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PREFACE

Bacteriology is the branch and specialty of biology that studies the morphology,
ecology, genetics and biochemistry of bacteria as well as many other aspects
related to them. This subdivision of microbiology involves the identification,
classification, and characterization of bacterial species. Because of the
similarity of thinking and working with microorganisms other than bacteria,
such as protozoa, fungi, and viruses, there has been a tendency for the field of
bacteriology to extend as microbiology. The terms were formerly often used
interchangeably. However, bacteriology can be classified as a distinct science.

Veterinary Bacteriology is the study of bacteria that cause diseases on animals.

In the current book, is separated by groups of animals, with section 1 dedicated
to Ovines and Caprines, focusing in bacteria that cause Mastitis, Brucellosis
and Interdigital phlegmon.

Section 2 is dedicated to Bovine bacterial infections, Leptospira, Streptococcus,
Tuberculosis, Antrax and respiratory diseases.

Section 3 is dedicated to Swine, Streptococcus, Actinobacillus, Chlamydia,
Corynebacterium and Staphylococcus.

Studying the canine Microbiome is part of section 4. The second chapter of
section 4 cover campylobacter in canines.

Section 5 studies the taxonomy of bacteria in fish.

Section 6 is dedicated to Avian bacteriology, focusing in Listeria and Escherichia
coli.






SECTION 1:
OVINES AND CAPRINES






CHAPTER 1

Clinical Mastitis in Ewes;
Bacteriology, Epidemiology and
Clinical Features

Tormod Mgrk’, Steinar Waage?, Tore Tollersrud', Bjorg Kvitle' and
Stale Sviland’

"Department of Animal Health, National Veterinary Institute, N-0033 Oslo, Norway
“Department of Production Animal Clinical Sciences, Norwegian School of Veterinary
Science, N-0033 Oslo, Norway

ABSTRACT

Background

Clinical mastitis is an important disease in sheep. The objective of this work
was to identify causal bacteria and study certain epidemiological and clinical
features of clinical mastitis in ewes kept for meat and wool production.
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METHODS

The study included 509 ewes with clinical mastitis from 353 flocks located in
14 ofthe 19 counties in Norway. Clinical examination and collection of udder
secretions were carried out by veterinarians. Pulsed-field gel electrophoresis
(PFGE) was performed on 92 Staphylococcus aureus isolates from 64 ewes.

Results and conclusion

S. aureus was recovered from 65.3% of 547 clinically affected mammary
glands, coagulase-negative staphylococci from 2.9%, enterobacteria, mainly
Escherichia coli, from 7.3%, Streptococcus spp. from 4.6%, Mannheimia
haemolytica from 1.8% and various other bacteria from 4.9%, while no
bacteria were cultured from 13.2% of the samples. Forty percent of the ewes
with unilateral clinical S. aureus mastitis also had a subclinical S. aureus
infection in the other mammary gland. Twenty-four of 28 (86%) pairs
of S. aureus isolates obtained from clinically and subclinically affected
mammary glands of the same ewe were indistinguishable by PFGE. The
number of identical pairs was significantly greater than expected, based
on the distribution of different S. aureus types within the flocks. One-third
of the cases occurred during the first week after lambing, while a second
peak was observed in the third week of lactation. Gangrene was present in
8.8% of the clinically affected glands; S. aureus was recovered from 72.9%,
Clostridium perfringens from 6.3% and E. coli from 6.3% of the secretions
from such glands. This study shows that S. aureus predominates as a cause
of clinical ovine mastitis in Norway, also in very severe cases. Results also
indicate that S. aureus is frequently spread between udder halves of infected
ewes.

BACKGROUND

Mastitis is an important disease in sheep. Clinical cases are often severe;
systemic signs are present and the condition is obviously painful. Clinically
affected glands frequently suffer partial or complete damage and do not
resume normal function. Reduced milk yield leads to decreased growth
of the lambs [1-3]. Additional losses associated with clinical mastitis are
costs of treatment and culling of ewes due to permanent udder damage [3-
7]. In very severe cases, gangrene may develop in the mammary gland and
the ewe may die. Thus, mastitis has a major impact on both economy and
animal welfare in sheep production.



Clinical Mastitis in Ewes; Bacteriology, Epidemiology and Clinical Features 5

Although a wide range of microorganisms may cause ovine mastitis,
most cases are reported to be due to staphylococci [8]. Several reports
indicate that coagulase-negative staphylococci (CNS) are the most common
cause of subclinical mastitis in dairy ewes [9-14], while both CNS and
Staphylococcus aureus are frequent causes in meat sheep [5,15,16]. With
regard to organisms associated with clinical mastitis, there are fewer reports
published. S. aureus has been reported to be the most common causal
organism in both meat [5,15,17-19] and dairy ewes [13,20,21]. Mannheimia
haemolytica [5,18,19,22], Escherichia coli [13,18,19] and various
streptococci [15,18,19] are other important causative organisms.

Differences in climate, production forms and management practices may
give rise to differences both in the epidemiology, bacteriology and clinical
manifestations of mastitis. In Norway, sheep are kept exclusively for meat
and wool production. They are housed during the winter and early spring,
including the lambing season.

The objective of this study was to identify bacteria associated with
clinical ovine mastitis in Norway. In addition, certain epidemiological and
clinical features of the disease were studied.

METHODS

Animals and Clinical Data

Udder secretions were collected and clinical data recorded from 509 ewes
with clinical mastitis. The ewes belonged to 353 flocks located in 14 counties
in Norway (Figure 1). The geographical distribution of the cases is shown in
Table 1. Clinical mastitis was present in one gland in 471 ewes and in both
glands in 38 ewes. The study was carried out in 2002, 2003 and 2004. Only
cases that occurred between 1 week prepartum and 8 weeks postpartum
were included. In Norway, lambing generally takes place in April and May.

Table 1: Distribution by region and county of 547 milk samples obtained from
ovine mammary glands with clinical mastitis, and of the 509* ewes and 353
flocks from which the samples originated

Region | County No. of flocks | No. of ewes | No. of glands
East Akershus 13 27 31
Hedmark 68 121 128
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Oppland 60 85 86
Buskerud 4 5 6
South | Aust-Agder 34 56 57
Vest-Agder 4 6 7
Rogaland 40 48 53
West Hordaland 22 26 28
Sogn og Fjordane |25 25 29
More og Romsdal | 32 39 40
North | Ser-Trendelag 33 46 50
Nord-Trendelag 6 10 13
Nordland 3 3 4
Troms 9 12 15

*Four hundred and seventy-one ewes with unilateral and 38 with bilateral
intramammary infection.

Figure 1: Map of Norway showing the location of the sheep flocks from which
cases of clinical mastitis were obtained. Thin lines show county boundaries and
thick lines region boundaries.
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Data and Sample Collection

Thirty-two veterinary practitioners contributed to the study. When called to
a case of clinical mastitis, the veterinarian was to examine the ewe, collect
udder secretions and record information regarding the identity, age, date
of parturition, the number of lambs and the clinical condition of the ewe
on a standardized form. Clinical data included the rectal temperature, an
assessment of the severity of systemic signs (graded as none, weak, moderate
or severe) and local clinical signs of the affected gland, including whether or
not gangrene was present (i.e., cold and blue udder and teat skin).

Prior to treatment, samples were collected aseptically from the
clinically affected glands in 10-ml sterile plastic vials by the veterinary
practitioner according to the International Dairy Federation’s standards
[23]. Additionally, samples were taken from the clinically unaffected gland
of 252 of the ewes with unilateral clinical mastitis. The samples were sent
by mail to the laboratory as soon as possible after sampling, or frozen and
stored at -20°C until submission.

If a ewe experienced more than one episode of mastitis during the
observation period, only the first episode was included in the study.

Microbiological Methods

The samples were examined at the National Veterinary Institute or at the
TINE Mastitis Laboratory in Molde, Norway, and bacteria were identified
according to the recommendations of the International Dairy Federation
[23] with additions. The National Veterinary Institute and the TINE Mastitis
Laboratory are both quality assured in accordance with NS-EN ISO/IEC
17025. Briefly, the secretions were brought to room temperature, assessed
visually and characterized by appearance before they were mechanically
shaken and 10 pl plated on Bacto Blood Agar Base No 2 (Difco Laboratories,
Detroit, MI, USA) containing 5% washed bovine erythrocytes and incubated
for 48 hours in a 5% CO, atmosphere at 37°C. Cultures were read at 24
and 48 hours. If growth was not detected after incubation for 24 hours,
the original sample was incubated for 4 hours at 37°C and 50 pl aliquots
plated and incubated for 24 hours under aerobic (5% CO, atmosphere) and
anaerobic conditions.

Bacterial species were identified tentatively by their gross colony
morphology and by Gram staining, and further confirmatory tests were used
as necessary. All suspected staphylococcal colonies were tested using the
tube coagulase test (Becton Dickinson Microbiology Systems, Bedford,
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MA, USA). Coagulase-positive staphylococci were streaked on peptone
agar (p-agar) (Difco, Sparks, MD) supplemented with 7 mg/l of acriflavin
(Sigma-Aldrich Chemie, Steinheim, Germany) [24], and incubated at
37°C for 24 hours. Bacterial growth in the full length of the streak on
p-agar was considered confirmative of S. aureus. Isolates identified as S.
aureus were stored at -70°C in Bacto Heart Infusion Broth (Difco) with
15% glycerol. E. coli was identified by the lactose and indole tests, and
other enterobacteria were identified to the species or genus level by using
a microtube identification system (API 20 E®; bioMérieux S.A., Marcy-
I’Etoile, France). Streptococcus uberis, Streptococcus dysgalactiae,
Streptococcus agalactiae, Streptococcus spp. and Enterococcus spp. were
distinguished by the CAMP reaction, the aesculin and inulin tests and by
culture on the bromthymolblue lactose-sucrose agar. Bacteria within the
family Pasteurellaceae were identified to the species level by the CAMP
reaction, the indole, mannitol, sorbitol, trehalose, dulcitol, oxidase and beta-
galactosidase tests and the haemolysis patterns. Clostridium perfringens
was differentiated from other Clostridium spp. by colony morphology,
immobility and the presence of a zone of partial haemolysis and a zone of
complete haemolysis. Arcanobacterium pyogenes was identified by Gram
staining and the presence of pinpoint colonies surrounded by a narrow zone
of clear haemolysis at 48 hours. None of the samples were from ewes with
arthritis, conjunctivitis or pneumonia; therefore, the mammary secretions
were not checked for the presence of mycoplasms.

Total DNA was prepared and pulsed-field gel electrophoresis (PFGE)
performed as described previously [25]on 92 S. aureus isolates from 21 flocks
in which at least one ewe had bilateral S. aureus intramammary infection
(IMI) and where at least two ewes experienced clinical S. aureus mastitis.
The band patterns were compared visually. Isolates with indistinguishable
patterns were considered identical PFGE types while those with at least one
band difference were considered to be different types.

Statistical Methods

The chi-square test was used to compare the frequencies of cases within
different time intervals in relation to parturition and the relative proportions
of clinical S. aureus cases and gangrenous mastitis cases in ewes of different
parity and with different number of lambs.

The distribution of pairs of S. aureus PFGE types within flocks (equal vs.
unequal) in ewes with bilateral IMI was compared with the corresponding
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distribution that would be expected if all S. aureus isolates found within
each flock were paired randomly. All isolates from the flocks that supplied
two or more cases of clinical S. aureus mastitis, of which at least one ewe
had bilateral IMI, were included, and Fisher’s exact test was used to test the
probability of identical distributions of the observed and expected pairs.

P <0.05 was considered statistically significant.

RESULTS

Bacteriological and Epidemiological Findings

The distribution of bacteria cultured from secretions from the glands with
clinical mastitis is shown in Table Table2.2. S. aureus was the predominant
pathogen and was found in 65.3% of the samples from affected glands. In
the samples from the southern, eastern, western and northern regions, S.
aureus was found in 76.0%, 59.0%, 63.9% and 69.5%, respectively.

Table 2: Results of culture of secretions recovered from 547 mammary glands
with clinical mastitis

Bacteriological finding n %
Staphylococcus aureus 357 [65.3
Coagulase-negative staphylococei | 16 [ 2.9
Streptococcus uberis 9 1.6
Streptococcus dysgalactiae® 8 1.5
Streptococcus spp.” 8 1.5
Enterococcus spp. 4 0.7
Escherichia coli 35 (64
Klebsiella pneumoniae 2 0.4
Enterobacter spp. 3 0.5
Mannheimia haemolytica 10 1.8
Arcanobacterium pyogenes 4 0.7
Clostridium perfringens 7 1.3
Pasteurella spp.© 4 0.7
No growth 72 [13.2
Contaminated samples? 8 1.5

“Subsp. dysgalactiae.
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bOther than Str. dysgalactiae and Str. uberis.
¢ Pasteurella mairii (2 samples), Pasteurella multocida (2 samples).
1f blood agar plates contained more than two different types of colonies.
Information about the date of parturition was received from 318 of the
471 cases of unilateral clinical mastitis. The distribution of the observed
clinical mastitis cases in relation to the time of parturition is shown in Figure
2. The relative proportion of cases was greatest during the first week after
lambing. Sixty-four (20.1%) of the 318 ewes for which the times of lambing
and treatment were recorded, were treated for clinical mastitis during the
first two days after parturition. The proportion of cases was significantly
greater in the first (P < 0.005) and the third (P < 0.05) week postpartum as
compared with the second week postpartum.

120 7
100 A

80

IS aureus
60 4 O No growth
40 4
0 -

-

7days 1-7 - 15-21 22-28 29-36 36-56
prep. -0

number of cases

days of lactation

Figure 2: Distribution of 318 cases of clinical mastitis in relation to weeks of
lactation.

The proportion of the clinical S. aureus cases among all the clinical
cases did not differ significantly between weeks of lactation, between ewes
of different parities or between ewes with different number of lambs (data
not shown).

In 180 ewes with unilateral clinical S. aureus mastitis, from which
samples from both mammary glands were examined, S. aureus was found in
secretions from 72 (40.0%) of the glands without clinical signs. In 72 ewes
with unilateral clinical mastitis not caused by S. aureus, a subclinical S.
aureus infection was found to be present in 10 (13.9%) of the glands without
clinical signs.
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S. aureus PFGE types in Ewes with Bilateral IMI

A total of 22 different PFGE types were found among 92 S. aureus isolates
from 21 farms. Comparisons of S. aureus pairs revealed that 24 (86.0%)
of 28 pairs had indistinguishable band patterns (Table (Table3).3). Given
the PFGE types of all S. aureus isolates within each flock, expected flock-
specific distributions of PFGE type pairs based on all possible random
pairwise combinations of isolates were arranged. The number of pairs with
identical types observed in the flocks was significantly greater than that
expected, when assuming a random distribution of isolates (P < 0.0001).

Table 3: Distribution within flocks of 22 different PFGE types of 92 S. aureus
isolates from ewes with intramammary infection (IMI). Only flocks in which
at least one ewe experienced bilateral S. aureus IMI and two ewes experienced
clinical mastitis are included. The observed pairs of PFGE types from the ewes
with bilateral S. aureus IMI are shown. Also shown is the expected distribution
of pairs with equal and unequal PFGE type combinations when assuming ran-
dom pairwise distribution of the observed isolates within each flock

Expected pairs (n)
Flock | Ewes with | S. auerus types (n) pres- | Bilateral PFGE type | Equal | Unequal
IMI (n) ent in flock combinations

F1 6 K,P,Q(4),R QQ 6 15

F2 9 LJ,L(7),M LL 21 24

F3 2 R(3) RR 3 0

F4 3 R (4) RR 6 0

F5 2 H((2),0(2) HH, OO 2 4

F6 2 D(2),H DD 1 2

F7 2 H, LU U 0 3

F8 2 H@3),X HH, HX 3 3

F9 2 D,H(3) DH, HH 3 3

F10 |2 LM,V I\Y 0 3

FIl |6 H(®), LW HH 10 11

F12 |3 H,1(3) 1I 3 3

F13 |3 H(4),1(2) HH, HH, 11 7 8

Fl14 |3 FT1(3) A 3 3

FI5 |2 H,S(2) SS 1 2
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Fl6 |2 D (3) DD 3 0

F17 |4 H(2),1(2,N,G(2) |HH,II, GG 3 18

FI8 |2 C(2),E cc 1 2

F19 |2 C(2),G CC 1 2

F20 |3 12),R, T 11 1 5

F21 |2 A(2),B AA 1 2
Clinical Signs

Of the 471 cases of unilateral clinical mastitis systemic signs were recorded
in 325 (Table (Table4)4) and the rectal temperature was measured in 342.
Moderate or severe systemic signs were present in 159 (48.9%) ewes and 193
(56.4%) ewes had a rectal temperature above 40.0°C. Thirty-seven (11.8%)
out of 313 ewes showed no systemic signs and had a rectal temperature
below 40.1°C.

Table 4: Distribution of 325 of the 471 ewes with unilateral clinical mastitis by
causal organism and the systemic signs®

Pathogen 1 2 3 4 Total
No. (%) No. (%) No. (%) No. (%)

All S51(15.7) | 115(354) |119(36.6) |40(12.3) |[325

S. aureus 30(13.5) | 77 (34.5) 89 (39.9) 27 (12.1) | 223

Enterobacteria 2(7.7) 9 (34.6) 11 (42.3) 4 (15.4) 26

No growth 11 (344) |[12(37.5) 4 (12.5) 5(15.6) 32

“1 = no systemic signs, 2 = weak systemic signs, 3 = moderate systemic
signs, 4 = severe systemic signs.

Gangrene was present in 48 (8.8%) of 547 clinically affected udder
halves and S. aureus was found in 35 (72.9%), C. perfringens in 3 (6.3%),
E. coli in 3 (6.3%) and A. pyogenes in 1 (2.1%). Bacteria were not found
in 4 (8.3%) samples from such cases and two samples were contaminated.
The degree of systemic influence was recorded in 33 ewes with gangrenous
mastitis. Thirty (90.9%) of these cases exhibited moderate or severe signs.
The proportion of the gangrenous mastitis cases among all the clinical cases
did not differ significantly between weeks of lactation, between ewes of
different parities or between ewes with different number of lambs (data not
shown).
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DISCUSSION

A random and representative selection of sheep flocks was not deemed
feasible for this type of study. However, in order to have a reasonably
representative geographical spread of the mastitis cases ewes from 14 of
the 19 counties in Norway were included. Thus, the present flocks were
housed and pastured under various conditions, and the variations in climatic
conditions, flock size and management routines of Norwegian sheep
production were reasonably well represented. During the lambing season
and subsequent weeks the ewes are paid close attention. Later, most flocks
are moved to pastures in the forests or mountains. For this reason, the study
was restricted to cases that occurred between 1 week prepartum and 8 weeks
postpartum in order to obtain clinical cases of recent origin.

S. aureus was found in 65% of the samples from clinically affected
glands. The dominance of S. aureus as a cause of clinical ovine mastitis has
also been shown in regional studies in Norway, where S. aureus was isolated
from udder secretions of between 64 and 87% of the ewes [26,27]. In the
present study, the largest proportion of S. aureus was found in the southern
region (76%). A similar proportion of such cases (75%) was previously
observed in a study including cases from one of the municipalities of this
region [28]. Studies of clinical mastitis in meat sheep in other countries
have found varying, though mostly relatively great, proportions of S. aureus
infections (20—-60%) [5,17-20,22]. In a study of dairy sheep in Jordan, Lafi
et al. [13] found that 22% of the clinical mastitis cases were caused by S.
aureus.

The main S. aureus reservoirs in sheep are suggested to be infected
mammary glands and teat lesions [29]. However, S. aureus can also be
cultured from intact teat skin and other body sites [10,30,31]. In dairy flocks,
transfer during milking is considered an important mechanism for the spread
of this organism [29]. In flocks of meat sheep, transmission of S. aureus
between ewes could be a result of the herdsman transmitting S. aureus
between ewes during manual udder control, or the udder being exposed
to bedding material contaminated from infected ewes [6,7]. Some lambs
occasionally suck other ewes than their dam, which might be a mechanism
for the spread of S. aureus [32]. In Norway, routine examination of teats and
udders are performed after weaning, and ewes with palpable abnormalities
or which have experienced clinical mastitis are usually slaughtered before
the breeding season. This contributes to decreasing the reservoir of S. aureus,
but it obviously does not eliminate it.
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Studies in other countries have reported prevalences of subclinical
S. aureus IMI to be between 1 and 6% [12,13,15,33]. This indicates that
subclinically infected glands are an important reservoir of S. aureus that
can only be detected through bacteriological examination. In this study,
14% of the ewes with unilateral clinical mastitis caused by other pathogens
than S. aureus had a subclinical S. aureus infection in the other mammary
gland, while 40% of the ewes with clinical S. aureus infection in one gland
had a subclinical S. aureus infection in the other. PFGE typing showed
that 86% of the pairs of isolates from ewes with bilateral S. aureus IMI
were indistinguishable. This percentage was much higher than what would
be expected if the isolates from each of the flocks were paired at random,
thus demonstrating a considerably greater tendency for spread of S. aureus
between the udder halves of a ewe than between ewes within a flock.

The very low percentage of M. haemolytica in the clinically affected
glands in this study (1.8%) contrasts results of clinical mastitis surveys in
meat sheep in the UK and Ireland, where the proportions of cases caused by
this organism were found to be approximately 50% and 21%, respectively
[5,18]. Enterobacteria, mainly E. coli, were obtained from 7.3% of the
clinically affected udder halves, which is similar to the proportions found in
other studies on meat sheep [5,18,22]. However, the number of clinical cases
caused by Gram negative bacteria and 4. pyogenes may be underestimated
because the samples were frozen before bacteriological analysis [34,35].

It is noteworthy that nearly 85% of the ewes exhibited systemic
signs and that gangrene was present in as much as 9% of the clinically
affected udder halves, clearly showing that ovine clinical mastitis must
be considered a serious animal welfare problem. However, mild cases of
clinical mastitis are most likely underrepresented in this study. According to
Norwegian legislation, antibiotic treatment of animals must be initiated by a
veterinarian and, for economical reasons, farmers might be reluctant to call
for a veterinary surgeon to treat mild clinical cases.

Most mastitis cases occurred close to lambing. One-third of the ewes
developed clinical mastitis during the first week after lambing, and a
second peak, although somewhat smaller, was observed in the third week
postpartum. This is in accordance with data from the Norwegian Sheep
Recording System [36]. Likewise, studies in the UK and Ireland found that
cases of acute clinical mastitis occurred most frequently during the first
week of lactation, while a second peak occurred between the third and fourth
week [5] or the fourth and seventh week [18] after lambing. Clinical cases
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around parturition might be newly acquired IMI or aggravations of existing
subclinical infections [37]. The proportion of very severe cases, in which
gangrene had developed, was not greater among cases occurring close to
lambing as compared with those occurring later. The second peak could be
explained by increased milk demand from the lambs and the eruption of
incisors, which increases the risk of teat lesions. It has been reported that
teat lesions frequently are present in ewes with clinical mastitis three to four
weeks after lambing [38].

CONCLUSION

This study shows that S. aureus is the most common cause of clinical mastitis
in sheep in Norway and that this organism is frequently spread between
glands in infected ewes. Further studies identifying predisposing factors,
including reservoirs, transmission routes and factors facilitating S. aureus
infection of the ovine mammary gland, are needed in order to improve
strategies to reduce the occurrence of mastitis in sheep.
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ABSTRACT

Brucellosis has been an endemic disease of cattle and humans in Costa Rica
since the beginning of XX century. However, brucellosis in sheep, goats,
pigs, water buffaloes, horses and cetaceans, has not been reported in the
country. We have performed a brucellosis survey in these host mammal
species, from 1999-2016. In addition, we have documented the number
of human brucellosis reported cases, from 2003-2016. The brucellosis
seroprevalence in goat and sheep herds was 0.98% and 0.7% respectively,
with no Brucella isolation. Antibodies against Brucella were not detected
in feral or domestic pigs. Likewise, brucellosis seroprevalence in horse
and water buffalo farms was estimated in 6.5% and 21.7%, respectively,
with no Brucella isolation. Six cetacean species showed positive reactions
against Brucella antigens, and B. ceti was isolated in 70% (n = 29) of striped
dolphins (Stenella coeruleoalba). A steady increase in the diagnosis of
human brucellosis cases was observed. Taking into account the prevalence
of brucellosis in the various host mammals of Costa Rica, different measures
are recommended.

INTRODUCTION

Costa Rica (CR) is a Central American country with a surface area of 51100
Km? and a human population close to five million. Most of the inhabitants are
located in the Central Valley, flanked by the volcanic chain and the mountain
range. The country is divided in six administrative areas: Chorotega, Central
Pacific, Brunca, Central, Northern Huetar and Caribbean Huetar. CR has
two ocean fronts: the Pacific Ocean and the Caribbean Sea. In addition,
there is the Cocos Island located in the Pacific Ocean [1].

Bovine brucellosis is a significant problem in CR [2] and human
brucellosis has been endemic since the beginning of last century [3.4].
However, the presence of Brucella organisms in sheep, goats, pigs, water
buffaloes, horses and cetaceans and the impact that brucellosis has in these
animals has been barely explored in CR [5]. Moreover, very little information
in the number of human cases arriving to the CR health centers has been
recorded.

Up to now, five species of Brucella have been isolated in
CR: Brucella abortus (biotypes 1, 2 and 3) in cattle and humans, Brucella
suis (biotype 1) in domestic swine, Brucella canis in dogs, Brucella
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neotomae in humans and Brucella ceti (dolphin type) in dolphins [2,5—
7]. B. melitensis and B. ovis have not been reported in CR.

In this work we describe the distribution and the prevalence of brucellosis
in different mammal species and the cumulative number of human brucellosis
cases in CR. We discuss our findings in concordance to the conditions and
measures carried out in the country and the zoonotic potential. Brucellosis
in cattle is not reported here, since it has been thoroughly described in the
accompanying manuscript [2].

MATERIALS AND METHODS

Serum Samples

Sheep and goats

The total number of sheep and goats in CR is close to 12358 and 4626,
distributed in about 164 and 271 herds, respectively (Table 1). For sampling
purposes CR was divided in six administrative areas by the Costa Rican
National Animal Health Service (CR-NAHS) of the Ministry of Agriculture
and Livestock Management: Chorotega, Central Pacific, Brunca, Central,
Northern Huetar and Caribbean Huetar. Herds from each species were
divided in three sections. For sheep the first section “A” included 6200
animals in 22 herds of broodstock farms with >150 individuals; section
“B” were 3577 animals in 37 herds from farms with eventual broodstock
activities, with populations ranging from 149-60 animals; and section “C”
were 2691 in 105 herds for productive farms with population <59 animals.
For goats, we used the same criteria used for sheep. Section “A” included
1406 goats in 13 herds; section “B” were 1603 distributed in 14 herds; and
section “C” were 1617 from 137 farms. Seventy-eight caprine and 139 ovine
herds, corresponding to 2013 and 1668 animals respectively, were sampled
nationwide as part of the surveillance program, during 2014-2016.

Table 1: Numbers of ovine and caprine herds and numbers of animals by geo-
graphical region in Costa Rica (2015)

Region Ovine Caprine
Herd | Animals Herd | Animals

1. Northern Huetar 36 2440 39 2077
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2. Central 59 4295 117 1973

3. Brunca 21 1246 41 128

4. Chorotega 28 2792 22 312

5. Caribbean Huetar 9 637 28 79

6. Central Pacific 11 948 24 57

Total 164 12358 271 4626
Water Buffalos

The estimated water buffalo population in the country corresponds to 13000
animals, distributed in about 100 herds. About 70% of the water buffalo
farms are devoted to mozzarella cheese production. The rest, are dedicated
to meat production, leather industry or as wild fauna in zoological parks
[8,9]. A total of 2586 animal blood samples, corresponding to 46 herds
located in the six administrative areas were taken during 2014-2016.

Pigs

The estimated number of domestic swine in continental CR is close to
435500, most of them under intensive management farms, located in the
Northern Huetar and Central Pacific regions [10]. A total of 2256 pigs from
eight herds were sampled from 2014-2016. In addition, 160 blood samples
collected at the slaughter house in the Central region were also studied. As
part of the control of Wildlife Service of National Parks of CR, 58 feral
pigs were sampled in the East side of Cocos Island National Park (23.85
km?) located in the West Pacific Ocean (5°31'08"N 87°04'18"0), during
1998-2000. This region included close to half of the area. The sampling
spots were chosen randomly and their location estimated on the basis of
recognized pathways and reference points already established in maps used
by the National Park rangers. Ages were estimated on the basis of size,
weight, secondary sexual organ development, hair distribution, hoof size
and dentition. Samples were analyzed at the CR-NAHS Laboratory or at the
Veterinary Medicine School, National University, Heredia, CR.

Horses

The estimated population of horses in CR is close to 67000 in about 20000
farms [10]. In CR there is little tradition for eating horse meat. Therefore,
most of the equines are devoted to sports, recreation and work. A total of
1270 horse blood samples from 215 farms located in the six administrative
areas were taken during 2014-2016.
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Cetaceans

Thirty cetacean species have been documented in Costa Rican waters,
representing about 36% of the 83 species known worldwide [11]. From
2004-2016, 115 individuals from sixteen species were reported stranded
in the Costa Rican shorelines (Table 2). Cetacean blood samples were
taken at the stranding sites. After death, the animals were transported to
the Veterinary School of the National University of CR, for necropsy and
bacteriological studies.

Table 2: Number of cetaceans stranded in Costa Rica from January 2004 to
September 2016

Common name Specie Number of animals
Striped dolphin Stenella coeruleoalba 51
Bottlenose dolphin Tursiops truncatus 10
Spotted dolphin Stenella attenuata 8
Humpback whale Megaptera novaengliae 8
False killer whale Pseudorca crassidens 6
Spinner dolphin Stenella longirostris 4
Rough tooth dolphin Steno bredanensis 4
Dwarf sperm whale Kogia sima 4
Cuvier beaked whale Ziphius cavirostris 3
Risso’s dolphin Grampus griseus 2
Pilot whale Globicephala macrorhynchus 2
Sperm whale Physeter machrocephalus 2
Common dolphin Delphinus delphis 1
Beaked whale Mesoplodon spp. 1
Beaked whale Mesoplodon spp. 1
Sei Whale Balaenoptera borealis 1
Unknown species* Unknown 7
Total 115

Humans

Brucellosis in humans has been documented in CR since 1915 [3,4]. A survey
for human brucellosis from 2003—-2016 was carried out at the laboratories
of Public Health Services (CCSS) of CR. In addition, a total of 250 abattoir
workers were monitored for antibodies against Brucella antigens, from 2015—
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2016. All human case reports and bacteriology were received at the National
Reference Bacteriology Laboratory at the Costa Rican Institute for Research
and Training in Nutrition and Health (INCIENSA), for confirmation.

Information Collected and Blood Animal Samples

Relevant data concerning geographical localization, size of the farm,
management and characteristics of the herds or individual animals were
collected. The information also included veterinary services, reproductive
parameters, history of abortion/stillbirth and the presence of other domestic
and wildlife species in the farms. Breeds and identifications were registered.

Blood samples were collected with syringes or a sterile vacutainers with
Z serum clot activator (Vacutainer System, Greiner Bio-one), transported
under refrigeration, and sera obtained by centrifugation. Each sample
received a consecutive number. Analyses of the sera were performed
within 24-72 hours after collection at the CR-NAHS Brucellosis Serology
Laboratory or at the Immunology Laboratory at the School of Veterinary
Medicine, National University, Heredia, CR. Humans blood samples were
sent to the National Reference Bacteriology Laboratory (INCIENSA) for
confirmation.

Serological Tests

Rose Bengal test (RBT) (ID-VET, France), indirect protein A/G ELISA
(iELISA) (ID-VET, France) and competitive ELISA (cELISA) (Svanovir,
SVANOVA, Sweden) and fluorescent polarization assay (FPA) (Sentry
100 instrument, Diachemix, United States) were used as diagnostic
tools, as described elsewhere [12—14]. For the standardization of small
ruminant brucellosis diagnostic tests, positive and negative sera from sheep
and goats were obtained from Spain and Mexico respectively. Twenty
sera from B. melitensis biotype 1 culture positive sheep, twenty sera
from B. melitensis biotype 1 culture positive goats, twenty- one sera from
non-vaccinated negative sheep and twenty-one sera from non-vaccinated
negative goats were obtained and used for validation as previously described
[14,15]. In Costa Rica sheep and goats are not vaccinated. Therefore, the
specificity of RBT in the absence of vaccination has been estimated to
be ~100%; likewise, under these conditions the sensitivity has also been
estimated in ~100% [ 14]. The cut off values for iELISA, cELISA and FPA in
sheep and goats were 120% S/P, 30% positivity and 20 milipolarization units,
respectively. Since standardized diagnostic tests for water buffalo brucellosis
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are not available, RBT, iELISA and cELISA, including the cut-off values,
were used as reported for cattle [16]. Dolphin sera were collected and tested
in RBT, iELISA and cELISA as described before [17]. For swine, modified
RBT, iELISA and cELISA was used as described elsewhere [18]. Likewise,
for horses, background levels for the same tests were estimated with sera
from 20 healthy horses with no signs of brucellosis and with no contact with
cattle or small ruminants. All animal sera samples were initially screened
by RBT and then by iELISA, cELISA and FPA, following the procedures
described elsewhere [13,15,17]. For humans, RBT and microagglutination
in 96/well round bottom plates were used for screening, as described before
[19].

Culture Conditions and Brucella Identification

Bacteriological cultures and identification of Brucella isolates were
performed as described in the accompanying paper [2]. Briefly, various
reference Brucella species were used as positive controls for genetic and
bacteriological identification of samples [2]. According to the National
Brucellosis Control Program of the CR-NAHS, seropositive sheep, goats,
buffalos or pigs are selected for obligatory culling and pathological
examination [20]. Necropsies were carried out at the Pathology Department
in the Veterinary School of the National University, CR. Animal samples,
included milk and other secretions such as vaginal swabs, semen and
cerebrospinal fluid. Tissues samples included reproductive organs lymph
nodes, spleen, kidney, liver and brain. In some cases aborted fetuses were
also collected and sampled. Cultures were performed at the CR-NAHS or
at the Bacteriology Laboratory of the Veterinary School. Non-selective and
selective media, including blood agar and Columbia agar, supplemented
with 5% of dextrose and sheep blood as well as Modified Brucella Selective
Supplement Oxoid® (SR0209) and CITA medium, under 10% CO2
atmosphere, were used [21]. The selected bacterial colonies were subjected
to Gram staining, agglutination with acriflavine and acridine orange dyes,
tested for urease and oxidase activity, citrate utilization, nitrate reduction,
H,S production, growth in the presence of CO,, thionin (20 pug/mL) and
basic fuchsin (20 pug/mL) and uptake of crystal violet, according to described
procedures [12].

Brucella DNA samples from each isolate and control strains were
extracted with DNeasy Blood & Tissue kit from QIAGEN, and stored at
-80°C until used. Identification of Brucella species was performed by bruce-
ladder, single-nucleotide polymorphisms and MLVA16 analysis following
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standard procedures [22-25]. Brucella control strains were used for
validation. The profiles were analyzed following standardized procedures
(http://mlva.u-psud.fr/brucella/) and thereafter entered in the database
MLVA-NET (http://microbesgenotyping.i2bc.paris-saclay.fi/).

Ethical Considerations

Sampling of domestic and wildlife animals is part of the National Brucellosis
Control Program of the CR-NAHS [20] and the Law of Reportable Infectious
Diseases of the Ministry of Health of CR [26]. Dolphin serum samples were
taken from stranded dolphins following the procedures described before [27].
Protocols for the use of animal serum samples were revised and approved
by the “Comité Institucional para el Cuido y Uso de los Animales de la
Universidad de CR” (CICUA 057-16366), and ““Comité Institucional para el
Cuido y Uso de los Animales” of the National University, Heredia, CR (SIA
0545-15), and in agreement with the corresponding law “Ley de Bienestar
de los Animales”, CR (Ley 7451 on Animal Welfare), and according to the
“International Convention for the Protection of Animals” endorsed by Costa
Rican Veterinary General Law on the CR-NAHS (Ley 8495).

Human samples were handled by the authorities of the Public Health
Service of CR (Social Security Services CCSS and Ministry of Health)
and then submitted to National Reference Bacteriology Laboratory at
INCIENSA for diagnostic confirmation. In this institution the samples were
handled according to the INCIENSA ethical committee specifications and
the agreement between INCIENSA and SENASA (Oficio 16-06-2013).
Upon registration to the Medical Health Centre, all patients were informed
regarding the purpose of the work and provided the corresponding written
consents according to the respective Law (Ley 9234, La Gaceta 79). All
samples were taken following the procedures dictated by the Costa Rican
National Health system (Ley 9234, La Gaceta 79), and the World Medical
Association Declaration of Helsinki (Ethical Principles for Medical
Research Involving Human Subjects, General Assembly, Seoul, October
2008), regarding blood samples.

Statistics

For sheep and goats, the sample sizes were determined according to
Cannon and Roe [28] using Win Episcope 2.0 software [29], with an
expected brucellosis prevalence of 0.6% for sheep and 0.7% for goats, with
a confidence level of 95%. This estimation included 500 sheep and 413
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goats to be sampled, distributed in 10 and 13 herds respectively, sorted by
region as described above. Herd selection was chosen assuming that the
management and biosecurity actions, regarding these two ruminants, are
similar in CR. Herds were chosen randomly from sections “A” and “B”,
which are the broodstock herds, and largely reflected the sanitary conditions
of section “C”. From each herd selected, a proportional sample population
was calculated based on the clinical signs compatible with brucellosis, with
a confident level of 95% and an expected prevalence of 5%, according with
Cannon and Roe [28]. In addition to the random sampling, and in order
to increase the probability of positive results, a biased priority was given
to females with a history of abortions, weak or stillborn births, placenta
retention, or with conditions that rendered individuals more susceptible to
any infection, such as low body condition and pale mucous membranes.
If the total number of animals defined for the herd was not covered with
these specifications, random adult females were selected. Breeding rams in
each farm were also examined for the detection of orchitis, epididymitis and
reproductive problems. For feral pigs, the size of the sample was selected for
an expected maximum population of 500 pigs distributed in the entire island,
with a 95% confidence level and a tentative prevalence of 5%. The rest
of the animal species sampled corresponded to the surveillance performed
as part of the National Brucellosis Control Program of the CR-NAHS and
according to the OIE specifications [13].

RESULTS

Sheep and Goats

Most of the ovine and caprine herds are located in the lowlands of CR
(below 1000 m) and are mainly devoted to dairy (caprine) and meat
(ovine) production (Table 1). The sampling procedure was carried out at
the indicated regions, from 2015-2016 (Fig 1). From a total of 510 sheep
sampled, corresponding to 10 herds, eleven animals (five herds) were RBT
positive and five cELISA positive. None of the RBT positive animals were
positive in iELISA, cELISA or FPA. Likewise, from a total of 424 goats,
covering close to 10% of the Costa Rican population, only five animals
demonstrated positive reactions in RBT. However, none of these RBT
positive samples resulted positive in iELISA, cELISA or FPA. According to
these results, the estimated brucellosis RBT prevalence values for goat and
sheep herds were 0.98% and 0.7%, respectively. The RBT positive animals
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were culled and tested for the presence of Brucella spp. in lymph nodes,
spleen, liver, placenta, mammary gland, milk and fetus organs. All cultured
samples tested negative for Brucella spp. Epidemiological and clinical
surveys of the sheep and goat populations and the corresponding farms did
not demonstrate clinical brucellosis.

Figure 1: Sampling of animal stocks, in the six regions of CR.

The epidemiological regions are as follow: 1, Northern Huetar; 2,
Central; 3, Brunca; 4, Chorotega; 5, Caribbean Huetar; 6, Central Pacific.
Each red dot represents an animal stock facility.

From the 3681 ovine and caprine routinely sampled at the CR-NAHS
laboratories for regular diagnosis, only one caprine was classified as positive
in RBT and iELISA. The animal was slaughter and their various organs
tested for the presence of Brucella, with negative results. Clinical disease
compatible with B. ovis infection was not detected in rams. Likewise, this
bacterium was not isolated from semen samples. Taken together these data,
the “positive” RBT reactions were estimated as unspecific and the presence
of brucellosis in ovine and caprine herds ruled out.
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Water Buffalos

Most water buffalos are located in the low lands, since they require fresh
water habitats for subsistence. From a total of 2586 samples distributed
in 46 herds, collected from 2014-2016 (Fig 1), 17 animals tested positive
in RBT, 38 in cELISA and 77 in the iELISA. The total number of herds
positive in these three assays was ten. All RBT positive samples were
also positive in iELISA and cELISA; and all samples positive for cELISA
were also positive in iIELISA. FPA was not performed. In spite of the
efforts, Brucella organisms were not isolated from vaginal swabs, dairy
products, placental tissues, fetuses, testes, lymph nodes, mammary gland,
blood, spleen or liver of the culled seropositive animals. However, due to the
reported clinical characteristics and the testimonies of persistent abortions
and positive serological reactions, Brucella infections were suspected.
Moreover, it is likely that B. abortus constitutes an infection source for
water buffaloes, since bovine brucellosis caused by this Brucella specie is
highly prevalent in CR [2].

Pigs

From the number of herds studied and the samples obtained at the slaughter
house (Fig 1), only two pigs of one herd were RBT positive. From these, only
one pig was also positive in iELISA and cELISA. The FPA assay was not
performed. Positive animals were culled and different tissues were cultured
for the presence of Brucella, with negative results. In addition, tissues of
aborted fetuses in some farms were also tested for the presence of Brucella,
all with negative results. Likewise, positive serological reactions were not
detected in the feral pig population in the Cocos Island. Histopathological
examination of the liver in the feral swine sample showed chronic
inflammation in 84% of the cases, while 20% had multifocal granulomatous
inflammation with eosinophilic infiltration, probably related to the presence
of parasite nematode Stephanurus dentatus, but not Brucella. Taken together
these data, the positive serological reactions were estimated as non-specific.

Horses

Most horses are located in North Huetar, Chorotega and the northern part
of the Caribbean Huetar regions of CR. Therefore, most of the samples
are from these areas (Fig 1). From the total number of farms studied 14
(6.5%) had seropositive animals, including 18 horses positive in RBT;
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from these, only four were also positive in both iELISA and cELISA. In
spite of the efforts, Brucella was not isolated from horses. However, it is
likely that B. abortus is a source of infection in horses, since many of these
animals are in close contact with infected bovines in CR. In addition, some
clinical features such as fistulous withers and nonspecific lameness due to
joint infection, have occasionally been observed in horses.

Cetaceans

Cetacean brucellosis in Costa Rican was investigated from 2004-2016. RBT
and iELISA, designed for cetacean diagnosis, were positive in 54 (46.9%)
individuals from six different species. They included 38 striped dolphins
(Stenella coeruleoalba), one bottlenose dolphins (Tursiops truncatus), one
spotted dolphins (S. attenuata), one common dolphin (Delphinus delphis),
one rough toothed dolphin (Steno bredanensis), and one Cuvier beaked whale
(Ziphius cavirostris). However, striped dolphin (S. coeruleoalba) remains as
the only cetacean specie from which B. ceti has been isolated from different
organs in CR.

