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Abstract

Animal breeding is the most important tool to improve milk productivity in dairy ani-
mals. Identification of better animals as parent for the next generation is the approach to 
generate high-producing animals. Genetic disease is the main problem in livestock sector. 
Complex vertebral malformation (CVM), bovine leukocyte adhesion deficiency (BLAD) 
syndrome, bovine factor xi deficiency, deficiency of uridine monophosphate synthase 
(DUMPS), and bovine citrullinemia are some of the main genetic disorders, which should 
be studied in Holstein and its cross. Recent developments in biotechnology have made it 
feasible to reveal a large number of genetic polymorphisms at the DNA level. As a result, 
researchers have been encouraged to use them as markers in order to evaluate genetic 
basis for the observed phenotypic variability. The selection of genetically superior sires is 
of utmost importance for any successful breed improvement program as semen of sires 
is disseminated in various herds under progeny testing program. The investigations on 
mode of genetic improvement around the world indicated that proper genetic evaluation 
and selection of bulls bring about more than 75% of the actual genetic improvement.

Keywords: molecular markers, genetic disorder, part-lactation milk yield, test-day milk 
yield

1. Introduction

Lactation is one of the most important economic characters of dairy animals. Genetic aspect of 
lactation includes those concepts, which are important for milk production in an individual 
animal. On the other hand, breeding aspect is important for improvement in milk production 
in a population of dairy animals. Milk production is largely affected by a combination of fac-
tors, namely, genetic makeup, a favorable nutritional environment and improved managerial 
practices. Consequently, genetic makeup of dairy animals plays a great role in the varia-
tion of milk yield and composition. Lactation is, therefore, a factor of genotype-environment 
interactions. Animals are subjected to constant improvement for this trait, which is based on 



phenotypic observations of cattle and evaluation of the progeny and kins. These processes 
are both time-consuming and expensive. With the observed advances in molecular genetics, 
one may presume, however, that this may dramatically accelerate genetic improvement of 
dairy cattle, especially due to genotyping of young animals. Identification of various genetic 
factors involved in regulating the lactation and involution in farm animal would enable to 
reveal the molecular basis of milk production. This would serve as a platform to direct future 
research to enhance the productivity of cattle. The identification and characterization of these 
factors will pave the way to design appropriate approach to ameliorate the problem of lacta-
tion. The availability of fully sequenced genomes and further development of DNA sequenc-
ing techniques allowed gaining of complex genomic data from a number of animals and 
promises to overcome traditional problems with understanding of fragmented genomic data 
provided by other genomic techniques. Association studies using whole genome sequence 
from animals with different phenotypic performances will permit identification of genomic 
regions with significant effect on main economic traits. Genetic improvement includes selec-
tion of excellent animals from a population to produce higher yields in future generations. 
Since long back, livestock breeders have used genetic evaluations to identify best animals. 
Selective use of these livestock improved phenotypic measures for milk production and milk 
components.

2. Molecular markers and milk production

Recent developments in biotechnology have made it feasible to reveal a large number of 
genetic polymorphisms at the DNA level. As a result, researchers have been encouraged to 
use them as markers in order to evaluate genetic basis for the observed phenotypic variability. 
The distinctive genetic properties as well as methodological advantages of molecular markers 
make them helpful and amenable, to a greater extent, for genetic research than other genetic 
markers. Nowadays, molecular markers are being identified on a vast variety of genes of eco-
nomic importance and are widely accepted. Association between DNA polymorphism and 
milk production traits has been studied for a number of genes, including prolactin; leptin; 
diacylglycerol acyltransferase (DGAT1); bovine leukocyte antigen (BoLA)-DRB3, growth 
hormone receptor gene, ATP-binding cassette, and protease inhibitor gene; proliferator-acti-
vated receptor gamma and coactivator (CoA) 1α gene; growth hormone (GH) gene; signal 
transducer and activator of transcription (STAT)1; thyroglobulin gene; β-lactoglobulin gene; 
STAT5A; and stearoyl-CoA desaturase. Out of the different marker studies, molecular mark-
ers for prolactin, leptin, and DGAT1 show their association with milk traits.

2.1. Pit-1 transcription factor

Pit-1 transcription factor regulates the expression of growth hormone and prolactin in the 
anterior pituitary gland [1]. The bovine Pit-1 gene is located in centromeric region of chromo-
some 1 in bovine [2]. Bovine Pit-1 is a 291 amino acid protein. This gene is a candidate for lac-
tation yield because of its role in regulating expression of bovine growth hormone (bGH) and 
the prolactin genes. Association studies have shown that Pit-1 is associated with milk produc-
tion in domestic animals. Pit-1 was found to be related to birth weight weaning and average 
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daily gain. Quantitative trait loci (QTL) detection revealed that the region surrounding POU 
domain, class 1, transcription factor 1 (POU1F1) on cattle, 1q21–q22, had an effect on animal 
production. POU1F1 gene is also a possible candidate for growth traits. In cattle, Pit-1 was 
found to be associated with milk production traits. Hinf l polymorphism has been reported in 
exon 6 of the bovine Pit-1 gene by polymerase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) technique. This single nucleotide polymorphism (SNP) was found in 
the coding region of the bovine Pit-1 gene. Moreover, four intronic polymorphisms were also 
reported: two located in intron 3, one in intron 4, and the last in intron 5.

2.2. Growth hormone receptor (GHR)

The growth hormone plays a critical endocrine role controlling nutrient metabolism in dairy 
cattle. In the liver, growth hormone receptor (GHR) is dynamically regulated by lactation and 
energy balance. GH receptor is determined by a single gene with a length of 110 kbp, consist-
ing of ten exons, located on chromosome 20 of cattle [3]. The gene of this receptor (GHR) is 
characterized by the existence of numerous exons whose transcripts undergo alternative splic-
ing. Growth hormone activity depends on the receptor, and consequently its gene may be a 
potential candidate gene.

2.3. Insulin-like growth factor 1 (IGF-1)

Insulin-like growth factor 1 (IGF-1) is produced in the liver and body tissues. Important role 
for IGF-1 is to promote cell growth and division. The bovine IGF-1 gene is located on the long 
arm of chromosome 5. It contains seven exons, separated by long introns. As stated, IGF-1 
regulates cell growth, development, and division; it can stimulate growth in both normal and 
cancerous cells. Even small increases in serum levels of IGF-1 are associated with increased 
risk for several common cancers.

2.4. Diacylglycerol acyltransferase 1 (DGAT1)

DGAT1 is the main enzyme for the synthesis of triacylglycerols, the major fraction of milk 
fat compounds. Bovine DGAT1 locus is found on chromosome 14. Milk is the main source 
of saturated fatty acids, which are a valuable source of nutrients. Recently, a dinucleotide 
substitution located in the exon 8 of the gene coding for acyl-CoA, diacylglycerol acyltrans-
ferase 1 (DGAT1), that modifies the amino acid order from a lysine to an alanine (Lys232Ala) 
in the mature protein was shown to have an immense effect on milk fat content in some 
cattle breeds. The frequency of polymorphism in DGAT1 gene has been found to be very high 
in dairy cattle. The attention in the bovine DGAT1 gene has increased during the previous 
few years. DGAT1 is also important for the physiological processes involving triacylglycerol 
metabolism such as intestinal fat absorption, adipose tissue formation, and lactation.

2.5. Leptin (LEP)

Leptin is a 16-kDa protein secreted from white adipocytes, which is involved in regula-
tion of feed intake, milk yield, energy balance, fertility, and immune functions in animals. 
Leptin is considered as a powerful biomolecule for enhancing productivity in farm ani-
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mals. Its role in lactogenesis, colostrum secretion, galactopoiesis, and immunity to mastitis 
has made it an important candidate gene for genetic studies. Since the bovine leptin gene 
has been recognized on chromosome 4, several SNPs have been in the past identified in 
introns and exons of leptin among different breeds of cattle. Several investigations have 
revealed that polymorphisms were associated with lean and fat cattle [4, 5] and with the fat 
contents and feed intakes [6–8]. Important profitable factors for livestock production may 
be affected by leptin including feed conversion competence and intramuscular fat, which 
is considered to improve meat quality [9].

Nutrition is a main determinant of productive potential in cattle and other mammals. Therefore, 
responses of the productive system to changes in nutrition and metabolic status influence 
reproductive and economic efficiency of food-producing species in a variety of contexts. As the 
hormone leptin is involved in regulation of nutritional status and reproductive function, this 
hormone is an interesting protein to investigate during the periparturient period in dairy cattle. 
Leptin may help regulate ovarian development and steroidogenesis and serve as either a pri-
mary signal initiating puberty or as a permissive regulator of sexual maturation. Leptin is sup-
posed to be necessary by the mammary growth, development, and function, when mammary 
fat cell leptin expression requires prolactin which then cooperates with leptin to influence mam-
mary activity. The ruminant mammary epithelial cells also synthesize leptin during pregnancy 
and during established lactation. In dairy cattle, the increase in milk yield has been accompanied 
by a more negative energy balance during early lactation and a decrease in fertility. The poly-
morphism in LEP gene was associated with milk performance and increased perinatal mortality 
in dairy calf birth and weaning weights in beef and dairy and reproductive performance in dairy 
cattle. Exogenous administration of leptin in ob/ob mice leads to a significant improvement in 
reproductive and endocrine status as well as reduced food intake and weight loss.

2.6. Prolactin

The bovine prolactin gene (bPRL) is regarded as a good candidate gene for marker-assisted 
selection (MAS) for milk production parameters. Bovine prolactin spans approximately 
9.4 kb and consists of five exons and four introns, which encode a mature protein with 
199 amino acids first mapped it on the bovine chromosome 23. Prolactin gene disrup-
tion experiments proved its important roles in mammary gland development (mammo-
genesis), lactogenesis, maintenance of milk secretion (galactopoiesis), and expression of 
milk protein genes [10]. It is also chiefly accountable for synthesis of lactose, lipids, and all 
other major components of milk [11]. Consequently, the bovine prolactin gene seems to be 
an outstanding candidate for linkage analysis with quantitative trait loci (QTL) affecting 
milk production traits. Prolactin is a polypeptide hormone and plays crucial roles in mam-
mary gland development, initiation, and maintenance of lactation, which is synthesized in 
lactotroph cells of the anterior pituitary gland of vertebrate. Prolactin is a protein hormone 
primarily, but not solely produced by lactotroph cells of the anterior pituitary. Its role in 
maintenance of milk secretion is well demonstrated. As a result, the gene encoding prolac-
tin is assumed to be one of the key links in constituting the hereditary component of milk 
productivity. Therefore, the bovine prolactin gene seems to be an excellent candidate for 
quantitative trait loci (QTL) affecting milk production traits.
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3. Genetic disorders and animal selection

Apart from selection of bulls on the basis of milk production and reproductive abilities, 
some of the genetic disorders should also be taken care of. Chromosomal abnormalities in 
domestic animals are one of the very important causes of reproductive impairment. The 
impairment in reproduction leads to loss of germplasm, and there is every possibility that 
these chromosomal aberrations are transmitted from one generation to another. Several 
centric fusions, i.e., Robertsonian translocation, have been reported in cattle. The animals 
carrying this translocation are phenotypically normal but have reproductive problems. In 
this translocation, two nonhomologous chromosomes break at the extreme end at the short 
arm. These small segments are lost, and the large segments fuse at their centromeric region 
and produce a new large metacentric or submetacentric chromosome. The exchange of seg-
ment between two nonhomologous chromosomes is a type of structural variation called a 
reciprocal translocation. In this, the genetic information is neither lost nor gained rather 
there is a rearrangement of genetic material. The least complex way for this event to occur 
is for nonhomologous chromosome arms to come close to each other so that an exchange is 
facilitated. For this type of translocation in which the ends of chromosomes are involved, 
only two breaks are required. Heterozygous homologues for a reciprocal translocation 
undergo unorthodox synopsis during meiosis, resulting in a cross-like configuration. By 
whatever mechanism produced, the translocated region may nevertheless act normally 
with respect to homologous pairing. Thus, a translocation homozygote forms the same 
number of homologous pairs as the normal homozygote as long as centromeres are not 
lost. In several countries, there is restriction on the export and import of semen from bulls 
without normal karyotype. In the United Kingdom, all the bulls used for artificial insemi-
nation are subjected to routine screening for cytogenetic abnormality.

Selection is based on genetic markers and also universally checking up of the breeding bulls 
for heritable diseases. Many heritable mutations and diseases have been traced to autosomal 
chromosomes of different cattle breeds; most of these mutations are lethal or bring about 
deficiencies in the defense mechanism if they occur in the homozygous recessive manner. 
Moreover, due to coverage of wild-type allele on mutant allele in heterozygotes, carrier ani-
mals may not show any phenotypic abnormality but are most likely to transmit the mutant 
alleles to the next generation. The same problem may assume catastrophic significance if the 
carrier is a bull intended to be used in artificial breeding programs.

3.1. Complex vertebral malformation

The complex vertebral malformation (CVM) is a recessively inherited congenital disorder 
leading to frequent abortion of fetuses or vertebral anomalies and prenatal death [12–14]. 
It is characterized by growth retardation and bilateral flexure of the carpal and metacarpo-
phalangeal joints along with rotation of the digits. In stillborn, aborted, and preterm calves, 
CVM has been characterized by shortened cervical and thoracic regions of the vertebral col-
umn and symmetric arthrogryposis. Multiple hemivertebrae, scoliosis, and synostosis and 
fused and misshaped vertebral column have also been described. The syndrome was first 
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discovered in the Danish Holstein population in 1999, but, shortly thereafter, its occurrence 
was reported in the Netherlands, in the United States, in the United Kingdom, and in Japan.

Studies of Danish Holstein showed that the extent of fetal mortality was approximately 77% 
prior to gestation day 260. This is reflected in a significantly reduced ratio of CVM-affected 
calves in breeding studies. Through increased fetal mortality, the status of the fetus has a 
significant effect on calving interval and involuntary culling of cows. The symptoms of the 
defect have not been observed in carriers of CVM. No productive and reproductive differ-
ences between carrier and noncarrier animals have been reported. The only difference which 
is very important was increase in the rate of intrauterine mortality. The risk of return to ser-
vice was higher in carrier animals.

When studying the postpartum recommencement of ovulation—the carry-over of ovarian 
cycles after the birth of one calf—the researchers recognized that there was no major differ-
ence in the rate at which resumption occurs in carriers as compared to Holstein cows that 
were not carriers for CVM. However, CVM carrier cows were recognized to have drastically 
lower conception rates than control cows, with the gap between calves observed at 463 days in 
carriers than 399 days for control cows, telling the possibility of heightened death of embryos 
in CVM carrier cows.

3.2. Bovine leukocyte adhesion deficiency syndrome

Bovine leukocyte adhesion deficiency (BLAD) syndrome is an autosomal recessive hereditary 
disease affecting young Holstein calves characterized by recurrent bacterial infections, pro-
gressive periodontitis, ulcers of oral mucosa, and impaired inflammatory responses [15, 16]. 
These clinical findings are associated with impaired neutrophil functions such as markedly 
decreased adherence, chemotaxis, and phagocytosis. In 1990, a lack of β2 integrin molecules 
expressed on the leukocytes from affected animals was found in a calf with granulocytopathy 
syndrome, and this disease was termed bovine leukocyte adhesion deficiency, which was 
considered to be analogous to human leukocyte adhesion deficiency (LAD). BLAD causes 
immune deficiency in the early days of life. The affected animal is prone to all infectious 
agents which can cause death. BLAD was first documented in Holstein-Friesian cattle, and 
no study has reported the incidence of this disorder in other breeds. The affected cattle with 
BLAD was linked to common ancestral sires that had been documented to be carriers.

3.3. Deficiency of uridine monophosphate synthase

Deficiency of uridine monophosphate synthase (DUMPS) is a genetic disorder which inter-
feres with pyrimidine biosynthesis. Uridine monophosphate synthase (UMPS) has a key role 
on the pyrimidine nucleotide synthesis, which is essential for normal growth and develop-
ment for several ruminant and nonruminant species [17]. Inactivation of this enzyme is caused 
by an autosomal recessive heredity mutation, which takes place in the gene of uridine mono-
phosphate synthase. The mutation (cytosine to thymine) leads to the loss of the restriction site 
of AvaI site at nucleotide position 405 of the gene. This disorder is named as DUMPS in the 
Holstein cattle and characterized by lowered blood activity of enzyme UMPS [17]. DUMPS 
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leads to embryonic death in the early stage of pregnancy. So some serious reproductive prob-
lems take place in dairy herds.

3.4. Factor XI deficiency syndrome

Factor XI (FXI) deficiency is an autosomal recessive disorder, with partial deficiency of FXI 
coagulant activity in heterozygotes and considerable deficiency in homozygotes [18]. One of 
the protein factors concerned in blood coagulation is a serine protease—factor XI. It is pro-
duced in the liver as a zymogen, and after alteration to a proteolytic enzyme. FXI deficiency 
has been recognized in humans and cattle. FXI gene is located on chromosome number 4 in 
human and on chromosome number 27 in cattle. FXI gene encodes coagulation factor XI of 
the blood coagulation cascade, and it is one of more than a dozen proteins involved in blood 
clotting.

In cattle, FXI-deficient animals may be asymptomatic or display several symptoms, like pro-
longed bleeding, anemia, greater prevalence of repeat breeding, or even lower resistance to 
pneumonia, mastitis, and metritis. FXI deficiency has been recognized in a number of spe-
cies of mammals, including humans, dogs, and cattle. FXI deficiency possibly will result in 
delayed bleeding and anemia. Persistent bleeding from the umbilical cord is occasionally seen 
in affected calves. Delayed emission of blood following dehorning or castration may also be 
observed. Affected cows repeatedly have pink-colored colostrum.

3.5. Bovine citrullinemia

Bovine citrullinemia is a genetic disorder, which has been reported in Holstein cattle [19]. It 
has been established that bovine citrullinemia is a consequence of a deficiency of argininosuc-
cinate synthetase (ASS), one of the enzymes of the urea cycle. A shortage of the urea cycle 
enzyme consequences in a lethal neurological disease in newly born calves. The urea cycle 
entails a series of biochemical steps in which waste product of protein metabolism is removed 
from the blood in the form of urea. The deficiency of ASS occurs when a calf inherits a copy 
of the mutant gene encoding for ASS from each parent. The gene is located on chromosome 
number 11 (BTA11). The mutation is caused by a transition of cytosine to thymine at codon 
86 within exon 5 in the gene coding for ASS leading to impaired enzyme, which cannot par-
ticipate in urea cycle. Calves affected with the disorder appear normal immediately after 
birth. However, by the second day of birth, they become depressed. By the third day, they are 
seen wandering or standing with their head pressed against a wall. Death usually takes place 
within 12 hours of start of these clinical signs. The clinical signs of citrullinemia are believed 
to be as a consequence of accumulation of ammonia in the brain of the affected calves.

4. Factors affecting milk production

The success of dairy industry is much dependent on productivity and efficient reproduc-
tion performance of animals. Genetic progress may be done by selection. The nongenetic 
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factors such as management, housing, feed, season, etc. also control production. The genetic 
improvement of growth of dairy animals is of great importance in the large ruminant 
industry.

4.1. Dry period

Dry period is an important economic trait which has the direct effect on lifetime milk produc-
tion. There is a lot of variability observed in the dry period. It is the period from the date of 
drying to the next calving. Animals should be given proper rest, when they are in pregnancy, 
before the next calving to compensate for growth of fetus.

4.2. Growth

The genetic improvement of growth is of great importance in the large ruminant industry. 
The growth rate of a heifer calf until it matures to a cow is also a significant trait since it char-
acterizes the adaptability and economic appropriateness of the animal. It is anticipated that 
animals growing faster may also begin physiological performance of reproduction and milk 
production earlier.

4.3. Age at first calving

Age at calving is an important trait because lower age at first calving (AFC) leads to shorter 
generation interval and hence increases genetic gain. AFC has a considerable influence on the 
total expenditure of raising dairy replacements. Older calving heifers are being more expen-
sive to raise than younger calving heifers. Moreover, reducing AFC can also increase the prof-
itability by increasing lifetime milk production and milk production per year of herd life. The 
most important drawback of reducing AFC is that it is commonly associated with a reduction 
in the first lactation milk yield. Regardless of this decline in the first lactation milk yield, pro-
duction per year of herd life is characteristically increased by reduced AFC. In addition, while 
the first lactation may be affected by AFC, future lactations are absolutely not. Furthermore, 
stayability and health of cows are not affected by reduced AFC as long as the first calf heifers 
freshen at a sufficient weight.

4.4. Service period

Service period is the duration between date of calving and date of successful conception. 
The finest service period facilitates the animal to recover from the stress of calving and also 
for reproductive organs back to its usual shape. Usually for cattle the best service period is 
60–90 days.

4.5. Calving interval

The interval between two successive calvings is referred to as calving interval (CI) which 
consists of two components—service period and gestation period. Among the traits of 
dairy animals, calving interval is the most important trait as it determines the number of 
lactations possible in the lifetime of an animal, thereby influencing its production of an 
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animal. It is generally held that shorter calving intervals favor a large yield for the lifetime 
of the cow. That frequent calving should give maximum lifetime yield seems in harmony 
with the known facts of the physiology of reproduction and lactation. The natural need of 
milk develops with birth of the young. The need increases with growth of the young so 
long as milk is the only food. As other food is taken, the need for milk decreases and finally 
disappears. In milch animals, where we have adequate information as to the amount of 
milk produced day by day, it is found that the rate of milk secretion parallels roughly the 
rising and declining needs of the young. That is, the rate of milk secretion is most rapid in 
the cow shortly after calving and slows up quite markedly and continuously thereafter. It 
would seem that frequent calving by giving more high points in the lifetime lactation curve 
should result in a greater total yield than less frequent calving. Another way of putting the 
matter is to relate the length of the calving interval to the average yield of milk per day 
over the calving interval. This relation may be derived in relative terms from the known 
characteristics of the lactation curve. The indication is that the highest lifetime yield should 
be obtained from calving intervals of less than a year rather than from calving intervals of 
more than a year.

4.6. Days to first service or waiting period

Waiting period (WP) or days to first service (DFS) is one of the important reproduction traits. 
WP or DFS is the initial phase of lactation during which no inseminations occur. The lower 
the WP or DFS shows, the higher the breeding efficiency in dairy animals. Reducing WP 
is tempting because of associated reductions in calving interval. Getting cows pregnant is 
perhaps one of the major challenges faced by the dairy farmers. Cows that do not become 
pregnant at a rational interval after calving will remain in the herd, reduced overall milk 
yield, and if they do become pregnant, they likely to develop post-parturient diseases in the 
subsequent lactation. Conversely, on the other hand, cows that become pregnant too early 
after calving would be dried off too early in lactation when they are still producing a reason-
able amount of milk.

The voluntary waiting period (VWP) is a time during the early lactation in which cows are 
purposely not inseminated even though they show estrus signs, to allow for optimum uter-
ine involution. The VWP is fairly inconsistent across dairy herds. Decision over the optimal 
VWP should be made according to individual situations and after careful analysis of probable 
gains and losses. The suggestion of extending the VWP is based on the reality that during the 
early lactation cows are recovering from a condition of negative energy balance. Therefore, 
extending the VWP may allow cows to recover from a metabolic state that is deleterious to 
reproductive efficiency and display estrus a few times prior to the first insemination, which 
has been correlated with improved fertility.

4.7. Daughter pregnancy rate

A genetic evaluation tool for reproduction exists in the form of daughter pregnancy rate (DPR). 
DPR is calculated from days open and is directly related to the proportion of females eligible to 
become pregnant in a 21-day period that actually become pregnant (i.e., the 21-day pregnancy rate). 
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DPR forecasts genetic improvement (or deterioration) in pregnancy rate for future daughters of a 
bull compared to a bull that is expected to produce no change. Better pregnancy rates decrease 
semen usage and can be an essential part of efforts to reduce service period. Workers also com-
ment that genetics do not control fertility adequately to justify selection. Heritability of DPR is low—
only about 4%—so producers should not expect dramatic improvement in fertility from selection. 
However, genetic control of fertility is real. DPR needs to be included with all the other traits of 
economic significance in dairy cattle breeding.

5. New breeding approaches to improve dairy animals

The selection of genetically superior sires is of utmost importance for any successful breed 
improvement program as semen of sires is disseminated in various herds under progeny 
testing program. The investigations on mode of genetic improvement around the world indi-
cated that proper genetic evaluation and selection of bulls bring about more than 75% of the 
actual genetic improvement. The accuracy of estimating the breeding value of an animal is 
the major factor that affects the genetic progress from selection. The success of a breeding 
program depends on how early and how accurately young bulls can be evaluated at a mini-
mum possible cost.

Animal breeding is the most important tool by which one can think about improving live-
stock sector in comparatively faster rate. Animal breeding is all about selecting best animals 
from population which are used as parent for the next generation. Milk yield is the single 
most important economic trait determining economic returns from the dairy animals. In ani-
mal breeding selection of animals is almost considered as selection of bulls since the progeny-
producing ability of bull is many folds more than a cow and progeny testing is the most 
acceptable technique for the selection of bulls.

5.1. Part-lactation milk yield for genetic evaluation

The first important advancement was the use of part-lactation milk yield for genetic evalu-
ation of cattle and buffalo bulls. The genetic and phenotypic correlation between 305-day 
and part-lactation monthly and cumulative monthly milk yields in cattle reported that the 
genetic correlation of monthly yields with 300-day yield was high up to the fifth month and 
thereafter the estimates declined. The phenotypic correlations among these traits were high 
and statistically highly significant. There is significant correlation between 100-day and 300-
day milk yields, and selection on the basis of 100-day production was sufficiently accurate to 
select the animal for 300-day production in Gir cattle. In Sahiwal cattle selection on the basis of 
individual third month milk yield and cumulative 90-day milk yield was at least 89 and 79% 
as effective as on the basis of first lactation 305-day milk yield. Definitely, these findings will 
be very helpful in reducing duration for evaluating bulls as only 4–5 months milk records are 
sufficient enough to evaluate bulls. Hence, the application of part-lactation records of daugh-
ters will be helpful in ranking the sires at younger age resulting in reduced generation interval 
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and increased intensity of selection credited to the availability of more numbers of records on 
daughters even having part-lactation records.

5.2. Test-day milk yield for genetic evaluation

The second important advancement is the use of test-day milk yield for genetic evalua-
tion of cattle and buffalo bulls. The use of test-day record is easier and advance than part-
lactation record as in this case only one or two particular day (test day) record is required 
instead of taking all-day records up to a certain part of lactation. Genetic correlations 
between observed milk yield and predicted milk yield under various test-day sampling 
schemes (fortnightly, monthly, and bimonthly) were very high being greater than 0.95 for 
Karan Swiss cattle and to be nearly united in Karan Fries cattle. There are higher phenotypic 
correlations among test-day milk yields ranging from 0.55 to 0.93 in Murrah buffaloes. The 
genetic correlations among test-day milk yields and 305-day milk yield were close to unity 
and phenotypic correlations among test-day milk yields and 305-day milk yield were quite 
high and positive (0.60–0.99) in Murrah buffaloes. So this technique was also explored at 
research level and found that test-day records could also be used for fast progress in live-
stock improvement.

At the present time, test-day model is thus used instead of 305-day model for the genetic 
evaluation of dairy cattle. Test-day model is the statistical method that thinks about all genetic 
and environmental effects straight on a test-day basis. The test-day models have been recom-
mended as the method of choice for the study of milk yield traits in order to maximize the 
use of all accessible information. This method becomes significant with smaller herd size and 
without well-established milk recording systems.

6. Conclusion and future perspectives

A variety of molecular markers for improving milk production and their association with 
disease and productive and reproductive traits have proved to be beneficial to the livestock 
breeders. They can also be used economically in breeding and management decisions. The 
application of diverse molecular markers in determining the vulnerability to economically 
significant diseases proves to be helpful to minimize loss of animals and their productivity. 
Advancement of technologies to evaluate polymorphisms provides an idea about the devel-
opment in the field of genetics to improve cattle health and production. The genetic disease 
causes heavy losses because of poor animal performance; structural unsoundness reduces 
the production and reproductive potential of the animal. The massive spread of genetic 
defects like CVM and BLAD in recent years is caused by the extensive use of elite carrier sires. 
Artificial insemination hastens the spread of detrimental recessives worldwide. The new tech-
nologies of molecular genetics facilitate to find the cause at gene level. This makes it possible 
to identify heterozygous animals and to manage the genetic health of the cattle population. 
The use of molecular methods into animal research promises quick progress in animal poten-
tial. If no cases are found in routine screening even then, extensive screening programs for 
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identification of genetic disorders appear necessary to guarantee the utilization of bulls free 
from genetic disorders for artificial insemination programs.
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Abstract

Reproduction and early development in domestic animals are biological processes in 
which complex genetic events like formation of the germ cells, meiosis, syngamy, zygote 
formation, cleavage, midblastula transition, dose compensation of sex chromosomes, 
genetic imprinting, and multiple cell differentiation take place. Many of these processes 
have great impact in veterinary reproductive medicine and are influenced by the assisted 
reproductive techniques applied. Altered environmental and metabolic conditions 
caused by intensive livestock farming influence reproductive success by altered gene 
expression via epigenetic changes.

Keywords: reproductive genetics, developmental genetics, domestic animals

1. Genetics during germ cell production

Genetics during germ cell production: Mammalian oocytes and sperms originate from the 
primordial germ cells (PGCs) located in the embryonic mesoderm. Their development is initi-
ated by signals from the extra embryonic ectoderm and the visceral endoderm. In mammals 
the primordial germ cells invade the genital ridge where they proliferate by mitosis and give 
rise to either oogonia or spermatogonia. Migration, proliferation, and colonization of PGCs to 
the developing gonads are controlled by many factors and depend as well on the interaction 
of PGCs and their surrounding somatic cells. Around the period of PGC migration into the 
genital ridges sex determination starts. Absence of the expression of the Y-linked gene “sex 
determining region of Y” (SRY, a transcription factor of the high mobility group box fam-
ily) leads to female differentiation, therefore the gonads develop into ovaries [1]. Presence 
of SRY gene expression leads to differentiation of the gonads into testes. As soon as PGCs 
are formed, the initially bi-potential gonad will continue its differentiation mostly under the 
influence of somatic cell-derived transcription factors. In female animals after colonization 



of the gonad, PGCs will undergo a phase of mitotic proliferation leading to the formation 
of germ cell nests. Following this event, around birth, the germ cell nests break down and 
mitotic divisions stop. Germ cells initiate meiosis, become primary oocytes which are sur-
rounded by somatic cells leading to the formation of primordial follicles which continue the 
female program of development.

Meiosis can be divided into two divisions: meiotic division I and II. The prophase of mei-
otic division I is extended and can be divided into the following parts: leptotene, zygotene, 
pachytene, diplotene, and diakinesis. During leptotene, progressive condensation of the chro-
mosomes takes place and the telomeres become associated with the inner nuclear membrane. 
In zygotene, the homologous chromosomes pair due to the formation of the synaptonemal 
complex in a zipper-like way. The pachytene is characterized by further condensation of the 
chromosomes and by occurrence of cross-over events leading to intrachromosomal recombi-
nation. In the course of the diplotene, the chromosomes separate again except small anchor-
ing regions the so-named chiasmata. Oocytes progressed to the diplotene stage enter into a 
prolonged resting phase called dictyotene. Oocytes remain at the dictyate stage of meiosis 
I throughout oogenesis, until luteinizing hormone (LH) induces final oocyte maturation to 
metaphase II [2]. Cell division during oocyte meiosis is asymmetrically leading to one oocyte 
containing most of the cytoplasm and three polar bodies. Formation of the second polar body 
is a requisite of oocyte maturity.

Spermatogenesis, the process that gives rise to fertile sperm, occurs in a similar manner in 
many animal species, including domestic mammals and birds. Male germ cell development 
starts with emergence of primordial germ cells (PGCs), which migrate and associate with 
somatic cells that form the testes. Within the gonad, PGCs localize to regions that are com-
petent to serve as stem cell (SC) niches, where they develop into spermatogonial SCs (SSCs). 
SCs divide to form new SCs and spermatogonial daughter cells. The daughter cells prolifer-
ate, undergoing sequential rounds of mitosis and incomplete cytokinesis to form syncytial 
groups of spermatogonia. Following a series of synchronous mitotic amplification divisions, 
spermatogonia differentiate into spermatocytes, which then undergo meiosis. As in the earlier 
mitotic divisions, meiotic cytokinesis is incomplete, resulting in syncytia of interconnected 
haploid spermatids. Postmeiotic spermatids undergo an extensive period of differentiation, 
or spermiogenesis, in which they form sperm-specific organelles, including the sperm head, 
acrosome, basal body, specialized mitochondria, and flagellum. At the end of spermiogenesis, 
mature sperm are separated from each other by removal of the remnants of incomplete cyto-
kinesis, released from the gonad, and stored prior to delivery by ejaculation.

