  sp. 3185/02  CGG TTA TAA AAT TTA TTT TAT TTC CG  32  [ 12 ] 

  Note: cross-reaction between the  T. lestoquardi  probe [ 8 ] and the amplicon generated from  T. annulata  and between 
the  T. annulata  probe [ 7 ] and the amplicon generated from  T. lestoquardi  can occur since targeted sequences in both 
species differ only in one nucleotide within the sequence of the probes 
  a Oligonucleotide probes contain a  N -(trifl uoroacetamidohexyl-cyanoethyl- N , N -diisopropyl phosphoramidite [TFA])-
C6 amino linker at 5′ end  
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   2.     Cycling conditions : PCR conditions consist of an enzyme acti-
vation step of 4 min at 94 °C and 40 cycles of 30 s at 94 °C, 
35 s at 51 °C, and 35 s at 72 °C.   

   3.     Gel electrophoresis  ( optional ): Run 5 μl of the PCR product in a 
1.5 % agarose gel to visualize bands of 385–450 bp.      

      1.    Dilute the probes to the concentration indicated in Table  1  in 
160 ml of 500 mM NaHCO 3  pH 8.4 ( see   Note 3 ).   

   2.    Cut a piece of negatively charged nylon membrane to a suit-
able size and activate it for 10 min at room temperature (RT) 
in 20 ml of freshly prepared 16 % EDAC ( see   Note 4 ).   

   3.    Rinse the membrane in water.   
   4.    Place a foam cushion on the miniblotter bottom part and place 

the membrane on top of it. Assemble the blotter tightening it 
with the screws and remove all remaining water from the slots 
by aspiration using the vacuum pump.   

   5.    Fill the slots with ca. 150 ml of the diluted oligoprobes and 
incubate at RT for 5 min ( see   Notes 5  and  6 ).   

   6.    Remove the oligoprobes from the slots by aspiration using the 
vacuum pump.   

   7.    Remove the membrane from the blotter, place it into a plastic 
container, and incubate it at RT in 100 mM NaOH for 6–7 min 
to inactivate it ( see   Note 7 ).   

   8.    Wash the membrane in 2× SSPE/0.1 % SDS at 60 °C for 5 min 
using a shaking water bath ( see   Note 8 ). The membrane is now 
ready for hybridization, but if it is to be stored at this point, 
follow next step.   

   9.    Wash the membrane with 20 mM EDTA pH 8.0 for 15 min at 
RT with shaking using an orbital shaker before storage at 4 °C 
( see   Note 9 ).      

      1.    Add 130 μl of 2× SSPE/0.1 % SDS to the PCR products ( see  
 Note 10 ).   

   2.    Denature the diluted PCR products by heating at 100 °C for 
10 min and immediately cool on ice ( see   Note 11 ).   

   3.    Incubate the membrane for 5 min at room temperature in 2× 
SSPE/0.1 % SDS in a plastic container.   

   4.    Place the membrane onto the cushion in the miniblotter 
(rotated 90° so that the slots of the miniblotter are perpen-
dicular to the oligoprobe lines) and aspirate remaining liquid 
from the slots with the vacuum pump.   

3.2  Covalent 
Coupling 
of Oligonucleotide 
Probes 
to the Membrane

3.3  RLB 
Hybridization 
with the PCR 
Products 
and Detection
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   5.    Fill the slots with the denatured PCR products avoiding air 
bubbles ( see   Note 12 ) and incubate at 42 °C for 1 h in the pre-
warmed hybridization oven (do not shake).   

   6.    Remove the PCR products from the slots by aspiration using 
the vacuum pump before removing the membrane from the 
miniblotter.   

   7.    Cover the membrane (DNA side up) with the hybridization 
mesh and gently roll them into the shape of a cylinder. Place 
the covered membrane inside a hybridization glass cylinder.   

   8.    Wash the membrane with 2× SSPE/0.5 % SDS into the glass 
cylinder while rotating it in the hybridization oven at 52 °C for 
10 min ( see   Note 13 ).   

   9.    Do a second wash.   
   10.    Incubate the membrane with streptavidin-peroxidase in 2× 

SSPE/0.5 % SDS into the glass cylinder while rotating it in the 
hybridization oven at 42 °C for 30 min ( see   Note 14 ).   

   11.    Wash the membrane with 2× SSPE/0.5 % SDS into the glass 
cylinder while rotating it in the hybridization oven for 10 min 
at 42 °C twice.   

   12.    Remove the membrane from the glass cylinder, place it in a 
plastic container, and wash it with 2× SSPE for 5 min at RT 
twice agitating the fl uid gently using an orbital shaker.   

   13.    Blot the edge of the membrane against fi lter paper to remove 
excess liquid and add the mix of chemiluminescent substrate 
as per manufacturer’s instructions. Incubate for 1 min 
( see   Note 15 ).   

   14.    Wrap the membrane in plastic wrap and place it in the expose 
cassette ( see   Note 16 ).   

   15.    In the dark room place an autoradiography fi lm on top of the 
membrane ( see   Note 17 ) and expose it as desired ( see   Note 18 ).   

   16.    Develop the fi lm.      

      1.    Place the membrane in a closed plastic container.   
   2.    Wash the membrane in 1 % SDS at 90 °C for 30 min in a shak-

ing water bath.   
   3.    Do a second wash in 1 % SDS at 90 °C for 30 min in a shaking 

water bath.   
   4.    Incubate in 20 mM EDTA, pH 8.0 for 5 min at RT twice in an 

orbital shaker.   
   5.    Store in 20 mM EDTA, pH 8.0 at 4 °C, and reuse it up to 

8–10 times ( see   Notes 9  and  19 ).       

3.4  Stripping 
of Hybridized 
Amplicons
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4     Notes 

     1.    Units of  Taq  polymerase can vary according to type and brand 
used.   

   2.    Extraction controls and PCR negative (water) controls are 
included in each PCR run as negative controls.   

   3.    Oligonucleotide probes are synthesized with a 
 N -(trifluoroacetamidohexyl-cyanoethyl- N , N -diisopropyl- 
phosphoramidite  [TFA])-C6 amino linker at the 5′ end. 
Resuspend lyophilized oligoprobes in water at a concentration 
of 100 μM upon arrival and store the stock solutions at −20 °C.   

   4.    Always prepare fresh EDAC before use and incubate the mem-
brane for just 10 min, not more.   

   5.    Fill slots 1 and 45 with Indian ink diluted 1/100 in 2× SSPE 
for membrane orientation reference; the ink will indicate the 
direction of probes in the membrane.   

   6.    To avoid membrane drying never leave empty slots, fi ll with 2× 
SSPE all the slots that are not fi lled with probes or ink.   

   7.    Incubations longer than 10 min will produce weaker signals.   
   8.    Pre-warm the 2× SSPE/0.1 % SDS at 60 °C in the oven or 

water bath before using it for membrane inactivation.   
   9.    Seal membrane in plastic wrap or keep it in a closed container 

to avoid dehydration while stored.   
   10.    Always include PCR negative and positive controls, the former 

to control contamination and the latter to control the 
process.   

   11.    Quick spin the tubes after denaturing to pull down 
condensation.   

   12.    To avoid membrane drying, never leave empty slots; fi ll empty 
slots with 2× SSPE/0.1 % SDS.   

   13.    Make sure to set oven temperature in advance as required in 
each step and keep solutions pre-warmed at the required 
temperature.   

   14.    When using ECL (Amersham) as chemiluminescent substrate, 
mix 3.8 μl streptavidin-peroxidase with 15 ml of 2× SSPE/0.5 % 
SDS (1:4,000 dilution); if using SuperSignal West Dura 
(Pierce), mix 1 μl streptavidin-peroxidase with 75 ml of 2× 
SSPE/0.5 % SDS (1:75,000 dilution).   

   15.    Warm both detection reagents to room temperature before 
mixing them as per manufacturer’s instructions. Make sure the 
membrane is well covered. This step does no need to be carried 
out in the dark.   

Ana Hurtado
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   16.    Overhead transparency sheets can be used instead of wrapping 
paper for easier handling; however, if longer exposure times are 
to be used, wrapping paper is preferable to avoid membrane 
drying.   

   17.    Place the fi lm on top of the membrane in one quick and single 
movement, particularly if using SuperSignal West Dura (Pierce) 
which gives a very strong signal in the fi rst minutes; otherwise, 
a moved image will be obtained.   

   18.    Exposure time will depend on the number of uses of the 
 membrane and the chemiluminescent substrate used. Use the 
positive controls to estimate the most adequate times.   

   19.    Amplicons can be stripped and the membrane reused several 
times in a new hybridization assay; positive controls can be 
used to make sure that sensitivity is not compromised by 
re-hybridization.         
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    Chapter 15   

 DNA Microarray-Based Detection of Multiple Pathogens   : 
 Mycoplasma  spp. and  Chlamydia  spp. 

           Christiane     Schnee     and     Konrad     Sachse    

    Abstract 

   Rapid detection of slow-growing or non-culturable microorganisms, such as  Mycoplasma  spp. and 
 Chlamydia  spp., is still a challenge to diagnosticians in the veterinary fi eld. In addition, as epidemiological 
evidence on the frequency of mixed infections involving two and more bacterial species has been emerging, 
detection methods allowing simultaneous identifi cation of different pathogens are required. In the present 
chapter, we describe DNA microarray-based procedures for the detection of 83  Mollicutes  species 
( Mycoplasma  assay) and 11  Chlamydia  spp. ( Chlamydia  assay). The assays are suitable for use in a routine 
diagnostic environment, as well as in microbiological research.  

  Key words     DNA microarray  ,   Rapid detection  ,    Mycoplasma  spp.  ,    Chlamydia  spp.  ,   Multiple-species 
infection  

1      Introduction 

  Microorganisms of the class  Mollicutes  commonly referred to as 
mycoplasmas exhibit a number of unique properties. These include 
the absence of a rigid cell wall, the capability of surface antigen 
variation and a small genome size, which is associated with a 
reduced number of metabolic pathways. These characteristics ren-
der the organisms well-adapted inhabitants of mucosal cell surfaces 
of mammals, birds, and other vertebrates. Their parasitic life style 
results in a balanced equilibrium with their hosts without causing 
clinical disease. However, several  Mycoplasma  species are signifi -
cant pathogens and cause or contribute to infections of the respira-
tory or urogenital tracts. Mycoplasmoses typically take a chronic 
course with high morbidity and low mortality rates. The four eco-
nomically most important mycoplasmoses are listed as notifi able 
diseases by the World Organization of Animal Health (OIE) [ 1 ] 
and include (1) contagious bovine pleuropneumonia (CBPP) 
caused by  Mycoplasma (M.) mycoides  subsp.  mycoides  and endemic 
in Sub-Saharan Africa, (2) contagious caprine pleuropneumonia 

1.1  Mycoplasmas: 
Etiological Importance 
and Diagnosis
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(CCPP) caused by  M. capricolum  subsp.  capripneumoniae , (3) 
contagious agalactia caused by  M. agalactiae , and (4) avian myco-
plasmosis caused by  M. gallisepticum  or  M. synoviae . Other relevant 
syndromes include mastitis in cows and pneumonia in calves ( M. 
bovis ), which predominantly occur in industrial cattle production 
in North America [ 2 ] and Europe [ 3 ]. Also ocular and respiratory 
infections in small ruminants caused by  M. conjunctivae  and  M. 
ovipneumoniae , respectively, as well as enzootic pneumonia, arthri-
tis, and anemia in swine caused by  M. hyopneumoniae ,  M. hyorhinis , 
and  M. suis , respectively, are of economic importance. 

 Sixteen different mycoplasmas have been found in humans [ 4 ]. 
While the majority of them represent commensals,  M. pneumoniae  
in the oropharynx as well as  M. hominis ,  M. genitalium , and 
 Ureaplasma  spp. in the urogenital tract are of clinical signifi cance. 

 Furthermore, mycoplasma contamination of cell culture is a 
persistent problem in research laboratories and the pharmaceutical 
industry, because the unwanted presence of  Acholeplasma laid-
lawii ,  M. orale ,  M. arginini ,  M. fermentans , and others affect 
growth and development of cell culture and can distort the results 
of in vitro tests [ 5 ]. 

 The broad spectrum of mycoplasmas either directly involved in 
pathogenic processes or acting as commensals and interfering with 
detection assays presents a particular diagnostic challenge that is 
only insuffi ciently solvable through individual PCR tests ( see  
Subheading  1.3 ). Therefore, in the last decade, a number of 
advanced tests based on generic PCR amplifi cation and subsequent 
specifi c product analysis were developed, such as 16S rRNA-PCR/
denaturing-gradient gel electrophoresis [ 6 ], PCR/high-resolution 
melting curve analysis [ 7 ], and PCR/microarray assay [ 8 – 10 ].  

  A unique feature of the obligate intracellular bacteria commonly 
known as chlamydiae is their biphasic developmental cycle. As a 
result, permanent cell lines or embryonated chicken eggs are nec-
essary to culture the strains. The procedure is laborious and 
requires experienced staff. In addition, some of the strains are 
extremely diffi cult to grow. A description of current state-of-the- 
art diagnostic assays is given in the OIE Manual [ 11 ,  12 ] and in a 
recent review [ 13 ]. 

 Among the major pathogens are  Chlamydia (C.) psittaci , the 
causative agent of avian chlamydiosis, which is transmissible to 
humans;  C. abortus  (ovine and human abortion); as well as the 
human pathogens  C. trachomatis  (genital and ocular diseases) and 
 C. pneumoniae  (community-acquired pneumonia). 

 Until recently, the taxonomy of the family  Chlamydiaceae  was    
the subject of controversy. The division into two genera  Chlamydia  
and  Chlamydophila  as proposed by Everett at al. [ 14 ] did not fi nd 
universal acceptance [ 15 ] and was fi nally reversed to the single 
genus  Chlamydia  [ 16 ]. 

1.2   Chlamydiae : 
Etiological Importance 
and Diagnosis
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 Avian chlamydiosis (also known as psittacosis or ornithosis) is 
widespread and represents a major factor of economic loss to the 
poultry industry, as well as a permanent risk for zoonotic transmis-
sion to man [ 17 ]. The disease is notifi able in most European coun-
tries, as well as in Australia and the USA. Depending on the 
chlamydial strain and the avian host involved, the infection leads to 
pneumonia, air sacculitis, pericarditis, hepatitis, and/or splenitis, 
occasionally with fatal outcome, the major signs being fever, 
anorexia, lethargy, and diarrhea. Subclinical infection often leads to 
recurring manifestations and chronicity. Even in the absence of 
clinical signs, intermittent shedding of  C. psittaci  by carriers repre-
sents an important source of infection and also a challenge for 
diagnosticians [ 18 ,  19 ]. Apart from birds, the agent can also be 
encountered in cattle, goats, swine, and cats [ 20 ], as well as in 
sheep [ 21 ] and horses. 

 As a result of several studies in Germany, France, and Italy in 
the past 7 years, the list of chlamydial species is about to be 
extended. Phylogenetic studies of ribosomal RNA genes from 11 
isolates and analysis of the fi rst genome sequences led to the pro-
posal of two new species [ 22 ].  Chlamydia avium  sp. nov. has been 
found in pigeons and psittacine birds, some of which were cases of 
severe disease.  Chlamydia gallinacea  sp. nov. has been identifi ed in 
domestic poultry hosts, so far from asymptomatic chicken, guinea 
fowl, and turkey. A zoonotic potential cannot be ruled out. 

 Ovine chlamydiosis or enzootic abortion of ewes is caused by 
 C. abortus . Outbreaks of the disease result in major economic 
losses for the sheep industry. The abortion typically occurs in the 
last 2–3 weeks of pregnancy with the appearance of stillborn 
lambs and infl amed placentas [ 23 ]. Chlamydial abortion also 
occurs in goats and, less frequently, cattle, pigs, horses, and deer 
may be affected. 

 The main hosts of  C. pecorum  are cattle and small ruminants, 
where it may cause enteritis, pneumonia, polyarthritis, and abor-
tions [ 24 ]. The agent also frequently occurs in swine. 

  C. suis  is typically encountered in swine. Infections mostly 
remain asymptomatic, but an association with respiratory disease, 
diarrhea, and conjunctivitis seems likely under certain environmen-
tal and epidemiological conditions. The recent emergence of anti-
biotic resistance in this agent [ 25 ] deserves further attention. 

  C. caviae  and  C. felis  are largely but not exclusively confi ned to 
their specifi c host, i.e., guinea pig and cat, respectively, eliciting 
conjunctivitis. 

 Besides being the most prevalent sexually transmitted human 
pathogen,  C. trachomatis  can also be found occasionally in animals 
[ 26 ,  27 ]. Likewise, certain biovars of  C. pneumoniae  can also be 
encountered in animals, such as horses, frogs, and koalas, where 
they are capable of causing respiratory disorders.  

DNA Microarray for Mycoplasmas and Chlamydiae
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   Rapid detection of bacterial pathogens remains a challenge to diag-
nosticians in veterinary medicine, particularly when slow-growing 
or non-culturable microorganisms are involved, as is the case with 
 Mycoplasma  spp. and  Chlamydia  spp. Early diagnosis of infection is 
crucial for the effectiveness of control measures to contain the 
spread of the infectious agent and prevent economic losses. 

 In the past two decades, the most signifi cant advances in diag-
nostic technology were due to the broad application of nucleic acid 
amplifi cation techniques, notably the polymerase chain reaction 
(PCR). Now that demands on quality, quantity, and rapidity of 
microbiological diagnosis are steadily increasing, the inherent limi-
tations of PCR are becoming evident. The parallelity of PCR assays 
is very limited, i.e., usually a single agent is targeted, and even in 
multiplex assays the number of targets is lower than 10. This is a 
serious drawback as diagnosticians are increasingly becoming aware 
of dual and multiple infections. Furthermore, as soon as one has to 
deal with more subtle differences between species or strains, such 
as minor sequence variations up to single-nucleotide polymor-
phisms or multi-locus sequence features, PCR alone cannot pro-
vide the necessary resolution. 

 In this situation, a DNA microarray-based approach, which is 
capable of verifying the exact nucleotide sequence of a target 
region through hybridization, appears a promising alternative. 
Moreover, a DNA microarray assay can be designed to target a 
large number of genomic loci (limited only by the size of the array) 
to ensure discrimination between microbial species, strains, geno-
types, serotypes, resistance types, etc. 

 The commercially available ArrayStrip™ (AS) platform repre-
sents an effi cient system for processing low- and high-density DNA 
arrays (Alere Technologies,   http://alere-technologies.com/prod-
ucts    ). An AS unit consists of eight connected plastic vessels in 
microtiter format, each one carrying a microarray chip of 3 × 3 mm 
size with an active area of 2.4 × 2.4 mm on the bottom. 
Hybridization and analysis can be conducted in an easy, rapid, and 
parallel fashion, largely using standard laboratory equipment ( see  
Fig.  1  and  Note 1 ).

   Validated protocols for differentiation among 37  Mollicutes  
species [ 10 ] and nine  Chlamydia  spp. [ 28 ] have been published by 
our group. Other applications based on AS assays include DNA 
serotyping of  Salmonella enteric  [ 29 ], genotyping of methicillin- 
resistant  Staphylococcus aureus  [ 30 ], enterohemorrhagic  Escherichia 
coli  [ 31 ], and many more. 

 In the present chapter, we describe the procedure for detection 
of 83  Mollicutes  species ( Mycoplasma  assay,  see  Table  1 ) and 11 
 Chlamydia  spp. ( Chlamydia  assay). Basic principles of assay design 
and experimental features are given in  Notes 2  and  3 .

1.3  DNA Microarray 
Detection Assays: 
Principle and Potential

Christiane Schnee and Konrad Sachse



  Fig. 1    General workfl ow and timeline of the  Mycoplasma  and  Chlamydia  assays       

   Table 1  
  Selection of important pathogenic animal and human mycoplasmas and cell culture contaminants 
that can be identifi ed using the  Mycoplasma  microarray assay   

 Animal mycoplasmas  Human mycoplasmas  Mycoplasmas in cell culture 

  M. agalactiae    M. genitalium    A. laidlawii  

  M. bovigenitalium    M. hominis    M. arginini  

  M. bovis    M. pneumoniae    M. fermentans  

  M. californicum    U. parvum    M. hyorhinis  

  M. capricolum  subsp.  capripneumoniae  a    U. urealyticum    M. orale  

  M. conjunctivae    M. salivarium  

  M. dispar  

  M. felis  

  M. gallisepticum  

  M. hyopneumoniae  

  M. mycoides  subsp.  mycoides  a  

  M. ovipneumoniae  

  M. suis  

  M. synoviae  

   a Members of the  M. mycoides  cluster are identifi ed at species but not at subspecies level  
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2        Materials 

  Commercial DNA extraction kit, e.g., High Pure PCR Template 
Preparation Kit (Roche Diagnostics, Mannheim, Germany) suit-
able for cultured strains and a wide range of tissue samples, e.g., 
nasal, vaginal and conjunctival swabs, mucus, bronchoalveolar 
lavage, organs, feces, and milk.  

      1.    PCR-grade water.   
   2.    PCR reagents. We use DyNAmo™ Flash SYBR™ Green qPCR 

Mastermix (Finnzymes Vantaa, Finland) for pre-hybridization 
amplifi cation of mycoplasmal DNA and conventional  Taq  
DNA polymerase, e.g., Native  Taq  Polymerase (Fermentas, St. 
Leon- Rot, Germany) or Phusion Green High-Fidelity DNA 
Polymerase (Thermo Scientifi c, Dreieich, Germany) with the 
corresponding buffer system and a dNTP mixture (2 mM of 
each nucleotide) for chlamydial samples.   

   3.    Primers. The sequences of primer oligonucleotides are given in 
Table  2 . The concentration of stock solutions is 100 pmol/μl 
and of working solutions 10 pmol/μl.

       4.    Internal amplifi cation control pGEM-EGFP2rev [ 33 ]. 
Commercially available as INTYPE IC-DNA from Qiagen 
Leipzig, Germany.      

2.1  DNA Extraction

2.2  Biotinylation PCR

   Table 2  
  Primers for biotinylation    PCR   

 Name  Sequence 5′–3′ a   Target gene  Amplicon size  References 

 F1388  5′Bio-GTT TCC TGG GCA 
AGG TTC G-3′ 

  Mycoplasma   594 bp  [ 10 ] 
 23S rDNA 

 R1982  5′Bio-CCG TTA TAG TTA CGG 
CCG CC-3′ 

 tuf-064F  5′Bio-ATG CCN CAA ACW 
MGW GAA CAC-3′ 

  Mycoplasma tuf   614 bp  [ 10 ] 

 tuf-681R  5′Bio-TRT GAC KWC CAC CTT 
CWT CTT-3′ 

 U23F-19  5′Bio-ATT GAM AGG CGA WGA 
AGG A-3′ 

  Chlamydia   171 bp  [ 28 ] 
 23S rDNA 

 23R-22  5′Bio- GCY TAC TAA GAT GTT 
TCA GTT C-3′ 

 EGFP- 11F   5′Bio-CAG CCA CAA CGT CTA 
TAT CAT G-3′ 

 Internal 
control 

 276 bp  [ 33 ] 

 EGFP- 10R   5′Bio-CTT GTA CAG CTC GTC 
CAT GC-3′ 

   a All primers are labeled with biotin at their 5′ end  
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      1.    Agarose, molecular biology grade: 1.5 % (w/v) gels.   
   2.    Tris-borate EDTA electrophoresis buffer (TBE): 0.09 M of 

Tris-borate, 0.002 M of EDTA, pH 8.0. For 1 L of 10× TBE, 
mix 108 g of Tris-base, 55 g of boric acid, and 80 mL of 
0.25 M EDTA, make up with water. Dilute 1:10 before use.   

   3.    Gel loading buffer (GLB): 20 % (v/v) of glycerol, 0.2 M of 
EDTA, 0.01 % (w/v) of bromophenol blue, 0.2 % (w/v) of 
Ficoll 400.   

   4.    Ethidium bromide stock solution: 1 % (10 mg/mL) solution 
in water.  Caution : the substance is presumed to be mutagenic. 
Avoid direct contact with skin. Wear gloves when preparing 
solutions and handling gels.   

   5.    DNA size marker. We mostly use the O’RangeRuler (“100-bp 
ladder”) (Fermentas, St. Leon-Rot, Germany).      

  The Identibac™ Hybridisation Kit (Alere Technologies, Jena, 
Germany) is the most effi cient and convenient option and contains 
all necessary reagents: hybridization buffer (C1), washing buffers 
(C2, C5), streptavidin-peroxidase conjugate (C3 + C4), and TMB 
substrate (D1). Alternatively, buffers can be prepared manually 
according to the protocol published previously [ 32 ].  

      1.    Benchtop centrifuge, e.g., 5402 (Eppendorf, Hamburg, 
Germany).   

   2.    Vortex shaker, e.g., Vortex 1 (IKA Labortechnik, Staufen, 
Germany).   

   3.    Set of pipettes covering the volume range from 0.1 to 1,000 μl 
and aerosol-resistant fi lter tips.   

   4.    Sterile, DNAse and RNAse-free plastic tubes.   
   5.    Thermal cycler. We use the Mx3000P with MxPro™ 4.10. 

software (Agilent, Waldbronn, Germany) for  Mycoplasma  assay 
and Mastercycler personal (Eppendorf, Hamburg, Germany) 
for  Chlamydia  assay.   

   6.    Apparatus for horizontal gel electrophoresis.   
   7.    UV transilluminator, 254 nm and/or 312 nm.   
   8.    Video documentation or photographic equipment.   
   9.    ArrayStrip™ or ArrayTube™ reaction vessels (Alere 

Technologies, Jena, Germany) with integrated DNA microar-
ray chips for the  Mycoplasma  assay (layout Myc_05 or higher) 
or the  Chlamydia  assay (layout Chlam_gesamt_4_AS or 
higher). These arrays are commercially available from Alere. 
The company also has a service for ordering customized arrays. 
The sequences of the oligonucleotide probes immobilized on 
these arrays were previously published in Sachse et al. [ 32 ] 
( Chlamydia  assay) and Schnee et al. [ 10 ] ( Mycoplasma  assay).   

2.3  Electrophoresis

2.4  DNA Microarray 
Hybridization

2.5  General 
Equipment and 
Consumables

DNA Microarray for Mycoplasmas and Chlamydiae
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   10.    Heatable horizontal tube shaker. We recommend the BioShake 
iQ (Quantifoil Instruments, Jena, Germany;  see   Note 4 ).   

   11.    ArrayMate transmission reader (Alere Technologies, Jena, 
Germany).   

   12.    Iconoclust software, version 2.3 or higher (Alere Technologies, 
Jena, Germany).       

3    Methods 

  Follow the protocol given by the commercial supplier of the DNA 
extraction kit.  

    The two genomic targets in the 23S rRNA and  tuf  genes are ampli-
fi ed independently in two separate real-time PCRs. The former is 
amplifi ed in a simplex reaction, and the latter is co-amplifi ed with 
the internal control template, i.e., plasmid pGEM-EGFP2rev [ 33 ] 
( see   Note 5 ).

    1.    Prepare master mixtures according to Table  3  as a multiple of 
20 μl depending on sample numbers.

3.1  DNA Extraction

3.2  Pre-hybridization 
Biotinylation PCR

3.2.1   Mycoplasma  Assay

   Table 3  
  Composition of the reaction mixtures for pre-hybridization real-time PCR in the  Mycoplasma  assay   

 Target  Components 
 Working 
concentration 

 Volume per reaction 
(total 20 μl) 

 Final 
concentration 

 23S rDNA  PCR-grade water  –  7 μl  – 

 DyNAmoq PCR 
Mastermix 

 2×  10 μl  1× 

 Primer F1388  10 pmol/μl  1 μl  500 nM 

 Primer R1982  10 pmol/μl  1 μl  500 nM 

 DNA template  –  1 μl  – 

  tuf   PCR-grade water  –  5.9 μl  – 

 DyNAmoq PCR 
Mastermix 

 2×  10 μl  1× 

 Primer tuf-064F  10 pmol/μl  1 μl  500 nM 

 Primer tuf-681R  10 pmol/μl  1 μl  500 nM 

 ctrl primer EGFP-11F  10 pmol/μ  0.5 μl  250 nM 

 ctrl primer EGFP-10R  10 pmol/μl  0.5 μl  250 nM 

 IC: pGEM-EGFP2rev a   10 5  copies/μl  0.1 μl  10 4  copies/rxn 

 DNA template  –  1 μl  – 

   a IC internal control  
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       2.    Add template to each reaction vessel: 1 μl of DNA extract from 
your sample. If the DNA contents of the extract is low, up to 
4 μl of sample DNA can be used and the amount of water be 
reduced accordingly.   

   3.    In each series, include external amplifi cation controls that 
 contain DNA of mycoplasma reference strains, e.g.,  M. bovis  
PG45, as positive control, and water, instead of sample extract, 
as negative control.   

   4.    Run real-time PCR under the following conditions: initial 
denaturation at 95 °C for 10 min, 40 cycles of denaturation at 
95 °C for 30 s, annealing at 52 °C for 30 s, and elongation at 
72 °C for 40 s.   

   5.    For PCR product evaluation, proceed with dissociation curve 
analysis at real-time PCR cycler, from 55 °C to 95 °C with 
continuous recording of fl uorescence. Melting curves of 
mycoplasma- specifi c  tuf  amplicons typically show peaks 
between 78 and 82 °C and 23S rDNA amplicons between 82 
and 86 °C ( see   Note 6 ).    

     The chlamydia-specifi c target in the 23S rDNA is amplifi ed along-
side the internal control template pGEM-EGFP2rev in a conven-
tional duplex PCR.

    1.    Prepare master mixtures according to Table  4  as a multiple of 
20 μl depending on the number of samples.

3.2.2   Chlamydia  Assay

   Table 4  
  Composition of reaction mixtures for pre-hybridization PCR in the  Chlamydia  assay   

 Components 
 Working 
concentration 

 Volume per reaction 
(total 20 μl)  Final concentration 

 PCR-grade water  –  11.1 μl  – 

 PCR buffer  10×  2 μl  1× 

 MgCl 2   50 mM  0.6 μl  1.5 mM 

 dNTP  2 mM each  2 μl  200 nM 

 Primer U23F-19  10 pmol/μl  1 μl  500 nM 

 Primer 23R-22  10 pmol/μl  1 μl  500 nM 

 ctrl primer EGFP-11F  10 pmol/μl  0.5 μl  250 nM 

 ctrl primer EGFP-10R  10 pmol/μl  0.5 μl  250 nM 

 IC: pGEM-EGFP2rev a   10 5  copies/μl  0.1 μl  10 4  copies/rxn 

  Taq  DNA polymerase  5 U/μl  0.2 μl  2 U 

 DNA template  –  1 μl  – 

   a IC internal control  
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       2.    Add template to each reaction vessel: 1 μl of DNA extract from 
your sample. If the DNA contents of the extract is low, up to 
4 μl of sample DNA can be used and the amount of water be 
reduced accordingly.   

   3.    In each series, include external amplifi cation controls that con-
tain DNA of a chlamydial reference strain, e.g.,  C. psittaci  
6BC, as positive control, and water, instead of sample extract, 
as negative control.   

   4.    Run PCR at conventional thermal cycler according to the fol-
lowing temperature-time profi le: initial denaturation at 95 °C 
for 15 min, 40 cycles of denaturation at 94 °C for 30 s, primer 
annealing at 50 °C for 90 s, primer extension at 72 °C for 90 s, 
and fi nal extension at 72 °C for 10 min.   

   5.    Analyze PCR products by standard agarose gel electrophore-
sis. Expected fragment sizes are 171 bp for chlamydial DNA 
and 276 bp for internal control ( see   Note 6 ).       

      1.    For mycoplasma: transfer 0.5 μl of each PCR product from 
Subheading  3.2.1  into a 0.2 mL plastic tube and add 99 μl of 
hybridization buffer (buffer C1). 

 For chlamydia: transfer 1 μl of the PCR product from 
Subheading  3.2.2  into a 0.2 mL plastic tube and add 99 μl of 
hybridization buffer (buffer C1).   

   2.    Denature DNA by heating at 95 °C for 5 min. Cool down 
immediately by putting the tube on ice for 1 min. Spin down 
the liquid by centrifugation for 10 s.   

   3.    Condition ArrayStrip™ by adding 100 μl of water to each well. 
Pipette the liquid up and down 4 times, and then discard it. Be 
careful not to touch the array chip surface.   

   4.    Add 100 μl of C1 buffer to each well; shake on BioShake iQ at 
50 °C and 550 rpm for 5 min. Remove liquid.   

   5.    Hybridization. Add the hybridization mix (100 μl each) from 
 step 2  to AS wells. Incubate on BioShake iQ at 50 °C 
( Mycoplasma  assay) or at 58 °C ( Chlamydia  assay) at 550 rpm 
for 60 min. Remove supernatant and discard it.   

   6.    Add 200 μl of washing buffer C2 to each well; wash at 45 °C 
( Mycoplasma  assay) and at 43 °C ( Chlamydia  assay) and 
550 rpm for 10 min. Remove liquid and discard it.   

   7.    Repeat  step 6 .   
   8.    Combine 792 μl of C4 and 8 μl of C3 solutions (horseradish 

peroxidase conjugated with streptavidin) in a plastic tube, vor-
tex and spin down. The amount is for a single AS, i.e., 8 wells. 
Add 100 μl of this mix to each well. Incubate at 30 °C and 
550 rpm for 10 min. Remove supernatant.   

3.3  DNA Microarray 
Hybridization
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   9.    Wash wells by adding 200 μl of washing buffer C5 and 4 times 
up-and-down pipetting at room temperature. Remove all the 
liquid thoroughly and completely.   

   10.    Add 100 μl of D1 solution (peroxidase substrate) to each well; 
incubate at room temperature for 5 min.   

   11.    Remove liquid and put the AS assay into the ArrayMate reader.      

      1.    Conduct the reading process according to the instructions for 
the ArrayMate equipment.   

   2.    Transfer the image fi les (bmp format) to your computer and 
process the data using the Iconoclust software.   

   3.    Check signals of control probes: for a valid result, the signal of 
the biotinylated staining control probe should be higher than 
0.7. Only negative results are validated with the internal ampli-
fi cation/hybridization control. The hybridization signal of at 
least one amplifi cation/hybridization control probe should be 
higher than 0.6.   

   4.    Identify  Mycoplasma  or  Chlamydia  species using the 
PatternMatch algorithm or perform manual species assign-
ment as follows ( see   Note 7 ).     

  The following criteria need to be considered.

    1.    The intensity of all relevant signals must be higher than 0.2 
(cutoff).   

   2.    At least two species-specifi c hybridization signals at one target 
gene and, at least, one species-specifi c hybridization signal at the 
second target gene are required for a valid species assignment.   

   3.    If two signals appear only at one target gene, the identifi cation 
is regarded as ambiguous or doubtful.   

   4.    Some species are only differentiable at one target gene and 
share a signal pattern with a sister species at the second target 
gene:  M. bovis / M. agalactiae ,  M. imitans / M. gallisepticum , 
 and M. yeatsii / M. cottewii .   

   5.    The  Mycoplasma mycoides  cluster members can be differenti-
ated only at species and not at subspecies level using the 23S 
rRNA and  tuf  target genes.      

  A typical bar diagram of a sample examined with the  Chlamydia  
assay is shown in Fig.  2 . The following general rules will apply.

     1.    If all probes of a species show a hybridization signal intensity 
higher than 0.07 (cutoff), the assignment to this species is 
valid.   

   2.    Species-specifi c and genus-specifi c signals must logically fi t. 
This means that signals of probes “chlamydophila_1 + 2” have 

3.4  Data Processing 
and Interpretation

3.4.1  Manual 
Identifi cation 
of  Mollicutes  Species

3.4.2  Manual 
Identifi cation 
of  Chlamydia  spp.
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to appear alongside the species-specifi c signals of  C. abortus ,  C. 
caviae ,  C. felis ,  C. psittaci ,  C. pecorum ,  C. pneumoniae ,  C. 
avium , or  C. gallinacea , respectively. On the other side, the 
signal of probe “chlamydia_1” must appear together with the 
species-specifi c signals of  C. trachomatis ,  C. suis , or  C. muri-
darum , respectively. Please note that the designation of the 
genus-specifi c probes is historic and all three of them recog-
nize the recently recombined genus  Chlamydia .   

  Fig. 2    Examination of a cell culture sample using the  Chlamydia  assay. The species  C. psittaci  was identifi ed. 
The  bar diagram  reveals the following specifi c hybridization signals ( from left to right  ): family  Chlamydiaceae  
(two probes reacting), genus  Chlamydia  (“ Chlamydophila ” probes reacting), species  C. psittaci  (all four probes 
reacting). Control reactions on the right-hand margin: background control for spotting buffer negative, internal 
amplifi cation/hybridization controls positive (three probes reacting), staining control positive. All other signals 
represent cross-hybridization or are below cutoff. As the microarray carries three more sectors of spotted 
 Chlamydia  probes, only the relevant parts are shown here       
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   3.    If all relevant probes of two species show a reaction, one has to 
assume a mixed (dual) infection.   

   4.    A sample will be regarded as negative when all signal intensities 
are below 0.07 or when the signal distribution contradicts the 
logical fi t in point 2.    

4        Notes 

     1.    The  AS technology  is easy to handle as it mainly involves stan-
dard laboratory equipment and, unlike in more expensive 
microarray platforms, no sophisticated devices, such as hybrid-
ization chamber and fl uorescence reader, are needed. In a 
 positive reaction, oligonucleotide probes covalently linked to a 
glass surface will form a duplex with complementary target 
DNA strands carrying a biotin label. To visualize the hybrid-
ization signal, a streptavidin-horseradish peroxidase conjugate 
is added and allowed to cleave a tetramethylbenzidine-like sub-
strate. As a result, dark blue precipitates will be formed at each 
reactive spot. 

 The expenses for consumables are moderate, particularly 
when the high degree of parallelity is taken into account. This 
means that, for instance, a single AS test for  Chlamydia  spp. is 
equivalent to 11 different PCR tests for the individual species. 
Detection of mycoplasmas or chlamydiae using the AS assay 
can be accomplished within a working day (6–8 h). This tech-
nology is manageable in a high-throughput environment, with 
up to 40 samples per day and technician.   

   2.    For mycoplasma identifi cation, the 23S ribosomal (r) RNA 
and elongation factor Tu ( tuf ) gene loci were shown to be suit-
able target regions with a high discriminatory potential at spe-
cies level but also with high intraspecifi c stability [ 10 ,  34 ]. The 
necessary discriminatory capacity and robustness of the assay 
have been attained through this combinatorial two-target 
approach. The current version of the mycoplasma microarray 
(no. 5) carries fi ve genus-specifi c ( Mycoplasma  and  Ureaplasma ) 
and 142 species-specifi c oligonucleotide probes derived from 
the 23S rDNA target, as well as 157 species-specifi c probes 
from the  tuf  site, thus enabling identifi cation of 83  Mollicutes  
species from animals, birds, man, and cell cultures. The major 
selection criterion for the hybridization probes was the specifi c-
ity of the target sequence, i.e., at least two nucleotides differ-
ence to the second- best matching target. In rare cases where 
this criterion is not fulfi lled, species assignment will be possible 
at the alternative target or by a combinatorial approach via anal-
ysis of more complex hybridization patterns. The selected oli-
gonucleotides are sized between 20 and 36 nt, have an average 
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melting temperature of 59.2 °C and an average G + C content 
of 40 %, and are spotted twofold on the microarray glass sur-
face. The array further includes three probes for the detection 
of the internal amplifi cation and hybridization control (pGEM-
EGFP2rev), a biotinylated oligonucleotide as staining control 
and spotting buffer as background control.   

   3.    For differentiation among  Chlamydia  spp., we identifi ed a dis-
criminating site in domain I of the 23S rRNA gene [ 32 ] and 
derived all probes from there. The currently available version (no. 
4) of the chlamydia array covers 11 different species of  Chlamydia  
and includes four family-specifi c probes ( Chlamydiaceae ), three 
genus-specifi c ( Chlamydia / Chlamydophila ), and 38 probes for 
11  Chlamydia  spp. and the nearest relatives, i.e.,  Waddlia chon-
drophila  and  Simkania negevensis . In addition, 11 probes for 
some of the chlamydia-like organisms outside the family 
 Chlamydiaceae  are present. The oligonucleotides are sized 
between 19 and 32 nt (mean 25), the average  Tm  is 56.4 °C, and 
G + C is 41 %. Control probes are equivalent to those on the 
mycoplasma array. As an example, Fig.  2  shows the graphical out-
put of a sample tested positive for  C. psittaci .   

   4.    For the sake of high specifi city and stringency of the hybridiza-
tion reaction, it is extremely important to ensure that the pre-
scribed temperatures are actually attained in the AS vessel itself. 
This requires heat transfer from the heatable shaker to the liq-
uid contents of the AS vessel to be very rapid and effi cient. 
Most of the commercially available shakers are too slow, so that 
too much time is lost until the necessary in-tube temperature 
has been reached. In our hands, the BioShake iQ fulfi lls the 
criteria to be used in the hybridization process.   

   5.    The pre-hybridization PCR is the crucial step of agent detec-
tion and identifi cation in terms of sensitivity. While 23S rDNA 
primers were designed to exclusively amplify mycoplasmal or 
chlamydial DNA,  tuf  primers are not completely specifi c for 
the targeted  Mollicutes  species. They may also align to other 
bacterial sequences in clinical samples leading to a competition 
for PCR resources between mycoplasmal DNA and alternative 
targets and lowering the sensitivity for mycoplasma detection.   

   6.    We recommend agarose gel electrophoresis of PCR products 
and, in the  Mycoplasma  assay, also dissociation curve analysis as 
control methods to check amplifi cation products. Nevertheless, 
it is worth noting that samples exhibiting faint amplicon bands 
and ambiguous dissociation curves may also produce clear 
hybridization signals and valid hybridization patterns. As a rule 
of thumb, samples showing Ct < 33 reliably give valid hybrid-
ization signals, while those with Ct 33–36 will only occasion-
ally produce positive signals.   
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   7.    The PatternMatch algorithm compares the experimentally 
obtained signal pattern with those of reference strains repre-
senting 83 different  Mollicutes  species or 11  Chlamydia  spp., 
respectively. It provides combined bar diagrams of sample and 
reference, as well as two numerical parameters to assess the 
similarity of two patterns and the accuracy of identifi cation. 
The matching score (MS) represents the sum of numerical dif-
ferences between corresponding signal intensities of sample 
and theoretical and/or practical reference hybridization pat-
terns. Thus, the MS value is a measure of the overall dissimilar-
ity between two hybridization patterns. An ideal match of two 
patterns based on the same set of oligonucleotide probes will 
yield MS = 0, whereas values greater than 45 in the  Mycoplasma  
assay or seven in the  Chlamydia  assay represent a poor match 
that does not allow reliable species assignment (note: these 
numerical limits may change when updated software versions 
will appear in the future). The arithmetic difference between 
best and second-best match, termed Delta MS, indicates the 
reliability of a given species assignment. Values of Delta 
MS ≥ 0.5 are regarded as representing a suffi cient degree of 
distinction between best and second-best matches. Manual 
data interpretation and species assignment is possible, if 
PatternMatch software is not available, and is recommended 
for cases of dual- or multiple-species infection.         
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    Chapter 16   

 In Situ Hybridization with Labeled Probes: Assessment 
of African Swine Fever Virus in Formalin-Fixed 
Paraffi n- Embedded Tissues 

           Maria     Ballester      and     Fernando     Rodríguez   

    Abstract 

   In situ hybridization (ISH) has become a very valuable molecular diagnostic tool to detect specifi c DNA 
or RNA sequences in biological samples through the use of complementary DNA- or RNA-labeled probes. 
Here, we describe an optimized in situ hybridization protocol to detect African swine fever virus (ASFV) 
DNA in formalin-fi xed, paraffi n-embedded tissues using digoxigenin-labeled probes.  

  Key words     In situ hybridization  ,   Nucleic acid  ,   Formalin-fi xed paraffi n-embedded tissues  ,   Digoxigenin  , 
  Molecular diagnostic tool  ,   African swine fever virus  

1       Introduction 

 In situ hybridization is a method that allows the precise location 
and/or quantifi cation of specifi c DNA or RNA sequences in mor-
phologically preserved chromosomes, tissues, or cell preparations. 
The principle of the technique is based on the remarkable stability 
of the double DNA helix through the hydrogen bonding of com-
plementary strands, which can be broken (DNA denaturation or 
melting) with heat or chemicals and rejoined (DNA hybridization) 
under normal conditions. Thus, specifi c nucleotide-labeled probes 
are annealed to complementary sequences and visualized using dif-
ferent detection systems depending on the type of label used to tag 
the probe [ 1 ]. 

 Since the fi rst ISH experiment in the late 1960s [ 2 ], in which 
the method was applied to localize DNA/RNA hybrids in cyto-
logical preparations, the method has undergone many improve-
ments to become an important tool for both research and diagnostic 
purposes. 

 Nowadays, there are a variety of ISH procedures with different 
applications [ 3 – 5 ] although the main steps are basically the same. 
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The purpose of this chapter is to describe an ISH protocol to detect 
African swine fever virus (ASFV) genome in formalin-fi xed, 
paraffi n- embedded tissues [ 6 ]. For this purpose, a double-stranded 
DNA-digoxigenin-labeled probe isolated from purifi ed virions was 
used. The different steps of the protocol (probe preparation, per-
meabilization, hybridization, post-hybridization washes, and 
detection) have been adapted to lead to higher specifi city and sen-
sibility of virus detection in different tissues.  

2     Materials 

 Prepare all the stock solutions using ultrapure water- and analytical- 
grade reagents and store them at room temperature (unless other-
wise indicated). Please follow the lab security issues governed by 
your national regulations on good laboratory practices, check how 
to securely work with the chemicals described in this protocol, and 
follow all waste disposal regulations diligently. 

      1.    Restriction enzyme:  Mbo I ( see   Note 1 ).   
   2.    Purifi cation kit for small dsDNA fragments ( see   Note 2 ).   
   3.    Digoxigenin DNA labeling system ( see   Note 3 ).   
   4.    Competitor DNA ( see   Note 4 ).   
   5.    3 M sodium acetate, pH 5.5: Dissolve 24.609 g of sodium 

acetate trihydrate in 80 ml of water. Mix and adjust pH with 
glacial acetic acid and add water to 100 ml. Sterilize by 
autoclaving.   

   6.    Absolute ethanol. Dilute with water to prepare also 70 % of 
ethanol.   

   7.    Hybridization buffer: 50 % (v/v) of formamide ( see   Note 5 ), 
2× of SSC, 10 % (w/v) of dextran sulfate, 1 % (v/v) of Tween-
20. Prepare 1 L of 20× SSC, pH 6.3 stock solution by dissolv-
ing 175.3 g of NaCl, and 88.2 g of sodium citrate dihydrate in 
800 ml of water. Adjust the pH with HCl and add water to 
1 L. Sterilize by autoclaving. The fi nal concentrations of the 
ingredients are 3 M of NaCl and 0.3 M of sodium citrate. To 
prepare 20 ml of hybridization buffer, use 10 ml of formamide, 
2 ml of 20× SSC, 4 ml of 50 % (w/v) dextran sulfate solution, 
and 2 ml of 10 % (v/v) Tween-20 and make up with water to 
20 ml. Store in small aliquots at −20 °C.      

      1.    Automation buffer: 1× automation buffer was prepared in 
water from a 10× stock solution (GeneTex) ( see   Note 6 ).   

   2.    Protease solution: 0.25 mg/ml of proteinase K in 2× SSC ( see  
 Note 7 ).   

   3.    Denaturation solution: 70 % (v/v) of formamide in 2× SSC 
( see   Note 5 ).   

2.1  Probes

2.2  ISH
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   4.    Humidifi ed chamber or box ( see   Note 8 ).   
   5.    Rubber cement.   
   6.    Buffer 1: 100 mM of Tris–HCl, pH 7.5, 150 mM of NaCl. 

Prepare 1 L of buffer 1 by dissolving 12.11 g of Tris base and 
8.765 g of NaCl in 900 ml of water and adjust the pH to 7.5 
with HCl. Make up with water to 1 L. Sterilize by 
autoclaving.   

   7.    Buffer 2: 100 mM of Tris–HCl, pH 9.5, 100 mM of NaCl, 
50 mM of MgCl 2 . Prepare 1 L of buffer 2 by dissolving 12.11 g 
of Tris base, 5.84 g of NaCl, and 10.17 g of magnesium chlo-
ride hexahydrate in 900 ml of water and adjust the pH to 9.5 
with HCl. Make up with water to 1 L. Sterilize by 
autoclaving.   

   8.    Buffer 3: 10 mM of Tris–HCl, pH 8, 1.27 mM of EDTA. 
Prepare 1 L of buffer 3 by dissolving 1.211 g of Tris base 
and 0.372 g of EDTA in 900 ml of water and adjust the pH 
to 8 with HCl. Make up with water to 1 L. Sterilize by 
autoclaving.   

   9.    Wash solution 1: 0.5× SSC, 0.4 % (v/v) of Tween-20, 0.25 % 
of Brij-35. To prepare 50 ml of wash solution 1, add 200 μl of 
Tween-20, 125 μl of Brij-35, and 1250 μl of 20× SSC and 
make up with water to 50 ml ( see   Note 9 ).   

   10.    Wash solution 2: 0.25× SSC, 0.4 % (v/v) of Tween-20, 0.25 % 
of Brij-35. To prepare 50 ml of wash solution 2, add 200 μl of 
Tween-20, 125 μl of Brij-35, and 625 μl of 20× SSC and make 
up with water to 50 ml ( see   Note 9 ).   

   11.    Wash solution 3: 0.4 % (v/v) of Tween-20, 0.25 % of Brij-35. 
To prepare 50 ml of wash solution 3, add 200 μl of Tween-20 
and 125 μl of Brij-35 and make up with buffer 2 to 50 ml ( see  
 Note 9 ).   

   12.    Blocking solution: 1 % (v/v) of sheep serum, 0.3 % (v/v) of 
Triton X-100. To prepare 50 ml of blocking solution, add 
500 μl of sheep serum, available commercially, and 150 μl of 
Triton X-100 and make up with buffer 1 to 50 ml ( see   Note 9 ).      

      1.    Anti-DIG solution: Anti-digoxigenin antibody conjugated 
to alkaline phosphatase diluted in blocking solution ( see   
Note 10 ).   

   2.    NBT/BCIP solution: Dilute 55 μl of NBT/BCIP stock solu-
tion (18.75 mg/ml of nitro blue tetrazolium chloride and 
9.4 mg/ml of 5-bromo-4-chloro-3-indolyl phosphate, tolu-
idine salt   , in 67 % (v/v) of dimethyl sulfoxide; available com-
mercially) in 2 ml of Wash solution 3.   

   3.    Fast Green solution: To prepare 250 ml of Fast Green solu-
tion, add 3.75 g of Fast Green FCF dye and make up with 
water to 250 ml.      

2.3  Detection 
System and 
Counterstain
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  Several ISH steps (post-hybridization washes and detection) can 
be performed in an automated workstation (e.g., MicroProbe 
Staining Station, Fisher Scientifi c) to handle the slides and mini-
mize reagent consumption. However, all the steps can also be 
 performed manually in coplin jars.   

3     Methods 

 Carry out all the procedures at room temperature unless otherwise 
specifi ed. 

      1.    Digest total viral DNA, isolated from purifi ed virions, with the 
appropriate restriction enzyme following the manufacturer 
instructions ( see   Note 11 ).   

   2.    Purify the DNA after digestion using a DNA purifi cation kit 
and quantify the concentration of digested DNA ( see   Note 12 ).   

   3.    Run an agarose gel to assure the complete digestion of viral 
DNA by determining the length of the DNA fragments (Fig.  1 ) 
( see   Note 13 ).

       4.    Label the DNA fragments using a DNA labeling system, 
 following the instructions of the fabricant ( see   Note 14 ).   

   5.    After DNA labeling, purify probes using a DNA purifi cation 
kit and quantify the concentration of the labeled DNA ( see  
 Note 12 ).   

   6.    Mix 300 ng of DNA-labeled probes ( see   Note 15 ) with 30 μg 
of competitor DNA and add water to obtain a precipitable 
 volume (minimum volume of 30 μl).   

2.4  Special 
Equipment

3.1  Probe 
Preparation

  Fig. 1    ASFV viral DNA digested with restriction enzyme. ( a ) Lane 1: DNA ladder. 
Lane 2: two microliters (400 ng) of non-digested ASFV viral DNA. ( b ) Lane 1: DNA 
ladder. Lane 2: ten microliters (763 ng) of  Mbo I digested ASFV viral DNA       
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   7.    Precipitate the mixed DNA using a standard ethanol precipita-
tion protocol ( see   Note 16 ).   

   8.    Resuspend the DNA probes in 33 μl of hybridization  buffer 
( see   Note 17 ) and store at −20 °C ( see   Note 18 ).      

      1.    Dewax paraffi n-embedded tissue sections 3 times in xylene, 
6 min each time ( see   Note 19 ).   

   2.    Rehydrate the tissue sections through an ethanol series (2 times in 
absolute ethanol, twice in 96 % ethanol, and once in water, 3 min 
each time) and wash in 1× automation buffer ( see   Note 20 ).   

   3.    Digest the tissue sections with 25–30 μl of protease solution 
for 10 min at 37 °C ( see   Note 21 ) in a humidifi ed box. Cover 
the sections with parafi lm ( see   Note 22 ).   

   4.    After the pretreatment with protease solution, wash all sections 
with 1× automation buffer.   

   5.    Denature the DNA probes at 75 °C for 10 min and pre-anneal 
them at 37 °C for 90 min ( see   Note 23 ).   

   6.    Denature the tissue sections at 75 °C for 10 min in denatur-
ation solution ( see   Notes 23  and  24 ).   

   7.    Following tissue sections denaturation, distribute the 33 μl of 
each DNA probe preparation over each section, cover them 
with coverslips, seal with rubber cement, and incubate in a 
humidifi ed box at 37 °C overnight ( see   Note 25 ).   

   8.    Following the overnight hybridization step, immerse the prep-
arations in 2× SSC to allow the coverslips to drop off.   

   9.    Wash the slides 2× with wash solution 1, 5 min each time.   
   10.    Wash the slides with wash solution 2 at 37 °C for 5 min.   
   11.    Block the slides 2× with blocking solution, 5 min each time 

( see   Note 26 ).   
   12.    Add anti-DIG solution and incubate for 1 h at 37 °C ( see   

Note 27 ).   
   13.    Rinse the slides 2–3 times with blocking solution.   
   14.    Rinse the slides 3–4 times with 1× automation buffer.   
   15.    Wash the slides with wash solution 3 for 5 min.   
   16.    Add NBT/BCIP solution and incubate during 15–20 min at 

37 °C in the dark ( see   Notes 28  and  29 ).   
   17.    Rinse the slides 1–2 times with buffer 3 to stop the color reac-

tion and deep the preparations into buffer 3 until the Fast 
Green counterstaining step.   

   18.    Counterstain the preparations with Fast Green solution for 
10 min.   

   19.    Wash with distilled water.   
   20.    Mount sections and examine by light microscopy (Fig.  2 ) ( see  

 Notes 30  and  31 ).

3.2  In Situ 
Hybridization

Non-radioactive ISH to detect ASFV DNA in tissue sections
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4             Notes 

     1.    ISH experiments can be performed with different types of 
probes (DNA, cDNA, RNA, oligonucleotides, etc.). One of 
the limitations to overcome during the ISH procedure is the 
probe size. When using probes of dsDNA, the optimal probe 
size is between 200 and 500 bp. In our case, we are using all 
the ASFV viral genome (approx. 180 kb) and, for that reason, 
we choose a restriction enzyme,  Mbo I, with a recognition site 
equal to 4 bases long (GATC) to cut ASFV genome very fre-
quently. This enzyme generates medium ASFV-DNA fragment 
lengths of 300–500 bp (Fig.  1 ).   

   2.    Any method or commercial kit which recovers small dsDNA 
fragments can be used here. We use Qiagen Nucleotide 
Removal Kit (Qiagen).   

   3.    dsDNA probes prepared by random priming present higher 
yield of labeled probe compared with nick-translation method. 
We use DIG-High Prime system (Roche) for labeling dsDNA 
probes.   

  Fig. 2    ASFV-DNA detection using DIG-labeled probes in formalin-fi xed paraffi n-embedded tissues. ( a ) Negative 
lymph node. ( b – f ) Positive tissues, where  dark-blue dots  in the preparation correspond to the presence of viral 
nucleic acids (examples of positive labeling are indicated with  arrows ). ( b ) Spleen. Intense positive detection 
in red pulp macrophages and trabecular medullary areas. ( c ) Lymph node. Moderate positive detection in 
perifollicular macrophages (marginal zone). ( d ) Liver. Moderate to intense positive detection in sinusoidal and 
alveolar macrophages and Kupffer cells. ( e ) Kidney. Intense positive detection in circulating macrophages and 
renal endothelium. ( f ) Lung. Intense positive detection in pulmonary alveolar, vascular, and parenchymal 
macrophages       
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   4.    To avoid unspecifi c hybridization of labeled probes in the 
 cellular cytoplasm or slides, add unlabeled competitor 
DNA. Usually, we use competitor DNA from different species, 
available from commercial companies, such as fi sh sperm DNA 
(100 μg of competitor DNA for each microgram of DNA 
probe).   

   5.    Use deionized formamide. Wear appropriate gloves and safety 
glasses when handling solutions containing formamide. 
Formamide should be handled in a fume hood.   

   6.    Alternatively, a PBS-Tween-20 buffer can be used: 1× PBS, 
0.1 % (v/v) Tween-20. Add 1 ml of Tween-20 (take slowly) to 
1 L of 1× PBS and stir for some time.   

   7.    Prepare fresh solution immediately before use.   
   8.    The humidifi ed box consists of a closed plastic container (e.g., 

slide box) with paper towel at the bottom. Before use, humid-
ify the paper towel with distilled water.   

   9.    Prepare fresh solution and mix with a magnetic stirrer at low 
speed for 15 min before use.   

   10.    We use anti-digoxigenin antibody conjugated to alkaline phos-
phatase (Fab fragments from sheep, Roche) diluted 1:500.   

   11.    As stated in  Note 1 , there are different types of probes. 
Oligonucleotide probes have been successfully used to detect 
small viruses [ 7 ,  8 ], but it depends on some viral characteristics 
such us genome size, replication cycle, and/or the presence of 
envelope. For pathogens with large DNA genomes, we recom-
mend the use of longer probes (up to 500 bp) which will cover 
more target sequences. We have previously tested three types of 
DIG-labeled probes (a pool of three oligonucleotide probes, a 
18.5 kb restriction enzyme viral DNA fragment, and a com-
plete viral genome probe) to detect ASFV in formalin-fi xed 
paraffi n-embedded tissues, and the genome full-length probe 
was the most sensitive one [ 6 ]. The description of the culture 
procedures and preparation of the purifi ed virions is out of the 
scope of this chapter but can be assessed in Carrascosa et al. [ 9 ].   

   12.    A spectrophotometric or any other available method can be 
used here for DNA quantifi cation.   

   13.    This step is very important to obtain probes with good pene-
tration properties. If there is no available restriction enzyme, 
DNA can be digested with DNase or disrupted by sonication.   

   14.    It is important to test different quantities of template DNA to 
obtain the highest yield of labeled probe. The amount of newly 
synthesized labeled DNA depends on the purity of the tem-
plate DNA and varies also depending on the starting template 
DNA amount and the incubation time. We obtained the higher 
yield of DIG-labeled probe from 100 ng of template DNA and 
20 h of incubation.   
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   15.    Test different quantities of DNA-labeled probes to obtain the 
optimal signal without increasing background. We have previ-
ously tested 150, 300, and 500 ng of DIG-labeled probes. 
While the former led to weak signals, we obtained the same 
sensitivity with the other two absolute quantities.   

   16.    Add 1/10 volume of sodium acetate, 3 M, pH 5.5, and vortex. 
Next, add 2.5× volumes of absolute ethanol and vortex. 
Centrifuge at maximum speed (20,000 ×  g ) for 15 min at 
4 °C. Discard supernatant and rinse with 70 % ethanol. 
Centrifuge again for 5 min at 4 °C. Finally, discard supernatant 
and allow the DNA pellet to dry in air for 10 min.   

   17.    Vortex and allow the pellet of DNA to be homogenously resus-
pended at room temperature for 90 min. Vortex the sample 
every 10–15 min during the incubation.   

   18.    You can prepare and stock several DNA-labeled probes. They 
can be stored at −20 °C during several months.   

   19.    In our experiments, tissues were fi xed in 10 % neutral buffered 
formalin for 2 weeks. Prolonged fi xation time is a critical step.   

   20.    Tissue preparations can be maintained in 1× automation buffer 
during the preparation of the protease solution.   

   21.    This pretreatment step is crucial to increase the effi ciency of 
hybridization by increasing the target accessibility. The con-
centration of proteinase K and incubation time depend on tis-
sue type and length of fi xation. However, it is also important 
to consider the virus isolate, which may present different viru-
lence, and the target infected tissues, when performing the 
protease treatment, because too much proteinase K can disin-
tegrate the tissue totally. We recommend testing different 
 concentrations and incubation times of proteinase K before 
performing the complete ISH protocol. 

 Although other protease treatments such as the use of pep-
sin has been proved to be very effi cient in formalin-fi xed 
paraffi n- embedded tissues, in our ISH experiments we obtained 
a higher and more intense signal with better tissue integrity 
and lower background using the proteinase K treatment [ 6 ].   

   22.    Pre-warm the humidifi ed box at 37 °C. Cut small pieces of 
parafi lm and cover the tissue sections without pressing them.   

   23.    Calculate the time of denaturation and pre-annealing to have 
the DNA probes ready to use after the tissue section denatur-
ation step.   

   24.    We perform this step in a closed coplin jar in a water bath. As 
the denaturation solution temperature is lower than the water 
bath temperature, it is necessary to increase the water bath 
temperature several degrees (5–10 °C) to reach the desired 
denaturation solution temperature. To assure no variations in 
the hybridization temperature, we measure directly the tem-
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perature of the denaturation solution. Do not open and close 
the coplin jar very frequently to avoid temperature variations.   

   25.    Before inserting the slides in the pre-warmed humidifi ed box, 
let the rubber cement dry completely. This step is very impor-
tant to facilitate the contact of the DNA-labeled probes with 
their target sequences.   

   26.    This step can be done in the workstation by immersing the 
whole slides in blocking solution or adding a drop (100–
150 μl) of blocking solution onto the slides.   

   27.    This step can be done in the workstation fi lling by capillarity 
the interspace existing between two slides or adding a drop 
(100 μl) of anti-DIG solution onto the sections and incubating 
them in the humidifi ed box following the same indications 
pointed out in  Note 22 .   

   28.    This step can be done in the workstation fi lling by capillarity 
the interspace existing between two slides or adding a drop 
(100–150 μl) of NBT/BCIP solution onto the sections.   

   29.    A positive signal may be seen after a few minutes depending of 
viral replication. The reaction time may be evaluated by check-
ing microscopically the signal/noise ratio.   

   30.    We use DPX mounting medium. Preparations are dehydrated 
through an ethanol series (once in 70 % ethanol, once in 96 % 
ethanol, and twice in absolute ethanol, 3 min each time) and 
1× acetone-xylene (50:50) for 6 min, cleared twice for 6 min 
each in xylene and mounted in DPX.   

   31.    Prepare negative controls by omitting the specifi c probes in the 
hybridization mix, using the specifi c probes in noninfected tis-
sues or by using unrelated probes in infected tissues.         
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Chapter 17

Fluorescence In Situ Hybridization for the Tissue Detection 
of Bacterial Pathogens Associated with Porcine Infections

Henrik Elvang Jensen, Louise Kruse Jensen, Kristiane Barington, 
Susanne Elisabeth Pors, Thomas Bjarnsholt, and Mette Boye

Abstract

Fluorescence in situ hybridization (FISH) is an efficient technique for the identification of specific bacteria 
in tissue of both experimental and spontaneous infections. The method detects specific sequences of 
nucleic acids by hybridization of fluorescently labeled probes to complementary target sequences within 
intact cells. FISH allows direct histological localization of the bacteria in the tissue and thereby a correla-
tion between the infection and the histopathological changes present. This chapter presents protocols for 
FISH identification of bacterial pathogens in fixed deparaffinized tissue samples mounted on glass slides. 
Two different methods are presented: one is illustrated with the use of peptide nucleic acid (PNA) that is 
carried out directly on glass slides (Method I), whereas the other is exemplified by using a DNA probe in 
a Shandon rack (Method II). In the two methods, both PNA and DNA probes can be used.

Key words Bacteria, DNA, PNA, FISH, Fluorescence, Hybridization, In situ, Porcine, rRNA, Tissue

1 Introduction

Fluorescence in situ hybridization (FISH) has proven effective for 
detecting specific species of bacteria in both experimental and 
spontaneous infections in pigs (Table 1). The method detects spe-
cific sequences of nucleic acids by hybridization of fluorescently 
labeled oligonucleotide probes to complementary target sequences 
within intact cells (Figs. 1 and 2) [1]. FISH can be used for the 
detection of DNA and RNA sequences [2]. For the identification 
of bacteria by the FISH technique, ribosomal RNA (rRNA)- 
targeting probes are most commonly applied because of the natu-
ral amplification of rRNA molecules [3]. Bacterial rRNA is present 
in all cells and highly conserved between species, but still contains 
variable sequences which serve as the target for identification at 
species level. Bacterial 70S ribosomes consist of a 50S subunit and 
a 30S subunit. The 50S subunit consists of two RNA molecules 
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Fig. 1 FISH using oligonucleotide probes. FISH probes can be classified as DNA or PNA probes depending on 
the structure of the backbone. PNA probes are non-charged which allow a tighter and more specific binding to 
RNA nucleic acid targets. DNA probes must overcome a destabilizing electrostatic repulsion during hybridiza-
tion. The fluorescently labeled probes target RNA of the bacterial ribosomes (rRNA). The 16S and 23S rRNA 
gene sequences contain hyper variable regions that can provide species-specific signature sequences useful 
for bacterial identification, which most often is utilized in FISH. A adenine, T thymine (DNA specific), G guanine, 
C cytosine, and U uracil (RNA specific)

Fig. 2 Visualization of Lawsonia intracellularis (red) by in situ hybridization within 
a cross section of a porcine ileum. The tissue is green due to autofluorescence. 
From: Mølbak et al., 2008, Vet Microbiol, 128, 96–107 [25], with permission
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(5S and 23S), while the 30S subunit consists of a single RNA 
 molecule (16S). The 16S rRNA is the preferred target for the iden-
tification of specific bacteria due to its combination of conserved 
sites and variable regions [4]. The 23S rRNA subunit may be used 
as well; however, as it has not been sequenced in a number of bac-
teria, most probes are targeting specific 16S rRNA. The FISH 
technique is easy to apply and of a low cost [1]. When the probes 
have been designed and evaluated, the FISH technique can be 
completed in a few hours [5]. In addition, the technique allows the 
direct localization of the bacteria in the tissue and thereby a histo-
logical correlation between the bacteria the tissue morphology and 
the pathological changes present (Fig. 2). Predominantly, viable 
cells are detected as rRNA is fragile and rapidly disintegrates if the 
cell has suffered irreversible damage [6]. Because the identification 
of bacteria by FISH is dependent on the sequence of the probe, the 
technique will not identify unknown species [4]. How ever, univer-
sal (pan-bacterial) probes are useful for the initial screening of sec-
tions for contents of bacteria [1].

The FISH technique consists of four steps: (1) fixation and 
permeabilization of the sample, (2) hybridization, (3) removing 
unbound probe, and (4) detection of labeled cells (Figs. 2 and 3). 

Fig. 3 A bone with osteomyelitis is fixated in formalin and afterward embedded in paraffin. The block of paraffin 
is cut with a microtome and the tissue is mounted on glass slides. It is necessary to remove the paraffin before 
the application of the FISH probe. Following hybridization, it is possible to see the fluorescent bacteria within 
the tissue using a microscope or a scanner equipped for fluorescence

FISH for the Detection of Bacterial Infections 
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Tissue  samples must be fixed and permeabilized prior to hybridization 
to preserve nucleic acids and ensure that the fluorescently labeled 
probes can enter the cells. At hybridization, the probe binds to a 
specific sequence of rRNA inside the bacterial cells (Fig. 1). After 
removing any unbound probe by briefly rinsing, the tissue sample 
is ready for screening for reacting cells by fluorescence microscopy 
[3, 7].

The classical DNA probes consist of fluorescently labeled oligo-
nucleotides or polynucleotides, targeting a specific sequence of 
microbial rRNA (Fig. 1) [3]. Moreover, peptide nucleic acid (PNA) 
probes have been developed (Fig. 1). The PNA probes, which are 
oligomers of single bases linked by a peptide backbone, are more 
stable to degradation and hybridize to complementary sequences 
with a higher affinity compared to the classical probes [1, 3, 7]. 
Probes can be labeled directly or indirectly (Fig. 4). Direct labeling 
of probes does not require further procedures after hybridization. 
Indirect labeling of probes uses a reporter molecule or an enzyme 
bound to the probe and will often result in a brighter signal (Fig. 4). 

Fig. 4 (a) Direct labeling of the 3′ tail of the probe. (b) Direct labeling of the 5′ tail 
of the probe. (c) Labeling of the probe with a reporter molecule which is detected 
by a fluorescent antibody. (d) Labeling of the probe with horseradish peroxidase 
(HRP) using a substrate for an enzymatic signal amplification

Henrik Elvang Jensen et al.
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After hybridization, a fluorescent antibody or substrate for enzymatic 
signal amplification is added depending on the type of labeling of  
the probe [1]. Identification of different  bacterial species in a single 
tissue sample can be carried out by the application of different fluo-
rophores labeled to each type of probe (Fig. 5).

A number of genus- and species-specific probes have success-
fully been designed and applied for the detection of bacteria of 
importance in the pig (Table 1), some being available commer-
cially, e.g., Staphylococcus aureus [8].

In the following sections of materials and methods, two differ-
ent methods (I and II) for FISH are included (Subheadings 2.4 
and 3.5 for Method I and Subheadings 2.5 and 3.6 for Method 
II). Both methods require fixation of tissue (Subheadings 2.1  
and 3.1; Fig. 3), deparaffinization (Subheadings 2.2. and 3.2; 
Fig. 3), and preparation of the probe solution (Subheadings 2.3, 
3.3, and 3.4).

2 Materials

 1. Tissue sample.
 2. 10 % neutral-buffered formalin, pH 6.8 (formaldehyde, 

37–40 %: 100 mL/L; distilled water 900 mL/L; sodium 
 phosphate, monobasic 4.0 g/L; sodium phosphate, dibasic 
(anhydrous) 6.5 g/L).

 3. 70 %, 96 %, and 99 % ethanol.
 4. Xylene.

2.1 Fixation 
of Tissue (Fig. 3)

Fig. 5 Visualization of Bifidobacterium spp. (green) and Megasphaera elsdenii 
(red) by in situ hybridization in a formalin-fixed porcine colon tissue sample

FISH for the Detection of Bacterial Infections 
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 5. Paraffin wax.
 6. Bowl of water.
 7. Plastic container with a tight-fitting lid.
 8. Tissue cool plate.
 9. Microtome.
 10. Adhesive glass slides, e.g., SuperFrost Plus slides (Gerhard 

Menzel GmbH, Braunschweig, Germany), poly-l-lysine-coated 
glass (Ted Pella, Inc., Redding, CA, USA), or Biobond Tissue 
Section Adhesive (AX-LAB, Copenhagen, Denmark).

 1. Paraffin-embedded tissue sections on glass slides.
 2. Xylene.
 3. 96 % and 99.9 % ethanol.
 4. Sterile water.
 5. Incubator (60 °C).

 1. Probe in stock, PNA or DNA probes (see Table 1 for examples 
of probe sequences).

 2. Hybridization buffer, 50 mL of 1 M Tris–HCl (pH 7.2), 
90 mL of 5 M NaCl, 5 mL of 10 % (w/v) sodium dodecyl 
sulfate (SDS), and H2O up to total volume of 500 mL (the 
final composition of the hybridization buffer is 100 mM of 
Tris–HCl (pH 7.2), 0.9 M of NaCl, and 0.1 % of SDS).

 3. Crushed ice.
 4. Styrofoam box.
 5. Microcentrifuge tubes (1.5 mL).

 1. Tissue sections on glass slides (deparaffinized).
 2. Probe solution.
 3. Coverslips, thickness 0.15 mm.
 4. Pencil.
 5. Heating block (55 °C) with a lid (see Note 1).
 6. Washing buffer (55 °C), 50 mL of 1 M Tris–HCl (pH 7.2), 

90 mL of 5 M NaCl, and H2O up to total volume of 500 mL 
(the final composition of the washing buffer is 100 mM of 
Tris–HCl (pH 7.2) and 0.9 M of NaCl) (see Note 1).

 7. Antifading mounting media, e. g., VECTASHIELD mounting 
media with 4′,6-diamidino-2-phenylindole (DAPI) (Vector 
Labo ra tories, Burlingame, CA, USA) or ImmunoSelect 
Antifading Mounting Medium (Dianova Gmbh, Hamburg, 
Germany).

2.2 Deparaffinization 
(Fig. 3)

2.3 Probe Solution

2.4 Method I: 
Hybridization  
with PNA or DNA 
Probes on Tissue 
Sections Mounted 
on Glass Slides (Fig. 3)
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 8. Fluorescence microscope equipped with a 40–100× oil objective 
and a 100 W mercury lamp or similar, camera for fluorescence, 
and the correct filter sets for the chosen fluorescent-labeled 
probes to be used.

 9. Nonfluorescent immersion oil for microscopy.

 1. Tissue sections on glass slides (deparaffinized).
 2. Probe solution.
 3. Shandon rack (Thermo Shandon, Cheshire, United Kingdom).
 4. Deionized water.
 5. Washing buffer, 55 °C (see Subheading 2.4 and Note 1).
 6. Tinfoil.
 7. Incubator.
 8. Hybridization buffer, 55 °C (see Subheading 2.3 and Note 1).
 9. Coplin jar.
 10. Clean lab napkin or open slide box.
 11. MilliQ water.
 12. Coverslips, thickness 0.15 mm.
 13. Antifading mounting media (see Subheading 2.4).
 14. Fluorescence microscope (see Subheading 2.4).
 15. Nonfluorescent immersion oil for microscopy.

3 Methods

 1. Fix the tissue samples by immersion in 10 % neutral-buffered 
formalin for 1–3 days in a plastic container with a tight-fitting 
lid (see Note 2).

 2. After fixation, process the tissues through graded concentra-
tions of ethanol (70 %, 96 %, and 99 %) and xylene and finally 
embed in paraffin wax.

 3. Place the paraffin-embedded tissue blocks on a tissue cool plate 
(−5 °C) for a minimum of 5 min.

 4. Cut sections at 4–5 μm thickness using a microtome and gen-
tly transfer to a bowl of water.

 5. Mount the tissue sections on adhesive glass slides (by placing 
the slide beneath the tissue while it is still on the water surface 
and lifting it out of the water) (see Note 3).

 6. Let the slides dry at room temperature (18–22 °C).

2.5 Method II: 
Hybridization with DNA 
or PNA Probes 
on Tissue Sections 
Mounted on Glass 
Slides Using a Shandon 
Rack (Fig. 6)

3.1 Fixation 
of Tissue (Fig. 3)

FISH for the Detection of Bacterial Infections 
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Prior to hybridization, paraffin wax must be removed and tissue 
sections rehydrated by completing the following six steps of 
deparaffinization:

 1. Incubate the paraffin-embedded tissue sections on glass slides 
at 60 °C for 1 h.

 2. Immerse the slides in xylene 2 times for 2–5 min.
 3. Immerse the slides in 99.9 % ethanol 1–2 times for 2–3 min.
 4. Immerse the slides in 96 % ethanol 1–2 times for 2–3 min.

3.2 Deparaffinization 
(Fig. 3)

Fig. 6 Detection of bacteria with FISH in tissue mounted on glass slide using a 
Shandon rack

Henrik Elvang Jensen et al.
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 5. Immerse the slides in sterile water 3 times for 3 min.
 6. Air-dry the slides at room temperature (18–22 °C).
 7. After deparaffinization, slides are ready for hybridization  

(see Notes 4 and 5).

Nucleotide sequences of DNA and RNA can be found in online 
databases as, e.g., GenBank (http://www.ncbi.nlm.nih.gov/gen-
bank/), DNA DataBank of Japan (http://www.ddbj.nig.ac.jp/), 
the European Molecular Biology Laboratory (http://www.embl.
de/), SILVA rRNA database project (http://www.arb-silva.de/), and 
Greengenes (http://greengenes.secondgenome.com/). Complete 
nucleotide sequences of rRNA from various porcine pathogenic 
bacteria are available. Species-specific probes are designed by apply-
ing software such as ARB (Technische Universität München, 
Munich, Germany, http://www.arb-home.de/) on gene databases 
as those mentioned above. Labeled probes can be ordered by 
 providing the nucleotide sequence of the specific sequence of 
rRNA at, e.g., GenScript USA Inc., Piscataway, NJ, USA; Tag 
Copenhagen, Copenhagen, Denmark; Eurofins MWG Operon 
AG, Ebersberg, Germany; and AdvanDx Inc., Woburn, 
Massachusetts, USA (see Note 6). Although a probe seems specific 
according to the software used, it is mandatory to have the specific-
ity verified on a panel of well-characterized mono-bacterial tissue 
infections. One limiting issue when designing probes for FISH is 
that not all sites within the rRNA molecules are readily accessible 
for hybridization [9].

The method should be repeated with EUB338 and non- EUB338 
as positive and negative controls, respectively, in hybridization exper-
iments [10].

 1. PNA probes are typically received ready for use and are stored 
at 4 °C (see Note 7).

 2. DNA probes are stored at −20 °C or −80 °C (see Note 7).  
If the probe is delivered as lyophilized, it should be dissolved 
in nuclease- free sterile water, e.g., to a stock concentration of 
500 ng/μL.

 3. Thaw the probes and keep them on ice within a Styrofoam box 
in the dark until preparing the probe solution. For each slide, 
100 μL solution of probe should be used. Calculate with one 
extra slide in each hybridization solution. Calculate the total 
volume (Vtotal) of probe solution needed by using the following 
formula (where nslide = number of slides):

 V ntotal slideL= ´ +( )100 1m  

3.3 Selecting 
a Probe

3.4 Probe Solution

FISH for the Detection of Bacterial Infections 
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 4. The concentration of the probe in the solution should be 
5 ng/μL for each probe. To calculate the volume needed from 
the probe in stock (Vprobe in stock), use the following formulas:

m Vprobe total ng L= ´5 / m

V
m

Cprobe in stock
probe

probe in stock

=

The mprobe is the mass of the probe needed in ng, while the Cprobe in 

stock is the concentration of the probe in stock in ng/μL. Calculate 
the volume of hybridization buffer (Vhybridization buffer) by using the 
following formula:

V V Vhybridization buffer total probe in stock= -

The calculated volumes of hybridization buffer (Vhybridization buffer) 
and probe in stock (Vprobe in stock) are mixed in a microcentrifuge 
tube.
For example, preparing a probe solution for four slides and an 
extra slide:

Vtotal L L= ´ +( ) =100 1 4 500m m

The concentration of the probe solution should be 5 ng/μL. If the 
concentration of the probe solution in stock is 13.5 ng/μL:

 
mprobe L ng L ng= ´ =500 5 2 500m m/ ,

 
Vprobe in stock

ng
ng L

L= =
2 500

13 5
185 2

,
. /

.
m

m

 
Vhybridization buffer L L L= - =500 185 2 314 8m m m. . .

185.2 μL of the probe solution in stock should be mixed with 
314.8 μL of hybridization buffer to get at total volume of 500 μL 
with a concentration of 5 ng of probe per μL.

 1. Place the slides with the tissue sections on a flat surface.
 2. Add 50 μL (1 droplet) of the probe solution to each slide.
 3. Place a coverslip on top of the material. Gently spread the 

probe under the slide and remove any bubbles by pressing the 
coverslip using a pencil.

 4. Place the slide and coverslip on a heating block for hybridization 
at 55 °C for 90 min covered by a lid (see Notes 1, 7, and 8).

 5. Remove the coverslip by dipping the slide in washing buffer.
 6. Wash slides for 30 min at 55 °C in washing buffer (see Notes 1 

and 9).

3.5 Method I: 
Hybridization  
with PNA or DNA 
Probes on Tissue 
Sections on Glass 
Slides (Fig. 3)

Henrik Elvang Jensen et al.
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 7. Apply antifading mounting media and add a coverslip to each 
slide. Gently press the slide with a pencil to spread the antifad-
ing mounting media and to remove bubbles.

 8. Inspect slides by using a fluorescence microscope equipped 
with a camera and the appropriate filters for fluorescein iso-
thiocyanate (FITC) (excitation/emission: 492–495 nm/520–
525 nm), a Texas Red (excitation/emission: 591–596 nm/ 
608–620 nm), and a DAPI (excitation/emission: 340–
359 nm/461–488 nm). Also a dual FITC/Texas Red and a 
dual DAPI/Texas Red filter may be used (see Notes 10 and 11).

 1. Open the Shandon rack by lifting the top rack. Pour 2–3 mL 
deionized water in the bottom container (see Note 12).

 2. Place the rack lid bottom up on the bench. Lay the cover plate 
horizontally across the rack lid, front side up. Place a few drops 
of washing buffer on the cover plate.

 3. Place the tissue slide on the cover plate; tissue section must 
face the front of the cover plate (see Note 13).

 4. The tissue slide should be placed within the six stop notches on 
the cover plate. A hybridization chamber of about 80 μL is 
thereby formed between the cover plate and the slide.

 5. Place the hybridization chamber upright in the Shandon rack 
chamber slot so that the rectangular stop notch in the slot fits 
exactly (“clicks” in place) into the rectangular hole in the mid-
dle of the spring clamp.

 6. Apply 100 μL of probe solution to the hybridization cham-
ber’s top well.

 7. Place the lid on the Shandon rack, wrap it in tinfoil, and incu-
bate overnight at 55 °C. Place the buffers in the incubator 
together with the Shandon rack in order to equilibrate them to 
the washing temperature of 55 °C (see Notes 1 and 9).

 8. On the second day, remove the tinfoil and the lid from the rack 
and place it back in the incubator. Apply warm (55 °C) hybrid-
ization buffer to the hybridization chamber’s top well  
(see Notes 1 and 14). Let the buffer run through and repeat 
the procedure two times. Repeat this with the washing buffer.

 9. Fill a Coplin jar with MilliQ water, remove the slide from the 
cover plate, and place it in the jar for 1–2 min at room 
temperature.

 10. Remove the slides from the Coplin jar and place them in the 
incubator 55 °C on a clean lab napkin or in an open slide box 
until they air-dry (see Note 1).

 11. Apply antifading mounting media and add a coverslip to each 
slide. Gently press with a pencil to spread the antifading 
mounting media under the slide and to remove bubbles.

3.6 Method II: 
Hybridization 
with DNA or PNA 
Probes on Tissue 
Sections on Glass 
Slides Using 
a Shandon Rack 
(Fig. 6)
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 12. Inspect slides by using a fluorescence microscope equipped with 
a camera and the appropriate filter sets for fluorescein isothiocya-
nate (FITC) (excitation/emission: 492–495 nm/520–525 nm), 
a Texas Red (excitation/emission: 591–596 nm/608–620 nm), 
and a DAPI (excitation/emission: 340–359 nm/461–488 nm). 
Also a dual FITC/Texas Red and a dual DAPI/Texas Red filter 
set may be used (see Notes 10 and 11).

4 Notes

 1. The temperature of the hybridization buffer, washing buffer, 
heating block, and incubator when using DNA probes depends 
on the melting temperature (Tm) of the probe. This may vary 
from 35 °C to 60 °C. Preliminary specificity tests should be 
carried out at 10 °C below the Tm of the actual probe. PNA 
probes are always run at 55 °C.

 2. Formalin is carcinogenic; therefore, only handle it when wear-
ing nitrile gloves and in a fume hood. For ensuring maximum 
retention of nucleic acids, fixation should be carried out 
promptly. Apart from formalin, which is a cross-linking fixa-
tive, a number of other fixation techniques may be used, e.g., 
freezing, formaldehyde based on paraformaldehyde, and Carnoy’s 
fixative, but also acetic acid and ethanol can be used before 
cryostat sectioning.

 3. Paraffin-embedded tissue sections must not be folded when 
mounted on a glass slide. Changing the temperature of the 
water in the bowl can help unfold the tissue sections. For most 
tissues, 47 °C is optimal, but ±5 °C may solve folding prob-
lems. When mounting brain and skin tissue, a lower tempera-
ture of approximately 37 °C is often required.

 4. Slides with tissue sections treated through steps 1 to 3 in the 
deparaffinization process can be removed directly from 99.9 % 
ethanol (deparaffinization step 3) and left to air-dry on a clean 
paper napkin before hybridization.

 5. In order to facilitate the penetration of the probe, pretreatment 
is necessary for some Gram-positive species before the FISH pro-
cedure. Lysozyme is used on streptococci and on staphylococci 
in FISH. This enzyme helps the oligonucleotide with the fluores-
cent dye molecule to enter the bacterial cell. Lysozyme pretreat-
ment is done on the slide. We routinely use 3 mg/ml lysozyme 
solution in 100 mM Tris–HCL, 50 mM EDTA, pH 7.2, for 
10 min. Lysozyme treatment is done after the ethanol series.

 6. When a probe has been designed in silico, its specificity should 
be verified by looking up the sequence in other databases 
afterward.
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 7. Whenever possible, protect the probe solution and the glass 
slides with tissue samples from light. Fluorescent probes are 
degraded by light. If PNA probes are not received ready for 
use, the probe solution to be used can be prepared as described 
for the DNA probe.