Strong positive RBT and iELISA reactions were obtained in sera from
37 out of 38 striped dolphins stranded at the Pacific coast of CR (Fig 1).
Thirty-seven out of 38 striped dolphins, stranded alive. At the time of
stranding, all live animals presented neurological symptoms such as tremors,
buoyancy difficulties, weakness, seizures and locomotion problems.
With exception of two dolphins (one seropositive and one seronegative),
all other S. coeruleoalba dolphins displayed neurobrucellosis, following
previous diagnosis [27]. All of them died at the stranding site within hours
after the event. Necropsy was performed in all cases and B. ceti was isolated
from the cerebrospinal fluid of 29 individuals (70%). In addition, B. ceti was
also present in placenta, umbilical cord, amniotic and allantoic fluids,
multiple fetal organs, milk, cardiac valve, atlanto occipital joint fluid, lung
and lung nematodes (Halocercus spp.) [6,27,30,31]. All B. ceti isolates
belonged to the MLVA16 type P [32], corresponding to the Pacific Ocean
(data accessible at: http://microbesgenotyping.i2bc.paris-saclay.fr/ [and the
following entries: public databases, Brucella v4 1, bmarCR+number, years
2006-2014])).

Humans

According with the Costa Rican National Reference Bacteriology Laboratory
(INCIENSA), the number of human cases reported by the health centers over
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12 year (2003-2015) period corresponded to 124 patients (Fig 2A): fifty one
were from the Central region 37 from the Caribbean Huetar region and 36
cases from all other regions. Male and female patients represented 79 and
41 cases (Fig 2B), respectively, with ages ranging between 8-76 year-old,
with a large proportion of veterinarians, farmers and slaughter plant workers
(Fig 2C). From a total of the 250 abattoir workers only three presented high
antibody titers (>1/160) compatible with an active brucellosis. With the
exception of two B. neotomae isolates [7], all other human brucellosis cases
corresponded to B. abortus.
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Figure 2: Occurrence human brucellosis cases in CR from 2003-2015.

(A) Number of human brucellosis cases diagnosed per year in CR for the
period. All cases recorded were due to B. abortus. (B) Distribution per age
and proportion of male and female brucellosis cases in CR, diagnosed for
the period. (C) Proportion of 250 seropositive abattoir workers from 2015
to 2016.

DISCUSSION

For most of the history of CR, sheep and goats have been raised in very low
numbers and the dairy products and meat of these animals barely consumed
[33]. Until 1975 the number of goats and sheep in the country were close
to 1000 animals, all together [33]. However, in the nineties the population
of these small ruminants started to increase. Already, in the first decade of
the XXI century, the numbers of goats and sheep were close to 5000 and
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3000, respectively [34]. With the enhanced acceptance of ovine and caprine
dairy and meat products, the emergent industries for small ruminants have
increased. Indeed, the numbers of goats and sheep have augmented almost
three fold (12852) and twelve fold (35800) [10], respectively.

An epidemiological survey for caprine and ovine brucellosis was
performed from 2015-2016. Although we detected a minor number of
RBT positive reactions in small ruminants, they were regarded as false
positives. In spite of the high specificity and sensitivity displayed by the
RBT under controlled conditions with a limited number of known sera,
this assay is not perfect and some non-specific reactions are expected to
occur under field conditions. Therefore, exhaustive clinical, pathological
and epidemiological investigations in the serologically positive sheep
and goats were carried out, all rendering negative results for the presence
of Brucella infections. Bacteria displaying similar antigenic determinants
as smooth brucellae may be the source of false positive reactions [35]. In
addition, positive serological reactions due to B. abortus infections cannot
be ruled out, since this bacterium is highly prevalent in CR [2]. However,
we did not isolate B, abortus or any other brucellae from the tissues of
goats and sheep. Although B. melitensis may be present in some Central
American countries [36], this bacterium has never been isolated in animals
or humans in CR [5, 36]. Following this, it is important to keep these small
ruminants free of brucellosis, restricting the importation of animals and
semen from B. melitensis free countries.

Similar to goats and sheep, the number of water buffalos has steadily
increased in CR during the last ten years. In 2006 the number of water
buffalos in CR was close to 615 animals [37]; in ten years the population
has increased twenty fold, most of them devoted to the production of dairy
products. Taking into account the persistent positive serological reactions,
their close association of water buffalo with B. abortus infected cattle and the
reported cases of abortions compatible with clinical disease; we believe that
some water buffalo populations are infected with Brucella in CR. Moreover,
a significant number of the CR water buffalo population originates from
Trinidad-Tobago, country endemic for water buffalo brucellosis [8, 38]. The
fact that we did not isolate Brucella from water buffalos may be related
to the natural resistance of these animals to brucellosis in relation to other
bovines [39].

B. suis was isolated from a domestic pig in the Central region of CR in
1984 [5]. Since then, the bacterium has not been isolated from boars, in spite
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of the efforts. In CR pigs seldom roam freely around the houses and most
animals are confined to intensive management facilities, under good health
conditions. Moreover, with the exception of Cocos Island, no feral pigs are
present in the CR territory. Since no clinical or epidemiological surveys
indicate swine brucellosis, it is unlikely that B. suis is currently infecting
pigs in the country.

Horses are not primary Brucella hosts and commonly they do not
have the ability to transmit the bacterium to other animals or humans.
Therefore, horses are not of epidemiological relevance in keeping the
bacterium life cycle; however, these animals are sentinels for the presence
of Brucella in other animals, mainly in cattle. Like humans, they become
infected by contact with abortions or with infected cattle, and display a wide
range of clinical manifestations including articular swelling and general
weakness [40]. The fact that close to 18 horses displayed recurrent positive
reactions against Brucella, may be an indication of the high seroprevalence
of Brucella infections in cattle [2], including water buffalo.

B. ceti infections in dolphins stranded in the CR Pacific coast were
detected for the first time in 2004 [6]. A total of 115 stranding events
from at least 16 different species of cetaceans have been recorded in CR
seashores from 2004-2016 (Table 2). From these, six species displayed
positive serological reactions. However, B. ceti active infections have
been only documented in striped dolphins from the Pacific Ocean of CR.
All B. ceti isolates belong to the same MLVA16 type P. This bacterial group
corresponds to a particular cluster distinct from other B. ceti strains isolated in
various oceanic latitudes, and it is a hallmark for S. coeruleoalba infections
in the Eastern Tropical Pacific [32]. Moreover, all the 29 dolphin cases in
which B. ceti organisms were isolated suffered from neurobrucellosis [27]. It
seems, therefore, that this dolphin specie is highly susceptible to B. ceti and
that many of the stranding events were due to brain infections, as recorded
in other latitudes [41]. The surveillance of cetacean brucellosis in Central
American littorals requires attention. This is mandatory to understand the
impact that brucellosis has in the Eastern Tropical Pacific marine mammal
populations and to ensure prevention measures for potential human and
animal infections [42].

In a previous study in the Central region (Cartago, CR), in which
71% of the human population consumed unpasteurized dairy products;
an overall seroprevalence of 0.87% was detected [19]. However, no
statistically significant association was found between unpasteurized milk
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consumption and the presence of antibodies against Brucella organisms.
Here, we reported a steady increase in the number of human brucellosis
cases during a lapse of 12 years. Whether the steady increase of human
brucellosis reports corresponded to improved diagnosis or to intensification
in the number of cases, is not known. The number of human brucellosis
cases due to B. abortus is consistent with the high prevalence of bovine
brucellosis in CR, and the absence of B. melitensis in sheep and goats,
and B. suis in pigs, two Brucella species that display a higher zoonotic
potential than former bacteria [43]. In CR there are other zoonotic brucellae
such as B. neotomae [7] and B. canis [44], which were not considered in this
study. Nevertheless, a careful identification of strains is required, even with
those Brucella species that are considered of low zoonotic risk.

From the epidemiological perspective, it seems that the population of
sheep, goats and pigs in CR are free of B. melitensis infections. This seems to
be also the case for B. ovis in rams and B. suis for pigs. Consequently, humans
are also free of these bacterial species. However, with the increasing number
of small ruminant species in the country the risk of Brucella infections
arriving from other latitudes requires permanent surveillance, improved
management and sensitive and specific diagnostic tools.

CONCLUSIONS
. Domestic ovine, caprine and swine herds are free of brucellosis
in CR.
. The presence of Brucella infections in water buffaloes is highly
suspected in CR.
. The presence of B. abortus infections in horses is highly suspected
in CR.

. Striped dolphins from the Pacific Ocean of CR are the main host
of B. ceti cluster type P.

. The main clinical symptom found in striped dolphins corresponded
to neurobrucellosis.

. Detection of human infections, due to B. abortus, has steadily
increased since 2005 in CR.

. Estimating the presence of Brucella infections in different hosts
inhabiting CR is relevant for understanding the impact that
brucellosis has in the country and for prevention measures.
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Background
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such herds, and the association of bacterial species with the various stages
of IP and herds of various morbidity of IP. Nineteen free stall dairy herds
with IP outbreaks and three control herds were visited and bacteriological
samples collected from cows suffering from IP (n=106), other hoof diseases
(n=58), and control cows (n=64). The herds were divided into high
morbidity (morbidity >50%) and moderate morbidity groups (9-33%) based
on morbidity during the first two months of the outbreak.

Results

F. necrophorum subspecies necrophorum was clearly associated with IP
in general, and 7. pyogenes was associated with the healing stage of IP.
Six other major hoof pathogens were detected; Dichelobacter nodosus,
Porphyromonas levii, Prevotella melaninogenica, Treponema spp. and
Trueperella pyogenes. Most of the samples of acute IP (66.7%) harboured
both F. necrophorum and D. nodosus. We found differences between
moderate morbidity and high morbidity herds. D. nodosus was more
common in IP lesion in high than in moderate morbidity herds.

Conclusions

Our result confirms that F. necrophorum subspecies necrophorum is the
main pathogen in IP, but also 7. pyogenes is associated with the healing
stage of IP. Our results suggest that D. nodosus may play a role in the
severity of the outbreak of IP, but further research is needed to establish
other bacteriological factors behind these severe outbreaks.

BACKGROUND

During recent years, severe outbreaks of interdigital phlegmon (IP) have
occurred in dairy herds in Finland, with sudden onset and of divergent
morbidity. No preceding clear wound has been detected in the interdigital
cleft of the IP cows. These new types of outbreaks have caused serious
economic losses to affected dairy farms [1].

IP occurs usually as a sporadic infection of cattle. The herd incidence
per lactation is generally 2-5% [2, 3], but studies of earlier outbreaks of IP
report incidences of 17-25% during outbreaks [4, 5]. Common signs of IP
are lameness; occasionally with an acute onset, a swelling of the interdigital
arca and the bulbs of the heels, and a fetid odour. A fissure with swollen
protruding edges may appear along the interdigital cleft. In severe cases,
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systemic signs occur, including fever, recumbency, anorexia or decrease in
milk production [6, 7]. IP reduces milk yield [8] and can necessitate early
culling of the affected cow [8, 9].

Traditionally, Fusobacterium necrophorum is considered the major
infective agent of IP [10,11,12] and is detected frequently in IP lesions.
necrophorum is a common animal pathogen, producing several toxins that
can injure tissues; leukotoxin, coded for the /ktA4 gene, is considered a major
virulence factor in cattle [13]. /ktA is unique to F. necrophorum [14], and its
detection has been used in cattle research as a reliable tool for the detection
of F. necrophorum [15]. F. necrophorum 1is classified into two subspecies,
necrophorum and funduliforme. Subspecies necrophorum is more frequently
encountered in animal infections and in pure culture, whereas funduliforme
is found in mixed infections and is considered less pathogenic [16].

In addition to F. necrophorum, several other bacteria such as, Bacteroides
melaninogenicus [11, 12], Dichelobacter nodosus [7], Porphyromonas
levii [17, 18], Spirochetes [5, 7], and Trueperella pyogenes [11] have been
suggested to play a role in the pathogenesis of IP. Nevertheless, most of that
research was done long ago and, for example, the taxonomical changes since
then make interpretation of the results challenging. Also, a recent review
describes that the role of various bacterial species in the pathogenesis of IP
is still unresolved [6].

Recently the main research focus worldwide has been on digital
dermatitis (DD) and treponemes and only a few studies have addressed IP
and its bacteriology. However, because of numerous new type outbreaks of
IP in dairy herds in Finland, we investigated the bacteriology of IP, including
those bacteria earlier suggested to be involved in IP. The aim of the study
was to investigate the bacteriology of IP in this new type of outbreaks; at
various stages of IP, both acute and during the healing process, and compare
the findings with healthy control cows. Moreover, we investigated whether
these bacteriological findings differed between herds of various morbidities.

METHODS

Herds

During 2012-2015 we carried out a research project on infectious hoof
diseases in Finland. As a part of the project, we made several farm visits
to privately owned dairy herds affected by outbreaks of IP. Of the farms
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visited, 19 fulfilled the criteria for an outbreak of IP; at least three observed
cases of IP within 1 week, and no previous history of IP in the herd for
10 years. The outbreak herds were later divided into two categories based
on the incidence of IP within 2 months of the outbreak. Furthermore, we
collected samples from control cows of three non-outbreak herds (IP free
herds). All herds studied were housed in free stalls. The average herd size
was 75 lactating cows (range 31-140, median 62) and the average milk yield
was 9234kg (8000-10,914 kg, median 9219kg).

Cows

The primary selection criteria for inclusion of a cow in the study were
lameness, prolonged lying-time, or a ‘trouble report’ from an automatic
milking system. In the outbreak herds, we collected samples mainly from
cows that had IP, but also from lesions apparently infected with bacteria.
Such lesions included DD, interdigital dermatitis (ID), white line abscesses
and sole ulcers. The IP lesions were classified as acute IP or healing IP.
The diagnosis of acute IP was made if a symmetric swelling and possible
ulceration appeared in the interdigital cleft. Healing IP was identified as
proliferation tissue or apparent scar formation in the affected region. DD
diagnosis was made according to Dopfer et al. [19]. We also sampled 1-5
control cows per IP outbreak herd. These were non-lame cows with no sign
of IP, DD, ID, sole ulcer, or white line disease, and are hereafter referred to
as control cows (IP herd). In control herds, we sampled 4-8 cows in each
herd using the same criteria as for control cows (IP herd).

We sampled a single hoof from all control cows, but from 11 cows with
IP or DD we took samples from two separate feet. Five outbreak herds
were visited 2 or 3 times. During these visits, 10 IP cows were sampled
repeatedly 2 or 3 times 11-34 days after the first sampling. These samples
were additional and not included in the total number of hoof samples (total
n=228). These resampled IP cows had clinical signs of IP at all sampling
times. Table 1 presents the number of study herds of various morbidities,
numbers of sampled cows and hoof samples in various disease groups.
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Table 1: Dairy herds, cows and bacteriological samples of a study of interdigi-
tal phlegmon outbreaks in Finland

2&3

Herd [Cow (n) |Control (IP |Control (IP |Acute IP Healing Other hoof
(n) free herd) |herd) stage IP disease
Number of herds 19 217
High morbidity |7 65 13 (28.9%) |27 (45%) |11 (27.5%) |14 (26.4%)
herd
Moderate morbid- |12 [133 32 (71.1%) |33 (55%) {29 (72.50%) |39 (73.6%)
ity herd
Non-outbreak 3 19 19 (100%)
herd
Number of cows 217 19/217 45/217 60/217 40/217 53/217
(8.8%) (20.7%) (27.7%) (18.4%) (24.4%)
Cows with antibiotic treatment
None 151 19 (100%) |45 (100%) |31 (51.7%) |7 (17.5%) |49 (92.5%)
(69.6%)
Current 37 (17.1%)]0 (0%) 0 (0%) 21 (35%) |15(37.5%) |1 (1.9%)
Previous 29 (13.4%)]0 (0%) 0 (0%) 8(13.3%) |18 (45%) 3(5.7%)
Hoof Control (IP |Control (IP [Acute IP Healing Other hoof
sample (n) |free herd) |herd) stage IP disease
Number of hoof 228 19 (8.3%) 145 (19.7%) |65" (28.5%) |41% (18.0%) |58 (25.4%)
samples
Front feet 25 (11.0%)10 (0%) S(11.1%) |12 (18.5%) |5(12.2%) |3 (5.2%)
Hind feet 203 19 (100%) |40 (88.9%) |53 (81.5%) |36 (87.8%) |55 (94.8%)
(89.0%)
Hoof sample with antimicrobial treatment
None 159 19 (100%) |45 (100%) |36 (55.4%) |7 (17.1%) |52 (89.7%)
(69.7%)

Current 38 (16.7%)]0 (0%) 0 (0%) 21 (32.3%) |16 (39.0%) |1 (1.7%)
Previous 31 (13.6%)[0 (0%) 0 (0%) 8(12.3%) |18(43.9%) |5 (8.6%)
Number of PCR tests| Hoof Control (IP |Control (IP [Acute IP Healing Other hoof

sample (n) |free herd) [herd) stage IP disease

Fusobacterium 205 19 (100%) |43 (95.6%) |52 (80.0%) |37 (90.2%) |54 (93.1%)

necrophorum

Dichelobacter 205 19 (100%) |43 (95.6%) |52 (80.0%) |37 (90.2%) |54 (93.1%)

nodosus

Porphyromonas levii 142 19 (100%) (41 (91.1%) |49 (75.4%) |33 (80.5%) |Not ana-
lyzed

Prevotella melanino- 142 19 (100%) |41 (91.1%) |49 (75.4%) |33 (80.5%) |Not ana-

genica lyzed

Treponema group 168 19 (100%) |42 (93.3%) (39 (60.0%) |36 (87.8%) |32 (59.3%)
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Trueperella pyo- 205 19 (100%) |43 (95.6%) |52 (80.0%) (37 (90.2%) |54 (93.1%)
genes

*Two feet were sampled from 11 cows (5 acute IP, 1 healing stage IP, 5 other
hoof diseases)

Numbers of sampled cows, numbers of hoof samples and a possible
antimicrobial treatment in various disease groups; control cows in a herd
with no outbreak of interdigital phlegmon, IP (IP free herd), control cows in
a herd with an outbreak of IP (IP herd), acute interdigital phlegmon (Acute
IP), IP at healing stage (Healing IP) and hoof diseases other than IP (Other).
The group “Other” included hoof samples from digital dermatitis, interdigital
dermatitis, white line abscess and sole ulcer. With antibiotic treatment,
“None” signifies no current or previous antibiotic treatment during last
month, “Current” signifies current antibiotic treatment or treatment within
6days before sampling and “Previous” means previous treatment with
antibiotics within 7-30days prior to the sampling. “Number of PCR tests”
column means the number of samples that were successfully amplified
in PCR

Ofthe sampled cows (n=217) selected for the study, 58.5% were Ayrshire
and 41.5% Holstein. Moreover 4.6% were heifers, 41.5% first parity cows,
22.1% second parity, 29.5% third or more parity cows and 36.9% were on
early lactation (1-120days in milk, DIM), 53.0% late lactation (121-305
DIM) and 7.8% were either dry cows or heifers. Information on parity and
lactation stage was absent for 5 cows (2.3%).

Sampling Methods and Materials

Two veterinarians (MK, RJ) experienced in hoof diseases of cattle, evaluated
the general condition and hoof health of the cows prior to sampling and
recorded clinical diagnosis and antimicrobial treatment history. Every hoof
was photographed at sampling, and diagnoses were standardized between
the two veterinarians by evaluating some of the photographs together.

The sampling took place in a trimming chute; we lifted the foot up and
spread the claws with an extensor. Then we washed the distal foot carefully
with a hose, spouted with saline solution, and dried it with gauze. We
collected the bacterial samples from the inflamed region using sterile swabs
(FLOQSwabs), used them immediately for culturing, and took cytobrush
samples from the same region for PCR analysis. We placed the cytobrushes
(Medscand Medical Cytobrush Plus, CooperSurgical Inc., Germany) in
sampling tubes (Micro tube 2mL, Sarstedt, Germany) and froze them to —
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20°C in 24h. We sampled the control cows similarly from the interdigital
cleft. All bacterial samples in this study are hereafter referred as hoof
samples. If needed, the farm veterinarian treated IP and DD cows with
severe signs after sampling.

Bacteriological Culture

During the farm visits, we set up a field laboratory at the farm. It included
culture media, disposable plastic loops (10puL, Mekalasi Oy, Helsinki,
Finland) and equipment to maintain anaerobic conditions. Fastidious
Anaerobe Agar, FAA (LabM, Lancashire, UK) and Fusobacterium
Neomycin Vancomycin, NV agar [20] were used for primary culture. NV
media were provided by Kokkola laboratory ((Maintpartner OY, Kokkola,
Finland) or the Finnish Food Safety Authority (Evira, Helsinki, Finland).
Agar plates were prereduced in Genbox containers (Biomerieux, France).
The agar plates were sealed to maintain anaerobic conditions (BD GasPak
EZ, Becton, Dickinson and Company, USA and GENpag anaer, Biomerieux,
France) within 2 hours of sampling and incubated anaerobically for 2 days
at 37°C.

Isolation and Identification of Fusobacterium Necrophorum

From cultures we picked greyish, umbonate colonies of various shapes
and sizes typical of spp. necrophorum, and smaller, yellowish, and waxy
colonies typical of spp. funduliforme. Both colony types expressed strong
beta-haemolysis on FAA and NV agars. The colonies were identified using
conventional bacteriological methods to species and subspecies level [20],
and verified using PCR assays for /ktA and haemagglutinin (Table 2).
Isolates were stored below —70 °C for further characterisation.

Table 2: PCR oligos and reaction conditions of a study of interdigital phlegmon
outbreaks in Finnish dairy herds

PCR assay Oligos Annealing | PCR Reference
tempera- prod-
ture (°C) uct
(bp)
Dichelobacter 16S(F2): CGGGGTTATGTAGCTTGC 60 783 [43]
nodosus
16S(R2): TCGGTACCGAGTATTTC-
TACCCAACACCT
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F. necrophorum | LT3 F: GGAGTAAGAGCAAC- 60 360 [44]
leucotoxin TATGGGAGCAGCTAC
LT3 R: CCCAATCCACCTTTTACAG-
CAGCTCG
F. necrophorum | HAEM F: CATTGGGTTGGATAAC- 55 286 [45]
hemagglutinin GACTCCTAC
HAEM R: CAATTCTTTGTCTAAGATG-
GAAGCGG
Trueper- PLO F: TCATCAACAATCCCACGAAGAG | 60 150 [46]
ella pyogenes
pyolysin
PLO R: TTGCCTCCAGTTGACGCTTT
Universal 16S 27fYM: 5’-AGAGTTTGATYMTGGCT- 53 ~1500 | [47]
CAG-3'
1492 1: 5’-TACCTTGTTACGACTT-3'
Porphyromonas
levii
PORPOIFO1 GACCAAATCGTCGTACTTGACAAA 66.2 75
PORPO1RO1 GCCTCGGCTGGCAGTAAG 66.4
PORP- ACTCTCATGGTTGCCTACTTCTA- 71.3
01PO1FAM CAATCTTTCC
Prevotella
melaninogenica
PREVO1FO01 CCCGGCTGTTTAGAATACTTTGTCA 67.8 152
PREVO01R02 CTTTGCATGGGTGGTGTTGAT 67.2
PREVO1P- AATTAATCGTCGTCCGATATCACCA- 73.4
01FAM CATACAGAG
Treponemas
Group 1 (T TmF 5-GAATGCTCATCTGATGACGGTA- | 68 472— [21]
medium/T. vin- | ATCGACG-3' 500
centii —like)
TmR 5-CCGGCCTTATCTAAGACCTTC-
TACTAG-3'
Group 2 (T TbF 5'-GAAATACTCAAGCTTAACTT- 64 400 [21]
phagedenis- GAGAATTGC-3'
like)
TbR 5-CTACGCTACCATATCTCTATA-
ATATTGC-3'
Group 3 (T TpF 5-GGAGATGAGGGAATGC- 67 475 [21]
denticola IT. GTCTTCGATG-3'
putidum-like)
TpR 5-CAAGAGTCGTATTGCTACGCT-
GATATATC-3'
Universal 16S 16S F 5~ AGAGTTTGATCCTGG-3' 57 1526 [48]
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DNA Extraction from the Cytobrush Samples

Total DNA was extracted from cytobrush samples with Qiagen Blood and
Tissue Column kit (Qiagen Gmbh, Germany) following the manufacturer’s
instructions. The samples were eluted in 100 uL EB and stored at =20 °C. An
aliquot of 2 uLL was used as a template for PCR amplification. Bovine DNA
in the preparations did not block the detection of bacterial target DNA by
PCR. The PCR assays are listed in Table 2.

PCR for Fusobacterium necrophorum, Dichelobacter nodosus
and Trueperella pyogenes

The PCR analyses were performed at the Finnish Food Safety Authority
Evira. Ofthe 228 samples analyzed, 205 samples were successfully amplified.
The PCR assays, oligos and conditions for PCR are shown in Table 2. PCR
reactions consisted of 0.5 uM of each oligo, 200 uM dNTP (Thermo Fisher
Scientific), 1.0 U Dynazyme polymerase, 1.5mM MgCl, and 2 uL template
in Dynazyme F-511 buffer (Thermo Fisher Scientific). PTC Thermal cycler
(Thermo Fisher Scientific™) was used for ampilification. For /ktA gene,
the thermal profile consisted of 95°C for 2min followed by 35cycles of
95°C for 30s, 60°C for 30s, 72°C for 40s, with a final extension at 72°C
for S5min. For haemagglutinin gene, the thermal profile was 95 °C for 2 min,
followed by 35 cycles of 95 °C for 30s, 55 °C for 15s and 72 °C for 30's, with
a final extension at 72 °C for Smin. The PCR products were separated and
visualized using electrophoresis and SybrSafe in 1.5% agarose gel.

PCR for Porphyromonas levii and Prevotella Melaninogenica

The PCR analyses were performed at ThermoFisher Scientific Vantaa,
Finland. Control (IP herd and IP free herd) and IP samples (n=142) were
analysed. All PCR reactions contained 0.5 uM of primers and 0.25uM of
probes in 20 uL of final PCR volume. QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific™) was used for thermal cycling. The thermal
profile consisted of 95 °C for 10 min followed by 40 cycles of 95°C for 5,
and 60 °C for 1 min. In-house programs were applied to design qPCR oligo
sequences for P. levii and P. melaninogenica used in this study (Table 2).
Inclusivity and exclusivity were confirmed in silico using all RefSeq (NCBI
Reference Sequence Database) bacterial genomes as reference sequence
data.

Commercial genomic DNA (gDNA) stocks from P. melaninogenica
DSM26980 and P. levii DSM23370 were measured using a Qubit Fluorometer
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(Qubit® 2.0 Fluorometer, Thermo Fisher Scientific™) and gDNA copy
numbers were calculated using DNA Copy Number and Dilution Calculator
(Thermo Fisher Scientific™). Both oligo sets were multiplexed with an
internal amplification control (IAC) oligos and template DNA (eliminates
false-negative results due to inhibition of the reaction) and compared to
the singleplex reactions using a genomic DNA dilution series in triplicate.
Amplification efficiency for both oligo sets was calculated from the multiplex
reactions. No-template controls (NTC) were run with each multiplex to
screen potential oligo cross-reactions. Sensitivity of the oligo sets was tested
using a doubling dilution series of genomic DNA in 8 replicates. Specificity
of both oligo sets was tested using the non-target panel of several bacteria.
DNA samples were analysed with the two oligo sets using 2 uL. of DNA.
Positive controls and NTC’s were included into each run.

PCR for Treponema

The PCR analyses were performed at Denmark Technical University.
Altogether 168 cytobrush samples had enough DNA for the analysis. An
initial PCR step using a universal bacterial oligo pair encompassing most of
the 16S rRNA gene [21] was followed by nested PCR analysis using oligos
specific for the three DD Treponema phylogroups as described by Evans
et al. [21] (Table 2). In all PCR assays, a 25 puL reaction mixture contained
1.25U AmpliTag DNA polymerase (Applied Biosystems, CA, USA),
1.5mM (universal oligos) or 3mM (group specific oligos) MgCl, Solution
(Applied Biosystems, USA), 100 uM of each ANTP (Amersham Biosciences,
NJ, USA), 0.2 uM of each specific oligo, and 1 puL of the template in PCR
Buffer II (Applied Biosystems, USA). Thermal cycling was performed in a
T3 thermocycler (Biometra, Gottingen, Germany) as described by Evans et
al. [21]. In each assay, water served as a negative control, and genomic DNA
from each of the three Treponema groups as positive control. PCR products
were separated on a 2% E-gel (Invitrogen, Carlsbad, 92,008 CA, USA), and
visualized by UV fluorescence.

Bacterial Controls

The following type strains were used as controls in the PCR assays: D.
nodosus ATCC 25549, F. necrophorum ssp. necrophorum ATCC 25286,
F. varium ATCC 8501, F. necrophorum ssp. funduliforme DSM 19678,
T. pyogenes ATCC 19411D, P. levii (DSM23370) and P. melaninogenica
(DSM26980), T vincentii (ATCC 35580), T phagedenis (ATCC 27087) and
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T. denticola (ATCC 3320). Our own Arcanobacterium haemolyticum isolate
served as a negative control for 7. pyogenes pyolysin.

Statistical Analysis

The bacteriological results and data recorded during the herd visits were
entered Excel spreadsheets and the statistical analyses were carried out
using Stata IC version 15.0 (Stata Corporation, Texas, USA). A p-value of
<0.05 was considered statistically significant. The repeated samples were
excluded from statistical analyses.

Two groups of cows served as controls in our study; control in IP
free herd (n=19) and in IP herd (n=45), and were tested for statistical
difference using chi square. All hoof samples were divided into four disease
categories; 1) control, 2) acute IP, 3) healing IP, and 4) other hoof diseases.
Antimicrobial treatments were divided into three categories; 1) no current or
previous antimicrobial treatment during last month, 2) current antimicrobial
treatment or treatment within 6days before sampling and 3) previous
treatment with antimicrobials within 7-30days prior to the sampling. The
outbreak herds (n=19) were divided into two categories 1) herds of high
morbidity; >50% of the cows having IP and 2) herds of moderate morbidity;
9-33% of the cows with IP during the first 2 months of the outbreak. No
herds had morbidity between these figures.

The effect of antimicrobial treatment to each bacterium was tested
separately with a logistic regression model. The dependent variable was each
bacterium separately and independent variables were disease categories 14
and antimicrobial treatment categories 1-3. Herd was included as a random
factor in these models.

The possible association of culture results of fusobacteria and IP were
tested using chi-squared test. The possible association of bacteria in IP
samples and high or moderate morbidity outbreak of IP were tested using
Fisher exact test; only cows without antimicrobial treatment were included
in the analysis.

We studied the association of disease categories and various bacteria
(n=6) in a multinomial logistic regression model. The herd had no effect
on the results and was not included to the final model. The outcome of the
model was disease categories (control, acute IP, healing IP) and variables
were F. necrophorum, D. nodosus, T. pyogenes, Treponema, P. levii and
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P. melaninogenica (all dichotomous, no presence/presence). The group of
other hoof diseases was excluded from this analysis.

RESULTS

Association of Fusobacterium necrophorum Isolates in different
Disease Categories

F. necrophorum ssp. necrophorum was detected by culture in 48/65 (73.8%)
of the samples from acute IP and in 26/41 (63.4%) from healing IP and
was clearly associated with IP (»p<0.01) when both IP groups (n=106) were
combined and compared with controls (n=64). All the F. necrophorum
isolates, including both subspecies necrophorum and funduliforme, possessed
the lktA gene. Figure 1 shows the prevalence of cultured fusobacteria in
various disease categories; control cows (IP free herd, n=19), control cows
(IP herd, n=45), acute IP (n=65), healing IP (n=41), other hoof diseases
(n=5%).

100 —
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%
40

- e ThE I

Control Control Acute IP Healing IP Other
(IP" free herd)  (IP" herd)

O No fusobacteria B subspecies necrophorum

B subspecies funduliforme B both subspecies

'IP = interdigital phlegmon

Figure 1: Detection of Fusobacterium necrophorum ssp. necrophorum and
ssp. funduliforme by culture in hoof samples from various disease categories.
Samples (n=228) were collected from control cows (IP free herd, n=19), con-
trol cows (IP herd, n=45), acute interdigital phlegmon (Acute IP, n=65), during
the healing process of IP (Healing IP, n=41) and from other hoof diseases than
IP, including digital dermatitis, interdigital dermatitis, white line abscess and
sole ulcer (Other, n=58).
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The group of other hoof diseases (n=58) included samples from
cases of DD, ID, sole ulcer and white line abscesses. In 20 DD samples,
FE. necrophorum ssp. necrophorum was detected in 7 (35.0%) samples. In
other hoof diseases, including ID, white line abscesses and sole ulcers, ssp.
necrophorum was detected in 11/38 (28.9%) of the samples.

Isolation of Fusobacterium necrophorum from Repeated Sam-
ples

The resampled hooves were culture negative for F necrophorum ssp.
necrophorum in a first sampling, but both were positive subsequently. One
sample was positive at both samplings and seven samples were negative
at the second sampling. One cow was sampled three times and after being
positive for F. necrophorum ssp. necrophorum at the first sampling, it was
negative at the second and positive at the third sampling. All cows except
one were treated with antimicrobials between sampling times.

PCR Results

We obtained PCR results for D. nodosus, F. necrophorum and T. pyogenes
from 205 hoof cytobrush samples, P. levii and P. melaninogenica from 142
and Treponema from 168 samples. Figure 1 shows the number of successful
PCR tests in each disease category. Of 168 Treponema samples, 93 (55.4%)
were positive for universal Treponema primer. None of the samples was
positive for Treponema group 1 (T. medium/ T. vincentii-like). However,
28/168 (16.7%) were positive for Treponema group 2 (T phagedenis-like)
and 16/168 (9.5%) for Treponema group 3 (T. putidum/ T. denticola-like).
Treponema group 3 was always detected simultaneously with Treponema
group 2. Of these 16 samples were 4 acute IP, 3 healing IP, 8 DD and 1 other
hoof disease.

PCR Results for Control Cows

D. nodosus was detected from 9/19 (47.4%) control cows (IP free herd) and
21/43 (48.8%) control cows (IP herd), F. necrophorum was detected in 0/19
(0%) and 4/43 (9.3%) of samples, P. levii in 1/19 (5.6%) and 3/41 (7.3%),
P. melaninogenica in 0/19 (0%) and 2/41 (4.9%), Treponema group 2 and 3
in 4/19 (21.1%) and 6/42 (14.3%), and T. pyogenes in 1/19 (5.3%) and 0/43
(0%). No statistical differences were evident between the control groups
regarding the bacteria detected and therefore data for each control group
were combined for statistical analyses.
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PCR Results for Samples of IP and other Hoof Diseases

Figure 2 presents the results of PCR analysis for various disease categories;
control cows (n=62), acute IP (n=52), healing IP (»=37), and other hoof
diseases (n=54). P. levii and P. melaninogenica were not analysed among
the group of other hoof diseases. Several bacterial species were detected
by PCR in numerous hoof samples (Table 3). The control cows were either
PCR negative (26/59; 44.1%), or harboured D. nodosus alone (16/59;
27.1%) or in combination with 7reponema group 2 and 3 (9/59; 15.3%). In
most acute [P samples (24/36; 66.7%), F. necrophorum and D. nodosus were
detected. They occurred with P. levii (4/36; 11.1%) or Treponema group
2 and 3 (4/36; 11.1%), and F. necrophorum alone was combined with 70
pyogenes (4/36; 11.1%). For the healing stage of IP, the most frequently
detected combinations were F. necrophorum and T. pyogenes (6/33, 18.2%),
F. necrophorum alone (3/33; 9.1%) and F. necrophorum, T. pyogenes and P.
levii (3/33, 9.1%).
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B Porphyromonas levii B Prevotella melaninogenica
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Figure 2: Detection of bacteria by PCR in hoof samples from various disease
categories. The disease categories included; control cows (n=62), acute inter-
digital phlegmon (Acute IP, n=52), IP in a healing stage (Healing IP, n=37)
and other hoof diseases than IP (Other, n=>54). The group other hoof diseases
included hoof samples from digital dermatitis, interdigital dermatitis, white line
abscess and sole ulcer. Total number of hoof samples is 205, except with P. levii
and P. melaninogenica (142) and Treponema group 2 and 3 (168).
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Table 3: Combinations of bacterial species detected by PCR in various disease
categories in interdigital phlegmon outbreaks in Finnish dairy herds

Bacterial combination Control | Acute IP | Healing IP
n 59 36 33
No detected bacteria 26 2

P. melaninogenica 1
P, levii 3

Treponema * 1
T. pyogenes 1 1

D. nodosus 16 2
D. nodosus, P. melaninogenica 1

D. nodosus, Treponema 9 2

D. nodosus, Treponema, P. levii 1

D. nodosus, Treponema, T. pyogenes 1
F. necrophorum 1 3
F. necrophorum, P. melaninogenica 1
F. necrophorum, P. levii 1 2
. necrophorum, Treponema 1 1
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F. necrophorum, T. pyogenes

FE necrophorum, T. pyogenes, P.
melaninogenica

FE. necrophorum, T. pyogenes, P. levii

FE. necrophorum, T. pyogenes, P. levii,
P. melaninogenica

F. necrophorum, T. pyogenes, Trepo-
nema

F. necrophorum, D. nodosus

F. necrophorum, D. nodosus, P. mela-
ninogenica

F. necrophorum, D. nodosus, P. levii

F. necrophorum, D. nodosus, P. levii,
P. melaninogenica

F. necrophorum, D. nodosus, Trepo-
nema

F. necrophorum, D. nodosus, P. mela-
ninogenica, Treponema

F. necrophorum, D. nodosus, T.
pyogenes

FE. necrophorum, D. nodosus, T. pyo-
genes, P. melaninogenica

FE. necrophorum, D. nodosus, T. pyo-
genes, P. levii

F. necrophorum, D. nodosus, T. pyo-
genes, P. levii, P. melaninogenica

F. necrophorum, D. nodosus, T. pyo-
genes, Treponema

F. necrophorum, D. nodosus, T. pyo-
genes, P. levii, Treponema
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*Treponema includes Treponema group 2 and 3

Various disease categories are control cows, interdigital phlegmon (IP)
in an acute stage (Acute IP), and IP during a healing process (Healing IP).
Total number of control and IP hoof samples is 128

Association of Disease Categories and Bacterial Species

We investigated the association of control samples, acute IP, and healing IP
with the bacterial species detected by PCR (Table 4). F. necrophorum was
associated distinctively with both stages of IP (p<0.01). T pyogenes was
found more often with the healing IP (p=0.01), but only a trend existed in the
group of acute IP samples. Antimicrobial treatment affected detection of D.
nodosus (current treatment OR=0.2, p=0.01, previous treatment OR=0.1,
p<0.01) and Treponema group 2 and 3 (current treatment OR=0.1, p<0.01,
previous treatment OR=0.1, p=0.03), but not detection of other bacteria.

Table 4: The multinomial logistic regression model for the association of
various disease categories and presence of bacteria in outbreaks of interdigital
phlegmon in Finnish dairy herds

Disease categories n RRR* p-value | 95% CI°

Control cows 59 Base outcome

Acute [P 36
Dichelobacter nodosus 2.1 0.36 0.44-9.88
Fusobacterium necrophorum 74.9 <0.01 14.31-391.71
Porphyromonas levii 1.7 0.62 0.22-12.43
Prevotella melaninogenica 0.7 0.80 0.04-12.67
Treponema® 3.8 0.11 0.75-19.33
Trueperella pyogenes 10.8 0.06 0.91-127.48
Constant! 0.04 <0.01 |[0.01-0.15

Healing IP 33
Dichelobacter nodosus 0.4 0.26 0.08-1.95
Fusobacterium necrophorum 58.4 <0.01 |10.29-332.00
Porphyromonas levii 1.1 0.96 0.13-8.73
Prevotella melaninogenica 3.0 0.44 0.19-47.02
Treponema* 2.2 0.40 0.35-13.76
Trueperella pyogenes 22.4 0.01 2.01-249.04
Constant! 0.08 <0.01 |0.02-0.25
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“‘RRR =relative risk ratio

295% CI=95% confidence interval

“Treponema group 2 and 3

dConstant is a baseline relative risk for each outcome

The disease categories were control cows, acute interdigital phlegmon
(Acute IP) and IP in a healing stage (Healing IP). The herd had no effect on
the results. In this model, the number of the hoof samples is 128

Bacterial Findings in High and Moderate Morbidity Herds

Of 19 outbreak herds, in 7 herds the morbidity was high (morbidity >50%
during first 2 months of the outbreak) and 12 herds moderate (morbidity
9-33%). No herds had morbidity of 34-49%. We found no differences
in detected bacteria in control samples of herds of various morbidity. We
focused on acute IP samples and compared their bacteriology between
these 7 high morbidity herds and 12 moderate morbidity herds. Bacterial
species detected by PCR in hoof samples from acute IP in high and moderate
morbidity herds are presented in Fig. 3 and combinations of bacterial species
detected in Table 5.

100 1

80 -

60 -
%
40

I - lH IH

Fusobacterium Dichelobacter Porphyromonas  Prevotella Trueperella Treponema
necrophorum nodosus levii melaninogenica  pyogenes

m High morbidity herd O Moderate morbidity herd

Figure 3: PCR results for hoof samples from acute interdigital phlegmon (IP)
in herds with various morbidity. We visited high morbidity (morbidity >50%
during the first two months of the outbreak) and moderate morbidity (morbidity
9-33%) herds. Number of hoof samples is 52, except with P. levii and P. mela-
ninogenica (n=49) and Treponema (n=39). Treponema includes Treponema
group 2 and 3.
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Table 5: Combinations of bacterial species detected by PCR in hoof samples
from acute interdigital phlegmon (n=36) in high morbidity (>50%) and moder-
ate morbidity (9—33%) Finnish dairy herds

Bacterial combination High Moderate
n 17 19
No detected bacteria 2
T. pyogenes 1
D. nodosus and Treponema * 1 1
D. nodosus, Treponema, P. levii 1

F. necrophorum 1
F. necrophorum, Treponema 1
F. necrophorum, T. pyogenes 1 3
F. necrophorum, D. nodosus 7

F. necrophorum, D. nodosus, P. levii 3 1
F. necrophorum, D. nodosus, P. levii, P. melaninogenica 1
F. necrophorum, D. nodosus, Treponema 4
F. necrophorum, D. nodosus, P. melaninogenica, Treponema 1
F. necrophorum, D. nodosus, T. pyogenes 2

FE necrophorum, D. nodosus, T. pyogenes, P. levii 1
F. necrophorum, D. nodosus, T. pyogenes, P. levii, P. mela- 1
ninogenica

F necrophorum, D. nodosus, T. pyogenes, Treponema 1 1
F. necrophorum, D. nodosus, T. pyogenes, P. levii, Trepo- 1
nema

*Treponema group 2 and 3

First, we analysed the association of culture results of fusobacteria in
various morbidity herds. The presence of 2 F. necrophorum subspecies in
acute IP samples from high (#=31) and from moderate morbidity herds
(n=34) did not differ (p=0.24); of these samples, no fusobacteria were
detected in 9 (29.0%) samples from high and in 4 (11.8%) samples from
moderate morbidity herds. Subspecies necrophorum was detected in 18
samples (58.1%) from high and in 22 (64.7%) samples from moderate
morbidity, ssp. funduliforme in 2 samples from both morbidity groups (6.5
and 5.9% respectively), and both subspecies in 2 samples (6.5%) from high
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and in 6 (17.7%) from moderate morbidity herds. Subsequently we compared
the association of other bacteria in various morbidity herds; presence of D.
nodosus, F. necrophorum, P. levii, P. melaninogenica, Treponema group 2
and 3, and 7. pyogenes detected by PCR in acute IP samples from high and
moderate morbidity herds is presented in Fig. 3.

