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I Abstract 

In modern cattle production, we have seen a negative trend for decades in reproduction 

while productivity and performance have improved. Although considered genetically 

complex, part of these fecundity, fertility, and rearing success issues are caused by 

Mendelian monogenic disorders. Traditionally, such disorders are investigated 

opportunistically based on their sporadic occurrence and through subsequent targeted 

analysis of affected individuals. This approach is called the forward genetic approach 
(FGA). Modern genomic technologies, such as single nucleotide polymorphism (SNP) 

array genotyping and whole-genome sequencing (WGS), allow for straightforward locus 

mapping and the identification of candidate causal variants in affected individuals or 

families. Nevertheless, a major drawback is the arbitrary sampling and availability of well-

phenotyped individuals for research, especially for mostly invisible defects affecting 

fecundity, early embryonic death, and abortions. Therefore, the reverse genetic 
approach (RGA) is applied to screen for underlying recessive lethal or sub-lethal 

variants. This approach requires the availability of massive population-wide genomic 

data. By applying a haplotype screen for a significant deviation of the Hardy-Weinberg 

equilibrium, genomic regions potentially harboring candidate causal variants are 

identified. The subsequent generation of WGS data of haplotype carriers allows for the 

mining for pathogenic variants potentially causing a reduction in homozygosity. 

In the first part of my thesis, I present 18 successful, 1 inconclusive example, and 1 

example addressing co-dominant effects of a known disorder. These FGA analyzes 

include heritable skin (n=7), bone (n=7), neuromuscular (n=1), eye (n=2), as well as 

syndromic disorders (n=3) in various European cattle breeds. Missense and frameshift 

variants in the IL17RA, DSP, and FA2H genes were described in three recessive 

genodermatoses: immunodeficiency with psoriasis-like skin alterations, syndromic 

ichthyosis, and ichthyosis congenita, respectively. Hypohidrotic ectodermal dysplasia 

was described as X-linked disorder that is associated with a gross deletion in the EDA 

gene. In dominant genodermatoses, a missense variant in COL5A2 was shown to lead 

to classical Ehlers-Danlos syndrome, an in-frame deletion in KRT5 was shown to cause 

epidermolysis bullosa simplex, and results of a study using an individual case of juvenile 

angiomatosis remained inconclusive. A recessive disorder described as hemifacial 

macrosomia was associated with a missense variant in LAMB1. Chondrodysplasia in a 

single family was shown to be caused by a de novo mutation in the bull leading to a stop-

loss of the gene FGFR3. De novo mutations (missense and large deletions) in the 

COL2A1 and COL1A1 genes were associated with achondrogenesis type II (bulldog calf 

syndrome), and osteogenesis imperfecta type II, respectively. Another mutation that we 
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found to affect bone morphology was a trisomy in chromosome 29 leading to proportional 

dwarfism with facial dysplasia. Congenital neuromuscular channelopathy was for the first 

time associated with a missense variant in KCNG1. Furthermore, a de novo missense 

variant in ADAMTSL4 and a recessive missense variant in CNGB3 were shown to cause 

congenital cataract and achromatopsia, respectively. Additionally, cases of pulmonary 

hypoplasia and anasarca syndrome were analyzed and shown to be caused by trisomy 

20 in two unrelated calves and a recessively inherited missense variant in ADAMTS3. 

Moreover, the fatal syndromic disorder skeletal-cardo-enteric dysplasia was described 

to be caused by a de novo missense variant in MAP2K2. Finally, I investigated the effects 

on blood cholesterol and triglyceride levels of heterozygous carriers of the previously 

described APOB-related cholesterol deficiency. 

In the second part of my thesis, I present the outcome of the RGA in four main Swiss 

populations, that was validated with the SWISScow custom array. In the Brown Swiss 

dairy population, 72 haplotype regions showed significant depletions in homozygosity. 

Four of these haplotypes (BH6, BH14, BH24, and BH34) were associated with missense 

and nonsense variants in different genes (MARS2, MRPL55, CPT1C, and ACSL5, 

respectively). In the Original Braunvieh population, eight haplotype regions were 

identified. Candidate causal variants included a missense variant in TUBGCP5 gene 

associated with haplotype OH2, and a splice site frameshift variant in LIG3 gene 

associated with haplotype OH4. In the Holstein population, 24 haplotype regions were 

identified with a significant reduction of homozygosity. Subsequently, four novel 

candidate variants were proposed: a nonsense variant in KIR2DS1 for haplotype HH13, 

in-frame deletion in the genes NOTCH3 for HH21 haplotype, and RIOX1 for HH25 

haplotype, and finally, a missense variant in PCDH15 for HH35 haplotype. In the 

Simmental population, eleven haplotype regions were detected. The haplotype SH5 was 

associated with a frameshift variant in DIS3 gene and the haplotypes SH8 and SH9 with 

missense variants in the CYP2B6 and NUBPL genes, respectively. For the breeds Brown 

Swiss, Original Braunvieh, and Holstein, association studies were carried out including 

traits describing fertility, birth, growth, and survival. Thereby most of the described 

mentioned haplotypes show additive effects. 

Regardless of the approach, all the described candidate causal variants can be used as 

a tool of precision diagnostics and represent a step forward towards personalized 

medicine in cattle. Furthermore, these variants can be easily genotyped and allow for 

targeted breeding to reduce the number of risk matings, which would lead to a reduction 

of affected animals and significant improvement in animal health and welfare.   



 

 VII 

II Tables of contents, figures and tables 

  



 VIII 

 

i Table of contents 
 

I Abstract .................................................................................... V 

II Tables of contents, figures and tables ................................. VII 

i Table of contents .................................................................................... VIII 

ii List of figures ............................................................................................. X 

iii List of tables ............................................................................................ XII 

iv List of additional in the appendix ......................................................... XIII 

1 Introduction ............................................................................. 1 

1.1 The modern cattle breeding program ................................................. 2 

1.2 Inbreeding ............................................................................................... 3 

1.3 Reproductive success in cattle ............................................................ 4 
1.3.1 Female fertility and rearing success ..................................................................5 

1.4 Forward genetic approach .................................................................... 6 
1.4.1 Selected methods of the forward genetic approach ...........................................9 

1.4.1.1 Linkage analysis ......................................................................................10 
1.4.1.2 Homozygosity mapping ...........................................................................11 
1.4.1.3 Candidate variant identification ................................................................12 

1.5 Reverse genetic approach .................................................................. 16 
1.5.1 Selected methods of the reverse genetic approach .........................................18 

1.5.1.1 Linkage analyses ....................................................................................20 
1.5.1.2 Phenotype association studies ................................................................21 

1.6 Whole-genome sequencing ................................................................ 22 
1.6.1 Samples .........................................................................................................22 
1.6.2 Workflow ........................................................................................................22 
1.6.3 Reference assembly .......................................................................................25 

2 Hypothesis and aim ............................................................... 29 

3 Results ................................................................................... 31 

3.1 Results table of contents .................................................................... 31 



 

 IX 

3.2 Results forward genetic approach .................................................... 33 

3.3 Results reverse genetic approach ................................................... 245 

4 Discussion and perspectives.............................................. 299 

5 Acknowledgments ............................................................... 311 

6 Curriculum vitae .................................................................. 313 

7 List of publications .............................................................. 315 

7.1 Publications in peer-reviewed scientific journals ......................... 315 
7.1.1 First author publications ................................................................................ 315 
7.1.2 Co-author publications .................................................................................. 316 

7.2 Conference attendances and invited talks ..................................... 318 
7.2.1 Oral presentations at conferences ................................................................ 318 
7.2.2 Poster presentations at conferences ............................................................. 319 
7.2.3 Invited talks .................................................................................................. 319 

8 Appendix .............................................................................. 321 

9 References ........................................................................... 343 

10 Declaration of Originality .................................................... 373 

 
  



 X 

 

ii List of figures 
 

Figure 1: Typical cows representing the most important cattle populations in Switzerland 

(A) Original Braunvieh (dual-purpose) [4], (B) Brown Swiss (dairy) [4], (C) Limousin 

(beef) [5], (D) Simmental (dual-purpose) [6], (E) Holstein (dairy) [7] and (F) Swiss 

Fleckvieh (dairy) [8]. .................................................................................................. 1 

Figure 2: Percentage of stillborn animals in dairy (black) and beef (green) cows over the 

last decade (from [9]). ............................................................................................... 6 

Figure 3: The most common modes of inheritance (MOI). The first block describes 

patterns of recessively inherited disorders: (A) the ordinary recessive inheritance, 

(B) the recessive lethal disorders, and (C) co-dominant disorders. Note that 

heterozygous animals of co-dominant disorders can be affected in a completely 

dominant manner, recessive manner, or any level in between. The second block 

described patterns of dominantly inherited disorders: (D) the ordinary dominant 

inheritance, (E) disorders caused by de novo mutation events in one of the parents, 

and (F) disorders caused by de novo mutation events in the offspring. The last two 

blocks describe X-linked recessive and dominant disorders. (G) and (H) illustrate 

the inheritance of X-linked recessive disorders, where the dam is a carrier of the 

causal variant (G), or the sire is a carrier of the causal variant (H). (I) and (J) illustrate 

the inheritance of X-linked dominant disorders, where the dam is a carrier of the 

causal variant (I), or the sire is a carrier of the causal variant (J). ........................... 8 

Figure 4: Potential analyzes included in the forward genetic approach. The green row 

represents population studies, brown represents family-based case-control studies, 

and red shows the possible use of whole-genome sequencing to identify candidate 

causative variants. If methods overlay with the left column, they can be used in 

recessive disorders and if they overlay with the right column, they can be used in 

dominant disorders. ................................................................................................. 10 

Figure 5: Illustration of homozygosity mapping. A recessive disease allele (yellow star) 

segregates in the population caused by a de novo mutation in the founder individual. 

Homozygous carriers are affected and carry the mutation and flanking sequence in 

the homozygous state (bottom row). Reproduced from [66]. ................................. 11 

Figure 6: Systematic illustration on how to filter for candidate causal variants for obvious 

monogenic disorders in single nucleotide variants of the whole-genome sequencing 

data. Filtering depends on the mode of inheritance, on the underlying chromosome, 

and in case of de novo variants on the stage a mutation event happened (see Figure 

7). Note that the prediction algorithm assumes diploidy and therefore predicts 



 

 XI 

homozygosity for the haploid X-chromosome in males, indicated with an asterisk (*). 

The dollar sign ($) indicates potential de novo mutations in the female germline; 

however, this is hardly detected, as we usually do not have germline tissue of 

females available..................................................................................................... 13 

Figure 7: Illustration depicting the potential stages a de novo mutation can arise. Note, 

that the mutation event is indicated with the dark red arrow. A de novo mutation can 

arise during embryogenesis or development in both parents and lead to a mosaic 

individual. Further, each of the parent could have a de novo mutation during 

spermatogenesis or oogenesis. To lead to an affected individual after fertilization, a 

de novo mutation event can happen during embryogenesis or development in the 

offspring. .................................................................................................................. 15 

Figure 8: Flowchart of the reverse genetic approach. Depending on the data availability, 

in addition to the sole association of genomic information with a reverse genetic 

approach (A) and linkage disequilibrium (B), association analyzes can indicate 

phenotype effects (C). ............................................................................................. 18 

Figure 9: Example of the bioinformatics workflow applied for mapping of whole-genome 

sequencing data to a reference sequence and calling variants. ............................ 24 

Figure 10: Dominette, inbred Hereford cow that the NCBI reference sequences are 

based on [159]. ........................................................................................................ 26 

Figure 11: Distribution of all 115 identified haplotype regions showing a deficiency in 

homozygosity in the four populations Brown Swiss, Original Braunvieh, Holstein, 

and Simmental across all autosomes. .................................................................. 303 

 

  



 XII 

 

iii List of tables 
 

Table 1: Population size of the main Swiss cattle breeds. Note the indication of the 

number of genotyped animals, representing the population included in the genomic 

breeding program. ..................................................................................................... 2 

Table 2: Identified candidate causal variants associated with haplotypes showing 

depletion in homozygosity in different cattle breeds............................................... 17 

Table 3: Number of genotyped animals and the data encompassed in the two 

approaches, pgp and trio, across the four breeds analyzed within the reverse genetic 

approach. Note that the numbers can differ from the latest numbers in Table 1... 19 

Table 4: Overview of the Hereford and Brown Swiss genome assemblies available in the 

database of the National Center for Biotechnology Information (NCBI) and the 

published Simmental genome assembly [161]. Note that the Simmental assembly is 

produced by trio-binning approach and the others by traditional de novo assembly.

 ................................................................................................................................. 27 

Table 5: The herein described recessively inherited disorders and their associated genes 

and types of variants identified through the forward genetic approach. .............. 299 

Table 6: The herein described dominantly inherited disorders and their associated genes 

and types of variants identified through the forward genetic approach. .............. 301 

Table 7: The herein described recessive inherited disorders and their associated genes 

and types of variants identified through the reverse genetic approach. Note that 

these are the variants that most likely cause a reduce reproductive success, allowing 

the identification of the haplotypes showing a depletion in homozygosity. .......... 304 

 

  



 

 XIII 

iv List of additional in the appendix 
 

Table A1: Overview of the traits in Swiss breeding programs that concern traits related 

to fertility, birth, growth and survival. .................................................................... 321 

Table A2: Skin disorders described in cattle with their associated genes and types of 

variants. ................................................................................................................. 322 

Table A3: Bone morphology altering disorders described in cattle with their associated 

genes and types of variants. ................................................................................. 324 

Table A4: Neuromuscular disorders described in cattle with their associated genes and 

types of variants. ................................................................................................... 326 

Table A5: Eye disorders described in cattle with their associated genes and types of 

variants. ................................................................................................................. 328 

Table A6: Known genes and type of variants affecting fertility and rearing success, 

including fatal syndromic disorders in cattle. ........................................................ 329 

Table A7: Newly identified candidate causative variants of the forward genetic approach.

 ............................................................................................................................... 332 

Table A8: Identified haplotypes of the reverse genetic approach denoted Brown Swiss 

haplotypes (BH), Original Braunvieh haplotypes (OH), Holstein haplotypes (HH), 

and Simmental haplotypes (SH). .......................................................................... 334 

Table A9: Identified candidate causative variants of the reverse genetic approach 

denoted Brown Swiss haplotypes (BH), Original Braunvieh haplotypes (OH), 

Holstein haplotypes (HH), and Simmental haplotypes (SH). ............................... 338 

 

  



 XIV 

 

  



 

1 Introduction 1 

1 Introduction 

Cattle (Bos taurus and Bos indicus) were domesticated roughly 10,000 years ago and 

played a vital role in the process of nomadic humans becoming settlers [1]. While 

providing products such as milk, meat, and leather, in comparison to other livestock, 

cattle also provided draft power to plow fields and thereby facilitating pastoralism. 

Historical findings show the first evidence of pastoralism in the Swiss mountains about 

4,200 years ago [2]. Then and now, especially for mountainous countries, ruminants are 

very important, as they can effectively digest rough plants without relying on food used 

for human diets. In 2015, the global cattle population was estimated to encompass 1.43 

billion animals [3]. 

 

 
Figure 1: Typical cows representing the most important cattle populations in Switzerland (A) 
Original Braunvieh (dual-purpose) [4], (B) Brown Swiss (dairy) [4], (C) Limousin (beef) [5], (D) 
Simmental (dual-purpose) [6], (E) Holstein (dairy) [7] and (F) Swiss Fleckvieh (dairy) [8]. 
 

After a continuous decline over the last decade, the current Swiss cattle population 

includes 1,500,826 registered living animals, with the most prominent populations being 

the international breeds Holstein (HO) and Brown Swiss (BS), followed by crossbred 

animals [9]. Figure 1 illustrates the most important dairy, dual-purpose, and beef breeds 

in Switzerland, and Table 1 shows their population sizes. Regarding the two Swiss brown 

cattle populations, Original Braunvieh (OB) is the native Swiss brown breed and does 

not have any recent influence from other breeds, contrarily, BS is based on OB with 

introgression of international BS cattle [10]. Population analyzes showed that OB and 

BS are indeed genetically diverse and form two distinct populations [11, 12]. Also, the 

local Swiss Simmental (SI) population is a closed population native to Switzerland, more 



1 Introduction 2 

 

precisely to the valley of Simmental in the canton of Bern. Interestingly, the breed Swiss 

Fleckvieh (SF), which arose from the crossbreeding of Holstein and Simmental, is clearly 

distinguishable from SI, but not from HO [11, 12]. 

 
Table 1: Population size of the main Swiss cattle breeds. Note the indication of the number of 
genotyped animals, representing the population included in the genomic breeding program. 

breed purpose Swiss 
populationa 

animals in 
herdbookb 

genotyped 
animalsc 

genotyped of 
Swiss 

population (%) 

Holstein dairy 401,616d 243,784e 58,564 14.58 

Brown Swiss dairy 263,283 147,877 55,382 21.04 
Original 
Braunvieh beef and dairy 45,161 13,149 11,574 25.63 

Simmental beef and dairy 93,679 23,102 10,539 11.25 
Swiss 
Fleckvieh dairy 135,958 64,651 NA NA 

Limousin beef 92,247 2,805 5,366 5.82 
astatus as of 30th September 2021 [9] 
bstatus as of 30th November 2020 [13±16] 
cstatus as of 31st January 2021 
dincludes Holstein and Red Holstein 
eincludes animals from swissherdbook and Holstein Switzerland [13, 14] 

 

1.1 The modern cattle breeding program 
Traditional breeding programs had a major focus on production traits, such as milk 

production, milk composition, and slaughter weight. Modern breeding programs record 

more phenotypes population-wide and include both health-related traits as well as 

production traits. Thereby traits regarding fertility, birth, growth, and survival that 

indirectly describe rearing success are being included. For these trait groups, a list of 

specific traits that are part of the Swiss breeding programs can be found in Table A1, 

which are e.g., non-return rate as fertility trait, birth weight as birth trait, etc. With the 

application of quantitative genetic approaches to predict breeding values in the 1980ies, 

animals within a population can be compared on a statistical level by their performance 

[17]. The systematic use of estimated breeding values led to an incredible production 

increase over just a few decades. In order to select efficiently, the traits need to be 

heritable [17]. Only 10 years ago the implementation of genomic selection (GS) in 

breeding programs was proposed [18]. This method builds on the availability of single 

nucleotide polymorphism (SNP) array genotyping [18, 19]. From 2008, bovine SNP 

arrays were industrially available. Nevertheless, this brilliant idea was ahead of its time, 

as the introduction of GS relies on a comprehensive database of genotypes representing 

the base population [18]. In theory, GS is particularly interesting for multifactorial traits 
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with low heritability, because it accounts directly for Mendelian sampling [18, 19]. 

Regarding the application of GS, it is proven to improve the reliability of breeding values 

(BV) and is now implemented in many breeding programs of different species such as 

e.g., cattle (e.g.: [20±22]), pigs (e.g.: [23, 24]), poultry (e.g.: [25, 26]), and aquaculture 

(e.g.: [27, 28]). In Switzerland, SNP genotyping data for genomic selection is only 

available in the economically most important cattle populations; however, the extent of 

genotyped animals varies greatly (Table 1). 

 

1.2 Inbreeding 
Inbreeding describes the process of mating related individuals. Especially in small and 

closed populations without any genetic influence from other populations inbreeding is 

inevitable, leads to a decrease in genetic diversity and will increase over time [17]. On a 

molecular level, inbreeding describes the probability of two alleles being inherited from 

the same ancestor [17]. Negative effects of inbreeding lead to the so-called inbreeding 

depression that has been observed for decades (e.g.: [29±33]). In a comprehensive 

study in Italian Holstein cattle, inbreeding depression was shown to affect production, 

reproduction, and functional traits [30, 31]. Doekes et al. (2019) differentiated between 

recent and ancient inbreeding, where recent inbreeding is assumed to be more harmful 

as artificial selection pressure can increase recessive alleles, while natural selection 

reduces them over time. This analysis of Dutch Holstein confirmed the negative effects 

of recent inbreeding on production, fertility, and health traits [31]. Traditionally, inbreeding 

had been estimated based on pedigree relationships; however, today inbreeding can be 

estimated by using genotype-based measurements, such as runs of homozygosity 

(ROH) (see chapter 1.4.1.2 Homozygosity mapping). Molecular genetic analyzes 

showed that inbreeding levels of small populations are comparable with large 

international populations [11, 34, 35]. It is hypothesized that in local breeds more natural 

service sires are used and therefore a greater number of sires per generation impact the 

genomic structure of these populations [11]. The excessive use of a few sires across the 

globe enhances the genetic gain but reduces effective population size. This trend was 

increased with the introduction of artificial insemination (AI) through which single bulls 

can be used intensively across the globe, as well as ovum pick-up and embryo transfer 

(in vitro fertilization) through which donor cows can have a manifold of offspring even at 

a young age by using recipients. In 2002, a survey showed that every fifth cow is bred 

by AI worldwide [36]. It can be assumed that this number grew in the last two decades. 

On the other hand, AI is used to produce crossbred offspring from dairy breeds, as the 
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cross would allow for the calves to go into meat production, as the necessity for 

replacement heifers has declined because of more productive dairy [37]. 

 

1.3 Reproductive success in cattle 
From an agricultural point of view, maintaining production and genetic diversity within 

populations depends on the reproductive success of the living population [38]. Normally, 

once an animal is unproductive, e.g., an infertile cow, an outgrown pig, or a spent hen, it 

is removed from the population [39]. Interestingly, a decrease in longevity in livestock 

animals had been observed [39]. Even more, century-long artificial selection pressure on 

production traits left its marks, as can be seen by a decrease in fertility in dairy cattle [40, 

41]. The unfavorable correlation between milk production and fertility is hypothesized to 

be the main force for this [40±42]. Generally, selection pressure on production traits and 

hitchhiking effects are the driving forces for reduced reproductive success [43]. A study 

regarding pregnancy loss in Simmental cattle exposed body condition score, milk yield, 

and parity as significant factors [44]. In addition, one of the major reasons for cattle to be 

slaughtered is lower fertility. Furthermore, belonging to certain breeds is also a risk factor 

for culling dairy [45, 46]. 

Hormonal imbalance, the health of the dam, and farm management can all affect the 

success of insemination. Additionally, viral, bacterial, and fungal infections can be 

detrimental during early embryogenesis [47±49]. Nevertheless, this thesis focuses on 

genetic causes affecting reproductive success. 

Reproductive success depends on both the female and male sides. Within the scope of 

the herein presented studies, the focus is on the female perspective and recessive 

disorders segregating in various cattle populations. Nevertheless, there is a need in 

addressing the male perspective, which is carried out by colleagues of the Animal 

Genomics group at ETH in Zurich. In their studies, they analyze semen quality 

measurements of artificial insemination bulls, such as ejaculate volume, sperm 

concentration, sperm motility, sperm head and tail anomaly score, and the number of 

sperm filled per insemination straw [50±52]. They identified variants in the genes 

WDR19, SPATA16, and QRICH2 on chromosomes 6, 1, and 19, respectively, associated 

with male fertility in BS bulls [50±52]. In international studies on Holstein cattle, dominant 

quantitative trait loci (QTL) on bovine chromosomes 8, 9, 13, 17, and 27 were found to 

be associated with sire conception rate [53, 54]. These QTL had been shown to harbor 

genes that have a fundamental role in the development of male reproductive organs, 

germline maintenance, and sperm maturation, including candidate missense variants in 
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the genes AK9, TTLL9, TCHP, and FOXN4 [54, 55]. Fortes et al. (2013) summarized 

findings from association studies of various breeds (mostly Holstein and Angus). Traits 

regarding semen quality, development of reproductive organs, hormone concentrations, 

and effects on the birth process showed associations sporadically distributed over the 

entire genome [56]. 

 

1.3.1 Female fertility and rearing success 

A major aspect of female fertility in cattle are ovulations that lead to multiple births [56]. 

At the University of Bern, a study on this subject is currently underway. Its first results 

identified a QTL on chromosome 11 between the genes LHCGR and FSHR in the Swiss 

Holstein population [57]. 

More important for the presented work is the identification of genomic regions associated 

with reduced fertility. Fertility, in general, can be further split into impaired fecundity, 

prenatal fetal loss, neonatal losses, and postnatal losses [56]. Impaired fecundity 

describes the incapability of a cow to produce offspring e.g., pregnancy loss or infertility. 

In breeding programs, fertility is often indirectly registered with traits linked to the number 

of inseminations and period between inseminations and births. From a genetic point of 

view, these could be caused by embryonic lethal variants, including protein-changing 

variants, aneuploidies, or variants with impact on the female estrus [49, 56, 58]. Many 

QTL affecting fertility have been published and are collected in the AnimalQTLdb [59]. 

With a focus on the Swiss populations, QTL associated with fertility and birthing traits 

were identified on chromosomes 13, 17, 19, 21, 25, and 29 in the BS population [60]. 

Reproduction success does not solely include successful inseminations and pregnancy 

losses, it also includes disturbances leading to impaired rearing success. This is even 

more important for beef breeders, where the calf is the main source of income. 

Unfortunately, there is only limited recording regarding the reasons why animals perish. 

Nevertheless, the Swiss recording system allows the registration of stillborn animals. 

Figure 2, using data from the recording system shows that the percentage of stillborn 

calves slightly increases over time and that there are more stillborn animals in dairy cattle 

than in beef cattle [9]. It can be assumed that these numbers are underestimated, as a 

recent study showed that perinatal mortality can range up to 28.2% on Swiss farms [61]. 

This study examined viral, bacterial, and fungal infections in both the calf and the dam, 

as well as morphological anomalies of the bodies and organs, that could explain roughly 

34% of cases [61]. Furthermore, we assume that the peak in 2018 is caused by the 
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presented thesis project, as we actively collected cases of stillborn calves and thereby 

increased the recording of stillborn animals (Figure 2). 

 

 
Figure 2: Percentage of stillborn animals in dairy (black) and beef (green) cows over the last 
decade (from [9]). 
 

Besides stillborn animals, there is a multitude of dominant and recessive disorders 

known in cattle that have a lethal or sub-lethal effect. Interestingly, the first reports of 

recessive lethal disorders in cattle were published in 1928 several decades before the 

structure of DNA had been described by Watson and Crick in 1953 [62±64]. Ever since 

and especially with the inventions of second- and third-generation sequencing 

technologies allowing for rapid and cost-effective whole-genome sequencing (WGS), 

many Mendelian disorders have been described and associated with candidate 

causative variants. A great summary is a database called Online Mendelian Inheritance 

in Animals (OMIA) where currently 579 disorders in cattle are collected with potential 

causal variants described for 402 of them [65]. Furthermore, 296 of these phenotypes 

are potential models for human traits [65]. The presented thesis partially contributes to 

this collection of identified Mendelian disorders in cattle. 

 

1.4 Forward genetic approach 
In order to find genetic causes for disorders that appear in single cases or population-

wide, two main approaches with a variety of methods are applied: forward and reverse 

genetic approaches. The forward genetic approach (FGA) uses phenotypic 

information of affected and non-affected individuals to associate the studied phenotype 

with the variation in the genome [66]. These case-control studies are best applied to 

monogenic Mendelian disorders, with a dominant or recessive mode of inheritance (MOI) 

(Figure 3A and D). The majority of fatal dominant gene defects can be attributed to de 

novo mutation events that occur in the parents (Figure 3E) or in the offspring (Figure 3F). 
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Caution needs to be taken if a disorder is located on the X chromosome and an X-linked 

inheritance pattern needs to be considered (Figure 3G, H, I, and J). Within X-linked 

disorders a sex bias is often observed, where only males or females are affected (Figure 

3G and Figure 3J, respectively). More complicated are disorders with a multigenic or co-

dominant inheritance, as the allele frequencies will not perfectly segregate with the 

phenotype (Figure 3C). Especially co-dominant inheritance is often complicated as the 

trait is inherited in a recessive manner so that all homozygous animals are affected, but 

the allele can also have complete and incomplete dominant effects and thereby lead to 

heterozygous affected animals (Figure 3C). Most of the methods used within FGA are 

described in detail below (see chapter 1.4.1 Selected methods of the forward genetic 

approach). 

Within FGA, I investigated many dominant and recessive disorders, both autosomal and 

X-linked during the course of this thesis. I analyzed individual or multiple cases of skin 

disorders encompassing ectodermal dysplasia, ichthyosis, epidermolysis bullosa, 

Ehlers-Danlos syndrome, immunodeficiency with psoriasis-like skin alterations, and 

juvenile angiomatosis. The clinical picture of skin disorders can be extremely variable, 

based on genetic predisposition and numerous environmental effects such as housing 

conditions, feeding, and the presence of viral and/or bacterial pathogens [67, 68]. In 

general, a skin lesion carries a high risk of secondary infections and thus lowers the 

health and welfare of the animals [69]. Several genodermatoses in cattle have been 

previously described (Table A2) to be caused by small or large variants inherited in 

dominant, recessive, and X-linked modes of inheritance showing a vast heterogeneity of 

this group of diseases.  

Furthermore, I investigated bone morphology affecting disorders, such as proportional 

dwarfism, chondrodysplasia, achondrogenesis, osteogenesis imperfecta, and hemifacial 

microsomia. These skeletal anomalies can have teratogenic, nutritional, or genetic 

origins [70]. Nevertheless, numerous genes had been shown before to be associated 

with these and similar disorders (Table A3). Some of these variants pose big issues for 

breeding, such as a variant in ACAN gene in the Dexter breed associated with 

disproportionate dwarfism or called bulldog calf syndrome in heterozygous or 

homozygous state, respectively [71]. 
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Figure 3: The most common modes of inheritance (MOI). The first block describes patterns of 
recessively inherited disorders: (A) the ordinary recessive inheritance, (B) the recessive lethal 
disorders, and (C) co-dominant disorders. Note that heterozygous animals of co-dominant 
disorders can be affected in a completely dominant manner, recessive manner, or any level in 
between. The second block described patterns of dominantly inherited disorders: (D) the ordinary 
dominant inheritance, (E) disorders caused by de novo mutation events in one of the parents, and 
(F) disorders caused by de novo mutation events in the offspring. The last two blocks describe X-
linked recessive and dominant disorders. (G) and (H) illustrate the inheritance of X-linked 
recessive disorders, where the dam is a carrier of the causal variant (G), or the sire is a carrier of 
the causal variant (H). (I) and (J) illustrate the inheritance of X-linked dominant disorders, where 
the dam is a carrier of the causal variant (I), or the sire is a carrier of the causal variant (J). 
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I also investigated a neurological disorder in a crossbred calf showing neuromuscular 

channelopathy. Neuromuscular defects can be caused by exposure to toxic compounds, 

as well as due to neurogenic defects [72]. Known candidate variants associated with 

neurogenetic defects are presented in Table A4. 

Furthermore, I analyzed more benign eye disorders causing achromatopsia and 

congenital cataract. In cattle, only strabismus, cataract, and progressive retinal 

degeneration have been described as inherited disorders of the eye, of which candidate 

variants were detected for the latter two (Table A5) [73±76]. In addition, some eye 

anomalies are described as symptoms of albinism in cattle [77, 78]. 

Lastly, during this thesis I examined fatal syndromic disorders that led to stillbirths 

showing severe anomalies such as pulmonary hypoplasia and anasarca (PHA) 

syndrome and skeletal-cardo-enteric dysplasia, as well as the effects of a known 

cholesterol deficiency disorder (Table A6) [79±82]. Table A6 also includes other known 

genes affecting reproductive and rearing success in cattle. 

 

1.4.1 Selected methods of the forward genetic approach 

Forward genetic approaches encompass any study, where phenotypes can be 

characterized. For inherited disorders, this usually includes case-control studies, where 

affected individuals (cases) are clearly distinguished from non-affected individuals 

(controls). Most of the herein described methods can be applied for both recessively and 

dominantly inherited disorders (Figure 4). All these approaches are most effective for 

monogenic disorders but can also be applied for the identification of QTL. The presented 

methods for population and family studies can be applied to SNP and WGS-derived 

single nucleotide variants (SNV) data. As results of genome-wide association studies 

(GWAS) are only presented in the results section of the reverse genetic approach, the 

method is further explained in section 1.5.1 Selected methods of the reverse genetic 

approach in chapter 1.5.1.2 Phenotype association studies. 
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Figure 4: Potential analyzes included in the forward genetic approach. The green row represents 
population studies, brown represents family-based case-control studies, and red shows the 
possible use of whole-genome sequencing to identify candidate causative variants. If methods 
overlay with the left column, they can be used in recessive disorders and if they overlay with the 
right column, they can be used in dominant disorders. 
 

1.4.1.1 Linkage analysis 
Linkage analyzes (Figure 4) are applied to map genomic regions that are most likely 

causing a phenotype of interest in a family [83]. Therefore, the analysis is dependent on 

pedigree and genomic information of closely related individuals. With that information, 

the co-segregation of loci on the same chromosome can be estimated as the linkage 

disequilibrium (LD) that describes the non-random association of loci [83]. Within linkage 

analyzes, a parameter-based and parameter-free method can be applied [84]. While the 

parameter-based method requires an assumption of a mode of inheritance to analyze 

the co-segregation of marker and phenotype, the parameter-free method does not 

require any preliminary assumptions to analyze the probability of alleles to be identical 

by descent [83, 84]. 
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1.4.1.2 Homozygosity mapping 
Homozygosity mapping (Figure 4 and Figure 5) is most effective for recessively inherited 

disorders caused by a single mutation event. Therefore, it is expected that an affected 

animal carries two identical alleles [84]. Homozygosity mapping is also known as 

autozygosity mapping, as the method identifies alleles that are identical [85]. This is a 

powerful method to identify genomic loci that are shared among related affected 

individuals to locate alleles that are identical by descent (IBD). Whole sections of IBD 

alleles can be detected, as not only the disease-causing variant but also the flanking 

sequence is inherited together (Figure 5) [85]. Such stretches of homozygosity are called 

runs of homozygosity (ROH). The length of ROH correlates with the genetic distance, 

due to recombination events. Therefore, ROH are indicators for recent or ancient 

inbreeding and can be used to estimate inbreeding (see chapter 1.2 Inbreeding) [31]. 

 

 
Figure 5: Illustration of homozygosity mapping. A recessive disease allele (yellow star) 
segregates in the population caused by a de novo mutation in the founder individual. Homozygous 
carriers are affected and carry the mutation and flanking sequence in the homozygous state 
(bottom row). Reproduced from [66]. 
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1.4.1.3 Candidate variant identification 
The identification of candidate causative variants for obvious or well-described 

phenotypes from WGS data is a multifaceted topic. For its success the identification of 

the right MOI and subsequent filtering of variants is vital (Figure 6). The most powerful 

approach for variant discovery in a case is to sequence the entire trio (dam, sire, and 

offspring); however, sequencing data of any additional related individual increases the 

probability of a successful detection [86]. As illustrated in Figure 6, recessive disorders 

need cases to be homozygous, their preceding generation to be heterozygous carriers 

of a candidate variant (obligate carriers), and sporadic carrier can be part of the 

unaffected population of controls. X-linked recessive disorders usually have male 

affected individuals that are predicted by bioinformatic algorithms to be homozygous 

carrier as a diploid organism is expected; however, only the dam is an obligate carrier 

(Figure 6). For dominant disorders that lead to the exclusion from the breeding population 

a de novo mutation event must have happened (Figure 6). Especially for de novo 

mutation events, it can be difficult to identify candidate variants, as it is often unclear at 

what stage a mutation event happened (Figure 7). Figure 7 illustrates that a de novo 

mutation can happen during embryogenesis and development of each parent or the 

offspring, or during the spermatogenesis or embryogenesis in the sire or dam, 

respectively [87]. Therefore, variants can be detected in blood, tissue or germline 

samples of the parents too (Figure 6 and Figure 7) [87]. Another possibility is that a 

parent is a chimera or is mosaic, carrying the variant already, but does not express 

symptoms due to low expression levels of the allele [87, 88]. Regarding dominant X-

linked disorders, filtering is similar to autosomal dominant disorders, only that male cases 

are predicted to be homozygous carriers as with recessive X-linked variants (Figure 6). 

An important point to verify before filtering variants is if the affected animal is truly a 

single case, or if it might be a population issue that occurs sporadically. For the detection 

of candidate variants, narrowing down the genomic region through GWAS, ROH, or LD 

analyzes can help profoundly, especially if structural variants are involved. Furthermore, 

a candidate gene approach could be used; however, this is limited to disorders for which 

causative variants and associated genes have already been identified. This approach 

reinforces the research on non-human species, as they can become model organisms 

for human disorders [89]. 
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Figure 6: Systematic illustration on how to filter for candidate causal variants for obvious 
monogenic disorders in single nucleotide variants of the whole-genome sequencing data. Filtering 
depends on the mode of inheritance, on the underlying chromosome, and in case of de novo 
variants on the stage a mutation event happened (see Figure 7). Note that the prediction algorithm 
assumes diploidy and therefore predicts homozygosity for the haploid X-chromosome in males, 
indicated with an asterisk (*). The dollar sign ($) indicates potential de novo mutations in the 
female germline; however, this is hardly detected, as we usually do not have germline tissue of 
females available. 
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Regarding the type of variants, it is much simpler to screen the SNV catalog generated 

by bioinformatic analysis of the WGS data, than to identify structural variants (SV) (see 

chapter 1.6 Whole-genome sequencing). There is software available that helps filter 

through these massive files, such as VCFTools [90]. During the work on this thesis, a 

program to filter SNV for our specific projects was needed, whereby the program 

filterVariants evolved. This is a freely available bash script that runs on any Linux server 

(accessible on Github: ihaefliger/program_filterVariants [91]). The identification of SV is 

more complicated even if they are hypothesized to have a bigger impact on phenotypes 

than SNV [92]. More and more SV are being investigated based on whole-genome 

sequences and reported also in cattle [93±98]. These are mostly copy number variants 

(CNV), which describe the numerical differences of the copies of a part of the genome, 

including large deletions, duplications, insertions, translocations, and inversions. It is 

assumed that the number of copies directly affects the gene dosage. Not to forget that 

SV are estimated based on WGS data to cover roughly 16% of the bovine genome [94], 

while SNV of the currently available high-density bovine SNP array with 777k markers 

represent only about 0.03% of the genome. Nevertheless, the systematic detection of 

SV is still limited as detection algorithms seem to vary in performance depending on the 

type and size of structural variation [99]. Therefore, we often rely on the identification of 

candidate regions and the manual inspection of the sequencing data. For large deletions 

and duplications (several Mb), there were efforts done in our research group to produce 

scripts that plot the read depth across entire chromosomes and the genome 

(unpublished bash and R scripts: multicov). For smaller deletions and duplications 

(several kb), I implemented scripts to visualize the read depth on parts of chromosomes 

during the work on this thesis (accessible on Github: 

ihaefliger/program_coveragePlot_region [100]). A successful example applying these 

methods is the use of SNP data to identify a chromosomal translocation in piglets with a 

syndromic form of cleft palate, which was balanced in the sire and unbalanced in the 

affected offspring. The available WGS data made it possible to determine the exact 

breakpoints in the DNA sequence [101]. Nevertheless, for complex structural 

rearrangements, long-read sequencing outperforms short-read sequencing technologies 

as shown e.g., in a study of polled intersex syndrome variants in goats [102]. 

 

 



 

1 Introduction 15 

 
Figure 7: Illustration depicting the potential stages a de novo mutation can arise. Note, that the 
mutation event is indicated with the dark red arrow. A de novo mutation can arise during 
embryogenesis or development in both parents and lead to a mosaic individual. Further, each of 
the parent could have a de novo mutation during spermatogenesis or oogenesis. To lead to an 
affected individual after fertilization, a de novo mutation event can happen during embryogenesis 
or development in the offspring. 
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1.5 Reverse genetic approach 
The second approach is the reverse genetic approach (RGA), where population-wide 

massive genomic data is being screened for statistically significant deviations from basic 

genetic models indicating the segregation of recessive deleterious variants [66, 103]. 

The fundamental assumption is that the animals used in a breeding scheme are all 

healthy and could mate randomly [103]. If a recessive lethal variant is segregating and 

is in linkage disequilibrium with one of the SNV, these co-inherited SNV and their 

associated haplotypes will show a depletion in homozygous carriers (Figure 3C). In 

cattle, this can indicate a broad range of hidden phenotypes, such as early embryonic 

death, abortions during gestation, stillbirths, or weak calves that are non-viable or ill-

thrifting. Most of the methods used within RGA are described in detail below (see chapter 

1.5.1 Selected methods of the reverse genetic approach). 

The work of VanRaden et al. (2011) represents the pioneering work proposing such an 

approach in cattle based on the increasing availability of massive SNP genotyping data 

used in breeding programs, in which they screen this data for significant depletions of 

the Hardy-Weinberg equilibrium (HWE). This kind of analysis has been used since 2011 

for both beef [104±106] and dairy cattle [105, 107±111], as well as for pigs [112±114], 

chicken [115], and most recently horses [116], as it is vital for all livestock to have good 

reproductive capabilities. Most of the cattle analyzes identified numerous haplotypes with 

reduced homozygosity, that deviate significantly from HWE and are scattered across the 

bovine genome. For several of these haplotypes candidate causal variants were 

proposed (Table 2). Most variants have been associated with early embryonic death 

(HH1, HH2, HH6, HH7, JH1) or abortion (AH2, HH3, HH4, HH5, MH1, MH2, NH7); 

however, some have also been linked with increased mortality (AH1) and ill-thrift (BH2, 

FH2). 
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Table 2: Identified candidate causal variants associated with haplotypes showing depletion in 
homozygosity in different cattle breeds. 

phenotype haplotype gene OMIA type of 
variant breed ref 

Ptosis, intellectual 
disability, retarded 
growth and mortality 
(PIRM) syndrome 

AH1 UBE3B 001934-9913 SNV 
(splice site) 

Finnish 
Ayrshire [117] 

Abortion AH2 RPAP2 002134-9913 SNV 
(splice site) Ayrshire [118] 

Juvenile mortality BH2 TUBD1 001939-9913 SNV 
(missense) 

Brown Swiss; 
Fleckvieh 

[103, 
119] 

Fanconi-Bickel 
syndrome FH2 SLC2A2 

001958-
9913; 

000366-9913 

SNV 
(missense) 

Fleckvieh; 
Original 

Braunvieh 

[110, 
120] 

Abortion FH4 SUGT1 001960-9913 SNV 
(missense) Fleckvieh [110] 

Embryonic lethality HH1 APAF1 000001-9913 SNV 
(nonsense) Holstein 

[103, 
109, 
121] 

Embryonic lethality HH2 IFT80 001823-9913 SNV 
(frameshift) Holstein 

[103, 
122, 
123] 

Abortion HH3 SMC2 001824-9913 SNV 
(missense) Holstein 

[103, 
107, 
108, 
123] 

Abortion HH4 GART 001826-9913 SNV 
(missense) Holstein [109] 

Abortion HH5 TFB1M 001941-9913 gross 
deletion Holstein [81] 

Embryonic lethality HH6 SDE2 002149-9913 SNV (start 
lost) Holstein [124] 

Embryonic lethality HH7 CENPU 001830-9913 
5bp 

deletion 
(splice site) 

Holstein [125] 

Embryonic loss JH1 CWC15 001697-9913 SNV 
(nonsense) Jersey [103, 

126] 

Abortion MH1 PFAS 001827-9913 SNV 
(missense) 

Montbeliarde, 
Vorderwald [127] 

Abortion MH2 SLC37A2 001828-9913 SNV 
(nonsense) 

Montbeliarde, 
Vorderwald [109] 

Abortion NH7 CAD 002201-9913 SNV 
(missense) Normande [128] 

Abortion  RABGGTB 002037-9913 SNV 
(missense) Holstein [129] 

Abortion  RNF20 002038-9913 SNV 
(nonsense) Holstein [129] 

Abortion  TTF1 002036-9913 SNV 
(nonsense) Holstein [129] 

ref = references 
 
 

 

https://omia.org/OMIA001934/9913/
https://omia.org/OMIA002134/9913/
https://omia.org/OMIA001939/9913/
https://omia.org/OMIA001958/9913/
https://omia.org/OMIA001958/9913/
https://omia.org/OMIA000366/9913/
https://omia.org/OMIA001960/9913/
https://omia.org/OMIA000001/9913/
https://omia.org/OMIA001823/9913/
https://omia.org/OMIA001824/9913/
https://omia.org/OMIA001826/9913/
https://omia.org/OMIA001941/9913/
https://omia.org/OMIA002149/9913/
https://omia.org/OMIA001830/9913/
https://omia.org/OMIA001697/9913/
https://omia.org/OMIA001827/9913/
https://omia.org/OMIA001828/9913/
https://omia.org/OMIA002201/9913/
https://omia.org/OMIA002037/9913/
https://omia.org/OMIA002038/9913/
https://omia.org/OMIA002036/9913/
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1.5.1 Selected methods of the reverse genetic approach 

The workflow applied within the presented thesis for the RGA is summarized in Figure 

8. In the scope of this project, we screened the routine genotyping data of the breeds 

BS, OB, HO, and SI that were made available from the breeding associations (Table 3; 

Figure 8A). We applied two trio-based approaches, where the complete trio (sire, dam, 

and offspring) are genotyped (trio) and where the paternal half-sib group (sire, maternal 

grandfather, and offspring) are genotyped (pgp). The applied screens base the statistical 

analysis on exact tests of HWE, which allows it to be applied in small populations [130]. 

In all four breeds, it can be observed that the dataset of the pgp approach includes more 

groups than of the trio approach (Table 3). Nevertheless, the trio approach is very 

powerful, as it allows to trace the direct inheritance of the haplotypes. 

 

 
Figure 8: Flowchart of the reverse genetic approach. Depending on the data availability, in addition 
to the sole association of genomic information with a reverse genetic approach (A) and linkage 
disequilibrium (B), association analyzes can indicate phenotype effects (C). 
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Table 3: Number of genotyped animals and the data encompassed in the two approaches, pgp 
and trio, across the four breeds analyzed within the reverse genetic approach. Note that the 
numbers can differ from the latest numbers in Table 1. 

 Original 
Braunvieh 

Brown 
Swiss Holstein Simmental 

number of genotyped animals 10,085 48,807 52,961 9,965 
number trios 
(trio: sire, dam & offspring) 3,287 14,450 17,915 2,626 

number paternal half-sib groups 
(pgp: sire, maternal grandsire & 
offspring) 

4,360 32,319 30,315 3,969 

 

Based on the output of the SNP genotyping data analysis, the identified haplotype 

carriers were selected in order to retrieve the WGS data of the individuals (Figure 8A). 

By whole-genome or -exome sequencing of carrier animals, one can screen a haplotype 

region for possible lethal variants and compare them to other healthy animals, which are 

not supposed to be homozygous carriers. Thereby, several causative variants have been 

previously identified (Table 2) [81, 104, 110, 119, 123, 124, 128, 131, 132]. Another 

approach was implemented in a study conducted in Belgium, that fully relinquished SNP 

array data, but used the genome-wide next-generation sequencing population data 

(Table 2) [129]. In their study, they estimated that between 11 and 17 recessive 

embryonic lethal protein-changing variants segregate in a population with an effective 

population size of 100, and each individual carries between 0.53 and 0.85, respectively 

[129]. Analogous to this, it was found that populations with low diversity carry more 

deleterious variants than populations with a high genetic diversity [133]. 

In the scope of my thesis, 130 animals distributed over the four populations of interest 

were selected to have their entire genome analyzed because they carried at least one 

haplotype. The WGS data generated was prepared according to the description in the 

following chapter 1.6 Whole-genome sequencing, and led to a comprehensive variant 

catalog, including the 130 animals and several hundred freely available control genomes 

from various breeds (Figure 8A). Further, a custom algorithm was implemented to filter 

for candidate causative variants. Basic restrictions on animals to be included in the 

dataset were a known health history without any disease records and sequenced at an 

DYHUDJH�UHDG�GHSWK�RI��6.8x. The genomic regions of interest were defined as the most 

significant haplotype plus flanking regions of ±2 Mb. Quality filters made sure that a 

marker showed a maximum of 50% missing genotype calls, and quality indication 

needed to be PASS (see chapter 1.6 Whole-genome sequencing for details). Further 

criteria on marker levels were to filter for SNV that occurred in an animal of the population 

of interest, never occurred in the homozygous state across populations, and showed a 

maximum carrier frequency of 75%. 
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For validation of the identified candidate causative variants, a big part of my project 

involved the design of a custom Affymetrix SNP DUUD\� FDOOHG� ³6:,66FRZ´� (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA) (Figure 8A). This array was designed 

in collaboration with the Swiss breeding associations and includes SNP used in the 

routine genotyping, markers that arose through my RGA and FGA analyzes, previously 

known disease-causing variants, and additional protein-changing variants. The new 

design has been thoroughly tested by genotyping 192 samples with the SWISScow array 

twice and with the routinely used GeneSeek GGP Bovine 150k array from Neogene 

(Neogene, Santa Monica, California, USA), including closely related animals (trios), 

carriers of known disease-causing variants, and animals with WGS data available. With 

this data, the repeatability of the SWISScow array was tested and the concordance of 

the SWISScow array and the routine genotyping array, as well as the sequencing data, 

was verified. Furthermore, our SWISScow array was evaluated to work accurately in the 

context of gender recognition, verification, and detection of family relationships, as well 

as the detection of known genetic disorders. Finally, the SWISScow array included 

112,854 routinely used SNP and 205,362 other variants. For a year now, the SWISScow 

array has replaced the previously used SNP array, which allowed for the genotyping of 

the current Swiss cattle breeding populations. Thereby, 13,667 cattle were genotyped 

with the SWISScow array including 6,575, 1,489, and 5,603 from the BS, OB, and HO 

populations, respectively. In addition, 574 SI animals had been genotyped with the 

SWISScow array, which is not enough data to gain strong statistical power. 

Finally, candidate causative variants could be proposed based on the described analysis 

purely on genomic information and statistical evidence. However, solely protein-coding 

variants were proposed as candidate causative variants because variant effect 

predictions can be performed for them more easily. 

 

1.5.1.1 Linkage analyses 
To make sure that the identified candidate causative variants are associated with the 

detected haplotype, linkage analyzes were performed (Figure 8B). Mostly, LD analyzes 

are performed to identify genomic regions that are inherited together and thereby 

associated with a trait of interest segregating in closely related families [83]. Contrary to 

this, in RGA we used LD as a measure to verify if a variant is inherited together with the 

associated haplotype. As it was assumed that a mutation causes a haplotype to show 

reduced homozygosity, this mutation would have to be co-inherited with the haplotype at 

least up to a certain level. Therefore, LD was calculated with plink v1.9 [134] based on 

the diplotype states of the haplotype and the SNP on the SWISScow array, as well as 
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the WGS-derived SNV. While the analysis with the SWISScow data could be done on all 

the individuals genotyped, the WGS data was more sporadic, as only a few animals per 

population had WGS data available. 

 

1.5.1.2 Phenotype association studies 
Lastly, to get a feeling for the effect of the identified genomic regions harboring recessive 

variants, phenotype association studies were performed if there was enough data 

available (Figure 8C). Phenotype information included pseudo-phenotypes represented 

by deregressed breeding values from the routine breeding value estimation of a broad 

range of fertility, birth, growth-related, and survival traits (Table A1) [135].  

Genome-wide association studies (GWAS) are commonly performed based on SNP 

data; however, genotypes derived from WGS data can be used as well [66]. A GWAS 

analysis allows finding markers that segregate together with a trait based on their allele 

frequency. A common example are case-control studies, where a marker that always 

occurs in cases and only sporadically in controls would lead to a significant association. 

GWAS helps to identify loci in populations for monogenic traits as well as for quantitative 

traits [136]. Mathematically, a GWAS is a single SNP regression based on a model such 

as: ݕ� ൌ ߤ ൅ ܩ ൅ ઺܁ ൅ ߳, where ݕ represents the phenotype, ߤ is the average phenotype, 

 is a vector ܁ ,is a random effect that includes a pair-wise genomic relationship matrix ܩ

with the genotypes per animal, ઺ is the estimated fixed effect of each genotype and ߳ 

accounts for the random variation. Due to the repeated test of the model, as each SNP 

individually is tested for an association, it is important to correct for multiple testing to 

avoid sporadic associations e.g., using false discovery rates [137], or Bonferroni 

correction [138]. Furthermore, it is important to understand that associated SNP are not 

necessarily causative but merely linked to a causative marker within genomic regions of 

interest. The most common visualization of GWAS results is the so-called Manhattan 

plots that can be created using R with the package qqman [139, 140]. 

On one hand, GWAS results were used to verify if identified haplotypes co-segregate 

with QTL of the Swiss populations. On the other hand, the effects of the haplotypes on 

the breeding values could be estimated in a model analogous to the GWAS, but with 

only one marker representing the haplotype. These association studies were performed 

to get an indication of the nature of a potential hidden phenotype. 
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1.6 Whole-genome sequencing 
Only in the last decade has next-generation sequencing made it possible to unravel an 

individual's entire genomic DNA in a cost- and time-efficient manner. WGS allows 

comprehensive insights into the organization and functionality of the genome. 