 8. The use of a coverslip may be omitted.
 9. Make sure that you have enough hybridization (only for 

Method II) and washing buffers for the washing procedure. 
You will need 10–12 mL of each buffer per slide.

 10. If there is green fluorescent protein (GFP), the sample should 
preferably be visualized immediately after it is prepared.

 11. Autofluorescence may appear; make sure that the fluorescent 
signal is correlated to the size and morphology of the investi-
gated cells (Fig. 2). The fluorescent signal should only appear 
when using the correct filter set, not in other spectra.

 12. The Shandon rack must never contain more deionized water 
than the maximum volume marker on the inside of the con-
tainer indicates.

 13. In order to avoid air bubbles, moisten the tissue section with 
washing buffer before placing it on the cover plate.

 14. A squirt flask can be used to apply warm (55 °C, see Note 1) 
hybridization buffer to the hybridization chamber’s top well 
when using a Shandon rack.
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    Chapter 18   

 Identifi cation of Animal  Pasteurellaceae  
by MALDI-TOF Mass Spectrometry 

           Joachim     Frey      and     Peter     Kuhnert   

    Abstract 

   Species of the family  Pasteurellaceae  play an important role as primary or opportunistic, predominantly 
respiratory, pathogens in domestic and wild animals. Some of them cause severe disease with high eco-
nomic losses in commercial animal husbandry. Hence, rapid and accurate differentiation of  Pasteurellaceae  
is important and signifi es a particular challenge to diagnostic laboratories. Identifi cation and differentia-
tion of  Pasteurellaceae  is mostly done using phenotypic tests or genetic identifi cation based on sequence 
similarity of housekeeping genes, such as the  rrs  gene encoding the 16S ribosomal RNA (16S rRNA). Both 
approaches are time consuming, laborious, and costly, therefore often delaying the fi nal diagnosis of dis-
ease or epidemics. Matrix-assisted laser desorption/ionization time-of-fl ight (MALDI-TOF) mass spec-
trometry represents an alternative rapid and reliable method for the differentiation of most members of the 
family  Pasteurellaceae . It is able to differentiate within a few minutes the currently known 18 genera and 
most of the over 60 species and subspecies of  Pasteurellaceae  including many members encountered in 
veterinary diagnostic laboratories. A few closely related species and subspecies that cannot be discriminated 
by MALDI-TOF are easily identifi ed further by complementary simple tests, such as hemolysis done simul-
taneously or routinely during pathogen isolation.  

  Key words     MALDI-TOF MS  ,   Bacterial identifi cation  ,   Veterinary diagnostics  ,   Molecular identifi ca-
tion  ,    Pasteurellaceae   ,   New taxa  ,   Rapid diagnosis  

1      Introduction 

 The family  Pasteurellaceae  represents Gram-negative, aerobic, coc-
coid- or rod-shaped, nonspore-forming, and nonmotile bacteria, 
currently consisting of 18 genera and more that 60 validly named 
species (J.P. Euzeby,   www.bacterio.net    ) [ 1 – 3 ]. While most taxa 
appear as commensal bacteria on mucosal surfaces of animals, sev-
eral species are of particular concern, either as persistent opportu-
nistic or as primary pathogens in farm animals, such as  Actinobacillus 
pleuropneumoniae  in pigs,  Pasteurella multocida  and  Avibacterium 
paragallinarum  in poultry,  Mannheimia haemolytica  in cattle, or 
 Actinobacillus equuli  subsp.  haemolyticus  in horses. Phenotypic 
identifi cation based on special growth media, detection of 
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metabolites, and biochemical tests, combined with knowledge of 
host specifi city that is generally encountered for most pathogenic 
 Pasteurellaceae , are normally used in routine diagnostics [ 4 ]. 
Commercial phenotypic identifi cation systems frequently lack ani-
mal pathogens in their databases, where  Pasteurellaceae  typically 
are underrepresented. More recently, DNA sequence-based identi-
fi cation methods are applied in veterinary diagnostics [ 5 ,  6 ]. 
Although these latter methods are highly discriminatory, they 
request qualifi ed personnel and are time consuming and costly. 

 Matrix-assisted laser desorption/ionization time-of-fl ight mass 
spectrometry (MALDI-TOF MS; shortly MALDI-TOF) has newly 
entered in the identifi cation procedures of bacteria in research as 
well as in routine diagnostic laboratories [ 7 – 9 ]. Briefl y, the sample 
to be analyzed, which may be composed of whole bacterial cells, is 
mixed with a matrix solution, applied onto a metal plate target 
slide, and irradiated with a laser. The matrix along with the sample 
analytes absorbs the laser light and vaporizes. Thereby, the various 
proteins gain an electrical charge (ionization), which enables elec-
trical fi elds to accelerate them into the time-of-fl ight mass spec-
trometer where they are separated according to their mass to 
charge ratio and the respective abundance is measured, yielding a 
characteristic spectrum (Fig.  1 ). Differentiation of bacterial genera 
and species is mainly based on time-of-fl ight mass spectra of ribo-
somal proteins, which generate characteristic fi ngerprints. This is 
possible because ribosomes are highly abundant in bacteria at 
20,000 copies in the average, and hence ribosomal proteins 

  Fig. 1    MALDI-TOF spectrum of  Actinobacillus pleuropneumoniae  type strain S4074 T        
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 contribute with the strongest signals to the MALDI-TOF spectra 
that can be resolved and fi nally constitute the fi ngerprints. The 
composition of ribosomal proteins also refl ects evolutionary rela-
tions of bacterial species and hence mirrors to a large extent the 
phylogeny established with ribosomal RNA sequences. Moreover, 
the composition of ribosomal proteins in bacteria is stable under 
any conditions and represents the most characteristic biomarkers 
accessible in the analysis of intact organism without extraction, 
separation, or amplifi cation. In this respect, ribosomal proteins are 
also to be considered as essential phenotypic markers as requested 
for taxonomic differentiation. MALDI-TOF represents a universal, 
fast, and cost-effective alternative to classical phenotypic and 
genetic identifi cation assays. It is an open system that can con-
stantly be updated with reference data produced in the laboratories 
themselves depending on their needs.

   The MALDI-TOF mass spectrometers designed for microbial 
identifi cation purpose generally are equipped with databases for the 
identifi cation of bacteria of primary clinical importance in human 
medicine and hence lack data for many animal pathogens or oppor-
tunists such as species of the family  Pasteurellaceae . A comprehen-
sive database of MALDI-TOF spectra has recently been developed 
using a well-characterized strain collection representing type strains 
and fi eld isolates of a large range of species and also subspecies of 
 Pasteurellaceae  that are of current relevance in veterinary infectious 
disease diagnostics [ 10 ]. The data obtained revealed that MALDI-
TOF is able to discriminate most of  Pasteurellaceae  species tested, 
while only a few closely related species or subspecies needed addi-
tional tests for accurate identifi cation. The current chapter describes 
the establishment of a MALDI-TOF spectrum database of 
 Pasteurellaceae  and the method for rapid bacterial identifi cation to 
be used in diagnostic laboratories. The method is basically adapt-
able to any other bacterial family, which might be lacking in the 
commercial databases provided with the MALDI- TOF instru-
ments. Note that MALDI-TOF databases are adapted to the spe-
cifi c mass spectrometers and are not normalized and are applicable 
to the specifi c instrument only. Therefore there are currently no 
online databases for MALDI-TOF-based identifi cation of bacteria 
available. Spectra are electronically transferable from one instru-
ment to another of the same brand, but adjustments are necessary 
as there are minor differences from one instrument to another.  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents. Preparation and storage of reagents is at room tempera-
ture unless otherwise indicated. 

Identifi cation of Animal Pasteurellaceae by MALDI-TOF
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      1.    0.9 % (w/v) NaCl (=154 mM).   
   2.    Ethanol, absolute.   
   3.    70 % (v/v) formic acid.   
   4.    Acetonitrile.   
   5.    Organic solvent (OS): 50 % acetonitrile, 2.5 % trifl uoroacetic 

acid (TFA) in H 2 O.   
   6.    Matrix solution (10 mg/ml): dissolve 10 mg of α-cyano-4- 

hydroxycinnamic acid in 1 ml of OS and vortex thoroughly. 
The matrix solution should be saturated, i.e., some crystals 
might still be visible even after a few minutes. It can be kept in 
the dark at room temperature up to 1 week. Aliquots of pre- 
weighted powder can be kept at −20 °C and be supplemented 
with OS just prior to use.   

   7.    Appropriate growth medium for species to be included in data-
base or to be analyzed, e.g., trypticase soy agar supplemented 
with 5 % sheep erythrocytes or chocolate agar ( see   Note 1 ).      

      1.    MALDI-TOF mass spectrometer for biotyping, such as Bruker 
Daltonik Microfl ex LT or Shimadzu AXIMA Microorganism 
Identifi cation System.   

   2.    General laboratory equipment such as micro-centrifuge.       

3    Methods 

 Procedures can be carried out at room temperature unless other-
wise specifi ed. They are given for the Bruker Daltonik Microfl ex 
LT (Bruker Daltonik GmbH, Bremen, Germany), using the “Flex 
control” software, and might vary slightly with other instruments. 

      1.    For each species of  Pasteurellaceae  family, grow the type strain 
and three to four confi rmed fi eld strains on appropriate 
medium, at the appropriate temperature (generally 37 °C) 
under suitable conditions, such as aerobic, microaerophilic, or 
capnophilic conditions. Ideally, use fi eld strains for which the 
species has been confi rmed by sequence analysis of the 16S 
rRNA and housekeeping genes [ 5 ,  6 ].   

   2.    Suspend a few colonies in 300 μl deionized H 2 O in an 
Eppendorf 1.5 ml tube.   

   3.    Add 900 μl of absolute ethanol and mix well.   
   4.    Centrifuge for 2 min in a micro-centrifuge at full speed 

(15,000 ×  g ).   
   5.    Discard liquid and centrifuge again for 2 min at full speed.   

2.1  Chemicals

2.2  Equipment

3.1  Generation 
of Reference Spectra 
for the Establishment 
of a New or 
for Upgrading 
a Database
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   6.    Remove all liquid with a pipette and air-dry the bacterial pellet 
for 20–30 min. Suspend the pellet in 50 μl of formic acid 70 % 
and verify the full suspension of the bacteria.   

   7.    Add 50 μl of acetonitrile and mix well.   
   8.    Centrifuge for 2 min in a micro-centrifuge at full speed.   
   9.    Keep the supernatant for the production of MALDI-TOF 

spectra.   
   10.    Spot 1 μl aliquots of the supernatant onto the steel target sup-

port of the MALDI-TOF mass spectrometer in eight replicas 
( see   Note 2 ).   

   11.    Let the samples on steel target support air-dry (2–5 min).   
   12.    Cover each dried sample with 1 μl of α-cyano-4- 

hydroxycinnamic acid matrix solution ( see   Notes 2  and  3 ).   
   13.    Let the samples on steel target support air-dry (2–5 min).   
   14.    Include a calibration with a bacterial test standard (BTS), 

which is, in general, a specifi c strain of  Escherichia coli  pro-
vided by the supplier of the MALDI-TOF instrument.   

   15.    Produce reference spectra with the MALDI-TOF mass spec-
trometer by measuring each spot three times with standard 
settings resulting in a total of 24 spectra for each strain (Fig.  1 ). 
Run one to three BTS calibration spots with each plate read.   

   16.    Import the spectra into the “Flex analysis” software and pro-
cess it according to the manufacturer’s recommendations.   

   17.    Check the quality of the 24 spectra, generate a main spectrum 
(MSP), and register this as reference for the species in the 
database of the MALDI-TOF mass spectrometer according to 
the manufacturer’s instructions ( see   Notes 4  and  5 ).   

   18.    Use the MSP (reference spectra) to compile a dendrogram as 
shown in Fig.  2  using the Biotyper 3.0 software (Bruker) and 
the correlation distance measure with the average linkage 
algorithm.

             1.    Take a single colony from culture medium with a toothpick 
( see   Note 1 ).   

   2.    Smear the bacteria on the steel target support ( see   Note 6 ) 
(Fig.  3 ).

       3.    Overlay the bacterial smear with 1 μl of α-cyano-4- 
hydroxycinnamic acid matrix solution ( see   Notes 2  and  3 ).   

   4.    After air-drying, analyze with the MALDI-TOF mass spec-
trometer, using standard settings in the “Flex control” software 
according to the manufacturer’s instructions ( see   Notes 7 – 12 ).   

   5.    Compare the query spectra in the Biotyper 3.0 software against 
the internal commercial database in combination with the library 
database generated from additional “in-house” reference spectra.       

3.2  Diagnostic 
Identifi cation 
of Colonies by Direct 
Transfer
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Actinobacillus pleuropneumoniae 13039
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Actinobacillus pleuropneumoniae WF83
Actinobacillus lignieresii NCTC4189T
Actinobacillus pleuropneumoniae S1421
Actinobacillus pleuropneumoniae S4074T
Actinobacillus minor NM305T
'Actinobacillus porcitonsillarum' CCUG46997
Actinobacillus capsulatus CCUG12396T
Actinobacillus equuli subsp. equuli ATCC19392T
Actinobacillus equuli subsp. haemolyticus CCUG19799T
Actinobacillus equuli subsp. equuli JF4284
Actinobacillus equuli subsp. haemolyticus JF4291
Actinobacillus suis ATCC33415T
Actinobacillus ureae DSM5568T
Bibersteinia trehalosi CCUG27190T
Nicoletella semolina CCUG43639T
Bisgaard Taxon 16 CCUG17204
Bisgaard Taxon 16 JF2221
Haemophilus pittmaniae HK85T
[Haemophilus] parasuis CCUG3712T
Mannheimia caviae T138021-75T
Mannheimia glucosida P925T
Mannheimia ruminalis HPA92T
Mannheimia haemolytica ATCC33396T
Mannheimia granulomatis ATCC49244T
Mannheimia varigena CCUG38462T
Otariodibacter oris Baika1T
Bisgaardia Genomospecies 1 CCUG59551
Bisgaardia hudsonensis CCUG43067T
[Actinobacillus] delphinicola DSM11374T
Aggregatibacter actinomycetemcomitans DSM8324T
Lonepinella koalarum ATCC700131T
Avibacterium avium DSM18557T
Avibacterium endocarditidis DSM18224T
Avibacterium volantium DSM18578T
Avibacterium gallinarum DSM17481T
Gallibacterium anatis DSM16844T
Haemophilus influenzae DSM4690T
[Actinobacillus] rossii ATCC27072T
Histophilus somni ATCC43625T
Basfia succiniciproducens DSM22022T
[Pasteurella] bettyae DSM23000T
Pasteurella multocida subsp. gallicida CCUG17978T
Pasteurella multocida subsp. multocida CCUG17976BT
Pasteurella multocida subsp. septica CCUG17977T
Pasteurella canis CCUG12400T
Pasteurella oralis P683T
Pasteurella stomatis CCUG17979T
Pasteurella dagmatis CCUG12397T
[Actinobacillus] seminis CCUG27187T
[Pasteurella] mairii CCUG27189T
[Pasteurella] aerogenes ATCC27883T
Necropsobacter rosorum CCUG28028T
Volucribacter amazonae CCUG47537T
Volucribacter psittacicida CCUG47536T
[Haemophilus] haemoglobinophilus CCUG3714T
Chelonobacter oris CCUG55632T
[Pasteurella] testudinis CCUG19802T
Phocoenobacter uteri NCTC12872T

MSP Dendrogram

Distance Level

  Fig. 2    Dendrogram derived from similarity matrices based on MALDI-TOF MS reference spectra from species 
of the family  Pasteurellaceae  that are relevant in diagnostics of animal infectious diseases or represent impor-
tant genera of this family. The distance level is normalized to a maximum value of 1,000. Type species of the 
currently 18 genera are indicated in  bold . Species misclassifi ed in the corresponding genus are indicated 
informally  in brackets  [ 11 ]       

 

Joachim Frey and Peter Kuhnert



241

4    Notes 

        1.    If using growth liquid media, removal of the media compo-
nents from the bacterial samples may be important for success-
ful MALDI-TOF analysis. Cell suspension may be centrifuged, 
and the pellet washed several times with water before perform-
ing the analysis.   

   2.    When spotting MALDI-TOF plates, allow the wicking action 
to pull the sample or matrix solution aliquots off from the 
pipette rather than touching the surface with the pipette tip, in 
order to achieve a better homogeneity of the spot.   

   3.    Samples are overlaid with a matrix solution and air-dried. The 
crystallized organic acid forms the matrix, consisting of laser- 
absorbing small organic molecules in large excess over the bac-
terial proteins to be analyzed. Several organic acids are suitable 
for the matrix solution, but cinnamic acid is adequate for 
examining proteins (usually α-cyano-4-hydroxycinnamic acid, 
which enables highly sensitive MALDI-TOF measurement of 
peptides and proteins from 0.7 to 20 kDa). The solvent aceto-
nitrile leads to co-crystallization of matrix and sample mole-
cules when evaporating.   

   4.    Reference spectra databases can also be transferred from one 
instrument to another, if the instruments are compatible. 
However, best results are obtained with reference spectra gen-
erated on the proper instrument.   

   5.    For certain bacterial species, reference spectra created on 
the  proper instrument might show differences compared to 

  Fig. 3    Simple application of material from individual bacterial colonies onto the 
steel target support for MALDI-TOF mass spectrometry       
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reference spectra of the same species or strain present in preset 
databases. This is due to the fact that preset databases were 
made on a different instrument.   

   6.    The extraction method with formic acid and acetonitrile 
results in higher quality and higher similarity indexes com-
pared to the direct transfer method and might exceptionally 
be necessary for proper identifi cation of certain species, such 
as  Histophilus somni .   

   7.    Results of identifi cations are given by a similarity index starting 
with the species giving the best match. Good similarity indexes 
generally are above 2.0. As the MALDI-TOF MS identifi ca-
tion is based on the comparative analysis of MS spectra based 
on ribosomal proteins, the method in general is unable to dif-
ferentiate subspecies, biotypes, or serotypes, which all were 
shown to cluster tightly. This is illustrated in Fig.  2  with the 
reference strains of  A. pleuropneumoniae  serotype 1, S4074 T ; 
serotype 2, S1536; serotype 3, 1421; serotype 7, WF83; and 
serotype 10, 13039, which all form a tight cluster.   

   8.     Actinobacillus pleuropneumoniae  and  A. lignieresii  are geno-
typically very closely related. However  A. pleuropneumoniae  is 
hemolytic and can be readily differentiated from  A. lignieresii  
by hemolysis, e.g., on blood-agar medium plates. The species 
 A. pleuropneumoniae  can be confi rmed further by the pres-
ence of the  apx IVA gene using PCR or real-time PCR [ 11 ].   

   9.    Some species, e.g., [ Pasteurella ]  testudinis , [ Actinobacillus ] 
 rossii , or [ Haemophilus ]  parasuis , do not cluster with their cor-
responding genus (Fig.  2 ). This is due to their misclassifi cation 
within this genus, which is therefore given in brackets [ 5 ,  12 ]. 
However, this does not infl uence at all the reliable identifi ca-
tion of these three species.   

   10.    Subspecies of  Pasteurella multocida  cannot be differentiated as 
they are phylogenetically very closely related and often only 
differ by specifi c virulence attributes.   

   11.     Actinobacillus suis ,  Actinobacillus equuli  subsp.  haemolyticus , 
and  Actinobacillus equuli  subsp.  equuli  represent phylogeneti-
cally a tight entity and cannot be separated by MALDI-TOF 
based on ribosomal protein spectra.  A. equuli  subsp.  equuli  is 
nonhemolytic, while  A. suis  and  A. equuli  subsp.  haemolyticus  
are hemolytic. They differ from each other mainly by the dif-
ferent, hemolytic, RTX toxins of which  A. suis  secretes the 
porcine-specifi c toxins ApxI and ApxII and  A. equuli  subsp. 
 haemolyticus  secretes the equine-specifi c Aqx toxin. The latter 
can be differentiated by PCR [ 13 ].   

   12.    MALDI-TOF analysis is able to detect and characterize yet 
unknown or unassigned taxa during research and routine 
diagnosis. They are evidenced by the fact that their spectra are 
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clustered and differentiated from those of the known species. 
The use of reference spectra from new, yet unassigned taxa will 
help to recognize them for further characterization and fi nally 
for the description of new taxa. This is demonstrated by 
Bisgaard Taxon 16 in Fig.  2 .         

   References 

    1.    Boyce JD, Harper M, Wilkie IW et al (2010) 
Pasteurella. In: Gyles CL, Prescott JF, Songer 
JG, Thoen CO (eds) Pathogenesis of bacterial 
infections in animals. Wiley-Blackwell, 
Weinheim, pp 325–346  

   2.    Christensen H, Korczak BM, Bojesen AM et al 
(2011) Classifi cation of organisms previously 
reported as the SP and Stewart-Letscher 
groups, with descriptions of  Necropsobacter  
gen. nov. and of  Necropsobacter rosorum  sp. 
nov. for organisms of the SP group. Int J Syst 
Evol Microbiol 61:1829–1836  

    3.    Foster G, Higgins R, Leclair D et al (2011) 
Proposal of  Bisgaardia hudsonensis  gen. nov., 
sp. nov. and an additional genomospecies, iso-
lated from seals, as new members of the family 
 Pasteurellaceae . Int J Syst Evol Microbiol 61:
3016–3022  

    4.    Dousse F, Thomann A, Brodard I et al (2008) 
Routine phenotypic identifi cation of bacterial 
species of the family  Pasteurellaceae  isolated 
from animals. J Vet Diagn Invest 20:716–724  

      5.    Korczak BM, Kuhnert P (2008) Phylogeny of 
 Pasteurellaceae . In: Kuhnert P, Christensen H 
(eds)  Pasteurellaceae : biology, genomics and 
molecular aspects. Caister Academic Press, 
Norfolk, UK, pp 27–52  

     6.    Kuhnert P, Korczak BM (2006) Prediction of 
whole-genome DNA-DNA similarity, determi-
nation of G + C content and phylogenetic anal-
ysis within the family  Pasteurellaceae  by 
Multilocus Sequence Analysis (MLSA). 
Microbiology 152:2537–2548  

    7.    Fenselau C, Demirev PA (2001) 
Characterization of intact microorganisms by 
MALDI mass spectrometry. Mass Spectrom 
Rev 20:157–171  

   8.    Tamura H, Hotta Y, Sato H (2013) Novel 
accurate bacterial discrimination by MALDI-
Time- of-Flight MS based on ribosomal pro-
teins coding in S10-Spc-Alpha operon at strain 
level S10-GERMS. J Am Soc Mass Spectrom 
24:1185–1193  

    9.    Clark AE, Kaleta EJ, Arora A et al (2013) 
Matrix-assisted laser desorption ionization- time 
of fl ight mass spectrometry: a fundamental shift 
in the routine practice of clinical microbiology. 
Clin Microbiol Rev 26:547–603  

    10.    Kuhnert P, Bisgaard M, Korczak BM et al 
(2012) Identifi cation of animal  Pasteurellaceae  
by MALDI-TOF mass spectrometry. J 
Microbiol Methods 89:1–7  

     11.    Schaller A, Djordjevic SP, Eamens GJ et al 
(2001) Identifi cation and detection of 
 Actinobacillus pleuropneumoniae  by PCR based 
on the gene  Apx IVA. Vet Microbiol 79:47–62  

    12.    Christensen H, Bisgaard M (2008) Taxonomy 
and biodiversity of members of  Pasteurellaceae . 
In: Kuhnert P, Christensen H (eds) 
 Pasteurellaceae : biology, genomics and molec-
ular aspects. Caister Academic Press, Norfolk, 
UK, pp 1–26  

    13.    Kuhnert P, Berthoud H, Straub R et al (2003) 
Host cell specifi c activity of RTX toxins from 
haemolytic  Actinobacillus equuli  and 
 Actinobacillus suis . Vet Microbiol 92:161–167    

Identifi cation of Animal Pasteurellaceae by MALDI-TOF





245

Mónica V. Cunha and João Inácio (eds.), Veterinary Infection Biology: Molecular Diagnostics and High-Throughput Strategies, 
Methods in Molecular Biology, vol. 1247, DOI 10.1007/978-1-4939-2004-4_19, © Springer Science+Business Media New York 2015

    Chapter 19   

 Gold Nanoparticles as a Potential Tool 
for Diagnosis of Fish Diseases 

           Mona     Saleh    ,     Hatem     Soliman    , and     Mansour     El-Matbouli    

    Abstract 

   Infectious diseases are a serious problem and a major contributor to severe economic losses in intensive fi sh 
culture. Therefore, rapid and sensitive detection of fi sh pathogens is extremely important. Although vari-
ous assays for determination of fi sh pathogens have been developed, most of these diagnostic methods are 
time-consuming and laborious. To overcome these limitations, functional nanomaterials have been actively 
investigated to improve detection ability and rapidity of diagnostic assays. Gold nanoparticles (AuNPs) 
have been widely studied for their unique optical properties arising from their surface plasmon resonance, 
which is responsible for their large absorption and scattering properties. These unique properties are four 
to fi ve orders of magnitude larger than those of conventional dyes and can be controlled by varying their 
sizes, shapes, and compositions. Moreover, AuNPs can be easily synthesized and functionalized with dif-
ferent biomolecules, including pathogen-specifi c oligonucleotides or antibodies. Recently, nanoparticle- 
based assays have been introduced as a tool for laboratory diagnosis. They have been used for the direct 
detection of unamplifi ed nucleic acids in hybridization assays. Single- and double-stranded oligonucle-
otides can be adsorbed on AuNPs in colloidal solution under certain conditions. The result of the hybrid-
ization process can be visually detected within 1 min after addition of AuNPs, when the color of the 
reaction mixture changes from red to blue (positive reaction) or remains red (negative). The development 
of such nanoparticle-based strategies holds the potential to become powerful approaches for diagnosis of 
fi sh pathogens.  

  Key words     Diagnosis  ,   Fish pathogens  ,   Gold nanoparticles  ,   Label-free  ,   Colorimetric detection  , 
  Unamplifi ed nucleic acids  ,   Nucleic acid probes  ,   Hybridization assay  

1       Introduction 

 Methods conventionally used for the diagnosis of fi sh diseases 
mostly require expensive laboratory facilities, preventing their 
wide-scale use. Additionally, these methods need extensive sample 
preparation steps and have long readout times, which delay a timely 
response and hamper effective disease control [ 1 ]. Recently, a 
powerful emerging technology based on the unique properties of 
nanoscale materials was introduced, which presents a great 
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 opportunity to develop fast, accurate, and cost-effective diagnostics 
for the detection of infectious agents [ 1 – 3 ]. The optical transduc-
tion by noble metal nanoparticles is based upon the phenomenon of 
nanoparticle surface plasmon resonance [ 4 – 6 ]. Surface plasmon 
resonance is the collective oscillations of surface electrons induced 
by visible light and is responsible for the intense colors exhibited by 
colloidal solutions of noble metals such as gold and silver [ 7 – 11 ]. 
Gold nanoparticles (AuNPs) are suitable for a wide range of biologi-
cal applications due to their unique size-, shape-, and composition- 
dependent optical, physical, and chemical properties [ 12 ]. 

 When in solution, AuNPs are typically stabilized by negatively 
charged citrate ions adsorbed on their surfaces whose repulsion 
prevents aggregation due to the strong van der Waals attraction 
between gold particles [ 13 ,  14 ]. However, on addition of ionic 
substances such as NaCl, the attraction force becomes stronger 
than the counteraction, which leads to an aggregation of AuNPs 
and to the consequent color change of the solution from red to 
blue [ 15 ]. This property, along with the corresponding shift of 
surface plasmon absorption, has been utilized for the colorimetric 
detection of DNA and RNA [ 16 – 23 ]. AuNPs-based DNA detec-
tion can be generally classifi ed as either being labeled or label-free 
[ 22 ]. In the labeled technique, AuNPs are modifi ed mainly with 
thiolated single-stranded DNA (ssDNA) and then allowed to 
hybridize with a complementary target sequence [ 23 ]. However, 
the need for premodifi cation of the AuNPs makes this strategy 
laborious, complicated, and time-consuming [ 24 ]. 

 The label-free method takes advantage of the different electro-
static properties of ssDNA and double-stranded DNA (dsDNA). 
Since ssDNA is fl exible and can partially uncoil, it can be easily 
adsorbed on AuNPs and enhance the electrostatic repulsion 
between the nanoparticles. This stabilizes the AuNPs even in the 
presence of salt. In contrast, because dsDNA cannot easily uncoil 
and has an exposed negatively charged phosphate backbone, its 
adsorption to the AuNPs is prevented, and the salt-induced aggre-
gation of the nanoparticles is not blocked [ 22 ]. When AuNPs are 
added to a saline solution containing the target nucleic acid and its 
complementary unlabeled ssDNA probe, the nanoparticles aggre-
gate, and the solution color changes to blue since the probes are 
not free to stabilize the AuNPs. On the other hand, in the absence 
of the target nucleic acid, the probes are free to stabilize the AuNPs, 
thus preventing its aggregation, and the solution color remains red 
[ 22 ,  23 ,  25 ,  26 ] (Fig.  1 ). This AuNPs-based label-free strategy has 
been utilized to develop several colorimetric hybridization assays 
[ 25 ,  27 – 30 ]. Gold nanoparticles-based assays have also been used 
successfully for the detection of fi sh pathogens [ 29 ,  31 ]. Herein, 
we describe how these assays can be performed properly to assist 
rapid, accurate, and affordable diagnosis of fi sh diseases.
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Non Complementary RNA Complementary RNA

Probe

RNA

Denaturation

Annealing

Addition 
of 
AuNPs

Stabilization of the AuNPs due to 
adsorption of the probe on ist surface 
and the color of the AuNPs remains red

Aggregation from AuNPs and
color shift from red to blue because
the probe is not free to stabilize the AuNPs

  Fig. 1    Schematic diagram of a colorimetric assay based on unmodifi ed AuNPs for detection of unamplifi ed 
nucleic acids (SVCV RNA). First, the target RNA is denatured and the complementary probe hybridizes to the 
target forming double strands. Adding AuNPs causes its aggregation since the probe is not free to stabilize the 
AuNPs, and the solution color changes from  red  to  blue . In the presence of a noncomplementary target RNA, 
the probe will be free to adsorb onto and stabilize the AuNPs consequently preventing their aggregation and 
the solution color remains  red        
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2        Materials 

      1.    38.8 mM sodium citrate solution (Sigma-Aldrich, GmbH, 
Schnelldorf, Germany).   

   2.    1 mM aqueous solution of gold (III) chloride trihydrate 
(HAuCl 4 ) (Sigma-Aldrich, GmbH, Schnelldorf, Germany).      

      1.    Oligonucleotide probes targeting specifi c sequences of a par-
ticular gene of interest of the pathogen. For example, we have 
recently described the development of a 26 bp specifi c probe 
(5′-GTC TAT CAT CAG CTA CAT CGC ATT CC-3′) 
designed to target the spring viremia of carp virus (SVCV) gly-
coprotein gene [ 29 ]. Assess the specifi city of the probe against 
other common aquatic pathogens sequences deposited in 
GenBank.   

   2.    Stock solutions of the probes: order the designed probes com-
mercially and prepare them according to the supplied specifi ca-
tion sheet that usually gives instructions needed to rehydrate 
the probes. For each probe, add the recommended amount of 
purifi ed, double-distilled, deionized, and autoclaved water 
(PCR grade water), and mix well to get a stock solution of 
100 pmol/μl. Prepare several aliquots from these stock solu-
tions to avoid degradation by repeated freezing and thawing, 
and keep at −20 °C until required.      

      1.    Extracted nucleic acids of the pathogens (DNA or RNA): in this 
illustrative protocol we use RNA extracted from SVCV grown 
in epithelioma papulosum cyprinid culture (EPC) [ 29 ] ( see  
 Note 1 ).   

   2.    Hybridization buffer: 10 mM phosphate buffer saline (PBS), 
pH 7.0, containing 0.4 M of NaCl and 1.8 μM of oligonucle-
otide probe ( see   Note 2 ).       

3     Methods 

  Prepare gold nanoparticles of 13 nm diameter by the citrate reduc-
tion method according to Grabar et al. [ 32 ] or purchase commer-
cially (e.g., from Strem Chemicals. Newburyport, MA, USA).

    1.    Add 10 ml of 38.8 mM sodium citrate solution rapidly to 
100 ml of vigorously stirred boiling 1 mM HAuCl 4  aqueous 
solution ( see   Note 3 ).   

   2.    The mixture should be boiled for 10 min and stirred for an 
additional 15 min.   

2.1  Gold 
Nanoparticles

2.2  Oligonucleotide 
Probes

2.3  Colorimetric 
Detection of Nucleic 
Acids

3.1  Preparation 
of Gold Nanoparticles
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   3.    Allow the solution to cool to room temperature.   
   4.    Filter and store at 4 °C before use.    

    Optimum concentrations of NaCl and oligonucleotide probe 
( see   Note 1 ), as well as optimal pH, annealing temperature, and 
incubation times, need to be determined for each assay. We give an 
example based on the detection of unamplifi ed SVCV RNA that 
we recently described [ 29 ]. 

 The assay is performed as follows:

    1.    In a sterile PCR tube place 5 μl of extracted RNA.   
   2.    Add 3 μl of the hybridization buffer.   
   3.    Complete the reaction mixture to 10 μl with sterile distilled 

water and mix well.   
   4.    Denature the mixture at 95 °C for 30 s, anneal at 58 °C for 

30 s, and then cool at room temperature for 10 min.   
   5.    Finally, add 10 μl of colloidal AuNPs to the reaction mixture, 

and observe the change in the solution color within 1 min 
(Fig.  2 ) ( see   Notes 4 – 6 ).

3.2  Colorimetric 
Detection of Nucleic 
Acids Using 
Unmodifi ed Gold 
Nanoparticles

  Fig. 2    Colorimetric assay using unmodifi ed AuNPs. Each tube contains 5 μL of 
sample (SVCV RNA), 1.8 μM of oligonucleotide probe, and 0.1 M of NaCl. The 
samples were denatured at 95 °C for 30 s and annealed at 58 °C for 30 s and 
then cooled at room temperature for 10 min. 10 μL of AuNPs solution was added 
and results were observed within 1 min. Tube 1 contains a positive sample and 
tube 2 contains a negative sample. In the positive sample, the color changes 
from  red  to  blue        
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4             Notes 

     1.    Inoculate SVCV onto EPC cell line maintained in Eagle’s min-
imal essential medium (EMEM) buffered to pH 7.6 with 
sodium bicarbonate, supplemented with 2 % of fetal bovine 
serum (FBS) and standard concentrations of antibiotic. 
Incubate the inoculated cultures at 15 °C.   

   2.    Optimum concentrations of NaCl and of oligonucleotide 
probe need to be determined for each assay, allowing the visual 
detection of the color change of the solutions and, at the same 
time, an effective annealing of the probe to its complementary 
target. For the detection of SVCV, the concentration of NaCl 
suffi cient for both aggregation of AuNPs and proper annealing 
of the probe to its complementary target was 0.4 M. Use dif-
ferent concentrations of the probe to determine the optimum 
probe concentration suffi cient to stabilize the AuNPs in the 
presence of salt. We found that a fi nal probe concentration of 
more than 3 μM was too high for any aggregation to occur in 
the presence of the target, leading to false negative results. In 
contrast, a probe concentration of less than 0.2 μM did not 
prevent aggregation of AuNPs in the absence of the target and 
led to false- positive results.   

   3.    A change in the color of the solution from pale yellow to deep 
red will be observed.   

   4.    The specifi city of the assays should be previously assessed using 
nucleic acids extracted from closely related organisms as tem-
plate. Our SVCV-targeted assay showed no false-positive 
results when tested with nucleic acids extracted from epizootic 
hematopoietic necrosis virus (EHNV), infectious hematopoi-
etic necrosis virus (IHNV), infectious salmon anemia virus 
(ISAV), koi herpes virus (KHV), viral hemorrhagic septicemia 
virus (VHSV), pike fry rhabdovirus (PFRV), zander rhabdo-
virus (ZRV), and, also, the EPC cells.   

   5.    The lower detection limit of the AuNPs-based assay was deter-
mined using a tenfold serial dilution of RNA extracted from 
SVCV grown in EPC culture with a known titer estimated 
according to the method described by Reed and Muench [ 33 ] 
(Fig.  3 ). The detection limit is the lowest RNA concentration 
able to change the solution color from red to blue upon aggre-
gation of AuNPs.

       6.    The ability of the AuNPs-based assay to detect SVCV RNA 
directly from fi sh specimens can be evaluated by testing RNA 
samples extracted from SVCV-infected and noninfected fi sh 
tissue homogenates. Test outcomes can be compared with 
those of virus isolation or PCR amplifi cation [ 34 ].         
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    Chapter 20   

 Nucleic-Acid Testing, New Platforms and Nanotechnology 
for Point-of-Decision Diagnosis of Animal Pathogens 

           Fernando     Teles      and     Luís     Fonseca   

    Abstract 

   Accurate disease diagnosis in animals is crucial for animal well-being but also for preventing zoonosis 
transmission to humans. In particular, livestock diseases may constitute severe threats to humans due to 
the particularly high physical contact and exposure and, also, be the cause of important economic losses, 
even in non-endemic countries, where they often arise in the form of rapid and devastating epidemics. 

 Rapid diagnostic tests have been used for a long time in fi eld situations, particularly during outbreaks. 
However, they mostly rely on serological approaches, which may confi rm the exposure to a particular 
pathogen but may be inappropriate for point-of-decision (point-of-care) settings when emergency 
responses supported on early and accurate diagnosis are required. Moreover, they often exhibit modest 
sensitivity and hence signifi cantly depend on later result confi rmation in central or reference laboratories. 
The impressive advances observed in recent years in materials sciences and in nanotechnology, as well as in 
nucleic-acid synthesis and engineering, have led to an outburst of new in-the-bench and prototype tests for 
nucleic-acid testing towards point-of-care diagnosis of genetic and infectious diseases. Manufacturing, 
commercial, regulatory, and technical nature issues for fi eld applicability more likely have hindered their 
wider entrance into veterinary medicine and practice than have fundamental science gaps. This chapter 
begins by outlining the current situation, requirements, diffi culties, and perspectives of point-of-care tests 
for diagnosing diseases of veterinary interest. Nucleic-acid testing, particularly for the point of care, is 
addressed subsequently. A range of valuable signal transduction mechanisms commonly employed in 
proof-of-concept schemes and techniques born on the analytical chemistry laboratories are also described. 
As the essential core of this chapter, sections dedicated to the principles and applications of microfl uidics, 
lab-on-a-chip, and nanotechnology for the development of point-of-care tests are presented. Microdevices 
already applied or under development for application in fi eld diagnosis of animal diseases are reviewed.  

  Key words     Lab-on-a-chip  ,   Microfl uidics  ,   Nanotechnology  ,   Nucleic-acid testing  ,   Point of care  , 
  Veterinary diagnosis  

  Abbreviations 

   AIDS     Acquired immunodefi ciency syndrome   
  BTRP     Biological Threat Reduction Program   
  CNT     Carbon nanotube   
  DNA     Deoxyribonucleic acid   
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  EIDSS    Electronic Infectious Disease Surveillance System   
  FIA    Flow-injection analysis   
  FMD    Foot-and-mouth disease   
  FMDV    Foot-and-mouth diseases virus   
  FRET    Fluorescence resonance energy transfer   
  GNP    Gold nanoparticle   
  HIV    Human immunodefi ciency virus   
  HPAI    Highly pathogenic avian infl uenza   
  LAMP    Loop-mediated isothermal amplifi cation   
  LATE-PCR    Liner-after-the-exponential PCR   
  MB    Molecular beacon   
  MNP    Magnetic NP   
  MWCNT    Multi-walled CNT   
  NASBA    Nucleic-acid sequence-based amplifi cation   
  NP    Nanoparticle   
  PCR    Polymerase-chain reaction   
  PDMS    Polydimethylsiloxane   
  PMMA    Poly(methyl methacrylate)   
  PNA    Peptide nucleic acid   
  POC    Point of care   
  QCM    Quartz-crystal microbalance   
  QD    Quantum dot   
  RNA    Ribonucleic acid   
  rPCR    Real-time PCR   
  RT-PCR    Reverse-transcription PCR   
  SARS    Severe acute respiratory syndrome   
  S/N    Signal-to-noise ratio   
  S/V    Surface-to-volume ratio   
  SELEX    Systematic evolution of ligands by exponential enrichment   
  SPR    Surface plasmon resonance   
  SWCNT    Single-walled CNT   
  TADR    Threat Agent Detection and Response   

1        The Context of Disease Diagnosis in Veterinary Science, 
Medicine, and Practice 

  As in human medicine, disease diagnosis in veterinary medicine 
and practice is important for several reasons, including the issues of 
animal health and welfare, public health (especially in the case of 
zoonotic agents affecting pets or animals for human consump-
tion), and economy (mainly related to the rules and barriers for the 
international trade of animals and animal products). In the veteri-
nary fi eld, it is important to consider fauna species other than cattle 
and farming animals (mainly large terrestrial livestock animals and 
fi shes for aquaculture as well), like pets, captive (e.g., zoo, circus, 
and aquariums), and wild animals. All of these constitute underes-
timated sources of many human infectious diseases, especially of 

1.1  Current Situation
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viral origin. Animal or human contamination with a veterinary- 
relevant pathogen may occur through infected animals (live or 
dead) and infected animal products (e.g., bush meat, unpasteur-
ized milk) or, to a lesser extent, through direct contact with the 
pathogen itself. In developing countries and regions, the impact of 
livestock diseases and outbreaks goes far beyond animal welfare 
and food safety. Too often, farm animals are also the only way of 
human and cargo transportation and also of income, as feedstock, 
as a source of manure and draft power, and as raw material for 
other industries (e.g., leather, shoes, and clothing) [ 1 ]. 

 The advent of human immunodefi ciency virus (HIV)/acquired 
immunodefi ciency syndrome (AIDS) and other human immune 
depressing conditions has been a relatively neglected factor of 
enhanced susceptibility of humans to animal diseases, especially 
with respect to pets. Immune-depressed individuals or other vul-
nerable groups, such as children or the elderly, may even become 
susceptible to subtypes of zoonotic microorganisms that are usu-
ally harmless for healthy humans [ 2 ]. Interaction between domes-
tic and wild animals may also provide an important via for indirect 
human contamination [ 3 ]. A particularly important group of zoo-
notic agents is that of enteric pathogens that are transmitted to and 
between humans and animals through the oral-fecal route, with 
subsequent dissemination to wastewater effl uents. Outbreaks may 
occur upon contamination of surface waters and groundwater used 
for recreational and irrigation purposes and insuffi cient microbial 
removal of drinking water and/or of treated wastewaters, since 
many of these enteric pathogens are resilient to classical treatment 
and disinfection procedures [ 4 ]. They often contaminate water 
supplies in very small concentrations, hence hindering fi nal disin-
fection and complicating detection as well [ 5 ]. Screening of enteric 
zoonotic agents has been proposed for pets cohabiting with 
immune-susceptible humans [ 6 ]. Very often, the presence of 
enteric viruses is detected indirectly, through bacterial indicators of 
fecal contamination, namely, coliforms and enterococci [ 5 ]. On 
the other hand, emerging “wild-type” zoonosis have been trans-
mitted from animals to humans (e.g., SARS and West Nile virus) 
or after specifi c mutations that facilitate the “species jump” (e.g., 
HIV and H5N1 or H1N1 infl uenza) [ 7 ]. Concerning bioterror-
ism issues and depending on the nature of the infectious pathogen, 
the detection of potential zoonotic agents in animals should alert 
for an intentional release act [ 8 ]. A successful anti-bioterrorism 
strategy must not only account for the detection of the known 
pathogen but also of genetically modifi ed forms. However, only a 
few potential veterinary pathogens fulfi ll the criteria for being con-
sidered effective bioterrorist agents. The group is composed by the 
viral agents of rinderpest, classical swine fever, African swine fever, 
avian infl uenza, Newcastle disease, Rift Valley fever, and foot-and- 
mouth disease (FMD) [ 1 ]. Among them, FMD and avian 
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infl uenza are especially important for their high prevalence in the 
world, zoonotic potential, and ramping spread. FMD is generally 
considered the most contagious viral disease in animals. Occasional 
occurrences in non-endemic regions are usually diffi cult and expen-
sive to control [ 9 ]. Avian infl uenza is a viral disease with pandemic 
potential; pigs can act as intermediate hosts of infl uenza viruses 
between birds and humans. Bidirectional transmission of these 
viruses between humans and pigs is documented [ 7 ]. 

 The diagnosis of air-borne diseases is challenging, with impli-
cations in disease control, especially in the case of outbreaks, and in 
individual case management. For these diseases, timely adoption of 
quarantine measures and massive antimicrobial therapy administra-
tion may be suffi cient to contain an emerging outbreak, as long as 
the fi rst cases are spotted in a short time. However, this may be 
impracticable in developing countries and regions, where effective 
routine surveillance fl aws. Thus, a successful containment strategy 
must include rapid diagnosis through inexpensive and easy-to-use 
portable devices for in-the-fi eld use [ 10 ]. As an example, it has 
been proposed that, within 6 h of the reporting of a suspicious 
FMD case, defi nitive detection should be made upon sample trans-
portation to a national or regional laboratory, or else on the farm 
itself, and that, within 24 h of reporting, defi nitive identifi cation of 
the infecting strain/subtype should be accomplished, immediately 
followed by vaccine production (from stored antigens) and distri-
bution [ 1 ].  

  Following the trend of human medicine, the diagnosis of animal 
diseases has also undergone progressive decentralization, from 
central (reference) laboratories to in-the-fi eld bioanalytical instru-
mentation, very often in resource-depleted regions and settings, 
even outside laboratory infrastructures. Essentially, this has been 
done through adaptation of conventional analytical methods and 
instrumentation to portable and automated devices, able to be 
handled by laboratory unskilled personnel (viz., veterinarian prac-
titioners and farmers). Several nomenclatures have been given to 
these tests. They include the names “fi eld tests”, “rapid tests”, 
“biosensors”, and “point-of-care (POC) tests”; this last term will 
be predominantly used throughout this chapter. Improved diag-
nostic tests are necessary for asymptomatic diseases, for diseases 
with misleading symptoms, for diseases requiring different treat-
ments, or for diseases that, by their complex or costly treatment, 
require previous case confi rmation. By contrast, these tests will 
likely have little or no impact for diseases which are easily recog-
nized by their clinical symptoms and for which a syndromic treat-
ment/approach is recommended. There is thus no clinical need to 
identify the causal agent. However, surveillance and control mea-
sures must be maintained for these diseases in order to deal with 
the risk of major epidemics [ 11 ]. It is among livestock animals that 

1.2  The Need 
for Point-of-Care 
Testing

Fernando Teles and Luís Fonseca



257

disease epidemic outbreaks are more likely to occur, and with 
higher magnitude, given the physical proximity of many animals 
under intensive husbandry, the probability of pathogens to con-
taminate neighboring farms, and the relatively poor biosecurity 
conditions of most farms, but also in the case of subclinical 
diseases. As time is crucial when managing the early stages of 
infectious disease, an immediate preliminary positive result 
obtained by a POC test strongly argues in favor of precautionary 
and preventive measures in affected farms and surroundings in 
order to avoid further transmission, until a defi nite and more accu-
rate result can be obtained in a reference laboratory [ 12 ]. Ideally, 
POC tests should go towards increased sensitivity, not only for 
early case identifi cation but also for disease surveillance and epide-
miological purposes, as infected animals may suffer and constitute 
infected reservoirs for disease spreading [ 11 ]. During the 2001 
FMD outbreak in the United Kingdom, most of the livestock in 
infected and neighboring farms was targeted for culling during the 
fi rst 24–48 h, based solely on clinical signs, which may be consider-
ably doubtful, especially in sheep, the main species affected [ 13 ]. 
The time span between animal infection and the onset of clinical 
symptoms, and hence infection awareness, can take months, usu-
ally through rapid and silent spreading within and between herds, 
which might need to be destroyed [ 14 ]. However, indoor con-
trolled studies with experimental infection of cattle with FMD 
virus (FMDV) showed a smaller-than-expected transmission frac-
tion during the overlapping period between the incubation and the 
infectious period, suggesting that the importance of common pre-
ventive measures taken at endangered farms (viz., preemptive cull-
ing of cattle, often with severe economic downturn) has been 
overestimated [ 15 ]. For most viral diseases, since the onset of 
detectable viremia usually occurs at least 1 day before the onset of 
infection and/or presentation of clinical signs, efforts should be 
devoted to the development of new diagnosis methodologies and 
tools at preclinical stages. Historically, public funds have been used 
to compensate farmers for massive slaughtering of suspected dis-
eased animals, but it has been argued that this may have generated 
permissive behaviors and disinterest from livestock industries and 
owners about transboundary control of cattle diseases [ 1 ]. In theory, 
POC tests are advantageous over laboratory-based tests if they can 
be used to detect infected animals before they become infectious, 
especially if this time window is short, as in the case of FMD. This 
advantage would apply if the time between collection of samples 
and receipt of results in the laboratory is, at least, 24 h. In the 
medium term, POC tests for cattle diseases will likely play an 
increasing role in the screening and triage of biological samples 
collected on the farm, as a primary support for decision-making 
during disease outbreaks [ 16 ], under a challenging context of 
permissive biological containment. 
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 In veterinary medicine, POC tests have been largely used, for 
some decades, for the screening of physiological metabolites in 
blood and urine. Pathogen detection is a newer application, mainly 
driven by the increasing number of emerging outbreaks, including 
those with public health importance. Among these is, for instance, 
the potentially pandemic H5N1 avian infl uenza, as well as infl u-
enza viruses of putative porcine origin, as the human pandemic 
strain of 2009 [ 12 ]. POC tests have also been developed for impor-
tant diseases of aquatic animals, using similar technologies to those 
used for terrestrial animals [ 17 ]. The most common layouts of 
commercially available devices rely on antigen detection in biologi-
cal samples through affi nity binding reactions with immobilized 
specifi c antibody probes. Nevertheless, despite the requirement for 
essentially the same performance features, regulatory approval and 
introduction of these devices into the market are understandably 
easier in the veterinary than in the clinical practice [ 18 ].  

  Disease sub-notifi cation remains a major problem for veterinarian 
health authorities; despite notifi able diseases are of obligatory 
reporting, too often farmers (and even veterinarians and diagnostic 
laboratories) ignore or delay the notifi cation process owing to 
unawareness, minimization, or perceived lack of consequences, 
which may be aggravated when economic losses are anticipated. It 
is expected this scenario to worsen as POC tests become more 
readily available for utilization by farmers, especially in cases of 
delayed or misleading diagnosis based upon the clinical signs, as a 
result of disease underestimation or confusion with the signs of 
non-notifi able endemic diseases [ 12 ]. Of course, the interpretation 
of clinical signs itself and subsequent decision-making processes 
are compromised by the fact of farmers being unskilled personnel 
in health and veterinary medicine issues. Reducing the risk of non- 
reporting depends on tight cooperation and trust between veteri-
nary authorities and livestock farmers and dealers [ 19 ]. In the 
livestock business, especially for important livestock diseases (e.g., 
classical swine fever), the risk of announcing a false-positive result 
is particularly worrisome, as it carries detrimental consequences in 
trade and export. Sanitary requisites on imported livestock for 
human feeding are very demanding and restrictive in most coun-
tries, leading to severe economic losses in cases of insuffi cient or 
inaccurate pathogen testing. Therefore, individual animal testing 
may be one of the main drivers for commercial development of 
POC tests, because a preliminary positive result with a POC test 
may prevent further and more expensive testing, while holding the 
herd being ineligible for export as well [ 12 ]. Some animal diseases 
are particularly contagious and able to spread rapidly. Many of 
them are considered transboundary diseases, meaning that their 
detection turns into the prohibition of livestock export and thus in 
economic losses. The combination of permanent surveillance 
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programs with improved techniques for rapid detection of emerging 
pathogen subtypes for effi cient control of transboundary diseases 
has been claimed [ 20 ]. Unambiguous identifi cation of circulating 
pathogen subtypes (viz., genotypes and/or serotypes) is frequently 
a relevant epidemiological feature for the success of disease control 
programs. For low-prevalence diseases, the proportion of false- 
positive results is usually higher than for more prevalent ones. In 
addition, many of the current POC tests are less sensitive and spe-
cifi c than laboratory-based methods. Altogether, this means that, 
in order to achieve a desired level of performance and confi dence 
in the results, sampling a large number of animals is usually required 
for POC-based testing of low-prevalent diseases [ 12 ]. In pets, the 
prevalence of many pathogens, particularly of zoonotic parasites, 
has been probably underestimated as a consequence, among other 
reasons, of using inadequate and inaccurate diagnostic tests and 
procedures, including limitations in sample collection and process-
ing, which may directly result in false-negative results [ 21 ,  22 ] and, 
as such, putting the animals themselves and their owners at greater 
risk than currently assumed [ 3 ]. 

 Intellectual property constraints frequently hamper the pas-
sage of these new devices from the proof of principle to the proto-
type and even commercialization levels. Another bottleneck is the 
high cost for fi nal development of such devices, the reason why 
partnerships between research laboratories and biotechnological 
companies are usually established with such purpose. In this case, 
of course, the economic leitmotiv is much higher for high-impact 
diseases, especially those for which control of outbreaks is diffi cult 
and expensive. However, even for such diseases (e.g., FMD), the 
only sporadic and unpredictable character of outbreaks might dis-
incentive investments in individual testing; high demand usually 
only occurs by the occasion of an outbreak or suspected outbreak. 
Only a few tests for economically important livestock diseases have 
been developed and commercialized in developed countries, due 
to the limited market resulting from only infrequent diseases [ 12 ]. 
It seems that the most promising commercial segment for POC 
devices for veterinary pathogens concerns multiplexed platforms 
for a wide range of endemic and non-endemic pathogens [ 16 ], 
taking advantage of the relative simplicity and low cost of incorpo-
rating several additional targets in a multiplexed test. Indeed, vet-
erinary health services eagerly lack rapid and simple diagnostic 
devices designed for in-the-fi eld simultaneous detection, in a single 
sample, of a broader range of common pathogens [ 8 ], thus 
enabling the rapid gathering of fi eld information on individual ani-
mals or whole herds disease status. Currently, simultaneous identi-
fi cation and eventual subtyping of many pathogens in a single test 
run is a province of central or reference laboratories and only avail-
able if the demanding entity (e.g., person, laboratory, or agency) is 
able to afford to pay for such expensive testing. POC tests have 
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been also used for fi eld differentiation between vaccine and fi eld 
strains, especially in endemic regions where vaccination is permit-
ted [ 12 ]. Suitable application of such differential testing at slaugh-
tering settings to confi rm prior livestock vaccination has been 
argued [ 1 ].  

  The ultimate goal of the use of POC portable devices by unskilled 
and unsupervised practitioners will likely pose enormous chal-
lenges for the overall bioanalytical process, from sample acquisition 
to post-analytical data storage, interpretation, and management. 
Bearing in mind that most of these devices are to be commonly 
used in remote and low-resource regions, uncontrolled and irregu-
lar reporting of results, in addition to test biosafety, especially when 
dealing with zoonotic agents, are major issues [ 23 ]. For these rea-
sons, a balanced merging between in-the-fi eld testing with remote 
data analysis and interpretation by competent clinical staff may be 
desirable. In this regard, telemedicine is an attractive system for 
healthcare improvement in developing countries, for allowing 
unskilled persons to provide useful healthcare in remote settings. 
This can be carried out by using miniaturized analytical devices 
with integrated hardware for image acquisition and software for 
storage of results. These results can be downloaded to hard copies 
or directly transferred online for a remote healthcare central unit 
for processing and interpretation by expert personal. Processed 
results can afterwards be returned to the tester, almost in real time 
[ 24 ]. Remote data from POC systems can still be incorporated in 
national disease surveillance and diagnostic systems, as the Threat 
Agent Detection and Response (TADR), developed under the 
Biological Threat Reduction Program (BTRP) of the US Defense 
Department’s Defense Threat Reduction Agency. This system uses 
real-time polymerase-chain reaction (rPCR) for detection of patho-
gens. Another surveillance system, the Electronic Infectious 
Disease Surveillance System (EIDSS), contains a subsystem to 
report suspicious disease outbreaks in real time. The EIDSS is able 
to locate disease outbreaks through a geographic positioning 
device. This system aims to encompassing all available public and 
animal disease surveillance information. The EIDSS is able to 
report laboratory results from rPCR up to a few hours, depending 
on the distance. These systems will eventually enable a shift of par-
adigm in remote analysis, allowing world reference laboratories to 
simply handle and manage diagnostic information from pathogens 
and hosts based on biological samples remotely collected and ana-
lyzed, with subsequent reporting of results to the countries and 
regions of origin [ 1 ]. 

 A full evaluation program of POC tests must include 
 performance evaluation (validation), quality assessment (control 
and assurance), and standardization [ 25 ]. The performance of 
POC tests is highly dependent on the local conditions for their use, 
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on the epidemiology of the pathogen, and on the biology of the 
host [ 26 ]. Thus, the evaluation of such tests sets the particular 
ranges of in-the-fi eld conditions in which they can be used [ 27 ], 
ideally under multicenter evaluation. Quality control assures 
correct functioning of the devices with prolonged use; usually, ran-
domly selected units from a given production batch are compared 
to infer reproducibility. The quality assurance step demonstrates 
the readiness of the tests to be introduced into the routine diag-
nostic practice. Standardization is needed in POC diagnostics for 
veterinary applications, as well as new rules to compare results 
obtained from the two different methodologies—the POC and the 
laboratory- based method, respectively—which implicates in the 
fi nal (accepted) diagnostic result [ 23 ,  28 ]. Proper validation and 
standardization of many POC tests frequently lack, in part because 
these often correspond to in-house rather than to well- standardized 
assays and techniques. It is thus important that national or refer-
ence healthcare entities establish quality assurance programs that 
guarantee the production of reference materials and protocols for 
effective quality control of rapid diagnostic tests [ 29 ]. For the clin-
ics, a set of guidelines for standardization of POC blood-based 
tests has already been established [ 30 ]. Hopefully, in the future, 
this will also be useful to inspire standardization procedures in new 
diagnostics for veterinary medicine and practice. 

 POC tests hold great promise to shift the paradigm of veteri-
nary diagnostics, particularly for fi eld situations, and in cases in 
which the biological sample is easy to collect and process. However, 
its advantageous use presumes the availability of suffi cient man-
power to survey enough animals on high-risk premises, which 
remains a burdensome challenge. The decision of whether using 
them or not to manage animal infectious diseases depends on bio-
logical and epidemiological factors, on the specifi c circumstances 
in which clinical signs arise, on cost-benefi t issues (taking into 
account the costs for deployment, including equipment and 
reagent storage), and on the relative performance compared to 
diagnostic tests in reference laboratories. The possibility of sending 
suspect samples to a central laboratory within 24–48 h has proba-
bly discouraged the use of POC tests in some past situations in 
Western countries, e.g., under medical suspicion of highly patho-
genic avian infl uenza (HPAI); from another point of view, this 
strengthens the idea of a promising use of these tests in remote 
regions, far away from laboratory settings. Once POC tests have 
equivalent analytical sensitivity and specifi city to laboratory- based 
tests, it may be foreseen, on the basis of a POC test alone, to take 
actions beyond simple restriction/quarantine on suspect premises 
[ 12 ]. Transboundary livestock diseases are probably among the 
major concerns in veterinary medicine. It has been proposed that 
an effi cient governmental control strategy of these diseases should 
include legislation enforcing, namely, (a) disease screening in 

Point-of-Decision Diagnosis of Animal Pathogens



262

people, conveyances, and goods arriving from other countries, in a 
reasonable extent, according to previously defi ned performance 
benchmarks, including possible use of robotic automated devices; 
(b) higher extent of screening for people, conveyances, and goods 
arriving from endemic countries, even reaching exhaustive screen-
ing when such countries are recognized as not making acceptable 
progresses in disease control; and (c) the need to develop tests to 
certifi cate animal product’s region or country of origin, at the 
point of importation [ 1 ]. These points certainly constitute an 
immense and valuable fountainhead of opportunities for commer-
cial attraction-driven development of new POC devices in the vet-
erinary fi eld.   

2     Nucleic-Acid Testing 

  Early disease diagnosis not only prevents or minimizes potential 
animal suffering but also the risk for infection transmission among 
susceptible hosts [ 31 ]. In contrast, delayed diagnosis carries an 
increased risk for severe symptoms and complications, ultimately 
leading to longer suffering, increased toxicity due to accumulated 
pathogen load and/or virulence effects, and a higher risk for acqui-
sition of drug resistance [ 12 ]. Antibody-based detection requires a 
suffi cient level of antibodies to be produced for successful detec-
tion, which usually happens only some days after exposure to the 
pathogen. In this regard, specifi c detection of pathogen nucleic 
acids in biological samples by PCR-based methods may be more 
suitable, since the pathogen genomic material is present in the host 
from the very beginning of infection and even very little amounts 
are detectable before the onset of immune response markers or 
clinical or veterinary signs. Moreover, methods based in nucleic- 
acid detection are able to detect both live and dead pathogens, an 
advantage for disease diagnosis [ 1 ], especially when time is crucial 
for disease containment and control. In conventional methods 
(e.g., cell culturing and serology), pathogen detection strongly 
depends on the sample quality [ 13 ], leading more easily to false- 
negative or irreproducible results. 

 Deoxyribonucleic acid (DNA) is a particularly suitable material 
for biosensing owing to unique characteristics, including the ability 
for highly specifi c and mutual recognition between a short 
immobilized oligonucleotide (probe) and a longer-sized genome 
and high physicochemical stability. Unlike enzymes and antibod-
ies, DNA forms biological recognition layers easily synthesiz-
able and readily reusable after thermal heating [ 24 ]. DNA is 
also prone to very specifi c manipulation and processing precision 
by ligases, nucleases, and other enzymes [ 32 ] and is the most 
easily copyable biomolecule, through PCR and similar techniques 
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of amplifi cation, which is also an enormous advantage for the 
development of portable and miniaturized diagnostic devices. 
In addition, DNA micro- and nanoarrays are more suitable than 
protein counterparts for direct synthesis onto a chip surface, 
without the need to produce and purify the ligands [ 33 ]. Most of 
these features of DNA are also extensive to ribonucleic acid (RNA). 
Indeed, nucleic-acid (molecular biology) testing comprises genetic 
analysis (DNA level) and functional genomics (including mRNA, 
non-coding RNA, and microRNA). In particular, functional 
genomics dedicates to the identifi cation and analysis of specifi c 
RNA expression patterns (profi les) associated with particular 
experimental or clinical conditions. DNA (and RNA) microarrays 
and quantitative PCR have been the most common techniques 
used with this purpose [ 34 ]. DNA microarrays (DNA chips) are 
usually produced in the form of highly dense arrays printed on a 
silicon or glass chip, coated with different probes for simultaneous 
detection of multiple DNA- target sequences [ 35 ]. Current micro-
arrays can detect in the order of 10 4  nucleic-acid sequences on a 
single chip [ 1 ]. The Virochip is particularly well succeeded in this 
regard; it is a panviral DNA microarray platform, able to detect 
known viruses and new viruses related to known viral families, in a 
single assay. Its high robustness has been confi rmed with viruses of 
high genetic variability, as the swine virus. This platform is espe-
cially useful for detecting viruses for which there are no available 
reverse transcription-PCR (RT-PCR) assays [ 7 ]. Nevertheless, 
microarrays do not seem promising for the POC use, being too 
expensive, complex, and bulky [ 24 ]. Another peculiarity of DNA-
based detection is the superior ability to differentiate strains from 
the same organism, especially when isolated from different geo-
graphical locations. This is useful not only for pathogen identifi ca-
tion but also for epidemiological studies. As an example, the 
signifi cant differences among the nucleic-acid sequences of the dif-
ferent serotypes of FMDV (as in other viruses) and the likelihood 
for the occurrence of typing errors during viral RNA replication 
demonstrate how the virus can rapidly evolve in nature [ 36 ], which 
constitutes an enormous challenge for successful viral identifi ca-
tion. In infl uenza viruses, genetic reassortment is able to generate 
novel subtypes whose cell surface antigens might no longer be 
 recognized by preexisting antibodies (antigenic drift) [ 37 ]. The 
potential for pandemics caused by novel highly pathogenic sub-
types strongly stresses the need for specifi c subtype identifi cation 
through nucleic-acid testing. Of course, the drifting in infl uenza 
viruses, responsible for the sudden onset of dominant subtypes 
during a yearly season, requires not only rapid development and 
validation of suitable molecular probes for nucleic-acid tests but 
also the unobstructed use of such tests. Unraveling the pathogen 
subtypes circulating in a given region may assist in designing 
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tailored vaccines and disease containment strategies, as well as 
tracking outbreaks’ sources [ 38 ].  

  Most of the current POC tests for human and animal medicine still 
rely on antigen/antibody bioaffi nity reactions, but they are usually 
handicapped by relatively small sensitivity. Thus, there is a trend for 
shifting towards more sensitive nucleic-acid detection, usually 
based on DNA/DNA hybridization schemes. A major challenge 
for detection of pathogen nucleic acids in host body fl uids, apart 
their scarcity compared to antigenic proteins, is the confi nement 
inside pathogen cells, surrounded by hard biomembranes and cell 
walls. Consequently, the nucleic-acid levels present in host fl uids 
may be too low for successful diagnosis without prior target ampli-
fi cation by PCR-based techniques. For blood infections in humans, 
the amount of human genomic DNA can be 10 14  times higher than 
that of pathogen DNA [ 39 ], an important challenge in terms of 
sensitivity and selectivity. For POC testing, this constitutes a chal-
lenge for the miniaturization of the blood sample preparation step, 
especially in the case of gram-positive bacteria, whose cell walls are 
thicker and more rigid than those of gram-negative bacteria. The 
majority of available POC systems for clinical and veterinary appli-
cations require off-device sample preparation (including microor-
ganism concentration and nucleic-acid extraction). This is a 
traditionally cumbersome and time-consuming step, especially for 
in-the-fi eld testing, but newer processes, including fi lter paper cap-
ture of nucleic acids and automated extraction procedures and kits, 
have been developed to simplify such task [ 40 ]. In parallel with 
POC device development, considerable efforts have been spent in 
the simplifi cation and robustness of sample preparation, in order to 
minimize manual handling, thus reducing cross-contamination 
and the effects from potentially interfering substances present dur-
ing the nucleic-acid amplifi cation assay. Of note are the technical 
diffi culties inherent to the analysis of matrices such as feces, semen, 
and decomposing tissue or the detection of  Mycobacterium tuber-
culosis  from saliva [ 12 ]. For these cases, it is necessary to incorpo-
rate, in POC devices, systems that are able to suppress such 
interfering substances and that reduce handling prior to the 
nucleic-acid amplifi cation step. 

 PCR has been, by far, the most widely employed technique for 
nucleic-acid amplifi cation in laboratory analysis but also in POC 
tests. Many similar techniques have been originated from the basic 
PCR principles, including nucleic-acid sequence-based amplifi ca-
tion (NASBA), targeted for direct RNA amplifi cation, thus pre-
cluding the need for a previous reverse-transcription step. The 
development of this panoply of techniques for pathogen detection 
has been possible due to the increasing availability of whole 
genomic sequences; a remarkable case in veterinary science is the 
current possibility of rapidly distinguishing severe acute respiratory 
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syndrome (SARS) from other circulating coronaviruses [ 41 ]. 
Nevertheless, PCR is prone to false-positive results, as a result of 
unwanted amplifi cation of contaminant nucleic acids. Proper qual-
ity management of these issues requires using adequate controls 
for each stage of the testing process [ 12 ]. For RNA analysis through 
RT-PCR, storing biological samples at very low temperatures is 
crucial, owing to the high liability of RNA genomes. Innovative 
lyophilized reagents with enhanced sensitivities have signifi cantly 
improved the operational conditions for POC disease diagnosis 
[ 42 ]. Moreover, the need for improved stability of RNA used as an 
internal positive control, especially for real-time RT-PCR assays, 
has led to the search for new RNA sources. Another approach for 
improving RNA assays is the use of minor groove-binding probes 
which, by being short sized, are suitable for multiplexing and for 
targeting sequences of highly variable genomes [ 20 ]. Nevertheless, 
PCR-based techniques remain challenging for POC pathogen 
diagnosis in many endemic regions of the world. Even in human 
medicine, however, RT-PCR, for instance, is only used for clini-
cally important specimens, due to the complexity and time demand-
ing of this technique [ 43 ]. Linear-after-the-exponential PCR 
(LATE-PCR) is another PCR-based technique for detection of 
RNA. Probably its most known application is in FMDV subtyping, 
to tackle the diffi culty of targeting all fi eld strains with novel 
sequence mutations, even those in target sequences for which 
degenerate primers are being used [ 44 ]. The amplifi cation process 
can begin with as few as a single DNA molecule and abundantly 
generates amplifi ed product over a broad temperature range. The 
technique employs primers that hybridize to conserved genomic 
regions and a mismatch-tolerant probe able to target different vari-
able sequences, depending on the temperature. Thus, the tech-
nique is especially convenient for detection of RNA viruses [ 36 ]. 

 Among the vast diversity of available nucleic-acid amplifi cation 
schemes and devices, both at the proof-of-concept and commercial 
levels, the technique of loop-mediated isothermal amplifi cation 
(LAMP), already widely used in laboratory analysis, seems quite 
promising for application in POC systems for pathogen detection 
and identifi cation. In remote PCR-based nucleic-acid testing, 
power supply is a keystone for device operation, although the use 
of rechargeable batteries is expected to circumvent this problem, 
by avoiding the need for an external power source [ 42 ]. 
Advantageously, LAMP does not require thermal cycling for the 
amplifi cation, rather making use of a simpler power source com-
pared to a PCR thermocycler. Such operation at constant and low 
temperatures permits LAMP to be incorporated in polymer-based 
microdevices instead of more traditional and expensive materials, 
like glass and silicon that, for being temperature-resistant, are 
required for PCR-based devices. Unlike PCR, LAMP does not 
require a denatured template for amplifi cation, and given the usual 
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abundance of generated DNA, the amplifi ed product can often be 
visualized directly [ 13 ]. For viral detection, in particular, the tech-
nique has shown sensitivity at least equivalent to PCR [ 45 ] and 
even to rPCR [ 46 ]. Coupled to easier sample preparation proce-
dures, these features make LAMP inherently simple and hence 
especially suitable for POC applications [ 47 ]. 

 POC tests based on nucleic-acid amplifi cation potentially allow 
early detection of latently infected animals on targeted high-risk 
premises, with some examples already being applied in fi eld situa-
tions [ 48 ]. However, this would require sample collection and 
testing from many suspect herds, which will require too demand-
ing manpower in the course of an outbreak. This is probably why 
existing tests have not been adopted in contingency plans in many 
countries, although the issue remains controversial [ 12 ]. During 
the FMD outbreak in 2007, up to 269 samples were analyzed each 
day [ 38 ], but larger outbreaks would require higher-throughput 
testing. Of course, from a certain point above, it is admissible that 
central laboratories would become overloaded and that true POC 
devices, able to be manipulated by farmers themselves, would be 
probably the best (or even unique) solution. This, however, by the 
reasons pointed above, is still far from reality, although the unstop-
pable technological advances in this fi eld, coupled to new para-
digms for decentralized detection, will more and more shorten the 
present distance to that goal.   

3     Methods for Signal Transduction in Biosensors and Point-of-Care Devices 

 For bioanalysis with prototype biosensors and POC devices, three 
main types of signal transduction mechanisms have been used: 
electrochemical, optical, and microgravimetric (mass sensitive). 
They are well known and have been extensively used in research 
laboratories for analytical chemistry, holding great promise for new 
prototype and fully developed bioanalytical and diagnostic micro-
devices. Among microgravimetric methods, quartz-crystal micro-
balance (QCM) is the most common; it usually relies on the use of 
a piezoelectric crystal whose fundamental resonance frequency 
changes upon successive immobilization of a biorecognition probe 
and its target. However, the diffi culty of miniaturization, the high 
cost, and the complex infl uence of multiple interfacial parameters 
on the sensor response (especially in liquid phase) have hampered 
wider development of POC devices based on this technique. The 
applicability of electrochemical methods for nucleic-acid analysis 
has greatly benefi ted from the emergence of solid electrodes [ 24 ]. 
Electrochemical-based analytical devices can be relatively simple, 
rapid, less costly, low-power demanding, and amenable for 
 miniaturization and mass production through standardized micro-
fabrication techniques [ 49 ]. 
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 Optical detection has been the most widely employed trans-
ducing principle in biosensing, partially driven by the unending 
advances of optic applications in telecommunications and informa-
tion systems. Furthermore, the very high frequency of optical sig-
nals is appropriated for the enormous amount of information that 
can be carried by optical systems and devices [ 24 ]. Conventional 
optical microscopy has been reliably used for detection and imag-
ing of infectious pathogens (at both cellular and molecular levels), 
integrated with research and development of new POC diagnostic 
devices [ 50 ]. Within optical detection methods, chemilumines-
cence and fl uorescence have been the most widely used for their 
versatility of designs and applications. Imaging methods usually 
require bulky and expensive microscopes and camera-equipped 
microscopy systems, i.e., in off-device formats. Such equipment is 
obviously unsuitable for POC diagnostics. The innovative tech-
nique of optofl uidic seems thus promising in this regard, as this 
high-throughput and high-resolution on-device technique does 
not make use of such components [ 51 ]. In optofl uidic devices, the 
sample fl ows through a metal fi lm-etched array with submicron 
apertures for imaging, onto a plastic platform. 

 An intrinsic limitation of conventional optical detection is the 
interference between closely spaced light waves. Understandably, 
this is especially limiting for the design and performance of minia-
turized devices for multi-analyte detection and identifi cation. 
However, optical transmission through minuscule structures 
gained a new impulse with the technique of surface plasmon reso-
nance (SPR), in which light waves are directed to the interface 
between a metal and a dielectric. The technique is label-free and 
the immobilized probe can be easily reused, although sensitivity 
must still be improved [ 24 ]. Moreover, it faces the challenges of 
other optical techniques for POC diagnosis, namely, the high cost, 
instrumental complexity, expensiveness of optical components, 
and diffi culty for miniaturization/portability and mass production. 
The advent of integrated photodiode detectors is promising for the 
development of cheap, sensitive, easy-to-use, and easy-to-fabricate 
fl uorescence-based diagnostic microdevices [ 52 ]. A remarkable 
milestone might be the shift from current fl uorescent-based detec-
tion methods to naked-eye (visual) recognition, which would con-
siderably reduce complexity and costs. These readouts can be 
recorded as digital images and then transmitted to remote clini-
cians through trivial and inexpensive telecommunication devices 
(e.g., digital cameras and scanners); some current examples include 
the detection of glucose, pH, and proteins [ 53 ]. It is expected that 
future POC diagnostic devices will become connected to wireless 
communication and information systems through camera-equipped 
mobile phone networks coupled to web databases, for diagnostic 
imaging and telemedicine, especially in remote and resource- 
limited regions and settings [ 54 ]. Remote monitoring will not 
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constitute a valuable or even indispensable way for analysis when 
in-the-fi eld conditions do not allow doing that, but also an 
approach to improve quality management for tests conducted in 
the fi eld.  

4     New Platforms for Point-of-Care Disease Diagnosis 

  Multiplex PCR and DNA microarrays have been among the most 
commonly used techniques for the detection and identifi cation of 
infectious pathogens. Multiplex PCR is frequently limited to the 
analysis of only a few target genes, owing to interferences between 
different primer sets in the same reaction vessel. DNA microarrays 
are usually too expensive, labor intensive, and complex for POC 
applications; moreover, the microarray assays are usually lengthy 
due to the slow diffusion-limited hybridization kinetics. On the 
other hand, lateral-fl ow devices employed for POC diagnosis usu-
ally have relatively low sensitivity; moreover, in the most common 
format (immunochromatographic format, corresponding to the 
well-known test strips), they do not provide genetic information, 
thus hindering the assessment of eventual pathogen subtypes and/
or drug resistance markers. In general, the number of targets that 
can be simultaneously probed in lateral-fl ow assays is low, thus 
increasing the cost per assay and limiting the throughput. Also, 
their degree of multiplexing usually does not reach that of microar-
rays [ 55 ]. 

 The last decade has witnessed tremendous advances in micro-
fl uidic sciences and applications for bioanalysis. Microfl uidic 
devices basically consist in a set of microchambers interconnected 
through microchannels, imprinted onto a suitable solid platform. 
After injection into the system, the liquid biological sample fl ows 
throughout the hydrophilic inner walls of the chambers and chan-
nels for fi nal analysis. The fl ow is usually controlled automatically 
by mechanical valves. A primary advantage of microfl uidics for the 
development of miniaturized diagnostic devices, especially for 
POC usage, is the requirement for only very small sample volumes, 
which permits to save reagents (viz., probes and labels), but also 
gaining time and sensitivity, as a consequence of the enhanced 
binding kinetics (unlike in bulky reaction media). It also provides 
lower power consumption and lower operating costs. Moreover, 
since the overall analytical process is automated, sample losses and 
contamination due to human handling can be minimized, in paral-
lel with improved multiplexing capabilities. The confi nement and 
automation of the process also reduces errors due to human 
manipulation and increases biosafety. In microfl uidic devices, the 
occurrence of nucleic-acid hybridization in solution and the 
enhanced aqueous mixing allow surpassing the kinetic barriers that 
slow affi nity reactions due to limited diffusion in traditional 
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microarrays [ 53 ]. Recent developments in microfl uidic technology 
have pointed towards integrating traditionally off-chip processes 
into the microdevices. Indeed, signifi cant reduction of bulky, com-
plex, and expensive equipment is mandatory for POC and in-the-
fi eld diagnostic applications. 

 Traditional microfl uidic devices usually rely on pressure-driven 
fl ow (through a syringe pump or pressure injector) or electroos-
motic fl ow, but these techniques require external bulky and com-
plex equipment, like a power supply. For POC applications, more 
suitable methods for fl uid delivery have been developed, namely, 
mechanical pumping, capillarity, and light-driven motion [ 53 ]. 
Compared to conventional injection systems, as fl ow-injection 
analysis (FIA), microfl uidics enables achieving lower detection lim-
its, as a result of enhanced probe/target binding kinetics [ 56 ] and 
of time-dependent target pre-concentration in microchambers. 
Droplet-based schemes offer a signifi cant improvement in micro-
fl uidics, due to the ability to independently control each free drop-
let containing the target under analysis. In this way, each single 
droplet functions as a pump, valve, mixer, solid-phase extractor, 
and thermocycler, thus greatly simplifying the assay design [ 10 ]. 

 The fi rst microfl uidic devices were manufactured as glass or 
silicon platforms, but the high cost of these materials led to the 
widespread use of polydimethylsiloxane (PDMS) for such purpose. 
However, some properties of PDMS limit its use for biosensing in 
microfl uidic devices, e.g., hydrophobicity and swelling/disintegra-
tion in organic solvents. In order to prevent some of the limitations 
of PDMS, other materials have been used, like paper and thermo-
plastics. These materials, as well as their fabrication process, are 
cheaper than PDMS, glass, and silicon, making large-scale fabrica-
tion more feasible. This low cost also encourages disposability, an 
important biosafety asset when dealing with infectious agents, and 
a way to avoid cross-contamination of biological samples. 
Moreover, these materials are lightweight and hence easy to trans-
port in the form of portable devices. Finally, their fabrication does 
not require clean-room settings. Thermoplastics are attractive 
materials for simple, low-cost, and reproducible fabrication of 
POC devices by well-known replication molding techniques (e.g., 
injection molding or hot embossing). An example is poly(methyl 
methacrylate) (PMMA), which is mechanically stable, is optically 
transparent, and has an easily modifi able surface. Another example 
is polycarbonate, whose lower thermic conductivity in comparison 
with glass or silicon turns it amenable for high-temperature 
PCR applications [ 53 ]. Patterned paper-based microfl uidic devices 
are valuable alternatives to test strips. Advantages of paper include 
its abundance, easiness to use (e.g., clean rooms or other complex 
and expensive infrastructures for its manipulation are unneces-
sary), low cost, disposability, and easily patterned with polymers 
and other molecules by conventional printing techniques 
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(e.g., photolithography, wax and inkjet printing). Its common 
white color is particularly suitable for the use of colored substrates 
in quantitative colorimetric tests. Moreover, unlike in test strips 
and conventional microfl uidics, its porous nature allows capillarity-
driven fl uid wicking and fl ow through its structure, without the 
need for external pumps and pressure source. New three-dimen-
sional structures will enable a vertical fl ow to be added to the sole 
lateral fl ow of two- dimensional devices, in higher complex struc-
tures than those presented by plastic frames. In this way, they may 
exhibit improved abilities for initial purifi cation and concentration 
as the liquid wicks throughout the inner layers of the device, until 
fi nal detection [ 57 ]. 

 Many current microfl uidic devices still rely on complex and 
bulky laboratorial (off-chip) equipment for fl uid delivery and con-
trol, making their use impractical in fi eld situations, e.g., by emer-
gency response teams [ 53 ]. Other drawbacks faced by microfl uidic 
systems include biomolecule adsorption to microchannel walls, 
inaccurate control of temperature, liquid evaporation due to heat- 
generating components, and bubble formation [ 5 ]. In addition, 
future developments in microfl uidic platforms may eventually ben-
efi t from materials with improved analytical performance [ 58 ], as 
well as simplicity and cost-effectiveness.  

  The processes of sample purifi cation and pre-concentration are 
usually the most complex and cumbersome in biological analysis. 
In molecular diagnostics, this is particularly true for nucleic-acid 
isolation procedures, which still remain too complex for in-the- 
fi eld use. One of commonest requirements is a centrifuge, which 
obviously hinders the integration of such detection schemes within 
miniaturized analytical devices. In many diagnostic microdevices, 
such procedures are carried out off-chip, prior to the detection 
step itself. Moreover, they strongly depend on the characteristics of 
the specifi c biological sample and require relatively high volumes 
of raw sample for downstream nucleic-acid amplifi cation. In the 
last years, lab-on-a-chip devices have emerged as second- generation 
chips, essentially based on the concept of microfl uidics. By suitable 
integration of modules for sample processing and analysis in a sin-
gle device, they offer enhanced fl exibility and discriminatory ability 
over conventional diagnostic methods and devices. Yet, minimiz-
ing and miniaturizing the whole sample preparation procedure 
towards easiness to use and true POC remains challenging and a 
relatively underestimated task in the development of POC tests 
[ 5 ]. Compared to conventional detection techniques, lab-on-a- 
chip devices allow the integration and automation of all (or nearly 
all) steps for sample processing and analysis; the confi nement of 
the bioelement under measurement in a predefi ned region of inter-
est facilitates its detection and eventual quantifi cation from very 
small sample volumes. This, in turn, reduces background noise and 
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hence increases sensitivity [ 53 ]. In lab-on-a-chip devices, minimi-
zation of the chemical interferences that result from tight spatial 
confi nement is usually envisaged, enabling miniaturization and 
highly sensitive detection. The high mass transfer rate thus achieved 
is due to the low diffusional distance and high surface-to-volume 
ratio (S/V) [ 59 ]. Traditional cell analysis and processing, includ-
ing cell sorting, cell/serum separation (for immunoassays), and 
cell lysis (for immunoassays or nucleic-acid amplifi cation), can be 
adapted to POC schemes [ 53 ]. Some principles commonly used to 
separate and concentrate cells within POC devices are cell size, 
labeling (fl uorescent or magnetic), electrophoretic mobility, and 
cell adhesion [ 60 ]. For analysis of real, biological samples, the 
detection of highly virulent pathogens presumes the ability of 
detecting very few cells from large sample volumes and, concur-
rently, washing out sample contaminants (e.g., other cells), in 
order to prevent, for instance, downstream PCR inhibition and 
microchannel clogging [ 61 ]. In particular, environmental water 
samples may contain certain substances, like humic acids, that 
inhibit PCR reactions, able to drastically decrease the resulting sig-
nals. The presence of contaminants in biological samples may be 
particularly troublesome in microfl uidic assays for veterinary 
applications. 

 A particular advantage of bioanalysis with lab-on-a-chip devices 
concerns the processing of pathogen RNA. Owing to the confi ned 
environment of the purifi cation steps and to the requirement for 
minimal user handling, the probability for RNA contamination 
and degradation by ubiquitous RNases is highly decreased [ 62 ]. 
Schemes employing nucleic-acid extraction through detergents 
rather than high temperature-operating lytic enzymes coupled 
with isothermal (e.g., LAMP) instead of PCR and RT-PCR ampli-
fi cation processes are also preferred in this regard. In this way, the 
concept of microfl uidics might be able to address a recurrent gap 
in veterinary literature—the lack of information about RNA qual-
ity and integrity, which further complicates the standardization of 
RT-PCR procedures [ 34 ]. Several commercial multiplexed POC 
tests for diagnosis of infl uenza and other respiratory viruses are 
already available, as the FilmArray RP (BioFire Diagnostics, Salt 
Lake City/UT, United States), the xTAG RVP (Luminex, Toronto, 
Canada), and the Xpert Flu A Panel (Cepheid, Sunnyvale/CA, 
United States), consisting in closed systems that include sample 
preparation and detection by integrated RT-PCR [ 63 ,  64 ]. 
However, these systems may not be able to detect low viral load 
specimens, as is the case of the Xpert Flu A Panel with some impor-
tant avian infl uenza viruses. In addition, economic constraints still 
restrict full applicability of some of these tests in POC testing. For 
the Xpert Flu A panel, it was estimated a cost of 45 euros per test, 
compared to 15 euros for the antigenic tests [ 63 ]. Current lab-on- 
a-chip devices, despite being simpler than conventional laboratory 
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analytical apparatus, still require complex and somewhat expensive 
fabrication procedures onto plastic or glass substrates, thus severely 
limiting their affordability and availability by poor countries. 
Table  1  displays some literature references about proof-of- principle 
schemes and POC devices for detection and identifi cation of some 
pathogens of veterinary importance.