The most common combination, F. necrophorum and D. nodosus, was
found in 14/17 (82.4%) samples of acute IP from high and 10/19 (52.6%)
samples from moderate morbidity herds (Table 5). D. nodosus was more
often detected in IP in high than moderate morbidity herds (p=0.05, n=35).

DISCUSSION

F. necrophorum was found in this study as the main pathogen in IP. This
is in line with previous studies [10,11,12]. Based on our results, it was
ssp. necrophorum that was clearly associated with IP. We also detected F.
necrophorum in DD and in other hoof diseases, but less frequently than in
IP. Similarly, fusobacteria are detected in DD lesions in other studies [22,
23].

F. necrophorum is a normal inhabitant in the rumen of cattle [24].
Occasionally, it can be detected in the faeces, and thus it contaminates
the environment [25]. In a study of DD microbiome, small number of
fusobacteria were detected on healthy hooves [26]. Similarly, in our study
F. necrophorum ssp. necrophorum was not detected on the skin of healthy
hooves, even when a severe IP outbreak was evident in the herd. This indicates
that F. necrophorum does not colonize the intact skin in large numbers. A
moist environment or possible trauma has been mentioned as predisposing
factors for IP in previous studies [7, 27]. Interestingly, in most of our acute
IP study cows no hoof trauma was visible. In most of the study herds the
free stall was also reasonably new and well-managed. As a result, we can
speculate that F. necrophorum may have to interact with other bacteria to
invade to the subcutaneous tissue in the interdigital cleft.

Unexpectedly in repeated sampling, fusobacteria were cultivated from
IP lesions even though cows had been treated with antimicrobials and IP was
at the healing stage. The clinical signs appeared to diminish after beginning
of antimicrobial treatment, but F. necrophorum remained in the affected
region. However, our bacteriological methods were not quantitative and
therefore, we do not know the number of detected bacteria and whether the
amount had diminished or not. In a small pilot study of outbreaks of IP in two
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herds, susceptibility of 27 F. necrophorum isolates to penicillin, tetracycline,
cefuroxime and cefotaxime was determined by E-test. All isolates were
found susceptible to tested antimicrobials [28]. Also other study reports that
antimicrobial resistance is not characteristic of F. necrophorum in IP [29].

We detected D. nodosus from healthy hooves, IP and other hoof
diseases. In most of the acute IP samples (66.7%), both F. necrophorum and
D. nodosus were detected. A significant association was established with
the presence of D. nodosus in IP lesions and high morbidity outbreak in
the herd. This could indicate that the presence of D. nodosus affects the
severity of IP. D. nodosus is associated with ID [30] and DD [30,31,32,33]
and detected in healthy hooves [30]. It is hypothesised that D. nodosus
could break down the epidermal barrier, creating a suitable environment
for secondary invaders [32]. A recent study also suggests D. nodosus as
a potentially important pathogen in DD [23]. Our qualitative investigation
does not take account of the numbers of bacteria, which might differ in IP
lesions compared with healthy hooves.

P levii and T. pyogenes are detected with F. necrophorum in various
cattle infections and evidence of interactions and possible synergism between
these species is reported [34,35,36,37]. IP is induced using field strains of F.
necrophorum and B. melaninogenicus [11]; the latter is reclassified as several
Porphyromonas and Prevotella species [20]. Moreover, in other studies
these bacteria are detected in IP samples [17, 18]. In addition to IP, P. levii
is detected in DD lesions [22] and in an outbreak of necrotic vulvovaginitis
[38]. Also, T pyogenes is reported to occur in IP lesions [7, 11, 18]. In our
study 7. pyogenes was associated with a healing stage of IP and only a trend
existed with acute IP, indicating that this pathogen has a secondary role in
IP. Nevertheless, we were unable to establish an association between high
morbidity and P. levii or T pyogenes.

There are very few studies of the occurrence of treponemes in IP, but
many concerning DD. Earlier studies revealed occurrence of Spirochetes
in IP lesions [5, 7] but it remains uncertain whether the organisms were
treponemes or not. Treponemes are regarded as the most important pathogens
in DD [19, 22, 26, 39], and have been detected also in other hoof lesions,
including toe necrosis, sole ulcer and white line disease [40, 41]. In our
study, we detected Treponema group 2 and 3 in all disease categories, but
more frequently in IP and in other hoof diseases; mainly DD. Interestingly
all observed DD lesions were detected in herds of moderate morbidity (data
not shown). To date ID and DD are not represented a major problem of cattle
in Finland [42].
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Of 217 cows sampled, 66 (30.4%) were currently being or had previously
been treated with antimicrobials. It would have been unethical to leave the
affected cows untreated until the sampling visit took place. Nevertheless,
the possible effect of an antimicrobial treatment was taken into account in
the analysis.

CONCLUSION

In the current study, we investigated several bacteria in new type of outbreaks
of IP and possible bacterial dissimilarities in herds with various morbidity.
We could detect all studied bacteria in IP lesions either alone or in various
combinations but observed bacteriological differences in herds with various
morbidity. The most substantial finding was the presence of F. necrophorum
in IP lesions, and 7. pyogenes at the healing stage of IP. Our results also
suggest that D. nodosus may play a role in the severity of the outbreak of IP.
It is also quite apparent that a correct diagnosis of IP cannot be made based
on a single bacteriologic sample without a clinical inspection.

Virulence factors of F. necrophorum isolates and transmission of hoof
pathogens among and within farms may represent an important subject that
merits further research.
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ABSTRACT

Leptospirosis is a growing public and veterinary health concern caused by
pathogenic species of Leptospira. Rapid and reliable laboratory tests for
the direct detection of leptospiral infections in animals are in high demand
not only to improve diagnosis but also for understanding the epidemiology
of the disease. In this work we describe a novel and simple TagMan-based
multi-gene targeted real-time PCR approach able to detect and differentiate
Leptospira interrogans, L. kirschneri, L. borgpeteresenii and L. noguchii,
which constitute the veterinary most relevant pathogenic species of
Leptospira. The method uses sets of species-specific probes, and respective
flanking primers, designed from ompLl and secY gene sequences. To
monitor the presence of inhibitors, a duplex amplification assay targeting
both the mammal S-actin and the leptospiral /ipL32 genes was implemented.
The analytical sensitivity of all primer and probe sets was estimated to be
<10 genome equivalents (GE) in the reaction mixture. Application of the
amplification reactions on genomic DNA from a variety of pathogenic and
non-pathogenic Leptospira strains and other non-related bacteria revealed
a 100% analytical specificity. Additionally, pathogenic leptospires were
successfully detected in five out of 29 tissue samples from animals (Mus
spp., Rattus spp., Dolichotis patagonum and Sus domesticus). Two samples
were infected with L. borgpetersenii, two with L. interrogans and one with L.
kirschneri. The possibility to detect and identify these pathogenic agents to
the species level in domestic and wildlife animals reinforces the diagnostic
information and will enhance our understanding of the epidemiology of
leptopirosis.

INTRODUCTION

Leptospirosis is a growing and underestimated public health and veterinary
concern, caused by pathogenic spirochetes belonging to the family
Leptospiracea, genus Leptospira [1], [2]. The disease is an important
cause of abortion, stillbirths, infertility, poor milk production and death
amongst livestock, harboring a significant economic impact [3]-[5]. Its
transmission requires circulation of the agents among domestic and wild
animal reservoirs, with rodents recognized as the most important sources
that establish persistent renal carriage and urinary shedding of Leptospira.
Humans are incidental hosts acquiring a systemic infection upon direct or
indirect exposure to the urine, blood or tissue of an infected animal. Farmers,
veterinarians, sewer workers, pet keepers, rodent catchers and those persons
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participating in aquatic leisure activities are more prone to acquire the
disease.

Conventional classification of Leptospira is based on serological criteria,
using the serovar as the basic taxon. To date over 250 pathogenic serovars
separated into 25 serogroups are known [6]. The serological classification
system is complemented by a genotypic one, in which 21 genetic species
are currently recognized, including pathogenic, intermediate and non-
pathogenic (or saprophytic) species [7]-[10]. Genetic species boundaries
hardly correlate with the serological classification [8].

Serological approaches are used commonly for diagnosis of leptospirosis
in animals. The reference method is the Microscopic Agglutination Test
(MAT), which has the advantage of being specific for serogroups [3] but
has several drawbacks of being laborious and requiring a panel of viable
Leptospira cultures. Isolation of leptospires, from suspect clinical specimens,
constitutes the definitive diagnosis but is also technically demanding, time
consuming and subject to contamination and high rates of failure [4]. Isolates
are traditionally classified to the serovar level by the Cross Agglutinin
Absorption Test (CAAT) [8] which is cumbersome for routine use and is
only performed in a few reference laboratories worldwide.

Rapid and reliable laboratory tests for the direct detection of leptospiral
infections in animals are in high demand, particularly to support suitable
control measures. Serology does not corroborate well with the presence of
pathogenic viable leptospires in the kidneys or urine and detection of the
agentsisnecessary to identify healthy animal carriers. Molecular-based assays
have been previously described for detecting leptospires in clinical samples.
Most approaches are PCR-based and target specific genes or polymorphisms
in the genome of pathogenic leptospires. Several real time PCR assays have
been described predominantly for use with human samples such as whole-
blood, serum or urine [11]-[17] but only few have been plentifully validated
[18],[19]. A few assays were evaluated or used for detecting Lepfospira in
kidney tissue, blood, urine and other clinical specimens from animals such
as sheep [20], dogs [21], [22], pigs [5], deer [23], flying foxes [24] and
rodents [25], [26]. Most assays rely on SYBR green detection chemistry
and only differentiate between pathogenic and non-pathogenic leptospires,
lacking the ability to distinguish between different species. Nevertheless,
speciation of infecting Leptospira from clinical material may be important
for determining the clinical significance, the probable source of infection, to
distinguish sporadic cases from possible outbreaks and to better access the
epidemiology of the disease.
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In the present work we have developed a novel and simple 7TagMan-
based multi-gene targeted real-time PCR approach yielding high sensitivity
and specificity for the direct detection and differentiation of the most relevant
pathogenic Leptospira species in animal samples, suitable for introduction
into the routine diagnostics of veterinary laboratories.

MATERIALS AND METHODS

Bacterial Strains

Eighty five reference strains and clinical and environmental isolates of
Leptospira spp. belonging to pathogenic, intermediate and non-pathogenic
phylogenetic clades were used in this study (Table 1). Strains were obtained
from the collection maintained by the Instituto Nacional de Investigagdo
Agraria e Veterinaria (INIAV), Portugal, which is the Portuguese reference
laboratory for animal diseases, from the Leptospirosis Laboratory at the
Instituto de Higiene e Medicina Tropical (IHMT/UNL), Portugal, and
from the WHO/FAO/OIE and National Leptospirosis Reference Centre in
Amsterdam, The Netherlands. Strains were grown in liquid Ellinghausen-
McCullough-Johnson-Harris (EMJH) medium for up to 7 days.

Table 1: Leptospira strains used in the present study and results of the real
time PCR assays using the species-specific probes and flanking primers

Species  |Serogroup Serovar Strain Source! |Set 12|Set 23[Set 3* |Set 4° [Set 5°
L. inter-  |Australis Muenchen  [Miinchen |[KIT + + - - -
rogans C90
Australis Australis Ballico KIT + + - - -
Australis Bratislava Jez INIAV [+ + - - -
Bratislava
Autumnalis Autumnalis  |Akiyami A [INIAV |+ + - - -
Bataviae Bataviae Van Tienem [INIAV |+ + - - -
Canicola Canicola Hond INIAV [+ + - -
Utrecht IV
Djasiman Djasiman Djasiman  |KIT + + - -
Hebdomadis Hebdomadis [Hebdomadis|KIT + + - -
Hebdomadis Kremastos  |Kremastos |KIT + + - -
Icterohaemorrhagiae | Birkini Birkin KIT [+ + - -
Icterohaemorrhagiae | Copenhageni |M20 INIAV |+ + - -
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Icterohaemorrhagiae | Icterohaemor-|RGA INIAV |+ + - -
rhagiae
Icterohaemorrhagiae | Lai Lai KIT + + - -
Pomona Pomona Pomona INIAV |+ + - -
Pyrogenes Pyrogenes Salinem INIAV [+ + - -
Sejroe Hardjo type |Hardjopra- [IHMT |+ + - -
Prajitno jitno
L. borg- |Ballum Ballum Mus 127 INIAV |+ + -
| petersenii
Ballum Castellonis  [Castellon 3 |KIT + - + -
Hebdomadis Jules Jules KIT + - + -
Hebdomadis Worsfoldi Worsfold  [KIT + - + -
Javanica Ceylonica Piyasena  |KIT + - + -
Javanica Poi Poi INIAV [+ - + -
Javanica Zhenkang L 82 KIT + - + -
Mini Mini Sari IHMT |+ - + -
Pyrogenes Kwale Julu KIT + - + -
Sejroe Hardjo type |Sponselee |KIT + - + -
bovis
Sejroe Hardjo type |L550 KIT + - + -
bovis
Sejroe Hardjo type |JB197 KIT + - + -
bovis
Sejroe Nyanza Kibos KIT + - + -
Sejroe Sejroe Mg4 KIT + - + -
Tarassovi Kisuba Kisuba KIT + - + -
Tarassovi Tarassovi Mitis John- |INIAV |+ - + -
son
L. kirsch- |Australis Ramisi Musa KIT + - - +
neri
Autumnalis Bulgarica Nicolaevo |KIT + - - +
Autumnalis Butembo Butembo  |KIT + - - +
Cynopteri Cynopteri 3522C HMT [+ - - +
Grippotyphosa Grippoty- Moskva V [IHMT |+ - - +
phosa type
Moskva
Grippotyphosa Ratnapura Wum- KIT + - - +
alasena
Grippotyphosa Vanderho- Kipod 179 |KIT + - - +
edeni
Icterohaemorrhagiae | Bogvere LT 60-69 |KIT - -
Pomona Mozdok 5621 KIT - - +
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Pomona Mozdok Portugal INIAV [+ -
1990
Pomona Tsaratsovo  |B 81/7 KIT + -
L. noguchii|Australis Nicaragua 1011 KIT + +
Autumnalis Fortbragg Fort Bragg |KIT + +
Bataviae Argentini- Peludo KIT + +
ensis
Djasiman Huallaga M7 KIT [+ +
Louisiana Louisiana LSU 1945 |KIT + +
Panama Panama CZ214 INIAV |+ +
Pomona Proechimys |1161 U KIT + +
Pyrogenes Myocastoris [LSU 1551 |[KIT + +
Shermani Carimagua  [9160 KIT + +
L. santa- |Ballum Peru MW 10 KIT + -
rosai
Bataviae Balboa 735U KIT +
Bataviae Kobbe CZ 320 KIT + -
Grippotyphosa Canalzonae |CZ 188 KIT + -
Hebdomadis Borincana HS 622 KIT + -
Hebdomadis Maru CZ 285 KIT + -
Javanica Fluminense |[Aa3 KIT + -
Mini Beye 1537U KIT + -
Sarmin Rio RrS KIT + -
Sejroe Guaricura Bov.G. KIT + -
Shermani Babudieri CI40 KIT + -
Shermani Shermani 1342 K KIT + -
Tarassovi Atchafalaya [LSU 1013 |[KIT + -
L. weilii  |Celledoni Celledoni Celledoni  |INIAV [+ -
Celledoni Mengding M 6906 KIT + -
Javanica Coxi Cox KIT + -
Javanica Mengma S 590 KIT + -
Javanica Mengrun A102 KIT [+ -
Mini Hekou H27 KIT + -
Pyrogenes Menglian S 621 KIT + -
Sarmin Sarmin Sarmin KIT + -
Tarassovi Topaz 94-79970/3 |KIT + -
Tarassovi Vughia LT 89-68 |KIT + -
L. alexan- |Hebdomadis Manzhuang |A 23 KIT nd -
deri
Javanica Mengla A5 KIT nd -
Manhao Manhao 3 L 60 KIT nd -
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Mini Yunnan A10 KIT nd
L. meyeri |Ranarum Ranarum ICF KIT nd
Semaranga Semaranga | Veldrat KIT nd
Semaranga
173
L. inadai |Manhao Lincang L14 KIT nd
L.fainei  |Hurstbridge Hurstbridge |BUT 6T KIT nd
L.biflexa |Andaman Andamana |CH 11 KIT
Semaranga Patoc Patoc I KIT

'INIAV - Instituto Nacional de Investigacdo Agraria e Veterinaria, Lisbon,
Portugal. IHMT - Instituto de Higiene e Medicina Tropical, Lisbon, Portugal.
KIT - Royal Tropical Institute, Amsterdam, The Netherlands;

Set 1 targets the /ipL32 gene of pathogenic Leptospira spp.;
3Set 2 targets the secY gene of L. interrogans;
“Set 3 targets the ompL1 gene of L. borgpetersenii;

>Set 4 targets the secY gene of L. kirschneri;
Set 5 targets the secY gene of L. noguchii; nd - not done; Amplification (+)
or no amplification (—).

Culturing Leptospira from tissue samples was performed as described
by the OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals
[27]. Other bacterial strains were provided by INIAV for assessing the
analytical specificity of the amplification reactions, representing the species:
Acinetobacter baumannii (LNIV 1628/12), Bacillus licheniformis (VLA
1831), Klebsiella pneumoniae (VLA 1643), Salmonella Dublin (VLA 1272),
Streptococcus agalactiae (VLA 33), Proteus mirabilis (LNIV 2269/11),
Yersinia enterocolitica (VLA 1884), Staphylococcus aureus (VLA 1032),
Pseudomonas aeruginosa (VLA 67), Arcanobacterium pyogenes (VLA
1321) and Listeria monocytogenes (VLA 1774).

Spiked Tissue Samples

A sample of kidney tissue from a bovine was used for testing as spiked
sample. The kidney was acquired from a local official slaughterhouse
(Raporal, Portugal), obtained from a bovine intended for normal human
consumption, with no signs of leptospirosis. The bovine was not killed
specifically for the purpose of this study. Approximately 200 mg portions
of kidney tissue were excised with a sterile scalpel and homogenized with 5
ml of PBS buffer in a sterile plastic bag (Whirl-Pak bags) using a stomacher
lab-blender. Kidney samples were individually spiked with the following
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strains, in order to determine the analytical detection sensitivity: Leptospira
interrogans (serovar Autumnalis, strain Akiyami), L. kirschneri (serovar
Mozdok, strain Portugal 1990) [28], L. noguchii (serovar Panama, strain CZ
214K) and L. borgpetersenii (serovar Tarassovi, strain Mitis Johnson). All
the strains were grown at 29°C and the concentrations of leptospires were
determined using a Petroff-Hausser counting chamber and adjusted to 10®
cells/ml with PBS buffer. For each strain, tenfold serial dilutions from 107 to
10° cells/ml were prepared in PBS buffer and 0.1 ml aliquots were used to
spike 0.9 ml of tissue homogenates. Tissue homogenate spiked with 0.1 ml
PBS buffer was used as negative control. DNA extraction was performed as
described in the paragraph “Genomic DNA extraction” below.

Tissue Samples

INIAV IP is the Portuguese Reference Laboratory for animal diseases and
provides diagnostic services to national veterinary authorities and private
clients. Twenty seven dead wild rodents (25 Mus spp. and 2 Rattus spp.)
were sent to the INIAV laboratory during the year 2011 for analysis and
further used in this study (Table 2). The rodents were captured in the Lisbon
Zoo under routine operations for rodent population control, by the local
veterinary authorities. No animals were sacrificed for the only purposes
of research. Additionally, a Patagonian mara (Dolichotis patagonum), also
from the zoo, and a swine (Sus domesticus) stillbirth fetus, from a private
client, both suspect of dying with leptospirosis, were submitted for analysis
to our reference laboratory and later included in this study (Table 2). On
arrival to the laboratory, animals were given a reference number and sent to
the pathology where kidney, liver and/or lung tissue samples were collected.
Specimens were then analysed using culture-based methods according
to the OIE standard procedures for leptospirosis [27]. Briefly, specimens
were aseptically collected at necropsy, immediately emulsified in sterile
buffered saline solution in a 10% tissue suspension, two to three drops were
inoculated in a first tube of medium and two more tubes were similarly
inoculated with increasing 10-fold dilutions of the tissue suspension. For the
tissue culture, a semisolid Leptospira EMJH medium was used by adding
0.1% agar to commercial EMJH (Difco), to which rabbit serum (0.4%) and
5-Fluorouracil (100 pg/ml) were further added [27].
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Table 2: Results of the bacteriological culture and of the real time amplification
assays for the tissue samples analyzed in the present study

Sample Origin Set Actin' | Set 12 | Set 2° | Set 3#| Set 4°| Set 5° | Bacteriological
analysis’
12-17433-Z1 | Mus sp. + + - + - - L. borgpetersenii
12-18078-Z6 | Mus sp. + + - + - - L. borgpetersenii
12-18458-Z13| Mus sp. + - - - - - Negative
12-18458-Z14| Mus sp. + - - - - - Negative
12-19472-Z15( Mus sp. + - - - - - Negative
12-20553-Z16| Mus sp. + - - - - - Negative
12-22955-Z17| Mus sp. + - - - - - Negative
12-22955-Z18| Mus sp. + - - - - - Negative
12-22955-Z19| Mus sp. + - - - - - Negative
12-22955-220( Mus sp. + - - - - - Negative
12-22955-722| Mus sp. + - - - - - Negative
12-22955-723 | Mus sp. + - - - - - Negative
12-22955-7Z24| Mus sp. + - - - - - Negative
12-22955-725( Mus sp. + - - - - - Negative
12-22955-726 Mus sp. + - - - - - Negative
12-22955-Z27| Mus sp. + - - - - - Negative
12-22955-228 | Mus sp. + - - - - - Negative
12-22955-729| Mus sp. + - - - - - Negative
12-22955-Z30( Mus sp. + - - - - - Negative
12-22955-7Z31| Mus sp. + - - - - - Negative
12-22955-732 Mus sp. + - - - - - Negative
12-22955-Z33| Mus sp. + - - - - - Negative
12-22955-Z34| Mus sp. + - - - - - Negative
12-22955-Z36| Mus sp. + - - - - - Negative
12-22955-Z37| Rattus sp. + + + - - - L. interrogans
12-22955-Z38 | Mus sp. + - - - - - Negative
12-22955-7Z39| Rattus sp. + - - - - - Negative
11-36840 Dolichotis + + + - - - L. interrogans
patagonum
12-494 Sus domesticus | + + - - + - L. kirschneri
(fetus)

'Set Actin targets the S-actin gene of mammals,
2Set 1 targets the lipL32 gene of pathogenic Leptospira,

3Set 2 targets the secY gene of L. interrogans,
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“Set 3 targets the ompL1 gene of L. borgpetersenii;

>Set 4 targets the secY gene of L. kirschneri;

8Set 5 targets the secY gene of L. noguchii;

"The analysis of the partial sequences of the secY gene of each isolate allowed
to identify the Leptospira species; Amplification (+) or no amplification (—).
DNA was extracted directly from tissues homogenates as described below.

Genomic DNA Extraction

Genomic DNA was extracted from both bacterial liquid cultures and tissue
homogenates using the QIAamp DNA extraction kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany), with a final elution
volume of 200 ul. The DNA concentration from the pure cultures was
estimated spectrophotometrically using a Nanodrop 1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE) and standardized to a
concentration of 10* genome equivalents (GE)/ul for use in the reactions.
The number of GE was estimated using an average genome size of 4.6 Mb
[29]. Genomic DNA suspensions were stored at —20°C until further use.

Design of TagMan Probes and Flanking Primers

DNA sequences of representative strains and species of Lepfospira were
retrieved from NCBI-GenBank and aligned using the ClustalW algorithm
implemented in the program MegAlign (vers. 5.03) (DNAStar, USA).
Primers and dual labeled hydrolysis probes (7agMan probes) were designed
to target selected species-specific genetic polymorphisms of the following
pathogenic Leptospira spp.: L. interrogans, L. borgpetersenii, L. kirschneri
and L. noguchii (Table 3). Probes and primers specificities were assessed in
silico using the BLAST tools from NCBI-GenBank. All probes and primers
were synthesized by MWG Biotech (Germany).

Table 3: Primers and probes used in this study targeting selected genes of
pathogenic species of Leptospira

Set Primer/ Sequence (5'- 3") Annealing Complementary target
Probe temperature  |species
Set F_Actin |GGC TCY ATY CTG GCC TC 60°C f-actin gene of

mammals

Actin ' [R_Actin  [GCAYTT GCG GTG SAC RAT G

P Actin |Cy5.5 (Quasar 705) -TAC TCC TGC TTG
CTG ATC CAC ATC-BHQ2
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Set 1?2 |45F AAG CATTAC CGC TTG TGG TG 60°C lipL32 gene of
pathogenic Leptospiral
spp.

286R GAA CTC CCATIT CAG CGA TT

taq-189P |[FAM-AAA GCC AGG ACAAGC GCC
G-BHQI1

Set2 |PFLint2 |CTT GAG CCT GCG CGT TAY C 63°C secY gene of L. inter-
rogans

PRLint2  |CCG ATA ATT CCA GCG AAG ATC
TaqLint2 [TET-CTC ATT TGG TTA GGA GAA CAG

ATC A-BHQI
Set3 |F_bpn GAT TCG GGT TAC AAT TAG ACC 65°C ompL1 gene of L.
borgpetersenii
R _bpnl  |TTG ATC TAA CCG GAC CAT AGT
TqM_bpn [Cy5.5 (Quasar 705) -TAC TAA GGA TGG
TTT GGA CGC TGC-BHQ2
Set4 |F_nery CTG GCTTAA TCA ATG CTT CTG 60°C secY gene of L.
kirschneri
R_nery CTCTIT CGG TGA TCT GTT CC
TgM_nery |Texas Red-CAG TTC CAG TTG TAA TAG
ATA AGA TTC-BHQ2
Set5 |FLnog2 |TCA GGG TGT AAG AAA GGT TC 63°C secY gene of L.
noguchii

RLnog2  |CAA AAT TAA AGA AGA AGC AAA GAT

TagLnog |FAM-CGATTG GCT TTT TGC TTG AAC
CATC-BHQI1

Retrieved from Costa et al. [31];
Retrieved from Stoddard et al. [16].

Real-time PCR Assays

We have implemented the following assay format for testing DNA
templates extracted from biological samples: (i) a first duplex amplification
step aiming the detection of pathogenic Leptospira spp. (by targeting
the leptospiral /ipL32 gene; Table 3) and including an internal control to
monitor the presence of potential amplification inhibitors (by targeting the
mammal f-actin gene; Table 3); (ii) if pathogenic leptospires are detected
in the first reaction, these may be further discriminated by testing each of
the L. interrogans, L. borgpetersenii, L. kirschneri and L. noguchii targeted
probes/primers (Table 3). The CFX96 real-time PCR detection system
(Bio-Rad, USA) was used for all assays. The amplification reactions were
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optimized individually for all the probes and associated primers using the
SsoFast Probes Supermix (Bio-Rad, USA), according to the manufacturer’s
instructions. Each reaction was conducted in a total volume of 20 pl
consisting of 1x SsoFast Probes Supermix, 400 nM of each primer, 150 nM
of TagMan probe, DNase free water (GIBCO) and 5 pl of DNA template
solution (extracted from pure cultures or tissues samples). Non-template
negative controls (with PCR grade water) were included in each run to rule
out the possibility of cross-contamination. The assay thermal conditions
were as follows: 95°C for 2 min, followed by 45 cycles of 5 s at 95°C and
15 s at the optimized annealing temperature for each probe (Table 3). The
thermal cycling conditions for the duplex amplification targeting f-actin
and /ipL.32 were 95°C for 2 min, followed by 45 cycles of 5 s at 95°C and 35
s at 60°C. Reproducibility of the assays was assessed by repeating the assays
at least twice. Data analyses were performed by the detection system of the
real-time PCR equipment, according to the manufacturers instructions.

Analytical Specificity and Sensitivity

In order to determine if each set of probe and associated primers was specific
for the respective Leptospira target species, the amplification assays were
tested on DNA templates extracted from different strains belonging to
pathogenic, intermediate and non-pathogenic Leptospira species (Table
1), and from other non-related bacteria previously mentioned in “bacterial
strains” section. The analytical sensitivity of the amplification assays
(limits of detection — LODs) were determined using 10-fold serial dilutions
of genomic DNA extracted from pure cultures of L. interrogans (serovar
Autumnalis, strain Akiyami), L. kirschneri (serovar Mozdok, strain Portugal
1990), L. noguchii (serovar Panama, strain CZ 214K) and L. borgpetersenii
(serovar Tarassovi, strain Mitis Johnson). LODs on tissue samples were
assessed using DNA extracted from the serially diluted spiked macerates.
Each template was tested in triplicate.

Sequencing

Leptospira isolates obtained from tissue samples were identified by
comparative sequence analysis of a 245 bp region of the secY gene, as
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described by Victoria et al. [30]. Briefly, the region of interest was amplified
using primers SecYIl (5-GAA TTT CTC TTT TGA TCT TCG-3") and
SecYIV (5-GAG TTA GAG CTC AAA TCT AAG-3"), which amplify secY
sequences from all pathogenic strains of Leptospira. PCR amplifications
were performed on a C1000 thermocycler (Bio-Rad) using the following
program: an initial step of denaturation for 5 min at 95°C, followed by 34
cycles consisting of annealing, 45 sec at 54°C, extension, 2 min at 72°C,
and denaturation, 30 sec at 94°C. Nucleotide sequences were determined,
using the same primers, by commercially available sequencing services.
Nucleotide sequence analysis and comparison with other relevant reference
sequences were performed using the BLAST suite at NCBI-GenBank and
aligned using Clustal X or MEGA software (version 5.0).

RESULTS

Design of Probes and Primers

Species-specific sets of primers and probes targeting L. interrogans, L.
borgpetersenii, L. kirschneri and L. noguchii are listed in Table 3. These
sets of probes and primers contained sufficient polymorphisms to warrant
‘in silico’ species specific amplification.

Analytical Specificity and Sensitivity

Execution of the PCRs on DNA extracted from various bacteria, revealed a
highly specific amplification from any of the pathogenic strains belonging
to the respective target Leptospira spp., i.e. L. interrogans, L. kirschneri, L
borgpetersenii and L. noguchii. None of the other strains yielded a positive
amplification reaction (Table 1; Fig. 1A). The analytical sensitivity (LOD)
of the amplification assays were found to be between 1 and 10 genome
copies in the PCR mixture for each probe and primer set.
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Figure 1: Illustration of the real-time PCR amplification curves obtained during
the optimization of the assays.

(A) Specificity tests of the L. noguchii targeted amplification assay
using the TagLnog probe combined with the flanking primers FLnog2 and
RLnog2. Blue amplification curves represent L. noguchii strains. All other
non-target strains yielded no amplification results. (B) Estimation of the
limit of detection of the amplification assay targeting L. interrogans (serovar
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Autumnalis, strain Akiyami) using DNA extracted directly from spiked
bovine kidney samples as template as a typical example of all Leptospira
probe and primer sets. The amplification curves obtained from different ten-
fold serial dilutions of the target Leptospira are represented by different
colours. Unspiked tissue homogenate (grey line) was used as negative
control. (C) Standard curve obtained from the analysis of the amplification
curves mentioned in the previous panel B. RFU - Relative Fluorescence
Units.

Spiked Tissue Samples

The LOD of the PCRs on spiked tissue samples was similar for all probe/
primers sets targeting the respective target species, and estimated to be
10° leptospires/ml of tissue homogenate (= per 20 mg of tissue) (Fig. 1B).
Furthermore, the same LOD was estimated for the /ipl.32-targeted probe/
primers when used in duplex amplification reactions with the mammal
p-actin probe (not shown).

Clinical Tissue Samples

DNA extracted from 27 kidney samples of wild rodents were analysed with
the /ipL32 and mammal f-actin targeted duplex assay (Table 2; Fig. 2A).
Leptospiral DNA was detected in three samples, as demonstrated by a positive
amplification of the /ipL32 gene region (Table 2; Fig. 2A). Furthermore,
the partial f-actin gene was amplified from all samples, showing that the
PCR reactions were not significantly inhibited by potential contaminants.
When tested with each of the L. interrogans, L. borgpetersenii, L. kirschneri
and L. noguchii targeted probes/primers, only these three samples showed
amplification (Table 2; Fig. 2B). Two of these DNA samples were identified
as L. borgpetersenii and one sample as L. interrogans. Testing a pooled
sample of kidney and liver tissues from a Patagonian mara, and a lung
sample from an aborted swine fetus with the duplex PCR revealed a positive
amplification for both samples (Table 2). Subsequent testing with the
species-specific sets of probes and primers showed that the Patagonian mara
was infected with L. interrogans and the swine fetus with L. kirschneri.



88 Veterinary Bacteriology

A T T T T
S000E ot rentnmtin s o s o s T e o

L L S

RF

30001

RFU

1000% AR N—— —. A, T——

Cycles

Figure 2: Illustration of the real-time PCR amplification curves obtained during
the testing of naturally-infected tissue samples

(A) Results of the f-actin and lipL32 targeted duplex amplification assay
when testing representative samples from the wild rodents. The partial f-actin
gene was amplified from all tissue samples (dark pink lines). Leptospiral
DNA was detected in three samples by a positive amplification of the /ipL32
gene (blue lines). A spiked positive control with L. interrogans (serovar
Autumnalis, strain Akiyami) is shown (green line). (B) From the previous
leptospiral positive amplification results, two samples were assessed as
infected with L. borgpetersenii using the respective targeted amplification
assay with probe TqM_bpn and flanking primers F_bpn and R_bpnl1 (blue
lines). The positive and negative controls are illustrated by the orange and
red lines, respectively.

Leptospira isolates were only cultured from the samples that also yielded
PCR-positive results, thus confirming the presence of viable leptospires
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(Table 2).

Molecular speciation through analysis of the partial sequences of the
secY gene was in concordance with the results obtained by the species-
specific PCRs. Two isolates were identified as L. borgpetersenii (from wild
rodents; GenBank accession numbers KM066006 and KM066007), one as
L. kirschneri (from the swine fetus; accession number KM066009) and two
as L. interrogans (from a wild rodent and the Patagonian mara; accession
numbers KM066008 and KM066010, respectively).

DISCUSSION

In this work we present a two step real-time PCR strategy to infer the
presence of pathogenic leptospires in clinical and veterinary samples. In the
first step, we assess if an animal tissue sample is infected with a pathogenic
leptospire by targeting its /ipL32 gene. The lipL32 gene encodes an outer
membrane lipoprotein that is confined to pathogenic Lepfospira species
[16]. The second step identifies the four most common and veterinary
relevant pathogenic Leptospira species, L. interrogans, L. borgpetersenii, L.
kirschneri and L. noguchii using dedicated sets of probes and primers.

Probes and flanking primers were developed by in silico analysis and
further tested for their practical utility on DNA extracted from cultured
bacteria, spiked tissues and clinical specimens. The amplification assays
have proved to be specific to the respective targeted species, with no cross-
reactions when non-pathogenic leptospires or other pathogens were tested.
The amplification of the f-actin gene was included in the initial /ipL32-
based PCR to assess the presence of amplification inhibitors in tissue
samples [31]. However, the abundant presence of f-actin gene copies in
DNA samples extracted from tissues may ensure some amplification even
when low levels of potential inhibitors are present (but amplification curves
are usually weaker and anomalous). The analytical sensitivity deduced for
the amplification assays, i.e. 1 to 10 GE on DNA extracted from cultured
leptospires and 10° leptospires/ml tissue homogenate, were similar to
the ones of other previous studies concerning the molecular detection of
leptospires [15]-[17], [19], [22].

The panel of species-specific probes and flanking primers may be
extended with the design of novel oligonucleotides, e.g. for use in regions
where the occurrence of additional species of pathogenic leptospires is
common. As far as we know, this is the first report describing a strategy
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capable of clearly identify four most frequently found pathogenic Leptospira
species based on the use of TagMan probes.

From 27 kidney samples of wild rodents, and samples from a Patagonian
mara and a porcine fetus suspected of leptospirosis, three rodent samples and
the samples from the Patagonian mara and fetus all yielded a positive PCR
test for the presence of pathogenic leptospires. In concordance, these samples
were also positive by culture. Culture provides proof of infection and thus is
an ideal reference standard. Consequently, these results are consistent with a
100% clinical sensitivity and specificity of the PCR. Subsequent prospective
analysis of a larger sample set would allow substantiating this conclusion.

Phylogenetic identification of the cultures also allowed supporting the
findings obtained with the species-specific PCRs. Indeed, speciation by
phylogeny was in all cases in concordance with the results obtained via the
PCR method.

Initially, we anticipated that more samples would be positive by the real
time PCR assay than by culture [5], [32]-[34]. Recently, Fornazari et al.
[20] reported that quantitative PCR presented the highest sensitivity among
several techniques to detect leptospires in tissues samples, the bacteriological
culture being the least sensitive. Apparently, our procedure of culturing, using
macerated fresh tissue has been highly effective. Alternatively, it cannot be
excluded that the bacterial load of the tissues might have been very high.
Nevertheless, the low rate of positive animals (11%) is not too discrepant
from the prevalence values found in other studies where leptospiral DNA
was detected in rodents tissues by PCR-based assays, which ranged from
13% to 20% [25], [35], [36]. Furthermore, as far as we know, the region of
Lisbon, where the rodents were captured, is not usually regarded as having
major leptospirosis problems [2], which may also reflect a lower prevalence
of the agent in reservoirs such as wild rodents. We anticipate that our assays
may be useful in studies inferring the prevalence of pathogenic leptospires
in wild rodents and other animals, with the advantage of differentiating the
infecting Leptospira species.

The amplification assays described were able to detect pathogenic
leptospires in samples of animal tissues, such as kidney or lung. Although
the analysis of this kind of samples is not essential for an early diagnosis of
leptospirosis, it has a great value in situations such as epidemiological and
post-mortem investigations. The last situation is very well illustrated in this
work with the detection of pathogenic leptospires in tissues of a Patagonian
mara and a swine fetus. Both animals were suspect of having leptospirosis,
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which was confirmed by this study. The porcine fetus was infected with a
strain belonging to L. kirschneri. Pigs may be infected by several Leptospira
species (and serovars) that may cause infertility, fetal death and abortion.
Leptospira kirschneri has been reported but seems to be less frequently
found in pigs in Portugal than other species [37]. The Patagonian mara, a
relatively large rodent that lived in the local zoo, was found to be infected
with L. interrogans. To our knowledge, this is the first report describing the
molecular detection or the isolation of a pathogenic leptospire from that
rodent, which proved to have died of leptospirosis. Zoos are often infested
with rats that are notorious reservoirs of L. interrogans. We hypothesise
that this Patagonian mara has been infected by rats as the primary infection
reservoir, which would support the potential hazard of rodents in zoos for
both (exotics) animals and public.

The amplification assay described in this work is able to indentify the
four most relevant pathogenic species of Leptospira infecting farm and wild
animals. While the approach can be extended to other Leptospira species,
it is important to continually evaluate the specificity of previously designed
probes and primers and, if necessary, modify and improve the sequences, in
order to ensure an effective and specific detection and identification of the
circulating Leptospira species.

CONCLUSIONS

The molecular assays presented in this work allow the detection and
identification of four relevant pathogenic species of Leptospira, directly
from animal tissues. The assays proved to be specific and sensitive, and much
faster than the bacteriological culture, reducing the time for confirmatory
leptospirosis diagnosis. The assays are amenable to future automation
possibilities and will reinforce the diagnostic information and enhance our
knowledge about the epidemiology of leptopirosis.

ACKNOWLEDGMENTS

Madalena Monteiro (INIAV, L.P.) is acknowledged for excellent technical
assistance in performing pathological analysis. Lurdes Clemente and Ana
Botelho are acknowledged for providing non-Leptospira bacterial strains.
Narciso Lapdo, Nuno Gaspar and Antonio Crespo are acknowledged for
their help in providing samples and respective information.



92

Veterinary Bacteriology

REFERENCES

L.

10.

I1.

12.

Dupouey J, Faucher B, Edouard S, Richet H, Kodjo A, et al. (2014)
Human leptospirosis: An emerging risk in Europe?. Comp. Immunol.
Microbiol. Infects Dis 37: 77-83.

Vieira ML, Gama-Simodes MJ, Collares-Percira M (2006) Human
leptospirosis in Portugal: A retrospective study of eighteen years. Int J
Infect Dis 10: 378-386.

Adler B, Moctezuma AP (2010) Leptospira and leptospirosis. Vet.
Microbiol 140: 287-296.

Bomfim MR, Barbosa-Stancioli EF, Koury MC (2008) Detection of
pathogenic leptospires in urine from naturally infected cattle by nested
PCR. Vet J 178: 251-256.

Fearnley C, Wakeley PR, Gallego-Beltran J, Dalley C, Williamson S,
et al. (2008) The development of a real-time PCR to detect pathogenic
Leptospira species in kidney tissue. Res Vet Sci 85: 8-16.

Picardeau M (2013) Diagnosis and epidemiology of leptospirosis. Med
Mal Infect 43: 1-9.

Brenner DJ, Kaufmann AF, Sulzer KR, Steigerwalt AG, Rogers FC,
et al. (1999) Further determination of DNA relatedness between
serogroups and serovars in the family Leptospiraceae with a
proposal for Leptospira alexanderi sp. nov. and four new Leptospira
genomospecies. Int J Syst Bacteriol 49: 839-858.

Cerqueira GM, Picardeau M (2009) A century of Leptospira strain
typing. Infect Genet Evol 9: 760-768.

Morey RE, Galloway RL, Bragg SL, Steigerwalt AG, Mayer LW, et al.
(2006) Species-specific identification of Leptospiraceae by 16S rRNA
gene sequencing. J Clin Microbiol 44: 3510-3516.

Saito M, Villanueva SY, Kawamura Y, lida K, Tomida J, et al. (2013)
Leptospira idonii sp. nov., isolated from environmental water. Int J
Syst Evol Microbiol 63: 2457-2462.

Agampodi SB, Matthias MA, Moreno AC, Vinetz JM (2012) Utility
of quantitative polymerase chain reaction in leptospirosis diagnosis:
association of level of leptospiremia and clinical manifestations in Sri
Lanka. Clin Infect Dis 54: 1249-1255.

Bourhy P, Bremont S, Zinini F, Giry C, Picardeau M (2011) Comparison
of real-time PCR assays for the detection of pathogenic Leptospira
spp. in blood and identification of variations in target sequences. J Clin



Direct Detection and Differentiation of Pathogenic Leptospira Species ... 93

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Microbiol 49: 2154-2160.