 

1.6.1 Samples 

For my herein presented studies, samples used for DNA analysis were taken from blood 

(EDTA), semen, hair roots, or tissue. Regarding EDTA-blood, the Nucleon Bacc2 kit (GE 

+HDOWKFDUH��ZDV�XVHG�WR�H[WUDFW�WKH�'1$��4,$*(1¶V�'1HDV\�NLW�ZDV�XVHG�IRU�VHPHQ��

hair roots, RU�WLVVXH�VDPSOHV�IROORZLQJ�WKH�PDQXIDFWXUHUV¶�LQVWUXFWLRQs. The Maxwell RSC 

instrument (Promega) was used to perform DNA extraction. Generally, PCR-free 

fragment libraries are prepared to perform paired-end sequencing of 150bp reads and 

aim at a read depth of 20x. At the start of this PhD project, the sequencing platform 

Illumina HiSeq3000 was used, later from 2018 onward, the sequencing platform 

NovaSeq was used. Older WGS data would also have been produced on the platforms 

HiSeq2000 and HiSeq2500. All WGS data produced for the purpose of the presented 

studies were transferred to the public repository European Nucleotide Archive (ENA) as 

part of the ongoing Swiss Comparative Bovine Resequencing project (Accession ID: 

PRJEB18113) [141]. 

 

1.6.2 Workflow 

As the WGS data is an integral part of the variant identification of the presented studies, 

the workflow applied to the raw data shall be introduced (Figure 9). As the de novo 

assembling of a genome is computationally highly complex as well as a time- and 

memory-consuming task, a reference sequence and an alignment approach for the 

sequenced reads are predominantly used. Therefore, we can detect any kind of variation 

of an individual sequenced genome to the reference sequence. In order to do so, cattle 

geneticists use an analogous pipeline to the GATK best practices mostly applied in other 

species [142], which is adjusted to the needs of cattle genomes. Furthermore, the 

preparation is in accordance with the recommendations of the 1000 Bull Genomes 

Project (run8) [143], as the data was submitted to the data collection of the consortium. 

The consortium published their first dataset in 2014 with 234 whole-genome sequenced 

cattle [144]. Their latest dataset of run9 in 2021 encompassed 5,116 genomes from 

across the globe, distributed over 100 breeds and diverse crosses. The most prominent 
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breHGV�DUH�+ROVWHLQ��$QJXV��1RUZHJLDQ�5HG��DQG�%URZQ�6ZLVV�ZLWK��¶�������������, and 

294 purebred individuals, respectively. 

The workflow starts with the raw data arriving in the fastq file format. These files were 

quality controlled by trimming reads with fastp v0.12.5 and the settings: --

qualified_quality_phred 20, --length_required 35, --cut_window_size 3, --

cut_mean_quality 15, --cut_by_quality5 20, --cut_by_quality3 20 and --trim_poly_g [145]. 

Next, the quality was checked batch-wise with the programs FastQC v0.11.5 [146] and 

MultiqC v1.8 [147] to see if any files showed reduced quality across the sequences. 

The quality-controlled data was then mapped using the Burrows-Wheeler Aligner v0.7.17 

[148] to the cattle reference sequence published in 2018 ARS-UCD1.2 (see chapter 1.6.3 

Reference assembly) [149, 150]. If there were several bam-files per animal, the files 

were merged using the command MergeSamFiles from the software picard-tools 

v.2.18.2 [151] and sorted with the command sort of the software samtools v1.8 [152]. 

Furthermore, the bam-files were controlled for duplicate reads with the command 

MarkDuplicates from the software picard-tools v.2.18.2 [151] and recalibrated using the 

commands BaseRecalibrator and PrintReads of the software GATK v3.8.1.0.gf15c1c3ef 

[153]. Recalibration was performed on the variants known from the 1000 Bull Genomes 

Project run 7 (BQSR file version 2) [143]. Finally, the bam-file was indexed with the 

command index of the software samtools v1.8 [152]. These bam-files can be visualized 

in the Integrative Genomics Viewer (IGV) [154] to inspect candidate variants. 

From the bam-files, genomic variant call format (VCF) files per animal were produced 

including small insertions and deletions (InDel), as well as SNV. These files encompass 

all positions in the genome that differ from the reference sequence and were produced 

with the command HaplotypeCaller from the software GATK v3.8.1.0.gf15c1c3ef [153]. 

After that, all the single genomic VCF files are combined into a single VCF file including 

all variants from all individuals by using the commands CombineGVCFs, CatVariants, 

and GenotypeGVCFs from GATK v3.8.1.0.gf15c1c3ef [153]. 
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Figure 9: Example of the bioinformatics workflow applied for mapping of whole-genome 
sequencing data to a reference sequence and calling variants. 
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For every single variant included in the comprehensive VCF, a quality indicator and the 

effect of the variant on the encoded protein were predicted. Regarding the effect 

prediction, the NCBI Annotation Release 106 [155] was used within the software SnpEff 

v4.3 [156]. In general, the effect prediction of SNV is not an easy task, especially if a 

variant affects non-coding sequence. Variants in the coding sequence can be predicted 

for their protein-changing impact rather simply, as they lead to either synonymous amino-

acid exchanges denoted to have LOW impact, non-synonymous amino-acid exchanges 

denoted to have MODERATE impact, and frameshifts or nonsense variants that are 

denoted to have HIGH impact. The quality indicators were calculated by using the 

commands SelectVariants and VariantFiltration of GATK v3.8.1.0.gf15c1c3ef [153]. 

Thereby, hard filters are applied for InDel and SNV separately based on the GATK 

recommendations. These include for SNV to get the quality indication PASS to pass all 

the thresholds (QD < 2.0, FS > 60.0, MQ < 40.0, MQRankSum < -12.5, and 

ReadPosRankSum < -8.0) and to get the quality indication GATKstd the thresholds at 

lower level (QD < 1.0, FS > 100.0, MQ < 30.0, MQRankSum < -15.0, and 

ReadPosRankSum < -12.0). Any SNV not passing the thresholds gets the indication 

LowQual. Analogously, the PASS indication is given for InDel passing the thresholds for 

insertions and deletions (QD < 2.0 and FS > 200.0), GATKIndelStd is given if the reduced 

thresholds are passed (QD < 1.0 and FS > 300.0), and LowQualIndel for all other InDel. 

 

1.6.3 Reference assembly 

When applying the bioinformatics approach described above to individual whole-genome 

sequence data, the quality of the reference sequence determines the quality of variant 

detection that can be achieved. In 2009, the first genome draft of an inbred Hereford cow 

Dominette was published based on a 7x coverage (Figure 10) [157]. The DNA of 

Dominette would be the base for the first internationally available reference sequence 

Bos_taurus_UMD3.1.1 (GenBank: GCA_000003055.5; RefSeq: GCF_000003055.6) 

available in the database of the National Center for Biotechnology Information (NCBI) 

[158]. 
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Figure 10: Dominette, inbred Hereford cow that the NCBI reference sequences are based on 
[159]. 
 

Currently, there are four cattle reference sequences registered in NCBI, of which three 

are based on the biological sample of Dominette (Figure 10; Table 4) and have an 

annotation available. The latest internationally used reference sequence is the ARS-

UCD1.2 genome assembly (GenBank: GCA_002263795.2; 

RefSeq: GCF_002263795.1) that was published with annotation in 2018 in the NCBI 

database [149, 150, 155]. This reference sequence was used throughout my thesis. 

Lately, novel breed-specific genome assemblies were published. Most of them used the 

trio binning approach, where allelic variation is introduced to allow assemblies based on 

haplotypes [160]. Therefore, F1 crosses between evolutionary distinct species or 

subspecies (e.g., Bos taurus taurus X Bison taurus indicus) are used to enable the 

separation of haplotypes and produce haplotype-based de novo assemblies. With this 

method novel genome assemblies were published for Angus [160], Brahman [160], 

Simmental [161], and Highland cattle [162], as well as for the species Bison [163] and 

Yak [162]. These trio-based reference sequences show high quality and even exceed 

the quality standard of the latest reference sequence (Table 4). 
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Table 4: Overview of the Hereford and Brown Swiss genome assemblies available in the 
database of the National Center for Biotechnology Information (NCBI) and the published 
Simmental genome assembly [161]. Note that the Simmental assembly is produced by trio-
binning approach and the others by traditional de novo assembly. 

 Hereford 
2014a 

Hereford 
2015b 

Hereford 
2018c 

Brown Swiss 
2021d Simmentale 

Total sequence 
length (Gb) 2.670 2.725 2.716 2.658 2.862 

Scaffold count 6,336 5,998 2,211 14,725 1,315 

Scaffold N50 (Mb) 6.4 6.8 103.3 26.0 102.5 

Scaffold L50 107 104 12 29 12 

Number of contigs 75,617 42,267 2,597 34,351 1,315 

Contig N50 (Mb) 0.097 0.276 25.9 0.268 70.8 

Contig L50 7,930 2,849 32 2,856 14 

Number of 
chromosomes 30 31 31 NA 30 

aBos_taurus_UMD3.1.1: GCA_000003055.5 
bBtau_5.0.1: GCA_000003205.6 
cARS-UCD1.2: GCA_002263795.2; used in this thesis 
dBrown Swiss: GCA_914753205.1  
eARS-Simm1.0 [161] 
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2 Hypothesis and aim 

The general hypothesis of this thesis is that monogenic variants segregate in cattle and 

cause disorders with lethal, sub-lethal, or damaging impact on hidden as well as visible 

phenotypes leading to exclusion from the breeding population. 

 

For obvious disorders that can be described and sampled, a straightforward identification 

of potential candidate variants was performed. In such cases, the forward genetic 
approach including whole-genome sequencing was applied to various affected cattle to 

describe the genetic etiology of the underlying disorder. The described disorders are of 

various modes of inheritance and represent individual cases of various breeds, as well 

as population issues. 

Animals affected by the following group of disorders were analyzed: 

x Inherited disorders affecting the skin (genodermatoses) 

x Inherited disorders affecting bone morphology 

x Neuromuscular disorders 

x Heritable eye disorders 

x Fatal syndromic disorders (congenital anomalies) 

 

For hidden disorders, no direct sampling can be undertaken. Therefore, the second part 

of this thesis aimed to apply a reverse genetic approach to exploit massive genome-

wide genotyping and sequencing data to identify haplotypes and variants causing hidden 

phenotypes. To validate the obtained results, statistical association with routine 

phenotypes, as well as population-wide genotyping was applied. 

This approach was performed in four Swiss dairy populations: 

x Brown Swiss 

x Original Braunvieh 

x Holstein 

x Original Simmental 
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Abstract

Background: Skin lesions and dermatoses in cattle are often associated with infections due to bacteria, fungi or
environmental risk factors. Dermatoses with genetic etiology have been described in cattle. Among these rare
disorders, there are primary congenital dermatoses that are associated with inherited nutritional deficiencies, such
as bovine hereditary zinc deficiency or zinc deficiency-like syndrome. This study presents three cases of Holstein
cattle with congenital skin lesions observed on a single farm that resemble zinc deficiency-like syndrome. Close
clinical and pathological examinations took place in two cases. Pedigree analysis indicated autosomal recessive
inheritance and whole-genome sequencing of both affected calves was performed.

Results: The two calves showed retarded growth and suffered from severe ulcerative dermatitis with
hyperkeratosis, alopecia furunculosis and subcutaneous abscess formation. Blood analysis showed correspondent
leukocytosis with neutrophilia whereas minerals, macro- and micronutrients were within the reference ranges.
Variant calling and filtering against the 1000 Bull Genomes variant catalogue resulted in the detection of a single
homozygous protein-changing variant exclusively present in both sequenced genomes. This single-nucleotide
deletion in exon 3 of IL17RA on bovine chromosome 5 was predicted to have a deleterious impact on the encoded
protein due to a frameshift leading to a truncated gene product. Genotyping of the affected cattle family
confirmed recessive inheritance.

Conclusions: A loss-of-function mutation of the IL17RA transmembrane protein could be identified as most likely
pathogenic variant for the psoriasis-like skin alterations observed in the two affected Holstein calves. In man, rare
recessive diseases associated with IL17RA include immunodeficiency 51 and chronic mucocutaneous candidiasis.
This supports the observed immunodeficiency of the presented cases. This study reports the first naturally occurring
IL17RA-associated animal model.
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Background
An intact coat and skin is of utmost importance for the
protection of the body from environmental impacts, in-
cluding infections and thermal challenges. Clinical der-
matological conditions vary in their dimensions, from
alopecia, hypo- and hyperkeratosis, coat discoloration,
seborrhoea to pruritus. Often several symptoms occur
simultaneously. Dermatoses are reported frequently and
can be due to a variety of causes. The aetiology of most
skin disorders is based on a combination of genetic and
environmental factors representing multifactorial or
complex diseases. Nevertheless, some are determined ex-
clusively by the environment, e.g. due to infections with
pathogens belonging to bacteria, viruses, fungi and para-
sites [1–4], intoxication [5] and dysfunctional housing
[6]. Skin lesions, e.g. due to injuries are at great risk for
secondary infections. Generally, they can lead to a re-
duced animal welfare, performance and therefore to a
loss of the economic value of an animal. In cattle, the
most common and frequently endemic skin disorder in
Central Europe is due to infection with dermatophytes
[7]. More rarely, dermatoses occur that are determined
exclusively by genetic factors, such as e.g. epidermolysis
bullosa [8], or that are associated with inherited disor-
ders leading to nutritional deficiencies of e.g. vitamin A
and C, zinc, copper, or fatty acids due to malabsorption
[9]. Genetic diseases of the skin are called genoderma-
toses and typically follow a monogenic mode of inherit-
ance, which means that the genotype at a single gene
determines whether the trait is expressed or not [10]. A
hallmark of genodermatoses is familial clustering of
cases and recently molecular veterinary genetics has
made significant advances in the analysis of hereditary
dermatoses [10].
A known genetic disorder segregating in the Holstein

breed and leading to recurrent bacterial infections, de-
layed wound healing and retarded growth is the bovine
leukocyte adhesion defect (BLAD; OMIA 000595–9913)
[11, 12]. This defect is due to the p.Asp128Gly missense
variant in the ITGB2 gene [11]. The clinical symptoms
induced by this variant are lesions and inflammations on
oral mucous membranes and teeth, along with chronic
pneumonia and diarrhoea [12].
Another autosomal monogenic recessive condition pri-

marily seen in Holstein and Fleckvieh dairy cattle with
psoriasis-like skin lesions in young calves was suspected
to be the consequence of a secondary zinc deficiency
[13]. It was assumed that a congenital gastrointestinal
zinc malabsorption leads to an impaired function of the
immune system, growth retardation and severe skin al-
terations (acrodermatitis). In Holstein cattle this disorder
is known as bovine hereditary zinc deficiency (BHZD,
OMIA 000593–9913) for a long time and reported to be
associated with a recessively inherited splice-site variant

in the bovine SLC39A4 gene [14]. The altered SLC39A4
protein is described to lack two motifs, which lie in adja-
cent transmembrane domains involved in the construc-
tion of a pore responsible for the transport of zinc.
Therefore the reported SLC39A4 variant is most likely
responsible for the impaired zinc absorption in this dis-
order [14]. The identification of another pathogenic vari-
ant associated with the so-called zinc deficiency-like
(ZDL) syndrome (OMIA 001935–9913), a highly similar
genodermatosis occurring in Fleckvieh cattle indicated
obvious locus heterogeneity for this entity of disorders.
Clinically a massive hyperkeratosis in combination with
secondary microbial infections were observed in the
ZDL-affected animals carrying two copies of the unrav-
elled nonsense mutation in bovine PLD4 [15]. In
addition, all BHZD as well as ZDL cases were also
underdeveloped in body size and weight and had a his-
tory of recurring diarrhoea and pneumonia [13–16]. Al-
though there is a striking similarity in the phenotypic
appearance of these two disorders, there are no clues for
a functional connection between PLD4, an uncharacter-
ized member of the family of phospholipid signalling en-
zymes, and zinc metabolism. As the ZDL-affected
Fleckvieh calves did not respond to a dietary zinc sup-
plementation, an impaired zinc metabolism is most
likely not causing this disorder.
Herein we report the detailed phenotype of three half-

sib purebred Holstein calves with severe congenital
psoriasis-like skin alterations, retarded growth and an
enhanced susceptibility to different infectious diseases
such as bronchopneumonia. Clinical, genealogical,
pathological and histopathological examination of the
calves suggested a rare and recessive genodermatosis re-
sembling ZDL. However, ZDL has not been observed in
Holstein cattle until now. Our genetic analysis revealed a
perfectly linked recessively inherited frameshift variant
in the interleukin 17 receptor A (IL17RA) gene, which is
most likely disease causing.

Results
Clinical findings
Initially, three calves were presented to the local veterin-
arian for clinical examination and therapy. One of the
calves suffered from a severe bronchopneumonia and
died shortly after presentation despite immediate ther-
apy. The two other calves (3 and 5months old) showed
retarded growth and development even though they had
been clinically inconspicuous within the first 4 to 6
weeks of their lives. Chronic skin lesions with signs of
severe inflammation were present especially in skin
folds, beneath the tail and at the umbilical region. Blood
analysis including zinc supply, examinations for infec-
tions with bluetongue virus (BTV) or lumpy skin disease
(LSD) resulted unsuspicious.
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These two female calves were admitted to the Clinic
for Ruminants (Internal medicine and Surgery) of the
Justus-Liebig University Giessen for a deeper clinical in-
vestigation. The 5-months old calf will further be re-
ferred to as case 1 and the 3-months old calf as case 2.
Both cases were lethargic and slightly dehydrated and
showed massive hyperkeratotic alterations of the skin
with regional alopecia and signs of inflammation. Skin
lesions were partly bleeding and a sanious odour of the
skin could be noticed (Fig. 1). In case 1, the head was
asymmetric due to severe swelling in the region of the
left mandibular lymph nodes (Fig. 1a). It was a 20 × 20 ×
10 cm large mass in front of the shoulder joint. This calf
also showed inflammations at the inguinal skin fold.
Case 2 mainly showed marked inflammation of the axil-
lar skin (Fig. 1f) and at the inguinal skin fold (Fig. 1b
and e) as well as small abscesses at the lower surface of
the tale (Fig. 1) and jaw (Fig. 1d). The palpable lymph
nodes were markedly swollen in this calf.
Results of the peripheral blood analysis regarding the

standard parameters are summarized in additional file 1
for each calf individually. The numbers of leukocytes,
segmented neutrophils and the lymphocytes deviated

from the normal range, indicating inflammation. The
value for glutathione peroxidase indicated a sufficient
supply of selenium in both calves. Regarding the min-
erals, solely magnesium showed a considerably reduced
serum concentration, while zinc showed a mildly in-
creased concentration.
Furthermore, the microbiological analysis of skin biop-

sies and lung tissue samples are provided in add-
itional file 2 for both calves. Comparing the levels of
infection, a high content of specific bacteria was more
often observed in case 2 than in case 1, and comparing
the tissue types, the bacterial content on skin was
slightly higher than in the lungs. No fungal pathogens
were determined in skin or lung samples. Tests concern-
ing bovine virus diarrhoea (BVD), bluetongue virus
(BTV) and bovine poxvirus (BPV) resulted negative.

Necropsy
Both calves showed similar gross lesions and a deferred
development with a body weight of 113 kg (case 1) and
95 kg (case 2). The dermis revealed an ulcerative derma-
titis and pododermatitis with pustules, alopecia, furuncu-
losis, subcutaneous abscess formation, and marked

Fig. 1 Features of the skin anomalies in case 1 (A) and case 2 (B-F). a Head with massive swelling at the left mandibular angle. Palpation of this
mass displayed fluctuation and severe phlegmon of the skin. b Ventral view on the lesions in the inguinal skin. c Abscesses beneath the tail.
Crusts of pus and incrusted faeces are present. d Lesions around the mouth. e Right inguinal skin fold with massive inflammation and ulceration.
f Axillar skin lesions. Palpation of the inflamed skin resulted in instant bleeding
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orthokeratotic hyperkeratosis (Fig. 1a-f). Mainly the
areas of the axillar skin (Fig. 1f), the inguinal skin
(Fig. 1b,e, Fig. 2a), the tale (Fig. 1c) and the mucocu-
taneous junctions were affected. Additionally, there
was a severe epithelial hyperplasia and a moderate perivas-
cular infiltration with lymphocytes, plasma cells, and mac-
rophages (Fig. 2). Microscopically the massively inflamed
skin lesions at the skin folds are visualized in Fig. 2b and
c, where the chronic ulcerations with serocellular crusts
are visible (Fig. 2a). The junctions show ulcerations of the
epithelium with formed granulated tissue and the in-
flamed cells (Fig. 2b) and orthokeratotic hyperkeratosis
with pustules were detected (Fig. 2c). Furthermore, the
calves had multiple large abscesses in the cranial pulmon-
ary lobes (Fig. 3a). They were accompanied by dystelecta-
sis and a mild suppurative bronchopneumonia in the
surrounding lung tissue (Fig. 3). There were subcutaneous
masses in the region of the left mandibular lymph node
and in front of the shoulder joint (Fig. 1a), and were iden-
tified as abscesses (Fig. 4).

Genetic findings
On the farm, the sire of the three affected calves was
used in a single breeding period for natural mating with
a total of 30 heifers, all originating from a common nat-
ural service sire used at the farm in the years before
(Fig. 5a). Besides the two affected female calves investi-
gated in this study, 11 more female and 17 male calves
were born. One of these additional female calves showed

similar signs as observed in the two presented cases and
died of pneumonia. However, in this additional case no
close clinical examination was done and no sample is
available. Neither the 17 males nor the other 10 female
offspring showed comparable skin alterations although it
was not possible to follow-up the health status of the
male calves after they left the farm with 2-weeks of age
for fattening. Both, the sire of the affected calves and all
30 dams were apparently normal. The pedigree of the af-
fected calves is in accordance with recessive inheritance.
Genetic testing allowed to rule out bovine leukocyte ad-
hesion deficiency (BLAD) as possible cause for the ob-
served symptoms as both cases were tested negative by a
commercial laboratory (IFN Schönow GMbH, Bernau).
Adopting the assumption of a possible recessive mode

of inheritance, whole-genome sequencing (WGS)
followed by single-nucleotide variant (SNV) and small
insertion and deletion (InDel) calling resulted in 23 pri-
vate protein-changing variants (Additional file 3) beside
4754 private non-coding variants (Additional file 4). Due
to the strong effect of the putative genetic defect, we hy-
pothesized that a loss-of-function variant affecting the
coding sequence of a gene most likely would be respon-
sible for the disorder. They were found to be homozy-
gous exclusively in the two affected animals and absent
or occurring heterozygous in 396 control genomes that
were sequenced in the course of other ongoing projects
at the Institute of Genetics. In a second step 22 variants
out of these 23 protein-changing variants were found

Fig. 2 Details of the inguinal skin lesions of case 2. a Macroscopic image of chronic ulcerations with serocellular crusts. b Microscopic view of
severe ulceration of the epithelium (arrowheads) with formation of granulation tissue and necrosuppurative inflammation. Hematoxylin and Eosin,
5x, bar = 1 mm. c Microscopic view showing marked orthokeratotic hyperkeratosis (arrowhead). Hematoxylin and Eosin, 10x, bar = 500 μm
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with both possible genotypes (heterozygous and homo-
zygous) in the 3103 control genomes from the 1000 Bull
Genomes project (Additional file 3) [17]. The single
remaining protein-changing variant in the interleukin 17
receptor A (IL17RA) gene, which was absent from all
controls was predicted to have a deleterious impact on
the encoded protein. This single nucleotide deletion in
exon 3 of IL17RA (chr5: g.108813251delC; Fig. 5b) leads
to a frameshift (XM_015460734.2: c.180delC), which is
predicted to replace 61 amino acids and to truncate a
significant part (~ 85%) of the C-terminus of the protein
(XP_015316220.2: p.(Cys61AlafsTer62)).
We genotyped the single-nucleotide deletion in exon 3

of IL17RA in both available cases, as well as in eleven
non-affected relatives (Fig. 5a) by Sanger sequencing.
This confirmed the homozygous state of the variant in
the two affected calves, whereas both dams of the

affected calves were heterozygous for the IL17RA dele-
tion, as well as two half-sibs and two maternal sisters
(Fig. 5a). All further tested relatives were homozygous
wild type.

Discussion
Interestingly our study revealed interleukin 17 receptor A
(IL17RA) as a new gene involved in a recessively inher-
ited genodermatosis of Holstein cattle. The herein de-
scribed clinical findings resemble strongly a disorder
known in Fleckvieh cattle as zinc deficiency-like (ZDL)
syndrome associated with a PLD4 missense variant [15].
Both herein described cases and the ZDL-affected calves
show an increasing distribution and severity of skin le-
sions over time, where the first lesions appeared on the
muzzle. Further common characteristics are the occur-
rence of pneumonia and the inability to response to oral

Fig. 3 Lung of case 1. a Macroscopic image of multiple abscesses in the cranial pulmonary lobes. b Microscopic view of the abscess of the
cranial pulmonary lobes (star). Hematoxylin and Eosin, 1.25x, bar = 5 mm
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zinc supplementation [16]. However, the PLD4 variant
and the previously reported SLC39A4-associated zinc
deficiency in Holstein cattle (BHZD) could be ruled out
due to their clinical differences. While the dermato-
logical changes associated with the PLD4 non-sense vari-
ant are described as a crusting dermatitis [16], the
herein described cases show open wounds that scarcely
heal. BHZD affected calves show a zinc deficiency, which
can be treated by oral application of zinc [13]. This ther-
apy was applied to the herein presented cases but did
not lead to any clinical improvement and thereby a dis-
order like BHZD could be ruled out. Furthermore, bo-
vine leukocyte adhesion deficiency (BLAD) was excluded
through genetic testing. Finally, all known disease-
causing variants were confirmed to not be present in the
described cases by analysing the WGS data.
To our knowledge, the IL17RA gene had not yet been

associated with similar disorders in domestic animals.

Variants in human IL17RA were reported to cause auto-
somal recessively inherited immunodeficiency 51
(OMIM 605461) and affected individuals show inborn
susceptibility to several infections and especially to
chronic mucocutaneous candidiasis [18, 19]. The patho-
genic variants associated with immunodeficiency 51 in-
clude missense variants as well as non-sense variants
and lead to a total loss-of-function of IL17RA [19, 20].
Pro-inflammatory cytokines such as interleukin 17 and
22, as well as their receptors play a central role in acute
and chronic inflammatory responses [21, 22]. Interleukin
17 (IL-17) is especially known to be of importance at
mucosal and barrier surfaces and plays a possible role in
the pathogenesis of autoimmunity [23]. The most com-
mon member of the IL-17 family is IL-17A and the re-
ceptor complex it signalling threw the heterodimer
complex formed by the receptors IL-17RA and IL-17RC
[23–25]. Furthermore, IL-17 had been associated with a

Fig. 4 Submandibular abscess observed in case 1. a Macroscopic image of abscess formation at the left mandibular area, orange-sized abscess in
the subcutis. b Microscopic view showing surrounding granulation tissue, Hematoxlyin and Eosin 1,25x, bar =5 mm
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Fig. 5 IL17RA frameshift variant associated with the observed genodermatosis. a Pedigree including the three affected calves (shown in black). All
thirteen available family members were genotyped for the IL17RA variant (genotypes presented below the individuals). b IGV screenshot showing
the single-nucleotide deletion on chromosome 5 in the two sequenced cases. Note the indicated change in the deduced amino acid sequence
below. A premature stop codon is predicted to occur after 62 altered residues. ($ indicates the first nucleotide of codon 59 belonging to IL17RA
exon 2)
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wide range of diseases including inflammation ranging
from arthritis, psoriasis, spondylitis, Crohn’s disease,
multiple sclerosis, cardio vascular diseases and a variety
of disorders of the lung [23]. The involvement of IL-17
and its receptor IL17RA has been shown in respect to
psoriasis and psoriatic arthritis in humans and mice
[26–30].
Interestingly, the herein described bovine cases homo-

zygous for the IL17RA loss-of-function variant did not
suffer from fungal but from multi-bacterial infections.
This points to differences in the immune defence against
fungal and bacterial infections between humans/mice
and cattle.
This IL17RA-associated semi lethal genodermatosis,

leading to psoriasis-like skin alterations and immuno-
deficiency resembling zinc deficiency-like syndrome in
Holstein cattle, was not reported before. Based on the
absence of the disease-causing IL17RA variant in the glo-
bal cohort of whole-genome sequenced cattle, which in-
cludes several hundred Holstein sires used in artificial
insemination, the frequency of the mutant allele in the
international Holstein population is probably very low.
Nonetheless, our findings allow for the first time a tar-
geted monitoring of the prevalence of this most likely
pathogenic variant in the local German population and
the avoidance of further risk matings.

Conclusion
To the best of our knowledge, a similar IL17RA-associ-
ated genodermatosis showing chronic skin alterations
correlated with an inherited immunodeficiency has not
been described until now in cattle. Moreover, this is the
first report of a most likely pathogenic variant in IL17RA
in a domestic animal species.

Methods
Animals
In a single German Holstein breeding flock three calves
which were sired by the same bull showed clinical signs
suspicious for a disease similar to ZDL or BHZD. While
one calf perished of a heavy lung inflammation during
the first weeks of life the other two calves were chronic-
ally suffering from psoriasis-like skin alterations and
showed reduced growth. Therefore, in this study clinical
and pathological examinations were conducted on the
two affected calves and the genetic background. Blood
samples from eleven healthy relatives were collected.
Unfortunately, the sire was already slaughtered when the
study was executed. In addition, we collected blood of
two dams, the paternal grandmother, the maternal
great-grandmother, four paternal half-sibs and three pa-
ternal half-sibs of the dams (Fig. 5a).

Clinical analyses
Clinical examination was conducted on two affected
calves. This includes a general description of their health
status. Further, all important peripheral blood parame-
ters were analysed. Blood analyses were performed using
EDTA, serum and lithium-heparin samples from each of
the affected calves. After necropsy microbiological ana-
lysis of the skin and lung tissue had been performed.

Whole-genome sequencing
In order to investigate the genetic architecture of the
disorder, genomic DNA was extracted from EDTA blood
samples of case 1 and 2 and used for whole-genome se-
quencing (WGS). Therefore, individual PCR-free frag-
ment libraries, which were sequenced for 150 bp paired-
end reads were prepared. Both cases were sequenced on
the Illumina NovaSeq6000 resulting in a read depth of
approximately 17.2x and 20.8x for the first and the sec-
ond case, respectively. The WGS data was mapped to
the latest reference genome ARS-UCD1.2 [31] and called
for small nucleotide variants (SNVs) and small insertions
and deletions (InDels). We followed the workflow pro-
posed by the 1000 Bull Genomes Project (run 7) [17, 32]
to process the raw data into binary alignment map
(BAM) and genomic variant call format (GVCF) files.
Further, the individual GVCF files were merged to one
large variant call format (VCF) file by using Combi-
neGVCFs and CatVariants of GATK v3.8 [33]. This file
was produced together with another 396 genomes avail-
able at the Institute of Genetics of the University of Bern
and thereby includes 398 genomes (Additional file 5) of
a variety of 23 cattle breeds and few crossbred animals.
For this VCF file SNVs and InDels were called using
GenotypeGVCF of GATK v3.8 [33]. Furthermore, qual-
ity labels based on the best practice recommendations in
GATK using the VariantFiltration of GATK v3.8 [33]
were given for each variant. Finally, SnpEff v4.3 [34] was
used to functionally annotated each variants effect, based
on the NCBI Annotation Release 106 [35]. This resulted
in the final VCF file, which includes all 398 individuals’
variants and their functional annotation.
We filtered the final VCF file based on the assumption

that the disorder is a rare recessive disorder. Thereby,
only the two affected animals need to be carriers of a
possible candidate variant but no other of the 396 con-
trol genomes (Additional file 5). This approach is sup-
ported by the fact, that there are no other sequenced
German Holstein animals in the data set. In order to val-
idate the allele frequency of the variant and exclude vari-
ants that occur in other breeds all remaining variants
were compared to the VCF file from the 1000 Bull Ge-
nomes project (run 7) [17]. This reference data includes
3103 cattle genomes which include 937 individuals from
the Holstein breed from all around the globe. Integrative
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Genomic Viewer (IGV) software [36] was used for visual
inspection of the remaining candidate variants.

Genotyping of the candidate variants
Forward primer 5′-GTCATGGCCTGACTGTGAAG-3′
and reverse primer 5′-GTCCACTCGATGTGAACCAC-
3′ were designed with the software Primer3 [37] to pro-
duce a 243 bp fragment including the IL17RA variant.
Sanger sequencing of the resulting PCR product was
performed by a service laboratory (LGC Genomics,
Berlin). The obtained sequences were analysed with
ChromasPro 1.22 software (Technelysium Pty Ltd.,
South Brisbane) and compared with the relevant genome
region of the latest reference genome ARS-UCD1.2 [31].
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1186/s12863-020-00860-4.
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DSP missense variant in a Scottish Highland 
calf with congenital ichthyosis, alopecia, 
acantholysis of the tongue and corneal defects
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Abstract 
Background: Ichthyosis describes a localized or generalized hereditary cornification disorder caused by an impaired 
terminal keratinocyte differentiation resulting in excessive stratum corneum with the formation of more or less adher-
ent scales. Ichthyosis affects humans and animals. Two rare bovine forms are reported, the severe harlequin ichthyosis 
and the less severe congenital ichthyosis, both characterized by a severe orthokeratotic lamellar hyperkeratosis.

Results: A 2-weeks-old purebred Scottish Highland calf was referred because of a syndrome resembling congenital 
ichthyosis. The clinical phenotype included diffuse alopecia and a markedly lichenified skin covered with large and 
excessive scales. Additionally, conjunctivitis and ulceration of the cornea were noted. Post-mortem examination 
revealed deep fissures in the diffusely thickened tongue and histopathological findings in the skin confirmed the 
clinical diagnosis. Whole-genome sequencing of the affected calf and comparison of the data with control genomes 
was performed. A search for private variants in known candidate genes for skin phenotypes including genes related 
with erosive and hyperkeratotic lesions revealed a single homozygous protein-changing variant, DSP: c.6893 C>A, or 
p.Ala2298Asp. The variant is predicted to change a highly conserved residue in the C-terminal plakin domain of the 
desmoplakin protein, which represents a main intracellular component of desmosomes, important intercellular adhe-
sion molecules in various tissues including epidermis. Sanger sequencing confirmed the variant was homozygous 
in the affected calf and heterozygous in both parents. Further genotyping of 257 Scottish Highland animals from 
Switzerland revealed an estimated allele frequency of 1.2%. The mutant allele was absent in more than 4800 controls 
from various other cattle breeds.

Conclusions: This study represents the first report of combined lesions compatible with congenital ichthyosis, 
alopecia, acantholysis of the tongue and corneal defects associated with a DSP missense variant as the most likely 
underlying cause. To the best of our knowledge, this study is also the first report of a DSP-related syndromic form of 
congenital ichthyosis in domestic animals. The results of our study enable genetic testing to avoid the unintentional 
occurrence of further affected cattle. The findings were added to the Online Mendelian Inheritance in Animals (OMIA) 
database (OMIA 002243-9913).
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Background
Ichthyoses encompass a heterogeneous group of con-
genital disorders characterized by an abnormal termi-
nal keratinocyte differentiation [1]. "ey are linked by 
the common finding of a thickened stratum corneum 
resulting in localized or generalized scaling. In ichthyo-
sis, desquamation of corneocytes is impaired, resulting in 
retained large squames and thus severe hyperkeratosis, 
as well as loss of skin elasticity and an abnormal barrier 
function [1, 2]. "e thick skin with an excessive amount 
of superficial scales resembles fish scales (greek ichthys 
means fish) and gave the name for these disorders. In 
2009, the various ichthyotic diseases in people were clas-
sified in a consensus paper [2]. In that milestone article, 
the classification is based on clinical findings and the 
inherited ichthyoses are subdivided into the large groups 
of syndromic versus non-syndromic forms. "e further 
subdivision distinguishes between the common ichthyo-
sis (ichthyosis vulgaris), autosomal recessive congenital 
ichthyosis, and keratinopathic ichthyosis [3]. "e large 
group of recessively inherited disorders with congenitally 
appearing ichthyosis but no extra-cutaneous involvement 
is heterogeneous and can be subdivided in three clinical 
phenotypes: (1) Harlequin ichthyosis representing the 
most severe, mostly lethal phenotype; (2) congenital ich-
thyosis associated with erythema and fine white scales; 
and (3) lamellar ichthyosis characterized by large dark 
scales [3]. In humans, the various forms of ichthyosis are 
associated with variants in at least 50 genes encoding 
structural proteins and enzymes affecting several cellular 
functions including DNA repair, lipid biosynthesis, adhe-
sion, desquamation, as well as other pathways [1–4].

In animals, several forms of non-syndromic presenta-
tions of ichthyosis have been reported and clinical signs 
are present at birth or rarely later in life [5]. A classifi-
cation system similar to humans does not exist in ani-
mals, but localized and generalized forms are known 
and, based on histology, non-epidermolytic forms are 
distinguished from epidermolytic forms. Various forms 
of non-syndromic, mostly inherited forms of ichthyosis 
have been identified in domestic animals [5–12]. In cat-
tle, forms of ichthyosis fetalis, which represents a severe 
form also described as harlequin-like ichthyosis (OMIA 
002238-9913) and congenital ichthyosis (OMIA 001993-
9913) have been reported. In older reports, the diagnosis 
was based only on the clinical and/or histopathological 
findings. In cattle, affected animals show variable degrees 
of generalized hyperkeratosis; large thick cutaneous 

scales situated mainly to the inguinal region, limbs, abdo-
men and muzzle are typical [8, 9]. In some syndromic 
cases, microtia, cataracts and thyroid abnormalities have 
been reported as well [12]. Calves affected with con-
genital ichthyosis show milder but comparable lesions to 
those of ichthyosis fetalis [10]. Changes in the hair coat 
such as hypotrichosis or alopecia are clinically described 
but may represent secondary findings.

"e underlying genetic causes for ichthyosis fetalis are 
mostly unknown in cattle, except for an ABCA12-related 
harlequin-like form (; OMIA 002238-9913). "is reces-
sively inherited lethal disorder observed in Chianina cat-
tle is characterized by a hyperkeratotic and significantly 
lichenified skin with widely distributed, erytematous, 
deep fissures [7, 8, 13]. Two further pathogenic loss-of-
function variants in the bovine ABCA12 gene associ-
ated with nonviable forms of ichthyosis fetalis have been 
reported in Shorthorn [14] and Hereford cattle [15]. In 
addition, a deleterious frameshift variant in the FA2H 
gene of Chianina cattle associated with a mild syndro-
mic form of bovine ichthyosis congenita (OMIA 002450-
9913) has recently been reported [16].

At present, this obvious genetic heterogeneity of inher-
ited cornification disorders can be analyzed in cattle 
using whole-genome sequencing (WGS)-based preci-
sion diagnostics [17]. Studying the molecular aetiology 
of single cases is nowadays also feasible in cattle [18–20]. 
"erefore, the purpose of this study was to characterize 
the clinical and pathological phenotype of an ichthyosis-
affected Scottish Highland calf, and to evaluate its pos-
sible genetic etiology using WGS.

Methods
WGS was performed on DNA extracted from ethyl-
enediaminetetraacetic acid (EDTA) blood of the calf. 
An individual PCR-free fragment library with approxi-
mately 400  bp inserts was created and sequenced on a 
NovaSeq6000 for 150 bp paired-end reads (Illumina, San 
Diego, CA, USA). "e sequenced reads were mapped to 
the ARS-UCD1.2 reference genome [21] resulting in an 
average read depth of approximately 19-fold, and single-
nucleotide variants and small indel variants were called 
in accordance as described before [22]. "e applied soft-
ware and steps to process fastq files into binary align-
ment map and genomic variant call format files were in 
accordance with the processing guidelines of the 1000 
Bull Genomes Project [23]. "e effects of the called vari-
ants were functionally evaluated with snpeff v4.3 [24], 

Keywords: Cattle, Dermatology, Skin, Genodermatosis, Corneal ulcers, Hyperkeratosis, Genetic disorder, Precision 
medicine



Page 3 of 9Hä!iger et al. BMC Veterinary Research           (2022) 18:20  

using the NCBI annotation release 106 (https:// www. 
ncbi. nlm. nih. gov/ genome/ annot ation_ euk/ Bos_ taurus/ 
106/). In order to find private variants, we compared the 
genotypes of the affected calf with 705 cattle genomes of 
various breeds that had been sequenced in the course of 
the Swiss Comparative Bovine Resequencing project [25]. 
An in silico assessment of the molecular consequences of 
the identified amino acid exchanges was carried out with 
PROVEAN [26].

Results
Clinicopathological !ndings
A 2-week-old female Highland cattle calf weighing 
51 kg was presented to the Clinic for Ruminants of the 
Vetsuisse Faculty of the University of Bern with severe 
skin lesions (Fig.  1). "e calf presented with diffuse 
alopecia involving approximately 90% of the body. "e 
remaining hair was found on the head, the limbs and 
the tail, and was easy to pull. "e markedly lichenified 

Fig. 1 Clinical phenotype of a 2-week-old Scottish Highland calf with congenital ichthyosis, alopecia and corneal defects. Note the flat crusts 
lateral to the tarsi, dorsal to the metacarpi and on the bride of the nose (a). Backside of the calf with alopecia and large scales (b). Alopecia and 
lichenification on the neck (c). Cloudy left eye with conjunctivitis (d). The right eye shows a corneal ulceration with a prolapsed iris (e). Appearance 
of a typical purebred Scottish Highland cow (f)

https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
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hyperkeratotic skin was covered by a thick layer of 
keratin, which exfoliated as large scales (Fig.  1c). 
"e skin presented multiple folds (Fig.  1a). In addi-
tion, the areas lateral to the tarsi, dorsal to the meta-
carpi and the bridge of the nose were covered with flat 
crusts (Fig.  1a). "e eyelids showed hyperkeratosis as 
well (Fig.  1d). "e ears were of normal length and the 
mucocutaneous junctions were unaltered (Fig. 1a). "e 
epithelium on the dorsal surface of the tongue was dif-
fusely thickened and presented with multifocal fissures 
(Additional file 1: Fig. S1). Necrotic debris was covering 
the surface of the tongue multifocally. "ere were whit-
ish plaque-like deposits on the ventral tip of the tongue 
(Fig. 1d). "e hoofs seemed intact.

Due to the severity of the skin lesions and the poor 
prognosis, the calf was euthanized one day after admis-
sion and necropsy with subsequent histological examina-
tion of various tissues including the skin and the tongue 
was performed. Histologically, the epidermis was mildly 
to moderately hyperplastic and covered with abundant 
compact to laminated keratin and multifocal crusts 
(Fig.  2). "e hyperkeratosis extended into the follicular 
infundibulum and sometimes into the ducts of the seba-
ceous glands. Many hair follicles were dysplastic, present-
ing with a false orientation of the infundibula and isthmic 
part, a distorsion of the inferior portion, a multifocally 
thickened outer root sheath and hair shafts, which were 
either broken or had an irregular contour. In addition, 
there was a mild perivascular infiltrate composed mostly 
of lymphocytes and plasma cells in the superficial dermis.

"e epithelium of the tongue was diffusely hyperplas-
tic and presented with multifocal deep fissures (Fig. 3a). 
"e keratinocytes in the stratum spinosum of the tongue 
epithelium were rounded and towards the surface adhe-
sion to the neighboring keratinocytes was completely 
lost (acantholysis). Necrotic debris was present on the 
surface. On the tongue, the mucosa of the dorsal surface 
showed a marked parakeratotic hyperkeratosis (Fig.  3a). 
A mild infiltration of lymphocytes and plasma cells in 
the lamina propria was seen as well (Fig. 3b). "e fissures 
presented histologically as full thickness ulceration and 
serocellular crust formation.

"e cornea of the right eye presented with a focal per-
forating ulcer of 5 mm in diameter with a partial prolapse 
of the iris through the ulcerated surface and attachment 
of the iris to the cornea (Fig. 1d). Histologically the cor-
nea neighboring the transmural ulcer was infiltrated with 
lymphocytes and neutrophils. Bacteria were also present. 
In addition, new vessel formation in the cornea was seen. 
"e iridocorneal angle was constricted and contained 

Fig. 2 Histological investigation of the skin of a 2-week-old Scottish 
Highland calf with congenital ichthyosis and alopecia. Note the 
compact to laminated orthokeratotic hyperkeratosis extending into 
the follicular infundibuli and the mild to moderate hyperplasia of the 
epidermis. Haematoxylin and eosin stain, x100

Fig. 3 Histological investigation of the tongue of a two-week-old Scottish Highland calf with congenital acantholysis of the tongue. Note the 
severely hyperplastic epithelium and the rounded keratinocytes losing the adhesion to the neighbouring cells (a) as well as the mild infiltration of 
lymphocytes and plasma cells in the lamina propria (b). Hematoxylin and eosin stain, x100 (a), x400 (b)
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many neutrophils. "e retina was detached. "e left eye 
was macroscopically cloudy and conjunctivitis was pre-
sent (Fig.  1e). Histopathological examination of the left 
eye revealed a transmural ulceration of the cornea and 
rupture of the Descemet’s membrane. Large amounts of 
fibrin, neutrophils and bacteria were found in the ante-
rior chamber. "e iris was attached to the cornea and the 
retina was diffusely ablated.

Besides these major pathological findings, a mild acute 
purulent bronchopneumonia and a diffuse severe suba-
cute pustular rumenitis without hyperkeratosis were 
noted. Other tissues were unremarkable. In summary, 
the clinical and pathological findings in the skin of this 
calf were consistent with congenital ichthyosis and a fol-
licular / hair shaft dysplasia. "e findings in the tongue 
and the eyes are remarkable and have, to the best of our 
knowledge, not been described in association with simi-
lar skin lesions.

Pedigree analysis
"e studied calf was the only affected animal in a Swiss 
herd of purebred Scottish Highland cattle. "e sire of 
the present case was a natural service purebred Scottish 
Highland bull, which sired further 105 normal offspring 
within eight years. An enquiry with the Scottish High-
land cattle breeders in Switzerland revealed no evidence 
of other similar cases in the past. "e available pedigree 
records of the calf ’s ancestry were analyzed and multiple 
inbreeding loops between the parents were found (Fig. 4). 
We detected at least five common ancestors occurring 
7-8 generations ago. In light of the obvious consanguinity 
as well as both parents are unaffected, we hypothesized 
that the current case might be explained by a rare reces-
sively inherited variant. Nonetheless, due to the spo-
radic occurrence a de novo mutation in the germline of 
one parent or during very early embryonic development 
could not be fully excluded.

Genetic !ndings
Based on the assumed recessive inheritance and a sub-
lethal effect of the disease-causing variant, we hypoth-
esized that, most likely, a loss-of-function mutation 
affecting a protein-coding gene would be responsible 
for the observed disorder. "erefore, we subsequently 
concentrated on protein-changing variants with a 
moderate or high predicted impact on the encoded 
protein. "is revealed five protein-changing variants, 
located within different genes or loci, exclusively pre-
sent homozygous in the genome of the ichthyosis-
affected calf (Additional file  2: Table  S1). Of all these 
five remaining private variants, only one occurred in 
a candidate for ichthyosis: desmoplakin (DSP). "e 
variant can be designated as Chr23:47826600G>T. It 

is a missense variant, NM_001192368.2:c.6893  C>A, 
predicted to change a highly conserved alanine resi-
due at the C-terminal plakin domain affecting the 
second plakin-repeat subdomain of desmoplakin, 
NP_001179297.1:p.(Ala2298Asp). "e DSP missense 
variant was predicted to be deleterious (Table S1).

"is variant affecting a candidate gene for loss of 
keratinocyte adhesion explains the acantholysis in the 
tongue of the calf well. It may also affect the corneodes-
mosomes in the epidermis and is likely the pathogenic 
variant for the observed phenotype. We confirmed 
the presence of the DSP missense variant by Sanger 
sequencing (Fig. 5). "e mutant DSP allele showed the 
expected co-segregation with ichthyosis in the avail-
able family trio, this was not the case for the other 
four protein-changing variants in which both parents 
also showed the alternative homozygous genotype 
(Table S1). Genotyping of 257 Scottish Highland cattle 
revealed no homozygous mutant animal and a total of 
six heterozygous carriers including both parents con-
firming recessive inheritance. Furthermore, the vari-
ant was absent in 4109 cattle genomes of a variety of 
global breeds including 12 Scottish Highland animals 
that were part of the run 8 of the ongoing 1000 Bull 
Genomes Project [23].

Fig. 4 Pedigree of the Scottish Highland calf with a syndromic form 
of congenital ichthyosis. Note the multiple inbreeding loops between 
the parents. Five common ancestors are marked by an asterisk. The 
affected calf is marked with a black circle. Females are indicated as 
circles and males as squares
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Discussion
"e aim of this study was to characterize the clinico-
pathological phenotype and the genetic aetiology of the 
observed lesions in the skin, the tongue and the eyes of 
a Highland calf. "e skin lesions are compatible with 
congenital ichthyosis, which has never been reported 
in a purebred Scottish Highland calf. Herein we also 
present evidence for the occurrence of a novel form of 
recessively inherited ichthyosis due to a homozygous 
missense variant in the bovine DSP gene, which enables 
selection against this disorder. We hypothesize that this 
most likely pathogenic deleterious variant is also causa-
tive for the alopecia, the erosive tongue lesions due to 
severe acantholysis and the corneal ulcers. Due to the 
consanguinity and in light of the syndromic disease 
phenotype, there is theoretically the possibility of a 

second genetic disorder; however, the genome sequenc-
ing carried out did not reveal any evidence of a second 
pathogenic protein-changing variant.

Desmoplakin is part of all desmosomes, which are 
abundantly expressed in both myocardial and epider-
mal tissue and serve as intercellular adhesion molecules 
to resist mechanical stress. It anchors intermediate fila-
ments to desmosomal plaques and forms an obligate 
component of functional desmosomes. Mutations in 
genes encoding for desmosomal components are asso-
ciated with a broad spectrum of phenotypes compris-
ing skin and hair abnormalities, and account for 45-50% 
of cases of arrhythmogenic right ventricular cardio-
myopathy in humans [27]. More than 120 dominant 
and recessive DSP variants have been reported to be 
associated with skin, hair and/or heart defects such as 
dominant inherited arrhythmogenic right ventricular 

Fig. 5  A missense variant in the desmoplakin (DSP) gene is associated with a syndromic form of congenital ichthyosis in Scottish Highland cattle. 
Schematic diagram of the DSP gene showing the location of the candidate pathogenic variant in exon 24 (a). Screenshot of the WGS data shows 
the homozygous single nucleotide variant (red arrow) present in the affected calf (b). Electropherograms from Sanger sequencing data (c). Note 
that the DNA sample from the affected calf carried the mutant allele in a homozygous state, while the parents were heterozygous, as expected 
for obligate carriers. The bovine desmoplakin protein is composed of the N-terminal plakin domain with 5 α-helical bundles (Z, Y, X, W, V), the 
coiled-coiled rod domain, and the C-terminal plakin domain with the 3 plakin-repeat subdomains (A, B, C) (d). Multiple-species DSP protein 
alignment (e). The predicted change of the highly conserved alanine to aspartic acid in the affected calf is highlighted by a red arrow
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cardiomyopathy (OMIM 615,821) and recessive inherited 
Carvajal syndrome (OMIM 605,676) characterized by 
an extreme type of dominant arrhythmogenic right ven-
tricular cardiomyopathy/dysplasia associated with woolly 
hair and epidermolytic palmoplantar keratoderma. "e 
skin fragility-woolly hair syndrome (OMIM 607,655) rep-
resents another recessive disorder due to desmoplakin 
mutations characterized by palmoplantar keratoderma, 
woolly hair, variable alopecia, dystrophic nails, and exces-
sive blistering. In these cases, as well as in the bovine 
case described here, there is no cardiomyopathy. Lethal 
acantholytic epidermolysis bullosa (OMIM 609,638), 
characterized by severe blistering of the epidermis and 
mucous membranes, is caused by homozygous deletions 
causing truncation of the DP tail [28]. Heterozygous car-
riers of any of these known recessive mutations displayed 
no phenotypic abnormalities in humans [29]. In general, 
epidermal fragility or excessive cornification is the first 
manifestation of these DSP-related human diseases, the 
hair changes (woolly hair or hypotrichosis) as well as the 
palmoplantar keratosis appear during childhood. "e 
combination of these clinical features is an alarm sign 
for cardiomyopathy, which can appear at a young age in 
the form of severe arrhythmias, heart failure or sponta-
neous cardiac death [30]. In the DSP-associated case in 
cattle presented here, hyperkeratosis of the skin, changes 
in the hair coat as well as disorders of the mucous mem-
branes are present. "erefore, at first glance, it resembles 
more the autosomal recessive forms of lethal acantho-
lytic epidermolysis bullosa and/or skin fragility woolly 
hair syndrome than other DSP-related human diseases. 
Nevertheless, clear differences in manifestation are vis-
ible in detail, e.g. no evidence of blistering in the epider-
mis. Furthermore, there were no signs of heart problems, 
but a very young animal was examined and it cannot be 
ruled out that such changes would have occurred later 
in life. Also in human the classification of DSP-related 
phenotypes and the genotype-phenotype correlations 
are challenging, partly because different terms are used 
to designate disorders that comprise similar clinical fea-
tures in the literature [306]. We therefore suspect that the 
specific DSP missense variant, which we identified here 
for the first time in a mammalian species, causes a highly 
probable unique syndromic disease phenotype. In most 
human cases, the precise consequences of the variants 
and the molecular pathology remain elusive due to the 
lack of expression and functional studies.

