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1 Introduction 

Genetic anomalies are severe, often lethal, conditions determined by a harmful 
variant in a single gene, typically with little or no influence from the environment. 
They have always held a special place in animal breeding, with certain major 
outbreaks causing significant economic losses and damaging the reputation 
of the industry. Yet, they have often been overlooked or neglected, particularly 
when their phenotypic manifestations are subtle and can be mistaken for 
common illnesses. Unlike selected traits, the recording of these conditions 
is not formally organised in most countries, resulting in insufficient data to 
estimate their prevalence or incidence and to initiate genetic investigations. 
From the 1970s onward, a small number of motivated researchers (e.g. 
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Leipold et al., 1969, 1983; Lauvergne and Blin, 1967; Lauvergne, 1978), often 
working outside the core breeding community, laid the foundations for today’s 
surveillance networks and compiled the first inventory of genetic abnormalities 
in farm animals. For a long time, detection rates remained low, with only one or 
two new anomalies reported every five to ten years in each major bovine breed. 
In addition, no diagnostic tool existed to easily detect heterozygous carriers of 
recessive deleterious variants. The first major shift occurred in the 1990s with 
the advent of DNA analysis techniques, which enabled the discovery of causal 
variants and the development of associated molecular screening tests. Because 
only a limited number of genetic defects were known at a given time, breeding 
policies were often extreme, favouring the elimination of all carrier males from 
reproduction. Consequently, selection practices tended to be overly lenient 
initially, and then excessively strict once anomalies were identified. Over the 
past 15 years, the emergence of high-throughput DNA analysis tools such as 
Single Nucleotide Polymorphism (SNP) chips (Matukumalli et al., 2009) and 
DNA sequencing (Zimin et al., 2009; Rosen et al., 2020) has revolutionised both 
breeding programs and the study and screening of genetic defects (Georges 
et al., 2019). These technologies have markedly accelerated the positional 
cloning of causative variants and, conversely, facilitated the discovery of 
previously unknown defects using reverse genetic strategies. Today, all 
characterised defects are described in the unique OMIA (On-line Mendelian 
Inheritance in Animals) inventory (Nicholas and Hobbs, 2014; Nicholas, 2021; 
Tammen et al., 2024). The large-scale identification of new genetic defects, 
whose variants can now be integrated into genotyping platforms (Boichard 
et al., 2018), has created new challenges for the simultaneous management of 
several or many defects. 

This chapter provides an overview of the techniques used to detect, 
characterise, and manage genetic defects in cattle populations. 

2   The context of genomic selection 

Genomic selection relies on large reference populations of genotyped animals 
with recorded phenotypes, with its accuracy depending primarily on the size 
of these reference populations. Consequently, breeding organisations invest 
in the development and maintenance of these resources. Simultaneously, an 
increasing number of male and female candidates are genotyped to facilitate 
an increase in selection intensity. At the farm level, genotyping combined with 
the use of sexed semen and crossbreeding with beef bulls has been shown 
to optimise replacement and increase genetic gain, while maximising also 
the value of non-replacement calves (Bérodier et al., 2019). As a result, the 
rate of animal genotyping has increased each year since the implementation 
of genomic selection in 2009. This trend has been driven in particular by 



Published by Burleigh Dodds Science Publishing Limited, 2026. 

Genetic defects in dairy cattle 3 

ever-reducing genotyping costs, enabled by ever-growing volumes concurrent 
with technological developments. Consequently, very large genotyping 
databases have been created, including millions of individuals in major dairy 
countries (e.g. 2.8 million genotypes in the French database in 2024). Notably, 
in many genotype processing systems, genotypes are imputed to fill in missing 
genotype information and, more importantly, to combine information from 
different chips to a common set of genotypes. This imputation process involves 
phasing to identify paternal and maternal alleles, yielding valuable information 
that can be exploited in numerous downstream analyses. 

In addition, provided reference populations can be established, genomic 
selection offers the opportunity to breed for new traits, moving beyond the 
traditional focus on production and conformation. To this end, databases are 
constantly being enriched with new phenotypes, especially in the domains of 
health and fertility and, more recently, efficiency. 

With the aid of newly developed methods, this vast amount of information 
can be exploited to detect many conditions that, until recently, went largely 
undetected or unreported. 

The issue of genetic defects is particularly relevant for dairy breeds which 
tend to have small effective population sizes typically ranging from 50 to 100 
(Leroy et al., 2013). Although genomic selection has the potential to better 
exploit Mendelian sampling information and thus limit the annual increase 
in inbreeding trend, the opposite is often observed (Doublet et al., 2019). 
This is due to the reduced generation interval and the reliance on a relatively 
small number of artificial insemination (AI) bulls, especially sires of sires. Such 
a situation also favours genetic drift, meaning that (deleterious) variants that 
are initially present at very low frequencies can spread if popular sire families 
happen to be carriers. In addition, as inbreeding increases (F), the expected 
proportion of homozygotes for a recessive deleterious variant of frequency 
p also rises, following the formula ((1 − F) p2 + pF). Consequently, although 
selection does not create new defects, a greater number of recessive defects 
are expressed than in a non-inbred population. It is therefore important to 
implement counter-selection against variants responsible for deleterious 
conditions. Note that in this formula, F represents only the partial inbreeding 
due to the first carrier ancestor of the defect, which is generally lower than the 
total inbreeding coefficient, particularly if the deleterious mutation is recent. 