In both, oogenesis and spermatogenesis meiosis leads to intrachromosomal recombination 
(cross-over occurring in prophasis of meiosis I) and in interchromosomal recombination 
(random mixture of maternal and paternal chromosomes during both meiotic divisions), 
reducing the diploid chromosome complement to a haploid level. As a result of oogenesis, 
one haploid oocyte and three haploid polar bodies develop. In spermatogenesis four hap-
loid sperm come into being. In female eutherian mammals meiosis is continued by luteal 
hormone stimulation and finished during fertilization. In male eutherian mammals meiosis 
takes place all the time.
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2. Genetics during fertilization

During their active and passive migration in the femal genital tract, the sperms obtain their 
fertilization capacity by capacitation and hyper activation two processes which seem to pro-
ceed largely independent. The glycoprotein composition changes during capacitation of the 
cell membrane. In domestic mammalian species fertilization takes place in the ampulla of 
the oviduct where the metaphase II oocyte surrounded by the acellular zona pellucida and 
the cellular cumulus (corona radiata) is present. The sperm leading to fertilization has to 
fulfill its acrosomal reaction. This is mediated by partial fusion of the cell membrane with 
the outer acrosomal membrane leading to the release of hyaluronidase. This enzyme enables 
the sperm to cross the corona radiata. At the zona pellucida binding to species specific zona 
proteins is necessary (species specificity). After detachment of the cell and outer acrosomal 
membrane the inner acrosomal membrane rises to the top delivering the protease Acrosin 
which enables the penetration of the zona pellucida. Now the sperm enters to the perivitel-
line space and the inner acrosomal membrane and the cell membrane of the oocyte fuse. In 
natural fertilization, only the head of the sperm enters the cytoplasm of the oocyte meaning 
that no mitochondria from the sperm can participate (maternal inheritance). After entrance of 
the first sperm, depolarization of the cell membrane, degranulation of the corticalis granula, 
shrinkage of the ooplasm, and zona hardening takes place in order to avoid multiple fertiliza-
tions. Fertilization by more than one sperm would lead to aneuploid (n = 3, 4, 5…) chromo-
some complement. These embryos stop development before reaching the blastocyst stage. 
After entrance of the sperm the oocyte finishes the second meiotic division. Female and male 
pronuclei form and fuse to form a diploid nucleus in a process named syngamy leading to the 
zygote entering now into cleavage.

3. Genetics of eutherian sex determination and dose compensation

Sex determination in eutherian mammals is mediated by the chromosomes X and Y. Absence 
of the Y chromosome (SRY gene) leads to female development. Male genital development is 
mediated by production of the anti-Müllerian hormone (AMH) produced by the Sertoli cells 
of the embryonal testes. This peptide hormone, belonging to the transforming growth factors 
(TGF) family, leads to the regression of the Müllerian duct from which in the female the ovi-
duct, the uterus, and the vagina are formed.

Aberrant sex chromosome numbers can arrive by false segregation during meiosis leading 
to multiple X or Y chromosome numbers. If one or more Y chromosomes are present the sex 
is male, if no Y chromosome is present the sex is female. Additional X chromosomes will 
be inactivated to a large extend (only a few genes escape from this inactivation) according 
to the Lyon hypothesis. This inactivation is mediated by the noncoding X inactive-specific 
transcript (XIST) RNA. The corresponding gene is located at the X Inactivation Center (XIC) 
at the X chromosome. Coating of the X chromosome to be inactivated by the XIST RNA leads 
to the deactivation of most of the genes: Only the XIST gene itself and about one quarter 
of the genes present mainly in the pseudo autosomal regions of the X chromosome escape 
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from this inactivation. Before inactivation starts small quantities of XIST RNA are produced 
by both X chromosomes. After inactivation XIST is expressed from the inactivated X chro-
mosome, whereas XIST expression from the active X chromosome ceases. Cytologically the 
inactivated X chromosome can be visualized as Barr body. The XO syndrome named Turner 
syndrome is sometimes observed in mares which are not fertile. In cats, the coat color gene 
is located at the X chromosome leading to the absence of tortoiseshell and calico coats in the 
X0 (Turner syndrome) female cat. In male cats, this coloring is only possible in the rare case 
of the Klinefelter syndrome [3]. These animals typically have an extra X chromosome (XXY) 
and their cells undergo an X-inactivation process like that in females. Additional Y chromo-
somes are described in humans as a result of a nondisjunction in meiosis II. This chromosomal 
aberration seems to have less influence since only a few genes are transcribed from the Y 
chromosome. Nevertheless, in humans, a higher testosterone concentration was observed in 
chromosome pair in their pseudoautosomal region(s) (PAR). In the horse this region was very 
helpful in mapping of the euchromatic region of the equine Y- chromosome. These investiga-
tions were very helpful for the prediction of male fertility in horses and are therefore consid-
ered in horse breeding [4, 5].

Rarely as a consequence of a translocation, the SRY region containing the testes determining 
factor (TDF) to the X chromosome during meiosis a male cytological having two X chromo-
somes can be created. These XX men are infertile since they lack other genes necessary for the 
production of mobile spermatozoa [6].

Before fertilization the XIST gene in the ripe oocyte is inactive, meaning that the X chromo-
some is active. Fertilization by a male (Y) sperm does not change this status. If a femal (X) 
sperm enters the oocyte one active XIST gene is now present producing XIST RNA which 
inactivates also the second X chromosome. This status is not stable since for maintenance of 
inactivation a protein named EED (polycomb protein EED, responsible for maintaining the 
transcriptional repressive state of genes over successive cell generations) also coded at the 
X chromosome is necessary [7, 8]. Therefore, both X chromosomes and also the XIST genes 
become active again at the morula stage leading to random inactivation of either the matenal 
or paternal X chromosome. That means that female eutherian mammals are mosaics in rela-
tion to maternal or paternal X inactivation, a phenomenon which becomes evident in X coded 
genes like coat color of the domestic cat.

4. Genomic imprinting

Genomic imprinting became evident by nuclear transplantation experiments at the pronu-
clear stage in mice [9]. Enucleated oocytes reconstructed with either only two femal or two 
male pronuclei exhibited different developmental potential concerning the embryo proper 
and the extraembryonic tissue. Further investigations revealed the nature of this phenom-
enon: In imprinted genes the female and male promotor regions have different methylation 
status leading to different gene expression in the early embryo. In humans and mice about 80 
imprinted genes are known many of which are involved in embryonic and placental growth 
and development. Sometimes hybrid offspring of two different species may exhibit unusual 
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growth due to the novel combination of imprinted genes. This becomes especially evident in 
reciprocal Lion-Tiger crosses [10]. The majority of imprinted genes are found in clusters, the 
so-called imprinted domains, suggesting a high degree of coordinated regulation. Imprinting 
is a dynamic process: imprints can be generated and removed at different time points of 
development from one generation to the other. In the germ line the imprints are erased and 
then reestablished according to the sex of the individual. In the developing sperms (during 
spermatogenesis), paternal imprints are established, whereas in developing oocytes (during 
oogenesis) a maternal imprints are established. In mammals genomic imprinting is present in 
therian mammals (marsupials and placental mammals) [11, 12].

5. Genetics during preimplantative eutherian embryo development

 The eutherian oocyte is oligolecithal. After fertilization, the femal and male pronuclei fuse 
to establish the diploid zygote nucleus. The eutherian zygote undergoes now rotational holo-
blastic cleavage. These fast cell divisions consist only in synthesis phase and mitosis and sub-
divide the former ooplasm onto the blastomeres. Zygotic transcription starts dependent on 
the species at the two-, four-, or eight-cell stage. This process is named midblastula transition 
(MBT). So far the early embryo translates only maternally inherited mRNAs just present in 
the oocyte. So far the zygotic chromatin is hypo-acetylated and methylated, which means that 
most of the genes are repressed in a heterochromatic state. Now embryo starts to transcribe its 
own DNA and its cells become motile and the cell divisions loose synchrony. At the eight-cell 
stage most of the blastomeres become polarized and develop tight junctions with the other 
blastomeres. At the 16-cell state, the embryo is named morula. The outer cells become bound 
tightly together by the formation of cell junctions (compact morula). This process initiates the 
differentiation of two distinct cell populations: outside cells characterized by polarity and 
undifferentiated inside cells. The outer cells develop into trophoblast cells, which are epithe-
lial cells connected by tight junctions in order to seal the extracellular passage. They express 
Na+/K+ ATPases and aquaporins at the apical and basal membranes in order to exchange 
sodium in from the outside by cellular potassium. This leads to electrochemical gradient 
which is equalized by water influx from the outside leading to blastocoel formation. The 
embryo is now called a blastocyst. At least in the horse expansion of the blastocyst seems to be 
under hormonal control [13, 14]. After implantation the trophoblast cells will develop into the 
fetal part of the placenta. The undifferentiated inner cells are displaced by the water influx to 
one side of the cavity to form the inner cell mass (ICM). It will develop into the embryo proper 
and some extraembryonic membranes.

So far the blastocyst like all previous embryonic stages are still surrounded by the acellular 
zona pellucida since the size of the embryos increased only marginally. Now a rapid expan-
sion mainly due to fluid accumulation takes place and therefore the embryo hatches (human, 
mouse, pig, cow, sheep, goat, camels) or the zona pellucida is replaced by an embryonic cap-
sule participating in enlargement. Hatched embryos show early placenta formation whereas 
encapsulated embryos exhibit prolonged preimplantative phase. At that time in most species 
the maternal recognition of pregnancy (MRP) takes place ensuring the maternal changes nec-
essary for further development.
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6. Genetics during mammalian placentation and fetal development

Mammalian placentation can be rated according to the implantation depth and surface expan-
sion. Concerning implantation depth the invasiveness of the chorion is the crucial factor: epi-
theliochorial (pig, horse, ruminants), endotheliochorial (dog, cat), or hemochorial (human) 
describe implantational depth. Surface expansion is also influenced by placental capacities 
and number of fetuses: diffuse, cotelydonaria, zonaria, and discoidal. Implantational depth 
influences the quality of exchange of substances: The human hemochorial placenta enables 
the transfer of maternal antibodies into the fetal blood which is very important during the 
first weeks after birth. From the fetal face also a transfer of fetal cells into the maternal blood 
stream is probable. This microchimerism can persist even for some years and might be respon-
sible for occurrence of autoimmune diseases in women [15]. In carnivoral placentation, such a 
microchimerism seems to be probable but was not investigated so far. The circumstances con-
cerning the antibodies seem to be similar like in humans: “In carnivora and rodentia the blood 
of the newborn has roughly the same globin content as the maternal blood, whereas in those 
animals in which the placental barrier is relatively thick, such as the cow and pig, the fetus 
receives few if any antibodies before it is born” [16]. In horses despite their epitheliochorial 
placentation a microchimerism was proven recently by detection of SRY by means of digital 
PCR [17]. One of the most probable explanations for this microchimerism seems to consist in 
the migration of the chorionic girdle cells forming the endometrial cups.

Another form of microchimerism often arrives in cattle during twin pregnancies with dif-
ferent fetal sex named Freemartin syndrome: In most bovine twin pregnancies anastomoses 
form between the fetal circulations leading to exchange of male hormones (anti-Müllerian 
hormone, testosterone). Depending on the time of anastomose formation during pregnancy 
the femal fetus becomes masculinized resulting in intersexuality and infertility. In other 
domestic ruminantia the occurrence of freemartin syndrome is very rare [18].

7. Genetic alterations caused by assisted reproduction techniques

During in vitro maturation (IVM) and in vitro fertilization (IVF) the gamets respectively the 
early embryo are exposed to artificial environments which can differ in both directions from 
the natural conditions. Absence of essential substances often leads to the termination of 
development, whereas supernutrition can result in epigenetic changes which manifest later 
in pregnancy and during birth. One of the most frequent abnormities connected with IVF is 
the large offspring syndrome in cattle and sheep resulting in oversized fetuses [19].

Somatic nuclear transplantation of domestic animals can cause incomplete epigenetic repro-
gramming of the somatic nucleus leading to incapacity of blastocyst formation. Therefore, 
blastocyst rates are relatively low around 2–3%. High rates of embryonic loss, abortions due to 
placental aberrations, and high postnatal mortality were observed in cloned animals. Directed 
epigenetic changes during somatic cell culture can ameliorate the blastocyst rate obtained (up 
to 10%) and reduce the problems during pregnancy and birth [20].
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During intracytoplasmic sperm injection (ICSI) a mature oocyte is injected with one sperm or 
a haploid progenitor of the sperm. This leads to omission of the natural selection of sperms in 
the femal genital tract and sometimes to fertilization with a sperm that under natural condi-
tions never would be able to fertilize an oocyte. Using ICSI no acrosomal reaction and hyper-
activation is necessary. Even dead sperms can be used if the nucleus is intact. Different from 
natural fertilization the whole sperm is injected into the oocyte leading to a mixture of mito-
chondria. There seems to be a mechanism to favor the mitochondria originally contributed by 
the oocyte (also in cloned animals). Nevertheless also coexistence and the reverse are possible 
[21]. In humans oocytes from aged women can be ameliorated by cytoplasma donation from 
an oocyte of a young women leading to a mixture of different mitochondria similar to the 
situation after nuclear transplantation.

In all these techniques applied in animal-assisted reproduction, the ability of blastocyst for-
mation is the critical point to rate the success of the method. In human-assisted reproduc-
tion, earlier stages are transferred in multiple numbers often leading to twin and multiple 
pregnancies.

Different other techniques like oocyte transfer (OT) gamete intrafollopian transfer (GIFT), and 
zygote intrafollopian transfer (ZIFT) have been developed. Depending on the time of incuba-
tion of the gametes and the abandonment of embryo culture these techniques have reduced 
potential for epigenetic alterations.

PCR techniques using genetic material from blastomeres after the puncture of the embryo 
before transfer can be used for sex determination, preimplantative diagnostic, and marker-
assisted selection in animal breeding.

8. Genetics in poultry reproduction

In birds and monotremes the sex is determined genetically but the exact mechanism is still 
unknown. All species show a ZZ/ZW sex chromosome system. Contrary to therian mammals 
it is characterized by female (ZW) heterogamety and male homogamety (ZZ). So far differ-
ent hypothesis exist: Avian sex might be determined by dosage of a Z-coded gene or by a 
W-coded gene or may be both. A SRY gene or homolog is absent in birds and monotremes 
[22–24].

High performance chickens are bred by heterosis breed: In grandparent linages different 
traits (like high laying performance or good eggshell quality) are fixed by linage breed. In 
the parent generation the most suitable crossing between those linages will be determined. 
In case of the recurrent selection one father or mother line will be mated to a standard line. In 
the reciprocal recurrent selection each parent combination will be tested as mother and father 
line and rated according to the performance of the progeny.

Due to the chicken genome sequencing finished in 2005 many genes affecting vitality and dis-
ease resistance are going to be identified and become focused by the breeding organizations. 
This might lead to a reduction of therapeutic agents in poultry production.
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9. Genetics in fish reproduction

Most of the fishes fostered in aquaculture belong to the teleosts. Many of them show her-
maphroditism meaning that both sexes are present in one individuum but active at a different 
time during life. Most of the farmed fishes in aquaculture just release their eggs and sperms at 
the same time nearby in the water. In farms the eggs and sperms will be delivered artificially 
by abdominal massage and admixed together. This is the most suitable state for artificial 
manipulation like chromosome manipulation and gene transfer. Egg size is very important 
in fish breeding since large fry have to be fed later. Fertilization takes place by entering of 
the sperm through the micropyle of the fish egg, a narrow channel through the outer egg 
membrane. It is accomplished by the fish sperm swimming to the egg surface, locating the 
entry to the micopyle, and swimming down it to make contact with and penetrating the inner 
egg membranes. The membrane lifts after penetration of the first sperm which seems to be 
the mechanism for avoidance of polyspermy. Generation of triploid teleosts has become a 
widely used tool in order to protect wild fishes from hybridization since these animals are 
sterile. Production of monosex individuals has a similar effect [25]. Genetic engineering will 
have a great potential for the generation of disease resistance and low oxygen tolerating fish 
in the future. Interestingly somatic nuclear transplantation in teleosts leads to nucleocytoplas-
mic hybrids, meaning that the cytoplasm of the oocyte is able to inherit certain features. The 
molecular basis of this phenomenon is not elucidated so far [25].

10. Further perspectives of genetics in domestic animal reproduction

In many of the domestic animal species genome projects are ongoing or just finalized mean-
ing that genes important for reproduction can be detected easier in order to investigate their 
specific role and the influences by the environment and metabolic state of the animal. In 
dairy cows classical selection has shown a negative correlation between daily milk yield and 
fertility parameters. In this regard, the metabolic state of the animal might be the limiting 
factor; therefore, the expression of reproductive genes under these conditions should be of 
high interest [26]. Modulation of gene expression is mediated not only by epigenetics (DNA 
methylation, histone modulation) but to a large extent also by micro-RNAs affecting mRNA 
stability. In this context the reproductive performance is influenced by the quality of the allele 
inherited, their epigenetic status, as well as the metabolic status of the animal.

In assisted reproduction sexing of sperms and embryos will become more important. 
Improvement of sexing technologies will allow a wider use also in domestic species which 
so far were excluded due to reproductive necessities (insemination doses, sensitivity of the 
sperm cells, survival time of the sperm cells). In embryos noninvasive techniques for sexing 
and preimplantative diagnostic may be possible in the near future. Selection of the sperm 
used for fertilization in intracytoplasmic sperm injection (ICSI) might change from motility 
alone to other, more complex criteria. In vitro culture conditions will be improved by adap-
tion to natural conditions avoiding aberrant gene expression leading to phenomenon like the 
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large offspring syndrome. In animal cloning the reprogramming of the donor cells will be 
improved in order to reach blastocyst rates around 20%.

In the social context the techniques applied in assisted reproduction should be rated in the 
correct light by understanding their way of action and their advantages in comparison to the 
objective risks.
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Abstract

Gene expression is required in all steps of embryonic development and therefore heat 
stress is known to reduce developmental competence after direct exposure of oocytes and 
embryos to different conditions of heat shock, by decreasing protein synthesis. Moreover, 
as in somatic cells, the heat stress befuddles the integration of RNA and posttranscrip‐
tional modification of RNA, the assumption was that during meiotic maturation heat 
shock may mutate RNA within oocytes, with the possibility of altering the surround‐
ing cumulus cells, causing, thus, reductions in development. Heat shock proteins (HSP) 
are among the first proteins produced during embryonic development and are crucial to 
cell function. The HSP70 (HSPA14 gene) is an important part of the cell’s machinery for 
folding, unfolding, transport, localization of proteins and differentiation, regulation of 
the embryonic cell cycle and helping to protect cells from stress. Therefore, HSPA14 is 
an apoptotic gene induced by heat shock is associated with embryonic loss, playing an 
important role of control mechanism of processes involved in growth, cellular differentia‐
tion, and embryonic development. In addition the connexin proteins (e.g. Cx43), related 
to gap junctions, are expressed in numerous tissues including gonads, act as a mediator 
of heat stress effect on cells. In the present review, the effect of heat stress on bovine 
embryonic development in a physiologic and genetic point of view is fully discussed.

Keywords: heat stress, oocyte, maturation, gene expression, HSPA14, Cx43, real‐time PCR

1. Introduction

Climate changes influence the biogeography and phenology of animals, thus affecting their 
reproduction, physiological development, and metabolism [1]. The global warming refers to 



the continued increase of the earth's temperature and ecosystems change, as when the sun 
heats the earth, the earth radiates only some of the sun's energy into space, while some energy 
is trapped by atmospheric gases, such as carbon dioxide and water vapor. This energy builds 
up in the earth's atmosphere, the earth gradually becomes hotter and leads to increase in 
the temperature, and hence heat stress can happen [2]. Depending on the proportion of CO2 
emission, the global surface temperature is predicted to rise by 1.1–6.4°C. Heat stress is the 
main factor responsible for lower productive and reproductive performance in cattle during 
the summer months. The extreme temperature events due to climate change coupled with 
high rate of relative humidity decrease the ability of reproduction in animals [3]. Heat shock 
impacts on the ovulatory oocyte, as well as on functions of follicular granulosa and theca cells, 
therefore delays and alters the efficiency of follicle selection and lengthening of the follicular 
wave, which adversely affects the quality of oocytes [4]. The first‐wave dominant follicle is 
depressed by heat stress; hence, lactating cows were found to be smaller in diameter. Thus 
during the first 7 days of the cycle showed that follicular dynamics have been altered, as indi‐
cated by the decrease in the number of medium‐sized follicles that associated with depressed 
summer fertility [5, 6]. During hot summer months, high temperature can affect endocrine 
responses that may increase foetal abortions, shorten the gestation length, lower calf birth 
weight, and reduce follicle and oocyte maturation associated with the postpartum reproduc‐
tive cycle. Postpartum heat stress can significantly decrease the pregnancy rates with impacts 
lingering well into the fall months [7]. The summer period adversely affects endocrine system, 
follicular phase, metabolism, function of oocytes, and embryos. The towering temperature 
causes several cellular changes during the maturation period and germinal vesicle stage in the 
oocytes [8]. Therefore, the heat stress influences and impacts on in vitro oocytes maturation, 
their nuclear maturation, and further embryos development to the stage of blastocysts after 
in vitro fertilization [9]. The low fertility of cattle females has led to an increased interest in in 
vitro embryo production (IVEP) technologies for achieving rapid genetic improvement and 
providing an excellent source of embryos for carrying out basic research on developmental 
physiology [10]. Moreover, cytoplasmic and molecular maturation of oocytes are thought to 
be critically involved in the ability of the oocyte to support fertilization and early develop‐
ment stages. The major activation of the bovine embryonic genome occurs at the 8‐ to 16‐cell 
stage. Before embryonic genome activation, mRNAs, ribosomes, and proteins synthesized 
during oocyte growth and maturation contribute to early development [11]. As known, 
heat stress induces apoptosis or expression of HSPA14 gene of in vitro produced embryos. 
Stress proteins are assorted into families depending on their molecular weight and provide 
two main functions: primarily as a molecular chaperone having key roles in folding/unfold‐
ing of proteins and secondarily as a stabilizer factor from deteriorating proteins contributing 
in the protection of cells against stress/apoptosis, granting an opportunity for rehabilitation 
or degradation in the cells suffering from cellular stress [12]. Some activities of HSP70 include 
folding, unfolding, transport, and localization of proteins and differentiation and regulation 
of the embryonic cell cycle [13]. Hence, the piling up of HSPs has long been considered a sign 
of cellular damage. There is an evident overlap of the signals that induces a protective stress 
response and those that initiate apoptosis [14]; therefore, heat shock protein HSP70 plays a 
protective role in the embryos. During the early 2‐cell of embryo to the blastocyst stage, the 
HSP70 is the prevailing gene. The induction of stress proteins (HSP) synthesis during 1‐ or 2‐
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cell stage until blastocyst stage is intensely motivated by heat shock [15]. Thus, HSPA14 gene 
is produced by embryonic cells, which protect the embryos from environmental stress. During 
early development, increased temperatures, free radicals, and oxygen stress have deleteri‐
ous effects on embryonic viability and development. The HSPA14 confers thermotolerance 
against variety of stressors. Thus, the preferential maintenance of HSPA14 gene expression 
would allow this gene product to help maintain cellular function by acting as molecular chap‐
erones to stabilize or refold proteins damaged by heat, and by blocking apoptosis [16]. There 
are many ways in which cells communicate with other cells, and gap junctional communica‐
tion is one of these ways. Ovarian folliculogenesis and the production of fertilizable oocytes 
depend on gap junction channels which allow inorganic ions, second messengers, and small 
metabolites to pass from cell to cell, and this permeability is supposedly for underpinning the 
physiological roles played by gap junctions, for example, connexin 43 (Cx43) gene expressed 
within the oocyte–granulosa cell complex depending on the species [17]. The expression of 
Cx43 gene in the ovary is regulated by gonadotropins like follicle‐stimulating hormone (FSH) 
and luteinizing hormone (LH). Increase in the Cx43 expression in the large antral follicles was 
observed where FSH was relatively elevated. Moreover, germline and somatic cell during 
mammalian ovarian follicle have elements for cellular interactions, development, and func‐
tion. Somatic cell‐to‐oocyte communication is essential for oocyte growth and the regulation 
of meiotic maturation via gap junctions [18]. Cx43 was later detected in the cytoplasm of germ 
cells. Therefore, tight junction molecules were found and Cx43 were distributed at the cell–
cell contact of the adjacent cells. Such progressive reorganization of germ cells, Cx43 gene, is 
probably coupling with conjugation role of other gap junctions and their specific connexins 
(Cxs), between the different cell types that structure the animal reproductive system [19]. 
Furthermore, germline and somatic cell during mammalian ovarian follicle have elements for 
cellular interactions, development, and function, essential for oocyte growth and the regula‐
tion of meiotic maturation via gap junctions [23]. On the other hand, during embryonic early 
development, increased temperatures lead to free radicals and oxygen stress, having also del‐
eterious effects on embryonic viability and development. As far as in vitro embryo production 
is concerned, more and more motives are actually presented in the cattle breeding, such as the 
faster propagation of superior germplasm because of the low efficiency of superovulation in 
programs of embryo transfer. Moreover, embryo production is actually also a reproductive 
method used to improve the number of progeny with high genomic merit from bovines, both 
in vivo and in vitro. In vitro embryo production (IVEP) also including some of the applications 
serves to solve infertility problems, genetic recovery, and production of clones or even trans‐
genic animals. In the present review, physiological and genetic factors affecting embryonic 
development under heat stress conditions are fully discussed.

2. Ovarian physiology: folliculogenesis, oocytes growth, and 
development: oocytes growth and development

The fertilization of mature oocyte occurs in the oviduct and there are three distinct phases 
that can be divided during this process. During the first phase (the oocyte growth phase), 
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the developmental competence of the oocyte and cell structure is generated, when oocyte 
growth accompanies follicular growth from the primordial to the small (2–3 mm) tertiary 
(antral) follicle. When follicles in a cohort reach a diameter of about 3–5 mm, one dominant 
follicle is selected during the antral phase. During the third phase, the oocyte undergoes 
to change (oocyte maturation) almost 24 hours between the peak ovulation and the rise of 
LH.

2.1. Oogenesis

The mature oocytes are differentiated, released, and established in mammalian ovaries to 
undergo oogenesis process for fertilization. The ovaries have individual follicles consisting 
of an innermost oocyte, surrounding granulosa cells, and outer layers of thecal cells, con‐
trolled by the endocrine system. Moreover, mammalian ovary produces steroids and peptide 
growth factors, which allow the development of female secondary sexual characteristics and 
support pregnancy [20]. The oocytes and surrounding granulosa cells have amiable con‐
nections together to support oocyte viability and growth mediated by the gap junctions, 
which are efficient conduits for low molecular weight substances. The granulosa cells have 
some metabolized molecules, which play a role in transporting the oocytes. Additionally, 
the KIT ligands and c‐kit receptor are localized to oocytes and granulosa cells, respectively, 
to promote oocyte growth and follicular development. Moreover, some of the growth fac‐
tors derived from oocytes, such as GDF‐9 and BMP‐15, contribute in follicular development 
by regulating the differentiation of surrounding somatic cells, as these communications are 
important for oocyte growth and follicular development [21]. The occurrence of events of 
oogenesis are concomitantly with folliculogenesis, as oogenesis can be explained as the pro‐
cess of formation and maturation of the egg by development and differentiation of the female 
gamete during the meiotic division, and this is the first phase of progress for the fetus. Thus, 
female ovaries have fixed number of oocytes, which decreases by time passing with sev‐
eral years, without potential to renew. During the ovarian start to deplete the auxiliary of 
oocytes, it evolves to a senescence/aging stage born with a fixed number of oocytes, which 
through several years reduce, without potential to renew. When the ovarian start to deplete 
the auxiliary of oocytes, it evolves to a senescence stage, leading the female to menopause 
[22]. During  meiosis, mammalian oocytes undergo two consecutive asymmetric cell divi‐
sions, which are essential for the formation of a functional female gamete, without an inter‐
mediate replicative phase. Each division must ensure accurate segregation of the maternal 
genome and highly asymmetric partition of the cytoplasm, further that a tiny polar body and 
a large oocyte are generated. It leads to an asymmetric organization (or polarization) of the 
egg, which determines the geometry and the success of fertilization. Asymmetric divisions 
are tightly controlled by microtubule and microfilament cytoskeletons. During the begin‐
ning of the first meiotic division, this process allows the separation of the duplicated centro‐
somes and therefore to the gathering of a bipolar spindle formed by microtubules. Thus, it 
is referred to as the process that produces gametes with half of the number of chromosomes 
from the parent cells. For the position of spindle surrounding the oocytes and tossing the 
first polar body in parallel with separation of chromosome, the microfilaments are carried 
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out in meiosis I. The microtubule spindle is positioned at the surrounding of the oocytes until 
fertilization, causing the emission of the second polar body during second meiotic division 
(meiosis II). Additionally, the loss of asymmetry is a mark of low‐quality oocytes and a sig‐
nature of pre‐ and postovulatory aging [23].

2.2. Folliculogenesis

Meiotic prophase consists of several temporary stages: preleptotene, leptotene, zygotene, 
pachytene, and the diplotene stage in which the first meiotic division of the ovarian fol‐
licles begin to develop as primordial structure that oocyte arrested. Primordial follicle acti‐
vation is characterized by the possession of complete layer of 11–20 granulosa cells around 
the oocytes. Secondary follicle stage starts to show features of a second layer of granulosa 
cells. Zona pellucid is the initial deposition material around the oocyte, and at the same time, 
cortical granules are formed within the oocyte cytoplasm. It is at this point of development 
that follicles appear to become responsive to gonadotrophins [24]. The progress of ovarian 
follicle is a combination of many sides of a compound process that starts with the foundation 
of limited pool of primordial follicles and attains in either atretic degradation of the follicle 
or liberation of mature oocytes for fertilization. Through the primary, preantral and antral 
stages, the primordial follicles must be grown during these stages before reaching to the pre‐
ovulatory stage where they are eligible to release oocytes for starting the fertilization stage. 
The corpus luteum structure (CL) is formed from the differentiation of the residual of granu‐
losa and thecal cells after ovulation [25]. Large stock of oocytes is enclosed in primordial 
follicles in mammalian ovaries, and some of these follicles initiate growth toward a possible 
ovulation undergoing activity of the ovarian cycle. Additionally, most of these follicles end 
their growth at any moment and degenerate through atresia. During the growth of follicles, 
only a subset of oocytes is capable to support meiosis, fertilization, and early embryo devel‐
opment to the blastocyst stage. This proportion of eligible oocytes depends on the size of the 
follicular cell. Developing lines of evidence propose that the competent oocytes increase the 
storage of gene production leading to the determinant to support the precocious stages of 
developmental embryos, before the activation of embryonic genome. Thus, these transcripts 
may be stored during early folliculogenesis as the oocyte grows and displays high tran‐
scription activity [26]. Young and McNeilly [27] classified the system into five types: type I 
represents the primordial follicles, which are a resting stage before their activity begins. 
In this stage, follicles have only one layer of granulosa cells and this is the follicle transition‐
ing through the primary stage, when the granulosa cells become cuboidal. The second type 
of follicles includes one layer of cuboidal granulosa cells. While antral follicles include two 
to four layers of granulosa cells going to the third type. At this stage, the large preantral 
follicles consists of four to six layers of granulosa cells, considering this stage as the fourth 
stage, increasing the number of layers, thus reaching the fifth type. Then, the antum arises 
and the thecal cells start to appear and protrude. Thus, begins the formation of the layer 
around the granulosa cells of the oocyte. Therefore, most follicles are observed at early stages 
of development. At the antral stage, follicles become gonadotropin dependent and form large 
antral follicles, most of which undergo atresia, and few are selected for ovulation. Estrogens 
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produced from the ovary of vertebrates, which have a fundamental endocrine function, leads 
the females to develop reproductive organs, while the corpus leteum produces progester‐
one, which is essential for the foundation of pregnancy. Thus, these functions are tightly 
coordinated during folliculogenesis, in which a dynamic process includes a continuous dif‐
ferentiation of three types of cells, theca of granulosa cells, and the oocytes themselves. The 
antrum formation from the granulosa cells proliferate, which is directly related to the follicu‐
lar growth leading to a restricted number of follicles to complete their development to the 
stage of ovulation, while others undergo atresia. In the stage of antral follicle, theca cells are 
divided into two layers, internal and external, which can be distinguished by the surround‐
ing selected follicles [28]. After ovulation, which is triggered by a peak of LH, theca cells and 
mural granulosa cells luteinize to produce progesterone (Figure 1). Once an ovarian follicle 
increase from the pool of resting follicles and initiates growth, it takes approximately around 
100 days to arrive to the point where ovulation can execute and the oocyte included within 
the follicle is released [29].

2.3. Oocytes morphology and classification

In vitro maturation (IVM) is the starting point of a whole lot of biotechnological applica‐
tions in animals like in vitro fertilization (IVF). These techniques combined with marker‐
assisted selection at embryonic stage will hasten acceleration for improving the production 
potency of cattle. The selection of oocytes depends only on the good quality cumulus‐
oocytes complexes (COCs), which were selected based on cumulus cells and ooplasm 
characteristics. The good oocytes are surrounded with at least three layers of cumulus 
cells and their ooplasm should be dark and homogeneous. Therefore, the oocytes were 
classified into four classes: (1) Grade A: oocytes were characterized with more than five 

Figure 1. Outline of the main steps of folliculogenesis.
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complete layers of cumulus cells, which are uniform granulation of ooplasm and healthy 
follicle. (2) Grade B: follicles with intact and well‐organized granulose cells with three to 
five complete layers of cumulus cells and uniform granulation of ooplasm. (3) Grade C: 
follicles with one to two complete layers of cumulus cells and uniform granulation and 
less regular of ooplasm with some dark area. (4) Grade D: denuded oocytes with uniform 
granulation of ooplasm [30].