An exactly corresponding variant affecting human 
DSP residue 2288 was not yet described, and it not 
known as a variant in comprehensive databases 
such as gnomAD [31]. Interestingly, in a case report 
of a 14-year-old child with extensive mucocutane-
ous blisters caused by acantholysis of keratinocytes, 

epidermolytic palmoplantar keratoderma, nail dystro-
phy, enamel dysplasia, and sparse woolly hair, a very 
similar DSP missense variant was found [32]. "is 
pathogenic variant results in a substitution of an aspar-
tic acid for a conserved alanine residue at amino acid 
2655 located in the C-terminal plakin domain of des-
moplakin, affecting the third plakin-repeat subdomain 
of the human desmoplakin protein. "e three tandem 
plakin repeat regions in the C-terminus of desmoplakin 
mediate binding to intermediate filaments. Its associa-
tion with epidermal and simple keratins is dependent 
on the tertiary structure induced by heterodimerization 
of these intermediate filament proteins. Similar to the 
non-conservative amino acid replacement in the herein 
presented calf with acantholysis of the tongue epithe-
lium, impaired desquamation of corneocytes in the skin 
(ichthyosis congenita), follicular / hair shaft dysplasia 
and corneal ulcers, such an exchange of a nonpolar, 
hydrophobic alanine with a charged acidic aspartate 
is most likely causative. In the previously cited human 
case description, it was reported that, although the 
variant does not significantly alter the three-dimen-
sional structure of desmoplakin, structural modelling 
indicates changes in the electrostatic potential of the 
affected protein region [32]. "e authors speculated 
that the change may seem subtle but the clinical pheno-
types suggest that it alters intermediate filament bind-
ing functions that depend on electrostatically driven 
intermolecular interactions. Interestingly, immuno-
fluorescence microscopy showed a reduction in the 
C-terminal domain of desmoplakin in the skin and 
oral mucosa of the child carrying this missense variant. 
"erefore, we conclude that the missense variant iden-
tified in the affected Scottish Highland calf represents 
a plausible candidate causative mutation for the lesions 
observed in this calf in the skin, the hair follicles, the 
tongue and the eyes. It is possible that the expression 
of the affected protein differs between the epithelium of 
the tongue and the epidermis, resulting in acantholysis 
in the tongue and impaired corneocyte desquamation 
in the skin. Impaired desmosome adhesion between the 
trichocytes of the hair shaft may also explain the alo-
pecia and is supported by the histologically observed 
hair shaft dysplasia. Finally, the severe abnormalities 
of the cornea in the affected calf might be explained by 
the impaired function of desmoplakin as the corneal 
epithelium expresses a subgroup of keratins similar to 
those of epidermal epithelium [33]. Human genoder-
matoses, often have extracutaneous manifestations, and 
ocular manifestations in particular can have significant 
clinical implications, such as blindness [34]. "e skin 
and eye malformations found in the affected calf resem-
ble human keratitis-ichthyosis-deafness syndrome 



Page 8 of 9Hä!iger et al. BMC Veterinary Research           (2022) 18:20 

(OMIM 148,210), a rare disorder caused by dominant 
acting variants in GJB2 that encodes for connexin 26, a 
gap junction protein.

Conclusions
Rare disorders in livestock animals are traditionally 
poorly diagnosed. "e report of this single case by a con-
cerned breeder, followed by the diagnosis of ichthyosis 
congenita, follicular dysplasia, acantholysis of tongue 
epithelium, severe cornea defects, in combination with 
WGS has resulted in the identification of a most likely 
pathogenic variant in the DSP gene. "is report should 
alert breeders of Scottish Highland cattle about the pos-
sible emergence of congenital ichthyosis in the future 
and will permit genetic testing to avoid the unintentional 
occurrence of further affected cattle. Screening the vari-
ant in the global Scottish Highland cattle population will 
enable better assessment of the population allele fre-
quency for this breed-specific deleterious variant. Future 
studies to assess the functionality of the DSP protein in 
the presence of the missense variant will be valuable for 
understanding the biological impact of the mutation. To 
the best of our knowledge, this study represents the first 
report of a DSP-related syndromic form of congenital 
ichthyosis in domestic animals. "e observed acantholy-
sis of the tongue and corneal defects add DSP to the list 
of candidate genes for similar congenital phenotypes in 
humans.
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Abstract
The aim of this study was to characterize the phenotype and to identify the genetic etiology of a syndromic form of ichthyosis 
congenita (IC) observed in Italian Chianina cattle and to estimate the prevalence of the deleterious allele in the population. 
Sporadic occurrence of different forms of ichthyosis including IC have been previously reported in cattle. However, so far, no 
causative genetic variant has been found for bovine IC. Nine affected cattle presenting congenital xerosis, hyperkeratosis and 
scaling of the skin as well as urolithiasis and cystitis associated with retarded growth were examined. Skin histopathology 
revealed a severe, diffuse orthokeratotic hyperkeratosis with mild to moderate epidermal hyperplasia. The pedigree records 
indicated a monogenic recessive trait. Homozygosity mapping and whole-genome sequencing allowed the identification 
of a homozygous frameshift 1 bp insertion in the FA2H gene (c.9dupC; p.Ala4ArgfsTer142) located in a 1.92 Mb shared 
identical-by-descent region on chromosome 18 present in all cases, while the parents were heterozygous as expected for 
obligate carriers. These findings enable the selection against this sub-lethal allele showing an estimated frequency of ~ 7.5% 
in Chianina top sires. A sporadic incidence of mild clinical signs in the skin of heterozygous carriers was observed. So far, 
pathogenic variants affecting the encoded fatty acid 2-hydroxylase catalyzing the synthesis of 2-hydroxysphingolipids have 
been associated with myelin disorders. In conclusion, this study represents the first report of an FA2H-related autosomal 
recessive inherited skin disorder in a mammalian species and adds FA2H to the list of candidate genes for ichthyosis in 
humans and animals. Furthermore, this study provides a DNA-based diagnostic test that enables selection against the identi-
fied pathogenic variant in the Chianina cattle population. However, functional studies are needed to better understand the 
expression of FA2H in IC-affected Chianina cattle.

Keywords Bovine · Genodermatoses · Fatty acid 2-hydroxylase · Precision medicine · Skin · Urolithiasis

Introduction

The aim of this study was to report a series of nine cases of 
IC in Chianina cattle, to characterize the clinicopathological 
phenotype and finally to present the results of the genetic 
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analysis that evidenced a homozygous frameshift variant in 
bovine FA2H gene. Moreover, the prevalence of the deleteri-
ous allele in a selected population of Chianina sires is also 
estimated.

Genodermatoses are sporadic inherited disorders of the 
skin that both in humans and in livestock animals mostly 
follow a monogenic mode of inheritance (Leeb et al. 2017; 
Jacinto et al. 2020; Pope 2020).

In human medicine, the concept of ‘genodermatosis 
with skin fragility’ was recently introduced by adding other 
genetic disorders with skin fragility such erosive or hyper-
keratotic disorders (Pope 2020). Inherited ichthyosis charac-
terized by an abnormal terminal keratinocyte differentiation 
belongs to this group of skin fragility disorders encompass-
ing a clinically, pathologically and heritably heterogeneous 
presentation with a thickened stratum corneum resulting 
in localized or generalized scaling (Marukian and Choate 
2016).

In human medicine, the classification of the different 
forms of ichthyosis is based on clinicopathological mani-
festations and mode of inheritance, being divided in two 
main types: non-syndromic forms when clinical findings are 
limited to the skin, and syndromic forms in case additional 
organs are involved (Oji et al. 2010). In this respect, ichthyo-
sis has been associated to pathogenic variants in more than 
30 genes that are involved in several cellular functions, such 
as DNA repair, lipid biosynthesis, adhesion and desquama-
tion (Oji et al. 2010). In particular, recent advances have 
reinforced the causative role of mutations in genes encoding 
proteins essential to the formation of the hydrophobic barrier 
(Marukian and Choate 2016).

In domestic animals, ichthyosis has been described in 
dogs (Credille et al. 2009; Grall et al. 2012; Metzger et al. 
2015; Bauer et al. 2017; Casal et al. 2017), pigs (Wang 
et al. 2019), sheep (Câmara et al. 2017) and cattle (Charlier 
et al. 2008; Woolley et al. 2019; Eager et al. 2020). Fur-
thermore, it has also been reported in greater kudu calves 
(Chittick et al. 2002). While in sheep, pigs and greater kudu 
the underlying genetic cause of this condition has not been 
determined, in dogs pathogenic variants have been identified 
in five different candidate genes associated with the pheno-
type, four breed specific recessive inherited forms (TGM1, 
SLC27A4, PNPLA1, NIPAL4) (OMIA 000546-9615; OMIA 
001973-9615; OMIA 001588-9615; OMIA 001980-9615) as 
well as a single dominant inherited form in a single affected 
dog (ASPRV1) (OMIA 002099-9615).

In Chianina, Shorthorn and Polled Hereford cattle, a form 
of ichthyosis named ichthyosis fetalis, which resembles the 
Harlequin-type ichthyosis described in human medicine, 
has been associated with recessively inherited mutations in 
ABCA12 (OMIA 002238-9913) (Charlier et al. 2008; Wool-
ley et al. 2019; Eager et al. 2020). Affected calves are still-
born or die within the first days after birth and the skin is 

diffusely covered with large horny plates separated by deep 
fissures and resembling a ‘leather cuirass’. Furthermore, 
eversion at mucocutaneous junctions provokes eclabium and 
ectropion (Chittick et al. 2002; Molteni et al. 2006).

In Chianina cattle, a second less severe form of ichthyo-
sis, named ichthyosis congenita (IC), has also been described 
(Testoni et al. 2006) and in subsequent time repeatedly pre-
sented to the authors. Animals with IC show milder but com-
parable lesions to those of ichthyosis fetalis. It is clinically 
characterized by a more or less extended scale-like hyper-
keratosis and multifocal alopecic areas, and histopathologi-
cally by a diffuse lamellar orthokeratotic hyperkeratosis. The 
underlying genetic cause of this form of syndromic form 
of ichthyosis associated with retarded growth is unknown.

Methods

Animals

This study did not require official or institutional ethical 
approval as it was not experimental, but rather part of clini-
cal and pathological veterinary diagnostics. All animals in 
this study were examined with the consent of their owners 
and handled according to good ethical standards. It deals 
with a total of 129 Chianina cattle, including 9 IC-affected 
animals, 4 dams, 6 sires and 110 artificial insemination (AI) 
top sires. The tenth affected animal included in the study 
(case 10) was the one previously reported by Testoni et al. 
(2006), whose blood had at that time been frozen and there-
fore had remained available for genetic studies.

Clinical and pathological investigations

Eight calves (cases 1–8) and one heifer (case 9) present-
ing cutaneous hyperkeratosis and retarded growth were 
recorded by the teaching hospital of the Department of Vet-
erinary Medical Sciences, University of Bologna between 
2005 and 2020 (Online Resource 1). The mean age of 
record of the calves was 2.6 months (minimum–maximum: 
2 days–7 months), whereas the heifer was 18 months. The 
mean age at death was 11.2 months (natural death, euthana-
sia or slaughtering). All affected animals and one dam (case 
8’s dam) were thoroughly clinically examined. Information 
related to the skin condition of the other dams as well as of 
the sires were obtained by interviewing the owners or the 
breeders’ association, respectively.

A parasitological test for detection of ectoparasites and 
fungi infection was performed on case 8’s dam.

Skin biopsies using an 8 mm punch were obtained from 
seven affected animals (cases 1–3 and cases 6, 8, 9) and 
from case 8’s dam. The collected samples were fixed in 10% 
neutral buffered formalin, trimmed, processed, embedded in 
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paraffin wax, sectioned at 4 µm, and stained with hematoxy-
lin and eosin (H&E) for further histological evaluation. Two 
affected animals (cases 2 and 8) were submitted to necropsy.

Pedigree design

Pedigree analysis was performed using Pedigraph version 
2.4 software (Department of Animal Science, University of 
Minnesota, USA).

DNA extractions

Genomic DNA was extracted from the IC-affected animals 
(EDTA blood samples), four related dams (EDTA blood 
samples) and six related sires (semen) using Promega Max-
well RSC DNA system (Promega, Dübendorf, Switzerland). 
Furthermore, genomic DNA was also obtained from semen 
of 110 Chianina AI top sires with the same methodology.

SNP array genotyping and homozygosity mapping

Highᒧdensity SNP genotyping was carried out for seven 
cases (cases 1–7) and eight obligate carriers (three dams and 
five sires) (Online Resource 1) on the Illumina BovineHD 
BeadChip array including 777.962 SNPs. All given SNP 
positions correspond to the bovine ARS-UCD1.2 genome 
assembly. The PLINK v1.9 software (Chang et al. 2015) 
was used to perform basic quality filtering of the dataset. 
Even though no sample was excluded, a total of 146.440 
variants were removed owing to minor allele thresholds. 
The total genotyping rate was approximately 0.98. With a 
total of 631.522 remaining markers, homozygosity mapping 
was performed for the 7 IC-affected animals using the soft-
ware PLINK v1.9 (Purcell et al. 2007) with the commands 
‐‐homozyg‐kb 100 (considering homozygous segments of at 
least 100 kb), ‐‐homozyg‐match 0.95 (for allelic matching 
between both cases) and ‐‐homozyg‐group (for generating 
an overlapᒧfile), resulting in shared runs of homozygosity 
(ROH) indicating chromosomal region of identity-by-
descent (IBD).

Whole-genome sequencing and variant calling

WGS using the Illumina NovaSeq6000 (Illumina Inc., San 
Diego, CA, USA) was performed on the genomic DNA of 
two affected calves (cases 1 and 6). The sequenced reads 
were mapped to the ARSᒧUCD1.2 reference genome, result-
ing in an average read depth of approximately 18.2× in case 
1 and 17.9× in case 6, and single-nucleotide variants (SNVs) 
and small indel variants were called (Rosen et al. 2020). The 
applied software and steps to process fastq files into binary 
alignment map (BAM) and genomic variant call format files 
were in accordance with the 1000 Bull Genomes Project 

processing guidelines of run 7 (Hayes and Daetwyler 2019), 
except for the trimming, which was performed using fastp 
(Chen et al. 2018). Further preparation of the genomic data 
was done according to Häfliger et al. 2020 (Häfliger et al. 
2020). To find private variants, we compared the genotypes 
of the two calves with 597 cattle genomes of various breeds 
that had been sequenced in the course of other ongoing stud-
ies and that are publicly available (Online Resource 2) in 
the European Nucleotide Archive (SAMEA7690197 and 
SAMEA7690198 are the samples accession number of case 
1 and case 6, respectively; http:// www. ebi. ac. uk/ en). The fil-
tered list of remaining variants were further checked for their 
occurrence in a global control cohort of 4110 genomes of a 
variety of breeds (Hayes and Daetwyler 2019). Integrative 
Genomics Viewer (IGV) (Robinson et al. 2017) software 
was used for visual inspection of genome regions containing 
possible candidate genes.

Variant validation and genotyping via Sanger 
sequencing

PCR and Sanger sequencing were used to confirm the WGS 
results and to perform targeted genotyping for the identi-
fied FA2H frameshift insertion variant (18:2205625C>CG). 
All IC-affected animals, four available dams and six sires, 
as well as 113 AI top sires that included three fathers of 
the studied cases, were genotyped for the identified variant. 
Also the case reported by Testoni in 2006 (case 10) (Testoni 
et al. 2006) was genotyped. Primers were designed using the 
Primer-BLAST tool (Ye et al. 2012). After amplification 
with AmpliTaqGold360Mastermix (Thermo Fisher Scien-
tific) the purified PCR products were directly sequenced 
on an ABI3730 capillary sequencer (Thermo Fisher Sci-
entific). The primer sequences used were the following: 
5ƍ-AAA TTC CTG GTT -GGG GAG CC-3ƍ (forward primer) 
and 5ƍ-CTC GAC AAC GAG ACG CAC C-3ƍ (reverse primer). 
The sequence data were analyzed using Sequencher 5.1 soft-
ware (GeneCodes).

Results

Clinical phenotype

All patients (case 1–9) showed a more or less extended 
skin xerosis, hyperkeratosis and scaling besides a retarded 
growth. In the affected area the skin was dry and greyish 
with scale-like hyper-keratosis, and the most severe lesions 
were present at the level of trunk and neck (Fig. 1a). The 
coat was dull and bristly. Moreover, multifocal alopecic 
lesions were noticed, mostly affecting the muzzle, eye-
lids, ears, and inner region of limbs. The youngest calves 
displayed multiple wrinkles and folds (≤ 1 month of age) 
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(Fig. 1b). No abnormalities were observed at the level of 
the mucocutaneous junctions. One of the animals (case 8) 
also showed secondary wounds and pyodermitis (Fig. 1c). 
Urolithiasis evidenced by the presence of small stones and 
crystals in the perigenital region (Fig. 1d) accompanied the 
cutaneous disease in cases 1, 7, 8 and 10. A hypoglycemic 
and hypothermic crisis that provoked the death of case 8 
during the winter season was interpreted as a secondary 
phenomenon of imbalanced thermoregulation capacity. No 
abnormalities were registered at the level of the cardiovas-
cular, respiratory, musculoskeletal, and nervous systems in 
any animals.

Interestingly, case 8's dam showed mild localized xerosis, 
hyperkeratosis and scaling in the region of the rump. Unfor-
tunately, since in most cases the parents of the affected ani-
mals had already been slaughtered, we could not evaluate the 
phenotype in more of these obligate carriers. However, we 
did see a total of three other confirmed FA2H heterozygous 
Chianina cattle and they were clinically normal.

Based on the clinical observations, the affected animals 
were consequently suspected to suffer from IC as described 
in this breed in 2006 (Testoni et al. 2006). A similar diag-
nosis was advanced also for the dam of case 8, although in 
a very mild form. For this animal the differential diagnosis 
of ectoparasitosis and fungi infection were excluded on the 
base of a parasitological test.

Pathological phenotype

Histological analysis of the biopsies from the cutane-
ous lesions revealed a severe, diffuse orthokeratotic 

hyperkeratosis with mild to moderate epidermal hyperplasia 
(Fig. 2a, b). Serocellular crusts, serum lakes, and plant mate-
rial were occasionally present among the abundant keratin 
scales. The superficial dermis displayed multifocal, moder-
ate eosinophilic infiltrates, as well as a mostly perivascular, 
moderate infiltration with plasma cells and lymphocytes 
(Fig. 2a). Also, it was possible to observe the presence of 
intracytoplasmic, spindle-shaped, optically empty clefts 
within the sebocytes (Fig. 2c) in several of the affected 
animals, while the remaining adnexal structures were unre-
markable. Similar findings were observed histologically in 
the punch biopsies taken from the dam of case 8 (Fig. 2d). 
These findings were consistent with the clinical diagnosis 
of IC.

Moreover, post-mortem examination of three cases (cases 
1, 8 and 10) revealed inflammation of the urinary bladder 
(cystitis).

Genetic analysis

Pedigree records allowed the identification of a common 
ancestor as all IC-affected Chianina cattle were inbred 
from a sire born in 1976 (Online Resource 3). Pedigree 
analysis was consistent with monogenic autosomal reces-
sive inheritance, and therefore carried out homozygosity 
mapping as all cases would likely be homozygous for a 
common chromosome segment flanking the causal muta-
tion. This revealed a total of two identical-by-descent 
(IBD) segments shared by all seven cases with avail-
able SNP data (case 1–7): one 548 kb-sized region on 

Fig. 1  Clinical characterization 
of Chianina cattle affected by 
ichthyosis congenita. a Note the 
dry, greyish skin with scale-
like hyperkeratosis over most 
of the body surface (case 1). 
b Note the multiple wrinkles, 
folds and wounds secondary to 
the hyperkeratosis (case 8). c 
Higher magnification of b from 
the skin of the thoracic region. 
Note the pyoderma. d Note the 
urolithiasis characterized by the 
presence of small stones and 
crystals (arrows) on the peri-
genital region (case 7)
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chromosome 5 from 21.75 to 22.298 Mb and a second 
1.92 Mb-sized region on chromosome 18 from 1.37 to 
3.29 Mb (Fig. 3a).

Filtering of WGS for private shared homozygous 
variants present in sequenced genomes of cases 1 and 6 
and absent in 597 available control genomes identified 
ten private protein-changing variants with a predicted 
moderate or high impact. Analyzing the occurrence 
of these variants in the global control cohort of 4110 
genomes of a variety of breeds (Hayes and Daetwyler 
2019), a single frameshift variant in FA2H with a pre-
dicted high impact on the encoded protein exclusively 
present in the genome of the case 1 and 6 remained. The 
homozygous variant in FA2H exon 1 on chromosome 18 
(chr18:g.2205625C>CG; c.9dupC) was confirmed using 
IGV software (Fig. 3b, d). The deleterious FA2H variant 
(NM_001192455.1: c.9dupC) was predicted to result in a 
frameshift in the beginning of the protein after alanine 4 
with a stop codon after aspartate 142 (NP_001179384.1: 
p.Ala4ArgfsTer142) resulting in a completely different 

amino acid sequence, if expressed, when compared with 
the wild type protein (Fig. 3e, f).

FA2H genotyping

To confirm and evaluate the presence of the FA2H vari-
ant, the affected genomic region was amplified by PCR 
and Sanger sequenced (Fig. 3c) in a total of ten cases, and 
presumable dams and sires when available. Analyzing the 
sequencing data, we observed that all cases were homozy-
gous for the variants, whereas the available parents were 
heterozygous as expected for obligate carriers (Table 1). 
Furthermore, genotyping of 113 Chianina sires represent-
ing the active breeding population revealed a carrier ratio 
of 15% whereas the variant was absent in a global cohort of 
more than 4700 cattle of various breeds (Table 1).

Fig. 2  Histology of the skin 
lesions displayed by a IC-
affected Chianina calf (a–c) and 
its dam (d). a The epidermis 
of the calf (case 8) is irregu-
lar and mildly hyperplastic, 
with a thick overlying stratum 
corneum composed of abundant 
orthokeratotic, lamellar keratin 
scales (thin arrows). The seba-
ceous glands are not noticeable 
at this magnification, and the 
sweat glands are often dilated 
and filled with basophilic, 
homogeneous material (large 
arrows). Occasional interstitial 
inflammatory infiltrates can 
be observed in the superficial 
dermis (thin arrowheads). H&E 
staining, 500 µm. b Detail of 
the abundant orthokeratotic, 
lamellar keratin scales (thin 
arrows) (case 8). H&E staining, 
100 µm. c Detail of the seba-
ceous glands. Some sebocytes 
display intracytoplasmic, 
spindle-shaped, optically empty 
clefts (large arrowheads) (case 
8). H&E staining, 50 µm. d A 
severe orthokeratotic hyperkera-
tosis (thin arrows) could also be 
observed in the dam from case 
8. H&E staining, 500 µm
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Fig. 3  Ichthyosis congenita (IC) FA2H frameshift variant in Chianina 
cattle. a Genetic mapping of the IC locus in the cattle genome. The 
two regions of shared homozygosity of seven cases are displayed in 
blue. Note that the largest segment of 1.92  Mb on chromosome 18 
containing the, FA2H gene. b FA2H gene structure showing the vari-
ant located in exon 1. c Electropherograms of a case, heterozygous 

and wild-type genotypes. d Integrative Genomics Viewer (IGV) 
screenshot presenting the g.2205625C>CG variant in the two whole-
genome sequenced cases. e Predicted wild-type (wt) and IC cDNA 
e protein. f Schematic representation of the bovine FA2H protein 
and its two domains and the identified pathogenic frameshift variant 
(p.Ala4fsTer142; red arrow)
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Discussion

Here we describe the clinicopathological phenotype dis-
played by nine Italian Chianina cattle with IC and present 
the results of the genetic analysis that identified a recessively 
inherited frameshift mutation in FA2H, providing a novel 
candidate gene for skin disorders in both humans and ani-
mals. Furthermore, we provide a DNA-based diagnostic test 
that enables the selection against this sub-lethal allele that 
show an estimated frequency of ~ 7.5% in Chianina top sires.

Clinicopathological resemblances between familial forms 
of ichthyosis in humans and animals and the keratinization 
defect observed histologically in IC-affected Italian Chianina 
cattle led to the hypothesis that genetic variants in candidate 
genes for ichthyosis could be responsible for this disease in 
cattle. However, protein-changing variants within these more 
than 30 known candidate genes (Oji et al. 2010) were not 
found within the two mapped IBD regions, thereby exclud-
ing these as likely candidates. We then performed whole-
genome sequencing of two IC-affected cattle that led to the 
identification of a frameshift mutation in FA2H (c.9dupC; 
p.Ala4ArgfsTer142). The genetic association of this vari-
ant with the bovine familial IC phenotype was confirmed 
by the homozygous genotype in eight additionally affected 
cattle, including an older case presented in 2006, and by 
its absence in all other sequenced genomes. Furthermore, 
reported expression of FA2H transcripts in the urinary tract 
supports the associated urolithiasis and cystitis seen in some 
of the IC-affected cattle. Finally, the predicted consequence 
of the frameshift variant demonstrating a loss-of-function 
supports causality. This variant is therefore the first in any 
domestic animal species to be associated with IC, and FA2H 
should be considered an additional candidate gene for syn-
dromic forms of ichthyosis in humans.

While genetic analysis strongly suggested the associa-
tion of p.Ala4ArgfsTer142 allele with IC in affected Ital-
ian Chianina cattle, the frameshift variant lies very near 
the N-terminal end of the protein. Therefore, the impact of 
such a significant truncation on protein function is probably 
high, thus the variant represents a most likely pathogenic 

loss-of-function mutation. Within a representative cohort 
of the current Italian Chianina population, a moderate allele 
frequency and the absence of the homozygous genotype for 
the deleterious allele was noticed.

In humans, mutations in FA2H (OMIM611026) are asso-
ciated with recessively inherited spastic paraplegia type 35 
(Dick et al. 2010), leukodystrophy with spasticity and dys-
tonia (Edvardson et al. 2008), and fatty acid hydroxylase-
associated neurodegeneration, a rare subtype neurodegenera-
tion with brain iron accumulation (Kruer et al. 2010). So far, 
more than 40 different mutations have been associated with 
these neurological phenotypes (Rattay et al. 2019; Kawagu-
chi et al. 2020). However, to the best of our knowledge, no 
pathogenic variant in the FA2H associated to a form of ich-
thyosis has been reported in both animal and human species. 
Therefore, our study in cattle provides the first large-animal 
model of an FA2H-related congenital skin disorder.

FA2H encodes the endoplasmic reticulum enzyme fatty 
acid 2-hydroxylase, which plays a major role in the de 
novo synthesis of sphingolipids containing 2-hydroxy fatty 
acids (Alderson et al. 2004, 2005; Maldonado et al. 2008). 
2-Hydroxy sphingolipids are very plentiful in neural tis-
sue since the major components of myelin are galactolip-
ids (galactosylceramide and sulfatide) with 2-hydroxy fatty 
acids (Alderson et al. 2005; Maldonado et al. 2008). How-
ever, the function of 2-hydroxyl modification of sphingolip-
ids is still poorly known, although several studies evidently 
demonstrated that these compounds (including ceramides) 
play important roles in signal transduction (Hannun and 
Obeid 2008). Particularly, a study demonstrated that absence 
of FA2H lead to the impairment of cAMP-dependent cell 
cycle exit of Schwannoma cells, suggesting that FA2H 
sphingolipids may negatively regulate the cell cycle (Alder-
son and Hama 2009). Moreover, FA2H is highly expressed 
in the epidermis (Uchida et al. 2007). Notably, mammalian 
skin contains reasonably large amounts of 2-hydroxylated 
sphingolipids, which are involved in cell–cell recognition, 
signal transduction, and intercellular adhesion (Hakomori 
2002; Uchida et al. 2007). The sphingolipids' ceramide 
backbone also plays a role as an intracellular signal of cell 
arrest, cellular senescence, and apoptosis in several types of 
cell, including keratinocytes (Hannun and Luberto 2000). 
Besides these ubiquitous bioregulatory functions, ceramide 
are abundant components of the extracellular lamellar mem-
branes in the outermost layers of the epidermis, such as the 
stratum corneum, where they play an important role in the 
epidermal permeability barrier function (Holleran et al. 
2006). Also, a notable increase in ceramide is noticed during 
epidermal differentiation (Holleran et al. 2006). In humans, 
it is known that differentiation-dependent up-regulation of 
ceramide synthesis and fatty acid elongation is accompanied 
by up-regulation of FA2H. Furthermore, the 2-hydroxyla-
tion of fatty acid by FA2H occurs prior to generation of 

Table 1  Association of the 1  bp duplication (c.9dupC) variant in 
FA2H with ichthyosis congenita (IC) in Chianina cattle

a Parents of the affected animal

Genotype
wt/wt wt/dup dup/dup

IC-affected cattle 0 0 10
Obligate  carriersa 0 10 0
Chianina top sires 96 17 0
Normal control cattle from 

various breeds
4707 0 0
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ceramides/glucosylceramides, and 2-hydroxyceramides/2-
hydroxyglucosylceramides are essential for epidermal lamel-
lar membrane formation (Uchida et al. 2007). Such find-
ings suggest that the expression of FA2H is essential for 
epidermal permeability barrier homeostasis and responsible 
for synthesis of 2-hydroxylated sphingolipids in keratino-
cytes of mammalian skin. Therefore, the severe orthokera-
totic hyperkeratosis observed in the Chianina cattle with IC 
could be a consequence of the frameshift insertion in the 
FA2H gene. Notably, lack of FA2H in Fa2h−/− mice leads 
to hyperproliferation of sebocytes and enlarged sebaceous 
glands during hair follicle morphogenesis and anagen (active 
growth phase) in adult mice (Maier et al. 2011). Interest-
ingly, the IC-affected animals included in this study often 
displayed intracytoplasmic, spindle-shaped, optically empty 
clefts within the sebocytes, although the sebaceous glands 
were similar in size to the ones observed in control animals. 
Sebaceous glands are holocrine glands that secrete a viscous, 
lipid-rich fluid rich in cholesterol and wax esters, triglycer-
ides, squalene and cholesterol playing an important role in 
thermoregulation (Porter 2001). The rate of sebum is associ-
ated with the number and size of glands, and low production 
of sebum might lead to sebatosis or xerosis (Porter 2001; 
Shamloul and Khachemoune 2020). The major functions of 
sebum are to lubricate the skin and hair conferring imper-
meability to water, and in thermoregulation (Shamloul and 
Khachemoune 2020). Moreover, sebaceous glands play a 
role in immunity since sebum is thought to have antibacterial 
and antifungal properties (Strauss et al. 1983). Consequently, 
our findings may suggest that cattle affected by IC might be 
predisposed to develop skin secondary infections and present 
thermoregulation deficits due to this genetic defect. These 
situations were evidently suspected for two of our patients. 
Moreover, in Fa2h−/− mice, deficiency in Fa2h caused a 
delay in emergence of the fur during morphogenesis and 
depilation-induced anagen and a cyclic alopecia (Maier et al. 
2011). Herein, the cases revealed a localized alopecia, but 
the hair follicles present in the biopsies taken from the IC 
cutaneous lesions were unremarkable.

In mice, depletion of FA2H decreases the protein levels 
of GLUT4 leading to reduced glucose uptake and lipogen-
esis under basal and insulin-stimulated conditions (Guo 
et  al. 2010). GLUT4 deficiency in mice  (Slc2a4tm1Mch/
Slc2a4tm1Mch) leads to retarded growth, decreased expected 
longevity and abnormal cellular glucose and fat metabolism 
(Katz et al. 1995). Intriguingly, all Chianina cattle homozy-
gous for the FA2H mutation showed retarded growth and 
decreased expected longevity. Unfortunately, metabolic anal-
ysis to access the glucose metabolism was not performed.

Beside the skin lesions that were displayed in all the 
cases, four out of ten cases showed urolithiasis and three 
out of ten revealed cystitis. It is worth to highlight that in the 
six animals where these findings were not recorded: one was 

euthanized 2 days after birth, and consequently, the absence 
of these findings might be explain by the young age of the 
calf; the remaining five were clinically examined only at the 
farms and, therefore, it was not possible to have a follow-up 
of the clinical status. On the contrary, the cases where we 
observed urolithiasis and cystitis were recovered at the clinic 
allowing the performance of a more detailed examination. 
Urolithiasis is a multifactorial disease resulting from com-
plex interactions between environmental and genetic factors. 
Interestingly, FA2H in humans is also expressed in the uri-
nary bladder and kidney (Fagerberg et al. 2014). However, 
physiological functions of FA2H in these organs are largely 
unknown.

Conclusions

Rare disorders like IC in livestock are usually not reported 
or are mis-diagnosed. Based on the known function of FA2H 
and its role in the skin, the predicted impact of the identified 
variant and its perfect co-segregation with the disease phe-
notype in the studied pedigree, we conclude that inherited 
IC in Chianina cattle is caused by a homozygous loss-of-
function variant in FA2H. Thereby, this study represents an 
outstanding animal model for the understanding of similar 
conditions in different species and adds FA2H to the list 
of candidate genes for ichthyosis in humans. This exam-
ple highlights the utility of precision diagnostics including 
genomics, for understanding rare disorders and the value 
of surveillance of cattle breeding populations for harmful 
genetic disorders.

Moreover, this study provides a DNA-based diagnostic 
test that allows selection against the identified pathogenic 
variant in the Chianina cattle population. Due to the high 
economic value of many Chianina cattle, including their skin 
for leather production, genetic testing should be pursued to 
prevent breeding of carriers that produce affected calves.
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Simple Summary: Ectodermal dysplasias such as hypohidrotic ectodermal dysplasia (HED), are
genetic conditions affecting the development and/or homeostasis of two or more ectodermal deriva-
tives, including hair, teeth, nails, and eccrine glands. In particular, X-linked hypohidrotic ectodermal
dysplasia-1 (ECTD1) in humans is characterized by a triad of signs comprising sparse hair, abnormal
teeth, and anhidrosis or hypohidrosis. It has been reported in cattle, dogs, mice and rats. Until now,
eight pathogenic variants in the bovine ectodysplasin A (EDA) gene causing ECTD1-like disorders
have been found. Herein, five affected Red Angus-Simmental bull calves born over a 6-year period
(2013–2019) in a single herd in the Western United States are reported showing an ECTD1-like
syndrome. Calves were born with severe hypotrichosis and oligodontia. At age 1-week-old two
calves died of severe pneumonia. Microscopic findings of the skin revealed small-caliber hair folli-
cles with a mean density in flank skin slightly greater in affected animals than in control animals.
Nasolabial, intranasal and tracheobronchial mucosal glands were absent, whereas olfactory glands
were unaffected. Whole-genome sequencing (WGS) identified a 53 kb deletion of the X chromosome
including parts of the EDA gene as well as the entire AWAT2 gene. The partial deletion of the EDA
gene that is known to be associated with forms of ECTD1 is the most likely cause for the reported
genodermatosis. Similar rare disorders in livestock are often not diagnosed at the molecular level
due to lack of resources, short lifespan of the animals, and concerns for the producers’ reputation.

Abstract: X-linked hypohidrotic ectodermal dysplasia-1 (ECTD1) in people results in a spectrum
of abnormalities, most importantly hypotrichosis, anodontia/oligodontia, and absent or defective
ectodermally derived glands. Five Red Angus-Simmental calves born over a 6-year period demon-
strated severe hypotrichosis and were diagnosed as affected with ECTD1-like syndrome. Two died
of severe pneumonia within a week of birth. The skin of three affected calves revealed a predomi-
nance of histologically unremarkable small-caliber hair follicles. Larger follicles (>50 µm) containing
medullated hairs (including guard and tactile hairs) were largely restricted to the muzzle, chin, tail,
eyelids, tragus and distal portions of the limbs and tail. The mean histological density of hair follicles
in flank skin of two affected calves was slightly greater than that in two unaffected calves. One
affected calf was examined postmortem at 10 days of age to better characterize systemic lesions.
Nasolabial, intranasal and tracheobronchial mucosal glands were absent, whereas olfactory glands
were unaffected. Mandibular incisor teeth were absent. Premolar teeth were unerupted and widely
spaced. Other than oligodontia, histological changes in teeth were modest, featuring multifocal disor-
ganization of ameloblasts, new bone formation in dental alveoli, and small aggregates of osteodentin
and cementum at the margins of the enamel organ. A 52,780 base pair deletion spanning six out of
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eight coding exons of EDA and all of AWAT2 was identified. Partial deletion of the EDA gene is the
presumed basis for the reported X-chromosomal recessive inherited genodermatosis.

Keywords: Bos taurus; cattle; ectodysplasin; hypodontia; hypotrichosis; oligodontia; whole genome
sequencing; development; dermatology; genodermatosis

1. Introduction
Ectodermal dysplasias are inherited diseases in which development and/or home-

ostasis of two or more ectodermal derivatives such as hair, teeth, sweat and other glands,
and occasionally nails, are abnormal [1]. The most common ectodermal dysplasia in people
is hypohidrotic ectodermal dysplasia (HED) [2]. Initially classified by clinical presenta-
tion and mode of inheritance, members of the HED group are categorized by genotype
and molecular pathway, in addition to phenotype [2]. X-linked hypohidrotic ectodermal
dysplasia-1 (ECTD1) (OMIM 305100) is caused by variants in EDA, which encodes the
transmembrane protein ectodysplasin A (EDA), a member of the TNF↵-related signaling
pathway [3]. Charles Darwin was among the first to describe what later proved to be
ECTD1 in a kindred of toothless men from Sind, noting clinically relevant features such
as oligodontia, hairlessness and heat intolerance [4]. More than 200 pathogenic variants
in human EDA are recognized. Affected individuals suffer from heat intolerance due to
a limited ability to sweat. Respiratory infections are common in some human forms of
ECTD1 and are attributed to absent and/or reduced numbers of glands in the respira-
tory tract [5]. Additional clinical problems are dental disease, eczema and xerostomia.
Similar clinical forms of HED also occur. These are due to pathogenec variants in the
EDAR gene encoding the EDA receptor, variants in the EDARADD gene encoding the
EDAR-associated death domain, and. variants in the WNT10A gene encoding the secreted
signaling molecule Wnt family member 10A. As a result, there are different autosomal
recessive and dominant forms of HED [1]. Various forms of HED can be clinically and
pathologically indistinguishable because one signal transduction pathway is involved [3].

HED has been documented in mice, dogs, cattle and rats [6–12]. Our understanding
of EDA-related anhidrotic ectodermal dysplasia is based in large part on the Tabby (EdaTa)
mouse [11,13–15]. The ability to ameliorate or abolish congenital defects of HED using
short-term treatment with recombinant ectodysplasin was first demonstrated in Tabby mice
and refined in a canine model, leading to successful treatment of human fetuses [16–19].
To date, there are eight reported pathogenic variants of the bovine EDA gene that, result in
an ECTD1-like disease (OMIA 000543-9913) [8–10,20–27]. They are potentially lethal since
affected cattle are ill-thrifty due to oligodontia and the heightened risk for pneumonia and
hypothermia [20,21,27]. Affected cattle can be kept alive when fed chopped feed and in
circumstances where there is limited exposure to extreme weather conditions [22,24,27].
Additionally, an HED syndrome affecting Charolais cattle due to a genetic variant in the
EDAR gene was reported. Similar to its human counterpart, the bovine EDAR-related
condition is transmitted as an autosomal recessive trait (OMIA 002128-9913) [28]. There
are accounts in the peer-reviewed literature of other HED-like syndromes which are based
on clinical signs and lesions alone [29–32].

Published reports of HED in domestic animals focus on the causative genetic variant
so that information about lesions other than hypotrichosis and oligodontia is limited.
Studies of affected people, mice and dogs document a pattern of lesions in addition to
those in skin and teeth, particularly in glands of the oropharynx, ear and orbit, which
contribute to clinical and subclinical disease [13,33–35]. Information about histological
changes in teeth and respiratory tract of ECTD1-affected cattle is limited [24]. Gross
changes in the teeth of affected people and dogs include characteristic conical crowns,
hypodontia and/or oligodontia, malocclusion, delayed eruption, persisting deciduous
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teeth, missing permanent teeth, decreased number of cusps, and decreased or diminutive
tooth roots [36–39]. Comparable dental anomalies affect Tabby mice [14]

The aim of this study was to characterize the major systemic lesions in a small group
of affected Red Angus-Simmental cattle born over a 6-year period in a single herd, and to
identify the causative genetic variant.

2. Materials and Methods
2.1. Herd history and Clinical Investigation

Five crossbred bull calves were born with hypotrichosis and oligodontia over a 6-year
period (2013–2019) in a commercial Red Angus-Simmental herd in western Nebraska, USA.
Both natural breeding and artificial insemination were used. Each calf was born to a unique
dam and was full-term based on the owner’s assessment of body size and birth weight.
The owner changed ear tags once he decided to retain animals in the herd. No key was
kept for the two sets of identification numbers so it was not possible to generate a pedigree
of the dams. Each of the five dams was clinically normal, according to the owner, although
no examination of the oral cavity was performed to check for abnormal dentition in four
of the five cattle. Skin biopsies were collected from three affected calves (cases 1 and 2
in 2013; case 3 in 2019; cases 4 and 5 were assessed by clinical examination alone) by a
veterinary practitioner (L.S.) in order to establish a diagnosis for alopecia. After case 3 was
born in 2019, the owner examined the incisors of this fifth dam, a first-calf heifer, and found
no abnormalities such as missing or malformed teeth. The dam’s cheek teeth (premolars
and molars) were not examined. Case 3 was kept indoors from birth in a heated barn,
and wrapped in an insulated coat to prevent pneumonia. Once it was established from
a skin biopsy that the calf was free of bovine viral diarrhea virus (a recognized cause of
congenital alopecia due to in utero infection) and that histological lesions in skin were
indistinguishable to those in cases 1 and 2, the calf was humanely euthanized for diagnostic
purposes at 10 days after birth. No affected calves were born subsequently into the herd in
2020. As of this writing, a single affected male calf was born into the herd in Feb 2021.

2.2. Pathological Investigation
Skin samples (5 ⇥ 5 cm) obtained by biopsy from the three affected calves were

fixed in 10% buffered formalin. Skin was sampled from one pinna and the dorsal aspect
of the neck (case 1), pinna alone (case 2), and pinna, muzzle, flank, upper and lower
eyelids, lateral aspect of thigh, distal aspect of forelimbs and hindlimbs, tailhead, and
distal aspect of the tail (case 3). Skin samples from calf 3 were selected to include lightly
haired areas (e.g., flank) and better haired areas (e.g., distal aspect of limbs and tail; eyelids).
A comprehensive set of tissues was collected into 10% formalin from case 3 at necropsy.
These included tissues from oral and nasal cavities (tongue; cheek with oral mucosa; hard
palate; nasal and ethmoidal conchae), palatine tonsils, larynx, trachea, bronchi, and lung
including bronchioles. No samples were collected to evaluate lacrimal, ceruminous or
major salivary glands. Maxillae and mandibles of case 3 were radiographed after death,
fixed for 7 days in 10% buffered formalin, cut with a band saw along the long axis of teeth,
and examined grossly. Teeth, mandibles and maxillae were decalcified in a formic acid-
EDTA solution (CalFor*TM, Cancer Diagnostics Inc., Durham, NC, USA). After fixation,
tissues were routinely processed through graded alcohols before embedding in paraffin.
Sections were cut 5 µm thick and stained with hematoxylin and eosin (HE). Sections of
skin from calves 1 and 3 were cut either perpendicular or parallel to the epidermal surface.
The diameter of hair follicles was determined by stereology using flank skin from two
affected (cases 1 and 3) and two age- and herd-matched Red Angus-Simmental control
calves. The cross-sectional area of follicles areas was determined using a 4-point nucleator
tool and converted to diameters (Stereo Investigator Software, MBF Bioscience, Williston,
VT, USA). The density of hair follicles was measured using commercial image-capturing
software (Olympus cellSens, Tokyo, Japan). Sections of aural skin from cases 1–3 were
stained immunohistochemically for bovine viral diarrhea virus (BVDV) antigen using
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appropriate positive and negative controls performed as described by Cornish et al. [40].
For tissues controls, samples of flank skin were collected postmortem from two female
Red Angus-Simmental 5- or 6-day-old calves from the same ranch where affected calves
were born. Death was due to neonatal disease, based on field necropsies performed by
one author (L.S.). One calf had acute pneumonia and the other necrotizing hemorrhagic
enteritis. The skull of a phenotypically normal 8-day-old Galloway bull calf that died of
myocardial necrosis and interstitial pneumonia served as a control for the histology of
normal bovine teeth and mucosa of nasal and ethmoidal conchae. All three control calves
had normal pelage and dentition.

2.3. Genetic Investigation
Genomic DNA was isolated from the spleen of case 3 using a commercial kit (MagMax;

Applied Biosystems/Thermo Fisher, Waltham, MA, USA). An Illumina Truseq PCR-free
fragment library of the DNA from case 3 was prepared, generating ~176 million 2 ⇥ 150 bp
read-pairs corresponding to 17.6⇥ coverage on a NovaSeq 6000 instrument (illumina, San
Diego, CA, USA). The reads were mapped to the ARS-UCD1.2 cattle reference genome
(GCF_002263795.1) and subsequently single-nucleotide variants (SNVs) and small indel
variants were called. The applied software and steps to process fastq files into binary
alignment map (BAM) and genomic variant call format files were in accordance with the
1000 Bull Genomes Project processing guidelines (www.1000bullgenomes.com (accessed
on 11 February 2021)). Further preparation of the genomic data had been done according
to Häfliger et al., 2020 [41]. The Integrative Genomics Viewer (IGV) software was used
for visual inspection and identification of structural variants [42]. The whole-genome
sequencing (WGS) data are available at the European Nucleotide Archive under study
accession PRJEB18113 and sample accession SAMEA5714973 (https://www.ebi.ac.uk/
ena/data/view/ERS3518602 (accessed on 11 February 2021)). In order to find private
variants, we compared the genotypes of the affected calf with 496 cattle genomes of
various breeds that had been sequenced in the course of other ongoing studies at the
Institute of Genetics at the Vetsuisse Faculty, University of Bern, and that are publicly
available in the European Nucleotide Archive under study accession PRJEB18113 (http:
//www.ebi.ac.uk/en (accessed on 11 February 2021)).

3. Results
3.1. Clinicopathological Phenotype

The five affected calves appeared almost completely hairless at birth, with the excep-
tion of eyelashes, muzzle, chin, tragus, and distal parts of the limbs and tail (Figure 1A).
Vibrissae were present on the muzzle and chin. Small fine hairs suggestive of undercoat
(pili lanei) were evident over the trunk, neck, head and upper two thirds of the limbs
(Figure 1B). Digits were unremarkable, including periople and horn.

The histological appearance of hair follicles in the affected calves were indistinguish-
able from the smallest follicles in the control calves. The majority of hair follicles (>90%)
contained lightly pigmented hairs and had a normal relationship with unremarkable arrec-
tor pili muscles and sebaceous glands (Figure 1C). Apocrine glands were sac-like with light
blue contents in HE-stained sections and were lined by low cuboidal epithelium. They lay
deep to hair follicles and were closely associated with the dermal papillae. Depending on
the area of skin sampled from calf 3, small hair follicles were either the sole or predominant
follicle type present (Figure 1D). This animal, at 10 days the oldest of the three affected
calves whose skin was examined histologically, was the only one to have mild diffuse
perivascular lymphocytic dermatitis.

The median diameter of hair follicles in flank skin was 36.4 and 38.4 µm in affected
calves 1 and 3, compared to 51.1 and 51.3 µm in two control calves (Figure 2). The density
of hair follicles in flank skin of the same two affected calves was slightly greater than that
of two calves with normal hair coats (Table 1).
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Figure 1. Cutaneous clinicopathological findings in a Red Angus-Simmental calf with hypohidrotic ectodermal dysplasia.
(A) Case 3 at 10 days of age. Absence of visible hairs on neck, trunk, upper limbs or most of the face, with exception of
eyelashes and pinna. (B) Case 3 at 10 days of age. Higher magnification of skin from flank showing small fine hairs grouped
in linear dorso-ventral patterns. (C) Flank skin; case 3. Uniformly small hair follicles with associated sebaceous glands,
pigmented hair shafts, and arrector pili muscles (AP). Sweat glands are closely associated with dermal papillae and contain
lightly stained secretion (asterisk). Note mild lymphocytic dermatitis in upper to mid-dermis. Bar: 50 µm. (hematoxylin
and eosin stain (H&E)). (D) Flank skin; case 1. Follicles contain hair shafts (arrow) and are associated with unremarkable
sebaceous glands. No orphan sebaceous glands are present. Bar: 25 µm. (H&E).
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Figure 2. Comparison of median diameter of hair follicles in two control calves (blue) and two
affected calves (orange; cases 1 and 3). In the control calves, 14 follicles were >120 µm diameter and
not illustrated; they are included in the median. Median follicular diameters are 49.9 and 38.1 µm in
unaffected and affected animals, respectively.
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Table 1. Density of hair follicles in flank skin of affected and unaffected calves.

Calves

Number of Hair Follicles/Area
(153,137 µm2) a Mean Follicle

Density/Area
(153,137 µm2)

Mean Density
Follicles/mm2

Area 1 Area 2 Area 3

Affected No. 1 30 31 30 30.3
164.50Affected b No. 3 22 18 23 21.0

Unaffected c No. 1 20 23 22 21.7
133.9Unaffected d No. 2 18 21 19 19.3

a: Measured in skin from flank in all 4 calves. b: Mild diffuse lymphocytic dermatitis in this calf may have slightly reduced follicle density.
c: Died at 5 days of age of pneumonia; normal hair coat. d: Died at 6 days of age of necrotizing enteritis; normal hair coat.

Normal Meibomian glands were present in the eyelids; no effort was made to quantify
them. Nasolabial glands were absent in the planum of calf 3. The skin of cases 1–3 was
negative for BVDV by immunohistochemistry.

Case 3 had 12 deciduous teeth, all of which were unerupted or barely erupted pre-
molars (oligodontia). Normal neonatal calves have 20 deciduous teeth (incisors, canines
and premolars) [43]. The dental formula in case 3 was deciduous incisors 0/0, deciduous
canines 0/0, deciduous premolars 3/3, and permanent molars 0/0. In normal healthy
calves, the crown of the permanent first mandibular molars is generally grossly evident
at birth [43]. By contrast, in case 3 by 10 days of age no permanent teeth were evident
radiographically, grossly or histologically. Unerupted or barely erupted premolars were
slender, slightly curved, and more widely spaced than the closely packed premolars of an
8-day old calf used as a control (Figure 3A). Microscopically, premolar teeth demonstrated
all components of normally developing bovine teeth. No dental matrices (dentin/enamel)
of incisor, canine or molar teeth were detected histologically. In spite of gross malformation
in the shapes of the premolar teeth, histological changes were modest. They comprised
focal disorganization of ameloblast palisades, deposition of enamel-like aggregates in
stratum intermedium (Figure 3B), disorderly spurs of dentin or osteodentin with cemen-
tum (Figure 3C), and limited new bone formation in dental alveoli (Figure 3D). Normal
minor salivary glands were present in mucosa of the cheek and palate. Olfactory glands
were present in mucosa of the ethmoidal conchae (Figure 3E). By contrast, no tracheal or
bronchial-bronchiolar glands were present in the respiratory tract (Figure 3F,G). There was
no evidence of inflammation in the upper or lower respiratory tract of case 3.

3.2. Genetic Analysis
Filtering of the obtained variant catalogue for private variants exclusively present

in the genome of the affected calf and absent in 496 available control genomes identified
any private protein-changing variants. As our automated variant calling was limited to
single nucleotide and small indel variants, we additionally performed a visual analysis for
large structural variants in four known HED candidate genes (EDA, EDAR, EDARADD,
WNT10A). This analysis revealed a large ~53 kb deletion on the X chromosome in the
affected calf 3. It can be formally designated as ChrX:80,382,423_80,435,202del52,780 (ARS-
UCD1.2 assembly). The deletion was flanked by highly similar sequences that showed
95% sequence identity over 259 bp suggesting that the deletion may have arisen during an
unequal crossing over event. The deleted region encompassed the entire AWAT2 gene and
the last six exons of the EDA gene (Figure 4).
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Figure 3. Dental anomalies in a hypohidrotic ectodermal dysplasia-affected calf. (A) Mandible (radiograph); case 3. Incisors
are absent. Premolar teeth are narrow and lack the complex apical and root structures of cheek teeth in unaffected neonatal
calves. No permanent teeth have developed. (B) Premolar tooth; case 3. Mildly disordered ameloblasts with scant apoptosis
(asterisk) adjacent to enamel (EN). Small amorphous aggregates of mineralized material, probably enamel, in papillary layer
(arrow). (H&E stain). (C) Premolar tooth; case 3. Disorderly focus of secondary dentin or osteodentin covered with nodular
aggregate of cementum projects into alveolus. (H&E stain). (D) Premolar tooth; case 3. New bone formation extending into
alveolus. (H&E satin). (E) Nasal concha, case 3. Mucosal glands, which in normal calves lie between vascular cavernous
stratum and the mucosal surface (asterisk), are absent. (H&E stain). (F) Ethmoidal concha, case 3. Olfactory glands (between
arrows) are present beneath mucosal epithelium. (H&E stain). (G) Trachea, case 3. Note the complete absence of tracheal
glands. (H&E stain).
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4. Discussion
The lesions in skin, teeth and respiratory tract of affected calves closely resembled

those reported in cattle with other forms of EDA-related hypohidrotic ectodermal dysplasia.
Genetic analysis revealed a large X-chromosomal deletion involving the EDA gene.