3   Mode of inheritance 

The mode of inheritance of a defect refers to the way in which a deleterious 
variant exerts its effect and how it is transmitted from parents to offspring. 
Historically, most defects observed in cattle followed a recessive pattern, largely 
because of inbreeding and the way sires were evaluated in the past. Progeny 
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testing required each AI sire to produce around one hundred offspring, 
whose performance were carefully monitored before the bull could begin a 
breeding career as a proven AI sire. In this way, progeny testing served as a 
natural safeguard, limiting the spread of genetic defects with dominant effects. 
With the shift to genomic selection, however, the situation has changed. Young 
males can now sire thousands of offspring without undergoing prior screening, 
thereby exposing dairy cattle populations to familial outbreaks of new types of 
genetic abnormalities. 

The three most common modes of inheritance observed today include: 

• Recessive defects; 
• Dominant defects; and 
• Chromosomal abnormalities. 

These three modes of inheritance will be discussed in the following 
subsections. 

3.1 Recessive defects 

Recessive defects are expressed only in animals that are homozygous, having 
inherited two copies of the deleterious variant from their healthy heterozygous 
parents. This means that the variant can persist silently in the population 
for several generations in the heterozygous state before the first affected 
homozygotes appear, usually as a result of inbreeding. In such cases, the 
frequency of carriers is always much higher than that of affected individuals. 
For example, if the allele frequency is p = 3%, and assuming Hardy–Weinberg 
equilibrium while ignoring inbreeding and other evolutionary forces, the 
expected proportion of affected animals (p²) is only 0.09%, whereas the 
proportion of carriers (2p(1–p)) is approximately 5.8%, i.e. more than 60 times 
higher. 

For rare variants, this ratio is much higher. Although natural selection 
eliminates affected homozygotes, this purging process is very slow, while the 
frequency of recessive alleles can rise rapidly by drift if popular sire families 
happen to be carriers. Note that this process is very common because all 
individuals, including popular sires, are likely carriers of a handful of recessive 
deleterious variants. As a result, ‘waves’ of newly emerging defects are regularly 
observed several generations after a sire and his sons have been widely used 
in the population. Examples in Holsteins include Citrullinemia (Dennis et al., 
1989), DUMPS (Schwenger et al., 1993), BLAD (Shuster et al., 1992), CVM 
(Thomsen et al., 2006), Mulefoot (Duchesne et al., 2006), Brachyspina (Charlier 
et al., 2012), and cholesterol deficiency (Menzi et al., 2016; Schutz et al., 2016). 
In practice, recessive defects have limited consequences when rare because 
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very few cases are born. However, once their frequency increases, active 
management and selection measures become necessary to limit their impact. 

3.2 Dominant defects 

Dominant defects are expressed even in heterozygous carriers. In severe cases, 
carriers are affected and often unable to reproduce, so the defect usually 
disappears naturally. If the condition is milder, shows incomplete penetrance, 
or appears later in life, it can spread in the population and deserves particular 
attention. A special case involves a de novo mutation occurring early in 
development. This results in a mosaic individual, in which the proportion of 
cells carrying the normal or mutant allele varies across the body, depending on 
the developmental stage at which the mutation occurred and the subsequent 
patterns of cell migration and proliferation during organogenesis (Fig. 1). This 
animal may be unaffected or mildly affected if the normal cells compensate 
the mutated ones, but it can transmit the defect to a small proportion of its 
progeny. For example, Daetwyler et al. (2014) first described a lethal ‘bulldog’ 
chondrodysplasia, where approximately 1% of germ cells were estimated to 
carry a de novo dominant mutation in COL2A1 gene, based on one affected calf 
in 200. Because of their striking phenotypic effects, skeletal disorders such as 
achondrogenesis or osteogenesis imperfecta caused by mutations in collagen 
genes are good examples of this mechanism. Since then, around a dozen similar 
anomalies have been reported in the offspring of AI sires, with mosaicism rates 
reaching up to 25% (Bourneuf et al., 2017; Jacinto et al., 2020; Corbeau et al., 
2024). Again, the defect is expected to disappear rapidly, but the number of 
affected calves can still be substantial. However, not all dominant de novo 
mutations produce such visible effects. As Besnard et al. (2023) demonstrated, 
one of the most effective strategies to detect mosaic sires in these cases is the 
systematic analysis of calf mortality to identify outlier sires. 

3.3 Chromosomal abnormalities 

Chromosomal abnormalities are changes in the number or structure of 
chromosomes. Structural rearrangements, such as translocations, can cause 
errors in meiosis and produce gametes and embryos with missing or extra 
genetic material. Most of these aneuploid individuals are not viable and die 
at the embryonic stage, primarily affecting fertility. In some cases, however, a 
few may survive to birth, with symptoms ranging from severe malformations 
to minor phenotypic effects, depending on the size of the chromosomal 
segment involved and its gene content (e.g., Ryan et al., 2025). Individuals 
carrying a chromosomal rearrangement in the form of a balanced translocation 
are usually unaffected, unless the breakpoint disrupts a gene and produces 
a dominant effect. In the most common situation where all aneuploids die in 
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utero, bulls with a balanced translocation transmit the rearrangement to about 
50% of their live-born progeny, who can in turn pass it to the next generations. 
Due to both the strong immediate effects on fertility and mortality, as well as the 
lasting effects over many generations, chromosomal abnormalities should be 
eliminated, and carriers should not be used as breeding animals. The standard 
diagnostic method for chromosomal abnormalities is GTG banding, which 
visualises stained chromosomes during metaphase. In bovine, even with well-
trained specialists, this analysis can be challenging because the chromosomes 
are morphologically very similar and the resolution of the technique is limited 
(around 10 Mb). Furthermore, in most countries, there was no systematic 
cytogenetic screening of breeding animals for chromosomal aberrations, 

Figure 1  Illustration of somatic and germline mosaicism in a sire caused by a mutation 
at the two-cell stage. 