2.4. Oocyte maturation

Immature oocytes begin to develop in the ovaries, with each oocyte possessing a large nucleus 
that is referred to as the germinal vesicle (GV). Therefore, immature oocytes start to give 
response and undergo maturation process, which starts the nucleus of oocyte to have disas‐
sembly during a sequence called germinal vesicle breakdown (GVBD). After this stage, the 
immature oocyte turns into mature being eligible for developing until fertilization. Moreover, 
regardless of the timing of GVBD relative to fertilization and at the end, all oocytes must be 
matured enough to be able to consequently develop to continue to proceed normally [31]. 
During dictyate stage of prophase I, the oocytes are arrested, which can be identified by the 
presence of a germinal vesicle (GV). Additionally, meiosis I is marked by germinal vesicle 
breakdown (GVBD) following which bivalents are brought to alignment at the spindle equator 
by metaphase I. Anaphase I then ensues when chromosomes segregate between the second‐
ary oocyte and the polar body. Following first polar body extrusion (PBE), oocytes progress 
without a hiatus into meiosis II where they are arrested for a second time at metaphase II [32]. 
During the maturation process, mammalian oocytes accompany a comprehensive, extensive 
rearrangement of the cytoskeleton and associated proteins. In oocytes, during the MI takes 
nearby 6-11 hours and the spindle migration toward the egg cortex occurs at this time. When 
the chromosome-spindle complex moves to the egg cortex, it involves a spindle pole close to 
the cortex [33]. Spindle movement induces a cortical differentiation performed by the accumu‐
lation of actin filaments and a scarcity of microvilli. After polar body extrusion, chromosomes 
realign progressing to metaphase II.

2.4.1. Nuclear and cytoplasmic maturation

The oocytes for bovine with an inside zona diameter smaller than 95 μm are unable to start 
meiosis in vitro. A high percentage of bovine oocytes are able to start meiosis to the MI stage 
once the oocyte diameter is at least 100 μm. However, the oocyte must measure 110 μm or 
more to reach the MII stage. The ability to develop to the blastocyst stage in vitro increases 
with oocyte growth. Cleavage and blastocyst rates increase in parallel with meiotic compe‐
tence and significantly higher developmental rates have been obtained when the diameter 
of fertilized oocytes is greater than 120 μm. The developmental potential is apparently simi‐
lar in oocytes originating from nonatretic and early atretic follicles [34], including spindle 
transfer, chromosome condensation, germinal vesicle breakdown, the progression to MI, and 
separation of the homologous chromosomes with polar body extrusion, where the nuclear 
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membrane starts to fold, the nuclear pores disappear, and then the nuclear membrane under‐
goes fragmentation and rapidly disappears. It appears that nuclear maturation follows the 
same pattern in vivo and in vitro. Nuclear maturation involves changes in protein synthesis 
patterns. Bovine oocytes undergo marked changes in the patterns of protein synthesis after 
GVBD in vitro and in vivo, whereas oocytes that remain at GV stage have consistent protein 
synthesis patterns [35]. Meiotic competence is known as the ability of the oocyte to complete 
meiosis. Additionally, during follicular growth, the meiotic competence is obtained and is 
acquired progressively. Oocytes first acquire the capacity to undergo condensation of chro‐
mosome, germinal vesicle breakdown, and follicular growth and are desired to acquire the 
capacity to progress to MI and eventually acquire the capacity to reach MII. The ability to 
complete the MI to MII transition coincides with the achievement of full size and with the 
process of nucleolar compaction [36].

The diameter of the follicle increases depending on the number of Golgi apparatus present 
in the oocyte. The change in location of cortical granules constitutes the most obvious ultra‐
structure sign of cytoplasmic maturation. According to the oocytes in the GV stage, cortical 
granules are distributed in clusters throughout the cytoplasm. However, as the oocytes prog‐
ress to metaphase I stage, the cortical granules translocate to the periphery of the oocyte and 
become attached to the plasma membrane. At the end of the maturation period, when these 
oocytes reach the MII stage, the granules are distributed through the inner surface close to the 
plasma membrane [37]. The mitochondria make a homogeneous distribution throughout the 
cytoplasmic and are more common at the germinal vesicle (GV) stage, while heterogeneous 
distribution is more commonly observed in the oocyte of metaphase I or II. During oocyte 
maturation, the mitochondria disperse distribution throughout the cytoplasm, until reaching 
metaphase II (MII), when the central position in the cell operates in the mitochondria because 
high‐energy supply around the nucleus is very important during embryonic development. It is 
also observed that morphologically poor quality embryos are only characterized by the homog‐
enous distribution of the mitochondria [38]. Additionally, the cytoplasmic maturation describes 
both the ultrastructural changes that take place in the oocyte from the germinal vesicle (GV) to 
the metaphase II (MII) stage and the possession of developmental competence of the oocyte. 
Mammalian oocyte's cytoplasmic maturation can be described as the ability of a mature egg to 
undergo regular fertilization stage, all stages of cleavage, and further development of the blas‐
tocyst. Other indirect morphological parameters considered to evaluate cytoplasmic maturation 
include cumulus cell expansion, polar body expulsion, and increased perivitelline space (PVS) 
of Ref. [39].

3. RNA synthesis and molecular maturation

The molecular maturation coincides with the maturation and growth of oocyte correspond‐
ing with transcription and mRNAs expression by genes of oocytes. In mammalians ovaries, 
meiosis occurs mainly in two steps: during foetal life (step 1) and through the period of 
preovulatory life (step 2). The genetic information must be stored in advance because of 
nuclear instructions, when the chromosomes are the subjects of transformation. Thus, in the 
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form of mRNA, the chromosomes arrive and are silenced at the resumption of meiosis. 
After DNA synthesis at double helix, the chromosomes are partially condensed and rear‐
ranged by the process of crossing over. The chromatin then reaches a special conformation 
that is an intermediate between chromatin condensation and interphase, the dictyate phase. 
Additionally, in some species during that special prophase period, the oocyte remains static 
and the chromosome appearance changes little. When an oocyte begins to grow in the pri‐
mordial follicle, the uncondensed loops of chromatin in the dictyate state ensure the tran‐
scription of required elements. Thus, the mRNA produced is either translated immediately 
[40]. Through the in vivo and in vitro maturation, oocytes can have the ability to elucidate the 
signaling pathways by gene expression. These signaling pathways are involved in the intri‐
cate mutual among the oocyte and its somatic compartment through morphogenetic and 
differentiation processes, and the origin of disturbances in oocyte maturation is theoreti‐
cally involved in the decrease of the fertility; therefore, molecular maturation of oocytes is 
characterized by enhanced nucleolar activity and ribosome synthesis, and when the oocyte 
reaches the meiotic phase, the nucleolus becomes inactivated [41]. During the meiotic phase, 
for oocyte maturation, large numbers of macromolecules are accumulated. The mRNA and 
riRNAs produced in these cells are far in excess of those necessary to support protein syn‐
thesis. Thus, concomitantly the onset of germinal vesicle breakdown occurs after 6–10 h of 
IVM. In the course of IVM, de novo transcription strongly declines as determined by mea‐
suring the incorporation of [3H] uridine into RNA. In contrast to this finding, the incorpo‐
ration of [3H] adenosine increased and showed a peak during the time interval of 6–10 h 
of IVM, parallel with the onset of germinal vesicle breakdown (GVBD) and translation. In 
the further course of maturation, only a moderate decrease of [3H] adenosine incorpora‐
tion was observed. These findings indicate and betoken that during the time of germinal 
vesicle breakdown (GVBD) the translation is increased. Additionally, these operations were 
accompanied by polyadenylation of the mRNA, despite the decline of the transcription and 
accumulation of polyadenylated mRNA until MII [42]. As known, oocytes’ growth normally 
undergoes cytoplasmic and nuclear maturation, and the bovine embryo has the ability to 
develop to the blastocyst stage, and it is important to clarify the contribution of the oocyte 
to the embryo quality. Currently, the most popular hypothesis is that specific mRNA and 
possibly some proteins are produced and added to the oocyte's stockpile in the last few days 
before ovulation, it is believed that molecular maturation represents the closest association 
with the intrinsic capacity of an oocyte to reach the blastocyst stage and probably beyond 
[43]. Gene expression patterns are responsible for the development of the early embryo‐
genesis. Fertilization and the first zygotic cleavage involve major changes to paternal and 
maternal genome activation. Additionally, the function of genomes has regulatory mecha‐
nisms, including differential promoter activation, alternative RNA splicing, RNA modifica‐
tion, RNA editing, localization, translation and stability of RNA, expression of noncoding 
RNA, antisense RNA, and microRNAs. All of these mechanisms work together to produce 
the level of RNA for transcriptome functioning of an organism. Developmental embryonic 
stage is the first to rely on the stored maternal transcript, which is progressively exhausted 
untill the production of the embryo on its own transcripts, after shifting to the program 
for embryonic expression. Moreover, through gene expression patterns and RNA stability, 
oocytes and early embryos prior to the expression of embryonic activation are dramatically 
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different and it leads to significantly different from what is observed after the main outset 
of embryonic transcription. The start for transcription of embryonic genes execute at a spe‐
cific species at a specific time point. In bovine embryos, it occurs at 8‐ to 16‐cell stage [44]. 
When the immature oocytes are removed from follicle, they spontaneously will convert to 
mature oocytes. Oocyte maturation can have deficiencies and the incompetence of cellular 
machinery, frequently causing a failure in embryonic development following fertilization 
and lower implantation rates. Additionally, the cytoplasmic and molecular maturation of 
oocyte might fail to promote male pronuclear formation. Hence, it might increase the chro‐
mosomal abnormalities after fertilization, and these abnormalities may result in an incom‐
petent embryo in cleavage [45].

4. Production of embryos in vitro

There are many reasons for interest in in vitro generation embryos that can be produced in 
the laboratory. Among these reasons is the faster propagation of superior germplasm in 
cattle because of the low efficiency of superovulation (SO) and embryo transfer (ET) pro‐
grams. In vitro embryo production (IVEP) consists of four steps: (1) aspiration of the ovaries, 
(2) in vitro maturation (IVM) of the recovered oocytes, (3) in vitro fertilization (IVF) of the 
IVM oocytes, and (4) in vitro culture of the IVM/IVF zygotes for development to the desired 
stages [46]. To evaluate the effect of oocyte source (live animals and abattoir ovaries) on 
subsequent embryo development in cattle, it is essential to perform IVEP from cow ova‐
ries. The beginning of harvest of the oocytes from bovine ovaries and the cumulus‐enclosed 
oocytes (COCs) suitable for IVEP were in vitro matured (IVM), fertilized (IVF), and cultured 
(IVC) to the tight morula (Tm) and blastocyst (Bl) stage. A higher overall IVEP efficiency is 
mainly related to the higher cleavage rate. Moreover, the production of embryos in vitro is a 
technique largely used as a method for increasing the production of progeny in the bovine 
with high genetic meritocracy, overcoming several of infertility problems in cattle, genetic 
recovery, and production of clones and transgenic animals. Despite several studies in this 
area, the in vitro development of cattle embryos to the blastocyst stage rarely surpasses the 
rate of 40%. Extrinsic and intrinsic oocyte factors can interfere with oocyte fertilization and 
development to the blastocyst stage. Among the intrinsic factors is the presence of the domi‐
nant follicle that, mainly through inhibin and estradiol secretion, has an inhibitory effect on 
the development of other follicles. Furthermore, they reported that oocytes derived from 
subordinate follicles have less capacity to become healthy embryos than oocytes derived 
from growing follicles [47].

In Figure 2, it can be observed different stages of embryonic development from day 0 to day 7, 
monitored by our team. Following fertilization, embryos undergo a series of mitotic cell divi‐
sions. Hence, the embryo compacts to form a morula that comprises of cells in a compact 
cluster including the pellucid zone (i.e., comprising of glycoproteins envelope of mammalian 
oocytes, which beset the embryo). Then, the blastocyst is formed and finally “hatches” from 
the zona pellucid. Besides, in humans, all this process takes about 1 week [48], and in cows, 
it can take up to 10 days.
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5. Effects of heat stress on animal fertility

During summer, heat shock reduces pregnancy, conception rates, and leads to low fertility 
in lactating dairy cow. Progesterone secretion by luteal cells is decreased and this is reflected 
in plasma progesterone concentration, the endometrial function, and alters its secretory 
activity by high temperature, which leads to the termination of pregnancy. Moreover, heat 
shock impedes oocytes quality and embryo development and increases the mortality rate of 
embryos [49]. Therefore, there are different factors that lead to the decrease of fertility in 
cattle. The most important are the increased humidity and temperature that result in a 
decreased expression of overt estrus and a reduction in appetite and dry matter intake. 

Figure 2. Stages of embryo development (photos made by the authors).
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During the postnatal period “puerperium,” the exposure to extreme heat stress prolonged, 
leading to negative energy balance and increase in the calving pregnancy interval. Heat 
stress influences by decreasing the dominance of the selected follicle and this decreases the 
steroidogenic ability of its granulose cells and theca cells, which declines the estradiol con‐
centrations in blood. The elevation or reduction of the plasma progesterone levels can be 
relied on whether it is severe or chronic, and on the cattle metabolism state. The reduction of 
follicular activity and the alteration of ovulatory pattern execute endocrine changes, leading 
to the reduction of oocytes and the quality of embryos [50]. Moreover, oocyte’s maturation 
from the meiotic stage of germinal vesicle (GV) to MII is affected by heat stress and it has 
been shown that high temperatures affect also the cattle cumulus‐oocyte complexes (COCs), 
zona pellucida hardening, fertilization, and further cleavage of putative zygotes after 
fertilization [51]. In cattle, genes exist for regulation of body temperature and for cellular 
resistance to elevated temperature. These genes offer possibility for their incorporation into 
dairy cow through cross breeding or on an individual‐gene basis and the physiological and 
genetic manipulation of the cow to improve embryonic resistance to high environmental 
temperature, which reduces fertility in lactating dairy cows, and as a result, pregnancy, 
oocyte, and early embryo are affected by heat stress [52]. Therefore, heat stress reduces 
gonadotropin secretion and the ovarian pool of oocytes and impairs fertility. Additionally, 
heat stress has immediate effects on follicle and its enclosed oocyte, follicular function, and 
follicular growth and disrupts steroidogenesis [53]. Heat stress has an impact on the repro‐
ductive function, that is, it reduces the intensity of the behavioral estrus and leads to low 
fertility in female and compromised sperm output and increased sperm abnormalities in 
male. The pregnancy rate and the embryos at earlier stages of development during heat 
stress are affected [54]. Furthermore, oocyte susceptibility to heat shock can be detected dur‐
ing the germinal vesicle (GV) and oocyte maturation periods. The bovine oocytes’ exposure 
to high temperature in vivo and in vitro affects oocyte maturation, fertilization, and preim‐
plantation of embryonic development. This heat‐induced reduction in oocyte function 
occurs due to a series of cellular alterations that affect nuclear and cytoplasmic compart‐
ments of the bovine oocyte. Before ovulation, there are several physiological factors that can 
disrupt establishment of pregnancy changes by elevated thermal heat. Heat shock effects 
endometrial prostaglandin secretion, oocytes during maturation period, and decreases low 
fertility of dairy cows in hot seasons [9]. Moreover, heat stress was suggested to be similar to 
oxidative stress, because of correspondences in the genes expressed after heat exposure, 
such as genes encoding heat shock proteins (HSPA14 gene), demonstrated heat‐induced 
increase of reactive oxygen species (ROS) production, especially the superoxide anion. 
Additionally, heat stress disturbs protein synthesis, increasing the production of heat shock 
proteins (HSPs). Due to their chaperone function, HSPs ensure the folding, unfolding, and 
refolding of nascent or stress‐denatured proteins. The HSP70 and HSP90 were correlated 
with the development of thermotolerance of embryos. Thus, heat stress was shown to 
increase HSP70 and HSP90 levels and that probably due as a mechanism of cellular defense 
and/or repair [55]. Dairy cows respond to heat stress in several ways, including reduced feed 
intake, lower milk yield and quality, and compromised fertility [56]. Thus, fertility traits in 
dairy animals show a very low heritability value, and this indicates that most of the varia‐
tions in the fertility are determined by nongenetic factors or environmental effects. Therefore, 
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summer season has been associated with reduced fertility in dairy cattle through its deleteri‐
ous impact on oocyte maturation and early embryo development. Moreover, the highest 
pregnancy rate of cow was observed in September–November as 32% while the lowest preg‐
nancy rate of 24% in March–May. The lower pregnancy rate is due to the delay of rebreeding 
cows in the summer hot months with a high level of heat stress. Additionally, there are some 
other genes such ATP1A1 allowing resistance and adaptation to thermal stress in bovine. 
Whereas ATP1A1 gene is known as Na+/K+ ‐ATPase subunit alpha‐1, this gene is fully rec‐
ognized as a nominee to responsd for heat shock because of its assembly to oxidative stress 
in bovine which have Na+/K+ ‐ATPase protein complex consisting of α and β subunits. The 
ATP1A1 gene encodes the α1 isoform, for α subunit of Na+‐K+ ATPase pump is considered 
as a major isoform. ATP1A1 gene has been mapped on Bos taurus chromosome number 3 and 
is comprised of 22 introns and 23 exons. ATP1A1 gene is responsible for the fundamental 
establishment of the electrochemical gradient of Na+ and K+ across the plasma membrane, 
which is fundamental for maintaining body fluid and cellular homeostasis. During the ele‐
vation of body temperature “hyperthermia,” heat stress activates heat shock transcription 
factor‐1 and promotes the expression of HSPs coupled with reduced expression and synthe‐
sis of other proteins having a fundamental role to activate the immune and endocrine sys‐
tem. For understanding of genes in the regulation of heat shock response in animals would 
be helpful to improve their thermal tolerance via gene manipulation. Therefore, the HSPA14 
genes were found highly expressed in summer months in cattle, which enhance their ther‐
motolerance and the ability to adapt to the thermal environment [57]. Genetic adaptation to 
heat stress for cellular resistance to elevated temperature reduced the levels of gonadotropin 
receptors, aromatase activity of granulosa cells, the follicular fluid concentrations of oestra‐
diol, and follicular function involving changes at the level of the follicle or the secretion of 
the pituitary hormones that control development of the follicle. Additionally, oxidative 
stress is a major cause for thermal damage of spermatogenic cells and leads to apoptosis and 
DNA strand breaks. Moreover, apoptosis plays a critical role in effects of thermal stress on 
the maturing of oocyte in cattle. Therefore, the inhibition of apoptosis in bovine embryos 
with a caspase inhibitor increased the magnitude of the reduction in development caused by 
the elevated temperature. Thus, apoptosis is limited to the most damaged cells of the embryo. 
Heat shock caused damage to the oocyte during preovulation, which seems to involve the 
generation of reactive oxygen species, as both are effects of heat stress in vivo and heat shock 
in vitro. Furthermore, there are indications that developmental competence of the resulting 
embryo can be reduced if fertilization is by a spermatozoon exposed to heat shock. In vitro 
fertilization with sperm recovered from male in which the scrotum was heated to 42°C 
resulted in embryos with reduced ability to complete development [58]. In cows, heat shock 
has negative effects on competence of oocytes from antral follicles, granulosa, or theca cells, 
which are responsible for the production of steroids. Moreover, heat stress applied on bovine 
oocytes during in vitro maturation as well as on embryos during in vitro culture reduces both 
oocyte maturation and embryo development rates. The expression of HSP70 was not affected 
in the oocyte, but increased in cumulus cells. Therefore, the negative effects in oocytes 
because of heat shock could be mediated through the surrounding cumulus cells. 
Interestingly, higher expression of HSP70 in immature bovine oocytes was observed. This 
mRNA could be translated throughout the IVM and consequently decreases its expression 
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in mature oocytes [59]. Heat stress accelerates cellular metabolism, resulting in the inability 
of the mitochondria to properly reduce oxygen that remains in its radical state [5, 6]. Thus, 
the poor developmental competence might be due to the lack of cytoplasmic maturation in 
oocytes maturing in vitro, even though they undergo normal nuclear maturation. In addition 
to the presence of heat shock proteins, there are several antioxidants, for example glutathi‐
one (GSH) that partially imparts the protection against oxidative stress. GSH appears to be 
the main antioxidant defense system against reactive oxygen species (ROS) in oocytes/
embryos [60].

6. Regulation of the cell cycle and oocyte maturation

Several mechanisms are involved in the activation of translationally inactive mRNA. These 
mechanisms involve the phosphorylation of many factors that initiate translation. Therefore, 
according to this model, polyadenylation (the addition of adenine) of the 3’ terminal por‐
tion of the cytoplasmic mRNA would stimulate the release of repressor molecules linked to 
the 5’ portion, thus beginning translation. The transport of this mRNA to the cytoplasm 
occurs through a characteristic splicing of the poly‐(A) tail, which, after reaching the cyto‐
plasmic compartment, becomes smaller and heterogeneous in size. The cytoplasmic elonga‐
tion of the poly‐(A) tail has been associated to the translation activation, meaning that 
during addition of adenine to mRNA in the cytoplasmic of oocyte through maturation leads 
to deadenylations, leading to the degradation of the particular mRNA. For this reason, pro‐
tein synthesis starts when the two ribosomal subunits are linked onto the mRNA. This stim‐
ulates the degradation of particular mRNA which, when oocytes are acquiring developmental 
competence, the fundamental transcripts produced encode regulators of the cell cycle such 
as “maturation promoting factor” (MPF), the protein of the c-mos pro-oncogene (MOS), and 
mitogen-activated protein kinase (MAPK) [37]. In mitotic cells, S‐phase always precedes 
M‐phase in order to maintain euploidy. Additionally, the maturation (M‐phase) promoting 
factor (MPF) plays a pivotal role in oocytes during their maturation. During the mitotic cell 
cycle, MPF activity shows different stages of vacillation and steadiness, i.e., MPF activity 
wobbles positively and negatively in time with the beginning and ending of M‐phase in 
succession, while being precisely regulated during the two cell divisions of meiosis. MPF is 
a heterodimer protein kinase complex consisting of two subunits: the catalytic subunit 
CDK1 and the regulatory subunit cyclin B1. As phosphorylation is required by CDK1, cyclin 
B is the main determinant for CDK1 and this is a necessary factor for certain processes dur‐
ing cell cycle as (1) initiating germinal vesicle breakdown (GVBD) through phosphorylation 
of nucleoporin—a components of nuclear pore complex—among many protein components 
of nuclear envelope and (2) with a large protein complex termed as condensing that helps 
in supercoiling the DNA during mitosis. The kinase activity requires more than binding of 
CDK1 to cyclin B1. MPF, the heterodimer protein, is held in an inactive state termed as 
PRE‐MPF by wee1 kinase that causes inhibitory phosphorylation of CDK1 (p34cdc2). 
However, CDC25 activates CDK1 by dephosphorylation at the same sites. Although binding 
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of CDK1 to cyclin B1 is necessary, it is not sufficient for kinase activity. Switching on MPF 
in all cells is further governed by the balance in the regulatory activity of Wee1/Myt1 
kinases, which cause an inhibitory phosphorylation of CDK1 (p34cdc2) (and hold the het‐
erodimer in an inactive state called pre‐MPF), and the CDC25 phosphatases, which cause 
activation of dephosphorylation of CDK1 at the same sites. Thus, the high CDC25 and low 
Wee1/Myt1 activity are needed for switching on the CDK1 component of MPF. In addition, 
before entry into mitosis, cyclin B1 (and so MPF) is spatially restricted to the cytoplasm, 
through a cytoplasmic retention sequence, containing a nuclear export signal. When cells 
commit to mitosis, cyclin B1 has to become phosphorylated within its cytoplasmic retention 
sequence, leading to rapid accumulation of cyclin B1 and MPF within the nucleus, and 
ensuing GVBD [61]. In the mammalian oocytes during the meiotic maturation, two consec‐
utive divisions execute without an intermediate phase of DNA replication where even hap‐
loid gametes are produced. In addition, these two divisions are asymmetrical, maintaining 
and ensuring the maximum number of oocytes possessed for maternal stores. In addition, 
immature oocyte contains only a small amount of cyclin B, just enough to induce entry into 
the first meiotic M‐phase. Furthermore, MPF activity is regulated by a translation‐depen‐
dent mechanism that determines the level of cyclin B1 synthesis. Among the different mech‐
anisms that control the expression of maternal mRNAs, polyadenylation has been implicated 
in cyclin B1 translation in Xenopus and mouse oocytes. The immature oocyte contains only 
a small amount of cyclin B1, just enough to induce entry into the first meiotic M‐phase 
increases progressively, reaching its maximum at the end of the first meiotic M phase, and 
the newly synthesized protein becomes associated immediately with the p34cdk1 kinase to 
form an active complex. Cyclin B degradation is required for polar body extrusion. Changes 
in cyclin B1 levels, through changes in MPF activity, regulate not only the timing of the 
cell‐cycle phases during meiosis but also the orderly events leading to the formation of 
functional meiotic spindles and asymmetric divisions, MPF activity controls the formation 
of a functional spindle in the oocyte. The MPF activity required for GVBD (sufficient for 
entry into M‐phase) only allows the formation of a single aster of microtubules around the 
condensed chromosomes. A first threshold in MPF activity is then required to organize the 
microtubules into a bipolar structure. In contrast, the further migration of the chromosomes 
toward the vicinity of the spindle equator does not depend on changes in the MPF level [62]. 
The meiotic maturation is an essential process for the development of an immature oocyte 
into fertilization egg. In vertebrates, it is compatible with the transition from the prophase 
arrest of the first meiotic division to the metaphase arrest of the second meiotic division. 
Thus, MPF is activated in response to the hormonal signal. Therefore, steroids bring about 
meiotic maturation through functionally redundant pathways involving synthesis of Mos 
or of cyclin proteins. The c‐mos pro‐oncogene (MOS) protein is a Serine/Threonine kinase, 
which is specifically expressed in germ cells where it functions only during the short period 
of meiotic maturation from maternal mRNA in vertebrates before being proteolyzed at fer‐
tilization. Although it is not necessary for GVBD, Mos remains a powerful inducer of mei‐
otic maturation when microinjected. Two roles could be envisioned for Mos in the process 
of GVBD induction: (1) The mRNA coding for Mos could, intrinsically or via associated 
proteins, affect the translation of other mRNA. (2) Synthesized Mos kinase provokes a 
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strong pathway that most certainly participates in the amplification of MPF, as well as being 
necessary for normal GVBD events (for the repression of DNA synthesis) [63]. Mammalian 
oocytes reach the prophase diplotene stage of meiosis I before or after birth, and they 
remain arrested at this stage until resumption of meiosis, characterized by germinal vesicle 
breakdown (GVBD) that follows preovulatory gonadotropin stimulation after puberty. 
Thus, family of serine and threonine kinases is activated in the somatic compartment of the 
follicle. Intra oocyte MAPK cascade activation is more closely related to post‐GVBD events 
such as meiotic spindle organization. Stimulation of meiosis resumption by activation of 
MAPK can be accomplished by prompting synthesis of downstream meiosis resumption 
inducing factors. Additionally, the phosphorylation of gap junctional proteins blocks com‐
munication between oocyte and around somatic cells, and subsequently prevents the meio‐
sis from inhibiting signals from entering into oocytes from the vicinity of somatic cells. 
Lutropin causes activation MAPK in follicular somatic cell, which have fundamental role, 
which in turn phosphorylates connexins, leading to a reduction in gap junction permeabil‐
ity between the somatic cells prior to germinal vesicle breakdown. The suppression of gap 
junction communication is enough and essential for reinitiating meiosis. Mos kinase is a 
universal mediator of oocyte meiotic maturation and is produced during oogenesis and 
destroyed after fertilization. Thus, mos limits the number of meiotic division to just two 
rounds (meiosis I and II) and to avoid from ingress into meiosis III. Strikingly, the maintain‐
ing of Mos/MAPK pathway activities after fertilization close to physiological levels prompts 
additional rounds of meiosis, and the spindle is positioned symmetrically resulting in fur‐
ther rounds of asymmetric cell division [64]. Additionally, in the mammalian oocytes the 
meiotic maturation is described by special asymmetric cytokinesis through chromosomes 
moving from the center toward the cortex zone of an oocyte. After GVBD, a meiotic spindle 
congregates surrounding centrally positioned metaphase chromosomes and then moves in 
the vicinity of the cortex in an actin filament relying on the process. Furthermore, cortical 
reorganization executes an ectopic actin‐rich actin cap and a cortical granule‐free domain 
(CGFD) formed in the vicinity of the cortex devoid of microvilli in a MOS‐dependent man‐
ner. Establishing cortical polarity, including spindle migration, positioning and cortical 
reorganization is critical for oocyte asymmetric divisions. Then cytokinesis occurs and the 
polar body extrudes, forming a high‐polarized MII oocyte [65]. Additionally, in humans, 
oocyte growth unfolds over 110–120 days, during which cell mass undergoes an astound‐
ing, more than 100‐fold, increase and cell diameter shifts from <40 to ~120 mm. At the same 
time, the macromolecules and organelles are produced and stored in very large amounts. In 
such a way, the oocyte meets a fundamental for preimplantation embryo developmental 
growth, storing enough for cytoplasmic mass desired for fertilized egg to accomplish mul‐
ticellularity without the presence of net growth. Remarkably, the oocyte growth is much 
more than a quantitative increase in cell mass finalized to the housekeeping needs of the 
early embryo. For example, maternal effect genes have been characterized as sequences 
whose transcriptional and translational products are generated during oocyte growth and 
whose regulatory function is required only after fertilization. In particular, many maternal 
effect gene products are transcriptional regulators whose loss of function causes major 
developmental failures, such as arrest at cleavage or blastocyst stages, or inability to acti‐
vate the zygote genome [66].
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7. Regulation of mammalian oocyte gene expression at transcription level

There are six Obox (oocyte‐specific homeobox) family transcripts and Obox‐1, 2, 3, and 
5  mRNA they have been detected in oocytes from growing primary follicles [67], playing 
then an important role in early embryogenesis [68, 69] by orchestrating gene transcription, 
either ubiquitously or in a tissue‐specific manner. Mice lacking the Obox6 gene grow without 
morphological abnormalities and with normal fertility, indicating a functional redundancy 
among the Obox family members [70]. Moreover, several genes play key roles in oogenesis, 
folliculogenesis, or early embryonic development. In particular, GDF‐9 and BMP‐15 are nec‐
essary for folliculogenesis beyond primary follicles in mouse and sheep, respectively. Gene 
expression in oocyte is quite different from those in somatic cells. The messenger RNAs pro‐
duced by these cells are not only required to support germ cell development but, in the case 
of oocytes, they are also used for maturation, fertilization, and early embryogenesis. It is very 
important to understand the oocyte mechanisms and transcription factors that play a role 
in the regulation of the transcriptional activity of the oocyte dictating its ultimate acquisi‐
tion of developmental competence. The oocyte genome has evolved specialized transcription 
machinery to ensure proper activation of gene that is required for oocyte growth and early 
embryonic development [71].