   Table 1  

  Illustrative works described in the literature employing nucleic-acid amplifi cation methods 
for the detection of animal pathogens. POC tests are those claiming, at least, one of the following 
characteristics: lab-on-a-chip; microfl uidics; portability   

 Target pathogen(s) 

 POC 
 Amplifi cation 
method  LOD or sensitivity  References  Yes  No 

 African swine fever virus  ×  LAMP  ≤330 copies  [ 67 ] 

 Avian infl uenza virus (H5N1)  ×  RT-PCR  –  [ 10 ] 

 Avian infl uenza virus (H5N1)  ×  rRT-PCR  98 %  [ 42 ] 

 Infl uenza virus  ×  LAMP  90.9 %  [ 43 ] 

 Infl uenza A viruses  ×  RT-PCR  400–5,000 viral 
particles/ml 

 [ 63 ] 

 Infl uenza A virus (H1N1)  ×  RT-PCR  –  [ 62 ] 

 FMDV  ×  rPCR  10 −9  dilution  [ 9 ] 

 FMDV  ×  RT-LAMP  10 copies  [ 13 ] 

 FMDV   a   RT-LATE-PCR  10 copies (100 %)  [ 38 ] 

 Respiratory viruses  ×  RT-PCR  82.2–100 %  [ 64 ] 

 SARS-CoV  ×  RT-LAMP  0.01 PFU (100 %)  [ 41 ] 

 Swine viruses (H1N1 and H2N3); 
infl uenza A (fl u A; seasonal H1N1; 
pandemic H1N1) 

 ×  LAMP  <10 copies/μl  [ 65 ] 

  E. coli  (O157 and K 12)  ×  PCR  0.2 CFU/μl  [ 61 ] 

  S. aureus  (MRSA) and FMDV  ×  RT-LAMP  17 copies  [ 40 ] 

  E. coli ;  B. subtilis ;  E. faecalis   ×  RT-PCR  10 2  to 10 4  CFU/ml  [ 66 ] 

  B. anthracis ;  Brucella  spp.;  F. 
tularensis ;  Y. pestis  

 ×  rPCR  10–100 fg  [ 8 ] 

 Aquaculture pathogens ( S. agalactiae ; 
koi herpes virus; Iridovirus; 
 A. hydrophila ) 

 ×  LAMP  20 copies  [ 68 ] 

   a Pilot test adaptable to POC (under development)  
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5         Nanotechnology 

 An emergent topic in the development of new bioanalytical proce-
dures, structures, and systems is nanotechnology, particularly for 
the generation of useful nanostructures for diagnostic applications; 
this is the so-called fi eld of “nanobiotechnology”. Novel and 
improved electronic devices and biosensor platforms have emerged 
as a consequence of the inherent small size, enlarged surface area, 
and unusual optical, magnetic, catalytic, and mechanical properties 
of nanomaterials, unlike those of bulk materials [ 24 ]. Depending 
on their specifi c nature, for biosensing, nanomaterials may act as 
labels (including signal amplifi cation), as biomolecule immobiliza-
tion supports, or even as probes for specifi c biotarget anchoring. 
Certain nanomaterials can also be used for pre-concentration of 
biological targets. Among these applications, labeling has been the 
most commonly employed. Label-based detection methods are 
usually more time-consuming and labor intensive than label-free 
methods due to the labeling steps. Labels have also limited shelf 
lives and are subjected to leakage from sensing surfaces. However, 
label-based methods usually provide superior performance, espe-
cially in terms of sensitivity, than label-free ones. Moreover, stan-
dardized protocols with labeling procedures are already available. 
Fluorescence labeling has been, by far, the most common approach 
in this regard, although suffering from pH sensitivity and photo-
bleaching over time [ 53 ]. Such handicaps and the advent of nano-
engineering have propelled the search and development of new 
and improved labels. 

 Nanoparticles (NPs) have been the most widely employed type 
of nanomaterials for biosensing, especially metallic NPs. Metallic 
NPs are inorganic NPs that exhibit improved physicochemical 
characteristics compared to fl uorescent labels, including higher 
sensitivity. In general, they are suitable for construction of high- 
density bioanalytical devices, taking advantage of their high signal-
to- noise ratio (S/N). They are easily synthesizable and 
functionalized (by simple mixing at room temperature) and have a 
controlled, self-assembled surface structure [ 24 ]. Gold nanoparti-
cles (GNPs), in particular, are already used frequently in molecular 
diagnosis; some of their advantages include low toxicity and versa-
tility for many specifi c biorecognition applications and schemes. 
One common way to enhance the GNP signal even further, and 
thus the sensitivity of detection, is the inclusion of a fi nal step of 
silver staining (“silver enhancement”), yielding detection schemes 
able to preclude the use of a prior PCR amplifi cation step. The 
high sensitivity exhibited by many NP-based detection layouts, 
especially in the form of microarrays, has enabled to avoid a prior 
step of nucleic-acid amplifi cation [ 69 ]. 

 Quantum dots (QDs) constitute another class of metallic NPs, 
able for fl uorescence tagging. They are much brighter and more 
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photostable than conventional organic fl uorophores. Plus, their 
color can be directly correlated with size, while exhibiting very 
broad excitation wavelength windows, very narrow emission wave-
length windows, and large Stokes shifts, allowing excitation at 
wavelengths far removed from their emission peaks [ 70 ]. Since 
QDs of different emission peaks (according to their different sizes) 
can be excited using a single wavelength excitation source, detec-
tion of multiple targets in complex biological systems is a hallmark 
of these NPs [ 71 ]. Another alternative to the overlapping of closely 
spaced fl uorescence emission peaks and consequent limitation of 
the maximum number of fl uorescent dyes that can be discrimi-
nated when simultaneously testing multiple pathogens in a single 
PCR tube is the use of masscode tagging, with a panel of distinct 
labels with different molecular weights. After an initial step of mul-
tiplexed (RT-)PCR using primers labeled with the masscode tags, 
unincorporated primers are removed, and the photo-cleavable tags 
of amplifying primers are then released by UV irradiation. 
Subsequent mass spectrometry analysis assigns each identifi ed tag 
to its specifi c pathogen [ 1 ]. In principle, the multiplexing ability 
will only be limited by the highest primer concentration contained 
by a PCR mix. The method was applied to the identifi cation of 
respiratory pathogens [ 72 ] and hemorrhagic viruses [ 73 ]. It offers 
a rapid, specifi c, sensitive, and cost-competitive alternative to con-
ventional PCR and RT-PCR for disease diagnosis through POC 
devices. Nevertheless, some diffi culties persist in miniaturizing 
mass spectrometer devices. 

 Among metallic NPs are also magnetic NPs (MNPs). 
Equivalent designations frequently found in the literature include 
“magnetic nanobeads”, “nanomagnets”, “nanomagnetic beads”, 
“nanomagnetic spheres”, and “nanospheres”. They have been 
vastly employed in many biosensor layouts for diagnosis. Despite 
not matching the nanosize of molecular recognition probes and 
targets, their microscaled counterparts, magnetic microparticles, 
are frequently preferred as magnetic labels for biosensing in view of 
the easiness for detecting the lesser abundant microbeads by rou-
tine optical microscopy or by magnetic detection and by the easi-
ness of the purifi cation process, thus allowing more effi cient 
removal of nonspecifi cally bound labels, with enhancement of the 
assay performance [ 74 ]. However, the higher S/V of nanobeads 
provides much more binding sites for bioprobe and biotarget 
anchoring and hence a higher S/N [ 5 ]. Very often, magnetic par-
ticles are used for target pre-concentration from large initial sample 
volumes and purifi cation, in parallel with the detection step itself 
being carried out through another particle that works as the label 
(e.g., fl uorophore or GNP). In this case, there is an initial capture 
of the target by the probe-functionalized magnetic particle, 
followed by releasing of the target (“debinding”) for fi nal detec-
tion. Through magnetically controlled removal of nonspecifi cally 
bound beads (magnetic washing), improved sensitivity can be 
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achieved upon elimination of the time-consuming washing step of 
nonspecifi cally bound molecules [ 75 ]. This process can, for exam-
ple, improve signifi cantly the detection specifi city of genomic 
RNA, since RNA enrichment due to magnetic confi nement also 
precludes the effect of common interfering substances and common 
RNA inhibitors [ 76 ]. In addition, the use of magnetic beads 
permits testing optically opaque samples [ 29 ], which is the case of 
many crude biological samples. Magnetic particles can be manipu-
lated off-chip by a permanent magnet, making easier the design of 
disposable and inexpensive tests. Moreover, magnetic interactions 
are not affected by surface charges, pH, ionic strength, or tempera-
ture, being thus compatible with most biochemical processes [ 10 ]. 

 Unlike inorganic NPs, organic NPs have enhanced structural 
fl exibility and biocompatibility, while being biodegradable. 
Liposomes constitute an attractive type of organic NPs for effi cient 
DNA-probe labeling and for signal amplifi cation. This is com-
monly achieved by fi lling liposome particles with dye and fl uoro-
phore molecules, which amplify the response signal and are able 
to yield quantitative results. Another way of using liposomes in 
biosensing is in conjunction with resistive techniques. As such, 
negatively charged liposomes, upon binding to immobilized DNA 
chains (which are also negative), form giant negatively charged 
surfaces that repel the target DNA chain, leading to shifts in the 
electrochemical response [ 24 ]. 

 In the last years, chemistry research has rendered a range of 
new structures based on carbon allotropes. The most promising 
for biosensing purposes seem to be carbon nanotubes (CNTs), 
both in the form of single- (SWCNT) or multi-walled CNTs 
(MWCNTs), depending on the number of cylindrical layers, with 
unique electronic properties and enlarged surface area for DNA 
immobilization. They also possess high electrical conductivity 
(similar to copper and much higher than in polymers), physical 
robustness, and chemical inertness. Each nanotube may act as an 
individual nanoelectrode, with suffi cient free space between neigh-
boring nanotubes preventing the overlap of their diffusion layers, 
therefore yielding high S/N values and hence improved detection 
limits [ 77 ]. By providing high sensitivity, they are amenable to 
PCR-free detection. Their production is sometimes unacceptably 
irreproducible for ultrasensitive detection, but this has been cir-
cumvented by using cheap CNT arrays for multiple biological tar-
gets as a way of averaging out between different batches [ 78 ]. 

 The recent advances in nucleic-acid synthesis and modifi cation 
processes and the discovery of nucleic acids with catalytic and reg-
ulatory activities have prompted the development of nanoengi-
neered nucleic-acid analogues with new and improved abilities for 
biorecognition and diagnostic purposes. Among them are aptam-
ers; they are synthetic nucleic acids able to interact with molecular 
or cellular targets with high specifi city and sensitivity for their ability 
to fold into many tertiary conformations. Aptamers can be 
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generated by “Systematic Evolution of Ligands by Exponential 
Enrichment” (SELEX), a combinatorial procedure that starts with 
a pool of candidate nucleic-acid molecules to generate a nucleic- 
acid library [ 79 ]. Compared to antibodies, nucleic-acids can be 
synthesized in a more reproducible way, have longer shelf lives, and 
can be reversibly denatured without loss of activity. A remarkable 
characteristic of these probes for biosensing is that they do not 
require prior knowledge about the molecular differences between 
the specifi c target and nonspecifi c ones. As shown in cancer diag-
nosis, the DNA sequences from the DNA library that bind the 
cell-surface markers of a cancer cell can be determined by compari-
son with those that bind a healthy (control) cell. In addition, 
detection occurs before the corresponding antibody against that 
cancer has been produced [ 80 ]. This process is obviously attractive 
for application to the diagnosis of infectious diseases as well. The 
high selectivity and sensitivity achieved with aptamers permits 
eliminating sample pretreatment and is thus promising for POC 
applications [ 53 ]. The inability to distinguish the fl uorescent signal 
from labeled and unlabeled probes is a common problem in micro-
fl uidic devices, since labeled probes that did not bind targets can-
not be washed out from the microchannels. Different fl uorescent 
labels can be used to tag the probe and the target, with the detec-
tion proceeding via fl uorescence resonance energy transfer (FRET) 
upon the occurrence of the bioaffi nity reaction. However, this pro-
cedure is unpractical in bioanalysis owing to the cumbersome dual 
labeling procedure [ 81 ]. In the case of DNA detection, this can be 
circumvented with the use of molecular beacons (MBs), which can 
be considered a particular type of aptamers. MBs are single- 
stranded oligonucleotides with a hairpin (stem-and-loop) struc-
ture, labeled with a fl uorophore in one extremity of the chain and 
a fl uorescence quencher in the other extremity. The close proxim-
ity between the extremities prevents fl uorescence emission, but 
when a hybridization event occurs with a complimentary chain, the 
structure becomes linearized and hence fl uorescence arises. In this 
way, target labeling is unnecessary. Another type of synthetic 
nucleic-acid analogues is constituted by peptide nucleic acids 
(PNAs), which are in which the sugar-phosphate backbone is 
replaced by a peptidic structure. When used as probes in nucleic- 
acid recognition systems, they allow very selective and sensitive 
hybridization in low ionic-strength media, while having high ther-
mal stability [ 82 ]. For being electrically uncharged, PNAs are 
 suitable to promote the occurrence of biochemical events triggered 
by the formation of the negatively charged PNA/single-stranded 
DNA hybrid, i.e., a kind of “on/off” processes. 

 Biosensing schemes reported in the literature employing at 
least one of the nanotechnology-based structures described above 
are depicted in Table  2 , together with the transduction mechanism 
employed and performance quantifi cation.
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   Table 2  

  Illustrative works described in the literature employing nanostructures for the detection of animal 
pathogens   

 Target 
pathogen(s)  Nanostructures a  

 Transduction 
mechanism 

 LOD or 
sensitivity  References 

 Canine 
parvovirus 

 PNA  Fluorescence  40–
2,000 copies/
μl (89.8 %) 

 [ 105 ] 

 Infl uenza virus 
(H5) 

 MB  Fluorescence  0.6 nM  [ 37 ] 

 Infl uenza virus 
(H5N1) 

 GNPs and Ag enhancer  Light scattering  10 3  TCID 50  
units 

 [ 69 ] 

 Infl uenza virus 
(H5N1) 

 DNA aptamer  SPR  1.28 HAU  [ 87 ] 

 Infl uenza virus 
(H1N1) 

 GNPs  Fluorescence and 
surface-enhanced 
Raman scattering 

 –  [ 93 ] 

 Infl uenza virus 
(H5N1) 

 Complementary oxide 
semiconductor (CMOS) 

 Impedance 
spectroscopy 

 5 nM (10 −11  F)  [ 98 ] 

 Infl uenza virus 
(H5N1) 

 DNA aptamer/hydrogel  QCM  0.0128 HAU  [ 102 ] 

 16 avian 
infl uenza 
viruses 

 Magnetic beads  Colorimetry (HA test 
and LAT test) and 
RT-PCR 

 16–1,024 HAU  [ 106 ] 

 Feline 
calicivirus 

 Liposomes  Fluorescence  1.6 × 10 5  PFU/
ml 

 [ 5 ] 

 Pestiviruses 
(Classical 
swine fever 
virus; Border 
disease virus; 
Bovine viral 
diarrhea virus 
1 and 2) 

 Magnetic beads  Optic (visual; 
microscopy; chip 
reader) 

 –  [ 55 ] 

  Alexandrium  
sp. complex 

 PNA and cyanine-derived 
fl uorophore (DiSC 2 (5)) 

 Colorimetry  –  [ 89 ] 

  B. anthracis   SWCNT  Raman spectroscopy  –  [ 97 ] 

  B. anthracis   Electrically active magnetic 
NPs 

 Cyclic voltammetry  0.01 ng/μl  [ 94 ] 

  B. anthracis   GNPs  QCM  3.5 × 10 2  CFU/
ml 

 [ 95 ] 

  B. anthracis ;  S. 
enteritidis  

 GNPs, magnetic NPs and NP 
tracers (PbS and CdS) 

 Square wave anodic 
stripping 
voltammetry 

 50 pg/ml  [ 90 ] 

(continued)
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Table 2
(continued)

 Target 
pathogen(s)  Nanostructures a  

 Transduction 
mechanism 

 LOD or 
sensitivity  References 

  E. coli   DNA aptamer  Impedance 
spectroscopy 

 10 −7  M  [ 79 ] 

  E. coli   Alginic acid-coated Co 
magnetic beads 

 Transmission electron 
microscopy 

 10 cells/ml  [ 86 ] 

  E. coli   Fe 2 O 3 /Au magnetic NP and 
magnetic NPs 

 Amperometry  5 CFU/ml  [ 99 ] 

  E. coli  
O157:H7 

 Aluminum anodized oxide 
(AAO) nanopore 
membrane 

 Cyclic voltammetry 
and impedance 
spectroscopy 

 0.5 nM  [ 91 ] 

  E. coli  
O157:H7 

 Magnetic beads and QDs  Fluorescence  250 zM  [ 104 ] 

  F. tularensis   MB  Fluorescence  –  [ 84 ] 

  M. avium   GNPs  Colorimetry  1.875 ng/μl 
(87.5–100 %) 

 [ 100 ] 

  M. tuberculosis ; 
 M. bovis  

 GNPs  Colorimetry  5 × 10 −8  M  [ 85 ] 

  S. aureus   GNPs/poly-3,4- 
ethylenedioxythiophene 
(PEDOT) fi lm 

 Chronoamperometry  ≤150 pM  [ 96 ] 

  S. aureus   GNPs/PANI nanofi bers  Cyclic voltammetry  pM range  [ 101 ] 

  S. aureus  
(MRSA) 

 PNA  Impedance 
spectroscopy 

 10 pM  [ 103 ] 

  Y. enterocolitica   Carbon ionic liquid electrode 
and V 2 O5 nanobelt/
MWCNT/chitosan 

 Differential pulse 
voltammetry 

 1.76 × 10 −12  M  [ 92 ] 

  C. perfringens ; 
 C. tetani ;  S. 
pneumoniae ; 
 P. aeruginosa ; 
 E. coli  

 GNPs  QCM  1.5 × 10 2  CFU/
ml (94.12 %) 

 [ 83 ] 

 Salmonellae  GNPs and Ag enhancer  Colorimetry  10 4  cells  [ 88 ] 

   a Micro-scaled magnetic particle labels are also considered in this table  

6        Conclusions 

 The advances observed on the past decades in proteomics and 
genomics have led to the discovery of novel diagnostic biomarkers 
for pathogens relevant in human medicine. In parallel, cutting- 
edge developments in materials science and in nanotechnology 
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have also been registered. Veterinary science and practice “took the 
train” and, as such, have been greatly favored from such advances. 
Microfl uidic technologies and nanoengineered structures, espe-
cially when coupled together, have led to an unprecedented degree 
of high-throughput, large-scale genetic analysis, even at whole-
genome levels. Ultimately, the high-throughput and multiplexing 
abilities of in vivo (implanted or swallowed) nanosensor arrays 
should be able to monitor animals’ physiology and health status 
during their entire lifetime, and even beyond, intended to track 
and assess the quality of animal products for human feeding. In this 
way, the current shortcomings related with the limited number of 
sanitary surveillance resources that can be allocated to guarantee 
proper product origin, stocking, and shipping could be circum-
vented. So far, only few POC schemes and devices have reached the 
exquisite sensitivity thresholds required for detection of nucleic-
acid traces in unamplifi ed biological samples, which is the ultimate 
goal of nucleic-acid testing. As for human diagnostics, the veteri-
nary medicine and practice still lack the commercial availability of 
more POC devices, more probably as a result of manufacturing and 
commercial cost-effectiveness constraints than to a shortage of fun-
damental knowledge. While remaining too expensive for single 
testing, many tests targeted for POC diagnosis will ultimately prove 
to be cost-effective when savings with unnecessary laboratory man-
power are taken into account. Other major challenges are the need 
for initial investments that are often prohibitive for small compa-
nies and the usual diffi culties for obtaining regulatory approvals for 
testing and commercialization. For effective improvement of 
human health, more adequate and coordinated actions to face ani-
mal diseases are needed, especially concerning livestock. This 
includes a more effective technology transfer from developed coun-
tries to those where diseases are prevalent and where disease pre-
ventive measures may be crucial to avoid or contain epidemics. 
Probably still without meritorious examples in the world, more 
effective communication and coordination among public health, 
animal health, and wildlife disease surveillance authorities will be 
necessary to tackle the problems posed by common and hazardous 
veterinary diseases, especially in situations of outbreaks endanger-
ing animal and human health as well.     
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    Chapter 21   

 Molecular Typing Tools: From Pattern Recognition 
to Genome-Based Algorithms 

           Konrad     Sachse      and     Petra     Moebius   

    Abstract 

   In the present chapter, we discuss DNA-based typing methods for microbial pathogens that were  frequently 
used in the past two decades and their essential features, as well as virtues and downsides. We conclude 
with an outlook on the fundamental changes that can be expected in the era of high-throughput 
genomics.  

  Key words     Review  ,   RAPD  ,   RFLP  ,   AFLP-PCR  ,   PFGE  ,   VNTR/MLVA  ,   MIRU-VNTR  ,   Spoligotyping  , 
  Single-locus sequence typing  ,   MLST  ,   Genomotyping  

1      Introduction 

 Ever since diagnosticians have been trying to identify the origin of 
disease outbreaks, there was a demand for characterizing and clas-
sifying the microbial strain involved. Strain typing can help to 
reveal important information about the infection, i.e., (1) trans-
mission pathways and patterns, (2) possible association of the strain 
with clinical manifestations and pathogenicity, (3) specifi c tissue or 
organ affi nity, and (4) the status of the infection, e.g., new infec-
tion, reinfection, or persistent infection. 

 Historically, the fi rst typing schemes were based on  phenotypes, 
e.g., surface morphology (e.g., gram stain), serotype, biotype, or 
intrinsic phenotypic properties, such as fermentation of substrates, 
auxotrophy, or expression of specifi c antigens. The broad use of 
DNA amplifi cation and sequencing technology in the past two 
decades prompted the gradual phasing out of most of these meth-
ods and a shift toward genetic typing schemes. 

 Most of the currently recognized approaches are based on 
 variations in specifi c genomic loci that are exploited in a direct (i.e., 
through sequence analysis) or indirect (e.g., through cleavage pat-
terns) fashion. Since the target region for typing is usually selected 
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individually for each microbial agent, the vast majority of the 
 established molecular typing methods were designed for a particu-
lar species, group of species, genus, or family. Usually, a single 
locus or a limited number of loci are targeted. These circumstances 
imply limitations to the discriminatory capacity of each typing 
assay. For instance, when restriction fragment length polymor-
phism analysis (RFLP) and mycobacterial interspersed repetitive 
unit-variable number tandem repeat (MIRU-VNTR) were used in 
a comparative study on tuberculosis cases, they produced different 
clustering of a substantial part of the strains examined [ 1 ]. 
Therefore, a combination of two or more genotyping methods will 
often be required to improve resolution and ensure accuracy of the 
fi ndings [ 2 ,  3 ]. Now that high-throughput genome sequencing 
technology has become more affordable and is within reach for 
more and more laboratories, it seems certain that typing algorithms 
for broader use with multiple species will be tomorrow’s 
standards. 

 An overview of papers on molecular typing methods used for 
selected microbial agents of veterinary relevance is given in Table  1 .

   In the present chapter, we discuss DNA-based typing methods 
that were frequently used in the past two decades, their essential 
features, as well as virtues and downsides. We conclude with an 
outlook on the fundamental changes that can be expected in the 
era of high-throughput genomics. 

 Some of the typing methods described in the following sec-
tions were also used for phylogenetic studies. To justify the latter, 
more stringent criteria for the choice of target structures have to be 
applied, namely, stability to evolutionary pressure, which implies a 
preference for ribosomal RNA and housekeeping genes. In fact, 
only a minor proportion of the methods are suitable for both 
 epidemiological and phylogenetic purposes.  

2    Fingerprint Typing Methods 

  Random amplifi ed polymorphic DNA (RAPD) analysis represents 
a special variation of PCR that can be regarded as gross whole- 
genome characterization. It consists in parallel amplifi cation of an 
arbitrary set of genomic segments using short oligonucleotide 
primers of 8–12 nucleotides [ 4 ]. The amplifi cation reaction involves 
one or more primers and is conducted at low-stringency condi-
tions. The low annealing temperature allows primer binding to 
multiple sites that do not need to be completely complementary, 
so that the numbers and positions of binding sites are unique for 
each bacterial strain. Numerous amplicons in the range of 0.1–3 kbp 
can be produced and subsequently visualized using agarose gel 
electrophoresis. 

2.1  RAPD
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   Table 1  
  Selection of published genotyping studies on bacterial pathogens   

 Agent  Genotyping method  References 

  Bacillus anthracis   VNTR/MLVA  [ 91 – 93 ] 
 SNP analysis  [ 94 ,  95 ] 

  Borrelia  spp.  PCR-RFLP subtyping ( osp A)  [ 54 ,  96 ] 
 MLST  [ 97 ] 

  Brucella  spp.  SNP analysis  [ 98 ] 

  B. abortus ,  B. suis ,  B. melitensis , 
and  B. canis  

 VNTR/MLVA  [ 99 – 101 ] 

 MLST  [ 102 ,  103 ] 

  Burkholderia mallei   MLST  [ 104 – 106 ] 
 VNTR/MLVA  [ 107 ,  108 ] 
 PFGE  [ 109 ] 

  Campylobacter  spp.  PFGE  [ 110 ] 
 MLST  [ 111 ,  112 ] 
 PCR-RFLP genotyping ( fl a A)  [ 11 ,  113 ] 
 Microarray DNA hybridization 

assay 
 [ 114 ,  115 ] 

  C. fetus  subsp . venerealis  and 
 C. fetus  subsp . fetus  

 PFGE  [ 25 ,  116 ] 

 AFLP  [ 21 ,  117 ] 
 MLST  [ 118 ,  119 ] 

  Chlamydia  spp.  MLST  [ 61 ,  120 ] 

  Chlamydia psittaci    omp A genotyping (DNA 
microarray, RFLP) 

 [ 51 ,  53 ,  121 ] 

 VNTR/MLVA  [ 122 ] 
 MLST  [ 62 ] 

  Chlamydia abortus   VNTR/MLVA  [ 123 ] 

  Clostridium botulinum   PFGE  [ 26 ,  27 ] 
 VNTR/MLVA  [ 124 ] 

  Clostridium perfringens   PFGE  [ 125 – 128 ] 
 VNTR/MLVA  [ 129 ,  130 ] 

  Clostridium diffi cile   VNTR/MLVA  [ 131 ] 

  Clostridium septicum   MLST  [ 132 ] 

  Coxiella burnetii   VNTR/MLVA  [ 133 – 135 ] 
 10-locus multi-spacer sequence 

typing (MST) 
 [ 68 ,  69 ] 

  Escherichia coli   Multiplex PCRs for differentiation 
of  E. coli  pathovars 

 [ 136 – 139 ] 

 PCR (stx1/stx2 gene)  [ 140 ] 
 PCR ( eae  gene)  [ 48 ,  49 ,  141 ,  142 ] 
 PCR-RFLP ( eae  gene)  [ 143 ] 
 PCRs and PCR-RFLP assay (fedA, 

K88 gene) 
 [ 144 – 146 ] 

(continued)
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Table 1
(continued)

 Agent  Genotyping method  References 

 Microarray genotyping  [ 147 – 149 ] 
 MLST  [ 150 ] 

  Francisella tularensis   PFGE  [ 151 ] 
 AFLP  [ 151 ] 
 VNTR/MLVA  [ 152 ,  153 ] 
 SNP genotyping (RT-PCR, 

microarray) 
 [ 154 ] 

 VNTR + INDELs + SNP  [ 155 ,  156 ] 

  Mycobacterium avium  subsp. 
 paratuberculosis  

 Reviews  [ 157 ,  158 ] 
 PFGE  [ 159 – 161 ] 
 IS900-RFLP  [ 16 ,  17 ] 
 MIRU-VNTR  [ 33 ] 
 MLSSR  [ 3 ,  162 – 164 ] 

  M. avium  subsp.  avium   IS901-RFLP  [ 165 ] 
 MIRU-VNTR  [ 33 ] 

  M. avium  subsp.  hominissuis   IS 1245 -RFLP, IS1311-RFLP  [ 166 – 168 ] 
 MIRU-VNTR  [ 33 ] 

  Mycobacterium tuberculosis  
complex 

 IS 6110 -RFLP  [ 13 ] 

 MIRU-VNTR  [ 35 – 38 ] 

  M. bovis  
  M. caprae  

 MIRU-VNTR  [ 169 ] 
 Spoligotyping, microarray 

spoligotyping 
 [ 41 ,  44 ] 

  Mycoplasma mycoides  subsp. 
 mycoides  

 VNTR/MLVA  [ 170 ] 
 MLST  [ 171 – 173 ] 

  Mycoplasma bovis   RAPD  [ 5 ] 
 AFLP  [ 5 ] 
 PFGE  [ 5 ] 
 VNTR/MLVA  [ 174 ,  175 ] 
 MLST  [ 176 ] 

  Salmonella enterica   Reviews  [ 177 – 179 ] 
 PFGE  [ 28 ,  179 ,  180 ] 
 VNTR/MLVA  [ 181 ] 
  S.  Typhimurium 
 VNTR/MLVA  [ 182 – 184 ] 
  S.  Enteritidis 
 VNTR/MLVA  [ 185 ] 
  S.  Newport 
 MLST  [ 59 ,  186 ] 

(  http://mlst.
ucc.ie/mlst/
dbs/Senterica    ) 

 MLST (prophage loci)  [ 187 ] 
 MLST-seq  [ 188 ] 
 DNA microarray typing  [ 77 ,  189 ,  190 ] 

  Taylorella equigenitalis   PFGE  [ 191 – 194 ] 
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 RAPD has been used for discriminatory analysis of isolates of 
many microbial pathogens. For instance, investigating  Mycoplasma 
bovis  infections in cattle, the number of distinct strains present in a 
geographical region or a herd was determined based on the 
obtained banding patterns [ 5 ,  6 ]. This included identifi cation of the 
strain at the source of the outbreak [ 7 ]. Likewise, strains of 
 Mycobacterium  ( M. )  avium  were distinguished by their fi ngerprints 
using a panel of four or six primers [ 8 ,  9 ]. Differentiation among 
 M. avium  subsp.  paratuberculosis  strains using RAPD was also 
attempted [ 10 ], but proved more diffi cult. 

 The basic asset of the method is its versatility, which allows the 
use of a theoretically unlimited number of primers and thus offers 
unlimited capacity for revealing strain-to-strain differences [ 9 ]. It 
also means that the methodology can be adapted individually to 
any organism. While the method is easy to use, inexpensive, and 
rapid, its major drawback consists in limited reproducibility. 
Banding patterns tend to vary considerably from run to run and 
from laboratory to laboratory. Therefore, it was recommended to 
conduct RAPD analyses in triplicate [ 8 ].  

  Restriction fragment length polymorphism (RFLP) analysis is based 
on enzymatic cleavage of genomic DNA of an isolate. The frag-
ments generated by specifi c restriction endonucleases are separated 
according to their size using gel electrophoresis. Mutations in the 
genome can lead to changes in the number of cleavage sites, whereas 
insertions and deletions can shift their positions and give rise to 
“fragment length polymorphisms.” 

 A well-known example of RFLP typing refers to  Campylobacter 
jejuni , where the tandem fl agellin genes  fl a A and  fl a B served as 
target for subtyping in molecular epidemiological studies [ 11 ]. 
The classical serovars of  Chlamydia psittaci  could be distinguished 
using PCR-RFLP of the  omp A gene locus [ 12 ]. 

 If an organism’s genome carries specifi c insertion sequences, 
Southern hybridization with a fl uorescent-labeled complementary 
gene probe can be used to reveal banding patterns that are specifi c 
for individual strains. Thus, IS 6110 -RFLP was widely used for 
genotyping strains of the  Mycobacterium tuberculosis  complex 
(MTC), e.g.,  M. tuberculosis  [ 13 ],  M. bovis , and  M. caprae  [ 14 ]. 
The discriminatory capacity is particularly high for strains with six 
or more IS 6110  copies [ 15 ]. In the case of  M. avium  subsp.  para-
tuberculosis , RFLP based on IS 900  and using at least two restriction 
enzymes can provide high resolution in typing [ 16 ,  17 ]. Ribotyping 
[ 18 ], which was used for years as a versatile typing method for 
bacterial families, genera, and species, also includes the use of 
rDNA probes, so that only those bands containing a portion of the 
ribosomal operon are visualized. The number of reactive bands on 
Southern blot refl ects the multiplicity of rRNA operons in a micro-
bial species. Numerous applications to taxonomic classifi cation, 
epidemiological tracking, geographical distribution, population 

2.2  RFLP
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biology, and phylogeny were reported [ 19 ]. The general use of 
RFLP-based typing has been in decline for the last few years, not 
so much for being labor-intensive, time-consuming, and techni-
cally demanding, but mainly because more effi cient assays have 
become available ( see  below).  

  Amplifi ed fragment length polymorphism (AFLP) analysis is based 
on selective PCR amplifi cation of restriction endonuclease-digested 
genomic DNA [ 20 ]. The cleavage reaction involving one, 
( typically) two, or more enzymes is followed by ligation of oligo-
nucleotide adaptors on both termini of the fragments. Subsequent 
PCR often includes two amplifi cation steps and uses primers com-
plementary to the adaptor sequences to amplify a subset of the 
restriction fragments. Individual assays can be tailored by using 
selective bases in the adaptor sequences to keep the number and 
size of fi nally generated amplicons in a manageable range, e.g., 
50–100 fragments of 50–500 bp. Visualization of the patterns is 
accomplished through acrylamide gel or capillary electrophoresis. 

 In a comparative study on  Mycoplasma bovis  isolates from cases 
of respiratory disease in calves from different regions of the United 
Kingdom, McAuliffe et al. [ 5 ] identifi ed two genetically distinct 
clusters, whereupon the AFLP-PCR fi ndings largely coincided 
with those of RAPD. Wagenaar et al. [ 21 ] used AFLP-PCR for 
genotyping of  Campylobacter fetus  strains and were able to differ-
entiate the subspecies  Campylobacter fetus  subsp.  venerealis . Hu 
et al. [ 22 ] identifi ed phage type-specifi c markers by using this tech-
nique for  Salmonella  Typhimurium strains. 

 The advantages of AFLP-PCR include its high sensitivity and 
resolution for genome-wide detection of polymorphisms, as well as 
relatively good reproducibility. On the other hand, the number of 
amplifi ed fragments has to be limited in order to keep the perfor-
mance at high level. All in all, the procedure is relatively elaborate 
and requires purifi ed and intact double-stranded DNA, as well as 
specialized equipment and software.  

  The acronym stands for macro-restriction fragment length poly-
morphism analysis using pulsed-fi eld gel electrophoresis. The 
method utilizes specifi c restriction sites throughout the microbial 
genome for differentiation below the species level. Bacterial cul-
tures are embedded in agarose blocks, lysed in situ, and digested 
with rare-cutter restriction endonucleases. The resulting macro- 
restriction fragments sized up to 10 Mb can only be separated 
using agarose gel electrophoresis with an alternating electric fi eld 
[ 23 ]. The fi nal fi ngerprint patterns typically consist of 10–20 frag-
ments. For an update on recent developments in PFGE technol-
ogy, the reader is referred to an exhaustive review [ 24 ]. 

 Due to its high discriminatory power, PFGE analysis evolved 
as a gold standard for typing of many bacteria, such as  Campylobacter  

2.3  AFLP-PCR

2.4  PFGE
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spp. [ 25 ],  Clostridium  spp. [ 26 ,  27 ], and  Salmonella  [ 28 ]. There 
are publicly accessible databases having thousands of individual 
strain patterns of food-borne pathogens, such as  Salmonella  
serovars,  Listeria monocytogenes , and others (e.g.,   http://www.
pulsenetinternational.org/    ). 

 The main reason why the use of the procedure has been con-
fi ned to a limited circle of specialized laboratories lies in its sophis-
ticated and technically demanding work fl ow. For instance, the in 
situ digestion of genomic DNA in the agarose block may prove 
diffi cult for certain pathogens. Therefore, it remains a challenge to 
attain satisfactory interlaboratory reproducibility.   

3    Typing Based on Repetitive Elements 

  Variable number tandem repeat (VNTR) analysis is targeting short 
nucleotide sequences (up to 100 bp) organized as tandem repeats in 
selected genomic regions [ 29 ]. Individual strains may vary in the 
number of repeat units associated with a certain locus. In the case of 
mycobacteria and other pathogens, multiple-locus VNTR analysis 
(MLVA) is an approach characterizing the polymorphism of tan-
demly repeated sequences in a number of genomic loci. The exten-
sive use of MLVA typing for the characterization of food- borne 
pathogens, such as  Salmonella enterica ,  Listeria monocytogenes , 
 Escherichia coli ,  Brucella  spp., and other bacteria, was reviewed 
recently by Lindstedt et al. [ 30 ]. The reader is also referred to the 
PulseNet database at   http://www.pulsenetinternational.org/    . 

 The practical assay comprises PCR amplifi cation of the respec-
tive genomic locus or loci and subsequent electrophoretic sepa-
ration of the products. The resolution parameters of agarose gel 
and capillary electrophoresis are comparable [ 31 ]. The number of 
repeats in the loci can be calculated from electrophoresis and com-
bined into the MLVA profi le. For instance, in the case of  Coxiella 
burnetii , the code 7-6-6-3-5-3-7-3-13 denotes the number of 
repeats present in loci MS 03, 21, 22, 28, 30, 31, 34, 27, and 36, 
respectively, which corresponds to the unique profi le designated 
CbNL01 [ 32 ]. For  M. avium  subsp.  paratuberculosis , the panel of 
tandem repeats denoted 3-2-3-3-2-2-2-8 in the MIRU-VNTR 
loci 292, X3, 25, 47, 3, 7, 10, and 32, respectively, represents pro-
fi le INMV2 [ 33 ]. 

 VNTR/MLVA can be conducted directly on bacterial cell 
lysates and is generally well reproducible from laboratory to labo-
ratory. The simple digitized output data format facilitates storage 
in databases and exchange among collaborators. As the technology 
allows differentiation below species level and identifi cation of 
mixed infections, it lends itself for large-scale multilateral epide-
miological surveys, as well as phylogenetic studies. However, its 
use will be confi ned to those pathogens possessing a suffi cient 
number of highly variable repeat regions.  

3.1  VNTR/MLVA
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  MIRU (mycobacterial interspersed repetitive units)-VNTR is a 
mycobacteria-specifi c term for an MLVA typing scheme. It is based 
on 40–100-bp DNA elements arranged as tandem repeats and dis-
persed in intergenic regions of MTC genomes [ 34 ]. MIRU-VNTR 
typing allows high-throughput discriminatory analysis of clinical 
MTC isolates. The resolution of a typing assay can be fi ne-tuned 
depending on the number of examined loci. Different workers 
suggested using 24 [ 35 ], 12 [ 36 ,  37 ], or 15 [ 38 ,  39 ] loci. 

 The MTC members of veterinary relevance include  M. bovis , 
 M. caprae ,  M. microti , and  M. pinnipedii . Their strains can be 
 analyzed based on a variety of VNTR loci as compiled in Table  2 . 
Thus, six loci are recommended for differentiation among  M. bovis  
and fi ve for  M. caprae  strains.

     Short sequence repeat (SSR)-based typing exploits variations in 
length and distribution of homopolymeric tracts of a single- 
nucleotide (mononucleotide repeats) or multimeric tracts (di- or 
trinucleotide repeats) in homogeneous or heterogeneous arrange-
ments. The approach is actually a special case of VNTR analysis. 

3.2  MIRU-VNTR

3.3  SSR Typing

   Table 2  
  VNTR loci recommended for MLVA typing of  Mycobacterium bovis ,  Mycobacterium caprae , and other 
MTC isolates a    

 Locus b   Synonym  Specifi city 

 VNTR 424  MTC,  M. bovis  +  M. caprae ,  M.   caprae  

 VNTR 580  ETR D  No diversity in certain geographical regions 

 VNTR960  MIRU 10  MTC,  M. bovis + M. caprae  

 VNTR 1644  MIRU 16   M. bovis + M. caprae  

 VNTR 1955  MTC,  M. bovis  +  M. caprae ,  M.   bovis  

 VNTR 2163a  QUB 11a  MTC,  M. bovis  +  M. caprae ,  M  .   bovis ,  M  .   caprae  

 VNTR 2163b  QUB 11b  MTC,  M. bovis  +  M. caprae ,  M  .   bovis ,  M  .   caprae  

 VNTR 2165  ETR A  MTC,  M. bovis  +  M. caprae ,  M  .   bovis ,  M  .   caprae  

 VNTR 2461  ETR B   M  .   bovis  

 VNTR 3232  QUB 3232  MTC,  M. bovis  +  M. caprae  

 VNTR 3690  MTC,  M. bovis  +  M. caprae  

 VNTR 4052  QUB 26  MTC,  M. bovis  +  M. caprae ,  M  .   bovis  

 VNTR 4156  QUB 4156  MTC,  M. bovis  +  M. caprae ,  M  .   caprae  

   Bold print  means that the respective loci are particularly suitable for differentiating among  M. bovis  and 
 M. caprae  strains, respectively 
  a Compiled by the National Reference Laboratory for Bovine Tuberculosis at Friedrich-Loeffl er-Institut Jena, Germany 
(Head: Dr. Irmgard Moser) 

  b All loci have a discriminatory index larger than 0.6 according to Hunter and Gaston [ 195 ]  
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Genomic regions harboring this kind of repeats are often the most 
variable targets in a bacterial genome, whereas longer repeats are 
generally less diverse. SSR typing was suggested for differentiation 
and subtyping of  Mycoplasma  spp.,  Mycobacterium  spp., and other 
bacteria [ 29 ]. 

 The method can be effi cient in discriminating between similar 
strains. However, mononucleotide repeats of more than ten units 
can give rise to slipped-strand mispairing or replication slippage 
events affecting the DNA polymerase during the amplifi cation 
reaction. This leads to inaccurate results as shown in a study on  M. 
avium  subsp.  paratuberculosis  [ 40 ].  

  As a specialized typing scheme based on repetitive elements, spacer 
oligonucleotide typing or spoligotyping detects the presence or 
absence of 43 specifi c DNA spacer sequences in the direct repeat 
(DR) genomic region of all currently classifi ed MTC organisms, 
i.e.,  M. tuberculosis ,  M. bovis ,  M. caprae ,  M. africanum ,  M. canettii , 
 M. microti , and  M. pinnipedii . It was the fi rst PCR-based genotyp-
ing method for tuberculosis agents [ 41 ] and has become widely 
accepted for epidemiological tracking [ 42 ] and evolutionary stud-
ies [ 43 ]. To facilitate high-throughput spoligotyping, the conven-
tional membrane-based hybridization protocol may be replaced by 
a recently developed DNA microarray assay [ 44 ]. The resulting 
hybridization pattern is converted into the generally established 
binary and octal codes [ 45 ], so that the output of this assay can be 
directly submitted to the international spoligotyping databases 
SpolDB4.0 [ 46 ] and Mbovis.org [ 47 ]. The methodology is widely 
used and well standardized, and the use of databases allows easy 
interlaboratory comparison of MTC strains. A recent comparative 
study revealed that spoligotyping is generally less discriminatory 
for MTC strains than IS 6110  RFLP analysis and MIRU-VNTR 
using 12 or 15 loci [ 42 ].   

4    Single-Locus Sequence Typing 

 Highly variable genomic loci have been used to distinguish among 
strains of a species. Initially, the relevant genetic polymorphisms 
were detected using PCR with subsequent restriction enzyme anal-
ysis (PCR-RFLP) or Southern hybridization, before direct sequenc-
ing became commonly available. In recent years, the tendency 
toward direct use of nucleotide sequences instead of restriction 
enzyme digestion has increased. Sequence data have the advantage 
of being unambiguous, universally applicable and portable. 
Therefore, they are easily comparable, transferable, and compatible 
with many different typing approaches. 

 The fi rst genomic locus used for typing purposes was the ribo-
somal RNA operon [ 18 ]. In the last three decades, ribotyping was 

3.4  Spoligotyping
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used extensively with microorganisms of more than 200 genera for 
taxonomic classifi cation, epidemiological tracking, and phyloge-
netic analysis. While comparatively easy to perform and well repro-
ducible, the technique’s discriminatory capacity is considered to be 
limited and less satisfactory in the age of genomics. In a critical 
review, Bouchet et al. [ 19 ] suggested an in silico ribotyping scheme 
to refl ect the complete molecular genetic basis of ribotype 
 polymorphisms. They found out that genetic variation in the 
housekeeping genes fl anking the ribosomal operon was primarily 
responsible for these polymorphisms and, therefore, had to be 
taken into account when interpreting ribotyping data. 

 Strains of enterohemorrhagic  Escherichia coli  produce the outer 
membrane protein intimin encoded by the  eae  gene. The protein’s 
high variability in the C-terminal region, where the host cell-binding 
specifi city is localized, provided the basis for the  eae  typing scheme 
[ 48 ,  49 ]. In the area of  Chlamydia  spp., the demonstration of 
equivalence between traditional serotypes and  omp A genotypes 
[ 50 ] represented a crucial fi nding that allowed the replacement of 
serotyping. To date, at least 15  omp A genotypes of  Chlamydia psit-
taci  have been described, and the original PCR- RFLP procedure 
has been supplanted by DNA microarray genotyping [ 51 ,  52 ] and 
real-time PCR [ 53 ]. The locus encoding the outer surface protein 
OspA was shown to differentiate among the species of  Borrelia 
burgdorferi  sensu lato and within the heterogeneous species of 
 Borrelia garinii  [ 54 ,  55 ]. Single-locus typing based on nucleotide 
sequence data can further improve accuracy and repeatability 
 compared to PCR-RFLP. For instance, the modifi cation of  Campy-
lobacter  spp.  fl aA  typing to a sequence-based protocol easily allowed 
inclusion of the  fl a B gene and led to an increase in resolution [ 56 ]. 

 While single-locus typing schemes are still widely used, their 
major caveat is the limited discriminatory potential due to the fact 
that one locus alone often cannot provide high epidemiological 
resolution.  

5    Multi-locus Sequence Typing (MLST) 

 Analyzing six to eight genomic loci encoding conserved house-
keeping genes has become a widely used approach in epidemiology 
of microbial infections. Variable segments from each target gene of 
an average size between 400 and 600 bp are PCR amplifi ed using 
specifi c primers and sequenced. The sequence type (ST) or allelic 
profi le of a strain represents a defi ned set of sequences, each repre-
senting a distinct allele within the microbial species. An arbitrary 
number is assigned to each allele (unique sequence), so that the 
allelic profi le is presented as a combination of numbers. 

 Since its introduction in 1998 [ 57 ], MLST has evolved as the 
most widely used tool in molecular typing of microbial strains. In 
a recent review, Pérez-Losada et al. [ 58 ] outlined the amazing 
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achievements reached through the use of this typing approach over 
the past decade. Several publicly accessible MLST databases are 
available for about 80 microorganisms, mainly bacteria, e.g., 
  http://pubmlst.org     and   http://www.pasteur.fr    . Users can run 
their sequence data and conduct inquiries for allele sequence iden-
tifi cation, allelic profi le identifi cation, and matching of isolates. 
Moreover, there is a number of specialized software programs to 
process experimental data (for details,  see  ref.  58 ). 

 The main areas of application include molecular epidemiology, 
phylogeny, and taxonomy, as well as population structure and 
dynamics. An MLST scheme for  Salmonella enterica  comprised 
seven housekeeping genes, i.e.,  aro C,  dna N,  hem D,  his D,  pur E, 
 suc A, and  thr A [ 59 ]. The scheme revealed a characteristic cluster-
ing of serovar Derby isolates from humans and pigs that correlated 
well with other typing methods, but failed to unambiguously reveal 
animal-to-human transmission [ 60 ]. 

 Korczak et al. [ 56 ] introduced an optimized MLST strategy 
for  Campylobacter jejuni  and  C. coli  that included the  asp A,  atp A, 
 glm M,  gln A,  glt A,  gly A, and  tkt  loci. This system identifi ed 118 
different STs, 34 of which were described for the fi rst time. 

 In the case of chlamydiae, three different typing schemes have 
been suggested. Dean et al. [ 61 ] selected seven genes on the basis 
of (1) diverse chromosomal regions where a single recombina-
tional exchange would be unlikely to co-introduce >1 selected 
gene, (2) regions where several contiguous genes were involved in 
metabolic or key functions, (3) essential metabolic enzymes (e.g., 
tRNA synthases), (4) genes without similarity to human genes, and 
(5) no genes under diversifying selection. The panel includes  gly A, 
 mdh C,  pdh A,  yhb G,  pyk F,  lys S, and  leu S loci and is suitable for epi-
demiological and phenotypic studies. 

 Pannekoek et al. [ 62 ] included seven housekeeping genes 
( eno A,  fum C,  gat A,  gid A,  hem N,  hlf X,  opp A), which allowed the 
detection of links between individual STs of  Chlamydia psittaci  
and  Chlamydia abortus  and their host species. Another approach 
based on fi ve highly variable but stable genomic loci ( hct B, CT058, 
CT144, CT172, and  pbp B) was intended for short-term clinical 
epidemiology and outbreak investigations and provided superior 
resolution [ 63 ]. The system was later modifi ed into a DNA micro-
array assay by Christerson et al. [ 64 ] to allow rapid and economical 
typing at high throughput. 

 The fact that MLST is strictly sequence based renders it not 
only unambiguous and highly discriminatory but also portable and 
repeatable from one laboratory to another. One of the few draw-
backs is associated with the selection of the housekeeping loci. The 
selection criteria applied to the different microorganisms are not 
always comparable as they depend on current knowledge and 
 certainly also the preferences of individual workers. While the orig-
inal idea consisted in using only housekeeping genes that were 
evenly distributed along the chromosome, fl anked by genes of 
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known function, and not under diversifying selection [ 59 ], later 
attempts were undertaken to develop alternative typing schemes 
based on virulence genes, as has been reported for salmonellae 
[ 65 ] and staphylococci [ 66 ]. 

 As genetically monomorphic bacterial pathogens, such as myco-
bacteria, brucellae, and  Bacillus anthracis , tend to exhibit less DNA 
sequence diversity in their housekeeping genes, MLST cannot pro-
vide the high resolution required for epidemiological studies on these 
agents [ 2 ,  67 ]. 

 Instead of using functional genes, the genetic variation seen in 
intergenic spacer regions can also be exploited for typing. Multi- 
spacer sequence typing (MST) is a special variant of MLST that 
was used for  Coxiella burnetii  [ 68 ]. The numerical coding is simi-
lar to VNTR/MLVA, and the resulting MST genotypes can be 
identifi ed by visiting a public database at   http://ifr48.timone.
univ-mrs.fr/MST_Coxiella/mst    . MST data are easily comparable 
between laboratories, but the method is more laborious and less 
discriminatory than MLVA [ 69 ]. 

 Even though there is now a clear tendency toward typing 
schemes using the entire genome, the MLST approach will  certainly 
retain its importance in the near future, and the extensive data 
gathered so far will remain important references for comparison.  

6    Genome-Wide Typing Approaches 

 As the demands on epidemiological resolution of typing schemes 
became ever higher in the last decades, the use of whole-genome 
sequences (WGS) for intraspecies discrimination and thus the emer-
gence of genomotyping appeared to be only a question of time 
[ 70 ]. Early attempts focused on the utilization of high- density 
microarray slides covering whole bacterial genomes, similar to those 
used in transcriptomics. Typically, microarrays carrying 40- to 70-mer 
oligonucleotide probes to represent each genomic locus were 
employed [ 71 ,  72 ]. However, this expensive technology was not 
particularly suitable for routine diagnosis, and the experimental 
approach proved to have limitations as the accuracy of typing 
seemed to be satisfactory only among strains of average nucleotide 
identity (ANI) values higher than 90 % [ 73 ]. Another example of 
microarray-based genomotyping featured  Coxiella burnetii  and was 
based on the presence or absence of selected genes [ 74 ]. In 52 iso-
lates, the authors identifi ed ten genomotypes organized into three 
groups, of which four types were associated with acute Q fever. 

 Meanwhile, as more and more WGS have become available, 
the attractiveness of high-density microarray technology for molec-
ular typing has diminished, because the same information can now 
be directly extracted from WGS, which is less expensive and strictly 
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sequ ence based rather than converted into a pattern-like output 
format. At the same time, more versatile low-density DNA micro-
array platforms, such as the ArrayStrip™ system, will remain a 
 relevant economical option for specialized typing purposes in diag-
nostic laboratories. Prominent examples include assays for methi-
cillin-resistant  Staphylococcus aureus  (MRSA) [ 75 ], DNA serotyping 
of  E. coli  [ 76 ], as well as identifi cation of antibiotic resistance genes 
in  Salmonella  [ 77 ] and  E. coli  [ 78 ]. 

 In an attempt to bridge the gap between PFGE fi ngerprint 
typing and genome sequencing, whole-genome mapping (WGM) 
was used as a strain typing tool in epidemiological surveys. 
Representing an advanced version of optical mapping introduced 
in the 1990s [ 79 ], the methodology starts with genomic DNA 
fragments from lysed microbes being immobilized on a glass sur-
face in a microfl uidics device. A restriction enzyme specifi cally 
cleaves the DNA and leaves the fragments in the original genomic 
order stretched on a glass slide, where they are subsequently fl uo-
rescence stained, analyzed, and assembled to yield a barcode-like 
map. While the performance of WGM is not yet fully validated to 
compete with PFGE [ 80 ], it has a potential of enhancing differen-
tiation among strains in outbreak situations. 

 Using a complete genome sequence as the basis of a typing 
scheme offers a number of advantages: (1) all the genetic informa-
tion of an organism can be used, (2) standardization of the method-
ological approach is easier than with most other typing methods, and 
(3) the universal character of the nucleotide sequence information 
ensures worldwide comparability and repeatability now and in the 
future. 

 The great challenge in designing effi cient genome-based typ-
ing schemes consists in the necessity to condense the huge amount 
of sequence data into a handy piece of essential information that 
will represent a particular genomotype. Currently there are no 
generally agreed operating procedures, nor criteria or parameters 
defi ning such procedures. In a recent review, Sabat et al. [ 81 ] 
 singled out three possible strategies that are explained in the 
 following paragraphs. 

 First, an  extended MLST  (eMLST) approach could be based on 
all genes of the so-called core genome, i.e., a panel of genes present 
in all strains of a species. The resulting allelic profi le would be com-
posed of hundreds or thousands of different alleles. Larsen et al. [ 82 ] 
used preassembled genome sequences and even short sequ ence 
reads to conduct MLST according to the established schemes for 
about 700 isolates of different bacterial species. This appears to be a 
realistic option because the costs of high- throughput sequencing 
have declined, so that the procedure can be cheaper than MLST 
based on traditional Sanger sequencing. 
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 The use of WGS also allows more sophisticated MLST schemes 
to be implemented. Strain analysis of a recent outbreak of a 
multidrug- resistant enterohemorrhagic  E. coli  O104:H4 infection 
in Germany [ 83 ] showed that traditional MLST was unable to 
reveal distinctions between the outbreak strain and earlier isolates, 
because it failed to identify the diversity outside the genes covered 
by MLST. Cody et al. [ 84 ] conducted whole-genome MLST on 
379 patient isolates of  Campylobacter jejuni  and  Campylobacter 
coli . Using the Genome Comparator module of the Bacterial 
Isolate Genome Sequence Database (BIGSdb) [ 85 ] and including 
a total of 1,595 defi ned loci, they were able to further discriminate 
within clonal groups (sequence types) that had been defi ned by 
conventional 52-locus MLST. 

 Second, the  pan-genomic approach  would include the complete 
sequence information of a given genome, i.e., the core genome, 
dispensable genes found in a limited number of strains, and unique 
genes specifi c to individual strains of a species. Inter- strain related-
ness would be defi ned through the presence or absence of genes. 
However, the scientifi c community has yet to agree on a procedure 
to condense the data into a user-friendly output format. 

 Third,  comparison of WGS at single-nucleotide resolution  can 
characterize the distribution of SNPs throughout the genomes, 
thus enabling high-resolution analysis of sequence variation among 
related strains and/or along the timeline in epidemiological chains. 
This was shown in the paper by Roetzer et al. [ 86 ], where the 
number of SNPs emerging in a human-to-human transmission 
chain was used to calculate the natural mutation rate of  Mycobac-
terium tuberculosis . Similarly, Sherry et al. [ 87 ] used Ion Torrent 
sequencing data to conduct SNP analysis, which demonstrated the 
identity of four outbreak strains of multidrug-resistant  E. coli  in a 
neonatal intensive care unit. 

 All in all, WGS-based genotyping is still an emerging fi eld, the 
number of studies published so far is limited, and its full potential 
has yet to be explored. The absence of standardization concern-
ing the selection of target loci, the software tools to be used for 
sequence analysis, and other essential operations is currently the 
main defi cit, and it will certainly take some more time for the 
research community to agree on these fundamentals. Nevertheless, 
this area can be expected to develop dynamically in the next few 
years. One of the most intriguing options opening up refers to the 
possibility of addressing specifi c features of a microbial strain, 
such as virulence, resistance, presence of toxins, or host prefer-
ence. This means that thematic sequence information can be 
extracted routinely from WGS to form artifi cial partial genomes, 
such as the antibiotic resistome [ 88 ,  89 ], toxome [ 90 ], and 
virulome.  
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7    Conclusion 

 The development of microbial typing over the last two decades has 
signifi cantly contributed to enhanced surveillance and outbreak 
management [ 7 ,  63 ,  83 ,  87 ], as well as to ever more detailed char-
acterization of fi eld strains in terms of virulence properties, antimi-
crobial resistance, phylogenetic position, etc. As outlined in the 
previous sections, the evolution of tools shows a clear tendency 
toward sequence-based methods, with the nascent WGS-based 
algorithms holding great promise. 

 Given the diversity in the various methodological approaches 
and the multitude of typing protocols, it is obvious that there is no 
single method that would be universally applicable. The choice of 
the methodology rather depends on the objective of the study, the 
concrete epidemiological situation, and the budget available. 

 For instance, in an outbreak scenario, rapid methods are pref-
erable, such as VNTR, partial sequencing, and RAPD. As short- 
term delivery of relevant strain characteristics is crucial to inform 
decision makers, it can be more important to use a fast and robust 
tool rather than aspiring to the highest resolution. In monitoring 
and surveillance schemes, the overall cost, practical feasibility, and 
availability of a standardized protocol are likely to be the essential 
parameters. Therefore, MLST and VNTR schemes are frequently 
used for this purpose. 

 Finally, retrospective studies and epidemiological research 
projects will be demanding ever higher information contents to be 
obtained on the strains involved, as well as maximum resolution, 
all of which can be delivered using genome-wide typing methods.     

   References 

    1.    de Beer JL, van Ingen J, de Vries G et al 
(2013) Comparative study of IS6110 restric-
tion fragment length polymorphism and 
variable- number tandem-repeat typing of 
 Mycobacterium tuberculosis  isolates in the 
Netherlands, based on a 5-year nationwide 
survey. J Clin Microbiol 51:1193–1198  

     2.    Pitondo-Silva A, Santos AC, Jolley KA, Leite 
CQ, Darini AL (2013) Comparison of three 
molecular typing methods to assess genetic 
diversity for  Mycobacterium tuberculosis . J 
Microbiol Methods 93:42–48  

     3.    Fritsch I, Luyven G, Kohler H, Lutz W, 
Mobius P (2012) Suspicion of  Mycobacterium 
avium  subsp.  paratuberculosis  transmission 
between cattle and wild-living red deer 
( Cervus elaphus ) by multitarget genotyping. 
Appl Environ Microbiol 78:1132–1139  

    4.    Welsh J, McClelland M (1990) Fingerprinting 
genomes using PCR with arbitrary primers. 
Nucleic Acids Res 18:7213–7218  

        5.    McAuliffe L, Kokotovic B, Ayling RD, 
Nicholas RA (2004) Molecular epidemiologi-
cal analysis of  Mycoplasma bovis  isolates from 
the United Kingdom shows two genetically 
distinct clusters. J Clin Microbiol 42: 
4556–4565  

    6.    Hotzel H, Schneider B, Sachse K (1998) 
Investigation of  Mycoplasma bovis  fi eld isolates 
using PCR fi ngerprinting. In: Leori G, Santini 
F, Scanziani E, Frey J (eds) Mycoplasmas of 
ruminants: pathogenicity, diagnostics, epide-
miology and molecular genetics, vol 2. 
European Commission, Brussels, Belgium, 
pp 17–19  

     7.    Butler JA, Pinnow CC, Thomson JU, 
Levisohn S, Rosenbusch RF (2001) Use of 
arbitrarily primed polymerase chain reaction 
to investigate  Mycoplasma bovis  outbreaks. Vet 
Microbiol 78:175–181  

     8.    Schrenzel M, Nicolas M, Witte C et al (2008) 
Molecular epidemiology of  Mycobacterium 

Molecular Typing Tools 



302

avium  subsp.  avium  and  Mycobacterium 
intracellulare  in captive birds. Vet Microbiol 
126:122–131  

     9.    Kauppinen J, Hintikka E, Iivanainen E, Katila 
M (2001) PCR-based typing of  Mycobacterium 
avium  isolates in an epidemic among farmed 
lesser white-fronted geese ( Anser erythropus ). 
Vet Microbiol 81:41–50  

    10.    Scheibl P, Gerlach GF (1997) Differentiation 
of  Mycobacterium paratuberculosis  isolates by 
rDNA-spacer analysis and random amplifi ed 
polymorphic DNA patterns. Vet Microbiol 
57:151–158  

     11.    Petersen L, Newell DG (2001) The ability of 
 Fla -typing schemes to discriminate between 
strains of  Campylobacter jejuni . J Appl Micro-
biol 91:217–224  

    12.    Sayada C, Andersen AA, Storey C et al (1995) 
Usefulness of  omp1  restriction mapping for 
avian  Chlamydia psittaci  isolate differentia-
tion. Res Microbiol 146:155–165  

     13.    van Embden JD, Cave MD, Crawford JT et al 
(1993) Strain identifi cation of  Mycobacterium 
tuberculosis  by DNA fi ngerprinting: recom-
mendations for a standardized methodology. 
J Clin Microbiol 31:406–409  

    14.    Erler W, Martin G, Sachse K et al (2004) 
Molecular fi ngerprinting of  Mycobacterium 
bovis  subsp.  caprae  isolates from central 
Europe. J Clin Microbiol 42:2234–2238  

    15.    Michel AL, Hlokwe TM, Coetzee ML et al 
(2008) High  Mycobacterium bovis  genetic 
diversity in a low prevalence setting. Vet 
Microbiol 126:151–159  

     16.    Pavlik I, Horvathova A, Dvorska L et al (1999) 
Standardisation of restriction fragment length 
polymorphism analysis for  Mycobacterium 
avium  subspecies  paratuberculosis . J Microbiol 
Methods 38:155–167  

     17.    Mobius P, Luyven G, Hotzel H, Kohler H 
(2008) High genetic diversity among  Myco bac-
terium avium  subsp.  paratuberculosis  strains 
from German cattle herds shown by combi-
nation of IS900 restriction fragment length 
polymorphism analysis and mycobacterial 
interspersed repetitive unit-variable- number 
tandem-repeat typing. J Clin Microbiol 46: 
972–981  

     18.    Grimont F, Grimont PA (1986) Ribosomal 
ribonucleic acid gene restriction patterns as 
potential taxonomic tools. Ann Inst Pasteur 
Microbiol 137B:165–175  

     19.    Bouchet V, Huot H, Goldstein R (2008) 
Molecular genetic basis of ribotyping. Clin 
Microbiol Rev 21:262–273  

    20.    Vos P, Hogers R, Bleeker M et al (1995) 
AFLP: a new technique for DNA fi ngerprint-
ing. Nucleic Acids Res 23:4407–4414  

     21.    Wagenaar JA, van Bergen MA, Newell DG, 
Grogono-Thomas R, Duim B (2001) Compa-
rative study using amplifi ed fragment length 
polymorphism fi ngerprinting, PCR geno-
typing, and phenotyping to differentiate 
 Campylobacter fetus  strains isolated from ani-
mals. J Clin Microbiol 39:2283–2286  

    22.    Hu H, Lan R, Reeves PR (2002) Fluorescent 
amplifi ed fragment length polymorphism anal-
ysis of  Salmonella enterica  serovar typhimurium 
reveals phage-type-specifi c markers and poten-
tial for microarray typing. J Clin Microbiol 
40:3406–3415  

    23.    Schwartz DC, Cantor CR (1984) Separation 
of yeast chromosome-sized DNAs by pulsed 
fi eld gradient gel electrophoresis. Cell 37: 
67–75  

    24.    Herschleb J, Ananiev G, Schwartz DC (2007) 
Pulsed-fi eld gel electrophoresis. Nat Protoc 
2:677–684  

     25.    On SL, Harrington CS (2001) Evaluation of 
numerical analysis of PFGE-DNA profi les for 
differentiating  Campylobacter fetus  subspecies 
by comparison with phenotypic, PCR and 16S 
rDNA sequencing methods. J Appl Micro biol 
90:285–293  

     26.    Nevas M, Lindstrom M, Hielm S et al (2005) 
Diversity of proteolytic  Clostridium botulinum  
strains, determined by a pulsed-fi eld gel elec-
trophoresis approach. Appl Environ Micro biol 
71:1311–1317  

     27.    Leclair D, Pagotto F, Farber JM, Cadieux B, 
Austin JW (2006) Comparison of DNA fi n-
gerprinting methods for use in investigation 
of type E botulism outbreaks in the Canadian 
Arctic. J Clin Microbiol 44:1635–1644  

     28.    Ribot EM, Fair MA, Gautom R et al (2006) 
Standardization of pulsed-fi eld gel elec tro-
phoresis protocols for the subtyping of  Escheri-
chia coli  O157:H7,  Salmonella , and  Shigella  for 
PulseNet. Foodborne Pathog Dis 3:59–67  

     29.    van Belkum A, Scherer S, van Alphen L, 
Verbrugh H (1998) Short-sequence DNA 
repeats in prokaryotic genomes. Microbiol 
Mol Biol Rev 62:275–293  

    30.    Lindstedt BA, Torpdahl M, Vergnaud G et al 
(2013) Use of multilocus variable-number 
tandem repeat analysis (MLVA) in eight 
European countries, 2012. Euro Surveill 18: 
20385  

    31.    Jenkins AO, Venter EH, Hutamo K, Godfroid 
J (2010) Comparison of the capillary and aga-
rose electrophoresis based multiple locus 
VNTR (variable number of tandem repeats) 
analysis (MLVA) on  Mycobacterium bovis  iso-
lates. Vet Microbiol 145:172–176  

    32.    Roest HI, Ruuls RC, Tilburg JJ et al (2011) 
Molecular epidemiology of  Coxiella burnetii  

Konrad Sachse and Petra Moebius



303

from ruminants in Q fever outbreak, the 
Netherlands. Emerg Infect Dis 17:668–675  

       33.    Thibault VC, Grayon M, Boschiroli ML et al 
(2007) New variable-number tandem-repeat 
markers for typing  Mycobacterium avium  
subsp.  paratuberculosis  and  M. avium  strains: 
comparison with IS900 and IS1245 restric-
tion fragment length polymorphism typing. J 
Clin Microbiol 45:2404–2410  

    34.    Supply P, Mazars E, Lesjean S et al (2000) 
Variable human minisatellite-like regions in 
the  Mycobacterium tuberculosis  genome. Mol 
Microbiol 36:762–771  

     35.    Supply P, Allix C, Lesjean S et al (2006) 
Proposal for standardization of optimized 
myco bacterial interspersed repetitive unit-
variable- number tandem repeat typing of 
 Mycobacterium tuberculosis . J Clin Microbiol 
44:4498–4510  

    36.    Oelemann MC, Diel R, Vatin V et al (2007) 
Assessment of an optimized mycobacterial 
interspersed repetitive-unit-variable-number 
tandem-repeat typing system combined with 
spoligotyping for population-based molecular 
epidemiology studies of tuberculosis. J Clin 
Microbiol 45:691–697  

    37.    Mazars E, Lesjean S, Banuls AL et al (2001) 
High-resolution minisatellite-based typing as 
a portable approach to global analysis of 
 Mycobacterium tuberculosis  molecular epide-
miology. Proc Natl Acad Sci U S A 98: 
1901–1906  

     38.    Mandal S, Bradshaw L, Anderson LF et al 
(2011) Investigating transmission of  Mycobac-
terium bovis  in the United Kingdom in 2005 
to 2008. J Clin Microbiol 49:1943–1950  

    39.    Alonso-Rodriguez N, Martinez-Lirola M, 
Herranz M et al (2008) Evaluation of the new 
advanced 15-loci MIRU-VNTR genotyping 
tool in  Mycobacterium tuberculosis  molecular 
epidemiology studies. BMC Microbiol 8:34  

    40.    Kasnitz N, Kohler H, Weigoldt M, Gerlach 
GF, Mobius P (2013) Stability of genotyping 
target sequences of  Mycobacterium avium  
subsp.  paratuberculosis  upon cultivation on 
different media, in vitro- and in vivo passage, 
and natural infection. Vet Microbiol 167: 
573–583  

     41.    Kamerbeek J, Schouls L, Kolk A et al (1997) 
Simultaneous detection and strain differentia-
tion of  Mycobacterium tuberculosis  for diagno-
sis and epidemiology. J Clin Microbiol 35: 
907–914  

     42.    Stone MJ, Brown TJ, Drobniewski FA (2012) 
Human  Mycobacterium bovis  infections in 
London and Southeast England. J Clin 
Microbiol 50:164–165  

    43.    Smith NH, Gordon SV, de la Rua-Domenech 
R, Clifton-Hadley RS, Hewinson RG (2006) 

Bottlenecks and broomsticks: the molecular 
evolution of  Mycobacterium bovis . Nat Rev 
Microbiol 4:670–681  

     44.    Ruettger A, Nieter J, Skrypnyk A et al (2012) 
Rapid spoligotyping of  Mycobacterium tuber-
culosis  complex bacteria by use of a microarray 
system with automatic data processing and 
assignment. J Clin Microbiol 50:2492–2495  

    45.    Dale JW, Brittain D, Cataldi AA et al (2001) 
Spacer oligonucleotide typing of bacteria of 
the  Mycobacterium tuberculosis  complex: rec-
ommendations for standardised nomencla-
ture. Int J Tuberc Lung Dis 5:216–219  

    46.    Brudey K, Driscoll JR, Rigouts L et al (2006) 
 Mycobacterium tuberculosis  complex genetic 
diversity: mining the fourth international 
spoligotyping database (SpolDB4) for classifi -
cation, population genetics and epidemiology. 
BMC Microbiol 6:23  

    47.    Smith NH, Upton P (2012) Naming spoligo-
type patterns for the RD9-deleted lineage of 
the Mycobacterium tuberculosis complex; 
www.Mbovis.org. Infect Genet Evol 12: 
873–876  

     48.    Oswald E, Schmidt H, Morabito S et al 
(2000) Typing of intimin genes in human and 
animal enterohemorrhagic and enteropatho-
genic  Escherichia coli : characterization of a 
new intimin variant. Infect Immun 68:64–71  

     49.    Blanco M, Schumacher S, Tasara T et al 
(2005) Serotypes, intimin variants and other 
virulence factors of eae positive  Escherichia 
coli  strains isolated from healthy cattle in 
Switzerland. Identifi cation of a new intimin 
variant gene (eae-eta2). BMC Microbiol 5:23  

    50.    Vanrompay D, Butaye P, Sayada C, Ducatelle 
R, Haesebrouck F (1997) Characterization of 
avian  Chlamydia psittaci  strains using  omp1  
restriction mapping and serovar-specifi c 
monoclonal antibodies. Res Microbiol 148: 
327–333  

     51.    Sachse K, Laroucau K, Hotzel H et al (2008) 
Genotyping of  Chlamydophila psittaci  using a 
new DNA microarray assay based on sequence 
analysis of  ompA  genes. BMC Microbiol 8:63  

    52.    Ruettger A, Feige J, Slickers P et al (2011) 
Genotyping of  Chlamydia trachomatis  strains 
from culture and clinical samples using an 
 ompA -based DNA microarray assay. Mol Cell 
Probes 25:19–27  

     53.    Geens T, Dewitte A, Boon N, Vanrompay D 
(2005) Development of a  Chlamydophila psit-
taci  species-specifi c and genotype-specifi c 
real-time PCR. Vet Res 36:787–797  

     54.    Michel H, Wilske B, Hettche G et al (2004) An 
ospA-polymerase chain reaction/restriction 
fragment length polymorphism-based method 
for sensitive detection and reliable differentia-
tion of all European  Borrelia burgdorferi  sensu 

Molecular Typing Tools 



304

lato species and OspA types. Med Microbiol 
Immunol 193:219–226  

    55.    Will G, Jauris-Heipke S, Schwab E et al 
(1995) Sequence analysis of ospA genes 
shows homogeneity within  Borrelia burgdor-
feri  sensu stricto and  Borrelia afzelii  strains 
but reveals major subgroups within the 
 Borrelia garinii  species. Med Microbiol 
Immunol 184:73–80  

     56.    Korczak BM, Zurfl uh M, Emler S, Kuhn- Oertli 
J, Kuhnert P (2009) Multiplex strategy for mul-
tilocus sequence typing, fl a typing, and genetic 
determination of antimicrobial resistance of 
 Campylobacter jejuni  and  Campylobacter coli  
isolates collected in Switzerland. J Clin Micro-
biol 47:1996–2007  

    57.    Maiden MC, Bygraves JA, Feil E et al (1998) 
Multilocus sequence typing: a portable 
approach to the identifi cation of clones within 
populations of pathogenic microorganisms. 
Proc Natl Acad Sci U S A 95:3140–3145  

     58.    Perez-Losada M, Cabezas P, Castro-Nallar E, 
Crandall KA (2013) Pathogen typing in the 
genomics era: MLST and the future of molec-
ular epidemiology. Infect Genet Evol 16: 
38–53  

      59.    Kidgell C, Reichard U, Wain J et al (2002) 
 Salmonella typhi , the causative agent of 
typhoid fever, is approximately 50,000 years 
old. Infect Genet Evol 2:39–45  

    60.    Hauser E, Hebner F, Tietze E et al (2011) 
Diversity of  Salmonella enterica  serovar Derby 
isolated from pig, pork and humans in 
Germany. Int J Food Microbiol 151:141–149  

     61.    Dean D, Bruno WJ, Wan R et al (2009) 
Predicting phenotype and emerging strains 
among  Chlamydia trachomatis  infections. 
Emerg Infect Dis 15:1385–1394  

     62.    Pannekoek Y, Dickx V, Beeckman DS et al 
(2010) Multi locus sequence typing of 
 Chlamydia  reveals an association between 
 Chlamydia psittaci  genotypes and host spe-
cies. PLoS One 5:e14179  

     63.    Klint M, Fuxelius HH, Goldkuhl RR et al 
(2007) High-resolution genotyping of  Chla-
mydia trachomatis  strains by multilocus sequ-
ence analysis. J Clin Microbiol 45:1410–1414  

    64.    Christerson L, Ruettger A, Gravningen K 
et al (2011) High-resolution genotyping of 
 Chlamydia trachomatis  by use of a novel 
 multilocus typing DNA microarray. J Clin 
Microbiol 49:2838–2843  

    65.    Tankouo-Sandjong B, Sessitsch A, Liebana E 
et al (2007) MLST-v, multilocus sequence 
typing based on virulence genes, for molecular 
typing of  Salmonella enterica  subsp.  enterica  
serovars. J Microbiol Methods 69:23–36  

    66.    Verghese B, Schwalm ND 3rd, Dudley EG, 
Knabel SJ (2012) A combined multi-
virulence- locus sequence typing and Staphy-
lococcal Cassette Chromosome mec typing 
scheme possesses enhanced discriminatory 
power for genotyping MRSA. Infect Genet 
Evol 12:1816–1821  

    67.    Scholz HC, Vergnaud G (2013) Molecular 
characterisation of  Brucella  species. Rev Sci 
Tech 32:149–162  

     68.    Glazunova O, Roux V, Freylikman O et al 
(2005)  Coxiella burnetii  genotyping. Emerg 
Infect Dis 11:1211–1217  

     69.    Santos AS, Tilburg JJ, Botelho A et al (2012) 
Genotypic diversity of clinical  Coxiella bur-
netii  isolates from Portugal based on MST 
and MLVA typing. Int J Med Microbiol 
302:253–256  

    70.    Lucchini S, Thompson A, Hinton JC (2001) 
Microarrays for microbiologists. Microbiology 
147:1403–1414  

    71.    Ballerstedt H, Volkers RJ, Mars AE et al 
(2007) Genomotyping of  Pseudomonas 
putida  strains using  P. putida  KT2440-based 
high-density DNA microarrays: implications 
for transcriptomics studies. Appl Microbiol 
Biotechnol 75:1133–1142  

    72.    Snyder LA, Davies JK, Saunders NJ (2004) 
Microarray genomotyping of key experimen-
tal strains of  Neisseria gonorrhoeae  reveals 
gene complement diversity and fi ve new neis-
serial genes associated with Minimal Mobile 
Elements. BMC Genomics 5:23  

    73.    Oh S, Yoder-Himes DR, Tiedje J, Park J, 
Konstantinidis KT (2010) Evaluating the per-
formance of oligonucleotide microarrays for 
bacterial strains with increasing genetic diver-
gence from the reference strain. Appl Environ 
Microbiol 76:2980–2988  

    74.    Leroy Q, Armougom F, Barbry P, Raoult D 
(2011) Genomotyping of  Coxiella burnetii  
using microarrays reveals a conserved geno-
motype for hard tick isolates. PLoS One 
6:e25781  

    75.    Monecke S, Coombs G, Shore AC et al 
(2011) A fi eld guide to pandemic, epidemic 
and sporadic clones of methicillin-resistant 
 Staphylococcus aureus . PLoS One 6:e17936  

    76.    Ballmer K, Korczak BM, Kuhnert P et al 
(2007) Fast DNA serotyping of  Escherichia 
coli  by use of an oligonucleotide microarray. J 
Clin Microbiol 45:370–379  

     77.    Braun SD, Ziegler A, Methner U et al (2012) 
Fast DNA serotyping and antimicrobial resis-
tance gene determination of salmonella 
enterica with an oligonucleotide microarray- 
based assay. PLoS One 7:e46489  

Konrad Sachse and Petra Moebius



305

    78.    Perreten V, Vorlet-Fawer L, Slickers P, Ehricht 
R, Kuhnert P, Frey J (2005) Microarray-based 
detection of 90 antibiotic resistance genes of 
gram-positive bacteria. J Clin Microbiol 43: 
2291–2302  

    79.    Schwartz DC, Li X, Hernandez LI et al 
(1993) Ordered restriction maps of  Saccharo-
myces cerevisiae  chromosomes constructed by 
optical mapping. Science 262:110–114  

    80.    Miller JM (2013) Whole-genome mapping: a 
new paradigm in strain-typing technology. J 
Clin Microbiol 51:1066–1070  

    81.    Sabat AJ, Budimir A, Nashev D et al (2013) 
Overview of molecular typing methods for 
outbreak detection and epidemiological sur-
veillance. Euro Surveill 18:20380  

    82.    Larsen MV, Cosentino S, Rasmussen S et al 
(2012) Multilocus sequence typing of total-
genome- sequenced bacteria. J Clin Microbiol 
50:1355–1361  

     83.    Mellmann A, Harmsen D, Cummings CA 
et al (2011) Prospective genomic character-
ization of the German enterohemorrhagic 
 Escherichia coli  O104:H4 outbreak by rapid 
next generation sequencing technology. PLoS 
One 6:e22751  

    84.    Cody AJ, McCarthy ND, Jansen van Rensburg 
M, Isinkaye T et al (2013) Real-time genomic 
epidemiology of human  Campylobacter  iso-
lates using whole genome multilocus sequence 
typing. J Clin Microbiol 51:2526–2534  

    85.    Jolley KA, Maiden MC (2010) BIGSdb: scal-
able analysis of bacterial genome variation at 
the population level. BMC Bioinformatics 
11:595  

    86.    Roetzer A, Diel R, Kohl TA et al (2013) 
Whole genome sequencing versus traditional 
genotyping for investigation of a  Mycobac-
terium tuberculosis  outbreak: a longitudinal 
molecular epidemiological study. PLoS Med 
10:e1001387  

     87.    Sherry NL, Porter JL, Seemann T et al (2013) 
Outbreak investigation using high- throughput 
genome sequencing within a diagnostic micro-
biology laboratory. J Clin Microbiol 51: 
1396–1401  

    88.    Poirel L, Bonnin RA, Nordmann P (2011) 
Analysis of the resistome of a multidrug- 
resistant NDM-1-producing  Escherichia coli  
strain by high-throughput genome sequen-
cing. Antimicrob Agents Chemother 55: 
4224–4229  

    89.    Forsberg KJ, Reyes A, Wang B et al (2012) The 
shared antibiotic resistome of soil bacteria and 
human pathogens. Science 337:1107–1111  

    90.    Koser CU, Holden MT, Ellington MJ et al 
(2012) Rapid whole-genome sequencing for 

investigation of a neonatal MRSA outbreak. 
N Engl J Med 366:2267–2275  

    91.    Keim P, Price LB, Klevytska AM et al (2000) 
Multiple-locus variable-number tandem repeat 
analysis reveals genetic relationships within 
 Bacillus anthracis . J Bacteriol 182:2928–2936  

   92.    Lista F, Faggioni G, Valjevac S et al (2006) 
Genotyping of  Bacillus anthracis  strains based 
on automated capillary 25-loci multiple locus 
variable-number tandem repeats analysis. 
BMC Microbiol 6:33  

    93.    Van Ert MN, Easterday WR, Huynh LY et al 
(2007) Global genetic population structure of 
 Bacillus anthracis . PLoS One 2:e461  

    94.    Keim P, Van Ert MN, Pearson T et al (2004) 
Anthrax molecular epidemiology and foren-
sics: using the appropriate marker for differ-
ent evolutionary scales. Infect Genet Evol 
4:205–213  

    95.    Van Ert MN, Easterday WR, Simonson TS 
et al (2007) Strain-specifi c single-nucleotide 
polymorphism assays for the  Bacillus anthra-
cis  Ames strain. J Clin Microbiol 45:47–53  

    96.    Fingerle V, Michel H, Hettche G, Hizo- Teufel 
C, Wilske B (2004)  Borrelia burgdorferi  s.l. 
OspA-types are widespread in Bavaria but 
show distinct local patterns. Int J Med 
Microbiol 293(suppl 37):165–166  

    97.    Margos G, Gatewood AG, Aanensen DM 
et al (2008) MLST of housekeeping genes 
captures geographic population structure and 
suggests a European origin of  Borrelia burg-
dorferi . Proc Natl Acad Sci U S A 105: 
8730–8735  

    98.    Foster JT, Price LB, Beckstrom-Sternberg SM 
et al (2012) Genotyping of  Brucella  species 
using clade specifi c SNPs. BMC Microbiol 
12:110  

    99.    Bricker BJ, Ewalt DR, Halling SM (2003) 
 Brucella  ‘HOOF-Prints’: strain typing by 
multi-locus analysis of variable number tandem 
repeats (VNTRs). BMC Microbiol 3:15  

   100.    Le Fleche P, Jacques I, Grayon M et al (2006) 
Evaluation and selection of tandem repeat loci 
for a  Brucella  MLVA typing assay. BMC 
Microbiol 6:9  

    101.    Whatmore AM, Shankster SJ, Perrett LL et al 
(2006) Identifi cation and characterization of 
variable-number tandem-repeat markers for 
typing of  Brucella  spp. J Clin Microbiol 44: 
1982–1993  

    102.    Whatmore AM, Perrett LL, MacMillan AP 
(2007) Characterisation of the genetic diver-
sity of  Brucella  by multilocus sequencing. 
BMC Microbiol 7:34  

    103.    Wattiau P, Whatmore AM, Van Hessche M, 
Godfroid J, Fretin D (2011) Nucleotide 

Molecular Typing Tools 



306

polymorphism- based single-tube test for 
robust molecular identifi cation of all currently 
described  Brucella  species. Appl Environ 
Microbiol 77:6674–6679  

    104.    Godoy D, Randle G, Simpson AJ et al (2003) 
Multilocus sequence typing and evolutionary 
relationships among the causative agents of 
melioidosis and glanders,  Burkholderia pseudo-
mallei  and  Burkholderia mallei . J Clin Micro-
biol 41:2068–2079  

   105.    Currie B, Thomas AD, Godoy D, Dance D 
et al (2007) Australian and Thai isolates of 
 Burkholderia pseudomallei  are distinct by mul-
tilocus sequence typing: revision of a case of 
mistaken identity. J Clin Microbiol 45: 
3828–3829  

    106.    Vesaratchavest M, Tumapa S, Day NP et al 
(2006) Nonrandom distribution of  Burk-
holderia pseudomallei  clones in relation to 
geographical location and virulence. J Clin 
Microbiol 44:2553–2557  

    107.    Currie BJ, Haslem A, Pearson T et al (2009) 
Identifi cation of melioidosis outbreak by mul-
tilocus variable number tandem repeat analy-
sis. Emerg Infect Dis 15:169–174  

    108.    U'Ren JM, Schupp JM, Pearson T et al 
(2007) Tandem repeat regions within the 
 Burkholderia pseudomallei  genome and their 
application for high resolution genotyping. 
BMC Microbiol 7:23  

    109.    Chantratita N, Vesaratchavest M, Wuthiekanun 
V et al (2006) Pulsed-fi eld gel electrophoresis 
as a discriminatory typing technique for the 
biothreat agent  Burkholderia mallei . Am J 
Trop Med Hyg 74:345–347  