Published by Burleigh Dodds Science Publishing Limited, 2026. 

Genetic defects in dairy cattle 7 

apart from targeted checks for the Robertsonian 1–29 fusion in certain breeds 
(Gustavsson, 1979), often using techniques with even lower resolution. 
Consequently, only a small number of chromosomal rearrangements were 
reported in the literature (Iannuzzi et al., 2021) until the recent development 
of methods based on SNP data mining, presented in Section 5, which enabled 
the detection of many previously overlooked cases (Jourdain et al., 2023; 
Bouwman et al., 2023; Ryan et al., 2025). A low fertility at insemination and/or a 
high mortality rate are strong signals of a putative chromosomal rearrangement 
(Fig. 2). 

4   The usual bottom-up phenotype-to-variant approach 

Traditionally, the detection of genetic defects begins in the field, where 
farmers, veterinarians, and breeding technicians report animals that display 
malformations or unusual traits to specialised surveillance networks, such as 

Figure 2  Illustration of gametogenesis in a parent carrying a chromosomal translocation. 
Offspring produced from a balanced gamete are phenotypically normal but can transmit 
the translocation to their progeny. Offspring produced from an unbalanced gamete 
frequently die early in development or, if they survive, present severe affections. For 
clarity, only the four main types of meiotic segregation are illustrated here, although 
other, less common types also occur. 
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the ‘National Observatory of Bovine Defects’ (ONAB) in France (www.onab.fr; 
Grohs et al., 2016). Comparable initiatives exist in other countries, including 
Denmark (Agerholm et al., 1993), Belgium, Switzerland, and Ireland, or are 
being developed in North America (Cole et al., 2025) and Australia. Because 
phenotypes from genetic abnormalities are usually not recorded in routine 
breeding databases, the ability to detect them is limited, representing a major 
weakness in selection. Surveillance networks help address this gap by identifying 
outbreaks and centralising case reports and samples for downstream genetic 
analyses. A genetic origin is strongly suspected when several similar cases recur 
within a breed or pedigree, and obvious environmental causes (e.g. maternal 
exposure to teratogens or viral infections during gestation) are excluded. The 
next step is to determine the likely mode of inheritance, which guides the choice 
of positional cloning strategy, typically relying on high-throughput genotyping 
and whole-genome sequencing. 

As mentioned earlier, recessive defects receive the most attention in the 
industry because they are transmitted across generations with minimal natural 
selection, allowing multiple defects to coexist within populations. Cases are 
typically sporadic across different herds but usually confined to a single breed. 
When pedigree information is sufficiently deep and accurate, it is often possible 
to trace a common ancestor for all parents of affected animals, typically 5 to 
10 generations back, whose genetic contribution to the cases exceeds its 
contribution to the overall population. Pedigree analysis software, such as 
Pedig (Boichard, 2022), can help identify this ancestor (Fig. 3). Homozygosity 
mapping (Fig. 4) is the preferred method for locating recessive loci in the 
genome. Originally proposed by Lander and Botstein (1987), it identifies 
homozygous haplotypes shared by all affected individuals but absent or very 
rare in the general population. This strategy has proven highly effective in cattle, 
with medium-density SNP arrays enabling loci to be mapped at megabase 
resolution, even from only a few affected cases as long as large numbers of 
unaffected controls are available (Charlier et al., 2008). In a second step, the 
causal variant can be pinpointed by whole-genome sequencing of one or 
two affected animals and screening for variants within the confidence interval 

Figure 3  Use of the Pedig software (Boichard, 2022) to identify candidate carrier 
ancestors from the whole pedigree file. 



Published by Burleigh Dodds Science Publishing Limited, 2026. 

Genetic defects in dairy cattle 9 

that are absent in the homozygous state from large sequence databases of 
normal individuals, such as those compiled by the 1000 Bull Genomes Project 
(Hayes and Daetwyler et al., 2019). Functional annotation tools, such as SNPEff 
(Cingolani et al., 2012) or Variant Effect Predictor (VEP, McLaren et al., 2010, 
2016), together with knowledge of gene function and prior evidence from gene 
inactivation in mouse (MGI, Baldarelli et al., 2024) or from natural mutations in 
humans (OMIM, Hamosh et al., 2005) and other livestock species (OMIA), often 
yield crucial insights into the molecular mechanisms underlying the phenotype. 
The effectiveness of this approach, however, rests on the assumption that all 
observed cases originate from a single, unique mutation event. 

SNP genotyping has become a central tool in mapping defects to limited 
genomic intervals. Once the causal variant is identified, it can be included in 
genotyping arrays to detect carriers and estimate allele frequencies across 
breeds. Prior to identification, haplotype-based tests provide preliminary 
diagnostic information but must be interpreted carefully, especially in 
combination with pedigree data, because recombination events can separate 
haplotypes from causal variants. Sequencing of cases remains essential for 
identifying the causal mutation, while large reference sequence databases help 
filter out variants common in the general population. 