8. Gene expression and the role of the Cx43 and HSPA14 genes during the 
embryonic development

8.1. The HSPA14 gene

Experiments developed by our team show that exposing cumulus oocyte complexes (COCs) 
to 41°C did not alter the number of embryos that cleaved but reduced significantly the per‐
centage of development in the blastocyst stage [9]. Additionally, the exposure of bovine 
embryos to heat shock during oocyte maturation leads to embryos with reduced develop‐
ment and induced alterations in protein synthesis and possibly gene expression as early as 
the two‐cell embryos. In addition, cumulus cells are removed before maturation, which 
affects and reduces the protein synthesis at 42°C exposure oocytes and COCS. On the other 
hand, the developed oocytes at 39°C created heat shock protein 70 kDa but oocytes exposure 
to 42°C did not increase synthesis of any of these proteins, which was shown after examining 
the methionine‐ and cysteine‐labeled proteins—by two‐dimensional SDS‐PAGE and fluorog‐
raphy. It has also been noticed that the reduction of protein synthesis caused a prominent 
decrease in the percentage of protein synthesis in oocytes with intact cumulus compared to 
those bared oocytes. Therefore, the heat shock increases the steady‐state amounts of mRNA 
for the inducible form of heat shock protein 70 (HSP70) in embryos. The HSPA14 is the most 
abundant, highly sensitive to culture environment and it is the major inducible heat shock 
gene important for protecting embryonic cells from cellular stress in bovine. Thus, HSP70 
mRNA in 2‐ and 4‐cell embryos was increased by exposure to 42°C. As findings indicate that 
the experience for embryos may undergo the transcription of heat shock exposure as early in 
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2‐cell stage, the rates of cleavage and early development are reduced by transcription inhibi‐
tors, which show the significance of transcription on the earliest period of fetal life develop‐
ment [72]. The expression of the major heat‐inducible protein HSP70 protects cells from a 
self‐destruction known as apoptosis. Cells can also respond to stress by adaptive changes that 
increase their ability to tolerate normally lethal conditions. The expression of HSPA14 gene 
would allow to produce and help maintain cellular function by acting as molecular chaper‐
ones to stabilize or refold proteins damaged by heat, and by blocking apoptosis by preventing 
cytochrome c release from mitochondria during the early stages of apoptosis [73]. Moreover, 
these authors postulated that the HSPA14 during embryo development with the presence of 
antibodies to HSP70 significantly decreases progression to the hatched blastocyst stage in 
murine embryos. Correspondingly, antisense oligonucleotides complementary to HSP70 
mRNA had a similar effect on embryo development, which was amplified ninefold by arsenic 
exposure at a subtoxic dose. Hence, the embryos that did reach the blastocyst stage despite 
the inhibition of HSP70 expression, with and without the presence of arsenic, were character‐
ized as degenerate with cell death accompanied by membrane blebbing. Thus, suggested that 
the requirement for HSP70 during embryo development is amplified by exposure to adverse 
environmental conditions [12]. In vitro matured bovine oocytes, 2‐cell and 8‐cell embryos, and 
day 9 hatched blastocysts subjected to control and elevated temperature conditions were ana‐
lyzed by semiquantitative reverse transcription polymerase chain reaction methods for 
HSP70 mRNA expression. In the cytoplasm of 8‐cell embryos that were inferred under con‐
trol conditions, HSP70 was evenly disseminated in the cytoplasm but appeared as aggregates 
in some embryos exposed to elevated temperature. The hatched blastocysts show a compe‐
tence to react to elevated temperature that is shown in the increased distributions noted after 
heat stress [74]. As described before, several authors pointed out that heat shock protein can 
be induced by bovine embryos exposed to heat shock. Those bovine embryos, presented to 
heat shock, also produce other cellular changes to make cell more impervious to a subsequent 
heat shock. The 2‐cell bovine embryos can deliver HSP70 in response to raised temperature 
although it is sensitive to heat shock. Therefore, to test for induced thermotolerance, 2‐cell 
bovine embryos were first exposed to a mild heat shock 40°C, allowed to recover at 38.5°C 
and 5% CO2. Subsequently, the way in which HSP70 take part in embryonic development was 
examined at two different temperature, 38.5 and 40°C, culturing embryos with a monoclonal 
immunoglobulin to the inducible form of HSP70 experiment, a reduction of the proportion of 
2‐cell embryos (p < 0.05) by adding anti‐HSP70 to the culture medium. Thus, bovine 2‐cell 
embryos appear incapable of thermotolerance owing to the increased sensitivity of 2‐cell 
embryos to heat shock as compared to embryos at later stages of development. The results 
also implicated a role for HSP70 in normal development of bovine embryos. Studies devel‐
oped by Mayer and Bukau [75] showed that bovine 2‐cell embryos appear incapable of ther‐
motolerance owing to the increased sensitivity of 2‐cell embryos to heat shock as compared 
to embryos at later stages of development. The results also implicated a role for HSP70 in 
normal development of bovine embryos. The same authors [75] pointed out that one of the 
central components of the cell network of molecular chaperones are HSP70 proteins. An 
abundant array of protein folding processes are assisted by HSP70 proteins in the cell through 
association transiently of segments of short hydrophobic peptide—within substrate pro‐
teins—with their substrate binding area. When substrate binding, it releases cycle which is 
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driven by exchanging of HSP70 between the high‐affinity ADP bound state and low‐affinity 
ATP bound state. Hence, the chaperone activity of HSP70 proteins need hydrolysis and bind‐
ing if ATP in vivo and in vitro. Cochaperones of the J‐domain proteins family control this 
ATPase, which make their substrates targeted by nucleotide exchange factor and by HSP70s, 
decide the lifetime of the HSP70 substrate complex. This chaperone cycle is tweaked by addi‐
tional cochaperones. The HSP90 and HSP100 among other chaperones couple with the HSP70 
cycle for specific tasks. As a different understanding, Kampinga stated that several assort‐
ments of cellular internal and external cases of the stress can be distributed as proteotoxic 
stresses, which can be described as stresses that raise the main fraction of proteins that are in 
an unfolded state, thereby promoting the possibility of the formation of intracellular aggre‐
gates. These accumulations of assemble, whether not disposed, may lead to the apoptosis. In 
response to the appearance of denaturation and damaged proteins, cells promote the expres‐
sion of heat shock proteins. These can have fundamental function as molecular chaperones to 
avoid protein from the assembling and to maintain the proteins in a state competent for either 
refolding or degradation. As Bos indicus cows usually have better reproductive performance 
in tropical and subtropical regions than Bos taurus cows, presumably due to their better adap‐
tation to tropical environments, Camargo et al. [76] evaluated the developmental competence 
and expression of the HSP70 gene in immature oocytes from Bos taurus (Holstein) and Bos 
indicus (Gyr) dairy cows raised in a tropical region. The total RNA extracted from Holstein 
and Gyr oocytes and the HSP70 transcripts was conducted, which was formed by real‐time 
PCR after reverse transcription. Cleavage and blastocyst rates were ultimately greater 
(p < 0.05) for Gyr breed (n = 390 oocytes) than for the Holstein (n = 505) breed (66.7% vs. 53.1% 
of cleavage and 19.6% vs. 10.8% of blastocysts, respectively), showing an adaptation of these 
two breeds to the environmental conditions. Studies developed by Virenque et al. [77] hypoth‐
esized that the high structural and functional conservation of HSP during evolution suggests 
crucial roles in fertilization, embryo development, and thus, fertility in cattle. Also, some HSP 
are considered housekeeping genes that are essential for many cell functions, such the HSP40 
combined with HSP70 acting as chaperones to protect cells from apoptosis [78]. All HSP iso‐
forms are ATP‐dependent molecular chaperones as they protect nascent or denatured pro‐
teins from aggregation and assist their folding or refolding into native conformation and 
regulation of heat shock response.

8.2. The Cx43 gene

Connexins (CXs) are a family of transmembrane proteins with molecular masses varying from 
26 to 60 kD; Cx43 has a molecular mass of 43 kD. In vertebrates, CXs are the building blocks of 
gap junction channels, intercellular channels that connect the cytoplasm of two neighboring 
cells. Wrenzycki et al. [79] examined the presence of the mRNA encoding connexin 43 (Cx43) 
in bovine embryos derived in vivo and in vitro and in the bovine embryos through morula and 
blastocysts grown in vivo, the transcription of the Cx43 were disclosed. Conversely, when the 
early in vitro stages from cumulus oocyte complexes (COCs) to morula expressed Cx43, blas‐
tocysts and hatched blastocysts cannot have disclosed concentrations of mRNA from this 
gene as because it is not activated or if embryonic gene expression had been active, it termi‐
nated prematurely. The differences in transcription between bovine embryos derived in vivo 
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or in vitro indicate that culture conditions affect gene expression. Melton et al. [80] reported 
that the gap junction is a major form of cell–cell communication and aggregations of intercel‐
lular channels composed of connexins (CXs), which are responsible for exchange of low 
molecular weight (<1200 Da) cytosolic materials. In ovarian tissue of mammals, investigators 
have established that the presence of Cx43 is to determine the ontogeny of early stages of fol‐
licular development of embryos. Additionally, it has been found that the preovulatory LH 
surge caused a decrease in Cx43 mRNA in granulosa cells of rat ovarian follicles. Therefore, 
the results reported indicated that increased expression of Cx43 temporally correlates with the 
activation of follicular development and early differentiation of granulosa cells in follicles of 
prepubertal pig ovaries. Vozzi et al. [81] indicated that in ovarian follicles, oocyte is provided 
by cumulus cells with small molecules that license control maturation and growth. The germi‐
nal cell gets these nutrients through gap junction channels, present between the oocyte and 
cumulus cells. Goldberg et al. [82] reported that the gap junctions, composed of proteins from 
the connexin family, are the only channels that directly connect the cytoplasm of the adjacent 
cells to allow for the intercellular transfer of small hydrophilic molecules, essential for proper 
development and health in animals and humans. Kidder and Mhawi [83] showed that the gap 
junctions are a group of intercellular membrane channels which leads to adjacent cells to par‐
ticipate in small molecules (<1 kDa). Gap junction channels are composed of connexins, a 
homologous family of more than 20 proteins. For developing of follicles, the gap junction is 
coupled with the developing oocyte and its besetment of the follicle cells into an essential 
functional syncytium. Among the gap junctions and cumulus cells includes the majority con‐
nexin 43, and this connexin has also been detected utilizing immunoelectron microscopy in a 
small minority of gap junctions at the surface of the oocyte. The significance of connexin 43 for 
granulosa cell having fundamental function is demonstrated by the fact that follicles lacking 
this connexin arrest in early prenatal stages and produce incompetent oocytes. Connexin 37 is 
shown to be the only connexin participate by oocytes to the gap junctions coupling them with 
granulosa cells, and loss of this connexin interferes with the development of the secondary 
follicle. The expression of multiple connexins in growth follicles probably indicate the multi‐
ple functions served by gap junctional correspondence in folliculogenesis. In the absence of 
Cx43, granulosa cells block growing in an early preantral stage. To illustrate the fundamental 
role function of Cx43, dye injection experiments detected that granulosa cells from Cx43 
knockout follicles are not coupled, and this was confirmed by ionic current injections. 
However, electron microscopy detected that gap junctions are quite rare in mutant granulosa 
cells. Conversely, mutant granulosa cells were eligible to form gap junctions with wild‐type 
granulosa cells in a dye preloading assay. It was accomplished that mutant granulosa cells 
comprise a population of connexins, composed of nonrecognized connexins that cannot con‐
tribute regularly to participate in gap junctions. Additionally, despite Cx43 being the only gap 
junction protein existing in granulosa cells of early preantral follicles, it is the only one that 
makes a significant contribution to intercellular coupling [84]. Research conducted by Veitch 
et al. [85] uncovered that studies of mammalian animals with targeted disruption of specific 
connexin genes have revealed that at least two connexins, connexin 37 (Cx37) and connexin 43 
(Cx43), play essential roles in ovarian follicle development. Immunofluorescence microscopy 
located Cx37 within gap junction plaques between granulosa cells and the oocyte, and Cx43 
between surrounding granulosa cells. Gittens et al. [86] reviewed that the intercellular 
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communication is required for ovarian folliculogenesis. Yogo et al. [87] reported that the con‐
nexin 43 (Cx43)‐intermediate gap junctional communication in granulosa cells is crucial for 
germ line development and postnatal folliculogenesis. These authors showed that follicle‐
stimulating hormone (FSH) induced the phosphorylation of Cx43 in primary granulosa cells 
and then further specified to identify Ser365, Ser368, Ser369, and Ser373 in the carboxy termi‐
nal tail as the major sites of phosphorylation by FSH, and found that the phosphorylation of 
these remains was substantial for channel activity. Furthermore, Borowczyk et al. [88] evalu‐
ated the role of gap junctions in the regulation of progesterone secretion. The changes in Cx43 
mRNA expression were positively correlated with changes in progesterone concentration. 
They demonstrated a relationship between gap junctions and progesterone secretion that was 
supported by (1) the positive correlations between progesterone secretion and Cx43 mRNA 
expression and gap junctional interacelluer communication (GJIC) of luteal cells and (2) the 
inhibition of Cx43 mRNA expression resulted in decreased production of progesterone by 
luteal cells. This suggested that gap junctions may be involved in the regulation of steroido‐
genesis in the corpus luteum. Gershon et al. [89] reported that the gap junctions that allow the 
direct communication between cytoplasmic compartments of neighboring cells are present in 
a variety of tissues and organs, allowing thus the rapid exchange of ions and metabolites. 
Besides in the bovine, follicles express Cx43, which is localized to granulosa cells from the 
primary follicle and increases upon antrum formation being necessary for follicle develop‐
ment and oocyte growth. The expression specificities of Cx43 in ovary are still in discussion by 
several groups. During folliculogenesis, the granulosa cells give physical support and medi‐
ate signal between different types of follicular cells. Rhett et al. [90] reviewed that the Cx43 is 
the most ubiquitous connexin, with expression in at least 46 different cell types being a gap 
junction protein widely expressed in mammalian tissues that mediates cell‐to‐cell coupling. 
Intercellular channels comprising GJ aggregates form from docking of paired connexons, with 
one each contributed by opposing cells. The regulation of gap junction coupling is a necessary 
component of cellular function and response to physiological and pathological stimuli. The 
cells can modify the expression, phosphorylation state, and protein interactions of Cx43 
throughout the cell cycle. Because of the short half‐life of Cx43, which is as little as 1–2 h, regu‐
lation appears to exist on both short and long time scales through phosphorylation and pro‐
tein interaction, and gene expression, respectively. Currently, there is a great deal of data on 
phospho‐ and transcriptional regulation of Cx43 but less is known about the mechanistic basis 
and function of Cx43 protein–protein interactions. Furthermore, concerning the Cx43, nor‐
mally low expression of Cx43 in different development stages of embryos has been associated 
with low quality and reduced survival capacity of embryos [91, 92].

9. Methods for studying differential gene expression

Several techniques have been developed for the screening of genomic alterations at the mRNA 
level, including subtractive hybridization, differential display‐PCR, expressed sequence 
tag (EST), serial analysis of gene expression (SAGE), and microarray hybridization. Some 
of these techniques have been used to investigate changes in gene expression at oocyte cell 
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development and differentiation [93]. In addition, the effective and simple methods for iden‐
tifying and isolating those genes that are differentially expressed in various cells or under 
altered conditions. Advantages of the technique include the ability to isolate genes with no 
prior knowledge of their sequence or identity and the use of common molecular biology tech‐
niques that do not require specialized equipment or analyses, its abilities to compare multiple 
experimental samples for any number of treatment conditions, phenotypes, or genotypes 
simultaneously, and to identify genes that are either up‐ or downregulated in one sample 
relative to another [94]. The differential display include as first step is reverse transcription of 
mRNA to cDNA using one of anchor primers (which is usually poly T oligonucleotide with 
one or two additional bases, e.g., T12 AC) designed to anneal to the 3’ poly‐A tail of messenger 
RNA (mRNA). The resulting of cDNA species is subsequently used as templates in a PCR, 
utilizing the same anchor primer from reverse transcription (RT) reaction in combination with 
an arbitrary primer. The PCR products may be labeled by incorporation of a radiolabeled 
nucleotide fluorescently labeled primer. Electrophoresis pattern can be then evaluated by 
comparing the relative intensities of bands produced from different treatment samples. Bands 
that are present in one sample and absent in another or bands that are present at different 
relative intensities, across different treatment, represent potentially differentially expressed 
mRNA transcripts. The final phase of differential display is excising and purification of the 
band of interest from the polyacrylamide gel and reamplification by PCR, and eventually 
subjected to sequencing.
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Abstract

Cells have a direct relation to understanding cattle genetic information aside from the
cell’s  main  role  of  housing  genetic  material.  Gene  presence  being  visible  through
phenotypic characteristics of living organisms allows for researchers to pinpoint specific
genetic markers to access and evaluate the genetic information for desired visible traits.
On a molecular level, through the interaction between cattle embryos and bovine cells,
researchers can pair this information with current technological innovation to better
understand on how genetics are manipulated naturally by environmental elements,
which can have a direct effect on countries where cattle milk and meat production are
the  major  contributors  to  economic  stability.  This  overview  of  past,  current,  and
potential future research involving cells can provide an understanding of the impor‐
tance in cells and their relationship with biotechnology innovation. Through techniques
involving cells  and genetic  analysis,  various methods can be utilized to overcome
limitations of cattle reproduction and increase the presence of desirable cattle traits,
which in turn not only aid in the economic success of countries dependent on cattle
products, but can also open the door to human therapeutics.

Keywords: genetics, cattle, cell, granulosa, embryo

1. Introduction

Since the age of primitive man and of the hunter‐gatherer, cattle has been the source of nutrition,
clothing, culture, and innovation of tools to improve man’s existence. As seen in Figure 1, an
early view of animals through the eyes of cave dwellers in prehistory time allows today’s modern



citizens to witness the existence of cattle (such as the ox) not only as a creatures of coexistence,
but also as means of survival. As early as 8000 BC, the bovine species was domesticated as a
means of a secure meat supply before becoming an essential object for clothes, tents, and even
later becoming the main component in creating drums. Throughout history, cattles have been
valuable not only as means of self‐survival, but also played a major role in the art of agriculture
and the conception of community. As the idea of growing food sources in one area (farming)
grew more and more attainable the lifestyle of hunters and gathers phased into established
communities with the help of cattle. The use of cattle as work tools for plowing fresh soil, as
depicted in Figure 2, and the importance of manure for crop fertilization allowed the human
race to settle and create civilized communities.

Figure 1. Untitled painting of ancient cave art. Retrieved from https://en.wikipedia.org/wiki/Bison_priscus.

Figure 2. Untitled Egyptian art. Retrieved from https://ucfant3145f09-04.wikispaces.com/Ancient+Egyptian+Food+
%26+Agriculture.

Today cattle remains a vital part in mankind’s socio and economic progression through the
same deliverables attained by their ancestors: food, clothing, and innovative tools. What
worries the majority of cattle owners today is the pressure of supply and demand of meat and
dairy products, which comes from sustaining high populations of cattle. Past and current
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techniques for increasing cattle population include nutritional management and health
practices to maintain or increase cattle production. As technological advancements and
understanding of cattle genetics progress, methods including cell activity, genetic practices,
and bioinformatics tools have been utilized to increase a deeper understanding of the cattle
genetics not only to increase livestock numbers, which increase the production of desirable
cattle that yields high economic profit, but also open new opportunities for novel human
therapeutics.

2. Breeding

One of the oldest methods for desirable cattle production involves breeding both close
breeding and outbreeding (Figure 3). A popular and effective method of outbreeding,
known as crossbreeding, involves breeding animals of pure breeds within each generation
to produce desired animals. There are two main categories that fall under the crossbreeding
umbrella: terminal‐ and rotational‐crossing. Terminal‐crossing is utilized more for meat ani‐
mals and not dairy animals as it does not involve the progeny of breeding, but rather is
slaughtered for commercialized meat. Whereas rotational‐crossing involves the breeding of
two breeds and utilizing the female offspring to breed with a sire of a different bred. The
female offspring of this breeding sequence is introduced to one of the two breeds used in
the original breeding scheme [1]. These techniques are particularly important when seeking
heterosis. Heterosis is the improvement or enhancement of a specific trait that involves three
types of improvement with respect to fertility: individual affecting the calf, maternal affect-
ing the dam, and paternal affecting the sires. Individual heterosis increases live births and
postnatal calf survival, while maternal increases conception rate, birth rates, and other eco‐
nomic traits such as milk product [2].

Figure 3. Types of cattle breeding methods.
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These techniques are important in producing genetically desirable cattle to improve economic
stimulating traits, but novel techniques are being studied to further the progression and
overcome variables in increasing cattle. As previously stated nutritional management has been
a means of sustaining current cattle numbers, but what if the nutrition in itself becomes an
issue of calf abortions and still borns? This is an issue that is not new to those who raise cattle
in the archipelago of the Azores. The Azores are made up of nine volcano‐derived islands
centered in the Atlantic Ocean roughly 2454 km from the coast of the United States and 1600
km from Portugal [3]. Bovine population and production are a vital source of economic stability
for the archipelago with products ranging from butter, milk, and cheese to meat supplies for
commercial fast food chains. Unfortunately, the Azores face two debilitating periods within
the year where animal product is limited due to lack of grass growth. Cattle owners are forced
to supplement their cattle with a native invader plant as an alternative feed, of which contains
Pittosporum undulatum [4]. The compound Pittosporum undulatum can have a negative effect on
an animal’s immune, endocrine, and reproductive system, thus becoming a problem with cattle
production even though it is a means of sustaining the current cattle population. A recent study
(2016) performed at the University of the Azores provided an in‐depth understanding of how
this compound can directly affect embryotic development through coculturing with bovine
granulosa cells (Figure 4) [5].

Figure 4. Depiction of ovarian follicle. The granulosa cells utilized in the previously discussed section of coculture uti‐
lized these cells that form the membrane granulose. Retrieved from: https://en.wikipedia.org/wiki/Ovarian_follicle#/
media/File:Gray1164.png.

3. Coculturing

The idea behind coculturing cells with embryos allows for researchers to evaluate not only the
progression of embryotic development, but also pinpoint interactions between the two entities
to establish a better understanding of what cause and effects are taking place. Bovine granulosa
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cells play a vital role in in vitro maturation (IVM) of coculture with oocytes as well as the
development of embryos derived from in vitro fertilization (IVF) [6]. Granulosa cells express
growth factor kit ligand (KL), which assist in follicular development and directly effects
oocytes whenever gonadotropins, FSH‐ and LH-specific levels are present [7]. Through
quantitative RT‐PCR and specific primers one can analyze the gene expression level of KL. In
the case involving Pittosporum undulatum previously mentioned, the study did not utilize RT‐
PCR, but rather relied on the expression of blocked embryo development. The idea behind the
study at the University of the Azores stems from this hopeful possibility of understanding how
and when embryotic development is affected when Pittosporum undulatum is present, which
can have a relationship with KL production of the granulosa cells. The study showed that
embryos cocultured with granulosa cells collected from cattle that were fed Pittosporum
undulatum demonstrated higher embryo blocking when cocultured granulosa cells as opposed
to the control group that were not exposed to the same feed (Figures 5 and 6).

Figure 5. Rates of development embryonic in vitro of experimental and control groups.

3.1. Cells and transgenic techniques

Another interesting factor in applying cocultures with cells involves genetics directly by
creating transgenic animals. A transgene is a genetic material that is naturally transferred from
one organism to another through genetic engineering, which can change the genotype and
phenotype of the transgenic organism. This process utilizes newly fertilized cells that are
isolated and injected with specific DNA, the egg is then transferred into a host mother where
it is able to develop into an embryo. Currently, a new method involves the removal of the
nucleus from one egg and replaces with the nucleus of another cell; this is commonly known
as nuclear transfer. This allows for complete transfer of genetic information of the donor cell
into the recipient. Further yet the cells may be genetically modified with a laboratory before
being transferred to the host. This type of cellular genetic transfer was conducted at the
University of Georgia (Athens, Georgia) focused on the production of transgenic bovine
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embryos through a granulosa cell theater [8]. This allows for the development of genetically
desirable cattle through selection of genetic enhancement which can increase specific pheno‐
types of economically pleasing cattle. The study conducted at the University of Georgia
showed that bovine granulosa cells can transfect desirable genes in vitro without negatively
affecting embryo viability; essentially bovine granulosa cells are potentially useful passage
cells to establish nuclear transfer of gene cloning [8]. Transgenic animals can add an advantage
to the human therapeutic industry by providing preclinical theatres for vaccine production
and tissue growth for human use.

Figure 6. Picture of bovine granulosa cells utilized at the University of the Azores. Photograph taken by Dr. Helder
Nunes at the University of the Azores.

3.2. Cells and cryopreservation advancement

Further evidence suggests that the use of various bovine cell lines can assist in the cryopre‐
servation of bovine embryos. This becomes essential when one applies genetically desirable
crossbreeding in vitro to create embryo offspring in numbers, especially with the current
technique of offspring sex selection. Studies show that cell culture systems with bovine oviduct
epithelium cells (BOECs) can be utilized in vitro to increase embryo robustness [9]. BOECs are
comprised of ciliated and nonciliated (secretory) cells. The ciliated cells aid in moving the ovum
away from the ovary and toward the uterus, while the nonciliated cells release secretions
needed to lubricate, provide nourishment, and protection for traveling ovum. Furthermore, it
has been proven that BOEC can have a direct effect on embryo development when present
during the first 4 days or the last 4 days of development by accelerating blastocyst develop‐
ment [10]. Prior to cryopreservation the bovine oocytes are matured and fertilized in vitro in
culture medium supplemented with serum, as its presence provides a beneficial environment,
such as energy substrate, amino acids, vitamins, and growth factors. The serum has a biphasic
effect on embryonic development, on the one hand by inhibiting the first division, and on the
other, by encouraging the development of blastocysts [11]. Thus, the use of BOECs and its
metabolic entities with bovine embryos in simple medium can aid in furthering the embryo
environment into a rich maturation media. The use of BOECs in a culture system with embryos
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has not been exhausted and has not been studied in the comparison of “fresh” embryos and
cryopreserved embryos. Second, according to Jang et al., it is highly recommended that BOECs
be studied to investigate the specific mechanism of their actions with the development of
embryos as well as provide a complete analysis of the somatic cell coculture system that
supports high development rates in vitro as well as a potential increase in viability rates in vivo
in both fresh and frozen embryos [12]. According to Schmaltz-Panneau et al., the mechanisms
of BOECs have not been clearly clarified, but evidence shows that in vitro coculture of bovine
embryos with BOECs can mimic the maternal environment which can improve the develop‐
mental quality of the embryo [15].

Previous studies suggest that tissue inhibitor of the enzyme metalloproteinase‐1 produced in
BOECs possess embryogenesis‐stimulating activity, while another study demonstrated that
BOECs contained luteinizing hormone (LH) receptors that are functional in increasing the
synthesis of oviductal glycoprotein, which can increase the development of early embryos [13].
BOECs also control oxygen levels within the embryo environment, which is a vital factor is
embryo success. To assist with embryo and maternal communication oviduct‐secreted proteins
(OSP) create a pathway for this communication as well as the maintenance of environment for
successful embryo development [14]. There has been a progression in identifying many OSP,
but two antioxidant enzymes seem to play a major part in continued embryo development:
copper, zinc superoxide dismutase (Cu, Zn‐SOD), and phospholipid hydroperoxide gluta‐
thione peroxidase (GPx‐4) [14]. The metabolic exchange between SOD and GPx‐4 maybe the
explanation for the increase in the blastocyst rate of embryos when BOEC is present due to the
gas regulation during development. BOECs also regulate the secretion of embryotrophic
factors such as growth factors, component C3, oviduction, and osteopontin. The osteopontin
protein is believed to have a direct effect on spermatozoa, oocytes, and embryos [15]. Osteo‐
pontin was first identified in the mineralized matrix of bovine bone, but it is also present in
the testis and epididymis in males as well as within the female reproductive tissues including
the oviduct. Further investigation of osteopontin determined that this protein is capable of
enhancing bovine cleavage and blastocyst rates in culture [15]. This information sparks the
question if a better genetic understanding of this occurrence is understood could researchers
essentially pinpoint and modify this communication between embryo and its maternal
surrounding (whether natural or synthetic) to aid in the fight against bovine miscarriages and
to progress in successful postcryopreserved embryo development rates once they are intro‐
duced into carrying host. One way of using this information regarding cellular interaction is
to understand the genetic phenomena that occur during specific phases of cellular expression.
Another is to utilize this advancement in embryo cryopreservation in order bank transgenic
embryos.

4. Genetic mapping

Improving genetic understanding and innovative techniques have long evolved since the first
recorded line of breeding performed by Robert Bakewell and the first freezing of semen in
1949. In 2001, genomic selection and genetic mapping became a popular method in improving
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livestock genetics. Identifying and cloning genetically desirable traits can create a robust
mapping of bovine genes. Genetic mapping is essential for researchers to identify where genes
are located and how they function within cells and overall how it effects the phenotype of
cattle. Genetic mapping of humans and cattle alike plays crucial roles in understanding
chromosomal rearrangement through evolutionary progression. The understanding of cattle
genome can shine a light on evolutionary changes but can also illuminate a path to pinpointing
and selecting desirable and marketable phenotypes. Since it can be extremely costly to select
specific desirable animals, it is beneficial to start the process as early as possible which makes
embryo production of selective cattle not only more cost efficient, but also effective in ensuring
that the trait is carried within the genetic information of the embryo.

4.1. Synteny mapping

A common approach to developing a genetic map is that of synteny mapping which utilized
somatic cells. Synteny refers to two or more genomic regions within a set of chromosomes
within a species that show evidence of deriving from one ancestral genomic region [16].
Synteny mapping consists of a method utilizing a generated list of well conserved genes,
known as syntentic blocks, which are associated with the same chromosome for a specific
species; whereas conserved synteny describes the location of homologous genes on the same
chromosome, but for two different species [17]. Somatic cells are the primary component of
synteny mapping, and they are living mammalian cells that are not gamete cells (i.e., ova
and sperm cell) such as those that make up bones, organs, and blood cells. Theoretically,
any gene product or sequence can be successfully mapped using the synteny method as
long as the presence (or absence) of the gene of the species in question can be challenged
against the fully retained rodent genomic background (through hybrid somatic cells) to con‐
firm whether a concordance or discordance for the location of two genes is located on the
same chromosome [17].

4.2. Bioinformatics and genomic selection targets

Today bioinformatics friendly programs such as BLAST are used to identify specific regions
with similar genetic sequences for better understanding of characterizing organism and bio‐
logical discoveries. Specific sites such as bovinegenome.org provide search and annotation
tools to support bovine genome and those researchers seeking to expand bovine genetic
mapping . Studies such as those conducted by Homer et al. touch upon genetic solutions to
the increasing problem with milk production. Poor expression of estrus is considered to be a
contributing factor to poor dairy cow fertility; by identifying where the genetic issue lies,
Homer and his team believe that they can identify which cows display higher expressions of
estrous, as well as identify the genetic issue associated with this lack of expression [18].

From a traditional standpoint, dairy cows are bred based on simple breeding selection, which
primarily depends on the sire‐side with the aid of worldwide semen distribution through
artificial insemination. The use of genomic selection is used in dairy cattle to overcome
limitation of traditional selection due to health and fertility problems. Genomic selection for
dairy cattle owners becomes beneficial when comparing costs, reproduction, and generation
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cycles associated with traditional breeding using progeny testing. There are two ways one can
use genetic selection for breeding: one way is by preselecting young bulls to test or the other
option involves selecting the bull based on already available genomic information, thus the
use of genetic selection for future dairy cow reproduction can have a major positive impact on
the dairy industry [19]. As for beef, cattle selection of desired animals is based on the targeted
market, and due to the large population of beef cattle and lower accuracy of beef cattle genetic
markers, the idea of using genetic selection is not as desirable and economically pleasing as it
is for dairy cows [20].

5. Conclusion

Conventional breeding involves hundreds of unidentified genes, which require continued
advancement in modern molecular biology with gene mapping. By identifying and isolating
specific genes to create transgenic animals, as well as with the aid of cells to advance the
understanding of environmental influences and their ability to improve cryopreservation of
genetically desired embryos. Through better understanding of cellular interaction and genetic
traits, researchers seeking answers for issues regarding animal reproduction can ultimately
find solutions to not only maintain stable offspring numbers, but also produce genetically
desirable progenies.

As mentioned, new phenotype genetic selection along with easier transfer of genetics can
answer the social demand of meat and dairy products through preferable phenotype produc‐
tion. In the future, the dairy and meat industry will be faced with higher populations and not
enough cattle products to sustain the increasing populace, as such the need for faster repro‐
duction cycles and robust dairy cows will be necessary to meet demands. Future researchers
are urged to expand their knowledge of the cattle genetic map, which allows for a better
understanding not only of possible genetic selection for breeding purposes, but also aids in
understanding the human genome itself. This is especially true when focusing on reproduc‐
tion, when considering both human female and a cow, the only difference between the two is
the length of the estrus cycle. Further studies on genetic relation to estrous expression can not
only aid cattle owners in effectively increasing cattle head but also can aid in human infertility‐
related research as well.

A future capability of cellular participation in innovation is endless. Here a very small number
of potential uses of cells for genetic selection are briefly introduced. There are numerous uses
of cells to expand our knowledge of veterinary genetics. Even though cells house the infor‐
mation that makes everything what it appears to be, research progression in biotechnology
has opened a portal to understanding how these fragments of information function and (to an
extent) how to manipulate them to better understand their capabilities in creating their natural
end product. A global perspective cells are minuscule in size but hold an enormous amount
of information and material for researchers to utilize the information for animal and human
therapeutic innovation.
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Abstract

Since the dawn of horse domestication, coat colors have always fascinated humankind. In 
the last century, knowledge of genetics and development of scientific tools have become 
powerful enough so that the effects of many DNA mutations could be critically studied. 
Coat color nomenclature varies according to countries and breed associations; in addi‐
tion, many factors can modify the color of the coat, such as sun exposure, age, sex, and 
nutritional status of the animal. Nevertheless, horses are capable of producing only two 
pigments. Several genes have been indicated as putative to coat color modification, alter‐
ing the basic color by dilution, redistribution, or lacking of pigments.

Keywords: horse, genetics, coat color, alleles, DNA

1. Introduction

Nearly 6000 years ago, an extraordinary event would change the course of human history: the 
domestication of horse, which began in the region known today as Kazakhstan [1], in Central 
Asia. Initially looking for food and materials for making clothes and tools, the primitive man 
had also found an ally that would provide relatively fast transport, and later an important 
instrument of war, agriculture, and trade. Still later, this partnership would inaugurate a new 
concept in supportive therapy for people with special needs, limited physical abilities [2, 3], 
and scientific research.

The horse ancestor, Hyracotherium (also known as Eohippus), dates from the Eocene period [1] 
(about 55–35 million years BP=before present, for modern archaeologists) and lived in the 



northern hemisphere; the genus Equus appeared later in North America and migrated to 
Asia in the Pleistocene [1] (about 2.6–0.12 million years BP). It is believed that the wild coat 
color (more frequently from occurring in nature; “general rule”) of the first horses was a light 
brown body (ranging from yellowish to light brown) with dark mane, tail, and limbs plus 
a dominant dilution called dun (characteristic marks and dilution of the body color); this 
phenotype apparently provided satisfactory camouflage against predators. At the end of the 
Pleistocene and early Holocene, appaloosa and black coats were already existent [4] in primi‐
tive herds.

Throughout horse’s history, appearances of different phenotypes were promoted by genetic 
mutations. Such different phenotypes became more frequent when equine populations faced 
climatic and geological events of major proportions. For example, appearance of black horses 
at the beginning of Holocene in Europe (eastern and central regions) and Siberia could mean 
that there was a postice age migration and subsequent selection due to increasing foresting of 
areas. Reducing the space occupied by a given population would have led to departing from 
Hardy‐Weinberg equilibrium (principle of gene balance) [5, 6] and the chances of mating 
between individuals carrying mutations increased, providing the birth of homozygotes for 
features that were previously not expressed in the phenotypes. But it was only with domes‐
tication, and later, when horse breeding was established in primitive societies (confinement 
of an equine population in smaller spaces with restricted matings; slaughter of undesirable 
individuals, as male offsprings and other stallions) that an explosion of new colors began. 
Black and chestnut horses became more frequent in the Copper Age, and it was not until 3000 
years BP, at the beginning of the Bronze Age, that today’s most widespread‐diluted coats 
appeared [4].