The most striking gross abnormality in calves was in skin. Guard hairs were absent or
scant over much of the trunk, neck, head and proximal part of the limbs and tail. Reports
of lesions in other forms of bovine ECTD1 describe underdeveloped or hypoplastic hair
follicles, fewer or abnormal sebaceous glands, absent eccrine nasolabial glands in the
muzzle, and abnormal or absent apocrine sweat glands [20,22,27]. With the exception of
their slightly smaller size, the predominant type of hair follicle was indistinguishable from
undercoat follicles in the control calves that had normal hair coats. These may correspond
to small “last formed follicles” which develop in late gestation [44]. As with ECTD1 in
people and the Tabby mouse, the lack of functional ectodysplasin A during a key period
in gestation resulted in failure of larger follicles to develop normally in most areas of the
skin [17,45]. The density of hair follicles in the affected calves presented in this study was
only slightly greater than in unaffected calves. This is dissimilar to a calf with ECTD1,
which had five times more hair follicles than a control calf [10]—this might be due to using
different skin sites (scalp vs. flank) for follicular counts in the two variants of ECTD1.
Sebaceous glands in the herein studied calves were morphologically normal. Glands of
the upper and lower respiratory tract were also absent, as reported in other calves with
ECTD1 [9].

Apocrine sweat glands were present, generally closely associated with dermal papillae.
Eccrine sweat glands are markedly reduced in ECTD1 in people, resulting in susceptibility
to hyperthermia [9,35]. In previously reported cases of bovine ECTD1, apocrine glands
were reported to be absent, reduced in number, slightly dilated or underdeveloped, or
to have flattened epithelium suggestive of inactivity [8–10,20,22,24]. The morphology of
apocrine glands in affected Red Angus-Simmental calves resembled that of control calves.
The shape and size of normal bovine sweat glands is variable, determined in part by
breed [46]. Unlike eccrine sweat glands of people [47] and mice [48], there is no simple
way to assess the function of apocrine sweat glands in newborn calves [49]. We did not
attempt to quantify sweat glands in skin from different areas.

Not surprisingly, similarities exist between the phenotype of ECTD1 in affected cattle
and that of dogs, mice and humans. This includes the distribution of hairless and lightly
haired areas (cattle; dog) and a predisposition to respiratory infection (cattle; dog; hu-
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man) [35,50]. The distribution of hypotrichosis differs between calves and dogs in that it is
generally more extensive in cattle where it generally affects facial skin, dorsal, lateral and
ventral parts the neck and trunk, and the proximal portions of limbs. The distribution of
ECTD1 hypotrichosis in dogs tends to be more restricted [12,37,39,51]. Although no com-
prehensive assessment of glands was attempted in the current study, mucosal glands were
absent in upper and lower portions of the respiratory tract. As in the Tabby mouse [15], the
olfactory glands of at least one affected Nebraska calf had developed normally. Recurrent
conjunctivitis is described in some species with ECTD1 and variously ascribed to reduced
tear production (dogs) [39] or a primary keratopathy (Tabby mouse) [33]. This has not been
reported in cattle, possibly because most affected calves die or are killed so soon after birth.
No clinical lesions were evident in the eyes of the five Nebraska calves. Ocular lesions
were absent in one calf, which died at 10 days of age. Meibomian glands were present in
his eyelids.

Deciduous incisor teeth of full-term calves erupt between birth and 21 days post-
partum [43]. Incisor and canine teeth were radiographically, grossly and histologically
absent in the one affected calf whose teeth were examined in detail. For these teeth, no
nascent dental follicles, enamel organs, mineralized dental matrices, or dental ectomes-
enchyme were identified in the jaws. Premolar deciduous teeth were abnormally slender
and more widely spaced than in a normal calf. The examined dental follicles of deciduous
teeth did not demonstrate any overarching defect in odontoblasts, ameloblasts, cemen-
toblasts or associated mesenchyme. This is consistent with earlier findings in Holstein
calves with ECTD1 and in the Tabby mouse, where the principal histological dental ab-
normalities were oligodontia, delayed eruption, and defective dental shape, size and
orientation [14,22,24]. Early in odontogenesis, however, delayed dental differentiation
in Tabby was associated with degeneration of ameloblasts, as well as altered apoptosis
patterns [52,53].

It is recognized that, in addition to abnormal development of skin and teeth, humans
with ECTD1 lack normal glands in the respiratory tract, predisposing patients to nasal
obstruction, sinusitis, and respiratory infections [34]. Similar changes affect the Tabby
mouse [7] and cattle with ECTD1 [10,20,27]. Interestingly, pneumonia was responsible
for the death of two of five affected calves on the affected ranch. Of the remaining three
affected calves, two died without being examined postmortem to determine a cause of
death. The remaining calf (case 3) was kept alive indoors until euthanasia.

The genetic investigation revealed a plausible candidate causative variant located
on the X chromosome since a large part of the EDA gene was deleted in the sequenced
affected calf. Interestingly, the EDA gene along with the neighboring AWAT2 gene encoding
acyl-CoA wax alcohol acyltransferase 2 was affected. AWAT2 catalyzes the formation of
wax monoesters in sebocytes [54]. The presumptive inactivation of AWAT2 did not result
in any detectable lesion in sebaceous glands. A genetic form of ECTD1 with a deletion that
encompassed EDA and AWAT2 has been reported in a human patient. Similar to the calves
reported here, no additional clinical features were evident in that individual [55].

5. Conclusions
This represents the first form of X-linked hypohidrotic ectodermal dysplasia in cattle

that affected both EDA and AWAT2 genes. Regardless of the EDA variation, affected
calves are clinically and morphologically similar, and possess many of the lesions found in
affected human patients. For many genes it is known that the kind of genetic alteration
influences the phenotypic outcome, e.g., the severity of a congenital defect varies or differs
totally, depending on the individual variant. Interestingly for EDA in cattle this seems not
to be the case as different kinds of variants always cause an essentially identical phenotype
which is of importance for diagnostic pathologists. Furthermore, rare disorders, such as
ECTD1-like syndrome in livestock are mostly not diagnosed at the molecular level, due to
a lack of resources, the often-short lifespan of the animals, and concerns that producers
have for their reputation as conscientious breeders. This example highlights the utility
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of WGS-based precise diagnostics for understanding rare disorders in animals with an
available reference genome sequence, and the need for continued surveillance for genetic
disorders in cattle breeding. Genome sequencing might improve the precision of the
clinicopathological diagnosis as sometimes unexpected variants in genes that were not
known to be associated with a certain disorder can be detected.
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Simple Summary: Genodermatoses represent inherited disorders of the skin that mostly follow a
monogenic mode of inheritance. Heritable connective tissue disorders such as classical Ehlers–Danlos
syndrome (cEDS) belong to this group of human rare diseases that sporadically occur in other
species. Herein, a↵ected cattle are reported showing skin lesions including cutis laxa clinically and
pathologically resembling cEDS in humans. Microscopic findings in the deeper dermis were consistent
with collagen dysplasia. Whole-genome sequencing (WGS) identified a most likely disease-causing
mutation in the COL5A2 gene. The COL5A2 gene is known to be associated with dominant inherited
cEDS forms in mice and humans, but so far, it was not shown to cause a similar phenotype in domestic
animals. The disease phenotype examined herein showed co-segregation with the identified missense
variant within the maternal line across two generations and is most likely due to a spontaneous
mutation event. Rare non-lethal disorders such as cEDS in livestock are mostly not diagnosed, but
might a↵ect animal welfare and thus lower the value of a↵ected animals. WGS-based precision
diagnostics allows understanding rare disorders and supports the value of surveillance of cattle
breeding populations for harmful genetic disorders.

Abstract: Classical Ehlers–Danlos syndrome (cEDS) is a heritable connective tissue disorder characterized
by variable degrees of skin hyperextensibility and fragility, atrophic scarring, and generalized joint
hypermobility. The purpose of this study was to characterize the clinicopathological phenotype of a
cEDS-affected Holstein calf and to identify the causative genetic variant associated with the disorder
by whole-genome sequencing (WGS). A 3-day-old female Holstein calf was referred because of easily
induced skin detachment and hyperextensibility in the neck. A complete clinical investigation was
performed in the calf, dam, and maternal-grandmother. The calf and dam showed hyperextensibility
of the neck skin and atrophic scarring; additionally, the calf presented skin fragility. Moreover, the
histopathology of biopsies from the calf and its dam showed that the collagen bundles in affected skin
areas were wavy, short, thin, and surrounded by edema and moderate to severe acute hemorrhages.
Genetic analysis revealed a private heterozygous missense variant in COL5A2 (c.2366G>T; p.Gly789Val)
that was present only in the calf and dam. This confirmed the diagnosis of cEDS and represents the first
report of a causal variant for cEDS in cattle and the first COL5A2-related large animal model.

Animals 2020, 10, 2002; doi:10.3390/ani10112002 www.mdpi.com/journal/animals
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1. Introduction

Sporadically occurring, genodermatoses represent inherited disorders of the skin that mostly
follow a monogenic mode of inheritance in livestock animals such as cattle [1]. Heritable connective
tissue disorders, e.g., Ehlers–Danlos syndrome (EDS), belong to this group of human rare diseases. EDS
encompasses a clinically- and heritably-heterogeneous group of connective tissue disorders (Online
Mendelian Inheritance in Man (OMIM PS130000)) (https://www.omim.org/phenotypicSeries/PS130000)
characterized by a variable degree of skin hyperextensibility, joint hypermobility, and tissue fragility.
Currently, human EDS classification distinguishes 13 subtypes and 19 di↵erent associated genes mainly
involved in collagen and extracellular matrix synthesis and maintenance reflecting the clinical and
genetic heterogeneity [2]. Human EDS forms are grouped based on the underlying pathogenetic
mechanisms related to primary structure and processing of collagen (COL1A1, COL1A2, COL3A1,
COL5A1, COL5A2, ADAMTS2), collagen folding and cross-linking (PLOD1, FKBP14), structure and
function of the myomatrix (TNXB, COL12A1), glycosaminoglycan biosynthesis (B4GALT7, B3GALT6,
CHST14, DSE), complement pathway (C1S, C1R), and intracellular processes (SLC39A13, ZNF469,
PRDM5) [3]. Classical EDS (cEDS) in humans is a rare autosomal dominant disorder predominantly
associated with a deficiency of type V collagen (COLLV) encoded by the COL5A1 and COL5A2 genes,
which is a quantitatively minor fibrillar collagen that presents a nearly ubiquitous distribution in a
variety of connective tissues [4].

Various forms of EDS have been identified in many animal species (OMIA000327), including
horses [5,6], dogs [7–9], cats [10], mink [11], rabbits [12], sheep [13–15], and cattle (OMIA000328-9913
(https://www.omia.org/OMIA000328/9913/); OMIA001716-9913 (https://www.omia.org/OMIA001716/
9913/)) [16–18]. Pathogenic variants causing forms of EDS in animals have been identified in known
candidate genes for EDS (COL5A1, ADAMTS2, PLOD1) [5,7,8,10,13,15,18], or novel genes (EPYC,
TNBX, PPIB) discovered in EDS-a↵ected domestic animals [6,9,17]. This highlights the potential of
studying inherited conditions in such species to assign a role or function to previously uncharacterized
genes or to add additional functions to known genes in regard to skin development [1].

In this study, we aimed to characterize the clinical and pathological phenotypes of a cEDS-a↵ected
Holstein calf and its dam, and to identify the causative genetic variant associated with the disorder
using whole-genome sequencing (WGS).

2. Materials and Methods

2.1. Ethics Statement

This study did not require o�cial or institutional ethical approval as it was not experimental,
but rather part of clinical and pathological veterinary diagnostics. All animals in this study were
examined with the consent of their owners and handled according to good ethical standards.

2.2. Clinicopathological Investigation

A 3-day-old female Holstein calf was referred by the farm veterinarian because of easily induced
skin detachment in the neck and skin hyperextensibility shortly after birth. Upon specific request,
the owner informed that its 3-year-old dam and its 6-year-old maternal-grandmother had also been
presenting skin alterations for a long time, but was not able to specify since when. All three animals,
the calf, its dam, and its maternal-grandmother, were clinically examined and a complete blood count
(CBC) and blood chemistry profile were obtained. Blood samples from the calf and its dam were
sent for routine viral and parasitological analysis (bovine viral diarrhea, bovine Schmallenberg virus,
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bluetongue virus, Neospora spp., Toxoplasma spp.) using antigen-enzyme-linked immunosorbent assay
(ELISA) and antibody-polymerase chain reaction (PCR). Three weeks later (calf’s age = 29 days),
skin biopsies using an 8 mm punch were obtained from the ulcerated cervical skin, from the skin
surrounding the cervical ulceration, and from normal skin from the neck from the calf, as well as from
the altered cervical skin from its dam. The collected samples were fixed in 10% neutral bu↵ered formalin,
trimmed, processed, embedded in para�n wax, sectioned at 4 µm, and stained with haematoxylin
and eosin (H&E) for further histological evaluation. Further clinical control was carried out after six
months (calf’s age = 7 months). All animals were housed in a freestall system.

2.3. DNA Samples

Genomic DNA was isolated from ethylenediaminetetraacetic acid (EDTA) blood samples from the calf
and its dam; from EDTA blood sample, normal skin, and lesioned skin of the maternal-grandmother; and
from the semen of the sire using Promega Maxwell RSC DNA system (Promega, Dübendorf, Switzerland).

2.4. Whole-Genome Sequencing

WGS using the Illumina NovaSeq6000 (Illumina Inc., San Diego, CA, USA) was performed on
the genomic DNA of the calf. The sequenced reads were mapped to the ARS-UCD1.2 reference
genome, resulting in an average read depth of approximately 17⇥ [19], and single-nucleotide variants
(SNVs) and small indel variants were called. The applied software and steps to process fastq files
into binary alignment map (BAM) and genomic variant call format files were in accordance with
the 1000 Bull Genomes Project processing guidelines of run 7 (www.1000bullgenomes.com) [20],
except for the trimming, which was performed using fastp [21]. Further preparation of the genomic
data was done according to Häfliger et al., 2020 [22]. In order to find private variants, we compared the
genotypes of the a↵ected calf with 496 cattle genomes of various breeds that had been sequenced in the
course of other ongoing studies and that are publicly available (Table S1) in the European Nucleotide
Archive (SAMEA7015115 is the sample accession number of the a↵ected calf; http://www.ebi.ac.uk/en).
Integrative Genomics Viewer (IGV) [23] software was used for visual inspection of genome regions
containing possible candidate genes.

2.5. Targeted Genotyping

Polymerase chain reaction (PCR) and Sanger sequencing were used to validate and genotype the
variant identified from WGS. PCR products from genomic DNA were amplified using AmpliTaq Gold 360
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and the PCR amplicons were directly sequenced
on an ABI3730 capillary sequencer (Thermo Fisher Scientific, Darmstadt, Germany). The COL5A2
missense variant (XM_024979774.1:g.7331916G>T) was genotyped using the following primers:
5’- ACCAGGGCTTCAAGGTATGC-3’ (forward primer) and 5’-CACCATGGGAACATGAGGCT-3’
(reverse primer). The sequence data were analyzed using Sequencher 5.1 software (GeneCodes, Ann
Arbor, MI, USA).

2.6. Protein Predictions

PROVEAN [24], MutPred2 [25], and PredictSNP1 [26] were used to predict the biological consequences
of the discovered variant on protein. For multispecies sequence alignments, the following National Center for
Biotechnology Information (NCBI) proteins accessions were used: XP_024835542.1 (Bos taurus), NP_000384.2
(Homo sapiens), XP_001164152.1 (Pan troglodytes), XP_002799008.1 (Macaca mulatta), XP_005640450.1
(Canis lupus), NP_031763.2 (Mus musculus), NP_445940.1 (Rattus norvegicus), XP_004942453.1 (Gallus
gallus), NP_001139254.1 (Danio rerio), and XP_002931546.2 (Xenopus tropicalis).
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2.7. Sequence Accessions

All references to the bovine COL5A2 gene correspond to the NCBI accessions NC_037329.1
(chromosome 2, ARS-UCD1.2), XM_024979774 (COL5A2 mRNA), and XP_024835542.1 (COL5A2
protein). For the protein structure of COL5A2, the Uniprot database (https://www.uniprot.org/)
accession number A0A3Q1MDT9 was used.

3. Results

3.1. Clinical Phenotype

On clinical investigation, the calf, its dam, and its maternal-grandmother were found to be
clinically healthy with the exception of the skin alterations. Particular clinical examination of the
cardiovascular, respiratory, urinary, musculoskeletal, and nervous systems showed no abnormalities.
Moreover, no joint hypermobility was observed. The blood investigation of the calf showed a moderate
monocytosis (1760/mm3), a mild neutrophilia (4650/mm3), a mild hypocholesterolemia (47 mg/dL),
and a mild hypoproteinemia (6.10 g/dL) with hypoalbuminemia (2.82 g/dL). No abnormalities were
detected in the CBC and chemistry profiles of the dam and maternal-grandmother. Blood viral analysis
revealed positivity for bovine Schmallenberg virus using antigen-ELISA in the calf, and positivity for
bovine viral diarrhea using antigen-ELISA in the calf and its dam. The animals tested negative for all
the remaining viral and parasitological analyses.

The integumentary system examination at 3 days of age of the calf revealed a symmetrical, bilateral
ulceration secondary to minor trauma, delimitated cranially by the occipital region, caudally by the
cranial margin of the scapula, and ventrally by the sternocephalic muscles (Figure 1a). The ulcerated
surface was dry, non-painful, non-bleeding, and pinkish with the presence of purulent material at
the edges. During palpation, at the wound edges, a spontaneous detachment of the skin from the
subcutaneous tissue was noticed. Furthermore, the animal presented hyperextensibility of the skin
mostly in the neck. At 29 days of age, the previously observed neck wound was dry, scabby, and crustose
with the edges of the lesion firmly embedded in the subcutaneous tissue; atrophic scarring was also
present (Figure 1b). At seven months, the calf’s lesions were similar to its dam, and characterized
by multiple wrinkles, folds, papyraceous scars, cutis laxa, and hyperextensibility of the neck skin
(Figure 1c).

Examination of the dam revealed multiple wrinkles, folds, papyraceous scars, cutis laxa,
and hyperextensibility of the neck skin (Figure 2a,b). Moreover, its maternal-grandmother showed
milder skin lesions in the ventral part of the neck at the level of the larynx, characterized by the
presence of bald areas and scabs (Figure S1).

Based on these clinical observations, the calf and its dam were consequently suspected to su↵er
from cEDS, while the skin lesions observed in the maternal-grandmother were suspected to be acquired
as the skin has been traumatised by recurring long-term mechanical stress of the feed fence.

3.2. Histopathological Phenotype

Histologically, the epidermis at the level of the cervical lesion of the calf displayed a severe, diffuse
ulceration, with underlying proliferation of mature granulation tissue associated with neovascularisation,
abundant neutrophilic superficial infiltrates, and adnexal structure loss (Figure 3a). The epidermis
at the border of the ulcerated area displayed abundant serocellular crusts associated with serum lake
formation, spongiosis, and ballooning degeneration of the stratum granulosum. Multifocal perivascular,
moderate lymphoplasmacytic infiltrates could be observed in the dermis underlying the ulcerated area.
The deeper dermis displayed interlacing, wavy, short, thin collagen bundles, which were surrounded
by a moderate interstitial edema, as well as moderate to severe acute hemorrhages (Figure 3a).
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Figure 1. Neck skin lesions of the classical Ehlers–Danlos syndrome (cEDS)-a↵ected Holstein calf.
(a) Calf age = 3 days: severe, extensive ulceration secondary to minor trauma; note the spontaneous
detachment of the skin from the subcutaneous tissue. (b) Calf age = 29 days: atrophic scarring; note
the scabby and crustose wound with the edges firmly embedded in the subcutaneous tissue. (c) Calf
age = 7 months: papyraceous scars and cutis laxa.

Figure 2. Neck skin lesions of the cEDS-a↵ected Holstein dam. (a) Note the multiple wrinkles, folds,
papyraceous scars and cutis laxa. (b) Details of the neck skin lesion.
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Figure 3. Histological findings of the cEDS-a↵ected Holstein calf and its dam. (a) The ulcerated (large
arrows) cervical lesion from the calf displayed a prominent granulation tissue proliferation (asterisks)
associated with neovascularization and severe neutrophilic infiltration. Moderate, lymphoplasmacytic
perivascular infiltrates were visible in the superficial dermis (large arrowheads). Within the deeper
dermis, the collagen bundles were loose and irregular (thin arrows). Haematoxylin and eosin (H&E),
bar 500 µm. Inset: higher magnification of the a↵ected connective tissue within the deeper dermis.
The collagen bundles were wavy, short, and thin (thin arrows), and surrounded by edema (stars) and
acute hemorrhage (thin arrowheads) in the absence of vascular changes. Haematoxylin and eosin
(H&E), bar 100 µm. (b) In the dam, the epidermis was irregular, mildy hyperplastic, and layered
by large amount of lamellar to compact, orthokeratotic keratin (large arrows). Mild to moderate,
perivascular lymphocytic and plasmacellular infiltrates were visible in the superficial dermis (large
arrowheads), while similar changes to the ones described in the calf could be observed in the deeper
dermis (thin arrows). Haematoxylin and eosin (H&E), bar 500 µm. Inset: Higher magnification of the
a↵ected connective tissue within the deeper dermis. Similar changes to the ones observed in the calf
could be observed, namely, wavy, short, and thin collagen bundles (thin arrows), interstitial edema
(stars), and acute hemorrhage (thin arrowheads). Haematoxylin and eosin (H&E), bar 100 µm.

In the punch biopsy taken from the normal skin from the neck, the epidermis displayed a normal
thickness and was covered by a large amount of fairly compact, orthokeratotic keratin. Mild to severe,
interstitial eosinophilic and neutrophilic infiltrates of unknown origin were present mostly within
the deeper dermis and did not allow the identification of the dermal changes observed at the site of
the ulceration.

The cutaneous punch biopsy taken from the neck of the dam displayed a mildly hyperplastic and
irregular epidermis, and was covered by a large amount of lamellar to compact, orthokeratotic keratin
(Figure 3b). The superficial dermis displayed mild to moderate perivascular infiltrates composed of
lymphocytes, plasma cells, and occasionally eosinophils. The deeper dermis displayed similar changes
to the ones observed in the biopsies from the calf (Figure 3b).

The histological findings in the deeper dermis from both the calf and its dam were compatible
with collagen dysplasia within the deeper dermis, and thus with the clinical suspicion of cEDS.

3.3. Genetic Analysis

Filtering of WGS for private variants present in the a↵ected calf and absent in the 496 available
control genomes identified a single protein-changing variant in COL5A2 with a predicted moderate
impact on the encoded protein. The heterozygous variant in COL5A2 exon 35 on chromosome 2
(chr2:g.7331916G>T) was confirmed using IGV software (Figure 3a,c). The detected COL5A2 variant
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(XM_024979774.1: c.2366G>T) alters the encoded amino acid of COL5A2 residue 789 of the collagen
triple-helical region (XP_024835542.1: p.Gly789Val) included in the collagen alpha-2(V) chain (Figure 4e).
Furthermore, the glycine to valine substitution a↵ects an evolutionary conserved residue (Figure 4f)
and was predicted to be deleterious (PROVEAN score: �8.294; MutPred2 score: 0.917; PredictSNP1
score: 0.869). To confirm and evaluate the presence of the COL5A2 variant, the a↵ected genomic region
was amplified by PCR and Sanger sequenced in the calf, its dam, its maternal-grandmother, and its sire
(Figure 4b). Analyzing the sequencing data, we observed that the calf and its dam were heterozygous
for the detected COL5A2 variant, whereas the sire and the maternal-grandmother were homozygous
for the wild type allele (Figure 4b,d). Unfortunatly, no samples from other closely related animals such
as the maternal-grandfather were available.

Figure 4. cEDS-associated COL5A2 missense variant in Holstein cattle. (a) COL5A2 gene structure
showing the variant location on chromosome 2, exon 35 (red arrow). (b) Electropherograms of the calf,
dam, sire, and maternal-grandmother. (c) Integrative Genomics Viewer (IGV) screenshot presenting
the g.7331916G>T variant in the a↵ected calf. (d) Pedigree of the cEDS-a↵ected Holstein family. Males
are represented by squares and females by circles. A↵ected animals are represented with full black
symbols, while non-a↵ected animals are represented by full white symbols. Unknown genotypes are
represented by symbols with a diagonal line. COL5A2 genotypes are shown for all available animals.
(e) Schematic representation of COL5A2 protein and its three functional domains. (f) Multiple sequence
alignment of the collagen alpha-2(V) chain of the COL5A2 protein encompassing the region of the
p.Gly789Val variant demonstrates complete evolutionary conservation across species.
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4. Discussion

The identified missense COL5A2 variant affects a functionally important site of an obvious candidate
gene and thus represents the most likely pathogenic variant associated with the observed cEDS phenotype
of two examined Holstein cattle family members. In veterinary medicine, so far, two distinct pathogenic
variants in COL5A1 associated with cEDS have been reported in dogs [8] and cats [10]. To the best of our
knowledge, no pathogenic variant in the COL5A2 associated with cEDS has been reported in domestic
animal species. Therefore, this study in cattle provides the first example of a COL5A2-related congenital
skin disorder in domestic animals.

In human medicine, mutations in COL5A2 are associated with autosomal dominantly inherited
cEDS type 2 (OMIM 130010) (https://omim.org/entry/130010). The most recent update of the Leiden Open
Variation Database (LOVD) lists 312 different pathogenic variants that affect COLLV [27]. In particular,
220 distinct COL5A1 and 92 COL5A2 pathogenic variants are described [28]. Diagnosis of cEDS in
humans relies on fulfilling minimal criteria that encompass skin hyperextensibility and atrophic scaring
plus either another major criterion, generalized joint hypermobility, and/or at least three minor criteria
(Table 1), as well as mandatory molecular test confirmation [2].

Table 1. Classification of human classical Ehlers–Danlos syndrome (cEDS).

Inheritance Autosomal dominant

Molecular Basis COL5A1; COL5A2; COL1A1; COL3A1

Major Criteria
1. Skin hyperextensibility and atrophic scarring
2. Generalized joint hypermobility

Minor Criteria

1. Easy bruising
2. Soft, doughy skin
3. Skin fragility (or traumatic splitting)
4. Molluscoid pseudotumors
5. Subcutaneous spheroids
6. Hernia
7. Epicanthal folds
8. Complications of joint hypermobility
9. Family history of first-degree relative who meets clinical criteria

Adapted from Malfait et al. 2017 [2].

As described before, the calf and its dam carry a deleterious heterozygous missense variant in the
COL5A2 gene. More than 90% of cEDS human patients harbor a heterozygous mutation in one of the
genes encoding COLLV [4,29,30], such as, for example, the missense variant p.Gly934Arg in COL5A2,
where there is a substituition of a glycine residue within the triple helical domain (Gly-X-Y) [31].

The clinical and pathological phenotype in both cases of this study resembled a form of cEDS.
The a↵ected Holstein calf and its dam met one major criterion (skin hyperextensibility and atrophic
scarring) of the human classification system (Table 1). Furthermore, one minor criterion was met in
the calf (skin fragility/traumatic splitting). Even though the two presented cases do not completely
fulfill the clinical criteria for human cEDS classification, the diagnosis of cEDS has been assumed.
It is worth noting that, in veterinary medicine, just a few cases have been reported in the literature,
rendering it di�cult to develop such a classification system adapted for domestic animal species.
In addition, the cases presented herein show lesions restricted to the neck region. Therefore, this may
be a specific characteristic of bovine cEDS. Furthermore, it is assumed that the skin lesions observed in
the maternal-grandmother were linked to trauma. In fact, the prevalalence of neck skin lesions related
to the infrastructure of freestall farms is around 9% [32]. Environmental factors cause phenocopies,
which are incidents in which non-genetic conditions simulate a genetic disorder. On the farm where the
three animals were housed, there were more cows showing neck skin lesions similar to the maternal-
grandmother’s that may represent phenocopies due to recurring long-term mechanical stress of the
feed fence. However, the calf’s owner did not recall having any similarly a↵ected animals in the past
as the cEDS-a↵ected calf and its dam.



Animals 2020, 10, 2002 9 of 11

We speculate that the mutation either occurred post-zygotically during the fetal development of the
affected dam or represents a germline mutation that occurred in the maternal-grandfather. Nonetheless,
this de novo mutation was then transmitted to the cEDS-affected calf. The amplification of the mutated
allele in the maternal-grandmother using DNA extracted from EDTA blood, skin from the neck lesions
area, and normal skin resulted in homozygous wild-type status. Therefore, the maternal-grandmother
has been excluded as a mosaic ancestor. However, to prove that the identified mutation in COL5A2
indeed occured de novo, genotyping of the maternal-grandsire would be needed.

Moreover, the identified deleterious variant and the conservation of the a↵ected glycine amino
acid residue of COL5A2 at position 789 in the highly conserved triple-helical domain also suggest
that this variant is most likely pathogenic. The predicted amino acid exchange occurs in the protein
triple-helical domain, and by analogy with helix glycine substitutions; for example, in collagen
alpha-1(I) in osteogenesis imperfecta (OMIM 120150) (https://www.omim.org/entry/120150), in collagen
alpha-2(II) in chondrodysplasias (OMIM 120160) (https://www.omim.org/entry/120160), and in collagen
alpha-3(III) and -4(IV) in Alport syndrome II (OMIM 203780) (https://www.omim.org/entry/203780),
it would be expected to disrupt the propagation of collagen triple helix, resulting in abnormal molecules
linked to the disorder [33]. Collagen triple helix folding and stability is critically dependent on having
a glycine as every third amino acid in the triplet repeat sequence (Gly-x-y). Therefore, replacing glycine
with a bulky amino acid (in this case, a valine) has the potential to disrupt helix folding and lead
to increased posttranslational lysine hydroxylation and glycosylation, compromising the triple helix
structural integrity and retention of the mutant trimers in the endoplasmic reticulum, which can have
an impact in the cellular function [34]. In addition, cellular quality control mechanisms that bring
about endoplasmic reticulum-retention and degradation of misfolded collagens are leaky and collagen
hetero- or homotrimers containing one or several mutant pro-alpha-chains are often secreted, having
an important predicted impact on collagen fibril formation and stability, and altered interactions with
other extracellular matrix components [34]. The major variant of COLLV is a heterotrimer composed of
two pro-alpha-1 chains and a single pro-alpha-2 chain, which are encoded by the COL5A1 and COL5A2
genes, respectively [35]. COLLV plays a central role in the assembly of tissue-specific matrices. Several
COLLV isoforms have been reported, however, the most widely accepted form is the [↵1(V)]2↵2(V)
heterotrimer that co-assembles with type I collagen into heterotypic type I/V collagen fibrils in the
extracellular matrix. COLLV is thought to regulate the diameter of these fibrils by retention of its large
N-propeptide domain, which projects above the surface of the collagen fibril [35].

5. Conclusions

Rare non-lethal disorders such as cEDS in livestock are usually not reported or diagnosed when
the animals show mild to moderate phenotype, but they a↵ect animal welfare through secondary
wounds and thus lower the value of the a↵ected animals. Additionally, molecular diagnosis is often
not performed because of a lack of resources and diagnostic tools, and/or low value of the animals.

Investigation of these cases allowed a complete clinical, pathological, and molecular genetic study,
enabling for the first time the diagnosis of a dominantly inherited cEDS form in a family of Holstein
cattle associated with a COL5A2 variant. Furthermore, this example highlights the utility of WGS-based
precision diagnostics for understanding rare disorders in animals with an available reference genome
sequence and the value of surveillance of cattle breeding populations for harmful genetic disorders.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/11/2002/s1,
Table S1: Project and Sample ID for public access of the whole genome sequenced genomes used in this study. EBI
Accession numbers of all publicly available genome sequences. We compared the genotypes of the calf with 496 cattle
genomes of various breeds that had been sequenced in the course of other ongoing studies and that were publicly
available. Figure S1: Neck skin lesions of the maternal-grandmother. Note the presence of bald areas and scabs.
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Abstract

A 6-day-old Belgian Blue-Holstein calf was referred because of a syndrome

resembling epidermolysis bullosa simplex (EBS). The clinical phenotype included

irregular and differently sized erosions and ulcerations spread over the body, in

particular on the limbs and over bone prominences, as well as in the nasal

planum and oral mucosa. Blisters were easily induced by rubbing the skin. The

skin lesions displayed a clear dermal-epidermal separation at the level of the

basal cell layer. Post mortem examination revealed erosions in the pharynx, prox-

imal esophagus, and rumen. Whole-genome sequencing revealed a heterozygous

disruptive in-frame deletion variant in KRT5 (c.534_536delCAA). Genotyping of

both parents confirmed the variant as de novo mutation. Clinicopathological and

genetic findings were consistent with the diagnosis of KRT5-related EBS provid-

ing the second example of a spontaneous mutation causing epidermolysis bullosa

in cattle.

K E YWORD S

cattle, KRT5, precision medicine, skin fragility, WGS

1 | INTRODUCTION

Epidermolysis bullosa (EB) encompasses a heterogeneous group of

genetic mechanobullous disorders characterized by blistering from

even minor mechanical trauma with disruption at the dermal-

epidermal junction.1 Epidermolysis bullosa disorders are characterized

by clinical heterogeneity, both in their appearance and severity. The

disease might be congenital or develop later in life. In congenital cases,

the lesions are more severe, accompanied by mucosal fragility, and

might involve other organs than the skin.2 In noncongenital cases, the

skin fragility is less severe and the lesions are usually localized to the

extremities of the limbs, occasionally only expressed as nail/hoof dys-

trophy.3 Based on the ultrastructural level of skin cleavage, there are

4 major classical types: EB simplex (EBS), junctional EB (JEB), dystro-

phic EB (DEB), and Kindler EB (KEB).4 In EBS, the skin cleavage occurs

within the epidermis, in JEB within the lamina lucida and in DEB

within the superficial dermis. Kindler EB might present with all 3 cleav-

age levels.3 The same classification might be used in veterinary medi-

cine; however, cases of KEB are not reported in domestic animals. In

human, these phenotypical classifications are complicated by the fact

that, depending on the variant, the same gene might be associated

with different modes of inheritance, thus resulting in distinct clinical

phenotypes.5 Dystrophic EB and EBS phenotypes might be inherited

either dominantly or recessively, and might be caused by pathogenic

Abbreviations: DEB, dystrophic EB; EBS, EB simplex; EDTA, ethylenediaminetetraacetic acid;

EB, epidermolysis bullosa; HE, hematoxylin and eosin; HIM, helix initiation peptide motif;

HTM, helix termination peptide motif; IGV, Integrative Genomics Viewer; JEB, junctional EB;

KRT5, keratin 5; KEB, Kindler EB; WGS, whole-genome sequencing.
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variants in different genes.4 In human medicine, EB is associated with

more than 1000 variants in at least 18 genes encoding structural

proteins.1,5

Four EB-related causative recessive variants are known in

cattle,6-9 3 in dogs,10-13 2 in sheep,14,15 and 2 in horses,16-19 and

1 dominant variant is known in cattle20 (Table S1). For cattle, a domi-

nant form of EBS is associated with a keratin 5 (KRT5) missense vari-

ant (OMIA 002081-9913),20 and recessive forms of JEB are associated

with deleterious variants in ITGB4 (OMIA 001948-9913), LAMA3

(OMIA 001677-9913), and LAMC2 (OMIA 001678-9913).6-8 In addi-

tion, a form of recessive DEB is associated with a nonsense variant in

COL7A1 (OMIA 000341-991).9

Older reports of familial occurrence of EB,21 outbreaks of several

inherited-related cases in single herds21-23 and sporadic cases of

EB24-27 in cattle exist. In the abovementioned cases,21-23 the diagno-

sis was based only on the clinical and histopathological findings.

The majority of the previous reports focused on disorders with a

recessive inheritance. However, single cases because of dominant act-

ing de novo variants might occur sporadically without impact on breed-

ing. At present, this obvious genetic heterogeneity could be analyzed

in cattle using whole-genome sequencing (WGS)-based precision diag-

nostics.28 Therefore, the purpose of this study was to characterize the

clinical and pathological phenotype of an EBS-affected calf, and to

evaluate its possible genetic etiology using WGS.

2 | CASE DESCRIPTION

A 6-day-old (46 kg) male Belgian Blue-Holstein crossbred calf was

submitted for clinical investigation because of ulcerations of the skin

and nasal planum since short time after birth. The animal was deliv-

ered after a gestation period of 287 days.

The cutaneous lesions were characterized by widespread irregular

erosions and ulcerations of various sizes on most parts of the body

(Figure 1A), but in particular on the limbs (Figure 1B) and over bony

prominences. Upon handling, the epidermis easily separated leaving a

blister with a black colored, nonhemorrhagic base indicating a separa-

tion superficial to the stratum basale. Peracute blister were easily

induced by rubbing the skin by an eraser after having cut the hair

locally. Older lesions consisted of ulcerations covered by crusts and

occasional acute hemorrhage. On the nasal platum, lips and nares

extensive ulcerations were present; the calf also showed a purulent

nasal discharge (Figure 1C). Moreover, the animal seemed to be in

pain when walking on a hard surface. The aspect resembled EB and

therefore was further referred to the Danish surveillance program for

genetic diseases in cattle for further examination. Because of the poor

prognosis and the painful situation, the calf was euthanized for wel-

fare reasons by IV administration of an overdose of pentobarbital. In

addition to the skin lesions, gross pathologic examination revealed

erosions in the oral cavity, pharynx, proximal esophagus, and rumen.

F IGURE 1 Lesions in the affected calf. A, Widespread irregular ulcerations of various sizes on most parts of the body. B, Irregular ulceration
on the hindlimb. Scale bar = 5 cm. C, Extensive ulcerations on the nasal planum, lips and nares; also, purulent nasal discharge was present. Scale
bar = 2.5 cm. D, Thickened and the furrows of the epithelium on the dorsal surface of the tongue. Scale bar = 5 cm
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The epithelium on the dorsal surface of the tongue was thickened and

with furrows (Figure 1D). The incisor teeth were disorganized and not

completely erupted and the surrounding parts of the mandibles

appeared thickened and cystic. The hoofs seemed intact, yet when

sawed longitudinally, the capsule was partly separated from the der-

mal lamella with hemorrhage in the interface.

Immediately before euthanasia, the skin covering the dorsal part

of the pelvis was gently scrubbed with an eraser with blister forma-

tion. Skin biopsies from this area and from other representative cuta-

neous lesions were taken immediately after euthanasia for histological

analysis, whereas the necropsy was completed at the university a few

hours later. Additional specimens for histological analysis were then

collected, including the oral mucosa, pharynx, rumen, reticulum, and

major internal organs. All collected samples were fixed in 10% neutral

buffered formalin, trimmed, processed, embedded in paraffin wax, sec-

tioned at 4 to 5 μm, and stained by hematoxylin and eosin (HE). Histo-

logically, the peracute lesions induced by rubbing before euthanasia

displayed a very striking, multifocal to coalescing dermal-epidermal

separation at the level of the basal layer, which extended into the wall

of the hair follicle infundibula (Figure 2). The spontaneously occurring,

chronic lesions present in the nasal planum and in the distal limbs dis-

played a multifocal to coalescing epithelial loss with consequent

severe ulceration and underlying neutrophilic infiltration, replacement

of the papillary dermis by granulation tissue, and re-epithelialization. A

multifocal dermal-epidermal separation at the level of the basal cell

layer with multifocal underlying accumulation of free erythrocytes and

fibrin exudation was occasionally visible at the border of the ulcerated

areas.

In the tongue, the mucosa of the dorsal surface showed a mar-

ked parakeratotic hyperkeratosis. At the lateral borders, where the

epithelium had a normal thickness, areas with complete loss of

mucosa were observed. The superficial layer of the submucosal

connective tissue had a necrotic surface, intense hyperemia, and

infiltration with neutrophils. Mucosa cleavage in the adjacent areas

was not observed, but the height of the epithelium gradually

decreased. The stratum spinosum showed ballooning degeneration

and in these areas, the stratum corneum was not present. In the

pharyngeal lining, multiple intensely inflamed ulcers covered by a

debris of fibrin, degenerated neutrophils, erythrocytes, bacterial col-

onies were present.

F IGURE 2 Histopathological findings
of the affected calf. A, The peracute
cutaneous lesions displayed an extensive
dermal-epidermal separation at the level
of the basal layer, which also affected the
wall of the hair follicle infundibula. HE
staining, scale bar = 200 μm. B, Higher
magnification of the dermal-epidermal
detachment at the basal cell layer level,
where it is possible to observe the
presence of occasional basal cell remains
within the cleft (arrows) and the
basement membrane overlying the dermis
(arrowheads). HE staining, scale
bar = 50 μm
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The epithelium of the rumen and reticulum was normally devel-

oped but an acute suppurative multifocal rumenitis was present. Sep-

aration of the epithelium from the underlying submucosa was seen in

some areas but considered as a post mortem artifact. Additional find-

ings included suppurative periportal hepatitis and multifocal intense

pulmonary hyperemia associated with fibrin in the alveoli. Other tis-

sues were unremarkable. The histopathological findings in the skin

and pharyngeal linings resembled EBS.

Additionally, WGS using the Illumina NovaSeq6000 was performed

on DNA extracted from ethylenediaminetetraacetic acid (EDTA) blood

of the calf. The sequenced reads were mapped to the ARS-UCD1.2 ref-

erence genome resulting in an average read depth of approximately

19×,29 and single-nucleotide variants and small indel variants were

called. The applied software and steps to process fastq files into binary

alignment map and genomic variant call format files were in accordance

with the 1000 Bull Genomes Project processing guidelines of run

7 (www.1000bullgenomes.com),30 except for the trimming, which was

performed using fastp.31 Further preparation of the genomic data had

been done according to Häfliger et al.32 In order to find private variants,

we compared the genotypes of the affected calf with 493 cattle

genomes of various breeds that had been sequenced in the course of

other ongoing studies and that are publicly available (Table S2) in the

European Nucleotide Archive (SAMEA6528898 is the sample accession

number of the case; http://www.ebi.ac.uk/en). Integrative Genomics

Viewer (IGV)33 software was used for visual inspection of candidate

variants. A total of 115 private protein-changing variants with a moder-

ate or high predicted impact on the encoded protein, located within

108 different genes or loci, were identified. These variants were further

checked for their occurrence in a global control cohort of 3103

genomes of a variety of breeds (1000 Bull Genomes Project run 7;

www.1000bullgenomes.com), which revealed 26 protein-changing vari-

ants exclusively present heterozygous in the genome of the EBS-

affected calf. These 26 variants located within 25 different genes or loci

(Table S3) were subsequently visually inspected using IGV software con-

firming all as true variants. Of all these 26 remaining private variants,

only 1 occurred in a candidate for EB: keratin 5 (KRT5). The variant was

a heterozygous disruptive in-frame deletion variant on chromosome 5:

27367604delCAA (NM_001008663.1:c.534_536delCAA), leading to a

loss of an asparagine amino acid at residue 178 of the encoded KRT5

protein (NP_001008663.1:p.Asn178del). This variant affecting an EB

candidate gene was further investigated as likely causal mutation for the

observed phenotype.

To confirm that the c.534_536delCAA variant in KRT5 was a de

novo mutation, the affected genomic region was amplified by polymer-

ase chain reaction (PCR) and Sanger sequenced in the affected calf, its

Belgian Blue sire and Holstein dam based on DNA extracted from

EDTA blood of the dam, and from both EDTA blood and semen of the

sire. PCR products were amplified using flanking primers for the KRT5

exon 1 deletion with 50-AGGCATCCAAGAGGTCACCG-30 (forward

primer) and 50-TAGCACATATCCCACACTCATGG-30 (reverse primer).

Sequence data were analyzed using Sequencher 5.1 (GeneCodes). Ana-

lyzing the sequencing data, we concluded that only the EBS-affected

calf was heterozygous for the KRT5 variant and the dam and sire were

both homozygous for the wild type allele in all analyzed samples

including both semen and blood of the sire (Figure 3).

3 | DISCUSSION

The clinical and pathological findings in the calf were consistent with

EB. Although most lesions had the appearance of unspecific inflamed

ulcerations, which usually develop shortly after dermal-epidermal sep-

aration, blistering could be easily induced in intact skin by rubbing the

skin surface. Histopathological analysis of these lesions showed that

the dermal-epidermal separation occurred at the level of the basal cell

layer, which is suggestive for EBS.

The predicted deleterious protein effect c.534_536delCAA vari-

ant and the conservation of the affected asparagine amino acid resi-

due at position 178 in the helix initiation motif (HIM) of the highly

conserved 1A rod domain of KRT5 suggest that this de novo muta-

tion variant is certainly pathogenic (Figure 4). The mutation most

likely occurred post-zygotically during the calf's fetal development

as it was absent in both parents. In cattle, a de novo missense vari-

ant in KRT5 is reported in an asymptomatic Friesian-Jersey cross-

bred mosaic sire and EBS-affected offspring. That mutation results

in an amino acid exchange (p.Glu478Lys) in the final glutamic acid

of the KLLEGE motif of the highly conserved 2B rod domain of

KRT5 (Figure 4).20

The early onset combined with multifocal to widespread lesions

in the skin and mucosal membranes classifies this condition as a

severe form of EB. The reported bovine KRT5 associated EB case also

had such lesions20; this indicates that mutations in the KRT5 in cattle

might cause severe EBS when present. Histologically the present case

showed suppurative rumenitis and rumen epithelial detachment.

Because of the delayed necropsy, the latter might have been a post

mortem artifact. However, no ulcerations were observed in the fore-

stomach and inflamed areas were covered by an epithelium, therefore

a possible association with EB remains hypothetical.

The case of EB presented in this study can be classified as EBS. In

humans, among the several subtypes reported in the literature, the

most common EBS subtypes might be considered the so-called local-

ized, severe, and intermediate form. In the localized EBS, the blisters

are present only on the extremities of the limbs. Rare phenotypical

subtypes of localized EBS are associated with nephropathy.34 In

severe forms of EBS the lesions are present from birth, are more dif-

fuse on the body, with main severity on the extremities and over bone

prominences, and deep ulceration might be observed. After some

time, large tense blisters might arise spontaneously or secondary to

minor trauma. The blisters characteristically have an arciform pattern

and eventuate with crusts to necrosis with a visual similarity to inflam-

matory plaques.1 Also, the oral mucosa might be affected. Some phe-

notypical subtypes of the severe EBS are accompanied by other

systemic complications with subsequent growth retardation, nutri-

tional deficiency or even lethal outcome because of secondary infec-

tions or respiratory failure.35 In intermediate EBS the skin lesions are

diffuse on the body, however they are not so serious as in the severe
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EBS. Rare phenotypical subtypes of intermediate EBS are accompa-

nied by cardiomyopathy36,37 and muscular dystrophy.38,39

In human, intermediate EBS with muscular dystrophy is often

associated with enamel hypoplasia.39 Furthermore, beyond the char-

acteristic skin lesions, it might include diffuse alopecia, short stature,

slow weight gain, punctate keratitis, urethral strictures, muscular dys-

trophy, and degenerative changes with increased connective tissue.35

Such findings were not observed in the studied calf.

In human medicine, a de novo missense variant in KRT5 resulting

in an amino acid exchange (p.Asn177Ser) in the HIM has been

reported in a patient with localized EBS.40 This human KRT5 protein

position corresponds to the position of the p.Asn178del variant

present in this case. In human medicine, the localized, severe, and

intermediate subtypes of the EBS are mostly linked to an autosomal

dominant pattern and are associated to a high rate of de novo muta-

tions. The mutation in the present case was in that aspect similar to

the human cases, in that it was autosomal dominant and of de novo

origin. The most common mutations are caused by monoallelic patho-

genic missense, nonsense, frameshift, or splice site variants or in

frame deletions in KRT5 and KRT14.41 However, rare EBS subtypes

might be associated with pathogenic variants in other genes, such as

EXPH5,42 KLHL24,43 DST,44 PLEC,45-48 and CD151.34

Epidermolysis bullosa simplex is a rare disorder known in man and

animals. Rare disorders such as EBS in livestock are usually not

F IGURE 3 Schematic diagram of the KRT5 gene showing the location of the candidate causal variant NM_001008663.1:c.534_536delCAA of
the affected calf. A, Location of the bovine KRT5 gene, Chr5:27 367 078-27 372 929 and causal variant, Chr5:27 367 604 on the ARS-UCD1.2
bovine genome assembly. B, Genomic structure of KRT5 gene. Green boxes represent the exons. The c.534_536delCAA is located in the 1st exon
of KRT5 gene. The previous reported g.27371128G>A missense variant is located in the 7th exon of KRT5 gene. C, Integrative Genomics Viewer
(IGV) screenshot presenting the KRT5 variant. D, Sanger sequencing results confirmed that the variant occurred de novo as sequencing of PCR
products from DNA of both parents (for the sire both semen and blood) showed that the variant was absent
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diagnosed to the molecular level, mainly because of lack of resources

and diagnostic tools as well as low value and often-short lifespan of

the animals. The report of this case allowed the performance of a

complete clinical, pathological, and molecular genetic study enabling

the diagnosis of a severe form of EBS. Furthermore, this example

highlights the utility of WGS-based precision diagnostics for under-

standing rare disorders in animals with an available reference genome

sequence and the value of surveillance of cattle breeding populations

for harmful genetic disorders.
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Simple Summary: Vascular anomalies represent a heterogeneous group of rare disorders encom-
passing both vascular malformations and tumors, which can be congenital or arise shortly after
birth. They often pose a diagnostic challenge in human and veterinary medicine, and the referring
nomenclature is equivocal. Bovine juvenile angiomatosis (BJA), a clinical condition belonging to
this group of disorders, encompasses vascular malformations and tumors arising in calves. Usually,
such vascular anomalies are not further investigated on a molecular genetic level, mainly because of
a lack of resources and diagnostic tools, as well as the low value and short lifespan of the affected
animals. Here we report the clinical, pathological, immunohistochemical, and genetic features of a
Simmental calf that displayed multiple cutaneous, subcutaneous, and visceral vascular hamartomas
compatible with a generalized form of BJA. Whole-genome sequencing identified six coding variants,
including four heterozygous variants in the PREX1, UBE3B, PCDHGA2, and ZSWIM6 genes, which
occurred only in the BJA-affected calf and were absent in the global control cohort of more than 4500
cattle. Assuming a germline mutation as etiology, one of these variants might be responsible for the
vascular malformations identified in this calf.

Abstract: Bovine juvenile angiomatosis (BJA) comprises a group of single or multiple proliferative
vascular anomalies in the skin and viscera of affected calves. The purpose of this study was to
characterize the clinicopathological phenotype of a 1.5-month-old Simmental calf with multiple cuta-
neous, subcutaneous, and visceral vascular hamartomas, which were compatible with a generalized
form of BJA, and to identify genetic cause for this phenotype by whole-genome sequencing (WGS).
The calf was referred to the clinics as a result of its failure to thrive and the presence of multiple
cutaneous and subcutaneous nodules, some of which bled abundantly following spontaneous rup-
ture. Gross pathology revealed similar lesions at the inner thoracic wall, diaphragm, mediastinum,
pericardium, inner abdominal wall, and mesentery. Histologically, variably sized cavities lined by a
single layer of plump cells and supported by a loose stroma with occasional acute hemorrhage were
observed. Determined by immunochemistry, the plump cells lining the cavities displayed a strong
cytoplasmic signal for PECAM-1, von Willebrand factor, and vimentin. WGS revealed six private
protein-changing variants affecting different genes present in the calf and absent in more than 4500
control genomes. Assuming a spontaneous de novo mutation event, one of the identified variants
found in the PREX1, UBE3B, PCDHGA2, and ZSWIM6 genes may represent a possible candidate
pathogenic variant for this rare form of vascular malformation.