Figure 4  Homozygosity mapping of a recessive defect (a). A mutation arises in generation 
1 and is transmitted with its surrounding haplotype, which shortens over generations 
due to recombination. The first homozygotes for the mutated allele appear in generation 
n and the homozygous haplotype shared by all cases defines the confidence interval 
(highlighted rectangle). 
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Dominant defects may be suspected when affected animals cluster within a 
single progeny group. Confirmation occurs if all cases share the same parental 
haplotype, and sequencing of the affected individuals allows identification 
of the causal variant. In cases of parental mosaicism, the mutation may be 
present at low frequency in the parent and may be missed after sequencing, 
so sequencing the affected progeny is critical. The variant is typically absent 
in normal animals and often predicted to be highly deleterious, sometimes 
affecting genes associated with similar syndromes in humans (OMIM database) 
or mice (MGI database). Comparison of affected and unaffected progeny 
carrying the same parental haplotype provides strong evidence of causality. 
For traits with variable expression, genetic testing can identify carriers even 
when clinical signs are mild. When large numbers of affected progeny are 
available, modifier genes influencing phenotypic variability can also be 
mapped (Bourneuf et al., 2017), which has significant implications for rare 
human syndromes. 

Chromosomal abnormalities can also produce cases concentrated within 
a single family, if aneuploid progeny from a parent with a balanced karyotype 
survive. These may result in two distinct phenotypes linked to partial monosomy 
or partial trisomy. Cytogenetic analyses and chip fluorescence data analysis are 
two methods of choice to detect the nature of the rearrangements and inform 
breeding decisions. 

This phenotype-to-genotype approach has led to the discovery of an ever-
increasing number of causal variants, mainly recessive ones (Nicholas, 2021; 
Georges et al., 2019). However, it is only effective for anomalies that present 
with very distinctive signs such as skin or skeletal disorders (e.g., Michot et al., 
2015; Boussaha et al., 2023; Boulling et al., 2025). 

5   Genetic defects detected by data mining 

The huge databases available for genomic selection have enabled the 
development of different data mining approaches, which exploit imprecise 
phenotypes, or even start with no phenotype at all, using a process known as 
reverse genetics. Several successful examples of this approach exist in cattle. 

5.1 Detecting chromosomal rearrangements using linkage 
disequilibrium 

SNP variants located on different chromosomes normally segregate 
independently, both at the population level and within families. However, 
when a parent carries a chromosomal rearrangement, new chromosomes are 
formed that juxtapose SNPs initially located on independent chromosomes. 
As a result, local linkage disequilibrium (LD) is created within a family, which 
can be detected through genotyping. This LD-based approach was introduced 
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by Jourdain et  al. (2023), who studied 5571 sire families and detected 12 
sires (0.2%) carrying different chromosome rearrangements, including one 
Robertsonian fusion, ten reciprocal translocations, as well as a rare insertional 
translocation. These rearrangements had significant negative effects on the 
fertility of sires and on the fertility and survival of both balanced and aneuploid 
progeny. This approach requires about 30 genotyped and phased progeny 
per sire and can be easily implemented as part of routine genomic analyses. 
Although these events are rare with an estimated prevalence of 1 in 400 AI 
sires, culling the affected bulls and identifying their carrier descendants can 
save important resources. 

5.2 Detecting aneuploidy by chip fluorescence signals 

Regarding aneuploidy, a new method based on chip information has recently 
been developed as an alternative to cytogenetics (Bouwman et al., 2023; Ryan 
et al., 2025). In cases of total (i.e. the entire chromosome) or partial monosomy, 
the fluorescence intensity decreases and only one allele is observed. In the case 
of trisomy, the fluorescence intensity increases, and four fluorescence clusters 
are observed instead of three. This test can be performed on live animals and 
embryos, and it can be automated for large-scale applications. 

5.3 Detecting embryonic lethals and early juvenile mortality 
via homozygote deficiency 

Conventional monitoring systems, such as ONAB, systematically overlook 
phenotypes resulting from embryonic, foetal, or early juvenile mortality when 
no visible malformations are present. However, these defects can be detected 
by mining large genotype databases. If a causal variant is recessive lethal before 
the average age of genotyping for genomic evaluation, it cannot be observed 
in the homozygous state in the latter population. Assuming this variant is in 
strong LD with nearby markers available on the SNP arrays, these SNPs should 
show some deficit of homozygotes. At the level of an individual marker, this 
deficit cannot be detected because the SNP frequency is hardly affected by 
these mortalities. However, a haplotype composed of several markers is much 
more specific to a given genetic origin and is more likely to capture the signal 
associated with this causative variant. 

VanRaden et al. (2011) pioneered this approach by searching for relatively 
frequent haplotypes with fewer homozygotes than expected based on the 
genotypes of each animal’s parents (or grandparents). In doing so, VanRaden 
et al. (2011) detected the three first lethal haplotypes in Holstein, designated as 
HH1, HH2, and HH3 (for Holstein Haplotype followed by a serial number). The 
deficit can be complete or partial, depending on the linkage disequilibrium 
between the causal variant and the haplotype. In current approaches in cattle, 
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haplotypes of 20 markers (~1 Mb) are considered, as this length is a good 
balance between informativity and the length of conserved segments. The 
effect can be confirmed by analysing pedigree and phenotype data for reduced 
fertility in at-risk matings (i.e. carrier sire x carrier dam or maternal grandsire) or 
by increased mortality of the corresponding offspring at birth or at young age. 