It is also important to mention that at the time the horse was the main means of transport 
by land, different colors draw the attention of people holding some kind of power (politi‐
cal, financial, or religious) such that many understood that riding striking‐looking animals 
would also represent the power those people possessed. As the Australian poet Pamela “Pam” 
Brown wrote:

“The horse is the projection of people’s dreams about themselves—strong, powerful, beauti‐
ful, and it has the capability of giving us escape from our mundane existence.”

Thus, kings, tribal chiefs, senior military ranked officers, noblemen, emperors, and the great 
conquerors were generally seen mounting horses of exquisite colors, which distinguished 
them from the common people. Those powerful ones usually rode stallions, and so it becomes 
easy to understand the spread of these mutations in relatively reduced timespan: a mare pro‐
duces, even considering the advances in reproductive biotechnologies of today, much less 
offspring per year than a single stallion can produce by the same time.

Nowadays, various breeds are known to have impressive looking animals (although aiming a 
performancer), either through changes in the hair structure (such as the magnificent metallic 
sheen of the Akhal‐Teke or the curly hairs of the Curly breed), or through different meshes 
and patches scattered over the horse’s body. Usually, the colors with greater visual appeal‐
ing are those originating from the combination of several mutations that lead to the localized 
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absence of pigment producing cells, contrasting with areas of intense and darker colors. Some 
of these mutations deliver somewhat unpredictable effects but still have great visual appeal.

2. Basic concepts

Since the dawn of horse domestication, coat colors have always fascinated mankind. However, 
it was not before a century ago that the knowledge of genetics and the development of scien‐
tific tools have become powerful enough so that major changes could be identified and their 
effects better understood.

Much of the confusion arising when the purpose is naming a coat color refers to the fact that 
not always this classification is in accordance with the genetic origin of the color or colors in 
question. For example, a very dark stallion mistakenly registered as dark brown, could be, in 
fact, a very dark chestnut. Another extreme example would be the presumed occurrence of 
a third allele at the Extension locus (other candidate locus might be the beta defensin locus 
[7]), relatively rare, called dominant black (represented as ED) [8]; considering expression 
of only Extension and Agouti loci, such allele, when present, would determine an entirely 
black phenotype, regardless of the existence of the dominant allele agouti (AA) on the ASIP 
locus (which encodes a bay phenotype in eumelanic horses). The important information 
about dominant black here is, no matter the intensity of the black (some could display even 
a near‐black brown) color on a dominant black horse, it completely overrules the ASIP locus 
expression.

Another example would be the genetic difference between roaned (sparse white hairs inter‐
mingled with the basic color) and the true roan (sparse white hairs intermingled with the 
basic color, while maintaining solid mane, tail, limbs, and head): While no specific locus (or 
loci) has yet been determined for the roaned trait—in fact, it may even be not an inheritable 
characteristic [9]—the true or genetic roan is clearly documented as a dominant mutation in 
the KIT (KITR) [10] gene.

Additional difficulties on identification arise when considering:

Different classifications according to each breed standard. Different nomenclatures for the 
same coat color are not rare, depending on different countries, or regions within the same 
country. For example alazão sopa de leite (Southeastern Brazil), baio ruano (Southern Brazil, 
Uruguay, Argentina, and other Spanish‐speaking countries), and palomino (USA and other 
English‐speaking countries) are different names standing for the same genotype, which in 
time codes for a yellowish coat color with lighter mane and tail.

Subjective perception of a particular shade—for example, mahogany bay, dark bay, light bay, 
blood chestnut, liver chestnut, chocolate palomino, and jet black.

In fact, for some colors the expression of many genes plus external influences and individual 
factors (such as animal’s age, time of year, insolation, and nutritional status) can make it 
somewhat difficult to identify a horse’s color. A classic example is a black horse kept outdoors 
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all summer long, which causes a “fading” effect on coat color, making it easily confounded 
with a dark brown horse to the eyes of an unaware observer.

To really understand the genetic basis of coat color in horses, it is necessary to first under‐
stand some basic precepts. Because of empirical observations and secular traditions, it is not 
always easy to accept some of these key concepts:

Even though a wide range of nuances are noticeable in coat colors, and even considering the 
different classifications according to racial standards and individual assessments, the mela‐
nocytes of the horses are able to produce only two types of pigments [11]: eumelanin (black 
pigment) and pheomelanin (reddish pigment). Melanocytes are cells with dendritic exten‐
sions, originated from the embryonic neural crest and in which melanogenesis takes place in 
specialized organelles called melanosomes [12]. From these two pigments and the influence 
of several other genes [13], all variations of colors observed in the horse coat color are pro‐
duced. For melanogenesis to happen, specific enzymes are required in melanocytes, being 
tyrosinase the one responsible for the initial step in the melanogenesis process, converting the 
amino acid tyrosine into a compound called dopaquinone [11].

The important matter herein is the definition of “points” of a horse. These mean manes, tail, 
and lower part of limbs and to some scholars, the inner line of the ear. For the identification 
of coat color it is very important to understand the concept of “points,” as this is the first 
step to identify the color genetics: horses may have black points or points of the same color 
of the rest of the body (in some cases there can be variation on shade, though the color is the 
same), in the case of a nonblack horse. By points of the same body color we mean they are 
usually yellowish or reddish, but may also be dark brown (if the horse is brown). Knowing 
the horse’s points color will provide the differentiation between horses producing eumelanin 
(black, dark pigment) from those producing only pheomelanin (reddish pigment). That is, 
horses with black points, independent of the rest of the body color, have at least one dominant 
allele at the Extension locus: EE. Animals with points of the same color as the rest of the body 
(except in cases of entirely white horses) have a double dose (homozygous) of the recessive 
allele at the Extension locus: EeEe, meaning it is impossible to them to produce the black pig‐
ment eumelanin [14, 15].

The white in the coat of a horse is always superimposed on the basic coat color. The horses 
are primarily colored, being capable of producing pigment all over the body, and any and 
every white in the equine species is derived from a genetic directive that prevents color 
development due to the absence of melanocytes in that part of the body [16], and not to 
the lack of pigment production by melanocytes. Whether it is the meshes of a tobiano, or 
the entirely white body of an extensive expression of a white spotted, this means that in 
these areas there are no melanocytes. The same goes for the common white marking seen 
on the face and lower portion of horse’s limbs (e.g., markings commonly found on the head 
as “star,” “stripe,” and on the limbs as “socks”). Such common marking is also due to the 
absence of melanocytes in the white hairs regions and has polygenic origin influenced by 
other random factors [13].

Once understood these fundamental concepts, one may proceed to the study of the genetic 
basis of the several coat colors.
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3. The three basic colors

Three basic colors, built from the two pigments produced by horses, are derived from the 
interaction of two genes: melanocortin‐1 receptor (MC1R) and agouti signaling protein (ASIP) 
[14]. These colors are bay, black, and chestnut. The influence of other genes (for example, dilu‐
tion genes) determines the variations of each of the three basic colors [13].

‐MC1R gene: The dominant allele (EE) determines the production of eumelanin; the recessive 
allele (Ee) determines the production of pheomelanin. The MC1R gene encodes the produc‐
tion of a protein called melanocortin‐1 receptor, which plays a pivotal role in the pigment 
production process. This receptor is located on the surface of melanocytes. When activated by 
melanocyte stimulating hormone (MSH), it triggers a series of chemical reactions within the 
melanocytes, leading to production of eumelanin. In fact, melanocytes are capable of produc‐
ing both eumelanin and pheomelanin, but when the animal has the EeEe genotype, what hap‐
pens is that the receptor is defective, making it unable to properly transmit the information 
passed by MSH, thus leading to production of pheomelanin only. The net result of the forms 
of this gene is therefore an animal with a black coat when there is at least one dominant allele 
(EEEE or EEEe), or a chestnut horse (reddish color) when homozygous to the recessive allele 
(EeEe). The recessive allele (Ee) is a mutation of the wild form (EE), which occurred about 7000 
years BP [1].

‐ASIP gene: the dominant allele (AA) encodes production of a protein called agouti signaling 
protein—hence the gene’s name—which has the ability to block the melanocortin receptor 1 
in existing melanocytes in the body (but not in the points) of the horse. When the receptor is 
blocked, there is no stimulus for the production of eumelanin (as explained above), and only 
pheomelanin synthesis occurs. Therefore, an eumelanic horse (EEE‐) with a dominant allele 
at the Agouti locus (AAA‐) yields a bay horse—a horse with a reddish to brownish body color 
and black points. About 8000 years BP [1], a recessive mutation occurred in the ASIP locus, 
yielding black color throughout the entire body of the horse. For this to happen; however, two 
doses (homozygosity) of the recessive allele are required: AaAa. An interesting fact is that the 
agouti signaling protein is effective only in eumelanin‐producers horses (i.e., whose genotype 
is EEEE or EEEe). As in chestnuts (whose genotype is EeEe) melanocortin‐1 receptor is defective, 
the protein has no effect.

As a net result of the interaction of MC1R and ASIP genes, we have:

Genotype EEE‐ AaAa = black horse. It is a very common color in the Percheron breed, and valued 
when having white markings in some other breeds. Some breeds, such as Friesian admit only 
black animals. Note that a superscript dash character (‐) along with the locus letter (as in EE E‐) 
does not mean “negative,” this dash means that the allele occupying that locus is unimportant 
to the phenotype.

Genotype EEE‐ AAA‐ = bay horse, comprising all its variants regarding shades: Light bay, dark 
bay, blood bay, mahogany bay, etc.; in South American countries, a bright red bay is called 
colorado; a faded shade of colorado is called douradilho. There are two more alleles (so far) 
possible to exist at this locus: A+ for wild bay (a bay where black on the limbs is restricted to 
the region below the fetlocks) and At, which would be responsible for the near black coat 
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color with conspicuous lighter regions. These lighter areas are tan or reddish, and should 
not be confused with the mealy modifier (Pa+), a dominant trait that affects all the basic coats, 
causing paler areas around the eyes, muzzle, distal part of limbs, and underside the body. In 
Latin America countries, this variant is known as zaino (causing many mistakes by the time 
of breed registry); in English‐speaking countries they are called seal browns.

Genotypes EeEe AAA‐ or EeEe AaAa = chestnut horse. This means that bay is, in fact, hypostatic to 
chestnut, that is, the dominant allele in the locus Agouti (AA) is masked by the homocigosis of 
the recessive allele in the Extension locus (EeEe). In other words, EeEe results in chestnut horses 
regardless that alleles are present in the ASIP locus.

Although recessive homozygous alleles at the MC1R locus encode always pheomelanic ani‐
mals, each country (and regions within the same country) has its own designation based solely 
on phenotypic shade of red in the coat. For example, in Spanish and Portuguese‐speaking 
countries, there is the alazán, tostado, and ruano, each one becoming even more detailed when 
more variants are perceived on the basic shade. Examples: Tostado negro, tostado requeimado, 
alazán sangre, and alazán tostado. In some English‐speaking countries, the term chestnut defines 
a darker red horse, while sorrel would be a lighter colored red horse. Some breed associations, 
such as the American Quarter Horse Association (AQHA) use this distinction as a rule. Some 
breeds, namely the Suffolk Punch and the Haflinger admit only chestnut or sorrel animals.

As for breeders of draft horses, sorrel would be applied to a chestnut horse carrying the mealy 
modifier.

Once determined which pigment(s) is (are) produced by the horse and understood the rela‐
tionship between all possible alleles in genes MC1R and ASIP, it is possible to understand the 
effects that other alleles, at other loci, yield over the three basic colors.

4. Diluted colors

Occur when proteins encoded by specific genes alter amount of pigment or deposition of pig‐
ment in receiver structures (keratinocytes and hairs). The effect is a dilution in the intensity 
of the original color.

4.1. Dun

(gateado, in Latin American countries): This is perhaps the oldest dilution, better known by 
the so‐called primitive marks. It is believed that it was present in the primitive herds, being an 
effective camouflage against predators (Figures 1 and 2). Thus, the genotype notation would 
be the wild‐type D+ D‐. It is a consistent coat color in the Tarpan (Equus ferus ferus), Przewalski 
(Equus przewalski), and breeds like Konik (only grullos, black animals with the dun dilution), 
Sorraia, Fjord, and Dülmen.

The first mutation encoding a nondun phenotype occurred about 45,000 years BP, that is, predat‐
ing domestication of horse. This phenotype retains the primitive marks, though a little lighter 
than the wild type. Evidences suggest a second nondun mutation originating from a chromosome 
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carrying the first nondun mutation and that would have happened only a few thousand years 
ago; this is consistent with selection to colors with no camouflage at the time of domestica‐
tion [17]. The dun effect over the basic colors—no matter how many dominant alleles are pres‐
ent—is a dilution of body color but not of head and points color, and the primitive marks, being 
the dorsal stripe the more consistent and best observed one. Primitive marks vary in extent and 
intensity. They are called so because are displayed in breeds considered primitive, though not 
limited to. They consist in darkening of coat on some body parts, forming recognizable patterns:

⁻⁻ Cob webbing: These are thin darker stripes on the horse’s front. It has radial orientation, 
hence the name cob webbing or spider webbing. It is not visible in all duns, being more vis‐
ible in grullos (black animal carrying the dun dilution).

⁻⁻ Shoulder stripe: A shadow or stripe of darker hairs running distally from (and over) the 
withers. It may vary in color intensity, shape, and extent.

⁻⁻ Zebra stripes, stripped legs or leg bars: Horizontal stripes appearing on the carpi and hocks, 
varying in number and color intensity. These are not always seen. In grullos they are usu‐
ally black or very dark colored.

⁻⁻ Dorsal stripe: This is the most common mark on the dun dilution carriers. If a horse 
lacks the dorsal stripe, then it does not have the dun factor. It is a dark stripe clearly 
distinct from the rest of the coat, extending from the poll to the dock of the tail on the 

Figure 1. Dun (gateado, in Latin American countries): the oldest dilution factor.
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dorsal line. Some horses not carrying the dun dilution may display a dorsal stripe, 
though this is less clear and lighter, and often subject of controversy. Whether this 
type of dorsal stripe is due to the first of mutations in wild‐type allele [17], remains 
to be cleared by future researches.

⁻⁻ Facial mask: It is the undiluted color on the head coat. It varies in size, from a small band 
over the bridge of the nose or forehead to an entire undiluted head coat.

⁻⁻ Guard hairs (sometimes called frosting) are lighter colored hairs growing on the edges of 
the mane and at the tail base. A good example is the Fjord breed. Despite having different 
characteristics, care should be taken to not confuse guard hairs with those found on the 
tails of roans (genetic roans or not) and rabicanos.

There are some primitive marks that are not observed in all horses carrying dun, or slightly 
observed, or observed only during the first months of life. Such marks are not characteristic 
nor they attest the presence of the dun factor by themselves; often they are not even present 
in all duns. These appear as:

⁻⁻ Dark bands perpendicular to the dorsal stripe (barbs off the dorsal stripe) that may extend 
variably toward the ribs;

⁻⁻ Shading on the neck (neck shadow), which can vary from a well‐defined mark to only a 
shadowing;

Figure 2. Dun markings as zebra and shoulder stripes are shown in more detail. Source 1 and 2: Mr. Jose Victor Isola.
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⁻⁻ Small dark marks (roughly the size of a pea) called mottling, on the stifle, legs, shoulders, 
and arms;

⁻⁻ Dark bars on the ears, occurring below a dark tip of the ears (upper third of the ear, caudal 
view), which are observed in most duns;

⁻⁻ Zippers, a thin longitudinal line of lighter hairs along the shins;

⁻⁻ Bider marks—a dark band or shadowing varying in shape and extent on the shoulder, 
identified so far only in some horses from Mongolia [18].

The nomenclature question when it comes to dun dilution colors, is somewhat complex due 
to different countries and breed registries where it is permitted. In Latin America countries 
these animals are called gateados preceded or succeeded by a term that identifies the underly‐
ing coat. In North America they are called linebacked duns, a clear reference to the typical dor‐
sal stripe of the dun dilution. A wide range of terms is assigned to the various nuances caused 
by dun on basic coats and other dilutions. Interestingly, often two or more nuances, despite 
having different names, actually have the same genetic signature.

Until a few years ago, the gene responsible for the phenotype dun was unknown; it was 
known only about its autosomal mode of inheritance and complete dominance. Thus, it has 
been represented by the capital letter D, and the possible alleles as + (wild) and nd (mutant 
allele, not dun); with the recent release of the locus responsible for dun dilution, and possibly 
new genetic tests that will determine the type of mutation (nd1 or nd2) [17], this notation 
might be amended.

The net effects of dun on the basic coats are as follows:

⁻⁻ Genotype EEE‐ AaAa D+D‐ That means a black horse with dun dilution becomes a grullo 
(female: grulla). Grullos are animals of yellow‐grayish coat and black points and head. 
Like all carriers of this dilution, the primitive markings are present. In Latin coun‐
tries they are called lobuno, a clear allusion to the wolf color (“lobo” is the Spanish and 
Portuguese word for wolf). This is one of the most susceptible to seasonal variations 
phenotypes: During winter months, when the coat is denser with longer hairs, the body 
presents an almost uniform and lighter cream color compared to summer months when 
the color can come to a grayish color similar to a mouse color. Obviously, cream and gray 
tones vary individually according to other genes in action, as well as the factors already 
mentioned, such as nutritional status and age. Thus, the lighter shades of this variant in 
North America are designated silvery grullo, olive dun, or slate grullo; the darker shades 
are called wolf dun.

⁻⁻ Genotype EEE‐ AAA‐ D+D‐ This is a bay with dun dilution: In Latin America countries, 
it is called gateado; in North America nomenclature varies greatly, richly describing the 
intensity of the underlying color. Thus we have the golden duns and silvery duns (dun 
on light bay), zebra dun (dun on medium bay), dark dun (dun on dark bay), and coyote dun 
(dun on sooty bay); dusty dun (dun on lighter shades of seal brown), shaded mealy grullo 
(dun on intermediate shades of seal brown—note that mealy and grullo here are solely 
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phenotypic definitions, that hold no genetic match with the real (genetic) mealy and 
grullo), shaded wolf dun (dun on darker shades or sooty variant of seal brown). Sooty is the 
presence of very dark hairs spread over the coat, especially on the dorsal region. Many 
theories offer explanations for its origin and genetic mechanisms, but none has yet been 
adequately proven.

⁻⁻ Genotype EeEe A‐A‐ D+D‐ Chestnut carrying dun: In Latin America countries it is called 
gateado ruivo (something like “auburn dun” or “ginger dun”). In North America, the dun 
on lighter chestnuts (and sorrels) is called apricot dun or sooty apricot dun (for sooty variant 
of sorrel), while dun on tostado (chestnut) ranges from apricot dun or claybank dun (lighter 
shades) to red dun for intermediary and sooty shades of chestnut.

4.2. Cream

Another widespread dilution; results from a dominant mutation in the membrane‐associ‐
ated transporter protein gene (MATP) [19]. The effect over the coat color depends on the 
allelic zygosity—what is called incomplete dominance. It means that homozygosity or het‐
erozygosity of the dominant allele affect differently the phenotype. In the case of cream 
dilution, it happens that homozygosity of the dominant allele affects the phenotype more 
aggressively than heterozygosity. The MATP gene is represented by the C letter by conven‐
tion; this comes from a time when it was thought that a “C” gene (with “C” standing for 
“color”) was responsible for the color over the body, so that double‐diluted cream horses 
lacked the “color gene” and were regarded as albinos. Obviously, the cream dilution had 
not yet been postulated at that time. Additionally, there are different effects of the cream 
dilution over feomelanic and eumelanic horses. Thus, the genotype CCrC acting over phe‐
omelanin will produce cream‐colored hairs, varying from a very light cream color to a dark 
caramel, while genotype CCrCCr will dilute hairs color to an off‐white shade and will dilute 
also the skin color (which will become pinkish); the eyes will have a bluish color. On the 
other hand, the genotype CCrC will have little (if much) effect over eumelanin (black horses 
with one copy of the mutated allele may display a faded black color or, in some cases, a very 
dark brown color), while homozygosity will produce a horse with off‐white‐colored hairs, 
pinkish skin, and bluish eyes. Therefore, we have the following net effect of cream dilution 
on the basic colors:

⁻⁻ One gene cream on chestnut = Palomino, a valued coat color especially when the body 
holds a golden sheen. The body is yellowish ranging from pale yellow/cream to dark 
caramel. Palominos can vary in shade, though manes and tails are usually lighter like the 
horse in the picture. The genetic representation is as follows:

EeEe A‐A‐ CCrC Note that when the Extension locus presents both recessive alleles, any 
combination of alleles at the Agouti locus (A) will not produce any effect on the pheno‐
type: Chestnut horses can only produce pheomelanin.

⁻⁻ Two genes cream on chestnut = Cremello (cremello is the definition given to the horse 
with very pale cream coat color, pink skin, and blue eyes). These animals usually have 
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eye and skin problems when not protected from continuous sun exposure (Figure 3). 
These horses are called salgo (because of the light‐colored eyes) or melado in Spanish and 
Portuguese‐speaking countries. The genetic representation is:

EeEe A‐A‐ CCrCCr Again, any combinations of alleles in the Agouti locus do not produce any 
effect on the phenotype, because EeEe horses are capable of producing only pheomelanin.

⁻⁻ One gene cream on black = Smoky Black (the coat color is usually faded black). In some 
Brazilian regions it is called preto macaco. The genetic representation is:

EEE‐ AaAa CCrC Note that in the Extension locus, only one of the alleles must be dominant 
to produce eumelanin. For the horse to display a black coat over the entire body (i.e., with 
melanocortin‐1 receptors present and responsive to MSH in all melanocytes), it is neces‐
sary homozygosity of the mutant allele at the Agouti locus.

⁻⁻ Two genes cream on black = Smoky Cream, a very pale cream coat, with pinkish skin, and 
blue eyes; however, usually some areas still retain dark pigment—seen like dark hairs 
scattered over the entire body. The genetic representation is:

EEE‐ AaAa CCrCCr Note that, at the Extension locus, only one dominant allele is needed to 
produce eumelanin.

Figure 3. Palominos may vary in shade from a very light cream color like the horse in the picture. Source: Mrs. Albrecht.
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⁻⁻ One gene cream on bay = Buckskin is the name of the animal with black points and yellow‐
ish body, ranging from light cream to dark caramel. In Spanish and Portuguese‐speaking 
countries it is called baio. The genetic representation is:

EEE‐ AAA‐ CCrC Note that, at the Extension locus, only one dominant allele is needed to 
produce the agouti signaling protein.

⁻⁻ Two genes cream on bay = Perlino (very pale cream coat with pinkish skin and blue eyes; 
some areas still retain dark pigment, mainly on the points. Also called melado and salgo 
in Spanish/Portuguese‐speaking countries. The genetic representation is:

EEE‐ AAA‐ CCrCCr In Extension and Agouti loci, it is necessary only one dominant allele to 
produce eumelanin and agouti signaling protein, respectively.

Cream‐diluted coats are highly valued by some breed associations, for example, the American 
Cream Draft Horse.

Because dun and cream loci operate separately, it is possible for a horse to carry both dilu‐
tions. In this case, the colors become even more diluted and an identification based solely on 
the visual aspect becomes more difficult and prone to mistakes.

4.3. Silver or silver dapple

It is a mutation at PMEL17 gene [20] (premelanosomal protein 17), which encodes a trans‐
membrane protein involved in melanosomal production of eumelanin. The mutation pro‐
duces a defective protein, causing a dilution effect on that pigment. Hence, the black color is 
diluted to shades of sepia or chocolate (called silver chocolate in some locations; in Australia it 
is known by taffy) and the manes, tails, eyelashes, and tactile hairs of face and muzzle show 
a grayish to whitish, sometimes silvered color. Limbs can be either whitish or near black 
colored. Usually the coat is dappled, and the more heavily dappled, the more valued it is. 
It is a dominant trait represented as ZZ; the recessive allele (wild, normal, and nonsilver) is 
represented by Z+. The variants are named according to the intensity of dilution; so we have 
the blue silvers, black silvers, silvers chocolate, and silver dapples. In the case of bay horses carrying 
the silver dilution, only eumelanic regions are affected, and so they are called red or bay silvers 
(in Rocky Mountain Horse breed, these are called red chocolate). It is a highly valued coat in 
some countries and quite common in breeds such as the Rocky Mountain Horse, Mountain 
Pleasure Horse, Kentucky Mountain Saddle Horse, and the Icelandic breed. It also appears 
in Quarter Horses, Morgans, and Miniatures. In horses homozygous for the condition it 
has been observed different combinations of symptoms affecting the anterior and posterior 
segments of the eye; such condition is known as multiple congenital ocular abnormalities 
(MCOA) [21–23].

In the same way, the cream and dun dilutions can act together, so when ZZ Z‐ occurs on a 
diluted coat color (by any other diluting gene) the degree of difficulty of color identification 
increases, and cases of mistaken registration due to several concurrent dilutions are not rare. 
For example, a silver buckskins can be easily confused with a Palomino due to the golden color 
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of the body and pale points; silver buckskins usually have lighter skin, which can make them 
superficially similar to some champagnes (another dilution).

4.4. Champagne

A dominant mutation in the SLC36A1 gene (Solute Carrier 36 family A1) showing complete 
dominance [24]. It causes dilution of coat color, sometimes giving it a metallic sheen; it also 
makes the skin to dilute to a light brown color (with many small and darker splotches like 
freckles) and amber eyes. The dilution is represented as ChCh (mutant allele) and Ch+ stands 
for the wild‐type allele, nonchampagne. The net effect on the basic coat colors completely 
changes the original names. Sometimes very clear champagnes are confused with some cream‐
related coats colors due to a very light shade presented in some variants; however, the striking 
characteristics of skin and eyes colors should avoid confusion. Champagne dilution causes 
dilution of the coat color ranging from a very light yellowish to a light chocolate shade with 
varying points colors. The genetic representations are:

EEE‐ AaAa ChChCh+ it is called classic champagne. The color varies from dark beige to light choco‐
late, with points slightly darker than body.

EEE‐ AAA‐ ChChCh+ Champagne on a bay coat. It is called amber champagne. The body color is 
light tan brown or light yellowish brown and the points are usually light chocolate colored. 
Champagne on a seal brown coat (EeEe AtAt/a CChC+) or on darker shades of bay is called sable 
champagne.

EeEe A‐A‐ ChChCh+ This is a gold champagne, often confused with palominos due to the golden glis‐
ten and lighter color. The combination of champagne with a cream allele causes an even lighter 
color, with greenish blue eyes with a hint of amber—these horses are called ivory champagnes.

4.5. Other dilutions

There are other dilutions found hitherto in some breeds (some not yet fully characterized 
from a genetic point of view). Examples are the pearls (dilution similar to champagne), mush‐
rooms (dilution similar to silver, though it affects pheomelanin instead of eumelanin; so far 
found only in Miniatures). Some of these alleged dilutions/mutations have not yet been criti‐
cally studied on a scientific basis. A dilution known as the lavender foal syndrome occurs in 
the Arabian breed and is due to a defective Myosin Va protein, coded by a recessive mutation 
in the gene MYO5A [25], causing severe neurological disorders and very light reddish, almost 
lilac hairs and skin in the neonate. These and other dilutions are an interesting and extensive 
subject, which could easily be the subject of an entire chapter.

5. Coat color modifiers

These genes impose areas of different colors on the basic coat color, modifying the original 
aspect.

Beyond Fifty Shades: The Genetics of Horse Colors
http://dx.doi.org/10.5772/65848

87



5.1. Pangaré or mealy

This is a modifier whose genetic origin is unclear. It makes some areas paler than the rest of 
the body. These are around the eyes, muzzle, underside the body, flanks, and inner part of 
limbs [13]. The name pangaré derives from the observation made in horses of Spanish‐speak‐
ing countries, and is translated into English as mealy. Apparently it is a dominant trait and 
is considered a wild trait, i.e., likely to be present in the original color of primitive horses. It 
is represented by the notation Pa+, with the recessive mutation represented by Panp (standing 
for nonpangaré). It affects all coat colors, with its most dramatic effect seen on the sorrel coat 
color. Generally mealy chestnuts or sorrels (in Spanish and Portuguese, only pangaré) present a 
mane very lighter than the rest of the coat. The body color becomes slightly lighter, although 
pangaré is not considered a dilution factor. In black horses, it renders the coat to a slightly 
lighter or brownish color, easily leading to confusion with the seal brown color; it differs from 
the seal brown primarily due to the shade of the light areas: while in seal brown the lighter areas 
are tan and less extensive, in the pangaré those areas are more extensive and pale.

5.2. Rabicano

Its mechanism of action and genetic control are still unknown [13]. It causes the appearance 
of white hairs scattered on the coat over the rib cage (indeed following the direction of the 
bones), flanks, and tail base. It varies in intensity of expression and may appear as only a few 
white hairs on the base of the tail and sides of the rib cage, to a large amount of white hairs 
over these regions, in this case being easily confused with roaned or a true roan.

5.3. Flaxen

It is a recessive trait with variable expression; when homozygous determines a lighter shade 
(than the body) of the manes and tails (Figure 4). Acts only on chestnuts and sorrels. Its mech‐
anism of action and genetic control are unclear, and it is even accepted to be of polygenic 
nature [13].

5.4. Brindle

Brindle is a very rare color, referred to as vertical dark stripes on any background color [13]. 
Usually, points and head are unaffected and may occur in any breed. It was suggested two 
causes for the brindle in horses [13]: either it is a reorganization of sootiness into vertical 
stripes instead of the usual sooty variant, or it is a chimera; in fact, some animals have been 
proven to be chimeras, resulting from the fusion of two embryos early during pregnancy.

6. The gray case

Gray is a dominant mutation in the gene STX17 [26], Syntaxin 17, represented by the capital‐
ized letter G. It consists in a gradual and progressive whitening of all hairs on the horse’s body, 
but the skin may remain dark for many years. In some cases, such as the Lipizzaners, the skin 
becomes gradually unpigmented as well. When this mutation is present, at every shedding time 
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the original color of the horse will be replaced by white‐colored hairs, even if the underlying 
coat is determined by dominant alleles. Thus, the gene that causes the graying of the coat is epi‐
static, which occurs when a gene at one locus masks the effect of another gene at another locus.

The dominant nature of the mutation implies that any gray horse is required to have at least 
one of its parents being a gray too. Gray horses, especially homozygotes (GG GG) tend to 
develop a type of tumor called the melanoma of the gray horse [27].

Animals are born colored (the color of the original coat) and graying starts around the eyes, 
already during the first months of life. However, total whitening can take years, ranging indi‐
vidually from horse to horse. This mutation leads to an excess of melanin production, and that 
is the reason why gray‐carrying horses are born with vivid darker colors; such a characteristic 
is well observed in the foals whose coat is a jet black, unlike the black foals without the muta‐
tion, who are born a grayish color. This is the reason because some breeders say “blacks are 
born grays and grays are born blacks.”

Many denominations are applied according to different stages of the graying process, varying 
by country: Tordilho medalhado or apatacado (tordilho/tordillo stands for gray in Portuguese and 
Spanish; respectively, the word is derived from “tordo,” a bird whose plumage has a similar 
color) is the same of dapple gray; branco/blanco porcelana is the Portuguese/Spanish equivalent of 
white porcelain/porcelain gray (older grays with depigmented skin contrasting with the white hairs 
of body), tordilho/tordillo vinagre (rose gray), tordilho/tordillo negro (iron gray), and tordilho/tordillo 

Figure 4. A cremello horse has pinkish skin, blue eyes, and a coat of a very light shade of cream. Source: Mrs. Albrecht.
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pedrês (fleabitten gray). It is a widespread color between various breeds such as Thoroughbred, 
Purebred Arabian, Percheron, Andalusian, and it is the only color seen in Lipizzaners.

7. White patterns

Consist of white hairs mixed by or arranged in white spots overlapping the underlying coat; it 
has dominant or polygenic nature and arises from mutations in several genes. The phenotypic 
appearance can vary from one extreme to another, often being impossible to say how many 
and which mutant genes are present without genetic testing. These white patterns should not 
be confused with common white marks present on the face and the lower portion of limbs 
(white markings of small size, limiting white to small patches in the forehead, and white 
lower limbs not reaching carpi and hocks).

7.1. Overo

Overo frame is the name of a mutation in the gene EDNRB [28] (endothelin receptor B), 
represented by the letter O with superscript lw (lethal white). Much confusion has been 
caused due to this gene. Because it does not manifest phenotypically in all horses carrying 
the mutation, it was mistakenly understood as a recessive trait. For this reason, it is known 
as the “ninja gene” or “007 gene.” What happens though, is that Olw has highly variable 
expression, depending on the action of other genes, which makes confusing its mechanism 
of action—It can even crop out in a foal from parents with apparently solid‐colored coats—
in these case, hiding the gene (“ninja gene!”). What is known for sure is that it is a dominant 
mutation capable of amplifying the expression of other white patterns such as Splashed 
White and Sabino.

To breeders and horse enthusiasts, overo is the general empirical name given to animals show‐
ing many asymmetrical white spots of relatively reduced size and jagged edges distributed 
throughout the body (Figure 5); however, only with genetic testing one can be sure that the 
frame gene is present.

Usually limbs are solid (i.e., do not have any white marking) and the head is largely marked 
with white (sometimes called “baldface”). Irregular white spots appear on the sides of the 
body and neck (whence the name “frame”); many overos has the upper lip solid colored and 
blue eyes are common, even when the coat around the eyes is pigmented. Overos minimally 
marked can show only the baldface.