Animals 2021, 11, 624. https://doi.org/10.3390/ani11030624 https://www.mdpi.com/journal/animals
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1. Introduction
Congenital vascular tumors and malformations are rare anomalies that develop during

pregnancy or within the first three months of life [1]. The International Society for the
Study of Vascular Anomalies (ISSVA) published an updated classification of these lesions
in 2020 that includes genetic and extended histologic findings that came to light since
the original ISSVA classification was created in 1996 [2,3]. However, the differentiation
between vascular tumors and malformations is not always straightforward [4], and the
terminology of vascular anomalies often remains a challenge [2], not only in human, but
also in veterinary medicine [5–7]. Specifically, calves are known to display several types of
vascular anomalies, some of which are congenital [6]. Vascular hamartomas are relatively
common and might be found in the mandibular gingiva [7–11], skin [12], heart [13],
and lung [14]. Hemangioma is the most frequently reported benign vascular neoplasm
in calves [15] and might be localized in the gingiva [15,16], skin [5,17,18], heart [6], or
multifocally [17]. In addition, although malignant vascular tumors are rarely described
in cattle [18,19], a multifocal hemangiosarcoma was diagnosed in a stillborn calf [20]. In
1990, Watson and Thompson [6] proposed that these different manifestations of single
and multiple vascular anomalies in calves should be grouped under the term bovine
juvenile angiomatosis (BJA). This condition differs from the so-called bovine cutaneous
angiomatosis, which is mostly identified in adult dairy cattle with a mean age of 5.5 years
and is characterized by the appearance of mostly single, proliferative cutaneous vascular
anomalies that range from hamartomas to hemangiomas [21–25]. It was postulated that
bovine cutaneous angiomatosis may be a consequence of exuberant granulation tissue
formation, especially due to histologic similarities to lobular capillary hemangioma or
granulation tissue-type hemangioma of man [6,21]. Some authors mentioned chromosomal
abnormalities as a putative cause for the bovine juvenile angiomatosis in comparison
to what has been described in humans with similar vascular lesions [6,26]. However,
chromosomal abnormalities or other types of genetic mutations have not been identified in
calves affected by BJA [6,26].

Herein, we aimed to characterize the clinical and pathological phenotype of multiple
cutaneous, subcutaneous, and visceral vascular hamartomas compatible with a generalized
form of BJA in a Simmental calf. In addition, whole-genome sequencing (WGS) was carried
out to identify putatively pathogenic variants.

2. Materials and Methods
2.1. Clinical and Pathological Investigation

A 1.5-month-old female Simmental calf with a body weight of 64 kg was referred to
the Clinic for Ruminants at the Vetsuisse Faculty, University of Bern, as a result of poor
weight gain and skin lesions. Previous treatment by the referring veterinarian included
anthelmintics (Ivermectin 0.2 mg/kg, sc, Ivomec, Biokema SA, Crissier, Switzerland) and
antibiotics (Benzylpenicillinum procainum, 30,000 IU/kg, iv, Cobiotic, Virbac AG, Glat-
tburg, Switzerland). The calf was euthanized with an intravenous injection of pentobarbital
(pentobarbitalum natricum, 150 mg/kg, iv, Streuli Pharma AG, Uznach, Switzerland) and
was subsequently submitted to the Institute of Animal Pathology at the Vetsuisse Faculty,
University of Bern, for necropsy and histologic examination. Tissue samples from the
subcutaneous and internal nodules, as well as from several inner organs, were immedi-
ately collected, fixed in 4% buffered formalin, embedded in paraffin, cut at 4 µm, and
stained with haematoxylin and eosin (H&E) for further histologic evaluation. Immunohis-
tochemical (IHC) analysis for platelet endothelial cell adhesion molecule (PECAM-1), von
Willebrand factor, smooth muscle actin (SMA), vimentin, and a broad-spectrum cytokeratin
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marker (MNF116) were performed from one subcutaneous and one mediastinal nodule. For
the PECAM-1 IHC, antigen retrieval using pressure cooking (98 �C, 20 min) in basic EDTA
buffer (pH 9.0) was performed, and the primary antibody (sc1506, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) was incubated for 1 h at room temperature (RT) (1:1000 dilution).
For the von Willebrand factor IHC, pressure cooking in citate buffer (pH 6.0, S2031 Agilent
Technologies, Santa Clara, CA, USA) was performed for antigen retrieval, and the primary
antibody (A0082, Agilent Technologies) was incubated for 40 min (1:100 dilution) at RT. Per-
oxidase blocking (S2023, Agilent Technologies) was performed prior to primary antibody
incubation for 10 min in both cases, followed by incubation with Envision+system HRP
rabbit (K4003, Agilent Technologies) for 30 min at RT, labeling with 3,30-diaminobenzidine
(DAB) (K3468, Agilent Technologies) for 10 min, counterstaining with hematoxylin, and
mounting. For the SMA IHC, no antigen retrieval was performed, primary antibody in-
cubation (M085, Agilent Technologies) took place for 1 h at RT (1:400 dilution), and the
Mach 4 Universal HRP Polymer kit (BRR 4012L, Medite, Dietikon, Switzerland) was used
as secondary antibody at RT. Peroxidase blocking and DAB labeling were performed as
previously described. For the vimentin IHC, antigen retrieval was performed with Bond
Epitope Retrieval Buffer Type 2 (Tris-EDTA pH 9, AR9640 Leica Biosystems, Wetzlar, Ger-
many) for 10 min at 95 �C, and was followed by primary antibody incubation (V9, M0725,
Agilent Technologies) for 15 min at RT (1:1000 dilution). For the MNF116 IHC, antigen
retrieval was performed with Bond Enzyme 1 (AR9551 Leica Biosystems) for 5 min at
37 �C, followed by primary antibody incubation (M0821, Agilent Technologies) for 15 min
at RT (1:400 dilution). In both cases, all further steps were performed using reagents of
the Bond Polymer Refine Detection Kit (DS9800, Leica Biosystems), namely peroxidase
blocking for 5 min, incubation with rabbit anti-mouse secondary antibody for 8 min at RT,
and peroxidase-labelled polymer incubation for 8 min. Finally, slides were developed in
DAB/H2O2 for 10 min, counterstained with hematoxylin, and mounted. Tissue sections
from normal haired skin from a cow were used as positive control for the PECAM-1, von
Willenbrand, vimentin, and MNF116 IHCs, while a tissue section from the small intestine
from a cow was used as positive control for the SMA IHC. Tissue sections from the nodules
from the affected calf without primary antibody incubation were used as negative controls.

2.2. DNA Sample and Whole-Genome Sequencing

Genomic DNA was isolated from the liver of the calf using the Promega Maxwell RSC
DNA system (Promega, Dübendorf, Switzerland). WGS using the Illumina NovaSeq6000
was performed on the genomic DNA of the calf. The sequenced reads were mapped to
the ARS-UCD1.2 reference genome, resulting in an average read depth of approximately
17.5⇥ [27], and single-nucleotide variants (SNVs) and small indel variants were called.
The applied software and steps to process fastq files into binary alignment map (BAM)
and genomic variant call format files were in accordance with the 1000 Bull Genomes
Project processing guidelines of run 8 (www.1000bullgenomes.com) [28], except for the
trimming, which was performed using fastp [29]. Further preparation of the genomic data
had been done according to Häfliger et al. 2020 [30]. In order to find private variants, we
compared the genotypes of the affected calf with 496 cattle genomes of various breeds that
had been sequenced in the course of other ongoing studies at the Institute of Genetics at
the Vetsuisse Faculty, University of Bern, and that are publicly available in the European
Nucleotide Archive (SAMEA6528880 is the sample accession number of the affected calf;
http://www.ebi.ac.uk/en) (Table S1). The filtered list of remaining variants were further
checked for their occurrence in a global control cohort of 4110 genomes of a variety of
breeds (1000 Bull Genomes Project run 8; www.1000bullgenomes.com accessed on 15
November 2020) [28]. Integrative Genomics Viewer (IGV) [31] software was used for visual
inspection of genome regions containing possible candidate genes.

In order to evaluate possible chromosomal abnormalities, the read depth along all
chromosomes was calculated. A sliding window approach was used where 3 different
window sizes were executed (10 kb, 200 kb, 500 kb). Using the function bedcov of the
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program Samtools [32], the output generated was the number of reads within each specified
window. Furthermore, coverage plots were produced using the function Manhattan of the
package “qqman” in R [33].

2.3. Evaluation of the Molecular Consequences of Amino Acid Substitutions

PROVEAN [34], MutPred2 [35], and PredictSNP1 [36] were used to predict the func-
tional consequences of the identified variants on protein.

3. Results
3.1. Clinical Phenotype

At clinical examination, the calf was alert but moderately reduced in its general body
condition. The rectal body temperature was 39.0 �C, the heart rate was 80 beats per minute,
and the respiratory rate was 40 beats per minute. Examination of the cardiovascular,
respiratory, digestive, and urinary systems did not reveal any abnormalities.

The integumentary system of the calf revealed multiple, cutaneous and subcutaneous,
soft, movable nodules, which measured up to 5 cm in diameter. These were predominantly
present in the caudal aspect of the back, the pelvis, and the hind limbs (Figure 1a). The cu-
taneous nodules were occasionally covered by sanguineous crusts, and some nodules bled
abundantly following spontaneous rupture (Figure 1b). No hematological and biochemical
analyses were performed due to cost restrictions. Based on these findings and considering
that no other calves in the herd showed similar skin lesions, a presumptive diagnosis of
multifocal vascular anomalies was made. The animal was then euthanized due to a lack of
response to treatment and poor prognosis.
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of the Simmental calf (a), some of which were covered by abundant serosanguineous crusts (b). At
necropsy, similar looking nodules (arrows) were identified, namely in the inner thoracic wall (c) and
in the mediastinum (d). All nodules measured up to 5 cm in diameter, were well demarcated from
the adjacent tissue, and displayed a white to reddish cut surface. Bar 5 cm (b), 3 cm (c), and 4 cm (d).

3.2. Pathological Phenotype

At necropsy, the cutaneous and subcutaneous nodules displayed either a white or
reddish cut surface. Additionally, mostly pedunculated but similar looking nodules were
occasionally present at the inner thoracic wall and diaphragm (Figure 1c), the mediastinum
(Figure 1d), the pericardium, the inner abdominal wall, and the mesentery adjacent to the
duodenum. The remaining organs were macroscopically unremarkable.

Histologically, all analyzed nodules consisted of encapsulated (with the exception of
the nodule present in the mesentery adjacent to the duodenum), well demarcated, expan-
sively growing, moderately cellular masses. These consisted of abundant, variably sized,
mostly empty cavities, which were lined by a single layer of plump cells and supported
by a loose, partially edematous fibrovascular stroma (Figure 2a,b), with occasionally inter-
mingled foci of mature connective tissue. The plump cells displayed a moderate amount
of eosinophilic, homogeneous cytoplasm, an oval nucleus with finely stippled chromatin,
and up to two basophilic, round nucleoli. The anisocytosis and anisokaryosis were low to
moderate, and there were very few mitotic figures visible. Moderate to high numbers of
free erythrocytes (compatible with acute hemorrhage), as well as occasional neutrophils
and lymphocytes, were visible within the stroma.
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To determine the cellular origin of these nodules, IHC was performed. In both nodules,
the plump cells lining the cavities displayed a strong cytoplasmic signal for PECAM-1
(Figure 3a), von Willebrand factor (Figure 3b), and vimentin (Figure 3c) but not for SMA
(Figure 3d). In addition, the supporting stromal cells displayed a strong cytoplasmic signal
for vimentin (Figure 3c) and SMA (Figure 3d), as well as a rather strong background
staining in the von Willebrand factor IHC (Figure 3b). Cells lining the cavities and stromal
cells were negative for the pan cytokeratin marker MNF116 (not shown).
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Figure 3. Immunohistochemical (IHC) analysis of a subcutaneous nodule from the BJA-affected
Simmental calf with platelet endothelial cell adhesion molecule (PECAM-1) (a), von Willebrand factor
(b), vimentin (c), and smooth muscle actin (SMA) (d). Note that the plump cells lining the cavities
(arrows) displayed a strong positive signal in the PECAM-1, von Willebrand factor, and vimentin IHC
but were negative in the SMA IHC. The stromal cells (stars) displayed a positive cytoplasmic signal
in the vimentin and SMA IHC staining, while the signal seen in the von Willebrand factor IHC was
considered to represent background staining. IHC staining, Hematoxylin counterstain, Bar 100 µm.

The above described histologic and immunohistochemical features resemble pre-
viously described vascular anomalies in calves [7,8]. In spite of the often conflicting
nomenclature terminology [6,7], a final diagnosis of multiple cutaneous, subcutaneous,
and visceral vascular hamartomas compatible with a generalized form of BJA as described
by Watson and Thompson [6] was made in this case.

3.3. Genetic Analysis

Assuming a spontaneous mutation as etiology for this most likely congenital condition,
the sequencing of the whole genome of the affected calf was carried out. Filtering of the
obtained variant catalogue for private variants exclusively present in the BJA-affected calf and
absent in 496 available control genomes identified 31 private protein-changing variants, and
subsequent visual inspection using IGV software confirmed 29 as real variants. Analyzing
the occurrence of these variants in the global control cohort of 4110 genomes of a variety of
breeds [28], six heterozygous protein-changing variants exclusively present in the genome of
the affected calf were identified (Table S2). A total of 137 sequenced genomes from Simmental
cattle were considered during variant filtering. Results of the functional impact prediction of
these six heterozygous protein-changing variants are presented in Table 1.
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Table 1. Pathogenicity prediction results for the six heterozygous protein-changing variants exclusively present in the
genome of the BJA-affected calf and absent in global control cohort of more than 4500 genomes of a variety of breeds.

Gene Effect Protein-Changing pLI 1 PROVEAN
Score

PROVEAN
Impact

MutPred2
Score

MutPred2
Impact

PredictSNP1
Score

PredictSNP1
Impact

PREX1 missense p.Arg401Cys 1 �5.149 deleterious 0.387 neutral 0.719 deleterious
UBE3B missense p.Ala32Val 0 �1.946 neutral 0.583 neutral 0.510 deleterious

PCDHGA2

disruptive
in-frame
deletion

p.Lys141_Val142del 0 �11.366 deleterious 0.338 neutral NA NA

ZSWIM6

disruptive
in-frame
deletion

p.Ala146_Gly148del 1 1.280 neutral 0.366 neutral NA NA

NR1H3 missense p.Thr46Met 0.9 �0.371 neutral 0.086 neutral 0.653 neutral
C23H6orf132 missense p.Gly692Glu NA �0.907 neutral 0.035 neutral 0.826 neutral

1 probability of loss-of-function intolerance score (pLI) provided by the Genome Aggregation Database (gnomAD) [37]. NA, not available.

Based on the function of the identified genes and in the predicted impact on the protein,
the variants identified in PREX1, UBE3B, ZSWIM6, and PCDHGA2 were considered the
most likely candidate pathogenic variants for the observed phenotype. Unfortunately, no
biological samples of the sire and dam were available to evaluate if one of these variants
has occurred de novo in the calf.

No evidence for chromosomal abnormalities were detected by analyzing the obtained
read depth or coverage along all chromosomes.

4. Discussion
We performed a comprehensive clinical, pathological, and genetic investigation in

a Simmental calf displaying multifocal subcutaneous and visceral vascular hamartomas
compatible with a generalized form of BJA.

We evaluated the hypothesis of a spontaneous mutation as the possible cause for this
most likely congenital phenotype. Analysis of the genome sequence revealed six heterozy-
gous protein-changing variants in the PREX1, UBE3B, PCDHGA2, ZSWIM6, NR1H3, and
C23H6orf132 genes that were exclusively present in the genome of the affected calf and
absent in a global control cohort of more than 4500 cattle genomes of a variety of breeds.
Therefore, we considered these apparently rare coding variants as possible candidates for
the observed BJA phenotype. In the following, literature and in silico effect predictions
are used to discuss a conceivable causal role. The missense variants identified in the
NR1H3 and C23H6orf132 genes were not considered as putative causes for these vascular
malformations because they were predicted to have a neutral or benign effect.

However, the missense variant found in PREX1 was predicted to be deleterious by
different tools such as PROVEAN and PredictSNP1 [34,36]. This gene belongs to the family
of Rac guanine nucleotide exchange factors (Rac-GEF) and is activated by phosphatidyli-
nositol 3,4,5-trisphosphate (PI (3,4,5) P3), which is generated by class I phosphoinositide
3-kinase (PI3K) and the �-gamma subunits of the heterotrimeric-G proteins (G��) [38].
Furthermore, PREX1 has an important role in the control of many fundamental cellu-
lar functions, including cell migration, actin cytoskeletal rearrangement, adhesion, and
the production of reactive oxygen species (ROS) [39]. Additionally, the major effector of
PREX1 protein activity is related to the induction of actin-mediated membrane ruffling and
lamellipodia production at the leading edge of cell migration, and abnormally activated
Rac is involved in the metastasis and invasion of tumor cells [40]. Evidence suggested
that Rac and PREX1 protein are increased in cell proliferation and migration in several
human cancers such as melanoma [41], breast cancer [42], prostate cancer [43], and oral
squamous cell carcinoma [44]. However, no association between PREX1 and the occurrence
of vascular tumors has been reported to date.

The missense variant in UBE3B was predicted to be deleterious by PredictSNP1 [36].
An independent splice site variant in bovine UBE3B is associated with an autosomal-
recessive inherited disorder called PIRM syndrome in Finnish Ayrshire cattle, which causes
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intellectual disability, retarded growth, and mortality (OMIA 001934-9913) [45], and which
resembles the human autosomal-recessive Kaufman oculocerebrofacial syndrome (OMIM
244450) [46]. In addition, a recent study demonstrated that suppression of the E3 ubiquitin
ligase UBE3B-mediated MYC ubiquitination and degradation caused by the integration
of TRIB3 with MYC is associated with high proliferation and self-renewal of lymphoma
cells [47]. However, in the case presented in this study, the identified variant in UBE3B was
heterozygous, and the calf did not show a phenotype compatible with these disorders.

Moreover, a disruptive in-frame deletion in PCDHGA2 was predicted to have a dele-
terious impact in the protein using PROVEAN [34]. This gene presents a probability of
loss-of-function intolerance score (pLI) of zero according to Genome Aggregation Database
(gnomAD) [37]. Considering that transcripts with a pLI superior or equal to 0.9 are pre-
dicted to be loss-of-function (LoF) intolerant due to haploinsufficiency of the gene [48],
PCDHGA2 most likely does not belong to the group of LoF haploinsufficient genes. In
addition, PCDHGA2 protein is a potential calcium-dependent cell-adhesion protein that
might be involved in the establishment and maintenance of specific neuronal connections
in the brain [49,50]. In humans, somatic mutations in PCDHGA2 have been associated
with cell and biological adhesion in aggressive papillary thyroid microcarcinomas [51].
However, and similarly to PREX1, no association between this gene and the occurrence of
vascular tumors has been reported to date.

To date, no pathogenic variants of ZSWIM6 have been reported in domestic animals.
Interestingly, recent data obtained from human genome sequencing studies presented in
the gnomAD [37] showed that the pLI for this gene was 1, meaning that ZSWIM6 falls
into the class of LoF haploinsufficient genes. The encoded protein, so-called Zinc finger
SWIM domain-containing protein 6, is a protein of unknown function that is involved in
the nervous system development and regulation [52]. Moreover, ZSWIM6 enables the zinc
ion binding [53] and is part of the Cul2-RING ubiquitin ligase complex [49]. In humans,
pathogenic variants in the ZSWIM6 gene (OMIM 615951) are associated to acromelic fron-
tonasal dysostosis [54] and neurodevelopmental disorder with movement abnormalities,
abnormal gait, and autistic features [52,55]. Additionally, the ZSWIM6 protein, according
to the Biological General Repository for Interaction Datasets (BioGRID), is predicted to
interact physically with ARIH1 [56], GLMN [57], HECW2 [58], HNRNPH1 [59] and HN-
RNPL [60]. Similarly to ZSWIM6, the GLMN is part of the Cul2-RING ubiquitin ligase
complex [61] and known to be involved in numerous different processes, namely the
normal development of the vasculature [62]. Particularly, autosomal dominant pathogenic
variants in the GLMN gene (OMIM 138000) are associated with the development of glo-
muvenous malformations (GVMs) [63] and Blue rubber bleb nevus syndrome (BRBNS)
(OMIM 112200) [64] in humans.

Based on these findings, we speculate whether the above-described vascular lesions in
this calf could be due to an impaired interaction between ZSWIM6 and GLMN. However,
it cannot be excluded that the phenotype displayed by this calf is due to one of the other
remaining variants found exclusively in the sequenced case, or even to a combination of
these. Either way, we hypothesize that one of these variants either occurred post-zygotically
during the fetal development of the affected calf or represent a germline mutation that
occurred in one of the parents. To prove that the private variants occurred was indeed de
novo, genotyping of the sire and dam would be needed. Unfortunately, no samples from
these animals were available at the time the genetic analysis was performed, therefore this
hypothesis cannot be confirmed.

We hope that these findings may contribute to a better knowledge and characterization
of BJA. However, it is highly unlikely that the candidate causal variants identified in
the genome of the studied calf are responsible for other BJA cases since this condition
encompasses several kinds of vascular anomalies, including both vascular malformations
and tumors [6].
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5. Conclusions
This report highlights the utility of WGS-based precision diagnostics for understand-

ing the underlying genetics of rare disorders in animals with an available reference genome
sequence and the value of surveillance for harmful genetic disorders in cattle breeding pop-
ulations.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-261
5/11/3/624/s1, Table S1: Project and Sample ID for public access of the whole genome sequenced
genomes used in this study. EBI Accession numbers of all publicly available genome sequences.
We compared the genotypes of the calf with 496 cattle genomes of various breeds that had been
sequenced in the course of other ongoing studies and that were publicly available, Table S2: List of
the remaining variants after the comparison to the global control cohort of 4110 genomes of other
breeds (1000 Bull Genomes Project run 8; www.1000bullgenomes.com), revealing 6 protein-changing
variants with a predicted moderate impact only present in the affected calf.
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Abstract

Hemifacial microsomia (HFM) was diagnosed in a 9-day-old Romagnola calf. The con-

dition was characterized by microtia of the left ear, anotia of the right ear, asymmetry

of the face, and deafness. Magnetic resonance imaging revealed agenesis of the right

pinna and both tympanic bullae, asymmetry of the temporal bones and temporoman-

dibular joints, and right pontine meningocele. Brainstem auditory evoked responses

confirmed the impaired auditory capacity. At gross post mortem examination, there

was agenesis and hypoplasia of the right and the left external ear, respectively. No

histological abnormalities were detected in the inner ears. A trio whole-genome

sequencing approach was carried out and identified a private homozygous missense

variant in LAMB1 affecting a conserved residue (p.Arg668Cys). Genotyping of

221 Romagnola bulls revealed a carrier prevalence <2%. This represents a report of a

LAMB1-related autosomal recessive inherited disorder in domestic animals and adds

LAMB1 to the candidate genes for HFM.

K E YWORD S

Bos taurus, development, microtia, precision medicine, rare disease, WGS

1 | INTRODUCTION

Microtia is a congenital malformation of the external ear and can

range in severity from mild structural abnormalities to complete

absence of the ear (anotia).1 It occurs as an isolated malformation

(nonsyndromic form) or as a part of a spectrum of anomalies

(syndromic form). Hemifacial microsomia (HFM) is the term used to

describe a syndromic form that might be characterized by microtia,

facial asymmetry, oral clefts, and eyelid defects. Renal abnormalities,

cardiac defects, polydactyly, and vertebral deformities are ancillary

malformations.2,3

The causes of microtia are poorly understood in both humans and

animals,4 although evidence supports contribution of genetic and

environmental components. In humans, there are several monogenic

inherited mostly syndromic forms of microtia (OMIM 600674 occur

associated with disease-causing variants in genes such as HOXA1,5

Abbreviations: BAs, brachial arches; BAERs, brainstem auditory evoked responses; CNCCs,

cranial neural crest cells; H&E, hematoxylin and eosin; HFM, hemifacial microsomia; IGV,

Integrative Genomics Viewer; MRI, magnetic resonance imaging; NCCs, neural crest cells;

NHL, normal hearing level; WGS, whole-genome sequencing; EGF, epidermal growth factor.
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HOXA2,6,7 ORC1, ORC6, CDT1,8 ORC4,9 CDC6,10 MCM5,11 TCOF1,12

POLR1C, POLR1D,13 POLR1B,14 and FGF3).15 Mouse model studies

identify a list of genes associated with microtia, and illustrated several

signaling pathways, including BMP, WNT, FGF, and retinoic acid, that

present an important function in outer-ear development.2 Further-

more, in cattle and sheep dominantly inherited nonsyndromic forms

of anomalies affecting the outer ear are associated with regulatory

variants affecting the expression of HMX116,17 (OMIA 000317-9913

and OMIA 001952-9940). A recessive syndromic form of microtia in

pigs is associated with a deletion in HOXA14 (OMIA 001952-9823).

The aims of this study were to describe the clinical and disease

phenotype observed in a Romagnola calf affected by HFM, to identify

the suspected genetic etiology by a trio-based whole-genome

sequencing (WGS) approach, and to estimate the prevalence of the

deleterious allele in Romagnola cattle.

2 | CASE DESCRIPTION

A 9-day-old female Romagnola calf, weighting 43 kg, was admitted

to the Department of Veterinary Medical Sciences, University of

Bologna because absence of the auricles and facial asymmetry.

At the time of admission, the calf had asymmetry of the face with

deviation to the right side and lingual ptosis (Figure 1A). The right

pinna was absent (anotia), while the left 1 was a rudiment of soft tis-

sue with absence of the ear canal (aural atresia) and covered by long

F IGURE 1 Hemifacial microsomia (HFM) in the Romagnola calf demonstrating: (A) note the abnormal conformation of the splanchnocranium
with slight right deviation from the sagittal plan and (B) note that the left pinna is a rudiment of soft tissue with absence of the ear canal (aural
atresia) and covered by long hair

F IGURE 2 Magnetic resonance imaging of the head in the Romagnola calf with hemifacial microsomia (HFM). (A) Transverse proton density
image at the level of the caudal mesencephalon. There is marked asymmetry of the temporomandibular joints (asterisks) and the surrounding soft
tissues. (B) Transverse T2-weighted image at the level of the pons. There is a normal hyperintense signal of the perilymph and endolymph in both
inner ears (arrows). Note the bilateral agenesia of the tympanic bullae. (C) Dorsal T2-weighted image at the level of the inner ears. An
enlargement of the subarachnoidal space (meningocele) is seen on the right side at the level of the pons (arrow). (D) Dorsal fluid-attenuated
inversion recovery (FLAIR) image at the same level as (C). The T2-weighted hyperintense signal from the inner ears (long arrows) and
cerebrospinal fluid in the meningocele (arrow head) is suppressed
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hair (Figure 1B). The neurological examination revealed reduced

mental status characterized by decreased level of consciousness with

listlessness and drowsiness. Notably, the calf did not respond to loud

noises and hand clapping. It had a normal stance and gait. A deficit of

proprioception was detected in the forelimbs.

Hematology revealed lymphocytosis (6030/mm3; reference inter-

val, 4250-5850/mm3) with monocytosis (1430/mm3) and neutrophilia

(6490/mm3; reference interval, 290-950/mm3), and hypoproteinemia

(5.68 g/dL; reference interval, 6.74-7.46 g/dL) with hypoalbuminemia

(2.79 g/dL; reference interval, 3.03-3.55 g/dL). Blood samples were

tested for bovine viral diarrhea virus, Schmallenberg virus, bluetongue

virus, Neospora caninum, and Toxoplasma gondii using PCR and ELISA

for detecting antigens and antibodies, respectively. Tests were nega-

tive for all these pathogens using both PCR and ELISA.

The calf underwent general anesthesia for magnetic resonance

imaging (MRI) of the head. Magnetic resonance imaging was obtained

using a 1.5 T scanner. T2-weighted images were acquired in trans-

verse, sagittal, and dorsal planes, T1-weighted images were acquired

in the transverse plane, fluid attenuated inversion recovery

(T2-FLAIR) images were acquired in the dorsal plane, and proton den-

sity images were acquired in the transverse plane. Slice thickness was

3 to 4 mm, with a 10% interslice gap. Field of view was 16 to 18 cm.

No contrast medium was administered. Magnetic resonance imaging

revealed: asymmetry of the temporal bones and the temporomandibu-

lar joints associated with a right pontine meningocele (Figure 2A,C,D);

agenesis of the right external ear canal and both tympanic bullae

(Figure 2B). Moreover, on the left side, a structure resembling the

innermost part of the external ear canal in shape and location was

detected. There was no cavitation. T2-weighted images showed bilat-

erally a normally shaped, hyperintense signal of the endolymphatic

and perilymphatic fluids contained in the inner ear.

Brainstem auditory evoked responses (BAERs) were examined.

The signal was amplified 200 000 times, filtered with a bandwidth of

160 to 2000 Hz, and averaged 500 times. Automatic artifact rejection

was used with an analysis time of 10 ms. The recording montage was

vertex (noninverting input of the amplifier) and ipsilateral mastoid

(inverting input). Ground electrode was inserted at the base of the

neck. Recording and ground electrodes were stainless steel needles.

Acoustic and bone stimuli, produced by electrical square waves of

0.1 ms with a delivery rate of 10/s, were used. Acoustic stimuli were

alternating clicks of 95 dB normal hearing level (NHL) delivered mon-

aurally using an audiometric earphone. Bone stimulation was per-

formed with a specific transducer applied to the ipsilateral mastoid

bone at a stimulus intensity of 95 dB NHL. For each ear and type of

stimulation, 2 tracings were obtained and superimposed to show

reproducibility of the responses. The BAERs confirmed the impaired

auditory capacity with no evidence of acoustic or bone stimulation at

high intensities in ear.

Three months after hospitalization the calf was euthanized

because of a severe pneumonia not apparently related to the primary

disease.

The calf was subsequently submitted for necropsy. Macroscopi-

cally, the left pinna was hypoplastic and the opening of the external

ear canal closed by haircoat while the right pinna was absent and no

anatomical remains were found. After decalcification on formalin fixed

tissue, macroscopic examination was performed on cut surface having

cochlea and semicircular canals aligned. On transversal cut surface, it

was completely occupied by chondroid tissue. No abnormalities were

detected in the inner ears and brain. Due to the absence of cerebro-

spinal fluid pressure after detachment of the head, the pontine

meningocele observed on the right side by MRI was not detected.

Additional findings were severe bronchopneumonia, complete ectopia

of the spiral loop of the ascending colon, and numerous

nonperforated abomasal ulcers.

Both the ear regions and brain were collected for histopathology.

They were fixed in 10% neutral buffered formalin and 5 μm paraffin

embedded sections were routinely stained with hematoxylin and

eosin (H&E). Formalin-fixed paraffin-embedded 5 μm transverse sec-

tions of the brain were stained with H&E and Luxol-fast blue-periodic

acid-Schiff methods. Histological abnormalities were not observed in

both brain tissue and inner ears. The clinical and pathological findings

resembled a form of HFM.

Several inbreeding loops between the unaffected parents were

found in the pedigree of the calf. In light of this obvious consanguin-

ity, the presented case of bovine HFM was hypothesized to be a rare

recessively inherited variant. Therefore, WGS using the Illumina

NovaSeq6000 was performed on DNA extracted from EDTA-blood of

the HFM-affected calf, its dam, and from semen of its sire. The

sequenced reads were mapped to the ARS-UCD1.218 reference

genome resulting in an average read depth of approximately 18.1! in

the calf, 17.9! in the dam, and 19.2! in the sire and subsequently

single-nucleotide variants and small indel variants were called. The

applied software and steps to process fastq-files into binary alignment

map and genomic variant call format files were in accordance with the

TABLE 1 Results of variant filtering of the HFM-affected calf
using the whole-genome sequence data of both parents and 4706
control genomes

Filtering step
Homozygous
variants

Heterozygous
variants

All variants in the affected
calf

3 896 484 4 757 749

Private variants in the
affected calf

104 207 1423

Private variants in the
affected calf with
obligatory carrier parents
(protein-changing)

99 443 (245) NA

Protein-changing private
variants with obligatory
carrier parents (recessive
inheritance)

5 NA

Protein-changing private
variants absent in both
parents (de novo
mutations)

NA 0

Abbreviations: HFM, hemifacial microsomia; NA, not applicable.
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1000 Bull Genomes Project processing guidelines of run 7 (www.

1000bullgenomes.com),19 except for the trimming, which was per-

formed using fastp.20 Further preparation of the genomic data was

done as reported earlier.21 In order to find private variants, the geno-

type of the affected calf was compared with 4706 controls, including

596 cattle genomes of various breeds that had been sequenced in the

course of other ongoing studies at the Institute of Genetics of the

University of Bern (Table S1) as well as 4110 genomes of a variety of

breeds included in run 8 of the 1000 Bull Genomes Project.18 The

generated sequence data are publicly available in the European Nucle-

otide Archive (SAMEA7015114 is the sample accession number of

the affected calf; SAMEA7690202 is the sample accession number of

the dam and SAMEA7690203 of the sire; http://www.ebi.ac.uk/en).

Integrative Genomics Viewer (IGV)22 software version 2.0 was used

for visual inspection of genome regions containing candidate variants.

Assuming recessive inheritance in a trio-based approach, filtering of

WGS data for homozygous coding variants present in the calf and het-

erozygous in the parental genomes identified 99 443 variants of

which 245 were protein-changing with a predicted high or moderate

impact (Table 1). These 245 variants were further investigated for

their occurrence in a global control cohort of 4706 genomes of a vari-

ety of breeds, which revealed 5 remaining protein-changing variants

that were exclusively homozygous in the genome of the affected calf

and heterozygous in its parents (Tables 1 and S2).

Among these 5 remaining private variants, 1 single variant affects

an interesting candidate gene for the observed phenotype (Figure 3A;

Table 2). This homozygous variant at chr4:49019693G>A represents

a missense variant in LAMB1 (NM_001206519.1: c.2002C>T;

Figure 3B,C). It alters the encoded amino acid of LAMB1 residue

668 (NP_001193448.1:p.Arg668Cys) located in the laminin epidermal

growth factor (EGF)-like 4 domain (Figure 3D). Furthermore, the argi-

nine to cysteine substitution affects an evolutionary conserved amino

acid (Figure 3E) and was predicted to be deleterious23 (Table 2). To

confirm and evaluate the presence of the LAMB1 variant, the affected

genomic region was amplified by PCR and Sanger sequenced in the

calf, its dam and sire. Additionally, DNA was extracted from ETDA-

blood of 221 Romagnola bulls and genotyping of the LAMB1 variant

was performed. The LAMB1 missense variant was genotyped using

the following primers: 50- GTAGATGCACGTTGTCTGCC -30 (forward

primer) and 50- AGCCAAAACCAGACACAGACTA -30 (reverse primer).

Analyzing the sequencing data, it was confirmed that the calf was

F IGURE 3 A homozygous LAMB1 missense variant in the HFM-affected Romagnola calf. (A) LAMB1 gene structure showing the variant
location on chromosome 4, exon 17 (red arrow). References to the bovine LAMB1 gene correspond to the NCBI accessions NC_037331.1
(chromosome 4, ARS-UCD1.2), NM_001206519.1 (bovine LAMB1 mRNA). (B) IGV screenshot presenting the Chr4: g. 49019693G>A variant
homozygous in the affected calf (shown below) and heterozygous in both parents (top left: sire; top right: dam) revealed by whole-genome
sequencing. (C) Electropherograms showing the normal, carrier, and case genotypes obtained by Sanger sequencing. (D) Schematic representation
of the bovine LAMB1 protein and its functional domains obtained from the UniProt database (http://www.uniprot.org/; accession number:
A0A3S5ZPX3). Laminin N-terminal domain is represented in dark gray; laminin epidermal growth factor (EGF)-like domains are represented in
blue; laminin IV type B domain is represented in light gray. (E) Multiple sequence alignment of the laminin EGF -like of LAMB1 protein
encompassing the region of the p.Arg668Cys variant demonstrates complete evolutionary conservation across species. Protein sequences
accession numbers in NCBI for each species are NP_001193448.1 (Bos taurus), NP_002282.2 (Homo sapiens), XP_001165667.2 (Pan troglodytes),
XP_001090393.2 (Macaca mulatta), XP_533089.4 (Canis lupus), NP_032508.2 (Mus musculus), XP_003750185.1 (Rattus norvegicus), XP_415943.3
(Gallus gallus), XP_002933140.2 (Xenopus tropicalis), NP_775382.1 (Danio rerio). HFM, hemifacial microsomia; IGV, Integrative Genomics Viewer

TABLE 2 Pathogenicity prediction results for the 5 homozygous protein-changing variants exclusively present in the genome of the affected
calf and absent in the global control cohort of more than 4700 genomes of a variety of breeds

Gene OMIM Associated disorder/gene function Protein change Predicted effect
Provean impact
and score

LAMB1 150240 Lissencephaly 5 p.Arg668Cys Deleterious "4.544

PDCD7 608138 Ceramide-mediated signaling p.Pro28Leu Neutral "1.677

CLMN 611121 Specifically expressed at the final stage of spermatogenesis p.Lys988Arg Neutral "0.310

MEX3C 611005 Phosphoproteins that bound RNA p.Ala12Pro Neutral "0.087

DCC 120470 Colorectal cancer; esophageal carcinoma; Gaze palsy, familial
horizontal, with progressive scoliosis, 2

p.Cys36Arg Neutral 1.322

TABLE 3 Association of the p.Arg668Cys missense variant in
LAMB1 with the hemifacial macrosomia (HFM) phenotype in
Romagnola cattle

Genotype
(R = Arg; C = Cys)

RR RC CC

HFM affected calf 0 0 1

Obligate carriersa NA 2 0

Normal Romagnola control bulls 216 5 0

Normal control cattle from various breeds 4706 0 0

Abbreviation: NA, not applicable.
aParents of the affected animal.
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homozygous and the sire and dam heterozygous for the detected

LAMB1 variant. Furthermore, the genotyping of the 221 Romagnola

bulls revealed no homozygous mutant animal and a total of 5 hetero-

zygous carriers (1.13%; Table 3).

Variant filtering revealed no private heterozygous protein-

changing variants present in the genome of the HFM-affected calf

and absent in both parental genomes and in 4706 controls.

3 | DISCUSSION

In this study, a comprehensive clinical, pathologic, and genetic investi-

gation of a deaf Romagnola calf displaying a form of congenital micro-

tia associated with craniofacial anomalies revealed a putative genetic

cause for the abnormality. In humans, 50% of microtia cases are asso-

ciated with ancillary findings, mostly craniofacial anomalies.24,25

Hemifacial microsomia is 1 of the major microtia-related diagnoses in

human medicine with an incidence of 1:5600 live births26 and is esti-

mated as the most common birth defect of the human face, after cleft

lip and cleft palate. Features of HFM include unilaterally as well as

bilaterally deformity of the external ear and small ipsilateral half of the

face with epibulbar dermoid and vertebral anomalies (OMIM 164210),

leading to asymmetrical appearance.27 Due to a marked phenotypic

diversification, no typical clinical picture can be assigned to HFM: it

might present from minor asymmetry with deformed auricle or micro-

tia, until complete anotia, with conductive type hearing loss.24

A genetic origin was evaluated assuming either a recessively

inherited mutation or alternatively the hypothesis of a dominant act-

ing de novo mutation (which occurred in a single parental gamete or

happened during early embryonic development of the calf) as the pos-

sible cause for this novel congenital phenotype. The trio-based WGS

approach identified 5 homozygous and no heterozygous protein-

changing variants exclusively present in the genome of the affected

calf and absent in a global control cohort. Consequently, a de novo

mutation as a possible cause for the observed phenotype seems

unlikely. After in silico effect predictions just the homozygous variant

affecting the fourth laminin EGF-like domain of LAMB1 was predicted

to be deleterious. Moreover, within a representative control cohort of

the current Italian Romagnola population, a very low allele frequency

and the absence of the homozygous genotype for the deleterious

allele was noticed. Considering the rarity of this coding variant, the in

silico effect prediction and the known function of LAMB1 gene, the

identified variant was considered to represent the most likely genetic

cause for the observed phenotype. Furthermore, it might be assumed

that this pathogenic variant affecting a functional candidate gene is

the most plausible explanation.

The candidate gene LAMB1 encodes laminin subunit beta 1 belong-

ing to laminins that are large molecular weight glycoproteins found in

the basal lamina, playing an important role in cell proliferation, differen-

tiation, migration, and adhesion.28 They are cross-shaped hetero-

trimeric proteins constituted by the assembly of 3 disulfide-linked

polypeptides, the α, β, and γ chains from the LAMA, LAMB, and LAMC

families, respectively.29 Each individual laminin subunit demonstrates a

specific spatial and temporal expression pattern.30 In mammals, there

are at least 15 laminins, and LAMB1 is present in 6 of them.31 More-

over, LAMB1 is 1 of the earliest laminin subunits expressed during

embryogenesis at several sites, including neuroectoderm.29,32 The calf

in this study had several malformations deriving from neuroectoderm

such as the pontine meningocele andmalformations of the auricle, mid-

dle ear, and temporomandibular region. Hemifacial microsomia affects

most structures of the craniofacial region that derive from the first and

second brachial arches (BAs). Arising from the neuroectoderm, neural

crest cells (NCCs) follow stereotypical migratory pathways and popu-

late the BAs, and cranial NCCs (CNCCs) form the first and second BAs,

which contribute to most craniofacial skeleton and connective tis-

sues.33 Cranial neural crest cells in the first BA form the maxilla, zygo-

matic bone, mandible, malleus, incus, and trigeminal nerve, which might

be affected in HFM. Cranial neural crest cells of the second BA form

the stapes and facial nerve.34 Therefore the described phenotype dis-

played by the calf in this study, including microtia of the left ear and

anotia of the right ear, absence of tympanic bullae, deafness and asym-

metry of the temporal bones and the temporomandibular joints,

strongly resembles human HFM. In veterinary medicine, so far, rare

forms of HFM are reported only in cats.35

Mutations in the LAMB1 gene have been identified and studied at a

molecular level in humans (OMIM 150240) andmice (MGI 96743). Patho-

genic variants affecting the human LAMB1 are associated with autosomal

recessive diseases such as: cobblestone brain malformation with congeni-

tal hydrocephalus, severe developmental delay, and an increased head cir-

cumference36; progressive leukoencephalopathy with seizures, ocular

abnormalities, and porencephalic lesions37; childhood-onset epilepsy,

macrocephaly, and intellectual development arrest38; and adult-onset leu-

koencephalopathy.39 In mice, heterozygous dominant acting variants in

lamb1 are associated with dystonia-like movement disorder with brain

and spinal neuronal defects,40 while recessively inherited pathogenic vari-

ants are relatedwith embryonic lethality between implantation and somite

formation.41 The calf presented in this study hadmalformation of the skull;

however, no signs of leukoencephalopathy, cobblestone brain malforma-

tion, or dystonia were noticed.

This is a report of a pathogenic LAMB1 variant in domestic ani-

mals and of the LAMB1-related recessively inherited form of HFM.

Therefore, it represents an animal model for the understanding of sim-

ilar human conditions and adds LAMB1 to the list of candidate genes

for HFM. Humans show developmental, anatomical, and physiological

features of the auditory system that are more similar with cattle than

with mice. Among these, the fact that compared to mice, cattle and

humans can hear at birth. The cattle model thus fits better than the

mouse model for understanding human hearing diseases.

In conclusion, this study provides a DNA-based diagnostic test

that enables selection against the identified pathogenic variant in

Romagnola cattle.
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SHORT COMMUNICATION

De novo stop-lost germline mutation in FGFR3 causes severe
chondrodysplasia in the progeny of a Holstein bull

I. M. H€afliger* , A. Letko* , L. Murgiano*,†,‡ and C. Dr€ogem€uller*
*Institute of Genetics, Vetsuisse Faculty, University of Bern, Bern 3001, Switzerland. †Unit of Animal Genomics, GIGA-R and Faculty of

Veterinary Medicine, University of Li"ege, Li"ege 4000, Belgium. ‡Department of Clinical Sciences and Advanced Medicine, School of

Veterinary Medicine, University of Pennsylvania, Philadelphia, PA, USA.

Summary Fifteen cases of chondrodysplasia characterized by disproportionate dwarfism occurred in

the progeny of a single Holstein bull. A de novo mutation event in the germline of the sire

was suspected as cause. Whole-genome sequencing revealed a single protein-changing

variant in the stop codon of FGFR3 gene on chromosome 6. Sanger sequencing of EDTA

blood proved that this variant occurred de novo and segregates perfectly with the observed

phenotype in the affected cattle family. FGFR3 is an important regulator gene in bone

formation owing to its key role in the bone elongation induced by FGFR3-dimers. The

detected paternally inherited stop-lost variant in FGFR3 is predicted to add 93 additional

amino acids to the protein’s C-terminus. This study provides a second example of a

dominant FGFR3 stop-lost variant as a pathogenic mutation of a severe form of

chondrodysplasia. Even though FGFR3 is known to be associated with dwarfism and

growth disorders in human and sheep, this study is the first to describe FGFR3-associated

chondrodysplasia in cattle.

Keywords calf survival, dwarfism, genetic disorder, monogenic

Chondrodysplasia (CD) represents a developmental bone defect

occurring owing to disturbed endochondral osteogenesis

disorders of the developmentof boneandcartilage. In livestock,

CD is characterized by disproportionate dwarfism and mani-

fests with short and stumpy limbs, also reported as achon-

droplasia (Boegheim et al. 2017). Congenital forms of

proportionate and disproportionate dwarfism associated with

different genes and different modes of inheritance have been

described in a number of cattle breeds showing varying viable

or lethal phenotypes (OMIA 000004-9913, OMIA 000187-

9913, OMIA 000311-9913, OMIA 001485-9913,

OMIA 001686-9913, OMIA 001926-9913, OMIA 001985-

9913, OMIA 002171-9913). For example, the Bulldog calf

syndrome, a lethal form of bovine CD characterized by a

generalized shortening of long bones, is associated either with

six known dominantly inherited protein-changing variants in

the COL2A1 gene (H€afliger et al. 2019) or with two different

semidominant loss-of-function variants in the ACAN gene

(Cavanagh et al. 2007). Interestingly, individuals

heterozygous for these ACAN variants exhibit disproportion-

ate dwarfism (Harper et al. 1998; Cavanagh et al. 2007). In

disproportionate dwarfism, there is a height reduction in one

or several body parts and body proportions are altered

(Boegheim et al. 2017). Viable recessive forms of dispropor-

tionate dwarfism are associated with variants in the EVC2

gene described in Japanese Brown cattle (Takeda et al. 2002)

and Tyrolean Grey cattle (Murgiano et al. 2014), whereas a

similar disorder occurring in American Angus cattle is caused

by a nonsense variant introducing a premature stop codon in

the PRKG2 gene (Koltes et al. 2009).

A single sire was exclusively used on a Holstein purebred

breeding farm in Germany to naturally mate almost all

cows and heifers (Dr€ogem€uller et al. 2006). Out of 60

pregnancies delivered full-term, 15 CD-affected calves of

both sexes were identified at birth. The observed disease

phenotype described before (Dr€ogem€uller et al. 2006)

includes a mild shortening of the upper jaw (brachygnathia

superior) and an abnormal stature with movement disabil-

ities owing to severe skeletal shortening of the limbs and

hyperextension of the joints (Fig. 1; Videos S1 and S2).

Furthermore, an examination of the profound shortened

long bones of CD-affected calves revealed a rarefication of

primary spongiosa. Interestingly, there was no indication

for irregularly arranged chondrocytes of epiphyseal plates

(Dr€ogem€uller et al. 2006), as reported in other forms of
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bovine dwarfism or chondrodysplasia. Whereas a germline

mutation was hypothesized in Dr€ogem€uller et al. (2006), we

present herein our successful efforts to unravel the

causative variant.

A total of 34 samples of genomic DNA extracted from

EDTA-stabilized blood were available including eight CD-

affected (four female, four male) and 13 apparently normal

calves, 12 out of 21 dams and the sire of all offspring. We

obtained WGSs from four family members: two CD-affected

offspring, their common sire and the dam of one of these two

affected calves. Therefore, either Illumina TruSeq Nano

(case 1) or TruSeq PCR-free libraries (case 2, sire, dam) was

prepared for sequencing paired-end reads on either an

IlluminaHiSeq 2000 (case 1) or aNovaSeq 6000 instrument

(Illumina, San Diego, CA, USA). The resulting fastq-files were

mapped to the cow reference genome assembly ARS-UCD1.2

and single nucleotide and small indel variants were called

according to the guidelines of the 1000 Bull Genomes

consortium (Hayes & Daetwyler 2019; http://www.1000b

ullgenomes.com/). NCBI annotation release 106 was used to

predict their functional effects as described previously

(H€afliger et al. 2019). Initially, the genome of a single CD-

affected calf (case 1) was sequenced at approximately 159

coverage but we failed to detect a plausible candidate variant

causing the disorder. Therefore, we opted for trio-based

sequencing of another CD-affected calf at approximately 159

coverage and both of its parents at approximately 209

coverage. The WGS data of the four animals are stored in the

European Nucleotide Archive under project accession no.

PRJEB18113 [sample accessions SAMEA19846918 (case 1),

SAMEA5415502 (case 2), SAMEA5415503 (dam) and

SAMEA5415501 (sire)].

Genome-wide filtering for sequence variants that were

present only in the genome of case 2 and absent in the

genomes of its parents, as well as in 395 controls of various

breeds that had been sequenced in the course of other

ongoing studies (Table S1), resulted in 47 variants passing

the quality filter and representing putative de novo sequence

variants. Only a single heterozygous variant was predicted as

protein-changing in FGFR3 (Chr 6: 116 767 863C>A), a
gene which is associated with multiple types of skeletal

dysplasia including achondroplasia inman (OMIM 134934).

The variant affecting the second base of the stop codon of

bovine FGFR3 (NM_174318.3: c.2408G>T) was predicted

to extend the sequence at the C-terminal end with

93 additional amino acids [XM_024992994.1: p.

(Ter803Leuext*93); Appendix S1]. INTEGRATIVE GENOMICS

VIEWER (Robinson et al. 2011) was used for visual inspection

of the identified variant in exon 17 of the bovine FGFR3 gene

and confirmed that the variant was absent in both parents

without any evidence for low-level mosaicism in one of the

parents (Fig. 2a). Visual re-evaluation of the previously

sequenced genome of the initially sequenced CD-affected calf

confirmed that the variant was also present in a heterozygous

state (Fig. 2a). Most likely the slightly lower read depth of

approximately 69 for that specific genome region in case 1

explains the original overlooking of this variant. This de novo

heterozygous mutation in FGFR3was considered a plausible

candidate causal variant. Further support was given by

comparing the 47 variants with the 1000 Bull Genomes run

7 (Hayes & Daetwyler 2019) as the variant in our study that

eliminated the FGFR3 stop codon was the only variant not

found in international variant catalog including 3103

control genomes. In addition, to rule out a possible recessively

inherited disease-causing variant, we filtered the WGS data

for this alternative scenario. However, this revealed no

indication for the presence of a homozygous protein-chang-

ing variant shared by the two affected cases.

Genotyping of all 34 available family members by Sanger

sequencing of a PCR product flanking the variant (forward

primer 50-GCATGACCTGTGAGTGCG-30, reverse primer 50-

GACCCGGTGATCATGGC-30) revealed that all eight CD-

affected calves were heterozygous for the stop-lost variant

(Fig. 2b), whereas the remaining 26 animals were all

homozygous wt. We suggest that the observed alleles in the

CD-affected offspring were due to a de novo mutation event,

as all genotyped parents were homozygous for the wt allele.

A manual haplotype segregation analysis with 12 informa-

tive single-nucleotide variants flanking the FGFR3 variant

confirmed the assumed paternal origin of the mutation

(Appendix S2).

In sum, the de novo variant in FGFR3 is perfectly

associated with dominantly inherited chondrodysplasia in

this family of Holstein cattle. Neither next-generation nor

Sanger sequencing showed any presence of the identified

variant in the sire, who clearly carried only the wt alleles in

DNA originating from blood. Considering that approxi-

mately 25% of offspring were affected, we assume that the

sire is a germline mosaic for the variant but unfortunately

no semen was available to confirm.

Figure 1 Two Holstein calves with chon-
drodysplasia used for whole-genome
sequencing. Note the severe skeletal shorten-
ing of the limbs and hyperextension of the
joints.
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Fibroblast growth factor receptor 3 (FGFR3) is a member

of the tyrosine kinase receptor family, which plays an

important role in the signaling pathway of the fibroblast

growth factors (FGF). FGF receptors, such as FGFR3,

contain an extracellular domain with either two or three

immunoglobulin (Ig)-like domains, a transmembrane

domain and a cytoplasmic tyrosine kinase domain

(Fig. 2c). Normally, FGFR3-dimers are built by FGFs

binding to FGFR3 and activating the dimerization of

FGFR3, which results in restrained (or limited) bone

elongation (Moosa & Wollnik 2016). As FGFs/FGFRs are

key players in both endochondral and intramembranous

bone development, naturally occurring mutations cause

severe developmental disorders (Moosa & Wollnik 2016).

Variants in human FGFR3 are associated with various

forms of achondroplasia and dwarfism representing differ-

ent phenotypes, ranging from shortened limbs to lethal

thanatophoric dysplasia (OMIM 134934; Horton et al.