Indeed, assuming full linkage disequilibrium the expected loss in fertility 

is −0.25 μf  or ˜
˜° ˛
µ
p 

f 

4 2
 in sire-dam or sire-maternal grandsire at-risk matings, 

respectively. In these expressions, μf is the mean conception rate of the 
population and p is the frequency of the lethal allele in the maternal granddam 
population. Similarly, for mortality at calving or at an early age, the increase 

in mortality is 0.25 (1 − μ m) or 1

4 2

˜° ˛ 
˜ ° ˛ 
µ 

p
m  with μ m being the mortality rate in the 

population. Fritz et  al. (2013) combined this approach with mining whole-
genome sequences of carriers and were able to identify the causal variants. 
This procedure has been repeated by different research teams in various 
populations, resulting in the identification of tens of new lethal variants (e.g. 
Kadri et al., 2014; Sonstegard et al., 2013; Pausch et al., 2015; Adams et al., 
2016; Fritz et al., 2018). The detection power is directly related to the expected 
number of homozygotes (Np2) and, consequently, to the size of the genotyped 
population (N) and the frequency of the lethal variant. In small populations, 
only frequent lethal variants can be detected. In contrast, in populations such 
as the Holstein, a dozen variants were detected. It should be emphasised, 
however, that these variants usually explain a small proportion of the fertility or 
mortality genetic variance since homozygotes are relatively rare (e.g. about 1% 
if p=0.1 but only 1 in 10 000 if p=0.01). Nevertheless, it is important to monitor 
rare variants in order to avoid any unexpected increase in frequency due to drift 
and to counter-select them actively as soon as their frequency is above 3% (i.e. 
if the prevalence of homozygotes exceeds 1 in 1000). Even if the phenotypic 
effect is very small at the population level, the impact of these recessive lethal 
variants in at-risk matings justifies their inclusion in mating plans. This point will 
be developed in Section 9. 

Interestingly, the corresponding causal variants often alter highly 
conserved domains in proteins that participate in biological pathways essential 
for life. For instance, the HH3 variant causes a substitution at an amino acid 
that is fully conserved across eukaryotic orthologs in the structural maintenance 
of chromosome protein 2 (SMC2) involved in mitosis (Daetwyler et al., 2014), 
while HH4 affects GART, a gene involved in purine synthesis (Fritz et al., 2013). 

It should be kept in mind that this method is effective when the causal 
variant is in strong linkage disequilibrium with the haplotype. It commonly 
happens that the causal variant lies within a frequent haplotype that also exists 
in association with the wild allele. This haplotype cannot detect the variant 
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because the loss in homozygotes is too limited compared to the total number 
of homozygotes. But it may happen that another neighbouring rare haplotype 
detects the variant although it does not contain it. As a consequence, this 
tag haplotype detects the variant but does not reliably define a confidence 
interval for the lethal variant, which must therefore be searched for in a broader 
genomic region. 

5.4 Harmful variants with late or incomplete penetrance 

The homozygote deficiency approach relies on the number of missing 
homozygotes and is usually successful only when a high proportion, if not all, of 
homozygotes die during gestation or at a young age before genotyping, i.e. when 
penetrance is strong or complete. Therefore, a number of deleterious variants 
are likely to be missed. Conventional genome-wide association studies testing 
for additive effects also fail to detect deleterious recessive variants because the 
homozygotes are too few in number (compared to both other genotypes). A 
solution is to include a dominance effect in the model. This idea was applied to 
stature by Reynolds et al. (2021) who identified six recessive deleterious variants 
(three missense, one premature stop, and two splice-disrupting) responsible for 
poor growth in Holstein and Jersey cattle based on a dataset of over 124 000 
cattle with genotypes imputed at whole genome sequence level. This method 
requires affected animals to be both genotyped and still alive at the time of 
phenotyping, which for stature generally occurs during the first lactation (i.e. at 
two to three years of age), but this is usually the case in dairy. 

To overcome the limitations of homozygosity-depletion mapping and 
non-additive genome-wide association studies, Besnard et al. (2024) proposed 
an alternative approach that couples searches for haplotype enrichment and 
depletion in animals with contrasted life trajectories. This method resembles 
association analysis, but operates at the haplotypic level, with the additional 
requirement that a putatively harmful haplotype should be enriched in dead 
individuals and depleted in those that survive. It is particularly powerful in 
large populations and remains effective even under partial penetrance and 
incomplete linkage disequilibrium. However, the high number of candidate 
haplotypes identified requires validation, for example by analysing survival in 
at-risk matings, to avoid false positives. In a proof-of-concept study comparing 
heifers that died naturally with females that began a productive career, 
Besnard et al. (2024) detected 33 novel recessive loci associated with a greater 
risk of juvenile mortality in three dairy breeds. Notably, they identified and 
characterised a new bovine lymphocyte intestinal retention defect (BLIRD), 
which had gone unnoticed despite segregating for more than 40 years in 
Holstein, the most numerous and extensively studied cattle breed in the world; 
this therefore highlights the power of their approach. 
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5.5 Reverse genetics 