The problem with overo frame is that it is lethal when homozygous, causing the lethal white 
foal syndrome [28]. The medical condition is called ileocolonic aganglionosis and requires 
euthanasia of the foal by the first days of life for humanitarian reasons. It is a pleiotropic 
effect of the mutant gene EDNRB, resulting in faulty areas of intestinal innervation and a foal 
completely (or near so) white colored. Pleiotropy is a genetic condition in which a gene causes 
more than one effect [29]. That is why breeding programs discourage mating of two overos. 
Making use of the Punnet square, a tool that allows simple calculation of outcome probabili‐
ties out of a given mating, the possibility of obtaining a homozygous overo frame (Olw Olw)—a 
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lethal white foal—from the mating of two overos is 25% which is an unacceptable risk both for 
ethical and economical issues.

7.2. Splashed White

At least two loci are identified as having mutant alleles for Splashed White [30]: microphtal‐
mia transcription factor (MITF) and paired box‐3 (PAX3). Three mutations have been identi‐
fied hitherto, SW1 (dominant mutation in MITF gene), SW2, and SW3 (dominant mutations 
in the PAX3 gene). Splashed White causes white spots in a horizontal pattern on the horse’s 
body coat, and these white spots always cross the ventral line. The head is extensively marked 
(the white mark on the forehead and muzzle is quite wide and round and the muzzle is 
usually all white; this is called a “blaze”) and the limbs are white above carpi and hocks. In 
extreme‐marked horses, the head may be entirely white and the body may keep color only on 
the dorsal line. The more copies of mutant genes, the greater the amount of white. Splashed 
Whites minimally marked can display only an extensively marked forehead, nose, and muz‐
zle; limbs can have white only below shins, and usually in the forelimbs.

In Latin America countries, it is called bragado preceded by the name of the main coat (i.e., 
colorado bragado). In English‐speaking countries, it is used splash after the name of the main 
coat, as in bay splash.

Splashed White is widespread among several breeds, including Welsh Pony, Icelandic, 
Finnish Draft, and Paints. It is present in some other breeds, although the respective stud 
books do not recognize and does not register it as a specific characteristic.

Figure 5. Flaxen. Source: Mrs. Albrecht.
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Accordingly to the extent of depigmentation on the animal’s head, it may have blue eyes and/
or congenital deafness. A problem of embryonic death occurs when both PAX3 alleles are 
mutated.

7.3. Roan

It is characterized by white and colored hairs intermingled over the coat in different propor‐
tions only on the horse’s body, not affecting points and head. Sometimes when there is very 
little amount of white, it is confused with roaned, which does not have the same genetic ori‐
gin of the true or genetic roan. Some confusion may also occur between roans and rabicanos. 
Roan is a dominant mutation in the KIT gene [10] (mast/stem cell growth factor receptor; 
v‐kit Hardy‐Zuckerman 4 feline sarcoma viral oncogene homolog), represented by KITR. 
Contrary to what was once believed, homozygosity is possible in living animals and does 
not cause embryonic death. It can occur on any basic coat colors, diluted or modified. The 
nomenclature varies according to the country of origin: in Latin America countries, the word 
rosilho (rosillo in Spanish) is used with the name of the main coat, as in rosilho gateado (a roan 
dun horse), rosilho prateado (chestnut with large amount of white hairs intermingled with the 
basic color; does not means the presence of the silver dilution); mouro is the roan horse whose 
basic color is black. In English‐speaking countries the word roan is used after the main color: 

Figure 6. Overo. Source: Mr. Isola.
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red roan (a chestnut or sorrel roan), blue roan (the roan black), bay roan, strawberry roan, and so 
on (Figure 6).

7.4. Tobiano

Tobiano spotting is another mutation in the KIT gene [31], characterized by white spots in a 
vertical pattern crossing the dorsal line (unlike Splashed White, wherein the spots have a hori‐
zontal pattern and cross the ventral line). It has dominant nature and is represented by KITTo. 
Usually the head is solid or has minimal white marking, the limbs have high socks (white 
mark that reaches the carpi and hocks), and the tail and manes are usually bicolored. The 
maximally marked tobiano may have the body almost completely white (especially if Splashed 
White is present), but keep solid‐colored ears, what is called “Medicine Hat.” On the other 
hand, minimally marked tobianos may display only high socks. In these cases, only a genetic 
test can demonstrate the presence of this mutant gene.

A frequent feature in homozygous tobianos (KITTo KITTo) is the so‐called “paw prints,” “cat 
tracks,” “bear paws” (English), “marcas do perdigueiro” (Portuguese): colored small rounded 
spots arranged in small groups spread over white areas on the horse’s body. Despite the pres‐
ence of these marks be of great help when one wants a tobiano foal, the absence of these marks 
does not mean the tobiano parent is heterozygous.

Tobiano derives its name from Tobias, a Brazilian general who came to Argentina in the mid 
1800s bringing with him soldiers mounted in very odd‐spotted horses. The nomenclature var‐
ies according to country. Moreover, in Latin countries it varies also among countries’ regions. 
Tobiano is used, in North and South America, including Southern Brazil, along with the main 
coat name: tobiano colorado (Portuguese and Spanish), bay tobiano, and black tobiano (English); 
in other regions of Brazil, pampa de baio (or other coat color) is used to designate a buckskin 
tobiano animal with large proportion of white spotting, or baio pampa (or other coat color) for 
the animal with little white spotting.

7.5. White spotted

Formerly known as Dominant White, it is another dominant mutation in the KIT gene [16] 
that holds extensive phenotypic variation. It is characterized by large amounts of sparse white 
hairs with no set pattern, overlapping the adjacent coat. The horses also have depigmented 
skin and dark eyes, and in extreme cases the animal can be completely white being easily con‐
fused with an older gray. When the eyes have colors other than dark brown, there is another 
gene (or genes) acting. White spotted is represented by the capitalized letter W followed by a 
number, which corresponds to the mutation variant [32] (for example, KITW1 and KITw19). There 
are by now 20 known mutations, some of which are derived from spontaneous mutations in 
the gene. It occurs even in the Thoroughbred breed, and some countries such as Australia, 
New Zealand, and Japan recognize and do list these horses as authentic Thoroughbreds.

It has long been discussed the issue of lethal homozygosity (KITW‐ KITW‐), taken as true for a 
long time. This is a debatable question considering that there are living animals whose genetic 
tests confirmed the presence of two alleles W [9, 33].
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7.6. Sabino

Sabino is a common term originated from Spanish‐speaking countries, to designate a coat 
speckled with white hairs that do not form a specific pattern [13]. This definition is based only 
on the phenotype and is generally used to define a white patterned coat that not necessarily 
has the genetic basis of the same name gene.

Sabino (genetic) occurs in two forms: a dominant mutation in the KIT gene named Sabino‐1 
(KITSb1 KIT‐) [34]. This variant, when homozygous, causes much more white on the body 
(incomplete dominance). The second form has a polygenic mode of inheritance [13] and 
results in horses completely white or near so. The eyes may be blue or dark brown. A typical 
sabino feature is the roaned edges of the white spots. White spots with these characteristics 
are common in the belly and intermandibular space. The appearance of sabinos may vary 
greatly from only common white marks on the limbs with roaned edges, to a whole white 
animal with very little pigmentation, whence it is called “the everything gene.” This renders 
identification of the underlying coat color, whether or not there is expression of other white 
patterns, practically impossible without genetic testing or at least, extensive knowledge of the 
genealogy of the animal in question.

Usually the coat name is followed or preceded by the word “sabino:” Colorada sabina 
(Portuguese and Spanish); bay sabino (English).

An interesting fact about KIT mutations is that only two mutations can be presented in the 
KIT gene in a particular animal, since there are only two copies of the gene in every horse; that 
being understood, it becomes easy to see why we will never have one “white‐spotted red roan 
tobiano” (it would require three KIT gene copies) or a homozygous tobiano roan.

7.7. Appaloosa

Characteristic coat color of the homonymous breed and frequent color in breeds like 
Knabstrupp, Miniatures, Noriker, and others. It is a white pattern with symmetric white 
patches. Appaloosa is the generic name of the leopard complex; “complex” because all pat‐
terns in this color are genetically related, and “leopard” because of the most distinctive 
feature observed: the round‐colored spots on a white area, varying in extent over the ani‐
mal’s body. It is caused by a mutation in the gene TRPM1 (transient receptor potential 
cation channel, subfamily M, member 1) [35]. It shows incomplete dominance, represented 
by LpLp. The most common appearance is a variable solid‐colored anterior part of the body 
and the remainder covered by white (which is called white cap blanket or snow cap blanket), 
which may or may not display spots, depending on the genetic makeup (homozygous vs. 
heterozygous). The animals called “leopards,” highly valued, present a white body (includ‐
ing the head) covered with white round spots (leopard spots). The leopard complex can 
be split into several patterns, and usually at least two of these patterns are expressed in 
the same animal. These patterns relate to quantity and arrangement of white areas on the 
animal’s coat:

⁻⁻ Frost describes a roaning pattern that consists of scattered white hairs over the entire 
body of the horse.
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⁻⁻ Varnish roan is like frost, though areas over bony prominences are darker than the remain‐
der of the coat.

⁻⁻ Snowflake occurs as small round patches of white hairs spread over the entire body. As 
well as frost and varnish roan, it is progressive from birth to maturity; that is why animals 
that have the leopard complex will present, year after year, an increasingly white‐cov‐
ered coat, although many horses end up stabilizing at some point in their lifes, contrary 
to what happens in the case of gray.

⁻⁻ Speckled describes a pattern of extensive roaning with numerous small dark spots are 
placed on a white background.

⁻⁻ Blanket is a white covering extending variably over the horse’s body (Figure 8); it can be 
as small as only a few white patches on the hips, or extensive enough to cover the entire 
body. When the animal is heterozygous for Lp (LpLp Lp) the blanket is covered by colored 
round spots that can vary in size (Figure 7). Homozygous (LpLp LpLp) horses show no 
spots, no matter the extent of the white blanket. In case of an extensive white blanket, the 
entire body will display white, while maintaining some color at the points and head and 
some very small‐scattered spots on some regions of the body. These horses are called few 
spots (Figure 8).

The extent of the white blanket is a function of other loci, known to exert modifying action 
on the extent of white in the body [13, 35]. One of these modifiers is named Pattern‐1, a domi‐

Figure 7. Blue roan. Source: Mr. Isola.
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nant trait (PATNP) that regulates the extent of the white blanket and acts when at least one 
copy of the leopard gene is present. Horses that do not have the dominant gene (PATN+) can 
be solid‐colored coats without white cover, displaying only the patterns of white hairs and 
depigmented skin described below.

Some characteristics occur independently of other manifestations of the leopard complex, 
being present in all animals carrying the mutation, whether they are homozygous or not. 
These characteristics are shown as small spots on the skin of the nose, genitalia, anus, mouth, 
and eyelids, called mottled; when the skin is dark these spots are pink and when it is clear, the 
spots are dark. Also there are changes in the sclera, which is white, resembling a human eye 
to many people.

The limbs may display the common white marks like in any other coat color. In leopard 
complex carriers lacking these common marks, a blend of white and dark regions may be 
presented on the lower limbs. These are called lightning strikes or lightning marks, and the coro‐
nary band is generally colored. The hooves can be striped. An interesting feature of the leop‐
ard complex are sparse manes and tails, often called “rat tailed” and more strongly expressed 
in dark‐colored hairs.

A common problem found in homozygous horses (LpLp LpLp) is the congenital stationary 
night blindness (CSNB) [36].

The “appaloosa” mutation appeared about 25,000 years ago, according to drawings found in 
the Perch Merle caves in southwestern France. In the modern era, it was developed by Indians 

Figure 8. A white blanket may vary in extension. Source: Mrs. Albrecht.
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of the Nez Perce tribe, from horses brought by Europeans in the sixteenth and seventeenth 
centuries; these tribes lived in the northwestern United States, at the banks of the Palouse 
River, from where the name Appaloosa is originated and consequently the name by which the 
leopard complex became known worldwide.

8. Conclusion

The colors of horses are determined by genetic factors and influenced by factors such as inso‐
lation, season, nutritional status, age, sex, and health. The naming of colors varies according 
to individual perceptions of shades and colors, countries (regional classifications), and breed 
standards. A wide variety of colors appeared after the domestication of horse, with more 
impressive‐looking phenotypes preferred since antiquity. The cells responsible for pigment 
production are the melanocytes, where melanogenesis takes place in specialized organelles 
called melanosomes. Two pigments are produced by horses (eumelanin and pheomelanin) 
and the interaction of the MC1R and ASIP genes determines the three basic colors of horses 
(bay, chestnut, and black). These pigments can be influenced by dilution genes and modifier 
genes, resulting in a variety of colors. Observing the color of a solid‐colored horse’s points, 
one can say which pigment is produced. Any white in the coat of a horse derives from the 
absence of melanocytes in the depigmented area. The exception is the process of graying, 
a depletion of pigment production, and leading to the gradual appearance of white hairs 
instead of colored hairs. Pleiotropic effects arise from the expression of some genes related to 
coat colors, affecting physiological systems of the horse and may even lead to death. Many 
colors have not been critically related to specific genes yet. Genetic tests are available to check 
the presence of many alleles, and without such testing is often difficult to pinpoint exactly that 
genes are at work to produce the color.
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Abstract

The major histocompatibility complex (MHC) is a polymorphic gene cluster of about 
150 genes, present in all vertebrates. Many of these genes contribute to immunity. 
Particularly, MHC‐encoded class I and class II molecules, which are typically highly 
polymorphic and polygenic, are central in defining the specificity of the adaptive immune 
response. Among the diversity of genes associated with disease resistance, MHC genes 
are particularly interesting as they are associated with resistance and susceptibility to a 
wide range of diseases, some of which produce important economic losses in livestock. 
Enzootic bovine leukosis is an infectious disease caused by the retrovirus bovine leuke‐
mia virus (BLV), with an important economic impact, mainly in dairy herds. In this chap‐
ter, MHC‐associated genetic resistance to BLV is revised. Certain alleles of the bovine 
MHC (BoLA) class II locus have been found strongly associated with resistance to viral 
dissemination. Genetic selection of resistant animals emerges as a natural strategy for the 
control of infectious diseases, especially when there is no other alternative of control or 
prevention, as vaccines. Founded on this knowledge, a BLV control program based on 
selection of genetically resistant cattle was designed. The proof of concept indicates that 
this strategy is feasible to implement in dairy herds.

Keywords: major histocompatibility complex, BoLA, genetic resistance, infectious 
diseases, bovine leukemia virus, control, veterinary, livestock



1. Introduction

The immune system has evolved in vertebrates to protect them from invading pathogens. 
To attain this objective, it compromises an enormous variety of cells and molecules that inter‐
act with each other in a complex network to recognize, counteract, and, if properly regulated, 
eliminate the pathogen. The major histocompatibility complex (MHC), which is found to 
occur in all mammalian species, plays a central role in the development and function of the 
immune system. Genes encoding the MHC are highly polymorphic, and numerous associa‐
tions between allelic variants and immune responsiveness and disease resistance are well 
documented. Hence, the MHC genes are attractive as candidate genes involved in suscepti‐
bility/resistance to various diseases.

Breeding for improved disease resistance has emerged as a major challenge for animal geneti‐
cists. The benefits of successfully improving the resistance of animals to an infectious disease 
are manifold, including animal welfare, increased efficiency and productivity, and hence a 
reduced environmental footprint, reduced reliance on other disease‐control measures, and 
improved public perception [1].

Enzootic bovine leucosis is an endemic disease in many countries, causing important eco‐
nomic impact in the dairy industry. The fine characterization of the resistance phenotype, the 
strong association between certain MHC class II alleles with resistance, and the absence of 
preventive or therapeutic measures against the disease make the genetic selection of resistant 
animals a feasible approach to control bovine leukemia virus (BLV) infection.

2. The major histocompatibility complex

Vertebrates have the capacity to recognize, destroy, and develop immunological memory 
to invading microorganisms through the activation of cells and molecules of their immune 
system. In order to achieve these ends, the two arms of the immune system (i.e., the innate 
and the acquired immunity) have to interact with each other. The innate immune system 
comprises mainly cells from the myeloid lineage that recognize common structures on a 
broad spectra of microorganisms, known as the pathogen‐associated molecular patterns 
(PAMPs) through their pathogen recognition receptors (PRRs). Some of these cells, like 
macrophages and dendritic cells, are also involved in the activation of the adaptive immune 
system, by capturing and processing the antigens and acting as antigen presenting cells 
(APC) for T lymphocytes.

The effector cells of the adaptive immune system, consisting of B and both helper T lympho‐
cytes (LTH) and cytotoxic T lymphocytes (CTL), recognize a very large variety of self and 
nonself antigens in a more specific manner by their antigen receptors (BCR and TCR, respec‐
tively). The BCR can bind directly to free or soluble native antigen, while the TCR requires 
the protein antigen to be processed into small peptides. These peptides have to be associated 
within the endoplasmic reticulum with molecules encoded by a single genetic locus contain‐
ing many polymorphic genes, the MHC. The assembled MHC molecule (mMHC)‐peptide 
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complex is then transported to and expressed on the surface of the APCs, where the anti‐
gen‐loaded mMHC interacts with the TCR and initiates the activation of T lymphocytes 
[2]. The CTL and the LTH recognize antigen in the context of two different mMHCs: class I 
and class II, respectively. The class II mMHCs have a restricted expression, mainly on pro‐
fessional APCs, and expose peptides mainly derived from captured extracellular antigens 
for the recognition by the LTH. The class I mMHCs are displayed on the surface of every 
nucleated cell of the organism, presenting peptides essentially originated from intracellular 
proteins (i.e., intracellular microorganisms or cell‐derived proteins) to be recognized by the 
CTLs. The class I mMHC does not only play a fundamental role in the recognition of foreign 
intracellular antigens but also in inducing self‐tolerance and alloreactive immune responses.

2.1. Structure of class I and class II MHC molecules

Most of the current knowledge about these molecules arose from pioneer studies on the rejec‐
tion of normal and malignant transplanted tissues in mice and rabbits [3–6]. The evidence 
produced by these studies indicated that the destruction of the grafted tissue was determined 
upon the existence of inherited antigenic differences between transplant and host, leading to 
the discovery of the mMHC and, later on, their genetic complexity.

The mMHCs have different domain organizations but similar structure. The variations are 
concentrated in three to four discrete hypervariable regions in the extracellular domains, 
while the rest of the molecule is highly conserved. The X‐ray crystallography of the proteins 
demonstrated that the class I mMHC is a heterodimer consisting of a transmembrane α chain 
non‐covalently linked to a small non‐transmembrane chain, called β2‐microglobulin (β2m). 
Besides a transmembrane and an intracellular region, the α chain has three extracellular glob‐
ular domains (α1, α2, and α3). The α1 and α2 domains of the α chain form a groove that 
accommodates an 8‐ to 10‐mer antigenic peptide [7, 8]. The class II mMHC is a heterodimer 
composed of an α and a β chain, both with an intracellular, a transmembrane, and two extra‐
cellular domains (Figure 1A). The pairing of the α1 and β1 domains form an antigen‐binding 
groove with open ends, allowing the allocation for a larger peptide (14‐mer or more) extend‐
ing out of both sides of the groove [9] (Figure 1B).

The polygenic and polymorphic features of the MHC grant these molecules with an enormous 
capability for antigen presentation. A single individual co‐expresses several mMHCs from a 
large pool of alleles within a population. Moreover, each mMHC molecule can associate with a 
great amount of similar peptides, expanding even more the breadth of MHC‐regulated immune 
responses to pathogens. The polymorphic residues in the mMHC antigen‐binding groove are 
responsible for the different peptide specificities of the different alleles. The class I molecules 
require an allele‐specific peptide length and a defined peptide motif that includes two anchor 
amino acids or residues with closely related side chains, which interact with both ends of the 
antigen‐binding site of that particular mMHC [10]. The class II mMHCs have less stringency 
for size but also have allele‐specific peptide motifs (or anchor residues) that reach into pockets 
within and on the sides of the groove of the class II mMHC [11] (Figure 1B). Moreover, con‐
served residues within the class II peptide‐binding groove induce a conformational change, forc‐
ing bound peptides into a twisted configuration and exposing sites for external interactions [12].
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2.2. Organization of the Major Histocompatibility Complex

Since its first description in mice and humans [5, 13], the study of the MHC genetic archi‐
tecture has expanded substantially, with the discovery and characterization of many class I 
and class II genes in different vertebrate species, except for jawless fish [14]. The collective 
name given to the proteins encoded by MHC genes depends on the species, except for mice 
and chickens, in which they were first described as transplantation antigens and maintain 
their original nomenclature H‐2 and B, respectively. Hence, in humans, they are called human 
leukocyte antigen (HLA); in swine, SLA; in ovine, OLA; in equine, ELA; in dogs, DLA; in 
bovine, BoLA; and so on. The genetic structure of the MHC is best known for HLA and is 
relatively conserved among other mammalian species [15].

The HLA complex covers about 4 Mb of the short arm of chromosome 6 and contains three 
major regions with the confirmed presence of more than 260 loci, including over 160 protein‐
coding genes [16, 17].

The HLA locus is divided into three closely linked regions: class I, class II, and class III. The 
first two regions contain genes that control the specific immune response (so‐called “classi‐
cal” MHC genes), and the class III region, enclosing about 75 genes, encodes a variety of dif‐
ferent proteins, some related to the innate immunity [18].

Figure 1. Structure of MHC molecules and its binding sites. Panel A: schematic representation of class I and class II 
mMHCs. Panel B. MHC peptide‐binding sites. Amino acid positioning within the peptide‐binding grooves of class I 
and class II MHC proteins is shown. Squares represent individual amino acids of the antigenic peptides binding in the 
groove of each class I and class II mMHC.
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The class I region contains three classical genes, HLA‐A, HLA‐B, and HLA‐C, and three non‐
classical genes: HLA‐E, HLA‐F, and HLA‐G [19] (Figure 2). Each of the classical HLA is a single 
functional gene, encoding a class I mMHC α chain. The gene coding for the β2m is located 
outside the MHC, on chromosome 15. HLA‐H, HLA‐J, HLA‐K, and HLA‐L are nonfunctional 
pseudogenes, closely related in nucleotide sequence to the class I functional genes [18].

The class II HLA cluster comprises three classical class II genes: HLA‐DP, HLA‐DQ, and HLA‐
DR, each encoding one α and one or two β chains; three nonclassical, non‐polymorphic class II 
genes; HLA‐DM, HLA‐DN, and HLA‐DO; and some pseudogenes [19] (Figure 2). These nonclas‐
sical class II genes are not expressed on the cell surface, but form heterotetrameric complexes 
involved in catalytic peptide exchange and loading onto classical class II molecules [20, 21].

The class III region is located between the class I and class II regions and contains genes cod‐
ing for molecules with diverse function. Among the most prominent are the complement 
factor genes coding for factors C2, C4, and B; genes coding for cytokines belonging to the 
tumor necrosis factor (TNF) superfamily, TNF-α, lymphotoxin‐α and lymphotoxin‐β, which 
are involved in various inflammatory pathways; heat shock protein genes; and many other 
genes encoding proteins not related to the immune system [19].

2.3. The major histocompatibility complex in cattle

In cattle, the first evidence for the existence of a MHC system was found by lymphocyte 
immunizations and by the generation of monospecific antilymphocyte antisera against skin 
grafts, followed by studies on the inheritance of the antigens they detected [22, 23]. As in the 
human, the BoLA locus is highly complex and contains about 154 predicted functional genes 
spanning about 4 centimorgan on chromosome 23 [24]. Figure 2 shows the BoLA organization 

Figure 2. An abridge map of the genetic organization of HLA and BoLA.
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compared to its human counterpart. Compared to the HLA system, the BoLA system dif‐
fers in gene arrangement without compromising its functions. Class I genes are clustered in 
two regions: BoLA‐A and BoLA‐B. Only the A locus seems to be functional with at least six 
putative classical class I genes, named genes 1–6 [25]. To date, 96 BoLA‐A alleles are listed on 
the Immuno Polymorphism Database (IPD)‐MHC database [26], and 29 different haplotypes 
have been identified, expressing between one and three combinations of these classical class 
I genes [27, 28]. The nonclassical BoLA class I genes include NC1, NC2, and NC3, encoding 
molecules with a relevant role during reproduction in dairy cows [29].

The main difference between BoLA and HLA gene organization is that in cattle the class II 
gene cluster is divided into two subregions, separated about 15 cM apart from each other: the 
class IIa, located near the class I/III regions, and the class IIb, resulting from a transposition, 
located close to the centromere on autosome 23 [30, 31]. This feature is shared by various 
ruminant species [32].

The subregion IIa incorporates the gene clusters DR and DQ but lack a DP gene [27]. This 
subregion expresses one DR molecule and one or two DQ molecules per haplotype [33]. 
Bovines have one monomorphic DRA gene. By contrast, there are three genes that encode for 
the β chain of the DR (DRB) molecule of which DRB1 is a pseudogene and DRB2 is poorly 
expressed, leaving the DRB3 locus as the most polymorphic and strongly expressed gene 
from this group. To date, 130 alleles have been identified using different approaches in vari‐
ous breeds of cattle (listed in IPD‐MHC database) [34].

The DQ cluster comprises five DQA (DQA 1–5) and five DQB (DQB 1–5) genes, which have 
arisen from gene duplication. From this cluster, at least 61 BoLA DQA and 81 BoLA DQB alleles 
have been described and listed in the IPD‐MHC database, and 56 different haplotypes were 
described in Japanese Black and Holstein cattle [35]. The high number of different alleles, both 
on the DR and DQ loci, suggests that DR and DQ molecules complement each other for the 
presentation of a broad spectrum of antigens in cattle.

The BoLA class IIb locus is divided into two regions. The region known as “extended class II” 
region contains some genes involved in antigen processing and transport, i.e., LMP complex (low 
molecular mass polypeptide, LMP2, LMP7) and TAP genes (transporter associated with antigen 
processing: TAP2.1, TAP1, and TAP2) and also some non‐MHC genes like H2B (histone H2B‐like), 
among others [36–38].The second region is known as “classical class II” region and encloses genes 
of unknown function and unique to ruminants: DSB (DRβ‐like), DYA, and DYB. The DYA and DYB 
genes encode for proteins of 253 and 259 amino acids, respectively. DY molecule has been shown 
to be expressed by a subpopulation of afferent lymph dendritic cells, suggesting its involvement 
in the prominent antigen processing and presentation capability of these cells [39–41].

2.4. Association of the major histocompatibility complex to disease susceptibility and 
resistance

Although age, stress, and physiologic status are important factors influencing the outcome of 
infection, evidence for genetic control has been observed in many animal species. Based on 
data registered in the Domestic Animal Diversity Information System (DAD‐IS) 2015 report 
[42], 483 mammalian breed populations are recorded as having resistance or tolerance to 
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specific diseases or parasites, among which 236 correspond to breeds of cattle, 94 breeds of 
sheep, 56 breeds of chicken, 54 breeds of goats, and 36 breeds of pigs.

Not unexpectedly, the high degree of genetic polymorphism in the MHC has been associated 
with health status, vaccine responsiveness, and production traits in cattle [43–47]. Examples 
of some studies for which there is documented evidence of MHC association with resistance 
or susceptibility to disease include mastitis in cattle and sheep [44, 48], tick‐borne disease 
[49–51], dermatophilosis in cattle [52], enzootic bovine leucosis in cattle and sheep [53–56], 
neosporosis in cattle [57], theileriosis in cattle [58], gastrointestinal parasites in sheep [59, 60], 
diarrhea in pigs [61, 62], Marek's disease in chicken [63, 64], coccidiosis in chicken [65], and 
coronavirus resistance in chickens [66], among others.

3. Enzootic bovine leukosis and the bovine leukemia virus

Enzootic bovine leukosis is one of the most frequent neoplastic diseases of cattle caused by an 
exogenous retrovirus designated BLV. BLV is the type species of the genus Deltaretrovirus in 
the Retroviridae family. This genus also includes pathogenic viruses from human and nonhu‐
man primates (human and simian T‐cell leukemia viruses) that share biological and molecu‐
lar characteristics with BLV [67].

BLV infection is globally distributed in cattle‐raising countries. An assessment of BLV infec‐
tion in US dairy operations in 2007 showed that 83.9 % of them were seropositive for BLV [68]. 
A national study of BLV infection in Canada in 1980 showed that 40 % of its dairy herds and 
11 % of its beef herds were infected [69]. On the other hand, BLV control programs have been 
established in member countries of the European Union since the 1980s, resulting in serop‐
revalence between 0.5 and 1.5 % in some countries, while others such as Belgium, Denmark, 
Germany, Estonia, Spain, France, Ireland, Austria, Finland, Sweden, the United Kingdom, 
and few others are considered officially free by the European Community [70–72].

In natural conditions BLV only infects cattle, zebus, buffalos, and capybaras, but other species 
such as sheep, goats, and rabbits can be experimentally infected [73]. Although both beef and 
dairy breeds are equally susceptible to BLV infection [74], the impact is higher in dairy herds, 
mainly because of differential management practices.

The major target of the virus is the B lymphocyte [75]. Although evidence of infection of 
other peripheral blood cell subpopulations has been reported [76], these results have not been 
confirmed by others. Soon after infection of a cell, the viral RNA is copied into DNA by the 
virus‐encoded reverse transcriptase. The provirus then integrates into the cellular DNA at 
random sites, and the infection persists for the whole life of the animal, despite the presence 
of neutralizing and other antiviral antibodies.

3.1. Pathological and clinical features associated to BLV

BLV infection is characterized by the “iceberg principle,” typical of many viral diseases. 
While the majority (approximately 70 %) of infected cattle remain asymptomatic, one third of 
infected cattle develop a permanent increase in the number of B lymphocytes termed persistent 
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lymphocytosis (PL), which is considered a benign condition. The tip of the iceberg is repre‐
sented by those animals that develop the neoplastic disease, which is usually less than 5 % of 
the infected cattle. The accumulation of transformed lymphocytes in one or more organs after 
a long latency period of 1–8 years leads to a multicentric lymphosarcoma. This condition is 
typically observed in cattle older than 3 years of age. In two thirds of the animals, the develop‐
ment of tumors is preceded by a phase of PL. Lesions can be localized in almost any organ, but 
the abomasum, heart, visceral and peripheral lymph nodes, spleen, uterus, and kidneys are 
most frequently affected. Lesions can be observed as white firm tumor masses or as a diffuse 
tissue infiltrate in any organ. Clinical signs are variable and depend on the affected organ, the 
speed of grow of tumors, and the degree of dissemination of the neoplastic process. In most 
cases the course of the illness is subacute to chronic, initiated by a marked loss of weight and 
appetite, and weakness. Clinical signs most often observed are decreased milk production, 
lymphadenopathy, and posterior paresis. Once the clinical signs of the illness are evident, the 
course is rapid and invariably culminate in death [77].

3.2. Transmission of BLV and economic impact of the infection

As cell‐free virus is rarely detected in vivo, most susceptible cattle become infected by exposure 
to infected lymphocytes. Vertical transmission may occur in utero but is infrequent. The main 
biologic fluids that contain sufficient infected lymphocytes to transmit the infection are the blood, 
colostrum, and milk. Other fluids such as saliva, semen, urine, and nasal secretions, while poten‐
tially infectious, have not been demonstrated to transmit the infection in natural conditions [78].

Under general or standard production conditions, the risk of horizontal transmission is aug‐
mented by management practices or procedures involving blood transfer such as gouge 
dehorning, ear tagging or tattooing, blood extraction, and rectal palpation, using shared or 
not properly disinfected instruments [78]. This risk is augmented when contaminating blood 
comes from cattle with persistent lymphocytosis [79]. The use of natural service (i.e., bulls) to 
breed heifers was also identified as a risk factor for augmented prevalence of BLV infection 
compared to artificial insemination [80].

Evidence has been reported on the role of bloodsucking insects, such as stable flies, horn flies, 
and tabanids in the transmission of BLV [81]. Furthermore, the lack of insect control program 
has been recognized as a risk factor for BLV infection [82, 83]. In warm regions, the animals 
may be exposed to a high density of hematophagous insects that continuously fed on them; 
hence, the control of bloodsucking insects by pesticides has been reported to prevent the 
transmission in a model farm [84]. Both colostrum and milk from BLV‐positive cows contain 
infected lymphocytes, and evidence exists for the transmission of BLV to calves by feeding 
bulk milk, a common practice in dairy herds [78, 85]. The rate of transmission attributable to 
this route has been estimated to be 6–16 % under natural conditions. On the other hand, feed‐
ing colostrum from infected dams, which contains high titers of antiviral antibodies, seems to 
have a protective role, being the susceptibility of calves dependent on the presence of specific 
antibodies obtained from the dam's colostrums and the age of the calf [78, 86, 87].

Enzootic bovine leucosis causes significant economic losses. The most obvious economic 
losses are due to culling or death due to lymphosarcoma, shortening of lifespan, and loss of 
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production potential. Other indirect losses are related to the costs of control and eradication 
programs and restrictions in the international trade of cattle and their by‐products. Annual 
economic losses to the US dairy industry associated with BLV are estimated to be $285 million 
for producers and $240 million for consumers [80]. The effects of subclinical BLV infection on 
milk production, reproductive performance, longevity, and culling rate are variable. Using 
data from the National Animal Health Monitoring System's 1996 dairy herd study, it was 
found that herds with test‐positive cows produced 218 kg less milk per cow/per year than 
those with no test‐positive cows [88].

There is no treatment for BLV infection or its associated disease. The possibility of a vaccine 
for protection against BLV has been explored (reviewed in [89]). A BLV vaccine would have to 
be noninfectious and non‐oncogenic and should not interfere with the serological tests com‐
monly used to detect infection [77].