2007; Moosa & Wollnik 2016). Most reported FGFR3

variants represent dominantly inherited gain-of-function

mutations, which lead to an increased FGFR3 dimerization

and subsequent abnormal regulation of growth plate

chondrocytes typically seen in chondrodysplasia (Horton

et al. 2007; Moosa & Wollnik 2016). In domestic animals,

so far only a single missense variant in ovine FGFR3 has

been reported, causing a semidominantly inherited skeletal

overgrowth phenotype known as spider lamb syndrome in

Suffolk sheep (OMIA 001703-9940; Beever et al. 2006).

The variant presented herein is the first FGFR3 mutation

reported in cattle. Interestingly, similar to our variant,

Rousseau et al. (1995) found three different heterozygous

base substitutions in the stop codon of FGFR3 in human

patients with thanatophoric dysplasia type I

(OMIM 187600). This severe short-limb dwarfism syn-

drome that is usually lethal in the perinatal period is

caused by a de novo stop-lost mutation which is expected to

give rise to a protein elongated by 141 amino acids,

resulting in a highly hydrophobic domain with an alpha-

helix structure at the C-terminal end of the full-length

protein. The same characteristics were found in our study

when analyzing the additional 93 amino acids of the

variant bovine FGRF3 protein in silico using PSIPRED

Figure 2 Features of the de novo FGFR3 stop-
lost variant. The variant site is indicated by the
red triangles. (a) Screenshot of INTEGRATIVE
GENOMICS VIEWER indicating a heterozygous
variant in the stop codon of the FGFR3 gene in
the two cases, whereas the sire and dam of
case 2 do not show the variant. (b) Sanger
sequencing of the variant. Note that the
electropherograms show that the mutant T
allele is present in heterozygous form in the
chondrodysplasia-affected offspring only. (c)
Schematic representation of the FGFR3 protein
structure, according to Laederich & Horton
(2012). Note the significant elongation of the
mutant protein (FGFR3 var).
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Protein Analysis Workbench (Buchan & Jones 2019;

Appendix S1). The elongated proteins are supposed to

block the dimerization of FGFR3 proteins and disturb its

receptor function. Therefore, the identified stop-lost variant

represents the most likely pathogenic variant owing to a

gain in FGFR3 function of the elongated protein. Func-

tional validation experiments would be needed to confirm

the biological impact of such kind of variants on the

resultant transcripts or proteins. For example, the detected

FGFR3 variant of high impact could have been validated

through direct sequencing of transcripts and mass spec-

trometry to detect elongated and misfolded FGFR3 proteins.

Unfortunately, no suitable samples were available in this

study, and therefore, such experiments were not possible.

In conclusion, the disproportional dwarfism observed in

the progeny of a single Holstein bull represents an FGFR3-

related form of chondrodysplasia. This highlights the

potential risk of unlimited use of natural-service sires in a

single breeding herd because of the potential of a protein-

changing germline mutation. The study provides a second

example of a dominant FGFR3 stop-lost variant as a

pathogenic mutation of a severe form of chondrodysplasia

in a mammalian species. This case could expand knowledge

about the phenotypic spectrum of FGFR3 variants regard-

ing especially the negative effects of an elongated FGRF3

protein.
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Background: Bulldog (BD) calf syndrome is a lethal form of

chondrodysplasia characterized by a generalized shortening

of long bones, also known as bovine achondrogenesis type

II (OMIA 001926-9913).1 Over the past 18 years, BD has

been reported in 1% of purebred calves from a French Hol-

stein sire, in 4% of crossbred calves from a French Charolais

bull, in 12% of purebred calves from a Danish Holstein sire,

in 21% of purebred calves from a German Holstein sire and

in an isolated case born from German Holstein parents.1–5

Today, a total of five independent pathogenic dominant-act-

ing COL2A1 variants explaining these last-mentioned BD

cases, including a splice site variant and four missense vari-

ants, have been identified.2–5 The COL2A1 gene encodes

the alpha-1 chain of type II collagen, and in humans, non-

synonymous COL2A1 variants that disrupt the Gly-x-y

structural motif essential for the assembly of the collagen

triple-helix cause hypochondrogenesis/achondrogenesis

type II (ACG2). This human dominant-inherited condition

shares strong similarities with the phenotypic features

observed in bovine BD calf syndrome, and the disease-caus-

ing COL2A1 variants are either inherited from mosaic

parents, mainly sires, or arises de novo in the developing

embryo (MIM 200610).

Own analysis: A female stillborn calf showing severe mal-

formation born after normal gestation of 265 days was

noticed from a mating of a fifth-calf Holstein cow and a

progeny-tested Holstein bull used intensively for artificial

insemination (AI). Based on the records of both the cow’s

owner and the AI station, no further evidence for other

affected offspring of either parents could be revealed.

Macroscopic necropsy results revealed a morphology simi-

lar to Holstein calves with disproportional lethal chon-

drodysplasia as described before (Fig. S1). A variant in the

COL2A1 gene was therefore a possible cause. The calf

tested negative for BVDV, Schmallenberg virus and Cox-

iella burnetii using RT-PCR, and bacterial cultures for

E. coli, Brucella and Salmonella spp. were negative.

The genome of the affected calf was sequenced at ~139 cov-

erage using 2 9 150 bp reads on a HiSeq 3000 instrument.

The sequencing data were mapped to the UMD3.1 reference

genome and submitted to the European Nucleotide Archive

under project accession no. PRJEB18113 (sample accession

SAMEA4644751). A genome-wide a total of 7 890 388 single

nucleotide variants (SNVs), small insertion/deletion variants

(indels), were called with respect to the reference assembly as

described.6 Due to the lethal effect, we hypothesized that most

likely a protein-changing variant would be responsible for the

observed disease phenotype. The sequenced calf carried 31 046

protein-changing variants, which included not only missense

SNVs but also nonsense SNVs, indels in protein-coding regions

and splice site variants (Table S1), including 1665 variants that

are not contained in the known Bos taurus dbSNP 51 dataset.

A single heterozygous private variant Chr5:32 476 808G>A
in the COL2A1 gene is predicted to cause substitution of a gly-

cine residue with serine (NM_001001135.3:c.3166G>A; NP_
001001135.2:p.Gly1056Ser). Glycine at this position is con-

served across vertebrates (Fig. S1).

Sanger sequencing of PCR products using genomic DNA

samples extracted from the semen of the sire and the

blood of the dam revealed no evidence that the parents of

the affected calf were obviously germline or somatic

mosaic, as the identified variant in COL2A1 was absent in

both parents (Fig. S1).

Comments: The identified COL2A1missense variant, like most

of the alterations responsible for human ACG2, disrupts the

invariant GXY structural motif (with any amino acid at the

second and third positions) necessary for perfect triple-helix

formation and could thus lead to extensive overmodification,

intracellular retention and reduced secretion of type II colla-

gen, as previously established in the human form of the dis-

order.7 These predominantly glycine to non-serine residue

substitutions exclusively create more severe phenotypes,

such as achondrogenesis type II and hypochondrogenesis,

and correspond to the bovine COL2A1 allele most likely caus-

ing BD calf syndrome in the presented case.

© 2018 Stichting International Foundation for Animal Genetics, 50, 112–119
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Furthermore, it could be concluded that the identified

COL2A1 p.Gly1056Ser missense variant occurred de novo.

It is highly likely that the mutation occurred during early

embryonic development of the affected calf. This is exactly

the case for one (p.Gly720Ser) of the four BD calf syn-

dromes causing missense variants that were previously

reported.4 For Holstein cattle it is important to recognize

that, even within a single breed, phenotypically indistin-

guishable cases of BD calf syndrome show notable allelic

heterogeneity.
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Background

Bovine achondrogenesis type II is also known as bulldog calf

(BD) and is caused by a congenital chondrodysplasia

characterized by disproportionate growth of bones, resulting

in a shortened and compressed body, mostly because of the

reduced length of the spine and the long bones of the limbs.1

Moreover, severe facial dimorphisms, e.g. palathoschisis and

shortening of the viscerocranium, are present.1 Recessively

inherited variants in the ACAN gene are associated with the

so-called lethal Dexter BD type2 (OMIA 001271-9913),

whereas dominant inherited COL2A1 variants are related to

forms of bovine achondrogenesis type II or BD (OMIA

001926-9913). The latter may be inherited from mosaic

parents3–6 or due post-zygotic de novo muations.5,7,8 So far,

a total of seven pathogenic variants in the COL2A1 have

been reported.3–8

Own analysis

A stillborn purebred Holstein male calf was delivered after

dystocia. Gross pathology findings revealed a phenotype

resembling the bovine chondrodysplasia type II with the

additional presence of perosomus elumbis (Fig. S1). WGS

was performed using genomic DNA obtained from the ear

tissue of the calf as described before.7 The sequenced reads

were mapped to the ARS-UCD1.2 cattle reference genome,9

resulting in an average read depth of approximately 19.89.

The WGS data of the case can be found in the European

Nucleotide Archive under the sample accession no.

SAMEA7690227. A deleterious variant in the COL2A1

gene was hypothesized to be causal. Therefore, INTEGRATIVE

GENOMICS VIEWER software10 was used for visual inspection of

variants in the region of the COL2A1 gene on chromosome

5. A single pair of reads indicated the presence of a 6.7 kb-

sized deletion, and the sequence coverage within the deleted

segment is apparently depleted compared with the flanking

regions (Fig. S1). The deletion spanning 19 coding exons of

the COL2A1 gene was subsequently evaluated by perform-

ing a multiplex PCR across both breakpoints, revealing an

additional PCR product only in the affected calf (Fig. S1).

The two obtained PCR products across the breakpoints

represent the wt allele, and thereby we confirmed that the

case showing a third PCR product was indeed heterozygous

for the suspected structural variant. Sanger sequencing

revealed the precise breakpoints of the heterozygous dele-

tion from position 32 301 911 located in intron 25 to

32 308 589 located within exon 45. The 6679 bp deletion

includes the entire sequence of 18 exons (26–44) plus the
first 36 nucleotides of exon 45 (Fig. S1).

Comments

The heterozygous deletion is predicted to affect a large

portion of the COL2A1 gene. Two possible scenarios could

cause the observed phenotype: either haploinsufficiency or

co-expression of a significantly truncated protein. The

COL2A1 gene has a probability of loss-of-function intoler-

ance score of 1, meaning that it clearly falls into the class of

loss-of-function haploinsufficient genes.11 Consequently,

the observed phenotype could be explained by the non-

expression of the mutant allele. This has been speculated

recently as a cause for a BD case showing a heterozygous

3.5 kb deletion encompassing 10 exons of COL2A1.8 On the

other hand, the variant detected herein is deleting 1413 bp

of the coding sequence representing an in-frame deletion

that affects 438 residues of the triple helical region of the

COL2A1 protein. Owing to the lack of suitable material, it

remains unclear whether this shortened transcript encoding

a significantly truncated protein is expressed or not.

Nonetheless, the invariant Gly-x-y structural motif is

mandatory for perfect triple-helix formation and could thus

lead to extensive overmodification. It could be speculated

that the variant allele disrupts the triple-helical region of

alpha 1 (II) chain causing a dominant-negative effect

similar to most of the alterations responsible for achondro-

genesis/hypochondrogenesis type II in human patients

(OMIM 200610).

Interestingly, so far phenotypically indistinguishable

cases of BD calf syndrome in Holstein cattle have shown

notable allelic heterogeneity. This report presents another

large structural variant affecting the COL2A1 gene causing

a novel form of bovine achondrogenesis type II that

occurred in combination with the perosomus elumbis (PE)

phenotype (OMIA 000789-9913). Bovine PE has been

known as a congenital entity for a long time and shows a

certain morphological variation among cases in Holstein

cattle, but so far no molecular cause has been reported.12

Based on our findings, we postulate the COL2A1 gene as a

possible candidate gene for PE in cattle.
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CASE REPORT

A large deletion in the COL2A1 gene 
expands the spectrum of pathogenic variants 
causing bulldog calf syndrome in cattle
Joana Gonçalves Pontes Jacinto1,2 , Irene Monika Häfliger2 , Anna Letko2 , Cord Drögemüller2*†  
and Jørgen Steen Agerholm3† 

Abstract 
Background: Congenital bovine chondrodysplasia, also known as bulldog calf syndrome, is characterized by dis-
proportionate growth of bones resulting in a shortened and compressed body, mainly due to reduced length of the 
spine and the long bones of the limbs. In addition, severe facial dysmorphisms including palatoschisis and shortening 
of the viscerocranium are present. Abnormalities in the gene collagen type II alpha 1 chain (COL2A1) have been associ-
ated with some cases of the bulldog calf syndrome. Until now, six pathogenic single-nucleotide variants have been 
found in COL2A1. Here we present a novel variant in COL2A1 of a Holstein calf and provide an overview of the pheno-
typic and allelic heterogeneity of the COL2A1-related bulldog calf syndrome in cattle.

Case presentation: The calf was aborted at gestation day 264 and showed generalized disproportionate dwarfism, 
with a shortened compressed body and limbs, and dysplasia of the viscerocranium; a phenotype resembling bulldog 
calf syndrome due to an abnormality in COL2A1. Whole-genome sequence (WGS) data was obtained and revealed a 
heterozygous 3513 base pair deletion encompassing 10 of the 54 coding exons of COL2A1. Polymerase chain reaction 
analysis and Sanger sequencing confirmed the breakpoints of the deletion and its absence in the genomes of both 
parents.

Conclusions: The pathological and genetic findings were consistent with a case of “bulldog calf syndrome”. The iden-
tified variant causing the syndrome was the result of a de novo mutation event that either occurred post-zygotically 
in the developing embryo or was inherited because of low-level mosaicism in one of the parents. The identified loss-
of-function variant is pathogenic due to COL2A1 haploinsufficiency and represents the first structural variant causing 
bulldog calf syndrome in cattle. Furthermore, this case report highlights the utility of WGS-based precise diagnostics 
for understanding congenital disorders in cattle and the need for continued surveillance for genetic disorders in 
cattle.

Keywords: Chondrodysplasia, Congenital, Malformation, Precision medicine, Rare disease, Type II collagenopathy, 
Whole-genome sequencing

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://crea-
tivecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
!e bulldog calf syndrome (BDS) is a congenital form of 
bovine chondrodysplasia affecting bones with endochon-
dral osteogenesis. In its most severe form, this syndrome 
is lethal [1]. !e BDS is often exemplified by the Dex-
ter BDS type [2], which is linked to abnormalities in the 
aggrecan (ACAN) gene [3]. However other BDS types, 

Open Access

Acta Veterinaria Scandinavica

*Correspondence:  cord.droegemueller@vetsuisse.unibe.ch
†Cord Drögemüller and Jørgen Steen Agerholm contributed equally to 
this work
2 Institute of Genetics, Vetsuisse Faculty, University of Bern, Bremgartenstr. 
109a, 3001 Bern, Switzerland
Full list of author information is available at the end of the article



Page 2 of 8Jacinto et al. Acta Vet Scand           (2020) 62:49 

which share gross morphology features with Dexter type, 
are associated with abnormalities in other genes and 
occur in different cattle breeds. Abnormalities in the col-
lagen type II alpha 1 chain (COL2A1) gene causing BDS 
have been reported several times during the last 15 years 
(achondrogenesis/hypochondrogenesis type II in Bos 
taurus; OMIA 001926-9913; https ://omia.org/OMIA0 
01926 /9913/). !e purpose of this study was to report a 
variant in the COL2A1 gene leading to BDS and provide 
an overview of the phenotypic and allelic heterogeneity 
of COL2A1-related BDS.

Case presentation
A stillborn Holstein male calf with a body weight of 
18.1 kg was aborted at gestation day 264 (normal gesta-
tion 281  days (mean)). !e pregnancy was the result of 
insemination with semen of a purebred Holstein sire on 
a Holstein dam. !e parents were not related within at 
least four generations. !e calf had moderate autolysis 
and was frozen at − 20 °C before submission for necropsy 
and was examined after thawing.

!e calf had generalized disproportionate dwarfism 
resembling a case of BDS (Fig.  1). !e body appeared 
shortened and compact. !e limbs showed bilateral sym-
metric shortening, which especially affected the bones 
proximal to the phalanges, giving the limbs a compact 
appearance. !e phalanges were slightly rotated medially. 
!e limbs were sawed longitudinally, which confirmed 
the irregular development of diaphysis and the presence 

of enlarged chondroid epiphyses without ossification 
centers (Fig. 2a). Radiological examination prior to saw-
ing revealed normally structured phalangeal bones, but 
otherwise bones were only seen as irregular diaphyseal 
segments that could only be identified based on their 
location (Fig.  2b). Vertebrae had a similar appearance 
with enlarged chondroid epiphyses and irregular diaphy-
ses. !e head had dysplasia of the viscerocranium with 
shortening of the maxillary bones, palatoschisis, protru-
sion of the tongue and doming of the calvarium (Fig. 3). 
Longitudinal sawing of the head through the midline 
revealed that the direction of the brain axis was elevated 
due to the abnormally shaped neurocranium (Fig.  3a). 
Radiological examination highlighted the abnormally 
shaped bones (Fig.  3b). !e thorax was narrow and of 
reduced volume and was mostly occupied by an enlarged 
malformed heart. !e heart malformation consisted of 
bilateral ventricular dilation, muscular hypertrophy of 
the right ventricular wall and dilation of the pulmonary 
trunk. !e lung was hypoplastic and nonaerated. !e 
abdomen was dilated with eventration of intestinal seg-
ments and the liver appeared indurated. Due to the level 
of autolysis and freezing artefacts, histopathology was 
not performed.

Genetic analysis
Whole-genome sequencing using the NovaSeq  6000 
(illumina) was performed at a read depth of ~ 26× using 
DNA extracted from skin and cartilage from the ear of 

Fig. 1 Calf affected by the OMIA 001926-9913 bulldog calf syndrome. Note the short compact body and limbs and the malformed head. Segments 
of the intestine protruded through a defect in the ventral abdominal midline, probably as a result of insufficient space within the abdomen due to 
the short spine. Bar: 5 cm
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the calf. !e generated sequences were mapped to the 
ARS‐UCD1.2 reference genome, and single-nucleotide 
variants (SNVs) and small indel variants were called. 
!e applied software and steps to process fastq files 
into binary alignment map (BAM) and genomic vari-
ant call format (GVCF) files were in accordance with 
the latest 1000 Bull Genomes Project processing guide-
lines (www.1000b ullge nomes .com) [4]. Furthermore, 
CombineGVCFs and CatVariants of GATK v3.8 [5] were 
used to combine the GVCF files and the VariantFiltra-
tion tool of GATK was used to give the variants qual-
ity labels based on the standard GATK best practices. 
Lastly, functional impacts were annotated using SNPEFF 
v4.3 [6] by integrating the information from the NCBI 
Annotation Release 106 (https ://www.ncbi.nlm.nih.gov/
genom e/annot ation _euk/Bos_tauru s/106/). With the 
resulting GVCF, including all individual variants and 
their functional predictions, filtering for private vari-
ants was performed. We compared the genotypes of the 
calf with 494 cattle genomes of various breeds that had 
been sequenced in the course of other ongoing studies. 
!e WGS data of the case can be found on ENA under 

the sample accession number SAMEA6528902, while a 
comprehensive list with all ENA accession numbers is 
shown in Additional file 1. A total of 20 private protein-
changing single-nucleotide or short indel variants with 
a moderate or high predicted impact, located within 19 
different genes or loci, were identified (Additional file 2). 
!is list included no variants in COL2A1, the most likely 
candidate gene for the observed BDS phenotype. !ere-
fore, Integrative Genomics Viewer (IGV) [7] software 
was used for visual inspection of the genome region con-
taining COL2A1 on chromosome 5. A heterozygous 3513 
base pair (bp) sized deletion from position 32,303,127 
to 32,306,640 spanning 10 coding exons of the COL2A1 
gene leading to haploinsufficiency of the encoded colla-
gen type II alpha 1 chain protein was observed (Fig. 4). 
!e heterozygous gross deletion variant in COL2A1 is 
predicted to lead to a loss-of-function of the encoded col-
lagen type II alpha 1 chain protein and was not observed 
in any of the 494 cattle genomes used for comparison. 
!erefore, this variant was further investigated as a 
potentially causative variant for the observed phenotype.

Fig. 2 Lesions in the bones of the limbs. a Parasagittal longitudinal section through the femur showing a dysplastic irregular shaped diaphysis (D) 
bordered by enlarged chondroid proximal and distal epiphyses (PE and DE, respectively). b Radiographic image of a hind limb illustrating the severe 
bone abnormalities of most bones. Of the femur (F), tibia (T) and metatarsal bones (MT), only their irregularly shaped diaphysis are seen and these 
bones were only identifiable by their location. The phalangeal bones were well developed and of normal shape
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To evaluate whether the deletion in COL2A1 occurred 
de novo, the affected genomic region was amplified by 
polymerase chain reaction (PCR) and Sanger sequenced 
using DNA of the calf and both parents. Genomic DNA 
was extracted from EDTA blood and semen of the dam 
and sire respectively, and compared to the calf ’s DNA. 
PCR products were obtained by using primers flanking 
the detected COL2A1 deletion (forward: 5′-CAG GGG 
ATG GGT CTT CCT -3′ and reverse: 5′-GCG TTA GAG 
AGG GAG ACA GG-3′) and subsequently sequenced on 
an ABI3730 capillary sequencer (!ermofisher, Darm-
stadt, Germany). Only with the DNA of the affected calf, 
a PCR product of 128 bp could be amplified, whereas for 
both parents the amplification failed. Sanger sequencing 
of the obtained amplicon confirmed the previously iden-
tified breakpoints in combination with the insertion of a 
10-bp segment fused in-between (chr5:g.32303127_3230
6640delinsTCT GGG GAGC).

Discussion and conclusions
Based on the morphology of the presented BDS case, a 
causative genetic variation in the COL2A1 gene was sus-
pected. As for humans, the morphology of BDS in cat-
tle vary widely both in the overall gross morphology and 
in bone morphology as exemplified in Fig.  5. It appears 
that cases of BDS due to abnormalities in the COL2A1 
gene share a common morphology that separates them 
from at least some other types of bovine BDS, although 
few types of bovine BDS have been characterised to the 
molecular level. BDS cases due to abnormalities in the 
COL2A1 gene are delivered at term or during the last 
3  weeks of gestation. !e affected calves have a signifi-
cantly reduced body weight with a mean of 22.3 kg (vari-
ation 16.3–27.5  kg) for 11 Holstein cases [1, 8, 9]. !e 
body and limbs are short and compressed with the digits 
being almost half of normal size, but normally shaped. 
!e long bones of the limbs and the vertebrae have small 
irregular diaphyses and enlarged chondroid epiphyses. 
!e viscerocranium is dysplastic with palatoschisis, the 
neurocranium doomed causing dorso-caudal rotation 
of the brain, the heart is malformed due to the narrow-
spaced thorax, the lungs compressed and the liver with 
signs of chronic stasis. Cases of BDS that share this mor-
phology, should be suspected of having a defect in the 
COL2A1 gene; a suspicion that is helpful when analysing 
WGS data. However, in this case, filtering for private var-
iants in COL2A1 did not lead to the detection of a private 
single-nucleotide or short indel variant. Consequently, 
the genome data was visually inspected for the presence 
of structural variants in the gene that allowed the detec-
tion of a heterozygous gross deletion. It was assumed that 
it had occurred either post-zygotically in the developing 
embryo or was inherited from a parent having low-level 
mosaicism. !e former seems to be more likely as ampli-
fication of the mutant allele failed in the examined tissues 
of both parents, especially because the germline of the 
sire was analysed by extracting DNA from semen. !is 
means that the COL2A1 deletion observed in heterozy-
gous state in the affected offspring was most likely absent 
in the genome of both parents. !erefore, we can assume 
that the identified mutation arose indeed de novo in the 
developing embryo explaining this isolated case.

!is pathogenic variant is predicted to affect a large 
portion of the COL2A1 gene leading to haploinsuffi-
ciency. Recent large data from human genome sequenc-
ing studies presented in the Genome Aggregation 
Database (gnomAD) [10] showed that the probability 
of loss-of-function intolerance score for COL2A1 was 1 
meaning that COL2A1 falls into the class of loss-of-
function haploinsufficient genes. Collagens are normally 
extracellular structural proteins involved in formation 
of connective tissue structure. !e highly conserved 

Fig. 3 Gross morphology and radiographic findings in the head. 
a Midline section showing the shortened dysplastic face and the 
dorso-caudal angling of the brain stem (indicated by black lines). The 
section through the spine is slightly parasagttital, so the spinal cord 
is not seen. Frozen specimen. Bar: 5 cm. b Same specimen as in a 
highlightening the abnormally shaped bones
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sequence predominantly consists of repeated three 
amino acids with glycine (Gly) followed by two other 
amino acids (Gly-x-y, where x and y can be any amino 
acid) but glycine being mandatory for the tight packing of 
the polyproline II type helices within the triple helix [11] 
(Fig. 6). We assume that the pathogenic variant reported 
in this study disrupted the triple-helical region of alpha 1 
(II) chain and caused a dominant-negative effect similar 
to most of the alterations responsible for achondrogen-
esis/hypochondrogenesis type II (OMIM 200610; https 
://www.omim.org/entry /20061 0) in human patients. In 
man, variants in COL2A1 are associated with 15 different 
phenotypes exclusively following dominant inheritance 
(OMIM 120140).

Interestingly, the OMIA 001926-9913 BDS type 
occurs either as de novo or inherited from a mosaic par-
ent [12]. Mosaic sires have been found to transmit the 
dominant genetic abnormality to their offspring at rates 
ranging from 1 to 21% [12, 13] reflecting at what fetal 

developmental stage the gene change occurred. As it 
cannot be predicted if the abnormality is occurring de 
novo or if it is transmitted from a parent, cases must be 
analyzed in detail to prevent the birth of large numbers 
of defective offspring, in particular if the abnormality is 
transmitted from breeding sire with high generic merit 
used for artificial breeding.

A total of six independent pathogenic dominant vari-
ants in COL2A1, considered to be responsible for BDS, 
have been previously identified [8, 9, 12–14] (Table  1). 
All these variants involve a single nucleotide; five out of 
the six reported variants represent missense variants that 
cause a change in a glycine residue disrupting the Gly-x–
y structural motif essential for the assembly of the colla-
gen triple-helix.

!is is the first report of a large deletion in the 
COL2A1 gene associated with BDS. !e previous 
reported single nucleotide variants were missense and 
splicing. !e relevance of this case report is to show 

50 54exons 1 

COL2A1

a

CO
L2

A1
b

3513-bp deletion
c

31                40 10 20 

Chromosome 5

32.283 Mb 32.314 Mb 

32,303,127-bp 32,306,640-bp

Fig. 4 Schematic diagram of the COL2A1 gene showing the pathogenic variant causing BDS in the affected calf. a Location of the bovine COL2A1 
gene and causal variant indicated by the arrow on chromosome 5 of the ARS-UCD1.2 bovine genome assembly. b Schematic illustration of the 
bovine COL2A1 gene with its 54 annotated exons. c Integrative Genomics Viewer screenshot in the region of the heterozygous 3513‐bp deletion 
in combination affecting exons 31 to 40 of the COL2A1 gene. Note the drop in coverage and the truncated read‐alignments at the deletion 
breakpoints. Sequence reads coloured in dark red indicate the deletion as read‐pairs that map farther apart on the reference genome than the 
average insert size of the sequencing library
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that also larger-sized genomic deletions cause a simi-
lar congenital phenotype and thereby expanding the 
knowledge on this condition by emphasizing that dif-
ferent mutations in COL2A1 cause a uniform phe-
notype. For many genes it is known that the kind of 
genetic alteration influence the phenotypic outcome, 
e.g. the severity of a congenital defect varies or differs 
totally depending on the individual variant. Interest-
ingly for COL2A1 in cattle this seems not to be the case 

as different kinds of variants always cause an identi-
cal phenotype which is of importance for diagnostic 
pathologists. Furthermore, this report provides an 
overview of the phenotypic and allelic heterogeneity of 
the COL2A1-related BDS in cattle. !is example high-
lights the utility of WGS-based precise diagnostics for 
understanding disorders linked to de novo mutations in 
animals with an available reference genome sequence 

Fig. 5 Examples of the bulldog calf syndrome showing the wide spectrum of phenotypes. a The bulldog calf syndrome “prototype” as it occurs 
in Dexter cattle due to mutations in the ACAN gene. Aborted Dexter fetus; b Autosomal recessively inherited sublethal form of the bulldog calf 
syndrome as it occurred in Red Danish cattle [15]. The molecular basis of this phenotype is unknown
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and the need for continued surveillance for genetic 
disorders in cattle breeding. Genome sequencing 
might improve the precision of the clinicopathological 

diagnosis as sometimes unexpected variants in genes 
that were not known to be associated with a certain 
disorder could be detected.

VWFC domain

NC1 domain

p.Gly1056Ser

C-terminal non-helical region

p.Gly996Serp.Gly960Argp.Gly720Serp.Gly600Asp

Bos taurus GQPGVM      GARGLP     GEPGDD      GFPGLP      GVKGDR
Homo sapiens ......      .P.....    ......      ......      ......
Pan troglodytes ......      .P.....    ......      ......      ......
Mus musculus ...... .P.....    ......      ......      ......
Canis familiaris ...... .P.....    ......      ......      ......
Rattus norvegicus ...... .P.....    ......      ......      ......
Gallus gallus ...... .P.....    ....E.  ......      ......
Danio rerio ......      .P..... ..A.E.      ......      ....E.
Xenopus tropicalis ...... .P.....    ..S.E. ......      .I....

a

b

Triple-helical region

deletion of exons 31-40

Fig. 6 Schematic diagram of the COL2A1 protein. a Domain and region information for the α1 chain of type II collagen (COL2A1) obtained from 
the UniProt database (http://www.unipr ot.org/; accession number: P02459). Note that the large deletion (red arrow) affects the triple-helical region. 
b Multiple species alignment of the COL2A1 proteins across 9 different species showing a complete conservation of the affected residue. Note the 
pathogenic exchange of glycine residues of the Gly-x-y structural motif which is typical of triple-helical regions from collagen proteins reported 
in BDs-affected cases: p.Gly600Asp in Charolais Salers crossbreed calves, p.Gly720Ser in an isolated German Holstein calf [5], p.Gly960Arg in French 
Holstein calves [13], p.Gly996Ser in German Holstein calves [6] and p.Gly1056Ser in an isolated BD Holstein calf [14]. Protein sequences accession 
numbers in NCBI for each species are NP_001001135.2 (Bos taurus), NP_001835.3 (Homo sapiens), XP_509026.2 (Pan troglodytes), NP_112440.2 
(Mus musculus), NP_001006952.1 (Canis familiaris), NP_037061.1 (Rattus norvegicus), NP_989757.1 (Gallus gallus), NP_571367.1 (Danio rerio) and 
NP_989220.1 (Xenopus tropicalis)

Table 1 Previously reported genetic variants of COL2A1 causing the OMIA 001926-9913 bulldog calf syndrome in cattle

AD autosomal dominant, OMIA Online Mendelian Inheritance in Animals, https ://omia.org/home/
a Given positions correspond to chromosome 5 of the ARS-UCD1.2 assembly and NP_001001135.2

Inheritance Type of variant Varianta Breed References

AD, mosaicism Missense g.32307658G > A
p.Gly960Arg

Holstein [13]

AD, mosaicism Splicing g.32305226G > A Holstein [8]

AD, mosaicism Missense g.32301746G > A
p.Gly600Asp

Charolais × Salers [12]

AD, de novo Missense g.32303739G > A
p.Gly720Ser

Holstein [12]

AD, mosaicism Missense g.32308008G > A
p.Gly996Ser

Holstein [9]

AD, de novo Missense g.32308734G > A
p.Gly1056Ser

Holstein [14]
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Additional "le 1. EBI Accession numbers of all publicly available genome 
sequences. We compared the genotypes of the calf with 494 cattle 
genomes of various breeds that had been sequenced in the course of 
other ongoing studies and that were publicly available.

Additional "le 2. List of the remaining private protein-coding variants 
after comparison of the genotypes of the calf with 494 cattle genome. A 
total of 20 private protein-changing single-nucleotide or short indel vari-
ants with a moderate or high predicted impact, located within 19 different 
genes or loci, were identified.
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Simple Summary: Skeletal connective tissue disorders represent a heterogeneous group of inherited
disorders mostly monogenically inherited. Heritable connective tissue disorders such as osteogenesis
imperfecta (OI) belong to this group. Herein, an affected calf showing congenital bone lesions such as
intrauterine fractures, abnormally shaped long bones and localized arthrogryposis resembling OI type
II is reported. Whole-genome sequencing (WGS) identified a most likely disease-causing mutation in
the COL1A1 gene. The COL1A1 gene is known to be associated with dominant inherited OI type II
forms in humans and sporadically in dogs and cattle, but so far, a variant in the fibrillar collagen
NC1 domain has not been shown to cause a similar phenotype in domestic animals. We assume that
the herein identified most-likely causative variant occurred either within the parental germlines or
post-zygotically in the developing embryo. Rare lethal disorders such as OI in livestock are usually
not diagnosed to the molecular level, mainly because of the lack of resources and diagnostic tools.
WGS-based precision diagnostics allows understanding rare disorders and supports the value of
surveillance of cattle breeding populations for harmful genetic disorders.

Abstract: Osteogenesis imperfecta (OI) type II is a genetic connective tissue disorder characterized
by bone fragility, severe skeletal deformities and shortened limbs. OI usually causes perinatal death
of affected individuals. OI type II diagnosis in humans is established by the identification of het-
erozygous mutations in genes coding for collagens. The purpose of this study was to characterize the
pathological phenotype of an OI type II-affected neonatal Holstein calf and to identify the causative
genetic variant by whole-genome sequencing (WGS). The calf had acute as well as intrauterine
fractures, abnormally shaped long bones and localized arthrogryposis. Genetic analysis revealed
a private heterozygous missense variant in COL1A1 (c.3917T>A) located in the fibrillar collagen
NC1 domain (p.Val1306Glu) that most likely occurred de novo. This confirmed the diagnosis of OI
type II and represents the first report of a pathogenic variant in the fibrillar collagen NC domain of
COL1A1 associated to OI type II in domestic animals. Furthermore, this study highlights the utility
of WGS-based precise diagnostics for understanding congenital disorders in cattle and the need for
continued surveillance for rare lethal genetic disorders in cattle.

Keywords: cattle; Bos taurus; collagenopathy; skeletal disorder; bone disease; rare diseases; precision
medicine; whole-genome sequencing

1. Introduction
Osteogenesis imperfecta (OI) encompasses a heterogeneous group of rare genetic con-

nective tissue disorders characterized by skeletal abnormalities, leading to bone fragility,
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deformity, low bone mass and growth deficiency [1,2]. Decrease bone strength predisposes
to low-trauma factures or factures in atypical regions [3]. In humans, extra-skeletal mani-
festations of OI may include joint hypermobility, dentinogenesis imperfecta, blue sclera,
hearing loss, and more rarely pulmonary and cardiovascular complications, and muscle
weakness [2].

Currently, OI in humans is classified into as many as 18 types; the classification
depends on the genetic causes, severity and clinical observation [4]. OI types I-IV are
mainly associated with autosomal dominant variants in COL1A1 and COL1A2; OI type V is
a less frequent dominantly inherited form associated with variants in the novel gene IFTM5.
The remaining types of OI, which usually arise at much lower frequency are autosomal
recessive diseases while OI type XVIII has an X-linked inheritance pattern [2,4].

Since the second half of the 20th century several forms of OI have been reported
in domestic animal species, including sheep [5], cats [6], dogs [7] and cattle [8]. Until
now, one OI-related causative dominant variant in the COL1A1 is known in dogs (OMIA
002126-9615) [9] and two in cattle (OMIA 002127-9913) [10,11]. In dogs, three OI-related
causative dominant variants in the COL1A2 are also known (OMIA 002112-9615) [12–14]
and also in this species, an OI-related recessive form has been associated with a missense
variant in SERPINH1 (OMIA 001483-9615) [15].

In this study, we aimed to characterize an OI-affected Holstein calf, and to identify
the causative genetic variant associated with the disorder using whole-genome sequenc-
ing (WGS).

2. Materials and Methods

2.1. Pathological Investigation
A male Holstein calf with a weight of 30.6 kg was delivered at gestation day 264

(normal gestation 281 days (mean)). The pregnancy was the result of insemination with
semen of a purebred Holstein sire on a Holstein dam. The parents were not related within
at least four generations. The calf was immediately humanely euthanized by an intra-
venous overdose of barbiturate upon delivery due to severe malformations. The carcass
was submitted for necropsy during which radiographs were taken of the limbs. Tissue
samples were taken during the necropsy and included internal organs, brain, metacarpus,
metatarsus, humerus and tibia. These were fixed in 10 % neutral buffered formalin. Bone
specimens were thereafter transferred to an aqueous solution containing sodium formate
(0.5 mol/L) and formic acid (0.5 mol/L) (Kristensen’s decalcifying medium) until suitable
for cutting. The tissues were thereafter trimmed, processed by routine methods, paraffin
embedded, sectioned at 2 µm and stained with haematoxylin and eosin.

2.2. DNA Samples
Genomic DNA was extracted from skin and cartilage taken from the ear of the calf,

from EDTA blood of its dam and from semen of its sire using Promega Maxwell RSC DNA
system (Promega, Dübendorf, Switzerland).

2.3. Whole-Genome Sequencing
Using genomic DNA of the affected calf an individual PCR-free fragment library with

approximately 400 bp inserts was prepared and sequenced for 150 bp paired-end reads
using the NovaSeq6000 system (Illumina, San Diego, CA, USA). The sequenced reads
were mapped to the ARS-UCD1.2 reference genome resulting in an average read depth of
approximately 18.1⇥ [16], and single-nucleotide variants (SNVs) and small indel variants
were called. The applied software and steps to process fastq files into binary alignment map
(BAM) and genomic variant call format (GVCF) files were in accordance with the 1000 Bull
Genomes Project processing guidelines of run 7 (www.1000bullgenomes.com (accessed
on 31 August 2018)) [17], except for the trimming, which was performed using fastp [18].
Further preparation of the genomic data had been done according to Häfliger et al. 2020 [19].
The impact of the called variants was functionally annotated with snpeff v4.3 [20], using
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the NCBI Annotation Release 106 (https://www.ncbi.nlm.nih.gov/genome/annotation_
euk/Bos_taurus/106/ (accessed on 31 August 2018)), which resulted in the final VCF file,
including all individual variants and their functional annotations. In order to find private
variants, we compared the genotypes of the affected calf with 496 cattle genomes of various
breeds that had been sequenced in the course of other ongoing studies and that are publicly
available (Table S1) in the European Nucleotide Archive (SAMEA6528897 is the sample
accession number of the affected calf; http://www.ebi.ac.uk/en (accessed on 7 February
2020)). Integrative Genomics Viewer (IGV) [21] software version 2.0 was used for visual
inspection of genome regions containing possible candidate genes.

2.4. Targeted Genotyping
Polymerase chain reaction (PCR) and Sanger sequencing were used to validate and

genotype the variant identified from WGS. The COL1A1 missense variant (NM_001034039.2:
g.36473359T>A) was genotyped using the following primers: 50- ATCTTACTTTGCCCCACCCC-
30 (forward primer) and 50-GGCTACAAGGTCCAG CTCAC-30 (reverse primer). The sequence
data were analyzed using Sequencher 5.1 software (GeneCodes, Ann Arbor, MI, USA).

2.5. Evaluation of the Molecular Consequences of Amino Acid Substitutions
PROVEAN [22] and DynaMut [23] were used to predict the functional consequences

of the discovered variant on protein. For multispecies sequence alignments the following
NCBI proteins accessions were used: NP_001029211.1 (Bos taurus), NP_000079.2 (Homo sapi-
ens), XP_001169409.1 (Pan troglodytes), XP_001096194.2 (Macaca mulatta), NP_001003090.1
(Canis lupus), NP_031768.2 (Mus musculus), NP_445756.1 (Rattus norvegicus), NP_954684.1
(Danio rerio), NP_001011005.1 (Xenopus tropicalis).

2.6. Sequence Accessions
All references to bovine COL1A1 gene correspond to the NCBI accessions NM_001034039.2

(COL1A1 mRNA) and NP_001029211.1 (COL1A1 protein). For the protein, structure of COL1A1
the Uniprot database (https://www.uniprot.org/ (accessed on 31 August 2018)) accession
number P02453 was used.

3. Results

3.1. Pathological Phenotype
The limbs appeared shortened with bilateral symmetric flexion of the fetlock joint

and mild lateral rotation of the digits. Flexion of the thoracic limb metacarpo-phalangeal
joints was mild (15�) while it was almost 90� in the pelvic limbs. The tibiotarsal joints were
extended (Figure 1a). Multiple long bones were abnormal and especially the metacarpal
and metatarsal bones were bowed and appeared of reduced diameter (Figure 1b). Several
transverse or oblique fractures, some with displaced fracture ends, were present in the long
bones and the left hemimandible. Some fractures had fibrous callous formation and cortical
bone proliferation. Non-aligned fracture ends showed abnormal healing (Figure 1c,d),
while others were acute. Teeth appeared normal as did the color of the sclera.

Histology only revealed lesions in the bones. The epiphyseal trabeculae were reduced
in size and number (Figure 2a). Also, ossification was reduced as chondroid matrix was
widely present in bone spicules and occasional islets of chondroid matrix were seen. The
epiphyseal growth lines were normal, but as for the epiphyses, the metaphyseal and
diaphyseal trabecular bone was of reduced amount and quality. The cortical bone appeared
thinner (Figure 2b). The bony ends of the fractured left tibia were completely covered by a
prominent fibrous callus, while the fracture of the left metacarpus had no signs of repair.
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Figure 2. Photomicrographs showing the bone morphology of the OI affected Holstein calf. (a) The
epiphyseal spongiosa is characterized by small trabeculae with remnants of chondroid matrix (arrow
heads). The amount of spongious bone is reduced resulting in wide spaces between the trabeculae.
AC: articular cartilage. Distal epiphysis, metacarpus. (b) The compacta (double headed arrow) is
poorly developed and difficult to distinguish from the spongious bone. As for the epiphyses, the
trabecular bone is poorly developed. IP and OP: inner and outer layer of the periost, respectively.
Metaphysis, distal metatarsus. (a,b): Haematoxylin and eosin.
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3.2. Genetic Analysis
Filtering of WGS for private variants present in the affected calf and absent in the 496

available control genomes, identified 14 protein-changing variants with a predicted high
and moderate impact on the encoded protein. They were found to be heterozygous exclu-
sively in the OI-affected calf and absent in the 496 control genomes that were sequenced in
the course of other ongoing projects at the Institute of Genetics. These variants were further
investigated for their occurrence in a global control cohort of 3103 genomes of a variety of
breeds 1000 Bull Genomes Project run 7 [17], which revealed five protein-changing variants
exclusively present heterozygous in the genome of the affected calf (Table S2).

These five variants were subsequently visually inspected using IGV software confirm-
ing all as true variants. Of all the remaining private variants, only one occurred in an obvi-
ous candidate gene for OI (Figure 3a). The heterozygous variant at chr19:36473359T>A rep-
resents a missense variant in COL1A1 (NM_001034039.2: c.3917T>A; Figure 3c). This vari-
ant alters the encoded amino acid of COL1A1 residue 1306 (XP_024835395.1: p.Val1306Glu)
located in the fibrillar collagen NC1 domain (Figure 3d,e). Furthermore, the valine to
glutamine substitution affects an evolutionary conserved amino acid (Figure 3d) and was
predicted to be deleterious (PROVEAN score �4.96) and destabilizing (DynaMut, DDG:
�0.127 kcal/mol). To confirm and evaluate the presence of the COL1A1 variant, the af-
fected genomic region was amplified by PCR and Sanger sequenced in the calf, its sire and
dam (Figure 3b). Analyzing the sequencing data, we observed that the calf was indeed
heterozygous for the detected COL1A1 variant whereas the sire and dam were both ho-
mozygous for the wild type allele (Figure 3b). This showed that the mutation most likley
arose spontaneously in the affected calf and finally confirmed the diagnosis of OI type II.
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protein encompassing the region of the p.Val1306Glu variant demonstrates complete evolutionary conservation across
species. (e) Schematic representation of COL1A1 protein and its three functional domains.
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4. Discussion
The identified missense variant in COL1A1 in an obvious candidate gene represents

the most likely pathogenic variant associated with the observed OI phenotype. As for
humans, OI in cattle is a disorder characterized by bone fragility with perinatal fractures,
severe bowing of long bones and reduced mineralization. Furthermore, the OI type II form
is frequently lethal in utero or shortly after birth due to severe bone fragility and respiratory
insufficiency. In cattle, forms of OI type II (OMIA 002127-9913) have been reported in
Fleckvieh and Red Angus cattle associated to dominant acting pathogenic variants in
COL1A1 inherited from mosaic sires [10,11]. In humans, this disorder (OMIM 166210)
is linked to pathogenic variants in COL1A1 and COL1A2 with a dominant pattern of
inheritance. Thus, cases of OI with lesions typical for type II OI could be suspected of
having a defect in COL1A1 or COL1A2 genes; a suspicion that is helpful when analysing
WGS data. In this case, filtering for private variants lead to the identification of a missense
variant in COL1A1. We assume that this spontaneous mutation most likely occurred either
within the parental germlines or post-zygotically in the developing embryo. The mutant
allele was detected neither in the dam nor in the sire, given that the variant was not found
in the paternal germ line DNA which was analysed. This means that the missense variant
was exclusively present in heterozygous state in the affected offspring only. Therefore, it
appears more plausible that the identified mutation arose indeed de novo spontaneously in
the very early development of the calf. However, a low level mosaicism in the dam cannot
be excluded given that the DNA which was analysed was not from the germline.

The identified deleterious variant and the conservation of the affected amino acid
residue of COL1A at the position 1306 suggest that this variant is most likely pathogenic.
The affected valine residue is conserved across mammals and corresponds to isoleucine in
more distant related species such as clawed frogs or zebrafish. As isoleucine and valine are
highly similar amino acids having large aliphatic hydrophobic side chains their molecules
are rigid, and their mutual hydrophobic interactions are important for the correct folding of
proteins, as these chains tend to be located inside of the protein molecule. Because glutamic
acid expressed by the mutant allele carries a long hydrophilic acidic group with strong
negative charge it most likely impairs proper folding. Type I collagen is a member of group
I collagen (fibrillar forming collagen) and is located in the extracellular matrix (ECM). There
is a wide range of connective tissue disorders that occur from genetic abnormalities in ECM
proteins as for example OI. In contrast to heterozygous null mutations, most of the more
severe ECM disorders are caused by heterozygous missense mutations that interrupt the
protein structure [24]. Variants in genes coding for collagens provide the perfect scenario
for the impact of dominant negative protein structural mutations. In addition to variants
in COL1A1 and COL1A2 associated with OI, many pathogenic variants in COL2A1 and
COL10A1 are linked to chondrodysplasias [24].

Interestingly, the identified missense variant in this study occurred in the fibrillar
collagen NC1 domain, and by analogy with substitutions in this domain, as in collagen
alpha-10(X) in Schmid metaphysical chondrodysplasias (OMIM 156500), it would be ex-
pected to disrupt the collagen homotrimer assembly and secretion leading to proteosomal
degradation of the unassembled collagen chains [25–28]. To the best of our knowledge, no
pathogenic variant in fibrillar collagen NC1 domain of COL1A1 associated with OI has
been reported in domestic animal species and therefore represents the first large animal
model for mutations occurring in this domain of COL1A1.

5. Conclusions
This is the first report of a most likely pathogenic missense variant in OI type II-affected

cattle affecting the fibrillar collagen NC domain of COL1A1. So far, disease-causing variants
in COL1A1 in domestic animals were found only in the triple-helical region of the encoded
collagen protein. This case demonstrates that pathogenic variants in the other domains
of the COL1A1 protein also cause a similar congenital phenotype. Therefore, this finding
expands the spectrum of COL1A1 mutations that cause a uniform phenotype. Furthermore,
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this example highlights the utility of WGS-precise diagnosis for understanding sporadic
cases of congenital disorders associated to de novo mutations and the need for continued
surveillance of genetic lethal disorders in cattle breeding.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/2076
-2615/11/2/561/s1. Table S1: EBI Accession numbers of all publicly available genome sequences.
We compared the genotypes of the calf with 494 cattle genomes of various breeds that had been
sequenced in the course of other ongoing studies and that were publicly available, Table S2: List of
the remaining variants after the comparison to the global control cohort of 3103 genomes of other
breeds (1000 Bull Genomes Project run 7; www.1000bullgenomes.com (accessed on 31 August 2018)),
revealing 5 protein-changing variants only present in the genome of the OI type II-affected calf. These
5 variants with a moderate predicted impact on the encoded protein were located within 5 different
genes or loci. Note that the predicted pathogenic variant NM_001034039.2: c.3917T>A is the only one
located in a candidate gene for bone diseases.
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Background

Calves being stillborn is mostly reported to be due to infec-

tious diseases, and the calves do not usually show obvious

malformations.1 However, congenital disorders owing to

monogenic variation have been described, leading to a

variety of severe skeletal malformations, e.g. chondrodys-

plasia (OMIA 000187-9913), including bulldog calf syn-

drome (OMIA 001926-9913) and arachnomelia (OMIA

000059-9913; OMIA 001541-9913). In addition, chro-

mosomal disorders, like aneuploidies, defined as the copy

number variation of whole chromosomes, sporadically

explain severely malformed stillborns, as recently shown

in pulmonary hypoplasia with anasarca syndrome (OMIA

001562-9913).2

Own analysis

A 4-year old Original Braunvieh cow gave birth after

271 days of gestation to a stillborn malformed calf,

reported as having dwarfism with severe facial anomalies

(Fig. S1a). The purebred female calf apparently showed a

proportional dwarfism phenotype with no obvious limb

abnormalities. However, the head of the stillborn calf,

resembling hydrocephalus, appeared to have severe facial

dysplasia and brachygnathia, where the lower jaw

appears to be significantly shortened (Fig. S1a). Unfortu-

nately, further examinations, including necropsy, were

not performed. It was the second gestation of the dam.

The confirmed father was used as a natural service sire on

16 different farms and had produced 78 (35 female and

43 male) normal offspring. Nevertheless, owing to the

severity of the malformations a genetic origin was sus-

pected, possibly owing to a de novo mutation event.

Whole-genome sequencing of the affected calf was per-

formed using genomic DNA obtained from a submitted ear

tissue sample. The obtained sequence reads were mapped

to the latest reference genome ARS-UCD1.2, as described

before.2 This resulted in an average genome coverage of

179. The raw data are available on the European Nucleo-

tide Archive under project accession no. PRJEB18113 and

sample accession SAMEA6528888. Initially, the read

depth across chromosomes was analyzed in order to eval-

uate large duplications and deletions. Thereby, we

detected an increased read depth across the whole of chro-

mosome 29, compared with the rest of the genome

(Fig. S1b). The bamqc-file of the qualimap3 program

reports a read depth ranging between 15.39 and 16.39

for autosomes 1–28, whereas chromosome 29 shows a

1.5 times higher coverage of 23.99, which indicates a tri-

somy of bovine chromosome 29.

Comments

We postulate that the detected extra copy of chromosome

29 most likely caused the disorder in the presented case.

The literature describes few cases of trisomy observed in

cattle. Among other anomalies, all of the reported cases in

cattle describe facial dysplasia, brachygnatia and/or

palatoschisis, as well as malformations of the limbs.2,4-10

Whereas some trisomies such as 18, 20 and 21 are char-

acterized as lethal, living animals with trisomy 28 have

been described.7 Trisomies of chromosome 22 are

described by a variety of phenotypes, ranging from viable

calves to highly malformed aborts.4,8,9 Most trisomies, as

they have never been observed, are suspected to be lethal

and thereby cause spontaneous abortions at different

stages of gestation.9 The case described herein seems to be

the first evidence of a nearly full-term delivered calf being

born with trisomy in bovine chromosome 29. More com-

mon chromosomal anomalies in cattle are incidences of

translocations. In particular, in the so-called Robertsonian

translocation chromosome 29 fuses to chromosome 1.11

However, as the increased read depth in chromosome 29

is clearly indicating a trisomy, we exclude the possibility

of a translocation.

In conclusion, we suspect that the trisomy of bovine

chromosome 29 led to the lethal phenotype, including

facial dysplasia in the stillborn calf. The origin of bovine

trisomy 29 must have been due to non-disjunction during

gametogenesis in one of the parents or during early cell

division in the fertilized egg.
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Figure S1 (a) Gross morphology of the stillborn Original

Braunvieh calf with ~50 cm body length. Note the round-

shaped hydrocephalic-like head with extreme brachyg-

nathia. (b) Genome-wide average read depth analysis

(500 kb window size). Note the 1.5-fold increase in cover-

age of the entire chromosome 29 (red arrow).
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Abstract: Inherited channelopathies are a clinically and heritably heterogeneous group of disorders
that result from ion channel dysfunction. The aim of this study was to characterize the clinico-
pathologic features of a Belgian Blue x Holstein crossbred calf with paradoxical myotonia congenita,
craniofacial dysmorphism, and myelodysplasia, and to identify the most likely genetic etiology. The
calf displayed episodes of exercise-induced generalized myotonic muscle stiffness accompanied
by increase in serum potassium. It also showed slight flattening of the splanchnocranium with
deviation to the right side. On gross pathology, myelodysplasia (hydrosyringomielia and segmental
hypoplasia) in the lumbosacral intumescence region was noticed. Histopathology of the muscle
profile revealed loss of the main shape in 5.3% of muscle fibers. Whole-genome sequencing revealed a
heterozygous missense variant in KCNG1 affecting an evolutionary conserved residue (p.Trp416Cys).
The mutation was predicted to be deleterious and to alter the pore helix of the ion transport domain
of the transmembrane protein. The identified variant was present only in the affected calf and not
seen in more than 5200 other sequenced bovine genomes. We speculate that the mutation occurred
either as a parental germline mutation or post-zygotically in the developing embryo. This study
implicates an important role for KCNG1 as a member of the potassium voltage-gated channel group
in neurodegeneration. Providing the first possible KCNG1-related disease model, we have, therefore,
identified a new potential candidate for related conditions both in animals and in humans. This study
illustrates the enormous potential of phenotypically well-studied spontaneous mutants in domestic
animals to provide new insights into the function of individual genes.