    110.    Ribot EM, Fitzgerald C, Kubota K, 
Swaminathan B, Barrett TJ (2001) Rapid 
pulsed-fi eld gel electrophoresis protocol for 
subtyping of  Campylobacter jejuni . J Clin 
Microbiol 39:1889–1894  

    111.    Dingle KE, Colles FM, Wareing DR et al 
(2001) Multilocus sequence typing system for 
 Campylobacter jejuni . J Clin Microbiol 39: 
14–23  

    112.    Parsons BN, Cody AJ, Porter CJ et al (2009) 
Typing of  Campylobacter jejuni  isolates from 
dogs by use of multilocus sequence typing 
and pulsed-fi eld gel electrophoresis. J Clin 
Microbiol 47:3466–3471  

    113.    Nachamkin I, Bohachick K, Patton CM 
(1993) Flagellin gene typing of  Campylobacter 
jejuni  by restriction fragment length poly-
morphism analysis. J Clin Microbiol 31: 
1531–1536  

    114.   Buchanan CJ, Yoshida C, Kruczkiewicz P et al 
(2011) High-resolution comparative genomic 
fi ngerprinting of  Campylobacter jejuni  using 

ArrayTube™ miniaturized diagnostic micro-
arrays. In: Proceedings of 16th international 
workshop on  Campylobacter ,  Helicobacter  and 
Related Organisms (CHRO 2011). 
Vancouver, Canada, p 164  

    115.    El-Adawy H, Hotzel H, Tomaso H et al 
(2013) Detection of genetic diversity in 
 Campylobacter jejuni  isolated from a com-
mercial Turkey fl ock using  fl aA  typing, MLST 
analysis and microarray assay. PLoS One 
8:e51582  

    116.    van Bergen MA, van der Graaf-van BL, Visser 
IJ, van Putten JP, Wagenaar JA (2006) 
Molecular epidemiology of  Campylobacter 
fetus  subsp.  fetus  on bovine artifi cial insemina-
tion stations using pulsed fi eld gel electropho-
resis. Vet Microbiol 112:65–71  

    117.    van Bergen MA, Simons G, van der Graaf-van 
BL et al (2005) Amplifi ed fragment length 
polymorphism based identifi cation of genetic 
markers and novel PCR assay for differentia-
tion of  Campylobacter fetus  subspecies. J Med 
Microbiol 54:1217–1224  

    118.    van Bergen MA, Dingle KE, Maiden MC et al 
(2005) Clonal nature of  Campylobacter fetus  
as defi ned by multilocus sequence typing. J 
Clin Microbiol 43:5888–5898  

    119.    Miller WG, Chapman MH, Yee E et al (2012) 
Multilocus sequence typing methods for the 
emerging  Campylobacter  species  C. hyointesti-
nalis ,  C. lanienae ,  C. sputorum ,  C. concisus , and 
 C. curvus . Front Cell Infect Microbiol 2:45  

    120.    Pannekoek Y, Morelli G, Kusecek B et al 
(2008) Multi locus sequence typing of 
Chlamydiales: clonal groupings within the 
obligate intracellular bacteria  Chlamydia tra-
chomatis . BMC Microbiol 8:42  

    121.    Geens T, Desplanques A, Van Loock M, 
Bönner B et al (2005) Sequencing of the 
 Chlamydophila psittaci ompA  gene reveals a 
new genotype, E/B, and the need for a rapid 
discriminatory genotyping method. J Clin 
Microbiol 43:2456–2461  

    122.    Laroucau K, Thierry S, Vorimore F et al 
(2008) High resolution typing of  Chlamy-
dophila psittaci  by multilocus VNTR analysis 
(MLVA). Infect Genet Evol 8:171–181  

    123.    Laroucau K, Vorimore F, Bertin C et al 
(2009) Genotyping of  Chlamydophila abortus  
strains by multilocus VNTR analysis. Vet 
Micro biol 137:335–344  

    124.    Umeda K, Wada T, Kohda T, Kozaki S (2013) 
Multi-locus variable number tandem repeat 
analysis for  Clostridium botulinum  type B iso-
lates in Japan: comparison with other isolates 
and genotyping methods. Infect Genet Evol 
16:298–304  

Konrad Sachse and Petra Moebius



307

    125.    Maslanka SE, Kerr JG, Williams G et al (1999) 
Molecular subtyping of  Clostridium  perfringens   
by pulsed-fi eld gel electrophoresis to facilitate 
food-borne-disease outbreak investigations. J 
Clin Microbiol 37:2209–2214  

   126.    Lukinmaa S, Takkunen E, Siitonen A (2002) 
Molecular epidemiology of  Clostridium per-
fringens  related to food-borne outbreaks of 
disease in Finland from 1984 to 1999. Appl 
Environ Microbiol 68:3744–3749  

   127.    Johansson A, Aspan A, Bagge E et al (2006) 
Genetic diversity of  Clostridium perfringens  
type A isolates from animals, food poisoning 
outbreaks and sludge. BMC Microbiol 6:47  

    128.    Ferreira TSP, Moreno AM, de Almeida RR 
et al (2012) Molecular typing of  Clostridium 
perfringens  isolated from swine in slaughter-
houses from Sao Paulo State, Brazil. Cienc 
Rural 42:1450–1456  

    129.    Sawires YS, Songer JG (2005) Multiple-locus 
variable-number tandem repeat analysis for 
strain typing of  Clostridium perfringens . 
Anaerobe 11:262–272  

    130.    Chalmers G, Martin SW, Prescott JF, Boerlin 
P (2008) Typing of  Clostridium perfringens  
by multiple-locus variable number of tandem 
repeats analysis. Vet Microbiol 128:126–135  

    131.    Knetsch CW, Lawley TD, Hensgens MP et al 
(2013) Current application and future per-
spectives of molecular typing methods to 
study  Clostridium diffi cile  infections. Euro 
Surveill 18:20381  

    132.    Neumann AP, Rehberger TG (2009) MLST 
analysis reveals a highly conserved core 
genome among poultry isolates of  Clostridium 
septicum . Anaerobe 15:99–106  

    133.    Arricau-Bouvery N, Hauck Y, Bejaoui A et al 
(2006) Molecular characterization of  Coxiella 
burnetii  isolates by infrequent restriction site- 
PCR and MLVA typing. BMC Microbiol 
6:39  

   134.    Svraka S, Toman R, Skultety L, Slaba K, 
Homan WL (2006) Establishment of a geno-
typing scheme for  Coxiella burnetii . FEMS 
Microbiol Lett 254:268–274  

    135.    Tilburg JJ, Rossen JW, van Hannen EJ et al 
(2012) Genotypic diversity of  Coxiella bur-
netii  in the 2007-2010 Q fever outbreak 
 episodes in The Netherlands. J Clin Microbiol 
50:1076–1078  

    136.    Franck SM, Bosworth BT, Moon HW (1998) 
Multiplex PCR for enterotoxigenic, attaching 
and effacing, and Shiga toxin-producing 
 Escherichia coli  strains from calves. J Clin 
Microbiol 36:1795–1797  

   137.    Nguyen TV, Le Van P, Le Huy C, Gia KN, 
Weintraub A (2005) Detection and character-
ization of diarrheagenic  Escherichia coli  from 

young children in Hanoi, Vietnam. J Clin 
Microbiol 43:755–760  

   138.    Muller D, Hagedorn P, Brast S, Heusipp G 
et al (2006) Rapid identifi cation and differen-
tiation of clinical isolates of enteropathogenic 
 Escherichia coli  (EPEC), atypical EPEC, and 
Shiga toxin-producing  Escherichia coli  by a 
one-step multiplex PCR method. J Clin 
Microbiol 44:2626–2629  

    139.    Casey TA, Bosworth BT (2009) Design and 
evaluation of a multiplex polymerase chain 
reaction assay for the simultaneous identifi -
cation of genes for nine different virulence 
factors associated with  Escherichia coli  that 
cause diarrhea and edema disease in swine. J 
Vet Diagn Invest 21:25–30  

    140.    Scheutz F, Teel LD, Beutin L et al (2012) 
Multicenter evaluation of a sequence-based 
protocol for subtyping Shiga toxins and stan-
dardizing Stx nomenclature. J Clin Microbiol 
50:2951–2963  

    141.    Adu-Bobie J, Frankel G, Bain C et al (1998) 
Detection of intimins alpha, beta, gamma, 
and delta, four intimin derivatives expressed 
by attaching and effacing microbial patho-
gens. J Clin Microbiol 36:662–668  

    142.    Jores J, Zehmke K, Eichberg J, Rumer L, 
Wieler LH (2003) Description of a novel inti-
min variant (type zeta) in the bovine O84:NM 
verotoxin-producing  Escherichia coli  strain 
537/89 and the diagnostic value of intimin 
typing. Exp Biol Med (Maywood) 228: 
370–376  

    143.    Ramachandran V, Brett K, Hornitzky MA 
et al (2003) Distribution of intimin subtypes 
among  Escherichia coli  isolates from ruminant 
and human sources. J Clin Microbiol 41: 
5022–5032  

    144.    Barth S, Schwanitz A, Bauerfeind R (2011) 
Polymerase chain reaction-based method for 
the typing of F18 fi mbriae and distribution of 
F18 fi mbrial subtypes among porcine Shiga 
toxin-encoding  Escherichia coli  in Germany. J 
Vet Diagn Invest 23:454–464  

   145.    Franklin MA, Francis DH, Baker D, Mathew 
AG (1996) A PCR-based method of detection 
and differentiation of K88+ adhesive  Esche-
richia coli . J Vet Diagn Invest 8:460–463  

    146.    Imberechts H, Van Pelt N, De Greve H, 
Lintermans P (1994) Sequences related to the 
major subunit gene fedA of F107 fi mbriae in 
porcine  Escherichia coli  strains that express 
adhesive fi mbriae. FEMS Microbiol Lett 
119:309–314  

    147.    Schilling AK, Hotzel H, Methner U et al 
(2012) Zoonotic agents in small ruminants 
kept on city farms in southern Germany. Appl 
Environ Microbiol 78:3785–3793  

Molecular Typing Tools 



308

   148.    Monecke S, Mariani-Kurkdjian P, Bingen E 
et al (2011) Presence of enterohemorrhagic 
 Escherichia coli  ST678/O104:H4 in France 
prior to 2011. Appl Environ Microbiol 
77:8784–8786  

    149.    Geue L, Schares S, Mintel B et al (2010) 
Rapid microarray-based genotyping of 
enterohemorrhagic  Escherichia coli  serotype 
O156:H25/H-/Hnt isolates from cattle and 
clonal relationship analysis. Appl Environ 
Microbiol 76:5510–5519  

    150.    Wirth T, Falush D, Lan R et al (2006) Sex and 
virulence in  Escherichia coli : an evolutionary 
perspective. Mol Microbiol 60:1136–1151  

     151.    Garcia Del Blanco N, Dobson ME, Vela AI 
et al (2002) Genotyping of  Francisella tular-
ensis  strains by pulsed-fi eld gel electrophore-
sis, amplifi ed fragment length polymorphism 
fi ngerprinting, and 16S rRNA gene sequenc-
ing. J Clin Microbiol 40:2964–2972  

    152.    Johansson A, Farlow J, Larsson P et al (2004) 
Worldwide genetic relationships among 
 Francisella tularensis  isolates determined by 
multiple-locus variable-number tandem 
repeat analysis. J Bacteriol 186:5808–5818  

    153.    Vogler AJ, Birdsell D, Wagner DM, Keim P 
(2009) An optimized, multiplexed multi- 
locus variable-number tandem repeat analysis 
system for genotyping  Francisella tularensis . 
Lett Appl Microbiol 48:140–144  

    154.    Vogler AJ, Birdsell D, Price LB et al (2009) 
Phylogeography of  Francisella tularensis : global 
expansion of a highly fi t clone. J Bacteriol 
191:2474–2484  

    155.    Larsson P, Svensson K, Karlsson L et al (2007) 
Canonical insertion-deletion markers for rapid 
DNA typing of  Francisella tularensis . Emerg 
Infect Dis 13:1725–1732  

    156.    Svensson K, Back E, Eliasson H et al (2009) 
Landscape epidemiology of tularemia out-
breaks in Sweden. Emerg Infect Dis 15: 
1937–1947  

    157.    Castellanos E, de Juan L, Dominguez L, 
Aranaz A (2012) Progress in molecular typing 
of  Mycobacterium avium  subspecies  paratu-
berculosis . Res Vet Sci 92:169–179  

    158.    Bannantine JP, Li LL, Sreevatsan S, Kapur V 
(2013) How does a  Mycobacterium  change its 
spots? Applying molecular tools to track 
diverse strains of  Mycobacterium avium  sub-
species  paratuberculosis . Lett Appl Microbiol 
57:165–173  

    159.    Stevenson K, Hughes VM, de Juan L et al 
(2002) Molecular characterization of pigmented 
and nonpigmented isolates of  Mycobacterium 
avium  subsp.  paratuberculosis . J Clin Microbiol 
40:1798–1804  

   160.    de Juan L, Mateos A, Dominguez L, Sharp 
JM, Stevenson K (2005) Genetic diversity of 
 Mycobacterium avium  subspecies  paratuber-
culosis  isolates from goats detected by pulsed- 
fi eld gel electrophoresis. Vet Microbiol 106: 
249–257  

    161.    Sevilla I, Li LL, Amonsin A et al (2008) 
Comparative analysis of  Mycobacterium avium  
subsp  paratuberculosis  isolates from cattle, 
sheep and goats by short sequence repeat and 
pulsed-fi eld gel electrophoresis typing. BMC 
Microbiol 8:204  

    162.    Amonsin A, Li LL, Zhang Q et al (2004) 
Multilocus short sequence repeat sequencing 
approach for differentiating among  Mycobac-
terium avium  subsp.  paratuberculosis  strains. 
J Clin Microbiol 42:1694–1702  

   163.    Thibault VC, Grayon M, Boschiroli ML et al 
(2008) Combined multilocus short-sequence- 
repeat and mycobacterial interspersed repetitive 
unit-variable-number tandem-repeat typing of 
 Mycobacterium avium  subsp  paratuberculosis  
isolates. J Clin Microbiol 46:4091–4094  

    164.    Kasnitz N, Kohler H, Weigoldt M, Gerlach 
GF, Mobius P (2013) Stability of genotyping 
target sequences of  Mycobacterium avium  
subsp.  paratuberculosis  upon cultivation on 
different media, in vitro- and in vivo passage, 
and natural infection. Vet Microbiol 167: 
573–583  

    165.    Dvorska L, Bull TJ, Bartos M et al (2003) A 
standardised restriction fragment length poly-
morphism (RFLP) method for typing 
 Mycobacterium avium  isolates links IS901 
with virulence for birds. J Microbiol Methods 
55:11–27  

    166.    van Soolingen D, Bauer J, Ritacco V et al 
(1998) IS1245 restriction fragment length 
polymorphism typing of  Mycobacterium 
avium  isolates: proposal for standardization. J 
Clin Microbiol 36:3051–3054  

   167.    Johansen TB, Olsen I, Jensen MR et al (2007) 
New probes used for IS1245 and IS1311 
restriction fragment length polymorphism of 
 Mycobacterium avium  subsp.  avium  and 
 Mycobacterium avium  subsp.  hominissuis  iso-
lates of human and animal origin in Norway. 
BMC Microbiol 7:14  

    168.    Johansen TB, Djonne B, Jensen MR, Olsen I 
(2005) Distribution of IS1311 and IS1245 in 
 Mycobacterium avium  subspecies revisited. J 
Clin Microbiol 43:2500–2502  

    169.    McLernon J, Costello E, Flynn O, Madigan 
G, Ryan F (2010) Evaluation of mycobacterial 
interspersed repetitive-unit-variable- number 
tandem-repeat analysis and spoligotyping for 
genotyping of  Mycobacterium bovis  isolates 

Konrad Sachse and Petra Moebius



309

and a comparison with restriction fragment 
length polymorphism typing. J Clin Microbiol 
48:4541–4545  

    170.    McAuliffe L, Ayling RD, Nicholas RA (2007) 
Identifi cation and characterization of variable- 
number tandem-repeat markers for the molec-
ular epidemiological analysis of  Mycoplasma 
mycoides  subspecies mycoides SC. FEMS 
Microbiol Lett 276:181–188  

    171.    Yaya A, Manso-Silvan L, Blanchard A, 
Thiaucourt F (2008) Genotyping of Myco-
plasma mycoides subsp. mycoides SC by mul-
tilocus sequence analysis allows molecular 
epidemiology of contagious bovine pleuro-
pneumonia. Vet Res 39:14  

   172.    Lorenzon S, Arzul I, Peyraud A, Hendrikx P, 
Thiaucourt F (2003) Molecular epidemiology 
of contagious bovine pleuropneumonia by 
multilocus sequence analysis of  Mycoplasma 
mycoides  subspecies  mycoides  biotype SC 
strains. Vet Microbiol 93:319–333  

    173.    Churchward CP, Hlusek M, Nicholas RA, 
Ayling RD, McAuliffe L (2012) A simplifi ed 
PCR method for genotyping  Mycoplasma 
mycoides  subspecies  mycoides  small colony: the 
aetiologic agent of contagious bovine pleuro-
pneumonia. Vet Microbiol 159:257–259  

    174.    Pinho L, Thompson G, Rosenbusch R, 
Carvalheira J (2012) Genotyping of  Myco-
plasma bovis  isolates using multiple-locus vari-
able-number tandem-repeat analysis. J 
Microbiol Methods 88:377–385  

    175.    Amram E, Freed M, Khateb N et al (2013) 
Multiple locus variable number tandem repeat 
analysis of  Mycoplasma bovis  isolated from 
local and imported cattle. Vet J 197:286–290  

    176.    Manso-Silvan L, Dupuy V, Lysnyansky I, 
Ozdemir U, Thiaucourt F (2012) Phylogeny 
and molecular typing of  Mycoplasma agalac-
tiae  and  Mycoplasma bovis  by multilocus 
sequencing. Vet Microbiol 161:104–112  

    177.    Malorny B, Hauser E, Diekerman R (2011) 
New approaches in subspecies-level  Salmo-
nella  classifi cation. In: Porwollik S (ed) 
 Salmonella , from genome to function. Caister 
Academic Press, Norfolk, UK, pp 1–24  

   178.    Wain J, Olsen JE (2013) Current and new 
approaches to typing of  Salmonella . In: Barrow 
PA, Methner U (eds) Salmonella in domestic 
animals. CAB International, Oxfordshire, UK, 
pp 498–517  

     179.    Wattiau P, Boland C, Bertrand S (2011) 
Methodologies for  Salmonella enterica  subsp. 
 enterica  subtyping: gold standards and alterna-
tives. Appl Environ Microbiol 77:7877–7885  

    180.    Peters TM, Maguire C, Threlfall EJ et al 
(2003) The Salm-gene project—a European 

collaboration for DNA fi ngerprinting for 
food-related salmonellosis. Euro Surveill 
8:46–50  

    181.    Torpdahl M, Sorensen G, Lindstedt BA, 
Nielsen EM (2007) Tandem repeat analysis 
for surveillance of human  Salmonella  Typhi-
murium infections. Emerg Infect Dis 13: 
388–395  

    182.    Boxrud D, Pederson-Gulrud K, Wotton J 
et al (2007) Comparison of multiple-locus 
variable-number tandem repeat analysis, 
pulsed-fi eld gel electrophoresis, and phage 
typing for subtype analysis of  Salmonella 
enterica  serotype Enteritidis. J Clin Microbiol 
45:536–543  

   183.    Malorny B, Junker E, Helmuth R (2008) 
Multi-locus variable-number tandem repeat 
analysis for outbreak studies of  Salmonella 
enterica  serotype Enteritidis. BMC Microbiol 
8:84  

    184.    Campioni F, Davis M, Medeiros MI, Falcao JP, 
Shah DH (2013) MLVA typing reveals higher 
genetic homogeneity among S. Enteritidis 
strains isolated from food, humans and chick-
ens in Brazil in comparison to the North 
American strains. Int J Food Microbiol 162: 
174–181  

    185.    Davis MA, Baker KN, Call DR et al (2009) 
Multilocus variable-number tandem-repeat 
method for typing  Salmonella enterica  serovar 
Newport. J Clin Microbiol 47:1934–1938  

    186.    Foley SL, White DG, McDermott PF et al 
(2006) Comparison of subtyping methods for 
differentiating  Salmonella enterica  serovar 
Typhimurium isolates obtained from food ani-
mal sources. J Clin Microbiol 44:3569–3577  

    187.    Ross IL, Heuzenroeder MW (2005) Discri-
mination within phenotypically closely related 
defi nitive types of  Salmonella enterica  serovar 
typhimurium by the multiple amplifi cation of 
phage locus typing technique. J Clin 
Microbiol 43:1604–1611  

    188.    Singh P, Foley SL, Nayak R, Kwon YM 
(2013) Massively parallel sequencing of 
enriched target amplicons for high-resolution 
genotyping of  Salmonella  serovars. Mol Cell 
Probes 27:80–85  

    189.    Scaria J, Palaniappan RU, Chiu D et al (2008) 
Microarray for molecular typing of  Salmonella 
enterica  serovars. Mol Cell Probes 22: 
238–243  

    190.    Huehn S, Malorny B (2009) DNA microarray 
for molecular epidemiology of  Salmonella . 
Methods Mol Biol 551:249–285  

    191.    Matsuda M, Miyazawa T, Moore JE, Buckley 
TC, Thomas LA (1998) Molecular genotyp-
ing by pulsed-fi eld gel electrophoresis of 

Molecular Typing Tools 



310

restricted genomic DNA of strains of  Taylo-
rella equigenitalis  isolated in Ireland and in the 
United States. Vet Res Commun 22:217–224  

   192.    Kagawa S, Moore JE, Murayama O, Matsuda 
M (2001) Comparison of the value of pulsed- 
fi eld gel electrophoresis, random amplifi ed 
polymorphic DNA and amplifi ed rDNA 
restriction analysis for subtyping  Taylorella 
equigenitalis . Vet Res Commun 25:261–269  

   193.    Kagawa S, Klein F, Corboz L et al (2001) 
Demonstration of heterogeneous genotypes 
of  Taylorella equigenitalis  isolated from horses 

in six European countries by pulsed-fi eld gel 
electrophoresis. Vet Res Commun 25: 
565–575  

    194.    Aalsburg AM, Erdman MM (2011) Pulsed- 
fi eld gel electrophoresis genotyping of 
 Taylorella equigenitalis  isolates collected in 
the United States from 1978 to 2010. J Clin 
Microbiol 49:829–833  

    195.    Hunter PR, Gaston MA (1988) Numerical 
index of the discriminatory ability of typing 
systems: an application of Simpson’s index of 
diversity. J Clin Microbiol 26:2465–2466    

Konrad Sachse and Petra Moebius



311

Mónica V. Cunha and João Inácio (eds.), Veterinary Infection Biology: Molecular Diagnostics and High-Throughput Strategies, 
Methods in Molecular Biology, vol. 1247, DOI 10.1007/978-1-4939-2004-4_22, © Springer Science+Business Media New York 2015

    Chapter 22   

 Characterization of  Campylobacter jejuni  
and  Campylobacter coli  Genotypes in Poultry Flocks by 
Restriction Fragment Length Polymorphism (RFLP) Analysis 

           Ana     Cláudia     Carreira     and     Mónica     V.     Cunha    

    Abstract 

   We describe a simple, rapid, and discriminatory methodology that allows the routine molecular character-
ization of  Campylobacter jejuni  and  Campylobacter coli  isolates. The proposed approach is built on one of 
the earliest and simplest molecular typing methods ever, consisting on the analysis of the fragments of 
different lengths generated by digestion of homologous DNA sequences with specifi c restriction endo-
nucleases, a process known as restriction fragment length polymorphism (RFLP) analysis. The strategy 
underneath the workfl ow reported here is meant to explore the polymorphisms of  Campylobacter  spp.  fl a A 
gene ( fl a A-RFLP) that allows the local investigation of the genetic diversity and distribution of  C. coli  and 
 C. jejuni  isolates from different sources, namely, chickens’ caeca. Although not appropriate for global and 
long-term epidemiological studies as a single approach,  fl a A-RFLP analysis can be very useful in surveys 
limited in space and time and, for specifi c epidemiological settings, an alternative to more modern and 
resource-demanding techniques.  

  Key words     Genotyping  ,   Restriction fragment length polymorphism  ,    fl aA -RFLP  ,    Campylobacter 
jejuni   ,    Campylobacter coli   ,   Molecular epidemiology  

1       Introduction 

 Campylobacteriosis caused by  Campylobacter  spp. is considered 
one of the most prevalent zoonotic enteric infections occurring 
worldwide [ 1 ],  Campylobacter jejuni  being associated to the vast 
majority of human campylobacteriosis cases (about 90 %), followed 
by  C. coli  (5–10 %) [ 2 ,  3 ]. The main reservoirs of these species are 
the gastrointestinal tracts of poultry (e.g., chickens, turkeys, ducks, 
and geese). Handling and consumption of chicken concur as 
important risk factors in pathogen transmission to humans [ 4 – 7 ]. 

 Isolation, identifi cation, and phenotypic and genetic charac-
terization of pathogens are fundamental to understand the 
 epidemiology of infectious diseases. Using suitable genotyping 
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methodologies, essential information on the sources and routes of 
pathogen infection may be gathered, which may help to prevent 
and control infectious diseases and to minimize the occurrence 
and/or effects of potential outbreaks. 

 Several methodologies have been developed to genotype 
 Campylobacter  spp. [ 8 ,  9 ]. However, the procedures applied in dif-
ferent laboratories, both at the national and international levels, 
lack in standardization. Monitoring prevalence and distribution of 
different strains at a local, national, and global level is, therefore, 
hampered [ 10 ]. Efforts have been made in this matter, particularly 
in the United States, through the implementation in 1996 of the 
PulseNet network (  http://www.cdc.gov/pulsenet/    ). This net-
work is responsible for the standardization of methodologies 
applied in the subtyping of food-borne pathogens. In the European 
Union, the Campynet (  http://campynet.vetinst.dk/CONTENTS.
HTM    ) network was established in 1998 aiming the uniformization 
of the methods used in  C. coli  and  C. jejuni  subtyping. Despite 
these efforts, the progress made in the standardization of 
 Campylobacter  spp. subtyping has been occurring slowly [ 10 ]. 

 In this report, we describe a simple procedure based on the 
restriction fragment length polymorphism analysis (RFLP) of the 
 fl a A gene ( fl a A-RFLP). In  Campylobacter  spp., the genetic locus 
encoding the fl agellin is formed by the  fl a A and  fl a B genes arranged 
in tandem. This locus has both variable and highly conserved 
regions, which make it suitable for molecular typing [ 8 ,  11 ]. The 
RFLP methodology exploring the polymorphisms within the fl a-
gellin locus is fairly inexpensive, is relatively simple to perform, and 
is well suited for relatively high-throughput analysis. Still, some 
limitations have been reported over the years, especially the possi-
bility for genetic recombination in the fl agellin locus [ 12 ], which 
hamper molecular tracking in epidemiologically related strains. 
This method is also not appropriate for global and long-term dura-
tion epidemiological studies as a single approach. Over the years, it 
has been progressively replaced, or complemented, by other meth-
odologies with higher discriminatory power and reproducibility, 
such as multilocus sequence typing (MLST), based on the nucleo-
tide sequence analysis of housekeeping genes, and the long- 
standing gold-standard technique, pulsed-fi eld gel electrophoresis 
(PFGE). On the other hand,  fl a A-RFLP analysis can be very useful 
in epidemiological studies limited in space and time (e.g., to geno-
type the isolates from poultry fl ocks) and, for specifi c epidemio-
logical scenarios, an alternative to the more resource-demanding 
techniques mentioned above. Its low cost associated with the quick 
procedures of the workfl ow also stands out as major advantage. 
This method was recently applied with success to the comparative 
genotypic analysis of  C. jejuni  and  C. coli  isolated from broilers in 
a nationwide survey in Portugal [ 13 ]. 

Ana Cláudia Carreira and Mónica V. Cunha



313

 Several experimental protocols have been developed for 
 Campylobacter  spp. typing based on the amplifi cation and restric-
tion of the  fl a A gene, which differ considerably in DNA prepara-
tion, the set of primers, the annealing temperature used in PCR, 
and the restriction enzymes [ 8 ]. Various restriction enzymes have 
been used individually or in combination, in particular,  Alu I,  Dde I, 
 Hinf I,  EcoR I, and  Pst I [ 14 ]. The methodology reported in this 
work is based on the procedure proposed by the Campynet net-
work, which in turn is based on the method originally described by 
Nachamkin and coworkers [ 15 ,  16 ]. Here, we complement the 
former protocols with a few adaptations that have been developed 
to improve the reproducibility and accuracy of the  fl aA -RFLP pat-
terns. From the experimental viewpoint,  fl a A-RFLP analysis can be 
subdivided into fi ve major procedures: DNA extraction, amplifi ca-
tion of a fragment of the  fl a A gene by PCR, amplicon restriction 
with different endonucleases, electrophoretic separation of gener-
ated fragments, and RFLP analysis using suitable software.  

2     Materials 

      1.    Growth media: Prepare Columbia blood agar base according 
to manufacturer’s instructions. Sterilize by autoclaving at 
121 °C for 15 min. Cool to 50 °C and aseptically add 5 % 
(v/v) of defi brinated lysed horse or sheep blood.   

   2.    Cryopreservation media: Prepare a mixture of 40 % (v/v) glyc-
erol and 6 % (w/v) Tryptone Soya Broth.   

   3.    Incubation jars of 2.5 L or special incubation bags for the incu-
bation of Petri dishes in an oxygen-depleted and CO 2 -enriched 
atmosphere ( see   Note 1 ).   

   4.    Microaerophilic gas generator systems suitable for incubation 
bars or for incubation bags.   

   5.    Incubator at 42 °C.      

  Prepare all solutions using ultrapure water. Purify deionized water 
to reach a resistivity of 18.2 MΩ cm at 25 °C. Keep the reagents/
buffers at room temperature, unless otherwise indicated.

    1.    SET buffer: 150 mM NaCl, 15 mM EDTA, 10 mM Tris–HCl, 
and pH 8.0.   

   2.    Sodium dodecyl sulfate (SDS) in distilled, deionized water: 
Prepare a 10 % (w/v) stock solution ( see   Note 2 ).   

   3.    Proteinase K: Prepare a stock solution of 20 mg/mL in dis-
tilled water. Keep it at −20 °C.   

   4.    Phenol/chloroform/isoamyl alcohol (25:24:1) solution, 
 saturated with 10 mM Tris (pH 8.0) and    1 mM EDTA. Keep 
it at 4 °C.   

2.1  Growth of 
 Campylobacter  spp. 
and Maintenance

2.2  Isolation 
of Genomic DNA
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   5.    3 M sodium acetate; pH 5.3.   
   6.    Absolute and 75 % (v/v) ethanol.   
   7.    Sterile 1 mL syringes.   
   8.    1.5 mL sterile tubes.   
   9.    Benchtop centrifuge.   
   10.    DNA vacuum dryer equipment.      

      1.    Sterile PCR microtubes.   
   2.    Reagents for conventional PCR reactions:  Taq  DNA poly-

merase and the respective 10× reaction buffer, 25 mM MgCl 2 , 
10 mM deoxynucleoside triphosphate mix (dNTPs), and 
0.1 mM of each oligonucleotide primer (primer A1: 5′-GGA 
TTT CGT ATT AAC ACA AAT GGT GC-3′ and primer A2: 
5′-CTG TAG TAA TCT TAA AAC ATT TTG-3′) [ 15 ]. 
Commercially synthetized primers are lyophilized and need to 
be diluted with nuclease-free water. Stock solutions can be pre-
pared at a standard concentration of 100 pmol/μl and stored 
at −20 °C. To avoid freeze and thaw, aliquots of 10 pmol/μl 
working solutions of each primer may be prepared from stock 
solutions in water and stored also at −20 °C.   

   3.    Sterile PCR-grade nuclease-free water.   
   4.    Reference strains as controls:  C. jejuni  subsp.  jejuni  ATCC 

33560 and  C. coli  CCUG 11283.   
   5.    Standard PCR equipment (thermocycler).      

      1.    5× TBE buffer: 0.89 M Tris Base, 0.89 M boric acid, and 
0.5 M EDTA; adjust pH to 8.0. Dilute 200 mL of 5× TBE 
buffer in 800 mL of purifi ed deionized water to obtain 1 L of 
1× TBE buffer. Store at room temperature.   

   2.    Agarose gel: In a glass bottle ( see   Note 3 ), add the appropriate 
amount of agarose (electrophoresis grade) to 100 mL of 1× 
TBE buffer [e.g., 1 % (w/v) agarose gel contains 1 g of aga-
rose]. Put the bottle with the cap unscrewed in a microwave 
(used only for this purpose). Heat until completely liquefi ed 
(about 3 min). Let it cool down to 50 °C. Add ethidium bro-
mide at 0.3 μg/mL to the gel ( see   Note 4 ). Ethidium bromide 
is a known mutagen and should be handled as a hazardous 
substance. Put the gel into a suitable mold (midi gel dimen-
sions: about 12 cm wide by 10 cm long; pour 100 mL of mol-
ten volume). Put one comb inside the mold before the gel 
polymerizes. After 30/40 min, the gel should be ready to use 
( see   Note 5 ). Remove the combs and put the mold with the gel 
in an electrophoresis tank. Use 1× TBE as running buffer. The 
gel must be completely covered by the buffer.   

2.3  Amplifi cation 
of  fl aA  Gene by 
Polymerase Chain 
Reaction (PCR)

2.4  Agarose Gel 
Preparation and 
Electrophoresis
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   3.    Molecular weight markers: Select up to three ladders produc-
ing regularly spaced 100 bp, 50 bp, and 25 pb fragments.   

   4.    Commercial DNA loading and staining dye or homemade 
solution ( see   Note 6 ).   

   5.    Standard equipment for performing agarose gel electrophore-
sis and for detecting nucleic acids under UV light.      

      1.    Restriction enzymes  Dde I and  Hinf I.   
   2.    Appropriate 10× restriction buffer for each enzyme.   
   3.    Bovine serum albumin (BSA): 0.1 mg/mL.   
   4.    PCR-grade water.   
   5.    Analysis software: GelCompar II v. 3.50 (Applied Maths).       

3     Methods 

      1.    After detection and identifi cation of  Campylobacter  species, 
according to ISO 10272-1:2006 standard (E) [ 17 ] ( see   Note 7 ), 
inoculate nonselective Columbia blood agar base plates, supple-
mented with 5 % (v/v) sheep blood ( see   Note 8 ), with a colony 
from an agar plate or from a slope, or use a loopful of bacteria 
from cryotubes.   

   2.    Incubate the plates at 42 °C for 48 h under microaerophilic 
conditions (5 % O 2 , 10 % CO 2 ), using the appropriate incuba-
tion jars/bags ( see   Note 9 ).      

      1.    Collect single colonies (1–3 colonies depending on the size) 
grown on solid medium using a sterile disposable loop. In a 
microcentrifuge tube, wash the cells with 1 mL of SET buffer. 
Then, centrifuge the cell suspension at 7,000 ×  g  at room tem-
perature for 5 min. Discard the supernatant.   

   2.    To lyse the cells, resuspend the pellet in 570 μL SET buffer 
and add 29 μL of a solution of 10 % (w/v) SDS and 3 μL of 
proteinase K. Vortex cell suspension briefl y and then incubate 
in a water bath at 50 °C for 1 h without shaking.   

   3.    For the removal of proteins, add 550 μL of phenol/chloro-
form/isoamyl alcohol solution. Vortex briefl y (5–10 min) and 
centrifuge at 12,000 ×  g  for 8 min to allow organic and aque-
ous phase separation.   

   4.    Transfer the supernatant (approximately 500 μL) to a new 
microtube. Add 550 μL of phenol/chloroform/isoamyl alco-
hol solution. Shake the resulting mixture before proceeding to 
a new centrifugation under the above conditions. Recover the 
supernatant into a new tube.   

2.5  Digestion of 
Amplifi ed DNA with 
Restriction Enzymes 
and Analysis of 
 fl a A-RFLP Profi les

3.1  Growth of 
Thermotolerant 
 Campylobacter  Strains

3.2  Phenol/
Chloroform Extraction 
of Genomic DNA
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   5.    In order to precipitate and collect the DNA extracted from the 
cells, add to the supernatant 40 μL of 3 M sodium acetate and 
800 μL of absolute ethanol. Incubate overnight at −20 °C.   

   6.    Perform centrifugation at 12,000 ×  g  for 10 min to pellet the 
DNA in the bottom of the tube. Remove the supernatant care-
fully with a syringe and wash the pellet with 500 μL of 75 % 
ethanol (v/v). Repeat the centrifugation under the same 
conditions.   

   7.    Evaporate ethanol by exposing the open tubes at room tem-
perature for about 1 h and then carry out vacuum drying for 
10 min.   

   8.    After drying, resuspend the DNA in 50 μL of autoclaved 
nuclease- free water. Store at −20 °C until further use ( see  
 Note 10 ).   

   9.    Other suitable methods may be used to extract  Campylobacter  
spp. DNA ( see   Note 11 ).      

      1.    Use disposable plastic cuvettes. Read the optical density of the 
diluted DNA solutions at 260 and 280 nm. Before reading 
absorbance of DNA samples, zero the UV spectrophotometer 
against the control cuvette, containing 1,000 μL of the solvent 
used for dissolving the DNA samples (e.g., water). Mix 5 μL of 
the DNA stock solution with 995 μL of the DNA solvent. Rinse 
the cuvette with deionized water between samples. Alternatively, 
to spare the DNA solutions, use a nanospectrophotometer.   

   2.    Estimate the purity of DNA solution based on the ratio A 260nm /
A 280nm . Consider that DNA solutions with acceptable purity 
present reasons comprised between 1.8 and 2.0.   

   3.    To estimate the DNA concentration, consider that each unit of 
absorbance at 260 nm corresponds to 50 μg/mL for double- 
stranded DNA. DNA concentration (μg/mL) is given by 
A 260  × 50 × dilution factor.   

   4.    Add 1 μL of 6× gel loading dye to 5 μL of each DNA solution. 
Store at 4 °C until electrophoresis is performed.   

   5.    Prepare 1 % (w/v) agarose gel with 1× TBE buffer to verify the 
integrity of the extracted DNA.   

   6.    Put the DNA samples with the loading dye into the wells using 
a micropipette. Introduce a molecular weight marker in one of 
the wells just to check that the gel is appropriately stained. 
Perform the electrophoresis using the following conditions: 
95 V, 60 min ( see   Note 12 ).   

   7.    Examine the gel under UV light ( see   Note 13 ).      

3.3  Quantitation, 
Purity, and Integrity 
of DNA
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      1.    Each PCR reaction should be prepared to a fi nal volume of 
50 μL using sterile PCR microtubes. Prepare the master mix 
containing 1.5 mM MgCl 2 , 0.2 mM of each dNTP (deoxynu-
cleoside triphosphate mix), 1×  Taq  DNA polymerase reaction 
buffer, 1 μM of each oligonucleotide primer (primers A1 and 
A2), and, fi nally, 0.05 U/μL of reaction mix of  Taq  DNA poly-
merase ( see   Note 14 ). Add the necessary volume of sterile 
nuclease-free water to complete the reaction volume. For 
 N  number of samples, make up suffi cient volume for  N  + 1 
reactions ( see   Note 15 ). Do not forget to prepare reactions for 
positive (DNA from reference strains) and negative (nuclease-
free water) controls.   

   2.    Distribute the reaction mixture by individual 0.2 mL 
microtubes.   

   3.    Label each tube and, in a different room (if available), add the 
template DNA ( see   Note 16 ). Each reaction should contain 
approximately 30 ng/mL of template DNA ( see   Note 17 ).   

   4.    Place the tubes in the thermocycler and start the appropriate 
program. Use the following amplifi cation conditions: initial 
denaturation step at 94 °C for 1 min, 35 cycles of denaturation 
at 94 °C for 15 s, annealing at 50 °C for 45 s, and extension at 
72 °C for 105 s; a fi nal step at 72 °C for 5 min is required for 
extension.   

   5.    Store PCR reactions at 4 °C or −20 °C until ready for analysis 
by electrophoresis.      

      1.    Prepare 1.5 % (w/v) agarose gel using 1× TBE buffer as 
 previously described.   

   2.    Add 2 μL of 6× gel loading dye to 10 μL of each PCR 
product.   

   3.    Load the mixture into the wells of the gel. Considering that 
the amplifi ed  fl a A gene fragment has approximately 1,700 bp, 
use an appropriate molecular weight marker. It should be 
placed in the fi rst and last wells and at regular intervals across 
the gel, ideally after every fi fth sample. Use the manufacturer’s 
recommended loading concentration.   

   4.    Electrophoresis conditions: 90 V; 1 h 30 min. Visualize the 
gel under UV light. An amplicon of ~1,700 bp is expected 
( see   Note 18 ).      

      1.    Separately, carry out  Dde I or  Hinf I restriction reactions of each 
PCR product corresponding to the amplifi ed  fl a A gene ( see  
 Note 19 ). Prepare each 30 μL reaction in sterile microtubes by 
adding the appropriate restriction buffer (1×), BSA in a fi nal 
concentration of 0.1 mg/mL, 5–10 μL of the PCR product 
(depending on the concentration, estimated according to the 

3.4  Amplifi cation 
of  fl a A Gene by PCR

3.5  Detection of 
Amplifi cation Products 
by Agarose Gel 
Electrophoresis

3.6  Endonuclease 
Restriction 
of Amplifi cation 
Products ( fl aA -RFLP)
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intensity of the band on agarose gel), and sterile nuclease-free 
water up to the fi nal reaction volume. Finally, add the restric-
tion enzyme,  Dde I or  Hinf I using 0.1 U/μL of reaction mix. 
Keep the enzymes on ice or in the freezer, until needed.   

   2.    Incubate all the reactions at 37 °C (water bath or oven) during 
3 h or overnight ( see   Note 20 ).   

   3.    Visualize the restriction products on 2 % (w/v) agarose gels 
prepared with 1× TBE buffer (midi gel or a gel with higher 
dimensions). Perform electrophoresis with the following 
 conditions: 90 V for about 3 h ( see   Note 21 ).   

   4.    Use as standard molecular weight markers 100 bp, 50 bp, and 
25 bp fragment DNA ladders in the fi rst and last wells and in 
regular intervals as previously referred using the fi nal concen-
tration recommended by the manufacturers. Alternate each 
marker in the gel ( see   Note 22 ).   

   5.    Visualize the gel under UV light under the transilluminator 
and capture the image of the gel using a digital system for 
 further analysis.   

   6.    Carry out visual analysis of the  fl a A gene restriction profi les 
( see   Note 23 ) and complement this analysis with the aid of the 
GelCompar II software version 3.50, enclosed in the 
BioNumerics package (Applied Maths, Ghent, Belgium), or 
with analogous software. Normalize all profi les to the same 
reference system (e.g., selected DNA ladder) and proceed 
according to software instructions.   

   7.    To calculate the discriminatory power of the technique, the 
formula proposed by Hunter [ 18 ] can be used. There are 
also bioinformatic tools available online used to calculate 
this parameter (e.g.,   http://insilico.ehu.es/mini_tools/
discriminatory_power/    ).       

4     Notes 

     1.    To save on gas generation systems, select an incubation jar or 
an incubation bag taking into consideration the number of 
Petri dishes. According to size, incubation bags are normally 
appropriate for two dishes only.   

   2.    SDS precipitates at 4 °C. Should this occur, warm the solution 
in a water bath up to 20 °C.   

   3.    The glass bottle should have twice the capacity of the volume 
of the prepared gel. This prevents spillage of gel upon 
heating.   

   4.    Staining the gel about 30 min in 1× TBE or in water contain-
ing 0.3 μg/mL of ethidium bromide before UV visualization 
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could be an alternative to the addition of ethidium bromide 
directly to the gel.   

   5.    The complete polymerization of the agarose gel is essential 
before loading samples into wells.   

   6.    Alternatively, you can use homemade loading dye: Prepare a 
solution containing 50 % glycerol (v/v), 0.25 % (w/v) bromo-
phenol blue, and 0.25 % (w/v) cyanol xylene in distilled water. 
Store at 4 °C.   

   7.    Molecular identifi cation to the species level could also be per-
formed, in addition to the biochemical identifi cation tests 
(hydrolysis of hippurate and the indoxyl acetate and catalase). 
For this purpose, use a multiplex PCR assay according to previ-
ously established methodologies [ 19 ,  20 ].   

   8.     Campylobacter  species are unable to metabolize carbohydrates, 
and their metabolism is dependent on amino acid availability. 
Supplementation of the culture medium with blood is there-
fore essential.   

   9.    The strains are generally microaerophilic, which means that, in 
order to grow, a particular atmospheric environment, compris-
ing approximately 10 % CO 2  and 5 % O 2 , is required. The opti-
mum growth temperature ranges from 37 °C to 42 °C. For 
incubations at 37 °C, extend the incubation period. After 
growth, the colonies should have typical morphological charac-
teristics—gray and small colonies, with 1–3 mm in diameter.   

   10.    DNA can also be stored in TE buffer.   
   11.    If the phenol/chloroform extraction yield is not satisfactory, 

try to extract the DNA from cells by the boiling procedure: 
Depending on size, collect with a sterile 10 μL loop 2 to 4 
colonies from the solid media and suspend in 100 μL of TE 
buffer (prepared with 10 mM Tris base and 1 mM EDTA; 
pH 8.0) using sterile microtubes. Place the tubes with cell sus-
pensions in a water bath at 100 °C for about 15 min. Centrifuge 
at 14,000 ×  g  for 5 min and transfer the supernatant (with a 
sterile syringe or 1 mL disposable pipette) to a new sterile tube. 
Store at −20 °C. This procedure is suitable for the rapid screen-
ing of large numbers of isolates, but the long-term storage and 
reuse of cell lysates could be problematic as the DNA tends to 
deteriorate. 

 For  Campylobacter  spp. DNA extraction using commercial 
systems, we found that the  High Pure PCR Template 
Preparation Kit  from Roche is a very effective option.   

   12.    The electrophoresis conditions will vary upon the dimensions 
and concentration of the agarose gel.   

   13.    Should you verify by gel electrophoresis that the DNA solu-
tions are contaminated with RNA, use RNase for RNA removal. 
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For this purpose, add 1 μL of RNase (500 μg/mL) to DNA 
solutions and incubate at 37 °C for 1 h. Let the solutions reach 
room temperature and then store at −20 °C until further use.   

   14.    Before the DNA,  Taq  DNA polymerase is the last component 
to be added to the master mix; therefore, keep it on ice or in 
the freezer until required.   

   15.    Check whether the pipettes are properly calibrated to avoid 
errors in master mix preparation.   

   16.    The master mix preparation and the DNA addition should be 
performed in separate rooms in order to avoid DNA 
carryover.   

   17.    The 1 in 10 dilutions of DNA stock solutions (with sterile 
deionized water) are frequently of an appropriate concentra-
tion to use in PCR reactions. Store the dilutions at −20 °C 
until needed.   

   18.    If nonspecifi c products resulting from the PCR reaction are 
present, the amplifi ed  fl aA  gene fragment (with approximately 
1.7 kb) needs to be purifi ed. For this purpose, visualize the 
band of interest in the transilluminator and proceed to its 
removal from the gel. With protective gloves, use a sterile scal-
pel and put the excised piece of gel in a microtube. There are 
many commercial systems available for gel band purifi cation; 
we found that  illustra GFX PCR DNA and Gel Band 
Purifi cation Kit  from GE Healthcare is a good option.   

   19.    It is advisable to use more than one restriction enzyme to 
increase the discriminatory power of the technique.   

   20.    We found that the 3 h duration of the electrophoretic separa-
tion of restriction fragments in the referred conditions is an 
important issue to enable the discrimination of each band and 
the interpretability and reproducibility among gels.   

   21.    In some restriction profi les, the emergence of very weak bands 
into a secondary plane could appear. Normally, this situation 
occurs when the incubation time of the restriction reactions is 
exceeded. Probably these bands are a result of partial digestion 
and/or loss of fi delity in relation to enzyme activity (also called 
“star activity”). Better results may be achieved with less exten-
sive incubation periods (up to 3 h).   

   22.    Bands of high and low molecular weight may be generated in 
the restriction profi les. It is therefore advisable to switch the 
two molecular weight markers in the gel in order to facilitate 
the profi le analysis.   

   23.    The restriction profi les should be set based on the bands of 
greater intensity (foreground) and having in consideration the 
size of the gene in question.         
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Chapter 23

Pulsed-Field Gel Electrophoresis (PFGE): Application 
in Population Structure Studies of Bovine  
Mastitis-Causing Streptococci

Ilda Santos-Sanches, Lélia Chambel, and Rogério Tenreiro

Abstract

Pulsed-field gel electrophoresis (PFGE) separates large DNA molecules by the use of an alternating electri-
cal field, such that greater size resolution can be obtained when compared to normal agarose gel electro-
phoresis. PFGE is often employed to track pathogens and is a valuable typing scheme to detect and 
differentiate strains. Particularly, the contour-clamped homogeneous electric field (CHEF) PFGE system 
is considered to be the gold standard for use in epidemiological studies of many bacterial pathogens. Here 
we describe a PFGE protocol that was applicable to the study of bovine streptococci, namely, Streptococcus 
agalactiae (group B Streptococcus, GBS), Streptococcus dysgalactiae subsp. dysgalactiae (group C 
Streptococcus, GCS), and Streptococcus uberis—which are relevant pathogens causing mastitis, a highly prev-
alent and costly disease in dairy industry due to antibiotherapy and loss in milk production.

Key words Bovine mastitis, Streptococcus agalactiae, Streptococcus dysgalactiae subsp. dysgalactiae, 
Streptococcus uberis, Molecular typing, Molecular epidemiology, Pulsed-field gel electrophoresis, 
PFGE, Alternating electrical field, CHEF

1 Introduction

Pulsed-field gel electrophoresis (PFGE) is generally considered the 
most discriminatory method to infer relationships between strains 
[1, 2]. Briefly, PFGE is based on enzymatic DNA restriction of 
bacterial genome (by using rare-cutting restriction endonucleases) 
to generate DNA fragments, which are subsequently separated on 
a gel, due to molecular reorientation produced by periodic changes 
in the electric field, in order to separate the large DNA fragments. 
The banding pattern obtained from each isolate is then compared 
with the remaining patterns in order to infer epidemiological rela-
tion between the isolates. When two isolates show indistinguish-
able DNA patterns, it is assumed that they are of the same strain, 



324

and if the patterns differ, then its epidemiological relation must be 
evaluated [1, 2]. Different interpretations for analyzing relation-
ships between isolates patterns have been described [2].

Bovine mastitis remains the most important disease in the dairy 
industry because of economic loss due to treatment costs (antibio-
therapy) and loss in milk production and quality. Streptococcus 
uberis is traditionally considered an environmental pathogen 
because it may be found and acquired in the bovine surroundings, 
such as straw or peat used in bedding materials, in farm soil, and in 
the nose, vagina, and rumen of the bovines [3]. On the other hand, 
S. agalactiae is considered a contagious pathogen because it is 
spread from infected to healthy udders, between quarters of the 
same animal and between animals (e.g., through the milking 
machine), and is not found in the environment of the bovine [4]. 
Streptococcus dysgalactiae subsp. dysgalactiae is considered either 
an environmental or contagious pathogen [3].

Molecular epidemiology tools offer unique opportunities to 
advance the study of diseases through the investigation of infec-
tious agents at the molecular level in a veterinary context [5]. We 
used PFGE as a molecular tool to study the molecular characteriza-
tion of field S. agalactiae, S. dysgalactiae subsp. dysgalactiae, and  
S. uberis associated with bovine mastitis, which is of utmost impor-
tance in order to implement efficient management practices in 
herds [6–10]. The frequent occurrence of both indistinguishable 
PFGE profiles and major clonal PFGE groups among S. agalactiae 
isolates collected from the same farm (all farm specific) suggested 
widespread strain transmission between animals from the same 
farm and confirmed S. agalactiae as a contagious mastitis patho-
gen. In contrast, the occurrence of identical PFGE patterns 
 (sharing > 82.8 % and 100 % similarity) among S. dysgalactiae 
subsp. dysgalactiae isolates collected at different farms suggested 
an environmental source for this pathogen. Heterogeneity in  
S. uberis PFGE patterns was observed between isolates collected 
from different farms, while almost half of the isolates were clonal, 
all farm associated, suggesting direct transmission of S. uberis 
among animals within the same farm. This is indicative that possi-
bly inadequate implementation of management programs for the 
control of contagious pathogens at farm level may promote the 
contagious route for S. uberis infection within herds, despite it is 
considered an environmental pathogen.

2 Materials

Prepare all solutions using distilled (or purified) water and analytical 
grade reagents. Prepare and store all reagents at room temperature 
(unless indicated otherwise). Sterilize the buffers and solutions by 
autoclaving at 121 °C for 20 min (or by filtration through a 
0.22 μm filter unit, when indicated).

1.1 Streptococci 
Associated 
with Bovine Mastitis

Ilda Santos-Sanches et al.
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The composition of all the buffers and solutions was previously 
described by Rato et al. [9] and was based on the original report by 
Chung et al. [11].

 1. 1 M Tris–HCl, pH 8.0: weigh out 121.1 g of Tris base and add 
800 ml of distilled water. Adjust to pH 8.0 by adding approxi-
mately 42 ml of concentrated HCl and complete volume to 
1 L with distilled water.

 2. 0.5 M EDTA, pH 8.0: weigh out 186.1 g of EDTA (disodium 
salt, m.w. = 372.2) and add 800 ml of distilled water. Stir and 
adjust to pH 8.0 with NaOH (approx. 20 g of NaOH pellets). 
Add distilled water up to 1 L.

 3. TE buffer (1×): 10 mM Tris–HCl, pH 8.0, and 1 mM 
EDTA. Prepare this solution using a stock solution of TE buf-
fer 10×. Solution is sterilized by filtration (0.22 μm filter unit) 
and dispensed into vials.

 4. PIV: 10 mM Tris–HCl, pH 8.0, and 1 M NaCl. To prepare 
500 ml of PIV, add 5 ml of 1 M Tris–HCl, pH 8.0, and 29.2 g 
of sodium chloride to distilled water up to 500 ml.

 5. EC solution: 6 mM Tris–HCl, pH 8.0, 1 M NaCl, 100 mM 
EDTA, pH 8.0, 0.2 % (w/v) sodium deoxycholate, 0.5 % 
sodium N-lauroylsarcosinate, and 0.5 % Brij 58. To prepare 
500 ml of EC solution, add 3 ml of 1 M Tris–HCl, pH 8.0, 
29.2 g of sodium chloride, 100 ml of 0.5 M EDTA, pH 8.0, 1 g 
of sodiumdeoxycholate, 2.5 g of sodium N-lauroylsarcosinate, 
and 2.5 g of Brij 58 to distilled water up to 500 ml.

 6. EC lysis solution: 1 mg/ml lysozyme, 5 U/ml mutanolysin, 
and 50 μg/ml RNase in EC solution.

The enzymes are diluted in EC solution from stock solu-
tions: 10 mg/ml lysozyme in TE buffer; 5 U/μl of mutanoly-
sin in potassium phosphate (0.1 M) buffer; and 10 mg/ml 
RNase in double-distilled water (see Note 1).

 7. ES buffer: 0.5 M EDTA, pH 9.0, and 1 % sodium 
N-lauroylsarcosinate. To prepare 500 ml of ES buffer, weigh 
out 93.1 g of EDTA (disodium salt) and dissolve in 400 ml of 
distilled water. Adjust the pH to 9.0 by adding NaOH pellets 
(approximately 10 g). Add 5 g of sodium N-lauroylsarcosinate 
and complete the volume to 500 ml with distilled water.

 8. ESP solution: to prepare 15 ml of ESP solution, add 15 mg of 
proteinase K (final concentration of 1 mg/ml) to 15 ml of ES 
buffer (see Note 2).

 9. Pre-SmaI restriction buffer: 6 mM Tris–HCl, pH 8.0, 20 mM 
KCl, and 6 mM MgCl2.

To prepare 500 ml, add 3 ml of 1 M Tris–HCl, pH 8.0, 
0.75 g of KCl, and 0.61 g of MgCl2.6H2O to distilled water up 
to 500 ml (see Note 3).

2.1 Solutions 
for Streptococcal 
Chromosomal DNA 
Agarose Discs  
(for PFGE)

PFGE Typing of Streptococci 
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 10. SmaI restriction buffer: mix 15 ml of pre-SmaI restriction buf-
fer and 6.3 μl of mercaptoethanol (prepare on the day of use).

 11. 10× TBE running buffer: 1 M Tris–HCl, 0.9 M boric acid, and 
0.01 M EDTA. Dilute to 0.5× TBE with double-distilled (or 
ultrapure) water (see Note 4).

 12. Solution of ethidium bromide (1 μg/ml): add 25 μl of a 
10 mg/ml stock solution in 300 ml of autoclaved distilled 
water. The stock solution should be stored away from light  
at 4 °C.

 13. Loading buffer with bromophenol blue (6×): 0.25 % bromo-
phenol blue and 40 % (w/v) sucrose in double-distilled (or 
ultrapure) water to a final volume of 10 ml. Store at 4 °C.

 14. Low melting temperature agarose solution for the DNA discs: 
weigh out 0.15 g of low melting temperature agarose (we use 
SeaPlaque™ agarose), add 10 ml of PIV, and heat at the micro-
wave to dissolve completely. Transfer dissolved agarose to a 
42 °C water bath where it should stay for at least 10 min before 
use (prepare just before use).

 15. Low melting temperature agarose solution to seal the DNA 
discs in the gel: to prepare sealing agarose, weigh out 0.075 g 
of low melting temperature agarose (we use SeaPlaque™ 
 agarose), add 10 ml of 0.5× TBE, and boil on the microwave. 
Keep at 42 °C until use.

 16. SeaKem LE Agarose solution for the gel: 150 ml of 1 % SeaKem 
LE Agarose. Weigh out 1.5 g of agarose, and add 7.5 ml of 
10× TBE and 130 ml of distilled water. Boil in microwave for 
1–2 min and mix in between. Adjust the final volume to 150 ml 
with distilled water. Put a magnetic stirrer bar into agarose; stir 
slowly at room temperature, until not too hot for hands (about 
50 °C); and pour immediately.

 17. Running buffer: add 100 ml of 10× TBE in a measuring cylin-
der and adjust the volume to 2 L with distilled water.

 1. Liquid culture medium Todd–Hewitt (commercially purchased 
and prepared according to the manufacturer’s instructions).

 2. Restriction enzyme SmaI (recognizes the nucleotide sequence 
CCC^GGG and the optimum temperature for the restriction 
of DNA is 25 °C).

 3. Lambda ladder PFG marker (New England Biolabs): succes-
sively larger concatemers of lambda DNA embedded in 1 % 
low melting point (LMP) agarose and supplied in a dispenser 
(gel syringe type). Size range: 50–1,000 kb. Should be stored 
at −20 °C.

 4. Pulsed-field electrophoresis system for pulsed-field gel electro-
phoresis (PFGE) (e.g., CHEF-DR®III, BioRad).

2.2 Other  
Materials, Equipments, 
and Software

Ilda Santos-Sanches et al.
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 5. Digital gel documentation system to capture and image scan-
ning after the pulsed-field gel electrophoresis (PFGE) (e.g., 
Gel Doc XR system and Quantity One 1-D analysis software, 
BioRad) or conventional camera photography and a 
UV-sensitive film.

 6. Software for the analysis of DNA banding profiles and con-
struction of dendrograms (e.g., BioNumerics, version 6.6, 
Applied Maths, Belgium).

3 Methods

Carry out all procedures at room temperature unless otherwise 
specified. Wear gloves during the protocol to avoid nuclease con-
tamination of the DNA samples from the operator’s skin. Use ster-
ile materials throughout (e.g., tubes, tips, etc.).

 1. Inoculate 1–2 colonies into a glass tube containing 6 ml of 
Todd–Hewitt broth.

 2. Incubate at 37 °C overnight with aeration without shaking.

From this point on, all tubes must be kept on ice.

 1. Transfer overnight cultures to 15 ml centrifuge tubes.
 2. Centrifuge at 1,800 × g (RCF) at 4 °C for 15 min.
 3. Discard the supernatants and resuspend cell pellets by adding 

1 ml of PIV to each 15 ml centrifuge tube (see Note 5).
 4. Transfer PIV cell suspensions into 1.5 ml centrifuge tubes 

(which were prechilled on ice).
 5. Centrifuge at 11,200 × g (RCF) at 4 °C for 5 min.
 6. Remove the supernatant with a micropipette (do not touch 

the pellets; remove carefully the last amounts of supernatant 
using, e.g., 200 μl volume tips and the correspondent auto-
matic pipette).

 7. Resuspend bacterial pellets by adding 200 μl of PIV to each 
1.5 ml centrifuge tube (the estimated total volume in each 
tube is now approx. 210 μl, with the contribution of the pellet 
volume; resuspend pellets by up and down pipetting with 
200 μl volume tips).

 1. Label disposable 1 ml plastic spectrophotometer cuvettes.
 2. Pipette 1 ml of PIV into each cuvette.
 3. Gently vortex cell suspensions (all tubes are on ice) and pipette 

5 μl of suspension into the 1 ml PIV containing cuvettes.
 4. Cover cuvette with parafilm and mix content by inverting 

(leave no air bubbles).

3.1 Growth 
of Bacterial Cultures

3.2 Harvest 
and Wash of Cells

3.3 Adjustment 
of Cell Concentration

PFGE Typing of Streptococci 
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 5. Discard the parafilm and measure the OD620 (which should be 
between 0.025 and 0.15).

 6. Discard cuvettes.
 7. To each tube of cell suspension, add PIV to make the 

OD620 = 5.0 according to the following formula: Vadd (μl) = (OD
620 × 40 × 210) − 210 (see Note 6).

 1. Prepare glass microscope slides by washing them with 70 % 
ethanol.

 2. Dry the slides by blotting with tissue paper.
 3. Take a large piece of glass plate and cover its surface with 

parafilm completely.
 4. Rinse the parafilm surface with 70 % ethanol and dry by gently 

blotting with tissue paper—it will be onto this large glass plate 
that the agarose/cell suspensions will be deposited during the 
preparation of DNA agarose discs (Fig. 1).

 5. Pipette 150 μl of the OD620 = 5.0 cell suspensions into a new 
set of 1.5 ml centrifuge tubes.

 6. Transfer the centrifuge tubes to a 42 °C water bath and incu-
bate for 10 min.

 7. Take the first tube and add 150 μl of the low melting agarose 
(which has been at 42 °C) and vortex briefly.

 8. Deposit 20 μl droplets onto the parafilm-coated large glass 
plate (Fig. 1; use 200 μl pipette tips).

 9. Deposit six 20 μl droplets in one row, and in a parallel line 
deposit a second set of six 20 μl droplets (i.e., a total of 12 
droplets for each strain).

 10. Cover the two times six droplets with a microscope slide 
(Fig. 1).

 11. When all agarose droplets are lined up on the glass tray cov-
ered with the microscope slides, transfer the entire glass tray to 
the freezer compartment of a refrigerator (−20 °C) for 5 min 
(do not keep longer than 5 min at −20 °C).

 12. Take out the glass tray from the refrigerator and keep it at 
room temperature for 10 min.

 13. Carefully lift off the microscope slides (the agarose  droplets are 
now ready to be used as “agarose DNA discs” for the rest of 
the PFGE protocol).

 1. Remove the agarose discs one by one (from the previous step) 
into 15 ml plastic tubes containing 1 ml of EC lysis solution in 
each (use disposable sterile loops to transfer the agarose discs 
into the tubes; all 12 or more agarose discs containing the 
same DNA go into the same tube) (see Note 7).

3.4 Preparation 
of DNA Agarose Discs

3.5 Lysis 
and Treatment 
with Proteinase K

Ilda Santos-Sanches et al.
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 2. Incubate the agarose discs in EC lysis solution at 37 °C for 3 h 
(make sure all discs are submerged in the EC lysis solution).

 3. Decant carefully the EC lysis solution (use sterilized hydro-
philic gauze or muslin cloth) leaving the agarose discs in the 
15 ml tube.

 4. Remove the last amount of liquid using a 200 μl tip and a 
pipette.

 5. Add 1 ml of ESP solution to each of the 15 ml tubes contain-
ing the agarose discs.

Side view 

Glass plate coated 
(wrapped) with parafilm

Deposit 20 µl 
agarose droplets

Put microscope slide on top of droplets 
(while droplet are still liquid)

Final presentation:

Microscope 
slides

Glass plate coated 
(wrapped) with parafilm

Microscope 
slides

Side view of 
the droplets:

Glass plate coated 
(wrapped) with parafilm

Fig. 1 Schematic drawing of DNA agarose discs preparation (adapted from Chung et al. [11]). Source: H. de 
Lencastre, ITQB. Portugal)

PFGE Typing of Streptococci 
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 6. Incubate at 50 °C overnight (17 h) (no agitation/stirring 
necessary).

 7. Decant the ESP solutions.
 8. Add to each tube 13 ml of TE buffer and wash the discs with 

gentle agitation for at least 30 min at room temperature (dur-
ing agitation, the 15 ml tubes are in horizontal position, fixed 
on a shaker).

 9. Repeat the washing step for 8 times (at least 30 min each) to 
remove the proteinase K.

 10. After discs have been washed, they can be stored in TE buffer 
at 4 °C for at least 3–4 months.

 1. Transfer 1 DNA agarose disc into a 1.5 ml microtube contain-
ing 150 μl of pre-SmaI restriction buffer.

 2. Incubate at room temperature for 30–40 min and remove the 
buffer with a pipette.

 3. Add 45 μl of SmaI restriction buffer plus 20 units of SmaI 
enzyme stock per DNA disc (check the equivalent volume in 
μl) (see Note 3).

 4. Incubate at 25 °C overnight.
 5. Add 5 μl of loading buffer (the preparation stays at room 

t emperature while the gel is prepared; if the discs are not 
immediately used, add 10 μl of ES to the preparation and store 
the discs at 4 °C for up to 2 days).

 1. Prepare agarose, running buffer, and sealing agarose (see 
Subheading 2.1).

 2. Clean with distilled water all parts of the casting tray.
 3. Assemble apparatus, be sure that it is perfectly horizontal, and 

add comb.
 4. When agarose is ready, pour it in the apparatus slowly to avoid 

trapping air bubbles (which have to be removed with a pipette 
tip).

 5. Leave the gel to solidify for at least 30 min at room tempera-
ture (if the gel is not going to be used within the first hour, 
wrap it in Saran wrap and keep at 4 °C).

 6. Rinse the machine three times with 2 L of autoclaved dis-
tilled water. Put the frame into the chamber; add 2 L of  
running buffer, and turn on the machine, the cooling sys-
tem, and the variable pump, which should be set at 70. 
Temperature of cooling system is 11.3 °C. Run parameters: 
initial time of 5 s, final time of 35 s, running time of 23 h, 
and voltage of 200 V (6 V/cm).

 7. Insert the discs in the gel: take out the agarose disc from the 
1.5 ml microtube with a sterile disposable plastic loop, deposit 

3.6 Restriction 
with SmaI

3.7 Preparation 
of the Gel and PFGE 
Apparatus

Ilda Santos-Sanches et al.
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it on the glass slip, and blot off excess liquid with a soft hand 
paper towel; with the help of the loop, slide the agarose disc 
into the first well. Make sure the disc is positioned at the bot-
tom and front part of the well (see Note 8).

 8. Repeat the process for other agarose DNA discs.
 9. The PFGE lambda marker is used as a molecular weight 

standard.
 10. At the end, when all the wells are filled, seal them with the seal-

ing agarose (be careful not to leave bubbles inside wells).
 11. Put the assembled gel into the PFGE chamber and cover the 

chamber with the lid.
 12. Start running the program.

 1. Stain the gel by immersing it into 300 ml of 1 μg/ml ethidium 
bromide solution for 30 min at room temperature.

 2. Destain after decanting the ethidium bromide solution and 
replacing it with 300 ml of distilled water.

 3. Place the gel on a shaker for 30–60 min.
 4. Images are captured by using the Gel Doc XR system and 

Quantity One 1-D analysis software or equivalent equipment 
and software. In alternative, use a conventional camera and a 
UV-sensitive positive/negative film (keep the negative).

 5. Images are usually saved in tagged image file format (TIFF). 
An example of the typical results produced is shown in Fig. 2. 
There should be a complete DNA restriction in all lanes (par-
tially restricted DNA produces faint smeared bands between 
better-defined bands of the profiles).

Analysis and interpretation of PFGE profiles is best done using a 
software program such as BioNumerics software (Applied Maths, 
Belgium) for computer-assisted cluster analysis. An example is 
shown in Fig. 3. The PFGE profiles in TIFF images are normalized 
between all images by using standards (molecular weight standard 
and duplicated DNAs) included in every gel. Good-quality gel 
images are essential for the interpretation of PFGE patterns, such as 
to allow matching PFGE patterns to known PFGE fingerprinting 
data within a PFGE database. Levels of similarity between finger-
prints are calculated by the Dice association coefficient and 
unweighted pair group method using arithmetic averages (UPGMA) 
for clustering and produce band-based dendrograms (e.g., with a 
band position tolerance of 1.5 % and no optimization or 1 % opti-
mization). Groups of patterns with no observed band differences 
(corresponding to a level of similarity of 100 %) are considered 
indistinguishable and should be assigned to the same subtype of a 
PFGE type. Patterns with variation up to six bands are considered 
related according to previous suggested criteria [1] and are clustered 

3.8 Staining 
and Photography 
of the Gel

3.9 Computer- 
Fingerprinting 
Analysis
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Fig. 2 Representative image of SmaI and Cfr9I PFGE patterns of bovine streptococci (S. dysgalactiae subsp. 
dysgalactiae). Capital letters B, C, D, E, F, G, I, and J on top of PFGE images are farm codes where isolates were 
collected. Capital letters and numeral suffix under farm code represent the PFGE type–subtype patterns. 
“LADDER” corresponds to lambda ladder PFG marker. (a) All PFGE profiles obtained among the 18 bovine 
isolates using the endonuclease SmaI (one isolate from farm E was resistant to cleavage by endonuclease 
SmaI). (b) PFGE profile of Cfr9I-digested genomic DNA of one isolate (of PFGE F-1) which was resistant to 
cleavage by SmaI

Fig. 3 Representative image of a dendrogram of PFGE patterns of bovine streptococci (S. dysgalactiae subsp. 
dysgalactiae) (adapted from Rato et al. (http://wwwnc.cdc.gov/eid/article/16/1/09-0632-f1)) [7]. The dendro-
gram was produced by using Dice coefficients and an unweighted pair group method using arithmetic  averages 
(UPGMA). Default clustering settings of 0 % optimization (i.e., the relative distance an entire lane is allowed to 
shift in matching attempts) and 1.5 % band position tolerance were used

Ilda Santos-Sanches et al.
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in most cases above 80 % similarity. These are assigned to different 
subtypes of a PFGE type. Patterns with variation of six or more 
bands (corresponding to levels of similarity of less than 80 %) are 
considered unrelated and are assigned to distinct PFGE types. 
PFGE types may be designated with uppercase letters of alphanu-
meric codes, and each of their subtypes (subclonal variants) may be 
identified by an additional numeral-or letter-code suffix.

4 Notes

 1. Solutions prepared from powdered pancreatic RNase (ribonu-
clease A from bovine pancreas, Sigma-Aldrich) products can be 
made free of DNase by boiling. Prepare a 10 mg/ml stock 
solution in 10 mM sodium acetate buffer, pH 5.2. Heat to 
100 °C for 15 min, allow to cool to room temperature, and 
then adjust to pH 7.4 using 0.1 volumes of 1 M Tris–HCl, 
pH 7.4. Aliquot and store at −20 °C.

 2. The deproteinization solution should be freshly prepared 
before use.

 3. The Cfr9I (XmaI) restriction enzyme (C^CCGGG) can be 
used instead of SmaI (CCC^GGG) when DNAs are uncut by 
SmaI. If Cfr9I is used, do the equilibration step of the protocol 
as referred but with pre-Cfr9I restriction buffer (10 mM Tris–
HCl, pH 7.2, 5 mM MgCl2, 200 mM sodium glutamate, 
100 μg/ml BSA) at 37 °C. For the restriction, add 45 μl of 
Cfr9I restriction buffer plus 20 units of Cfr9I enzyme stock 
per DNA disc and incubate at 37 °C overnight.

 4. TBE buffer is prone to precipitation over time.
 5. Remove supernatants carefully using a 5 ml pipette with an 

automatic pipette aid.
Caution: Pellets are easy to lose! Be careful when taking tubes 
out of centrifuge. Remove the last amounts of supernatant 
fluid using 1 ml tips and corresponding pipette.

 6. The formula is derived as follows:

 

OD add620 200

5 0

210

210

´
=

+
.

V

 

where:
OD620: optical density measured in the cuvette
200: dilution factor (of 5 μl of cell suspension to 1 ml of PIV 

in the cuvette)
OD620 × 200: the “true” OD620 of the suspension of bacteria 

(in 210 μl PIV) in the 1.5 ml tubes
5.0: desired final OD620 of the bacterial suspension in the 

1.5 ml tubes
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Vadd: volume (μl) to add to the 1.5 ml tubes in order to obtain 
a final OD620 = 5.0

210: original volume (μl) of the cell suspension in PIV
Vadd + 210: total volume (μl) in the 1.5 ml tubes, after the addi-

tion of the extra volume of PIV
 7. Important: the DNA agarose discs are fragile; manipulate them 

gently.
 8. Do not touch agarose disc with hand paper towel.

Acknowledgments 

The PFGE data mentioned in this chapter were obtained by Márcia 
Rato as part of her research leading to Ph.D. thesis. Fundação para 
a Ciência e a Tecnologia (FCT) is acknowledge for the financial 
support for the accomplishment of Márcia Rato Doctoral Project 
(SFRH/BD/32513/2006). The work was supported by the 
grants Pest-OE/BIA/UI0457/2011-CREM (Centro de Recursos 
Microbiológicos) and PROC 60839, funded by Fundação para a 
Ciência e Tecnologia, Portugal and Fundação Calouste Gulbenkian, 
Portugal (respectively).

References

 1. Tenover FC, Arbeit RD, Goering RV et al 
(1995) Interpreting chromosomal DNA 
restriction patterns produced by pulsed-field 
gel electrophoresis: criteria for bacterial strain 
typing. J Clin Microbiol 33:2233–2239

 2. Van Belkum A, Tassios PT, Dijkshoorn L et al 
(2007) Guidelines for the validation and appli-
cation of typing methods for the use in bacte-
rial epidemiology. Clin Microbiol Infect 
13(suppl 3):1–46

 3. Ericsson U, Lindberg A, Persson W et al 
(2009) Microbial aetiology of acute clinical 
mastitis and agent-specific risk factors. Vet 
Microbiol 137:90–97

 4. Barkema HW, Green MJ, Bradley AJ, Zadoks 
RN (2009) Invited review: the role of conta-
gious disease in udder health. J Dairy Sci 92: 
4717–4729

 5. Muellner P, Zadoks RN, Perez AM et al 
(2011) The integration of molecular tools into 
veterinary and spatial epidemiology. Spat 
Spattemporal Epidemiol 2:159–171

 6. Rato MG, Bexiga R, Nunes SF et al (2008) 
Molecular epidemiology and population struc-
ture of bovine Streptococcus uberis. J Dairy Sci 
91:4542–4551

 7. Rato MG, Bexiga R, Nunes SF, Vilela CL, 
Santos-Sanches I (2010) Human group A 
streptococci virulence genes in bovine group C 
streptococci. Emerg Infect Dis 16:116–119

 8. Rato MG, Nerlich A, Bergmann R et al (2011) 
Virulence gene pool detected in bovine group 
C Streptococcus dysgalactiae subsp. dysgalactiae 
using a group A Streptococcus pyogenes virulence 
microarray. J Clin Microbiol 49:2470–2479

 9. Rato MG, Bexiga R, Florindo C et al (2013) 
Antimicrobial resistance and molecular epide-
miology of streptococci from bovine mastitis. 
Vet Microbiol 161:286–294

 10. Rato M (2011) Epidemiological characteriza-
tion, antimicrobial resistance and virulence 
mechanisms in animal and human strepto-
cocci. Ph.D. thesis, Faculdade de Ciências e 
Tecnologia. Universidade Nova de Lisboa. 
Portugal. ISBN: 978-989-20-2618-3

 11. Chung M, de Lencastre H, Matthews P et al 
(2000) Molecular typing of methicillin- 
resistant Staphylococcus aureus by pulsed-field 
gel electrophoresis: comparison of results 
obtained in a multilaboratory effort using 
identical protocols and MRSA strains. Microb 
Drug Resist 6:189–198

Ilda Santos-Sanches et al.



335

Mónica V. Cunha and João Inácio (eds.), Veterinary Infection Biology: Molecular Diagnostics and High-Throughput Strategies, 
Methods in Molecular Biology, vol. 1247, DOI 10.1007/978-1-4939-2004-4_24, © Springer Science+Business Media New York 2015

    Chapter 24   

 Multiple-Locus Variable-Number Tandem Repeat (VNTR) 
Analysis (MLVA) Using Multiplex PCR and Multicolor 
Capillary Electrophoresis: Application to the Genotyping 
of  Brucella  Species 

           Giuliano     Garofolo    

    Abstract 

   The multiple-locus variable-number tandem repeat (VNTR) analysis (MLVA) is a genetic typing method 
based on the evaluation of the number of repeated sequences in multiple selected loci of microbial 
DNA. Although several MLVA typing panels have been proposed for brucellae, the 16-loci panel is recog-
nized as the standard genotyping method, also used for the  Brucella  international online database. This 
chapter describes a high-throughput MLVA-16 protocol using multiplex PCRs and multicolor capillary 
electrophoresis.  

  Key words     MLVA  ,   Capillary electrophoresis  ,   Multiplex PCR  ,    Brucella  spp  ,   Genotyping  

1      Introduction 

 Brucellosis is a widespread animal infectious disease and probably 
the world’s most common zoonosis. The  Brucella  genus currently 
comprises six classical species ( B. abortus ,  B. melitensis ,  B. suis ,  B. ovis , 
 B. canis , and  B. neotomae ) and four novel species ( B. ceti ,  B. pin-
nipedialis ,  B. inopinata , and  B. microti ) [ 1 ]. New species have 
been proposed in recent years. The highly monomorphic nature of 
this genus, presenting few polymorphisms not only within species 
but between species as well, makes strains particularly diffi cult to 
differentiate using most genetic typing techniques. This makes 
crucial public health tasks, such as diagnosis and strain typing, a 
challenge for veterinary laboratories testing livestock and wildlife. 
To date, multiple-locus variable-number tandem repeat (VNTR) 
analysis (MLVA) [ 2 ] is recognized as one of the best genotyping 
approaches for  Brucella . Mutation rate variability between loci in 
 Brucella  allows this method to discriminate closely related strains 
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(through highly mutable loci) as well as yield useful information at 
the phylogenetic/taxonomic level (through relatively conserved 
loci). VNTRs are found in both chromosomes and may exhibit 
several allelic states within a brucellae population. Slipped strand 
mispairing during DNA replication is the biological reason for 
such variation. Thus far, MLVA panels of either 21, 16, or 15 loci 
(MLVA-21, MLVA-16, and MLVA-15, respectively) have been 
developed [ 3 – 5 ], each with its strengths and weaknesses. A coop-
erative online public database based on the MLVA-16 panel was 
established with the aim of promoting the creation of a global epi-
demiological map of  Brucella  (  http://mlva.u-psud.fr/brucella/    ). 
The MLVA-16 protocol normally employs singleplex PCRs and 
agarose gel electrophoresis. We describe an alternative methodol-
ogy for MLVA-16  Brucella  genotyping, using multiplex PCRs and 
capillary electrophoresis performed on an ABI PRISM genetic ana-
lyzer. Methods for MLVA data management and analysis, includ-
ing the submission of queries to international databases, will also 
be illustrated.  

2    Materials 

      1.    0.5 ml amber-colored tubes (to protect fl uorescent dyes from 
light; in the absence of amber-colored tubes, transparent tubes 
covered with aluminum foil may be used).   

   2.    1.5 ml microcentrifuge tubes.   
   3.    96-well v-bottom PCR plates or blocks for 0.2 ml PCR tubes 

with caps.   
   4.    Presterile DNase- and RNase-free fi lter pipette tips (20 μl, 

100 μl, 1,000 μl).   
   5.    1.4 ml noncoded U-bottom bulk tubes (Micronic, Lelystad, 

The Netherlands).   
   6.    Storage rack for 96 individual tubes (8 × 12)—Comorack-96 

(Micronic, Lelystad, The Netherlands).   
   7.    Rubber septa for the 96-well reaction plate.      

      1.    Water, Mol Bio grade (i.e., DNase-, RNase-, and protease-free 
molecular biology grade water).   

   2.    Either TE buffer (i.e., 1× TE: 1 mM Tris–HCl, 0.1 mM EDTA, 
pH 8.0) or water, Mol Bio grade.   

   3.    Multiplex PCR master mix (we use 2× Type-it microsatellite 
PCR Master Mix, Qiagen).   

   4.    Q solution, an innovative PCR additive that facilitates amplifi -
cation of diffi cult templates (Qiagen).   

2.1  Laboratory 
Plasticware

2.2  Laboratory 
Reagents

Giuliano Garofolo
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   5.    50 μM primer stock solutions for the following loci: Bruce04, 
Bruce06, Bruce07, Bruce08, Bruce09, Bruce11, Bruce12, 
Bruce16, Bruce18, Bruce19, Bruce21, Bruce30, Bruce42, 
Bruce43, Bruce45, and Bruce55. MLVA primers sequences for 
the 16 loci and fl uorescent dyes used in the capillary electro-
phoresis are given in Table  1  [ 6 ,  7 ].

       6.    10× forward primer mixes (M1fw, M2fw, M3fw, and M4fw 
mixes) ( see   Note 1 ):

    (a)     M1fw: Mix and dilute 4.4 μl of each 50 μM primer stock 
solutions [“Bruce08 Fw (PET labelled),” “Bruce11 Fw 
(6FAM labelled),” “Bruce45 Fw (6FAM labelled),” 
“Bruce30 Fw (PET labelled),” and “Bruce19 Fw (NED 
labelled)”] in a fi nal volume of 110 μl of TE buffer or Mol 
Bio grade water to obtain a 2 μM (10×) primer mix work-
ing solution ( see   Note 2 ).   

   (b)     M2fw: Mix and dilute 50 μM primer stock solutions [8.8 μl 
of “Bruce06 Fw (NED labelled),” 1.1 μl of “Bruce42 Fw 
(VIC labelled),” and 1.1 μl of “Bruce42 Fw (unlabelled)”] 
in a fi nal volume of 110 μl of TE buffer or Mol Bio grade 
water to obtain a 4.0, 0.5, and 0.5 μM (10×) primer mix 
working solution, respectively ( see   Note 2 ).   

   (c)     M3fw: Mix and dilute 50 μM primer stock solutions 
[3.3 μl of “Bruce12 Fw (NED labelled),” 1.1 μl of 
“Bruce55 Fw (PET labelled),” 1.1 μl of “Bruce55 Fw 
(unlabelled),” 1.1 μl of “Bruce18 Fw (PET labelled),” 
1.1 μl of “Bruce18 Fw (unlabelled),” 4.4 μl of “Bruce21 
Fw (6FAM labelled),” and 4.4 μl of “Bruce04 Fw (VIC 
labelled)”] in a fi nal volume of 110 μl of TE buffer or Mol 
Bio grade water to obtain a 1.5, 0.5, 0.5, 0.5, 0.5, 2.0, and 
2.0 μM (10×) primer mix working solution, respectively 
( see   Note 2 ).   

   (d)     M4fw: Mix and dilute 50 μM primer stock solutions [3.3 μl 
of “Bruce07 Fw (NED labelled),” 4.4 μl of “Bruce09 Fw 
(VIC labelled),” 4.4 μl of “Bruce16 Fw (6FAM labelled),” 
and 3.3 μl of “Bruce43 Fw (6FAM labelled)”] in a fi nal 
volume of 110 μl of TE buffer or Mol Bio grade water to 
obtain a 1.5, 2.0, 2.0, and 1.5 μM (10×) primer mix work-
ing solution, respectively ( see   Note 2 ).    

      7.    10× reverse primer mixes (M1rw, M2rw, M3rw, and M4rw 
mixes) ( see   Note 1 ).

    (a)     M1rw: Mix and dilute 4.4 μl of each 50 μM primer stock 
solutions [“Bruce08 Rw (unlabelled),” “Bruce11 Rw 
 (unlabelled),” “Bruce45 Rw (unlabelled),” “Bruce30 Rw 
(unlabelled),” and “Bruce19 Rw (unlabelled)”] in a fi nal vol-
ume of 110 μl of TE buffer or Mol Bio grade water to obtain 
a 2 μM (10×) primer mix working solution ( see   Note 2 ).   