3.3. Phenotypes associated with resistance and susceptibility in BLV infection

Studies from our laboratory have gone further into the characterization of BLV‐infected, 
hematologically normal cattle (i.e., those animals that do not develop PL). Based on the 
proviral load in the peripheral blood and antibodies against BLV major proteins, we could 
describe two defined phenotypes in BLV‐infected cattle. Proviral load was determined in 
DNA from peripheral blood leukocytes by a very sensitive nested PCR or a semiquanti‐
tative PCR [90], while antibody titers were measured against the BLV major antigens by 
ELISA [90, 91].

One group of animals is characterized by high proviral load (HPL) in peripheral blood 
(>100,000 BLV proviral copies/μg of DNA) and high antibody titers against the envelope 
protein of BLV of 51 kDa (BLVgp51). On the other hand, the remaining non‐PL animals 
harbor an exiguous number of infected lymphocytes in the peripheral blood, almost unde‐
tectable by the molecular methods currently used (PCR and real‐time PCR); we have termed 
this group low proviral load (LPL) cattle. These cattle develop low titers of antiviral anti‐
bodies against BLVgp51, while antibodies against BLVp24, the main core protein of BLV, 
are undetectable in the majority of LPL cattle or developed at very low titers. The follow‐up 
of HPL and LPL cattle showed that each phenotype was maintained throughout, at least, 
a 1.5‐year period. The characterization of PL cattle in terms of proviral load and titers of 
antibodies against BLV showed no significant differences with non‐PL HPL cattle. Cattle 
with LPL profile represented about 60 % of hematologically normal cattle and 40 % of all 
BLV‐infected cattle [92]. Table 1 shows the main parameters that characterize both HPL and 
LPL infection phenotypes.

As virtually all cattle infected with BLV will continuously have antibodies against the virion 
proteins in their serum, serologic tests are commonly used for diagnosis of BLV infection in 
cattle > 6 months old. PL cattle and non‐PL HPL cattle have high titers of antibodies against 
the major viral antigens, and then, they are easily classified as positive by means of the major‐
ity of serological tests in the market (mainly ELISAs or immunodiffusion tests). On the other 
hand, antibody titers against BLVgp51 are lower in most LPL animals compared to HPL cattle, 
and antibodies against BLVp24 are at very low titers or undetectable in most serum samples 
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from LPL cattle. Hence, sensitivity of serological tests is decisive in their capacity to detect 
LPL animals. We have consistently detected LPL animals with a highly sensitive blocking 
ELISA developed in our lab, designated ELISA 108. This method detects antibodies against 
an immunodominant conformational epitope of the BLVgp51 at low titers. Other serological 
methods using BLVgp51 as antigen may also detect BLV‐infected LPL animals, provided that 
they are sensitive enough. This is not the case of agar gel immunodiffusion (AGID) test com‐
mercialized in Argentina. On the other hand, serological tests using BLVp24 as antigen would 
not be able to detect LPL cattle in most cases.

We inoculated sheep with blood from LPL cattle to give further evidence of infection. This was an 
easily available alternative for the amplification and study of the BLV strain [93]. As the number 
of infected lymphocytes in peripheral blood from LPL cattle is extremely low, it was necessary 
to inoculate a large volume of blood to obtain the minimal quantity of infected lymphocytes to 
transmit the infection. The minimal dose necessary to infect sheep is about 926 BLV‐infected lym‐
phocytes [94]. One microliter of blood from a HPL cow was enough to infect lambs. In contrast, 
blood from LPL cattle also infected lambs, but 100 ml of blood was necessary to infect the ovine 
host. In order to determine if differences in the observed phenotypes could be attributable to dif‐
ferences at the nucleotide level between strains, a fragment of the env gene was amplified from 
infected lambs by nested PCR and sequenced. No mutations in the env gene that could be attrib‐
utable to the passage from cow to lamb were detected. When comparing a 400‐bp sequence from 
the env gene from six LPL and six HPL strains, no mutations were found that could be associated 
with any particular phenotype, strengthening the hypothesis that the development of each phe‐
notype could be associated primarily with some genetic or epigenetic property of the host [95].

As LPL cattle maintained their phenotype for prolonged periods of time, without develop‐
ing any hematologic or pathologic condition, it is proposed that these animals are naturally 
resistant to BLV replication.

3.4. Association of BLV phenotypes to polymorphisms at the major histocompatibility 
complex

Early observations on the aggregation of lymphoma/leukemia or PL in certain BLV‐infected 
families, but not in others, suggested that host genetic factors were involved in the development 

BLV infection 
phenotype

Hematological status Proviral loada Antibody titer

BLVgp51 BLVp24

HPL PL ≥100,000 400 to ≥ 6400 50–800

HPL Non PL ≥100,000 400 to ≥ 6400 Seronegative to 400

LPL Non PL ≤100 2–1600 Seronegative to 50

Proviral load was determined by semiquantitative PCR in DNA extracted from the peripheral blood. Antibody titers 
against BLVgp51 and BLV p24 were determined in plasma samples by ELISA.
a Proviral copies/μg DNA
Adapted from Juliarena et al. [92]

Table 1. Characterization of HPL and LPL phenotypes in terms of proviral load in the peripheral blood, hematological 
status, and antibody titer against BLVgp51 and BLVp24.
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of these conditions [96]. There were also indications that host genetic factors influenced the 
susceptibility to one condition or the other independently [97].

Studies on the relationship between BLV infection and bovine MHC (BoLA) revealed an asso‐
ciation between serologically determined BoLA‐A class I antigens and resistance and suscep‐
tibility to B‐cell lymphocytosis in Shorthorn cattle [98], Holstein [99, 100], and other breeds 
[101]. However, these associations were relatively weak at the population level, and different 
BoLA‐A alleles had significant effects in different breeds [102]. Subsequently, it was shown that 
resistance and susceptibility to PL map more closely to MHC class II BoLA‐DRB3 gene than to 
BoLA‐A locus [56, 103]. A peptide motif named ER, which is present in BoLA‐DRB3 alleles *11, 
*23, and *28, was associated with resistance to PL in BLV‐infected cattle. Resistance appears to 
be dependent upon the presence of the polar amino acids Glu‐Arg at positions 70–71 within a 
highly polymorphic segment of the peptide‐binding region [56]. This contributes to the puta‐
tive peptide‐binding specificity of the molecule at the β1 domain [11]. It is believed that the 
allelic differences influence the binding and orientation of viral peptides [104], thus deter‐
mining allele specificity differences in the spectrum of peptides presented to the immune 
system. These differences may have important consequences for infection resistance [105]. 
Furthermore, it was shown that BoLA‐DRB3 alleles encoding Glu, Arg, and Val at positions 74, 
77, and 78 of the BoLA‐DRβ chain, respectively, might be related to tumor development resis‐
tance [106]. Moreover, evidence was presented that BLV‐infected cattle selected for the pres‐
ence of the DRB3*11 allele carry less infected lymphocytes than other infected animals [107].

Based on these previous reports found in literature about the association of BoLA polymor‐
phisms with PL development or the number of BLV‐infected lymphocytes in peripheral blood 
up to 1998, we decided to evaluate the association between the BLV infection phenotypes 
described above and BoLA‐DRB3 genotype. Various molecular methods were used for the 
genotyping of BoLA‐DRB3 exon 2 (the only one expressed from BoLA‐DRB3 gene). In a first 
instance, we used the PCR‐restriction fragment length polymorphism (PCR‐RFLP) method, 
which can differentiate only 57 different alleles (designated by the nomenclature based on 
this method). The PCR‐sequence specific oligonucleotides polymorphisms (PCR‐SSOP) is an 
alternative method which is more specific, allowing the identification of 104 alleles from the 
130 described by sequencing, and defines the alleles according to the nomenclature adopted 
by the International Society for Animal Genetics [34].

Xu et al. [56] described a correlation between BoLA‐DRB3*11 allele and PL in Holstein cattle. The 
allele *11 (identifiable by PCR‐RFLP) can be differentiated into two variants: BoLA‐DRB3*0901 
and BoLA‐DRB3*0902 by using PCR‐SSOP or by sequencing. By studying the genotype of 230 
BLV‐infected cattle belonging to seven dairy herds, we found that allele BoLA‐DRB3*11 was 
significantly associated with the LPL phenotype (odds ratio (OR) = 5.82; p < 0.0001); however, 
the subtype BoLA‐DRB3*0902, which is the most prevalent subtype of allele *11 in our popu‐
lation, showed a stronger association with the LPL phenotype (OR = 8.24; p < 0.0001) than 
allele *11 itself. Allele BoLA‐DRB3*1701 also showed significant association with LPL profile 
(OR = 3.46; p < 0.0055). The HPL phenotype was significantly associated (OR = 0.36; p < 0.0005) 
with only one allele: BoLA‐DRB3*1501 (allele *16 as determined by PCR‐RFLP). According to 
these associations, the DRB3 alleles were assigned to three categories: resistant (R) if the allele 
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was associated with LPL phenotype, susceptible (S) if the allele was associated with HPL phe‐
notype, and neutral (N) if the allele was not associated with any phenotype [53].

It is concluded that the host genetic background influences BLV infection phenotype develop‐
ment and that allele BoLA‐DRB3*0902 appears to be, up to now, the best candidate marker 
of BLV resistance in Argentinean Holstein cattle. The penetrance of BoLA‐DRB*0902 allele 
for the LPL phenotype is notably high compared to the penetrance of MHC alleles in other 
systems which, in general, is much lower (about 10 %). More than 80 % of cattle carrying the 
BoLA‐DRB3*0902 allele develop LPL when naturally or experimentally infected with BLV [53, 
108, 109]. However, only one third of LPL cattle harbors the BoLA‐DRB3*0902 allele [53]. This 
finding suggests that other genetic or epigenetic factors might be involved in the regulation 
of BLV proviral load.

3.5. Influence of resistance‐associated alleles on specific immune response and infectivity 
of LPL cattle

Cattle with LPL phenotype were grouped according to the presence of alleles associated to the 
LPL phenotype (i.e., R alleles *0902 and *1701) in their genotype. Table 2 shows the average 
anti‐BLVgp51 antibody titer for each group and the resulting classification of cattle according 
to the level of antibody response against the main envelope glycoprotein of BLV. The R alleles 
BoLA‐DRB3*0902 and BoLA‐DRB3*1701 were significantly associated with low antibody titers 
against both BLVgp51 and BLVp24 [110]. Important differences were observed in the infec‐
tivity of the blood from cattle in each group, as determined by the sheep bioassay. While all 
lambs inoculated with blood from LPL cattle not harboring any allele R or harboring one R 
allele (*0902 or *1701) in heterozygosis were infected, only one from six lambs inoculated 
with 100 ml of blood from LPL cattle with R/R genotype acquired the infection. From these 
results, it seems that LPL cattle carrying two R alleles have an increased ability to restrict BLV 
replication [108].

It is unlikely that BLV‐infected LPL cattle would be a source of infection for BLV‐free animals, 
as large volumes of blood are never exchanged between animals under usual management 
practices and natural breeding in dairy farms.

BoLA‐DRB3 genotype n BLVgp51 antibody 
titera

Classificationb Infectivityc

Without allele R 54 662.3 Medium or high 
responders

6/6

Allele R in 
heterozygosis

34 344.3 Medium or low 
responders

4/4

Allele R in 
homozygosis

9 275.0 Extremely low 
responders

1/6

a Average
b Classification was done according to the level of antibody titer against BLVgp51.
c Infectivity was assessed by inoculating 100 ml of blood in lambs. Number of lambs infected/number of lambs inoculated

Table  2. Grouping of BLV‐infected cattle with LPL phenotype, according to the presence of alleles associated with 
resistance (R) in their genotype.
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3.6. Strategies to control BLV infection

BLV control and eradication programs based on culling infected animals have been accepted 
and implemented successfully in several western European countries. In dairy farms with low 
prevalence of BLV infection, the cost of implementing these programs is less than the total cost 
caused by BLV infection [111]. However, in herds where the prevalence of infection is high, 
the feasibility of implementation of these programs depends on the official compensation to 
producers for the removal of BLV‐positive animals. In Argentina, not only there is no official 
BLV control program, but official apathy since the 1970s has been the best ally for the lush 
spread of BLV in all dairy regions, including Patagonia. By 1995, the failure of the voluntary 
control program of BLV proposed by the National Authority in Animal Heath (Resolution 
337/94 from SENASA) was the indicator that Argentina had lost the opportunity to reduce the 
spread of BLV by means of serological testing and culling and to protect the scarce herds and 
regions that were still free of BLV.

To limit the spread of BLV, infected cattle are often eliminated on the basis of their risk of 
transmitting the infection to other cattle. Among BLV‐infected cattle, those with PL are con‐
sidered the most efficient transmitters because they harbor a high percentage of infected lym‐
phocytes in peripheral blood [112] and consequently have HPL [107]. Furthermore, although 
not all PL animals develop lymphosarcoma, in approximately two thirds of cases, neoplasia 
is preceded by PL. The application of control plans based on hematological tests and elimina‐
tion of PL animals has failed to control not only BLV infection but also the associated lympho‐
sarcoma. In 1959, Denmark implemented an eradication program based on the occurrence of 
clinical lymphosarcoma and the identification of PL cattle by using the Bendixen hematologi‐
cal keys [113]. Affected herds were quarantined, and indemnity was offered to induce owners 
to have slaughtered their entire herd. This herd‐slaughter policy was continued until 1982. 
However, when the serological tests were introduced, some herds which were classified as 
leucosis‐free based on the hematological keys were found to be infected [77]. One of the major 
causes of this failure was probably due to the presence of HPL animals that do not present 
PL. These non‐PL HPL animals are as efficient as PL cattle to transmit the BLV, and it is likely 
that the animals that develop lymphosarcoma without a previous stage of PL also belong to 
this group of cattle. Therefore, the corrective management based in classification of animals 
according to HPL and LPL phenotypes should be safer that the plan based on traditional 
hematological classification (PL and non‐PL).

4. Genetic selection of resistant animals

The genetic selection of resistant animals would be an efficient strategy for controlling the 
spread of BLV in the host and, therefore, to reduce the occurrence of clinical lymphosarcoma. 
We have shown that, in the Holstein breed, the BoLA‐DRB3*0902 allele is the best molecular 
marker for the selection of resistant animals. The BoLA‐DRB3 gene is highly polymorphic, 
with 130 alleles described so far. The allele frequency of the *0902 allele is relatively high 
(5–10 %) at the population level; therefore, it is possible to easily increase its frequency by 
directed crossbreeding or artificial insemination. At the herd level, it is essential that these 
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resistant animals disrupt the transmission of BLV to uninfected animals. Hence, the effective‐
ness of this procedure would depend on the accuracy of the premise that BLV‐infected LPL 
cattle harboring BoLA‐DRB3*0902 marker do not transmit the virus to BLV‐negative cattle 
under normal breeding conditions in commercial dairy herds.

4.1. The proof of concept

In order to test this premise, an experiment was carried out in a commercial dairy herd located 
in a subtropical region of Argentina, having extreme environmental conditions (experimental 
dairy herd). In the experimental dairy herd, BLV‐free and BLV‐infected LPL‐BoLA‐DRB3*0902 
animals cohabited for 20 months. This period included two summers during which BLV‐
infected and BLV‐uninfected cattle were exposed to heat stress and to a high density and 
varied population of bloodsucking insects that continuously fed on the animals. As is usual 
in any commercial dairy herd, the cattle population was dynamic, and necessary replace‐
ments were made according to production needs and milk production requirements, which 
were within expected parameters in the region. Nevertheless, only previously characterized 
animals (BLV‐free or BLV‐infected LPL‐BoLA‐DRB3*0902 animals) were introduced to the 
experimental herd. Normal management practices and production requirements were main‐
tained in the herd. We examined the spread of BLV in the experimental herd and also in 
other four local commercial herds in which no selection of cattle was made. The incidence 
rates observed in these four herds were between 0.06 and 0.17 cases per 100 cattle‐days. The 
observed incidence rate explains the increase of prevalence registered in the region from 
2002–2003 to 2010–2011 [114, 115]. In contrast, in the experimental herd, no new BLV‐infected 
animals were detected, and as a corollary, the incidence rate was zero. These results indicate 
that LPL‐BoLA‐DRB3*0902 cattle do indeed disrupt the BLV transmission chain and that selec‐
tion of cattle carrying this allele represents a promising approach to control the virus [116].

The results presented are the base of a BLV control strategy based on genetic selection of 
resistant animals, using BoLA‐DRB3*0902 allele as molecular selection marker. The idea is 
to gradually replace HPL cattle in high‐prevalence herds with BoLA‐DRB3.2*0902 harboring 
cattle. The expected increase in herd resistance to BLV would block the transmission of BLV, 
thereby counteracting the main epidemiological advantage of BLV, i.e., its transmission.

4.2. Influence of resistance and susceptibility‐associated alleles on other health and 
productive traits

Due to the relevant role of MHC genes in the immune response, a potential risk in expand‐
ing or segregating BoLA‐selected populations of cattle is that it might increase susceptibil‐
ity to other common viruses. A special concern is raised by the strong association found 
between BoLA‐DRB3*0902 and BoLA‐DRB3*1701 and low antibody titer against major BLV 
structural proteins. This phenomenon, which may depend on host genetic factors, might 
influence the host response to other viruses requiring, unlike BLV, strong and long‐lasting 
humoral immune response in order to prevent infection. Therefore, we determined the 
association between antibody titer against three widespread bovine viruses and BoLA‐
DRB3 gene polymorphism. These three viruses, the bovine viral diarrhea virus (BVDV), the 
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bovine herpesvirus type 1 (BHV‐1), and the foot and mouth disease virus (FMDV), which 
are spread in most or several countries all over the world, cause diseases and syndromes 
that negatively affect the economic performance of the dairy and beef cattle industries. 
Protection against these three viruses is achieved when high titers of neutralizing antibodies 
are raised. No association was found between neutralizing antibody titers against FMDV, 
BVDV, or BHV‐1 and polymorphism of the BoLA‐DRB3 gene [110]. Therefore, increasing 
BoLA‐selected BLV‐resistant cattle or segregating BoLA alleles associated with BLV suscep‐
tibility would not affect the resistance or susceptibility to BVDV, BHV‐1, or FMDV infection. 
Further studies involving other parameters, such as the persistence or viral load status con‐
cerning FMDV, BHV‐1, and BVDV, and their association to BoLA‐DRB3 polymorphism, are 
needed. These parameters would probably represent a better indicator of resistance against 
the aforementioned viruses.

Preliminary data obtained from endemic areas showed that there is no association between 
the allele BoLA‐DRB3*0902 and infection with BVDV, bovine herpesvirus type 4 (BoHV‐4), 
and Neospora caninum [117]. A recent study also showed no association of the aforementioned 
allele with infection by Mycobacterium bovis (M. bovis), although this observation should be 
confirmed in a more extensive study. Moreover, it was shown that the ability of cattle carry‐
ing resistance‐associated marker to control BLV and to progress to LPL phenotype was not 
altered by M. bovis coinfection [118].

Alleles BoLA‐DRB3*0902 (or *11 as determined by PCR‐RFLP) and BoLA‐DRB3*1701 (or *12 
as determined by PCR‐RFLP) are associated with resistance to intramammary infection and 
higher production traits [119, 120]. Thus, expanding the population of cattle harboring these 
alleles in order to control BLV infection would also increase resistance to mastitis. When tar‐
geting BLV control by means of genetic selection, animals carrying alleles associated to sus‐
ceptibility, such as BoLA‐DRB3*1501, are not desired. This allele did not show association 
with antibody titer against FMDV, BHV‐1, or BVDV [110] nor it affected productive traits [45]. 
BoLA‐DRB3*1501 has been previously associated with high somatic cell score (SCS) in milk 
[44, 121]. Thus, if we are to decrease the frequency of the BoLA‐DRB3*1501 allele in order to 
control BLV infection, the SCS of the cattle population would additionally be reduced. It has 
been reported that BLV infection is frequently associated with an increase in SCS [122–124]. It 
is conceivable that this association derives from host genetic susceptibility to both conditions, 
probably conferred by BoLA‐DRB3*1501 allele.

Up to date, the presence of BoLA‐DRB3*0902 allele in the genotype of Holstein cattle neither 
has it been associated with susceptibility to any infectious disease nor with negative effects on 
production or reproductive traits.

4.3. Concluding remarks

We have proposed a BLV control and eradication program based on genetic selection. This 
plan is based on two main premises: (1) the development of LPL phenotype (BLV‐resistant 
cattle) can be predicted by a marker (BoLA‐DRB3*0902) that is transmitted to the progeny 
by controlled crossbreeding, and (2) BLV‐infected cattle with LPL phenotype do not transmit 
the virus.
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The BoLA‐DRB3*0902 heterozygous animals comply these two premises. This marker has 
a penetrance of 82 % and its pattern of inheritance is codominant. BoLA‐DRB3*0902 ani‐
mals with LPL phenotype did not transmit the infection at herd level in natural conditions, 
and under experimental conditions, it was required to inoculate a large volume of blood 
to infect sheep. Finally, up the date, the BoLA‐DRB3*0902 allele has not been associated 
with susceptibility to other infectious agents, nor has it affected production or reproduc‐
tion traits.

The BLV control and eradication program has been designed in two steps: as the first step, 
HPL cattle should be replaced by cattle harboring the BoLA‐DRB3*0902 marker. Once cull‐
ing of HPL animals has been completed, as the second step, LPL cattle should be replaced 
by BLV‐negative cattle. The selected animals for the replacement in the first step should 
carry the BoLA‐DRB3*0902 allele in heterozygosis with other alleles not associated with any 
BLV phenotype [53]. Finally, it should be mentioned that a potential risk exists in expanding 
or segregating BoLA genotype‐selected populations, which might increase susceptibility to 
other infectious agents.

5. Conclusions

Among the diversity of genes associated to disease resistance, MHC genes are particu‐
larly interesting as they are associated with resistance and susceptibility to a wide range of 
diseases. Some of these diseases produce important economic losses in livestock. Genetic 
selection of resistant animals emerges as a natural strategy for the control of infectious 
diseases, especially when there is no other alternative of control or prevention, as vaccines.

The control of BLV infection based on genetic selection of resistant cattle is presented as a 
model that may potentially be replicated in other infectious diseases affecting livestock.
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Abstract

In the next-generation sequencing (NGS) methods, a DNA molecule of an individual is 
broken down into many small fragments to make up the so-called sequencing library. 
These small fragments serve as a template for the synthesis of numerous complementary 
fragments (called reads). Every small piece of the original DNA is copied many times in a 
variable number of reads. Depending on the desired accuracy level, it is possible to set the 
system to achieve a certain level of coverage, i.e., a number of reads per fragment. A level 
of 30X coverage is already sufficient for the routine diagnosis of most of the Mendelian 
diseases. All the sequences are then transferred into a computer and aligned with a ref-
erence sequence available in the international databases. By this way, all sequences of 
reads can be recomposed as a fine puzzle to obtain the sequence of a single gene or whole 
genome. The NGS machines, available today, are very flexible devices. In fact, an NGS 
sequencer can be used for different types of applications: (1) whole-genome sequenc-
ing (WGS): analysis of the entire genome of an individual; (2) whole exome sequenc-
ing (WES): analysis of the entire coding genes of an individual; (3) targeted sequencing: 
analysis of a set of genes or a single gene; (4) transcriptome analysis: analysis of all the 
RNA produced by specific cells.

Keywords: genomics, NGS, genetic screening, animal diseases, bioinfomatics

1. Introduction

The next-generation sequencing (NGS) technologies, with the capability to produce, at a low 
price, millions of DNA sequences per analysis, have changed the way to make the genetic 
analysis in the veterinary and animal fields. In the past few years, the observed reduction of 
cost and time required to obtain the genomic information (whole genome, whole exome or tar-
geted gene sequencing) have had several repercussions in various disciplines such as animal 
selection, animal research, genetic disease diagnosis and control, cancer research, and metage-
nomic studies. The focus of this chapter is to give an updated overview of the next-generation 



techniques, analyzing the general framework, the bioinformatic analysis pipeline, present 
applications in the genetic disease detection, problems and future possible developments.

2. Patterns of transmission of genetic diseases

2.1. The hereditary transmission

The hereditary traits are transmitted from the DNA (deoxyribonucleic acid) contained in the 
chromosomes and in the mitochondria. The gene is formed by regions that encode proteins, the 
exons, and segments that are not translated, the introns. Genetic diseases are due to inherited 
mutations, which are changes in DNA sequence and transmitted in familiars in different ways. 
Several diseases are inherited in a simple way and follow the Mendel’s law. These are mono-
genic or Mendelian diseases. Monogenic diseases can be classified according to their mecha-
nisms of inheritance: autosomal dominant and recessive, X-linked and mitochondrial diseases.

2.2. Autosomal dominant

In the case of dominant disease, the most common genotype is the heterozygous genotype. The 
disease is transmitted to an average of 50% of the offspring regardless of their sex. The most 
common cross is between a heterozygous affected (Aa) and a homozygous unaffected (aa). 
A typical pedigree of an autosomal dominant disease has the following distinguish features:

(a)	 vertical segregation, with affected individuals in all generations, both males and females;

(b)	 an equal number of affected males and females;

(c)	 each affected individual have at least one affected parent.

An autosomal dominant disease may also arise from a new mutation. A risk factor of a new 
mutation is the parental age. The frequency of new mutations increases proportionally 
with the age of the parents. One feature of the dominant autosomal diseases is to show a 
variable expression among the affected individuals, even in the same family. Some autoso-
mal dominant diseases exhibit the phenomenon of anticipation, which consists of an earlier 
onset and an aggravation of symptoms with the passing generations. Another characteristic 
of the autosomal dominant diseases is the penetrance, which is the percentage of animals 
expressing the phenotype over the total number of individuals which carry the mutation. 
Other genes or the environment can interfere with an occurrence of a disease resulting in a 
lack of penetrance. In this case, the subject that carries the dominance mutation will not be 
affected but, 50% of the offspring will manifest the disease with varying degrees.

2.3. Autosomal recessive diseases

The presence of two recessive alleles at the same locus causes the disorders. The most fre-
quent cross is between heterozygous individuals for the mutated allele (healthy carriers of 
an autosomal recessive disease). A typical pedigree of an autosomal recessive disease has the 
following distinguish features:
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(a)	 unaffected parents could have affected offspring;

(b)	 equal number of males and females;

(c)	 all offspring are affected when parents are affected.

The heterozygous parents will show a risk of 25% to get affected offspring. Inbreeding is the 
most important risk factor for the occurrence of an autosomal recessive disease.

2.4. Disease linked to the chromosome X

The X chromosome contains hundreds of genes. The dominant or recessive effect is deter-
mined in the females because they have two chromosomes. Males have only one X chro-
mosome and therefore they express the recessive mutations (called hemizygous). In this 
case, the recessive trait is always expressed. If the alleles are different, a female is hetero-
zygous, i.e., a carrier. A typical pedigree of an x-linked dominant disease has the following 
distinguish features:

(a)	 each generation usually has an affected individual;

(b)	 all daughters of an affected male are affected;

(c)	 all males and females of a heterozygous are affected.

The family tree study shows a zig-zag or diagonal pattern, with a variable number of affected 
males in the following generations.

A typical pedigree of an x-linked recessive disease has the following distinguish features:

(a)	 all males of an affected female are affected;.

(b)	 affected males never transmit the trait to their male offspring;

(c)	 unaffected parents may have affected offspring.

2.5. Multifactorial diseases

Some genetic diseases show a polygenic and/or multifactorial inheritance. The multifacto-
rial traits can be continuous and measurable, such as the weight, height, blood pressure, or 
discontinuous, such as congenital heart disease, diabetes, osteoporosis, and cardiovascular 
disease.

2.6. Mitochondrial disease

The defects in the mitochondrial DNA show a maternal inheritance because mitochondria 
are transmitted to the offspring by the egg cell. Characteristics of mitochondrial diseases are 
incomplete penetrance, variable expressivity, and pleiotropy. The phenotypic expression of 
mitochondrial disorders depends on the ratio of normal and mutated mtDNA present in the 
cells of various tissues. The organ impairment and its severity depend on the percentage of 
mutated mitochondria, which is variable in different tissues. Mitochondria are distributed 
in cells throughout the body and are therefore responsible for pathologies with impairment 
of different organs and apparatuses.
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3. Mutations

A mutation is defined as a stable and heritable modification of the genetic material. The muta-
tion can occur at different levels and change the attitude of the entire genome showing a varia-
tion in the number of chromosomes (genomic mutation), a variation in a single chromosome 
(mutation chromosome) or, it may involve a single gene (gene mutation). Mutations can be 
spontaneous or induced. The most common causes of mutation can be physical, chemical, or 
biological factors (called mutagens). The gene mutation can be lethal to the cell or, when the 
gene is expressed, give rise to senseless, inactive, or less active proteins or, although much 
rarely, resulted in products with a greater or different activity. Most of the mutations are 
harmful and only a small percentage appears to be advantageous. The carrier of an unfa-
vorable gene may die before to reproduce (lethal disease). Natural selection tends to reduce 
mutated genes. Sometimes, however, due to the changing environment, insignificant muta-
tions can be expressed or even turn out to be advantageous and to be favored by natural 
selection. Genomic and chromosomal mutations, when they are compatible with life, give 
rise to a more complex phenotypic pattern, because they involve a large number of genes. On 
the contrary, gene mutations affect the sequence of a single gene and therefore they have an 
effect only on the functionality of a single protein. A transition mutation is one substitution of a 
purine with a purine or pyrimidine with a pyrimidine while a transversion mutation is a substi-
tution between a purine and a pyrimidine. At phenotypic level, effects of mutations can vary 
from the complete neutrality to a range of events whose gravity depends on the interaction 
with other genes and with the environment. At the molecular level, a gene mutation consists 
in a variation of the sequence of a nucleotide of the gene. The normal DNA sequence may 
change as a result of insertion or deletion of one or more bases. A gene mutation, if it concerns 
a single point of DNA, i.e., one or a few bases, it is called a point mutation or SNP. The first 
element to be considered, in assessing the effects of a gene mutation, is what part of the gene 
has changed. The sequence of a gene is made, in addition to a promoter, of a number of exons 
interspersed with introns. As is known, the entire sequence of the gene is transcribed, but 
the intronic fragments are removed during the process of splicing. The exon region of a gene 
is characterized by the presence of a coding region, which contains the information for the 
synthesis of the coded protein, and two noncoding regions that are located at the beginning 
and end of the mRNA molecule (5'UTR and 3'UTR that are transcribed but not translated). 
Mutations that modify the coding region may have important effects on the translation of 
the proteins, mutations at the junction between intron and exon can interfere with the recog-
nition of splice sites causing the production of modified transcripts while mutations in the 
untranslated regions (UTRs) and the introns are often neutral or in some cases may alter the 
regulatory functions of these regions. The mutations that show (most frequently) phenotypic 
effects are those affecting the coding regions. Therefore, in this chapter, we will focus on 
them. In the case of a silent mutation, the replacement of a base causes a change in the codon 
without a change of the amino acid (the genetic code is degenerated and the same amino 
acid can be coded by more than one codon). For example, if a mutation changes the codon 
CUA in CUG, as both codons code for the same amino acid leucine, the amino acid does not 
change. For this reason, a silent mutation has no effect at the level of the protein and thus on 
the phenotype. In the case of a missense mutation, the substitution of a base of a codon with a 
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different base causes the change in the codon function. For example, if the codon AGC, which 
codes for the amino acid serine, becomes AGA, encoding for the amino acid arginine, during 
the protein synthesis, an arginine will be inserted instead of a serine. The substitution of an 
amino acid may therefore change the protein function. Based on the amino acid substitu-
tion, the missense mutations are divided into: (a) conservative substitutions: the new amino 
acid has similar characteristics to the replaced one (neutral mutation); (b) nonconservative 
substitutions: the new amino acid has different characteristics [e.g. GAG (Glu) changing to 
GTG (Val)]. The consequences of a missense mutation are more or less serious depending on 
the physical-chemical characteristics of the two amino acids involved. Characteristics of the 
amino acids present in the primary structure determine the secondary and tertiary structures 
of the proteins by means of ionic and hydrophobic interactions. In turn, the correct folding 
of the protein chain determines its biological functionality. The maintenance of the protein 
functions depends on the amino acid position and its structural role. In the case of sickle cell 
disease, due to a missense mutation in the gene of the beta-globin, a polar amino acid (water-
soluble, glutamic acid) is replaced by an insoluble apolar amino acid valine. This causes the 
production of a beta-globin chain resulting in an altered hemoglobin solubility, which in turn 
causes the characteristic shape of the sickle red blood cells. A gene mutation can change a 
codon sense in a noncodon sense (nonsense mutation). For example, if the codon AAG, coding 
for lysine, becomes UAG, which is a stop codon, then, the protein synthesis will end pre-
maturely. The synthesized protein is therefore incomplete and, in most cases, it will not be 
functional. An elongation mutation arises when, a nonsense triplet present in the wild gene, 
following a base substitution, becomes a triplet “sense,” encoding for an amino acid. In this 
case, the stop triplet is eliminated and the mRNA translation will continue with the formation 
of a longer protein. Deletions and insertions of bases in the coding region of a gene cause a 
slippage of the reading code system (frameshift mutations). The inclusion or loss of one or more 
bases causes a slip, resulting in loss of sense of the whole protein. All codons downstream of 
the mutation change and from that point they are then incorporated into the protein, giving 
rise to an abnormal protein and almost always nonfunctional. A deletion of an entire portion 
of a gene can severely alter the three-dimensional protein structure, the chemical properties 
and functionality. Even in this case, the deletion may lead to a slip of reading (frameshift), 
determining the loss of a part of the protein. A mutation in a gene can also determine a quan-
titative variation (not qualitative) of the protein. This occurs when the mutation falls in a 
regulatory region (i.e., the sequence of the promoter) and modifies the transcription of the 
gene. A point mutation (by substitution or by insertion/deletion of bases), both in coding and 
noncoding regions, can give rise to an RFLP (polymorphism of length of the restriction frag-
ments) and to an SNP (single nucleotide polymorphism).