Levett PN, Morey RE, Galloway RL, Turner DE, Steigerwalt AG, et
al. (2005) Detection of pathogenic leptospires by real-time quantitative
PCR. J Med Microbiol 54: 45-49.

Merien F, Portnoi D, Bourhy P, Charavay F, Berlioz-Arthaud A, et al.
(2005) A rapid and quantitative method for the detection of Leptospira
species in human leptospirosis. FEMS Microbiol Lett 249: 139-147.

Smythe LD, Smith IL, Smith GA, Dohnt MF, Symonds ML, et al.
(2002) A quantitative PCR (TaqMan) assay for pathogenic Leptospira
spp. BMC Infect Dis 2: 13.

Stoddard RA, Gee JE, Wilkins PP, McCaustland K, Hoffmaster AR
(2009) Detection of pathogenic Leptospira spp. through TagMan
polymerase chain reaction targeting the /ipL32 gene. Diagn Microbiol
Infect Dis 64: 247-255.

Villumsen S, Pedersen R, Borre MB, Ahrens P, Jensen JS, et al. (2012)
Novel TagMan PCR for detection of Leptospira species in urine and
blood: Pit-falls of in silico validation. ] Microbiol Methods 91: 184-90.

Ahmed A, Engelberts MF, Boer KR, Ahmed N, Hartskeerl RA
(2009) Development and validation of a real-time PCR for detection
of pathogenic Leptospira species in clinical materials. PLoS One 4:
€7093.

Slack A, Symonds M, Dohnt M, Harris C, Brookes D, et al. (2007)
Evaluation of a modified Tagman assay detecting pathogenic Leptospira
spp. against culture and Leptospira-specific 1gM enzyme-linked
immunosorbent assay in a clinical environment. Diagn Microbiol
Infect Dis 57: 361-366.

Fornazari F, da Silva RC, Richini-Pereira VB, Beserra HE, Luvizotto
MC, et al. (2012) Comparison of conventional PCR, quantitative PCR,
bacteriological culture and the Warthin Starry technique to detect
Leptospira spp. in kidney and liver samples from naturally infected
sheep from Brazil. J Microbiol Methods 90: 321-326.

Ahmed A, Klaasen HLBM, van der Veen M, van der Linden H, Goris
MGA, et al. (2012) Evaluation of real-time PCR and culturing for the
detection of leptospires in canine samples. Adv. Microbiol 2: 162—170.
[Google Scholar]

Rojas P, Monahan AM, Schuller S, Miller IS, Markey BK, et al.
(2010) Detection and quantification of leptospires in urine of dogs:
a maintenance host for the zoonotic disease leptospirosis. Eur J Clin



94

Veterinary Bacteriology

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Microbiol Infect Dis 29: 1305-13009.

Subharat S, Wilson PR, Heuer C, Collins-Emerson JM (2011)
Evaluation of a SYTO9 real-time polymerase chain reaction assay to
detect and identify pathogenic Leptospira species in kidney tissue and
urine of New Zealand farmed deer. J Vet Diagn Invest 23: 743-752.

Cox TE, Smythe LD, Leung LKP (2005) Flying foxes as carriers of
pathogenic Leptospira species. J. Wildlife Dis 41: 753-757.

Levieuge A, Aboubaker MH, Terrier O, Drancourt M, Davoust B
(2010) Real-time PCR detection of Leptospira sp. in rodents from
Toulon harbour (France). Revue Méd. Vét 161: 264-266. [Google
Scholar]

Palaniappan RU, Chang YF, Chang CF, Pan MJ, Yang CW, et al.
(2005) Evaluation of lig-based conventional and real time PCR for the
detection of pathogenic leptospires. Mol Cell Probes 19: 111-117.

OIE 2008. Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals (Chapter 2.1.9), World Organization for Animal Health.

Rocha T (1990) Isolation of Leptospira interrogans serovar mozdok
from aborted swine fetuses in Portugal. Vet Record 126: 602.

Nascimento AL, Verjovski-Almeida S, Van Sluys MA, Monteiro-
Vitorello CB, Camargo LE, et al. (2004) Genome features of Leptospira
interrogans serovar Copenhageni. Braz J Med Biol Res 37: 459-477.

Victoria B, Ahmed A, Zuerner RL, Ahmed N, Bulach DM, et al.
(2008) Conservation of the S10-spc-alpha locus within otherwise
highly plastic genomes provides phylogenetic insight into the genus
Leptospira . PLoS One 3: e2752.

Costa P, Ferreira AS, Amaro A, Albuquerque T, Botelho A, et al. (2013)
Enhanced detection of tuberculous mycobacteria in animal tissues
using a semi-nested probe-based real-time PCR. PLoS ONE 8: e§1337.
Boqvist S, Montgomery JM, Hurst M, Thu HT, Engvall EO, et al. (2003)
Leptospira in slaughtered fattening pigs in southern Vietnam: presence
of the bacteria in the kidneys and association with morphological
findings. Vet Microbiol 93: 361-368.

Grooms DL, Bolin CA (2005) Diagnosis of fetal loss caused by bovine
viral diarrhea virus and Leptospira spp. Vet Clin North Am Food Anim
Pract 21: 463-472.

Lilenbaum W, Varges R, Ristow P, Cortez A, Souza SO, et al. (2009)
Identification of Leptospira spp. carriers among seroreactive goats and



Direct Detection and Differentiation of Pathogenic Leptospira Species ... 95

sheep by polymerase chain reaction. Res Vet Sci 87: 16-19.

35. Foronda P, Martin-Alonso A, Del Castillo-Figueruelo B, Feliu C, Gil
H, et al. (2011) Pathogenic Leptospira spp. in wild rodents, Canary
Islands, Spain. Emerg Infect Dis 17: 1781-1782.

36. Latifah I, Rahmat MS, Hayarti KB, Paramasvaran S, Azizah MR, et
al. (2012) Prevalence of leptospiral DNA among wild rodents from a
selected area in Beguk Dam Labis, Segamat, Johor, Malaysia. Malays
J Pathol 34: 157-159.

37. Rocha T (1998) A review of leptospirosis in farm animals in Portugal.
Rev Sci Tech 17: 699-712.






CHAPTER 5

Prevalence of Bacterial Genotypes
and Outcome of Bovine Clinical
Mastitis due to Streptococcus
Dysgalactiae and Streptococcus
Uberis

Asa Lundberg'?, Ann Nyman' , Helle Ericsson Unnerstad' and Karin
Persson Waller'?

"Department of Animal Health and Antimicrobial Strategies, National Veterinary Insti-
tute, SE-751 89 Uppsala, Sweden

2 Department of Clinical Sciences, Swedish University of Agricultural Sciences, SE-
750 07 Uppsala, Sweden

ABSTRACT

Background

Streptococcus dysgalactiae and Streptococcus uberis are common causes of
clinical mastitis (CM) in dairy cows. In the present study genotype variation
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of S. dysgalactiae and S. uberis was investigated, as well as the influence of
bacterial species, or genotype within species, on the outcome of veterinary-
treated CM (VTCM). Isolates of S. dysgalactiae (n = 132) and S. uberis (n =
97) were genotyped using pulsed-field gel electrophoresis. Identical banding

patterns were called pulsotypes. Outcome measurements used were cow composite
SCC, milk yield, additional registered VTCMs and culling rate during a four-month
follow-up period.

Results

In total, 71S. dysgalactiae pulsotypes were identified. Nineteen of the
pulsotypes were isolated from more than one herd; the remaining pulsotypes
were only found once each in the material. All S. uberis isolates were of
different pulsotypes. During the follow-up period, the SCC of S. dysgalactiae-
cows was significantly lower than the SCC of S. uberis-cows (P <0.05).
Median SCC of S. dysgalactiae-cows was 71 500 cells/ml and of S. uberis-
cows 108 000 cells/ml. No other differences in outcome parameters could be
identified between species or genotypes.

Conclusions

Identical S. dysgalactiae genotypes were isolated from more than one herd,
suggesting some spread of this pathogen between Swedish dairy herds. The
genetic variation among S. uberis isolates was substantial, and we found
no evidence of spread of this pathogen between herds. The milk SCC was
lower during the follow-up period if S. dysgalactiae rather than S. uberis
was isolated from the case, indicating differences in treatment response
between bacterial species.

Keywords: Streptococcus dysgalactiae subsp. dysgalactiae, Streptococcus
uberis, Dairy cow, Veterinary-treated clinical mastitis, Genotypes, Somatic
cell count, Long-term mastitis outcome, Pulsed-field gel electrophoresis,
PFGE

BACKGROUND

Clinical mastitis (CM) is a common disease among dairy cows. A number of
pathogens can cause CM, but the relative importance of different pathogens
differs between regions and countries in the world. In Sweden, Streptococcus
dysgalactiae subsp. dysgalactiae and Streptococcus uberis are the third and
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fourth most common bacteria found in CM accounting for 15.6% and 11.1%,
respectively, of the cases [1].

Since the introduction of molecular bacteriology in the field of mastitis,
new possibilities for studying the epidemiology of udder pathogens have
emerged. S. uberis has been extensively studied at the molecular level,
and pulsed-field gel electrophoresis (PFGE) has been used for genotypic
characterization of S. uberis isolates from Europe [2], Australia [3-6], New
Zealand [7], and South America [8]. A number of studies have confirmed
that this pathogen predominantly shows a heterogeneous genotype pattern
consistent with environmentally spread bacteria [2,3,5-7], although there is
evidence that S. uberis also can be spread between cows as a contagious
pathogen within a herd [4,9-11]. There are a few studies reporting that the
same genotype can be identified in more than one herd [4,10] indicating
possible contagious spread with cows or equipment between herds.
Molecular typing has also revealed differences between S. uberis strains in
clinical manifestation [4,12] and duration of infection [13].

Although often considered as an environmental pathogen [14,15], studies
have also indicated that S. dysgalactiae may be considered a contagious
pathogen [16,17]. Compared with S. uberis, only a few studies on genotyping
of S. dysgalactiae isolates have been performed to our knowledge [5,6,18].
Within a herd, more than one strain is usually present, but a few strains
are often found in multiple cows suggesting spread between cows [5,6]. In
addition, genetically related isolates have been found on multiple farms,
suggesting either contagious spread between herds [6] or a common
environmental source [5].

Prudent use of antimicrobials to treat CM is an important part of mastitis
control programs. Common aims of treatment are clinical and bacteriological
cure, and a return to normal milk somatic cell count (SCC). Bacteriological
cure rate have in field studies been reported to be 65-90% for S. dysgalactiae
and 45-90% for S. uberis when using treatment with benzyl penicillin or
related compounds [19-21]. Detailed information on clinical cure rate is
scarce, but has been reported to be 73% for S. dysgalactiae and 77% for
S. uberis in one of the studies [19]. In a study on treatment of heifers for
CM caused by S. dysgalactiae around calving, 15.4% of the quarters were
nonfunctional and another 36.3% had an increased SCC in the milk and/
or an intramammary infection 30 days after treatment [22]. The studies
cited above used a follow-up period of two to four weeks after the end of
treatment. To our knowledge, studies on differences in treatment outcome
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between S. dysgalactiae and S. uberis over a longer time period, or between
genotypes within those species, have not been performed.

The understanding of infection epidemiology is essential to prevent
and control mastitis. The distribution of S. dysgalactiae and S. uberis and
genotypes within species may vary between regions and countries [23,24],
but genotyping studies of those udder pathogens have, to our knowledge,
not been performed in the Nordic countries, and not on a national level. The
main aim of this study was, therefore, to explore the genotype variation of
S. dysgalactiae and S. uberis associated with bovine CM in Sweden using
streptococcal isolates collected in a national survey on CM. The study
also aimed to investigate if bacterial species, or genotype within species,
influences the outcome of veterinary-treated CM (VTCM), as measured
by cow composite SCC, milk production, additional registered VTCMs
and culling rate during a four month follow-up period. Differences in cow
factors, geography and seasonality between CM cases due to S. dysgalactiae
and S. uberis were also studied.

METHODS

Bacterial Isolates

Isolates of S. dysgalactiae (n = 164) and S. uberis (n = 117) were collected
in a national survey on the prevalence of udder pathogens in bovine CM [1].
Case selection and diagnostic procedures have been described elsewhere
[1]. In short, milk samples from cases of CM were collected by field
veterinarians in 51 veterinary practices distributed all over Sweden during a
one-year period. The samples were cultured at 37°C for 16—-24 hours on blood
agar plates and evaluated in accordance with the routines of the veterinary
practices. Cultured plates were sent to the National Veterinary Institute,
Uppsala, Sweden where the growth was verified by routine laboratory
tests. The time from day of sampling until arrival at the laboratory was 3.0
days (range 1-7 days), on average. Streptococci were identified by colony
morphology, CAMP-reaction, and 12 biochemical reactions (hippurate,
aesculine, salicine, sorbitol, mannitol, raffinose, lactose, saccharose, inuline,
trehalose, starch and glycerine). For suspected S. dysgalactiae isolates not
identified by the 12 biochemical reactions, Lancefield grouping (Streptex,
Murex Biotech Limited, Dartford, UK) was used. To differentiate enterococci
from S. uberis, growth of red colonies on SlaBa plates (Slanetz & Bartley
Medium, Oxoid Ltd., Basingstoke, England) was evaluated. Isolates were
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stored frozen in trypticase soy broth containing 15% glycerol.

Preparation and Digestion of Bacterial DNA

Isolates were thawed and cultured overnight at 37°C on 5% bovine blood
agar supplemented with 0.05% esculine. One micro liter of S. dysgalactiae
colony material was suspended in 250 pl lysis buffer (1 M NaCl, 10 mM
Tris [pH 8.0], 200 mM EDTA, 0.5% Sarcosyl, 0.2% natrium deoxycholate;
National Veterinary Institute, Uppsala, Sweden), mixed with 250 pl molten
Agarose Prep (Amersham Biosciences, Uppsala, Sweden) and poured into
plug molds (BioRad, CA, USA). Once solidified the plugs were placed in
a buffer containing 5 ml lysis buffer and 200 pl lysozyme (from a stock
solution of 20 mg/ml; Roche Diagnostics Scandinavia AB, Bromma,
Sweden) and gently shaken overnight at 37°C. The buffer was then replaced
by a proteolysis buffer containing 2.5 ml lysis buffer and 100 pl Proteinas
K (from a stock solution of 50 U/ml; Roche Diagnostics Scandinavia AB,
Bromma, Sweden) and the plugs were incubated for approximately 24 h at
56°C with gentle shaking. Plugs were washed twice with 10 ml Super-Q-
water (National Veterinary Institute, Uppsala, Sweden) for 20 min in 56°C,
and four times with 10 ml TrisEDTA (TE) buffer (10 mM Tris [pH 8.0],
1 mM EDTA; National Veterinary Institute, Uppsala, Sweden) for at least
20 min in 56°C. For long term storage, plugs were kept at 4°C in 1 ml
TE buffer. Before digestion, plugs were sliced in halves, and one half was
equilibrated in 200 pul CutSmart buffer (NewEngland Biolabs, MA, USA)
for 30 min on gentle shaking at 25°C. The rest of the plug was returned to
long term storage in TE buffer. After equilibration, each plug was digested
at 25°C overnight in a digestion solution of 100 pl CutSmart buffer and 10
U of the restriction enzyme Smal (NewEngland Biolabs, MA, USA).

Preparation and digestion of S. uberis DNA was performed using the
same protocol as for S. dysgalactiae DNA, with the exception that digestion
was performed in a digestion solution containing 5 U of Smal.

Pulsed-field Gel Electrophoresis

DNA fragments were separated using a clamped homogenous electric field
device (CHEF-DR II, BioRad) with pulse times of 5—15 sec over 10 h, and
15-60 sec over 13 h at 6 V, and run through a 1.2% gel of Agarose NA
(GE Healthcare, Uppsala, Sweden) in 0.5 % Tris-borat EDTA-buffer (0.9 M
Tris-borat, 20 mM EDTA; National Veterinary Institute, Uppsala, Sweden).
Then, gels were stained with GelRed (Biotium, CA, USA).
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For each bacterial species, one isolate with an easily interpreted pattern
was selected among our collected isolates, as an internal reference and
was run every 5 to 6™ lane on all gels. In addition, a Lambda Ladder PFG
Marker (New England Biolabs, MA, USA) was used in the first and last lane
on each gel.

The protocol was repeated for untypeable isolates.

Dendrogram Analysis

Macrorestriction patterns of S. dysgalactiae and S. uberis were analyzed
separately. The dendrogram analyses were performed using BioNumerics
software (BioNumerics Version 7.1; Applied Maths, Inc 2014; Austin, TX,
USA). Similarity was computed using the Dice coefficient and an unweighted
pair group method with arithmetic mean (UPGMA), with optimization set
to 1.5% and the tolerance value set to 1.25%. Isolates were considered to
be of the same cluster if the similarity level was above 80%, and of the
same pulsotype when banding patterns were identical. S. dysgalactiae
clusters were identified by capital letters, and pulsotypes within cluster with
a number suffix (e.g. E1, E2, F1, F2). S. uberis clusters were identified by
Roman numerals. Only clusters and pulsotypes represented by more than
one isolate per genotype received an identity. The remaining genotypes were
referred to as “singles”.

Data Editing and Statistical Analyses

Prevalence of Genotypes

In order to study the presence and distribution of different genotypes on a
national level and to ensure epidemiological independence among isolates,
the first isolate per species from a monoinfected cow (i.e. cows where only
one bacterial species was found, and where only one udder quarter was
infected) collected from each herd was included. However, if a farm had
no samples collected from a monoinfected cow, the first isolate per species
collected from that herd was included. Given those criteria, 135 isolates of
S. dysgalactiae and 103 isolates of S. uberis were included in this part of the
study. Descriptive statistics were used to present prevalence of genotypes.
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Differences in cow factors, season and geography

Differences in breed of cow, parity, days in milk (DIM), season and
geographic region of Sweden between S. dysgalactiae and S. uberis cases
were presented using descriptive statistics.

Breed of cow was divided into three categories: Swedish Holstein (SH),
Swedish Red and White (SR) and mixed breed/other breed (where the most
common observation was a mix between SH and SR).

Parity was categorized into first, second, third, and fourth and higher
lactations. Stage of lactation was categorized into first month after calving
or later. Seasons were categorized into pasture season (May to August), early
housing season (September to December) and late housing season (January
to April). The highest subdivision of geographic regions of Sweden (eastern
Sweden, southern Sweden including the islands, and northern Sweden)
according to the Nomenclature of Territorial Units for Statistics (NUTS1)
was used when studying geographic occurrence of strains and genotypes
[25]. Associations between bacterial species and categorical variables were
investigated using Fisher’s exact test, as were associations between bacterial
genotypes and categorical variables.

Outcome measurements and cow records

To investigate the impact of bacterial species or genotype on outcome
of VICM, only isolates from monoinfected cows were included (S.
dysgalactiae: n = 98; S. uberis: n = 73). Cow composite SCC and milk
yield at test milking, recurring or new cases of VICM (VTCMadd), and
culling due to mastitis during the follow-up period were used as outcome
measurements. The follow-up period was zero to 120 days after VTCM for
the parameters SCC, milk yield, and culling due to mastitis, and fourteen
to 120 days for VTCMadd. Day zero was defined as the day the cultured
plate arrived at the National Veterinary Institute. Somatic cell count and
milk yield were measured at monthly milk recordings, and this data was
obtained from the Swedish Official Milk Recording Scheme (SOMRS;
Swedish Dairy Association, Stockholm, Sweden).

From SOMRS, cow records including breed, parity, date of calvings, and
date and cause for culling were also obtained. The criterion for culling due
to mastitis was fulfilled if either the primary or secondary officially recorded
reason for culling was mastitis or increased SCC. Disease recordings were
collected from the Swedish Animal Disease Recording System (SADRS)
through SOMRS. A record in the SADRS of the original VTCM was present
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for 92% of the cows. VICMadd was defined as an additional record of
VTCM in the SADRS during the follow-up period.

Breed, parity and calving date was also recorded in a questionnaire by
the veterinarian at milk sample submission. All cows where SOMRS records
and questionnaire records were consistent were eligible for inclusion in
the study. In case of minor discrepancies between official cow records and
questionnaire records, individual assessment of the cow’s records was made
before a decision was made to include or exclude the cow. In general, the
official records were considered more likely to be correct. In cases of major
discrepancies, the cow was included using questionnaire records only in the
prevalence and risk factor part of the study, and was excluded completely
from the outcome part of the study.

Eight cows were dried off or calved during the follow-up period. For
these cows, only data from monthly milk recordings before dry-off was
included.

Differences in outcome were calculated between the two different
streptococci, between different pulsotypes and clusters within species
and between groups of pulsotypes and clusters within species based on
prevalence. Definitions of groups used has previously been described in
Lundberg et al. [26].

Differences in SCC and milk yield between bacterial species, between
genotypes or between groups of genotypes were first tested in univariable
mixed-effect linear regression models with repeated measurements of
monthly SCC or milk yield within cow during the follow-up period as
outcome variable. Mixed-effect models were used to take into account that
repeated measurements of SCC or milk yield for a certain cow might be
more similar than measurements of SCC or milk yield for different cows,
hence, the random effect in the mixed models was repeated measurement of
SCC or milk yield and an independent covariance structure (equal variances
for random effects, all covariances are zero) was used. To obtain normally
distributed residuals, SCC was transformed using the Box-Cox power
transformation (SCC 12638%.1)/-0.1263839. Bacterial species or genotype
(pulsotypes, clusters, or groups of pulsotypes or clusters) were used as
explanatory variables to the outcome. The cow parameters breed, parity and
DIM at monthly milk recordings were included in the models as independent
variables because of their possible impact on SCC and milk yield. When
differences in milk yield were tested, SCC was included among independent
variables and vice versa. To reduce the full models, a manual stepwise
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backward model selection procedure was used and only variables with a
p-value of <0.05 were included in the final models. Two-way interactions
between the significant main effects were tested. Possible confounders
were considered in all models. A variable was considered as a confounder
if the point estimates of the coefficients in a model changed >20% with the
potential confounder present. The model fit of the multivariable analyses
was tested by visual examination of diagnostic plots according to Dohoo et
al. [27].

In addition, the proportions of cows with a SCC below 200 000 cells/ml
at all monthly milk recordings during the follow-up period was calculated for
S. dysgalactiae and S. uberis as well as for different genotypes or genotype
groups within species. The follow-up period was shortened to 14 to 120 days
to allow for SCC to normalize after therapy, and differences in proportions
were tested with the Fisher’s exact test. Only cows with data recorded for at
least two monthly milk recordings were included in these calculations.

Proportions of cows with a VTCMadd registered and proportion of cows
that were culled due to mastitis during the follow-up period were presented
using descriptive statistics.

All statistical analyses were performed using Stata 13 (StataCorp,
2014; Stata Statistical Software: Release 13.1; College Station, TX, USA:
StataCorp LP).

RESULTS

Macrorestriction Patterns and Prevalence of Genotypes

One hundred thirty two of the S. dysgalactiae isolates and 97 of the S. uberis
isolates could be genotyped using our protocol.

Pulsed-field gel electrophoresis of S. dysgalactiae yielded 7 to 14
fragments in the considered size range of 45 to 500 kb. (Additional file 1)
shows a dendrogram of the results. Analysis of the S. dysgalactiae isolates
revealed 71 pulsotypes. Nineteen of the pulsotypes could be found in two to
13 herds each (Figure 1). The remaining 52 pulsotypes were only found once
each in the material. Sixty-eight of the pulsotypes could be compiled into
nine clusters. Three pulsotypes could not be clustered with other pulsotypes.
Six of the clusters were considered rare, each represented by two to six
isolates, while three of the clusters (E, F, and G) were considered common,
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each represented by 30 to 40 isolates. Those three clusters accounted for
82% of the isolates (Table 1).
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Figure 1: Numbers of Streptococcus dysgalactiae isolates of different pulso-
types. Numbers of epidemiologically independent Streptococcus dysgalactiae
isolates of different pulsotypes from cases of veterinary-treated clinical mastitis
in Sweden (pulsotypes only isolated once (n = 52) are not included). Pulsotypes
belonging to the same cluster share the same color.

Table 1: Numbers (n) and percentages (%) of epidemiologically independent
Streptococcus dysgalactiae isolates from cases of veterinary-treated clinical
mastitis in Sweden divided into clusters after genotyping by pulsed-field gel
electrophoresis and clustering at the level of 80% genetic similarity

Cluster | n (%)
A 3(2.3)
B 6 (4.6)
C 2 (1.5)
D 5(3.8)
E 40 (30.3)
F 30 (22.7)
G 38 (28.8)
H 3(2.3)
I 2 (1.5)
Singles 3(2.3)
Total 132 (100)

Pulsed field gel electrophoresis of S. uberis yielded 10 to 13 fragments
in the 40-660 kb size range. (Additional file 2) shows a dendrogram of the
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results. All 97S. uberis isolates were found to be of different pulsotypes.
Forty-five isolates belonged to 21 clusters; the remaining isolates could not
be assigned to a cluster (Additional file 2). Each cluster was represented by
two or three isolates.

Differences in Cow Factors, Season and Geography between S.
dysgalactiae and S. uberis

Descriptive statistics are given in Table 2. A larger proportion of S. uberis-
isolates than of S. dysgalactiae-isolates came from cows of the SH breed
compared to cows of the SR breed, but the difference was not statistically
significant (P = 0.079). The distribution of parities and stage of lactation
was similar among S. dysgalactiae and S. uberis isolates. About half of
the isolates came from cases of VITCM occurring during the first month of
lactation, with the rest spread out throughout the lactation.

Table 2: Numbers (n) and percentages (%) of Streptococcus dysgalactiae and
Streptococcus uberis isolates from cases of veterinary-treated clinical mastitis
in cows of different breeds, parities, and stages of lactation, occurring in differ-
ent seasons and geographic regions of Sweden

Variable Class S. dysgalactiae ,n (%) | S. uberis ,n (%)
Breed! SR 67 (49.6) 38 (36.9)
SH 62 (45.9) 58 (56.3)
Other 6(4.4) 7 (6.8)
Parity First 56 (41.5) 42 (40.8)
Second 30(22.2) 22 (21.4)
Third 21 (15.6) 18 (17.5)
Fourth or higher 28 (20.7) 21(20.4)
Stage of lacta- | <30 days postpartum | 68 (50.4) 44 (42.3)
tion
>30 days postpartum | 67 (49.6) 59 (57.3)
Season Early housing? 48 (35.6) 43 (41.8)
Late housing?® 47 (34.8) 23 (22.3)
Pasture? 40 (29.6) 37 (35.9)
Region Southern Sweden 91 (67.4) 59 (57.3)
Eastern Sweden 26 (19.3) 21(20.4)
Northern Sweden 18 (13.3) 23 (22.3)

'SR=Swedish Red, SH=Swedish Holstein; ?September—December;
3January—April; “May—August.
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There was a significant difference in occurrence of S. dysgalactiae and
S. uberis over seasons (P <0.05; Table 2). The occurrence of S. uberis was
lowest during the late housing season; no fluctuations throughout the year
could be seen for S. dysgalactiae.

The majority of both S. dysgalactiae and S. uberis isolates came from
Southern Sweden. A larger proportion of S. uberis-isolates than of S.
dysgalactiae-isolates came from Northern Sweden, and the opposite was
found for Southern Sweden, but the difference was not significant (P =
0.08). The geographic distribution of the isolates within the country is given
in Figure 2.

>z

Figure 2: Geographic distribution of cases of clinical mastitis. Geographic
distribution of cases of veterinary-treated clinical mastitis caused by Streptococ-
cus dysgalactiae (black diamonds) and Streptococcus uberis (grey triangles).

Differences in Cow Factors, Season and Geography between
Bacterial Genotypes within Species

For S. dysgalactiae, the number of isolates per pulsotype and most clusters
were small, and statistical analyses of differences between groups were
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therefore not performed. Some pulsotypes could, however, only be found
in one breed, lactation stage or parity, or during one season or in a specific
region. The distribution of clusters, or groups of pulsotypes or clusters, did
not indicate any trends related to cow factors, season or geography.

Due to few cows in each S. uberis cluster, statistical analyses of
differences between clusters were not performed and no trends could be
identified.

Differences in Outcome between S. Dysgalactiae and S. Uberis

For 163 monoinfected cows (95S. dysgalactiae-cows and 68S. uberis-
cows) results from at least one monthly milk recording after the VTCM
were available. In total, 541 monthly SCC and milk yield recordings were
included (3.3 recordings per cow, on average).

During the follow-up period after the VTCM, the SCC of S. dysgalactiae-
cows was significantly lower than the SCC of S. uberis-cows (p <0.05;
Figure 3). The median SCC during the follow-up period was 71 500 cells/ml
(1% quartile: 35 500; 3™ quartile: 203 500) and 108 000 cells/ml (1* quartile:
47 000; 3 quartile: 319 000 for S. dysgalactiae-cows and S. uberis-cows,
respectively. The difference in SCC between species remained in the
multivariable model when the influence of milk yield, parity, breed and DIM
on SCC also was considered (Table 3).
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Figure 3: Long-term outcome after clinical mastitis as measured by SCC.
Least square means (LSM) of cow somatic cell counts (SCC; x1 000 cells/
ml) at monthly milk recordings after veterinary-treated cases of clinical mas-
titis (VTCM) from the results of a multivariable mixed-effect linear regres-
sion model investigating associations between Streptococcus dysgalactiae and
Streptococcus uberis.
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Table 3: Final hierarchical multivariable linear-regression analysis of variables
significantly ( P <0.05) associated with somatic cell count (SCC; transformed
using the BoxCox power transformation) at monthly milk recordings during a
follow-up period of 120 days after a veterinary treated clinical mastitis

Variable ! B S.E.(f) |P-value |LSM? [95% CI(LSM)
Intercept 3.996 0.17 - - -
Bacterial finding
S. dysgalactiae Ref? - - 86.6 70.1,107.5
S. uberis 0.260 0.093 0.005 138.6 106.3, 182.6
Other factors
Parity
First Ref. - - 75.9 59.8,97.1
Second 0.219 0.113 0.051 112.0 82.8,153.4
Third 0.169 0.137 0.218 102.3 68.7, 155.6
Fourth or higher 0.433 0.136 0.001 260.5 109.1, 260.5
Milk yield —0.002 | 0.0005 0.000 - -
AtQl:23.8kg - - - 132.8 108.1,164.2
At Q2:28.7 kg - - - 109.8 92.0,131.4
AtQ3:33.4kg - - - 91.8 76.3, 111.0
Days in milk —0.001 | 0.0004 0.001 - -
At Ql: 67 days - - - 129.4 105.0, 160.5
At Q2: 115 days - - - 115.6 96.4,139.3
At Q3: 188 days - - - 97.8 81.5,117.7

'Q1, Q2, and Q3 =first quartile, second quartile/median, and third quartile,
respectively.

*Least square means (LSM) of Box-Cox transformed SCC back-transformed
to original scale (X1 000/ml) presented by variable.

*Ref. = Reference category.

Eighty-four S. dysgalactiae-cows and 58 S. uberis-cows had more than
one registered recording of SCC during the period of 14 to 120 days after
VTCM. The proportion of S. dysgalactiae-cows with a SCC below 200 000
cells/ml at all recordings during this period was 58%. The corresponding
percentage for S. uberis-cows was 43%. The difference between species was
not significant (P = 0.09).

The average daily milk yield at monthly milk recordings during the
follow-up period was 28.5 kg (range: 9.2-50.8 kg) and 29.3 kg (range: 9.8—
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53.6 kg) for S. dysgalactiae-cows and S. uberis-cows, respectively, and did
not differ significantly between species.

Eleven (12%) S. dysgalactiae-cows had a VTCMadd registered and six
(6%) were culled during the follow-up period. The corresponding numbers
for S. uberis-cows were six (9%) with VTCMadd and six (8%) culled.

Differences in Outcome between Bacterial Genotypes within
Species

No univariable associations between milk yield or SCC and bacterial species
or genotype or groups of genotypes could be found. However, there seemed
to be some indication that the proportion of S. dysgalactiae cows having
SCC constantly below 200 000 cells/ml during the follow-up period varied
between pulsotypes (Table 4), although the numbers of isolates in each
group were too small for statistical analyses.

Table 4: Numbers of cows with a somatic cell count (SCC) below 200 000
cells/ml at all monthly milk recordings, and number of cows with SCC above
200 000 cells/ml at least one monthly milk recording 14 to 120 days after vet-
erinary-treated clinical mastitis, caused by different clusters or pulsotypesl of
Streptococcus dysgalactiae

Cluster/Pulsotype <200 000 cells/ml >200 000 cells/ml Total
A 2 1 3
B 2 3 5
B1 0 2 2
D 1 1 2
E 14 10 24
E2 1 2 3
E4 5 2 7
E5 1 1 2
E6 1 2 3
E7 2 1 3
F 11 6 17
Fl1 1 2 3
F4 4 0 4
F5 1 6
G 13 12 25
Gl 1 5 6
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G2 3 1 4
G3 2 1 3
G4 1 2 3
G5 2 1 3
H 1 1 2

'Cows infected with unique clusters/pulsotypes are not included in the table.

The number of cows within each pulsotype or cluster of S. dysgalactiae
and S. uberis, or within each group of pulsotypes or clusters, that had a
VTCMadd registered or that were culled during the follow-up period was
too small for statistical analysis and no trends could be identified.

DISCUSSION

Genotype Distribution

In line with most previous studies [2,3,5-7], we found that the genotype
pattern of S. uberis is heterogeneous in Sweden and we found no evidence of
contagious spread of S. uberis between herds as all isolates investigated were
of different pulsotypes. In contrast, identical pulsotypes of S. dysgalactiae
were found in multiple herds in the present study, although 39% of the
isolates belonged to unique pulsotypes. The findings of identical strains of
S. dysgalactiae in different herds is in line with previous studies [5,6,11]. A
common environmental source could explain why the same genotype was
found in multiple herds, but this hypothesis seems less likely for many of
the genotypes since identical isolates were found in separate parts of the
country. Trade of infected animals is another, and perhaps more likely, way
of spread of the pathogen between herds and it has been shown that the trade
of livestock is expansive within Sweden [28]. For local spread (kilometers)
the fly Hydrotaea irritans, which can act as a vector for S. dysgalactiae [29],
could also be involved. It is possible that some genotypes contain virulence
factors that make them especially apt to spreading between cows. No such
attributes of the strains were investigated in this study, but previous studies
have shown strain differences in virulence factors, possibly connected to
spread between cows, for both S. dysgalactiae and S. uberis [30].

Given the existing information and the original study design, it was
not possible to study the genetic within-herd variation among the udder
pathogens. Previous studies of both S. dysgalactiae and S. uberis have,
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however, shown that several strains can be found in a herd and that in some
instances one or a few of these strains can be found in other herds as well
[4,6,10]. It is therefore possible that we, when including only one sample per
herd, might have underestimated the spread of genotypes between herds for
both S. dysgalactiae and S. uberis in the present study.

The moderate and large genotypic variation found for S. dysgalactiae and
S. uberis, respectively, in the present study differs markedly from a previous
study on isolates of Staphylococcus aureus from the same national survey
[26]. In that study, almost two thirds of the S. aureus isolates belonged to
two pulsotypes, emphasizing the contagious nature of S. aureus as opposed
to the two streptococcal species investigated in the present study.

Differences in Outcome of VICM between Bacterial Species
and Genotypes

Cows veterinary-treated for CM caused by S. dysgalactiae had a lower SCC
during the follow-up period, than did cows treated for infections caused
by S. uberis. Possible explanations for this finding could be a stronger
inflammatory response to S. uberis at the initial infection [31] or difference
in bacteriological cure rates between species [19].

In the present study, we did not have any information on SCC at the time
of VTCM other than the California Mastitis Test (CMT) score performed by
the investigating veterinarian. The CMT is, however, an imprecise test, and
most cases of CM are categorized as either 4 or 5 on the Nordic scale (i.e.
SCC>~800 000 cells/ml) making CMT unsuitable for use in the present
study.

Unfortunately, no information about bacteriological cure after VTCM
was available in our study material. National guidelines at the time of
sampling stated that infections during lactation caused by S. dysgalactiae and
S. uberis should be treated by parenteral benzyl penicillin for 4-5 days [32].
The isolates in the present study were tested for susceptibility to penicillin
in vitro [33]. All of the S. dysgalactiae isolates and 94% of the S. uberis
isolates tested were susceptible, therefore it seems unlikely that any possible
difference in bacteriological cure was due to resistance to penicillin.

No statistically significant differences in SCC between genotypes, or groups
of genotypes, within bacterial species could be found in this study. The num-
ber of genotypes in relation to the total number of isolates was high, which
made comparisons difficult. The discriminatory power of PFGE is high,
making it probable that isolates with identical PFGE patterns are in fact ge-
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netically related. Tenover et al. [34] proposed that genotypes with a one to
three band difference (consistent with one genetic event) are closely related
and that genotypes with a four to six band difference are possibly related.
This was, however, proposed for hospital outbreaks and to our knowledge,
similar guidelines for national surveillance material do not exist. It is there-
fore not certain that isolates with the 80% level of genetic similarity used
for clustering in the present study are related. This could explain why dif-
ferences in our outcome parameters could not be found between S. dysga-
lactiae clusters. To further study if differences in outcome of VTCM could
be attributed to bacterial genotypes of S. dysgalactiae or S. uberis, a study
including a larger number of natural infections could be used, resulting in
more isolates per pulsotype or cluster and enabling statistical comparisons.
In experimental infections, significant differences in pathogenicity between
different strains of S. dysgalactiae [35], as well as between different strains
of S. uberis [36], have been shown in the past, and another option may be
to study long-term outcome after experimental infections of isolates of
different genotypes. However, it is also possible that isolates of the same
pulsotype or cluster express different virulence factors. Further studies in
this area are therefore warranted.

We found no differences in milk yield between bacterial species, or
between genotypes within species. As milk yield and SCC are correlated, i.e.
the milk yield decreases with increasing SCC [37] and we found a difference
in SCC between streptococcal species, a difference in milk yield between
S. dysgalactiae and S. uberis during the follow-up period would have been
expected. It is possible; however, that the difference in SCC between species
was too small to influence the milk yield significantly. It is also possible
that S. uberis infections are more common in high yielding cows, but since
information on milk yield before VTCM was not available in the present
study this could not be controlled for in the comparison between bacterial
species.

Species and Genotype Differences in Cow Factors, Season and
Geography

The results indicate that breed, season and geographical region, but not
parity and stage of lactation, might differ between cases of VITCM due
to S. dysgalactiae and S. uberis in Sweden. However, the results should
be interpreted with caution as the study was not designed specifically for
evaluation of the effect of cow factors, season and geography on the risk
for infection with different streptococci. For example, information about
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other, possibly confounding, factors, like herd size, barn type and breed
distribution in herds and over geographic regions, were not available in this
study and thus could not be controlled for in the statistical analysis. The
study material was, however, representative for VTCM on a national level
as the selection of cases was based on the distribution of cows throughout
the country.

The lower and higher proportion of S. uberis in the late housing season
and in SH cows, respectively, compared to S. dysgalactiae is in line with
the previous study where the occurrence of VITCM caused by S. uberis was
compared to VTCM caused by all other pathogens [1]. The seasonal pattern
is also similar to the results of a Canadian study, where the incidence rate
of CM caused by S. uberis was low during the winter and peaked in August
[38]. However, in Canada there seemed to be a decline in S. dysgalactiae
incidence rate during the summer as well [38], a pattern not seen in our
material. Moreover, regional differences have been described for S.
dysgalactiae in Canada [24], but have to our knowledge not been described
for S. uberis.

As already mentioned, parity did not differ between cases of S.
dysgalactiae and S. uberis mastitis. Unpublished observations suggest,
however, that mastitis cases due to the two streptococcal species investigated
in the present study are more prevalent in first parity cows compared to
clinical cases of Staphylococcus aureus mastitis studied in a previous paper
[26]. The CM cases of the two studies originated from the same national
survey.

The effect of DIM on the distribution of CM caused by S. uberis in this
study seem to differ from that reported from New Zealand where S. uberis
is predominantly isolated during the first month of lactation [39]. These
differences between countries may be due to different production systems.

CONCLUSIONS

Identical S. dysgalactiae genotypes were found in cases of bovine CM
from more than one herd, indicating some spread of infections between
Swedish dairy herds, but a large proportion of the banding patterns were
only found once. In contrast, we found no evidence of spread of S. uberis
genotypes between herds. The genetic variation among S. uberis isolates
was substantial. The results suggest that, in Sweden, S. uberis should be
considered as an environmental pathogen, while S. dysgalactiae probably
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can act either as a contagious or an environmental pathogen, at least when
considering spread between herds. The only outcome of veterinary-treated
CM that differed significantly between bacterial species or genotypes was
the milk SCC, which was lower during a four month follow-up period after
veterinary treatment of CM if S. dysgalactiae rather than S. uberis was
isolated from the case.
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most countries. PCR is also being used increasingly because it allows a fast
diagnosis. This test could be applied as a supplement to or replacement for
current bTB confirmatory diagnostic tests but its characteristics have first to
be evaluated. The aim of this study was to estimate and compare sensitivities
and specificities of bacteriology, histopathology and PCR under French
field conditions, in the absence of a gold standard using latent class analysis.
The studied population consisted of 5,211 animals from which samples
were subjected to bacteriology and PCR (LSI VetMAX™ Mycobacterium
tuberculosis Complex PCR Kit, Life Technologies) as their herd of origin
was either suspected or confirmed infected with bTB or because bTB-like
lesions were detected during slaughterhouse inspection. Samples from 697
of'these animals (all with bTB-like lesions) were subjected to histopathology.
Bayesian models were developed, allowing for dependence between
bacteriology and PCR, while assuming independence from histopathology.
The sensitivity of PCR was higher than that of bacteriology (on average
87.7% [82.5-92.3%] versus 78.1% [72.9-82.8%]) while specificity of both
tests was very good (on average 97.0% for PCR [94.3-99.0%] and 99.1%
for bacteriology [97.1-100.0%]). Histopathology was at least as sensitive as
PCR (on average 93.6% [89.9-96.9%]) but less specific than the two other
tests (on average 83.3% [78.7-87.6%]). These results suggest that PCR has
the potential to replace bacteriology to confirm bTB in samples submitted
from suspect cattle.

INTRODUCTION

Bovine tuberculosis (bTB), caused principally by Mycobacterium bovis, is an
on-going issue in several parts of Europe. Although eradication and control
programs have been in place for many decades, the prevalence of bTB is
currently increasing both in non-bTB-free and in officially bTB-free EU
countries [1]. In this context, detection and confirmation of bTB infection
have to be fast and reliable to ensure efficient surveillance and control
programs. Knowledge about accuracy of the tests used to detect and confirm
infection seems, then, essential. Detailed information on the characteristics
of tests used for bTB detection (such as skin tests or y-interferon tests) is
available [2]-[4]. However, the sensitivity and specificity of tests used for
bTB confirmatory diagnosis are far less known. In the EU, the presence
of M. bovis in a sample may be officially demonstrated by histopathology
and confirmed by bacterial culture. Histopathology is less specific than
bacterial culture: Varello et al. [5] demonstrated that the average specificity
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of histological methods was 92.3% when compared with bacteriology as
reference test. This often requires, when a sample is histopathology positive,
confirmation of the infection by bacteriology. In France, cattle herds are
subjected to movement restrictions if they present positive screening tests
results. In order to lift the restriction, either reactors have to be tested negative
to a second skin test or, if they are culled, they have to be tested negative
to confirmatory tests (in this case, the herd has sometimes also to be tested
negative to a second skin test to lift the restriction). Bacteriology, which takes
at least three weeks but more often up to three months, has thus important
constraints on the field. Besides, its sensitivity is not perfect, around 85%
in samples with visible lesions (European Union Reference Laboratory for
Bovine Tuberculosis, personal communication). In this setting, an alternative
to obtain a faster infection confirmation or invalidation could be PCR.
When infection is confirmed, it would allow a responsive herd management
(i.e. whole or partial herd culling, tracing of contact herds, investigation
of surrounding wildlife, etc.). When infection is not confirmed, movement
restrictions could quickly be lifted.