Genotyping Brucella Species with MLVA-16
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    Table 1  
  MLVA primers sequences   

 Multiplex 
PCR mix a   Locus  Primer sequences (5′-3′) b  

 Allele size 
range (bp) c  

 M1  Bruce30  Fw: PET - TGACCGCAAAACCATATCCTTC 
 Rw: TATGTGCAGAGCTTCATGTTCG 

 119–199 

 Bruce08  Fw: PET - ATTATTCGCAGGCTCGTGATTC 
 Rw: ACAGAAGGTTTTCCAGCTCGTC 

 312–384 

 Bruce11  Fw: 6FAM - CTGTTGATCTGACCTTGCAACC 
 Rw: CCAGACAACAACCTACGTCCTG 

 257–1076 

 Bruce45  Fw: 6FAM - ATCCTTGCCTCTCCCTACCAG 
 Rw: CGGGTAAATATCAATGGCTTGG 

 133–187 

 Bruce19  Fw: NED - GACGACCCGGACCATGTCT 
 Rw: ACTTCACCGTAACGTCGTGGAT 

 79–205 

 M2  Bruce06  Fw: NED - GATTGCGGAACGTCTGAACT 
 Rw: TAACCGCCTTCCACATAATCG 

 312–714 

 Bruce42  Fw: VIC - CATCGCCTCAACTATACCGTCA 
 Rw: ACCGCAAAATTTACGCATCG 

 164–914 

 M3  Bruce12  Fw: NED - CGGTAAATCAATTGTCCCATGA 
 Rw: GCCCAAGTTCAACAGGAGTTTC 

 302–452 

 Bruce18  Fw: PET - TATGTTAGGGCAATAGGGCAGT 
 Rw: GATGGTTGAGAGCATTGTGAAG 

 130–186 

 Bruce55  Fw: PET - TCAGGCTGTTTCGTCATGTCTT 
 Rw: AATCTGGCGTTCGAGTTGTTCT 

 193–553 

 Bruce21  Fw: 6FAM - CTCATGCGCAACCAAAACA 
 Rw: GTGGATACGCTCATTCTCGTTG 

 431–463 

 Bruce04  Fw: VIC - CTGACGAAGGGAAGGCAATAAG 
 Rw: TGGTTTTCGCCAATATCAACAA 

 313–473 

 M4  Bruce07  Fw: NED - GCTGACGGGGAAGAACATCTAT 
 Rw: ACCCTTTTTCAGTCAAGGCAAA 

 134–246 

 Bruce09  Fw: VIC - GCGGATTCGTTCTTCAGTTATC 
 Rw: GGGAGTATGTTTTGGTTGTACATAG 

 124–292 

 Bruce43  Fw: 6FAM - TCTCAAGCCCGATATGGAGAAT 
 Rw: TATTTTCCGCCTGCCCATAAAC 

 170–194 

 Bruce16  Fw: 6FAM - ACGGGAGTTTTTGTTGCTCAAT 
 Rw: GGCCATATCCTTCCGCAATA 

 227–353 

   a For primer mixes including the forward primers targeting the Bruce18, Bruce42, and Bruce55 loci, equal concentra-
tions of both labelled and unlabelled primers targeting these loci were added to the mix in order to avoid the posterior 
production of excessive fl uorescence during the capillary electrophoresis [ 6 ] 
  b Fw, forward primer; Rw, reverse primer 
  c Expected allele size ranges are given in base pairs. The test has been designed so that fragments would differ from one 
another by either size, fl uorescence, or both, to exclude the possibility of overlap in capillary electrophoresis results  
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   (b)     M2rw: Mix and dilute 50 μM primer stock solutions 
[8.8 μl of “Bruce06 Rw (unlabelled)” and 2.2 μl of 
“Bruce42 Rw (unlabelled)”] in a fi nal volume of 110 μl 
of TE buffer or Mol Bio grade water to obtain a 4.0 and 
1.0 μM (10×) primer mix working solution, respectively 
( see   Note 2 ).   

   (c)     M3rw: Mix and dilute 50 μM primer stock solutions 
[3.3 μl of “Bruce12 Rw (unlabelled),” 2.2 μl of “Bruce55 
Rw (unlabelled),” 2.2 μl of “Bruce18 Rw (unlabelled),” 
4.4 μl of “Bruce21 Rw (unlabelled),” and 4.4 μl of 
“Bruce04 Rw (unlabelled)”] in a fi nal volume of 110 μl 
of TE buffer or Mol Bio grade water to obtain a 1.5, 1.0, 
1.0, 2.0, and 2.0 μM (10×) primer mix working solution, 
respectively ( see   Note 2 ).   

   (d)     M4rw: Mix and dilute 50 μM primer stock solutions 
[3.3 μl of “Bruce07 Rw (unlabelled),” 4.4 μl of “Bruce09 
Rw (unlabelled),” 4.4 μl of “Bruce16 Rw (unlabelled),” 
and 3.3 μl of “Bruce43 Rw (unlabelled)”] in a fi nal vol-
ume of 110 μl of TE buffer or Mol Bio grade water to 
obtain a 1.5, 2.0, 2.0, and 1.5 μM (10×) primer mix work-
ing solution, respectively ( see   Note 2 ).    

      8.    Hi-Di formamide.   
   9.    POP-7 polymer, a separation matrix for performing DNA 

sequencing and fragment analysis on the Applied Biosystems 
genetic analyzer instruments (Life Technologies, USA).   

   10.    Anode and cathode buffers, reagents to support electrophore-
sis on Applied Biosystems genetic analyzer instruments (Life 
Technologies, USA).   

   11.    GeneScan 1200 LIZ size standard (Life Technologies, USA).   
   12.    DNA samples from one or more reference strains having 

known MLVA profi les, for comparison (e.g.,  B. melitensis  
biovar 1 strain 16 M). Be sure to use purifi ed DNAs (A260/
A280 ratio ≥1.8).   

   13.    DNA samples to be tested. Be sure to use purifi ed DNAs 
(A260/A280 ratio ≥1.8).      

      1.    PCR plate cooling block or ice.   
   2.    Complete “clean set” (1,000 μl, 200 μl, 100 μl, 20 μl, and 

10 μl) of single-channel pipettes for PCR master mix setup.   
   3.    10 μl single-channel pipettes for DNA solutions.   
   4.    8-channel pipettes (200 μl and 10 μl) for DNA solutions.   
   5.    Thermocycler with heated lid.   
   6.    Heat block (or thermocycler), capable of operating at 95 °C.   

2.3  Equipment 
and Instruments

Genotyping Brucella Species with MLVA-16
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   7.    Centrifuge and rotors adapted to 0.2 ml PCR tubes, 1.5 ml 
microcentrifuge tubes, and 96-well v-bottom PCR plates.   

   8.    Mixer.   
   9.    Capillary electrophoresis genetic analyzer (e.g., we use ABI 

PRISM genetic analyzer, either 3130 or 3500 series) (Life 
Technologies, USA) ( see   Note 3 ).   

   10.    Capillary arrays, 50 cm.      

      1.    Data collection software, the operative software to drive the 
Applied Biosystems genetic analyzer instruments.   

   2.    GeneMapper 4.1 (Life Technologies, USA).       

3    Methods 

      1.    Defrost all PCR components and keep them on ice during 
preparation.   

   2.    Briefl y vortex and spin down the primer mixes in their amber 
tubes.   

   3.    Place a 96-well v-bottom PCR plate or the required number of 
0.2 ml PCR tubes in a PCR block or on ice.   

   4.    Mark four 1.5 ml microcentrifuge tubes as M1, M2, M3, and 
M4, respectively, for each of the four multiplex master mixes to 
be prepared.   

   5.    Prepare each master mix in the correspondent 1.5 ml micro-
centrifuge tube using the appropriate volumes ( see  Table  2 ), 
preferably introducing them in the following order: Mol Bio 
water, Q solution, 2× Type-it microsatellite PCR Master Mix, 
and primers.

       6.    Vortex the master mixes for 1–2 s.   
   7.    Leave the DNA clean room.   
   8.    To optimize the workfl ow and facilitate the dispensation of 

DNA samples, it is useful to include 32 samples in each PCR 
run: 28 DNA samples to be tested, two positive reference 
DNA samples for positive controls, and two no-template nega-
tive controls.   

   9.    Due to differences in the PCR cycling conditions, the M2 PCR 
should be run separately from M1, M3, and M4 PCRs.   

   10.    In a single 96-well plate or tube rack, dispense M1, M3, and 
M4 master mixes: 9 μl of each master mix in each well/tube, 
for each sample to be tested, dedicating distinct columns to 
each kind of master mix. Using a multichannel pipette, add 
1 μl of each DNA sample (1–50 ng) to each master mix, keep-
ing row positions constant across columns.   

2.4  Software

3.1  PCR Setup

Giuliano Garofolo
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   11.    In a separate 96-well plate or tube rack, dispense 9 μl of M2 
master mix in each well/tube for each sample to be tested. 
Using a multichannel pipette, add 1 μl of each DNA sample 
(1–50 ng) to the master mix, keeping row positions constant 
across columns.   

   12.    Keep the plates/racks on ice.   
   13.    Run the PCRs under the following thermocycling conditions: 

initial activation step at 95 °C for 5 min followed by 30 cycles 
(for M1, M3, and M4 PCRs) or 26 cycles (for M2 PCR) of 
denaturation (at 95 °C for 30 s), annealing (at 60 °C for 90 s) 
and extension (at 72 °C for 30 s) steps, and a fi nal extension 
step at 60 °C for 45 min and 20 °C for 120 min. Keep the 
products at 4 °C after the amplifi cation reactions.      

      1.    Prepare as many U-bottom bulk tubes as the wells used in 
PCR reactions.   

   2.    Insert the tubes in their storage racks.   
   3.    Dispense 450 μl of Mol Bio grade water in each tube ( see   Note 4 ).   
   4.    For each sample, add 2 μl of the PCR product from each reac-

tion (M1, M2, M3, and M4).      

      1.    Calculate the volumes of the reagents needed for the 
 formamide/size standard mix by multiplying the volumes 
required for the injection of a single DNA sample for capillary 
electrophoresis (i.e., 10.25 μl formamide and 0.3 μl Liz 1200 
size standard) by the total number of samples (including any 

3.2  Dilution 
of PCR Products

3.3  Preparation 
of the Samples 
for Capillary 
Electrophoresis

   Table 2  
  PCR master mixes composition   

 Component  Volume per reaction (μl) a   Final concentration 

 2× Type-it microsatellite 
PCR Master Mix 

  5  1× 

 Q solution   1  0.5× 

 10× forward primer mix b    1  1× 

 10× reverse primer mix b    1  1× 

 Mol Bio grade water   1  - 

 DNA template solution   1  10–50 ng 

 Final volume (μl)  10  - 

   a The volume of each component to add to the master mix corresponds to the volume per reaction of that component 
multiplied by the total number of samples (including any positive and negative controls) plus 10 % of the original vol-
ume to compensate for eventual pipetting losses (DNA template solutions are not added to master mixes) 
  b Primer mix for the specifi c multiplex PCR being prepared, primer solutions should be paired as follows: M1fw and 
M1rw (for multiplex master mix 1—M1), M2fw and M2rw (for multiplex master mix 2—M2), M3fw and M3rw (for 
multiplex master mix 3—M3), and M4fw and M4rw (for multiplex master mix 4—M4)  

Genotyping Brucella Species with MLVA-16
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positive and negative controls). Then, multiply by three, since 
three capillary electrophoresis injections will be needed to ana-
lyze each sample, plus 10 % of the original volumes obtained 
for each reagent ( see   Note 5 ).   

   2.    Dispense 10.55 μl of the mix into each tube/well of a 96-well 
PCR plate.   

   3.    Using a multichannel pipette, for each sample, add 2 μl of 
diluted PCR product; M1 and M2 diluted products should 
be mixed together in a single well; M3 and M4 should be dis-
pensed separately. Only three capillary electrophoresis injec-
tions will therefore be needed to analyze the products of the 
four multiplex PCRs.   

   4.    Cover the plate with the rubber septa.   
   5.    Denature the sample plate at 95 °C for 3 min, and cool it on 

ice or ice block for 1 min.   
   6.    Spin down the sample plate to remove any air bubbles.   
   7.    Place the sample plate on a plate base. Snap the plate retainer 

(cover) onto the plate and plate base. Place the prepared 
96-well plate on the autosampler tray of the capillary electro-
phoresis equipment.      

  The following steps are adapted for ABI PRISM genetic analyzer 
instruments.

    1.    Power the ABI PRISM genetic analyzer.   
   2.    Run the data collection software.   
   3.    Ensure that consumables (e.g., polymers, buffers) are not 

expired and that buffer levels are at the fi ll lines.   
   4.    Set the oven temperature to 60 °C by clicking preheat.   
   5.    Check for and remove any bubbles from the pump assembly.   
   6.    Create a plate record and assign plate contents by entering the 

following information:
    (a)     Sample names: be sure to name the samples in a way that 

refl ects their order in the 96-well plate.   
   (b)     Assay, set run module parameters as follows: oven tempe-

rature (°C) 60, run voltage (kV) 8.5, pre-run voltage (kV) 
15, injection voltage (kV) 1.6, run time (sec.) 4900, pre-
run time (sec.) 180, injection time (sec.), and data delay 
(sec.) 480.   

   (c)     Assign fi le name convention to each sample: sample name, 
wells, and capillary number.   

   (d)    Results group: create a MLVA_ Brucella  folder.       
   7.    Save the plate record.   
   8.    Load the plate onto the instrument, access the plate record 

created, and link the plate to its plate record.   

3.4  Capillary 
Electrophoresis

Giuliano Garofolo



343

   9.    Start run ( see   Note 6 ).   
   10.    After the capillary electrophoresis, an .fsa fi le containing the 

results will be generated for each sample.      

   Before starting the fi rst analysis on your .fsa capillary electrophoresis 
results, prepare GeneMapper by running it on one or more sample 
fi les of known  Brucella  reference strains:

    1.    Create a kit, giving the kit name “MLVA  Brucella .”   
   2.    Create a new bin set with the name “ Brucella .”   
   3.    Create three panels with the names M1–M2, M3, and M4.   
   4.    Add the following new markers for the three panels:
    (a)     M1–M2 with Bruce06, Bruce08, Bruce11, Bruce19, 

Bruce30, Bruce42, and Bruce45.   
   (b)     M3 with Bruce04, Bruce12, Bruce18, Bruce21, and 

Bruce55.   
   (c)    M4 with Bruce07, Bruce09, Bruce16, and Bruce43.   
   (d)     For each marker, enter the following information (displayed 

in Table  1 ): marker name, dye color (6FAM, blue; VIC, 
green; NED, yellow; and PET, red), and allele size range 
(minimum and maximum sizes).       

   5.    Create a new project and add all the reference sample fi les 
(e.g.,  Brucella melitensis  biovar 1 str. 16 M).   

   6.    Set a new analysis method named  Brucella  from the 
GeneMapper manager. Associate the previously created bin 
set. Select advanced from the peak detection algorithm drop- 
down menu. Select partial range for the analysis range. The 
latter step serves to exclude the primer peak from the analysis 
range. Under peak quality, set the expected allele number to 1 
(for haploid organisms).   

   7.    Set a custom Liz 1200 size standard based on the Liz 1200, 
but which includes only the values of the partial range.   

   8.    Analyze the samples.   
   9.    Examine the results.   
   10.    Open panel manager and import the reference fi le.   
   11.    For each of the three panels (corresponding to M1 + M2, M3, 

and M4), select each marker (locus), add bin, and, on the basis 
of the observed peak, manually assign it an allelic value 
(expected VNTR) using Table  3 .

             1.    After the initial creation of kits, setting of analysis methods and 
of custom size standard, new samples can be easily analyzed.   

   2.    Open the GeneMapper software.   

3.5  GeneMapper 
Setup

3.6  Data Analysis 
Using GeneMapper

Genotyping Brucella Species with MLVA-16
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   3.    Import the electrophoresis .fsa fi les into a new project. Select 
the previously created analysis method  Brucella  and the 
panels corresponding to the M1 + M2, M3, and M4 reactions 
( see  Subheading  3.5 ).   

   4.    Analyze the project.   
   5.    Review the sizing quality (SQ).   
   6.    Examine the size standard.   
   7.    View sample information (including raw data).   
   8.    View sample plots.   
   9.    For each marker, check all allele calls against those of the refer-

ence strain or strains. Wherever the allele call of the analyzed 
strain differs from those of your known reference strains, add 
the new allele to the bin. Putative new alleles will be identifi ed 
where, in any given locus, the DNA fragment is found to be 
shorter or longer than expected in light of the VNTR size for 
that locus and the number of repetitions known to occur in the 
reference strain or strains ( see  Table  4 ).

   Table 4  
  VNTR size by locus   

 Locus  VNTR size (bp) 

 Bruce06  134 

 Bruce08   18 

 Bruce11   63 

 Bruce12   15 

 Bruce42  125 

 Bruce43   12 

 Bruce45   18 

 Bruce55   40 

 Bruce18    8 

 Bruce19    6 

 Bruce21    8 

 Bruce04    8 

 Bruce07    8 

 Bruce09    8 

 Bruce16    8 

 Bruce30    8 

Genotyping Brucella Species with MLVA-16
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       10.    Confi rm new alleles, whenever possible, through Sanger 
sequencing.   

   11.    GeneMapper will store all observed and confi rmed bins pres-
ent in the population studied. This information will be used as 
reference for future analyses.   

   12.    In the GeneMapper, genotype page results are grouped by 
panel. Export the genotype table of each panel in a .csv fi le and 
then merge them together in a single .csv fi le.   

   13.    Import the data, e.g., into Microsoft Access or Microsoft 
Excel, and arrange it by loci in the following order: Bruce06, 
Bruce08, Bruce11, Bruce12, Bruce42, Bruce43, Bruce45, 
Bruce55, Bruce18, Bruce19, Bruce21, Bruce04, Bruce07, 
Bruce09, Bruce16, and Bruce30.      

      1.    Go to the  Brucella  cooperative database (  http://mlva.u-psud.
fr/mlvav4/genotyping/    ) using either a Mozilla Firefox or 
Microsoft Internet Explorer browser ( see   Note 7 ).   

   2.    For each one of tested isolates, submit a query that will  compare 
it to the strains present in the database. From the menu, select 
the  Brucella  cooperative database, then select the MLVA- 16 
panel, enter the numeric code for each MLVA marker, and 
submit the data (for further information, consult the tutorial: 
  http://mlva.u-psud.fr/MLVAnet/IMG/pdf/MlvaBank_
tutorial.pdf    ). The  Brucella  MLVA data effi ciently cluster the 
strains by species. The minimum distance between the isolate 
submitted and strains previously deposited in the database will 
determine its species ( see   Notes 8  and  9 ).       

4    Notes 

     1.    The preparation of primer mix solutions should be performed 
in a DNA-free room. Thaw primer stock solutions and place 
on ice until use. Avoid the exposure of primers to light. In the 
absence of amber-colored tubes, use aluminum foil to cover 
the vials.   

   2.    To minimize repetitive freeze-thaw cycles of primer stock solu-
tions, prepare 10 batches of 10× primer mixes (volume 110 μl) 
every couple of months or if a drop in fl uorescence is observed 
in your old batch. This amount should be suffi cient for 1000 
PCRs, allowing MLVA on 200–250 strains.   

   3.    Other capillary electrophoresis machines may be used, but it is 
recommended that fragment analysis be set to 140–1,100 bp 
and the proper reagents be used, as suggested by the 
manufacturer.   

3.7  Cluster Analysis

Giuliano Garofolo
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   4.    In the fi rst few runs, verify the dilution factor by running one 
column at a time (M1–M2, M3, and M4 fragments, respec-
tively). If peak fl uorescence intensity does not fall between 400 
and 6,000 nm, correct the dilution to optimize your electro-
phoresis. Further PCRs will generate a similar pattern of fl uo-
rescence for all samples, provided that equal amounts of 
purifi ed DNAs are used.   

   5.    For example, for a total of 32 DNA samples: 1082.4 μl of 
 formamide [10.25 μl × 3 injections × 32 (=984 μl) + 10 % of this 
volume (=98.4 μl)] and 31.6 μl of Liz 1,200 size standard 
[0.3 μl × 3 injections × 32 (=28.8 μl) + 10 % of this volume 
(=2.8 μl)].   

   6.    Each injection takes about 1.5 h. The analysis of a single plate 
involves 12 injections and will thus take about 17 h.   

   7.    A cooperative public online database, based on the MLVA-16 
panel, was established with the aim of promoting the creation 
of a global epidemiological map of  Brucella  and is freely acces-
sible at   http://mlva.u-psud.fr/brucella/    .   

   8.    MLVA genotypes are considered to be closely related if they 
share 70 % or more of their VNTR alleles. For MLVA-16, 
strains having between 11 and 16 alleles in common are said to 
belong to the same species.   

   9.    Further analysis may be recommended. Both free (e.g., Phyloviz 
1.0) and paid (e.g., PAUP 4.0, Bionumerics) software are avail-
able for this purpose. UPGMA, neighbor-joining analyses, and 
minimum spanning trees can be generated to assess fi ne and 
broad relationships between the strains analyzed.         

   References 

   1.    Pappas G (2010) The changing  Brucella  ecol-
ogy: novel reservoirs, new threats. Int J 
Antimicrob Agents 36:S8–S11  

   2.    Whatmore AM (2009) Current understanding 
of the genetic diversity of  Brucella , an expanding 
genus of zoonotic pathogens. Infect Genet Evol 
9:1168–1184  

   3.    Al Dahouk S, Flèche PL, Nöckler K et al (2007) 
Evaluation of  Brucella  MLVA typing for human 
brucellosis. J Microbiol Methods 69:137–145  

  4.    Whatmore AM, Shankster SJ, Perrett LL et al 
(2006) Identifi cation and characterization of vari-
able-number tandem-repeat markers for typing of 
 Brucella  spp. J Clin Microbiol 44:1982–1993  

   5.    Bricker BJ, Ewalt DR, Halling SM (2003) 
 Brucella  ‘HOOF-Prints’: strain typing by multi- 
locus analysis of variable number tandem repeats 
(VNTRs). BMC Microbiol 3:15  

    6.    Garofolo G, Ancora M, Di Giannatale E (2013) 
MLVA-16 loci panel on  Brucella  spp. using mul-
tiplex PCR and multicolor capillary 
 electrophoresis. J Microbiol Methods 92: 
103–107  

   7.    Garofolo G, Di Giannatale E, De Massis F 
et al (2013) Investigating genetic diversity of 
 Brucella abortus  and  Brucella melitensis  in 
Italy with MLVA-16. Infect Genet Evol 19: 
59–70    

Genotyping Brucella Species with MLVA-16





349

Mónica V. Cunha and João Inácio (eds.), Veterinary Infection Biology: Molecular Diagnostics and High-Throughput Strategies,
Methods in Molecular Biology, vol. 1247, DOI 10.1007/978-1-4939-2004-4_25, © Springer Science+Business Media New York 2015

    Chapter 25   

 Multilocus Sequence Typing (MLST): Markers 
for the Traceability of Pathogenic  Leptospira  Strains 

           Ahmed     Ahmed    ,     Ana     S.     Ferreira    , and     Rudy     A.     Hartskeerl    

    Abstract 

   Leptospirosis is a major zoonosis with worldwide distribution. Conventional serological typing is arduous 
and time consuming. Genotyping is increasingly applied for the typing and identifi cation of leptospires and 
contributes to genetic and virulence divergence and molecular epidemiological characteristics such as host 
versus leptospires population interactions and dynamics. Presently, multilocus sequence typing (MLST) is 
the most robust approach. In this chapter, we describe the practical steps of two major multilocus sequence 
typing methods for leptospires. The fi rst method (denoted as the 6 L scheme) is based on genotyping by 
phylogeny using concatenated sequences derived from six loci, including genes that encode outer mem-
brane proteins and  rrs  and can be used for typing pathogenic species and strains of intermediate species. 
The second method (referred to as the 7 L scheme) uses seven loci on housekeeping genes and allows the 
analysis of seven major  Leptospira  pathogenic species. The 7 L scheme is web based and includes the option 
to analyze sequence types (STs).  

  Key words      Leptospira   ,   Leptospirosis  ,   Genotyping  ,   MLST  ,   Multilocus typing  

1      Introduction 

 Leptospirosis is a hemorrhagic zoonotic disease with a worldwide 
distribution presenting a major burden for the veterinary and pub-
lic health. Leptospires, the causative agents, are long (6–20 μm) 
and thin (0.1–0.2 μm) helically coiled gram-negative bacteria with 
typically hooked ends from which each of the two endofl agella is 
extruding. These bacteria belong to the family  Leptospiraceae  and 
to the genus  Leptospira . There are free-living saprophytic and 
pathogenic leptospires, the latter requiring a host for survival. 
Traditionally, saprophytic and pathogenic leptospires have been 
denoted as  Leptospira bifl exa  and  Leptospira interrogans , respec-
tively. There is a wide variety of sero- and genotypes of leptospires, 
which are generally associated with a certain host. Hence, the avail-
ability of effective tools to identify infecting leptospires is of utmost 
importance in both animal and human health fi elds, not only for 
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the diagnosis of the disease but also for assessing its epidemiology 
and defi ning intervention strategies. 

 Traditionally, the serovar is the basic taxon of leptospires. 
The serovar is a serological entity determined by the cross aggluti-
nin absorption test (CAAT). To date more than 300 serovars, both 
saprophytic and pathogenic, have been identifi ed, separated into 26 
serogroups on the basis of similarity in serological features. Since 
the 1990s, speciation of leptospires based on genomic DNA homol-
ogy has been introduced. This technique, involving heterologous 
DNA hybridization, allows the speciation of members of  Leptospira  
based on the established criterion that >70 % homology under 
defi ned stringency conditions corresponds to conspecifi city. The 
method is laborious and tedious, and presently it is only executed 
at the Centers for Disease Control and Prevention (CDC), Atlanta, 
USA. Currently, molecular approaches have identifi ed 21  Leptospira  
species, consisting of three clades comprising nine pathogenic, fi ve 
intermediate, and seven saprophytic species. The molecular and 
serological classifi cation of leptospires show little correlation. 

 In the past years, numerous restriction enzyme-generated or 
PCR-based DNA fi ngerprinting methods have been described. 
Among others, pulsed-fi eld gel electrophoresis (PFGE), bacterial 
endonuclease DNA analysis (BRENDA), and arbitrarily primed 
PCR (AP-PCR) have been explored to genotype leptospires and, 
eventually, to achieve molecular speciation, but these methods usu-
ally yield complex patterns and lack the ability to directly generate 
digital data, show low reproducibility, and/or require cultures of 
viable leptospires. Considering the increasing complexity and asso-
ciated costs for the international shipment of pathogens, there is a 
need for typing methods that generate electronically portable data 
and online databases that can be easily accessed for data insertion 
and comparison. 

 Phylogeny-based genotyping has been described for lepto-
spires using sequences of several genes such as  rrs  (16S ribosomal 
RNA),  secY  (translocase preprotein secY),  gyrB  (DNA gyrase sub-
unit B),  fl aB  (fl agellar protein B), and  rpoB  (RNA polymerase 
beta-subunit), some of these presenting a high discriminative 
power. However, horizontal DNA transfer has been described for 
 Leptospira , and thus limitation to one locus holds the risk of mis-
classifi cation. Therefore, the use of multiple loci for the genotyp-
ing of  Leptospira  is imperative. Multilocus sequence genotyping is 
one of such methods and currently the most robust one. The fi rst 
 Leptospira  multilocus sequence genotyping system has been devel-
oped in the early 2000s [ 1 ] and was hampered at that time by a 
scarcity of available working sequences from public databases. This 
scheme uses six loci (6 L), including the  rrs  gene and two genes, 
 lipL32  and  lipL41 , coding for outer membrane proteins. This 6 L 
scheme for leptospires was followed by additional MLST 
approaches using seven loci (7 L) [ 2 – 4 ], while a theoretical 

Ahmed Ahmed et al.
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genotyping scheme based on a super locus comprising four genes 
was described without information on its practical applicability. 
The 6 L scheme has the advantage that it can be applied on all 
pathogenic species of  Leptospira  and seems to enable inclusion of 
strains of intermediate species. The method uses phylogeny-based 
approaches on concatenated gene sequences but does not include 
analysis via sequence types (STs). The other 7 L MLST schemes 
were originally described for application with  L. interrogans  and, 
to some extent, the closely related species  L. kirschneri  [ 2 ,  3 ]. One 
of these schemes was further expanded for the genotyping of addi-
tional pathogenic species, namely,  L. borgpetersenii ,  L. noguchii ,  L. 
santarosai ,  L. weilii , and  L. alexanderi  [ 4 ], and has the advantage 
that it is web based and includes analysis of STs [ 2 ,  4 ]. Since the 
availability of gene sequence data from intermediate and sapro-
phytic  Leptospira  species in public databases is limited, both the 
7 L and 6 L MLST schemes currently present constraints when 
analyzing such species. However, a variety of  Leptospira  genomes 
are being presently sequenced, which will allow the design of novel 
and more universal primers and the setting of an improved MLST 
scheme comprising all  Leptospira  clades. A comparison of the 7 L 
and 6 L MLST schemes showed that both approaches mostly 
yielded comparable results [ 5 ]. It was also demonstrated that the 
outer membrane encoding genes included in the 6 L scheme did 
not suffer from unequal evolutionary pressure [ 5 ]. 

 This chapter describes the practical application of both the 6 L 
[ 1 ,  5 ] and the expanded 7 L [ 4 ] MLST approaches for the geno-
typing of pathogenic leptospires.  

2    Materials 

      1.    1.0–1.5 ml of fresh fully grown (i.e., approximate optical 
 density at 420 nm is 0.35) purifi ed cultures of the  Leptospira  
isolates to genotype, usually in Ellinghausen-McCullough-
Johnson-Harris (EMJH) liquid media .    

   2.    Commercial kit for genomic DNA extraction from microbial 
cultures.   

   3.    Negative (specimen without leptospires) and positive (specimen 
spiked with 10 4  leptospires/ml) extraction control.   

   4.    Support equipment: centrifuge; thermostatized water bath or 
heating block (usually adjusted to 56 °C for DNA extraction).      

      1.    Primer sets for the 6 L (Table  1 ) [ 1 ,  5 ] and 7 L (Table  2 ) [ 4 ] 
MLST schemes ( see   Notes 1  and  2 ).

        2.    Reagents for conventional PCR reactions: DNA polymerase 
enzyme and respective 10× buffer, MgCl 2  (25 mM), dNTPs 
(25 mM), and distilled PCR grade water.   

2.1  DNA Extraction 
from Cultures

2.2  Multilocus 
Sequence Typing 
(6 L and 7 L Schemes)

Multilocus Sequence Typing of Leptospires
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   3.    Negative (sample without added DNA from leptospires) and 
positive (sample spiked with leptospiral DNA approximating 
20 ng genomic DNA per reaction) PCR reaction controls.   

   4.    PCR thermocycler.   
   5.    Tris-borate EDTA (TBE) buffer (pH 8.0): 50 mM Tris, 

50 mM boric acid, 0.5 mM EDTA.   
   6.    1.5 % (w/v) agarose gel stained with ethidium bromide: pre-

pare a 1.5 % agarose gel by adding 1.5 g of agarose to 100 mL 
of TBE buffer. Heat in a microwave and boil for 1–2 min to 
melt the agarose. Leave it to cool for 3–5 min, add 0.5 μL of 
a 10 mg/mL stock solution of ethidium bromide, gently mix, 
and pour the melted gel in the electrophoresis tray with the 
respective combs.   

   7.    6× DNA loading dye (blue) containing 0.25 % (W/V) of bro-
mophenol blue, 0.25 % (W/V) of xylene cyanol FF, 40 % 
(W/V) of sucrose, and 60 mM of EDTA (or orange dye con-
sisting of 0.4 % of orange G, 40 % (W/V) of sucrose) and 
deionized/milli-Q water.   

   8.    Electrophoresis apparatus and respective power source.   
   9.    Ultraviolet light transilluminator.   
   10.    Sequencing facilities or commercial sequencing services.   
   11.    Informatics programs for nucleic acid sequence processing, 

alignment, and phylogenetic analysis. We are using SeqMan 
software (DNASTAR Inc., USA), Chromas Lite (Technelysium 
Pty Ltd, Australia), Clustal X multiple sequence alignment 
program [ 6 ], Molecular Evolutionary Genetics Analysis 
(MEGA) [ 7 ], and PhyML version 3.0.1 [ 8 ].       

3    Methods 

      1.    Leptospiral genomic DNA is extracted from cultures as per the 
manufacturer’s commercial kit.   

   2.    Six conventional PCR reactions are performed for each lepto-
spiral isolate, each one containing a pair of forward and 
reverse primers targeting different loci (according to Table  1 ) 
( see   Note 1 ). The total volume of each reaction is 25 μl and 
contains 1.5 mM MgCl 2  ( see  Table  1 ), 200 μM dNTPs, 1.25 U 
of DNA polymerase and the respective 1× buffer, 5 pmol of 
each forward and reverse primers ( see  Table  1 ), and approxi-
mately 25–50 ng of  Leptospira  DNA ( see   Note 3 ).   

   3.    Run the PCR mixtures with the following program in the 
 thermocycler: one cycle of 95 °C for 5 min; 35 cycles of 94 °C 
for 30 s, 58 °C (or 54 °C for alternative primers,  see  Table  1 ) 
for 30 s, and 72 °C for 1 min; and a fi nal extension step of 
72 °C for 7 min ( see   Note 4 ).   

3.1  6 L MLST 
Scheme
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   4.    Run the PCR products in a 1.5 % agarose gel stained with 
ethidium bromide using standard gel electrophoresis tech-
nique ( see   Notes 5  and  6 ).   

   5.    Sequence the PCR products, corresponding to each ampli-
fi ed target locus, for both forward and reverse directions 
using sequencing “in-house” facilities or commercial services 
( see   Note 7 ).   

   6.    After obtaining the nucleotide sequences of all the six loci to 
be analyzed per  Leptospira  isolate, edit the sequences and trim 
the same to the correct length spanning each locus, accord-
ing to the reference lengths and nucleotide positions displayed 
in Table  1 , using appropriate software (e.g., Chromas Lite) 
( see   Notes 8  and  9 ).   

   7.    Use appropriate software for the nucleotide sequence analysis 
(e.g., MEGA), namely, for performing sequence alignments, 
identifying the polymorphic sites, and the construction of 
neighbor-joining phylogenetic trees using the concatenated 
sequences of the six MLST loci (mean pairwise distances are 
calculated using the Kimura two-parameter nucleotide substi-
tution model) according to the order  adk - icdA - lipL32 - lipL41 -
rrs2 - secY     ( see   Notes 10  and  11 ).   

   8.    Construct the likelihood tree from concatenated sequences of 
MLST loci using an algorithm implemented in PhyML version 
3.0.1 ( see   Notes 10  and  11 ).      

      1.    Leptospiral genomic DNA is extracted from cultures as per the 
manufacturer’s commercial kit.   

   2.    Seven conventional PCR reactions are performed for each lep-
tospiral isolate, each one containing a pair of forward and 
reverse primers targeting different loci (according to Table  2 ) 
( see   Note 2 ). The total volume of each reaction is 25 μl and 
contains 1.5–3.5 mM MgCl 2  (adjusted for each primer pair 
according to Table  2 ), 200 μM dNTPs, 1.25 U of DNA poly-
merase and the respective 1× buffer, 5 pmol of each forward 
and reverse primers ( see  Table  2 ), and approximately 25–50 ng 
of  Leptospira  DNA ( see   Note 3 ).   

   3.    Run the PCR mixtures with the following program in the 
thermocycler: one cycle of 95 °C for 2 min, 30 cycles of 95 °C 
for 10 s, 46 °C for 15 s, and 72 °C for 1 min and fi nal exten-
sion step of 72 °C for 7 min ( see   Note 4 ).   

   4.    Run the PCR products in a 1.5 % agarose gel stained with 
 ethidium bromide using standard gel electrophoresis tech-
nique ( see   Notes 5  and  6 ).   

   5.    Sequence the PCR products, corresponding to each ampli-
fi ed target locus, for both forward and reverse directions 
using sequencing “in-house” facilities or commercial services 
( see   Note 7 ).   

3.2  7 L MLST 
Scheme
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   6.    After obtaining the nucleotide sequences of all the seven loci 
to be analyzed per  Leptospira  isolate, edit the sequences and 
trim the same to the correct length spanning each locus, 
according to the reference lengths and nucleotide positions 
displayed in Table  2 , using appropriate software (e.g., SeqMan 
or Chromas Lite) ( see   Notes 8  and  9 ).   

   7.    To assign allele numbers and sequence types (STs), access the 
 Leptospira  MLST database webpage at   http://leptospira.mlst.
net     [ 2 ,  4 ] and use the online software provided for the analy-
sis. Select the Multiple Locus and allelic profi le query option, 
copy the seven trimmed sequences from each isolate into the 
 corresponding query boxes, and submit the search analysis. 
The allelic profi les of the submitted sequence data will be 
obtained as well as details of any  Leptospira  isolates present-
ing identical profi les to the one that has been submitted 
( see   Notes 12 – 15 ).       

4    Notes 

        1.    The 6 L MLST scheme was originally developed by Ahmed 
et al. [ 1 ], for genotyping a broad range of pathogenic lepto-
spires. This scheme does not conform to the original concept 
of MLST as it includes a non-housekeeping gene ( rrs ) and 
genes that encode cell surface proteins ( LipL32  and  LipL41 ). 
Later, in 2011, Ahmed et al. [ 5 ] designed four additional 
alternative primers for use with the 6 L scheme ( see  Table  1 ). 
These primers should be used in a repeat PCR reaction in the 
event that the original primers fail to generate an amplicon.   

   2.    The 7 L MLST scheme was originally described by 
Thaipadungpanit et al. [ 2 ], in 2007, primarily for genotyping 
isolates of  L. interrogans . The scheme followed a conventional 
strategy for MLST by selecting seven housekeeping genes that 
were distributed around the genome and were not under posi-
tive selection. However, the primers used for this scheme 
worked variably for other leptospiral species. This scheme was 
recently further expanded by Boonsilp et al. [ 4 ], by updating 
primers sequences and replacing one of the analyzed locus. 
Therefore, as presented in this chapter, the modifi ed 7 L 
MLST scheme can be used to genotype the seven pathogenic 
species of  Leptospira  linked to the overwhelming majority of 
disease:  L. interrogans ,  L. kirschneri ,  L. borgpetersenii ,  L. nogu-
chii ,  L. santarosai ,  L. weilii , and  L. alexanderi .   

   3.    Defrost the components needed for preparing the PCR mix-
tures at room temperature but maintain the DNA polymerase 
at −20 °C (or in ice) and add it to the mixtures in the last. 
Prepare the required master PCR mixtures (one for each 
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primer pair targeting distinct loci) containing all components, 
with the exception of the template DNA, taking into account 
the total number of reactions to perform and including both 
positive and negative controls. Distribute the required amount 
of reaction mixtures by individual microtubes, add the respec-
tive DNA template, and proceed for the cycling temperature 
steps in the thermocycler (can also keep the PCR mixtures at 
4 °C if not using immediately). To monitor eventual cross- 
contaminations, the negative control should be also added in 
the DNA addition room.   

   4.    Ideally, PCR conditions should be the same for all loci in a 
MLST scheme. To accomplish this, primers should be designed 
in order to have comparable melting temperatures and yield 
amplifi ed DNA fragments of similar lengths.   

   5.    Standard agarose gel electrophoresis can be employed to check 
that the amplifi cation reactions have been successful and that 
amplicons of the expected size have been produced. However, 
when the MLST scheme is fully developed and routinely applied 
on a large scale, only occasional verifi cation will be necessary.   

   6.    The same primers are used for both the PCR amplifi cation and 
sequencing reactions. Therefore, it is important that only a 
single DNA fragment be amplifi ed. The PCR conditions may 
need to be optimized if more than one fragment is observed in 
an electrophoresis control gel.   

   7.    Sequence information from both forward and reverse DNA 
strands of an amplifi ed PCR product should be obtained and 
used to compile the fi nal accurate consensus sequence. 
Discrepancies between the forward- and reverse-strand 
sequences should be resolved by referring to the original elec-
trophoretograms. Only sequencing chromatograms of good 
quality are acceptable for MLST. The sequencing reactions are 
easily performed with commercial kits that contain all of the 
necessary components. A variety of commercial instruments is 
available for the sequencing of the PCR products. In most 
cases, they are capillary based and generally operated by “in- 
house” central sequencing facilities. Commercial companies 
also offer sequencing services.   

   8.    Although the exact start and stop positions are defi ned for 
each locus (Tables  1  and  2 ), it may be useful to import a known 
allele for each locus to make trimming easier by comparison   

   9.    Eventually, although it seems to be a rare event, some lepto-
spires may present nonstandard length alleles for some loci. 
For example, Boonsilp et al. detected two  L. borgpetersenii  iso-
lates with a 78 bp deletion in  caiB  locus [ 4 ]. Also, Ahmed 
et al. detected two  L. interrogans  isolates with a deletion of 
three nucleotides in the  lipL32  sequence [ 5 ].   

Multilocus Sequence Typing of Leptospires
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   10.    The 6 L MLST scheme is not associated with a public database 
and website, and therefore the comparative phylogenetic anal-
ysis of novel sequences using this scheme requires the down-
load and storage of related sequences from public databases 
(e.g., NCBI-GenBank) and its offl ine analysis using dedicated 
software. Nevertheless, an increasing number of sequences are 
available for analysis, while an ongoing genome sequencing 
project will provide additional loci from virtually all serovars. 
For example, Nalam et al. [ 9 ] made available the 6 L loci 
sequences for a global collection of 271 isolates obtained from 
a diverse array of hosts and geographic regions.   

   11.    In addition to genotyping of leptospiral isolates, both the 6 L 
and 7 L MLST scheme can be used to assign genetic species to 
the same isolates. Isolates of a same pathogenic  Leptospira  spe-
cies clustered together in the phylogenetic analysis of concat-
enated loci sequences.   

   12.    A website supporting the sequence analysis of the 7 L MSLT 
scheme was launched at the time of publication,   http://lepto-
spira.mlst.net    , which is regularly maintained and updated [ 2 , 
 4 ]. Representative isolates of each ST are recorded in a down-
loadable spreadsheet. This is an easy-to-use online resource, 
providing tools for comparison of a given strain with all of the 
other strains in the database. On completion of the 7 L MLST 
scheme for an isolate, and after submission of the data to the 
supporting website (  http://leptospira.mlst.net    ), the result is 
the assignment of an ST to that isolate (e.g., ST50) that is 
underlain by the allelic profi le for the seven loci (i.e., 6, 8, 2, 
2, 9, 7, 5 for ST50) (the order of the loci is  glmU - pntA - sucA - 
tpiA    - pfkB - mreA-caiB ). If the allele sequence is novel, all 
sequences should be checked against the closest alleles in the 
database, and, if necessary, the original data should be 
rechecked. If the new allele is confi rmed, the novel informa-
tion should be submitted to the curator for updating the 
database.   

   13.    The utility of the 7 L MLST scheme, based in ST analysis, was 
recently demonstrated by providing confi rmatory evidence for 
the role of rodents as major maintenance hosts for  L. interro-
gans  and bovines as major maintenance hosts for  L. 
 borgpetersenii   and  L. weilii  and was able to identify relatedness 
between STs in specifi c geographic regions [ 4 ].   

   14.    Leptospires belonging to the same serovar may present unre-
lated STs, meaning that serovar is a very limited indicator of 
genetic relatedness. Serovars can vary within a given clone or 
lineage, which may be most likely due to horizontal gene 
transfer of genes encoding the surface determinants that con-
fer serovar designation [ 4 ].   
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   15.    Although the ST assignment to isolates is useful for genotyping, 
relationships between different STs are not immediately appar-
ent from these notations. One option for showing relationships 
between STs is to construct phylogenetic trees that show the 
relationships between isolates. For this, the allele sequences for 
all seven loci of each strain are compiled in a series, and the 
resulting concatamers are then compared pairwise and analyzed 
with appropriate sequence analysis software and algorithms.         
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    Chapter 26   

 Single-Nucleotide Polymorphism Discrimination 
Using High-Resolution Melting Analysis 
for the Genotyping of  Bacillus anthracis  

           Sylviane     Derzelle    

    Abstract 

   High-resolution melting (HRM) is a post-PCR technique that determines with high precision the melt 
profi le of PCR products using a new generation of double-stranded DNA-binding dyes and accurate fl uo-
rescence data acquisition over small temperature increments. The method can be used to interrogate small 
sets of single-nucleotide polymorphisms (SNPs). Here, we describe a simple and cost-effective HRM- 
based method for the screening of 14 phylogenetically informative SNPs within the genome of  Bacillus 
anthracis  that subtype the species into 13 major sublineages or subgroups. Fourteen monoplex and seven 
duplex SNP-discrimination assays have been designed. We detail the parameters most important for the 
successful application of HRM for  B. anthracis  genotyping.  

  Key words     High-resolution melting (HRM)  ,   Single-nucleotide polymorphism (SNP)  ,   Genotyping  , 
  Phylogeny  ,   Discrimination  ,   Diversity  ,    Bacillus anthracis   

1      Introduction 

  Bacillus anthracis , the etiological agent of anthrax, is a spore- 
forming, Gram-positive bacterium belonging to the  B. cereus  
group. Although all mammals are known to be susceptible to 
anthrax, the bacterium primarily affects wild and domesticated her-
bivores, causing acute, often fatal disease. Transmission to animals 
typically occurs through the gastrointestinal tract. Ruminants 
become infected by ingestion of soil-borne spores while browsing 
or grazing [ 1 ]. Anthrax has been one of the infectious diseases with 
major mortality among livestock for centuries. It is nowadays con-
sidered as a sporadic disease in much of Western Europe, Northern 
America, and Australia, but anthrax remains endemic in many 
countries and particularly in Africa [ 2 – 4 ]. 

  B. anthracis  is a monomorphic pathogen with extremely low 
genetic variability [ 5 ,  6 ]. Due to this lack of diversity, only modern 
molecular characterization techniques with high discrimination 
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power such as multiple-locus variable-number tandem repeat 
 analysis (MLVA) and genome-wide single-nucleotide polymor-
phism (SNP) analyses are effective to differentiate strains. SNPs 
are evolutionarily stable markers that make them valuable for 
broadly defi ning major phylogenetic divisions [ 7 ]. The analysis of 
a set of 14 diagnostic SNPs (termed canonical SNPs or canSNPs) 
is currently used to classify  B. anthracis  into three lineages (A, B, 
and C) and 13 distinct sublineages or groups (e.g., C.Br.A1055, 
B.Br.001/002, B.Br.KrugerB, B.Br.CNEVA, A.Br.001/002, 
A.Br.Ames, A.Br.Australia94, A.Br.003/004, A.Br.Vollum, A.Br.
005/006, A.Br.Western North America, and A.Br.008/009 that 
can be further subdivided into A.Br.008/011 and A.Br.011/009 
subgroups) (Fig.  1 ) [ 8 ,  9 ].

   Cost is an important issue for all diagnostic assays. In this 
respect, high-resolution DNA melting analysis (HRM) has become 
an attractive real-time technology. HRM techniques can determine 
with high precision the melt profi le of PCR products using a new 
generation of double-stranded DNA-binding dyes and accurate 
fl uorescence data acquisition over small temperature increments 
(commonly in 0.2 °C increments) [ 10 ]. HRM is an ideal format for 
scoring a small number of SNPs, with minimal cost and time 
requirements for new assay development. Two standard primers 
are used to amplify short segments fl anking each SNP. The melt 
profi le of the resulting amplicon is characteristic of its GC content 
in which a substitution of a G or C to an A or T reduces the melting 
temperature ( Tm ), while a substitution of an A or T to a G or C 
increases the  Tm . The turnaround time for a run and the follow- on 
data analysis requires less than 2 h. Based on its simplicity, low cost, 
nondestructive nature, high sensitivity, and specifi city, the popularity 
of HRM analysis has grown considerably in the last few years. 

A - lineage

B - lineage

C - lineage
C.BrA1055 

B.Br CNEVA

B.Br 001/002

B.BrKruger
A.Br 005/006

A.BrVollum

A.Br 003/004

A.BrAust94

A.Br 001/002
A.BrAmes

A.Br 008/011

A.Br 011/009

A.BrWNA

A.Br 008/009]

  Fig. 1    Phylogeny of the major groups (in  bold ) and sublineages (marked by  stars ) 
of  B. anthracis  (modifi ed from [ 8 ] and [ 9 ])       
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 HRM is superior in terms of cost-effectiveness, ease of use, and 
speed of development compared to alternative SNP-interrogation 
approaches on real-time technologies, i.e., dual-probe TaqMan 
PCR assays [ 11 – 13 ] and mismatch amplifi cation mutation assays 
(MAMA) [ 14 ,  15 ]. TaqMan-minor groove-binding allelic discrim-
ination assays can be cost-prohibitive in studies interested only in 
small-scale SNP screening, requiring two sequence-specifi c fl uores-
cently labeled probes. Based on allele-specifi c (AS) primers, 
MAMA is another cheap technique. The labeling of AS-forward 
primers with distinct GC-clamp enables facile differentiation of 
AS-PCR products through melt curve analysis (Melt-MAMA) 
[ 14 ], agarose gel electrophoresis [ 15 ], or capillary electrophoresis 
[ 16 ]. However, MAMA traditionally suffers from high rates of 
assay design failures and knowledge gaps on assay robustness [ 15 ]. 

 Here, we describe 14 monoplex and seven duplex canonical 
SNP-based discrimination assays that coupled with HRM analysis 
have the potential to differentiate  Bacillus anthracis  strains into 13 
major sublineages or subgroups.  

2    Materials 

      1.    Template DNA(s): 5–10 ng genomic DNA. Use template 
DNA suitable for PCR in terms of purity, concentration, and 
absence of PCR inhibitors ( see   Note 1 ). Use the same amount 
of template in each reaction ( see   Note 2 ).   

   2.    Control DNA(s): at least one reference strain of known 
canSNP genotype has to be used as melt curve standard to 
ensure that the correct allele is called ( see   Note 3 ).   

   3.    Sterile 0.22 μm fi lter units (optional). DNA suspensions can 
be microfi ltered on 0.22 μm micro-column for 2 min at 6,000 
to 10,000 × g for removal of any live forms of  B. anthracis .      

      1.    HRM Master Mix: ready-to-use reaction mixes for PCR–
HRM are available from various suppliers ( see   Note 4 ). Store 
at −15 to −25 °C. Keep away from light. Once the kit is 
opened, avoid repeated freezing and thawing: the Master Mix 
may be stored up to 4 weeks at +2 to +8 °C. Commercial kits 
usually include 25 mM MgCl 2  stock solution and a Master 
Mix containing  Taq  DNA polymerase ( see   Note 5 ), reaction 
buffer, dNTP ( see   Note 6 ), and HRM-compatible saturating 
fl uorescent dye.   

   2.    PCR-grade H 2 O: ultrapure water prepared by purifying 
 deionized water, nuclease-free.   

2.1  DNA Preparation

2.2  PCR–HRM Mix
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   3.    Oligonucleotide primers set ( see   Note 7 ): 100 μM stock 
 solutions diluted in ultrapure water ( see  primer sequences 
in Table  1 ). Store at −15 to −25 °C. Primer purifi cation by 
HPLC is not necessary.

             1.    A real-time PCR detection system with excellent thermal 
 control and uniformity is important.   

   2.    HRM-dedicated software capable of performing melt profi le 
normalization to discriminate the fi ne melt profi le differences 
generated from small sequence variations such as SNPs.   

   3.    Standard swing-bucket centrifuge containing a rotor for mul-
tiwell plates.       

3    Methods 

   Bacillus anthracis  is a class 3 pathogen and should be manipulated 
in a BSL3 laboratory. All security rules and hygiene precautions 
should be applied during DNA preparation steps (including the 
elimination of infectious waste). 

 Viability testing should be systematically performed to assess 
the complete removal of live forms of  B. anthracis  from DNA sam-
ples so that subsequent PCR–HRM analysis could be carried out 
safely at lower levels of biocontainment ( see   Note 8 ).  

  HRM primers have been designed to amplify very small amplicons 
(50–80 bp) around each SNP to maximize the differences in melt-
ing temperature the SNP confers ( see   Note 9 ).  

      1.    Using monoplex assays:
    (a)    Prepare 14 distinct PCR reaction mixtures for all samples 

(including template and control DNAs). The total PCR 
volume is 10 μl per reaction ( see   Note 10 ).   

   (b)    Mix 0.2 μl of both forward and reverse primers (10 μM 
work solution) ( see   Note 11 ), 5 μl of Master Mix (2×), 
1.2 μl of MgCl 2  (3 mM) ( see   Note 12 ), and 2.4 μl of ultra-
pure water.       

   2.    Using duplex assays:
    (a)    Prepare 7 distinct PCR reaction mixtures for all samples.   
   (b)    Adjust concentration of the two pairs of primers used in 

each reaction mix as specifi ed in Table  1  (from 0.15 μM to 
0.3 μM fi nal) in order to amplify the two coupled canSNP 
loci with similar effi ciency ( see   Note 13 ).       

   3.    Aliquot 9 μl of each monoplex or duplex reaction mix to wells 
and add 1 μl of template (or control) DNA.   

   4.    Centrifuge the samples prior to the run to remove air bubbles.   

2.3  Equipment

3.1  Preparation 
of DNA Samples 
and Biosafety 
Procedures

3.2  Assay Design

3.3  Real-Time PCR 
Amplifi cation
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   5.    Run the amplifi cation and HRM steps using the following 
thermocycling parameters: 95 °C for 10 min, followed by 35 
cycles consisting of 10 s at 95 °C, 10 s at 58 °C, and 10 s 
at 72 °C ( see   Note 14 ). After an additional denaturation 
(at 95 °C for 1 min) and cooling (to 50 °C for 1 min) steps, 
melt curves are generated by heating from 65 °C to 90 °C 
with fl uorescence data acquisition at 0.025 °C/s increments 
( see   Note 15 ).      

  The standard workfl ow to analyze melt curve data and identify 
changes in the shape of the curve has four basic steps:

    1.    Check for aberrant amplifi cation plots and eliminate negative 
samples, i.e., samples with low fl uorescence signals or late 
amplifi cation that lack a prominent melt curve. Results that do 
not satisfy amplifi cation cutoffs are assigned as no data results 
( see   Note 16 ).   

3.4  Melt Curve 
Analysis

Raw Melt Curves Normalized Melt Curves Difference Plot
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  Fig. 2    Representative melt curves and HRM difference plots obtained for three canSNP genotypes (B.Br.CNEVA, 
A.Br.005/006, and A.Br.001/002) by HRM using the canSNP B.Br.004 (BA12) singleplex assay ( a ) or B.Br.003 
and B.Br.004 (pair BA11 and BA12) duplex assays ( b ). Data and plots were produced by the ViiA7 instrument 
using the ViiA7 v1.2. HRM software (Life Technologies)       
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   2.    Normalize the raw melt curve data by setting the pre-melt 
(initial fl uorescence) and post-melt (fi nal fl uorescence) signals 
of all samples to uniform values ( see  Fig.  2 ). Select manually 
areas before and after the melt phase on the dissociation 
curves. Pre-melt fl uorescence intensities are then automati-
cally set to a relative value of 100 % by the software, while 
post-melt signals are set to a relative value of 0 %.

       3.    Do not perform any temperature ( x -axis) shifting to avoid 
superimposition of both alleles. A default temp shift threshold 
of 5 % to all data is automatically applied by some software. 
This threshold can be set manually to a different value (zero) 
( see   Note 17 ).   

   4.    A difference plot is automatically generated by the software 
to help clustering samples into groups that have similar melt 
profi les ( see  Fig.  2 ). For each temperature point, the average 
value of a reference curve is calculated and subsequently 
subtracted from each sample’s normalized relative fl uores-
cence unit (RFU) value. The curve used as reference can be 
modifi ed.      

      1.    The cluster detection settings of HRM software include melt 
curve shape sensitivity ( see   Note 18 ) and  Tm  difference 
threshold. Adjust empirically the cluster detection settings 
so that all samples sharing the same allele are called “same” 
and the remaining ones are denoted as different by the 
software.   

   2.    On average, differences in  Tm  ranging from 0.7 to about 1 °C 
are observed between the two allelic states ( see  Table  2 ). Melt 
curves are therefore usually considered the same as the defi ned 
control if the melting temperature is different by less than 
0.5 °C.

       3.    Alleles can also be determined as same or different by a differ-
ence cutoff in the difference graph relative to the sample of 
interest ( see  Fig.  2 ). The relative fl uorescence unit (RFU) cut-
offs in the difference plot have been empirically estimated to 
10–15 RFU. But variations among runs may be observed. 
These variations or errors are sometimes higher than the cho-
sen cutoff for the differential analysis.   

   4.    Use the 14 canSNP profi les ( see  Table  2 ) to ultimately classify 
samples into their corresponding canSNP sublineage or 
subgroup.   

   5.    Any sample with aberrant  Tm  requires further analysis by 
sequencing. Discrepancies between observed and expected 
results may suggest unexpected sequence variability at the 
canSNP locus.       

3.5  canSNP 
Genotype Assignment
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4    Notes 

     1.    The following points should be considered when preparing 
DNA for HRM:
    (a)    Use ideally the same extraction procedure to prepare all 

DNA samples to be analyzed via HRM. This eliminates 
any subtle differences that might be introduced by the 
reagent components in the fi nal elution buffers.   

   (b)    Quantify all DNA samples and adjust to the same 
concentration.   

    Table 2  
  canSNP signatures defi ning  B. anthracis  sublineages and subgroups and representative melting 
temperatures ( Tm ) for each SNP allele obtained by HRM   

 canSNP name 
 Mean 
 Tm  (°C)  canSNP sublineage 

 A
/

T
 allele 

 C
/

G
 allele 

 C
.B

r.A
1055 

 B
.B

r.K
rugerB

 

 B
.B

r.001/
002 

 B
.B

r.C
N

E
V

A
 

 A
.B

r.A
m

es 

 A
.B

r.001/
002 

 A
.B

r.A
ust94 

 A
.B

r.003/
004 

 A
.B

r.V
ollum

 

 A
.B

r.005/
006 

 A
.B

r.008/
009 

 A
.B

r.008/
011 

 A
.B

r.011/
009 

 A
.B

r.W
N

A
 

 A.Br.001  BA1  75.6  76.4  T  T  T  T   C   T  T  T  T  T  T  T  T  T 

 A.Br.002  BA2  77.5  78.3  G  G  G  G   A    A   G  G  G  G  G  G  G  G 

 A.Br.003  BA3  72.0  72.9  A  A  A  A   G    G    G   A  A  A  A  A  A  A 

 A.Br.004  BA4  76.6  77.6  T  T  T  T   C    C    C    C   T  T  T  T  T  T 

 A.Br.006  BA5  76.4  77.3  C  C  C  C   A    A    A    A    A    A    A    A    A    A  

 A.Br.007  BA6  73.9  74.9  T  T  T  T  T  T  T  T   C   T  T  T  T  T 

 A.Br.008  BA7  75.0  75.9  T  T  T  T  T  T  T  T  T  T   G    G    G    G  

 A.Br.009  BA8  78.3  nd  A  A  A  A  A  A  A  A  A  A  A  A  A   G  

 B.Br.001  BA9  74.6  nd  T   C   T  T  T  T  T  T  T  T  T  T  T  T 

 B.Br.002  BA10  77.1  78.3  G   T    T   G  G  G  G  G  G  G  G  G  G  G 

 B.Br.003  BA11  75.5  76.2  G   A    A    A   G  G  G  G  G  G  G  G  G  G 

 B.Br.004  BA12  72.5  73.4  T  T  T   C   T  T  T  T  T   t T a   T  T  T  T 

 A/B.
Br.001 

 BA13  74.5  nd   G   A  A  A  A  A  A  A  A  A  A  A  A  A 

 A.Br.011  BA14  76.0  77.0  G  G  G  G  G  G  G  G  G  G  G  G   A    A  

  canSNPs that defi ne a particular sublineage or subgroup are underlined and the corresponding allele is indicated in 
bold. nd: not determined 
  a  Tm  value of 71.5 °C (tT) instead of 72.5 °C (cT) due to a second SNP (C to T) located 5′ to the B.Br.004 canSNP in 
strains affi liated to the A.Br.005/006 subgroup  
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   (c)    Target sample purity with A260/280 and A260/230 
ratios in the range of 1.8–2.2 and 1.6–2.4, respectively, is 
recommended. Poor-quality samples may result in high Ct 
values and noisy HRM results.   

   (d)    The EDTA concentration should be minimized in DNA 
solution to avoid interference with the activity of some 
enzymes used in downstream reactions, particularly when 
at high concentration (>0.5 mM). Optimally, DNA should 
be in sterile deionized water or 10 mM Tris–HCl (pH 8.0) 
solution.       

   2.    Standardizing the amount of template DNAs is one means of 
minimizing reaction-to-reaction variability. The recommended 
amount is 5–30 nanograms of input template per reaction, 
which should produce amplifi cation plots with a threshold or 
quantifi cation cycle value of no more than 30 cycles. Products 
that amplify late due to limited starting template amount, 
template degradation, or PCR inhibition may typically pro-
duce variable HRM results due to amplifi cation artifacts.   

   3.    HRM assays involve comparing melt profi les from indepen-
dent PCR reactions. Although the relative temperature 
 calibration is extremely accurate, absolute temperature calibra-
tion can vary between runs and instruments (by up to 0.5 °C). 
A reference sample of known genotype is therefore needed for 
allele calling in each run.   

   4.    Excellent results have been reported using the LightCycler ®  
480 High-Resolution Melting Master Mix (Roche Diagnostics).   

   5.    Hot-start  Taq  DNA polymerases are strongly recommended 
for HRM applications to improve the specifi city and sensitivity 
of PCR. It minimizes the formation of nonspecifi c amplifi ca-
tion products at the beginning of the reaction.   

   6.    dNTP mix with dUTP instead of dTTP can be used for preven-
tion of carry-over contamination in PCR in diagnostic labora-
tories under quality assurance (optional). Pretreatment of 
successive PCR mixtures with uracil-DNA glycosylase (UNG) 
is suitable to avoid preexisting amplicons in PCR mixture. 
UNG cleaves uracil-glycosidic bonds in DNA, creating alkali-
sensitive abasic sites where a deoxyuridylate residue has been 
incorporated. The resulting abasic sites are next hydrolized by 
heat treatment during the initial PCR denaturation step and 
cannot serve as PCR templates. Briefl y, add UNG to the PCR 
mix prior to amplifi cation and incubate the reaction mixture for 
2 min at 50 °C (or 10 min at 40 °C) to destroy any contaminat-
ing template. The heat-labile UNG is inactivated by performing 
the 10 min preincubation step (initial denaturation) at 95 °C.   

   7.    Primer pairs have been designed to have annealing tempera-
tures around 60 °C and as little self or cross complementarity 
as possible (particularly in the 3′ end).   
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   8.    Viability testing can be performed by spreading an aliquot of 
each DNA preparation on blood agar Petri dish and incuba-
tion at 37 °C for 18–24 h. In case of growth, perform an 
additional microfi ltration and repeat viability steps.   

   9.    Analyzing short amplicons (50 pb) is preferable since it 
increases the statistical confi dence in calling particular SNPs 
between samples. The SNP should be in the middle of the 
amplicon, close to the 3′ end of primers.   

   10.    According to the instrument used, PCR can be performed in 
reaction volume of less than 10 μl to reduce the cost per analy-
sis. However, it is crucial to minimize reaction-to-reaction 
variability in HRM assays.   

   11.    Relatively low primer concentrations (less than 300 nM fi nal) 
are used in the experimental reactions to minimize primer- 
dimer formation.   

   12.    Salts affect the shape and  Tm  of melt profi les. It is therefore 
important that the amount of Mg 2+  in the reaction mix is as 
uniform as possible for all samples. The optimal MgCl 2  concen-
tration that ensures both the specifi city and robustness of the 
PCR depends on the dye used. It may vary from 1.5 to 
3.5 mM. As a general rule, lower MgCl 2  concentration will give 
more specifi c PCR amplifi cation and slightly lower overall  Tm .   

   13.    In duplex HRM format, input amplicons concentration must 
be normalized to get consistent SNP genotyping data. Primer 
concentrations are adjusted so as to yield melting peaks of 
equivalent height for both amplicons. Correct automatic 
grouping of both alleles by the software is, however, often 
problematic and needs empirical adjustments to compensate 
for variability in PCR effi ciency.   

   14.    A number of 35 cycles are suitable for most assays.   
   15.    The melting pre-hold step (50 °C) is optional. It ensures that 

all PCR products have reassociated and encourages heterodu-
plex formation. The melt program should start at least 10 °C 
before and end at least 10 °C after the expected  Tm  values.   

   16.    Successful HRM analysis is highly dependent on the quality of 
the amplicons being compared. Ensure that only target ampli-
cons of interest are being amplifi ed. Examine amplifi cation 
data for abnormal amplifi cation curve shapes. A curve with a 
jagged log-linear phase or one that reaches a low signal plateau 
compared to other reactions can indicate poor amplifi cation or 
a fl uorescence signal that is too low for analysis. HRM from 
such samples can cause low resolution and poor or inconsistent 
classifi cation of samples. Discard these samples [ 17 ]. Analyzing 
real-time PCR amplifi cation data prior to HRM analysis can be 
extremely useful when troubleshooting HRM experiments.   
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   17.    Analyzing the data in temperature-shifted view facilitates 
detection of heterozygotes. Heterozygotes are typically 
 characterized by a change in melt curve shape ( y -axis displace-
ment) generated from base-pairing mismatches resulting from 
destabilized heteroduplex annealing between some of the 
wild-type and variant strands. As bacteria are haploid, only 
homozygote templates are analyzed in this method. 
Homozygotic SNPs are distinguished by the temperature 
( x -axis) shift of their melt curves, which is easier to see in the 
normalized data. Both alleles have similar curve shapes but 
different  Tm .   

   18.    The sensitivity parameter, which infl uences the stringency with 
which melt profi les are classifi ed into different groups, can be 
adjusted in some software so that all samples sharing the same 
allele are called “same” and the remaining ones are denoted as 
different by the software. A high sensitivity value generally 
produces more groups than a low value.         
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    Chapter 27   

 Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPRs) Analysis of Members 
of the  Mycobacterium tuberculosis  Complex 

           Ana     Botelho     ,     Ana     Canto    ,     Célia     Leão    , and     Mónica     V.     Cunha   

    Abstract 

   Typical CRISPR ( c lustered,  r egularly  i nterspaced,  s hort  p alindromic  r epeat) regions are constituted by 
short direct repeats (DRs), interspersed with similarly sized non-repetitive spacers, derived from transmis-
sible genetic elements, acquired when the cell is challenged with foreign DNA. The analysis of the struc-
ture, in number and nature, of CRISPR spacers is a valuable tool for molecular typing since these  loci  are 
polymorphic among strains, originating characteristic signatures. The existence of CRISPR structures in 
the genome of the members of  Mycobacterium tuberculosis  complex (MTBC) enabled the development of 
a genotyping method, based on the analysis of the presence or absence of 43 oligonucleotide spacers sepa-
rated by conserved DRs. This method, called spoligotyping, consists on PCR amplifi cation of the DR 
chromosomal region and recognition after hybridization of the spacers that are present. The workfl ow 
beneath this methodology implies that the PCR products are brought onto a membrane containing syn-
thetic oligonucleotides that have complementary sequences to the spacer sequences. Lack of hybridization 
of the PCR products to a specifi c oligonucleotide sequence indicates absence of the correspondent 
spacer sequence in the examined strain. Spoligotyping gained great notoriety as a robust identifi cation and 
typing tool for members of MTBC, enabling multiple epidemiological studies on human and animal 
tuberculosis.  

  Key words     Tuberculosis  ,   Bovine tuberculosis  ,   Molecular typing  ,   Direct repeats  ,   Spoligotyping  , 
  Epidemiology  

1      Introduction 

  C lustered  r egularly  i nterspaced  s hort  p alindromic  r epeat (CRISPR) 
regions are present in the genome of almost all archaea and many 
bacteria, in association with  cas  ( C RISPR- a ssociated  s ystem) genes, 
which are involved in DNA recombination and repair [ 1 ]. The 
origin of  cas  in prokaryotic genomes is related with the acquisition 
of heritable immunity against mobile nucleic acid elements, limit-
ing phage infection and horizontal gene transfer of plasmids [ 2 ,  3 ]. 
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A typical CRISPR  locus  is composed of  cas  genes, a leader sequence, 
and a repeat-spacer array (Fig.  1 ). These arrays are formed by direct 
repeat (DR) sequences, of 25–50 base pair (bp) long, interspersed 
by unique, non-repetitive spacer sequences of similar size. An expla-
nation for the origin of new spacers could be the preferential 
uptake of bacteriophage DNA, as reported in  Yersinia pestis  [ 4 ], or 
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  Fig. 1    Schematic structure of a CRISPR/Cas region in MTBC strains and application of the CRISPR array, to the 
development of the spoligotyping method, using 43 selected spacer sequences. ( a ) General structure of a 
CRISPR/Cas region; ( b ) structure of DR region: 0–56 copies of 36 bp direct repeats, separated by variable 
spacer sequences of 36–51 bp, whose order is well conserved in the genome of MTBC. Spacers, here num-
bered from 4 to 8. The DRs together with the adjacent spacers form the direct variant repeats (DVRs); ( c ) PCR 
amplifi cation of the DR fl anking spacers, using primers DRa and DRb, one of them biotin labeled, complemen-
tary to the conserved direct repeats; ( d ) fi ve pretend patterns in the DR region and possible formation of strain 
III pattern by insertion of IS 6110  sequence in DVR 5, hampering the amplifi cation of spacer 5 by loss of primer 
DVRb hybridization site. ( e ) Simplifi ed spoligotyping membrane results obtained for the fi ve strains and exam-
ple of a real spoligotyping membrane. Note that the genome spacer order/number does not correspond to the 
membrane spacer order/number       
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extrachromosomal DNA. CRISPR sequences provide an adaptive, 
heritable record of past infections and are transcribed into CRISPR 
RNAs—small RNAs that target invasive nucleic acids [ 5 ,  6 ]. 
Removal or integration of particular spacers, derived from phage 
genomic sequences, plasmids, or other recombination event(s), to 
CRISPR  loci  may modify the phage-resistance phenotype of the 
cell [ 2 ], conferring also a high level of polymorphism to these  loci , 
in different strains of the same species. The characteristics of 
CRISPR  loci  made them useful in biotechnological applications, 
such as artifi cial immunization against phage and genomic engi-
neering, and in molecular epidemiology by comparison of CRISPR 
spacer regions in different bacterial strains, allowing for their 
discrimination.

   The polymorphic property of CRISPR arrays, revealed by the 
presence or absence of certain spacers, has been used for identifi ca-
tion and genotyping of clinical isolates of  Mycobacterium tubercu-
losis  [ 7 ,  8 ],  Streptococcus pyogenes  [ 9 ], and  Campylobacter jejuni  
[ 10 ] contributing to enlighten the epidemiology of the diseases 
they cause. 

 A comprehensive and updated database, containing informa-
tion about CRISPR systems in several bacterial genomes is available 
on   http://crispr.u-psud.fr/crispr/    . Convincing CRISPR stru-
ctures were found in 1,251 genomes out of 2,630 analyzed so far 
(as of January 2014). 

 Within the genus  Mycobacterium , the presence of CRISPRs 
structures is exclusive to members of the  Mycobacterium tuberculo-
sis  complex (MTBC). Their number per genome varies from one 
(in some strains of  Mycobacterium canettii  and of  M. tuberculosis ) 
to four (in  M. tuberculosis  H37Rv), with an average of two CRISPRs 
arrays in all  M. bovis  analyzed (  http://crispr.u-psud.fr/    ). 

 In MTBC strains, a CRISPR array consists of multiple 36 bp 
tandem DRs, with the consensus sequence TGAGGTGCGGC 
GTGAGCGCGGGT, interspersed by a total of 94 recognized 
spacers with 35–41 bp in length [ 11 ,  12 ]. The order and sequence 
of the spacers is highly conserved between strains of the MTB 
complex. However, the size of the DR region and, thereby, the 
presence of spacers differ signifi cantly between strains. Differences 
have been shown to be due to deletions of spacer sequences in the 
DR region by transposition of the insertion sequence IS 6110  [ 11 , 
 13 ], which is almost invariably present in the DR cluster of MTBC 
strains, probably driven by homologous recombination between 
adjacent or distant DRs [ 7 ] or by replication slippage. 

 Based on the nature of the DNA polymorphism in the DR clus-
ter region, two methods of MTBC strain differentiation were devel-
oped: direct variable repeat polymerase chain reaction (DVR- PCR) 
[ 7 ], enabling detection and typing of individual  M. tuberculosis  
strains in a single PCR, and spoligotyping (spacer oligonucleotide 
typing) [ 8 ]. This last method, also based on PCR coupled with 
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reverse line blot hybridization, gained wide diffusion, due to its easy 
execution and high throughput, to assess global MTBC strain 
diversity. This technique consists in the amplifi cation of the DR 
region using two inversely orientated primers, one of them labeled 
with biotin, complementary to the fl anking conserved DR sequence 
(Figs.  1  and  2 ). DNA spacer sequences in between adjacent DRs 
and in between more distantly positioned DRs are amplifi ed [ 8 ]. 
Evaluation of the presence or absence of spacers is done by reverse 
hybridization of the obtained PCR products with a set of selected 
43-spacer oligonucleotides covalently linked to a nylon membrane 
(Table  1 , Fig.  2 ), designed according to the sequences of  M. tuber-
culosis  H27Rv and  M. bovis  BCG P3 strains. The PCR products are 
applied onto the membrane in reverse orientation of the rows with 
the synthetic oligonucleotides. Since one of the DR primers is 
labeled with biotin, the detection of hybridization is done by 
 chemiluminescence, through addition of streptavidin-peroxidase 
conjugate and a substrate (Fig.  2 ).

    Spoligotyping applied to bacterial isolates is simple, robust, 
and highly reproducible. On the other hand, for MTBC strains 
containing few copies of the IS 6110  element, such as  M. bovis , 
spoligotyping is generally more discriminatory than IS 6110  typing 
methods, and the DR region is, consequently, also more stable. 

�. Spoligotyping membrane preparation

Multi-sized PCR 
products biotin-
labelled

Spacers  1 to 43
1   2    3   4  5 .......................................43   
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  Fig. 2    Schematic basic steps of spoligotyping method. See text for details       
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    Table 1  
  Sequences and concentrations of the oligonucleotide probes covalently linked to the Biodyne C 
membrane [ 8 ]   

 Oligonucleotide 
number order  Sequence (3′-5′ amino) 

 Concentration 
(pmol/150 μl) 

 1  ATAGAGGGTCGCCGGTTCTGGATCA  12.5 

 2  CCTCATAATTGGGCGACAGCTTTTG  30.0 

 3  CCGTGCTTCCAGTGATCGCCTTCTA  12.5 

 4  ACGTCATACGCCGACCAATCATCAG  12.5 

 5  TTTTCTGACCACTTGTGCGGGATTA  12.5 

 6  CGTCGTCATTTCCGGCTTCAATTTC  12.5 

 7  GAGGAGAGCGAGTACTCGGGGCTGC  25.0 

 8  CGTGAAACCGCCCCCAGCCTCGCCG  50.0 

 9  ACTCGGAATCCCATGTGCTGACAGC  12.5 

 10  TCGACACCCGCTCTAGTTGACTTCC  15.0 

 11  GTGAGCAACGGCGGCGGCAACCTGG  30.0 

 12  ATATCTGCTGCCCGCCCGGGGAGAT  60.0 

 13  GACCATCATTGCCATTCCCTCTCCC  12.5 

 14  GGTGTGATGCGGATGGTCGGCTCGG  30.0 

 15  CTTGAATAACGCGCAGTGAATTTCG  30.0 

 16  CGAGTTCCCGTCAGCGTCGTAAATC  12.5 

 17  GCGCCGGCCCGCGCGGATGACTCCG  100.0 

 18  CATGGACCCGGGCGAGCTGCAGATG  12.5 

 19  TAACTGGCTTGGCGCTGATCCTGGT  12.5 

 20  TTGACCTCGCCAGGAGAGAAGATCA  12.5 

 21  TCGATGTCGATGTCCCAATCGTCGA  25.0 

 22  ACCGCAGACGGCACGATTGAGACAA  12.5 

 23  AGCATCGCTGATGCGGTCCAGCTCG  50.0 

 24  CCGCCTGCTGGGTGAGACGTGCTCG  50.0 

 25  GATCAGCGACCACCGCACCCTGTCA  25.0 

 26  CTTCAGCACCACCATCATCCGGCGC  12.5 

 27  GGATTCGTGATCTCTTCCCGCGGAT  25.0 

 28  TGCCCCGGCGTTTAGCGATCACAAC  12.5 

 29  AAATACAGGCTCCACGACACGACCA  12.5 

 30  GGTTGCCCCGCGCCCTTTTCCAGCC  12.5 

(continued)
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A hybridization profi le is generated for any MTBC isolate (Fig.  1 ) 
allowing, simultaneously, its identifi cation and genotyping, since 
each species has a specifi c spoligotype signature [ 14 ]. Such is the 
case of  M. bovis ,  M.canettii ,  M. caprae , and  M. tuberculosis  (Table  2 ). 
The typical signature of most  M. bovis  strains and all  M. bovis  BCG 
is the absence of spacers 3, 9, 16, and 39–43 [ 14 ,  15 ] (Table  2 ).

   The spoligotyping profi le can be expressed as a numerical pro-
fi le (binary or octal code), which simplifi es storing of typing data 
and facilitates interlaboratory comparison. Most relevant for the 
global comparison of data is the existence of international spoligo-
typing databases: SpolDB4 [ 17 ] and Mbovis.org [ 18 ], the latter 
specifi c for  M. bovis  and other non- M. tuberculosis  isolates, charac-
terized by absence in the genome of RD9 (region of difference). 
Most spoligotype attribution codes use the international databases 
calls: ST (for shared types) followed by a number in  M. tuberculosis  
databases or SB (for spoligotype bovis) followed by four digits in 
Mbovis.org database. These databases allow easy interlaboratory 
comparison of spoligotype patterns and contribute for the defi  nition 
of the major lineages within  M. tuberculosis  and  M. bovis  strains. 

 In an attempt to enlarge the discriminatory power of spoli-
gotyping, additional spacers have been evaluated for  M. bovis  [ 12 , 
 19 ],  M. africanum  [ 16 ], and  M. caprae  [ 20 ] strains typing. 
However, these extended spoligotypes have had few practical 
 applications, since other methods, such as  mycobacterial  interspersed 

Table 1
(continued)

 Oligonucleotide 
number order  Sequence (3′-5′ amino) 

 Concentration 
(pmol/150 μl) 

 31  TCAGACAGGTTCGCGTCGATCAAGT  12.5 

 32  GACCAAATAGGTATCGGCGTGTTCA  25.0 

 33  GACATGACGGCGGTGCCGCACTTGA  100.0 

 34  AAGTCACCTCGCCACACCGTCGAA  25.0 

 35  TCCGTACGCTCGAAACGCTTCCAAC  12.5 

 36  CGAAATCCAGCACCACATCCGCAGC  12.5 

 37  CGCGAACTCGTCCACAGTCCCCCTT  12.5 

 38  CGTGGATGGCGGATGCGTTGTGCGC  25.0 

 39  GACGATGGCCAGTAAATCGGCGTGG  25.0 

 40  CGCCATCTGTGCCTCATACAGGTCC  12.5 

 41  GGAGCTTTCCGGCTTCTATCAGGTA  12.5 

 42  ATGGTGGGACATGGACGAGCGCGAC  25.0 

 43  CGCAGAATCGCACCGGGTGCGGGAG  50.0 
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repetitive units variable number of tandem repeats  (MIRU-VNTR) 
in conjunction with spoligotyping, proved to be the most suitable 
tools to increase the discriminatory power and to further differen-
tiate strains of the MTBC [ 21 ,  22 ]. 

 Provided that suitable quality control measures are adopted, 
the spoligotyping procedure described below, using 43 spacer 
analyses, should enable the identifi cation and typing of members of 
the MTBC. For a self-suffi cient procedure and independent from 
commercial membranes, we describe the in-house preparation of 
the spoligotyping membrane.  

2    Materials 

 All the solutions should be freshly prepared, with ultrapure water 
(18.2 MΩ cm at 25 °C) and analytical grade reagents, and stored 
at room temperature. The stock solutions should be sterilized in 
autoclave at 121 °C for 15 min. The nylon membrane can be 
regenerated and reused up to ten times. 

       1.    0.5 M EDTA: For 1,000 ml, weight 186.12 g of ethylenedi-
aminetetraacetic acid (EDTA) and add half the water. Mix 
until complete dissolution using a magnetic stirrer and adjust 
to pH 8.0. Complete the volume to 1,000 ml ( see   Note 1 ).   

   2.    20× SSPE (w/v): Weight 35.6 g of Na 2 HPO 4 .2H 2 O, 210.24 g 
of NaCl, and 7.4 g of EDTA for a fi nal volume of 1,000 ml in 
water. Mix well and adjust to pH 7.4.      

2.1  Solutions

2.1.1  Stock Solutions

        a Filled square :  presence of spacer; open square: absence of spacer 
  b 1: Presence of spacer; 0: absence of spacer; underlined numbers mark how spoligotypes SB0121 and SB0119 could 
have derived from spoligotype SB0120 by deletion of spacers 15 and 21. Other spoligotypes could have evolved from 
SB0121 by deletion of other spacers: spacers 4 and 1 (double underlined) for, respectively, SB1093 and SB0122. 
Spacers that make the core signature are indicated in bold. Even for less common spoligotypes, like SB1175, the core 
spoligotype signature is maintained 
  c Shared type (ST) number or spoligotype bovis (SB) number attributed by, respectively, SpolDB4 and Mbovis.org databases 
  d Based on the consistent absence of certain spacers in all  M. bovis  and  M. caprae  strains analyzed so far  

    Table 2  
  Spoligotyping    patterns and signatures of members of the MTBC [ 14 ,  21 ,  22 ]  

CRISPR Analysis of Mycobacterium tuberculosis Complex
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       1.    500 mM NaHCO 3  (pH 8.4): For 250 ml, weight 10.5 g of 
NaHCO 3  and dissolve in water. Mix, adjust to pH 8.4, and add 
water up to 250 ml.   

   2.    16 % (w/v) EDAC: For 10 ml, add 1.6 g of 1-ethyl-3-(3- 
dimethylaminopropyl) carbodiimide (EDAC) and mix with 
9.4 ml of water. Store at −20 °C.   

   3.    100 mM NaOH: Weight 1.0 g of sodium hydroxide (NaOH) 
and add water up to 250 ml and mix.   

   4.    10 % SDS (w/v): Weight 10 g of sodium dodecyl sulfate (SDS) 
to a glass bottle, and add water up to a fi nal volume of 100 ml 
( see   Note 2 ).   

   5.    2× SSPE/0.1 % SDS (w/v): For 250 ml solution, add 25 ml of 
20× SSPE to 222.5 ml of water. After stirring, carefully add 
2.5 ml of 10 % SDS (w/v) ( see   Note 3 ).   

   6.    1:100 China ink diluted in 2× SSPE: For 300 μl, add 3 μl of 
China ink to 297 μl of 2× SSPE.   

   7.    20 mM EDTA: For 100 ml, add 4 ml of 0.5 M EDTA to 96 ml 
of water.      

      1.    10 % (w/v) SDS: For 130 ml, add 13 g of SDS to 100 ml of 
water. Stir until complete dissolution using a magnetic stirrer. 
In a graduated cylinder, add water up to 130 ml fi nal volume 
( see   Note 2 ).   

   2.    2× SSPE (v/v): For 500 ml, add 50 ml of 20× SSPE to 450 ml 
of water.   

   3.    2× SSPE/0.1 % SDS: For 300 ml, add 30 ml of 20× SSPE to 
267 ml of water. After stirring, carefully add 3 ml of 10 % 
(w/v) SDS ( see   Note 3 ).   

   4.    2× SSPE/0.5 % SDS: For 1,000 ml, add 100 ml of 20× SSPE 
to 850 ml of water. After stirring, carefully add 50 ml of 10 % 
SDS ( see   Note 3 ).   

   5.    1 % SDS: For 750 ml, add 75 ml of 10 % SDS to 675 ml of 
water.   

   6.    20 mM EDTA: For 1,000 ml, measure 40 ml of 0.5 M EDTA 
and add water up to 1,000 ml.        

       1.    Oligonucleotide probes synthesized with a 5′-end amino 
group ( see   Note 4 ), diluted in 150 μl of 500 mM NaHCO 3  
pH 8.4.   

   2.    Nylon membrane negatively charged (Biodyne C).   
   3.    10 ml of 16 % (w/v) EDAC.   
   4.    300 μl of 1:100 China ink diluted in 2× SSPE.   
   5.    250 ml of 100 mM NaOH.   

2.1.2  Working Solutions

 For Membrane Preparation

 For Hybridization

2.2  Membrane 
Preparation
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   6.    250 ml of 2× SSPE/0.1 % SDS.   
   7.    120 ml of 20 mM EDTA pH 8.0.   
   8.    Ultrapure water.   
   9.    Horizontal platform rocker.   
   10.    Miniblotter (MN45 system).   
   11.    Laboratory trays (about 200 × 300 mm).   
   12.    Vacuum pump.   
   13.    Forceps.      

      1.    Primers DRa: 5′- biotin-GGT TTT GGG TCT GAC GAC- 3′and 
DRb: 5′- CCG AGA GGG GAC GGA AAC- 3′ ( see   Note 5 ).   

   2.    50 μl of PCR mix reaction: 1×  Taq  DNA polymerase reaction 
buffer, 3.5 mM MgCl 2 , 400 μM dNTPs, 0.4 μM of each primer 
(DRa and DRb), 1 U of  Taq  DNA polymerase, and 2 μl of 
genomic DNA.   

   3.    Positive controls:  Mycobacterium tuberculosis  H37Rv (CCUG 
37357);  Mycobacterium bovis  BCG (Danish) (CCUG 27863).   

   4.    Negative control: ultrapure water.   
   5.    2 % (w/v) agarose gel.   
   6.    1× Tris–Borate–EDTA (TBE) ( see   Note 6 ).   
   7.    2 % (v/v) GelRed.   
   8.    Horizontal gel electrophoresis system.   
   9.    Power supplies.   
   10.    UV transilluminator.   
   11.    Thermal cycler, 96-well format compatibility.      