4. DNA sequencing

Over the last 60 years, it has observed a significant increase in the knowledge of animal 
genomes and the genetic code, starting from the discovery of the structure of DNA in 1953 
until the publication of the first draft of the human genome in 2001 [1, 2]. The Sanger sequenc-
ing [3], also known as sequencing of the first generation, was the method used to sequence 
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the  genome within the project “Human Genome’ bringing the entire genome sequence in 
2003, after 13 years from the beginning of the project with a cost of $3 billion and the contribu-
tion of six different nations. In the recent years, several animal and plant genome sequencing 
projects have been carried out thanks to the implementation of both molecular biology and 
computer science innovations [4]. The evolution in parallel of these two sectors has enabled 
the advent of several next-generation sequencing (NGS) platforms. Nowadays, by means of 
this new technology, which is more efficient and economic compared to the previous meth-
ods, it is possible to sequence a new genome at the cost of less than one thousand euros in a 
very short time (1–2 days). Furthermore, the cost and time can be greatly reduced by analyz-
ing only the coding regions (exomes). Despite the fact that the exomes are only 1% of the entire 
genome, by mean of this method, it is possible to identify the 85% of the monogenic diseases.

4.1. Last-generation sequencing (NGS) possible

All NGS methods are characterized by two important phases: a molecular biology step, which 
goes from the preparation of the sample to the sequencing phase, which allows to carry out, 
at the same time, more than one reaction and with less dexterity than the Sanger method, 
and a computerized stage for the analysis of the data. The first part of the process is divided 
into three steps: sample preparation, amplification, and sequencing. Sample preparation, which is 
the common passage for all platforms, is the fragmentation of DNA (dimensions vary from 
100 to 800 base pairs (bp) in relation to the platform and the adapters used). The amplifica-
tion is based on two methods: emulsion or solid PCR amplifications. In the emulsion PCR 
method, described for the first time by Tawfik Griffiths, the individual molecules of DNA 
are clonally amplified in micro-compartments consisting of mixtures of water and oil [5]. 
The adapters bound to individual DNA molecules, hybridize to complementary sequences 
coating the surface. Cycles of upcoming amplification allow to the formation of “clusters” of 
folded fragments clonally amplified. All the NGS platforms are characterized by the ability 
to sequence and massively parallel amplifying the DNA molecules in a clonal or single way. 
Unlike the Sanger method, where the fragments of different sizes from individual sequencing 
reactions were separated by electrophoresis, in the NGS technologies, sequencing is accom-
plished through the repetition of nucleotide extension cycles or oligonucleotide ligations. 
The principles of sequencing and image acquisition are the peculiar steps that characterize 
the different platforms on the market. To date, different methods of sequencing are known. 
The cyclic reversible termination (CRT) sequencing method uses reversible labeled nucleo-
tides. Each sequencing cycle comprises: the incorporation of the nucleotide, the acquisition of 
the fluorescence, and the cutting of the nucleotide. The subsequent washing step allows the 
elimination of all nonincorporated nucleotides. At this point, the image for identifying the 
incorporated nucleotide is captured, followed by a cleavage step that removes the termina-
tor group and the fluorophore. After the elimination, the polymerase can continue the reac-
tion of extension and tie the second nucleotide. This process is used by two types of trading 
platforms: Illumina and Helicos, which differ in the templates of sequencing. While Illumina 
uses clonally amplified fragments on a solid surface, Helicos is currently the only commercial 
platform able to use single DNA molecules. In addition, the acquisition platform of Illumina 
uses a four-color (the four reversible nucleotides are labeled with a different fluorophore and 
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are dispensed at the same time in the sequencer), while in the Helicos platform, all nucleo-
tides they are labeled with the same fluorophore and are dispensed into the sequencer in a 
determined hierarchical order.

4.2. Commercial systems for NGS

We describe here the main platforms used for the last-generation sequencing:

Roche 454 system was the first genome sequencer to be marketed in 2004. This system uses the 
sequencing by synthesis technology known as pyrosequencing. Initially, the 454 sequencing 
method used reads of 100–150 bp, producing about 200,000 reads, with an output of 20 Mb for 
each run. In 2008, a new sequencer the 454 GS FLX titanium was produced (reads of 700 bp, 
with an accuracy after filtering of 99.9%, with an output of 0.7 Gb for run in 24 hours). In 2009, 
the GS Junior and 454 GS FLX platforms were used to set up a new sequencer with an output 
of 14 Gb for run. Further developments have led to the production of the GS FLX +, which is 
able to sequence reads up to 1 kb. The high speed of analysis combined with the long reads is 
the positive characteristics of this platform. However, the cost of reagents remains a problem 
to be solved.

Ion Torrent. The method used by Ion Torrent Genome Machine (PGM) is very similar to 
the Roche 454 system. This platform, instead of using images to capture the incorporated 
nucleotide, detects the change of pH. The output per run is of 270 Mb with reads of 
100–200 bp.

AB SOLiD system. The Applied Biosystems method was first marketed in 2006. This sys-
tem uses the ligation sequencing method (in both directions) to ligate fluorescently labeled 
octomers to the DNA fragment. Initially, the length of the reads was only 35 bp and the output 
of 3 Gb for run. In 2010, the 5500x1 SOLiD platform was released (reads with length of 85 bp, 
precision of 99.99% and output 30 Gb per run). The main problem of this method is the low 
length of the reads.

Illumina GA/HiSeq system. In 2006, the Solexa company released the Genomic Analyzer (GA) 
and in 2007, the company was bought by Illumina. The system uses the sequencing by syn-
thesis method (SBS) and the amplification bridge which is an alternative method of the PCR. 
At the beginning, the analyzer’s output was of 1 Gb for run, after upgraded to 50 Gb. In 2010, 
the HiSeq 2000 was released with an output of 600 Gb for run and reads of 200 bp. The basic 
method is to generate a great number of polonies (generated DNA colonies) that are simul-
taneously sequenced in parallel reactions occurring on the surface of a flow cell. The cost of 
sequencing is lower compared to the competitors. Table 1 presents the main NGS platforms.

4.2.1. Third-generation sequencing technologies.

Helicos single-molecule sequencing device: Heliscope method was presented for the first time in 
2007. This platform uses a technique that individually analyzes the molecules achieving a 
greater accuracy. Using this system, you can obtain an output in the order of 28 Gb. However, 
the main disadvantage of this method remains the low capacity to correctly identify indels, 
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with a consequent increase in errors. Another problem is the length of the reads, which has 
never exceeded 50 bp.

Oxford Nanopore Miniontechnology. Most of the nanopore sequencing technologies are based on 
the transit of DNA molecules, after the application of an electric potential, through an array of 
protein nanopores located in a high-salt buffer. Single bases are identified according to the elec-
tric change. Several methods have been proposed based on the nanopore technique. Among 
these, one is produced by Oxford Nanopore (exploits the combination of three molecules), one 
based on MSpa (a protein). This method can be very useful for identifying infectious diseases 
and to analyze environmental samples (metagenomic analysis of bacteria, viruses and fungi) 
without a previous knowledge of the sample composition.

An additional advantage of the third-generation sequencing methods is the production of 
long reads (>than 10,000 pb and up to 100,000 bp) enabling to analyze insertions, deletions, 
and translocations [6–9]. Using these technologies and mapping methods, it is possible to 
study entire chromosome arms.

4.3. NGS data analysis

Although the various sequencing technologies use different methods, they all provide as out-
put the FASTQ sequences. The FASTQ string is the type of information used in molecular 
biology to store genetic sequences and the related quality scores, namely the score that the 
algorithm assigns to the string and which is then used to choose the best match against the ref-
erence genome. At this point, the bioinformatics analysis is divided into three steps: alignment, 
which search of correspondences between the reads and the reference genome and the variant 
calling that attempts to separate the differences due to genetic mutations and instrumental 
errors made during the analysis and filtration and annotation, which attempt to align the reads 
to the reference genome.

4.3.1. Alignment

The alignment is the process by which you map short reads to a reference genome. It is a com-
plex task, since the software must compare each reads in all of the reference DNA positions 

Platform Type

Illumina Sequencing by synthesis

454 Roche Pyrosequencing

Ion Torrent Ion semiconductor

ABI Solid Ligation based sequencing (color spaced)

Oxford nanopore Nanopore sequencing

Pacific biosciences Single molecule real time (SMRT)

Table 1. List of sequencing platforms.
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[8, 10, 11]. It is a computationally challenging passage and wasteful in terms of time. The SAM 
(sequence alignment map) and BAM (binary alignment map) are the standard file formats for 
storing the data obtained using the next-generation technologies (NGS). There are many com-
mercially available software, free or on sale, to perform this task. Most software use a method 
based on indices, which are very fast in the search for all alignment positions (without gaps) 
in the reference genome. Other algorithms, instead, allow the search for alignments with gaps. 
The various methods to solve the problem include the use of hash tables (e.g., MAQ, ELAND), 
algorithms based on Burrows-Wheeler transformation (e.g., BWA, Bowtie, SOAP2), an algo-
rithm that uses a reversible compression method commuting the order of the characters with-
out changing the values; genome-based hash (e.g., Novoalign, SOAP). Some software can take 
into account of gaps (e.g., BWA, Bowtie2) while others do not (e.g., MAQ, Bowtie).

4.3.2. Variant calling

After the alignment, the DNA sequence can be compared to the reference genome, identifying 
the possible changes. These variations can be due to genetic diseases or they can be only noise. 
The complexity of this subject lies in the difficulty to distinguish between the true variations 
and the sequencing errors [12]. The continuous development and improvement of NGS tech-
nologies has brought continuous advantages in this area, improving the quality of analysis 
[13, 14]. The main difficulty in this kind of analysis is the presence of indels, i.e., phenomena 
of inserts (insertion) or cancelation (deletion) of DNA segments. In fact, indels are the major 
cause of false-positives. The number of false-positives increases when using algorithms that 
do not take it into account of gaps. Another source of errors arises during the preparation of 
sequences and the PCR analysis. In order to reduce the errors, it is advisable to increase the 
sensitivity of the PCR analysis, use updated alignment software and a big reference database 
for getting wider comparisons.

4.3.3. Filtering and annotation

After the alignment and variant calling steps, a list of thousands of potential differences 
is generated between the genome under study and the reference genome. The next step 
is then to determine which of these variations are due to sequencing errors. The use of 
specific filters allows to remove variants that do not follow the models under study and 
to make annotations. The comparison of reads against a genetic reference tree will find all 
elements of known function. In addition to the filtration step, the annotation process pro-
vides another tool to select and restrict the test sample, applying specific functional models 
[15]. The low cost of these new instruments is leading to the discovery of a great number 
of genetic variants and identifying various diseases [16]. For example, it has been observed 
that about 1300 positions of a gene or a sequence within a chromosome are associated with 
200 diseases [17].

4.3.4. Definitions of DNA sequence variants

In general, there are three principal categories of variants:
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(a) Causative variants

Variants showing a clear pathogenetic role and associated with a phenotype disease.

(b) Unrelated variants

The most commonly used definition to define this class of variants is “incidental findings.”

(c) Variants with undefined functional and clinical effects (variants of uncertain significance, VUS).

Table 2 reports some useful Internet sites for the genetic variant discovery analysis.

4.3.5. Example of a variant calling analysis using the galaxy platform (www.galaxy.org)

The protocol in a nutshell:

•	 Inspect the reads;

•	 Raw data cleanup/quality trimming;

•	 Align reads to a reference genome;

•	 Mark duplicates;

•	 Combine samples into a single file;

•	 Realign reads around insertions and deletions (indels);

•	 Correct inaccurate base qualities (optional);

•	 Make variant calls, SNVs, indels;

•	 Annotate the results.

(a) Read quality control

Steps involved and suggested tools:

NGS: QC and manipulation → FastQC

Command line: fastqc

SAMTools http:// mamtools.sourceforce.net

http//htslib.org

GATK https://www.broadinstitute.org/gatk

Platypus http://www.well.eox.ac/platypus

Freebayes http://github.com/ekg/freebayes

BreakDancer http://breakdancer.souceforge.net

Dindel https://sanger.ac.uk/resources/software/dindel

Table 2. List of variant discovery resources (Internet sites).
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Some of the important outputs of FastQC for our purposes are:

•	 Quality encoding type: important for quality trimming software;

•	 Total number of reads: gives you an idea of coverage;

•	 Presence of highly recurring k-mers;

(b) Quality trimming/cleanup of read files

NGS: QC and manipulation → trimmomatic

Suggested trimmomatic functions:

•	 Adapter trimming;

•	 Sliding window trimming;

•	 Trailing bases quality trimming;

•	 Leading bases quality trimming;

•	 Minimum read length.

(c) Genome alignment

Suggested tools:

NGS: Mapping → BWA

NGS: Picard → MarkDuplicates

NGS: SAM Tools → Merge BAM Files

NGS: GATK Tools → Indel Realigner

NGS: GATK Tools → Count Covariates

NGS: GATK Tools → Table Recalibration

(d) Variant calling

NGS: GATK Tools → Unified Genotyper

Possible alternative software:

Varscan http://varscan.sourceforge.net/

(e) Annotation

NGS: GATK Tools → Variant Annotation

Figure 1 shows an example of a variant analysis workflow.
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4.3.6. Bioinformatic analysis of the NGS data

Genetic testing based on NGS analysis can be divided depending on the width of the portion 
of the analyzed genome:

(a)	 sequencing the entire genome (whole genome sequencing; WGS);

(b)	 sequencing the entire exome (whole exome sequencing; WES) [18];

(c)	 targeted gene sequencing.

The choice of the different method will take into account several factors:

-- Costs: since the introduction of the NGS practice, the use of specific panels has been privi-
leged for economic reasons. Nowadays, the cost of the different methods has gradually 
narrowed and today this aspect is not, in most of the cases, the primary choice element. 
WES may be, in fact, less expensive of sequencing a panel of genes and, similarly, the cost 
of WGS is getting closer to that of WES;

-- Purpose: in general, the NGS techniques find the best applications in the case of high het-
erogeneity genetic diseases or for the Mendelian diseases in which the gene is not yet been 
identified;

-- Diagnosis: direct clinical applications are more and more frequent, especially for the con-
genital diseases;

-- Sensitivity: the higher the number of reads of a specific region, the greater will be the sen-
sibility for that particular stretch of DNA. In principle, in the analysis of specific panels, 
the smaller is the portion of the genome analyzed, the greater is the coverage and then the 

Figure 1. Example of a variant analysis workflow.
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sensitivity. This is the reason why, for a mosaic alteration, the analysis of known genes 
shows a greater sensitivity than the WES analysis;

-- Data storage: in relation to the increasing number of sequenced genomes and data to be 
analyzed, new bioinformatic platforms for storage and data analysis are needed.

The amount of data generated by NGS platforms is on the order of terabytes (Tb). Software 
used for data analysis differ according to the NGS technology but, all follow a “pipeline” 
system of data analysis converting the luminescence images or fluorescence data to “reads” 
sequences. In this process, defined, “base calling,” a quality score value is set for each nucleo-
tide, indicating the probability of an error associated with it. The “quality score” is an impor-
tant value for selecting the reads during the analysis process. If they fall below a specific 
level, they are eliminated improving the accuracy of the alignment process. In order to get an 
adequate efficiency of the alignment, this value should not be below 30. Another limitation 
for the alignment process is represented by the repeated sequences. The error rates associated 
with the NGS technologies seem to be higher than the traditional Sanger method. However, 
the accuracy of the NGS sequencing is increased by means of a repeated and massive reading 
of each gene fragment, which determines the “coverage” of the genome. The latter parameter 
represents an essential value in the NGS analysis (value ranging between 20 and 50 times, in 
relation to the platform used) determining the presence of false negatives (for heterozygous 
individuals) in the detection of nucleotide variants. At the end of the variant annotation pro-
cess, the number of identified variants varies in relation to the application of various filters, 
used to reduce the number of candidates. The filters most commonly used are based on:

-- inheritance pattern (autosomal/X-linked, dominant/recessive);

-- sharing equal variations in well-characterized families;

-- removal of variants already known through the use of public databases (dbSNP);

-- based on the potential effect of the change (no sense, missense, changes in splicing sites or 
insertions and deletions that modify the reading frame);

-- prediction of the functional effects of changes through the use of in silico bioinformatic 
tools (SIFT, POLYPHEN, and ANNOVAR software).

4.3.6.1. Advantages of using the NGS technology

Although, in previous decades, the development of the Sanger method has brought many 
findings in chemistry, automation and miniaturization of the process, only the advent of NGS 
technologies has led to a significant improvement of quality and speed of the genome analysis 
[19]. The release of new sequencing platforms and the reduction of costs associated with the 
NGS technology is the consequence of three factors:

(1)	 Thousands/millions of sequencing reactions can be conducted in parallel exceeding the 
limit of 1–96 possible reactions obtainable with a traditional sequencer;

(2)	 Cloning or amplification of the DNA fragment is, in the new technologies, not necessary 
or completely automated within the platforms;

New Advances in NGS Technologies
http://dx.doi.org/10.5772/66924

141



(3)	 Ability to detect the minor allele with high accuracy. This in term allows a better identifi-
cation of a variant in mosaic sample or heterozygous deletions. The number of times that 
a DNA fragment is amplified and sequenced is proportional to the abundance of such 
segment in the original sample.

4.3.6.2. Limits of NGS technology

The NGS technology has, however, some limitations related mostly to the magnitude of data 
products. In fact, in the NGS results we can observe false positives and false negatives.

False positives can result from:

-- an incorrect alignment with the reference sequence. You can overcome this problem using 
different alignment software;

-- systematic sequencing errors. This type of error can be identified in all the samples and 
removed from the final list [20];

-- technical errors of the sequencer. For example, with the pyrosequencing method, a com-
mon error was observed using homopolymers longer using the pyrosequencing method, 
was observed when reading homopolymers longer than 5–6 bases;

False negatives instead come from:

-- low coverage;

-- low coverage in regions of interest;

-- alignment of repeated regions.

The reduction of errors can be obtained increasing the coverage and the quality of DNA frag-
mentation (fragments of greater size). The implementation of the “paired-end” sequencing, 
that is able to sequence fragments of a greater length by both ends, allows the analysis of 
fragments of 5–10 kb. The use of the Sanger method is, however, required at the end of the 
analysis because the results, obtained using the NGS methods, require to be validated.

4.3.7. Applications of NGS technology

The genome can be assessed globally, only in the coding regions or in target regions. The 
main interest of the veterinary genetic sector is to study the coding regions as the greater 
number of diseases is caused by mutations or exonic splicing which alter the correct amino 
acid sequence of the protein. Indeed, exomes, while constituting only 1% of the genome, 
are the location of 85% of pathogenetic mutations. The number of mutations known to be 
associated with a genetic disease exceeds 110,000 variants, in most of 3700 different genes. 
It was estimated that only half of the Mendelian diseases have a known genetic basis. For 
these reasons, the scientific research focused mostly on exomes for the identification of new 
genes [21]. The approach, commonly used in the past, was to identify the transmitted loci 
associated with the phenotype by means of the segregation or linkage analysis, identifying 
shared genes of affected individuals in large size families. The advent of WES technology has 
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triggered a rapid growth of the sector (identification of new disease), having the advantage 
of requiring a limited number of samples. The first successful application of this method has 
led to the identification of the gene DHODH as causative of Miller syndrome. Since 2010, a 
large amount of studies have identified new disease-causing mutations, through the exome 
sequencing method using a reduced number of affected individuals, in various types of dis-
eases including cases of neuropathy, poikiloderma associated with neutropenia, familial 
exudative vitreoretinopathy, immune disorders, and tumor predisposition. The use of WES 
allowed to identify some causative mutations also in diseases with high phenotypic hetero-
geneity where the traditional linkage analysis approach is more difficult. A new area of the 
development of NGS technology is linked to the identification of new biomarkers or phar-
magenomics with the development of personalized therapies. The impact of next-generation 
sequencing technology on genomics has in turn led to a new revolution in the genetic field 
changing the nature of genetic trials. The production of a large number of low cost NGS plat-
forms is useful for many applications. These include: new variants discovered by targeted 
resequencing regions of interest or whole genomes; de novo assemblies of bacterial genomes 
and lower eukaryotes; cataloging of cell, tissues and organism transcriptomes (RNA-Seq); 
profiling of genome-wide epigenetic marks and chromatin structure using seq-based meth-
ods (Chip-seq and Methyl-seq); classification of species and/or discovery of the gene using 
metagenomic studies. NGS technologies can also accelerate exploration of the natural world 
[22, 23]. Despite a dramatic increase in the number of complete genome sequences available 
in public databases, most of the biological diversity, in our world, remains to be explored. 
Nowadays, de novo assembly of NGS data requires the development of new software tools 
that can overcome the technical limitations of these technologies. In fact, the main limitation 
is a rapid deterioration in the quality of assembly as the length of reading decreases.

4.3.8. De novo assembly

De novo genome assembly is often compared to solving a great puzzle without knowing the 
picture that we are trying to rebuild [7, 21, 24]. Mathematically, the issue de novo assembly 
is difficult regardless of the method of sequencing. During the de novo assembly process, a 
high number of repeated segments in the genome may cause several errors. The assembler 
tool should guess the right genome, starting from a great number of alternative options (the 
number of attempts increases exponentially with a high pattern of repetitions in the genome) 
[25]. As the technology has evolved, new methods for assembling genomes have continuously 
changed [26]. Genome sequencers have never been able to read more than a relatively short 
stretch of DNA at once, with read lengths gradually increasing over time.

Assembly quality: High coverage is necessary to sequence polymorphic alleles within 
diploid or polyploidy genomes. However, using shorter reads, the coverage should be 
increased in order to balance the low connectivity of the system and to obtain an optimal 
assembly. However, some times, a poor assembly process cannot be improved by a higher 
coverage. In fact, in the case of a high number of long repeated sequences in the genome, 
a high coverage will never fully compensate for the increasing errors and gaps which are 
produced during the editing phase. Using paired end technology gaps can be crossed and 
eliminated [5].
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Assembly methods aim to create the most comprehensive reconstruction as possible without 
introducing errors. The central challenge of assembling the genome is to solve the problem of 
repetitive sequences. If the DNA reads are random, than the expected number of cases of each 
sequence will decrease exponentially and the number of repeats in the genome is reduced. 
However, several genomes may share highly repeated structures which do not allow an easy 
assembly process [27].

Scaffolding: The phase of scaffolding focuses on repeats to fix linking contig initials in data-
driven scaffolds. A scaffold is a collection of contig linked by pair partners, where gaps 
between contigs between contig might be repeats, in which the gap can in theory be filled or 
outright gaps that original sequencing project does not capture [6]. If the distances are long 
enough, the assembler is able to connect contig in nearly all repetitions. Assembler tools may 
vary in the method how they call the contigs. The great majority of them are based on a com-
bination of two factors: contig length and a number of reads. A contig containing too many 
reads is called as a repetition. High-copy-number patterns are easy to be identified. On the 
contrary, the identification of two copies is more difficult) [25]. If the contigs are overlapping 
in a scaffold, the assembler can merge at this point. Otherwise, the assembler will record a 
gap inside the scaffold.

Example of de novo assembly using the galaxy platform (www.galaxy.org)

(a) Read quality control

Steps involved and suggested tools:

NGS: QC and manipulation → FastQC: comprehensive QC

Command line: fastqc

Some of the important outputs of FastQC for our purposes are:

•	 Read length: Will be important in setting maximum k-mer size value for assembly;

•	 Quality encoding type: Important for quality trimming software;

•	 % GC: High GC organisms don’t tend to assemble well and may have an uneven read 
coverage distribution;

•	 Total number of reads: Gives you an idea of coverage;

•	 Dips in quality near the beginning, middle, or end of the reads: Determines possible trim-
ming/cleanup methods and parameters and may indicate technical problems with the 
sequencing process/machine run;

•	 Presence of highly recurring k-mers: May point to contamination of reads with barcodes, 
adapter sequences, etc.;

•	 Presence of large numbers of Ns in reads: May point to poor quality sequencing run. You 
need to trim these reads to remove Ns.
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(b) Quality trimming/cleanup of read files

Steps involved and suggested tools:

NGS: QC and manipulation > trimmomatic

Command lines:

•	 Adapter trimming

•	 Sliding window trimming

•	 Trailing bases quality trimming

•	 Minimum read length

(c) Assembly

Steps involved and suggested tools:

NGS-Assembly → Velvet Optimizer

Possible alternative software:

Spades

SOAP-denovo

MIRA

ALLPATHS

Possible tools for improving your assemblies:

QUAST – http://bioinf.spbau.ru/quast

Mauve

InGAP-SV – https://sites.google.com/site/nextgengenomics/ingap

Semi-automated gap fillers:

Gap filler – http://www.baseclear.com/landingpages/basetools-a-wide-range-of-bioinformat-
ics-solutions/gapfiller/

IMAGE – http://sourceforge.net/apps/mediawiki/image2/

Genome visualizers and editors:

Artemis – http://www.sanger.ac.uk/resources/software/artemis/

IGV – http://www.broadinstitute.org/igv/

Geneious – http://www.geneious.com/

CLC BioWorkbench – http://www.clcbio.com/products/clc-genomics-workbench/
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Automated and semi-automated annotation tools:

Prokka – https://github.com/tseemann/prokka

RAST – http://www.nmpdr.org/FIG/wiki/view.cgi/FIG/RapidAnnotationServer

JCVI – http://www.jcvi.org/cms/research/projects/annotation-service/.

Figure 2 shows an example of a genome assembly workflow.

Figure 2. Example of a genome assembly workflow.
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4.3.9. RNA-seq method

The transcriptome is the totality of the transcripts present in a cell, each with their abundance 
and varies depending on the age stage and physiological conditions of the animals. The study 
of the transcriptome allow to interpret the functional genome elements identifying the differ-
ent types of transcripts (mRNA, coding RNA, and small RNAs), to determine their level of 
expression and their structure (terminations to the 5' and 3', exon-intron structure, alterna-
tive splicing). The introduction of NGS methods has revolutionized the characterization and 
quantification of transcriptomes overcoming limitations of previous methods (for example, 
microarrays or RT-PCR), as the need for a previous knowledge of the genomic sequence, the 
background noise (due to cross-hybridization), and the limited dynamic range. Starting from 
the mRNA, a cDNA library is constructed and specific adapters to both ends of each sequence 
are used. Each molecule is then sequenced after the PCR amplification. The sequencing pro-
duces a series of short reads, which can be aligned to the genome or the reference transcrip-
tome. These are used to construct an expression profile for each gene, with a resolution that 
can reach up to a single base. If the reads are short and very numerous (up to several million 
per run) you can identify transcripts with a low level of expression. The RNA-seq is highly 
reproducible and requires less RNA for the synthesis library, since it lacks the step of cloning. 
Nc RNAs (noncoding RNA) are small molecules which are not translated into proteins. This 
class of RNAs includes several RNAs as the transfer RNA (tRNA), ribosomal RNA (rRNA), 
small nuclear and small nucleolar RNA, micro RNA and small interfering RNA (miRNA and 
siRNA). Micro RNAs (21-nucleotide-long RNAs) are very important posttranscriptional regu-
lators of genes in animals. Table 3 reports the most important Internet reference databases.

NCBI–RefSeq htttp://www.ncbi.nlm.nih.gov/refseq

UCSC http://genome.ucsc.edu

Ensembl http://www.ensembl.org/index.html

dbSNP htpp://www.ncbi,nlm.nih.gov/SNP/index.html

dbVar http://www.ncbi.nlm.nih.gov/dbvar

http://ncbi.nlm.gov/dbvar/content/overview

dbGaP www.ncbi.nlm.nih.gov/gap

DNA Data of Japan http://www.dbbj.nig.ac.jp

ExPASy http://ca.expasy.org

GenAtlas http://citi2.fr/GENATLAS/

GenBamk http://wwww.ncbi.nlm.nih.gov/

SNP consortium http://snp.shl.org

Stanford microarray http://genome.stanford.edu/microarray

Swiss-Protein http://www.expasy/sprot

Table 3. List of reference databases (Internet sites).
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5. Other methods for screening the genetic diseases

5.1. Mendelian disorders

Karyotyping and in situ fluorescent hybridization technique (FISH) were traditionally used to 
detect the large genetic disorders. In the last decade, microarrays have been used to improve 
the resolution. Nowadays, NGS technologies can be used to sequence all the exomes or tar-
geted exome regions.

5.2. Microarrays or SNP chip

SNP array is a specific type of chip array which is used to identify the single point mutations. 
After the DNA extraction, DNA is fragmented and processed by means of biochemical meth-
ods and labeled with a fluorescent dye. The DNA spots (20–100 bp) are attached to a solid sur-
face (glass, plastic, or silicone) and the hybridization is performed using the samples of DNA 
to be tested. For each SNP to be genotyped, several DNA probes are designed with similar 
sequences but variable at one position corresponding to a polymorphism. The measure of the 
fluorescence, at each spot, allows us to detect the presence/absence of a specific allele. Two 
individual are identical at 99.9% of the genome and the wide linkage disequilibrium (LD) 
observed throughout the genome reduces the number of needed SNPs. If many SNPs are 
linked together in one region, only one maker is needed to be accurately measured. The abil-
ity to detect SNPs using array-based approaches is often limited by the density of the array.

5.3. Epigenetics

Methylation effects and histone modifications explain most of the epigenetic and posttran-
scriptional modifications. Chip-seq (chromatin-immuno-precipitation and direct sequencing) 
is used at the whole-genome level [28].

5.4. Analysis of a nucleotide sequence

The operations to be carried out in the molecular laboratory are as follows:

•	 extracting DNA from a tissue, usually the blood;

•	 DNA amplification. It consists in amplifying selectively the DNA;

•	 DNA sequencing. Once you obtained the various DNA fragments amplified by PCR, 
you run the “sequencing reaction”;

•	 Analysis of the nucleotide sequences and search for gene mutations.

Specific software is used to perform an alignment between the nucleotide sequences of an 
individual showing a monogenic disease (from which you want to search for the mutation) 
and those of a control healthy individual (i.e., which does not have one specific disease). 
From this comparison, if the animal has a monogenic disease, may emerge one or more 
differences in the nucleotide sequence. These mutations (silent mutations, missense, not 
sense, frameshift, and splicing) shall be individually analyzed and evaluate the effects. 
The  prediction of the effects of a missense mutation in the protein structure level is a 
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complex process, in which we must take into account all the characteristics of the amino 
acids protein chain and their mutual interactions. Currently, some programs are avail-
able (such as SwissPdbViewer, for free on the websitehttp://www.expasy.org/spdbv/text/
download.htm), able to process all of these data and provide a prediction of how the muta-
tion will affect the three-dimensional structure of the protein. The automated sequencer 
provides the data files that can be displayed in the form of electropherograms with spe-
cific programs such as MT-Navigator (Applied Biosystems). The succession of peaks that 
make up the electropherogram is the result of the detection the fluorescence emitted by 
the fluorophores linked to the four ddNTPs used in the reactions of sequence. For each 
fluorochrome, and then to each nucleotide, it is conventionally associated a different color 
(A = green, T = red, C = blue, and G = black), thus facilitating the reading of the sequence. 
The reference sequences for the comparison may be obtained from the National Database 
Center for Biotechnology Information (NCBI, website: http://www.ncbi.nlm.nih.gov). The 
individual mutations are recognizable on the basis of several peak patterns. The substitu-
tions of a single nucleotide or more nucleotides can be recognized because of its presence 
in a specific point of different color peaks corresponding to the replaced bases. One indi-
vidual homozygous shows only one peak while a heterozygous shows two peaks corre-
sponding to two alleles. A mutation can be localized in correspondence of the first base of 
the junction of splicing (GT becomes TT). In fact in most eukaryotic genes, introns begin 
with the “GT” bases and end with “AG.”

6. Clinical applications in domestic animals

Animal geneticist, whose role consisted only once in calculating the probability of trans-
mission hereditary of a given genetic disease in a given individual, is now an active figure 
throughout the clinical process, from diagnosis to treatment. The collection of family history 
is a central point in clinical genetics. It, in fact, can help to arrive at a correct diagnosis. In 
addition, through early diagnosis, it is possible to prevent or delay the onset of the disease 
through a suitable therapy. This possibility is often about relatives of an individual and can 
take to extend the analysis beyond the individual subject. Even for a correct formulation of the 
prognosis, it is important to be able to refer to the specific form assumed by a given disease 
in a certain family. For example, in some cases, analysis of family history has allowed to rec-
ognize some individuals with less aggressive forms of a disease, a less severe clinical picture, 
and then improved life expectancy.

7. Genetic counseling

Genetic counseling is a communication process that aims to provide to individual pet own-
ers or farmers the risk of genetic diseases in order to help these people to analyze the con-
sequences and to make responsible decisions. The first task of the genetic counselor is to 
identify the individual’s needs and provide information with an appropriate manner to the 
degree of its culture and its beliefs. In addition to information about the disease, it must 
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present the possible available genetic tests, highlighting their reliability. Finally, it should 
discuss the implications of the various choices.
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