The number of sequenced cattle genomes is constantly growing, with an ever-
increasing proportion becoming publicly available. This provides an almost 
exhaustive repertoire of genetic variants in the species, while the quality 
of their biological annotation is also steadily improving. In this context, the 
concept of reverse genetics involves searching for genetic variants that are 
predicted to be deleterious to a protein function based on various annotations 
(e.g. conservation scores; analysis of the phenotypic consequences of a gene 
inactivation in human OMIM, mouse MGI, other species) and observed in the 
heterozygous state in the genomes of influential sires. The aim is to identify 
recessive variants responsible for defects that have been overlooked or to 
anticipate future outbreaks before they can be observed in the population. 
After selecting a list of candidate variants, the approach consists of adding 
these variants to the genotyping platforms and then either: (1) checking for a 
depletion of homozygous individuals among those routinely genotyped for 
genomic evaluation, in cases of embryonic lethality or any phenotype preventing 
homozygotes from being genotyped by breeders (e.g., poor growth, juvenile 
mortality); or (2) recruiting any available homozygous carriers for subsequent 
clinical investigation. Active genotyping of progeny from at-risk matings is also 
possible for the top candidate variants. In cattle, this approach was pioneered by 
Charlier et al. (2016) and Michot et al. (2016) who successfully identified variants 
causing embryonic mortality and vision loss, respectively. Another noteworthy 
study is that of Bourneuf et al. (2017), who, by searching for de novo mutations 
occurring in recent generations, were able to anticipate the emergence of a new 
recessive defect in Charolais cattle, named anhidrotic ectodermal dysplasia. 
Reverse genetics is a very promising approach, but the validation step – beyond 
analysing simple phenotypes such as survival – is time-consuming and costly, as 
it requires surveying animal owners and recruiting animals for detailed analysis. 
Moreover, the rate of false positives can be high, especially for missense 
variants, so stringent filtering is often necessary to prioritise variants with a 
high likelihood of producing strong phenotypic effects. In any case, the best 
candidate variants can be added to the SNP-chip, regardless of the strategy 
used to identify genetic defects. This efficient tool can be used for large-scale 
confirmation and estimation of allelic frequency, and it also provides initial 
results for many genotyped animals before any information about the defect is 
disclosed. However, strong confidentiality agreements are required to ensure 
the success of this research step before the results are released. 

6   Inventory of genetic defects: OMIA 

As more and more genetic defects are described in detail, the need for a 
centralised inventory has become increasingly important. Similar to OMIM for 
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humans and MGI for mice, OMIA (Nicholas and Hobbs, 2014; Nicholas, 2021; 
Tammen et al., 2024) is a database that provides essential information on all 
known genetic defects in farm animals that have been published in scientific 
journals (https://www.omia.org/home). As of August 2025, the database 
included 282 causal variants for Mendelian traits in cattle. This number is higher 
than for other animal species, reflecting the extensive study of cattle made 
possible by the availability of large datasets. However, it remains far below that 
observed in humans or mice, suggesting that many more overlooked anomalies 
have yet to be detected. 

7   Economic cost of a genetic defect 

The cost of a genetic defect should be calculated when recommending the 
appropriate breeding and mating strategy. In the case of a recessive anomaly, 
which is the most frequent situation in populations, only homozygous mutants 
are affected. The cost C per animal born is the product of the frequency of 
homozygotes (p2 under random mating, p being the frequency of the allele 
responsible for the anomaly in the population), and c the cost of an affected 
animal. 

C p c= 2 

Therefore, the two factors that determine the economic importance of an 
anomaly are the cost per affected animal (c) and the allelic frequency (p). As 
mentioned in section 2, these values could be adjusted for inbreeding, but 
accounting to partial inbreeding due to the first carrier ancestor. As this value 
is usually quite small, we neglect it in our proposal, both here and in Section 9. 

When the frequency p is low, the proportion of animals affected (p2) is also 
low, so the economic cost of the anomaly is limited. For instance, if a defect 
causes stillbirth and has an allelic frequency of 1%, then 1 in every 10 000 
calves will be lost. This equates to a cost per calf born at the population level 
of 0.0001 times the value of a calf. This value is considerably lower than that of 
most selected traits. Therefore, overall, the inclusion of a rare anomaly should 
not significantly affect the selection objective. Conversely, when the defect is 
frequent, its impact becomes significant. Thus, if the frequency is 10%, 1% of 
calves will be lost solely because of this anomaly, and reducing its frequency 
becomes very important and urgent. 

It should also be noted that while these figures are measured at the 
population level, much higher impacts can sometimes be observed within 
herds, particularly when natural mating with a limited number of bulls is 
practised. Males are generally replaced every three years, and it may happen 
that a carrier sire has sired most of the herd’s females. If this population of 

https://www
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females is then mated to another carrier, the risk of producing a homozygous 
calf in this situation reaches 1/8. 

The cost per affected animal (c) can vary considerably depending on the 
nature of the defect, its penetrance (i.e. the proportion of affected animals 
among mutated homozygotes and, potentially, heterozygotes), the age at 
which symptoms appear, the severity of the defect, veterinary costs and its 
impact on the value of the product. The cost may also increase if the birth of the 
offspring affects the dam (e.g. difficult birth conditions or caesarean). This cost 
must be estimated on a case-by-case basis and is essential for determining the 
elimination policy, if even appropriate. 

In the case of embryonic lethals, Segelke et  al. (2016) estimated the 
economic cost per case by taking into account the increased calving interval 
(depending on the gestational stage at the time of embryo or foetal death) 
and the cost of additional insemination. They estimated the cost per lost 
embryo to be €97 and €70, respectively, for HH1 and HH3 lethal anomalies 
in Holsteins; the difference stems from later mortality with HH1. Cole (2015) 
presented cost estimates for 10 anomalies in American Holsteins ranging from 
$40 (HH1) to $150 (Brachyspina or Mulefoot), alongside the corresponding 
allelic frequencies. In the situation of seasonal calving production systems, 
(late) embryo mortality often results in involuntary culling of the female due to 
a failure to calve in the following calving season, strongly increasing the cost 
of the defect. 

The cost increases with the age at which the defect is expressed because 
of the increased investment in the animal in terms of feed and care. If mortality 
occurs at two to three months of age (as with the MH3 defect in the Montbéliarde 
breed), the cost is estimated at €400. When mortality occurs at a later age, such 
as with progressive ataxia in the Charolais breed at 18–24 months (Patton, 
1977; Duchesne et al., 2018) or alopecia in the Normande breed up to two 
years old (Besnard et al., 2024), the cost can exceed €1000. 