The LSI VetMAX™ Mycobacterium tuberculosis Complex PCR
Kit, distributed by Life Technologies, enables the detection of M.
tuberculosis complex (MTBC) organisms. It detects the IS67/0 specific
insertion sequence found in the genome of all MTBC members. This PCR
may be used as a supplement to or replacement for current bTB confirmatory
diagnostic tests (i.e. bacterial culture and histopathology) but, to our
knowledge, it has not yet been evaluated from samples obtained as part of
routine bTB surveillance and control programs, which seems a pre-requisite
for a sensible use.

The performance of a diagnostic test is classically evaluated against a
perfect test defined as a gold standard. As previously stated, none of the tests
used to confirm bTB infection has 100% sensitivity and 100% specificity
and can thus be considered as a gold standard. When a reference test is
unavailable, a Bayesian formulation of the latent class analysis can be an
option to assess the sensitivity and specificity of diagnostic tests [6]. The
disease status of the tested individuals is designated “latent” (existing but
not presently evident or realized) and none of the tests are considered a
reference test. In latent class analysis, three assumptions known as the Hui-
Walter paradigm are generally made [7]: (1) two or more populations with
differing prevalences are required; (2) the sensitivity and specificity of the
tests are constant across all populations; and (3) the tests are conditionally
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independent. For tests based on the same biological basis, this latter
assumption can be relaxed [2], [8], [9]. In our case, it seems reasonable to
assume that bacteriology and PCR are dependant tests as they both detect
the mycobacterium directly.

The aim of this study was therefore to estimate, using latent class analysis
and accounting for conditional dependence between bacterial culture and
PCR, the sensitivity and the specificity of the diagnostic tests (bacterial
culture, histopathology and PCR) carried out in France on lymph nodes
in order to confirm or invalidate bTB diagnosis on suspect animals (e.g.
animals positive to skin tests, animals with macroscopic bTB-like lesions or
animals from infected herds).

MATERIALS AND METHODS

Ethical Statement

bTB is a notifiable disease for which there are control and surveillance
campaigns in France. Official methods for diagnosis of this disease are
culture, PCR and histopathology. Therefore, all the samples included in
this study are issued from animals analyzed within an official context. No
purpose killing of animals was performed for this study. All samplings were
in complete agreement with national and European regulations. No ethical
approval was necessary.

Sample Collection and Population Stratification

The source population was the animals whose samples were submitted to
the “Laboratoire d’Analyse et de Recherche de Dordogne” (LDAR 24) for
confirmation of M. bovis infection between 2008 and 2012. These animals
were analyzed because (i) they presented non negative skin tests and/or
y-interferon tests results and were slaughtered for diagnostic purposes, (ii)
they were slaughtered as a result of the total or partial slaughter of their herd
of origin after confirmation of the herd’s infection, or (iii) they presented
macroscopic bTB-like lesions at routine abattoir inspection. Samples from
the totality of animals submitted to the laboratory for bTB confirmatory
diagnosis between 2008 and 2012, except for 30 animals for which PCR and
bacteriology results or herd of origin were not available, were retrospectively
enrolled in the study. The study sample included 5,211 individuals from
1,325 French cattle herds in 51 departments (over 96 in metropolitan France).
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Tracheobronchial, retropharyngeal and mediastinal lymph nodes were
sampled on each animal. Bacteriology and PCR were performed at the
Laboratoire d’ Analyse et de Recherche de Dordogne (LDAR 24). An animal
was considered bacteriology positive (PCR positive respectively) if at least
one of the samples was bacteriology positive (PCR positive respectively).
Among these 5,211 animals, samples from 697 individuals belonging to 358
herds were also subjected to histopathology upon request either of the official
veterinary services or the LDAR 24. All the animals tested using the three
tests (bacterial culture, histopathology and PCR) presented macroscopic
bTB-like lesions. On the contrary, the 4,514 remaining animals had no bTB-
like lesions.

The herd incidence of infection over the 2000-2007 period in the cantons
from where the animals originated was used to retrospectively define three
populations with differing expected animal prevalences (see Figure S1). In
France, a canton is a small geographical area (on average, 141 km?) which
includes several villages. The first population (population A) comprised
animals from cantons with an incidence superior to 0.25 reported cases
per 100 herd-years over the 2000-2007 period. The second population
(population B) comprised animals from cantons with an incidence superior
to 0 but inferior or equal to 0.25 reported cases per 100 herd-years over the
same period. The third population (population C) comprised animals from
cantons where no bTB outbreak had been reported between 2000 and 2007.

Diagnostic Tests

Preparation of the samples for PCR and culture

PCR and culture were performed on the above mentioned individual
lymph nodes, presenting or not lesions at the abattoir. Lymph nodes were
analyzed individually. Samples were submitted to the LDAR 24 chilled
(approximately 4°C) within 48 hours after their sampling at the abattoir.
Prior to PCR or culturing, 2 to 5 g of sampled tissue were crushed with a
4% H,SO, solution to decontaminate the tissue. After 10 min, the acid was
neutralized by adding a 6% NaOH solution.

PCRs

A commercial kit (LSI VetMAX™ Mycobacterium tuberculosis Complex
PCR Kit 2 wells) was used. The targeted sequence was IS6770, which is
present in all species of the M. tuberculosis complex [10]. After mechanical
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lysis of tissue, DNA was extracted by using the QIAamp DNA mini kit
(Qiagen) or by Magvet MV384 (Life Technologies) with a King Fisher
KF96 automate, following the manufacturer’s instructions. Then, 5 ul of
the extracted DNA was mixed with 20 pl of reaction mix and the reaction
was carried out at 50°C for 2 minutes (1 cycle), followed by one cycle of
10 min at 95°C and 40 cycles of 15 s at 95°C and 1 min at 60°C. Results
were interpreted as negative, positive (CT<38) or invalidated, following
the manufacturer’s recommendations and by comparison with negative and
positive controls. Even if laboratory personnel were aware that sampled
animals were suspect of bTB infection, they delivered PCR results as soon
as they were available, without knowing bacteriology and histopathology
test results.

Bacteriology

Bacterial culture was performed following the protocol established by
the French NRL (NF U 47-104) for isolation of Mycobacterium bovis.
After decontamination, the supernatant was seeded on two different
media: Lowestein-Jensen and Colestos [11]. All seeded media were
incubated at 37°C+/—3°C for 3 months and examined every 2 weeks. The
isolated Mycobacterium tuberculosis complex colonies were confirmed by
DNA amplification as described by Hénault et al. [12] and M. bovis was
confirmed by Luminex spoligotyping as described by Zhang et al. [13].

Histopathology

When histopathology was requested by the official veterinary services, part
of the samples was fixed in formalin by the LDAR 24 and sent at room
temperature to one of the two accredited laboratory for histopathology
(Regional Analysis Laboratory of Cote d’Armor [LDA22] and Pathologic
Anatomy Laboratory of the National Veterinary School in Lyon [ENVL]).
These laboratories performed hematoxylin-eosine histopathology and Ziehl
Neelsen staining on each sample.

STATISTICAL MODEL

Two analyses were carried out using a Bayesian formulation of the latent
class model. The first analysis aimed at assessing sensitivity and specificity
of bacteriology and PCR from the tests results of the 5,211 animals enrolled
in the study. The second one aimed at assessing sensitivity and specificity of
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bacteriology, histopathology and PCR from the test results of the 697 animals
subjected to the three tests (these latter animals had bTB-like lesions).

First Analysis

Bacteriology and PCR were not considered independent as they both detect
MTBC directly. Two tests are considered to be conditionally independent
when knowledge of the outcome of the first one gives no information about
the outcome of the second one, conditional on the true disease status [14].
Even if PCR detects DNA whereas bacteriology detects viable bacteria, their
results are expected to be dependent, relying on an animal’s true infection
status. As explained by Gardner et al. [15], conditional dependence of test
sensitivities occurs when the second (first) test has different sensitivities
for infected animals that test-positive and for those that test-negative on
the first (second) test. This was considered here to be the case for both tests
sensitivities and specificities. Therefore dependence between bacteriology
and PCR was accounted for. However, the correlation given infection status
between these two tests was unknown. Considering a model for these two
tests with three sampled populations, there were therefore nine parameters to
be estimated (three prevalences, two sensitivities, two specificities and two
covariances between tests). Although this model yields 9 degrees of freedom
(three from each population), it lacks identifiability, i.e. the parameters
cannot be estimated based on data alone [ 16]. For the Bayesian, identifiability
is not obligatory if good prior information is available. However, in our
case, we had no reliable information neither on the prevalence of infection
at the animal level in populations A, B or C, nor on the characteristics of
bacteriology or PCR under French field conditions. In order to ensure that
the model was identifiable, the conditional covariances between bacteriology
and PCR were fixed. Thus, there were only seven parameters to estimate.
The model used for this first analysis was basically the same as the one used
in Paul et al. [8]. We ran eight different models using covariances expressed
as a proportion (i.e. 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7) of the maximum
conditional covariances for the test sensitivities and specificities. When this
proportion was zero, bacteriology and PCR were assumed independent, but
this was no longer the case as this proportion increased. These eight models
were compared using the Deviance Information Criterion (DIC).

Second Analysis

As previously, bacteriology and PCR were considered dependent tests
given infection status. However, histopathology was assumed conditionally
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independent of the two other tests as this method analyzes morphological
changes in tissues. As in the first analysis, covariances were fixed and
expressed as a proportion of the maximum conditional covariances for the
test sensitivities and specificities. Eight values of proportion were tested
from 0.0 to 0.7 and the models were compared using the DIC. Each model
was identifiable, with nine parameters to estimate (three prevalences, three
sensitivities and three specificities).

Bayesian Computation

For all the parameters to be estimated, we used uninformative priors in the
shape of a uniform distribution on the interval between 0 and 1 (modeled
using the beta (1, 1) distribution). The analyses were implemented in
Openbugs version 3.2.2 [17]. For each model, the first 10 000 iterations were
discarded as burn-in and the next 10 000 were used for posterior inference.
Two chains were run from different initial values. To assess convergence of
these chains, we visually inspected the time-series plots of selected variables
as well as the Gelman-Rubin diagnostic plots.

RESULTS

Respectively 61.7% and 22.7% of 5,211 sampled animals came from the
departments of Cote d’Or and Dordogne (see Figure S2). 48.7% of them
belonged to from herds without any recent history of bTB (i.e. without any
declaration of herd infection between 2000 and 2012). The 5,188 animals
for which age, sex and breed data were available were mainly female
(81.8%) and on median 3.9 years old. Respectively 20.9% of them were less
than 18 months old and 26.6% more than 6 years old. The most represented
cattle breeds were Charolais (60.2% of them), Limousin (17.2%) and
Prim’Holstein (6.5%).

First Analysis

Among the 5,211 animals tested by bacteriology and PCR, 2,617 (50.2%),
715 (13.7%) and 1,879 (36.1%) came from population A, B and C
respectively. The cross-tabulated distribution of the outcome of the two tests
(bacteriology and PCR) is shown in Table 1.



Estimation of Sensitivity and Specificity of Bacteriology, Histopathology ... 131

Table 1: Number of animals in analysis 1 according to (i) their test results for
bacteriology (bac) and PCR and (ii) their population of origin

Population |POS, /POS,  [POS, /NEG,.[NEG, /POS,. . NEG,, /NEG, ., Total
A 230 29 68 2290 2617
B 29 3 12 671 715

C 52 1 9 1817 1879
Total 311 33 89 4778 5211

POS: positive/NEG: negative.

The test characteristics and infection prevalences in populations A, B
and C estimated from this data are presented in Table 2. The model assuming
independence between bacteriology and PCR (i.e. proportion of maximal
conditional covariance equal to zero) had the smallest DIC, suggesting this
model as the most fitted. However, the DIC of the eight models are very
close, suggesting an equivalent fit. Bacteriology and PCR had very high
estimated specificities that remained almost unchanged whatever the value
of the proportion of conditional covariance between the two tests. On the
contrary, the sensitivities estimates decreased as this proportion increased
but sensitivity of PCR was always higher than that of bacteriology (except
for models with proportions of conditional covariance >0.5 where posterior
credible intervals of the two sensitivities overlapped; however, these models
had a lower fit). Figure 1 shows the posterior distributions for sensitivities
and specificities of the two tests in the model assuming independence
between bacteriology and PCR (model with the smallest DIC).
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Figure 1: Posterior distributions for sensitivities and specificities of bacteriol-
ogy and PCR.
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These estimations are based on the model assuming independence
between bacteriology and PCR (model with the smallest DIC).

Table 2: Mean estimates and 95% posterior credible intervals (CI) of the sen-
sitivity (Se) and specificity (Sp) of bacteriology (bact) and PCR and population
specific animal prevalences of the eight models assuming different proportions
of maximum conditional covariances (analysis 1)

Conditional | Test characteristics (95% CI) Prevalences (%) DIC®

covariance®
Sebac! Spbacl SCPCR SpPCR A B C

0 79.2 99.9 90.9 99.8 (99.4- [12.5 6.1 3.3 (2.464.94
(74.4— (99.7-100) |(87.3-94.3) |100.0) (11.1-13.9)|(4.3-8.1) |4.2)
84.4)

0.1 78.3 99.9 89.9 99.8 (99.3— |12.6 6.2 3.3 (2.565.05
(73.4- (99.6-100)  |(85.9-93.7) |100.0) (11.2-14.1)[(4.4-8.2)|4.2)
83.4)

0.2 77.2 99.9 88.6 99.8 (99.3— [12.8 6.2 3.3(2.5H65.17
(72.3—- (99.6-100)  |(84.1-92.8) |100.0) (11.3-14.3)|(4.4-8.3)|4.3)
82.3)

0.3 75.7 99.9 87.0 99.8 (99.3— [13.0 6.3 3.4 (2.5465.18
(70.8— (99.6-100)  |(81.9-91.9) |100.0) (11.5-14.6)|(4.5-8.5)|4.4)
81.1)

0.4 73.7 99.9 84.7 99.8 (99.3— [13.4 6.5 3.5(2.5H65.17
(68.4— (99.6-100)  |(78.6-90.5) |100.0) (11.7-15.1)|(4.6-8.7)|4.5)
79.1)

0.5 71.0 99.8 81.6 99.7 (99.2— [13.8 6.7 3.6 (2.6-{65.43
(65.2— (99.4-100) |(74.4-88.5) |100.0) (12.1-15.7)|(4.6-9.0) |4.7)
77.1)

0.6 66.9 99.8 76.9 99.7 (99.2— |14.7 7.1 3.7 (2.6-65.45
(59.8— (99.3-100)  |(67.7-85.4) ]100.0) (12.5-16.9)|(4.8-9.6)|5.0)
73.7)

0.7 59.8 99.7 68.9 99.6 (98.8— [16.3 7.8 (5.1- [4.0 (2.5-65.66
(49.8— (99.1-100)  |(55.9-81.0) |100.0) (13.2-19.9)|11.1) 5.6)
68.9)

*Proportion of maximum upper limit of conditional covariance.
®Deviance information criterion.

‘For this model, a thin interval of 3 was defined in order to ensure that the
MCMC chains are no longer autocorrelated.

Note: the results of the model with the lowest DIC are in bold.

Second Analysis

Among the 697 animals tested in bacteriology, histopathology and PCR,
345 (49.5%), 94 (13.5%) and 258 (37.0%) came from population A, B and
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C respectively. The cross-tabulated distribution of the outcome of the three
tests is shown in Table 3.

Table 3: Number of animals in analysis 2 according to (i) their test results for
bacteriology (bac), histopathology and PCR and (ii) their population of origin

Histopathology | Population | POS_/ [ POS, / NEG,, / NEG,, / Total
POS,.. | NEG,, POS, . NEG,
POS A 163 14 32 31 240
B 21 3 10 13 47
C 32 0 37 71
NEG A 1 9 87 105
B 0 1 46 47
C 0 3 178 187
Total 230 18 57 392 697

POS: positive/NEG: negative.

The test characteristics and infection prevalences in populations A, B
and C estimated from this data are presented in Table 4. The model assuming
a moderate dependence between bacteriology and PCR (i.e. proportion
of maximal conditional covariance equal to 0.4) had the smallest DIC,
suggesting this model should be preferred. However, models with a proportion
of conditional covariance from 0.3 to 0.5 had very close DIC, suggesting
an equivalent fit. Specificity estimates for bacteriology and PCR decreased
as the conditional covariance increased, whereas that of histopathology
increased. According to the three preferred models, bacteriology and PCR
had high estimated specificities. Even if their posterior 95% CI overlapped,
the specificity of the bacteriology might be slightly higher than that of PCR
(see Figure 2 for the model with the smallest DIC). The estimated specificity
of the histopathology was much lower than those of the two other tests.
Sensitivity estimates for bacteriology and PCR decreased as the conditional
covariance increased, whereas the sensitivity of the histopathology remained
almost unchanged. Nevertheless, sensitivity of bacteriology was always
lower than that of PCR and of histopathology. Regarding the two latter tests,
even if the posterior 95% CI for their sensitivities slightly overlapped, it
seemed likely that sensitivity of the histopathology was higher than that of
PCR (see Figure 2 for the model with the smallest DIC).
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Figure 2: Posterior distributions for sensitivities and specificities of bacteriol-
ogy, histopathology and PCR.

These estimations are based on the model with a proportion of maximal
conditional covariance between bacteriology and PCR equal to 0.4 (model
with the smallest DIC).

Table 4: Mean estimates and 95% posterior credible intervals (CI) of the sen-
sitivity (Se) and specificity (Sp) of bacteriology, histopathology and PCR and
population specific animal prevalences of the eight models assuming different
proportions of maximum conditional covariances (analysis 2)

Conditional |Test characteristics (95% CI) Prevalences® (%) DICe

covariance®
Sebacl Spbacl Sehist Sphist SePCR SpPCR A B C

0 82.2  199.6 929 80.2 1923 [97.5 653 [36.7 |16.0 [116.9
(77.1— (98.6—  |(89.4— [(75.9— |(88.6—[(95.0— [(59.8— [(26.8— |(11.7—
86.9) [100.0) [95.9) |84.1) [95.4) [99.4) |70.6) |46.9) [20.9)

0.1 81.4 [99.6 93.0 [80.8 |91.3 [97.4 166.0 |37.1 16.0 [116.2
(76.3— [(98.5— |(89.3— |(76.5— |(87.2—|(95.0— |(60.3— |(27.3— |(11.7-
86.1) [100.0) [96.0) |84.8) [94.8) [99.3) |71.4) |47.5) |21.0)

0.2 80.5 (994 93.2 |81.5 190.2 197.3 [66.8 [37.6 |16.0 [1154
(75.4— |(98.1— |(89.6— |(77.2— |(85.6—[(94.9— |(61.1— |(27.6— |(11.6—
85.2) [100.0) [96.2) 185.6) [94.0) [99.3) |72.2) |48.0) [21.0)
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0.3 794 1993  [93.4 (824 [88.9 (972 [675 [383 [i61 |114.8
(74.2- |97.6- [(89.7- [(77.9- [(84.0-|(94.6- |(61.8- [(28.1- |(11.6-
842) [100.0) [96.5) [86.6) [93.2) |99.2) |73.1) [48.9) [21.2)

0.4 781 [99.1  [93.6 [833 [87.7 [97.0 [683 [389 [162 [1142
(72.9- |(97.1- |(89.9- |(78.7- [(82.5- [(94.3 |(62.5- |(28.5- |(11.5-
82.8) [100.0) [96.9) [87.6) [92.3) [99.0) [73.9) [49.8) [21.4)

0.5 98.8  [93.9 [84.1 [86.5 [96.7 [69.0 [39.7 [163 [114.5
76.6 (71.2-81.6)  [(96.6- [(90.0— [(79.5 |(81.1-[(93.9- |(63.0- [(29.2- |(11.4-
100.0) [97.4) |88.7) [91.3) [98.9) [74.7) [50.6) [21.7)

0.6 75.0 ]98.5 942 [85.1 853 [963 [69.6 [40.6 164 |[115.8
(69.4— 1(96.1- |(90.2— [(80.3— [(79.8—(93.3— [(63.7— [(29.8— |(11.3—
80.1) [100.0) 197.7) [89.6) [90.4) [98.7) |75.3) [51.8) |22.2)

0.7 735 (982  [94.6 (859 [84.6 [95.9 [69.9 [a14 |i6s5 [1193
(678~ [(95.5- [(90.5- |(80.9- [(79.0-|(92.6- |(64.0- |(30.6- |(11.4—
78.8) [99.9) [98.2) [90.4) [89.7) [98.5) [75.6) |52.7) [22.4)

*Proportion of maximum upper limit of conditional covariance.

®Analysis 2 was carried out on a subgroup of animals (animals subjected to
histopathology which all presented macroscopic bTB-like lesions), hence
the differences in animal prevalence estimates between analysis 1 and
analysis 2.

‘Deviance information criterion.
Note: the results of the model with the lowest DIC are in bold.

DISCUSSION

We estimated the sensitivity and specificity of bacteriology, histopathology
and PCR for bTB diagnosis in the absence of a gold standard. This is, to our
knowledge, the first report of a latent class analysis used for evaluation of
bTB diagnostic tests. In this paper, we followed the STRADAS guidelines
(Standards for Reporting of Animal Diagnostic Accuracy Studies), that
were initially developed to improve the quality of reporting of the design,
conduct and results of paratuberculosis test accuracy studies [18]. The
analysis showed that PCR is more sensitive than bacteriology and has a
good specificity (although possibly lower than that of bacteriology). This
makes PCR a useful tool that could potentially become an official bTB
diagnostic test within the EU. Histopathology seems to be more sensitive
than bacteriology but also less specific, which means that this test cannot be
used alone as a confirmation test.

Latent class analysis relies on a number of critical assumptions. First,
at least two populations with differing prevalences are required. Here, the
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population was stratified into three subpopulations (populations A, B and
C) based on the incidence of infection within each canton over the 2000—
2007 period. Posterior distributions of estimated prevalences in populations
A, B and C did not overlap, which suggests that the stratification of the
population was successful. According to Toft et al. [19], it is preferable to
have a difference in prevalence as large as possible. In our first analysis,
prevalences within each population were close (11.1-13.9% in population
A, 4.3-8.1% in population B and 2.4-4.2% in population C), which could
affect the precision of the estimates as well as the estimates themselves [19].
However, in the second analysis, these potential biases were a priori absent
as there was a very large difference in the animal prevalence estimates
within population A (62.5-73.9%), B (28.5-49.8%) and C (11.5-21.4%).
The second assumption is that of constant test sensitivity and specificity
between populations. Johnson et al. [20] stated that a diagnostic test might
have increased sensitivity when applied in high prevalence populations due
to the greater burden of clinically affected animals and higher quantities
of bacteria shed. There might also be problems with constant specificities
across populations, e.g. because of geographic differences in cross-reactions
to other mycobacteria [2]. Toft et al. [19] demonstrated that a difference in
test sensitivity between populations may result in estimates that are biased
toward the sensitivity of the test in the population with the highest infection
prevalence. Similarly, Johnson et al. [20] showed that, when neither
evaluated test is perfectly specific, the results of the Bayesian analysis are
all wrong if the assumption of constant sensitivity has failed. However,
in our case, bacteriology has an almost perfect specificity, which would
allow us to interpret test accuracy estimates for sensitivity as estimates of
the average sensitivity across populations if the assumption of constant
sensitivity failed [6], [20]. Finally, bacteriology and PCR were considered
as conditionally dependent tests. In the first analysis, the eight models had
an equivalent DIC and the estimates were very close for models with a
proportion of maximal conditional covariance from 0 to 0.3. As in Paul et
al. [8], this could mean that the two tests might be conditionally dependent
but this dependence does not affect sensitivity and specificity when evaluated
against each other. In the second analysis, models with a proportion of
maximal conditional covariance from 0.3 to 0.5 had smaller DIC, with a
difference of at least 2 from the model assuming bacteriology and PCR as
independent (i.e. model with a proportion of maximal conditional covariance
equal to 0). Smaller DIC values indicate that these models fit better. It was
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therefore necessary to take into account the correlation between the two
tests.

For all the parameters to be estimated, we used uninformative priors.
However, bacteriology is considered to be 100% specific and either an
informative prior distribution or a fixed value for this parameter could
have been used in the models. We ran the model with the smallest DIC in
analysis 1 and the model with the smallest DIC in analysis 2 using either an
informative prior distribution (a beta (34.1664, 1.335) distribution whose
mode is 99% and 5% percentile 90%) or a fixed value (100%) for the
specificity of bacteriology. The estimated test characteristics and infection
prevalences were influenced by none of these options (results not shown).

In this study, PCR sensitivity was higher than previously reported.
Estimates of sensitivity for this test were broadly the same in the first (mean:
90.9% [87.3-94.3%]) and second analysis (mean: 87.7% [82.5-92.3%)]),
suggesting that PCR sensitivity was not influenced by the presence or
absence of bTB-like lesions on tested animals. On the contrary, Parra et
al. [21] reported a sensitivity of PCR from 61.1% for samples with non-
visible lesions to 80.6% for chronic lesions when using a manual extraction
system and considering bacteriology and/or presence of bTB-like lesions and
positive bacterioscopy as the gold standard. In Taylor et al. [22], comparison
of RD4 PCR and IS/081 PCR with the gold standard of bacteriology
showed a sensitivity of approximately 50% and 70% respectively. Thacker
et al. [23] reported that out of 30 M. bovis culture positive tissues, only
20 were positive using [IS6//0 real-time PCR and in Proafio-Perez et
al. [24], eight animals were found PCR positive over the twelve positive in
bacteriology. Only Cardoso et al. [25] reported a frequency of PCR-positive
results similar to that of culture-positive results (51.5% versus 54.5%) over
35 lymph nodes samples from animals with macroscopic lesions consistent
with M. bovis infection. In our study, the sensitivity of PCR was higher
than that of bacteriology. It may thus be suspected that bacteriology under
French conditions lacks sensitivity. The decontamination procedure of this
bacteriology uses sulphuric acid (H,SO,), which is very efficient to kill
contaminating microorganisms but also toxic for mycobacteria. However,
the LDAR 24 and the French National Reference Laboratory produced very
satisfactory results in thering trial organized by the European Union Reference
Laboratory for bTB (EURL personal communication). Thus, the assumption
of poor sensitivity of French bacteriology is not justified, which is confirmed
by our estimates (mean of 79.2% [74.4-84.4%] in the first analysis and of
78.1% [72.9-82.8%] in the second one). These estimates are consistent with
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Corner et al. [26] who reported a proportion of infected samples identified
by culture between 58.0% and 80.0% depending on the culture media used
and the decontamination procedure employed. It is interesting to point out
that not all the PCR methods employed in the literature are equivalent (e.g.
detected genome sequences are sometimes different as well DNA extraction
methods). The good sensitivity reported here could then be attributable to
the inherent good quality of our methodology. Besides, unlike previous
studies on PCR sensitivity [21]-[25], by applying a latent class analysis,
we were able to estimate the characteristics of the three tests without a
gold standard. According to Toft et al. [9], when using a single, imperfect
test as a reference, estimates of sensitivity and specificity will always be
biased and as a result, the new test (here PCR) will always be reported to
have properties which are equal to or not as good properties as those of
the reference test (here bacteriology). The method we used removed these
potential biases. This could also explain the discrepancy between our results
and those previously reported. Bacteriology remains, however, necessary
for molecular epidemiology studies. Indeed, M. bovis full genotyping is
only possible on cloned bacterial isolates. Regarding histopathology, our
estimates (mean Se of 93.6% [89.9-96.9%] and mean Sp of 83.3% [78.7—
87.6%]) are consistent with those obtained by Varello et al. [5]: considering
culture as a reference test on suspected lymph nodes samples from 173 cattle
positive reactive in ante mortem tests, they reported a relative sensitivity of
histopathology of 93.4% (95% CI: 87.4-97.1%) and a relative specificity of
92.3% (95% CI: 81.5-97.9%).

CONCLUSION

This latent class analysis has provided estimates of the characteristics of two
currently used tests (bacteriology and histopathology) and a novel one, a PCR
method using the LSI VetMAX™ Mycobacterium tuberculosis Complex
PCR Kit, for bTB diagnosis under field conditions in France. This study
showed that PCR had a higher sensitivity than bacteriology while having
a good specificity. In addition, PCR allows the confirmation of infection in
less than 48 hours. Hence, PCR seems to be a good confirmatory test for
bTB surveillance and control programs.
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ABSTRACT

The bovine paranasal sinuses are a group of complex cavernous air-filled
spaces, lined by respiratory epithelium, the exact function of which is
unclear. While lesions affecting these sinuses are occasionally reported
in cattle, their microbial flora has not been defined. Furthermore, given
that the various bacterial and viral pathogens causing bovine respiratory
disease (BRD) persist within herds, we speculated that the paranasal
sinuses may serve as a refuge for such infectious agents. The paranasal
sinuses of clinically normal cattle (n = 99) and of cattle submitted for
post-mortem examination (PME: n = 34) were examined by microbial
culture, PCR and serology to include bacterial and viral pathogens typically
associated with BRD: Mycoplasma bovis, Histophilus somni, Mannheimia
haemolytica and Pasteurella multocida, bovine respiratory syncytial virus
(BRSV) and bovine parainfluenza-3 virus (BPIV-3). Overall, the paranasal
sinuses were either predominantly sterile or did not contain detectable
microbes (83.5%: 94.9% of clinically normal and 50.0% of cattle submitted
for PME). Bacteria, including BRD causing pathogens, were identified
in relatively small numbers of cattle (<10%). While serology indicated
widespread exposure of both clinically normal and cattle submitted for PME
to BPIV-3 and BRSV (seroprevalences of 91.6% and 84.7%, respectively),
PCR identified BPIV-3 in only one animal. To further explore these findings
we investigated the potential role of the antimicrobial molecule nitric oxide
(NO) within paranasal sinus epithelium using immunohistochemistry.
Expression of the enzyme responsible for NO synthesis, inducible nitric
oxide synthase (iNOS), was detected to varying degrees in 76.5% of a sub-
sample of animals suggesting production of this compound plays a similar
protective role in the bovine sinus as it does in humans.

INTRODUCTION

The bovine paranasal sinuses are a group of complex cavernous air-filled
spaces, lined by respiratory epithelium, which develop by evagination of the
nasal mucosa into spongy bone between the external and internal laminae
of the cranial and facial bones of the bovine skull [1]. The bovine skull
possesses several paranasal sinuses—frontal (rostral and caudal), maxillary,
lacrimal, palatine, sphenoid and nasal conchal sinuses—some of which
communicate with each other (e.g. the maxillary sinus with the palatine and
lacrimal sinuses) while others open independently into the nasal meatus. In
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cattle the paranasal sinuses continue to develop, changing in shape and size,
up to seven years of age [2]. There is uncertainty regarding the function
of the paranasal sinuses in terrestrial vertebrates, with a role in increasing
the thermal and mechanical protection of the brain, without concurrently
increasing the weight of the skull, being proposed. However, the most
common current hypothesis is that sinuses are functionless structures
resulting from the removal of mechanically unnecessary bone—a process
sometimes referred to as ‘opportunistic pneumatisation’ [3].

In cattle, conditions of the paranasal sinuses such as neoplasia [4], sinus
cysts [5], or sinusitis [6, 7] are reported relatively infrequently. Many cases
of frontal sinusitis occur secondary to dehorning [6], but infection of the
paranasal sinuses extending from the nasal mucosa or haematogenous spread
from a generalised infection is also possible [8]. Reports investigating the
microbial flora present in the bovine paranasal sinuses are lacking.

In human medicine, rhinosinusitis is highly prevalent [9] leading
to wide ranging research into its aetiology, pathogenesis and treatment.
Since Lundberg [10] showed that nitric oxide (NO) was produced in large
quantities in human paranasal sinuses, there has been much speculation that
this bioactive signalling molecule plays an important role in the pathogenesis
of human rhinosinusitis. NO is considered an effective biocide against a
wide spectrum of bacteria, viruses and fungi [11], attributes which have led
to a proposed role for NO in the maintenance of sterility in human paranasal
sinuses [10]. Studies of the function of this compound in bovine paranasal
sinuses have not been carried out.

Bovinerespiratory disease (BRD) is a term that encompasses pneumonias
in young cattle caused by an array of infectious agents including bacteria
and viruses such as BRSV and BPIV-3. Given that many of these pathogens
persist within cattle herds as residents of the bovine respiratory tract [12, 13],
we speculated that the paranasal sinuses could serve as a refuge facilitating
this persistence from year to year.

The aim of this cross-sectional study was thus to describe for the
first time, the microbial flora of the paranasal sinuses of cattle and to
assess, in particular, if bacterial and viral pathogens typically associated
with BRD: Mycoplasma bovis, Histophilus somni, Mannheimia
haemolytica and Pasteurella multocida, bovine respiratory syncytial virus
(BRSV) and bovine parainfluenza-3 virus (BPIV-3), were harbored at this
anatomical location. We also used immunohistochemistry (IHC) to examine
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NO expression within paranasal sinus epithelium and how this expression
correlated with the microbial flora present.

MATERIALS AND METHODS

Study Population

Between the months of August 2014 and January 2015, 99 heads of clinically
normal cattle were retrieved from a Department of Agriculture, Food and
Marine—regulated slaughterhouse engaged in halal slaughter for human
consumption. All cattle were aged between 18 and 24 months and were
deemed healthy and fit for human consumption by veterinary ante-mortem
and post-mortem examinations. Heads were skinned during the slaughter
process and the mandible was removed. All heads were individually identified
and transported in an upright manner in separate sealed containers to Sligo
Regional Veterinary Laboratory (SRVL) for processing immediately after
slaughter. Between January 2015 and August 2016, the heads of 34 animals
ranging in age between 1 and 163 months of age, which died on-farm from
various causes and were submitted for post-mortem examination (PME) to
SRVL, were similarly processed for examination. None of the study animals
were euthanized specifically for the purposes of this research.

Sampling of the Paranasal Sinuses

A standard protocol for sampling of the paranasal sinuses was deployed
on all 133 heads. Briefly, remaining connective tissue was removed over
four sites on each side of the skull, as shown in Fig 1. The selected sites,
representing access to the caudal frontal, medial rostral frontal, lateral rostral
frontal and maxillary sinuses were disinfected (Anistel, Tristel Solutions
Ltd., Cambridgeshire, UK), dried with absorbent paper and sprayed with
ethanol. A disinfected 16 millimetre drill bore-piece on an electric drill was
used to remove a small circular piece of the skull bone over the sinus of
interest. Two sterile cotton swabs (one for routine bacteriology and another
for PCR analysis) were inserted in succession through the circular opening
at an angle to ensure that the edges of the opening did not come into contact
with the swab. The mucosa of the sinus was swabbed in a circular motion
for three seconds at each sinus sampling site (n = 8) prior to removal of each
swab and transportation to the laboratory for immediate processing. A swab
of incised lung, and of tracheal mucosa, taken from a transverse incision
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at the tracheal bifurcation, for bacterial (n = 57) and viral (n = 133) PCR
analysis and heart blood (n = 131) for viral serology were also harvested.

Figure 1: The eight sampling sites on the bovine head used to sample the cau-
dal frontal, medial rostral frontal, lateral rostral frontal and maxillary sinuses on
both sides of the bovine skull.

Paranasal sinuses were subsequently exposed in a subset of healthy (n =
5) cattle and those submitted for PME (n = 12) using a circular saw to reflect
the dorsal bone of the caudal frontal, medial rostral frontal and lateral rostral
frontal sinuses. Sinus mucosa was harvested, fixed in 10% buffered formalin
for four days, embedded in paraffin wax and cut with a microtome. General
histopathology and immunohistochemistry (IHC) to detect the expression
of inducible nitric oxide synthase (iNOS) were also carried out on these
sections.

Bacteriology

The time between specimen collection and inoculation was approximately
one hour. Bacteriology swabs from each of the eight paranasal sinuses from
each animal were cultured on blood agar at 37°C for 48 hours, chocolate
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agar at 37°C in 5% carbon dioxide for 48 hours, on blood agar at 37°C under
anaerobic conditions for 48 hours and on McConkey agar at 37°C for 48
hours. Plates were examined at 24 and 48 hours. Colonies present after 48
hours were sub-cultured onto Colombia blood agar and chocolate agar for
a further 48 hours. All isolates were identified by traditional identification
methods using a combination of gram staining, catalase, oxidase, urease,
indole and API®strip tests (bioMérieux, Marcy 1’Etoile, France).

Polymerase Chain Reaction (PCR) Analysis

PCR analysis was performed on swabs from each of the eight paranasal
sinuses as well as from the trachea and lungs for the detection
of M. bovis (n = 67 animals), H. somni (n = 67), M. haemolytica (n = 56)
and P. multocida (n = 56) as previously described [14,15,16,17]. Reverse
transcriptase PCR analyses to identify BRSV (n = 133) and BPIV-3 (n =
133) were also performed individually on samples taken from the paranasal
sinuses, trachea and lungs as previously described [18]. DNA or RNA
extracted from laboratory strains of the target organisms using commercial
DNA or RNA isolation kits (for M. bovis, H.somni and respiratory viruses
(QIAamp DNA mini kit and QIAamp RNA mini kit, Qiagen Ltd, Manchester,
United Kingdom)) or specific commercially manufactured oligonucleotides
(for P. multocida and M. haemolytica (Metabion International AG, Munich,
Germany)) were used as positive controls; reaction mixtures without the
template DNA or RNA were used as negative controls in all amplifications
for each PCR. The B-actin results reflected good sample quality for virology
PCR in all samples from 125 of the 133 animals sampled. Six animals
recorded unsatisfactory sample quality from a single sinus while two animals
recorded unsatisfactory sample quality from two individual sinuses.

Serology

Serum samples (n = 131) were analysed for the presence of immunoglobulin
G to BRSV [19] and BPIV-3 [20] by commercially available indirect
enzyme-linked immunosorbent assays (ELISA; SVANOVA Biotech,
Uppsala, Sweden). The optical density (OD) was measured at 450 nm and
was corrected by subtraction of the mean OD value for the control antigen.
Percent positivity (PP) was calculated as follows: corrected OD of the
sample/corrected OD of the positive control x 100. Serum samples were
considered positive if their PP value was greater than, or equal to, 10.
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Immunohistochemistry (IHC) for the Detection of Inducible
Nitric Oxide Synthase (iNOS)

Histopathological examination and IHC for iNOS detection was performed
on Sum-thick sections of formalin-fixed, paraffin-embedded bovine sinus
mucosa from the caudal frontal sinus mounted on glass slides (Superfrost
Plus, Fischer Scientific, Dublin, Ireland). Lung tissue from Mycobacterium
bovis-infected mice, known to express iNOS, was used as a positive
control. Slides were dewaxed in two changes of xylene for 10 minutes
each, then dehydrated through two changes of alcohol for seven minutes
each followed by three washes for five minutes each in phosphate buffered
saline (PBS, BP399-4, Fisher Scientific, Dublin, Ireland). Antigen retrieval
was carried out by microwaving sections at 700W for 10 minutes (Sanyo
Microwave) while immersed in 10mM tri-sodium citrate buffer (S/3320/53,
Fischer Scientific, Dublin, Ireland) at pH 6. Slides were then washed in
PBS three times for 5 minutes each. Non-specific antigens were blocked by
incubating slides in 10% bovine serum albumin (A3294, Sigma, Missouri,
USA) for 10 minutes at room temperature. Then slides were incubated with
rabbit polyclonal anti-mouse iNOS primary antibody (ab15323, Abcam,
Cambridge, UK) at a 1:50 dilution. Rabbit Immunoglobulin Fraction (X
0903, DakoCytomation, Glostrup, Denmark) or PBS alone were used as
negative controls. Incubation was carried out at 37°C for one hour, then at
room temperature overnight (12 hours approximately). Slides were washed
in PBS and incubated with biotinylated anti-rabbit IgG (Vectastain ABC
kit, AK-5001, Vector Laboratories Inc., Burlinghame, CA, USA) at room
temperature for 30 minutes, followed by washing in PBS and a 30-minute
incubation with alkaline phosphatase reagent for 30 minutes at 37°C
(Vectastain ABC kit). Slides were washed once more in PBS followed by
incubation with Vector Red alkaline phosphatase substrate (Vector Red AP
substrate kit, SK-5100, Vector Laboratories Inc.) for 30 minutes at room
temperature and then counterstained with haematoxylin. The process was
repeated using Rabbit Immunoglobulin Fraction (X 0903, DakoCytomation,
Glostrup, Denmark) in place of the primary antibody as a negative control.

RESULTS

Study Population

The study population of both clinically normal animals (n = 99) and cattle
submitted for PME (n = 34) comprised of 88 male and 45 female animals.
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The average age of all animals sampled was 34.4 months (age range 1-200
months). None of the animals sampled had gross evidence of lesions in
their sinuses. Of the animals submitted for PME, pneumonia was the most
commonly recorded diagnosis (n=9). H. somni (n=15) and M. haemolytica (n
= 1), were the respiratory pathogens identified with greatest frequency in
the sinuses of these 9 animals. E. coli (n = 2) and Clostridium spp. (n =
1) were also identified while 1 animal had sinuses which were sterile or
did not contain detectable microbes. Other diagnoses recorded in the study
population included peritonitis (n = 3), enteritis (n = 2), black disease (n =
2) and pericarditis (n = 2), among others (S1 Table).

Routine Bacteriology

Routine bacteriology results are presented in Table 1. Of 133 animals
sampled, 83.5% had sinuses which were sterile or did not contain
detectable microbes (94.9% of clinically normal and 50.0% of animals
submitted for PME). Recognised BRD pathogens were isolated at low
frequency: M. haemolytica (n = 2; both isolated from a single maxillary
sinus), Trueperella pyogenes (1; maxillary sinus), P. multocida (1; caudal
frontal sinus) and Bibersteinia trehalosi (1; maxillary sinus). With the
exception of one M. haemolytica isolate, all were isolated from cattle that
had been submitted for PME. Anaerobic bacteria were isolated from the
paranasal sinuses of two animals—from three (both rostral lateral frotal and
one rostral medial frontal sinus) and two sinuses (caudal frontal sinus and
rostral lateral frontal sinus), respectively.

Table 1: The number and relative frequency of detection of bacterial and viral
pathogens in the paranasal sinuses (caudal frontal, rostral medial frontal, rostral
lateral frontal and maxillary sinuses) of clinically normal cattle (n = 99) and of
cattle submitted for Post-Mortem Examination (PME) (n = 34)

Polymerase chain reaction (PCR) analyses were performed for BRSV (n
=133), BPIV-3 (n = 133), M.haemolytica (n = 56), P. multocida (n = 56), H.
somni (n=67) and M. bovis (n = 67).