      1.    20 μl of amplifi cation products diluted in 150 μl of 2× 
SSPE/0.1 % SDS.   

   2.    Ice.   
   3.    250 ml of 2× SSPE/0.1 % SDS.   
   4.    1,000 ml 2× SSPE/0.5 % SDS.   
   5.    2.5 μl Streptavidin-peroxidase conjugate (500 U/ml).   
   6.    500 ml of 2× SSPE.   
   7.    Hybridization oven with rolling bottles.   
   8.    Thermal cycler.   
   9.    Forceps.   
   10.    Miniblotter (MN45 system).   
   11.    Nylon membrane Biodyne C.   
   12.    Vacuum pump.   
   13.    Laboratory trays ( see  Subheading  2.2 ).      

2.3  PCR 
Amplifi cation

2.4  DNA 
Hybridization

CRISPR Analysis of Mycobacterium tuberculosis Complex
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      1.    10 ml ECL solution 1 from  ECL Direct Labeling and Detection 
System  (GE Healthcare).   

   2.    10 ml ECL solution 2 from  ECL Direct Labeling and Detection 
System  (GE Healthcare).   

   3.    Hyperfi lm ECL.   
   4.    Hybridization roller bottles.   
   5.    Autoradiography cassette.   
   6.    Acetate sheet.   
   7.    Blotting paper 3MM.   
   8.    Laboratory trays.   
   9.    Plastic trays.   
   10.    Developer solution.   
   11.    Fixer solution.   
   12.    Red safelight in a dark room.       

3    Methods 

 Always use gloves and forceps to manipulate the membrane. 

       1.    Dilute each oligonucleotide probe in the recommended opti-
mized concentrations ( see  Table  1 ) in 150 μl of 500 mM 
NaHCO 3  (pH 8.3).   

   2.    Incubate the nylon membrane in a laboratory tray containing 
10 ml of 16 % (v/v) EDAC solution for 10 min at room tem-
perature to activate the membrane.   

   3.    Discard the EDAC solution and wash the membrane with 
ultrapure water for 2 min, with orbital shaking.   

   4.    With the forceps, place the membrane on top of the foam 
cushion of the Miniblotter system and hand-tight the screws.   

   5.    Remove all the residual water of the membrane by aspiration 
with the vacuum pump ( see   Note 8 ).   

   6.    Fill the slots of the Miniblotter with 150 μl of the 43 diluted 
oligonucleotide probes, in the order displayed on Table  2 , 
leaving the fi rst and the last slots empty ( see   Note 9 ).   

   7.    Fill the fi rst and the last slots of the Miniblotter with the diluted 
China ink.   

   8.    Incubate for 2 min at room temperature.   
   9.    Remove all the solutions of the slots of the Miniblotter by aspi-

ration with the vacuum pump, by the same order in which they 
were fi lled.   

2.5  Detection 
of Hybridizing DNA

3.1  Preparation 
of In-House Membrane 
with the 43 
Oligonucleotides 
Covalently Linked 
( See   Note 7 )
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   10.    Remove the membrane from the Miniblotter using forceps and 
incubate in a laboratory tray, with 250 ml of 100 mM NaOH 
for 8 min at room temperature with shaking.   

   11.    Discard the solution and wash the membrane with ultrapure 
water at room temperature.   

   12.    Wash the membrane with 250 ml of 2× SSPE/0.1 % SDS with 
gentle shaking for 5 min at 60 °C.   

   13.    The membrane is ready to use or to store.   
   14.    Before storing the membrane, wash it in a laboratory tray, with 

100 ml of 20 mM EDTA (pH 8.0), for 15 min at room tem-
perature with gentle shaking.   

   15.    Remove the membrane with forceps and store at 4 °C, in a 
sealed plastic bag to avoid dehydration, with 10 ml of 20 mM 
EDTA (pH 8.0) until being used.      

      1.    Place 150 μl of ultrapure water in a 2 ml screw-cap tubes.   
   2.    Using a disposable loop, collect suffi cient MTBC colonies from 

culture medium and suspend in the water.   
   3.    In a thermo block, incubate for 30 min at 90 °C to extract the 

DNA and to kill the bacteria. From this step on, the sample can 
be manipulated out of the P3 facilities ( see   Note 10 ).      

      1.    Prepare PCR reaction mix in a total volume of 50 μl per reac-
tion.  Mycobacterium tuberculosis H37rv  (CCUG 37357) and 
 Mycobacterium bovis BCG  (CCUG 27863) are used as positive 
controls and ultrapure water as negative control.   

   2.    Perform the amplifi cation reactions in a thermocycler with an 
initial step at 96 °C for 3 min, followed by 35 cycles at 96 °C 
for 1 min, 55 °C for 1 min, and 72 °C for 30 s, ending with a 
step at 72 °C for 5 min.   

   3.    Analyze the amplifi ed products by electrophoresis in a 2 % 
(w/v) agarose gel prepared in 1× TBE buffer and stained with 
2 % GelRed ( see   Note 11 ). Run the gel at 90 V for 60 min. 
Visualize the gel under UV light in a transilluminator.      

  All buffers should be previously warmed to the respective work 
temperatures, with the exception of 10 ml of 2× SSPE/0.1 % SDS 
and 2× SSPE that should be at room temperature. Pre-warm the 
hybridization oven at 60 °C.

    1.    Dilute 20 μl of the PCR products (maximum of 40 samples, 
plus two positive controls and one negative control, per mem-
brane) in 150 μl of 2× SSPE/0.1 % SDS buffer.   

   2.    Store the remaining PCR products at 4 °C.   
   3.    Denature the diluted PCR products for 10 min at 99 °C in a 

thermocycler or in a dry bath, and cool immediately on ice.   

3.2  Sample 
Preparation 
(In a Biosafety 
Level 3 Facility)

3.3  DR Region 
Amplifi cation by PCR

3.4  DNA 
Hybridization 
to the Membrane 
( See  Subheading  3.1 )

CRISPR Analysis of Mycobacterium tuberculosis Complex
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   4.    Place the membrane, with forceps and held by its edges, in a 
laboratory tray and rinse twice in 250 ml of 2× SSPE/0.1 % 
SDS for 5 min at 60 °C.   

   5.    Put the foam cushion into the Miniblotter (that acts as a joint) 
and place the membrane above it, so that the side with the 
oligonucleotides (spacers) faces the slots and these are perpen-
dicular to the black line of the spacers on the membrane 
(use the date in the bottom right corner as a marker) (Fig.  2 ).   

   6.    Tightly fasten the six plastic screws to close the press.   
   7.    Remove the excess of 2× SSPE/0.1 % SDS from each of 

the slots of the Miniblotter by aspiration with a vacuum pump 
( see   Note 8 ).   

   8.    Fill the fi rst slot of the Miniblotter with 150 μl of 2× SSPE/0.1 % 
SDS to prevent the dehydration of the membrane.   

   9.    Fill the remaining slots, one by one, starting in the second slot, 
with 150 μl of the diluted PCR products (maximum 43), kept 
at 4 °C until loading, avoiding air bubbles ( see   Note 12 ). Mark 
the loading order.   

   10.    Fill the last slot and any empty slots of the Miniblotter with 
150 μl of 2× SSPE/0.1 % SDS. The samples must always be 
surrounded by buffer to prevent leaking.   

   9.    Incubate in a hybridization oven at 60 °C for 1 h without 
shaking.   

   10.    Remove the samples from the slots of the Miniblotter by aspira-
tion with a vacuum pump, in the same order as they were fi lled.   

   11.    Disassemble the Miniblotter and, with the forceps, carefully 
remove the membrane to a laboratory tray, and wash twice 
with 250 ml of 2× SSPE/0.5 % SDS at 60 °C for 10 min, on 
the hybridization oven with shaking.   

   12.    Discard the washing buffer and lower the temperature of the 
hybridization oven to 42 °C ( see   Note 13 ).   

   13.    Add 2.5 μl of streptavidin-peroxidase conjugate (500 U/ml) 
to 10 ml of 2× SSPE/0.5 % SDS at 42 °C and place the solu-
tion in a rolling bottle.   

   14.    Place the membrane and a mesh of the same size in the rolling 
bottle and incubate at 42 °C during 90 min on the hybridiza-
tion oven, with rolling movement ( see   Note 14 ).   

   15.    Remove the membrane from the rolling bottle, with the for-
ceps, and wash it twice in a tray with 250 ml of 2× SSPE/0.5 % 
SDS at 42 °C during 10 min, in the hybridization oven with 
shaking. Add fresh solution each time.   

   16.    Discard the solution and rinse the membrane twice with 
250 ml of 2× SSPE at room temperature for 5 min with shak-
ing. Add fresh solution each time.      

Ana Botelho et al.
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      1.    Prepare a light-tight X-ray fi lm holder (autoradiography 
 cassette) placing inside one sheet of blotting paper 3 MM and 
an acetate sheet ( see   Note 15 ).   

   2.    Immediately before required, prepare 20 ml of solution by 
mixing 10 ml of each of the solutions supplied in the commer-
cial system ECL (ECL solution 1 and ECL solution 2) in a 
fl ask involved in a tinfoil.   

   3.    Place the nylon membrane over one sheet of blotting paper 
3 MM to remove the excess of washing buffer.   

   4.    In a complete darkroom, incubate the membrane in 20 ml of 
the ECL mixture, during 2 min, in a laboratory tray, with gentle 
manual shaking so that all the membrane is in uniform contact 
with the liquid (the membranes repel water) ( see   Note 16 ).   

   5.    Remove the excess of ECL mixture from the membrane with a 
sheet of blotting paper 3 MM. The membrane does not need 
to be completely dried, but the sharpness of the image is much 
improved if it is.   

   6.    Place the membrane inside the cassette with the side where the 
hybridization has occurred up, between the acetate sheet 
(above) and the blotting paper 3 MM.   

   7.    Place the hyperfi lm ECL on top of the acetate sheet and remove 
the air bubbles. Close the cassette and expose the membrane to 
the autoradiography fi lm for 10 min ( see   Note 17 ).   

   8.    In the darkroom, remove the hyperfi lm ECL as quickly as pos-
sible and develop it immediately in an X-ray developer solution 
during a few seconds ( see   Note 18 ).   

   9.    Wash the autoradiography fi lm with water in a plastic con-
tainer, for 1 min.   

   10.    Fix the fi lm with a rapid fi xer solution in a plastic container, for 
5 min.   

   11.    Wash the fi lm with running water for 5 min.   
   12.    Let the fi lm dry and visualize the results.   
   13.    Wash the membrane twice for 15 min with 250 ml of 20 mM 

EDTA at room temperature, with shaking.   
   14.    Remove the membrane with forceps and store at 4 °C, in a 

sealed plastic bag to avoid dehydration, with 10 ml of 20 mM 
EDTA (pH 8.0) until being regenerated in the dehybridiza-
tion (stripping) step ( see  Subheading  3.7 ).      

  The membrane is analyzed by recording the presence or absence of 
signals at the sites of DNA/DNA hybridizations, using the binary 
code (0 for absence, 1 for presence of signal) annotation. The 
obtained sequence, of 0 and 1, is then checked against the databases 
(  http://www.pasteur-guadaloupe.fr/tb     or   http://www.mbovis.
org    ) for spoligotype attribution. 

3.5  Detection 
of Hybridized DNA

3.6  Interpretation 
of Results

CRISPR Analysis of Mycobacterium tuberculosis Complex
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 Clear sharp signals are easy to interpret, but some weak signals 
may occur with some spacers, mainly 14, 26, and 33, whose pres-
ence or absence is more critical to evaluate.    Comparing with 
 well- known control patterns and checking for the presence of the 
expected spots can clarify some doubts. The negative control 
should be absolutely clear and with no contamination or leaks. 
Very faint dots should, in principle, not be considered, unless the 
positive control gives otherwise information. Obtaining a clear 
negative control and a correct positive control profi le is critical for 
the assessment of membrane quality and for the interpretation of 
results.  

   The membranes can be reused if the oligonucleotides can be freed 
from the attached PCR products. As the oligonucleotides (spacers) 
are covalently fi xed to the membrane, the removal method must be 
highly stringent.

    1.    Pre-warm the hybridization oven and the 1 % SDS at 85 °C.   
   2.    Place the membrane into a laboratory tray, with the forceps, 

and wash 3 times for 30 min with 250 ml of 1 % SDS at 85 °C 
with shaking.   

   3.    Discard the washing solution and wash twice for 15 min with 
250 ml of 20 mM EDTA at room temperature, with shaking.   

   4.    Remove the membrane with forceps and store at 4 °C, in a 
sealed plastic bag to avoid dehydration, with 10 ml of 20 mM 
EDTA (pH 8.0) until being used.       

4    Notes 

     1.    To prepare 1,000 ml of 0.5 M EDTA, weight 186.12 g of 
EDTA to a glass bottle and add 800 ml of water. It is conve-
nient to dissolve the powder using a magnetic stirrer with max-
imum speed. Add NaOH pellets to adjust the solution at a 
pH 8.0. Only a pH 8.0 solution, at 25 °C, completely dissolves 
the EDTA. Adjust the volume to 1,000 ml with water and mix 
again. Store at room temperature.   

   2.    To prepare 100 ml of 10 % SDS, weight 10 g of sodium lauryl 
sulfate to a glass bottle and add 80 ml of water. Dissolve by 
gentle shaking (to avoid the formation of foam) in a magnetic 
stirrer with heating up to 68 °C. Adjust the volume to 100 ml 
with water and mix again. Store at room temperature.   

   3.    Prepare the solutions of 2× SSPE/0.1 % SDS and 2× 
SSPE/0.5 % SDS fi rstly mixing the water with the 2× SSPE. 
After complete homogenization, add the SDS and homoge-
nize again. The addition of the solutions should be as indicated 
to avoid the formation of a precipitate.   

3.7  Regeneration 
of the Nylon 
Membrane for Reuse

Ana Botelho et al.
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   4.    All the oligonucleotide probes are synthesized with a 5′-end 
amino group, to promote the covalent linking to the activated, 
negatively charged, membrane Biodyne C.   

   5.    The DRa primer is labeled with biotin that binds to streptavi-
din coupled with peroxidase, making possible to detect any 
amplifi cation product. The primers are reconstituted in ultra-
pure water for a stock solution of 100 μM and diluted in water 
for a working solution of 20 μM. Store the primers in aliquots: 
the DRa primer at 4 °C, because the repeated freeze-thawing 
of the biotinylated primer results in a weak reaction, and the 
DRb primer at −20 °C.   

   6.    To prepare 1,000 ml of 1× TBE, add 200 ml of 5× TBE and 
mix with 800 ml of water (1,000 ml of 5× TBE is prepared by 
adding 54 g of Tris base, 27.5 g of boric acid and 800 ml of 
water to a glass bottle. Mix using a magnetic stirrer. Add 20 ml 
of 0.5 M EDTA and add water to complete the volume of 
1,000 ml).   

   7.    Ready-to-use customized membranes can be obtained from 
some manufacturers. Also European reference laboratories for 
tuberculosis can, upon request, supply these membranes.   

   8.    To remove the residual solution from the slots of the Mini-
blotter, put a 1,000 μl micropipette tip in the top of the tube 
of the vacuum pump to aspirate the slots. Aspirate the upper 
slots with the Miniblotter in the horizontal plan and the lower 
slots with the Miniblotter in a slanting plan.   

   9.    The fi rst and the last slot must be left without oligonucleotide 
probes because they are going to be used to mark the edges of 
the membrane with the diluted China ink.   

   10.    The amplifi cation step requires very little DNA concentration. 
It is therefore better to take fewer bacteria from the agar slopes 
than to risk taking a large amount of medium. It is important 
that the bacteria are exactly heated to 90 °C for, at least, 30 min 
to ensure that they are all killed at this stage. It is also possible 
to use DNA extracted by phenol–chloroform method or with 
any commercial DNA extraction kit. Extracted DNA can be 
stored at −20 °C.   

   11.    The purpose of this step is only to confi rm that the amplifi ca-
tion of the DR  loci  has occurred. For each sample, it should be 
observed a smear of bands with different sizes.   

   12.    Fill the slots carefully avoiding air bubbles and using absorbent 
paper to prevent cross contamination of adjacent slots.   

   13.    The temperature of incubation should be rigorously at 42 °C, 
since streptavidin-peroxidase conjugate is inactivated above 
this temperature.   

CRISPR Analysis of Mycobacterium tuberculosis Complex
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   14.    Carefully wrap the membrane and the mesh, with the size of 
the membrane, together and place them inside the rolling 
 bottle. Unroll the membrane and the mesh in the opposite 
rotation direction to adhere completely at the rolling bottle 
walls, avoiding bubbles and promoting the contact of the mem-
brane with the streptavidin solution. Place the rolling bottle 
in the hybridization oven, in the proper rotation direction, in 
order to prevent the curl of the membrane during the incuba-
tion period.   

   15.    To prepare the autoradiography cassette, place a sheet of blot-
ting paper 3 MM and acetate sheet inside the cassette and hold 
them individually with adhesive tape.   

   16.    Incubate the membrane at room temperature, in the dark 
room, with the ECL mixture with gentle shaking in order to 
cover the entire membrane surface.   

   17.    Exposure time can be adjusted according to the results obtained 
and the intensity of signals. Shorter or longer exposures may 
vary from 5 to 20 min, depending on the results from the fi rst 
fi lm.   

   18.    Leave the hyperfi lm in the X-ray developer solution the time 
enough (could be a few seconds) to visualize positive signals, 
avoiding darkness of the hyperfi lm. Once the hyperfi lm starts 
to get dark, wash immediately in water.         
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    Chapter 28   

 Rapid Microarray-Based Genotyping of  Chlamydia  spp. 
Strains from Clinical Tissue Samples 

           Konrad     Sachse      and     Anke     Ruettger   

    Abstract 

   Pathogenic  Chlamydia (C.) psittaci  and  C. trachomatis  strains can be genotyped based on variations in the 
 omp A genomic locus. In the present chapter, we describe rapid genotyping assays for both chlamydial 
agents using the ArrayStrip™ (AS) microarray platform. The test is targeting multiple discriminatory sites 
in the variable domains of the  omp A gene by using 35 ( C. psittaci ) and 61 ( C. trachomatis ) oligonucleotide 
probes representing genotype-specifi c polymorphisms. In addition to discrimination among the estab-
lished genotypes, this approach allows identifi cation of atypical strains that were not accessible to typing 
using previously established techniques, such as PCR-RFLP or serotyping. 

 The present DNA microarray assay can be conducted directly on clinical tissue samples and is suitable 
for tracing epidemiological chains and exploring the dissemination of particular genotypes. The procedure 
is easy to handle and economically affordable, and it allows genotyping of up to 32 clinical samples per day, 
thus lending itself for routine diagnosis as well.  

  Key words      Chlamydia psittaci   ,    Chlamydia trachomatis   ,    omp A genotyping  ,   Diagnostic DNA microarray 
test  ,   Direct testing of clinical samples  

1       Introduction 

  Members of the family  Chlamydiaceae  represent obligate intracel-
lular bacteria that are distinguished by a characteristic biphasic 
developmental cycle. There are several well-established pathogens 
among them. For instance,  Chlamydia (C.) psittaci , the causative 
agent of psittacosis in birds and humans, is responsible for out-
breaks in psittacine birds and domestic poultry [ 1 ], as well as cases 
of atypical pneumonia in exposed individuals [ 2 ,  3 ]. The fact that 
 C. psittaci  is a heterogeneous taxon in terms of host range and 
virulence entailed the development of a serotyping scheme in the 
1990s [ 4 ]. Strains of the agent were assigned to serovars A, B, C, 
D, E, and F on the basis of their immune reaction with a panel of 
monoclonal antibodies (MAbs) recognizing specifi c epitopes of 
the major outer membrane protein (MOMP). Later on, Sayada 

1.1   History of Typing
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et al. [ 5 ] suggested restriction fragment length polymorphism 
(RFLP), i.e., PCR amplifi cation of the  omp A gene with subsequent 
restriction enzyme analysis, for differentiation among  C. psittaci  
isolates. The fi nding by Vanrompay et al. [ 6 ] that serotypes and 
RFLP genotypes were generally equivalent rendered strain typing 
accessible to all laboratories without access to the specifi c MAbs. 
However, there were obvious limitations to PCR-RFLP typing. To 
obtain distinctive and reproducible RFLP patterns on ethidium 
bromide-stained agarose gels, substantial amounts of target DNA 
and PCR amplicon were required. Some of the related genotypes 
gave quite similar patterns and were diffi cult to distinguish, and 
different enzymes could produce ambiguous or even contradictory 
patterns (e.g.,  Alu I vs.  Mbo II). Finally, atypical strains were not 
amenable to this genotyping procedure. 

 The use of real-time PCR [ 7 ] helped to further increase sensi-
tivity but also failed to cover the entire spectrum of natural sequence 
diversity at the target locus. 

 Historically, nine genotypes (former serotypes) were postu-
lated, and a certain degree of host preference was assigned to them 
[ 4 ,  8 – 10 ], i.e., genotype A occurring in psittacine birds, B in 
pigeons, C in ducks and geese, D in turkeys, E in pigeons, ducks, 
and others, E/B in ducks, F in parakeets, WC in cattle, and M56 in 
rodents. In reality, the host specifi city of most of these types is lim-
ited ( see  Table  1 ).

   Based on the original serotyping scheme [ 11 ], an analogous 
 omp A-based genotyping system has also been in use for strains of 
the human pathogen  C. trachomatis  The agent can also be found 
occasionally in animals [ 12 ,  13 ]. There are 17 generally recognized 
genotypes, i.e., A, B, Ba, C (associated with trachoma), D, Da, E, 
F, G, H, I, Ia, J, K (urogenital infections), L1, L2, and L3 (lym-
phogranuloma venereum). Like in the case of  C. psittaci , they are 
equivalent to the previously defi ned serotypes.  

  In principle, sequencing of the  omp A gene can also be used to 
identify the genotype of  C. psittaci , as well as  C. trachomatis . 
However, there are no generally agreed criteria in terms of sequence 
similarity, so that the assignment remains somewhat arbitrary. 
Detailed analysis of  omp A sequence data deposited at the GenBank 
database led Sachse et al. [ 14 ] to the conclusion that at least 15 
 omp A genotypes of  C. psittaci  are occurring in nature. A summary 
of this classifi cation in Table  1  shows that the more heterogeneous 
types A, D, and E/B can be further divided into subtypes. The 
host range of the proposed new genotypes 1V, 6N, Mat116, R54, 
YP84, and CPX0308 is not yet fully known, but they seem to occur 
predominantly in wildlife birds. 

 The fact that genotype-specifi c sites of  C. psittaci  are located in 
 omp A’s variable domains (VD) 2 and 4 allows a molecular defi ni-
tion of individual genotypes at the nucleotide level. 

1.2  Genotyping 
Using DNA 
Microarrays

Konrad Sachse and Anke Ruettger
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 In this situation, the use of DNA microarray technology can 
provide added value because of its potential to simultaneously 
exploit minor sequence differences at multiple target sites. In the 
present chapter, we describe a rapid genotyping assay using the 
ArrayStrip™ (AS) platform that was shown to work with clinical 
samples under the conditions of routine diagnosis [ 14 ,  15 ]. The 
AS platform is open and fl exible, so that iterative adaptation of 
probes and extension beyond the currently covered genotypes will 
always be possible, for instance, in the case of newly emerging 
types. Comments on the platform’s major performance parameters 

    Table 1  
   omp A genotypes and subtypes of  Chlamydia psittaci  [Adapted from reference [ 14 ]]   

 Genotype  Known hosts  Subtypes 
 Type strain (representative 
strain of subtype) 

 GenBank 
acc. no. 

 A  Psittacine, pigeon, canary, turkey  A-VS1  VS1, MN Zhang  AF269281 

 pheasant, chicken, duck, cattle  A-6BC   6BC   X56980 

 swine, sheep, horse, human  A-8455  84-55  Y16561 

 B  Pigeon, canary, budgerigar, 
chicken, pheasant, turkey 

  CP3   AF269265 

 C  Duck, goose, swan, sheep, human   GR9 , avian type C  L25436 

 D  Turkey, human  D-NJ1   NJ1   AF269266 

 D-9 N  9 N  EF375557 

 E  Pigeon, duck, turkey, ostrich, 
human 

  CPMN , EAE A22/M  X12647 

 EB  Duck, human  EB-E30   WS/RT/E30   AY762613 

 EB-859  06-859/1  EU159263 

 EB-KKCP  KKCP-1  AB284062 

 F  Psittacine   VS225   AF269259 

 M56  Muskrat, snowshoe hare   M56   AF269268 

 WC  Cattle   WC   AF269269 

 1 V a   Crow  1 V  EF028916 

 6 N a   Crow  6 N  EF197820 

 Mat116 a   Psittacine, budgerigar  Mat116  AB284058 

 R54 a   Antarctic skua  R54  AJ243525 

 YP84 a   Psittacine  Daruma-1981  AB284065 

 CPX0308 a   Stork  CPX0308  AB284064 

   a Additional genotypes proposed by Sachse and colleagues [ 14 ]  

DNA Microarray for Chlamydia Genotyping
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and comparison with PCR-RFLP and  omp A sequencing are given 
in  Note 1 . While both sensitivity and specifi city of the microarray 
assay are high, its main assets include rapidity, ease of operation, 
and the possibility of mixed genotype identifi cation, as well as 
high-throughput and moderate costs. An AS unit consists of eight 
connected plastic vessels in microtiter format, each of which carry-
ing a microarray chip on the bottom. 

 The present genotyping procedure is based on target DNA 
being amplifi ed using duplex PCR with 5′-biotinylated primers to 
generate a 418-bp product encompassing VD1 and VD2, as well as 
a 570-bp fragment covering VD3 and VD4. Subsequently, the 
amplifi cation products are subjected to hybridization on the micro-
array. Based on the analysis of  omp A sequences described above, 35 
hybridization probes derived from the discriminatory sites of VD2 
and VD4 were selected. They had an average size of 26 nt (22–30), 
average melting temperature of 60.3 °C (59.7–61.2), and G + C 
contents of 46.0 mol % (37.0–59.0). 

 Similarly, an  omp A genotyping microarray assay was developed 
for  C. trachomatis  [ 16 ]. Variable domains 1, 2, and 4 of the  omp A 
locus were amplifi ed using a multiplex PCR with biotinylated prim-
ers. A total of 61 oligonucleotide probes representing genotype- 
specifi c polymorphisms in the same variable domains were included.   

2     Materials 

  Commercially available DNA extraction kit for PCR template 
preparation. We use the High Pure PCR Template Preparation Kit 
(Roche Diagnostics, Mannheim, Germany) for cultured strains 
and nearly all kinds of tissue samples, e.g., nasal, vaginal, and con-
junctival swabs, mucus, bronchoalveolar lavage, organs, feces, and 
milk.  

      1.    Water. Deionized water must be used throughout.   
   2.    PCR reagents. We use the QIAGEN Multiplex PCR Kit 

(QIAGEN, Hilden, Germany) according to the instructions of 
the manufacturer ( see   Note 2 ).   

   3.    Primers. Sequences, primer concentrations, and other param-
eters are given in Table  2 . The oligonucleotides are stored at 
−20 °C in 100 μM stock solutions. The concentration of 
primer working solutions is 10 μM.

       4.    Agarose, molecular biology grade: 1.5 % (w/v) gels for the 
PCR products mentioned in Table  2 .   

   5.    Tris–borate EDTA electrophoresis buffer (TBE): 0.09 M Tris–
borate, 0.002 M EDTA, pH 8.0. For 1 L of 10× TBE, mix 
108 g of Tris-base, 55 g of boric acid, and 80 mL of 0.25 M 
EDTA, make up with water. Dilute 1:10 before use.   

2.1   DNA Extraction

2.2  Biotinylation 
PCR and Agarose Gel 
Electrophoresis

Konrad Sachse and Anke Ruettger
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   6.    Gel loading buffer (GLB): 20 % (v/v) glycerol, 0.2 M EDTA, 
0.01 % (w/v) bromophenol blue, 0.2 % (w/v) Ficoll 400.   

   7.    Ethidium bromide stock solution: 1 % (10 mg/mL) solution 
in water. CAUTION: The substance is presumed to be muta-
genic. Avoid direct contact with skin. Wear gloves when pre-
paring solutions and handling gels.   

   8.    DNA size marker. We mostly use the O’Range Ruler (“100-bp 
ladder”) (Fermentas, St. Leon-Rot, Germany).      

  The Identibac™ Hybridisation Kit (Alere Technologies, Jena, 
Germany) contains all necessary reagents and is the most effi cient 
and convenient option ( see   Note 3 ): hybridization buffer (C1), 
washing buffers (C2, C5), streptavidin-peroxidase conjugate 
(C3 + C4), and TMB-substrate (D1).  

      1.    ArrayMate transmission reader (Alere Technologies, Jena, 
Germany).   

   2.    Iconoclust software, version 2.3 or higher (Alere Technologies, 
Jena, Germany).   

2.3  DNA Microarray 
Hybridization

2.4  General 
Equipment 
and Consumables

      Table 2  
  Primers for  omp A genotyping of  C. psittaci  and  C. trachomatis    

 Designation  Nucleotide sequence (5′-3′) a  
 Amount per 
reaction (μL) b  

 Amplicon 
size (bp) 

  C. psittaci  

 VD1-fw  5′-ACT ACG GAG ATT ATG TTT TCG ATC 
GTG T-3′ 

 1  418 bp 

 VD2-rev  5′-Bio-CGT GCA CCY ACG CTC CAA GA-3′  1 

 201CHOMP  5′-GGI GCW GMI TTC CAA TAY GCI CAR 
TC-3′ 

 2  570 bp 

 ompA-rev  5′-Bio-TCC TTA GAA TCT GAA TTG AGC-3′  2 

  C. trachomatis  

 Trach-VD1-fw  5′-Bio-ACC AAG CCT TAT GAT CGA C-3′  3  326 bp 

 Trach-VD1-rev  5′-Bio-AGA ATA CAT CAA AAC GAT CCC A-3′  1 

 Trach-VD2-rev  5′-Bio-TTG AGC ATA TTG GAA AGA AGC-3′  2  572 bp (with 
Trach-VD1-fw) 

 Trach-VD4-fw  5′- Bio-CTT ACA TTG GAG TTA AAT GGT 
CT-3′ 

 1  231 bp 

 Trach-VD4-rev  5′-Bio-CTA CTG CAA TAC CGC AAG A-3′  1 

   a Bio: oligonucleotide biotinylated at 5′-end 
  b The concentration of primer working solutions is 10 pmol/μL (10 μM)  

DNA Microarray for Chlamydia Genotyping
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   3.     Chlamydia  ArrayStrips, version 4 or higher (layout “Chlam_
gesamt_4_AS”) (Alere Technologies, Jena, Germany). These 
arrays are commercially available from Alere. The company 
also has a service for ordering customized arrays. The sequences 
of the oligonucleotide probes immobilized on these arrays 
were previously published in Sachse et al. [ 14 ] ( C. psittaci  
assay) and Ruettger et al. [ 16 ] ( C. trachomatis  assay).   

   4.    Heatable horizontal tube shaker. We recommend the Bioshake 
iQ (Quantifoil Instruments, Jena, Germany;  see   Note 4 ).   

   5.    Thermal cycler. We use the Mastercycler personal (Eppendorf, 
Hamburg, Germany).   

   6.    Vortex shaker, e.g., Vortex 1 (IKA Labortechnik, Staufen, 
Germany).   

   7.    Benchtop centrifuge with rotor for 0.2 mL or 0.5 mL plastic 
tubes, e.g., Centrifuge 5415R (Eppendorf, Hamburg, 
Germany).   

   8.    Apparatus for horizontal gel electrophoresis.   
   9.    UV transilluminator, 254 nm and/or 312 nm.   
   10.    Video documentation or photographic equipment.   
   11.    Set of pipettes covering the whole volume range from 0.1 to 

1,000 μL. We use the Eppendorf Research series (Eppendorf, 
Hamburg, Germany).   

   12.    Aerosol-resistant pipette tips (fi lter tips).   
   13.    Plastic tubes 0.2 mL or 0.5 mL, sterile, thin-walled, DNase- 

and RNase-free for PCR.   
   14.    Plastic tubes 1.7 mL and 2.0 mL for pre-PCR operations.       

3     Methods 

  Follow the protocol given by the commercial supplier of the DNA 
extraction kit.  

       1.    The reaction volume is 20 μL. For each amplifi cation, pipette 
10 μL of Master Mix solution of the QIAGEN Multiplex PCR 
Kit and the amount of primers as given in Table  2 , and make 
up with water to 19 μL.   

   2.    Add template to each reaction vessel: 1 μL of DNA extract 
from your sample. If the DNA contents of the extract is low, 
up to 4 μL of sample DNA can be used and the amount of 
water be reduced accordingly.   

   3.    Include external amplifi cation controls: DNA of a chlamydial 
reference strain (positive control) and water (reagent control) 
instead of sample extract.   

3.1  DNA Extraction

3.2   Biotinylation PCR

Konrad Sachse and Anke Ruettger
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   4.    Run PCR according to the following temperature-time profi le: 
Initial denaturation at 95 °C for 15 min, 40 cycles of denatur-
ation (94 °C for 30 s), primer annealing (50 °C for 90 s) and 
primer extension (72 °C for 90 s), fi nal extension at 72 °C for 
10 min.   

   5.    Run agarose gel electrophoresis .  Correct amplifi cation leads to 
the formation of two products in the case of  C. psittaci  and 
three products in the case of  C. trachomatis . Amplicon sizes are 
given in Table  2 .      

      1.    Transfer 1 μL of the PCR product from Subheading  3.2  into a 
1.7-mL plastic tube and add 99 μL of hybridization buffer 
(Buffer C1).   

   2.    Denature DNA by heating at 95 °C for 5 min. Cool down 
immediately by putting the tube on ice for 1 min. Spin down 
the liquid by short centrifugation.   

   3.    Condition the ArrayStrip by adding 100 μL of water to each 
well. Rinse by pipetting the liquid up and down four times, 
and then discard it.   

   4.    Add 100 μL of buffer C1 to each well, and shake on Bioshake 
iQ at 48 °C and 550 RPM for 5 min. Remove liquid.   

   5.    Hybridization. Add the hybridization mix (100 μL each) from 
 step 2  to AS wells. Incubate on Bioshake iQ at 48 °C and 
550 rpm for 60 min. Remove supernatant and discard it.   

   6.    Add 200 μL of washing buffer C2 to each well, and wash at 
48 °C and 550 rpm for 10 min. Remove liquid and discard it.   

   7.    Repeat  step 6 .   
   8.    Combine 792 μL of C4 and 8 μL of C3 solutions (horseradish 

peroxidase conjugated with streptavidin) in a plastic tube, vor-
tex, and spin down. The amount is for a single AS unit, i.e., 8 
wells. Add 100 μL of this mix to each well. Incubate at 30 °C 
and 550 rpm for 10 min. Remove supernatant.   

   9.    Wash wells by adding 200 μL of washing buffer C5 and 4 times 
up-and-down pipetting at room temperature. Remove all the 
liquid thoroughly and completely.   

   10.    Add 100 μL of D1 solution (peroxidase substrate) to each 
well, and incubate at room temperature for 5 min.   

   11.    Remove liquid and put AS into the ArrayMate reader.      

      1.    Conduct the reading process according to the instructions for 
the ArrayMate equipment.   

   2.    Transfer the image fi les (bmp format) to your computer and 
process the data using the Iconoclust software.   

   3.    Determine the genotype using the PatternMatch algorithm of 
the software ( see   Note 5 ).       

3.3  DNA Microarray 
Hybridization

3.4   Data Processing

DNA Microarray for Chlamydia Genotyping
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4     Notes 

     1.    Genotyping analysis using the AS assay can be accomplished 
within a working day (6–8 h). This renders the procedure 
faster than PCR-RFLP and  omp A sequencing. Furthermore, 
AS genotyping is easy to handle as it mainly involves standard 
laboratory equipment and requires less hands-on time than 
PCR- RFLP and less experience than sequencing. The expenses 
for consumables are moderate, and the equipment costs con-
siderably less (about 25 %) than that for DNA sequencing. The 
microarray technology is manageable in a high-throughput 
environment, with up to 32 samples per day and technician.   

   2.    Amplifi cation can also be accomplished using standard PCR 
reagents and preparing the reaction mixes in the usual way. 
The main arguments in favor of using the present kit are that it 
is convenient to use as it contains all reagents and that the 
commercial mix is optimized for high yield.   

   3.    Alternatively, buffers can be prepared manually according to 
the protocols published previously [ 14 ,  15 ].   

   4.    For the sake of high specifi city and stringency of the hybridiza-
tion reaction, it is extremely important to ensure that the pre-
scribed temperatures are actually attained in the AS vessel itself. 
This requires heat transfer from the heatable shaker to the 
 liquid contents of the AS vessel to be very rapid and effi cient. 
Most of the commercially available shakers are too slow, so that 
too much time (and, consequently, specifi city) is lost until the 
necessary in-tube temperature has been reached. In our hands, 
the Bioshake iQ fulfi lls the criteria to be used in the hybridiza-
tion process.   

   5.    The PatternMatch algorithm compares the experimentally 
obtained signal pattern with those of reference strains represent-
ing the genotypes of  C. psittaci  or  C. trachomatis , respectively. 
It provides combined bar diagrams of sample and reference ( see  
an example in Fig.  1 ), as well as two numerical parameters to 
assess the similarity of two patterns and the accuracy of identifi -
cation. The matching score (MS) represents the sum of numeri-
cal differences between corresponding signal intensities of 
sample and theoretical and/or practical reference hybridization 
patterns. Thus, the MS value is a measure of the overall dissimi-
larity between two hybridization patterns. An ideal match of 
two patterns based on the same set of oligonucleotide probes 
would yield MS = 0, but practical values can be in the order of 
100. Prior to the examination of fi eld samples, the user should 
run a series of samples of known genotypes in order to deter-
mine the practical MS range and set the upper threshold, 
above which the best match is no more valid for genotyping. 

Konrad Sachse and Anke Ruettger
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The second parameter is the arithmetic difference between best 
and second best match, termed Delta MS, and indicates the reli-
ability of a given genotyping result. Values of Delta MS ≥ 0.5 are 
regarded as representing a suffi cient degree of distinction 
between best and second best matches.

             References 

  Fig. 1    Identifi cation of the  omp A genotype of the  C. psittaci  strain from the feces sample of a diseased pigeon 
(sample ID 11G1376). Using the PatternMatch function of the software, the experimentally obtained hybridiza-
tion pattern of the sample ( black bars ) is compared to the closest match of a panel of reference strains, i.e., type 
strain CP3 of genotype B ( gray bars ). The matching score (MS) of 154.12 is a measure of dissimilarity between 
sample and reference, and the Delta MS value of 1.2 represents the numerical difference between best and 
second best match. These values confi rm that the assignment of the present sample to genotype B is valid       
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Chapter 29

Multiplexed Genotyping of Bacillus anthracis by Luminex 
xMap Suspension Array

Simon Thierry and Sylviane Derzelle

Abstract

The Luminex® xTAG technology is a medium to high throughput, open methodology able to test many single 
nucleotide polymorphisms (SNPs) in a single reaction and a minimum time. Multiplex SNPs interrogation are 
conducted on the Luminex xMAP system, which uses lasers to read universal tag, color-coded microspheres 
that attach to specific nucleic acid sequences. The present method describes a Multiplex Oligonucleotide 
Ligation-PCR procedure (MOL-PCR) for the simultaneous interrogation of 13 phylogenetically informative 
SNPs within the genome of Bacillus anthracis. The reported 13-plex assay enables efficient B. anthracis geno-
typing into major sublineages and groups. While cost-effective compared to other monoplex methods, the 
present MOL-PCR method also offers a high degree of flexibility and scalability. It can easily accommodate 
newly identified SNPs to increase resolving power to the canSNP typing of B. anthracis.

Key words Bacillus anthracis, Genotyping, SNP, MOL-PCR, Suspension microarray, Luminex

1 Introduction

Single nucleotide polymorphisms (SNPs) represent a major source of 
genetic variation in Bacillus anthracis. Recently, a set of 14 represen-
tative SNPs that define major clades within the B. anthracis species 
have been selected and used for assigning an isolate to one sublin-
eages or subgroups [1–3]. These canonical SNPs (canSNPs) subdi-
vided all B. anthracis isolates into three major lineages (A, B, and C), 
with further subdivisions into seven distinct sublineages (C.Br.
A1055, B.Br.KrugerB, B.Br.CNEVA, A.Br.Ames, A.Br.Australia94, 
A.Br.Vollum, A.Br.Western North America) and six subgroups (B.
Br.001/002, A.Br.001/002, A.Br.003/004, A.Br.005/006, A.
Br.008/011, A.Br.011/009). CanSNP analysis is currently consid-
ered the reference method in B. anthracis genotyping.

Several platforms and methods exist for SNP-based  genotyping 
[4, 5], including ultra-high-throughput array-based technologies, 
such as those offered by Illumina [6] and Affymetrix [7]. But only 
few of them are at the same time flexible, rapid (<1 day), cost- effective, 
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and capable of detecting multiplexed signals simultaneously with 
medium to high throughput [8–10]. The xMAP system’s unique 
“liquid array” technology is one of these platforms. This suspen-
sion array format implies the use of a set of up to 100 universal 
tag-coupled, color-coded microspheres that allow the simultane-
ous capture and detection of many specific nucleic acid targets 
from a sample. Once bound, the target DNA molecules are fluo-
rescently tagged with streptavidin-R-phycoerythrin, and the beads 
are individually analyzed by flow cytometry on the Luminex® plat-
form. A red laser recognizes the microsphere set, and a green laser 
provides a quantitative readout of the reporter dye captured during 
the assay [11]. Unlike with flat arrays, xMAP arrays give tight 
inter-assay reproducibility. The microarray format exhibits rapid 
hybridization kinetics and flexibility in assay design and is cost-
effective [10]. In addition, suspension microarrays can be com-
piled as desired by adding or replacing beads and probes without 
having to reformat and print new arrays [12]. This represents a 
clear advantage, knowing that new diagnostic SNPs that further 
resolve B. anthracis population substructure are continuously pub-
lished following the completion of a growing number of new 
genome sequences [13–17].

Conceptually related to multiplex ligation-dependent probe 
amplification (MLPA) technique [18], the Multiplex 
Oligonucleotide Ligation-PCR (MOL-PCR) is a smart method 
adapted to the Luminex® platform to carry out SNP multilocus 
genotyping/SNP interrogation [19, 20]. In MOL-PCR, detection 
probes (MOLigoP) consist of modular components that enable 
target detection, probe amplification, and subsequent capture onto 
microsphere arrays. MOL-PCR uses allele-specific ligation for 
allele discrimination, monoplex PCR for signal amplification, and 
hybridization to fluorescent microspheres (beads) for signal detec-
tion on a flow cytometer (see in Fig. 1). The assay consists of three 
main steps: (a) annealing of competitive MOLigo pairs P1 and 
MOLigoP2 adjacent to each other on target canSNPs sequences 
and ligation of the MOLigos by a thermostable DNA ligase if com-
plementary to the target SNP, (b) amplification of the ligation 
products (all ligated oligonucleotides) using universal primers, and 
(c) hybridization of the amplicons to microspheres using xTAG 
sequences complementary to anti-tag probes and signal detection 
on the Luminex flow cytometer. In the 13-plex assay designed for 
the simultaneous interrogation of 13 out of the 14 reported B. 
anthracis lineage-specific canSNPs, a Dual Priming Oligonucleotide 
(DPO) system [21] was also coupled to the MOL-PCR procedure 
to increase assays specificity [22].

Simon Thierry and Sylviane Derzelle
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Fig. 1 MOL-PCR general scheme

B. anthracis genotyping by Luminex array
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2 Materials

 1. Bacillus anthracis is a class 3 pathogen and should be manipulated 
in a BSL3 laboratory. Viability testing should be systematically 
performed to assess the complete removal of live forms of B. 
anthracis from DNA samples so that subsequent analysis could be 
carried out safely at lower levels of biocontainment (see Note 1).

 2. Template DNA(s): 5–10 ng genomic DNA (see Note 2). Use 
template DNA suitable for PCR in terms of purity, concentra-
tion, and absence of PCR inhibitors.

 1. 10× Ampligase DNA Ligase Buffer (Epicentre, Madison, USA).
 2. Ampligase DNA Ligase, 5 U/μL (Epicentre, Madison, USA) 

(see Note 3).
 3. A set of 39 modular single-stranded DNA oligonucleotides 

(termed MOLigo probes): a pair of competing allele-specific 
probes (MOLigoP1) and one common probe (MOLigoP2) 
per canSNP (see Notes 4 and 5). 100 μM stock solutions 
diluted in ultrapure water (see oligonucleotide sequences in 
Table 1). The 5′-end of each MOLigoP2 probe is phosphory-
lated to enable covalent linkage to MOLigoP1 in the presence 
of DNA ligase and target DNA.

 4. dNTP solution (100 μM).
 5. 10× Taq Buffer (Qiagen, Courtaboeuf, France).
 6. Hot Start Taq, 5 U/μL (Qiagen, Courtaboeuf, France).
 7. Biotinylated Universal Forward primer (see primer sequence in 

Table 1): 100 μM stock solutions. The primer is tagged with 
three biotin moieties to guarantee sensitivity at the readout step.

 8. Universal Reverse primer (see primer sequence in Table 1): 
100 μM stock solutions.

 9. PCR-grade H2O: ultrapure water prepared by purifying deion-
ized water, nuclease-free.

 10. Thermocycler.

 1. Tm Hybridization Buffer 1.1× (THB 1.1×): for a final volume 
of 250 mL, add 27.5 mL of 1 M Tris–HCl, pH 8.0; 11 mL of 
5 M NaCl; 0.22 mL Triton® X-100; to 211.28 mL of ultrapure 
water (see Note 6). Mix until Triton is completely solubilized. 
Filter the solution on a 0.22 μm membrane and store at 4 °C.

 2. TE pH 8: for a final volume of 1 L, add 10 mL of 1 M Tris- 
HCl, pH 8.0; 2 mL of 0.5 M EDTA, pH 8.0; to 988 mL of 
ultrapure water. Mix, autoclave, and store at 4 °C.

2.1 DNA Preparation 
and Biosafety 
Procedures

2.2 MOL-PCR

2.3 Luminex 
Equipment 
and Reagents

Simon Thierry and Sylviane Derzelle
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 3. 26 MagPlex beads (Luminex, Austin, USA) with a unique 
spectral signature (see region names and tag-coated sequences 
in Table 1). Store at 2–8 °C.

 4. Streptavidin-phycoerythrin (SA-PE) 100× (Bio-Rad, Hercules, 
USA) (see Note 3). Store at 2–8 °C. Keep away from light.

 5. Luminex 200 (Luminex, Austin, USA) or BioPlex 200 plat-
form (Bio-Rad, Hercules, USA).

3 Methods

Carry out all procedures at room temperature.
Each experiment must include two controls for the calculation 

of signal-to-noise ratio: a bead-only control that reports back-
ground fluorescence obtained from the microspheres alone and a 
no template PCR control (H2O) that reports cross reactivity 
between MOLigo pairs in the absence of any DNA template.

 1. Prepare ligation and amplification mixes for all samples, 
including two, no template, PCR controls (see Notes 7 and 
8), as follows:

 2. The ligation mix includes 5 U of Ampligase® DNA ligase, 
0.1 nmol of each MOLigo probe (see Table 1) and 1× 
Ampligase® DNA Ligase Buffer. Make up to 8 μl per reaction 
with TE buffer.

 3. The amplification mix includes 2.5 U of Hot Start Taq poly-
merase, 2.5 μM of each dNTP, 1× Taq Buffer, 100 pmol of bio-
tin-labeled Universal Forward primer, and 2 pmol of Universal 
Reverse primer. The total PCR volume is 12 μl per reaction.

 4. Aliquot 8 μL of ligation mix to wells or PCR microtubes and 
store the amplification mix at 4 °C until use.

 5. Add 2 μL of template DNA (sample) to each ligation mix reac-
tion or 2 μL of ultrapure water to PCR negative controls wells.

 6. Run the ligation step using the following thermocycling 
parameters: DNA denaturation at 95 °C for 5 min, followed 
by 10 ligation cycles of 60 °C for 5 min and 95 °C for 2 min, 
and a final ligase denaturation step at 98 °C for 5 min.

 7. Aliquot 12 μL of amplification mix to new PCR microtubes or 
multiwell plate.

 8. Add 8 μL of the ligation products.
 9. Run the amplification step as follows: 95 °C for 15 min, 45 

cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. 
Reactions are then cooled to 4 °C and either used immediately 
in the bead hybridization step or stored at −20 °C before pro-
ceeding with the hybridization step.

3.1 MOL-
PCR Method
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 1. Equilibrate the MagPlex beads and the THB 1.1× at room 
temperature (see Note 9).

 2. Prepare enough mix of 26 MagPlex beads to perform all anal-
yses in duplicate, including the two no template PCR controls 
and an additional bead-only control that reports background 
fluorescence obtained from the microspheres alone. Dilute 
1,250 magnetic beads of each region (see Note 10) in 32 μL 
of THB 1.1× solution per reaction. A final volume of 45 μL is 
obtained. Turn on the Luminex platform and equilibrate the 
calibration beads at room temperature (see Note 11).

 3. When the lasers are warmed up, perform a calibration of the 
system as recommended by the manufacturer (see Note 12) 
and set the platform heater to 52 °C.

 4. Vortex, then sonicate the MagPlex beads, and mix briefly 
(about 20 s each step).

 5. Aliquot 45 μL of this mix into a multiwell plate. The no tem-
plate PCR and only-bead controls (in duplicate) have to be 
clearly separated from the other samples to avoid cross 
contamination.

 6. Add 5 μL of amplicons (or water for the only-beads controls) 
to each well. Seal and vortex briefly.

 7. Run the bead hybridization thermocycling program: 95 °C for 
2 min followed by array hybridization at 52 °C for 30 min.

 8. Separate the beads from the supernatant (see Note 13).
 9. Prepare a SA-PE mix at a final concentration of 3× by dilution in 

THB 1.1×. The final volume is 75 μL per reaction (see Note 14).
 10. Resuspend the pelleted MagPlex-TAG microspheres in 75 μL 

SA-PE mix.
 11. Briefly vortex the plate until the pellet is totally resuspended.
 12. Incubate at 52 °C for 15 min in the Luminex platform.

 1. Run the protocol on the Luminex platform, using the reading 
of 100 beads per region setting (see Notes 11 and 15).

 2. When the run is over, export the results in Excel file for data 
analysis.

 3. Rinse and shut down the system according to manufacturer 
recommendations.

The standard workflow to analyze Luminex output data has four 
basic steps:

 1. Correct raw Mean Fluorescence Intensity (MFI) values by 
subtracting the MFI values of the bead-only control. All result-
ing negative MFI values are set to 1.

3.2 Hybridization 
on Beads and SA-PE 
Incubation

3.3 Luminex Readout

3.4 Data Analysis

B. anthracis genotyping by Luminex array
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 2. Determine the absolute minimal threshold value of the run by 
calculating the median values of all no template PCR controls 
(MFIH2O). No template PCR control values (MFIH2O_allele) below 
that threshold are replaced by the threshold value in Eq. 1. This 
step avoids SNP calling failure linked to excessive variations 
observed between no template PCR controls values.

 3. Calculate an allelic ratio (AR) for each biallelic canSNP and 
sample to genotype according to Eq. 1 [20]:

 
AR MFI MFI
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 4. Assign allele calling using the following general rules: SNP is 
called “allele 2” if the AR is less than 0.4 (AR < 0.4) and “allele 
1” if it is greater than 0.6 (AR > 0.6). Between both AR values, 
manual inspection of raw data is used for allele calling.

4 Notes

 1. Viability testing can be performed by spreading an aliquot of 
each DNA preparation on blood agar Petri Dish and incuba-
tion at 37 °C for 18–24 h. In case of growth, perform micro-
filtration and repeat viability step.

 2. Assay limit of detection was determined to be 2 ng of genomic 
DNA per ligation reaction.

 3. The supplier of DNA ligase (Epicentre) and streptavidin- 
phycoerythrin (Bio-Rad) is critical for the method. Use the 
specified products.

 4. MOLigoP1 probes contains three functional components that 
allow (a) detection of target sequences, (b) universal amplifi-
cation of successfully ligated probes, and (c) capture of ampli-
fied products onto a microsphere array. Each pair contains a 
5′-end universal PCR Reverse primer sequence common for 
all the different MOLigoP1, an internal 24 bp xTAG sequence 
unique for each MOLigoP1 probe for capture to conjugated 
xTAG microsphere, and a 3′-end sequence complementary to 
the specific target DNA including the allele-specific nucleotide 
(SNP) at its 3′ end. To improve allele specificity, the 3′ specific 
target sequence is separated into two distinct priming regions 
by a polydeoxyinosine (Poly(I)) linker, according to the DPO 
principle [21]. The longer 5′ segment initiates stable priming. 
The shorter 3′ segment determines target-specific extension 
and SNP discrimination).
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 5. MoLigoP2 probes consist of two sequences: the 5′-end reverse 
complement of a Universal Forward primer and a 3′-end 
locus-specific portion complementary to the specific target 
sequence located just after the SNP.

 6. Use the reagent at room temperature to facilitate Triton® 
X-100 mixing.

 7. Prepare n + 1 ligation and amplification mixes to ensure suffi-
cient volume for all samples (n = number of strains to geno-
type + 2 no template controls).

 8. Vortex both mixtures thoroughly; it has to be homogenous as 
much as possible.

 9. Keep the MagPlex beads away from light as much as possible 
during all the processes.

 10. The canSNP genotyping assay implies 26 different bead 
regions. Two unique anti-xTAG bead regions are associated 
with each biallelic-specific canSNP and the corresponding 
competitive MOLigoP1 pair (see Table 1).

 11. The Luminex system needs 30 min to warm up the lasers; this 
also applies to the calibration beads.

 12. We recommend calibrating the system once per day of use.
 13. Three different methods of separation are recommended by 

the manufacturer: using a magnetic plate separator, an auto-
matic plate washer, or centrifugation. In the last case, pellet 
the MagPlex-TAG microspheres by centrifugation at 
≥2,250 × g for 3 min and remove the supernatant.

 14. The SA-PE mix is very sensitive to light, so use a dark tube or 
keep it in the dark as much as possible.

 15. To enhance the signal, use the option “Run at High RP1 
Target” in the software (if available).
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    Chapter 30   

 Next-Generation Sequencing in Veterinary Medicine: How 
Can the Massive Amount of Information Arising from High- 
Throughput Technologies Improve Diagnosis, Control, 
and Management of Infectious Diseases? 

           Steven     Van     Borm     ,     Sándor     Belák    ,     Graham     Freimanis    ,     Alice     Fusaro    , 
    Fredrik     Granberg    ,     Dirk     Höper    ,     Donald     P.     King    ,     Isabella     Monne    , 
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    Abstract 

   The development of high-throughput molecular technologies and associated bioinformatics has dramatically 
changed the capacities of scientists to produce, handle, and analyze large amounts of genomic, transcrip-
tomic, and proteomic data. A clear example of this step-change is represented by the amount of DNA 
sequence data that can be now produced using next-generation sequencing (NGS) platforms. Similarly, 
recent improvements in protein and peptide separation effi ciencies and highly accurate mass spectrometry 
have promoted the identifi cation and quantifi cation of proteins in a given sample. These advancements in 
biotechnology have increasingly been applied to the study of animal infectious diseases and are beginning to 
revolutionize the way that biological and evolutionary processes can be studied at the molecular level. Studies 
have demonstrated the value of NGS technologies for molecular characterization, ranging from metage-
nomic characterization of unknown pathogens or microbial communities to molecular epidemiology and 
evolution of viral quasispecies. Moreover, high-throughput technologies now allow detailed studies of host-
pathogen interactions at the level of their genomes (genomics), transcriptomes (transcriptomics), or pro-
teomes (proteomics). Ultimately, the interaction between pathogen and host biological networks can be 
questioned by analytically integrating these levels (integrative OMICS and systems biology). The application 
of high-throughput biotechnology platforms in these fi elds and their typical low-cost per information  content 
has revolutionized the resolution with which these processes can now be studied. 

 The aim of this chapter is to provide a current and prospective view on the opportunities and chal-
lenges associated with the application of massive parallel sequencing technologies to veterinary medicine, 
with particular focus on applications that have a potential impact on disease control and management.  

  Key words     Next-generation sequencing  ,   Animal infectious disease management  ,   OMICS  

  The    Epi-SEQ consortium (  www.epi-seq.eu    )   
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1     Introduction 

 Genetic characterization of infectious agents plays a central role in 
the diagnosis, monitoring, and control of infectious diseases. The 
development of rapid DNA sequencing methods based on the 
selective incorporation of chain-terminating dideoxynucleotides 
([ 1 ]; later termed “fi rst-generation sequencing technologies”) and 
the polymerase chain reaction (PCR) DNA amplifi cation technolo-
gies ([ 2 ]; reviewed in [ 3 ]) has paved the way for the study of bio-
logical and evolutionary processes at the molecular level. Such 
technologies have been extensively applied to the diagnosis and 
molecular epidemiology of infectious diseases of livestock and 
become important tools for targeted research on host-pathogen 
interactions. The most recent versions of these fi rst-generation 
sequencing technologies are widely accessible and provide high- 
quality data. However, their application to projects such as whole 
genome sequencing is expensive and time-consuming, often 
requiring prior knowledge of the target genome for specifi c tem-
plate amplifi cation. These limitations have been particularly prob-
lematic for large sequencing projects and have motivated the 
development of alternative, post-Sanger sequencing technologies 
(“next-generation sequencing” or NGS). 

 Next-generation sequencing platforms provide unprecedented 
throughput, generating hundreds of gigabases of data in a single 
experiment. Although the initial capital investment and cost per 
experiment remain high, the price per information unit (nucleo-
tide) has been dramatically reduced in comparison with fi rst- 
generation sequencing. Moreover, these technologies allow 
unbiased sequencing without prior knowledge of the complete 
DNA content in a sample while retaining the fl exibility to allow for 
targeted sequencing. 

 This paradigm shift in the scale of DNA sequence data has 
revolutionized the way biological and evolutionary processes can 
be studied at the molecular level, enabling genome projects previ-
ously restricted to high profi le model organisms and human 
pathogens to target pathogens of lesser economic and medical 
signifi cance. 

 Such advancements are now being increasingly applied to vet-
erinary medicine. As a result, the increasing availability of these 
technologies combined with the rapid development of applied 
tools and protocols has provided a diverse array of applications for 
use in genomics and transcriptomics and even routine diagnostics. 

 In this chapter, we review recent advances in NGS technolo-
gies that are becoming commonplace in many laboratories, with an 
emphasis on the applications that have the potential to signifi cantly 
impact on diagnosis, prevention, and control of infectious diseases 
in animals.  
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2    Massive Parallel Sequencing 

  A number of different NGS platforms are currently available, with 
each utilizing different sequencing chemistries and detection strat-
egies. This has led to individual systems having their own strengths 
and limitations (reviewed in [ 4 – 6 ]).  Second-generation sequencing 
platforms  vary in technology and chemistry used but have the 
 following properties in common:

 ●    A DNA library is made from the sample. This library is either 
representing all DNA in sample without prior knowledge or a 
targeted library using PCR amplifi cation or alternative enrich-
ment methods. Adapter sequences are joined to the DNA mol-
ecules (by ligation or amplifi cation) and can include a barcode 
sequence that allows multiplexing of several samples in an 
experiment.  

 ●   Individual DNA molecules in each library are clonally 
amplifi ed.  

 ●   Clonal DNAs are sequenced by massive parallel sequencing.  
 ●   Hundreds of thousands of DNA sequence reads result and 

need to be processed.    

 The second-generation sequencing platforms fi rst emerged on 
the market with an emphasis on extreme high-throughput sequenc-
ing applications and initially were restricted to genome sequencing 
centers or core facilities. These technologies use different detection 
principles including pyrosequencing (454 Life Sciences, acquired 
by Roche, available since 2005, but planned to be discontinued by 
mid-2016), Illumina’s sequencing by synthesis (previously Solexa, 
available since 2007), SOLiD ligation-based sequencing (Life 
Technologies, available since 2006), and, more recently, the Ion 
Torrent semiconductor sequencing technology. Over the last 5–7 
years, all of the major platforms have made signifi cant improve-
ments, with notable advancements made in terms of protocol com-
plexity, overall performance (including read length, fi delity, lower 
input DNA), and cost effi ciency. More recently, smaller benchtop 
sequencers [ 7 ] have become available, making the technology 
more accessible for use in routine microbiology laboratories, while 
academic core facilities and commercial service providers focused 
increasingly upon providing users with access to a wider diversity 
of the sequencing technologies available. These developments will 
bring NGS technologies within the reach of many more research 
groups and diagnostic laboratories where NGS analysis of a single 
isolate will generate signifi cant quantities of data, many orders of 
magnitude greater than that generated by other typing methods. 

 In addition to the continuous improvement of existing plat-
forms, newer methodologies are being developed.  Third-generation 
sequencing technologies  are defi ned as single-molecule sequencers 

2.1  Technologies
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(reviewed in [ 6 ,  8 ]). These approaches promise additional advantages 
such as scalability, simplicity, long read length, and low operational 
costs and do not require clonal amplifi cation of template DNA mol-
ecules, thereby removing potential errors associated with clonal 
amplifi cation. A single third-generation platform is currently available 
on the market since 2011 (PacBio, Pacifi c Biosciences) that sequences 
long single DNA molecules in real time, known as SMRT sequenc-
ing. Other technologies are still under development (e.g., [ 4 ]) such 
as DNA sequencing in nanopores that offer the potential of simple, 
inexpensive, single-molecule sequencing in miniaturized or highly 
scalable devices [ 9 ]. Although substantial validation data is still 
required, these technologies have the potential to make NGS even 
more widely available in diagnostic labs.  

  While the advantages of NGS are numerous (unprecedented scale of 
genomic information, scalability, low-cost per information content, 
and high throughput), several challenges remain to be addressed. 

 Several processes in the NGS workfl ow, from sample selection 
to data interpretation, are potentially vulnerable to bias and/or 
error introduction (Fig.  1 ). This includes the  error rates  of the 

2.2  Challenges

  Fig. 1    Steps in next-generation sequencing and data analysis workfl ows where error and bias introduction 
may occur       
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sequencing chemistry and library construction, as well as point 
mutations and insertions/deletions that may arise during reverse 
transcription and PCR amplifi cation. The amplifi cation of DNA by 
PCR to obtain clonal template sequences is subject to error intro-
duction [ 8 ] and may result in an amplifi cation bias impacting the 
relative frequency of sequence variants present in the sample. 
 Sampling bias  can be introduced when a relatively small number of 
samples are analyzed per epidemiological unit (e.g., single animal 
or herd) due to fi nancial constraints restricting the thorough use of 
NGS. When only a small proportion of the nucleic acids in a single 
sample are subjected to sequence analysis, technical sampling bias 
occurs. While NGS data provides a high resolution of an individual 
sample, the resolution of higher epidemiological scales (Fig.  2 ) 
may thus be compromised due to insuffi cient sampling. Moreover, 
as a minimum amount of genetic material is needed as input for 
NGS workfl ows, this can result in bias towards samples with the 
highest pathogen titers. Errors and bias may also be introduced by 
methods to increase the sensitivity of the workfl ow, such as targeted 
pathogen genome amplifi cation [ 10 – 12 ] or enrichment (e.g., [ 13 ]). 

  Fig. 2    High-throughput technologies can be applied to numerous aspects of animal infectious diseases         
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Furthermore, reagent contamination has been reported to inter-
fere with metagenomic analyses [ 14 ,  15 ]. Errors can also be made 
during the sequencing process itself via base miscalls by NGS 
machines. For example, the loss of synchronicity (dephasing) in a 
percentage of the clonally amplifi ed DNA  template [ 16 ] results in 
increased noise and sequencing errors [ 17 ,  8 ]. Each of the differ-
ent NGS platforms available has its own distinct characteristics in 
terms of read and error profi les, with the Illumina platform often 
regarded as having the lowest error rate, while other platforms can 
produce longer reads [ 7 ,  18 ,  19 ]. In addition, certain biases and 
errors can be introduced during the analysis of NGS datasets, due 
to the limitations of the algorithms or reference data used [ 20 ,  21 ]. 
For example, genomic repeat regions are a well- known problem 
for sequence assembly algorithms [ 22 ]. However, software 
advancements combined with platform and chemistry develop-
ments are expected to further reduce operational costs, error rates, 
and input DNA quantities, allowing more careful sampling strate-
gies and reducing experimentally introduced error and bias in the 
future.

    As a result of errors and bias introductions, NGS data needs to 
be “cleaned”. This includes sequence fi ltering (removing low- 
quality sequences) and alignment followed by variant calling and 
error correction. Discriminating true biological variants from those 
due to experimental noise is an important issue when trying to 
identify low-frequency variants in a population, for example, in 
viral quasispecies or metagenomic analyses, and there are currently 
a number of bioinformatics tools to aid in this (e.g., [ 23 – 26 ,  19 ]). 
Currently, a multitude of software has been developed to address 
different aspects of NGS analyses [ 27 ,  28 ]. However, the available 
algorithms for both genome assembly and amplicon analysis can 
present some limitations [ 29 ], meaning that custom-made script-
ing and in-house resolution of bioinformatic problems are often 
needed to investigate novel datasets and specifi c hypotheses. In this 
context, researchers are frequently faced with the need to acquire 
computer skills and bioinformatics expertise. To evaluate the 
potential of NGS for a wider group of scientists and diagnosticians, 
there is a real need to develop fl exible and practical bioinformatics 
workfl ows that can provide user-friendly tools for the analysis of 
massive datasets and that become publicly available. Although 
some software with a menu-driven approach is available (e.g., 
Geneious, CLC Workbench, Galaxy), most applications are opti-
mized on UNIX-based operating systems and require some bioin-
formatics expertise. Although less user-friendly, UNIX-based 
pipelines are typically freely available to the NGS user community 
and are equipped with algorithms that track the high pace of inno-
vation in the NGS fi eld. 

 A further issue is the scale of genetic data produced by NGS 
technologies which presents a physical constraint in terms of data 
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storage and analysis. Although limited datasets (e.g., resulting from 
the desktop-range 2nd-generation sequencers) can be managed 
using modest computing resources, like high-end desktop comput-
ers running virtual Linux machines [ 4 ], larger datasets typically 
require high-performance computational clusters, which present a 
considerable investment and require suffi cient information technol-
ogy (IT) support. Cloud computational resources (i.e., renting 
time from commercial high-performance computational clusters) 
may be a solution [ 30 ] although further developments are needed, 
given the data transfer issues resulting from huge fi le sizes [ 4 ]. 
Another issue for diagnostic laboratories is protection of data from 
unauthorized access, which cannot be guaranteed in the cloud, as 
data from diagnostic examinations need to be kept confi dential. For 
labs frequently producing NGS data, data storage and backup costs 
can be substantial. Ideally, these huge genetic datasets should be 
made publicly available to the scientifi c community as they provide 
a source of information applicable to better understanding disease, 
design of targeted assays, systems biology, and integrated OMICS 
analysis approaches. To this end, online repositories such as the 
Sequence Read Archive (SRA; [ 31 ]) have been created to store 
both raw NGS and intermediate analysis fi les. 

 It will also be important to consider how results from complex 
and massive NGS datasets will be communicated to policy groups 
and the public and become a decision-supporting tool. To this 
end, it is necessary that scientists and diagnosticians develop and 
agree on data formats for the communication of NGS results for 
analyses that go beyond simple genome sequences, for instance, for 
reporting quasispecies compositions.   

3    Application of NGS to Animal Infectious Disease 

 NGS technology is now being increasingly applied to study the 
etiology, genomics, evolution, and epidemiology of animal infec-
tious diseases as well as host-pathogen interactions (Fig.  2 ). These 
applications have provided novel insights and illustrate the poten-
tial of this new technology to directly impact on our understanding 
and control strategies for animal infectious disease. 

 NGS platforms have been instrumental in the completion of 
large  animal genomes  and the documentation of genomic variation 
(reviewed in [ 32 ]). Available livestock genomes now include 
bovine, pig, sheep, equine, and avian [ 32 ] which provide an impor-
tant source of knowledge for understanding food production and 
animal interaction with infectious pathogens. Additional livestock 
genome sequencing efforts have documented genomic variation 
providing information for the development of genetic markers 
applicable to animal breeding genetics [ 33 – 35 ], including traits 
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related to pathogen resistance and interaction with microbial com-
munities in poultry [ 36 ]. Others have used novel sequencing tech-
nologies for the targeted study of specifi c gene families occupying 
key roles in host immunology (e.g., Toll-like receptor (TLR) gene 
family [ 37 ]). 

 The high variability and large size of the mitochondrial genome 
(mtDNA) of  eukaryotic parasites  have been recently explored using 
NGS (reviewed by [ 38 ]). mtDNA sequences proved very informa-
tive in epidemiological studies [ 38 ] but also include comparative 
mtDNA sequencing of parasites with low and high zoonotic poten-
tial [ 39 ]. Targeting specifi c polymorphic genes in the  Cryptosporidium 
parvum  genome using NGS, extensive intra-host genetic diversity 
was documented [ 40 ]. Studies of the  transcriptome  (all mRNA 
transcripts in an organism, tissue, or cell; also called  RNA-Seq ) of 
different parasite species and/or developmental stages provide 
insights into aspects of gene expression, regulation, and function, 
which are major steps to understanding their biology (reviewed in 
[ 41 ]). Examples include the characterization of the transcriptome 
from  Eimeria  sp. from chicken [ 42 ] and  Taenia  sp. from sheep 
[ 43 ]. In addition, RNA-Seq data have been used to predict poten-
tial drug targets [ 44 ] and to identify key genes involved in anthel-
mintic resistance [ 45 ]. 

 Over the last fi ve years, NGS has been used as an extremely 
important tool in the tracing of transmission, genome characteriza-
tion, and outbreak management of both viral and bacterial diseases. 
The sequencing of these two pathogen types poses very different sets 
of challenges and issues, where the large data output expressed typi-
cally in the Mb (megabase) to Gb (gigabase) range [ 4 ] is particularly 
suited for the sequencing of larger bacterial genomes. The high plas-
ticity of some microbial genomes, with large mobile elements, gene-
coding plasmids, chromosomal genes, and regions of extensive 
genetic variability, can frequently complicate genome assembly [ 46 ]. 
While most viral genomes are signifi cantly smaller than their bacterial 
counterparts, the viral replication biology (particularly that of RNA 
viruses) poses its own unique problems. These involve the inherent 
variability of many viral genomes due to replication machinery lack-
ing effi cient proofreading mechanisms. This, combined with a short 
generation time and high replication rate, results in a complex mix of 
differing genomes (a “swarm” of closely related viruses) within a 
single host that are often termed as “ quasispecies ,” reviewed in [ 47 ]. 
In addition, recombination and reassortment of segmented viral 
genomes frequently occur. NGS techniques offer an unprecedented 
“step- change” increase in the amount of sequence data that can be 
generated from both types of these samples. 

 Figure  3  (different scales of sequence analysis) highlights 
where genetic analyses can target different biological scales and 
whether these are within an individual host, or between hosts, 
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resulting in either host variation or inter-herd diversity/outbreak 
transmission.

   At the level of the quasispecies, NGS technologies can now 
determine complete viral genomes to a fi ne-point resolution, allow-
ing the quantifi cation of viral diversity within samples [ 48 ] and 
making the sequencing of large numbers of samples economically 
feasible. The technology will allow the comparison of genetically 
diverse populations from different replication sites within a host 
[ 49 ,  50 ]. Wright and colleagues investigated the genetic diversity 

  Fig. 3    The differing levels of intra- and inter-host variation that can be explored using NGS technologies range 
from intracellular dynamics to epidemiological applications       
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and resulting quasispecies population after inoculation of foot-and-
mouth disease virus (FMDV) into a single animal and identifi ed 
genetically distinct populations originating from different lesions 
[ 50 ]. Morelli and colleagues [ 51 ] studied the evolution of FMDV 
intra-sample sequence diversity during serial transmission in bovine 
hosts, providing novel insights into the fi ne-scale evolution of an 
RNA virus. NGS can also provide insights on microevolutionary 
processes of viruses at different scales, including the fi ne-point reso-
lution molecular epidemiology analysis of outbreaks [ 52 ]. 

 Recent studies on infl uenza A viruses have demonstrated that 
minority variants present in the donor population can be  successfully 
transmitted to the recipient host and become prevalent with unpre-
dictable impact on the virus biological properties [ 53 ,  54 ]. These 
fi ndings suggest that the use of NGS approaches in RNA virus sur-
veillance will be strategic to promptly detect biologically relevant 
viral quasispecies and will help in expanding our understanding of 
viral dynamics and emergence and the possible implications of muta-
tion emergence for studies done using isolated viruses [ 55 ,  56 ]. 

 The study of the viral swarm within individual hosts also has 
implications for understanding the evolutionary dynamics of viral 
populations under selection pressures, e.g., antiviral drugs. This 
has been a particularly active fi eld in human medicine, e.g., with 
regard to human immunodefi ciency virus (HIV) antiviral drugs 
response, drug resistance, and viral tropism (reviewed in [ 57 – 59 ]) 
and human infl uenza A (e.g., [ 60 ]) studies. The technologies’ 
application to personalize antiviral treatment as a function of 
genetic marker makeup in human medicine is just around the cor-
ner [ 61 ]. Although at present only an emerging fi eld in veterinary 
science, the development of antiviral drugs has the potential to 
translate into effi cient animal infectious disease control strategies 
(e.g., [ 62 ,  63 ]). 

 The majority of the papers using NGS to investigate animal 
infectious disease focus specifi cally upon the level of animal-to- 
animal transmission and the characterization of pathogens within a 
single host, as this yields the most useful data in terms of outbreak 
management and identifying mechanisms/sources of disease trans-
mission. For example, Lefébure and colleagues [ 64 ] used NGS to 
study genome complexity and horizontal gene transfer in food-
borne  Campylobacter  spp. Biek et al. [ 65 ] studied local transmis-
sion patterns of  Mycobacterium bovis  in cattle and wildlife reservoirs 
using whole genome sequences from 31 samples originating on 
fi ve farms. These demonstrated enough diversity between individ-
ual outbreaks to determine evolutionary variation down to herd 
level. The identifi cation of novel antimicrobial resistance genes in 
the foodborne pathogen  Campylobacter coli  [ 66 ] was possible 
using NGS, and the application of NGS technologies during a 
recent crisis involving foodborne enterohemorrhagic  Escherichia 
coli  O104:H4 allowed a swift genomic identifi cation [ 67 ] that was 
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key to the management of this crisis. Finally, the technology also 
proved very informative to study the molecular epidemiology and 
evolutionary history of extremely monomorphic  Mycoplasma 
mycoides  subsp.  mycoides  SC [ 68 ] in addition to studies tracing 
medically signifi cant pathogens [ 69 – 71 ]. Samples from the US 
2006–2007 West Nile virus (WNV) outbreak in birds were charac-
terized using Illumina sequencing, resulting in the identifi cation of 
a new genetic variant containing a 13-nucleotide indel [ 72 ]. A sur-
vey of Chinese domestic fowl using RNA-Seq on an Ion Torrent 
identifi ed a novel Coronavirus, providing insights into the diversity 
and distribution of avian coronaviruses [ 73 ]. A further study has 
also investigated the role of Usutu virus in causing epizootic infec-
tion in blackbirds in Germany [ 74 ]. 

 The advent of NGS has also led to the cost-effi cient sequenc-
ing of complete viral genomes including avian infl uenza virus [ 75 –
 78 ], classical swine fever virus [ 79 ], and bluetongue viruses [ 80 ]. 
An optimized method incorporating 454 sequencing for universal 
nonspecifi c RNA viral genomes from brain and cell culture mate-
rial was applied to Lyssaviruses [ 81 ]. Other groups have reported 
the characterization of Louping ill virus in lambs [ 82 ], porcine 
reproductive and respiratory syndrome virus [ 83 ], and herpesvi-
ruses from Asian elephants [ 84 ]. Furthermore, studies using random 
amplifi cation techniques have identifi ed mixed infections of para-
myxoviruses and avian infl uenza in bird populations [ 77 ,  85 ,  78 ]. 
Effi cient infl uenza A-specifi c resequencing strategies [ 86 ,  87 ] have 
allowed the study of quasispecies-scale genetic variability with 
implications for immune response [ 88 ,  89 ], host cell line adapta-
tion [ 90 ,  91 ], antiviral drug resistance [ 92 ], and pathogenicity 
[ 53 ]. Likewise, effi cient targeted CSFV genome sequencing using 
NGS has led to insights in classical swine fever virus (CSFV) epide-
miology based on isolates from an outbreak in wild boar from 
Germany [ 79 ] and in the role of quasispecies diversity in CSFV 
pathogenicity [ 93 ]. 

 NGS technology has also allowed the characterization of com-
plete microbial communities without prior knowledge. For instance, 
the unbiased characterization of conserved bacterial ribosomal 
RNA-encoding sequences (rRNA profi ling) has been applicable to 
whole microbial community characterization (e.g., [ 94 ,  95 ]) and 
to molecular characterization of (uncultured) bacteria [ 96 ]. 
 Metagenomics  is the determination of the sequence content of a 
complete microbial community (reviewed in [ 97 ]). The analysis of 
the resulting data can be taxonomy oriented (identifi cation and 
quantifi cation of species diversity; [ 98 ]) or function based (identifi -
cation of coding gene diversity, e.g., [ 99 ]). The latter has signifi cant 
potential, e.g., in the screening for virulence-associated, antibiotic 
resistance genes, and vitamin production-associated genes in micro-
bial communities [ 100 ]. NGS also offers the potential of unbiased 
sequencing of the nucleic acid content of a sample and has been 
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applied to the characterization of the  viral metagenome  in samples 
[ 101 ] or the identifi cation of unknown or unexpected viruses in 
diseased animals or insect vectors. Furthermore, metagenomic NGS 
workfl ows allow the study of the interaction of treatment with an 
animal’s microbiome [ 102 ]. In the microbiology lab, NGS has the 
potential for greater diagnostic resolution than any other typing 
method, and clinical microbiology labs are currently investigating 
its potential for routine diagnosis [ 103 ,  104 ]. 

 Using NGS-based metagenomic approaches, multiple potential 
disease agents have been identifi ed in a wide range of both domestic 
and wild animals (reviewed in [ 105 – 109 ]). Although the common 
goal is to identify potential pathogens, the studies can roughly be 
divided into three categories: (1) investigations of outbreaks of 
unknown etiology, (2) investigations of well-known disorders pre-
sumed to be of multifactorial etiology, and (3) metagenomic studies 
of reservoir species and vectors. Examples of the fi rst category 
include the identifi cation of a novel Orthobunyavirus affecting cat-
tle (described in more detail below), an astrovirus in the brain of 
farmed minks suffering from  encephalomyelitis [ 110 ], and a novel 
picornavirus as candidate etiologic agent for turkey viral hepatitis 
[ 111 ], among others. The second category encompasses investiga-
tions aimed at fi nding contributing infectious agents to complex 
diseases, such as colony collapse disorder of honey bees [ 112 ,  113 ] 
and postweaning multisystemic wasting syndrome in pigs [ 114 ]. 
Studies in the third category have been performed on diverse 
animal species suspected to be important reservoirs, such as bats 
[ 115 ,  116 ], African bush pigs [ 117 ], and red fox [ 118 ], as well as 
typical vector organisms, such as ticks [ 119 ]. 

 Although it is an important fi rst step, the identifi cation and 
genetic characterization of candidate pathogens are not enough to 
establish causal relationships or understand how they may be asso-
ciated with disease. It is therefore necessary to use a  synergistic 
approach combining molecular diagnostic tools, such as NGS- 
based metagenomics and follow-up PCR-based assays targeting 
detected pathogen sequences, with more conventional diagnostic 
methods, including isolation and characterization. This is crucially 
important in situations where metagenomic data indicate the 
potential presence of multiple pathogens. While PCR-based preva-
lence studies in matching disease cases and healthy controls can 
provide further evidence for disease association, isolation of candi-
date pathogens is required to assign causality by addressing Koch’s 
postulates [ 120 ]. The assembled data from such a multidisciplinary 
(pathology, epidemiology, metagenomic data, PCR prevalence 
studies, isolation, characterization, etc.) should be used to identify 
the most likely candidate etiologic agent and to make informed 
intervention decisions. The synergetic and parallel use of molecular 
and classical methods not only results in detection of infectious 
agents and development of targeted diagnostic tests but also has 
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the potential to make isolates or strains available shortly after the 
occurrence of outbreaks. The availability of isolates or strains is of 
special importance to allow the design of effective vaccines or anti-
microbial drugs. 

 The power of NGS to boost the veterinary laboratory commu-
nity’s responsiveness to emerging diseases was demonstrated 
through the discovery of a novel Orthobunyavirus in 2011 associ-
ated with fever, decreased milk production, and diarrhea in dairy 
cattle. Metagenomics, using 454 technology, allowed the identifi ca-
tion of a novel virus, subsequently named Schmallenberg virus 
(SBV), in an epidemiological cluster of diseased cattle in Germany 
[ 121 ]. These viral sequences were used to rapidly design targeted 
molecular tests that were used to confi rm a clear association between 
the presence of the virus and affected animals [ 110 ]. International 
adoption of these molecular tests identifi ed a widespread occur-
rence of SBV in European countries (  http://www.efsa.europa.eu/
en/supporting/pub/429e.htm    ) and its detection in stillborn and 
malformed lambs [ 122 ,  123 ], as well in insect  vectors [ 124 ,  125 ]. 
The molecular tests were also helpful in targeting samples for isola-
tion of the virus, which ultimately led to the development of a pro-
totype vaccine currently under evaluation [ 126 ]. 

 Metagenomic NGS workfl ows also have the potential use for 
quality control of biological products [ 127 ] and vaccines [ 128 –
 132 ] and provide a powerful approach for the identifi cation and 
characterization of unexpected of highly divergent pathogen vari-
ants [ 133 ,  85 ] that may remain undetected using targeted diag-
nostic tests. 

 The technological possibility to study both the host and the 
pathogen with high resolution on the level of their genome, 
transcriptome, or proteome opens opportunities to study  host/
pathogen interactions  at several levels ((genomics, transcrip-
tomics,  microRNA s (miRNA)) and ultimately to analytically 
integrate these levels (integrative omics or systems biology) aim-
ing to study the interaction of pathogen, microbiome, and host 
biological networks with many examples in veterinary science. 
Nordentoft and colleagues [ 134 ] used NGS metagenomics to 
study the infl uence of livestock management parameters and 
infection with  Salmonella enteritidis  on the microbial commu-
nity in the chicken intestinal tract. Another study [ 135 ] docu-
mented the effect of  Campylobacter jejuni  infection on the 
chicken fecal microbiome. The application of metagenomic 
techniques in poultry production could lead to the development 
of novel alternatives to antibiotic growth promoters and better 
understanding of the colonization of food production animals 
by foodborne pathogens such as  Salmonella enterica  and 
 Campylobacter  spp. [ 36 ]. Other studies investigated the host 
response to pathogen infection. Glass and colleagues [ 136 ] used 
NGS transcriptomics to document bovine resistance and tolerance 
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traits to parasitic infection. The technology was also used to study 
the ferret transcriptome response to infl uenza infection [ 137 ], the 
chicken transcriptome response to Marek’s disease [ 138 ], the swine 
response to porcine reproductive and respiratory syndrome virus 
infection [ 139 ], and the changes in the mouse transcriptome after 
 Brucella  sp. infection [ 140 ]. 

  microRNA s are considered to be a key mechanism of gene 
regulation in both parasites and viruses. Their characterization 
contributes to better understanding the complex biology of patho-
gens. Wang and coworkers [ 141 ] characterized microRNA 
sequences from  Orientobilharzia turkestanicum , a fl uke with zoo-
notic potential infecting sheep, and identifi ed key target miRNAs 
for parasite energy metabolism, transcription initiation factors, sig-
nal transduction, and growth factor receptors. Virus-encoded 
microRNAs (vmiRNA) regulating viral or cellular transcripts can 
be targeted for virus discovery [ 142 ,  143 ]. miRNAs also play 
important roles in regulating host-pathogen interactions. NGS has 
been applied to investigate whether infection can modulate miRNA 
biogenesis and has also been used to identify miRNAs that infl u-
ence pathogen replication, tropism, and pathogenic potential 
[ 144 – 149 ]. In particular, cellular miRNAs have been shown to 
interact with the viral genomic RNA or mRNA, facilitating or 
inhibiting the virus life cycle. These molecules have demonstrated 
immense potential as a source of antiviral therapeutics effective 
against a number of viruses (adenovirus, rabies, Venezuelan equine 
encephalitis, porcine reproductive and syndrome virus [ 150 – 153 ]) 
or for the design of live-attenuated virus vaccine based on miRNA- 
mediated gene silencing [ 154 ,  155 ,  147 ].  

4    Conclusions 

 Next-generation sequencing technologies have the potential to 
revolutionize our understanding of the complex dimensions of ani-
mal infectious disease and infection biology (Fig.  2 ), ranging from 
the intracellular interactions to disease epidemiology. The applica-
tion of high-throughput biotechnology platforms in these fi elds 
and their typical low-cost per information content has increased 
the resolution with which these processes can now be studied. 

 We now have high-resolution tools that provide veterinary 
diagnostic laboratories with the ability to undertake swift and fl ex-
ible responses to emerging infectious diseases and unexpected 
pathogen variants. Moreover, these tools provide an increased res-
olution for the characterization of pathogens and provide impor-
tant assets to improve our understanding. Fundamental research 
on pathogen evolution, adaptation, and virulence determinants 
can now be studied on a scale allowing within and between host 
dissections of genetic variability. Moreover, high-throughput tools 
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open new perspectives to study the complex interaction between 
pathogen, host, and microbiome with very high resolution and to 
deepen our understanding of the key biological processes leading 
to protective immunity. 