Keywords: cattle; channelopathy; skeletal muscle; neuromuscular disorder; paradoxical myotonia
congenita; potassium voltage-gated channel; precision medicine; hydrosyringomyelia; craniofacial
dysmorphism

1. Introduction

Inherited channelopathies represent a clinically and heritably heterogeneous group
of genetic disorders that result from a ion channel dysfunction of all cellular plasma
membranes and/or of cell organelles [1]. They usually follow a dominant inheritance [1].

Neuromuscular channelopathies can cause different diseases affecting the brain, spinal
cord, peripheral nerve, and/or muscle [2]. In particular, those that lead to primary skeletal
muscle diseases, the so-called skeletal muscle channelopathies, exhibit a clinical spectrum
ranging from flaccid paralysis to myotonia, the latter defined as delayed relaxation of a
muscle that has been voluntarily or reflexively contracted [3].

In human medicine, skeletal muscle channelopathies are associated with pathogenic
variants in genes coding for ion channels that influence muscle excitability [1,4]. They
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are subdivided into two types, periodic paralysis (PPs) and non-dystrophic myotonias
(NDMs) [5].

Various forms of PPs are due to abnormal depolarization that inactivates sodium chan-
nels, causing decreased muscle excitability of the muscle membrane, often accompanied by
changes in extracellular potassium. The main finding is the susceptibility to episodes of
focal or generalized weakness and paralysis [1]. This group of channelopathies includes
three conditions: (a) hypokalemic periodic paralysis (HypoPP); (b) hyperkalemic periodic
paralysis (HyperPP); and (c) Andersen-Tawil syndrome. HypoPP is the most common PP in
humans, characterized by episodes of flaccid muscle weakness associated with low serum
potassium levels, lasting hours to days [6]. The attacks of flaccid paralysis typically occur
after waking during the night or early morning. It is due to a dysfunction of calcium chan-
nels associated with heterozygous variants in CACNA1S [7] or to a dysfunction of sodium
channels associated with heterozygous variants in SCN4A [8]. HyperPP is characterized
by episodes of flaccid muscle weakness associated with elevated serum potassium levels
and occasional myotonia lasting minutes to hours [2]. It is due to dysfunction of sodium
channels also associated with mutations in SCN4A [9]. The Andersen–Tawil syndrome is
characterized by the following clinical triad: periodic paralysis, cardiac manifestations, and
abnormal physical features. It is due to dysfunction of potassium channels associated with
variants in KCNJ2 [2,10]. In veterinary medicine, a SCN4A-related equine form of HyperPP
has been reported (OMIA 000785-9796) [11].

Various forms of NDMs are due to defects in the muscle fiber repolarization, resulting
in muscle hyperexcitability and myotonic discharges [10]. The main findings are muscular
stiffness, in the absence of severe fixed weakness or muscle wasting, and muscle hypertro-
phy [4]. NDMs encompasses three different disorders, defined as following: (a) myotonia
congenita (MC); (b) paramyotonia congenita (PMC); and (c) Na channel myotonias [6]. MC
is the most common skeletal muscle channelopathy in humans, characterized by stiffness
especially during rapid movements after a period of rest (action myotonia), and improving
with exercise (“warm-up phenomenon”) [3]. It is due to a dysfunction of chloride channels
associated with dominant (Thomsen’s disease) or recessively (Becker’s disease) inherited
mutations in CLCN1 [12]. PMC is characterized by stiffness that, unlike MC, worsens with
sustained exercise (exercise-induced or paradoxical myotonia) [6]. The symptoms last
for seconds to minutes following the exercise. It is due to a dysfunction of sodium chan-
nels [13] also associated with heterozygous pathogenic variants in SCN4A [14]. There are
several subtypes of sodium channel myotonia, such as acetazolamide-responsive myotonia,
myotonia that develops approximately 10–20 min after exercise (myotonia fluctans) [15], and
severe persistent myotonia associated with unique electromyographic pattern (myotonia
permanens) [16]. Common to these subtypes is exacerbation by K (potassium-aggravated
myotonias). Similarly to the PMC, they are all also associated with heterozygous pathogenic
variants in SCN4A [14].

In veterinary medicine, forms of MC have been reported in horses (OMIA 000698-
9796) [17], dogs (OMIA 000698-9615) [18], cats (OMIA 000698-9685) [19], sheep (OMIA
000698-9940) [20], and goats (OMIA 000698-9925) [21], associated with pathogenic variants
in the orthologue CLCN1 genes.

Altogether, it can be said that many clinicopathological similarities to CLCN1- and
SCN4A-related human genetic diseases can be evidenced in veterinary pathology, high-
lighting the usefulness of translational research in the field of the congenital neuromuscular
channelopathies. To our knowledge, no neuromuscular channelopathies have been re-
ported in cattle. Therefore, with the present study we intended to characterize the clinical
and pathological phenotype of a crossbred calf affected by congenital paradoxical myotonia,
craniofacial dysmorphism, and myelodysplasia, and to find a possible genetic explanation
after whole-genome sequencing (WGS).
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2. Materials and Methods

2.1. Clinical and Pathological Investigation
A five-day-old male Belgian Blue x Holstein crossbred calf, weighting 47 kg, was

admitted to the University of Bologna due to difficulty on quadrupedal stance and lo-
comotion due to generalized muscle stiffness present since birth. The affected calf was
clinically examined and a complete blood count (CBC), serum biochemical analysis, and
venous blood gas analysis were obtained. Blood gas and serum biochemical analysis were
performed at rest and after stimulation. Stimulation was the term used when the calf was
in quadrupedal stance.

Nineteen days after hospitalization the calf showed a worsening of the general condi-
tion related to neuromuscular disease and was euthanized for welfare reasons. The calf
was subsequently submitted for necropsy and histologic examination. Semimembranosus
muscle was fixed in buffered neutral paraformaldehyde at 4 �C, washed in phosphate-
buffered saline and de-hydrated through a graded series of ethanol. Samples embedded in
paraffin were cut at 5 µm and stained with hematoxylin and eosin (H&E), or Azan–Mallory
method, specific for detection of collagen fibers. Muscle sections were scanned with a
semiautomatic microscope equipped (D-Sight v2, Menarini Diagnostics, Florence, Italy)
with a computer. The average percentage of pathological muscle fibers was determined as
the ratio of muscle fibers that lost their main shape and/or took a round shape to the total
muscle fibers in the region. The spinal cord was fixed in 10% buffered formalin, embedded
in paraffin, cut at 4 µm, and stained with hematoxylin and eosin (H&E), Periodic acid-Schiff
(PAS), and Luxol-Fast-Blue for histological evaluation.

2.2. DNA Extraction, Whole-Genome Sequencing and Variant Calling
Genomic DNA was isolated from EDTA blood of the affected calf using a Promega

Maxwell RSC DNA system (Promega, Dübendorf, Switzerland). Using genomic DNA
from the affected calf, an individual PCR-free fragment library with approximately 400
bp inserts was created and sequenced on a NovaSeq6000 for 150 bp paired-end reads
(Illumina, San Diego, CA, USA). The sequenced reads were aligned to the ARS-UCD1.2
reference genome, resulting in an average coverage of approximately 17.4⇥ [22], and single-
nucleotide variants (SNVs) and small indel variants were called. The applied software
and steps to process fastq files into binary alignment map (BAM) and genomic variant
call format (GVCF) files were in accordance with the processing guidelines of the 1000
Bull Genomes Project (run 7) [23], with the exception of trimming, which was performed
with fastp [24]. Further processing of the genomic data was performed according to
Häfliger et al. 2020 [25]. The effects of the above variants were functionally evaluated with
snpeff v4.3 [26], using the NCBI Annotation Release 106 (https://www.ncbi.nlm.nih.gov/
genome/annotation_euk/Bos_taurus/106/; accessed on 17 July 2021). This resulted in
the final VCF file, containing individual variants and their functional annotations. To find
private variants, we compared the genotypes of the case with 691 cattle genomes of different
breeds sequenced as part of the ongoing Swiss Comparative Bovine Resequencing project.
All of its data are available (Table S1; https://www.ebi.ac.uk/ena/browser/view/PRJEB1
8113 accessed on 17 July 2021) in the European Nucleotide Archive (SAMEA7690196 is
the sample accession number of the affected calf). Integrative Genomics Viewer (IGV) [27]
software version 2.0 was used for visual evaluation of genome regions containing potential
candidate genes.

2.3. Validation and Selection of Potential Canidate Variants
2.3.1. Occurrence of Variants in a Global Control Cohort

The comprehensive variant catalogue of run 9 of the 1000 Bull Genomes Project was
available to investigate the allele distribution of variants within a global control cohort
(www.1000bullgenomes.com; accessed on 17 July 2021) [23]. The whole data set includes
5116 cattle genomes including 576 from the Swiss Comparative Bovine Resequencing
project, from a variety of breeds (>130 breeds indicated). Within the dataset, there are 9

https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ebi.ac.uk/ena/browser/view/PRJEB18113
https://www.ebi.ac.uk/ena/browser/view/PRJEB18113
www.1000bullgenomes.com
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purebred Belgian Blue and 1209 purebred Holstein cattle, allowing for the exclusion of
common variants.

2.3.2. In Silico Assessment of the Molecular Consequences of Amino Acid Exchanges
Mutpred2 [28], PROVEAN [29] and PredictSNP1 [30] were used to predict the biologi-

cal consequences of the detected missense variant. For cross-species sequence alignments,
the following NCBI protein accessions were considered: NP_001192648.1 (Bos taurus),
NP_002228.2 (Homo sapiens), XP_001168521.2 (Pan troglodytes), XP_543053.2 (Canis lupus),
NP_001074603.1 (Mus musculus), NP_001100015.1 (Rattus norvegicus), XP_004947317.1
(Gallus gallus), and NP_001103880.1 (Danio rerio), NP_001096675.1 (Xenopus tropicalis).

2.4. Sequence Accessions
All references to the bovine KCNG1 gene correspond to the NCBI accessions NC_037340.1

(chromosome 13, ARS-UCD1.2), NM_001205719.1 (KCNG1 mRNA), and NP_001192648.1
(KCNG1 protein). For the protein structure of KCNG1 the Uniprot database (https:
//www.uniprot.org/; accessed on 17 July 2021) with accession number Q9UIX4 was used.

3. Results

3.1. Clinical Phenotype
On clinical examination at the time of admission, the calf was bright and alert but

with generalized muscle stiffness that prevented it from spontaneously assuming and
maintaining the quadrupedal stance.

At rest, the animal preferred the sternal recumbency, with the forelimbs folded under
its chest while the hindlimbs were rigid and hyperextended (Figure 1a). It was not possible
to flex the hindlimbs due to the muscle stiffness. If stimulated to stand the muscle stiffness
increased inducing a rigid posture accompanied by spastic contractions that prevented him
to acquire a definitive quadrupedal stance. On the contrary, if gently passively positioned,
the calf was able to acquire and maintain the quadrupedal stance. In standing, the hind
limbs were contracted and hyperextended, especially the right hindlimb that showed
caudal stretching (Video S1). Additionally, the back was slightly arched, and the tail head
elevated (Figure 1b). The thoracic girdle was also involved but less severely. On hooping
and hoof replacement, the calf was unable to re-acquire the physiological position of the
limbs/hoof. Unless supported, the calf was unable to walk or maintain the quadrupedal
stance for long time. In fact, uncontrolled hypertonic postural reactions and muscular
contractions resulted in loss of stance, with a fall in lateral recumbency. If not further
stimulated and stressed, the stiffness slowly tended to decrease, enabling the calf to acquire
the sternal recumbency. However, the hypertonia never disappeared completely. The
cutaneous trunci reflex was increased in intensity as well as the withdrawal reflex of the
forelimbs while in the hindlimbs the latter was absent. No abnormalities in the cranial
nerves’ reflexes, threat response, and pain perception were noticed.

The calf showed a slight flattening of the splanchnocranium with deviation to the right
side. It displayed carpal and tarsal skin lesions due to permanent recumbency. Moreover,
the animal presented diarrhea.

CBC revealed moderate leukocytosis (23,650/mm3) with neutrophilia (14,280/mm3)
and monocytosis (2400/mm3). Serum biochemical profile after stimulation showed increase
in: creatinine kinase, lactate dehydrogenase (LDH), L-lactate, potassium (K+), and calcium
(Ca2+) (Table 1).

Based on the clinical findings, the calf was suspected of suffering from a form
of paradoxical myotonia congenita and/or from a spinal cord lesion associated with
craniofacial dysmorphism.

https://www.uniprot.org/
https://www.uniprot.org/
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Figure 1. Crossbred calf with a congenital neuromuscular disorder characterized by paradoxical myotonia congenita and 
myelodisplasia. (a) Sternal recumbency at rest. Note that the calf sustains the forelimbs folded underneath its chest while 
the hindlimbs are hyperextended. (b) Quadrupedal stance after passive positioning. Note that the pelvic girdle appears to 
be more affected with a marked hyperextension of the hindlimbs, the back is slightly arched, and the tail head is elevated. 
The thoracic girdle was affected with the forelimbs’ hoofs resting on tip. 
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and monocytosis (2400/mm3). Serum biochemical profile after stimulation showed in-
crease in: creatinine kinase, lactate dehydrogenase (LDH), L-lactate, potassium (K+), and 
calcium (Ca2+) (Table 1). 

Table 1. Results of altered parameters of serum biochemical profiles of the affected calf at rest and after stimulation. 

Parameter At Rest After Stimulation Unit of Measure 
Creatinine kinase (CK) 147 329 IU/L 

Lactate dehydrogenase (LDH) 1975 2556 IU/L 
L-lactate 1 3.8 mmol/L 

Potassium (K+) 3.6 4.3 mmol/L 
Calcium (Ca2+) 0.99 1.14 mmol/L 

Based on the clinical findings, the calf was suspected of suffering from a form of par-
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of the spinal cord (myelodysplasia) between lumbar spinal nerves IV and VI associated 
with hydrosyringomyelia between lumbar spinal nerves III and V with the larger cavity 
at the level of lumbar spinal nerve IV (Figure 2a,b). Macroscopically, the muscles were 
normal. 

Microscopically, at lumbar spinal nerves III to V there were two cavities with only 
the larger partially lined by ependymal cells (hydrosyringomielia) (Figure 2c). Vasogenic 
and intramyelinic edemas were present in the areas around the cavities, characterized as 
multiple fluid-filled clear extracellular spaces in the gray matter. Around the capillaries 
near the smaller channel, there was neutrophilic and lymphoid inflammatory cells. The 
astrocytes in the white matter showed foci of chromatin margination. 

Figure 1. Crossbred calf with a congenital neuromuscular disorder characterized by paradoxical myotonia congenita and
myelodisplasia. (a) Sternal recumbency at rest. Note that the calf sustains the forelimbs folded underneath its chest while
the hindlimbs are hyperextended. (b) Quadrupedal stance after passive positioning. Note that the pelvic girdle appears to
be more affected with a marked hyperextension of the hindlimbs, the back is slightly arched, and the tail head is elevated.
The thoracic girdle was affected with the forelimbs’ hoofs resting on tip.

Table 1. Results of altered parameters of serum biochemical profiles of the affected calf at rest and
after stimulation.

Parameter At Rest After Stimulation Unit of Measure

Creatinine kinase (CK) 147 329 IU/L
Lactate dehydrogenase (LDH) 1975 2556 IU/L

L-lactate 1 3.8 mmol/L
Potassium (K+) 3.6 4.3 mmol/L
Calcium (Ca2+) 0.99 1.14 mmol/L

3.2. Pathological Phenotype
At gross pathology, the examination of central nervous system revealed narrowing of

the spinal cord (myelodysplasia) between lumbar spinal nerves IV and VI associated with
hydrosyringomyelia between lumbar spinal nerves III and V with the larger cavity at the
level of lumbar spinal nerve IV (Figure 2a,b). Macroscopically, the muscles were normal.

Microscopically, at lumbar spinal nerves III to V there were two cavities with only
the larger partially lined by ependymal cells (hydrosyringomielia) (Figure 2c). Vasogenic
and intramyelinic edemas were present in the areas around the cavities, characterized as
multiple fluid-filled clear extracellular spaces in the gray matter. Around the capillaries
near the smaller channel, there was neutrophilic and lymphoid inflammatory cells. The
astrocytes in the white matter showed foci of chromatin margination.

Routinely morphological (hematoxylin-eosin) analysis was used for histopathological
evaluation on semimembranosus muscle biopsy sections. Muscle parenchyma showed
normal fibers distribution. (Figure 3a). Nevertheless, some fibers appeared round shaped
(Figure 3c) and most of them exhibited an enlarged cross-sectional area (Figure 3d). It was
determined that the average percentage of pathological muscle fibers was 5.3%. A possible
presence of fibrosis was determined by Azan–Mallory staining (Figure 3b). No signs of
fibrosis were found in the sections obtained from the tissue. Infiltrated inflammatory
mononuclear cells were not revealed by histological analysis of the muscle.
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Figure 2. Myelodysplasia associated with hydrosyringomyelia in the affected calf. (a) Note the
narrowing of the spinal cord between lumbar spinal nerves IV (L4) and VI (L6) (myelodysplasia).
(b) Transversal section of the spinal cord between lumbar spinal nerve V (L5) and VI (L6). Note the
cavity formed within the spinal cord. (c) Histological section of (b). Note that there are two cavities
with only the larger partially lined by ependymal cells (hydrosyringomielia). hematoxylin and eosin
(H&E) staining.

3.3. Genetic Analysis
Assuming spontaneous mutation as the cause of this congenital neuromuscular condi-

tion, the WGS data were filtered for heterozygous coding variants that were present in the
calf and were absent in the 691 available cattle genomes of different breeds. Thereby, 151
variants with a predicted high or moderate impact were identified (Table 2). In a second
step, these variants were analyzed for their occurrence in a global cohort of 4540 genomes
from a variety of breeds. This revealed 27 remaining protein-changing variants that are ex-
clusively heterozygous in the affected calf and absent in all controls. These 27 variants were
then visually inspected using the IGV software (Broad institute, Cambridge, MA, USA),
which confirmed 25 as true variants (Tables 2 and S2).

Table 2. Results of whole-genome sequencing variant filtering of the calf affected by paramyotonia
congenita and myelodysplasia.

Filtering Step Homozygous Variants Heterozygous Variants

All variants 2,562,043 5,168,233
Private variants 3580 21,104

Protein-changing private variants
using 691 cattle genome controls 12 115

Remaining protein-changing private
variants using a global control cohort

of 4540 cattle genomes and
subsequent IGV inspection

0 25
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Figure 3. Histological features of semimembranosus muscle of the studied case. Transversal sections
from muscle biopsies were stained with hematoxylin and eosin (a,c,d) or with Azan–Mallory method
(b) to identify collagen fibers. Enlarged round shaped fibers are highlighted in panels (c,d). The
percentage value of round shaped fibers (5.3%) was determined as the ratio of muscle fibers that
lost their main shape and/or took a round shape to the total muscle fibers in the region. Scale bars
correspond to 100 m in panels (a,b), and 50 and 25 m in panels c and d, respectively.

Among these 25 remaining private variants, one single variant affects an interesting
functional candidate gene for the studied phenotype (Figure 4a). This heterozygous
variant at chr13:78918850C>A is a missense variant in exon 2 of the potassium voltage-
gated channel modifier subfamily G member 1 (KCNG1) gene (NM_001205719.1: c.1248G>T;
Figure 4b). It exchanges the encoded amino acid of KCNG1 at position 416 (NP_001192648.1:
p.Trp416Cys), located in the pore helix of the ion transport domain (Figure 4c). Furthermore,
the tryptophan-to-cysteine substitution affects a highly conserved residue (4d), and was
predicted to be deleterious by three different tools (Mutpred2 score 0.951; PROVEAN score
-12.212; PredictSNP1 score 0.869) and to alter the transmembrane protein and ordered
interface. Unfortunately, biological samples of the dam and sire that were slaughtered in
the meantime, were not available. Analysis of the other 24 identified variants, taking into
account the known function of the gene, the reported association with Mendelian diseases,
and/or the in silico assessment of the molecular consequences of the variants in the protein,
did not reveal any other plausible cause for the observed phenotype (Table S2).
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Figure 4. KCNG1 missense variant in a crossbred calf with paradoxical myotonia congenita and myelodysplasia.
(a) Structure of KCNG1 showing the exon 2 variant located on chromosome 13. (b) IGV screenshot presenting the Chr13:
78918850C>A variant in the affected calf. (c) Schematic representation of KCNG1 protein and its functional domains with
the position of the identified pathogenic variant (red arrow). The six transmembrane domains are shown in blue (S1-S6).
(d) Cross-species sequence comparison of the ion transport domain of the KCNG1protein with the region around the
p.Trp416Cys variant shows complete evolutionary conservation.

Assuming recessive inheritance, filtering of WGS data for homozygous coding variants
present in the calf and missing in the 691 control genomes of different breeds identified
12 variants with likely moderate impact. These 12 variants were further investigated for
their occurrence in a diverse cohort of additional 4540 bovine genomes, which revealed the
absence of variants only present homozygous in the affected calf (Table 2).

4. Discussion

This study aimed to investigate the clinicopathological phenotype and the underlying
genetic cause in a crossbred calf displaying paradoxical myotonia congenita, craniofacial
dysmorphism and myelodysplasia. The phenotype of this syndromic form of congenital
neuromuscular disorder displays striking similarities with SCN4A-related forms of human
PMC because it presents with episodes of exercise-induced generalized myotonic muscle
stiffness. Clinical diagnosis of PMC in humans is based on consistent history, and typical
clinical and electromyographic findings [6].

In PMC patients, changes in muscle fiber diameters and internal nuclei are also among
the nonspecific histologic features suggestive of mild myopathic changes [31]. The muscle
profile in this study revealed that 5.3% of muscle fibers lost their main shape and/or took
a round shape to the total muscle fibers in the region, findings that are consistent with
the human PMC features. However, the lack of an electromyography prevented a definite
categorization of this paradoxical myotonia as PMC.

Moreover, some further phenotypical differences from the typical form of human
PMC were noticed, such as: (1) increase in serum K+ after stimulation; (2) inability to relax
muscle immediately after the stimulation; (3) craniofacial dysmorphism; and (4) permanent
extension of the hindlimbs, the latter explained by the retrieved myelodysplasia associated
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with hydrosyringomyelia in the lumbosacral intumescence region. Taken together, the
muscle stiffness episodes and the findings of points (1) and (2) more resembled CACNA1S-
related forms of HyperPP. Human patients with this genetic disease show an increase in
serum potassium during an attack [4]. Moreover, approximately half of the patients display
muscle stiffness arising from myotonia or paramyotonia [32]. On the other side, consider-
ing the clinical muscle findings and point (3)—craniofacial dysmorphism—the observed
phenotype shows similarities to the human KCNJ2-related Andersen–Tawil syndrome.

Hence, to the best of our understanding, our patient showed a previously unreported
combination of paradoxical myotonia congenita, hyperkalemia during episodes, craniofa-
cial dysmorphism, and myelodysplasia associated with hydrosyringomyelia, representing
a novel clinicopathological presentation.

In humans, genetic confirmation of known pathogenic variants in SCN4A-related
PMC and HyperPP, and KCNJ2-related Andersen–Tawil syndrome-related, is included
in the diagnosis of these disorders [6]. In the studied calf, no candidate causal variant in
CACNA1S, SCN4A, or KCNJ2 were found by genome re-sequencing. Likewise, in human
medicine, patients with phenotypical characteristics of PMC, HyperPP, and Andersen–
Tawil syndrome were found not to present pathogenic variants in the SCN4A or in KCNJ2,
suggesting further genetic heterogeneity [33]. Therefore, we evaluated the possible genetic
cause for this novel congenital phenotype systematically, assuming both recessively inher-
ited and de novo mutations. Our results from the analysis of WGS data showed that there
was not a single homozygous protein-changing variant present in the affected calf, ruling
out a possible recessive inheritance as the most likely cause. Furthermore, as our case was
an offspring of a crossbred mating it seems to be highly unlikely that a monogenic reces-
sive variant was causal. Especially since no bovine simple genetic disease is known that
segregates in such diverse dairy and beef breeds as Holstein and Belgian-Blue, respectively.
Therefore, the more plausible explanation would be to search for allelic heterogeneity,
meaning two different (breed-specific) coding variants affecting the same gene. Our results
from the WGS identified 25 heterozygous private protein-changing variants present in
the genome of the affected calf which were absent in a cohort of more than 5200 cattle
genomes. Considering the known function of the affected gene, the rarity of the variant,
and the outcome of the in silico effect prediction, the identified heterozygous KCNG1
missense variant was assumed to represent the most likely genetic cause for the observed
phenotype. We could only speculate that the mutation either occurred post-zygotically in
the developing embryo or it represents a germline mutation in the dam or sire. To confirm
that the identified mutation in the KCNG1 gene occurred indeed de novo, genotyping
of the parents would be needed. Unfortunately, no genetic material of both parents was
available. To the best of our knowledge, no pathogenic variant in KCNG1 gene has been
reported in animals and humans. Therefore, this study represents the first example of a
KCNG1-related neuromuscular disorder as a conserved residue in the pore helix of the ion
transport domain of the potassium voltage-gated channel subfamily G member 1 protein
is altered.

Voltage-gated potassium channels represent a family of transmembrane proteins that
are highly expressed in the central nervous system of the mammalian species, playing a
major role in the control of neuronal excitability [34]. Additionally, they regulate a variety
of electrophysiological properties, including the interspike membrane, the wave-form of
the action potential and the firing frequency [35]. In particular, KCNG1 is a potassium
channel subunit that cannot form functional channels by itself [36]. However, it forms
functional channels with the KCNB1 (one of the most important voltage-gated potassium
channels) and modulates the delayer rectifier voltage-gated potassium channel activation
and deactivation rated of this protein [34,37]. Specifically, KCNG1 in co-expression with
KCNB1 results in potassium channels that have slower kinetics of deactivation, due to a
negative shift of the steady-state activation curve, and marked slowing of deactivation
tail currents [34,37]. The performed in silico evaluations of the identified p.Trp416Cys
mutation predicted that this mutation altered the transmembrane protein and ordered



Genes 2021, 12, 1792 10 of 12

interface. Therefore, we hypothesize that our mutant protein leads to a malfunction of
the encoded channels allowing an additional release of intracellular potassium from the
skeletal muscle. Subsequently, this change in ion transport impairs the ability of the muscle
to contract, leading to the observed stiffness.

Moreover, in human medicine, there are several potassium channelopathies whose pre-
sentations are suggestive of developmental disorders, with findings including intellectual
disability, craniofacial dysmorphism or other physical abnormalities [38]. Physiological
functions of KCNG1 are largely unknown, by similarity, therefore, it is plausible that the
identified mutation in our study is also the underlying cause for the craniofacial dysmor-
phism and myelodysplasia associated with hydrosyringomyelia.

5. Conclusions

We have uncovered a novel phenotype of a most likely dominantly inherited neuro-
muscular channelopathy in cattle related to a potentially pathogenic variant in the bovine
KCNG1 gene. Targeted expression of affected potassium channels in transfected cell lines,
in combination with recently developed gene editing tools such as CRISPR/Cas9 to mimic
the consequences of the exchanged residue, may be suitable to functionally prove our
claims in the future. Nevertheless, we propose here the first KCNG1 mutation present with
a disorder in a mammalian species. Our study highlights that the genetics of inherited
disorders in well-phenotyped large animals, such as cattle, is a valuable model system for
studying fundamental aspects of gene function.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/genes12111792/s1, Table S1: EBI Accession numbers of all publicly available genome sequences.
We compared the genotypes of the calf with 691 cattle genomes of various breeds that had been
sequenced in the course of other ongoing studies and that were publicly available; Table S2: List of
the remaining variants after the comparison to the global control cohort of 5116 genomes of other
breeds (1000 Bull Genomes Project run 9; www.1000bullgenomes.com; acceded on 17 July 2021) and
after IGV visual inspection, revealing 25 protein-changing variants with a predicted moderate or
high impact only present in the affected calf; Video S1: After passively positioned, the calf was able
to acquire and maintain the quadrupedal stance. In standing the hind limbs were contracted and
hyperextended, and tail head elevated.
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Identification of small and large genomic candidate variants in bovine pulmonary hypoplasia and anasarca syndrome. Anim.
Genet. 2020, 51, 382–390. [CrossRef]

26. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [CrossRef]

27. Robinson, J.T.; Thorvaldsdóttir, H.; Wenger, A.M.; Zehir, A.; Mesirov, J.P. Variant review with the integrative genomics viewer.
Cancer Res. 2017, 77, e31–e34. [CrossRef] [PubMed]

28. Pejaver, V.; Urresti, J.; Lugo-Martinez, J.; Pagel, K.; Lin, G.N.; Nam, H.-J.; Mort, M.; Cooper, D.; Sebat, J.; Iakoucheva, L.; et al.
MutPred2: Inferring the molecular and phenotypic impact of amino acid variants. bioRxiv 2017. [CrossRef]

29. Choi, Y.; Chan, A.P. PROVEAN web server: A tool to predict the functional effect of amino acid substitutions and indels.
Bioinformatics 2015, 31, 2745–2747. [CrossRef] [PubMed]

30. Bendl, J.; Stourac, J.; Salanda, O.; Pavelka, A.; Wieben, E.D.; Zendulka, J.; Brezovsky, J.; Damborsky, J. PredictSNP: Robust and
accurate consensus classifier for prediction of disease-related mutations. PLoS Comput. Biol. 2014, 10, e1003440. [CrossRef]
[PubMed]

http://doi.org/10.1002/mus.20295
http://doi.org/10.1007/s13311-018-00678-0
http://doi.org/10.1055/a-0635-8285
http://www.ncbi.nlm.nih.gov/pubmed/30248690
http://doi.org/10.1002/mus.26887
http://www.ncbi.nlm.nih.gov/pubmed/32270509
http://doi.org/10.1038/ng0394-267
http://www.ncbi.nlm.nih.gov/pubmed/8012389
http://doi.org/10.1212/WNL.53.9.1932
http://www.ncbi.nlm.nih.gov/pubmed/1654742
http://doi.org/10.1097/WCO.0b013e32833cc97e
http://www.ncbi.nlm.nih.gov/pubmed/20634695
http://doi.org/10.1126/science.1379744
http://www.ncbi.nlm.nih.gov/pubmed/1379744
http://doi.org/10.1002/cphy.c140062
http://www.ncbi.nlm.nih.gov/pubmed/25880512
http://doi.org/10.1016/0896-6273(92)90203-P
http://doi.org/10.1001/archneur.1994.00540230033009
http://www.ncbi.nlm.nih.gov/pubmed/7980103
http://doi.org/10.1212/01.wnl.0000223838.88872.da
http://doi.org/10.1016/j.nmd.2011.10.001
http://doi.org/10.1016/S0014-5793(99)00926-6
http://doi.org/10.1371/journal.pone.0109926
http://doi.org/10.1016/j.tvjl.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25744800
http://doi.org/10.1073/pnas.93.20.11248
http://www.ncbi.nlm.nih.gov/pubmed/8855341
http://doi.org/10.1038/ng1092-144
http://www.ncbi.nlm.nih.gov/pubmed/1338908
http://doi.org/10.1093/gigascience/giaa021
http://www.ncbi.nlm.nih.gov/pubmed/32191811
http://doi.org/10.1146/annurev-animal-020518-115024
http://www.ncbi.nlm.nih.gov/pubmed/30508490
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1111/age.12923
http://doi.org/10.4161/fly.19695
http://doi.org/10.1158/0008-5472.CAN-17-0337
http://www.ncbi.nlm.nih.gov/pubmed/29092934
http://doi.org/10.1038/s41467-020-19669-x
http://doi.org/10.1093/bioinformatics/btv195
http://www.ncbi.nlm.nih.gov/pubmed/25851949
http://doi.org/10.1371/journal.pcbi.1003440
http://www.ncbi.nlm.nih.gov/pubmed/24453961


Genes 2021, 12, 1792 12 of 12

31. Izumi, Y.; Fukuuchi, Y.; Koto, A.; Nakajima, S. Paramyotonia congenita without cold paralysis: A case report. Keio J. Med. 1994,
43, 94–97. [CrossRef] [PubMed]

32. Statland, J.M.; Fontaine, B.; Hanna, M.G.; Johnson, N.E.; Kissel, J.T.; Sansone, V.A.; Shieh, P.B.; Tawil, R.N.; Trivedi, J.; Cannon,
S.C.; et al. Review of the Diagnosis and Treatment of Periodic Paralysis. Muscle Nerve 2018, 57, 522–530. [CrossRef] [PubMed]

33. Miller, T.M.; Dias da Silva, M.R.; Miller, H.A.; Kwiecinski, H.; Mendell, J.R.; Tawil, R.; McManis, P.; Griggs, R.C.; Angelini, C.;
Servidei, S.; et al. Correlating phenotype and genotype in the periodic paralyses. Neurology 2004, 63, 1647–1655. [CrossRef]
[PubMed]

34. Schnitzler, M.M.; Rinné, S.; Skrobek, L.; Renigunta, V.; Schlichthörl, G.; Derst, C.; Gudermann, T.; Daut, J.; Preisig-Müller, R.
Mutation of histidine 105 in the T1 domain of the potassium channel Kv2.1 disrupts heteromerization with Kv6.3 and Kv6.4. J.
Biol. Chem. 2009, 284, 4695–4704. [CrossRef]

35. Hille, B. Ion. Channels of Excitable Membranes, 3rd ed.; Sinauer Associates Institute, Ed.; Sinauer: Sunderland, MA, USA, 2001.
36. Post, M.A.; Kirsch, G.E.; Brown, A.M. Kv2.1 and electrically silent Kv6.1 potassium channel subunits combine and express a

novel current. FEBS Lett. 1996, 399, 177–182. [CrossRef]
37. Kramer, J.W.; Post, M.A.; Brown, A.M.; Kirsch, G.E. Modulation of potassium channel gating by coexpression of Kv2.1 with

regulatory Kv5.1 or Kv6.1 ↵-subunits. Am. J. Physiol. Physiol. 1998, 274, C1501–C1510. [CrossRef] [PubMed]
38. Hamilton, M.J.; Suri, M. Chapter Four—“Electrifying Dysmorphology”: Potassium Channelopathies Causing Dysmorphic Syndromes;

Kumar, B.T.-A., Dionis, G., Eds.; Academic Press: New York, NY, USA, 2020; Volume 105, pp. 137–174. ISBN 0065-2660.

http://doi.org/10.2302/kjm.43.94
http://www.ncbi.nlm.nih.gov/pubmed/8089960
http://doi.org/10.1002/mus.26009
http://www.ncbi.nlm.nih.gov/pubmed/29125635
http://doi.org/10.1212/01.WNL.0000143383.91137.00
http://www.ncbi.nlm.nih.gov/pubmed/15534250
http://doi.org/10.1074/jbc.M808786200
http://doi.org/10.1016/S0014-5793(96)01316-6
http://doi.org/10.1152/ajpcell.1998.274.6.C1501
http://www.ncbi.nlm.nih.gov/pubmed/9696692


 

3 Results 185 

A de novo variant in the bovine ADAMTSL4 gene in an Original 
Braunvieh calf with congenital cataract 

Journal:  Animal Genetics 

Manuscript status:  published 

Contributions:  Whole-genome sequencing data preparation and 
analyzes, investigation, visualizations, co-writing first 
draft, review and revisions 

Displayed version: published version 

DOI: 10.1111/age.13178 

 

https://doi.org/10.1111/age.13178


3 Results 186 

 

  



Animal Genetics. 2022;00:1–6.     | 1wileyonlinelibrary.com/journal/age

Congenital ocular conditions such as cataract causing 
impaired vision or complete blindness have been doc-
umented in cattle (Williams, 2010). It was established 
more than 100  years ago that cataracts in mammals 
can be environmental or hereditary (Detlefson & Yapp, 
1920). For example, congenital ocular lesions includ-
ing primarily cortical cataracts have been reported in 
calves exposed to bovine viral diarrhea virus in utero 
(Bistner et al., 1970; Siepker et al., 2021). However, often 
no definitive nutritional, infectious, or toxic cause for 
the congenital cataract is identified in affected herds 
(Krump et al., 2014; Osinchuk et al., 2017). Sporadic 
occurrence of inherited forms of cataract in certain 
breeds of cattle has been reported (OMIA 00016 8- 9913). 

Detlefson and Yapp (1920) reported evidence of mono-
genic autosomal recessive inheritance in Holsteins and 
Gregory et al. (1943) reported equally convincing data 
in Jerseys. Nonetheless, so far, causative variants were 
found only for two rare breed- specific recessive forms 
of bovine cataract: the NID1- related nuclear cataract 
of Romagnolas (OMIA 00193 6- 9913; Murgiano et al., 
2014), and the CPAMD8- related Morgagnian cataract 
of Holsteins (OMIA 00211 1- 9913; Hollmann et al., 2017). 
Such findings enable selection against these disorders 
within the affected populations. Furthermore, the cat-
aract observed in Romagnolas was the first report of a 
naturally occurring mutation of NID1 (Murgiano et al., 
2014). This led to a non- syndromic form of cataract in 
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Abstract
Inherited forms of cataract are a heterogeneous group of eye disorders known 
in livestock species. Clinicopathological analysis of a single case of impaired 
vision in a newborn Original Braunvieh calf revealed nuclear cataract. Whole- 
genome sequencing of the parent- offspring trio revealed a de novo mutation 
of ADAMTSL4 in this case. The heterozygous p.Arg776His missense variant 
affects a conserved residue of the ADAMTSL4 gene that encodes a secreted 
glycoprotein expressed in the lens throughout embryonic development. In hu-
mans, ADAMTSL4 genetic variants cause recessively inherited forms of sub-
luxation of the lens. Given that ADAMTSL4 is a functional candidate gene for 
inherited disorders of the lens, we suggest that heterozygosity for the identified 
missense variant may have caused the congenital cataract in the affected calf. 
Cattle populations should be monitored for unexplained cataract cases, with 
subsequent DNA sequencing a hypothesized pathogenic effect of heterozygous 
ADAMTSL4 variants could be confirmed.
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a mammalian species and added the affected gene to 
the list of candidate genes for inherited forms of nuclear 
cataract in humans (Murgiano et al., 2014). In human 
medicine, about 50% of cataracts are thought to be as-
sociated with genetic factors and causative variants for 
congenital or other early- onset forms of cataracts have 
been discovered in over 30 genes (Shiels & Hejtmancik, 
2017). Congenital cataract has also been shown to be a 
heterogeneous group of diseases in cattle, as the reported 
CPAMD8 nonsense variant is obviously not sufficient 
to explain the majority of Holsteins suffering from 
Morgagnian congenital cataract (Braun et al., 2019).

In the present study, we investigated a 1.5- month- old 
male Original Braunvieh calf with clinical signs of cat-
aract showing bilateral opaque eye lenses (Figure 1). 
According to the owner, the cataract had been present 
since birth. At first, the calf had problems finding the 
teats to suckle the milk and initially ran into walls and 
objects, but after a few days, it was able to orientate 
itself. Clinical examination revealed no further abnor-
malities and the calf was referred to an ophthalmolo-
gist. The calf presented to the ophthalmology service 
with open eyes. Dazzle and pupillary light reflexes were 
normal, but menace response was absent in both eyes. 
Intraocular pressure was within normal limits (right 
eye 20 mmHg, left eye 19 mmHg). The lens showed in 
both eyes a diffuse dense nuclear opacity and a focal 
axial anterior cortical opacity in addition with multifo-
cal anterior capsular punctual opacities. Fundic exam-
ination was mostly blocked by lens opacities, the visible 
parts in the periphery were normal. Further ophthal-
mic examination showed no more abnormalities and 
the calf was diagnosed with an immature cataract in 
both eyes. The parents of the affected calf were clini-
cally normal. At the time of slaughtering, the calf was 
4.5 months old and appeared in a good general health 
condition.

Macroscopically, the regularly shaped ocular bulbs 
demonstrated normal sized lenses with moderately dif-
fuse clouding with clear demarcation of the capsules 
and regularly developed zonula fibers (Figure 2a,b,d). 
Histologically, the anterior half of lental protein ap-
pears normal, whereas from the equator onwards pos-
teriorly, a severe lental nuclear cataract composed of 
eosinophilic partly fibrillary, partly amorphous lental 

proteinaceous material with multifocal small foci of 
mineralisation (calcification) is present (Figure 2c,e,f). 
The anterior lens capsule is well developed, the ante-
rior epithelium and equator show a regular formation 
whereas the posterior lens capsule reveals a moderate 
fibrillation (Figure 2g, right side). No evidence for infec-
tious agents could be observed in hematoxylin and eosin 
as well as special stains. All other intraocular structures 
appeared histologically normal. The bovine embryonal 
lental development occurs during the first trimester of 
gestation with formation of the lens placode to devel-
opment of the lens vesicle between 3.3-  and 14- mm em-
bryonal crown rump length (Schnorr & Kressin, 2006). 
Lenses show continuous lifelong growth with strongest 
growth rate during embryonal and morphologically 
non- altered development and the 1st year of life (Levin 
et al., 2011). The lenses presented here are fully devel-
oped with an intact lental capsule, zonula fibers, and 
regularly arranged and morphologically normal equa-
torial cells. Thus the opacification of the lental protein, 
i.e. the formation of a nuclear and posterior subcapsular 
cataract, must have developed in a relative late stage of 
the lental development, morphologically widely compa-
rable to the findings demonstrated in the NID1- related 
nuclear cataract of Romagnolas (Murgiano et al., 2014) 
and Morgagnian cataracts in Red Holstein Friesian cat-
tle (Braun et al., 2019).

We prepared a PCR- free DNA library of the af-
fected calf and its dam and collected short read pairs 
(2  ×  150  bp) to obtain roughly 25× coverage on an 
Illumina NovaSeq 6000 instrument. The whole genome 
sequencing data of the sire was publicly available. 
Variants in the genome of the affected calf were called 
with respect to the reference genome assembly ARS- 
UCD1.2 as described previously (Häfliger et al., 2020). 
A hard filtering approach was applied by comparing 
the variants to a cohort of 5115 cattle genomes contain-
ing both parents. Given that the mode of inheritance 
was unknown and assuming that the causative variant 
is rare, we filtered for variants that were only present 
in the affected calf, either in heterozygous or homozy-
gous state. All 5116 genomes are included in the variant 
catalogue of run 9 of the 1000 Bull Genomes Project 
including animals of more than 130 genetically diverse 
breeds (Hayes & Daetwyler, 2019). Assuming recessive 

F I G U R E  1  Original Braunvieh calf 
with congenital cataract. Opaque lenses 
of right (a) and left (b) eye are shown at 
the ophthalmological examination at 
1.5 months

(a) (b)
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inheritance, filtering for coding variants present only 
homozygous in the calf and heterozygous in the paren-
tal genomes identified no coding variant. Assuming a 
dominant mutation, filtering revealed a single private 

protein changing variant, a missense variant in the 
ADAMTSL4 gene (NM_001101061.1:c.2327G>A, p.Ar-
g776His), with a heterozygous genotype in the affected 
calf that was not detected in any of the control genomes 

F I G U R E  2  Features of nuclear 
cataract in an Original Braunvieh calf. 
Normal eye, sagittal section (a). Altered 
right eye with severe lental nuclear 
cataract (rectangle), sagittal section 
(b). Histological overview (c) of the 
cataractous lens depicted in (b). Higher 
magnification (d) of the lens depicted 
in (b). Facies posterior of the lens with 
cloudy appearance of lental protein and 
multiple foci of mineralization (e). Higher 
magnification of the posterior lens capsule, 
with perilental collagenous membrane 
(asterisk) and fibrillar lental protein with 
mineralization (arrows) (f). Comparison 
of the anterior and posterior lens capsule, 
left side: normal bovine lens, right: altered 
fibrillary posterior capsule (g)

(a) (b)

(c)

(e) (f)

(g)

(d)
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including both parents. This C- to- T transition at posi-
tion 20146737 on chromosome 3 located in exon 12 of 
ADAMTSL4 is predicted to alter the encoded amino 
acid of ADAMTSL4 residue 776 (NP_001094531.1:p.
Arg776His) to histidine, a less polar and more hydro-
phobic amino acid than arginine. The affected residue 
represents a probably functionally important and con-
served residue located in the third of seven thrombo-
spondin type 1 repeat domains (Figure 3). Although 
the arginine to histidine substitution was predicted to 
be neutral using PROVEAN software (Choi & Chan, 
2015), it remains unclear whether this amino acid sub-
stitution affects protein folding or function. Sanger 
sequencing confirmed the mutant allele to be present 
in a heterozygous state in the affected calf and absent 
from its parents, given that the variant was not found in 
the paternal germline DNA analyzed (Figure 3). This 

means that the c.2327G>A variant probably arose de 
novo spontaneously during very early development of 
the calf.

The formal possibility exists, however, that the de-
tected protein- changing de novo mutation is simply a 
functionally neutral change, but we regard this pos-
sibility as unlikely because of the following reasons. 
Various ADAMTS (a disintegrin- like and metallopro-
teinase with thrombospondin type 1 motifs) proteins 
are necessary for normal ocular development and eye 
function (Mead & Apte, 2018). ADAMTS- like proteins 
lack a metalloprotease domain, reside in the extracellu-
lar matrix and have regulatory roles and ADAMTSL4 
has been implicated in fibrillin microfibril biogenesis 
(Gabriel et al., 2012). ADAMTSL4 is widely expressed 
in non- ocular tissues as well as in various eye com-
ponents, particularly in the lens equatorial epithelium 

F I G U R E  3  Details of the detected ADAMTSL4 variant. (a) Integrative Genomics Viewer screenshot presenting the heterozygous single 
nucleotide variant (red arrow) present only in the affected calf. (b) Sanger sequencing results confirmed that the variant occurred de novo as 
sequencing of PCR products from DNA of both parents (for the sire semen) showed that the c.2327G>A variant was absent. (c) Schematic 
diagram of the bovine ADAMTSL4 protein that has a repetitive domain structure with seven thrombospondin type 1 repeat domains (blue). 
The p.Arg776His variant (red arrow) affects the third repeat. (d) Multiple species amino acid alignments encompassing the region of the variant 
demonstrates a high evolutionary conservation across species. The observed variant is indicated by an arrow and the respective position 
highlighted in gray
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when the zonule attaches (Chandra et al., 2013; Gabriel 
et al., 2012). Besides focal retinal pigment epithelium 
defects, homozygous disruption of murine Adamtsl4 
resulted in a defect in the anchoring of zonule fibers 
to the lens surface, causing ectopia lentis, confirming 
its role in zonule formation (Collin et al., 2015). In hu-
mans, recessive isolated ectopia lentis (subluxation or 
dislocation of the human crystalline lens) and ecto-
pia lentis et pupillae are caused by ADAMTSL4 loss- 
of- functions variants (OMIM 610113). Heterozygous 
carriers of the known nonsense or splice site variants 
were reported to be apparently normal probably due 
to nonsense- mediated decay of the aberrant tran-
scripts. Finally, visual inspection for large structural 
variants in the genome, performed after plotting the 
average read depth across the entire genome for the 
sequenced trio, revealed no obvious evidence of this 
type of mutation either at the chromosomal level or in 
the region of the ADAMTSL4 gene (Figure S1).

Therefore, we propose the c.2327G>A variant as 
candidate causative variant for the observed congen-
ital cataract phenotype based on the following argu-
ments: (1) given that only one protein- changing de 
novo mutation event per generation is expected on av-
erage (Heinzen et al., 2015), this strongly supports the 
causality of the variant; (2) evolutionary conservation 
and expansion of ADAMTSL proteins in mammals 
indicates a crucial role in embryonic development 
(Mead & Apte, 2018); (3) in mice, it was shown that 
ADAMTSL4 is strongly expressed in the lens epithe-
lium at the lens equator throughout embryonic de-
velopment (Collin et al., 2015); and (4) patients with 
ADAMTSL4- related ectopia lentis commonly present 
with a marked loss in visual acuity in addition to a 
number of possibly accompanying ocular complica-
tions including early cataract development (Ahram 
et al., 2009; Christensen et al., 2010). Given that this is 
a single case investigation and that we have no func-
tional confirmation, this result must be considered 
preliminary and should be interpreted with caution. 
However, it must also be emphasized that the analysis 
was not suitable for identifying larger structural vari-
ants. Further isolated cases of cataract in cattle could 
be investigated for ADAMTSL4 variants by DNA 
sequencing.
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Abstract: Sporadic occurrence of inherited eye disorders has been reported in cattle but so far
pathogenic variants were found only for rare forms of cataract but not for retinopathies. The
aim of this study was to characterize the phenotype and the genetic aetiology of a recessive form
of congenital day-blindness observed in several cases of purebred Original Braunvieh cattle. Elec-
troretinography in an affected calf revealed absent cone-mediated function, whereas the rods continue
to function normally. Brain areas involved in vision were morphologically normal. When targeting
cones by immunofluorescence, a decrease in cone number and an accumulation of beta subunits
of cone cyclic-nucleotide gated channel (CNGB3) in the outer plexiform layer of affected animals
was obvious. Achromatopsia is a monogenic Mendelian disease characterized by the loss of cone
photoreceptor function resulting in day-blindness, total color-blindness, and decreased central visual
acuity. After SNP genotyping and subsequent homozygosity mapping with twelve affected cattle,
we performed whole-genome sequencing and variant calling of three cases. We identified a single
missense variant in the bovine CNGB3 gene situated in a ~2.5 Mb homozygous genome region
on chromosome 14 shared between all cases. All affected cattle were homozygous carriers of the
p.Asp251Asn mutation that was predicted to be deleterious, affecting an evolutionary conserved
residue. In conclusion, we have evidence for the occurrence of a breed-specific novel CNGB3-related
form of recessively inherited achromatopsia in Original Braunvieh cattle which we have designated
OH1 showing an allele frequency of the deleterious allele of ~8%. The identification of carriers will
enable selection against this inherited disorder. The studied cattle might serve as an animal model to
further elucidate the function of CNGB3 in mammals.
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1. Introduction
Food animal ophthalmology is a neglected area of veterinary medicine [1,2]. In farm

animal practice, conditions such as visual impairment or even blindness, despite having
a negative impact on behavior and welfare, are rarely considered, as there is usually no
profoundly damaging economic impact on animal production [3].

Sporadic occurrence of inherited eye disorders in livestock species such as cattle
has been reported [4–6]. However, many affected newborns go unreported or escape
surveillance systems [4]. In addition to hereditary reasons, environmental causes such as
vitamin A deficiency and bacterial or viral infections must also be taken into account [5–7].
Although congenital eye defects are rare, they are important and should be considered
because they often follow monogenic recessive inheritance [4,6]. Therefore, such inherited
disorders can rapidly gain in prevalence due to the undetected use of carriers, especially
in the course of artificial insemination in cattle. So far pathogenic variants were found
only for rare breed-specific recessive forms of cataract in Romagnola (OMIA 001936-9913)
and Holstein (OMIA 002111-9913) cattle [8,9]. Such findings enable selection against
these disorders within the affected populations. Furthermore, the NID1-related cataract
observed in Romagnola was the first report of a naturally occurring mutation leading to a
non-syndromic form of cataract in a mammalian species [8]. Therefore, the genetic study
performed in cattle added the affected gene to the list of candidate genes for inherited
forms of nuclear cataract in humans, illustrating the impact of studying eye conditions in
domestic animals.

Achromatopsia, an inherited retinal disease characterized by the loss of cone photore-
ceptor function resulting in day-blindness, total color-blindness, and decreased central
visual acuity, has not yet been described in cattle. Pathogenic variants in six genes (CNGA3,
CNGB3, GNAT2, ATF6, PDE6C, and PDE6H) have been identified in humans with achro-
matopsia (OMIM 216900) [10]. In sheep, a form of CNGA3-related achromatopsia has
been characterized (OMIA 001481-9940) [11]. This ovine condition was intensively used
for functional restoration of cone function [12], highlighting the biomedical value of such
large animal models [13,14] in addition to the direct benefits for animal breeding and
animal health.

The aim of this study was to characterize the phenotype and the underlying causative
genetic defect for this presumably new form of congenital day-blindness observed in
several cases of purebred Original Braunvieh cattle from Switzerland.