Number of animals based on: Percentage with detection of bacterial
or viral pathogens of:

Result Bacteriological PCR result from Bacteriological |All sinuses All cattle sampled
culture of sinuses sinuses culture or PCR |sampled
result from
sinuses
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Clinically |Submitted | Clini- Submitted|Clini- |Submit- |Clini- [Sub- |Clini- Sub- |All
normal |for PME |[cally for PME |cally |[ted for |cally |mitted |cally mitted

normal nor- |PME nor- |for normal |for

mal mal |PME PME

Sterile or not |94 17 94 21 94 17 98.4%(79.0% |94.9% [50%  |83.5%
detected
Histophilus |0 0 2 10 2 10 0.3% [10.3% |2.0% 29.4% [9.0%
somni
E. coli 1 6 N/A N/A 1 6 0.1% [3.3% |1.0% 17.6% |5.3%
Pasteurella |0 1 2 3 2 4 0.4% [1.5% ]2.0% 11.8% [4.5%
multocida
\Mannheimia |1 1 2 1 3 2 0.4% [0.7% |3.0% 59% |3.8%
haemolytica
Mycoplasma |N/A N/A 0 4 0 4 0% [2.6% 0% 11.8% [3.0%
bovis
Aerococcus |0 2 N/A N/A 0 2 0% |1.5% 0% 5.9% |1.5%
viridians
Nocardia 1 1 N/A N/A 1 1 0.1% [0.7% |1.0% 29% |1.5%
spp.
Clostridium |0 1 N/A N/A 0 1 0% |1.1% 0% 2.9% 10.8%
chauvoei
Other Clos- |0 1 N/A N/A 0 1 0% 0.7% |0% 2.9% [0.8%
tridium spp.
Trueperella |0 1 N/A N/A 0 1 0% 10.4% |0% 2.9% (0.8%
[pyogenes
Bibersteinia |0 1 N/A N/A 0 1 0% 10.4% [0% 2.9% 10.8%
trehalosi
Streptococ- |0 1 N/A N/A 0 1 0% 10.4% [0% 2.9% 10.8%
cus bovis 2
Niesseria 1 0 N/A N/A 1 0 0.1% 0% 1.0% 0% 0.8%
spp.
Proteus spp. |1 0 N/A N/A 1 0 0.1% 0% 1.0% 0% 0.8%
Pseudomo- |0 1 N/A N/A 0 1 0% |1.5% 0% 2.9% 10.8%
nas spp.
BPIV-3 N/A N/A 0 1 0 1 0% 10.4% [0% 2.9% 10.7%
BRSV N/A N/A 0 0 0 0 0% (0% 0% 0% 0.0%
Bacterial PCR

Bacterial PCR results are also presented in Table 1. H. somni (n

12), P. multocida (6), M. haemolytica (5) and M. bovis (4) were detected
at higher frequency than by bacteriological culture. H. somni was the
most frequently detected pathogen (9.0%) in the paranasal sinuses of all
the animals examined, however, M. haemolytica was marginally more
frequently detected within the paranasal sinuses of healthy animals (3.0%
versus 2.0%).
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Of 111 animals recorded with sinuses which were sterile or contained
undetectable microbes on bacteriological culture, 40 (32 clinically
normal and eight animals submitted for PME) were also negative on PCR
for M. haemolytica, P. multocida, H. somni and M. bovis nucleic acid, three
were negative for H. somni and M. bovis nucleic acid but were not tested
for P. multocida and M. haemolytica. Nucleic acid from at least one of
these four bacterial pathogens was detected in nine animals; H. somni (six
animals) was the pathogen most frequently detected in these. Lung and
tracheal bacterial PCR results are presented in Table 2.

Table 2: The relative frequency of detection of antibodies to BPIV-3 and BRSV
in serum and the relative frequency of detection of selected viral and bacterial
BRD-causing pathogens in the trachea and lungs of the study population

Test Number tested Percentage posi-
tive
Serology (ELISA) BPIV-3 antibodies 131 91.6%
BRSYV antibodies 131 84.7%
Lung and trachea (PCR) | BPIV-3 131 0.8%
BRSV 131 0%
H. somni 57 8.8%
P. multocida 57 5.3%
M. haemolytica 57 1.8%
M. bovis 57 1.8%

Viral Serology and Viral PCR

The seroprevalence of BPIV-3 and BRSV from all animals was 91.6% and
84.7%, respectively (Table 2). Data on the vaccination status of the study
population was not available. BPIV-3 nucleic acid was detected by PCR in
the maxillary sinus of an eight month old heifer submitted for PME. BPIV-3
nucleic acid was also detected by PCR in the lung of this animal. BRSV was
not detected by PCR in any of the study population. Lung viral PCR results
are presented in Table 2 indicating the detection of BPIV-3 in the lung and
tracheal tissue of one animal while BRSV was not detected in the lung or
trachea of any animal examined.
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Histopathological Examination and Immunohistochemistry
(IHC) for iNOS

No significant changes were observed on histopathological examination
of the sampled sinus epithelia (n = 17). Intra-epithelial cytoplasmic iNOS
expression was detected in 76.5% (n = 13) of a sub-sample of 17 animals
(Fig 2a, 2b and 2c). In six animals staining was evident in 50% or more
of the epithelial cells (Fig 2a and 2b) while in three animals, staining was
detected in 5% or less of epithelial cells examined. The staining intensity
was scored as moderate or strong in 11 of the 13 animals in which positive
staining was recorded.
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Figure 2: a, b and c: Photomicrographs of bovine paranasal sinus epithelium
with positive red immunohistochemical staining of epithelial cells (a and b) de-
noting expression of inducible nitric oxide synthase (iNOS) and of the negative
control (¢) (aX10, b X40, ¢ X40).

DISCUSSION

This is the first study to document the microbial flora of the bovine paranasal
sinuses and to demonstrate the expression of NO by the sinus epithelium.
The fact that bacterial and viral pathogens central to the pathogenesis of
BRD were found at very low frequency and/or very low abundance in the
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sinuses suggests they do not function as a refuge for their persistence within
herds.

One of the few previous bacteriological studies of the paranasal
sinuses of cattle reported 7. pyogenes (n = 3) and P. multocida (n = 2) in
12 cases of chronic frontal sinusitis in dairy cows [6]. Inflammation was
not a feature of any of our sample population although we did identify the
pathogens M. haemolytica (n = 2), P. multocida (n = 1) and T. pyogenes (n
= 1) at low frequency. In each animal from which one of these BRD
pathogens was isolated, only a single paranasal sinus was positive and, with
the exception of one M. haemolytica isolate, these findings were in animals
which had been submitted for PME as a result of various diseases. The
presence of recognised BRD pathogens as commensals in the nasal mucosa
and lungs of healthy animals has been regularly documented [21, 22] and,
as the paranasal sinuses are lined by respiratory epithelium and are in
communication with the nasal meatus, the detection of BRD pathogens in
the paranasal sinuses of healthy animals, or those with intercurrent disease,
was not unexpected.

The paucity of studies in the veterinary literature reporting the normal
paranasal sinus flora in cattle is not replicated in human medicine where
many studies have been published, albeit with conflicting results. Brook
[23] reported primarily anaerobic bacterial isolates from the maxillary
sinuses of normal patients and Jiang and colleagues [24] concluded that
endoscopically normal sinuses are not sterile; Sobin and colleagues [25]
and Abou-Hamad and colleagues [26] reported sterile human maxillary
sinuses in 100% and 82.1% respectively of their study populations. A study
of a larger sample (42 patients/84 sinuses) of healthy human frontal sinuses
recorded that 85.7% were sterile [27]. All of these studies employed routine
bacteriological examination, however, the advent of culture—independent
bacterial sequencing techniques has increased the sensitivity of analyses and
allowed the detection of low abundance or non-culturable bacteria which
has led to the conclusion that diverse populations of bacteria inhabit the
paranasal sinuses of both healthy and sick human patients [28].

We found that bovine paranasal sinuses were either predominantly
sterile or contained undetectable microbes with a greater frequency of
identification of bacterial pathogens in animals submitted for PME. We
used a combination of bacteriological culture and PCR to detect bacterial
species and the majority of detections were achieved by PCR. This likely
further reflects the presence of low bacterial loads in these animals. Hauser
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et al [29], in a study which compared DNA-based molecular techniques
with bacteriological culture of the paranasal sinuses of 54 human patients
with chronic rhinosinusitis, concluded that clinical culture was poorly
representative of the actual bacteria present and cited the inability of culture
media to replicate sinus conditions, the selection for fast growing bacteria
over pathogens, the inability to detect low abundance bacteria, poor sample
handling and simple misidentification among the reasons for the poor
correlation between both methods. In contrast, Abou-Hamad and colleagues
[26] in their survey of the paranasal sinuses of healthy humans concluded
that the use of PCR rather than routine bacteriology would overestimate
the presence of bacteria. While we employed PCR on a proportion of our
population and did not detect selected pathogens in most samples tested,
it remains possible that other bacteria are present at low abundance in the
bovine paranasal sinuses. The next generation sequencing techniques and
phylogenetic oligonucleotide arrays employed in recent studies of human
paranasal sinuses [28] detect bacteria that are not readily identified using
conventional culture or PCR. The role of prior antimicrobial administration
in exerting bias on our results can be largely discounted because even though
some animals submitted for PME may have received antimicrobials prior
to death, those sourced from the slaughterhouse would have been subject
to strict withdrawal periods prior to slaughter if antimicrobials had been
administered. Our findings suggest that BRD pathogens are present at very
low frequency, and possibly low abundance, in the bovine paranasal sinuses.
Lima and colleagues [30] recently evaluated the upper respiratory tract
microbiota of dairy calves and reported an association between bacterial
abundance, rather than bacterial community structure, and subsequent BRD
morbidity risk. Future research examining the microbiome of the bovine
paranasal sinus could possibly determine if a similar association exists
between the bacterial community structure or bacterial abundance in the
bovine paranasal sinuses and subsequent risk of BRD morbidity.

The selection of the four sampling sites employed in this study on
each side of the skull was based on considerations of the ease of access for
sampling as well as the interconnection of some of the paranasal sinuses
sampled with others which are not as accessible (e.g. the maxillary sinus
communicates with the palatine sinus and the lacrimal sinus). Cotton swabs
were used for sampling based on the findings of human paranasal sinus
bacteriology from cross-sectional studies where various sampling methods
have been employed. Although some studies have employed sinus lavage
with sterile saline or mucosal biopsy with positive results [26, 31, 32], Jiang
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and colleagues [24] reported that cotton swabs have a higher isolation rate in
both patients with chronic maxillary sinusitis and those without this diagnosis
than mucosal biopsies of endoscopically normal maxillary sinuses.

Nitric oxide (NO) is a free radical lipophylic gas which has been detected
in the exhaled breath of humans and other animals, but not in cattle [33, 34].
In humans NO is an endogenous mediator of many physiological processes
including the regulation of blood flow, neurotransmission, haemostasis
and chronic inflammation [35]. NO in paranasal sinus gas in humans has
been found to be markedly higher than that detected in exhaled air [10, 36]
and the paranasal sinuses have been proposed as a reservoir for NO [37].
Lewandowski and colleagues [38] proposed that paranasal sinuses might be
a key anatomic site for the production of nasal NO based on the findings of
very low NO levels in the expired air of baboons, the only mammal known
to lack paranasal sinuses. NO has broad spectrum antibacterial, antiviral and
antifungal properties [39] and a role for NO in human paranasal sinus host
defence and in the maintenance of sterility of the human paranasal sinuses
under normal conditions has been proposed by Lundberg [10]; NO also has
a role in human respiratory tract mucocillary clearance [40, 41]. Defects in
NO production are believed to play a role in the pathogenesis of sinusitis
in humans [42], with Lindberg and colleagues [43] reporting that patients
with chronic sinusitis recorded lower levels of NO production in the upper
airways when compared to healthy patients.

NO is synthesised from L-arginine and oxygen by the enzyme nitric
oxide synthase (NOS) in a wide variety of cell types, including epithelial,
endothelial, nervous and inflammatory cells. Three isoforms of NOS
have been identified, two of which are constitutive, calcium-dependent
and found in endothelial and neuronal cells, and one which is inducible
(INOS), calcium-independent and present in respiratory epithelium.
Under normal conditions, iNOS is expressed only weakly in cells or not
at all [35]. Lundberg and colleagues [10] demonstrated the presence of
iNOS, using immunohistochemistry, and iNOS messenger RNA, using in
situ hybridisation, in human paranasal sinus epithelial cells; staining was
strongest in the apical part of the cell. Lundberg and colleagues [44] reported
that the NOS present in the paranasal sinus mucosa of humans was identical
to iNOS and was calcium-independent but its regulation in the paranasal
sinus appeared to be fundamentally different from iNOS found in inflamed
tissue or activated white blood cells as it was constantly expressed, was
not downregulated by glucocorticoids and behaved similarly to constitutive
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NOS. The presence of iNOS in the paranasal sinus epithelium of cattle in our
study in the absence of infectious agents or inflammation is further evidence
of constitutive expression and is a plausible explanation for the absence of a
substantial or consistent microbial flora.

Our findings may be relevant to developments in the treatment or
prevention of BRD. Regev-Shoshani and colleagues [39,45,46] have used
an intranasal NO-releasing solution as an alternative to the prophylactic use
of antimicrobials in cattle. These authors reported that nasal and muzzle
infusion of cattle on feedlot arrival with NO releasing solution at a flow
rate of 160 ppm NO in a 3 L/min gas flow for 5 seconds was not inferior to
antimicrobial prophylaxis in cattle at low/medium risk of developing BRD.

While serology indicated widespread exposure of both clinically normal
and cattle submitted for PME to BPIV-3 and BRSV (seroprevalences of
91.6% and 84.7%, respectively), we cannot exclude the possibility that
these results reflect vaccinal antibody titres in some of the study population.
However, recent reports of respiratory disease diagnoses in weanling cattle
examined post-mortem in Ireland [22] recorded low frequency of respiratory
vaccination in the study population and the authors suspect a similar low
frequency of vaccination in the study population of the current study. BPIV-
3 was detected by PCR in the sinus of only one animal while BRSV was
not detected in the sinus of any animal suggesting that the persistence
of BRD-causing viruses is unlikely in the sinuses. Sequencing of BRSV
from outbreaks has indicated that while viruses within outbreaks appear
identical, they vary spatially and temporally between outbreaks implying the
ongoing introduction of novel strains to cattle populations [47,48]. Similar
uncertainty exists regarding the maintenance of BPIV-3 virus infection
within herds [49, 50, 51, 52]. We interpreted the detection of BPIV-3 in a
single sinus of one animal, which also had BPIV-3 in its lungs, as evidence
of active infection rather than persistence. Although infection with either of
these BRD-causing viruses has seasonality [18], our study populations were
sampled over a number of months rather than at a specific time period to
avoid the possibility that seasonally low circulation of virus would decrease
the likelihood of their detection.

CONCLUSIONS

This novel study has found that the microbial flora of the paranasal sinuses
of cattle is very limited and that in a majority of animals these sites are
sterile or contain undetectable microbes. The research further suggests this
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finding is related to the expression of the antimicrobial compound NO by
sinus epithelium. The fact that bacterial and viral pathogens central to the
pathogenesis of BRD were found at very low frequency and/or very low
abundance in the sinuses suggests these locations do not function as a refuge
for the persistence of these infectious agents within herds.
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ABSTRACT

Background

Anthrax caused by Bacillus anthracis is a zoonotic disease mainly affecting
herbivores. The last Swiss outbreak was over 20years ago. We describe a
recent anthrax outbreak involving two cows from the same herd. One cow

was designated as a peracute clinical case with sudden death and typical lung lesions,
while the other cow presented with protracted fever and abortion.

Case Presentation

On April 29th 2017, a 3.5-year-old Montbéliard dairy cow was found dead
while out at pasture with haemorrhage from the nose. The veterinarian
suspected pneumonia and performed a necropsy on site. Subsequently, a
lung and liver sample were sent to the laboratory. Unexpectedly, Bacillus
anthracis was isolated, a pathogen not found in Switzerland for decades.
Several days later, a second cow from the same farm showed signs of
abortion after protracted fever. Since these symptoms are not typical for
anthrax, and the bacteria could not be demonstrated in blood samples from
this animal, a necropsy was performed under appropriate biosafety measures.
Subsequently, Bacillus anthracis could be isolated from the placenta and the
sublumbal lymph nodes but not from the blood, liver, spleen and kidney.
The outbreak strain (170D930) was shown to belong to the lineage B.Br.
CNEVA, the same as Swiss strains from previous outbreaks in the region.
We speculate that the disease came from a temporarily opened cave system
that is connected to an old carcass burial site and was flushed by heavy
rainfall preceding the outbreak.

Conclusion

Even in countries like Switzerland, where anthrax is very rare, new cases can
occur after unusual weather conditions or ground disturbance. It is important
for public officials to be aware of this risk to avoid possible spread.
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BACKGROUND

Anthrax is caused by the Gram-positive bacterium Bacillus anthracis. 1t is
primarily a disease of herbivores with high mortality [1]. B. anthracis forms
spores outside the warm-blooded host after contact with oxygen and is
therefore able to survive for decades in the environment. Bovines are usually
infected through ingestion, or possibly inhalation, of spores when grazing on
contaminated pastures [1]. After an incubation time of 1-14 days, normally,
sudden death without any specific preceding symptoms is observed [1]. If
the course of the disease is more protracted, as is more often the case in pigs
or horses, fever and development of oedemas can be seen [1, 2]. Animals
found dead on pasture, especially with haemorrhage from the mouth, nostrils
or anus, should alert a veterinarian to the possibility of contracting anthrax
[2].

Burial of the carcasses of diseased animals is contraindicated as it
bears the risk of spore release, e.g. by physical soil disturbance at burial
sites. In countries like Switzerland, where anthrax has not been observed
in decades, new outbreaks can nevertheless occur if ancient burial sites are
disturbed and thus spores released. Such outbreaks have also been described
in Sweden [3].

Furthermore, anthrax is a zoonosis transmitted mainly through direct or
indirect contact with infected animals or by occupational exposure [1]. The
last major anthrax outbreak in Switzerland occurred in 1985 in the canton of
Grisons and caused the death of 11 cattle and 2 goats, but no human cases
were reported from this outbreak [4]. However, there was a large outbreak
in a wool factory in the North-eastern part of Switzerland lasting from 1978
to 1981, involving 25 workers who developed cutaneous or respiratory
anthrax. The source of this outbreak was imported goat hair from Pakistan
[5]. The last two cases of bovine anthrax in Switzerland date back to 1997
and 1993 and occurred in the municipality Muotathal (canton of Schwyz)
and in the municipality Develier (canton of Jura), respectively (Figs. 1, 2).
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Figure 1: Population density in the region of the most recent bovine anthrax
cases in the canton of Jura, Switzerland.
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Figure 2: Population density in the region of the bovine anthrax cases in the
Muotathal, canton of Schwyz, Switzerland.

We describe here an outbreak of bovine anthrax in Switzerland affecting
two cows. The second case, where the animal showed protracted fever
and signs of abortion, is an uncommon presentation of anthrax in cattle.
Additionally, the suspected source of the outbreak — a temporary cave
opening leading to a cave labyrinth connected to an old carcass dumping
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site — highlights the possibility of anthrax recurring in countries where it has
not been observed for decades. As anthrax is a potentially fatal zoonosis,
awareness among veterinarians and farmers is important, especially in
regions where the disease is thought to be only of historical interest [6].

CASE PRESENTATION

On April 29th 2017, in the municipality of Fontenais in the canton of
Jura (Fig. 1), in only 17km air-line distance from the location of the 1993
outbreak, a 3.5-year-old Montbéliard dairy cow was found dead at pasture,
showing dark haemorrhage from the nose. The veterinarian suspected
pneumonia and dissected the animal on a trailer in a shed on the farm. Liver
and lung were immediately sent to the Institute of Veterinary Bacteriology
at the University of Bern, where B. anthracis was detected in lung tissue by
microscopy and culture. Specifically, tissue material was Giemsa-stained
for microscopic examination [7] and streaked onto trypticase soy agar plates
containing 5% sheep blood (TSA-SB) (BD Becton Dickinson) following
incubation at 37°C for 18h. Typical colonies were confirmed to be B.
anthracis by a positive gamma phage lysis assay [8, 9] and by PCR, specific
for the chromosomal marker sap and the plasmid markers pag and cap [10].

Consequently, the cantonal veterinary authority ordered a second-
degree ban for this farm. Nine days later, nine bovines belonging to the same
herd developed fever ranging from 39.5 to 40.2 °C. Venous blood samples
from several affected animals were submitted for bacteriological analysis,
where Giemsa-stain as well as a bacterial culture, performed as described
above, were negative for B. anthracis. While eight animals recovered
without any treatment, one animal, a pregnant 4.5-year-old cow, showed
haemorrhagic vaginal discharge about 3 days after onset of fever. This cow
was treated with a single dose of penicillin (Benzylpenicillinum procainum
20mg/kg body weight intramuscularly; Procacillin®, MSD Animal Health
GmbH, Luzern, Switzerland). The cantonal veterinary authorities asked
for a necropsy of this animal under appropriate biosafety measures at the
Institute of Animal Pathology (ITPA) of the University of Bern, as repeated
blood samples taken before antibiotic treatment had tested negative, and
clinical signs were unusual for an infection with B. anthracis. The diseased
animal was transported to the Institute of Animal Pathology and euthanised
16h after treatment with penicillin. Necropsy performed under special
preventive measures [11] revealed macroscopically inconspicuous liver,
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spleen and kidneys, while the placenta showed haemorrhagic placentomes,
and sublumbal Iymph nodes were enlarged and necrotic. Giemsa-stained
smears of the placenta and sublumbal lymph nodes revealed a massive yield
of encapsulated rods, and culture followed by PCR confirmed the presence
of B. anthracis. Resistance testing showed that the isolated strain was
sensitive to penicillin.

In order to identify the potential source of infection, several people,
including the farmer and his family, the cantonal veterinarian and a
speleologist were interviewed on May 22, 2017. Based on the topographical,
geographical and hydrological features, an outbreak hypothesis and a
sampling plan were developed. The sampling scheme was based on the
assumption that due to rainfall, anthrax spores were flushed out from a
nearby cavity known as “trou des gez” and came up to the surface on the
pasture where the outbreak occurred. A speleologist had dug up soil in this
area while opening a small, historically known cave next to an old tree.
According to his testimony, water spilt out and flowed over the grass area,
whereupon he closed the cave again. This happened a few days prior to the
onset of the outbreak. Soil, grass and water samples were taken from the
farmland and in the cavity “trou des gez”, known to be a former burial site
for many types of carcasses. In order to screen the farm infrastructure for
contamination, swabs were taken from the trailer on which the first diseased
cow had been necropsied and from the box in the barn where the second
animal began to abort.

The sample analysis was performed at Spiez Laboratory using a
modified protocol [12]. Briefly, 5 g of soil/grass was homogenised in PBS/
Tween and mixed for several hours to dislodge spores. To settle solid
particles, the samples were centrifuged at low speed (500 x g) for 30s. To
inactivate vegetative cells, the supernatant was heated at 80 °C for 30 min
and subsequently centrifuged at 5,000 x g for 15min to pellet spores and
residual particles. To allow germination, the pellet was dissolved in 9ml
tryptic soy broth (TSB, BioMérieux) and incubated for 30 min at 37°C.
For PCR analysis, 1 mL was centrifuged at 5,000 x g for 15min and the
pellet was dissolved in AVL buffer (Qiagen). Prior to DNA extraction, the
suspension was heated at 100°C for 15min followed by sterile filtration
(0.45 pm, Millipore). Water samples were filtered through 0.45 ul filters and
the filters, as well as the swabs, were eluted in PBS/Tween. Further steps
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were analogous to the soil samples. Real-time PCR analysis was performed
as previously described. For PCR positive samples, serial dilutions of the
TSB suspensions were streaked directly on cereus ID agar (Merck) for
cultivation under BSL-3 (biosafety level 3) conditions. PCR analysis of the
swab samples showed that B. anthracis spores were present on the trailer
and in the shed where the first diseased cow was necropsied as well as in
the box of the second affected cow. An isolate was retrieved from the trailer,
whereas the soil and grass samples tested negative with the internal process
controls confirming accurate sample preparation.

Daily rainfall patterns in the fourteen days preceding this case and the
previous bovine anthrax cases in Muotathal and Develier were analysed and
compared with the long-term daily mean from the years 1961 to 2016 using
the RhiresD product [13]. The analysis revealed that in the 14-day-period
before each case precipitation amounts were indeed higher than the long-
term historic mean (+43% in Develier, +75% in Muotathal and+60% in
Fontenais; Fig. 3, Fig. 4), substantiating the role of heavy rains ahead of soil
disturbance.

Fontenais 2017
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Figure 3: Daily rainfall amount preceding the most recent bovine anthrax case
in Fontenais, Canton of Jura, Switzerland.
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Figure 4: Daily rainfall amount preceding the bovine anthrax case in Muota-
thal, Canton of Schwyz, and Develier, canton of Jura, Switzerland.

To assess the potential risk to humans the population density around
the outbreak area was determined based on Landscan 2012, Oak Ridge
National Laboratory (population data) and on Swisstopo TLM3D (rivers).
High population densities ranging between 500 and 2,500 persons living per
km?2 in a perimeter of 5 km around the 2017 outbreak location and the other
two most recent Swiss bovine anthrax outbreak locations could be identified
(Figs. 1, 2).

In order to sequence and subsequently compare the B. anthracis strain
isolated in 2017 to other isolates from Switzerland and neighbouring
countries, DNA was extracted following BSL-3 safety procedures. The
strain was grown on TSA-SB at 37°C for only 6h to avoid production of
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spores. Extraction was performed using the QIAmp® DNA Blood Mini
Kit (QIAGEN) using the manufacturer’s instructions for isolation of DNA
for Gram-positive bacteria. The protocol was adapted as follows: bacteria
were not pelleted, but a loop full was directly suspended in enzyme solution
and was incubated at 56 °C overnight. The eluate was run through a 0.2 pm
filter before transferring it to a BSL-2 lab, where the DNA was additionally
concentrated by precipitation. Illumina paired-end sequencing (read length
250bp) was performed by the Lausanne Genomic Technologies Facility
(Lausanne, Switzerland) on a MiSeq platform. Approximately 13 Mio
paired reads were obtained resulting in 600x coverage. The reads were
quality controlled using fastqc [14] and then trimmed with trimmomatic
0.33 [15]. Reads were mapped to the Ames Ancestor (NC_007530.2) using
the Burrows-Wheeler Aligner bwa 0.7.13 [16], followed by SNP (single
nucleotide polymorphism) calling using samtools (1.3 and 0.1.19) [17].
For comparison, previously sequenced Swiss strains [18], as well as other
published strains from all three clades [18], were also mapped to the same
reference and SNPs called as described above. For the Swiss strains, reads
were downloaded from the Sequence Read Archive while for the other
strains, the assemblies were downloaded from GenBank and artificial reads
created for mapping (for strain information and accession numbers see
Table 1).

Table 1: Strains used for phylogenetic analyses sorted by clade [18]

Strain ID Country of Year of Host GenBank Accession clade
isolation isolation species No

9080G Georgia 1998 soil NZ CM002398.1 A
A0193 USA - bovine NZ_ABKF00000000.1 | A
A0389 Indonesia - - NZ_ABLB00000000.1 | A
A0488 UK 1935 bovine NZ_ABIJC00000000.1 | A
A1039 Bolivia 1999 bovine NZ_LAKZ00000000.1 | A
A1075 Chile - bovine NZ _LBFE00000000.1 | A
Ames Ances- | USA - - NC 007530.2 A
tor

Australia94 | Australia 1994 bovine NZ_AAES00000000.1 | A
Canada_bi- [ Canada - - NZ_CP010322.1 A
son

JF3853 Switzerland 1952 bovine ERR899845 A
PAK1 Pakistan 1978 ovine NZ CP009325.1 A
Turkey32 Turkey 1991 human NZ_CP009315.1 A
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Vollum UK 1963 bovine NZ_CP007666.1 A
170D930 Switzerland 2017 bovine SRP144421 (this B
study)

A0442 South Africa | — - NZ_ABKG00000000.1 | B
A0465 France 1997 bovine NZ_ABLH00000000.1 | B
ANS- France 2000 bovine NZ JHDS00000000.2 | B
ES00-82

BA1035 South Africa | — human NZ_CP009700.1 B
BF1 Germany 2009 bovine AMDT00000000.1 B
CNE- France 1992 bovine NZ_AAEN00000000.1 | B
VA-9066

HYUO1 Korea 2009 soil NZ_CP008846.1 B
JF3852 Switzerland 1953 bovine ERR899844 B
JF3854 Switzerland 1957 bovine ERR899846 B
JF3887 Switzerland 1960 bovine ERR899847 B
JF3888 Switzerland 1962 bovine ERR899848 B
K3 South Africa | — human NZ_CP009331.1 B
KrugerB South Africa | — - NZ AAEQ00000000.1 | B
RA3 France 1998 bovine NZ_CP009697.1 B
SVAI11 Sweden 2011 bovine NZ_CP006742.1 B
Zimbabwe89 | Zimbabwe - - NZ_JMPU00000000.1 | B
2002013094 | USA 1956 soil NZ_CP009902.1 C

For the phylogenetic analyses, gap regions in the alignment were
removed using MEGAT7 [19] and the program modeltest-ng 0.1.3 (https://
github.com/ddarriba/modeltest) was used to determine the best nucleotide
substitution model. The program was run setting the topology parameter
to maximum likelihood and otherwise using default parameters. The best
model according to Bayesian information criteria was then chosen for
phylogenetic tree construction with PhyML 3.3.20180214 [20, 21] and the
tree was visualised in MEGA?7. This whole genome SNP analysis revealed
that B. anthracis strain 170D930 clusters together with Swiss strains from
prior outbreaks, as well as German and French strains (all of the B.Br.
CNEVA lineage [18]). However, 170D930 is not specifically closely related
to any of the Swiss strains as compared to other strains in the same cluster.
This indicates that it is not directly linked with earlier outbreaks strains that
have been sequence characterised here (Fig. 5).
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Figure 5: Whole genome SNP analysis comparing the 2017 outbreak strain
to known strains of B. anthracis. The tree was constructed using PhyML with
1,000 replicates. The scale indicates the number of substitutions per site. The
Clade C strain (2002013094) is used as outgroup.

Additionally, de novo assembly was performed using SPAdes 3.10.1
[22]. Fourteen contigs were obtained for the chromosome and their locations
determined by mapping to the Ames Ancestor (NC _007530.2). Gaps were
bridged by read-mapping to the Ames ancestor and the RA3 strain (NZ
CP009697.1). Ambiguities were resolved by Sanger sequencing. The closed
genome sequence was then submitted to GenBank (GenBank accession No:
CP029323).

The direct comparison of both isolates from this recent outbreak
(retrieved from the trailer where the first cow was necropsied, and the isolate
from the second cow) shows as expected identical sequencing data which
confirms that both cows were infected by the same genotype, i.e. strain.

While the above-mentioned analyses were conducted, the cantonal
authorities decreed measures to contain the outbreak. As stated before, the
cantonal veterinary office immediately ordered a so-called second-degree
ban upon being informed of the positive anthrax result. The ban included
restrictions on the movement of animals and persons living on the farm.
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Temperature measurements of all animals were conducted twice daily.
Two neighbouring sheep farms were instructed to observe their animals for
clinical signs. The cantonal office of public health together with the cantonal
veterinary office surveyed the health of the involved humans. Nasal swabs
analysed by PCR were negative. The federal office of public health, as well
as the federal food safety and veterinary office, were also informed and the
latter announced the case to the OIE. The public was informed by means
of a press release. Epidemiological investigations to discern the source of
infection were conducted as described, and the small recently human-made
cave opening extending to an old tree on the pasture was firmly closed
again. Decontamination of the barn, its annexes, the quarantine box and the
milking room, as well as the shed and trailer, was conducted by the cantonal
veterinary service in collaboration with the cantonal fire brigade using 10%
formalin solution followed by 1% peracetic acid and hydrogen peroxide for
final disinfection. The manure heap was treated by self-heating up to 70 °C
for four days.

DISCUSSION AND CONCLUSIONS

Anthrax in cattle manifests as a severe disease with a fulminant course ending
in sudden death in most cases. A protracted course followed by abortion as
described here is unusual in this species [2]. The disease process fits the
unusual findings of the necropsy, which revealed a macroscopically and
bacteriologically inconspicuous spleen. Usually, this organ shows a dramatic
macroscopic change in cases of infection with B. anthracis [2]. This case
confirms, that anthrax spores are still present in Switzerland and infections
may take unexpected clinical courses. In this unusual anthrax outbreak the
responsible veterinarian did not anticipate an infection with B. anthracis and
therefore opened the carcass which poses a risk of contracting anthrax. The
veterinarian was consequently treated with antibiotics and did not develop
disease. The very low prevalence of anthrax in Switzerland contributes to a
limited awareness of the disease among practising veterinarians. It is very
important to include anthrax infection as a differential diagnosis when the
sudden death of cattle at pasture occurs and to treat carcasses of such animals
accordingly to minimise the risk of infection and spread of the pathogen.
Furthermore, this outbreak clearly showed that different animals from the
same herd infected with anthrax can present very different clinical outcomes
including unusual placentitis. In addition, population density around the
sites of the last bovine anthrax cases was shown to be high, underlining
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the possible risk these bovine anthrax cases pose to the human population.
Informing the public properly and swiftly helps to prevent human infections
in the area of the outbreak. Medical doctors should also keep anthrax on their
list of differential diagnosis in regions that experienced anthrax outbreaks
even a long time ago.

Although B. anthracis is usually susceptible to penicillin [1], B.
anthracis could still be detected in the organs of the diseased animal. The
isolate tested sensitive for penicillin and no antibiotic resistance genes or
point mutations were detected that could substantiate the isolation of live
bacteria after antibiotic treatment. A possible explanation may be that the
interval of 16h between treatment and euthanasia was too short for the
antibiotic to eliminate the bacteria or that the drug did not pass the barrier
between bloodstream and placenta because the process of abortion was
already too advanced.

Although numerous environmental samples were taken, the source of
the infection could not be determined. Nevertheless, it is plausible that the
water pouring from the recent cave opening next to an old tree contaminated
a limited area of the pasture where the cows gathered for milking at the
farm. Grazing and animal movement through this highly frequented area of
the pasture may have dispersed and diminished the spore concentration. The
rather atypical manifestation of the disease in the lung is in accordance with
a superficial deposition of the spores on the vegetation by water flow and
subsequent inhalation during grazing.

Data from rainfall analysis could not be evaluated statistically, however,
there were some rainy days prior to the outbreak, which may have led to
the flush out of anthrax spores from the described cave labyrinth in the
karst landscape. Unfortunately, no isolates of past anthrax outbreaks in the
Canton of Jura were available for genetic comparison. The strains from
other former Swiss outbreaks did not show any closer relation to our strain
than isolates from surrounding countries and have therefore no correlation
with the described outbreak.
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ABSTRACT

The spread of an infectious agent in a population can be reduced by
interfering in the infectiousness or susceptibility of individuals, and/or in
their contact structure. The aim of this study was to quantify the effect of
prevention of direct contact between infectious and susceptible pigs on the
transmission of Streptococcus suis (S. suis). In three replicate experiments, S.
suis-free pigs were housed in boxes either in pairs (25 pairs) or alone (15
pigs). The distance between the boxes was £1 m. At 7 weeks of age, one
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pig of each pair was inoculated intranasally with S. suis serotype 9; the
other pigs were exposed to S. suis by either direct (pairs) or indirect contact
(individually housed pigs). Tonsillar brush and saliva swab samples from
all pigs were collected regularly for 4 weeks post inoculation to monitor
colonization with S. suis. All inoculated pigs became infected, and their
pen mates became colonized within 2 days. Thirteen indirectly exposed
pigs became positive within 7-25 days after exposure. The rate of direct
transmission £ was estimated to be 3.58 per pig per day (95% CI: 2.29—
5.60). The rate of indirect transmission increased in time, depending on
the cumulative number of days pigs tested positive for the presence of S.
suis. The estimate g’ was 0.001 (95% CI: 0.0006-0.0017) new infections
per pig per day for each day that an infected pig was tested positive for S.
suis. We conclude that prevention of direct contact reduces the rate at
which susceptible pigs become colonized. Simulation studies using these
parameters showed, however, that such intervention measure would not
limit S. suis serotype 9 spread in a commercial pig farm to a relevant extent,
implying that spatial separation of groups op pigs within a compartment
would not be effective on a farm.

INTRODUCTION

Infectious diseases are a large problem in animal husbandry and various
control measures are implemented to reduce their impact, either by
blocking transmission of the infection or by minimizing disease upon
infection. Transmission of an infection depends on the infectiousness of
infected individuals, the susceptibility of uninfected ones, and their mutual
interaction [1]-[4]. Direct contact between infected and susceptible animals
is considered to be the most important risk factor for spread of infections [S]—
[8]. Consequently, interference in the contact structure between infected and
susceptible animals, either by reducing the frequency or the intensity of the
contact, might contribute to reduction of transmission of infections within a
farm [2], [5], [6].

Separation of animals by adjustments of the housing or management
systems has been applied on dairy and sheep farms to prevent transmission
of pathogens from dams to offspring [5], [9]. Implementation of this
measure is also considered for pig farms to improve the health status [10]—
[13]. Measures to reduce contacts between pigs, however, do not fit well in
current pig management practices for various reasons. One is that it is current
management practice to mix pigs to create homogeneous groups; another
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reason is that individual housing is not acceptable for welfare reasons.
Therefore, before considering measures to reduce infection transmission by
separation of pigs or groups of pigs, it should be demonstrated that such
measures have a substantial effect.

Evaluation of such separation measures can be performed at different
scales, e.g. at region scale, with herds as units, at herd scale, with
compartments as units, or at compartment scale, with individual pigs as
units. The dynamics of spread of a pathogen among individuals within a
compartment highly determines the dynamics at a higher scale e.g. between
compartments or farms. Consequently, the effectiveness of a measure with
respect to reducing the spread of a pathogen at a higher scale depends on the
effect at a lower scale [14]. As a first step, we therefore focus on the lowest
scale, i.e. individual pigs in a compartment.

One of the infectious agents on pig farms is Streptococcus suis (S.
suis), which may cause meningitis, arthritis or septicaemia in piglets. The
prevalence of infected pigs differs between farms, and varies with age [15]—
[26]; mortality up to 20% has been reported [27], [28].Several serotypes of S.
suis are circulating, of which serotypes 2 and 9 are most often isolated from
clinical cases [28]—[33]. Disease caused by S. suis is a major determinant for
abundant use of antibiotics in pig farming [34]. Prudent use of antimicrobial
therapy is propagated and therefore alternative control measures should be
seriously considered.

Many routes have been suggested for pig-to-pig transmission of S. suis.
As S. suis 1s frequently isolated from the pigs upper respiratory tract, the
direct oro-nasal route is generally assumed an important one [27], [28].
Other, indirect routes are also possible (e.g. airborne) [35].

The aim of our study was to determine whether the spread of S.
suis within a compartment could be reduced by prevention of direct contact
between pigs. We quantified the transmission rate of S. suis serotype 9
in an experimental set up between pigs housed in pairs and between pigs
housed in pens placed at a distance of approximately 1 m. Such a design has
been considered as robust in quantifying transmission [36], [37], and has
been used for several other bacterial pathogens [38]-[40]. The parameter
estimates derived from our experiments were used in a simulation model to
study the effect of separation of pigs in a hypothetical conventional farm.
Our experimental results show that the transmission rate is influenced by
contact structure between pigs, but the simulation showed that separation
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most likely does not restrict spread of S. suis in a conventional stable
compartment.

MATERIALS AND METHODS

Ethics Statement

The experiments were approved by the Animal Care and Ethics Committee
of Utrecht University, in accordance with the Dutch law on experimental
animals (approval number DEC 2008.11.08.072). To reduce the number of
animals, we carried out experiments to study the effect of vaccination on
transmission of S. suis as well. The results of that research objective have
been published elsewhere [41].

Inoculum

S. suis serotype 9 strain 7997 was used as inoculum (provided by H. Smith,
Central Veterinary Institute, Wageningen UR, Lelystad, The Netherlands).
The strain was isolated from a clinical case in a commercial farm in The
Netherlands. The strain contains genes encoding for several (putative)
virulence factors, like suilysine (SLY) and variant (higher molecule weight)
muramidase released protein (MRP*) [42], and belongs to the clonal
complex (CC) that includes the vast majority of invasive S. suis serotype
9 strains found in the Netherlands, i.e. CC16 [43]. After overnight culture
from a —80°C stock on agar plates at 37°C and 5% CO,, one colony was
suspended in 10 mL Todd-Hewitt broth (TH) (BioTrading, The Netherlands),
and incubated for 3—4 h at 37°C until an optical density of 0.5-0.6 at 600
nm. After overnight storage at 4°C this suspension was diluted tenfold in
TH and cultured for 2 h at 37°C resulting in an optical density of 0.5-0.6
at 600 nm. Ten mL of this suspension was washed twice and suspended in
10 mL physiologic saline solution. The bacterial concentration of the final
suspension was 2—-3%10® colony forming units (CFU) per mL.

Pigs

We used Landracex Yorkshire pigs from sows housed at the animal facilities
of the department. Piglets were caesarean derived and colostrum deprived.
The first 4 weeks of life the piglets were housed in isolators, and thereafter

in ground floor pens (12—-15 pigs/pen). The pigs were fed with milk
replacers during the first 4 weeks, and then with gamma-irradiated pelleted
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concentrates (Sloten B.V., The Netherlands; Trouw Nutrition Nederland
B.V., The Netherlands). The feed contained Enterococcus faecium (DSM
7134), Bacillus licheniformis (DSM 5749) and Bacillus subtilis (DSM
5750).

Experimental Design

Three replicate experiments were conducted sequentially (for details:
see Table 1 and Figure 1). Pigs were housed either in pairs or alone in boxes.
Pair-wise housed pigs were used to measure direct transmission, the pigs
housed alone to determine indirect transmission. The distance between
boxes was 80—100 cm. This distance was sufficient to prevent direct contact
between pigs in different pens, and might be applicable between groups in
commercial farms. The boxes had multiplex walls (height: 80 cm), iron grid
floor with rubber lying area, with a total area of 1.2 m* per box.

Figure 1: Design of stable compartment in animal experiments.

Experimental design for evaluation of the effect of prevention of direct
contact by spatial separation on transmission of S. suis serotype 9 among
pigs. Inoculated pigs (/) were intranasally infected with S. suis serotype 9
two days before placing in these boxes. Stable compartments contained 2
to 4 boxes with pair-wise housed pigs (C, +/) and 1 to 3 boxes with pigs
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housed individually (C, ). C, pigs had direct contact with / pigs; C, , pigs
were only indirectly exposed to S. suis. The air inlet in the compartment is
marked with [; the air outlet with EH.