 Not only will our increased understanding of pathogens and 
their interaction with livestock impact on future disease preven-
tion, control, and management strategies, but the technologies 
may themselves become part of the intervention strategies, provid-
ing high-resolution data for molecular epidemiology to rapidly 
trace the origin and spread of outbreaks, for molecular typing, for 
predicting, and for optimizing the outcome of targeted treatment 
with antibiotics, antivirals, and anthelmintic. 

 The ready availability of high-resolution genomic and tran-
scriptomic data will impact upon the targeted development of 
novel vaccines and drugs [ 156 ,  157 ], while NGS has the potential 
to become a powerful tool for the control of vaccines and other 
biological products. 

 As with any new technology, challenges remain. In the case of 
NGS, these include the requirement for expertise in both the labo-
ratory and in the analysis of huge datasets and the current need for 
high investment in laboratory and data analysis hardware. As the 
technology is ever evolving towards lower cost, user-friendliness, 
and accessibility for smaller research and diagnostic labs, efforts are 
needed to make the data analysis more accessible to nonexpert 
users. This includes proper modeling of the sources of error intro-
duction, solutions for public data storage, development of user- 
friendly but high standard analysis pipelines for routine applications, 
etc. Both the industry and the NGS user community can play a role 
in this evolution. 

 Similarly, recent improvements in protein and peptide separation 
effi ciencies and highly accurate mass spectrometry have promoted 
the identifi cation and quantifi cation of proteins in a given sample 
[ 158 ]. Directly targeting peptide and protein content in a sample, 
proteomic approaches provide important additional information tak-
ing known issues, such as the quantitative discrepancy between 
mRNA transcript levels and fi nal protein levels and posttranslational 
modifi cation, into account [ 159 ]. 

 Novel proteomic approaches have been applied to animal 
infectious disease research, including the study of  E. coli  response 
to chicken sera [ 160 ], proteomic profi ling of porcine sera after 
FMDV infection [ 161 ], host-pathogen interaction during bovine 
mastitis [ 159 ], and metaproteomic studies characterizing the col-
lective proteome of microbial communities [ 162 ]. 

 This section contains excellent contributions exploring the 
application of high-throughput technologies to animal infectious 
diseases, including functional genomics of tick vectors infected with 
eukaryotic parasites, metagenomic approaches to detect bee viral 
pathogens, proteomics of vector-host-pathogen interactions, and 
NGS applications exploring parasites and intervention strategies.     
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    Chapter 31   

 Impact of Next-Generation Technologies on Exploring 
Socioeconomically Important Parasites and Developing 
New Interventions 

           Cinzia     Cantacessi    ,     Andreas     Hofmann    ,     Bronwyn     E.     Campbell    , 
and     Robin     B.     Gasser    

    Abstract 

   High-throughput molecular and computer technologies have become instrumental for systems biological 
explorations of pathogens, including parasites. For instance, investigations of the transcriptomes of different 
developmental stages of parasitic nematodes give insights into gene expression, regulation and function in 
a parasite, which is a signifi cant step to understanding their biology, as well as interactions with their 
host(s) and disease. This chapter (1) gives a background on some key parasitic nematodes of socioeco-
nomic importance, (2) describes sequencing and bioinformatic technologies for large-scale studies of the 
transcriptomes and genomes of these parasites, (3) provides some recent examples of applications and (4) 
emphasizes the prospects of fundamental biological explorations of parasites using these technologies for 
the development of new interventions to combat parasitic diseases.  

  Key words     Parasitic nematodes  ,   Genomics  ,   Transcriptomics  ,   Bioinformatics  ,   Next-generation 
sequencing  ,   Post-genomics  ,   Anthelmintic resistance  ,   Drug targets  ,   Diagnostic markers  

1      Introduction 

 Parasitic nematodes (roundworms) of humans and other animals are 
of particular signifi cance as pathogens [ 1 – 5 ]. For example, the soil-
transmitted helminths (STHs)  Ascaris  spp. (large roundworm), 
 Ancylostoma duodenale ,  Necator americanus  (hookworms) and 
 Trichuris trichiura  (whipworm) are estimated to infect almost one 
sixth of all humans [ 6 ,  7 ], and parasitic nematodes of livestock, 
including species of  Haemonchus ,  Ostertagia , and  Trichostrongylus , 
cause substantial losses estimated at billions of dollars per annum, due 
to poor productivity, failure to thrive, the costs of anthelmintic treat-
ment and deaths [ 8 – 10 ]. In addition to their socioeconomic impact, 
anthelmintic resistance in nematodes of livestock [ 11 – 13 ] has stimu-
lated research towards developing alternative intervention and control 
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strategies against these parasites. In spite of some knowledge of parasites 
and the diseases that they cause [ 14 ,  15 ], little is known about essen-
tial molecular processes and mechanisms in parasitic nematodes. 
Gaining an improved understanding of the molecular biology of 
these organisms offers a possible pathway for discovering new meth-
ods of diagnosis, treatment and control of parasitic diseases. 

 Advances in genomic and bioinformatic technologies provide 
exciting opportunities to explore, for example, basic developmen-
tal and reproductive processes in nematodes. In particular, studies 
of the transcriptomes of parasites have become instrumental in 
various areas, such as gene discovery and characterization, and for 
gaining insights into aspects of gene expression, regulation and 
function [ 16 – 19 ]. The purpose of this chapter is to (1) give a back-
ground on some socioeconomically important parasitic nematodes 
of animals, (2) describe sequencing and bioinformatic technolo-
gies for large-scale studies of the transcriptomes and genomes of 
these parasites, (3) provide some recent examples of applications, 
and (4) emphasize the prospects of fundamental biological explo-
rations of parasites using these technologies for the development of 
new interventions to combat parasitic diseases.  

2    Brief Background on Parasitic Nematodes 

 As one of the most diverse phyla in the animal kingdom, the phy-
lum Nematoda includes > 28,000 species, of which >16,000 are 
parasites of animals or plants [ 14 ,  20 ]. This phylum consists of two 
main classes, the Adenophorea and the Secernentea [ 21 ]. Within 
the Secernentea, species within the orders Ascaridida, Oxyurida, 
Spirurida and Strongylida are parasites of humans and other verte-
brates [ 14 ]. Within the latter order, the superfamily Strongyloidea 
includes, among others, some intestinal parasites of pigs, rumi-
nants (Chabertiidae) and equids (family Strongylidae) [ 14 ]. 
Members of this superfamily are characterized by complex buccal 
capsules, often with a series of leafl ike structures on the border of 
the labial region ( corona radiata ) [ 22 ]. In contrast, the buccal cap-
sule, lips, and  corona radiata  of species of parasitic nematodes of 
the superfamily Trichostrongyloidea are greatly reduced or absent 
[ 23 – 25 ]. Members of this latter superfamily (commonly known as 
“trichostrongyles”) are key parasites of some mammals, particu-
larly ruminants [ 14 ,  26 ]. The superfamily Ancylostomatoidea 
(“hookworms”) includes blood-feeding nematodes, characterized 
by large, globular buccal capsules, which enable them to attach to 
the intestinal wall to feed on blood [ 14 ]. According to a molecular 
classifi cation proposed by Blaxter et al. [ 27 ], members of the 
Strongylida, such as trichostrongyles and hookworms, as well as 
the free-living nematodes of the suborder Rhabditina (e.g., 
 Caenorhabditis elegans ) and order Diplogasterida (e.g.,  Pristionchus 
pacifi cus ), belong to “clade V” of the Nematoda. 
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   Within the superfamily Trichostrongyloidea,  Haemonchus contor-
tus  (barber’s pole worm) and  Trichostrongylus  spp., for example, 
are responsible for substantial production losses in the livestock 
industries worldwide [ 10 ,  28 ].  H. contortus  is the most important 
nematode of small ruminants in subtropical and tropical (summer 
rainfall) areas, whereas some  Trichostrongylus  spp. are often domi-
nant in winter rainfall areas due to their ability to develop and 
survive at lower temperatures than  H. contortus  does [ 29 ]. The life 
cycles of  H. contortus  and  T. colubriformis  are similar and direct, 
with eggs being laid by females in the abomasum ( H. contortus ) or 
small intestine ( Trichostrongylus ) of the host [ 26 ,  30 ,  31 ]. Under 
suitable environmental conditions [ 30 ,  32 ], fi rst-stage larvae (L1s) 
hatch from eggs to develop, via the second-stage larvae (L2s), to 
infective, third-stage larvae (L3s). The cuticle of the L2 is retained 
as a sheath around the L3 and protects it from desiccation [ 14 ,  30 , 
 32 ]. Small ruminants acquire the infection by ingesting L3s from 
contaminated pastures. The L3s pass through the forestomachs 
and undergo an exsheathment process to then establish, via the 
parasitic fourth-stage larvae (L4s), as adult males and females in 
the abomasum ( H. contortus ) or small intestine ( Trichostrongylus  
spp.) within ~3 weeks [ 14 ,  26 ,  30 ,  32 ]. The exsheathment process 
is triggered by stimuli within the host and may include (depending 
on the species of nematode) dissolved gaseous CO 2  and undissoci-
ated carbonic acid ( H. contortus ) or hydrochloric acid and pepsin 
( T. colubriformis ) in the abomasum. L3s respond to these stimuli 
by producing an exsheathment fl uid which determines the detach-
ment of the sheath from the bodies of the larvae [ 5 ,  33 – 35 ]. 

 The adults of  H. contortus  feed on blood from vessels in the 
gastric wall. Consequently, the main clinical signs of acute haemon-
chosis are anemia, variable degrees of edema, as well as lethargy, 
decreased live-weight gain, impaired wool/milk production, and 
decreased reproductive performance, often leading to death in 
severely affected animals [ 36 ,  37 ]. Trichostrongylosis is triggered 
by the presence of adult parasites in mucus-covered tunnels in the 
epithelial surface of the small intestine [ 38 ], usually associated with 
extensive villous atrophy, combined with hyperplasia of the submu-
cosal glands, mucosal thickening, and erosion as well as infi ltration 
of lymphocytes and neutrophils into affected areas [ 38 – 42 ]. Clinical 
signs of trichostrongylosis include malabsorption, weight loss, pro-
gressive emaciation, and diarrhea (scouring or “black scour”).  

  The hookworms  N. americanus  and  A. duodenale  of humans are 
estimated to infect ~1 billion people in rural regions of the sub-
tropics and tropics [ 1 ], with the highest prevalence (~17 %) 
recorded in areas of sub-Saharan Africa and China [ 1 ,  43 ,  44 ], and 
cause an estimated disease burden of 22 million disability-adjusted 
life years (DALYs) [ 45 ]. Although  N. americanus  is the most 
widely distributed hookworm of humans globally [ 1 ], a related 

2.1  Selected 
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of Nematodes (Order 
Strongylida) of Major 
Socioeconomic 
Importance

2.1.1  Trichostrongyles

2.1.2  Hookworms
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species,  A. caninum , is a cosmopolitan hookworm of the small 
intestine of dogs and other canids [ 14 ,  26 ]. The life cycle of these 
nematodes is direct, with female hookworms excreting thin-shelled 
eggs, which are passed in the feces of the host [ 26 ,  46 ]. Under 
suitable environmental conditions (i.e., 23–33 °C), the L1s hatch 
from the eggs [ 26 ,  46 ], feed on microbes, and, within 2 days, molt 
to L2s and then to L3s within 4–5 days. The L3 stage retains the 
cuticle of the L2 (i.e., sheath) and is called a “fi lariform” larva 
[ 46 ]. Infection occurs when the L3s penetrate the skin of the ver-
tebrate host following cuticular shedding [ 47 ]; then, the larvae 
enter the subcutaneous tissues and migrate via the circulatory sys-
tem to the heart and lungs, where they molt to fourth-stage larvae 
(L4s). From the lungs, the larvae migrate (via the airways and 
pharynx) to the small intestine, where they develop to adult males 
and females within 2–7 weeks, depending on species [ 14 ,  26 ,  48 , 
 49 ]. The adult stages attach by their buccal capsule to the intestinal 
mucosa, rupture capillaries and feed on blood [ 50 ,  51 ]. Although 
skin penetration is considered the main route, ingestion of L3s 
might also lead to infection [ 52 ]. L3s of  Ancylostoma  spp. can 
undergo hypobiosis (developmental arrest) in the somatic tissues 
of the vertebrate host and, following activation during pregnancy, 
undergo transmammary transmission to the offspring [ 53 – 55 ]. 

 Hookworm disease relates mainly to the blood-feeding activity 
by the adult worms within the host [ 50 ]. Focal lesions caused by 
the attachment of the worms are characterized by local hemor-
rhage, tissue cytolysis and a neutrophilic immune response [ 50 ]. 
The clinical expression of disease relates mainly to iron-defi ciency 
anemia, which can cause physical and mental retardation and some-
times deaths in children as well as maternal mortality, impaired 
lactation, prematurity and low birth rates [ 3 ,  56 ,  57 ].   

  Various studies have described molecules and cells implicated in 
host immune responses against parasitic nematodes [ 2 ,  58 – 70 ]. 
The primary immunological responses induced by nematodes are 
dependent on the processes and mechanisms of invasion of and 
establishment in the host [ 2 ]. For example, migrating hookworm 
L3s stimulate a marked peripheral blood eosinophilia in the mam-
malian host, both systemic and in the lungs [ 71 ,  72 ]. Conversely, 
nematodes that do not undergo extensive tissue migration stimu-
late a mucosal immune response at the site of infection [ 73 ]. For 
instance, the invasion of the abomasa of small ruminants by the 
larvae of  H. contortus  and  Trichostrongylus axei  leads to a localized 
IgE-mediated immune response [ 73 ]. However, it has been 
observed that the infection of pigs with L3s of  Oesophagostomum 
dentatum  is associated with a systemic production of IgG antibod-
ies [ 74 – 76 ], followed by the formation of eosinophilic cysts con-
taining the larvae (nodules) within the intestinal mucosa [ 77 ]. 

2.2  Host Immune 
Responses
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 In spite of variation in immune responses induced by larvae of 
strongylid nematodes, adult stages appear to stimulate similar 
immunological responses in their mammalian host(s). These 
responses include (1) increased production of mucus by the gas-
trointestinal epithelium of the host, (2) eosinophilia and increased 
presence of mast cells and leucocytes at the infection site and (3) 
production of specifi c antibodies [ 2 ,  60 ]. Responses against pri-
mary infections by gastrointestinal parasitic nematodes are reported 
to be linked to a T helper (Th) 2-type immune response which, in 
turn, relates to the secretion of multiple types of cytokines, includ-
ing IL-4, IL-5, IL-9 and IL-13 [ 2 ,  62 ,  68 ,  78 – 80 ]. In contrast, 
immunological responses in hosts with chronic infections appear to 
be regulated mainly by a Th1-type immune response, character-
ized by a production of IL-2, IL-18 and interferon-γ [ 65 ,  66 ,  70 ]. 
In particular, individuals infected chronically by hookworms show 
a signifi cant alteration of the immune response to helminth infec-
tions, characterized by a dysfunction of the antigen-presenting 
ability of dendritic cells, which results in a “hyporesponsiveness” of 
the antigen-induced proliferation of T lymphocytes [ 79 ].  

  The control of gastrointestinal nematodes relies heavily on the use 
of anthelmintic drugs [ 81 ]. Such drugs include imidazothiazoles/
tetrahydropyrimidines (e.g., levamisole and pyrantel), benzimid-
azoles (e.g., albendazole and mebendazole) and macrocyclic lac-
tones (e.g., ivermectin and moxidectin) [ 81 ]. Levamisole and 
pyrantel act by binding to a subgroup of nematode acetylcholine 
receptor ion channels in parasite nerves and muscles of parasitic 
nematodes, resulting in an overstimulation, spastic muscle contrac-
tion [ 82 ] and paralysis of the worms; the parasites are unable to 
move in the intestinal tract and are removed by peristalsis. 
Benzimidazoles are active against a range of species of nematodes 
[ 83 ]; they block microtubular matrix formation by binding to 
tubulin (cytoskeletal protein), which is essential for various bio-
logical processes in the cell, including chromosome movement and 
cell division [ 11 ,  81 ,  84 ]. Macrocyclic lactones act by opening 
glutamate-gated chloride channels, thus increasing the fl ow of 
chloride ions and subsequently leading to defects in neurotrans-
mission and fl accid paralysis [ 84 ]. Recently, new classes of anthel-
mintics, including cyclooctadepsipeptides (e.g., emodepside), 
amino acetonitrile derivatives (e.g., monepantel) and 2-deoxy- 
paraherquamides (e.g., derquantel) have become available com-
mercially [ 85 ]. These compounds act by binding to presynaptic 
latrophilin-like receptors (emodepside), some acetylcholine recep-
tors (monepantel) or B-subtype nicotinic acetylcholine receptors 
(derquantel) and cause spastic (monepantel) or fl accid (emodep-
side and derquantel) paralysis of some parasitic nematodes and 
subsequent death [ 85 ]. 

2.3  Drugs 
and Vaccine Research
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 The relatively low cost, ease of administration and effi cacy of 
anthelmintic drugs against various gastrointestinal parasitic nema-
todes of humans and animals have led to their extensive use and, 
consequently, to the emergence of resistance [ 11 ]. Indeed, resis-
tance in nematodes of livestock to imidazothiazoles/tetrahydropy-
rimidines, benzimidazoles and macrocyclic lactones has been 
reported, particularly in Africa, Australia, New Zealand, Asia and 
South America [ 11 ,  12 ,  37 ,  84 ,  86 ]. Three mutations in the gene 
encoding the beta-tubulin isotype 1 in  H. contortus  were proposed 
to be involved in the mechanism of benzimidazole resistance [ 87 ]. 
Although it was suggested that a less frequent use of anthelmintics 
in humans (compared with their extensive use in livestock) should 
reduce the emergence of resistance in parasitic nematodes [ 88 –
 91 ], some studies [ 92 – 97 ] have reported a reduction in effi cacy of 
mebendazole and pyrantel in  N. americanus  and  A. duodenale  in 
areas of Mali, Zanzibar and North Western Australia, proposed to 
be attributed to resistance. Given the incomplete knowledge of the 
molecular mechanisms associated with resistance in parasitic nema-
todes [ 11 ], much attention is now directed towards the identifi ca-
tion of new drug targets and the development of new, effective, 
and safe anthelmintics [ 98 ,  99 ] and effective strategies to prevent 
drug resistance [ 100 – 102 ]. 

 Over the years, considerable research has focused on developing 
vaccines against selected parasitic nematodes [ 8 ,  9 ,  57 ,  80 ,  103 –
 108 ]. For instance, irradiated larvae were used as the basis for a 
vaccine against  H. contortus  and  A. caninum  infection in sheep and 
dogs, respectively [ 109 – 112 ]. More recently, various proteins of 
the epithelial cell-surface membrane of the digestive tract of some 
gastrointestinal nematodes have been evaluated as vaccine candi-
dates in experimental murine models or in livestock [ 9 ,  106 ,  107 , 
 113 ]. For example, a 110 kDa integral membrane aminopeptidase 
of  H. contortus , which is heavily glycosylated and localized in the 
brush border of the epithelial cells of the gut of the adult worm, was 
shown to be effective in reducing the intensity of  H. contortus  infec-
tion in different breeds and ages of sheep [ 114 – 117 ]. However, 
protection is limited to native proteins, administered multiple times, 
usually in Freund’s adjuvant [ 118 ]. Another peptidase complex 
(P1), separated from the membrane aminopeptidase H11 by ion-
exchange chromatography, was identifi ed and shown to represent a 
ubiquitous component of the microvillar membrane of the intesti-
nal cells of  H. contortus  [ 119 ]. Although vaccination with this pro-
tein complex resulted in a signifi cant reduction (69 %) in the 
number of  H. contortus  eggs in the feces of vaccinated sheep follow-
ing  H. contortus  challenge infection, P1 led only to an ~22–38 % 
reduction of infection intensity (parasite burden) [ 115 ]. On the 
other hand, vaccination with the glucose-binding glycoprotein 
complex (H-gal-GP), separated by lectin affi nity chromatography 
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from other integral membrane proteins from the gut of adult  H. 
contortus , achieved ~53–72 % protection and a >90 % reduction in 
the number of eggs in the feces of vaccinated sheep [ 120 ]. However, 
the vaccination of lambs (9 months of age) with prokaryotically 
expressed recombinant H-gal-GP failed to induce protective immu-
nity against challenge infection with  H. contortus  L3s [ 121 ]. 

 Other vaccine candidates have been derived from the excre-
tory/secretory products (ES) from worms [ 57 ,  80 ,  106 ,  122 ]. For 
example, proteases in ES from parasitic nematodes have been a 
major focus for vaccine development, given their inferred roles in 
the digestion of nutrients acquired from the host and/or during 
the penetration and migration through host tissues [ 122 ]. 
Metalloproteases, aspartic proteases and cysteine proteases have 
received considerable attention for blood-feeding nematodes, such 
as  H. contortus ,  A. caninum , and  N. americanus  [ 57 ,  106 ,  123 –
 128 ]. For instance, vaccination with a cysteine protease-enriched 
fraction from membrane extracts from the microvillar surface of 
intestinal cells from adult  H. contortus  [ 129 ] was demonstrated to 
reduce infection intensity by 47 % and the number of eggs in feces 
by 77 % in sheep following a single challenge infection [ 130 ]. 
Similarly, the vaccination of dogs with recombinant forms of a cys-
teine or aspartic protease from  A. caninum  (designated  Ac -CP-2 
and  Ac -APR-1, respectively) resulted in partial protection against 
this hookworm, characterized by an absence of clinical signs and a 
reduced fecundity of the adult worms in dogs [ 126 ,  131 ]. In addi-
tion, vaccination of hamsters with the  N. americanus  homologue 
of  Ac -CP-2 (i.e.,  Na -CP-2) was shown to induce partial protec-
tion, achieving an ~30–46 % reduction of infection intensity, fol-
lowing challenge infection with L3s [ 132 ]. 

 Proteases from larval stages have also been the focus of vaccine 
research, because of their proposed role(s) in host invasion [ 80 , 
 133 ]. In ES from hookworm larvae, for example, an astacin-like 
zinc metalloprotease from  A. caninum , called  Ac -MTP-1, has 
been demonstrated to degrade fi bronectin, laminin, and collagen 
[ 134 ,  135 ]. Based on the results of a vaccine trial in hamsters, this 
protein was proposed as a potential candidate for the development 
of a multi-epitope vaccine [ 132 ]. In addition, two cysteine-rich 
secretory proteins, known as “ Ancylostoma -secreted proteins” 
(ASPs) [ 136 – 139 ], major components of ES of hookworm L3s, 
can represent vaccine candidates [ 140 ]. However, the develop-
ment of ASP-based vaccines has been impaired by evidence that 
such molecules can cause allergic reactions in humans previously 
infected with  N. americanus  hookworms [ 141 ,  142 ]. 

 Collectively, the results of studies focusing on the identifi ca-
tion of suitable immunogens and the development of effective 
vaccines against gastrointestinal parasitic nematodes show that 
progress has been made over the years. However, there is still lim-
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ited information on parasite-host interactions at the molecular 
level. Clearly, advanced molecular technologies provide unique 
opportunities to explore the molecular biology of parasitic nema-
todes, parasite-host interactions and diseases on a global scale and 
should thus underpin the discovery of new intervention strategies. 
Indeed, high-throughput technologies are revolutionizing the 
way biology is done, allowing systems biological investigations of 
parasites and other pathogens. This statement applies to many 
areas, including genomics, proteomics and metabolomics, but 
also the detailed explorations of transcriptomes and associated 
molecular processes.   

3    Some Key Techniques for Transcriptomic Investigations of Parasitic 
Nematodes 

  The genome of any living organism includes coding regions that 
are transcribed into mRNAs, which are subsequently translated 
into proteins. Techniques, such as Northern blot [ 143 ], quantita-
tive real-time, reverse transcription PCR (qRT-PCR;  144 ) and dif-
ferential display (DD;  145 ), have been used to defi ne patterns of 
transcription for single genes or small numbers of molecules in 
parasitic nematodes, such as species of  Trichostrongylus , 
 Haemonchus ,  Oesophagostomum , and  Ostertagia  [ 146 – 153 ]. 
Another approach is the serial analysis of gene expression (SAGE) 
[ 154 ], which is based on the generation of a short specifi c tag (14 
bp) from each mRNA present in the sample; these tags are used for 
the construction of a SAGE library. The sequencing of these tags 
allows a relatively high-throughput determination of their frequen-
cies in the library, which are correlated with relative amounts of the 
corresponding mRNAs. Despite its demonstrated utility in studies 
of yeast [ 155 ] and humans [ 156 ,  157 ], the application of SAGE 
for investigations of transcription in parasitic nematodes has 
remained limited [ 158 ]. A single study [ 159 ] used SAGE to 
sequence and analyze ~3,000 transcripts from adult  H. contortus , 
of which ~60 % had homologues in public databases. 

 The analysis of conventional expressed sequence tag (EST) 
datasets has been a widely used approach for investigations of the 
transcriptomes of parasitic nematodes. In vitro, mRNAs are 
reverse-transcribed, resulting in stable complementary DNAs 
(cDNAs); ESTs usually represent single-pass DNA sequence reads 
derived from cloned cDNAs [ 160 ,  161 ]. Traditional sequencing 
[ 162 ,  163 ] involves the use of a DNA polymerase, an oligonucle-
otide primer and four deoxyribonucleotide triphosphates (dNTPs) 
to synthesize the complementary strand to the template sequence 
[ 162 – 164 ]. The advent of EST sequencing marked a revolution in 
the fi eld of parasitology and has been used in a range of studies 

3.1  Conventional 
Methods
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aimed at investigating fundamental molecular processes in parasitic 
nematodes as well as drug and vaccine target discovery (e.g.,  17 , 
 165 – 172 ). For nematodes of animals, applications range from the 
analyses of stage- and gender-enriched molecules (e.g.,  149 ,  153 , 
 167 ,  173 ,  174 ) to global analyses of gene transcription (e.g.,  166 , 
 170 ,  175 – 177 ). 

 The cDNA microarray technology [ 178 ] was a signifi cant 
advance for large-scale studies of the transcriptomes of parasitic 
nematodes [ 179 ]. In microarrays, thousands of oligonucleotides, 
usually cDNAs, EST clones or fragments of PCR products (which 
correspond to previously characterized genes/transcripts), are 
“spotted” (“arrayed”) on to glass slides or chips in precise posi-
tions. The mRNAs from different stages or tissues are labeled with 
different fl uorescent or radioactive markers and hybridized to the 
spots on the array. The relative abundance of hybridization for 
each mRNA population is then determined by comparing the rela-
tive signal intensity of each marker [ 178 ]. Supported by the 
increasing amount of sequence data available in public databases, 
microarray technology has allowed comparisons of levels of tran-
scription of large numbers of mRNAs in, for instance, different 
tissues, developmental stages, and sexes of these nematodes to be 
performed, ultimately providing researchers with the opportunity 
to identify molecules considered to play essential roles in funda-
mental biological pathways of survival, development, and repro-
duction [ 9 ,  179 ,  180 ]. The use of microarray technology has 
resulted in an expanded knowledge of the transcriptomes of socio-
economically important strongylids, including  H. contortus ,  T. vit-
rinus ,  O. dentatum ,  Teladorsagia circumcincta  and  A. caninum  
[ 153 ,  174 ,  181 – 185 ]. In addition, the combined application of 
suppressive-subtractive hybridization (SSH) and microarray analy-
sis has been useful in enabling rapid comparisons of transcriptional 
profi les between/among life cycle stages, genders and/or species 
of parasitic nematodes [ 153 ,  183 ,  184 ,  186 – 188 ]. 

 Knowledge of the complement of molecules transcribed in the 
larval stages of strongylid nematodes should also aid the elucida-
tion of pathways associated with infectivity and interactions with 
the vertebrate host. The molecular mechanisms that regulate the 
transition from the free-living stage to the parasitic stage of nema-
todes may allow the development of novel strategies to disrupt this 
transition. Previous studies have analyzed differences in transcrip-
tion between the ensheathed, free-living L3 and exsheathed L3 of 
 H. contortus  [ 152 ,  167 ,  189 ] and the related strongylid,  A. cani-
num  [ 182 ,  183 ]. The results of a cDNA microarray analysis, com-
plemented by qRT-PCR of differentially transcribed molecules, 
showed that, among others, most transcripts encoding ASPs were 
upregulated in free-living L3s compared with parasitic, serum-
stimulated larvae of  A. caninum  [ 182 ]. However, a study using 
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SSH-based microarray analysis [ 183 ] showed a substantial “upreg-
ulation” in the numbers and levels of transcripts encoding ASPs in 
serum-activated L3s [ 183 ]. 

 To date, molecular studies of hookworms have mainly involved 
 A. caninum , because of its use as a model for species infecting 
humans [ 182 ,  183 ,  190 – 192 ]. Clearly, detailed knowledge and 
understanding of the molecules transcribed in all stages of different 
species of hookworms, including  N. americanus  and  A. duodenale  
of humans, should facilitate the identifi cation of conserved path-
ways linked to development, survival, reproduction, parasite inter-
actions and disease, and could assist in the discovery of new 
intervention strategies.  

  Recent advances in sequencing technologies [ 193 – 196 ]; Table  1 ) 
now provide the unique opportunity to perform de novo analyses 
of the whole transcriptomes of different species, sexes and/or 
developmental stages of nematodes of socioeconomic importance. 
Currently available massively parallel sequencing platforms include 
the 454/Roche [ 193 ];   www.454.com    ), Illumina/Solexa [ 194 ]; 
  www.illumina.com    ), and SOLiD (Supported Oligonucleotide 
Ligation and Detection) [ 195 ];   http://www.invitrogen.com/site/
us/en/home/Products-and-Services/Applications/Sequencing/
Next-Generation-Sequencing.html    ) platforms (Table  1 ). Due to 
their capacity of generating millions or hundreds of millions of 

3.2  High-Throughput 
Sequencing 
Techniques

     Table 1  
  Technical features of next-generation sequencing platforms (i.e., 454/Roche, Illumina/Solexa, and SOLiD) a    

 Description  454/Roche  Illumina/Solexa  SOLiD 

 Platform  Genome Sequencer FLX  Genome Analyzer IIx  SOLiD 3 Plus System 

 Sequencing 
method 

 Emulsion PCR of bead- 
bound oligos 

 Isothermal bridge 
amplifi cation on fl ow 
cell 

 Emulsion PCR of 
bead-bound oligos 

 Sequencing 
chemistry 

 Pyrosequencing using 
polymerase 

 Ligation (“dual-base 
encoding” octamers) 

 Reversible terminator 
using polymerase 

 Reads per run  ~1 million  Up to 3 billion  1.2 to 1.4 billion 

 Read length  1,000 bp  50–250 bp  100 bp 

 Run time  ~12 h  ~2–9 days  ~3 days 

 Peer-reviewed 
manuscripts 

 ++++  +++  ++ 

 Examples of 
applications 

 De novo sequencing, 
metagenomics, targeted 
sequencing 

 Resequencing, RNA-Seq, 
DNA methylation 
studies 

 Resequencing, RNA-Seq 

   a Based on information available on July 2012  
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sequences simultaneously, these platforms have been at the fore-
front of the genomic and transcriptomic research [ 197 – 199 ] and 
are powerful tools for investigating the transcriptomes of parasitic 
nematodes on an unprecedented scale.

   The 454/Roche platform [ 193 ] uses a sequencing-by- synthesis 
approach. For transcriptomic studies, cDNA is randomly frag-
mented (by “nebulization”) into sections of variable size; adaptors 
are ligated to each end of these fragments, which are then mixed 
with a population of agarose beads whose surfaces anchor oligo-
nucleotides complementary to the 454-specifi c adapter sequence, 
such that each bead is associated with a single fragment. Each of 
these complexes is transferred into individual oil–water micelles 
containing amplifi cation reagents and is then subjected to an emul-
sion PCR (emPCR) step, during which ~10 million copies of each 
cDNA are produced and bound to individual beads. Subsequently, 
in the sequencing phase, the beads anchoring the cDNAs are 
deposited on a picotiter plate, together with other enzymes 
required for the pyrophosphate sequencing reaction (i.e., ATP sul-
furylase and luciferase), and sequencing is carried out by fl owing 
the reagents (nucleotides and buffers) over a plate [ 200 ]. 

 Following the introduction of the 454 technology, the fi rst 
Illumina (formerly Solexa) sequencer became available [ 194 ]. This 
technology involves fragmentation of cDNA sample into a shotgun 
library, followed by the in vitro ligation of Illumina-specifi c adap-
tors to each cDNA template; the termini of the template are cova-
lently attached to the surface of a glass slide (or fl ow cell). Attached 
to the fl ow cell are primers complementary to the other end of the 
template, which bend the cDNAs to form bridge-like structures. 
During the amplifi cation step (bridge-PCR), clonal clusters, each 
consisting of ~1,000 amplicons, are generated; subsequently, the 
cDNAs are linearized, and the sequencing reagents are directly 
added to the fl ow cell, with four types of fl uorescently labeled 
nucleotides. After the incorporation of a fl uorescent base, the fl ow 
cell is interrogated with a laser in several locations, which results in 
several image acquisitions at the end of a single synthesis cycle 
[ 200 ]. This technology is considered ideal for both de novo and 
resequencing projects, targeted sequencing, single-nucleotide 
polymorphism (SNP) analyses and gene transcription studies. 

 The sequencing process of the SOLiD platform [ 195 ] employs 
the enzyme DNA ligase, instead of a polymerase [ 200 ]. Briefl y, after 
an emPCR step, the adaptor sequences of the cDNA templates bind 
to complementary primers that are covalently anchored to a glass 
slide. Subsequently, a set of four fl uorescently labeled di-probes 
(octamers of random sequence, except known  dinucleotides at the 
3′-terminus) are added to the sequencing reaction. In case an 
octamer is complementary to the template, it will be ligated, and the 
two specifi c nucleotides can be called; subsequently, an image is acquired 
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and the fl uorescent dye is removed, so that other octamers can be 
ligated. After multiple ligations (e.g., seven ligations for a 35 bp 
read), the newly synthesized cDNA is removed and the primer is 
inactivated. This process is repeated multiple times from different 
starting points of the cDNA templates, so that each position is 
sequenced at least twice. This technique, known as “two-base call-
ing,” allows the correction of sequencing errors, thus providing 
accurate base calling [ 200 ]. Because of the short read length, the 
range of applications of the SOLiD system is considered similar to 
that of the Illumina technology and includes (targeted) resequenc-
ing projects, SNP detection and gene transcription studies. 

 In the past few years, numerous studies have demonstrated the 
utility of high-throughput sequencing for investigating, for exam-
ple, aspects of the systematics, population genetics and molecular 
biology of helminths [ 192 ,  201 – 211 ]. For instance, Illumina tech-
nology alone has been used to sequence the entire genomes of 
 Ascaris suum  [ 202 ] and the human blood fl uke,  Schistosoma haema-
tobium  [ 211 ], whereas the 454 technology has been instrumental 
for de novo sequencing of the transcriptomes of important parasitic 
worms, such as  N. americanus, Clonorchis sinensis ,  Opisthorchis 
viverrini ,  Fasciola hepatica  and  F. gigantica  of humans and other 
animals [ 205 ,  208 – 210 ]. Several thousands of unique and novel 
sequences were characterized for each of these parasites, demon-
strating the capacity of this technology to generate large and infor-
mative datasets. The development of suitable bioinformatic tools 
has become crucial for the detailed analyses of such datasets.  

  The increasing number of high-throughput sequence datasets in 
public databases has been accompanied by an expansion of bioin-
formatic tools for the analysis of such datasets, at the cDNA, 
genomic DNA and protein levels. This expansion has resulted in 
the development of a number of web-based programs and/or inte-
grated pipelines [ 16 ,  206 ,  212 – 218 ]. In brief, following the acqui-
sition of sequence data, these are fi rstly screened for sequence 
repeats, contaminants and/or adaptor sequences [ 215 ,  219 ]. 
Following the preprocessing, sequences are “clustered” (assem-
bled) into contiguous sequences (of maximum length) based on 
sequence similarity. 

  The main goal of sequence assembly is to determine, with confi -
dence, the sequence of a target transcript/gene. This process 
involves the alignment and merging of fragments of nucleic acids 
to form long, contiguous sequences (i.e., contigs) [ 18 ,  215 ]. Long 
(e.g., generated by Sanger sequencing or 454 technology) and 
short reads (e.g., Illumina or SOLiD platform) are assembled using 
algorithms for “overlap-layout consensus” [ 220 ] and “de Bruijn 
graph” [ 221 ,  222 ], respectively. 

3.3  Bioinformatics

3.3.1  Assembly
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 For the former algorithm [ 220 ], all pairwise overlaps among 
reads are computed and stored in a graph; all graphs are used to 
compute a layout of reads and then a consensus sequence of con-
tigs [ 223 ,  224 ]. Some of the assemblers designed to support long- 
read assembly include PHRAP [ 225 ], the  c ontig  a ssembly  p rogram 
v.3 (CAP3;  212 ), the TIGR assembler [ 226 ], the  p arallel  c ontig 
 a ssembly  p rogram (PCAP;  227 ) and the  m imicking  i ntelligent 
 r ead  a ssembly program (MIRA;  228 ). 

 For the “de Bruijn graph” [ 221 ,  222 ], reads are fragmented 
into short segments, called “k-mers,” where “k” represents the 
number of nucleotides in each segment. Overlaps between or 
among k-mers are captured and stored in graphs, which are subse-
quently used to generate the consensus sequences [ 223 ,  224 ]. 
Examples of programs specifi cally designed for the assembly of 
short reads include the  s hort  s equence  a ssembly by  k -mer search 
and 3′-read  e xtension (SSAKE;  229 ), Velvet [ 222 ], Oases [ 230 ], 
the  e xact de novo  a ssembler (EDENA;  231 ), Euler-SR [ 232 ], the 
 a ssembly  by s hort  s equencing (ABYSS;  233 ), the  s hort  o ligonucle-
otide  a nalysis  p ackage (SOAP;  234 ) and Trinity [ 235 ].  

  Following assembly, the contigs and single reads (or singletons) are 
compared with known sequence data available in public databases, 
in order to assign a predicted identity to each query sequence if 
signifi cant matches are found [ 206 ,  215 ]. In addition, assembled 
nucleotide sequences are usually conceptually translated into pre-
dicted proteins using algorithms that identify protein-coding 
regions (open reading frames, ORFs) from individual contigs. 
Examples of such algorithms are OrfPredictor [ 236 ], ESTScan 
[ 213 ], DECODER [ 237 ] and ORFcor [ 238 ]. Once peptide 
sequences are predicted, they are compared with amino acid 
sequence data available in public databases to identify protein 
domains [ 206 ,  215 ]. For instance, the software InterProScan 
[ 216 ] provides an integrated tool for the characterization of a pro-
tein family or an individual protein sequence, domain and/or 
functional site by comparing sequences with information available 
in the databases PROSITE [ 239 ], PRINTS [ 240 ], Pfam [ 241 ], 
ProDom [ 242 ], SMART [ 243 ] and/or Gene Ontology (GO; 
 244 ). In addition, other programs are available for the prediction 
of transmembrane domains (e.g., TMHMM;  245 ) and/or signal 
peptide motifs (e.g., SignalP;  246 ). 

 Different types of the Basic Local Alignment Software Tool 
(BLAST;  247 ) are used for comparing the nucleotide sequence data 
with DNA or cDNA (BLASTn) or amino acid (BLASTx) sequences 
or conceptually translated peptides with protein sequences 
(BLASTp), available in databases [ 206 ,  215 ]. Public databases rep-
resent comprehensive collections of nucleotide and amino acid 
sequences. Due to the rapid progress in the discovery and character-

3.3.2  Annotation 
and Analyses
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ization of novel genes and proteins, online public databases have 
become primary sources for sequence data storage, analysis and 
annotation. For example, the International Nucleotide Sequence 
Database Collaboration includes three “sister” databases, namely 
GenBank [ 248 ], the Enterprise Management Technology Transfer 
nucleotide database curated by the European Molecular Biology 
Laboratory (EMBL;  249 ) and the DNA Data Bank of Japan (DDBJ; 
 250 ). In these databases, all publicly available nucleotide sequences 
are stored and curated; in addition, each sequence is stored as a sepa-
rate record and linked to information, such as primary source refer-
ences and predicted and/or experimentally verifi ed biological 
features. For high-throughput sequencing projects, raw sequence 
data are often stored in subdivisions of these nucleotide databases, 
such as UniGene [ 251 ] and the Sequence Read Archive [ 252 ]. 
Various databases, which exclusively store known amino acid 
sequence data, are also available. For instance, the Protein Data 
Bank (PDB;  253 ), maintained by the Research Collaboratory for 
Structural Bioinformatics, represents the primary source for protein 
structures, whereas the SWISS-PROT database [ 254 ] is a protein 
sequence database for a number of prokaryotes and eukaryotes. The 
TrEMBL [ 255 ] division of SWISS-PROT contains a non- redundant 
set of translations for all coding sequences in the EMBL nucleotide 
sequence database that do not correspond to existing SWISS-PROT 
entries. In addition to these comprehensive general databases, there 
is a number of specialized collections of gene and protein informa-
tion on particular organisms. Examples include the databases for 
 Saccharomyces cerevisiae  (yeast) (  www.yeastgenome.org    ;  256 ), 
 Drosophila melanogaster  (vinegar fl y) (  http://fl ybase.org    ;  257 ), 
 Mus musculus  (mouse) (  www.informatics.jax.org    ;  258 ) and  C. ele-
gans  (free-living nematode) (WormBase at   www.wormbase.org    ; 
 259 ). WormBase is a comprehensive repository of information on  C. 
elegans  and related nematodes, such as  C. briggsae  [ 259 ]. Here, 
essentially all information and data on classical genetics, cellular biol-
ogy, and structural and functional genomics of these free-living 
nematodes are stored and continually curated [ 259 – 262 ]. 

 The functional annotation of sequence data for parasitic nema-
todes has often relied on pairwise homology-based comparative 
analyses with already annotated and curated sequence datasets for 
a range of organisms [ 203 ,  204 ]. However, many genes, transcripts 
and gene products of these worms (often ≥50 %) cannot be func-
tionally annotated using this approach, because closely related, 
homologous molecules do not exist in transcriptomic and/or 
genomic datasets available in public databases and/or because 
sequence datasets are incomplete. In addition, as functional 
genomic tools are not yet practical or established for most parasitic 
helminths, improved bioinformatic approaches need to be estab-
lished and continually enhanced to achieve enhanced functional 
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annotation of genes and gene products. Recently, Mangiola et al. 
[ 263 ] tackled this issue and compiled transcriptomic datasets of 
key, socioeconomically important parasitic helminths, constructed 
and validated a curated database (HelmDB;   www.helmdb.org    ), 
and showed how data integration and clustering can achieve 
improved functional annotations. HelmDB provides a practical 
and user-friendly toolkit for sequence browsing and comparative 
analyses among divergent helminth groups (including nematodes 
and trematodes) and should be readily adaptable and applicable to 
a wide range of parasites.    

4     Caenorhabditis elegans  as Major Resource for Comparative Studies 

 The annotation and analysis of sequence data derived from many 
parasitic nematodes, particularly Strongylida, relies on information 
available for  C. elegans  (in WormBase). The latter nematode is sim-
ple in its anatomy (959 somatic cells in the hermaphrodite and 
1,031 in the male), has a short life cycle (~3 days) and is easy to 
culture in vitro [ 264 ]. The genome of  C. elegans  is ~100 Mb in 
size [ 265 ]. Currently, WormBase contains detailed and curated 
information on ~20,000  C. elegans  genes and associated data on, 
for instance, transcription/expression profi les in different develop-
mental stages, tissues and cells, mutants and their phenotypes, 
genetic and physical maps, SNPs, information on gene-gene and 
protein-protein interactions, as well as all peer-reviewed literature 
pertaining to  C. elegans . 

 The advent of double-stranded RNA interference (RNAi;  266 ) 
has revolutionized the study of gene function in metazoan organ-
isms and led to detailed information on the functions of ~96 % 
genes in  C. elegans  [ 267 – 271 ]. The principle of RNAi relies on the 
introduction of double-stranded RNA (dsRNA) into the cells of a 
living organism, which induces the degradation of the homolo-
gous (target) mRNA [ 266 ]. The dsRNA can be introduced directly 
into  C. elegans  by injection [ 266 ], by soaking worms in solution 
[ 272 ] or by feeding worms  Escherichia coli  expressing a dsRNA 
fragment of a target gene [ 273 ]; it can also be introduced using a 
transgene expressing dsRNA [ 274 ,  275 ]. This gene silencing 
approach opened up avenues for large-scale studies of molecular 
function in  C. elegans  [ 267 – 270 ,  274 ,  276 ,  277 ] as well as for 
comparative studies (e.g., comparison with parasitic nematodes or 
humans) [ 278 – 282 ]. 

 Transgenesis of  C. elegans  has also been widely used for assess-
ing gene function [ 283 ,  284 ]. This technique can involve the 
microinjection of expression constructs, which usually comprise 
plasmid or cosmid DNA, often incorporating green fl uorescent 
protein (GFP;  285 ) into the syncytium (mitotically active) region 
of the adult hermaphrodite gonad (“gonadal microinjection”); 
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alternatively, the DNA constructs can be transferred directly into 
target cells via high-density microparticles of gold or tungsten 
(“biolistics” or “particle bombardment”) [ 286 ]. Introduced DNA 
does not usually integrate into the chromosome, but rather it 
forms a multi-copy extrachromosomal array which can be inher-
ited. Labeling with GFP allows the study of a number of (temporal 
and spatial) biological processes, including gene expression, pro-
tein localization and dynamics, protein-protein interactions, cell 
division, chromosome replication and organization, intracellular 
transport pathways, organelle inheritance and biogenesis [ 287 ]. 

 In addition to investigations of gene expression and localiza-
tion, patterns of gene transcription during key developmental and 
reproductive processes have also been studied in  C. elegans , 
employing microarray technology [ 288 – 290 ]. In an early study 
[ 288 ], various groups of molecules were demonstrated to have 
high expression levels in the germ-line tissues of  C. elegans , i.e., the 
“germ-line-intrinsic” molecules (expressed in the germ line of her-
maphrodites producing either sperm or oocytes and proposed to 
play key roles in biological processes linked to meiosis, stem cell 
recombination and germ-line development), and molecules highly 
expressed either in oocyte-producing or sperm-producing her-
maphrodites [ 288 ]. The latter group included a large number of 
molecules, such as protein kinases and phosphatases, associated 
with spermatogenesis, in accordance with other studies investigat-
ing gender-enriched transcriptional patterns in parasitic nematodes 
(e.g.,  153 ,  174 ,  181 ). Previously, genetic studies had indicated 
that ~50–70 % of genes in parasitic nematodes have orthologues in 
 C. elegans  [ 27 ,  171 ], which supported the grouping of this free- 
living nematodes into “clade V” of the phylum Nematoda, together 
with parasitic nematodes of the order Strongylida [ 27 ,  291 ]. These 
results, together with similarities in various characteristics (such as 
body plan and molting) between  C. elegans  and some parasitic 
nematodes (e.g.,  5 ,  292 ), indicate that this free-living nematode 
provides a useful system for comparative investigations of many 
conserved biochemical and molecular pathways linked to develop-
ment in related nematodes.  

5     Understanding Nematodes of Socioeconomic Importance Through Genomics 
and Transcriptomics: Examples 

 High-throughput sequencing technologies (Table  1 ) and improved 
bioinformatic tools are providing unparalleled opportunities for 
global analyses of the genomes and transcriptomes of key nema-
todes, such as  A. suum  [ 202 ] and  Trichinella spiralis  (trichina; 
 293 ). Recent studies have utilized such technologies to explore the 
transcriptomes of different developmental stages and both sexes of 
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key strongylid nematodes, including  N. americanus, H. contortus , 
 T. colubriformis  and  O. dentatum  [ 203 – 206 ]. 

 Although human hookworms are of major socioeconomic 
importance [ 1 ,  3 ,  6 ,  7 ], genomic and molecular studies have mostly 
involved  A. caninum  (e.g.,  182 ,  183 ,  190 – 192 ). Recently, 454 
sequencing and bioinformatic analyses were conducted to investi-
gate, for the fi rst time on a large scale, the transcriptome of the 
adult stage of  N. americanus  [ 205 ]. The results showed that tran-
scripts encoding proteases and Kunitz-type protease inhibitors 
were most abundantly represented in the transcriptome of this 
nematode, supporting the fundamental roles that these molecules 
play in multi-enzyme cascades to digest hemoglobin and other 
serum proteins [ 294 ,  295 ], and in preventing homeostasis and 
inhibiting host proteases [ 296 ,  297 ]. Using a combination of 
orthology-mapping and functional data available for  C. elegans , 
Cantacessi et al. [ 205 ] predicted 18 potential drug targets in the 
transcriptome of the adult stage of  N. americanus , which included, 
for instance, mitochondria-associated proteins known to be essen-
tial in  C. elegans  [ 298 ]. 

 In  H. contortus , high-throughput sequencing and bioinfor-
matic analyses were used to explore differences in gene transcrip-
tion between the free-living (L3) and the parasitic (xL3) third 
larval stages and to predict the roles that key transcripts play in the 
metabolic pathways linked to larval development [ 204 ]. These 
analyses revealed that transthyretin-like proteins (TTLs) and 
calcium- binding proteins were highly represented in the transcrip-
tome of both  H. contortus  L3 and xL3, whereas selected transcripts 
encoding collagens and neuropeptides were present exclusively in 
L3 and proteases in xL3 [ 204 ]. In nematodes, the synthesis of col-
lagens has been observed to increase signifi cantly prior to a molt 
[ 299 ], whereas proteins involved in the development of the ner-
vous system are essential in the cascade of events that lead to the 
growth and development of the larval stages [ 300 ]. Therefore, 
increased transcription of neuropeptides in L3s of  H. contortus  
might relate to axon guidance and synapse formation during the 
L3’s transition to parasitism [ 204 ]. This statement is supported by 
the fact that, in  H. contortus , the transition from the free-living L3 
to the parasitic L3 is triggered by gaseous CO 2 , detected by che-
mosensory neurons of amphids, which are located in the anterior 
end of the L3 stage, ultimately leading to the secretion of the neu-
rotransmitter noradrenaline [ 5 ]. Conversely, the largest number of 
 C. elegans  orthologues of  H. contortus  xL3-specifi c transcripts 
encoded peptidases and other enzymes involved in amino acid 
catabolism, supporting previous evidence that cysteine proteases 
play a crucial role in the catabolism of globin, as is the case for  A. 
caninum  and  N. americanus  [ 146 ,  294 ,  295 ,  301 ]. A similar 
 spectrum of proteases and other molecules linked to catalytic activity 
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had been shown also to be highly represented in the transcriptomes of 
activated xL3 stages of both  H. contortus  and  A. caninum  in com-
parison with their L3s [ 183 ,  204 ]. This fi nding, for two hema-
tophagous bursate nematodes with differing life histories, is likely 
to refl ect the key roles that these molecules play in host tissue inva-
sion, degradation and/or digestion. 

 In the transcriptome of  T. colubriformis , molecules encoding 
peptides which are predicted to be associated with the nervous 
system (i.e., “transthyretin-like” and “neuropeptide-like” proteins 
(TTLs and NLPs, respectively)), digestion of host proteins, or 
inhibition of host proteases (i.e., proteases and protease inhibitors, 
respectively) were highly represented [ 203 ], with serine and metal-
loproteases and “Kunitz-type” protease inhibitors being the vast 
majority of molecules characterized [ 203 ]. In strongylid nema-
todes, these molecules play fundamental roles in the invasion of the 
vertebrate host by mediating, for example, tissue penetration, feed-
ing and/or immune evasion by (1) digesting antibodies, (2) cleav-
ing cell-surface receptors for cytokines and/or (3) causing the 
direct lysis of immune cells [ 302 – 306 ]. 

 In an effort to predict and prioritize molecules that could rep-
resent novel drug targets and are expressed across different stages 
of development, Cantacessi et al. [ 206 ] employed high- throughput 
sequencing and predictive algorithms to explore similarities and 
differences in the transcriptomes of the L3, L4, and adult male and 
female of  O. dentatum  [ 206 ]. Most of the molecules unique to the 
adult male and female of  O. dentatum  could be linked to pathways 
associated with reproductive processes. For instance, a large num-
ber of  O. dentatum  male-specifi c molecules encoded major sperm 
proteins (MSPs), in accordance with previous studies of male- 
enriched datasets of other species of trichostrongylid nematodes, 
including  T. vitrinus  and  H. contortus  [ 174 ,  181 ]. Based on the 
observation that MSPs from various nematodes, including  C. ele-
gans , are characterized by signifi cant amino acid sequence conser-
vation (~67 %;  307 ), a similar role has been proposed for these 
proteins in processes linked to the maturation of oocytes in the 
uterus of female nematodes [ 308 ,  309 ]. In addition, a large pro-
portion (17 %) of molecules unique to the larval stages of  O. den-
tatum  represented proteases that, in this species, have been 
reported to evoke immunological and/or infl ammatory reactions 
(including infi ltrations of neutrophils and eosinophils) surround-
ing the encapsulated larvae [ 77 ,  180 ]. In addition, somatic extracts 
of and supernatants from in vitro maintenance cultures of  O. den-
tatum  L4s have been shown to induce the proliferation of porcine 
mononuclear cells in vitro [ 310 ], which supports the hypothesis 
that L4-specifi c proteases play an active role in the modulation of 
the host’s immune response [ 302 – 304 ]. The results from a recent 
study showed also that a high proportion (27–32 %) of transcripts 
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encoding protein kinases and phosphatases were common among 
all developmental stages of  O. dentatum  investigated [ 206 ]. 
Supported by investigations of the free-living nematode  C. elegans , 
other studies have predicted, for instance, that some kinases and 
phosphatases could represent targets for novel nematocidal drugs 
[ 99 ,  311 ]. Some cantharidin/norcantharidin analogues [ 312 –
 314 ] are known to display exquisite and specifi c inhibitory activity 
against PP1 and PP2A phosphatases, which indicated that some of 
them could be designed to selectively inhibit essential serine/thre-
onine phosphatase (STPs) of nematodes [ 311 ] ( see  Subheading  6 ). 
In addition to phosphatases, other molecules, such as chitin- 
binding proteins or proteases, might be interesting drug target 
candidates, given that they are proposed to have crucial roles in 
pathways linked to developmental and reproductive processes in 
some nematodes [ 180 ,  206 ,  315 ]. 

 Highly represented in the transcriptomes of a number of stron-
gylid nematodes [ 203 – 206 ] are proteins containing a “sperm- 
coating protein (SCP)-like extracellular domain” (InterPro: 
IPR014044), also called SCP/Tpx-1/Ag5/PR-1/Sc7 (SCP/
TAPS, Pfam accession number no. PF00188), or ASPs [ 139 ]. Due 
to their abundance in the excretory/secretory products from 
serum-activated L3s (aL3s) of  A. caninum  and high transcriptional 
levels of mRNAs encoding ASPs in activated L3s compared with 
non-activated, ensheathed L3s, these molecules have been hypoth-
esized to play a major role in the transition from the free-living to 
the parasitic stages of this hookworm [ 137 ,  183 ]. Other ASP 
homologues have been characterized for the adult stage of hook-
worms and are proposed to play a role in the initiation, establish-
ment and/or maintenance of the host-parasite relationship [ 183 , 
 316 ,  317 ]. Due to the immunogenic properties of ASPs, one 
member of this protein group (i.e.,  Na -ASP-2) has been under 
investigation as a vaccine candidate against necatoriasis in humans 
[ 57 ,  132 ,  318 – 320 ]. Whether SCP/TAPS proteins or their genes 
represent drug target candidates still remains to be determined. 
For ASPs, a focus of future research could be on studying their 
structure and function in parasitic helminths, to pave the way for 
applied outcomes, such the development of vaccines and/or drugs 
[ 321 ].  

6     Opportunities for Drug Discovery Using Global Datasets 

 For parasitic nematodes, the prediction of drug target candidates 
from global genomic and transcriptomic datasets can be assisted by 
using extensive information on the functionality and essentiality of 
homologues in  C. elegans ,  D. melanogaster ,  M. musculus  and/or 
 S. cerevisiae  (accessible via public databases   www.wormbase.org    , 
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  http://fl ybase.org    ,   www.informatics.jax.org    , and   www.yeastgenome.org    ) 
[ 202 – 206 ,  211 ]. Since most effective drugs achieve their activity 
by competing with endogenous small molecules for a binding site 
on a target protein [ 322 ], the amino acid sequences produced 
from essential genes can be screened for the presence of conserved 
ligand-binding domains [ 322 ,  323 ] and lists of prioritized inhibi-
tors compiled [ 323 ]. The comparison of various studies shows 
consistently that some proteases, G protein-coupled receptors 
(GPCRs), guanosine triphosphatases (GTPases), kinases and phos-
phatases are salient among essential molecules and, thus, represent 
potential targets for nematocides [ 202 – 206 ]. 

 Protein kinases (PTKs) have shown considerable promise as 
drug targets in protozoa, such as  Plasmodium  and  Giardia  [ 324 –
 326 ] and in helminths, including  Schistosoma mansoni  and 
 Echinococcus multilocularis  [ 327 ]. In the latter two species, for 
example, PTK inhibitors (i.e., tyrphostins AG1024 and AG538) 
have been shown to affect the survival and development of the para-
site through the inhibition of glucose uptake [ 327 ]. In another 
study, the inactivation of  S. mansoni  PTKs with herbimycin A (an Src 
kinase inhibitor) was shown to disrupt mitosis, thus reducing the 
expression of proteins essential for egg production, including the 
formation of the eggshell, in adult females [ 328 ]. Although crystal 
structures of PTKs from parasitic nematodes have not yet been 
determined, some advances have been made in the identifi cation and 
design of effective inhibitors based on homology models for protein 
kinases from humans [ 327 ]. There is evidence that the active sites of 
parasite PTKs display a variable degree of structural divergence com-
pared with their human counterparts [ 326 ,  327 ], which seems 
promising for designing selective kinase inhibitors for helminths. 

 Recent work has also shown potential for atypical protein 
kinases (aPKs;  324 ) as targets for the development of novel inter-
vention strategies. Among these aPKs, the RIO kinases (RIOKs: 
RIOK-1, RIOK-2 and RIOK-3) are considered essential for life 
[ 329 ]. RIOKs of parasitic strongylid nematodes have close homo-
logues in  C. elegans  [ 329 ,  330 ]; however, almost nothing is known 
about the function or biology of RIOKs in parasitic nematodes and 
in most other metazoans. Although there are some conserved ele-
ments in each of the three RIOKs of different organisms, these 
aPKs from nematodes cluster, with high statistical support, to the 
exclusion of those of other eukaryotic organisms, including mam-
mals [ 329 ], indicating prospects for the design of a new class of 
nematode-specifi c inhibitors of these aPKs. Using in silico screen-
ing of the SPECS database (  www.specs.net    ), Campbell et al. [ 329 ] 
identifi ed compounds that bind in silico to RIOK-1 of  H. contortus  
( Hc -RIOK-1). For some of these compounds, multiple, highly 
scored binding modes were observed, indicating an increased likeli-
hood that these aPKs would display productive interactions in an 
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in vitro assay [ 329 ]. In addition, the  hydrogen- bond interactions 
between the compounds identifi ed and the  Hc -RIOK - 1  model 
involved multiple conserved side chains in the active site (including 
the P-loops, catalytic loops, and metal- binding loops); however, all 
compounds identifi ed were also involved in interactions with resi-
dues that are not conserved and specifi c to  Hc -RIOK-1 [ 329 ] and 
are thus considered important for the design of selective inhibitors 
of  Hc -RIOK-1. A screen of the BRENDA database (  www.brenda-
enzymes.org    ;  322 ) for compounds with similar chemical structures 
to known kinase effectors identifi ed two molecules with signifi cant 
similarity to the protein kinase inhibitor emodol (an anthraquinone 
found in several plants), providing a useful starting point for drug 
development [ 329 ]. Also identifi ed were molecules with some 
structural similarity to known kinase effectors, such as the fl avo-
noids apigenin and kaempferol (known to possess cancer-protective 
effects;  331 – 333 ) and prunitrin, a naturally occurring isofl avonoid 
in species of  Trifolium  (clover) and  Prunus , characterized by a 
naphthoquinone scaffold and a carbohydrate moiety [ 329 ]. In the 
future, an integrated approach, using advanced functional genomic, 
bioinformatic, chemoinformatic and structural biological tools, 
could be used to elucidate the functions and structures of RIOKs, 
whose roles are proposed to be essential and involved intimately in 
developmental processes. 

 From a functional perspective, current information on  C. ele-
gans  shows that  riok-1  encodes two isoforms (via alternative splic-
ing) required for viability, fertility, endocytosis, and fat storage.  C. 
elegans riok-2  also encodes a RIOK required for viability and fertil-
ity, and  riok-3  encodes a RIOK expressed in the larval and adult 
intestine of  C. elegans  [ 329 ]. In addition, preliminary experiments 
have predicted null mutations in  riok-1  and  riok-2 , both of which 
are lethal, and an uncharacterized predicted null allele of  riok-3  
(unpublished). From a structural biology perspective, preliminary 
comparisons show that the RIOK domain harboring the catalytic 
site is a conserved fold for nematode RIOKs. However, despite this 
fold, there are several amino acid substitutions in functionally 
important, conserved secondary structure elements, whose impact 
can only be assessed from three-dimensional structures determined 
experimentally [ 329 ]. Thus, structural studies need to assess the 
particular binding modes of ligands, particularly the phosphate- 
donating nucleotides, to provide a solid basis for structure-based 
drug design. Furthermore, the mechanistic aspects of RIOKs are 
poorly understood, thus requiring detailed structural information. 
The working model described by Campbell et al. [ 329 ] assumes 
that the two fl exible elements in the RIOK domain, the hinge and 
the fl exible loop, serve as docking points for the substrate and 
might undergo conformational change in the substrate-bound 
state. Such a process may be further aided by phosphorylation of 
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Ser165 (in relation to RIOK-1), which is located in the fl exible 
loop and seems to be a conserved residue for RIOKs. Crystal struc-
tures of substrate-bound and phosphorylated nematode RIOKs 
should assist in elucidating the biology of these proteins, providing 
clues as to how to best design selective and specifi c inhibitors. 

 Serine/threonine phosphatases (STPs) are also proposed to be 
involved in essential biological pathways and, thus, might repre-
sent viable anthelmintic targets [ 99 ]. In silico structural compari-
sons between  Hc -STP-1 and homologues from other parasitic 
nematodes, including  O. dentatum  and  T. vitrinus , have revealed 
conservation of residues and features putatively involved in cata-
lytic activity, whereas phylogenetic analyses of STP sequence data 
from a range of eukaryotes confi rmed the close relationship of 
nematode STPs, which clustered to the exclusion of homologues 
from other organisms [ 99 ]. In one study, Campbell et al. [ 311 ] 
tested the activity of a series of norcantharidin-derived analogues 
against  H. contortus ; cf. Subheading  5 ). Three of these analogues 
reproducibly displayed 99–100 % lethality against  H. contortus  in a 
larval development assay [ 311 ] and no toxic effects on multiple, 
independent mammalian (human cancer) cell lines. However, 
given the difference in structure between these analogues and the 
original norcantharidin chemotype, it was proposed that these 
molecules might have targets other than STPs [ 311 ]. Further stud-
ies are needed to establish the precise mode of action of these 
effective norcantharidin-derived compounds in nematodes, which 
show considerable promise as anthelmintics.  

7    Challenges and Prospects 

 Due to the lack of complete genomic sequences for most parasitic 
nematodes, newly generated transcriptomic and genomic sequence 
datasets need to be assembled de novo, which means that pooled 
reads are assembled without a bias towards known sequences 
[ 222 ]. Due to the amount of RNA required for high-throughput 
sequencing (~5–10 μg;  334 ,  335 ), transcriptomes from small nem-
atodes usually originate from multiple individuals, potentially lead-
ing to an increased complexity of the sequence data acquired 
(linked, for instance, to single-nucleotide polymorphisms and 
other types of sequence variation) and posing some challenges for 
the assembly. In terms of complexity, and computational and time 
requirements, de novo assemblies are orders of magnitude slower 
and much more computationally intensive than knowledge-based 
(mapping) assemblies, in which reads are aligned and assembled 
against an existing “backbone” sequence [ 336 ]. In addition, reli-
able de novo assemblies are heavily dependent on the availability of 
long reads (>100 bases) and of high-coverage, paired-end sequence 
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data [ 336 ,  337 ]. In previous studies, the complementary nature of 
the 454 and Illumina sequencing platforms has allowed the 
 assembly of raw reads into large scaffolds without need for a refer-
ence sequence [ 338 – 340 ]. Thus, clearly, the 454 sequence data 
assembled in previous studies [ 203 – 206 ] should assist future de 
novo assemblies of Illumina data (both transcriptomic and 
genomic) for the species investigated to date. 

 Some transcriptomic studies have employed 454 sequencing of 
normalized cDNA libraries [ 203 – 206 ]. Normalization allows tran-
scripts to be studied qualitatively, but this approach does not allow 
differential gene expression to be investigated quantitatively [ 203 –
 206 ]. Exploring differential transcription among stages, sexes and 
tissues of parasitic nematodes and other helminths provides unique 
insights into molecular changes occurring, for example, during 
development and reproduction. Future studies involving the 
sequencing of non-normalized cDNA libraries by, for instance, 
Illumina technology [ 194 ] will provide an avenue to explore essen-
tial biological pathways in parasitic nematodes, such as those linked 
to the development of neuronal tissue, the formation of cuticle, 
and the digestion of host hemoglobin in  H. contortus  [ 204 ] and in 
mitochondrial and amino acid metabolism in  N. americanus  [ 205 ]. 
However, the incorporation of gene expression data will inevitably 
pose new computational challenges for the correct assembly and 
analysis of sequence datasets and, for instance, for the accurate pre-
diction of alternatively spliced transcripts. 

 The accurate assembly of ESTs is a crucial step for examining 
coding genes and, ultimately, addressing biological questions 
regarding gene and protein function [ 263 ]. Knowledge of the 
function of genes and gene products from organisms is predicted 
using a process known as “sequence annotation,” which has been 
defi ned as “the process of gathering available information and 
relating it to the sequence assembly both by experimental and 
computational means” [ 341 ]. Currently, the annotation of 
sequence data from parasitic nematodes is primarily based on com-
parisons with data available in public databases available via multi-
ple portals [ 203 – 206 ] and updated at different rates. The 
Swiss-Prot database (  http://au.expasy.org/sprot    ), for instance, 
accepts corrections from its user community, whereas GenBank 
(  www.ncbi.nlm.nih.gov/genbank    ) only accepts corrections from 
the author of an entry [ 342 ], thus signifi cantly affecting the accu-
racy and speed with which new sequences are annotated. In addi-
tion, some information-management systems evolve to effi ciently 
incorporate data from large-scale projects, but often, the annota-
tion of single records from the literature is slow and cumbersome 
[ 343 ]. Given that, presently, the annotation of sequence data for 
parasitic nematodes relies heavily on the use of bioinformatic 
approaches and already annotated/curated sequence data for a 
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wide range of organisms [ 203 – 206 ], these observations are 
particularly crucial and deserve further consideration. For instance, 
the analyses and annotation of large-scale transcriptomic sequence 
datasets for parasitic nematodes could be considerably facilitated 
through the establishment of a “reference” website, which could 
provide regular releases of newly developed and validated bioinfor-
matic pipelines for the analyses of sequence datasets as well as links 
to regularly updated databases. In the future, the establishment of 
a “centralized” consortium to facilitate the sharing and optimiza-
tion of bioinformatic pipelines for sequence processing and anno-
tation and, more broadly, to allow access to new sequence data, as 
well as experimental protocols and relevant literature, would be 
very useful to the scientifi c community. 

 Typically, the annotation of peptides inferred from the tran-
scriptomes of parasitic nematodes is performed by assigning 
predicted biological function(s) based on comparison with 
existing information available for  C. elegans  and for other organ-
isms in public databases (e.g., WormBase; InterPro,   www.ebi.
ac.uk/interpro    ; Gene Ontology,   www.geneontology.org    ; 
OrthoMCL,   www.orthomcl.org    ; BRENDA,   www.brenda-
enzymes.org    ) [ 203 – 206 ]. Using this approach, predictions for 
key groups of molecules were made in relation to their function 
and essential roles in biological processes [ 203 – 206 ]. Such 
groups included the SCP/TAPS proteins and molecules linked 
to the physiology of the nervous system, the formation of the 
cuticle, proteases and protease inhibitors, and protein kinases 
and phosphatases [ 203 – 206 ]. However, in order to support 
data inferred from bioinformatic analyses of sequence data, 
experimental validation is now required. In particular, extensive 
laboratory experiments need to be conducted to evaluate the 
functions of molecules in the parasites studied and/or in a suit-
able surrogate organism. RNAi has been applied to a number of 
strongylid nematodes of animals, but success has been relatively 
limited (e.g.,  279 ,  344 – 351 ). Current evidence suggests that a 
number of nematodes of animals, including  H. contortus , lack 
critical components of the RNAi machinery [ 279 ,  349 ,  350 , 
 352 ]. Transgenesis and gene complementation studies have 
shown considerable promise for evaluating the function of genes 
from some parasitic nematodes (e.g.,  353 – 355 ). Indeed, a study 
demonstrating successful transgenesis in the parasitic nematode 
 Parastrongyloides trichosuri  (Rhabditida) [ 356 ] as well as the 
use of  C. elegans  as a surrogate system for the analysis of the 
function of some genes from selected members of the Strongylida 
and Rhabditida [ 353 – 355 ] provides substantial promise and 
scope for the application of this methodology to functional 
genetic studies of selected groups of parasitic nematodes. 
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 In the future, improved bioinformatic prediction and prioritization 
of potential drug targets in parasitic nematodes will depend on the 
availability of complete genome sequences. Global repertoires of 
drug targets could be inferred. For instance, the parasite kinome 
(the complete set of kinase genes in the genome) could represent a 
unique opportunity for the design of parasite-selective inhibitors 
[ 327 ]. In addition, the integration of genomic, transcriptomic, and 
proteomic data will be crucial to identify groups of molecules essen-
tial to parasite survival and development, which could represent 
drug target candidates. Clearly, high-throughput sequencing, such 
as Illumina, provides the effi ciency and depth of coverage required 
to rapidly defi ne genomes and transcriptomes of eukaryotic patho-
gens of socioeconomic importance [ 202 ,  211 ,  293 ]. The combined 
use of innovative bioinformatic tools will open the door to under-
standing the molecular biology of parasites and other pathogens on 
an unprecedented scale. A deep understanding of these pathogens 
at the molecular level will provide exciting opportunities for the 
development of novel interventions and diagnostic methods.  

8    Update on Next-Generation Sequencing Technologies 

 In October 2013, Roche announced the closure of its subsidiary 454 
Life Sciences and the discontinuation of the 454 sequencer (  http://
www.bio-itworld.com/2013/10/16/six-years-after- acquisition-
roche-quietly-shutters-454.html    ); this outcome has been attributed 
largely to major competition by Illumina and Life Technologies, with 
the release of their respective Personal Genome Machine (PGM), 
MiSeq, and Ion Torrent sequencing platforms. While, to the best of 
our knowledge, the latter platform is yet to be utilized for high-
throughput sequencing studies of parasites of animals and humans, 
the high sequencing speed, low cost of sample sequencing, and small 
instrument size [ 357 ] will undoubtedly represent substantial advan-
tages in the quest to fi ght neglected diseases.     
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    Chapter 32   

 Functional Genomics of Tick Vectors Challenged 
with the Cattle Parasite  Babesia bigemina  

           Ana     Domingos     ,     Sandra     Antunes    ,     Margarita     Villar    , and     José     de la     Fuente   

    Abstract 

   Ticks are obligate hematophagous ectoparasites considered as vectors of animal diseases, having a huge 
economic impact in cattle industry.  Babesia  spp. are tick-borne pathogens that cause a disease called babe-
siosis in a wide range of animals and in humans. Control of tick infestations is mainly based on the use of 
acaricides, which have limited effi cacy reducing tick infestations, mostly due to wrong usage, and is often 
accompanied by the selection of acaricide-resistant ticks, environmental contamination, and contamination 
of milk and meat products. Vaccines affecting both vector and pathogens constitute new control strategies 
for tick and tick-borne diseases and are, therefore, a good alternative to chemical control. 

 In this chapter we describe the identifi cation of  Rhipicephalus (Boophilus) annulatus  genes differen-
tially expressed in response to infection with  B. bigemina  by using suppression-subtractive hybridization 
(SSH), which allows the identifi cation of differentially expressed genes. The results of the SSH studies are 
validated by real-time reverse transcription (RT)-PCR. Functional analyses are conducted by RNAi on 
selected  R. annulatus  genes to determine their putative role in  B. bigemina –tick interactions. Gathered 
data may be useful for the future development of improved vaccines and vaccination strategies to control 
babesiosis.  

  Key words     Tick  ,   Genomics  ,    Babesia   ,    Rhipicephalus   ,    Boophilus   ,   Subtractive hybridization  ,   RNA 
interference  ,   Vaccines  

1      Introduction 

 Tick-borne pathogens of the genus  Babesia  are  Apicomplexan  para-
sites responsible for a disease called babesiosis that affects a wide 
range of animals and, occasionally, humans. The major economic 
impact of babesiosis is on cattle industry, caused mainly by  Babesia 
bovis  and  B. bigemina. Rhipicephalus (Boophilus)  spp. ticks are their 
principal vectors, being considered one of the most important cat-
tle ectoparasites due to the direct impact affecting leather quality, 
meat and milk production and, most importantly, pathogen trans-
mission capacity [ 1 ]. 

 In the last decades, new tools have been developed in the 
molecular biology fi eld, leading to a better knowledge of genes 
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involved in the control of biological functions in numerous 
 organisms, such as vector ticks and pathogens transmitted to man 
and animals. Genomics continues to contribute greatly to this 
cause by (a) bringing new information about genomes and devel-
opment of new technologies, (b) allying these new resources to 
traditional techniques, and (c) enabling the development of new 
practical interventions in the triangle vector–host–pathogen. Few 
complete genomes are known for either vector or pathogen but 
information regarding partial and complete nucleotide sequences 
from both organisms is being progressively more available. 
Moreover, sialomes and transcriptomes of different ticks are now 
accessible. New fi ndings on the genomic fi eld do not replace older 
strategies developed to study tick and tick-borne pathogens but 
rather complement them, improving research outputs. As exam-
ples, there are techniques such as artifi cial feeding or cellular lines 
that remain extremely useful to determine biological effects in cells 
and organisms. 

 Within new control strategies for tick and tick-borne diseases, 
vaccines arise as important alternatives to chemical control since 
they may affect both vector and pathogen. Molecular interactions 
at the tick–pathogen interface ensure survival and development of 
both the pathogen and tick vector. Recent studies demonstrated 
that tick vaccines reduce tick–pathogen infection when using anti-
gens found to be related with pathogen infection/multiplication, 
illustrating the complexity of tick–pathogen coevolution [ 2 ]. 
Other experiments have demonstrated that tick gene expression is 
modifi ed in response to pathogen infection [ 3 – 12 ], but informa-
tion on the function of differentially expressed genes is limited 
[ 7 – 11 ,  13 – 15 ] mainly because the identifi cation of potential vac-
cine candidates is not simple, being a crucial step. 

 In the present example, it is our aim to demonstrate how gene 
functional analysis can support the identifi cation of genes that are 
involved in the vector–pathogen interaction using as model the 
vector  R. annulatus  and the pathogen  B. bigemina.  

 To infer about the pressure of infection in the vector, fi rst, 
two different tick populations had to be produced: a  B. bigemina - 
 infected population and an uninfected one. Factors like gender, 
time point in the life cycle, and similar feeding conditions have to 
be considered and controlled. The only feature that should be 
different in these samples is the presence of infection that eventu-
ally will induce a differential expression of the genes refl ecting the 
effect of the pathogen in the tick organism. Secondly, the differ-
ences between these populations have to be identifi ed and mea-
sured. The subtractive suppression hybridization (SSH) method 
allows the detection of transcripts differently expressed in two 
related mRNA populations with no prior knowledge of these 
mRNA. This technique relies on the hybridization of equal 
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mRNA present on two different populations, followed by the 
enrichment of different mRNA (present in only one of the popu-
lations) by traditional PCR. When using SSH, the differentially 
expressed genes need to be quantitatively validated in order to 
point which are the most relevant transcripts in the picture. 
Microarrays can appear as a valid option, but due to the costs 
linked to this technique, the gain must be well weighted. For 
example, if the objective of the study is to analyze gene expres-
sion profi les in different situations, a microarray chip can be a 
solution, but if the target is the punctual identifi cation of relevant 
genes, then the real-time PCR technique is a more suitable and 
simpler way to quantify mRNA. 

 Another conceptually similar technique to SSH is the direct 
sequencing of mRNA also known as RNA-Seq. This high-through-
put technique offers a complete image of what is happening in the 
transcriptome in a determined time point, so when comparing an 
mRNA population corresponding to infected and healthy popula-
tions, the transcriptome differences will arise. An extremely impor-
tant task in the identifi cation of transcripts is the sequence analysis 
steps. Various tools are accessible online in which a comparison to 
available datasets is done. The cDNA Annotation System software 
(dCAS) [ 16 ] is a good option for performing an automated 
sequence clean-up, assembly, and BLAST analysis against the non-
redundant (nr) sequence database. Manual curation is imperative 
after the automated analysis to complete this step. From this step 
on, it is possible to identify differentially expressed genes that can 
be further characterized. 

 The third, and last step, on fi nding new antigens involved in 
infection processes, within the example of  B. bigemina -infected 
 R. annulatus  ticks, concerns to the functional analysis. These assays 
allow demonstrating the active role of antigens in a specifi c process. 
RNAi or posttranscriptional gene silencing is a conserved and natu-
ral process that cells use to turn down, or silence, specifi c genes 
[ 17 ,  18 ]. Small interfering RNAs (siRNAs) are the effector mole-
cules of the RNAi pathway that is initiated by double-stranded 
RNA (dsRNA) and results in a potent sequence-specifi c degrada-
tion of cytoplasmic mRNAs containing the same sequence as the 
dsRNA trigger [ 8 ,  19 ]. RNAi revealed to be a valuable tool for 
studying tick gene function, the characterization of the tick–pathogen 
interface and the screening and characterization of tick- protective 
antigens [ 20 ]. RNAi process in ticks has not yet been revealed but 
a model has been proposed based in the information available for 
 Drosophila melanogaster  and  Anopheles gambiae  [ 21 ]. This tech-
nique has been used to study the function of tick 
proteins at the tick–pathogen interface in a number of tick species 
[ 12 ,  22 – 25 ]. In ticks, depending on the experimental design and 
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 targets, four different techniques of dsRNA delivery are known: 
(a) injection, the most common method; (b) soaking of isolated 
tissues; (c) the RNAi-inducing capillary feeding; and (d) virus pro-
duction of dsRNA. Herein, the selected method was the injection 
of dsRNA directly in the hemolymph in adult female ticks since it 
was vital that ticks would feed normally after gene silencing. The 
evaluation of gene knockdown in biological parameters like weight 
and reproduction success, or even, as in the present case, the infec-
tion level, elucidates on the effect gene disruption.  

2    Materials 

      1.     Rhipicephalus annulatus  ticks.   
   2.     Babesia bigemina  (Moledet strain, provided by Kimron 

Veterinary Institute, Israel).   
   3.    Holstein–Friesian calves.      

      1.    Sterile 1 ml syringes and needles with different gauges.   
   2.    Sterile 1.5 ml and 2 ml microcentrifuge tubes.   
   3.    96 wells plates for PCR.   
   4.    Micropipettes and fi lter tips.   
   5.    Agar plates (LB Agar, 20 g/L, with appropriate antibiotics and 

supplements).   
   6.    1× TAE (Tris-acetate buffer): 40 mM Tris–HCl, 20 mM acetic 

acid, and 1 mM EDTA.   
   7.    PBS (phosphate buffered saline): 0.027 M potassium chloride, 

0.137 M sodium chloride, and 1.76 mM potassium 
phosphate.   

   8.    0.5× TBE (Tris-borate-EDTA buffer): 45 mM Tris, 45 mM 
boric acid, 1 mM EDTA, pH 8.3.   

   9.    Agarose.   
   10.    Nuclease-free water.   
   11.    Refrigerated centrifuge.   
   12.    Thermocycler (e.g., GeneAmp ®  PCR System 2700, Applied 

Biosystems Life Technologies, Foster City, CA, USA).   
   13.    Real-time thermal detection system (e.g., IQ5 thermo-cycler, 

BioRad, Hercules, CA, USA).   
   14.    NanoDrop ND-1000 (Thermo Fischer Scientifi c, Waltham, 

MA, USA).   
   15.    Stereo microscope.   
   16.    Humidity chamber.      

2.1  Organisms

2.2  General 
Laboratory 
Consumables, 
Materials, 
and Equipment
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    DNA and RNA Extraction 

   1.    RNA later ™ solution (Ambion Life Technologies, Carlsbad, 
CA, USA).   

   2.    TRI Reagent ®  (Sigma-Aldrich, St. Louis, MO, USA). 
Additional reagents needed: chloroform, isopropanol, absolute 
ethanol, 75 % ethanol, 1 mM sodium citrate in 10 % ethanol, 
and 8 mM NaOH.    

  Detection of Babesia bigemina Infection in Ticks 

   1.     R. annulatus  DNA.   
   2.    PCR Master Mix (Promega, Fitchburg, WI, USA).   
   3.    Specifi c primers for  B. bigemina  (e.g., 5′-AGC TTG CTT TCA 

CAA CTC GCC-3′ and 5′-TTG GTG CTT TGA CCG ACG 
ACA T-3).    

  SSH Library Construction 

   1.    Infected and uninfected tick total RNA.   
   2.    FastTrack ®  2.0 mRNA Isolation Kit (Invitrogen Life 

Technologies, Carlsbad, CA, USA).   
   3.    PCR-Select™ cDNA Subtraction Kit (Clontech Laboratories 

Inc., Mountain View, CA, USA).   
   4.    Advantage ®  2 PCR polymerase mix with TITANIUM  Taq  DNA 

Polymerase (Clontech-Takara, Mountain View, CA, USA).    

  cDNA Library Cloning 

   1.    TOPO TA Cloning ®  Kit for sequencing (Invitrogen Life 
Technologies, Carlsbad, CA, USA).   

   2.    One Shot ®  TOP10 competent cells (Invitrogen Life 
Technologies, Carlsbad, CA, USA).   

   3.    PCR Master Mix (Promega, Fitchburg, WI, USA).   
   4.    Universal T3 and T7 primers.   
   5.    Illustra plasmidPrep Mini Spin Kit (GE Healthcare, 

Buckinghamshire, UK).    

        1.    Sequences from SSH clones.   
   2.    cDNA Annotation System software (dCAS; Bioinformatics 

and Scientifi c IT Program (BSIP), Offi ce of Technology 
Information Systems (OTIS), National Institute of Allergy and 
Infectious Diseases (NIAID), Bethesda, MD, USA) (  http://
exon.niaid.nih.gov    ).   

   3.    AlignX (included in the Vector NTI Suite V 5.5 software, 
Invitrogen Life technologies, North Bethesda, MD, USA).   

   4.    CLUSTAL 2.1 /W multiple sequence alignment tool (  http://
www.clustal.org/    ).      

2.3  Suppression 
Subtractive 
Hybridization (SSH) 
Library Construction

2.4  Sequence 
Analysis and 
Database Search
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      1.    Infected and uninfected  R. annulatus  RNA.   
   2.    iScript™ cDNA Synthesis Kit (BioRad, Hercules, CA, USA).   
   3.    iQ SYBR Green Supermix (BioRad, Hercules, CA, USA).   
   4.    Specifi c and housekeeping primers.      

    dsRNA Synthesis 

   1.     R. annulatus  RNA.   
   2.    Specifi c primers for target genes with T7 extension.   
   3.    Access RT-PCR system (Promega, Madison, USA).   
   4.    PCR products purifi cation kit (e.g., PureLink™ PCR 

Purifi cation Kit, Life Technologies, Carlsbad, CA, USA).   
   5.    MEGAscript ®  T7 Kit (Ambion Life Technologies, Carlsbad, 

CA, USA).    

  Injection in Ticks 

   1.    Specifi c dsRNA.   
   2.    Hamilton syringe, with 1 in., 33 G needle.   
   3.    Forceps/tweezers.   
   4.    Double face duck tape.   
   5.    Dental wax plates.   
   6.    Control buffer: 10 mM Tris–HCl, pH 7, 1 mM EDTA.    

  Tick Feeding 

   1.    Infected  B. bigemina  calf.   
   2.    Freshly molted female  R. annulatus .   
   3.    Contact glue.   
   4.    Cotton sleeves.   
   5.    Razor blade.    

  Gene Knockdown Assessment and Infection Assessment 

   1.     R. annulatus  ticks treated with dsRNA.   
   2.    iScript™ One-Step RT-PCR Kit with SYBR ®  Green (Biorad, 

Hercules, CA, USA).   
   3.    Gene-specifi c and housekeeping primers.    

3       Methods 

   Obtain  B. bigemina -infected and uninfected  R. annulatus  
female ticks from experimentally infected and babesiosis-free 
3 to 4-month-old male Holstein–Friesian calves, respectively 
( see   Note 1 ).

2.5  Validation 
of SSH Results

2.6  Functional Tick 
Gene Analysis by RNA 
Interference

3.1  Ticks Processing

3.1.1  Uninfected 
and  Babesia bigemina - 
Infected  Ticks for SSH 
Library Construction
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    1.    Prior to tick infestation, test calves for antibodies against 
 Babesia  spp. infection, maintained under strict tick-free condi-
tions, using an indirect fl uorescent antibody (IFA) assay [ 26 ].   