At the population level, the cost per animal (C = f2c) is low in most situations 
(a few cents to one euro), but a costly defect occurring frequently (fortunately, 
this situation is rare, but it does occur) may result in a loss of several tens of 
euros per animal in the breed. 

These monetary values represent the direct losses incurred by transmitting 
the defect to offspring. Other indirect costs may also be added, which can be 
significant: firstly, a potential breeding animal loses value if it is a heterozygous 
carrier. This loss is greatest during the transitional period immediately following 
the identification of the anomaly and the establishment of the status of the 
breeding stock. A bull, for example, may no longer be used for breeding due 
to a lack of customer demand or a decision by the breed association. On a 
population scale, the corresponding cost is generally low and often short-
lived. However, for the owner of the breeding stock – whether a breeder or a 
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breeding company – the loss can be significant if substantial investment has 
been made in the animal’s procreation and evaluation. 

Secondly, another indirect cost may be associated with image deterioration 
within the breed, industry, or society, depending on the nature of the anomaly. 
In cases of absolute rejection, such as junctional epidermolysis bullosa, which 
causes skin blistering from minor friction (e.g. Michot et al., 2015; Boussaha 
et al., 2023), or bulldog calves, it is crucial to prevent the birth of affected 
offspring. This elimination decision increases the cost of the defect. Finally, 
measures taken to combat anomalies also incur additional costs. For instance, if 
a bull sire is carrier and the best son among n candidates is to be selected, then 
2n candidates must be genotyped to ensure the selected one is both good 
enough and free of the defect, thereby increasing the cost of selection. 

In conclusion, anomalies generally incur a low monetary cost at a population 
level when the frequency of the mutated allele remains low. However, when the 
frequency is high and the age of expression is late, the cost increases rapidly. 
As mentioned above, what is true at the population level may not be true at the 
individual level. For example, if the allele frequency for a recessive defect is 3%, 
we expect 0.09% (0.03 x 0.03) homozygotes at the population level but 1.5% 
(0.5 x 0.03) at the level of the carrier bull’s offspring. 

8 Diagnosis tests 

When selecting a breeding candidate, the necessary information concerning 
an anomaly is its genotype. If the phenotype is expressed (i.e. visible) in 
the candidate, as in the case with a dominant anomaly, the ‘carrier’ status is 
established immediately. However, it is often difficult to determine whether 
an ungenotyped candidate with a recessive abnormality is a non-carrier or a 
heterozygous carrier. Before molecular tests became available, the only way 
to attempt to determine the genotype of candidates was through progeny 
testing, based on the principle that a parent of an affected offspring must be a 
carrier. However, this information is obtained too late. 

While DNA tests were initially performed individually, current techniques 
facilitate a large number of tests to be carried out simultaneously on the same 
biological sample. SNP chips enable the genotyping of tens of thousands of 
variants simultaneously, provided that these tests are incorporated into the chip. 
In a population that extensively uses genomic selection, all breeding animals 
are typed and therefore have anomaly information, making their management 
much easier. Not all causal variants are SNPs; they may be insertions/deletions 
or structural variants. However, it is very often possible to design a test on 
a single base variation, for example by testing for the base change at the 
breakpoint of the variant. Boichard et  al. (2018) demonstrated the principle 
behind the development of this type of test. 
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The number of discovered anomalies is increasing rapidly. Each chip 
version evolves regularly, and anomaly tests are added as new anomalies are 
discovered. It would be too costly to reanalyse the DNA of animals that have 
already been analysed (or ‘typed’) using an older chip with the most recent 
chip. However, if the previous chip is pan-genomic and has sufficient marker 
density, there will be various markers in common between the old and new 
chips in the region of the mutation responsible for the anomaly. It is then 
possible to estimate the degree of association between the allele responsible 
for the anomaly and the marker haplotypes in the region. A prediction based 
on a carefully designed haplotype provides a relatively accurate prediction 
of the entire genotyped population. However, it should be emphasised that 
the prediction is not error-free, as the association is rarely absolute. These 
predicted genotypes are difficult to use for commercial purposes due to the risk 
of error and, therefore, of litigation. It is strongly advised to re-type high-value 
breeding animals for the causal mutation as soon as it is identified. Conversely, 
the haplotype approach is highly effective in managing selection programmes 
during the candidate sorting phases or in mating management. Similarly, 
imputation procedures used to estimate missing markers (e.g. Sargolzaei 
et al., 2014) can predict the genotype at the locus of the anomaly, but the 
results should be carefully validated before dissemination, particularly when 
the mutation occurred on a frequent haplotype. In conclusion, in a population 
subjected to large-scale genotyping, the genetic defect status should be 
available for a large proportion of breeding animals and matings. This greatly 
simplifies the selection and mating recommendations. 

9   Genetic management of defects 

Anomaly management policies in cattle to date have very often been 
inappropriate because the effort is often either too little or too much relative to 
the importance of the anomaly. A two-tiered strategy may be more appropriate: 
one for the medium- to long-term and one for the short-term. 