Table 1: Design of animal experiments to evaluate the effect of spatial separa-
tion on S. suis serotype 9 transmission

stable com- individually |pair-wise housed
partment housed
experiment N pigs |N indirect N direct [N inoculated
contacts contacts |[pigs
I A 7 1 3 3
B 5 1 2 2
I A 10
B 10
C 6
I A 10
B 10 2 4
C 7

At the age of 7 weeks, one pig in each pair was inoculated intranasally
with 1x10° CFU S. suis in 5 mL saline while sedated. Inoculation was
performed in another stable compartment to prevent infection of contacts
due to spread of the inoculum. Two days later the inoculated pigs were
placed back into their original boxes. The pen mates were considered to be
directly exposed, the pigs housed alone to be indirectly exposed. In total
25 inoculated (referred to as /), 25 direct contact pigs (referred to as C, )
and 15 individually housed, indirect contact pigs (referred to as C, ) were
used. Compartments contained 2—4 boxes with pairs and 1-3 boxes with
individually housed pigs, and per experiment 2-3 separate compartments
were used (Table 1 and Figure 1).

Rectal temperatures and clinical observations were recorded daily.
Neurologic signs and signs caused by lesions of the locomotor apparatus were
scored separately. Pigs that showed severe clinical signs were euthanized.
The remaining pigs were euthanized at 26-28 days post inoculation (DPI).

Biosecurity protocols were applied to prevent contact infections by
animal handling. Animal handlers wore sterile gloves, boots and coveralls
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which were changed before handling between each box. C, , pigs were
sampled first, and C, pigs were sampled before / pigs.

To study the effect of vaccination on transmission of S. suis 13 of the
25 pairs of pigs (see Table S1 for details) were vaccinated at 4 and 7 weeks
of age with a formalin inactivated whole bacterin vaccine, containing
the same S. suis strain as used for inoculation (homologous vaccination).
The results showed that both level of S. suis colonization and within-pen
transmission were not affected by vaccination [36].

Sampling

Saliva and tonsil brushing samples were taken at 5 days and 3 h before
inoculation, and 2-7, 9, 12, 15, 19, 22 DPI, and at the end of the experiment.
We used a sterile steel wedge to open the mouth; saliva was sampled by
turning round a swab (Cultiplast®) under the tongue for 5 s. Both palatine
tonsillar areas were brushed for 3 s each with a sterile toothbrush. The brush
and swab heads were put in separate sterile tubes containing 10 mL saline
solution and transported to the laboratory. All pigs were necropsied and
macroscopically affected organs were, if present, sampled for bacteriological
examination. Palatine tonsillar tissue was collected.

Laboratory Tests

Quantitative bacteriological examination was performed on all samples.
Serial dilutions of swab or tonsil brushing samples (10°-10"*) were plated
on selective agar plates, containing Columbia agar, 6% sheep blood,
0.2 pg/mL crystal violet and colistin/oxolinic acid (BioTrading, The
Netherlands) [41], [44]. After incubation for 18-24 h at 37°C and 5% CO,,
plates with 10-200 colonies were selected. Suspected S. suis colonies were
counted and per plate two S. suis suspected colonies were subcultured and
tested for amylase activity [45]. Isolates that showed amylase activity were
stored at —20°C in 0.5 mL TE buffer pH 7.5 (10 mM) until further processing.
DNA-isolation of these isolates was performed with InstaGene™ Matrix
(Biorad, The Netherlands), according to the manufacturers instructions. A real
time polymerase chain reaction (RT-PCR) on the cps9H gene [41], [46] was
performed on suspected isolates from the first two and the last saliva and
tonsil samples in which amylase positive colonies were detected. All colonies
that were visually classified as S. suis tested amylase-positive, and were
all positive in the cps9H-PCR. Tonsil tissue samples that were obtained at
necropsy were submerged in boiling water (5 s), crunched in a Stomacher®



190 Veterinary Bacteriology

macerator (Laméris, The Netherlands) for 10 min, and diluted, plated and
confirmed as described above for samples, except for the dilutions that were
plated (107" to 107%).

Statistical Analysis of Culture Data and Clinical Data

Mean S. suis 'YlogCFU levels of the first 3 samples taken after onset of
colonization in individual pigs were compared among the 3 groups
(C,. C , and I) using a Kruskal-Wallis one-way ANOVA. The same
procedure was performed for mean levels over the whole period after pigs
tested positive, and for S. suis counts (in 'YlogCFU/g tissue) in tonsillar
tissue. For samples where no S. suis was detected, the detection limit of the
test procedure (i.e. 2x10° CFU/sample) was used for the calculations. It did
not affect the results if we had used a much lower value, i.e. 2 CFU/sample,

instead for analysis.

Clinical signs were compared between the groups with a Kruskal-Wallis
test applied on the percentage of days a pig showed signs. If the result of the
Kruskal-Wallis test was significant, the Mann-Whitney U test was performed
to determine differences between groups. The Bonferroni approach was
used to correct for multiple comparisons. Differences in outcome variables
were considered significant if P<0.05. Analysis of culture and clinical data
was performed in SPSS version 16.0.2.

Statistical Analysis of Transmission

To analyze transmission of S. suis, a stochastic SI (susceptible-infectious)
model was applied. A pig was considered to be infected if at least one
sample tested positive. The transmission rates #, and f8,  represent the rates
at which infectious animals transmit the infection to other animals within
and among pens, respectively. The parameter f, , includes the process of S.
suis transmission without direct contact between hosts, and thus exclusively
via the environment. The parameter 8, includes both transmission via direct
contact and transmission via the environment, as these two routes cannot be
distinguished in a pair wise setting.

According to the standard SI model, susceptible pigs become infectious
atrate , I (orp, . .1)inwhich/ and / are the numbers of infectious
animals present within the same pen, and in the whole compartment,
respectively. The standard model assumes that susceptible animals are
infected at a constant rate if / (or /,) is constant, which was more or less
constant during our experiment. For within-pen transmission the data allowed
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the standard model to be used. For between-pen transmission, however, we
did not see new infections in C,  until one week after exposure to inoculated
pigs, and counted 13 cases in the two weeks thereafter. This implies that for
between-pen transmission the assumption of constant infection rate per unit
of time was not met, and the standard SI model could not be used for analysis.
For between-pen transmission, we therefore fitted an alternative model in
which susceptible animals are infected at rate £, , * 21, in which 27 is the
cumulative number of shedding days of all infectious animals in that stable
compartment (at time #). In this model a shedding day was defined as a day
that S. suis was found in the tonsil and/or nasal swab sample taken at that
day. This model reflects a gradual build-up of infectivity in the environment.
The alternative transmission rate .  (unit: 1/day?) is now interpreted as the
number of new infections an animal will cause each day in a susceptible
population, for each day that it has already been infectious. In the analysis
it was assumed that from the moment that pigs died or were euthanized,
they did not add any infectivity to the cumulative infectivity anymore.
The infectivity they had added before death was still included in the total
infectivity in that compartment for the remaining experimental period.

Additionally, as the bacterial load in infected pigs might influence the
transmissionrate, models were tested which included cumulative colonization
or shedding levels in tonsillar brushing or saliva samples instead of shedding
days. The ‘cumulative colonization or shedding level’ at a particular day
was calculated by adding the CFU/sample up to that day, using interpolation
for all days on which no sample was taken. We used Akaike’s Information
Criterion (AIC) to test if this alternative model fitted the data better than the
original model [47]. The transmission rate calculations were performed in
statistical program R version 2.13.0.

As mentioned, the experiment was designed to serve a dual purpose
to reduce the number of experimental animals. As vaccinated and non-
vaccinated pigs were distributed over all but one compartments, it was not
possible to distinguish between infectivity of vaccinated and unvaccinated
pairs. In addition, the bacterial load in swab or brushing samples did not
differ significantly between vaccinated and unvaccinated pigs. It was
therefore assumed that all colonized pigs contributed equally to transmission
of S. suis. Therefore, vaccination was not included as explanatory variable
in the statistical analysis to determine the effect of spatial separation. Power
analysis was based on the research question about vaccination [41].
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Simulation Study

The effect of separation of groups of pigs on the spread of S. suis in a
conventional farm compartment was studied using a simulation model.
A situation with separated litters (scenario A) was compared with one of
mixing litters (scenario B). In scenario A, the compartment contained 10
pens each consisting of 10 pigs. In scenario B, 10 litters of 10 pigs were
mixed to form two groups of 50 pigs housed in two pens. The model was
independent of distances between pens. Simulations were started with one
infected pig. The estimate for #’,  was divided by two to compensate for
the in comparison to a compartment extra space needed to house 100 pigs.
Per situation 10.000 iterations were performed. Simulation was done with
statistical program R version 2.13.0.

RESULTS

Colonization

No §. suis was detected in samples taken before inoculation. All inoculated
pigs tested positive for S. suis at 2 DPI and all C, pigs tested positive
within two days after exposure. The first C, , pigs tested positive on day 7
post exposure and their number gradually increased to 13 (Figure 2). Once
positive, pigs remained positive during the remaining experimental period.
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Days post exposure to S. suis inoculated pigs

Figure 2: Transmission of S.suis to pigs with or without direct contact with
infectious ones.
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Diagram showing the proportion of S. suis positive pigs over time for
directly contact exposed pigs (C, ;N=25) and pigs housed at a distance
(C,» N=15) after S. suis serotype 9 inoculated pigs entered the stable
compartments in the transmission experiments. Two C,  pigs remained

negative.

Mean levels of S. suis are shown in Figure 3. No differences were
observed between the animal categories (C,, C, , and 1) in mean levels
in tonsil and saliva samples (P-values are 0.25 and 0.12, respectively, for
the first 3 positive samples and 0.19 and 0.66, respectively, for the whole
sampling period). No differences between these categories were observed
in the load of S. suis in their tonsil tissue samples (P=0.99). Based on
these results, the assumption of homogeneity of infectivity was considered
reasonable.
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Figure 3: Mean S. suis loads in saliva and tonsil samples.

Mean loads of S. suis serotype 9 colony forming units (CFU) in saliva
(panel A) and tonsil brushing samples (panel B) shown separately for pigs
inoculated with (1), directly (C,, ) orindirectly contactexposed (C, ) to S. suis.
Time is expressed as days after a pig was found positive firstly. As sampling
was not conducted daily, and because of the delay in S. suis transmission
to mainly C,  pigs the numbers and time points of observations differ
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between the groups. No significant differences were observed in mean levels
between C,, C  and I pigs for the first 3 positive samples and for mean

levels over the whole sampling period.

Estimation of Transmission Rates

The rate for within-pen transmission 8, was estimated at 3.58 (95% CI:
2.29-5.60) new infections an animal will cause in a susceptible population,
and for between-pen transmission . - was 0.001 (95% CI: 0.0006-0.0017)
new infections an animal will cause each day in a susceptible population, for
each day that it has already been infectious. Spatial separation reduced the
transmission on average 36 times (range 20—895). Addition of cumulative S.
suis levels did not change the fit of the model for estimating indirect
transmission.

Simulation Study

In both scenarios, all pigs were S. suis positive before 14 days (Figure 4). It
was estimated that if S. suis free litters were separated from infected ones
(scenario A), a prevalence of 50% or 90% would be reached at on average
day 8 (2.5"-97.5" percentile: 6-10 days) and day 11 (2.5%-97.5" percentile:
9-13 days). When pigs were mixed (scenario B), this was reached after 4
(2.5%-97.5" percentile: 3—5 days) and 7 days (2.5%-97.5" percentile: 5-9
days), respectively.
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Figure 4: S. suis spread within a simulated hypothetical stable compartment
under different weaning scenarios.
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Course of percentage of S. suis positive pigs over time after relocation
of pigs at weaning for two simulated situations based on a hypothetical
conventional pig farm setting. In scenario A, 10 litters of 10 pigs each were
introduced in a stable compartment and kept spatially separated. In scenario
B, 10 litters were mixed to form two groups of 50 pigs. In both scenarios it
was assumed that that at relocation one of the 100 pigs was infected with S.
suis and that direct contact between pigs in different pens was impossible.
Per scenario 10.000 iterations were performed. The solid lines represent
the median values, and the dashed lines the 2.5% and 97.5™" percentiles of
these simulations. The black lines represent scenario A, and the grey lines
scenario B.

Clinical Signs and Mortality

Lameness was the only clinical sign observed in C pigs; it occurred in 4 out
of 25 C, and 3 outof 15 C,  pigs (P=0.99). Signs were observed more often
in / than in C, (P=0.01) or C,  pigs (P < 0.001). Out of the 25 7 pigs, in
20 pigs fever was recorded on one or more days, in 10 pigs lameness signs,
in 3 pigs neurologic signs and 4 pigs died before the end of the experiment.

DISCUSSION

The objective of this study was to quantify the effect of separation of pigs on
the transmission rate of S. suis serotype 9. All directly and indirectly exposed
pigs became colonized after exposure to inoculated ones, but the rate at
which it occurred was approximately 36 times lower for indirectly compared
to directly exposed pigs. This finding suggests that this intervention measure
could contribute to the reduction of S. suis spread in a farm. However,
the simulation study using these parameters showed that the cumulative
incidence in piglets did not differ between ‘separated’ and ‘mixed’ groups
to a relevant level. This implies that it is unlikely that separation of pigs
as simulated in this simulation exercise will contribute to reduction of the
prevalence of S. suis serotype 9 infections in a farm compartment, also taking
into account that on conventional farms less stringent hygienic measures are
implemented than in this experiment.

Separation sharply reduced the transmission rate in the experiment,
but had only a small effect on colonization time in a farm compartment.
This counterintuitive finding is caused by the large number of pigs present
in such a compartment. Although each of the indirectly exposed pigs only
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has a small probability of getting infected, the probability that at least one
of them will contract the infection is considerable and, moreover, strongly
increases as the number of infectious pigs in the ‘source’ pen increases. Once
indirect transmission has taken place, direct transmission further increases
the infectious load and consequently increases exposure of the remaining
uninfected pigs and the probability of further indirect transmission.

In total 15 C, , pigs were colonized, most likely via contaminated
dust particles, as has been described for S. suis serotype 2 [35], [48].
We consider other indirect routes of S. suis spread, e.g. via animal
caretakers [20], [21], [49], less likely because of the stringent biosecurity
measures that were applied.

A model assuming increasing infectivity fitted the data of indirect
transmission better than a model assuming fixed infectivity. The increasing
infectivity is likely to have occurred due to accumulation of S. suis in the
environment [28], a phenomenon which has also been observed in studies
with other pathogens [40], [50]-[55]. In studies with Campylobacter
jejuni and Escherichia coli in broilers, for example, a similar pattern of
increasing probability of infection was observed [40], [50]. The authors of
these studies concluded that the model fitted the data better when assuming
increasing infectivity [40], [50]. We also monitored the levels of the pathogen
in the samples, as an association between these levels and an increasing
infectivity could be suggested. The levels remained rather similar during the
experiment, and addition of cumulative levels of S. suis in saliva or tonsil
samples did not further improve the fit of the model.

Transmission of S. suis is not only dependent on the type of contacts
between pigs, but also on the infectivity and susceptibility of individual
pigs, which might be affected by (changes in) host behaviour. This may,
for example, occur after mixing pigs from different litters leading to
fighting [56]-[58], which would change the frequency and/or intensity of
contacts between pigs [11], [12], [56]-[58]. Moreover, the stress induced
by mixing [11], [12], [56]-[58] could further increase both susceptibility,
and infectivity by increasing colonization and shedding of already infected
hosts, as described for other bacterial pathogens [59]-[61]. If and to which
extent the transmission changes after mixing is, however, not known.
Moreover, even with adjustments the conclusions about the relevance of the
effect of spatial separation would not change, as in the optimal ‘separation’
scenario the spread of S. suis serotype 9 was already so rapid that all pigs in
a compartment were infected within about two weeks.
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In the experiment stringent hygienic measures were applied between pens
at compartment scale, and the same was assumed in the simulation study. In
pig farms it is probably nearly impossible to perform such strict measures
between pens in the same compartment, but they might be implemented at
herd scale between compartments. As the rate of airborne spread is probably
lower between compartments than between pens, spread of S. suis strains
between different compartments, which are physically separated, might be
reduced.
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ABSTRACT

A better understanding of the variation in infectivity and its relation with
clinical signs may help to improve measures to control and prevent (clinical)
outbreaks of diseases. Here we investigated the role of disease severity on
infectivity and transmission of Actinobacillus pleuropneumoniae,abacterium
causing respiratory problems in pig farms. We carried out transmission
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experiments with 10 pairs of caesarean-derived, colostrum-deprived pigs.
In each pair, one pig was inoculated intranasally with 5% 10° CFUs of 4.
pleuropneumoniae strain 1536 and housed together with a contact pig.
Clinical signs were scored and the course of infection was observed by
bacterial examination and qPCR analysis of tonsillar brush and nasal swab
samples. In 6 out of 10 pairs transmission to contact pigs was observed,
but disease scores in contact infected pigs were low compared to the score
in inoculated pigs. Whereas disease score was positively associated with
bacterial load in inoculated pigs and bacterial load with the transmission
rate, the disease score had a negative association with transmission. These
findings indicate that in pigs with equal bacterial load, those with higher
clinical scores transmit A. pleuropneumoniae less efficiently. Finally,
the correlation between disease score in inoculated pigs and in positive
contact pigs was low. Although translation of experimental work towards
farm level has limitations, our results suggest that clinical outbreaks of A.
pleuropneumoniae are unlikely to be caused only by spread of the pathogen
by clinically diseased pigs, but may rather be the result of development of
clinical signs in already infected pigs.

INTRODUCTION

The course of an infection can vary widely between individual hosts,
affecting clinical signs of the infected host as well as the ability to transmit
the infection to another member of the population. Variation in infectivity
between individuals has shown to be of importance for the course of an
epidemic [1-3] and can be associated with variation in clinical signs [4-6].
For some diseases, effective control measures should therefore target the
severely diseased individual to reduce the size of an outbreak [7].

Current control measures for bacterial diseases in livestock farming
often rely on an intervention with antimicrobials for the prevention or
treatment of disease. As the use of antimicrobials is under debate, proper
insight in the course of outbreaks and associations between disease and
pathogen dispersion during outbreaks is crucial to design alternative control
measures.

A. pleuropneumoniae is such a pathogen, causing clinical outbreaks and
commonly controlled by antimicrobials, with high variation in infectivity [8].
Worldwide, 4. pleuropneumoniae is highly prevalent among pig farms [9] and
outbreaks of severe respiratory disease, with fibro hemorrhagic necrotizing
pneumonia and fibrinous pleurisy [10], are observed occasionally. Variation
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in outbreaks with respect to size [11] and severity [12,13] are related to
factors such as strain and serotype differences [14-16], immunity of the host
[17,18] and co-infections [19,20].

Currently, the association between disease and pathogen dispersion
and thereby the clinical course of 4. pleuropneumoniae outbreaks is poorly
understood. It could be that already subclinically infected pigs develop
clinical signs at the same time because of the presence of a risk factor
(trigger) that may be either infectious or non infectious [21]. Alternatively,
it may be that an outbreak starts with only a few diseased pigs, which rapidly
spread a clinical form of the infection on the farm, a hypothesis that is
supported by a study that describes a rapid increase of prevalence during and
after outbreaks [22]. The second hypothesis suggests a strong association
between clinical signs and infectiousness, as well as a strong association
between clinical signs of infected pigs within a transmission chain.

The aim of this study is to assess for A. pleuropneumoniae, the association
between severity of clinical disease, infectiousness and transmission. In
an experimental setting, the variation in disease between inoculated pigs
was used to relate disease severity to the excreted bacterial load, the rate of
transmission to a contact exposed pig and disease severity in that contact
exposed pig.

MATERIAL AND METHODS

Experimental Design

To study 4. pleuropneumoniae transmission, ten pair-wise transmission trials,
split up in two separate and identically performed runs, were conducted.
Per run twelve Caesarean-derived, colostrum-deprived (CD/CD) piglets
(Landrace x York x Pietrain) were reared in incubators until 21 days of age as
described before [23]. CD/CD pigs were used as a result of pilot studies that
showed interference of Pseudomonas spp. and other Pasteurellaceae spp. for
detection and quantification of A. pleuropneumoniae Colony Forming
Units (CFUs) in samples obtained from inoculated SPF piglets (free of 4.
pleuropneumoniae). At day 21 pigs were moved to an experimental unit
with eight pens, length x width: 1.1 x 1.1 meter, with 1/3 slatted floor and
walls of 0.8 meter high, as in Dekker et al. [23]. The experimental unit was
equipped with a laminar ventilation air flow. The room temperature was set
constant at 25°C and air speed at 2.4 m/s.
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Pigs were ear tagged and randomly assigned to pen 1, 2 or 3 for an eight
day habituation period until inoculation. The habituation period was included
for acclimatisation to the conditions in the experimental unit, to improve
feed intake as well as to train the animals for clinical examination. Because
trained pigs are likely to respond less stressfully to physical examinations,
measurement errors were thus minimised.

After the habituation period pigs were randomly assigned a status and
a pair number. Pairs consisted of I-pigs, that were inoculated, and C-pigs,
that were contact exposed. Before inoculation, all C-pigs were moved to
their designated pens. The I-pigs were housed in pen 1 for inoculation and
moved to their pen six hours after inoculation. Per run two S-pigs were
assigned as sentinel and housed together in a separate pen to monitor indirect
transmission of A. pleuropneumoniae.

Table 1: Cumulative clinical disease score, necropsy and bacteriology results
for A. pleuropneumoniae infection per pig

Pair|Pig |Run/ |Survival |Clinical score |Pathology
status|pen until
day RHS4 |RHS20 |Pleurisy [Pneumonia |Bacteriology
score score
Lung |Nose [Tonsil
sample [tonsil
1 1 1/4 4 31.13 |86.23 |20.7 6.6 + + +
C 21 3.10 |5.11 0 0 ND - -
2 1 1/5 4 13.68 |82.74 |19.3 1.0 + + +
C 21 248 16.72 0 0.26 - - -
3 I 1/6 2 66.88 193.38 |33.9 332 + + +
C 21 2.35 16.26 0 1.5 - - -
4 I 1/7 21 6.80 6.23 0 0 ND - +
C 21 7.90 18.90 0 0 ND - +
5 1 1/8 21 16.18 |12.87 5.9 0.3 + + +
C 21 5.58 |8.77 32 1.6 - - + dub
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6 |I 2/4 7 23.70 |72.13 6.9 4.7 + + +
C 21 7.43 1642 0 0 ND - +

7 |0 2/5 21 17.65 [10.35 |7.1 8.6 - - +
C 21 8.70 15.55 0 0 ND - +

8 |I 2/6 21 24.40 (12.70 |0 0 + + +
C 21 4.03 420 |0 0 ND -

9 |I 2/7 21 30.70 [20.09 9.2 15.0 + + +
C 21 713 17.55 0 0 ND -

10 |I 2/8 4 46.13 89.23 |28.1 26.6 + + +
C 21 5.60 ]7.82 0 0 ND -

11 IS 1/3 11" 031 |ND 0 0 ND
S 21 0.89 |5.39 0 0 -

12 S 2/3 21 0.68 |4.05 0 0 -
S 21 0.56 |5.27 0 0 -

+=A4. pleuropneumoniae confirmed, + dub=dubious growth, ND=Not
determined, * euthanized due to lameness.

Experiments were approved by the Animal experiments committee of
Utrecht University (AEC) (approval number DEC2010.11.02.25). When pigs
had body temperature of>40°C or showed eminent signs of pain they were
treated with Fentanyl (B. Braun Melsungen AG, Melsungen, Germany).
Fentanyl is a potent analgesic, but does not bear anti-inflammatory capacities.
Pigs were euthanized when the results of the daily welfare assessment
exceeded the criteria accorded by the AEC.

Inoculation

Inoculation was performed intranasally with a six hour culture of A.
pleuropneumoniae reference strain 1536. A. pleuropneumoniae was cultured
on Heart Infusion agar with 5% sheep erythrocytes and 0.2% B-NAD
(Nicotinamide adenine dinucleotide) (HIS-V) overnight at 37°C and 5%
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CO,. The next day 1 colony was suspended in 1 mL of saline and 50 pL
was plated on a new HIS-V plate and incubated. After six hours, the plate
was washed with SmL of saline and diluted to 2.5 % 10° CFUs/mL guided
by optical density measurements. Before inoculation pigs were sedated
with Azaperon (Stressnil®, Janssen Animal Health, Brussels, Belgium)
and subsequently pigs were inoculated by dripping 1 mL of the inoculum
in each nostril during inhalation (total 5% 10° CFUs). Before and after
inoculation the concentration of the inoculum was determined by plating of
serial dilution series. Inoculation dose and method of administration were
chosen based on the results of two pilot studies where sufficient variation in
disease severity was obtained, when 10° Colony Forming Units (CFUs) A.
pleuropneumoniae serotype 2 (strain 1536) was intranasally administered in
CD/CD pigs.

Samples

Before examination, restraining or sampling, all personnel had to change
boots, coverall and gloves for each pen. To minimise the risk of transmission
due to sampling or examination the contact pig was always sampled before
the inoculated pig.

Tonsil and nasal samples were collected on post inoculation day —1, 1,
2,4,6,8, 11, 13, 15, 18 and 21, or before euthanasia of severely diseased
animals. Nasal swabs were obtained with a small cotton swab (Applimed
SA, Italy) and tonsil scrapings were obtained by brushing the tonsils for 10s
with a soft toothbrush. On day —1 and day 21 the pigs were bled.

Bacteriology

Tonsil brush samples were submerged in 10mL and nose swabs in 1 mL
saline and thoroughly mixed for 20min before selective bacteriologic
examination (SBE). Subsequently, tenfold serial dilution series were made
of tonsil brush (10!, 102, 10?) and nose swab samples (10°, 10!, 10?).
Per dilution 50 puL was plated on a selective agar plate with Clindamycin,
Gentamicin, Vancomycin and Amphotericin (CGVA plate) [24] and
incubated at 37°C and 5% CO,. A. pleuropneumoniae suspected colonies
were counted after overnight incubation. Per sample two suspected colonies
were confirmed as 4. pleuropneumoniae when positively tested for satellite
growth, Christie-Atkins—Munch—Petersen (CAMP) reaction, urease and
mannitol fermentation. Bacterial counts were back calculated to whole
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sample constituents in CFUs. Additional analyses were performed with an
apxIVA qPCR [25].

Clinical Disease Score

A clinical score (CS) was obtained for each pig daily from day —8 to day 21
postinoculation by the same examiner. CS was calculated as the average score
(on a 0 — 4 scale) for eight different clinical parameters, scored as described
by Hoeltig [26]: behaviour, locomotion score, vomiting, body temperature,
respiratory breathing type, respiratory sounds, breathing frequency and
coughing. Unlike in Hoeltig et al., cyanosis was not included, because it
was never observed. Neither was feed intake, which could only be observed
per pair. Clinical scores were obtained twice a day from day 0 — 5 and once
a day thereafter, while bacterial samples were collected less frequently.
To include all information of clinical observations, average clinical scores
(AvgCS) for the days of sampling were derived by averaging all observed
CS from one bacterial sampling moment to the next. For example on day 11
the AvgCS was calculated based on the CS of day 9 until 11. To calculate
a cumulative respiratory health score at day 4 and 20 (RHS4, RHS20), like
in Hoeltig’s study, CS was summed until day 4 or 20 and five points per
day were added for each remaining day after an animal had died or was
euthanized. Subsequently, the summed score was expressed as a percentage
of the maximum obtainable score.

Serology

Serology was applied to confirm the cause of clinical symptoms in I-pigs, as
well as to detect possible false negative culture or qPCR results in C-pigs.
Analysis of serology was performed at the Animal Health Service (Deventer,
the Netherlands). Serum samples of day —1 and at euthanasia were analysed
by Complement Fixation Test (CFT) titration [27] and a commercial App
serotype 2 ELISA (Biovet, St Hyacinthe, Canada). CFT results >80 in final
sample or a distinct (> 0.2) increase of optical density were considered
indicative for seroconversion and infection. Additionally, serum samples
obtained at euthanasia were analyzed by an ApxIV ELISA (Idexx, Maine,
USA). Serum samples of pigs that died before day 14 were not analysed by
CFT or ApxIV ELISA, because no seroconversion was expected.
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Pathology

At necropsy, all pigs were examined by a veterinary pathologist (at the
Veterinary Pathology Diagnostic Centre, Utrecht University). Tonsils were
removed and homogenised and macroscopic lung and pleurisy lesions were
assessed. A lesion score per lung was calculated, as described by Hannan et
al. [28]. Lung lesions and tonsil homogenates were sampled by bacteriologic
culture.

Statistical Analyses

The effects of time and pig status (I or C) on AvgCS and the log +1 of
CFUs count in tonsil samples after day 0 were evaluated using mixed
effect models with pig number as random effect, to account for repeated
observations. Spearman’s rank correlation test was used to investigate the
correlation between ranks of cumulative clinical scores (RHS4 or RHS20),
CFT titres and pathology scores in individual pigs.

To study the effect of disease severity (AvgCS) on transmission from
the I-pig to the C-pig (transmission chain), three analyses were performed.
First, correlation between AvgCS and log,, CFUs found in tonsil and nasal
samples was tested by Spearman’s Partial rank correlation using pig number
as controlled variable.

Second, the effect of disease severity and bacterial load on the rate of
transmission was evaluated. The change from a negative to at least two
consecutive positive samples in the contact pig was considered indicative for
transmission. Presence or absence of transmission between two samplings
(0/1) was used as response variable in a Generalized Linear Model with a
binomial error distribution, a complementary log-log link function [8] and
In (time) between samplings as offset. AvgCS and log , CFUs +1 counts in
tonsil and nasal samples were evaluated as model terms and effect estimates
are provided with 95% profile confidence intervals. A sensitivity analysis
was carried out with respect to the use of SBE as indicator for infectiousness
and transmission, by using qPCR results as an additional test (see Additional
file 2). The qPCR may be more sensitive than SBE, but specificity for
indicating infected and infectious pigs rather than non-viable bacteria may
be lower.

Finally, the association between disease severity scores within the
transmission chain was analysed. The correlation between CS (AvgCS) of
the I-pig, from day of inoculation onwards, with CS (AvgCS) of the C-pig,
from the first day of a positive culture and onwards, within pairs, was
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evaluated using Spearman’s Partial rank correlation analysis. Pair number
was used as controlled variable.

Statistical analyses were performed using statistical software R version
2.11.1 [29] and additional packages pcor.R and Ime4. Corrected Akaike
Information Criterion for finite sample sizes (AICc) was used to select the
models fitting the data best [30].

RESULTS

Bacteriology Results

Inoculation of I-pigs was successful as demonstrated by at least two or
more positive results in SBE in nasal or tonsillar samples in I-pigs upon
inoculation. Sequentially taken tonsillar samples of I-pigs were almost
all positive and more or less constant after day 2, results of nasal samples
showed decreasing CFUs of A. pleuropneumoniae over time (Table2 and
Figure 1) and at day 21 only one of five surviving I-pigs had a positive nasal
swab sample in SBE.

Table 2: Results of tonsil and nasal sample selective bacterial examination
for A. pleuropneumoniae in time

Pair |Status|Days post inoculation Serology Days to
trans-mis-
aft [2 [4 [6 |8 [11 |13 |15 |18 [21 [cFr [app s2 [apx1v s‘°“Bbzsed
ELISA |ELISA [°"S
1 1 - |tn |tn |tn |T ND |Neg ND
C - -t f- - - - It |- |- |t |<40 |Neg Neg e
2 1 - |n |t |tn |f ND |Neg ND
C -1 1)1 <40 [Neg Neg 0
3 1 - |tn |tn |f ND [Neg ND
C - -ttt ft ot ot ot |t <40 |Neg Neg 4
4 1 - |tnftn ftn |tn |t |t Jt |t |t |t |640 |Neg Neg
C - ft ot ot ft ot ot ot |t <40 |Neg Neg 4




214 Veterinary Bacteriology

5 I - |tn |tn |tn |tn |tn [tn |tn |tn |tn |tn |320 |Neg D

C - - - 1ttt ottt it |80 |Neg Neg 6
6 1 - |t |t |to |t | ND |Neg ND

C -t ot ot ft ot ottt |40 |Neg Neg 4
7 1 - |tnftn ftn |tn |t ftn |tn |t |t |t |1280 |Neg P

C - e e |t fe e e [t |t |<40 |Neg Neg |4
8 1 = n it ft |- 1t - |- It |- |- [160 |Neg D

C -1 - -1 - |- |- <40 |Neg Neg 0
9 1 - |tn |tn |tn |tn |tn [tn |tn |tn tn |t |1280 |Neg Neg

C - - e e 1t |t ot |ttt |t [<40 |Neg Neg 4
10 |I - |n |tn |tn |T ND |Neg ND

C -1 - -1 - - |- <40 |Neg Neg 0
11 IS -1 - ND |Neg ND

S -1 - -1 - |- |- <40 |Neg Neg
12 IS -1 - -1 - - |- <40 |Neg Neg

S -1 - -1 - |- |- <40 |Neg Neg

Positive tonsil sample results are defined by t, positive nasal sample
results are defined by n and negative samples by -. tn represents a positive
tonsil and positive nasal sample result. ¥ =euthanized or died before that
day. * euthanized due to lameness. ND=not determined, Neg=Negative,
D=Dubious, P=Positive.
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Figure 1: Course of 4. pleuropneumoniae CFUs counts in tonsil and nasal
samples in time. Tonsil sample counts are presented as A. pleuropneumoni-
ae log,, (CFUs+1) and nasal samples are presented as log, (CFUs+1.5) to
separate them graphically from tonsil samples.

Transmission occurred in six out of ten pairs as at least two or more
positive samples in C-pigs tested positive (Figure 1). In one C-pig (pair 1)
two non-consecutive samples were positive in culture, starting long after
the I-pig had died and we assume that transmission did not occur in that
pair. Only one nasal sample of the C-pigs showed a positive result in SBE
(Figure 1).

Evaluation of mixed effect models showed that pig status significantly
affected the CFUs count in tonsil samples. The median CFUs count in
positive tonsil samples in I-pigs was 103 (range: 10** — 107¢) CFUs and in
transmission positive C-pigs: 10*? (range 10** — 10%") CFUs. All tonsil and
nasal samples from the S-pigs showed negative results in SBE.

Quantitative results from qPCR analysis and SBE were highly
correlated (r=0.89; P<0.001 for all samples), as reported before [25]. As
expected, more samples were tested positive with qPCR (204/454) than with
SBE (153/454), though with low levels of DNA. Based on qPCR results,
transmission occurred in eight pairs. Results and conclusions from qPCR
analyses are presented.

Clinical Disease

The CS in [-pigs varied between pigs ranging from 0 to 2.25 (median 0.66),
see Table3 and Figure?2. Clinical disease was more severe than expected
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from the pilot studies and five I-pigs died or were euthanized between days
two and seven after inoculation. Each disease parameter under observation
was affected at least once in I-pigs, except for cyanosis which was never
observed in any of the pigs. Median CS was 0.3 (range 0.0 — 1.4) in all C-pigs
and sentinel pigs (range 0.0 - 0.6). One of the sentinel pigs was euthanized
on day 11 because of lameness, due to a sterile fissure in the right femur.

Table 3: Observed median and range of disease severity scores of the pigs

Status CS AvgCS RHS4 RHS20
I-pigs 0.7 (0.0-2.3) 0.7 (0.1 —2.0) |24.0(6.8—-66.9) [46.1(6.3—-93.4)

C-pigs + |0.3(0.0-1.4) [0.3(0.0-0.8) [7.3(23-8.7) |34.9(27.7-44.5)

C-pigs- |0.3(0.0-0.9) [02(0.0-0.7) [3.6(25-5.6) |31.1(21.0-33.6)

Spig  [0.3(0.0-0.6) [02(0.0-05) [3.1(1.5-44) [53@4.1-9.3)

I-pigs=inoculated pigs, C-pigs+= C-pigs in transmission positive pairs,
C-pigs —=C-pigs in pairs with no observed transmission.
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Figure 2: Average Clinical Score (AvgCS) of piglets per pair in time. The
course of Average Clinical Score of piglets in time.

Statistical analyses demonstrated that CS and AvgCS were higher
in I-pigs and A. pleuropneumoniae positive C-pigs compared to negative
C-pigs or S-pigs. In addition CS and AvgCS were also significantly higher
in I-pigs than in positive C-pigs. AvgCS decreased significantly over time



Association between Transmission Rate and Disease Severity for ... 217

in [-pigs, but not in positive C-pigs. Finally, 4. pleuropneumoniae negative
C-pigs and S-pigs did not differ in the score of CS nor AvgCS.

Pathology

In 8 out of 10 I-pigs macroscopically observable lung or pleurisy lesions were
observed (Table 1). Pleurisy and pneumonia scores were highly correlated
within the same animal (Spearman’s rank correlation r=0.89; P<0.001).
Three C-pigs had small pleurisy lesions and in one of them a small
pneumonic lesion was observed. In sentinel pigs no pneumonia or pleurisy
was observed. No associations were found between pathologic lesion scores
of the pigs from the same pair.

Most tissue samples of macroscopic lung and pleurisy lesions were
positive for A. pleuropneumoniae. No other bacteria were cultured from these
lesions (Table 1). Tonsils of [-pigs were all positive for A. pleuropneumoniae,
while not all positive C-pigs had a positive tonsil at necropsy.

Serology

All 5 surviving I-pigs seroconverted in CFT (Table 1), with a median titre
of 640. Nine C-pigs had negative CFT results and one positive C-pig had
a dubious CFT result of 80. The two I-pigs that did not show any sign of
pneumonia or pleurisy at necropsy had positive serum samples nevertheless.
Results of apxIV ELISA were mostly in accordance with CFT results,
except for the I-pigs of pair 4 and 9 (negative in ApxIV Elisa). With the App
serotype 2 ELISA, none of the samples tested positive, nor did they show a
distinct increase in OD.

Association between Clinical Disease, Pathology and Serology
Results

Spearman’s correlation analyses showed significant correlations between
cumulative RHS4 or RHS20 with pleurisy lesion scores (r=0.77; P<0.001,
respectively r=0.87 P<0.001) and pneumonia scores (r>0.59; P<0.01,
respectively r=0.75 P<0.001). Comparable results were found for the
association between CFT results and pleurisies (r=0.53; P=0.04) and
pneumonia (r=0.75; P=0.001) scores.
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Disease Severity and Bacterial Load

Partial correlation analysis showed that AvgCS was significantly
correlated with bacterial quantities in tonsil (r=0.54, P<0.001) and nasal
samples (r=0.63 (P<0.001) of I pigs, but not in tonsil samples of C-pigs
(r=0.06, P=0.69) (Figure 3). This means that 29% and 39% of the variance
in AvgCS in I-pigs could be explained by the variance in number of A.
pleuropneumoniae found in tonsil or nasal samples respectively. Since only
one positive nasal swab was found in C-pigs, no associations were made to
AvgCS. Evaluation of mixed model with time as fixed effect and pig number
as random effect, showed that pig status (I- or positive sampled C-pigs) is
not needed to explain the height of the bacterial tonsil load by AvgCS. This
means that bacterial tonsil load is equally affected by AvgCS in I-pigs and
transmission positive C-pigs.

® o Nasal samples Tonsil samples

Iog 1o CFUs+1

4 inoculated - - - -
®  contact e

o - comveumemmentmic asis ok A CYemecemes o o6 - AA

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 20
AvgCS AvgCS

Figure 3: Association between bacterial load and average disease
score. Association between log,  (CFUs +1) of 4. pleuropneumoniae 1536 in
nasal and tonsil samples and average clinical score (AvgCS) for I- and C-pigs.
Regression lines are based on positive samples.

Effects on Transmission Rate

Transmission was either observed on day 4 or 6 or not at all. The best
fitting model (lowest AICc), evaluating the effects on the transmission rate,
included both the log, ,+1 of nasal CFUs and average clinical score (Table4).
Based on the confidence intervals transmission was, negatively affected by
AvgCS and positively by nasal bacterial load. Both effects are much smaller
and not significant if included in the model individually. The results were
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not sensitive to the use of SBE rather than qPCR to define transmission and
infectiousness.

Table 4: Effects of disease severity and bacterial counts on the transmission
rate of 4. pleuropneumoniae 1536

Model Intercept Log, (CFUs+1) Log (CFUs+1) AvgCS AlICc
Tonsil Nasal

1 -23(-33;-1.5) | X X X 28.10

2 —4.0 (-7.8;-1.9) | 0.35(=0.04; 0.93) X X 27.39

3 -39(-7.7;-2.0) | X 0.44 (-0.01; 1.17) | X 26.76

4 —2.1(-4.0;-0.6) | X X —0.22 (-2.19; 30.27
1.40)

5 —4.1 (-8.0;-2.0) | 0.11 (-0.44;0.91) 0.34 (-0.36; 1.27) | X 29.01

6 —4.8 (—11.3;-1.6) | 0.82(0.10; 2.24) X —1.95 (=5.08; 26.93
0.16)

7 43 (-11.5;-14) | X 1.07 (0.25; 3.06) —2.48 (=5.80; 24. 69
-0.16)

8 —5.0 (—12.6;-1.5) | 0.31 (-0.21; 1.67) 0.88 (—0.10;2.92) | —2.67 (—5.95; 26.60
-0.30)

Model evaluation for estimation of the effects on the transmission rate,
using a Generalized Linear Model with complementary log-log link. Effect
estimators are given with the 95% confidence interval.

Association of Disease Severity within Pairs

In transmission positive pairs a significant association of CS between the I-
and C-pig was found, r=0.34 (P=0.00). Based on AvgCS, r=0.35 (P=0.006).

DISCUSSION

In this study we investigated the association between transmission of A.
pleuropneumoniae, bacterial load in the oropharynx and nasal cavity and
severity of clinical signs. An association was to be expected if clinical
outbreaks are caused by rapid spread of the bacteria by clinically affected
pigs. The average clinical score was positively associated with the
bacterial load - the amount of bacteria - in the oropharynx and nasal cavity
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which was, in turn, positively associated with the transmission rate of 4.
pleuropneumoniae. However, corrected for bacterial load, the clinical score
was negatively associated with the transmission rate. This means that in pigs
with a similar bacterial load, pigs with higher clinical scores transmitted
the bacteria less efficiently. Both effects of clinical disease (positive and
negative) resulted in a much smaller net effect, not even significantly from
zero (Table4, model 4). The association found between daily clinical score
within the transmission chain was r=0.34. These findings suggest that it
is unlikely that clinical outbreaks of A. pleuropneumoniae are caused by
rapid transmission of A. pleuropneumoniae by clinically affected pigs only.
It implies that other causes and mechanisms may cause the occurrence of
outbreaks.

Our conclusions were based on the results of bacterial examination,
because SBE detects viable bacteria and is, to our opinion, representative
for colonization. Additional analyses performed with qPCR (Additional
file 2) suggested that transmission may have occurred in two additional
pairs, but the number of genomic copies found in those C-pigs was low.
Although sensitivity in the SBE is not 100%, we considered these samples
containing non-viable bacteria and therefore concluded that these pigs were
not infected. Therefore we included the qPCR results as additional data only.
Most importantly however, the analysis of transmission based on the qPCR
results would lead to the same conclusion about the effect of disease severity
and nasal bacterial load on transmission.