   2.    Inoculate one calf intravenously with 2 × 10 8   B. bigemina  cryo-
preserved parasites (Moledet strain).   

   3.    Monitor calf clinical responses by means of daily examinations 
of body temperature, packed cell volume (PCV) and of Giemsa-
stained blood fi lms.   

   4.    Collect engorged adult female ticks from both infected and 
uninfected calves after feeding and maintain ticks at controlled 
conditions (temperature 22–25 °C and relative humid-
ity > 85 %) for blood meal digestion during 4–5 days.    

        1.    Use a 3–4-month-old male Holstein calf free of babesiosis to 
obtain uninfected  R. annulatus  freshly molted adult female 
ticks.   

   2.    Infest the calf with 1 g of tick eggs at day zero (0). Retrieve the 
freshly molted females from the bovine host at day 21 using 
fi ne forceps. Thereafter, observe, clean, and place ticks in a 
controlled humidity and temperature chamber until dsRNA 
injection.   

   3.    Glue tick-feeding sleeves (450 mm × 400 mm) (cotton fabric) 
to calf shaved skin one day prior to infestation with dsRNA- 
injected ticks.       

       1.    Dissect each tick and place tissues in a tube containing 1 ml of 
TRI Reagent ® . Homogenize using a 21 G × 1½″ (0.8 × 40 mm) 
needle and 1 ml syringe tube. Isolate total RNA and DNA 
according to the manufacturer’s protocol ( see   Notes 2  and  3 ).   

   2.    Dissolve the RNA and DNA in 30 μl of nuclease-free water 
and measure the concentration of each sample spectrophoto-
metrically with a NanoDrop ND-1000 ( see   Note 3 ).      

      1.    Perform a PCR using the following reaction mixture: fi nal vol-
ume of 25 μL including 1× PCR Master Mix, 1 μM of forward 
and reverse primers specifi c for  B. bigemina , and 50 ng of tick 
DNA; and the thermal cycling conditions: initial denaturation 
step at 95 °C for 10 min followed by 40 cycles of 30 s at 94 °C, 
45 s at 64 °C, and 1 min at 72 °C, with a fi nal extension step 
of 10 min at 72 °C ( see   Note 4 ).   

   2.    Analyze the amplifi cation products in a 1 % TAE agarose gel 
electrophoresis.      

      1.    Check the RNA integrity before proceeding with cDNA syn-
thesis ( see   Note 5 ).   

   2.    Create two pools corresponding to the infected and uninfected 
tick populations. Seven to ten ticks are enough to obtain suf-
fi cient RNA for each pool.   

3.1.2  Uninfected 
 R. annulatus  for RNA 
Interference Studies

3.2  SSH Library 
Construction 
and Sequencing

3.2.1  Tick Total RNA 
and DNA Extraction

3.2.2  Detection 
of  Babesia bigemina  
in Ticks by PCR

3.2.3  Complementary 
DNA (cDNA) Library 
Construction and SSH
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   3.    Isolate poly A + RNA using the FastTrack ®  2.0 mRNA Isolation 
Kit, according to the manufacturer’s instructions. After this iso-
lation, check the integrity of poly A + RNA by electrophoresis.   

   4.    Construct the SSH library using the PCR-Select™ cDNA 
Subtraction Kit. The procedure is thoroughly explained in the 
manufacturer instructions. Briefl y:
   (a)    After the two strands of cDNA are synthesized, digest the 

molecules into small blunt-ended fragments with the 
restriction enzyme  Rsa I.   

  (b)    Submit the tester sample and part of the control sample to 
adaptors ligation.   

  (c)    Perform the fi rst hybridization by mixing the tester 
samples with different adaptors and each of these with 
driver cDNA. Denature with heat and allow annealing/
hybridization.   

  (d)    Second hybridization: mix the two samples obtained from 
the fi rst hybridization and add fresh denatured cDNA 
driver. The new formed hybrid molecules consist now of 
differentially expressed cDNA with different adaptors on 
each end.   

  (e)    Amplify selectively the differentially expressed cDNAs dur-
ing two PCR reactions using the Advantage ®  2 PCR poly-
merase mix with TITANIUM  Taq  DNA polymerase.   

  (f)    Prior to thermal cycling, fi ll the missing strands of the 
adaptors by a brief incubation which creates binding sites 
for the primers used in the PCR. In this fi rst amplifi cation, 
only double-stranded cDNA with different adaptors 
sequences on each end is exponentially amplifi ed.   

  (g)    In the second amplifi cation, nested PCR was used to reduce 
the background (unwanted PCR products) and improving 
enrichment of the differentially expressed sequences in the 
tester sample or infected population ( see   Note 6 ).          

      1.    Clone the enriched cDNAs for sequencing with the TOPO TA 
Cloning ®  Kit, and transform One Shot ®  TOP10 competent 
 Escherichia coli  cells, following the manufacturer’s instructions 
( see   Note 7 ).   

   2.    Prepare agar plates with the appropriate antibiotic (100 μg/ml 
of ampicillin) and supplement it with 0.5 mM of Isopropyl 
β-D- 1-thiogalactopyranoside (IPTG). Spread 75 μl and 150 μl 
of cell culture in each plate.   

   3.    Incubate plates overnight at 37 °C.   
   4.    Perform colony PCR to randomly selected colonies for inser-

tion confi rmation analysis.   

3.2.4  cDNA Library 
Cloning
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   5.    Colonies should be picked from the agar plate with a sterile 
pipette tip and resuspended in 20 μl of PCR reaction mix, 
which should include the universal T3/T7 primers at a fi nal 
concentration of 1 μM.   

   6.    PCR conditions should be: 10 min at 95 °C followed by 30 
cycles of 30 s at 94 °C, 45 s at 64 °C, and 1 min at 72 °C and 
a fi nal extension step of 10 min at 72 °C.   

   7.    Analyze the PCR products on a 1.2 % TAE agarose gel.   
   8.    Prepare the cDNA library for sequencing by inoculating 1 ml 

of LB medium with plated SSH clones and incubate overnight 
at 37 °C and 200 rpm to ensure high growth of transformed 
bacteria.      

      1.    Purify plasmids from the bacterial culture using Illustra plas-
midPrep Mini Spin Kit, following the manufacturer’s 
instructions.   

   2.    Randomly select and sequence clones obtained from the 
SSH library using traditional Sanger sequencing approaches 
( see   Note 8 ).       

       1.    Use the available means for automated sequence clean-up, assem-
bly, and BLAST analysis against nonredundant sequence database 
(nr) and databases of tick-specifi c sequences ( see   Note 9 ).   

   2.    Analyze protein/gene ontology using a protein reference data-
base ( see   Note 9 ).   

   3.    Align nucleotide and protein sequences using widely available 
software like CLUSTAL 2.1 multiple sequence alignment tool.      

      1.    Design appropriate primers manually or using available pro-
grams for the selected differentially expressed candidate genes.   

   2.    Use total RNA from uninfected and  B. bigemina- infected  
R. annulatus  female ticks to construct cDNA using the 
iScript™ cDNA Synthesis Kit following the manufacturer’s 
instructions.   

   3.    Use the previously synthesized cDNA to perform quantitative 
real-time PCR. iQ SYBR Green Supermix can be used for the 
real-time PCR following the manufacturer’s recommenda-
tions, including forward and reverse primers at a fi nal concen-
tration of 500 mM and cDNA at a fi nal concentration of 
20–25 ng (500 ng).   

   4.    PCR conditions include an initial denaturation and enzyme 
activation step at 95 °C for 2 min, followed by 40 cycles of 15 
s at 95 °C, 15 s at the primers annealing temperature, and 15 s 
at 62 °C for extension.   

3.2.5  Plasmid 
Purifi cation for Sequencing

3.3  Sequence 
Analysis and 
Database Search

3.3.1  Sequencing 
and Analysis of SSH Clones

3.3.2  Confi rmation 
of Differential Gene 
Expression by 
Real-Time RT-PCR
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   5.    The mRNA levels should be normalized against the tick β-actin 
and 16S rRNA transcripts using the ddCT method [ 27 ,  28 ]. 
In all cases, the mean of the duplicate values should be used.   

   6.    Compare the data from infected and uninfected ticks using the 
Student’s  t -test ( P  = 0.05).       

       1.    Based in the SSH clone sequences, design specifi c primers con-
taining T7 promoter sequences (5′-TAA TAC GAC TCA CTA 
TAG GGT ACT-3′) at the 5′-end. Long fragments are desired.   

   2.    Use RNA as template to amplify the fragments of interest by 
RT-PCR, using the Access RT-PCR system according to 
instructions given by the manufacturer, including 1 μM of 
each primer and 200 ng of template RNA. Conditions of the 
RT-PCR should be: fi rst-strand synthesis performed at 45 °C 
for 45 min and AMV reverse transcriptase inactivation per-
formed at 94 °C for 3 min, followed by PCR cycling for 40 
cycles of 30 s at 94 °C, 30 s at 55 °C, and 90 s at 68 °C with a 
fi nal extension step of 7 min at 68 °C.   

   3.    Analyze amplifi cation products on a 0.5× TBE, 1.2 % agarose gel.   
   4.    Purify the PCR products using an appropriated kit like the 

PureLink™ PCR Purifi cation Kit.   
   5.    Use the MEGAscript ®  T7 Kit to synthesize dsRNA according 

to the manufacturer’s instructions.   
   6.    Purify and quantify by spectrometry the resulting dsRNA and 

check it on a 1.2 % TBE agarose gel.      

      1.    Obtain freshly molted  R. annulatus  adult female ticks from the 
bovine host, using fi ne forceps.   

   2.    Observe, clean, and place the ticks ventral side up on double 
sticky tape affi xed to a 3″ × 6″ sheet of red dental wax. Position 
them together in groups of 10 leaving the body exposed.   

   3.    Inject the ticks with 0.4 μl of dsRNA (1 × 10 11  to 1 × 10 12  mol/μl) 
in the lower right quadrant of the ventral surface of the tick 
exoskeleton [ 29 ] ( see   Note 10 ).   

   4.    Inject at least 30 female ticks per group using a Hamilton 
syringe with a 1 in., 33 G needle.   

   5.    Inoculate control ticks solely with control buffer ( see   Note 11 ).      

      1.    Keep injected ticks in a recovery plastic container to wait for 
tick activation and then place them in a humidity chamber 
(12 h light/12 h dark photoperiod at 22–25 °C and 95 % rela-
tive humidity) for 24 h.   

   2.    Allow the ticks to feed in separated circular patches, for test 
groups and controls, on a calf experimentally infected with 
2 × 10 8   B. bigemina  parasites.   

3.4  Functional Tick 
Gene Analysis by RNA 
Interference

3.4.1  dsRNA Synthesis

3.4.2  dsRNA 
Injection in Ticks

3.4.3  Treatment of Ticks 
After Injection and Tick 
Feeding
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   3.    Glue patches with inner diameter of 150 mm used for tick 
feeding to the shaved back of the calf using contact glue.   

   4.    Monitor cattle infection to ensure that feeding occurs at the 
peak of host parasitemia and perform visual examination of 
blood smears. Remember to place male ticks together with 
each group to allow mating.   

   5.    Remove unattached ticks 2 days after infestation and all 
attached ticks after 7 days of feeding.   

   6.    Keep the ticks in a humidity chamber for 4 days to allow diges-
tion of the blood meal.      

      1.    Evaluate the number of ticks that survived as well as tick 
weighs. Tick mortality is evaluated as the ratio of dead ticks to 
the total number of fed ticks on the calf. To analyze tick mor-
tality, the Chi-square test ( P  = 0.05) can be used with the null 
hypothesis that tick mortality was not dependent on gene 
knockdown.   

   2.    After allowing blood digestion, ticks should be dissected and 
whole internal organs stored in RNA later ™ solution for  further 
DNA and RNA extraction.   

   3.    Extract DNA and RNA using the TRI Reagent ®  as described 
above.      

      1.    Use the previously extracted RNA to perform real-time 
RT-PCR.   

   2.    Evaluate gene knockdown of the selected genes by real-time 
RT-PCR using sequence-specifi c primers. The iScript One-
Step RT-PCR Kit with SYBR ®  Green can be used to perform 
mRNA quantifi cation. Manufacturer recommendations should 
be followed including primers at a fi nal concentration of 
500 mM and RNA at a fi nal concentration of at least 25 ng/μl.   

   3.    Incubate the reaction mix in a real-time thermal cycling detec-
tion system as follows: 10 min at 50 °C for cDNA synthesis; 
5 min at 95 °C for reverse transcriptase inactivation; 40 cycles 
of 15 s at 95 °C followed by 15 s at primers annealing tempera-
ture and 15 s at 62 °C for extension.   

   4.    The mRNA levels should be normalized against tick 16S rRNA 
transcripts using ddCT method.   

   5.    Compare normalized mRNA levels between dsRNA-injected and 
control ticks using the Student’s  t -test ( P  = 0.05) ( see   Note 12 ).   

   6.    Determine the  B. bigemina  infection levels by quantitative PCR. 
The 18S rDNA gene can be used as a genomic target using the 
specifi c primers 5′-AAT AAC AAT ACA GGG CTT TCG TCT-
3′ and 5′-AAC GCG AGG CTG AAA TAC AAC T-3′.   

3.4.4  Analysis of Ticks 
After RNA Interference

3.4.5  Gene Knockdown 
Assessment by Real-Time 
RT-PCR and Infection 
Quantifi cation
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   7.    Normalize against the tick 16S rDNA gene using the ddCT 
method [ 27 ,  28 ].   

   8.    Compare the  B. bigemina  infection levels in ticks between 
dsRNA and control ticks using  t -student test ( P  = 0.05).        

4    Notes 

 General note: A project having as target the identifi cation of new 
vaccine candidates has to be carefully designed and has to surpass 
different milestones. Experiments have to be properly designed 
and the obtained biological samples must be in good conditions.

    1.    Ticks must be reared in a certifi ed laboratory according to ani-
mal welfare guidelines. Individual features as tick life cycle 
must be considered, for instance, if it’s a one, two, or three 
host–tick species. When dealing with cattle ticks like  R. micro-
plus  and  R. annulatus , some constrains can arise due to their 
host specifi city [ 30 ]. Plus, cattle are most of the times a require-
ment for the conduction of laboratorial experiments. Other 
species are less selective and smaller vertebrates like rabbits can 
be used to establish tick colonies. The tick infection can be 
obtained in different ways such as artifi cial feeding or even 
injection of pathogen, but the best way of copying natural 
infections is to infect the host and promote ordinary feeding.   

   2.    DNA derived from nontarget organisms present on the surface 
of ticks may yield amplicons with some primers. To overcome 
this problem, the ticks may be rinsed two times individually in 
distilled water, once in 75 % ethanol and once more in water.   

   3.    The TRI Reagent ®  is a mixture of guanidine thiocyanate and 
phenol that uses a convenient single-step liquid phase separa-
tion resulting in the simultaneous isolation of RNA, DNA, and 
proteins. After adding chloroform or 1-bromo-3- chloropropane 
and centrifuging, the mixture separates into 3 phases: an aque-
ous phase containing the RNA, the interphase containing 
DNA, and an organic phase containing proteins. Each compo-
nent can then be isolated after separating the three phases. 
This reagent extracts total RNA, but when poly A + RNA is the 
target, it is necessary to separate this last type of RNA from the 
remaining existent RNA in a cell (rRNA and tRNA).   

   4.    A one step PCR can be used to detect the presence of  B. bige-
mina  in sampled ticks. The example shown here uses primers 
Bbi400F: 5′-AGC TTG CTT TCA CAA CTC GCC-3′ and 
Bbi400R: 5′-TTG GTG CTT TGA CCG ACG ACA T-3′ that 
amplify a 400 bp fragment within the conserved region of the 
fi ve  rap-1a  paralogous genes [ 31 ,  32 ], but the detection of 
pathogen infection in ticks can be done using different protocols 
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and/or using different PCR mixtures. When dealing with low 
parasitemias, the use of a nested PCR is recommended.   

   5.    RNA quality should be checked by gel electrophoresis to con-
fi rm the integrity of RNA preparations since high-quality, pure, 
and intact total RNA is critical to perform fundamental down-
stream molecular biology experiments.   

   6.    For SSH library construction, following the manufacturer’s 
protocol usually is suffi cient to achieve good results, but small 
modifi cations or optimizations can be done that normally are 
stated in the protocol. It is fundamental to always read the 
entire protocol before starting any procedure in order to care-
fully plan the experiments (e.g., the reagents within the PCR- 
Select™ cDNA Subtraction Kit are limited).   

   7.    The TOPO TA Cloning ®  Kit uses the pCR™4-TOPO vector 
which allows the selection of successful transformants by anti-
biotic and directly by disruption of the lethal  E. coli  gene,  ccd B 
[ 33 ]. The vector contains the  ccd B gene fused to the C-terminus 
of the LacZα fragment. The ligation of a PCR product disrupts 
expression of the  lac Zα- ccd B gene fusion permitting growth of 
only positive recombinants upon transformation. Cells that 
contain nonrecombinant vector are killed upon plating. 
Therefore, blue/white screening is not required.   

   8.    The number of clones obtained from SSH library varies from 
assay to assay and might be necessary to make a random selec-
tion of clones to sequence, facing the high sequencing costs. 
As dealing with products of PCR, many clones are expected to 
be repeated. Sequencing of clones can be done in house or 
using available outsource academic or commercial sequencing 
facilities.   

   9.    The cDNA Annotation System software (dCAS) [ 16 ] may be 
used for automated sequence clean-up, assembly, and BLAST 
analysis against nonredundant sequence database (nr) and data-
bases of tick-specifi c sequences (  http://www.proteinlounge.
com    ,   http://www.ncbi.nlm.nih.gov     and   http://www.vector-
base.org/index.php    ) and gene ontology (GO) assignments.   

   10.    For visualization of tick gene silencing procedures, please visit: 
  http://www.jove.com/video/2474/rna-interference-in-ticks?
ID = 2474    .   

   11.    Control ticks can be injected with an unrelated dsRNA to con-
trol the effect of dsRNA injection in the tick, with a control 
buffer or even with PBS.   

   12.    In the present study, it was unnecessary to determine the abso-
lute transcript copy number, so the relative change in gene 
expression suffi ces. Relative quantifi cation describes the 
changes in the expression of target genes in the infected tick 
population relatively to the reference group, the uninfected 
tick population.         
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    Chapter 33   

 Metagenomic Approaches to Disclose Disease-Associated 
Pathogens: Detection of Viral Pathogens in Honeybees 

           Fredrik     Granberg     ,     Oskar     E.     Karlsson    , and     Sándor     Belák   

    Abstract 

   Metagenomic approaches have become invaluable for culture-independent and sequence-independent 
detection and characterization of disease-associated pathogens. Here, the sequential steps from sampling 
to verifi cation of results are described for a metagenomic-based approach to detect potential pathogens in 
honeybees. The pre-sequencing steps are given in detail, but due to the rapid development of sequencing 
technologies, all platform-specifi c procedures, as well as subsequent bioinformatics analysis, are more gen-
erally described. It should also be noted that this approach could, with minor modifi cations, be adapted 
for other organisms and sample matrices.  

  Key words     Metagenomics  ,   Sequencing  ,   Unknown viruses  ,   Virus detection  ,   Diagnosis  ,   Unknown 
etiology  

1      Introduction 

 Metagenomics based on high-throughput sequencing (HTS) 
allows for cell culture-independent and nucleotide sequence- 
independent detection of pathogens as well as characterization of 
the entire microbial fl ora in a sample. It thus has the potential to 
detect the full spectrum of emerging new pathogens, including 
novel viruses and fastidious bacteria, as demonstrated and reviewed 
[ 1 – 4 ]. Viral metagenomics (or metaviromics) focuses on the viral 
fraction of a metagenomic sample, and several HTS-based 
approaches have been developed for unbiased characterization of 
the viral populations in various organisms and environments. These 
approaches are usually comprised of several typical steps including 
sample homogenization, target enrichment, sequence- independent 
amplifi cation, sequencing library construction, HTS, and bioinfor-
matics analysis [ 5 ,  6 ]. 

 The pre-sequencing steps are similar to the method outlined by 
Allander et al. [ 7 ]. Following homogenization and fi ltration, nucle-
ase treatment with both DNase and RNase is used to reduce the host 
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background and enrich viral nucleic acid by removing unprotected 
nucleic acids (i.e., those not in viral capsids), which makes this 
approach most suitable for detection of actively replicating viruses 
during the infectious period. The nuclease treatment is effi cient and 
easy to perform, as previously demonstrated [ 8 ,  9 ]. However, the 
quantities of recovered viral nucleic acid after extraction from nucle-
ase-treated samples are usually insuffi cient for generation of sequenc-
ing libraries. An amplifi cation step is therefore required, and for this 
purpose, we have incorporated random priming and amplifi cation 
using the sequence-independent single- primer amplifi cation (SISPA) 
method. Even though SISPA, or variants thereof, has been exten-
sively used with great success for pre-amplifi cation in viral discovery 
[ 10 – 13 ], the method has been demonstrated to introduce an ampli-
fi cation bias. This is not necessarily a problem for virus identifi cation, 
but it makes SISPA an unsuitable choice when whole-genome recov-
ery is of central importance [ 14 ,  15 ]. 

 Most existing HTS platforms have their own protocols to con-
vert extracted and amplifi ed material into a sequencing library suit-
able for subsequent cluster generation and sequencing. These 
protocols have differing requirements in terms of the quantity and 
quality of the starting material, but they are usually comprised of 
four main steps: (1) fragmentation of DNA; (2) end repair, modi-
fi cation, and ligation of adapters, which enable amplifi cation of the 
sheared DNA by adapter-specifi c primers; (3) size selection of 
DNA molecules with a certain length optimal for the current appli-
cation or instrument; and (4) enrichment of adapter-ligated DNA 
by PCR [ 16 ]. By also adding specifi c short sequence tags during 
the construction of multiple libraries, it is possible to pool them 
into a single-indexed library for increased throughput and reduced 
costs. The necessary reagents for preparing a sequencing library 
can often be purchased as platform-specifi c commercial kits. 

 There are currently three major commercial HTS platforms that 
we have found suitable for metagenomic-based detection of virus: (1) 
Roche 454; (2) Illumina; and (3) Ion Torrent. The Roche 454 plat-
form has been the high-throughput method of choice for discovery 
and de novo assembly of novel microorganisms [ 17 – 19 ]. In addition 
to having the longest read lengths, which simplifi es de novo assem-
bly, this was also the fi rst HTS platform on the market. However, 
Roche recently announced that the 454 platform will be phased out 
in mid-2016, indicating that it has become outdated and cost ineffec-
tive. The fi eld has developed rapidly as a result of continuous improve-
ment of existing systems and release of completely new platforms, 
and both the Illumina and Ion Torrent platforms have become more 
attractive alternatives. What they may lack in terms of read length is 
compensated for by throughput, cost, and accuracy. More specifi -
cally, while Illumina currently boasts the industry’s most accurate 
data, Ion Torrent has the shortest run time [ 20 ]. 
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 Bioinformatics is employed to analyze obtained sequence data. 
It is important and good practice to fi rst perform a quality control 
of the dataset, not only to detect deviations but also to aid in the 
preprocessing of sequencing data, which include removal of adap-
tor sequences and low-quality reads [ 21 ]. The taxonomical con-
tent of a metagenomic dataset is usually determined by comparing 
individual reads against databases of known sequences using a 
comparison tool such as BLAST. However, for the purpose of 
pathogen detection, it is often benefi cial to fi rst assemble the reads 
into longer continuous sequences (contigs), thereby substantially 
decreasing the amount of data to be classifi ed as well as providing 
longer stretches of nucleotides to match toward the database. 

 How and when sampling is conducted might greatly affect the 
outcome of pathogen detection schemes. The presence and preva-
lence of pathogens in a honeybee colony may vary over time and 
space and can depend on several factors, such as colony composi-
tion regarding age class of bees and brood, physiological status of 
bees, and/or the presence of brood [ 22 ]. For the investigation of 
colony collapse disorder (CCD), which is recognized by a drastic 
reduction in adult population despite the presence of abundant 
food and breeding resources, hives displaying a lack of vitality of 
adult worker honeybees and unusual depopulation might be suit-
able for sampling. 

 We here describe a collection of sequential protocols that out-
line a metagenomic approach aimed at detection of viral pathogens 
in honeybees, which successfully has been employed for the detec-
tion of viral pathogens in Spanish honeybees [ 23 ]. Although vari-
ants of the protocols have been described elsewhere, we have 
combined and augmented them for this specifi c aim. While the 
pre-sequencing steps are described in detail, more general recom-
mendations are given regarding sequencing procedures and subse-
quent bioinformatic analysis. This is mainly due to the rapid 
development of HTS technologies, which quickly would render 
detailed and platform-specifi c descriptions obsolete. Furthermore, 
the generation of sequencing libraries as well as the actual sequenc-
ing is commonly performed by engaging a commercial sequencing 
provider or an academic sequencing core facility. It should also be 
noted that the described approach can be adapted for other organ-
ism by simply modifying the sample preparation step.  

2    Materials 

 If solutions are not obtained from a commercial supplier, they 
should be prepared using ultrapure water (prepared by purifying 
deionized water to attain a sensitivity of 18 MΩ cm at 25 °C) and 
analytical grade reagents. Prepare and store reagents according to 
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their individual specifi cations (room temperature if not specifi ed). 
Special care should be taken to keep enzymes at −20 °C until use. 
Diligently follow all waste disposal regulations when disposing 
waste materials. 

      1.    Hand-operated glass homogenizer (or mortar and pestle), 
30 ml capacity.   

   2.    Sterile phosphate-buffered saline (1×PBS): 137 mM NaCl, 
2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.76 mM KH 2 PO 4  
(pH 7.4).   

   3.    0.45 μm PVDF syringe fi lters.   
   4.    5 ml syringes.   
   5.    15 ml tubes.   
   6.    1.5 ml tubes.      

      1.    Desktop mini centrifuge.   
   2.    Refrigerated microcentrifuge.   
   3.    1.5 ml tubes.   
   4.    DNase I (10 U/μl; e.g., Roche Applied Science).   
   5.    DNase buffer (10×; supplied with DNase I).   
   6.    RNase A (1 μg/μl; e.g., Life Technologies, Sigma-Aldrich, or 

Thermo Scientifi c): Dilute to the working concentration using 
nuclease-free water (not DEPC treated). Gently mix by pipet-
ting or by fl icking the tube a few times. Keep on ice until use.   

   7.    Heat block or water bath (with a rack for 1.5 ml tubes).   
   8.    Column-based DNA extraction kit with proteinase K, e.g., 

QIAamp DNA Mini Kit (Qiagen) or PureLink Genomic DNA 
Mini Kit (Life Technologies).   

   9.    TRIzol LS Reagent (Life Technologies) or other acid-
guanidinium- phenol-based reagents, e.g., TRI Reagent 
(Sigma-Aldrich), TriPure (Roche Applied Science), or QIAzol 
(Qiagen).   

   10.    Chloroform.   
   11.    Ethanol (70 %).   
   12.    Column-based RNA extraction kit, e.g., RNeasy Mini Kit 

(Qiagen) or PureLink RNA Mini Kit (Life Technologies).   
   13.    Fluorescence-based capillary electrophoresis instrument, 2100 

Bioanalyzer (Agilent Technologies).      

      1.    Desktop mini centrifuge.   
   2.    Thermocycler.   
   3.    0.2 or 0.5 ml tubes: Should fi t the thermocycler.   

2.1  Sample 
Preparation

2.2  Enrichment by 
Nuclease Treatment 
and Nucleic Acid 
Extraction

2.3  Sequence- 
Independent, Single-
Primer Amplifi cation 
(SISPA)
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   4.    1.5 ml tubes.   
   5.    Nuclease-free water (not DEPC treated).   
   6.    Tag labeling primer FR26RV-N (GCCGGAGCTCTGCAG 

ATATCNNNNNN): Dilute to 10 μM with nuclease-free 
water.   

   7.    Amplifi cation primer FR20RV (GCCGGAGCTCTGCAGAT
ATC): Dilute to 10 μM with nuclease-free water.   

   8.    dNTP mix (10 mM each).   
   9.    dNTP mix (2.5 mM each).   
   10.    Exo(−) Klenow DNA polymerase (5 U/μl; e.g., New England 

Biolabs or Thermo Fisher Scientifi c).   
   11.    Exo(−) Klenow Buffer (10×; supplied with Exo(−) Klenow 

DNA polymerase).   
   12.    DTT (0.1 M).   
   13.    RNase inhibitor (40 U/μl), e.g., RNaseOUT (Life 

Technologies), RiboLock (Thermo Fisher Scientifi c), or 
Protector (Roche Applied Science).   

   14.    Reverse transcriptase (200 U/μl), e.g., SuperScript III (Life 
Technologies) or Maxima (Thermo Fisher Scientifi c).   

   15.    Reverse transcriptase (RT) buffer (5×; supplied with reverse 
transcriptase).   

   16.    MgCl 2  (25 mM).   
   17.    DNA polymerase (5 U/μl), e.g., AmpliTaq Gold with Buffer 

II (Life Technologies).   
   18.    PCR buffer (10×; supplied with DNA polymerase).   
   19.    Column-based PCR purifi cation kit, e.g., QIAquick PCR 

Purifi cation Kit (Qiagen) or PureLink PCR Purifi cation Kit 
(Life Technologies).   

   20.    Elution buffer (EB): 10 mM Tris–HCl (pH 8.5).   
   21.    EcoRV (20 U/μl; e.g., New England Biolabs).   
   22.    Restriction enzyme buffer (10×; supplied with EcoRV).   
   23.    Instrument for quantifi cation of nucleic acids, e.g., Qubit 2.0 

Fluorometer with Qubit Assay Kits for DNA and RNA (Life 
Technologies) or NanoDrop ND-1000 spectrophotometer 
(NanoDrop Technologies).   

   24.    Fluorescence-based capillary electrophoresis instrument, 2100 
Bioanalyzer (Agilent Technologies).   

   25.    TBE buffer (0.5×): 45 mM Tris–HCl (pH 8.3), 45 mM boric 
acid, 1 mM EDTA.   
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   26.    Agarose (type LE) gel (1 %): Prepare using your standard 
protocol in 0.5× TBE buffer. Add GelRed or ethidium bro-
mide for visualization.   

   27.    1 kb Plus DNA Ladder (e.g., Life Technologies or Thermo 
Fisher Scientifi c).      

  See HTS platform-specifi c protocols, according to manufacturers.  

      1.    Intel-based server: 4× 2 Intel Xeon or similar capacity, 256 GB 
memory per processor ( see   Note 1  for bioinformatics and data 
management considerations).   

   2.    Linux-based operating system.   
   3.    PrinSeq software package (  http://sourceforge.net/projects/

prinseq/fi les/    ).   
   4.    MIRA software package (  http://sourceforge.net/projects/

mira-assembler    ).   
   5.    BLAST+ software package (  ftp://ftp.ncbi.nlm.nih.gov/

blast/executables/blast+    ).   
   6.    Workstation, Intel i7 or similar, 8 GB of memory.   
   7.    MEGAN 4 software (  http://ab.inf.uni-tuebingen.de/soft-

ware/megan/    ).   
   8.    Bowtie 2 (  http://bowtie-bio.sourceforge.net/bowtie2    ).   
   9.    Integrative Genomics Viewer (  http://www.broadinstitute.

org/igv/    ).      

      1.    Thermocycler.   
   2.    0.2 or 0.5 ml tubes: Should fi t the thermocycler.   
   3.    1.5 ml tubes.   
   4.    Column-based DNA extraction kit with proteinase K, e.g., 

QIAamp DNA Mini Kit (Qiagen) or PureLink Genomic DNA 
Mini Kit (Life Technologies).   

   5.    TRIzol LS Reagent (Life Technologies) or other acid-
guanidinium- phenol-based reagents, e.g., TRI Reagent (Sigma-
Aldrich), TriPure (Roche Applied Science), or QIAzol (Qiagen).   

   6.    Column-based RNA extraction kit, e.g., RNeasy Mini Kit 
(Qiagen) or PureLink RNA Mini Kit (Life Technologies).   

   7.    First-strand cDNA synthesis kit, e.g., SuperScript III First- 
Strand Synthesis System (Life Technologies) and RevertAid 
First-Strand cDNA Synthesis Kit (Thermo Fisher Scientifi c) 
or Transcriptor First-Strand cDNA Synthesis Kit (Roche 
Applied Science).   

2.4  Library 
Preparation 
and Sequencing

2.5  Data Handling 
and Bioinformatics

2.6  Confi rmation 
and Retrieval of Near-
Full Genome 
Sequences
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   8.    DNA polymerase, e.g., AmpliTaq Gold (Life Technologies), 
DreamTaq (Thermo Fisher Scientifi c), or Platinum Taq (Life 
Technologies).   

   9.    PCR buffer (10×; supplied with DNA polymerase).   
   10.    High-fi delity long-range DNA polymerase, e.g., Phusion Hot 

Start II High Fidelity (Thermo Fisher Scientifi c).   
   11.    Agarose (type LE) gel (1 %): Prepare using your standard pro-

tocol in 0.5× TBE buffer.   
   12.    UV transilluminator.   
   13.    Scalpel.   
   14.    Column-based gel extraction kit, e.g., QIAquick Gel 

Extraction Kit (Qiagen) or Purelink Quick Gel Extraction Kit 
(Life Technologies).       

3    Methods 

 The sequential steps in the metagenomic-based approach outlined 
below are summarized in Fig.  1 . Carry out all laboratory proce-
dures at room temperature unless otherwise specifi ed.

        1.    For each hive, collect approximately 50 adult worker bees in 
total, from both inside and outside the hive to ensure the pres-
ence of young and adult bees, in sterile containers. Keep fro-
zen during transport at −18 °C or lower.   

   2.    Out of the collected material from a hive, manually homoge-
nize 20 whole bees in a 30 ml glass homogenizer with 6 ml of 
1× PBS. If possible, perform the homogenization on ice.   

   3.    Pour the homogenate into a 15 ml tube (or use several 2 ml tubes) 
and centrifuge at 1,000 ×  g  for 10 min at 4 °C to pellet debris.   

   4.    Use a 5 ml syringe and a 0.45 μm PVDF syringe fi lter to remove 
any remaining debris. Draw a small amount of air (about 1 ml) 
into the syringe before fi lling with the supernatant. Attach the 
syringe fi lter and pass the supernatant through the fi lter into 
1.5 ml tubes by applying a steady pressure. Use the air in the 
syringe to purge the fi lter. This will minimize fl uid retention 
within the fi lter device and maximize sample recovery.      

      1.    Aliquot 168 μl of the fi ltered homogenate into two 1.5 ml 
tubes and add 20 μl of 10× DNase buffer to each. Mix by vor-
texing and spin down briefl y using a desktop mini centrifuge.   

   2.    To each tube, add 10 μl DNase I (10 U/μl) and 2 μl RNase 
(1 μg/μl). Mix by pipetting.   

   3.    Incubate at 37 °C for 2 h using a heat block or water bath.   

3.1  Sample 
Preparation

3.2  Enrichment by 
Nuclease Treatment 
and Nucleic Acid 
Extraction
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   4.    Dry the tubes, if necessary, and put them on ice. Store at 
−80 °C or proceed directly.     

  DNA Extraction 
    1.    Use the QIAamp DNA Mini Kit according to the manufac-

turer’s spin protocol for blood and body fl uid DNA extraction 
( see   Note 2 ).   

   2.    Measure DNA concentration by using a Qubit 2.0 Fluorometer 
with the dsDNA HS (High Sensitivity) Assay Kit, or use a 
NanoDrop ND-1000 to make an estimate, according to the 
manufacturers’ instructions. Concentrations are expected to 
range between 2 and 25 ng/μl.   

   3.    Aliquot the DNA and mark the tubes with the sample ID and 
date of extraction. Store at −80 °C.    

   RNA Extraction  
 The following steps should be carried out under a fume 

hood due to phenol component.

Sample preparation

•Homogenization
• Centrifugation 

Sampling

Extraction of DNA & RNA

Amplification

Generation of platform-
specific libraries

Sequencing

Sequence analysis and 
assembly 

Homology searches 
against databases

Verification of results

Enrichment by nuclease 
treatment

  Fig. 1    Flow graph of the described metagenomic-based approach to detect 
potential pathogens       
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    1.    Add 600 μl of TRIzol LS to each nuclease-treated homogenate 
and pipette the homogenate up and down a couple of times.   

   2.    Incubate the tubes at room temperature for 5 min.   
   3.    Add 160 μl of chloroform.   
   4.    Cap the tube securely and shake and/or vortex it vigorously 

for 15 s, so the contents of the tube get whitish.   
   5.    Incubate the tube for 2–3 min in room temperature.   
   6.    Centrifuge the tubes at 12,000 ×  g  for 15 min at 4 °C. The rest 

of the centrifugation steps should be carried out at room 
temperature.   

   7.    Carefully take the tubes to the fume hood. There will be three 
phases after the centrifugation: an upper, colorless, aqueous 
phase containing RNA, a white interphase containing DNA, 
and a lower, red, organic phase.   

   8.    Carefully transfer the aqueous phase to a fresh 1.5 ml tube. 
Transfer it in small volumes without getting any of the other 
two phases into the pipette tip.   

   9.    Estimate the volume of the aqueous phase. Add the same vol-
ume of 70 % ethanol. Mix thoroughly by vortexing. Do not 
centrifuge.   

   10.    Pipet up to 700 μl of the sample into an RNeasy Mini Spin 
Column, or similar, in a 2 ml collection tube. Mark the lid of 
the column with the sample ID.   

   11.    Centrifuge at ≥8,000 ×  g  for 15 s at 15–25 °C. Discard the 
fl ow-through. If there is still some of the sample left, transfer 
it to the Mini Column and centrifuge again.   

   12.    Proceed according to the manufacturer’s instructions.   
   13.    Measure the concentration of the extracted RNA by using a 

Qubit 2.0 Fluorometer with the RNA Assay Kit or control the 
RNA quality by using a 2100 Bioanalyzer with a RNA Pico 
Chip (Agilent Technologies) according to the instructions of 
the manufacturers. Concentrations are expected to range 
between 2 and 25 ng/μl.   

   14.    Aliquot the RNA and mark the tubes with the sample ID and 
date of extraction. Store at –80 °C.      

   Tag Labeling DNA 

    1.    Prepare the reagent mixture described in Table  1  in a 0.2 or 
0.5 ml tube.

       2.    Denature at 94 °C for 2 min in a thermal cycler and chill on 
ice for 2 min.   

   3.    Add 0.5 μl (2.5 U) of exo(−) Klenow DNA polymerase.   

3.3  Sequence- 
Independent, Single-
Primer Amplifi cation 
(SISPA)
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   4.    Complete a fi rst round of extension by incubating at 37 °C for 
1 h. Proceed directly with denaturation at 94 °C for 2 min and 
chill on ice for 2 min.   

   5.    Add 0.5 μl (2.5 U) of exo(−) Klenow DNA polymerase for a 
second round of extension.   

   6.    Incubate at 37 °C for 1 h and inactivate the enzyme by incu-
bating at 75 °C for 10 min.   

   7.    Tagged DNA fragments can be stored at −20 °C for several 
weeks.    
   Tag Labeling RNA 

    1.    Prepare the reaction mix 1 (Table  2 ) and 2 (Table  3 ) in sepa-
rate 0.2 or 0.5 ml tubes.

        2.    Keep reaction mix 2 on ice until  step 4 .   
   3.    Incubate reaction mix 1 at 65 °C for 5 min in a thermal cycler 

to denature the RNA.   
   4.    Chill on ice for 1 min and add reaction mix 2.   
   5.    Perform the reverse transcription by incubating at 25 °C for 

5 min, 50 °C for 1 h, and 85 °C for 5 min. Place on ice.   
   6.    Add 0.5 μl (2.5 U) of exo(−) Klenow DNA polymerase for 

second- strand synthesis and incubate at 37 °C for 1 h. A fi nal 
incubation at 75 °C for 10 min inactivates the enzyme.   

   Table 1  
  Reagent mixture for tag labeling DNA   

 Component  Volume (μl) 

 FR26RV-N (10 μM)  2 

 DNA template  10 

 dNTP mix (10 mM each)  1.5 

 Exo(−) Klenow Buffer (10×)  1.5 

 Total volume  15 

    Table 2  
  Reaction mix 1 for tag labeling RNA   

 Component  Volume (μl) 

 FR26RV-N (10 mM)  2 

 RNA template  10 

 dNTP mix (10 mM each)  1.5 

 Total volume  13.5 
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   7.    Tagged cDNA fragments can be stored at −20 °C for several 
weeks.    

   Amplifi cation 
    1.    Perform the PCR amplifi cation by using the complementary 

primer FR20RV. For each reaction, prepare the reaction mix 
described in Table  4  in a 0.2 or 0.5 ml tube.

       2.    Mix gently and, if necessary, spin down briefl y using a desktop 
mini centrifuge.   

   3.    Perform the PCR in a thermal cycler with the conditions 
described in Table  5 .

       4.    PCR products can be stored at −20 °C for several weeks.    

   Exonuclease Removal of Amplifi cation Tag Sequences 
    1.    Purify the PCR products with the QIAquick PCR Purifi cation 

Kit, according to the manufacturer’s instructions, or use a 
 similar column-based purifi cation system. Elute in 50 μl of EB 
buffer or water (pH 7.0–8.5).   

   Table 3  
  Reaction mix 2 for tag labeling RNA   

 Component  Volume (μl) 

 Reaction mix 1 ( see  Table  2 )  13.5 

 RT buffer (5×)  4 

 DTT (0,1 M)  1 

 RNase inhibitor (40 U/μl)  1 

 Reverse transcriptase (200 U/μl)  1 

 Total volume  20.5 

   Table 4  
  Reaction mix for PCR amplifi cation   

 Component  Volume (μl) 

 PCR buffer (10×)  5 

 dNTP Mix (2.5 mM each)  4 

 MgCl 2  (25 mM)  5 

 FR20RV (10 mM)  4 

 DNA polymerase (5 U/μl)  0.5 

 Nucleic acid template  2.5 

 Nuclease-free H 2 O  29 

 Total volume  50 
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   2.    Use the restriction enzyme EcoRV to remove the amplifi cation 
tag. Add purifi ed PCR product, buffer, and restriction enzyme 
to a 1.5 ml microfuge tube as described in Table  6 .

       3.    Incubate at 37 °C for 1 h using a heat block or water bath.   
   4.    Purify again using the QIAquick PCR Purifi cation Kit or a 

similar column-based purifi cation system. Elute in 50 μl of EB 
buffer or water (pH 7.0–8.5).   

   5.    To assess the compositions and concentrations of the fi nal 
samples, use either a 2100 Bioanalyzer or run the samples on 
an agarose gel (1 % agarose in 0.5× TBE buffer) and measure 
the concentration using a Qubit 2.0 Fluorometer. Figure  2a, 
b  illustrates successfully amplifi ed random products when ana-
lyzed with the two abovementioned methods, respectively.

         The generation of sequencing libraries as well as the actual sequenc-
ing is commonly performed by engaging a commercial provider or 
an academic core facility. This paragraph will therefore be kept 
brief and not outline a detailed protocol.
    1.    Since the preparation of sequencing libraries are platform spe-

cifi c, it is fi rst necessary to select a sequencing platform. It has 
been demonstrated that HTS data in the range of 10–50 Mbp 
is enough to identify viruses with the described approach [ 24 ]. 
Most current platforms have a capacity in this range or higher. 
There are therefore other factors that might infl uence the 

3.4  Library 
Preparation 
and Sequencing

   Table 5  
  Thermal cycling conditions   

 Cycle step  Temperature (°C)  Duration  Number of cycles 

 Initial denaturation  95  10 min  1 

 Denaturation  95  60 s 

 Annealing  58  60 s  40 

 Extension  72  60 s 

 Final extension  72  10 min  1 

   Table 6  
  Restriction reaction mixture   

 Component  Volume (μl) 

 Purifi ed PCR product  26 

 Restriction enzyme buffer (10×)  3 

 EcoRV (20 U/μl)  0.5 

 Total volume  29.5 
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choice, such as read length, cost (both per run and per Mb of 
DNA sequence), and ease of availability. For comparison, 
major commercial HTS platforms suitable for metagenomic-
based detection and their characteristics are summarized in 
Table  7 . A comprehensive review about HTS platforms has 
also been made by Glenn et al. [ 25 ].

       2.    The necessary reagents for sequencing library generation can 
be obtained as platform-specifi c commercial kits. It should 
therefore be straightforward to prepare a sequencing library 
according to the kit manufacturer’s protocol. In addition, the 
use of specifi c short sequence tags (indexes) is supported by 
most platforms. They can be added during the construction of 
multiple libraries to allow multiplexing for increased through-
put and reduced costs (for other considerations regarding 
preparation of sequencing libraries,  see   Note 3 ).   

   3.    Perform sequencing according to the platform manufacturer’s 
protocol.      

  We here describe a general approach based on publicly available 
software on a Unix/Linux system.

    1.    Sequence data is usually received in compressed format, for 
example, as a .tar.gz fi le. The software application gzip is pre-
installed on most Unix/Linux systems and can be invoked as 
gunzip from the command line to uncompress fi les (on the 
command line type: gunzip –h for help using gunzip).   

3.5  Data Handling 
and Bioinformatics

  Fig. 2    Successfully amplifi ed random products analyzed using ( a ) the 2100 Bioanalyzer DNA 1000 Assay and 
( b ) separation on a 0.8 % agarose gel. The Bioanalyzer produces a graph where the  y -axis represents fl uores-
cence units [FU] and the  x -axis is time, which translates to fragment size in base pair (bp). This information is 
also used to create a gel-like densitometry plot. On the agarose gel, sizes were determined using a 1 kb Plus 
DNA Ladder. A smear is expected due to the randomness of the amplifi cation procedure and the DNA size typi-
cal range from 200 to 1,000 bp, with the mean size ~375 bp       
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   2.    If necessary, convert the data into a fi le format, such as FASTQ or 
FASTA with a corresponding quality fi le, that is compatible with 
most sequence analysis software and applications ( see   Note 4 ).   

   3.    Perform a quality control on the data (investigate read length, 
quality score, and sequence complexity distributions, as well as 
sequence duplication and number of ambiguous bases) and pre-
process the data accordingly. The PrinSeq software can be used 
both for the quality control and the preprocessing ( see   Note 5 ).   

   4.    Assemble the reads into longer continuous sequences (con-
tigs). The MIRA assembler can be used for data from most 
available platforms and is publicly available [33] ( see   Note 6 ). 
There also exist alternative assemblers ( see   Note 7 ).   

   5.    Complete BLASTN, BLASTX, and tBLASTx searches against 
local copies of NCBI’s nucleotide and protein databases using 
an updated version of NCBI’s blast program to enable taxo-
nomic classifi cation ( see   Note 8 ). This can be performed for 
both reads and contigs. For parsing of blast results, we would 
recommend using either a custom-made script ( see   Note 9 ) or 
a ready software solution, such as MEGAN (MEtaGenome 
ANalyzer) [ 26 ].   

   6.    For potential pathogens identifi ed during the evaluation of 
BLAST results, retrieve candidate reference genomes from 
GenBank in FASTA format. Map reads and/or contigs against 
the reference genomes to allow analysis and visualization of 
similarities and coverage distribution ( see   Note 10 ).      

 

     1.    Based on the results from the alignments, use the Primer3 
program [ 27 ] (or similar software) to design PCR primers to 
confi rm the presence of virus in the original material and to 
close gaps.   

   2.    Extract RNA and DNA from the original material as above, 
but without nuclease treatment.   

   3.    Generate cDNA by using a fi rst-strand cDNA synthesis kit 
with random hexamers according to the manufacturer’s 
instructions.   

   4.    PCR products with an expected length shorter than 1,500 bp 
can be obtained by using a standard DNA polymerase assay. 
For longer fragments, it is recommended to use a high-fi delity 
long- range DNA polymerase system, such as the Phusion Hot 
Start II High-Fidelity system. Optimize reaction conditions, 
such as annealing temperature, if necessary.   

   5.    Separate the amplifi ed products on an agarose gel and visual-
ize and extract the DNA bands of interest by using a UV trans-
illuminator and a scalpel (for an alternative procedure without 
potentially damaging UV illumination,  see   Note 11 ).   

3.6  Verifi cation 
and Retrieval of Near-
Full Genome 
Sequences
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   6.    Purify the PCR products by using a column-based gel extrac-
tion kit.   

   7.    Perform Sanger sequencing (either in-house or by using a 
commercial sequencing service). Longer distances can be cov-
ered by iterative primer walking and repeated sequencing ( see  
 Note 12 ).   

   8.    Obtained sequences should be incorporated into the align-
ment against the reference genome.       

4    Notes 

     1.    On the use of bioinformatics, centers, and in-house solutions. 
One of the major obstacles to using HTS methodologies for 
detection of viruses is the need for server solutions for bioin-
formatics analysis as well as for storage of data. Most sequenc-
ing centers provide basic bioinformatics as part of their 
services, but for more in-depth analysis, the baseline service 
might not be suffi cient. The best cost/benefi t solution is to 
attach a bioinformatician to the group and access either a 
national high-performance center for computing or a local-/
university-based solution. The second best alternative is to 
build the capacity yourself by expanding the group with bioin-
formaticians and server solutions for handling the data; there, 
our recommendations are the minimum recommendations. 
The third option is to outsource the analysis to a commercial 
partner and/or another group with the needed expertise. This 
is the least favored option due to the loss of control over a 
major part of the project.   

   2.    Kits from other manufacturers can be used, but it is preferable 
to use nucleic acid extraction systems incorporating a spin or 
vacuum column. This allows for effi cient removal of inhibitors 
since nucleic acid trapped in a silica gel membrane can be very 
effectively washed before elution [ 28 ].   

   3.    For each sample, the SISPA products (from DNA and cDNA, 
respectively) can be pooled (unless there is a specifi c reason not 
to). Additionally, when sequencing SISPA material on HTS plat-
forms that permit longer read lengths (300–600 bp), an alterna-
tive to fragmentation is to perform direct size selection since the 
majority of the SISPA products already are within this size range, 
as illustrated in Fig.  2 . This can be performed by traditional gel 
electrophoresis or by an automated preparative gel electrophore-
sis system, such as the Pippin Prep (Sage Science).   

   4.    Most sequencing platforms can deliver the data in a variety of 
output formats, including FASTQ or FASTA with a corresponding 
quality (QUAL) fi le. One noticeable exception is the Roche/454 
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platform that generates a binary standard fl owgram format (SFF) 
fi le. However, the Roche/454 software usually comes bundled 
with “off-instrument” applications that allow conversion from 
SFF to FASTA and QUAL fi les. An alternative solution is to use 
the seq_crumbs package (  http://bioinf.comav.upv.es/seq_
crumbs/    ). For the use with certain assemblers, it is also useful to 
extract the trace.info fi le in XML format.   

   5.    The PrinSeq software for quality control and preprocessing of 
metagenomic datasets is a powerful tool for assessing the valid-
ity of a dataset [ 21 ]. Except for the normal quality measures, 
such as sequence length and base qualities, PrinSeq also 
enables the user to overview several statistics valuable for 
assessing metagenomic datasets. Among these are tag sequence 
contamination, complexity, and a measurement of possible 
sequence contamination. PrinSeq can also be used to trim 
adaptor regions, fi lter low-quality and low-complexity reads, 
as well as remove platform-specifi c duplicates, an artifact of the 
sequencing technology.   

   6.    The MIRA (Mimicking Intelligent Read Assembly) software is 
one of the more accomplished stand-alone noncommercial assem-
blers. For assembly aimed at metagenomes, standard settings for 
de novo assembly should be suffi cient. Consult the MIRA manual 
for suggested settings and required preprocessing of data.   

   7.    There are several assemblers suitable for assembly of metage-
nomic datasets. Except for MIRA, the Newbler assembler can 
be used with good result for 454 and Ion Torrent data. Both 
MetaVelvet and Ray Meta can produce assemblies taking mixed 
genomic material into account. For increased quality, several 
assemblies should be compared, resulting in a master list of veri-
fi ed contigs (sequences that are found in more than one assem-
bly), thereby removing assembly artifacts as an error source.   

   8.    The BLAST software suite released by NCBI can perform a 
number of different types of homology searches of nucleotide 
query sequences against databases of nucleotide and amino 
acid sequences. Updated and preformatted nucleotide and 
protein databases can be obtained from NCBI as compressed 
archives (  ftp://ftp.ncbi.nih.gov/blast/db/    ). When perform-
ing a BLAST search, it is possible to confi gure parameters or 
settings to specify BLAST algorithm, database(s) to be searched, 
output format, cutoff levels, etc. For example, to compare 
nucleotide sequence(s) against a nucleotide database with 
BLASTn and receive the result in XML format, the command 
would be: blastn –query ‘your_query_fi le’.fasta –db ‘your_
database’ –out ‘your_result’ –outfmt 5. For more information, 
see the manual at   http://www.ncbi.nlm.nih.gov/books/
NBK1763/    . In addition to BLASTn, it is preferable to also 
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perform homology searches with BLASTx, using a nucleotide 
query toward a protein database, and tBLASTx, querying a 
translated nucleotide toward a translated nucleotide database. 
Together, these three search strategies allow an increasingly 
wider homology search to be performed, enabling direct map-
ping toward known organisms, indirect mapping toward simi-
lar proteins, and fi nally mapping toward protein families.   

   9.    Tools for computational molecular biology and bioinformatics 
have been developed using both Perl and Python, two general- 
purpose scripting languages, and are now being distributed in 
the modules BioPerl [ 29 ] and Biopython [ 30 ]. Both have use-
ful tools for parsing BLAST result fi les in XML format and can 
be used to create custom-made scripts. More information and 
installation instructions can be found at   http://www.bioperl.
org/     and   http://biopython.org/    .   

   10.    This can be performed by using combinations of sequence 
aligners and visualization software. The results from aligners 
such as Bowtie2 [ 31 ] and bwa [ 32 ] can be inspected using the 
Integrative Genomics Viewer (IGV) [ 33 ]. Another possibility 
is to use MUMmer and DisplayMUMs [ 34 ], or the commer-
cial software CodonCode Aligner (CodonCode Corporation).   

   11.    As an alternative to UV illumination, it is recommended to use 
SYBR Gold staining and a blue-light transilluminator, such as 
Safe Imager 2.0 (Invitrogen) or Dark Reader (Clare Chemical).   

   12.    Primer walking can be used to sequence PCR fragments that 
are too long to be sequenced in a single round of Sanger 
sequencing. First use the PCR primers that generated the frag-
ment to perform Sanger sequencing from both ends of the 
fragment. New PCR primers are then designed at the end of 
the obtained sequences, close to the region not yet covered. 
Perform another round of Sanger sequencing with the new 
primers and repeat the procedure if necessary until the whole 
fragment has been sequenced.         
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    Chapter 34   

 Proteomics Characterization of Tick-Host-Pathogen 
Interactions 

           Marina     Popara    ,     Margarita     Villar    , and     José     de la     Fuente    

    Abstract 

   Ticks are blood-feeding arthropod ectoparasites of wild and domestic animals that transmit disease- causing 
pathogens to humans and animals worldwide and a good model for the characterization of  tick-host- pathogen 
interactions. Tick-host-pathogen interactions consist of dynamic processes involving genetic traits of hosts, 
pathogens, and ticks that mediate their development and survival. Proteomics  provides information on the 
protein content of cells and tissues that may differ from results at the transcriptomics level and may be 
relevant for basic biological studies and vaccine antigen discovery. In this chapter, we describe various 
methods for protein extraction and for proteomics analysis in ticks based on one- dimensional gel electro-
phoresis to characterize tick-host-pathogen interactions. Particularly relevant for this characterization is 
the use of blood-fed ticks. Therefore, we put special emphasis on working with replete ticks collected after 
feeding on vertebrate hosts.  

  Key words     Tick-host-pathogen interactions  ,   Proteomics  ,   Protein extraction  ,   Mass spectrometry  ,
  LC-MS/MS  ,   Electrophoresis  

1      Introduction 

 Ticks are blood-feeding arthropod ectoparasites of wild and domes-
tic animals that transmit disease-causing pathogens to humans and 
animals worldwide [ 1 – 3 ]. Tick-host-pathogen interactions consist 
of dynamic processes involving genetic traits of hosts, pathogens, 
and ticks that mediate their development and survival [ 2 – 4 ]. In the 
early 1990s, a cost-effective alternative for tick control became 
commercially available with the development of vaccines reducing 
the use of acaricides and the problems associated with them such as 
selection of acaricide-resistant ticks and the contamination of the 
environment and animal products with pesticide residues [ 5 ]. 
However, new vaccines are needed for effi cient control of vector 
infestations and pathogen infection and transmission [ 6 ]. 
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 In the post-genomics era, proteomics has emerged as a 
 powerful new tool that includes strategies for the characterization 
of dynamic interactions that cannot be analyzed by genomics or 
transcriptomics approaches alone. This technique provides infor-
mation on the protein content of cells and tissues that may differ 
from results at the transcriptomics level and may be relevant for 
basic biological studies and vaccine antigen discovery [ 2 ,  3 ,  6 – 9 ]. 
Regarding proteomics of blood-sucking arthropods, a signifi cant 
number of studies were done primarily on mosquitoes, sandfl ies, 
and tsetse fl ies [ 10 ]. The sequence databases of tick species of agri-
cultural and medical importance are constantly increasing, which 
enabled the expansion of research into the fi eld of proteomics 
[ 11 ]. However, the application of proteomics research on ticks is 
still at its infancy [ 2 ]. The only tick genome close to completion is 
that of the black-legged deer tick,  Ixodes scapularis  [ 12 ,  13 ], with 
26,066 proteins currently in the UniProt database (data from 
January 2014). However, for other tick species of medical impor-
tance such as  Rhipicephalus ,  Dermacentor , and  Amblyomma  spe-
cies, protein information in the databases is very limited, thus 
making proteomics research in this area very diffi cult. 

 Few studies have covered proteomics research in ticks [ 2 ,  9 –
 11 ,  14 – 17 ]. Furthermore, some of these studies were done using 
tick cells lines, but work with ticks is more complex because, in 
most cases, proteins from the vector, the vector-borne symbionts 
or pathogenic microorganisms, and the vertebrate hosts are identi-
fi ed [ 2 ,  7 ]. Therefore, proteomics techniques need to be refi ned to 
adequately address these challenges. In this chapter, we describe 
various methods for protein extraction and for proteomics analysis 
in ticks based on one-dimensional gel electrophoresis to character-
ize tick-host-pathogen interactions. Particularly relevant for this 
characterization is the use of blood-fed ticks. Therefore, we put 
special emphasis on working with replete ticks collected after feed-
ing on vertebrate hosts.  

2    Materials 

 All reagents used for buffer preparations need to be of analytical 
grade. The solutions are prepared with ultrapure water and stored 
at 4 °C, except for the solutions containing SDS that are stored at 
20 °C to avoid detergent precipitation. Reagents for protein diges-
tions and mass spectrometry analysis need to be of liquid 
chromatography- mass spectrometry (LC-MS) grade. 

  Ticks are collected after feeding on vertebrate hosts, including 
both domestic and wild animals. After repletion, ticks are collected 
and stored in 70 % ethanol at 4 °C until processed ( see   Note 1 ).  

2.1  Tick Samples

Marina Popara et al.
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      1.    Buffer 1: 10 mM phosphate-buffered saline (PBS), pH 7.4 
(0.26 g of KH 2 PO 4 , 2.17 g of Na 2 HPO 4 .7H 2 O, 8.71 g of 
NaCl) supplemented with 1 % sodium dodecyl sulfate (SDS). 
For preparation of buffer 1, add 1 ml of 10 % stock solution of 
SDS to 9 ml of 10 mM PBS pH 7.4 and mix ( see   Note 2 ). The 
buffer is also supplemented with 1 tablet of complete mini pro-
tease inhibitor cocktail (Roche, Basel, Switzerland) per 10 ml 
of solution.   

   2.    Buffer 2: 10 mM PBS, pH 7.4, supplemented with 1 % octyl 
phenol ethoxylate (Triton X-100). For preparation of buffer 2, 
add 1 ml of 10 % stock solution of Triton X-100 to 9 ml of 
10 mM PBS pH 7.4 and mix ( see   Note 2 ). The buffer is also 
supplemented with 1 tablet of complete mini protease inhibi-
tor cocktail per 10 ml of solution.   

   3.    Buffer 3: 10 mM PBS, pH 7.4, supplemented with 1 % poly-
ethylene glycol sorbitan monolaurate (Tween 20). For prepa-
ration of buffer 3, add 1 ml of 10 % stock solution of Tween 20 
to 9 ml of 10 mM PBS pH 7.4 and mix ( see   Note 2 ). The 
buffer is also supplemented with 1 tablet of complete mini pro-
tease inhibitor cocktail per 10 ml of solution.   

   4.    Buffer 4: 7 M urea, 2 M thiourea, 4 % CHAPS, 20 % glycerol, 
200 mM KCl and 100 mM sodium hydrogen phosphate dihy-
drate, pH 7.4. Weigh 4.2 g of urea, 1.52 g of thiourea, 0.4 g 
of CHAPS, 0.015 g of KCl, and 0.36 g of Na 2 HPO 4 .2H 2 O. Add 
9 ml of water, m ix , and make up to 10 ml with water. The buf-
fer is also supplemented with 1 tablet of complete mini prote-
ase inhibitor cocktail per 10 ml of solution.      

  0.125 M Tris–HCl, pH 6.8, 4 % SDS, 20 % glycerol, 0.004 % bro-
mophenol blue, and 10 % β-mercaptoethanol. Mix 1.51 g of Tris–
HCl, 4 g of SDS, 20 ml of glycerol, and 0.004 g of bromophenol 
blue and bring up the volume to 100 ml with water. Make aliquots 
of 1 ml and store at −20 °C. Supplement the buffer with 10 % fi nal 
of β-mercaptoethanol before use.  

      1.    Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8. Weigh 181.7 g 
of Tris, add water to a volume of 900 ml, adjust to pH 8.8 with 
HCl, and make up to 1 L.   

   2.    Stacking gel buffer: 1.5 M Tris–HCl, pH 6.5. Weigh 181.7 g 
of Tris, add water to a volume of 900 ml, adjust to pH 6.5 with 
HCl, and make up to 1 L.   

   3.    Resolving gel: Mix 2.5 ml of resolving gel buffer, 4 ml of 30 % 
acrylamide/bis-acrylamide solution (Bio-Rad, Hercules, CA, 
USA), 100 μl of 10 % SDS, and 4 ml of water and mix well. 
Add 100 μl of 10 % ammonium persulfate and 5 μl of TEMED 
and cast gel.   

2.2  Protein 
Extraction Buffers

2.3  Laemmli 
Sample Buffer

2.4  SDS-PAGE Gel 
Components

Tick Proteomics
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   4.    Stacking gel: Mix 0.84 ml of stacking gel buffer, 0.84 ml of 
30 % acrylamide/bis-acrylamide solution, 50 μl of 10 % SDS, 
and 3 ml of water and mix well. Add 50 μl of 10 % ammonium 
persulfate and 5 μl of TEMED and cast gel.   

   5.    Make 1.5 mm-thick gels with wells of 5 mm wide for conven-
tional one-dimensional gels and 1.2 cm wide for proteome 
band concentration.      

  Tris-glycine SDS-PAGE buffer (10×): 0.25 M Tris–HCl, pH 8.3, 
1.92 M glycine, and 1 % SDS. This buffer is diluted 10 times with 
water before use.  

      1.    50 mM ammonium bicarbonate, pH 8.8: Add 0.04 g of ammo-
nium bicarbonate to 9 ml of LC-MS grade water, mix, and 
adjust pH to 8.8 with 5 N ammonium hydroxide. Complete to 
10 ml with water to obtain a 50 mM fi nal solution.   

   2.    10 mM dithiothreitol (DTT): Add 1.54 mg of DTT to 1 ml of 
50 mM ammonium bicarbonate, pH 8.8.   

   3.    55 mM iodoacetamide: Add 10.2 mg to 1 ml of 50 mM 
ammonium bicarbonate, pH 8.8.   

   4.    Sequencing grade trypsin (Promega, Madison, WI, USA) is 
dissolved in 50 mM ammonium bicarbonate, pH 8.8, to a fi nal 
concentration of 60 ng/μl.      

      1.    Ice-cold acetone.   
   2.    Trifl uoroacetic acid.   
   3.    0.1 % formic acid.   
   4.    10 % (v/v) acetonitrile.   
   5.    Methanol.   
   6.    Chloroform.   
   7.    GelCode Blue Stain Reagent (Thermo Scientifi c, San Jose, 

CA, USA).   
   8.    BCA Protein Assay (Thermo Scientifi c, San Jose, CA, USA).   
   9.    Liquid nitrogen.   
   10.    Sterilized mortar and pestle.   
   11.    Syringe equipped with a 21 gauge needle.   
   12.    OMIX pipette tips C18 (Agilent Technologies, Santa Clara, 

CA, USA).   
   13.    Ultrasonic cooled bath.   
   14.    SDS-PAGE apparatus.   
   15.    Centrifuge.   
   16.    Freezer (−20 °C).   
   17.    Vertical rotating shaker.   
   18.    Confocal microscope.   

2.5  SDS-PAGE 
Running Buffer

2.6  Protein In-Gel 
Digestion Buffers

2.7  Other Reagents, 
Consumables, 
Equipments, 
and Software
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   19.    Reverse-phase liquid chromatography-mass spectrometer (we 
use Easy-nLC II system coupled to an ion trap LCQ Fleet mass 
spectrometer, Thermo Scientifi c, San Jose, CA, USA).   

   20.    SEQUEST algorithm (Proteome Discoverer 1.3, Thermo 
Scientifi c, San Jose, CA, USA).   

   21.    PEAKS Studio v 6.0 software (Bioinformatics Solutions Inc., 
Waterloo, Ontario, Canada).       

3    Methods 

  Up to date, tick proteome characterization has not been widely 
developed, and the methodologies used are based on the analysis 
of either unfed ticks or the specifi c tick tissue of interest. Herein, 
we focus on establishing standardized conditions to work with 
replete ticks after feeding on vertebrate hosts and with one- 
dimensional gel electrophoresis. One important consideration, 
especially for quantitative proteomics analysis, is to perform pro-
tein extraction as simple as possible reducing the number of steps 
to minimum in order to avoid protein losses during the extraction 
procedure. The application of detergents for protein solubilization 
in a sample is widely used for routine protein extraction as for the 
enrichment of membrane proteins that are involved in the fi rst 
contact between pathogen, vector, and the host. However, to date, 
there is no universal detergent or detergent mixtures that allow the 
complete solubilization of all proteins in the sample. For pro-
teomics analysis, buffers based on the use of chaotropic reagents 
such as urea and thiourea, combined with detergents and salts are 
also widely used for protein solubilization in one single step. 
Therefore, the optimal method always needs to be determined 
empirically depending on the sample type.  

   Carry out all the procedures at 4 °C until the SDS-containing buf-
fer is used, requiring 20 °C to avoid detergent precipitation:

    1.    Remove the ticks from the ethanol storage and leave for 
1–2 min in a fume hood to evaporate excess of ethanol.   

   2.    Remove the cuticle by dissecting the ticks using a confocal 
microscope and add 10 mM PBS for constant hydration of the 
tissues during dissection ( see   Note 3 ).   

   3.    Homogenize the tick internal organs by quick-freezing in liquid 
nitrogen and pulverizing with a sterilized mortar and pestle.   

   4.    Add at least 2 ml of protein extraction buffer 1, 2, 3, or 4 per 
100 μg of tissue. Homogenize in a glass homogenizer with a 
minimum of 10 strokes of a glass rod.   

   5.    Sonicate the sample for 1 min in an ultrasonic cooled bath 
 followed by 10 s vortex and leave to rest on ice for 1 min. 
Repeat these cycles 2–3 times or until the sample becomes 

3.1  General 
Considerations

3.2  Tick Protein 
Extraction

Tick Proteomics
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completely solubilized. Moderately shake the crude extracts 
for 20 min at 4 °C and then additionally pass the extract 
through a syringe equipped with a 21 gauge needle to assist 
breakdown of remaining nucleic acids.   

   6.    Centrifuge the samples for 5 min at 200 ×  g  at 20 °C to remove 
the cell debris.   

   7.    Collect the supernatant, quantify the protein content of the 
crude extracts with the BCA Protein Assay (Table  1 ), and analyze 
by SDS-PAGE (Fig.  1 ), according to standard procedures.

   Table 1  

  Identifi cation of proteins extracted using different 
extraction buffers a    

 Database search  Buffer 1  Buffer 2  Buffer 3  Buffer 4 

 Ixodida  62.9 %  48.2 %  44.4 %  82.0 % 

 Pecora  72.4 %  44.2 %  40.2 %  72.7 % 

   a The effi cacy of different detergents on tick protein extraction is compared by using 
protein extraction buffers 1–4. We have observed that extraction with buffer 4 gives the 
highest yield for both tick and host proteins identifi cation, compared to the detergent-
based buffers 1–3. Of the three detergent-based buffers, SDS-containing buffer 1 shows 
the best effi ciency in proteins extraction, whereas the nonionic detergents in buffers 2 
and 3, Triton X-100 and Tween 20, show similar values for protein extraction. Proteins 
are expressed as percentages of the total proteins identifi ed  

  Fig. 1    Representative one-dimensional SDS-PAGE gel showing protein band pat-
terns in extracts prepared using different protein extraction buffers. (1) Proteins 
extracted with buffer 1. (2) Proteins extracted with buffer 2. (3) Proteins extracted 
with buffer 3. (4) Proteins extracted with buffer 4. MW: molecular weight markers 
(PageRuler Plus Prestained Protein Ladder, Scientifi c, San Jose, CA, USA). Twenty 
micrograms of soluble fractions are run on a 5 mm wide conventional 12 % SDS- 
PAGE gel performing electrophoresis at 180 V of constant voltage. Bands are visu-
alized by staining with GelCode Blue Stain Reagent by manufacturer’s protocol       
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          In this extraction method, an additional step is introduced for 
 sample processing, thus resulting in the fractionation of the crude 
extract into cytosolic (supernatant) and plasma membrane- 
associated (pellet) protein fractions:

    1.    Extract the tick proteins following the same steps as in the 
previous method (Subheading  3.2 ,  steps 1 – 6 ).   

   2.    After the centrifugation at 200 ×  g , additionally centrifuge the 
obtained supernatant at 12,000 ×  g  for 20 min obtaining two 
fractions: cytosolic-enriched protein supernatant and crude 
plasma membrane-enriched protein pellet.   

   3.    Collect the supernatant and quantify the protein content with 
the BCA Protein Assay (Fig.  2a ) ( see   Note 4 ).

       4.    Resuspend the pellet containing the crude plasma membrane 
fraction directly in 100 μl of Laemmli sample buffer and leave 
on a vertical rotating shaker for 30 min to 1 h at 20 °C with 
vigorous shaking to enable solubilization.   

   5.    Centrifuge the sample for 30 s on a benchtop centrifuge to 
remove insoluble fragments and collect the supernatant 
(Fig.  2b ) ( see   Note 5 ).      

      1.    Precipitate 200 μg of protein extracts to be analyzed by adding 
four volumes of ice-cold acetone to one volume of sample. 
Vortex the mixture, incubate at −20 °C for at least 4 h, and 
centrifuge at 12,000 ×  g  for 15 min at 4 °C. Discard the super-
natant, air-dry the pellet, and resuspend in 100 μl of Laemmli 
sample buffer supplemented with 5 % β-mercaptoethanol.   

   2.    Apply the samples onto 1.2 cm wide wells in a 12 % SDS-
PAGE gel.   

   3.    Stop the electrophoretic run as soon as the front enters 3 mm 
into the resolving gel, so that the whole proteome becomes con-
centrated in the stacking/resolving gel interface ( see   Note 6 ).   

   4.    Stain with GelCode Blue Stain Reagent for visualization of the 
unseparated protein bands, excise the gel-containing bands, 
cut into 2 × 2 mm cubes, and transfer into a microcentrifuge 
tube.   

   5.    Destain gel pieces, alternating 50 mM ammonium bicarbon-
ate/acetonitrile (1:1, v/v) with neat acetonitrile, incubating 
for 10 min at room temperature with occasional vortexing 
until the gel pieces become white and shrink; remove acetoni-
trile; and dry gel pieces.   

   6.    Cover gel pieces with 60 ng/μl of sequencing grade trypsin at 
5:1 protein/trypsin (w/w) ratio in 50 mM ammonium bicar-
bonate, pH 8.8, containing 10 % (v/v) acetonitrile and leave it 
in an ice bucket for 2 h to saturate them with trypsin. If all 
solution was absorbed, add 20–30 μl of 50 mM ammonium 
bicarbonate and digest overnight at 37 °C.   

3.3  Protein 
Fractionation Method

3.4  Proteome 
In-Gel Digestion

Tick Proteomics
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  Fig. 2    The subcellular distribution of the extracted proteins depends on the buffer used. ( a ) Subcellular distri-
bution of identifi ed tick proteins after extraction with buffer 1 and buffer 4. We observed that buffer 4, a more 
astringent buffer, allows the extraction of a greater number of internal organelle and membrane proteins. ( b ) 
Number of identifi ed tick and host proteins in the different fractions obtained using the buffer 1. An average of 
41 % increase in the number of tick proteins and up to 72 % for host proteins is detected when crude plasma 
membrane fraction is included in the analysis compared to the supernatant fraction only. Therefore, it is neces-
sary to process both fractions, cytoplasmatic soluble, and plasma membrane pellet, obtained after detergent 
extraction and separated by ultracentrifugation, in order to characterize the entire proteome. Identifi cation is 
performed using the SEQUEST algorithm of Proteome Discoverer 1.3 against Ixodida and Ruminantia data-
bases for tick and host proteins identifi cation, respectively. An FDR<0.05 for tick and an FDR<0.01 for host 
proteins identifi cation are considered as cutoff. Abbreviations: Cyt, cytoplasmic soluble protein fraction; PM, 
plasma membrane protein fraction       
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   7.    Add trifl uoroacetic acid to a fi nal concentration of 1 % to stop 
the digestion.   

   8.    Desalt the samples using OMIX pipette tips C18 following the 
manufacturer instructions, vacuum dry, and store at −20 °C 
until the mass spectrometry analysis.      

      1.    Resuspend the protein digests in 0.1 % formic acid and analyze 
by RP-LC-MS/MS in an Easy-nLC II system coupled to an 
ion trap LCQ Fleet mass spectrometer (Thermo Scientifi c, San 
Jose, CA, USA).   

   2.    The peptides are concentrated (online) by reverse-phase chroma-
tography using a 0.1 mm × 20 mm C18 RP precolumn (Thermo 
Scientifi c) and then separated using a 0.075 mm × 100 mm C18 
RP column (Thermo Scientifi c) operating at 0.3 μl/min.   

   3.    Elution of peptides is done using a 180 min gradient from 5 to 
35 % solvent B (solvent A, 0.1 % formic acid in water; solvent 
B, 0.1 % formic acid in acetonitrile). ESI ionization is done 
with nano-bore emitters stainless steel ID 30 μm (Thermo 
Scientifi c) interface ( see   Note 7 ).   

   4.    Peptides are detected in survey scans from 400 to 1,600 amu 
(1 μscan), followed by three data-dependent MS/MS scans 
(Top 3), using an isolation width of 2 in mass-to-charge ratio 
units, normalized collision energy of 35 %, and dynamic exclu-
sion applied during 30 s periods ( see   Note 8 ).      

   Peptide identifi cation from raw data is carried out using the 
SEQUEST algorithm (Proteome Discoverer 1.3, Thermo Scientifi c):

    1.    Database search is performed against Uniprot-Ixodida.fasta 
(57,021 entries in January 2014), Uniprot-Pecora.fasta (67,200 
entries in January 2014), and  Uniprot-Alphaproteobacteria.
fasta (2,480,730 entries in January 2014) (  http://www.
uniprot.org    ) for tick, host, and pathogen proteins identifi ca-
tion, respectively.   

   2.    The following constraints may be used for the searches: tryptic 
cleavage after Arg and Lys, up to two missed cleavage sites, and 
tolerances of 1 Da for precursor ions and 0.8 Da for MS/MS 
fragment ions and the searches were performed allowing 
optional Met oxidation and Cys carbamidomethylation. Search 
against decoy database (integrated decoy approach) is done 
using false discovery rate (FDR) <0.01.      

  In ticks collected after feeding on a host, the major constrain for 
the successful protein identifi cation is the large amount of the host 
proteins, predominantly blood. These proteins, such as hemoglo-
bin, serum albumin, and immunoglobulins, are very abundant and 
mask the detection of vector and pathogen proteins. In engorged 
tick samples, a high abundance of host hemoglobin is detected 

3.5  Reverse-Phase 
Liquid Chromato-
graphy (RP-LC)-MS/
MS Analysis

3.6  Proteomics 
Data Analysis

3.7  Hemoglobin 
Removal
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within an average of 20 % of the total number of identifi ed proteins 
(Fig.  3a ) ( see   Note 9 ). We next describe the comparison of the 
effi cacy of two methods for removal of these hosts proteins from 
tick samples: a method reported to remove hemoglobin from 
blood samples [ 18 ] with minor modifi cations and a conventional 
precipitation method with ice-cold acetone that was used as a 
control:

     1.    Process two samples of 200 μg each of a tick protein extract.   
   2.    One sample is directly precipitated following a conventional 

acetone precipitation method.   
   3.    To the other sample, slowly add a mixture of methanol and 

chloroform under homogenization to a fi nal concentration of 
19 % of methanol and 0.6 % chloroform. Keep the mixture at 
4 °C and homogenize for an additional 20 min to obtain 
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  Fig. 3    Removal of host hemoglobin from tick protein samples. ( a ) Representative protein distribution in 
engorged tick samples. ( b ) Mass spectra comparing the MS/MS fragment peptides of two precipitation meth-
ods: acetone- (above) and chloroform-based method (below). The same profi le is observed with a slight 
increase in the intensity of the spectra using the acetone precipitation method. ( c ) Presence of hemoglobins in 
the sample before and after treatment. Chloroform-methanol precipitation decreases the number of detected 
hemoglobins in a total sample where hemoglobins represented 14 % of total of proteins identifi ed compared 
to 23 % of hemoglobins present after acetone precipitation. Additionally, the hemoglobins that remain in the 
sample are identifi ed with a lower number of peptides. This method is therefore very helpful in treating the 
engorged tick samples, but it does not completely eliminate host hemoglobins       
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hemoglobin elimination. Centrifuge the sample at 2,500 ×  g  
for 10 min at 4 °C and discard the resulting hemoglobin con-
taining precipitate.   

   4.    Precipitate the resulting supernatant with acetone ( see   Note 10 ).   
   5.    Both pellets resulting from the two methods may be dissolved 

in Laemmli buffer, concentrated on conventional SDS-PAGE 
gel and compared by LC-MS/MS analysis (Fig.  3b, c ).    

    Proteomics is one of the most powerful technologies that allow 
simultaneous detection of proteins originating from different 
organisms in the same sample. Pathogen proteins present in ticks 
can be successfully detected with a high level of confi dence in the 
same protein extract where tick and host proteins are identifi ed if 
the search is performed against a database containing pathogen 
proteins built by combination of Ixodida and Alphaproteobacteria 
UniProt databases (  www.uniprot.org    ) (Fig.  4a ).

     PEAKS Studio v 6.0 software (Bioinformatics Solutions Inc.) per-
mit protein identifi cation by generating de novo peptide sequences, 
which is especially useful when working with organisms such as 
ticks with limited sequence information available. These analyses 
may be done with the same general parameters as for the routinely 
applied software Proteome Discoverer 1.3 (as described in 
Subheading  3.6 ). Additionally, in PEAKS a special algorithm is 
used to generate de novo sequences of the input spectrum, and the 
SPIDER module is used to identify variations from sequences 
using a homology match query. The fi ltering of the scores for all 
identifi ed peptides is done by assigning a −10lg P value of 30 that 

3.8  Pathogen 
Identifi cation

3.9  De Novo 
Sequencing and 
Homology Analyses

  Fig. 4    Identifi cation of tick, host, and pathogen proteins in a single sample with a high level of confi dence. 
Protein extract of engorged ticks was obtained by total protein extraction method with buffer 4. ( a ) Database 
search is performed against a database composed of Uniprot-Ruminantia.fasta, Uniprot-Ixodida.fasta, and 
Uniprot-Alphaproteobacteria.fasta. Data is analyzed using the SEQUEST algorithm of Proteome Discoverer 1.3 
software applying a 1 % FDR as criteria for assignations. ( b ) The application of de novo sequencing software 
PEAKS Studio 6.0 signifi cantly increases the number of identifi ed proteins, primarily tick and pathogen pro-
teins that are usually masked by host proteins in engorged ticks       
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was established after manual analyses of the obtained peptide 
matches to assure quality of the identifi cations. The application of 
PEAKS software using the above listed parameters gives 10 % to 
20 % average increase in the number of detected proteins by apply-
ing homology search and generating de novo peptide sequences 
(Fig.  4b ). This approach enables the identifi cation of every peptide 
in the dataset, whether it is in a database or not, modifi ed or 
mutated.  

  Proteomics analyses are intended not only to obtain the identifi ca-
tion of as many proteins as possible in a given sample but also to 
allow focusing on the differences between several samples of inter-
est, which is possible through the application of quantitative pro-
teomics techniques. Quantitative proteomics approaches can be 
divided into label-based or label-free methodologies depending 
on the use or not of stable isotopic or isobaric labeling reagents to 
“mark” the proteins or peptides under comparison before mass 
spectrometry analysis. Additionally, gel-based and gel-free 
approaches using multidimensional chromatography can be devel-
oped for quantitative proteomics analyses (a good review of these 
quantitative methodologies can be found in [ 19 ]). The combina-
tion of more than one technique is the best way to obtain greater 
proteome coverage and to identify a bigger number of differen-
tially represented proteins between samples due to the comple-
mentarity of the quantitative approaches. The application of 
quantitative proteomics to the characterization of the tick- 
pathogen interface is still in its infancy [ 2 ], but its development is 
crucial for the identifi cation of proteins involved in pathogen 
infection, multiplication, and transmission, as well as possible 
antigens for vaccine development.   

4    Notes 

     1.    When working in fi eld experiments such as epidemiology 
 studies or vaccine trials, collected ticks are generally stored in 
ethanol and not deep-frozen because it is easier under fi eld 
conditions and makes their shipment from one lab to another 
cheaper. Therefore, this work focused on optimizations on this 
kind of samples.   

   2.    Triton X-100 and Tween 20 detergents are diluted to a 10 % 
stock solution to reduce their viscosity and facilitate pipetting. 
SDS is also prepared in a 10 % stock solution in order to work 
in a similar manner.   

   3.    Removing the cuticle from a tick enables a better detection of 
low-abundance tick proteins. Our previous studies showed 
that processing the entire tick results in the detection of over 

3.10  Quantitative 
Proteomics Analyses
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50 % of abundant cuticle proteins masking other minority tick 
proteins that might be a key for understanding ticks metaboli-
cal processes. The removal of the cuticle of completely 
engorged ticks is relatively easy to perform. Care should be 
taken to completely remove the tissues around the mouth-
parts. However, if not working with freshly collected ticks, dif-
ferentiating tick tissues is very diffi cult due to a large presence 
of coagulated host blood.   

   4.    When using a urea-containing buffer such as buffer 4, the 
obtained pellet containing the protein fraction is less abundant 
than when using buffers 1–3 in which the solubility of the pro-
teins is higher. However, it has to be taken into consideration 
that the obtained pellet protein fraction cannot be processed 
further since a dense and insoluble viscous pellet is formed, 
probably due to the accumulation of nucleic acids or coagula-
tion of abundant host blood proteins. However, the obtained 
protein extracts in the soluble fraction remain stable through 
time and do not show signs of degradation after long-term 
storage. Samples of the soluble fraction, if very diluted, can be 
successfully concentrated using columns for protein concentra-
tion. Millipore (Billerica, MA, USA) columns give a good 
result, and four times concentration is accomplished by centri-
fuging a 1 ml sample for 10 min at 4,800 ×  g .   

   5.    Due to the impossibility of direct quantifi cation of insoluble 
pellet fraction, equal amount of micrograms of dried pellet is 
measured, and the protein concentration is determined by 
running the same amount of the sample on a one-dimensional 
gel and comparing to an albumin standard. Pellet is very diffi -
cult to dissolve and needs to be left on a shaker for at least 
30 min. It is best to store dry pellets at −20 °C and directly 
solubilize them in Laemmli buffer prior to the analysis.   

   6.    The concentration of proteins in one single band is the only 
gel-based approach that allows quantitative comparisons 
between samples without using protein-labeling approaches 
because all proteins from the samples under comparison are 
located in the same band avoiding the gel-cutting effect [ 20 ].   

   7.    The development of long gradients promotes peptide separa-
tion and increases the number of identifi ed proteins. When a 
HPLC working on microliters instead of nanoliters is used, it 
is recommended to increase the duration of the gradient time.   

   8.    In the case of using a mass spectrometer with scan speed and 
mass resolution higher than LCQ Fleet (e.g., a LTQ), it is rec-
ommended to increase the numbers of dependent MS/MS 
scans to 15 or more, allowing the detection of low-abundant 
proteins.   

Tick Proteomics



526

   9.    Even in unfed ticks, host blood proteins can persist months 
after feeding and molting. Vertebrate actins are found in  Ixodes 
ricinus  nymphs and  Rhipicephalus microplus  larvae even weeks 
after molting [ 14 ,  16 ,  17 ].   

   10.    When precipitating with acetone, a special care needs to be 
taken to allow it to evaporate from the obtained pellet before 
further processing. Otherwise, the effi ciency of protein detec-
tion after this method decreases signifi cantly [ 21 ,  22 ].         
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