In the long term, a decrease in allele frequency of genetic anomalies is 
desirable. To achieve the desired selection outcome, it is preferable to include 
anomalies in the selection objective but is necessary to estimate the breeding 
value relative to the anomalies. Consider an autosomal locus with two alleles, + 
(favourable) and L (unfavourable), with frequencies of 1-p and p, respectively. 
The animals in the population are distributed into three genotypes: +/+, 
+/L, and L/L. The phenotypic values of these genotypes are set at a, d, and 
-a, respectively. In the case of a recessive defect, a = d = c/2 with c the cost 
associated to each case as defined above. Under these assumptions, the 
genetic values of the three genotypes are expressed as follows (Falconer & 
MacKay, 1996): 
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g 2p c˜ ˜° ˛ ˝ . .  2 

g L p p c˜° ˛ ˝ ˙  ˙° ˛. .1 2  

g LL p  p c˜ ° ˛˝  ˝˜ ° 2 1. .  . 

and the genotypic mean of the population is zero at this locus. The carriers 
are the most strategically important individuals. Table 1 shows the breeding 
values of the carriers according to c and f, which provides an easy way to rank 
the importance of genetic defects. These values can be summed for all defects 
and added to the total merit index. As these breeding values are expressed in 
monetary units, they can be easily aggregated with other traits in the total merit 
index. Accordingly, the response to selection is optimal and most important for 
defects that are costly and/or frequent. Some double counting may occur, for 
instance between fertility GEBV and embryonic lethal loci, or between juvenile 
mortality GEBV and lethal loci expressed after birth. For recessive defects, 
this issue is limited because the number of cases is small compared to the 
total number of progeny, and thus acceptable. Double counting can also be 
adjusted in several ways: (i) by correcting the total merit index, (ii) by including 
the genotype at the lethal locus as a fixed effect in the fertility or mortality 
evaluation model to estimate a defect-free GEBV, or (iii) by combining both 
information as proposed by Gebreyesus et al. (2020). 

The situation is generally different for breeding companies and farmers. 
Breeding companies should make a special effort on the male pathways 
because it is less costly and matings with non-carrier bulls cannot produce 
affected animals, which greatly simplifies the mating plan at the herd level. 
However, note that even with free sires, the defect is not eradicated in one 
generation, although its allelic frequency is halved with each generation. 
Therefore, a defect can remain at a low frequency for several decades, which is 
not a problem, but it needs to be monitored to avoid any re-emergence. 

Table 1 Breeding values of +/L carriers according to L allelic frequency and economic cost c of 
one case of a recessive defect 

C 

f 50 100 250 500 1000 2000 

1% −0.1 −0.2 −0.5 −1.0 −2.0 −3.9 

3% −0.3 −0.6 −1.4 −2.8 −5.6 −11.3 

5% −0.5 −0.9 −2.3 −4.5 −9.0 −18.0 

10% −0.8 −1.6 −4.0 −8.0 −16.0 −32.0 

15% −1.1 −2.1 −5.3 −10.5 −21.0 −42.0 
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The selection procedure for recessive defects takes time. In the short 
term, carrier males and females still exist within the population. Culling them 
would be extremely costly and detrimental to genetic gain and diversity, so this 
option should be disregarded. Therefore, specific procedures are required to 
minimise the procreation of affected calves. Matings can be recommended so 
that the birth of affected calves is avoided or minimised. This method is fully 
efficient when both parents are genotyped but remains highly efficient even 
when only the sire and maternal grandsire are genotyped. As for the breeding 
objective, rather than simply avoiding risky matings, an integrated approach 
is recommended (Cole, 2015; Segelke et al., 2016; Bérodier et al., 2021); 
matings can be optimised within the herd to maximise the overall financial 
return, including genetic merit, inbreeding depression and the probability of 
defect expression, while taking into account constraints on semen availability 
and cost, as well as the maximum use per bull. 

10 Conclusion 

Genetic defects arising from the natural mutation process are inevitable. It is 
highly likely that all animals carry at least one genetic defect in a heterozygous 
state, and probably several. The small effective population size of livestock 
breeds, coupled with the strong influence of a limited number of ancestors, 
causes genetic drift, facilitating initially rare alleles to increase in frequency 
rapidly. Dominant genetic defects tend to have significant effects, but also tend 
to be rapidly purged out of the population. Chromosomal rearrangements are 
rare, yet they can have significant implications for fertility and survival. They 
also necessitate specific analyses to identify carriers. Recessive inheritance is 
the most frequently encountered mode, because deleterious alleles can persist 
for generations in healthy heterozygous carriers, gradually accumulating 
within populations. Rare genetic defects have a negligible impact due to the 
low number of cases, but this is no longer true when the allelic frequency 
exceeds 2% to 3%. Genotyping tools used for genomic selection provide 
excellent resources for discovering and selecting against genetic defects. 
Another consequence of these high-throughput genotyping tools is the 
expected increase in the number of defects detected and characterised, which 
will necessitate changes to the general strategy for addressing them. The 
best solution to dealing with genetic defects is an integrated approach, from 
discovery to selection, involving the following steps: (1) defect detection based 
on active surveillance networks, genotyping, and data mining of phenotype and 
genomic sequences; (2) confirmation by adding candidate variants to the SNP 
chip used for selection and functional validation where possible; (3) systematic 
dissemination of animal status based on causal mutations, where available, or 
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haplotypic tests otherwise; and (4) inclusion of genetic defects in breeding 
objectives and mating plans, with appropriate cost- and allelic frequency-based 
importance. This strategy ensures proactive management of genetic defects 
while maintaining the efficiency and sustainability of breeding programs. 
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12   Where to look for further information 

For further information, the reader may consult the website of the French 
surveillance network for bovine defects (ONAB, www.onab.fr), as well as the 
OMIA website (On-line Mendelian Inheritance in farm Animals, https://omia 
.org/home/), which lists all known anomalies in farm animals. 
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