Transmission of pathogens is dependent on the susceptibility and the
infectiousness of the uninfected and infected individuals, respectively and the
contact rate [31]. CD/CD pigs were used and randomly assigned to pairs and
treatment. Therefore susceptibility of the pigs was considered to be similar
at the start of the experiment. Severity of disease was positively associated
with the bacterial load, and bacterial load with the transmission rate, but the
severity of disease was negatively associated with the transmission rate. This
result could be explained by the effect of disease severity on the contact rate,
as A. pleuropneumoniae is assumed to spread mainly by direct contact. If
clinical signs affect the frequency and/or intensity of contact between pigs,
the rate of transmission may be lower when pigs are showing severe signs
compared to sub-clinically infected pigs. On the other hand, in similarly
affected animals the transmission rate will be mostly associated with the
number of bacteria isolated, as has been shown by others [§].

An association between clinical score in I-pigs and positive C-pigs
was demonstrated, but the score of inoculated pigs was significantly higher
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than for contact positive ones. This could be explained by the absence of
lung lesions in five of six positive contact pigs. In positive C-pigs higher
clinical scores were observed than in negative C-pigs, which was not
reported in other studies [8,32]. This may be explained as follows. First, 4.
pleuropneumoniae might have caused only minor pathology in pig tonsils,
as previously described for gnotobiotic pigs [33], which may have induced
only mild clinical signs. We did not, however, investigate the morphologic
changes in pig tonsils. Second, the scoring method we used was more
detailed than in the other transmission studies and as signs were only mild
a less detailed method might have missed these. It should be mentioned,
however, that our scoring method was not applied blindly as the observer
was aware of the infection status of each pig, which may have resulted in
observation bias.

In previously performed studies with A. pleuropneumoniae, infectious
pigs were induced by endobronchial application of the inoculum or by
exposure to other infected pigs [24], resulting in a more uniform expression
of clinical signs. In our study, the inoculum was applied intranasally, as we
aimed at inducing variation in clinical signs rather than uniformity. It is
known that variation in signs can also be affected by using different doses
or different inoculation routes [15,34], but using these methods of challenge
was not suitable here as a possible observed difference in transmission could
then also be due to inoculation method rather than the clinical score.

In our study bacterial counts in tonsil and nasal sample from inoculated
pigs correlated well, but the number of bacteria in nasal samples decreased
over time and most nasal samples were found negative in contact infected
pigs. Our findings suggest that for transmission studies on farms it is more
appropriate to take tonsil samples instead of nasal samples to detect a
colonised pig, as the nasal samples may be negative in pigs with low number
of bacteria. In experimental studies nasal samples may be useful, as they are
easier to collect and, moreover, may reflect the infectiousness of the pigs
more appropriately [8].

In this study CD/CD pigs were used, because of diagnostic limitations
of bacterial examination in SPF pigs. In the field specific maternally derived
antibodies [18], and possibly cross immunity for other Pasteurellaceae,
can be protective for developing clinical signs. Besides, competition
for colonization by other bacteria, especially other Pasteurellaceae, or
protective effects of milk or colostrum on colonization are plausible under
field conditions as well. Therefore extrapolation of our estimates to the field
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should be done with extreme caution and our conclusion on the relation
between clinical signs and transmission of A. pleuropneumoniae needs
confirmation under more natural circumstances.

Nevertheless our observation that clinical signs reduce transmission of 4.
pleuropneumoniae, e.g. by reducing the contact rate, could have significant
consequences for effectiveness of interventions. Isolation of severely
affected individuals has been shown to be effective to reduce the size of an
outbreak, e.g. for Salmonella[7] in cattle. In that case the development of
clinical signs usually coincides with a raise in infectiousness and diseased
animals are responsible for most of the transmission during the outbreak.
The latter was exactly one of the hypotheses for the course of outbreaks of 4.
pleuropneumoniae. If they become diseased, A. pleuropneumoniae infected
pigs become diseased within a few days after infection and this study has
shown that diseased pigs shed more bacteria, so isolation theoretically might
be effective. However, most infected pigs do not become diseased, so most
infectious pigs will not be noticed. Moreover the results of this study have
shown a negative impact of disease on transmission. Thus, while during an
outbreak of pleuropneumonia, caused by 4. pleuropneumoniae, isolation of
severely affected pigs may be beneficial for their wellbeing, the effect on the
course of the outbreak is likely to be limited.

In conclusion the results of this experiment do not support the hypothesis
that outbreaks start with only a few diseased pigs that rapidly spread a
clinical form of the infection. It is therefore more likely that an outbreak
occurs due to the development of clinical signs at the same time in already
infected pigs due to some (non-) infectious trigger.
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ABSTRACT

Pigs are the natural host for Chlamydia suis, a pathogen which is
phylogenetically highly related to the human pathogen C. trachomatis.
Chlamydia suis infections are generally treated with tetracyclines. In 1998,
tetracyline resistant C. suis strains emerged on U.S. pig farms and they are
currently present in the Belgian, Cypriote, German, Israeli, Italian and Swiss
pig industry. Infections with tetracycline resistant C. suis strains are mainly
associated with severe reproductive failure leading to marked economical
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loss. We developed a sensitive and specific TagMan probe-based C. suis
real-time PCR for examining clinical samples of both pigs and humans.
The analytical sensitivity of the real-time PCR is 10 rDNA copies/reaction
without cross-amplifying DNA of other Chlamydia species. The PCR was
successfully validated using conjunctival, pharyngeal and stool samples
of slaughterhouse employees, as well as porcine samples from two farms
with evidence of reproductive failure and one farm without clinical disease.
Chlamydia suis was only detected in diseased pigs and in the eyes of humans.
Positive humans had no clinical complaints. PCR results were confirmed
by culture in McCoy cells. In addition, Chlamydia suis isolates were also
examined by the fef(C) PCR, designed for demonstrating the tetracycline
resistance gene tet(C). The tet(C) gene was only present in porcine C. suis
isolates.

INTRODUCTION

Chlamydiaceae are obligate intracellular Gram-negative bacteria that cause
a broad range of diseases in both humans and animals. Pigs can become
infected by Chlamydia (C.) pecorum, C. abortus, C. psittaci and C. suis
[1]. Seroprevalence rates of Chlamydiaceae in German, Swiss, Italian and
Belgian pigs are high (40-96%) [2], [3], [4], [5]. As far as known, the pig
is the only host for C. suis, which is phylogenetically closely related to the
human pathogenic agent C. trachomatis [1]. Chlamydia suis infections can
be asymptomatic or associated with arthritis, pericarditis, polyserositis,
pneumonia, conjunctivitis, enteritis, diarrhea and reproductive failure [4],
[6], [7], [8], [9], [10]. Experimental infections in specific pathogen free and
gnotobiotic pigs using C. suis field strains have resulted in conjunctivitis,
respiratory lesions and gastrointestinal lesions [11], [12], [13]. To date,
transmission of C. suis to humans has not been reported [14]. However, C.
suis and C. trachomatis are closely related [1] and, therefore, the zoonotic
potential of C. suis is likely.

Chlamydia suis can be difficult to grow in cell culture or embryonated
eggs [14]. A molecular diagnostic test, able to specifically detect C. suis in
both animal and human samples, is crucial to gain insights into the prevalence,
the economic impact and the zoonotic ‘threat’ of C. suis infections. In 2006,
Sachse et al. [15], developed a 23S rDNA gene-based array tube (AT) micro
array for detection and differentiation of Chlamydia spp. The assay detects
a single copy of the cloned target DNA [16]. Borel et al. [17] calculated the
sensitivity of the AT micro array over an entire panel of human and animal
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clinical samples, including five human pharyngeal swabs and four tissues
of naturally infected diseased pigs. The sensitivity of the AT micro array
was slightly lower than for real-time PCR. When excluding long-time stored
swab samples from the calculation, the sensitivity was equivalent to that
of real-time PCR. However, in our hands, C. suis species identification by
use of the AT microarray was often only possible on isolates of vaginal and
rectal swabs and not directly on these clinical samples [18]. More recently,
Pantchev et al., [19] developed a 23S rDNA gene-based real-time PCR
for C. suis. However, the PCR was strictly developed for the examination
of veterinary samples as it cannot distinguish C. suis from the genetically
closely related human pathogen C. trachomatis [19]. Therefore, it was the
aim of the present study to develop a sensitive and specific C. suis real-time
PCR for the purpose of examining clinical samples of both pigs and humans.

MATERIALS AND METHODS

Bacterial Cultures

For determination of sensitivity, specificity and detection limit of the C. suis-
specific real-time PCR, the following 14 chlamydial strains were used: C.
suis strains S45, R19, H7, R24, R27 and R33, C. pneumoniae (TW-183), C.
felis (FP Baker), C. caviae (GIPC), C. abortus (S26/3), C. psittaci (92/1293),
C. pecorum (1710S), C. muridarum (MoPn) and C. trachomatis (L2/434/
BU). Bacteria were grown in cycloheximide treated McCoy cells (mouse
fibroblast cells, obtained from Els De Coster, Labo Medische Analyse, CRI,
Zwijnaarde, Belgium; original source: ATCC CRL-1696) using a standard
methodology, as described previously [20]. Chlamydiae were released from
infected monolayers (two passages) by freezing and thawing, followed by
ultrasonication (Bransonic 12, BIOMEDevice, San Pablo, CA, USA). Cell
culture harvest was centrifuged for 10 min (1000 x g, 4°C) and Chlamydiae
were subsequently concentrated by ultracentrifugation for 45 minutes
(50,000 x g, 4°C). Bacteria were resuspended in 2 mL sucrose phosphate
glutamate buffer (SPG, 218 mM sucrose, 38 mM KH_PO,, 7 mM K HPO,,
5 mM L-glutamic acid) and stored at —80°C until use.

DNA Extraction

Genomic DNA of bacterial cultures was prepared using the DNeasy Blood
and Tissue Kit (Qiagen, Antwerp, Belgium). DNA extraction of clinical
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samples was performed using the G-spin Total DNA Extraction Mini Kit
(Goffin Molecular Biotechnologies, Beek, The Netherlands). Both extraction
methods were performed according to the instructions of the manufacturers.

Primers and Probes

Published 23S ribosomal RNA sequences of all known chlamydial species
(Table 1) [1] were aligned using Clustal X software (default settings) [21].
Forward and reverse primers (Life technologies, Paisley, United Kingdom)
and probes (Eurogentec, Seraing, Li¢ge, Belgium) were designed using
primer3 software (Table 2) [22]. Primer and probe specificity was checked
by BLAST [21]. The optimal annealing temperature and specificity of
the primers and probes within the genome was evaluated in 20 ul PCR
reactions containing 3 ul of 2 uM of forward and reverse primers, 0.5 pl
Super Taq 5U/ul (Sphaero Q, Gorinchem, The Netherlands), 2 ul Super Taq
Reaction Buffer, 2 ul of each of 1.25 mM dNTP and 50 ng of genomic
DNA of C. suis strain S45. The cycling conditions were as follows: 72°C
for 5 minutes; 35 cycles of 95°C for 60s, 60°C for 60s and 72°C for 60s
and a final step of 72°C for 5 min. CS23S-probe A and B were 5’ labeled
with the reporter dye 6-carboxyfluorescein (FAM) and hexachloro-
fluoresceine (HEX) respectively, and 3’ labeled with the quencher dye
carboxytetramethylrhodamine (TAMRA).

Table 1: NCBI Nucleotide Accession numbers of the 23S rRNA gene sequenc-
es that were used for the alignment to design the primers and C. suis specific
probes

Species Strain NCBI Nucleotide Accession Number
Chlamydia suis R22 U68420
Chlamydia trachomatis |L2/434/BU | U68443
Chlamydia abortus EBA uU76710
Chlamydia psittaci NI1 U68419
6BC U68447
Chlamydia pecorum IPA U68434
Chlamydia felis FP Baker u68457
Chlamydia muridarum | MoPn uU68436
SFPD U68437
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Chlamydia caviae GPIC U68451
Chlamydia pneumoniae | TW-133 u76711

Table 2: Primers and probes of the C. suis specific real-time PCR

Oligonoculeotide | Sequence (5'- 3") Position® | Specificity

CS23S-F GCAGAGGAAAAGAAATC- 215-236 | C. suis and C.
GAAGA trachomatis

CS23S-R CGGGACTATCACCCTGTATC 359-378 | C. suis and C.

trachomatis

CS23S-ProbeA FAM-CGAGCTGAAGAAGC- 280-305 | C. suis
GAGGGGTTGTAG-TAMRA

CS23S-ProbeB HEX-CGAGCCGAAGAAGC- 280-305 | C. suis
GAGGGGTTGTAG-TAMRA

“Binding position from base 1 of the 23S rRNA gene of the chlamydial
reference strain S45.

Inhibition Control Plasmid

The 23S rDNA amplicon of C. suis (S45) was amplified using 20 ul PCR
reactions containing 3 ul of 2 uM of forward and reverse primers, 0.5 pl
Super Taq 5U/ul (Sphaero Q, Gorinchem, The Netherlands), 2 ul Super Taq
Reaction Buffer, 2 ul of each of 1.25 mM dNTP and 50 ng of genomic DNA.
PCR products were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA) and cloned into pGem-T (Promega,
Madison, WI, USA) according to the manufacturer’s protocol. To verify
the nucleotide sequence of the inserted fragment, sequence analyses were
performed by the VIB Genetic Service Facility (University of Antwerp,
Antwerp, Belgium) using vector associated T7 and SP6 priming sites. The
resulting C. suis-species-specific internal inhibition control plasmid was
designated pGemT::CSIC.

Species-specific Real-time PCR

Real-time PCR was performed with the Rotor-Gene Q Instrument (Qiagen
Benelux, Venlo, The Netherlands) using 25 pl reaction mixture containing
2 pl of DNA template, 4 pl of primer mixture (300 nM forward and reverse
primer), 2.5 pl of CS23S-probe A and B (200 nM), 12.5 pul of absolute gPCR
mix (Thermoscientific, Acros Organics, Geel, Belgium) and 1.5 pl DNAse
and RNAse free water. The cycling conditions were as follows: 95°C for 15
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minutes, 50 cycles of 95°C for 15 seconds, 60°C for 60 seconds. All default
program settings were used. Standard graphs of the Cycle threshold (Ct)
values, obtained by testing tenfold serial dilutions (10® to 10") of the purified
species-specific inhibition control plasmid, were used for quantification.
DNA was always tested in the presence of control plasmid (50 copies/pl) to
check for PCR inhibitors.

Analytical Sensitivity and Specificity

The analytical sensitivity of the assay was evaluated using decimal serial
dilutions (10® to 10! copies/ul) of the inhibition control plasmid and of
purified genomic DNA of the C. suis reference strain S45 from suspensions
equivalent to 10® to 10' copies/ul. Three independent dilution series were
analyzed and reactions were performed in triplicate. The specificity was
evaluated using: 1) genomic DNA from C. peumoniae (TWAR), C. felis
(FP Baker), C. caviae (GPIC), C. abortus(526/3), C. psittaci (92/1293),
C. pecorum (1710S), C. muridarum (MoPn) and C. trachomatis (L2/434/
BU) as well as ii) DNA from 23 and 38 bacterial species commonly found
in swine and humans, respectively, and iii) genomic DNA from swine and
human tissues (Table 3 and 4).

Table 3: Organisms of non-chlamydial origin found in swine and used for spec-
ificity testing

Organisms”

Acinetobacter calcoaceticus | Enterobacter sp. Pseudomonas aeruginosa

Bacteroides sp. Enterococcus sp Proteus mirabilis

Bordetella bronchiseptica Escherichia coli Proteus vulgaris

Bordetella pertussis Klebsiella sp. Salmonella enterica subsp. en-

terica serovar Typhimurium

Bordetella parapertussis Lactobacillus sp. Staphylococcus aureus

Brachyspira sp. Staphylococcus hyicus

Brucella sp. Mycoplasma hyo- Streptococcus suis
pneumoniae

Clostridium sp. Pasteurella multocida | Treponema sp.

* Identification of micro-organisms was performed by culture on selective
media, biochemical identification and molecular characterization methods
like PCR and DNA sequencing.
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Table 4: Organisms of non-chlamydial origin found in humans and used for
specificity testing

Organisms”
Acinetobacter baumannii | Klebsiella oxytoca Ruminococcus
Bacteroides sp. Klebsiella pneumoniae Salmonella sp.
Bifidobacterium sp. Lactobacillus sp. Serratia marcescens
Bordetella bronchiseptica | Stenotrophomonas sp Shigella sp.
Citrobacter braakii Moraxella catarrhalis Staphylococcus aureus
Citrobacter freundii Morganella morganii Staphylococcus epider-
midis

Clostridium sp Mpycoplasma pneumoniae Moraxella catarrhalis
Corynebacterium sp. Peptostreptococcus sp. Streptococcus agalactiae
Enterobacter sp. Streptococcus pneumoniae Streptococcus mitis

sp.
Enterococcus sp. Propionibacterium sp. Streptococcus nilleri
Escherichia coli Pseudomonas aeruginosa Streptococcus pyogenes
Eubacterium sp. Proteus mirabilis Veillonella sp.
Faecalibacterium sp. Proteus vulgaris

* Identification of micro-organisms was performed by culture on selective
media, biochemical identification and molecular characterization methods
like PCR and DNA sequencing.

Case Studies

Pig farms

To validate the performance of the C. suis real-time PCR, vaginal swabs
originating of 10 to 15 sows from three Dutch pig (A, B, C) farms were
tested. Two of the three farms were dealing with cases of reproductive failure
(decrease of the conception rate from 90 to <65%, 1-3% abortions, sows that
delivered only two to five piglets of a non-uniform weight, white to yellow
non-smelling vulval liquid, irregular return to estrus). Clinical disease did
not improve following medication with doxycycline [400 g (ton feed) '] plus
a combination of trimethoprim [120 g (ton feed) ~'] and sulfamethoxazole
[600 g (ton feed) '] for 10—14 days during gestation and half of these drug
concentrations during lactation. Antibody detection or PCR for Leptospira
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species, Mycoplasma species, Brucella suis, porcine reproductive and
respiratory syndrome virus, Aujeszky’s disease, swine influenza, porcine
circovirus 2 and porcine parvovirus, were negative. Tests were performed
at the Dutch Animal Health Service (Deventer, The Netherlands) and by
the Flemish Animal Health Service (Drongen, Belgium). The third farm
reported no clinical problems and was included as a negative control.

Animals were sampled for C. suis culture and PCR. For culture, rayon-
tipped aluminium-shafted swabs (Copan; Fiers, Kuurne, Belgium) were
immersed in chlamydia transport medium [20] immediately after vaginal
sampling and stored at —80°C for culture. For PCR, vaginal swabs immersed
in DNA/RNA stabilization buffer (Roche) were stored at —80°C. All DNA
extractions were performed using the G-spin Total DNA Extraction Mini
Kit (Goffin Molecular Biotechnologies, Beek, The Netherlands) according
to the manufacturer,s protocol.

Purified DNA of vaginal swabs was analyzed by the newly developed
C. suis-specific real-time PCR. Presence of viable Chlamydiae was
determined by inoculation on McCoy cells (in duplicate) followed by direct
immunofluorescence (anti-LPS/FITC) staining on the first culture drum at
six days post inoculation (Imagen, Oxoid, Drongen, Belgium). If positive,
the second culture drum was used for C. suis identification by use of the
newly developed real-time PCR. Positively identified C. suis isolates were
also examined by the fef(C) PCR, designed for demonstrating the tetracycline
resistance gene te#(C) [23], For this purpose, we used genomic DNA of the
Tc® C. suis strain R19 [24] as positive control.

All animal samples were received from veterinary practitioners and
were delivered for diagnostic purpose. Therefore, approval of the veterinary
ethical committee was not required.

Slaughterhouse employees

Validation of the C. suis PCR for human diagnosis was performed by
sampling abattoir workers. During a yearly medical check up, employees of
a Belgian pig slaughterhouse were asked (informed consent) to voluntarily
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provide a pharyngeal and conjunctival swab, as well as a swab of fresh
stool. Rayon-tipped aluminium-shafted swabs were immersed in chlamydia
transport medium [20] and stored at —80°C until culture. Swabs for PCR
were immersed in DNA/RNA stabilization buffer and stored at —80°C.
Purified DNA was analyzed by the newly developed C. suis-specific real-
time PCR. Presence of viable Chlamydiae, identification of viable C. suis
and the presence of the tef(C) gene in C. suis strains was examined as
mentioned for the pig farms.

The case study was approved by the medical ethical committee (approval
EC UZG 2011/459). Participants provided their written informed consent
and the consent procedure was approved by the medical ethical committee
of Ghent University.

RESULTS

Primers and Probes

It was impossible to design C. °suis-specific primers in the 23S rDNA target
region, such that the forward and reverse primers would also not anneal
to C.°trachomatis DNA. However, we were able to design C. suis-specific
probes for real-time PCR. The differentially labeled probes CS23S-A and
CS23S-B were C. suis-specific and they were both required for coverage
of the selected target region of all known C. suis strains (Table 2). Forward
(CS23S-F) and reverse (CS23S-R) primers generated a PCR product of 159
bp.

Internal Inhibition Control

Standard curves made using 10° to 10! copies of the pGemT::CSIC control
plasmid (Figure 1) showed slopes around —3.103, which correlates to an ef-
ficiency of 109%, with correlation coefficients > 98%.
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Figure 1: Real-time PCR quantitation of chlamydial S45 genomic DNA (A)
and pGemT::CSIC control plasmid (B).

The standard curve data points are the average of 3 replications, standard
deviations are shown as error bars. The equations and R? linearity values
resulting from the linear regression analysis, are shown on the graphs.

Species-specific Real-time PCR

The species-specific real-time PCR detected all known C. suis strains.
Amplification of genomic DNA extracts of all C. suis strains resulted in
the expected PCR products with amplification curves exceeding the 0.02
threshold before cycle 25. The species-specific PCR was able to detect 10
rDNA copies (or two copies/pl) of both genomic and control plasmid DNA.
Standard curves resulting from the sensitivity analysis are shown in Figure
1. The slopes were around —3.5, which correlates to an efficiency of 91%,
with correlation coefficients > 99%. The species-specificity test revealed a
Ct-value of 19 for DNA of 10° TCID,, C. suis. Real-time PCR on genomic
DNA of C. pneumoniae, C. felis, C. caviae, C. pecorum, C. abortus, C.
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muridarum and C. trachomatis generated no signal. The real-time PCR gave
no results for genomic DNA of other pathogens commonly found in the
eyes, respiratory or urogenital tract of swine and humans, neither with DNA
from swine or human tissues.

Case studies

Pig farms

Chlamydia suis was not detected on the clinically healthy farm C. The
pathogen was present on farms A and B, both dealing with reproductive
failure. Chlamydia suis DNA was found in all (100%) vaginal swabs of
farms A and B. Viable C. suis organisms were present in 7 of 10 (70%) and
11 of 15 (73.3%) vaginal swabs of farms A and B, respectively. Chlamydial
isolates of farm A and B were examined for the presence of the fef(C)
gene. The fet(C) gene was discovered in two of seven (28.5%) and 6 of 11
(54.5%) C. suis isolates of farms A and B, respectively. Clinical symptoms
disappeared after treatment with enrofloxacin (fluoroquinolone, Baytril 5%;
Bayer Healthcare), as previously described [25]. Enrofloxacin was added to
the sperm diluter [2 ml (1 diluter) '] and it was also used to rinse the sow’s
reproductive tract (Baytril 5%, 5 ml+95 ml distilled water) immediately
before artificial insemination. Infected sows were re-examined two weeks
after treatment and were negative in both PCR and culture.

Slaughterhouse employees

Only 12 of 84 (14.3%) employees voluntarily participated. They provided
12 conjunctival, 12 pharyngeal and 12 stool swabs. Pharyngeal swabs and
stool were all C. suis negative. Two of 12 (16.6%) conjunctival swabs were
positive by the newly developed C. suis real-time PCR, revealing a Ct-value
of 26 and 28, respectively. Real-time PCR results on all swabs could be
confirmed by culture. Culture harvest of both positively identified C. suis
isolates was negative by the tet(C) PCR. Positive employees worked daily
for three years in the pig gut washing area and for eight years in the animal
reception area, respectively. Clinical signs were absent.

DISCUSSION

Chlamydial infections are treated with tetracyclines. In 1998, tetracyline
resistant (Tc®) C. suis strains emerged in the U.S. pig industry (Iowa and
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Nebraska), and are currently also known to be prevalent in the Belgian,
Cypriote, German, Israeli, Italian and Swiss pig industry [2], [3], [9], [26],
[27]. The present study adds an additional country to the list, as the current
study is the first to discover Tc® C. suis strains in the Dutch pig industry.
The C. suis Tc® phenotype is manifested through the tetracycline resistance
gene tet(C). Tet(C) is integrated into the chlamydial chromosome [28], but
it is a transposable genetic element, which is also present in other bacteria
such as E. coli.

The international economic consequences of C. suis infections are not
yet fully established, but the financial loss due to severe reproductive failure
and the need for antibiotic treatment currently worries pig producers all
over the world. Moreover, pig farmers are aware of the existence of Tc® C.
suis strains and the risk of importing Tc? C. suis contaminated sperm for
artificial insemination [18] (and P. Delava, personal communication 2014).
Furthermore, emergence of Tc® chlamydial strains might pose a potential
threat for public health if this species turns out to be a zoonotic pathogen.
Suchland et al. demonstrated in vitro horizontal transfer of the tetracycline
resistance gene among chlamydial species [29]. Therefore, contact between
Tc® and Tc® Chlamydia spp. could lead to transfer of the fet(C) gene and the
subsequent phenotype, which could then be propagated and selected for in
patients that are treated with tetracyclines. However, the lack of evidence
of antibiotic resistance leading to treatment failure in humans, seems to
indicate that horizontal transfer of the tet(C) gene is rather rare. Sandoz
and Rockey [30] state that unsufficiency of the current diagnostic methods,
could be the cause of this lack of evidence.

In this respect, studying the presence of C. suis in humans, dealing
with pigs on a regular basis, is meaningful. Thus, there is an urgent need
for a highly sensitive and specific molecular diagnostic test to study the
epidemiology of C. suis in pigs and to study a possible transfer of C. suis to
humans.

Real-time PCR technology offers the possibility to automatically
combine amplification, specific hybridization and detection in one single
test. It allows specific and sensitive gene quantification with a minimal
contamination risk, as the AmpErase UNG system can be incorporated in
order to prevent post-PCR carry-over of amplified DNA. The technique has
been used successfully to detect C. preumoniae [31], [32], [33], [34], C.
trachomatis [35], C. felis [36], [37], [38], C. pecorum [39], C. psittaci [40],
and C. abortus [19].
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Although, the high genomic sequence similarity between C. suis and
C. trachomatis made it difficult to design a sensitive C. suis-specific PCR,
the analytical sensitivity of the assay was 10 rDNA copies/reaction (or two
copies/pl). Besides, the C. suis real-time PCR contains two differentially
labeled probes. Albeit differentially labeling is not required for the detection
of all C. suis strains, their use creates the ability to differentiate the two
‘groups’ of C. suis strains which are distinguished by one single SNP in the
target region.

The C. suis-specific real-time PCR is suitable for diagnosis in swine as
successfully demonstrated in the present case report. Importantly, the C. suis-
specific real-time PCR is also suitable for human samples, as it distinguishes
C. suis from 1) the human pathogens C. trachomatis and C. pneumoniae and
i1) the currently known zoonotic species: C. felis, C. abortus and C. psittaci.

The detection of C. suis DNA as well as viable C. suis in the eyes of
two slaughterhouse employees illustrates the value of this assay in future
investigations on the zoonotic potential of C. suis. Becker et al. [41]
showed intensively raised pigs to be pre-disposed to chlamydial associated
conjunctivitis. Transmission from infected pig eyes to humans is perhaps not
unusual in highly irritant environments like a slaughterhouse and intensive
pig farms. C. suis positive persons had no clinical complaints and they
showed no disease symptoms. We detected only low amounts of C. suis in
the eyes, and perhaps C. suis only ended up in the eyes by touching face/eyes
with contaminated hands. Possibly, it was just an eye “contaminant” and not
a real infection. Perhaps serology would have clarified this issue. However,
employees refused to give blood during our experiment. Thus, future studies
in humans should include the detection of C. suis-specific antibodies in
serum or at least in conjunctival swabs. None of the participating employees
was infected with C. trachomatis and both C. suis isolates were tetracycline
sensitive. Therefore, further research is needed, sampling larger human
risk populations, to estimate the prevalence of C. trachomatis and Tc® C.
suis strains in people working with pigs. Besides, the potential of C. suis
to cause pathology in the human eye needs to be examined in more detail,
especially since C. suis is phylogenetically highly related to C. trachomatis,
the etiology of human trachoma, and, as a recent study by Deborah Dean
also found C. suis in the human eye [42].

In conclusion, we designed and validated a C. suis-specific real-time
PCR for use in swine and humans. The assay can be used for detection
and monitoring of C. suis strains in pigs and for examining their zoonotic
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potential more extensively. Additionally, the real-time PCR could be useful
for preventing the spread of C. suis strains, for instance through international
trade of boars and sperm.
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ABSTRACT

Background

Corynebacterium pseudotuberculosis is the etiologic agent of caseous
lymphadenitis, a common disease in small ruminant populations throughout
the world and responsible for a significant economic impact for producers.

Case presentation

Toourknowledge,thisisthefirstcharacterizationof C. pseudotuberculosisfrom
caseous lymphadenitis lesions in Black Alentejano pig (Sus scrofa
domesticus). In this study, phenotypic and genotypic identification methods
allocated the swine isolates in C. pseudotuberculosis biovar ovis. The vast
majority of the isolates were able to produce phospholipase D and were
susceptible to most of the antimicrobial compounds tested. Macrorestriction
patterns obtained by Pulsed Field Gel Electrophoresis (PFGE) grouped
the C. pseudotuberculosis in two clusters with a high similarity index, which
reveals their clonal relatedness. Furthermore, swine isolates were compared
with C. pseudotuberculosis from caprines and PFGE patterns also showed
high similarity, suggesting the prevalence of dominant clones and a potential
cross-dissemination between these two animal hosts.

Conclusions

This work represents the first report of Corynebacterium
pseudotuberculosis from caseous lymphadenitis lesions in Black Alentejano
pig and alerts for the importance of the establishment of suitable control and
sanitary management practices to control the infection and avoid further
dissemination of this important pathogen to other animal hosts.

BACKGROUND

Corynebacterium pseudotuberculosis is an important animal pathogen,
being the etiological agent of caseous lymphadenitis (CLA) or cheesy gland
disease in small ruminants [1]. CLA is frequently detected in major sheep
and goat production areas around the world. It is characterized by abscess
formation in the skin, internal and external lymph nodes and internal organs.
This disease causes significant economic impact on the small ruminant
industry through decreased meat yield, damaged wool and leather, decreased
reproductive efficiency, culling of affected animals and increased morbidity
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and mortality rates [2]. CLA can become endemic in a herd or flock and once
established it is difficult to eradicate due to its poor response to therapeutics,
ability to persist in the environment and difficulties in detecting subclinical
infected animals [1]-[3]. It is also easily spread amongst animals due to
direct contact with superficial wounds or draining abscesses [3]. Nowadays,
the most common treatment for CLA is abscess drainage followed by
disinfection with an iodine solution and antibiotic therapy.

C. pseudotuberculosis is a relatively homogenous taxonomic group that
can be distinguished from most Corynebacterium species by the production
of Phospholipase D (PLD) and urease and the inability to ferment starch.
The importance of C. pseudotuberculosis as an animal pathogen has
prompted characterization studies on its toxins, particularly the haemolytic
toxin PLD [4]. The differentiation between biovars is also important for
infection epidemiology, as they are host specific. Evaluation of the ability
to reduce nitrates allows discriminating between the negative isolates from
biovar ovis, usually related with CLA in sheeps and goats, and the positive
members of biovar equi, found in horses and bovines [3],[4].

Other species belonging to the Corynebacterium genus have already
been related to CLA. Corynebacterium ulcerans was isolated from abscessed
lymph nodes in wild boar (Sus scrofa) [5],[6]. However, to our understanding,
there is only one report available regarding C. pseudotuberculosis isolation
from asymptomatic swine [7]. In this work we describe the first phenotypic
and genotypic characterization of C. paratuberculosis clinical isolates from
caseous lymphadenitis lesions in the Black Alentejano pig (Sus scrofa
domesticus), Alentejo region, South Portugal.

CASE PRESENTATION

Data presented refers to two “Alentejana’ breed swine farms, A and B, located
in “Odemira” district, “Alentejo” region, South Portugal, where purulent
lymphadenitis cases were detected (Figure 1). In farm A and B, respectively
with 700-800 and 400-500 animals, piglets are maintained in camping with
the sows until weaning at 5 weeks, and afterwards are reared in extensive
system, in lots with around 200 animals each. Farms only reared swine, but
they were not isolated, as animals’ movement could be observed. There was
no commercial relationship between farms A and B. In both farms, CLA was
detected in piglets from weaning until 10 month of age, in all rearing lots,
affecting up to 10% of the animals. Lesions were observed mainly in the
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mandibular and retropharyngeal lymphnodes, but were also found in other
locations. About 1% of the animals died as a consequence of polyarthritis
and/or infection dissemination to other organs. In the remaining cases,
infection was controlled and was not responsible for rejections at slaughter.

Figure 1: Caseous lymphadenitis lesions in Black Alentejano pig ( Sus scrofa
domesticus ) from a farm located in the Odemira district, “Alentejo” region,
south Portugal; A) Mandibular abscess; B) Abscess purulent content.

Ten bacterial isolates were obtained from ten swabs collected from
abscesses in ten Black Alentejano pigs (Sus scrofa domesticus). Samples
were collected as part of routine diagnostics, from live animals using sterile
materials and after performing the asepsis of the abscess skin, and kept
refrigerated at 4°C until transport to the laboratory. Samples were plated on
Columbia Agar (COS) (43041, bioM¢érieux, Basingstoke, UK) and incubated
aerobically at 37°C for 24 h. Isolates were initially checked for Gram staining,
morphology and production of cytochrome c oxidase. From the swine samples
it was possible to obtain pure cultures, formed by Gram-positive, oxidase
negative, pleomorphic rods. Identification was performed using biochemical
identification galleries (12136A, API Coryne®, bioMérieux, Basingstoke,
UK) according to the manufacturer’s instructions. Subsequently, in order
to distinguish between C. pseudotuberculosis biovar equi and biovar ovis,
the ability to reduce nitrates was also evaluated [3]. Isolates were identified
as C. pseudotuberculosis by Api Coryne®, all of which were nitrate
reductase negative, hence identified as C. pseudotuberculosis biovar ovis.
Although other microorganisms have already been related to lymphadenitis
in several animals, such as Actinomyces hyovaginalis in goats, sheeps
and pigs [8],[9], Francisella tularensis in humans [10], Staphylococcus
aureus ssp. anaerobius in lambs [11] and C. ulcerans in wild boars and roe
deer [5],[6], C. pseudotuberculosis is the main bacterial species responsible
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for CLA [1]. Results from this study confirm that this bacterial species is
also the main responsible for CLA development in the Black Alentejano pig
(Sus scrofa domesticus) at the sampled farms, as it was possible to isolate
this agent from all collected samples, in pure cultures.

As C. pseudotuberculosis is frequently related to CLA in small ruminants
but not in pigs, we included in this study nine C. pseudotuberculosis caprine
isolates belonging to a collection of clinical isolates from the Bacteriology
Laboratory from the Faculty of Veterinary Medicine from the University of
Lisbon, Portugal, for comparison purposes.

PLD production by the 19 isolates was determined by observation of
haemolytic antagonism with B haemolysin from Staphylococcus aureus and
haemolytic synergism with Streptococcus agalactiae, according to Literak
et al. [12]. cAMP phenotypic assay demonstrated that all, except one swine
isolate, were PLD positive.

For assessment of the antimicrobial resistance profile, 13 antimicrobial
compounds (Oxoid, Basingstoke, Hampshire, UK) commonly used in
veterinary medicine were selected, as follows: Amoxycillin/Clavulanic
acid (AMC, CT0223B, 30 pg), Ampicillin (AMP, CT0003B, 10 pg),
Chloramphenicol (C, CT0013B, 30 pg), Cephalexin (CL, CT0007B, 30 pg),
Gentamicin (CN, CT0024B, 10 pg), Cefotaxime (CTX, CT0166B, 30 pg),
Enrofloxacin (ENR, CT0639B, 5 ng), Nalidixic acid (NA, CT0031B, 30
pg), Penicillin G (P, CT0043B, 10 units), Streptomycin (S, CT0047B, 10
ng), Sulfamethoxazole/Trimethoprim (SXT, CT0052B, 25 pg), Tetracycline
(TE, CT0054B, 30 pg) and Vancomycin (VA, CT0058B, 30 ug). The
compounds were tested by the Disk Diffusion (DD) Method, according to
the Clinical and Laboratory Standards Institute [13] guidelines. Isolates
were susceptible to the majority of the antimicrobial compounds tested.
All C. pseudotuberculosis, except one, were resistant to nalidix acid and
streptomycin. Although isolates were susceptible to most antimicrobial
compounds tested, CLA infections are difficult to eradicate, as the bacterial
agent remains enclosed in caseous abscesses, where the penetration of
therapeutic drugs is extremely difficult.

Isolate molecular characterization was performed by Multiplex PCR and
Pulsed Field Gel Electrophoresis (PFGE). For DNA isolation, 4-5 bacterial
colonies of 48 hour cultures were resuspended in 100 uL TE [10 mM Tris-
CI (pH 8.0), 1 mM EDTA (pH 8.0)]. Afterwards, samples were incubated
at 96°C for 5-7 minutes and centrifuged at 15000 g during 5 minutes.
Supernatants were stored at -20°C.
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Primers targeting the 16S rRNA, rpoB and pld genes of C. pseudotubercu-
losis previously described by other authors were used [14]-[16]. Reference
strain C. pseudotuberculosis CECT 808 was included as positive control.

Multiplex PCR was performed in a final reaction volume of 25 pL
containing 2.5 U NZYTaq 2x Green Master Mix (NZYTech, Portugal),
and 10 uM of each of the primers 16S-F/16S-R, rpoB-F/rpoB-R and pld-F/
pld-R. Reactions were carried out in a thermal cycler (MyCycler; Bio-Rad
laboratories, Hemel Hempstead, UK), using the conditions described by
Pacheco et al. 2007 [16].

All Corynebacterium isolates under analysis generated the amplicons of
~446 bp and ~816 bp, corresponding respectively to the rpoB and 16S RNA
genes. Regarding the pld gene product (200 bp) it was detected in only 14
isolates. This discrepancy between PLD phenotypic and genotypic assays
(18 vs. 14 positive isolates) led us to perform another PCR amplification
using the primers directed to the pld gene described by Pacheco et al. but in
a single reaction, i.e., 16S-F/16S-R, rpoB-F/rpoB-R were excluded. In this
PCR amplification the 19 isolates under analysis showed a positive result.
Thus, the false negative results obtained in the previous multiplex PCR were
probably due to reagent consumption, which prevented pld amplification.
Since the other multiplex targets were 16S rRNA, rpoB (two housekeeping
genes present in more than one copy in the bacterial genome) this is not totally
surprising. These findings highlight the need of performing both phenotypic
and genotypic PLD analysis and, in case of discrepancy, converting the
multiplex in a PCR directed to a single target to further confirm the negative
results.

For PFGE analysis, isolates were grown in Brain-Heart Infusion broth
with 0.1% Tween 20 for 48 hour at 37°C and DNA plugs were prepared
as previously described by Connor et al. [17]. Macrorestrition was carried
overnight with 20 U of the endonuclease Sfil (Takara BIO INC, Saint-
Germain-en-Laye, France) at 50°C. PFGE was performed using a Chef
DRII system (Bio-Rad laboratories, Hemel Hempstead, UK), and gels
consisted of 1% agarose (Sigma-Aldrich Quimica, S.L) in 0.5X Tris-borate-
EDTA bufter (Bio-Rad laboratories, Hemel Hempstead, UK). The Lambda
Ladder PFG Marker (New England Biolabs, Ipswich, USA) was used as a
molecular weight marker. Electrophoresis was performed at 6 V/cm at 14°C
for 23 hour with an initial switch time of 5 s and final switch time of 20 s.
After staining with ethidium bromide, gel images were acquired with the
ImageMaster (PharmaciaBiotech, GE Healthcare, UK).
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BioNumerics 6.5 software (Applied Maths, Belgium) was used to
register PFGE macrorestriction patterns and clustering analysis performed
using the Dice similarity coefficient and the unweighted-pair group method
with arithmetic mean (UPGMA).

As C. pseudotuberculosis is often related with CLA in small ruminants,
goat isolates (n = 9) from caseous lymphadenitis lesions, belonging to a
large collection of clinical isolates from the Laboratory of Microbiology
and Immunology of the Faculty of Veterinary Medicine of the University
of Lisbon, Portugal, were used in this study for comparison and genotypic
characterization, as previously mentioned.

From the PFGE macrorestriction profiles obtained for the nineteen
isolates under analysis (ten C. pseudotuberculosis from pigs and nine from
goats) a similarity dendogram was built using the Bionumerics software
(Figure 2). Above 55%, isolates grouped in two clusters: cluster I, including
eight swine isolates (four from each farm) and one caprine isolate; and
cluster II, with eight caprine and two swine isolates (one from each farm).
The higher similarity index observed within each cluster reveals the clonal
relationship between the C. pseudotuberculosis under analysis, despite
animal host species and farm of origin. Similar results were reported
by other authors who also found high genomic similarities between C.
pseudotuberculosis isolated from distinct animal species [3],[17],[18].

PFGE-Sfil PIGE-Sfil

105/05 Swine abscess, swine
23104 Swine abscess, swine
24104 Swine abscess, swine
101/05 Swine abscess, swine
222104 Caprine pus, caprine
39/04 Swine abscess, swine
38/04 Swine abscess, swine
104/05 Swine abscess, swine
2504 Swine abscess, swine
266/05 Caprine pus abscess, caprine
172/04 Caprine abscess, caprine
547 102/05 Swine abscess, swine
269/05 Caprine pus abscess, caprine
04106 Caprine pus, caprine
171104 Caprine abscess, caprine
9106 Caprine pus, caprine
265/05 Caprine pus abscess, caprine
10/06 Caprine Ppus abscess, caprine

CECT 808 Reference strain  C. pseudotuberculosis.

Figure 2: Dendrogram based on PFGE patterns from C. pseudotuberculo-
sis strains analyzed using the endonuclease Sfi I. Similarity was calculated with
Dice correlation coefficient -r- and clustering was performed with UPGMA.
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Overall, our study suggests the prevalence of dominant clones and a putative
cross-dissemination between swine and goats. As the farms under study only rear
this swine breed, animals could have been infected by pigs coming from other
farms that also have sheep and goats, as the production system was not closed.

CONCLUSIONS

This work represents the first report of Corynebacterium
pseudotuberculosis from caseous lymphadenitis lesions in Black Alentejano
pig (Sus scrofa domesticus). It also alerts for the importance of the
establishment of suitable control and sanitary management practices to
control the infection and avoid further dissemination of this important
pathogen to other animal hosts. The presence of this microorganism in
the two farms studied confirms its spreading ability, as well as their clonal
relationships established by PFGE analysis. Further studies including a
larger number of isolates should be performed in order to fully characterize
these agents and identify possible routes of transmission.
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