2. Results
2.1. Clinical Description

Initially, in 2017, a four-month-old calf (case 2) was presented to the University of
Zurich for evaluation of suspected day blindness. Ocular examination revealed bilaterally
absent menace responses and dazzle reflexes. Pupillary responses were positive. Chro-
matic light stimulation (Melan) revealed bilaterally minimal dazzle reflexes with red and
blue light, pupillary responses were normal with blue and reduced with red light stim-
ulation. The remainder of the ocular exam (slit-lamp biomicroscopy, indirect and direct
ophthalmoscopy, intraocular pressure) was within normal limits with the optic nerve head
showing a deep physiologic cup. The calf was able to complete an obstacle course in dim
light, but not in bright light.

In 2020, a 5.5-month-old calf (case 12) was presented to the University of Bern for
evaluation of a suspected vision disturbance. The farmer noted that the calf was hesitant
to walk and often collided with obstacles in its environment, especially when separated
from the mother (Video S1). Observation of the calf revealed extremely poor navigation



Int. J. Mol. Sci. 2021, 22, 12440 3 of 13

of large and small objects in the examination hall in ambient room light. Navigation of
obstacles and recognition of large high-contrast obstacles after room lights were turned
off was slightly improved. Ophthalmic examination revealed absent menace response
in both eyes (OU) in dim, ambient and bright (outdoor) light conditions. The direct
and consensual pupillary light responses as well as dazzle reflexes to white light were
reduced in both eyes. A slightly reduced pupillary light response was noted with bright
blue light stimulation and severely reduced to bright red light stimulation. Slit-lamp
biomicroscopic examination of the eyelids, conjunctiva, cornea, anterior chamber, lens and
anterior vitreous was normal in both eyes with the exception of mild mydriasis OU. The
pupils were symmetrical OU. Fluorescein staining of the cornea was negative OU. Indirect
ophthalmoscopy revealed normal appearance to the optic nerve, tapetal and non-tapetal
retina, and retinal vessels bilaterally. Intraocular pressure was measured within normal
limits (11 mmHg OD, 14 mmHg OS).

Electroretinography in the affected calf revealed severely reduced light-adapted single
cone and cone flicker responses, while the dark-adapted mixed cone-rod response was
considered normal (Figure 1). Combined with the behavioral observations and clinical
findings, the ERGs support an achromatopsia diagnosis based on the specific loss of
cone-mediated retinal function without any retinal degenerative changes.
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Figure 1. Electroretinogramm (ERG) of a 5.5-month old achromatopsia-affected Original Braunvieh (case 12) and a
seven-month old Hereford control cattle. Dark-adaptation responses in representative normal and affected calves. While
the dark-adapted mixed cone-rod responses were comparable between the two animals, the light-adapted single cone (1 Hz)
and cone flicker (28 Hz) responses were severely reduced (arrows). Calibration bars: vertical = 100 µV, horizontal = 50 ms.

2.2. Pathological Phenotype
During necropsy of case 12 no gross lesions were detectable and brain areas involved

in vision were morphologically normal.
The retina were targeted by immunofluorescence. We observed the expression of

CNGB3 in the outer segment (OS) of cones in the control animal, while this expression
was decreased in the affected animal. We also detected a significant difference of staining
in the outer nuclear layer (ONL), where the CNGB3 protein seemed to be concentrated
in the affected animal. This may suggest a mislocalization of the mutated CNGB3. Im-
munoreactivity of CNGB3 in the outer plexiform layer (OPL) may be due to an unspecific
signal as the localization is observed in both control and affected animals. (Figure 2a).
Further experiments on other affected calves (we analysed only one) or by transfection of
the mutated CNGB3 in cells will confirm the potential higher stability of the mutated cyclic
nucleotide-gated channel.
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Figure 2. Immunostaining of retinal markers in a five-month old achromatopsia-affected cattle (case
12) and a control cattle of the same age. Cyclic nucleotide gated channel subunit beta 3 (CNGB3)
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nerve head for each protein. Asterisks (*) show M/L- and S-Opsin cones present in both control and
affected animal. Negative controls without primary antibody were performed (not shown).
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Based on GNAT2 and cone opsins staining, we clearly observed a decrease in the cone
OS, which are shorter and abnormally shaped. Although we did not count the number of
cones per retina, we observed a decrease in their number, in affected animal in comparison
to control, as shown in M/L-and S-Opsin staining (Figure 2b, white asterisk). These results
are in correlation with the ERG and are consistent with the progressive loss of cone outer
segments seen in other species with achromatopsia. We also observed a slight decrease of
the rod OS length in affected animals and a mislocalization of Rho (Figure 2c).

2.3. Pedigree Analysis
The initially studied cases 1 and 2 were both the only affected animals in two different

Swiss herds of purebred Original Braunvieh cattle. The sire of these two cases was a natural
service purebred Original Braunvieh bull, which sired a further 24 apparently normal
offspring within two years. A query to the Original Braunvieh breeders in Switzerland
revealed further evidence of ten similar cases sired by different bulls collected over a period
of three years. The available pedigree records of all 12 cases were analyzed and multiple
inbreeding loops between the parents were found (Figure 3). We detected a single common
ancestor occurring 8–11 generations ago. Due to the obvious history of inbreeding, a
recessive inherited condition was considered. In light of the obvious consanguinity as
well as the apparently unaffected parents, we hypothesize that the achromatopsia-affected
calves might be explained by a recessively inherited variant. The founding mutation thus
probably occurred many generations before the cases occurred. The causal variant was
probably spread by the common ancestor, an artificial insemination bull born in 1961, as
well as by some of his male descendants.
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Figure 3. Pedigree of the Original Braunvieh cattle family segregating for achromatopsia suggested
monogenic autosomal recessive inheritance. Affected animals are filled symbols. Open symbols
represent normal cattle. DNA samples were available from animals with genotypes for the CNGB3
XM_015474554.2:c.751G>A variant are given below the symbols.

2.4. Genetic Analysis
SNP genotyping data for twelve affected cattle identified two shared ROHs between

all cases on chromosome 11 and 14 (Figure 4a). On chromosome 11 all animals were
homozygous for 101 SNP markers from 66,668,989 to 68,938,216 corresponding to a repeat-
edly detected strong selection signature of the Original Braunvieh breed encompassing a
genome region with 24 protein-coding genes [15–17]. As no candidate gene for a retinopa-
thy was contained in that region, we focused on the second ROH found on chromosome 14.
All twelve affected cattle were homozygous at 28 SNP markers on chromosome 14 from
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74,306,245 to 76,800,429, which allowed the identification of a single disease-associated IBD
haplotype shared by all cases, limiting the critical region to 2,494,184 bp on chromosome
14 (Table S1; Figure 4a,b). Interestingly, the bovine homolog of CNGB3, a gene that causes
achromatopsia in other species, maps to that genome region at 76 Mb (Figure 4c).
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Figure 4. Achromatopsia-associated CNGB3 missense variant in Original Braunvieh. (a) Genome-wide homozygosity
mapping presenting the two homozygous blocks shared in 12 affected calves in blue. Note the red arrow highlighting the
CNGB3 gene on cattle chromosome 14. (b) Schematic representing the SNP genotypes of 12 affected calves on chromosome
14. Each horizontal lane represents one calf with yellow and blue shading, indicating shared homozygosity. Grey shading
indicates a heterozygous genotype and white indicates missing genotypes. The genome positions of markers are indicated
above the figure. The red arrows indicate the consensus homozygous region that spans approximately 2.5 Mb. (c) CNGB3
gene structure showing the location of the exon 6 variant. (d) Genome viewer screenshot presenting the homozygous
Chr14: g.76011964A>G variant in three affected calves. (e) Electropherograms showing the different genotypes identified
via Sanger sequencing. (f) Localization of the missense variant (red arrow) with respect to the topological model of the
CNGB3 protein. (g) Across species sequence alignment of the affected CNGB3 S2 domain. Note that the missense variant
(red arrow) affects the evolutionary conserved Tri-Asp motif that is highlighted in blue.
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Subsequently, we sequenced the genomes of three of the affected cattle (cases 2, 3
and 4) and searched for private variants that were exclusively present in a homozygous
state in all three affected cattle and absent or only heterozygous in the genomes of 567
other cattle. Beside 34 non-coding variants, all located in the critical region on chromo-
some 14, this analysis identified a single homozygous private protein-changing variant
in CNGB3, a known candidate gene for achromatopsia. The variant can be designated
as chr14: 76011964G>A (ARS-UCD1.2 assembly) (Figure 4d). It is a missense variant,
XM_015474554.2: c.751G>A, predicted to change a highly conserved aspartic acid residue
in the second S2 domain of CNGB3, XP_015330040.2: p.Asp251Asn (Figure 4f,g). In silico
analysis predicted the functional effect of p.Asp251Asn as deleterious using PROVEAN
software (score �4.985) [18].

We confirmed the presence of the CNGB3 missense variant by Sanger sequencing
(Figure 4e). The genotypes at the variant co-segregated with the achromatopsia phenotype
as expected for a monogenic autosomal recessive mode of inheritance (Figure 3). All twelve
available DNA samples from the achromatopsia-affected cattle carried the mutant allele
in a homozygous state, while their parents were heterozygous, as expected for obligate
carriers (Figure 3; Table 1).

Table 1. Association of the missense variant in CNGB3 with the achromatopsia phenotype in Original
Braunvieh cattle.

GG AG AA

Achromatopsia-affected calves 12

Obligate carriers a 5

Other Original Braunvieh cattle b,c 2477 463 12

Brown Swiss cattle c 14,976 52

Holstein cattle c 14,825

Simmental cattle c 2021

Sequenced cattle genomes from various
breeds (local Swiss cohort) d 552 15

Control cattle from various breeds (1000
Bull Genomes project) e 3298 7 f 1 g

a parents of affected animals were classified as obligate carriers. b phenotypes are unknown. c Axiom® genotype
data from population-wide routine genomic testing. d 567 genomes of the Swiss Comparative Bovine Resequenc-
ing project including 92 Original Braunvieh cattle. e run 8: 3306 genomes including 58 Original Braunvieh cattle.
f exclusively Original Braunvieh. g case 2 was added to the 1000 Bull Genomes project.

We also genotyped the CNGB3: c.751G>A variant in a population control cohort
comprising 2952 Original Braunvieh cattle without any phenotypic records. The mutant
CNGB3 allele was detected in the homozygous state in 12 of the cattle, whereas 463 were
heterozygous carriers revealing an allele frequency of the mutant allele of 8.2% (Table 1).
Interestingly, the mutant allele was absent from more than 35,000 cattle of various other
breeds (Table 1). We found some rare heterozygous carriers with an allele frequency of
0.2% only in the Brown Swiss population of Switzerland (Table 1).

3. Discussion
To date, no genetic mutations have been associated with retinopathies in cattle. Af-

fected Original Braunvieh calves with suspected vision disturbance suffer from day-
blindness due to congenitally reduced cone-mediated function of the retina. Our clin-
icopathological evaluation of affected calves supported a diagnosis of achromatopsia based
on abnormally appearing cone outer segments and normal rod photoreceptors. Further-
more, neither retinal degenerative changes nor abnormalities in the central visual pathways
were observed. Pedigree and ROH analysis suggested an autosomal recessive mode of
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inheritance. Genome-wide homozygosity mapping using SNP array data was used suc-
cessfully for high-resolution mapping of two critical regions of shared homozygosity. We
performed whole-genome sequencing on three affected Original Braunvieh calves with
day-blindness to identify variants associated with the phenotype. The similar clinical pre-
sentation between familial achromatopsia in humans and bovine recessive day-blindness
led to the hypothesis that a protein-changing variant within CNGA3, CNGB3, GNAT2, ATF6,
PDE6C, and PDE6H would be associated with achromatopsia of Original Braunvieh calves.
Whereas only CNGB3 was located in an IBD segment, we identified a missense variant in
CNGB3: c.751G>A, p.Asp251Asn that significantly associated with the phenotype. Nine
additional affected calves were subsequently genotyped and homozygous for the missense
variant. Therefore, the cattle studied could serve as an animal model to further investigate
the function of CNGB3 in mammals.

In domestic animals, to this point in sheep [11–13] and dogs [19–22] (previously
reported as cone degeneration and canine hemeralopia), the underlying genetics of different
forms of achromatopsia are reported. Cones alone are affected in Alaskan Malamute (OMIA
001365-9615) and the German shorthaired pointers (OMIA 001676-9615) because of breed
specific mutations in CNGB3, a cone–specific gene. Cone cyclic nucleotide-gated channels
(CNG) are tetramers formed by three CNGA3 and one CNGB3 subunit; CNGA3 subunits
can function as homotetrameric channels but CNGB3 exhibits channel function only when
co-expressed with CNGA3 [23]. A 140-kb deletion and a missense mutation in CNGB3
occurs in achromatopsia-affected dogs of multiple breeds [20]. Interestingly, the described
canine missense variant also leads to an exchange of an aspartic acid with an asparagine
residue, compromising a critical functional domain, and the phenotype seen in homozygous
dogs represents a loss of function. Similar to what we found in Original Braunvieh cattle,
the CNGB3 missense mutation causing achromatopsia in German shorthaired pointers
is also located in exon 6 (c.784G, p.Asp262Asn), affecting the corresponding residue of
a conserved region of the same gene, suggesting an important role for this aspartate
residue in channel biogenesis and/or function [21]. The flanking region surrounding these
missense mutations is well conserved between species and is predicted to encode the second
transmembrane domain of the CNGB3 protein containing three Asp residues designated
the tri-Asp motif and conserved in all CNG channels [21]. Mutations of these conserved
aspartate residues result in the absence of nucleotide-activated currents in heterologous
expression. Aspartate is a negatively charged, polar amino acid found in both dogs and
cattle with achromatopsia replaced by asparagine (Asn), another polar amino acid, which
differs only in that it contains an amino group in place of one of the oxygens found in
aspartate (Asp) and thus lacks a negative charge. Obviously, retinopathies associated
with missense mutations draw attention to amino acids important for understanding the
structure-function properties of functionally important channels. By in vitro follow-up
studies of CNGB3-related canine achromatopsia it was found that Asp/Asn mutations
affect the heteromeric subunit assembly of the six transmembrane-spanning helices (S1–S6),
resulting in the loss of these inter-helical interactions altering the electrostatic equilibrium
within in the S1–S4 bundle [21]. Although disease-causing variants within the S2 segment
of human CNGB3 have not been reported (OMIM 605080), a study involving a missense
mutation p.Asp211Glu at S2 of CNGA3 confirmed that variations in a conserved region
could lead to cone dysfunction [24].

In Switzerland, the Original Braunvieh population is the ancestor of the world-
renowned Brown Swiss population, which originated in North America from animals
obtained in Switzerland at the turn of the century around 1900 [25]. Therefore, we specu-
late that the sporadic occurrence of CNGB3-carriers in the current Brown Swiss population
indicates that the mutation might have arisen before that time and predates modern pedi-
gree records. In recent decades, outbreaks of four undesirable genetic defects (weaver
disease, spinal dysmyelination, spinal muscular atrophy, and arachnomelia) have occurred
in Brown Swiss cattle. This report represents the first genetic disorder known in Original
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Braunvieh cattle which we have designated OH1, and the obtained results enable targeted
selection to avoid the occurrence of further affected animals in future.

In summary, this study highlights the strong genetic similarities between human and
bovine achromatopsia, suggesting that bovine achromatopsia, similar to that found in dogs,
could serve as an excellent model for developing treatment strategies for humans.

4. Materials and Methods
4.1. Animal Selection for Genetic Analysis

This study was conducted with 248 Original Braunvieh cattle samples. The case
cohort of this study consisted of twelve purebred Original Braunvieh cattle with suspected
congenital vision disturbance reported to the breeding organization by different farmers
between 2017 and 2020 (Table S1). In addition, either hair root or EDTA blood samples of
three dams and two sires were collected for the genetic analysis, and genomic DNA was
extracted using the Promega Maxwell® RSC system (Promega, Dübendorf, Switzerland).
The remaining 231 male Original Braunvieh cattle were used as population controls. These
bulls had reliable phenotype records on normal vision because they very carefully examined
by veterinarians before being used for artificial insemination. Before admission to the
insemination station, these young bulls are carefully examined and these examinations
include, in particular, the consideration of the presence of possible congenital disorders,
including a standard ophthalmological examination of the eyes.

Once the most likely causative variant was discovered, it was added to two Swiss
Axiom® genotyping arrays (Thermo Fisher Scientific, Waltham, MA, USA) routinely used
for genomic selection. Thus, after two years of population-wide genotyping in Swiss dairy
populations for the purpose of genomic selection, more than 30,000 genotypes for the
CNGB3 variant were available. These were mainly determined in the four largest Swiss
dairy cattle populations (Brown Swiss, Holstein, Original Braunvieh and Simmental).

4.2. Ophthalmological Examination including Electroretinography
A four-month-old calf (case 2) was presented to the University of Zürich Food Ani-

mal Clinic and the Ophthalmology Section in summer 2017 for evaluation of suspected
vision disturbance.

A 5.5-month-old calf (case 12) was presented to the University of Bern Food Animal
Clinic and the Division of Ophthalmology in the year 2020 for evaluation of suspected
vision disturbance. Pupillary light responses were examined with bright red and blue
light stimulation (Melan-100, 200–250 kcd, Iris-vet series, BioMed Vision Technologies,
Ames, IA, USA). Furthermore, slit-lamp biomicroscopic examination (SL-17 Portable Slit
Lamp, Kowa, Japan) of the adnexa and anterior segments, fluorescein staining (Contacare
Ophthalmics and Diagnostics, Gujarat, India) of the corneas and indirect ophthalmoscopy
(Omega 500 Binocular Indirect Ophthalmoscope, Heine Optotechnik GmBH, Gilching,
Germany) of the ocular fundi were carried out. Intraocular pressures were measured by
rebound tonometry (Tonovet Rebound Tonometer, Icare, Finland).

Electroretinograms (ERGs) were recorded under general anesthesia in case 12 follow-
ing clinical and behavioural examinations. A jugular intravenous catheter was placed
and the calf was sedated with xylazine 0.2 mg/kg IM. Induction was performed with
ketamine 4 mg/kg intravenous, and 10 min after sedation the calf was placed in lateral
recumbency. The head was positioned with cushions to facilitate access to the eye for
testing. Anesthesia was maintained using ketamine continuous-rate infusion 3 mg/kg/h
and xylazine continuous-rate infusion 0.05 mg/kg/hr. Flow-by oxygen was administered
continuously via nasal oxygen catheter. All recordings were conducted on the right eye,
following dilation of the pupil with 1% tropicamide ophthalmic solution. ERGs were
recorded using the RetiPORT ERG system (Roland Consult, Brandenburg an der Havel,
Germany). Two platinum subdermal needle electrodes (Grass Safelead Needle electrodes,
Grass Technologies, West Warwick, RI, USA) were used: The reference electrode was placed
subcutaneously approximately 10 mm from the lateral canthus, and the ground electrode
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was placed over the occipital protuberance. An ERG-Jet® corneal electrode (Fabrinal SA,
La Chaux-de-Fonds, Switzerland) was used as the active electrode and applied with 2.5%
hypromellose ophthalmic demulcent solution. Flash stimuli and light adaptation were
delivered using a handheld Mini Ganzfeld (Roland Consult).

Following 20 min of dark adaptation, mixed cone-rod responses were recorded with a
flash intensity of 0.096 cd.s/m2 (average of 3 sweeps at 0.1 Hz). Subsequently, the eye was
light-adapted for 5 min to a white uniform background light of 30 cd/m2 and single cone
(average of 3 sweeps at 1.0 Hz) and cone flicker (average of 3 sweeps at 28 Hz) responses
were recorded with a 3.0 cd.s/m2 flash intensity. For all recordings, the filters were set to
allow a bandpass of 1 to 300 Hz.

4.3. Targeting Cones by Immunofluorescence
After slaughtering, the enucleated calf eyes of case 12 were fixed in Bouin’s solution

for 24 h, trimmed and paraffin embedded. The 3 µm-embedded paraffin sections were
further processed for immunofluorescence. Briefly, retina sections were first deparaffinized
by successive baths (three different Xylol baths of 5 min, 3 min, 3 min respectively; and
six ethanol baths: from 100% to 70%; then washed several times in water). Sections were
then boiled 30 min in a Dako antigen retrieval solution (Agilent S169984-2) and left to
cool down for 45 min. Retina sections were incubated for 1 h in blocking solution and
incubated with primary antibodies as indicated in Table S2. Following incubation with
primary antibodies, sections were washed 3 times in PBS and incubated for 1.5 h at RT
with the secondary antibodies (Table S2). After three successive washing steps in PBS,
sections were treated for 25 min in 0.1% Sudan black B (Sigma 380B)/70% ethanol. Then,
sections were washed again twice in ethanol 70%, and three times in PBS 0.02% Tween and
counterstained with 49,6-Diamidino-2-phenylindole (DAPI) to identify retinal cell layers.
After three washing steps in PBS, sections were mounted with antifadent citifluor solution
(Electron microscopy sciences, Hatfield, PA, USA). Immunostaining was visualized under
a fluorescence microscope (Leica, Switzerland). Incubation with the secondary antibody
alone was used as a negative control, and every image acquisition of the retina was made
at the same distance from the optic nerve head for each antigen.

4.4. Morphology and Histopathology of the Visual Pathway
The head of case 1 was taken for gross and histopathological evaluation after slaugh-

tering at the age of five months. The visual pathways of the affected cattle were evaluated
and biopsies fixed in 4% formaldehyde for routine histopathological evaluation with
haematoxylin and eosin (H&E) staining of the optic nerve, optic tract, optic chiasm, lateral
geniculate nucleus and the visual cortex.

4.5. SNP Genotyping and Subsequent Homozygosity Mapping with 12 Affected Cattle
Genotype data for the twelve achromatopsia-affected cattle (cases 1–12) were obtained

with an Illumina BovineHD BeadChip array. The PLINK v1.9 software [26] was used to
perform basic quality filtering of the dataset. For homozygosity mapping, the genotype data
for the twelve affected cattle were used. Markers on the sex chromosomes were excluded.
The following PLINK option parameters were applied (–homozyg-snp 10; –homozyg group;
–homozyg-density 30; –homozyg-gab 1000; –homozyg-window-het 0; –homozyg-window-
missing 0) to search for extended regions of homozygosity (ROH) indicating chromosomal
region of identity-by-descent (IBD). ROH analyses were performed using an imputed
dataset that included the entire Swiss genotype archive for Original Braunvieh. Animals
were genotyped using several routinely available array chips that included between nine
and 777 k SNPs. The available genotype archive was used in a two-step imputation
approach and was imputed first to a density of 150 k. Subsequently, imputation to 777
k-density was carried out using 150 k data. A number of 2507 and 351 Original Braunvieh
reference animals were available for 150 k and 777 k imputation, respectively. FImpute
v2.2 software was used with default parameters for both steps [27]. In each step, SNPs
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with a minor allele frequency (MAF) lower than 1% were removed from the dataset. The
final marker set included 114891 and 681179 SNPs for each density (150 k and 777 k),
respectively. SNPs were filtered using the following thresholds: MAF higher than 0.01 and
an SNP call rate higher than 0.99 in the genotype data from the reference population. The
output interval was displayed in Excel spreadsheets to find overlapping regions (Table S1).
All positions correspond to the ARS-UCD1.2 reference genome assembly.

4.6. Whole-Genome Resequencing and Variant Calling
Three Illumina TruSeq PCR-free libraries with ~500 bp insert size were prepared from

three affected cattle (cases 2, 3 and 4). We collected 2 ⇥ 150 bp paired-end reads on a
NovaSeq 6000 instrument. Mapping to ARS-UCD1.2 reference genome assembly was
performed as described [28]. The sequence data were deposited under study accession
PRJEB28191 and sample accessions SAMEA4644768, SAMEA6528889 and SAMEA6528891
at the European Nucleotide Archive.

Variant calling including single-nucleotide variants (SNVs) and small indels was
performed as described [29]. To predict the functional effects of the called variants, SnpEff
software v4.3 [30] together with the ARS-UCD1.2 reference genome assembly and NCBI
Annotation Release 106 (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_
taurus/106/; accessed on 30 June 2021) was used. For private variant filtering we used con-
trol genome sequences from 567 cattle of diverse breeds including 119 Original Braunvieh
animals. These genomes were produced during the Swiss Comparative Bovine Resequenc-
ing project and made publicly available (https://www.ebi.ac.uk/ena/browser/view/
PRJEB18113/; accessed on 30 June 2021). The most likely pathogenic missense variant in
CNGB3 was inspected for its presence in a global control cohort of 3306 genomes with a
sequence depth of at least 8x from a variety of breeds including 92 Original Braunvieh
animals (1000 Bull Genomes Project run 8; www.1000bullgenomes.com accessed on 30 June
2021) [29].

4.7. Genotyping Assays
Two genotyping tests were developed for the XM_015474554.2:c.751G > A missense

variant in the CNGB3 gene to confirm segregation with disease and to estimate the allele
frequency in the population.

4.7.1. PCR and Sanger Sequencing
We designed a specific PCR for the targeted genotyping of the chr14:76011964G>A

variant. PCR was performed for 30 cycles using Amplitaq Gold Master Mix (Thermofisher,
Rotkreuz, Switzerland) in a 10 µL reaction containing 10 ng genomic DNA and 5 pmol of
each primer (F 50-CCTGTGGCTCTCACTTGTCA-30 and R 50- CTCCCGAGCCCCTACTTA
CT-30). After treatment with exonuclease I and alkaline phosphatase, PCR amplicons
were sequenced on an ABI 3730 DNA Analyzer (Thermofisher, Rotkreuz, Switzerland).
Sanger sequences were analyzed using the Sequencher 5.1 software (GeneCodes, Ann
Arbor, MI, USA).

4.7.2. Axiom® Genotyping Array
Two fully customized Axiom® genotyping arrays (Thermo Fisher Scientific, Rotkreuz,

Switzerland) designed for genomic selection purpose in Swiss dairy cattle populations
designated as SWISScow (96-array layout with 314,744 markers) and SWISSLD1 (384-array
layout with 64,212 markers) both included the chr14:76011964G>A variant.
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.3390/ijms222212440/s1.

Author Contributions: Conceptualization, F.R.S. and C.D.; validation, I.M.H., E.M., M.S. (Michele
Stengård) and J.M.P.; formal analysis, I.M.H., S.W.-H., M.S. (Michele Stengård), C.W., E.M., J.G.P.J.,
K.V., L.M.O., A.M.K., A.O., C.G., A.B., R.R. and M.S. (Mirjam Spengeler); investigation, I.M.H., S.W.-

https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/
https://www.ebi.ac.uk/ena/browser/view/PRJEB18113/
https://www.ebi.ac.uk/ena/browser/view/PRJEB18113/
www.1000bullgenomes.com
https://www.mdpi.com/article/10.3390/ijms222212440/s1
https://www.mdpi.com/article/10.3390/ijms222212440/s1


Int. J. Mol. Sci. 2021, 22, 12440 12 of 13

H., E.M., M.S. (Michele Stengård) and R.R.; data curation, I.M.H.; writing—original draft preparation,
I.M.H., E.M., M.S. (Michele Stengård), A.M.K., R.R. and C.D.; writing—review and editing, I.M.H.,
S.W.-H., J.M.P., M.S. (Michele Stengård), C.W., E.M., J.G.P.J., K.V., L.M.O., A.M.K., A.O., C.G., A.B.,
R.R., M.S. (Mirjam Spengeler), F.R.S. and C.D.; supervision, C.D.; project administration, C.D.;
funding acquisition, R.R. and C.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by Swiss National Science foundation, grant number
172911 to CD and 166119 to RR, and the APC was funded by the Swiss National Science foundation.
RR and AB were funded by Art & Vie foundation.

Institutional Review Board Statement: This study did not require official or institutional ethical
approval as it was not experimental but part of clinical and pathological veterinary diagnostics. The
animals were handled according to good ethical standards and Swiss legislation (Animal Welfare
regulation: Tierschutzverordnung from 23 April 2008, last amended on 4 September 2018). The tissue
for pathological examinations were collected after slaughtering. The aim was to identify the cause of
the congenital disorder. All animals in this study were examined with the consent of their owners.
Collection of blood samples was approved by the Cantonal Committee for Animal Experiments
(Canton of Bern; permit 71/19).

Informed Consent Statement: Not applicable.

Data Availability Statement: The WGS data of the three sequenced cases can be found in the Euro-
pean Nucleotide Archive under the sample accession nos. SAMEA4644768 (case 2), SAMEA6528889
(case 3), and SAMEA6528891 (case 4).

Acknowledgments: The authors are grateful to Brauvieh Schweiz for assistance in sampling and
organization of cattle for the clinical exams as well as for SNP array genotyping of all cases. The
authors also wish to thank Swissgenetics for providing semen. Furthermore we thank Nathalie Be-
suchet and Simon Pot for expert assistance. We also acknowledge all bovine researchers contributing
to the 1000 Bull Genomes Project and those who deposited cattle whole genome sequencing data into
public databases.

Conflicts of Interest: Authors declare no conflict of interest.

References
1. Lavach, J.D. Large Animal Ophthalmology; Mosby: St. Louis, MO, USA, 1990.
2. Williams, D.L. Production animal ophthalmology. Vet. Clin. N. Am. Food Anim. Pract. 2010, 26, xi–xii. [CrossRef]
3. Williams, D.L. Welfare issues in farm animal ophthalmology. Vet. Clin. N. Am. Food Anim. Pract. 2010, 26, 427–435. [CrossRef]

[PubMed]
4. Leipold, H.W. Congenital ocular defects in food-producing animals. Vet. Clin. N. Am. Large Anim. Pract. 1984, 6, 577–595.

[CrossRef]
5. Gelatt, K.N.; Ben-Shlomo, G.; Gilger, B.C.; Hendrix, D.V.; Kern, T.J.; Plummer, C.E. Veterinary Ophthalmology, 6th ed.; John Wiley &

Sons: Hoboken, NJ, USA, 2021; pp. 1983–2054.
6. Williams, D.L. Congenital abnormalities in production animals. Vet. Clin. N. Am. Food Anim. Pract. 2010, 26, 477–486. [CrossRef]
7. He, X.; Li, Y.; Li, M.; Jia, G.; Dong, H.; Zhang, Y.; He, C.; Wang, C.; Deng, L.; Yang, Y. Hypovitaminosis A coupled to secondary

bacterial infection in beef cattle. BMC Vet. Res. 2012, 8, 222. [CrossRef]
8. Murgiano, L.; Jagannathan, V.; Calderoni, V.; Joechler, M.; Gentile, A.; Drögemüller, C. Looking the cow in the eye: Deletion in the

NID1 gene is associated with recessive inherited cataract in Romagnola cattle. PLoS ONE 2014, 9, e110628. [CrossRef] [PubMed]
9. Hollmann, A.K.; Dammann, I.; Wemheuer, W.M.; Wemheuer, W.E.; Chilla, A.; Tipold, A.; Schulz-Schaeffer, W.J.; Beck, J.; Schütz,

E.; Brenig, B. Morgagnian cataract resulting from a naturally occurring nonsense mutation elucidates a role of CPAMD8 in
mammalian lens development. PLoS ONE 2017, 12, e0180665.

10. Sun, W.; Li, S.; Xiao, X.; Wang, P.; Zhang, Q. Genotypes and phenotypes of genes associated with achromatopsia: A reference for
clinical genetic testing. Mol. Vis. 2020, 26, 588–602. [PubMed]

11. Reicher, S.; Seroussi, E.; Gootwine, E. A mutation in gene CNGA3 is associated with day blindness in sheep. Genomics 2010, 95,
101–104. [CrossRef]

12. Ross, M.; Ofri, R.; Aizenberg, I.; Abu-Siam, M.; Pe’er, O.; Arad, D.; Rosov, A.; Gootwine, E.; Dvir, H.; Honig, H.; et al. Naturally-
occurring myopia and loss of cone function in a sheep model of achromatopsia. Sci. Rep. 2020, 10, 19314. [CrossRef]

13. Komáromy, A.M. Day blind sheep and the importance of large animal disease models. Vet. J. 2010, 185, 241–242. [CrossRef]
[PubMed]

14. Winkler, P.A.; Occelli, L.M.; Petersen-Jones, S.M. Large animal models of inherited retinal degenerations: A review. Cells 2020,
9, 882. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cvfa.2010.09.005
http://doi.org/10.1016/j.cvfa.2010.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21056793
http://doi.org/10.1016/S0196-9846(17)30011-3
http://doi.org/10.1016/j.cvfa.2010.09.001
http://doi.org/10.1186/1746-6148-8-222
http://doi.org/10.1371/journal.pone.0110628
http://www.ncbi.nlm.nih.gov/pubmed/25347398
http://www.ncbi.nlm.nih.gov/pubmed/32913385
http://doi.org/10.1016/j.ygeno.2009.10.003
http://doi.org/10.1038/s41598-020-76205-z
http://doi.org/10.1016/j.tvjl.2009.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20061167
http://doi.org/10.3390/cells9040882
http://www.ncbi.nlm.nih.gov/pubmed/32260251


Int. J. Mol. Sci. 2021, 22, 12440 13 of 13

15. Rothammer, S.; Seichter, D.; Förster, M.; Medugorac, I. A genome-wide scan for signatures of differential artificial selection in ten
cattle breeds. BMC Genom. 2013, 14, 908. [CrossRef]

16. Signer-Hasler, H.; Burren, A.; Neuditschko, M.; Frischknecht, M.; Garrick, D.; Stricker, C.; Gredler, B.; Bapst, B.; Flury, C.
Population structure and genomic inbreeding in nine Swiss dairy cattle populations. Genet. Sel. Evol. 2017, 49, 83. [CrossRef]

17. Bhati, M.; Kadri, N.K.; Crysnanto, D.; Pausch, H. Assessing genomic diversity and signatures of selection in Original Braunvieh
cattle using whole-genome sequencing data. BMC Genom. 2020, 21, 27. [CrossRef]

18. Choi, Y.; Chan, A.P. PROVEAN web server: A tool to predict the functional effect of amino acid substitutions and indels.
Bioinformatics 2015, 31, 2745–2747. [CrossRef]

19. Miyadera, K.; Acland, G.M.; Aguirre, G.D. Genetic and phenotypic variations of inherited retinal diseases in dogs: The power of
within- and across-breed studies. Mamm. Genome 2012, 23, 40–61. [CrossRef] [PubMed]

20. Yeh, C.Y.; Goldstein, O.; Kukekova, A.V.; Holley, D.; Knollinger, A.M.; Huson, H.J.; Pearce-Kelling, S.E.; Acland, G.M.; Komáromy,
A.M. Genomic deletion of CNGB3 is identical by descent in multiple canine breeds and causes achromatopsia. BMC Genet. 2013,
14, 27. [CrossRef]

21. Tanaka, N.; Delemotte, L.; Klein, M.L.; Komáromy, A.M.; Tanaka, J.C. A cyclic nucleotide-gated channel mutation associated with
canine daylight blindness provides insight into a role for the S2 segment tri-Asp motif in channel biogenesis. PLoS ONE 2014,
9, e88768. [CrossRef]

22. Tanaka, N.; Dutrow, E.V.; Miyadera, K.; Delemotte, L.; MacDermaid, C.M.; Reinstein, S.L.; Crumley, W.R.; Dixon, C.J.; Casal,
M.L.; Klein, M.L.; et al. Canine CNGA3 Gene Mutations Provide Novel Insights into Human Achromatopsia-Associated
Channelopathies and Treatment. PLoS ONE 2015, 10, e0138943. [CrossRef]

23. Sidjanin, D.J.; Lowe, J.K.; McElwee, J.L.; Milne, B.S.; Phippen, T.M.; Sargan, D.R.; Aguirre, G.D.; Acland, G.M.; Ostrander, E.A.
Canine CNGB3 mutations establish cone degeneration as orthologous to the human achromatopsia locus ACHM3. Hum. Mol.
Genet. 2002, 11, 1823–1833. [CrossRef]

24. Chen, X.T.; Huang, H.; Chen, Y.H.; Dong, L.J.; Li, X.R.; Zhang, X.M. Achromatopsia caused by novel missense mutations in the
CNGA3 gene. Int. J. Ophthalmol. 2015, 8, 910–915.

25. Hagger, C. Estimates of genetic diversity in the brown cattle population of Switzerland obtained from pedigree information. J.
Anim. Breed. Genet. 2005, 122, 405–413. [CrossRef] [PubMed]

26. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; De Bakker, P.I.W.; Daly,
M.J.; et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef] [PubMed]

27. Sargolzaei, M.; Chesnais, J.P.; Schenkel, F.S. FImpute—An efficient imputa- tion algorithm for dairy cattle populations. J. Dairy
Sci. 2011, 94, 421.
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Identification of small and large genomic candidate variants in
bovine pulmonary hypoplasia and anasarca syndrome
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*Institute of Genetics, Vetsuisse Faculty, University of Bern, Bern 3001, Switzerland. †Veterinary Faculty, University of Ljubljana, Ljubljana

1000, Slovenia. ‡Department of Veterinary Clinical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen,

Frederiksberg C 1870, Denmark.

Summary The pulmonary hypoplasia and anasarca syndrome (PHA) is a congenital lethal disorder,

which until now has been reported in cattle and sheep. PHA is characterized by extensive

subcutaneous fetal edema combined with hypoplasia or aplasia of the lungs and dysplasia of

the lymphatic system. PHA is assumed to be of genetic etiology. This study presents the

occurrence of PHA in two different cattle breeds and their genetic causation. Two PHA

cases from one sire were observed in Slovenian Cika cattle. Under the assumption of

monogenic inheritance, genome-wide homozygosity mapping scaled down the critical

regions to 3% of the bovine genome including a 43.6 Mb-sized segment on chromosome 6.

Whole-genome sequencing of one case, variant filtering against controls and genotyping of

a larger cohort of Cika cattle led to the detection of a likely pathogenic protein-changing

variant perfectly associated with the disease: a missense variant on chromosome 6 in

ADAMTS3 (NM_001192797.1: c.1222C>T), which affects an evolutionary conserved

residue (NP_001179726.1: p.(His408Tyr)). A single PHA case was found in Danish

Holstein cattle and was whole-genome sequenced along with its parents. However, as there

was no plausible private protein-changing variant, mining for structural variation revealed

a likely pathogenic trisomy of the entire chromosome 20. The identified ADAMTS3

associated missense variant and the trisomy 20 are two different genetic causes, which

shows a compelling genetic heterogeneity for bovine PHA.

Keywords cattle, chromosomal aberration, genetic disorder, Mendelian, monogenic,

precision medicine, trisomy, rare disease

Introduction

Pulmonary hypoplasia with anasarca syndrome (PHA) is a

rare congenital lethal syndrome described in cattle (OMIA

001562-9913) and sheep (OMIA 000493-9940). Known

cattle breeds with reported cases of PHA are Belted

Galloway, Dexter, Maine-Anjou, Shorthorn and Hereford

cattle (Windsor et al. 2006; Whitlock et al. 2008; Agerholm

& Arnbjerg 2011). The affected fetuses show diffuse severe

subcutaneous edema, accumulation of fluids in the body

cavities (anasarca) and a dysplasia of the lymphatic system

in addition to pulmonary hypoplasia or aplasia. Placental

edema might be present (Windsor et al. 2006; Agerholm &

Arnbjerg 2011). The described Galloway case additionally

showed palatoschisis, cardiac malformations and cryp-

torchidism (Agerholm & Arnbjerg 2011). PHA is associated

with a high percentage of abortion, but some cases are

delivered near term (Whitlock & Coffman 2015). The

extensive subcutaneous edema causes an increased and

abnormal body size that often prevents the fetus from

entering the birth canal properly. If the calving is not

recognized and proper assistance delivered, the fetus dies and

undergoes postmortem degradation, which causes a life-

threatening condition for the dam (Windsor et al. 2006;

Agerholm & Arnbjerg 2011). PHA is therefore associated

with an increased maternal mortality rate, especially

because it has mainly been reported in beef cattle that are

usually monitored less frequently than dairy cattle.

In Dexter cattle all of the described cases in the

publication of Windsor et al. (2006) derived from one
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cow, which is assumed to be the founder. Therefore, a

recessive mode of inheritance was suspected. In the

Galloway case, pedigree analysis identified a common

maternal and paternal ancestor, which could also indicate

a recessive mode of inheritance (Agerholm & Arnbjerg

2011), but the fetus was too degraded to allow analysis of

its DNA. Furthermore, PHA cases have been observed in

Maine-Anjou and Shorthorn cattle and a single case in

Hereford (Whitlock et al. 2008). A DNA test for the PHA

forms found in Dexter, Shorthorn and Maine-Anjou cattle

are offered commercially, although the causative variant

has not been published so far (https://genetics.zoetis.com/ca

nada/products/beef/pulmonary-hypoplasia-with-anasarca.

aspx; https://www.neogen.com/en/geneseek-announces-ne

xt-generation-of-dna-technology-geneseek-genomic-profiler-

bovine-hd).

Moreover, PHA has been described as hydrops foetalis in

sheep (OMIA 000493-9940; Monteagudo et al. 2002;

Alleaume et al. 2012). The cases reported by Monteagudo

et al. (2002) derived from one ram which had been selected

from the same flock, indicating a recessive inheritance.

Similar to the bovine cases the ovine fetuses were oversized

and showed anasarca and hypoplastic lungs (Monteagudo

et al. 2002; Alleaume et al. 2012). Skeletal muscle

hypoplasia and brachygnathia were found in some cases

(Monteagudo et al. 2002).

In the present study we describe the genetic cause of

independent cases of PHA in two breeds: Cika cattle, an

autochthonous Slovenian breed and with PHA cases

previously described by "Svara et al. (2016), and Holstein

cattle from Denmark.

Materials and methods

Animals

EDTA-blood samples of two Slovenian Cika PHA-affected

fetuses, their sire and one dam, aswell as seven closely related

controls, were available. In addition, a further 158 DNA

samples were taken from the biobank of the Veterinary

Faculty of the University of Ljubljana as controls. The

morphology and familial relationship (Fig. 2a) of the two

cases have previously been reported by "Svara et al. (2016).

Whereas both cases and the available parents had been sent

for SNP genotyping, only the case where both parents were

genotyped was whole-genome sequenced (Fig. 2a). From a

Danish Holstein PHA case, a fetal spleen sample, EDTA-blood

of the dam and semen of the sire were available and the trio

was whole-genome sequenced. DNAwas isolated either from

EDTA-blood using the Nucleon Bacc2 kit (GE Healthcare) or

from semen, hair roots or tissue samples using QIAGEN’s

DNeasy kit according to the manufacturer’s instructions and

using the Maxwell RSC instrument (Promega).

All three PHA-affected cases were tested homozygous wt

for the variants of the commercial DNA test for bovine PHA.

Homozygosity mapping

High-density SNP genotyping was carried out for the two

affected Cika fetuses and two obligate carrier animals on the

Illumina BovineHD BeadChip array including 777 962 SNP

markers at GeneSeek (https://genomics.neogen.com/en/illu

mina-bovine-hd-beadchip). Quality control was performed

based on the assumptions that the genotype quality per

animals is good, at least one of the genotyped individuals is

heterozygous and all animals were genotyped at each

particular SNP. Even though no sample was excluded, a

total of 354 381 variants were removed owing to there

being no heterozygous animal in the dataset and 16 313

variants were removed owing to missing genotypes. With a

total of 389 586 remaining markers, homozygosity map-

ping was performed for the two affected offspring using the

software PLINK v1.9 (Purcell et al. 2007) with the commands

--homozyg-kb 100 (considering homozygous segments of at

least 100 kb), --homozyg-match 0.95 (for allelic matching

between both cases) and --homozyg-group (for generating an

overlap-file), resulting in shared runs of homozygosity

(ROH).

Whole-genome sequencing

We prepared individual PCR-free fragment libraries with

approximately 400 bp inserts which were sequenced for

150 bp paired-end reads. A single Cika PHA case was then

sequenced on the Illumina HiSeq2500 at 8.4 read depth

and the whole Holstein family trio was sequenced on the

Illumina NovaSeq6000 at a coverage of approximately

209. The WGS data is available under the study accession

no. PRJEB18113 at the European Nucleotide Archive

[www.ebi.ac.uk/ena; sample accessions SAMEA32989918

(Cika case), SAMEA5160152 (Holstein case),

SAMEA5159839 (dam), SAMEA5159890 (sire)]. We

mapped the reads to the latest cattle reference genome

ARS-UCD1.2 (https://www.ncbi.nlm.nih.gov/assembly/

GCF_002263795.1) and called for single nucleotide vari-

ants (SNVs) and small insertions and deletions. The

pipeline used to process the fastq files to binary alignment

map and to genomic variant call format (GVCF) files was

the proposed workflow provided by the 1000 Bull Genomes

Project (run 7; www.1000bullgenomes.com; Hayes &

Daetwyler 2019). The resulting individual GVCF files were

merged into one large variant call format (VCF) file using

CombineGVCFs and CatVariants of GATK v3.8 (DePristo

et al. 2011). SNVs and insertions and deletions were called

using GenotypeGVCF of GATK version 3.8 (DePristo et al.

2011) and were given a quality label based on the best

practice recommendations in GATK using the VariantFil-

tration of GATK v3.8 (DePristo et al. 2011). Finally, their

impact was functionally annotated with SNPEFF v4.3 (Cin-

golani et al. 2012), using the NCBI Annotation Release

106 (https://www.ncbi.nlm.nih.gov/genome/annotation_e
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uk/Bos_taurus/106/), which resulted in the final VCF file,

including all individual variants and their functional

annotations.

WGS data analysis

In addition to the four animals sequenced for this study,

there were another 395 control genomes available

(Table S1). The control genomes consist of animals from

23 different cattle breeds and nine cross-bred animals. The

final VCF file was filtered genome-wide based on the

assumed mode of inheritance (breed dependent) using a

case–control approach. The investigation for large struc-

tural variants was performed using SAMTOOLS v0.1.19-

44428cd (Li et al. 2009) in order to calculate the read

depth per base. Further, R (http://www.R-project.org/) was

used to calculate the average read depth over a window of

250 kb and the manhattan function of the QQMAN package

(Turner 2014) to visualize the read depth over the whole

genome in one plot. Integrative Genomic Viewer software

(Robinson et al. 2011) was used for visual inspection of

sequence variants. The read depth data of the case was

further evaluated statistically within an ANOVA analysis

using the MIXLM v1.2.3 package in R (https://CRAN.R-projec

t.org/package=mixlm). Thereby, we investigated whether

there is any variation in read depth between the chromo-

somes. Using the same package, a post-hoc Tukey test was

performed to check which chromosomes differ significantly

from each other and the results were visualized using the cld

function (https://CRAN.R-project.org/package=mixlm).

In order to evaluate the parentage of the sequenced trio,

the SNVs were extracted based on a MAF of 0.01, the PASS

quality prediction of GATK, and stored in PLINK format using

VCFTOOL version 0.1.15 (Danecek et al. 2011). PLINK version

1.9 (Purcell et al. 2007) was used to perform further quality

control by limiting the amount of missing calls per animal

and per variant to a maximum of 10 and 5% respectively.

With the function --check-sex the sex of the individuals was

compared, with --genome the paternity/maternity was

tested, and with --mendel the variants not following a

Mendelian inheritance pattern were detected.

Genotyping of candidate variants

Primers (Table S3) were designed with PRIMER3 software

(Untergasser et al. 2012) after masking of repetitive sequences

with RepeatMasker (http://www.repeatmasker.org). Sanger

sequencingof thePCRproductswas performedusing the BIGDYE

TERMINATOR version 3.1 cycle sequencing kit (LifeTechnologies)

after purificationwith rAPid alkaline phosphatase (Roche) and

exonuclease I (New England BioLabs). Sequencing products

were resolved on an ABI 3730 capillary sequencer (LifeTech-

nologies) and the obtained sequence data were analyzed with

SEQUENCHER 5.1 software.

Results

PHA in Cika cattle

The morphology of the Cika cases has been reported

previously ("Svara et al. 2016). Briefly, the lesions were

typical for PHA with severe diffuse subcutaneous edema

with multiple fluid-filled cysts, accumulation of fluid in the

body cavities, hypoplastic lungs and dysplasia of the

lymphatic tissues (Fig. 1). Pedigree analysis (Fig. 2a)

revealed a highly inbred family, where the cases resulted

from a mother–son and an aunt–nephew mating, indicating

monogenic recessive inheritance.

Homozygosity mapping revealed a total of 18 ROH

segments, which are likely to harbor the recessive mutation

(Fig. 2b). In these candidate regions both cases share the

same allelic group and cover a combined 90.8 Mb, corre-

sponding to roughly 3% of the bovine genome (Table S2).

Subsequently WGS of one of the cases was performed.

Owing to the assumed recessive inheritance and the lethal

effect of the mutation, we hypothesized that most likely a

protein-changing variant affecting the coding sequence of a

gene would be responsible for PHA in Cika cattle. The VCF

file was screened for homozygous private variants in the

case. A total of 10 130 homozygous variants that passed

the quality filtering were detected in the case. After filtering

variants against the 398 control genomes (including the

Holstein PHA family) and restricting the oness to be located

within the ROH candidate regions, 10 were left. These

variants were further checked for their occurrence in a

global control cohort of 3103 genomes of other breeds

(1000 Bull Genomes Project run 7; www.1000bullgenome

s.com), which revealed four protein-changing variants only

present in the Cika PHA-affected fetus (Table S3).

These candidate variants were genotyped by Sanger

sequencing. This led to the further exclusion of three

variants, which did not segregate perfectly with the

phenotype, as non-affected Cika controls were homozygous

for the variants (Table S3). Finally, one single candidate

variant was left: a G>A variant on chromosome 6 at

position 87 462 016 located in the ADAMTS3 gene. For this

variant both cases were homozygous AA and seven out of

169 Cika cattle, including the two obligate carriers, were

heterozygous for this variant. As the gene is on the reverse

strand of the chromosome, this leads to a C>T exchange on

a transcript level (NM_001192797.1: c.1222C>T; Fig. 3a).
The nucleotide exchange is non-synonymous and results in

an amino acid exchange of histidine to tyrosine at position

408 of the protein (NP_001179726.1: p.(His408Tyr);

Fig. 3a). The affected amino acid is highly conserved among

different species (Fig. 3b) and it is predicted to be probably

damaging by PolyPhen-2 (http://genetics.bwh.harvard.ed

u/pph2/) and not tolerated by SIFT (https://sift.bii.a-star.ed

u.sg/). Multiple sequence alignment across different species

shows a high degree of conservation of the concerned
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amino acid in PHA-affected Cika cattle (Fig. 3b) and the

altered residue is situated in a functionally important

metalloproteinase domain (Fig. 3c).

PHA in Holstein cattle

The female Holstein fetus was aborted at gestation day 235.

The pregnancy was the result of insemination with semen

of a US Holstein sire and the parents were not related within

at least three generations. This was the only PHA case

related to this sire that was reported to the surveillance

system for congenital bovine disorders in Denmark (Ager-

holm et al. 1993). Owing to summer heat, the fetus was

frozen at !20°C until necropsy was possible.

The fetus, weighing 17.7 kg, was examined after thaw-

ing. It was deformed owing to diffuse severe subcutaneous

edema, which caused large localized soft tissue swellings,

especially in the head and dorsal part of the body (Fig. 4a).

Upon incision these swellings consisted of either edematous

connective tissue with multiple small cysts or a large

solitary cyst (Fig. 4b). All pulmonary lobes were developed

but the lung size was significantly reduced. The heart had a

high interventricular septal defect, dilation of both ventri-

cles and hypertrophy of the left myocardium. A palatoschi-

sis was present. The amount of fluid in the body cavities was

considered to be within normal range.

To evaluate the genetic etiology, WGS of the case along

with the sire and dam was performed. The variant data

confirmed the parentage of the fetus. Under the assumption

of recessive inheritance, the VCF file was screened for

protein-changing variants in the trio, leaving 1042 variants

passing the GATK quality filter. After filtering against 396

control genomes (including the Cika PHA case), 13 variants

were left for which no homozygous genotype was detected.

When comparing these remaining variants with the 1000

Bull Genome Project data, finally a single missense variant

in the SERPINB6 gene remained. This variant never

occurred in homozygous state in 3102 control genomes,

but was heterozygous present in 51 animals of nine

different breeds. The SERPINB6-associated base exchange

from guanine to thymine (NM_174789.1: c.1042G>T)
leads to an amino acid exchange from valine to leucine

(XM_024983399.1: p.(Val348Leu)). This SERPINB6 vari-

ant was of uncertain significance, and therefore, a de novo

pathogenic mutation was hypothesized.

Applying this hypothesis, the PHA-affected Holstein case

was filtered for protein-changing variants in heterozygous

state and compared with its parents, which are assumed to

be non-carriers of these variants. This led to the detection of

744 putative de novo variants. After comparison against

396 control genomes, nine protein-changing candidate

variants remained, and using the 1000 Bull Genomes

Project data for validation, additional two variants could be

excluded. Visual inspection of these seven variants indicated

that apparently six represent false positives. The single

remaining variant was a missense variant in the RAB9A

gene (NM_001075538.2: c.565C>T), leading to an amino

acid substitution from arginine to cysteine

(NP_001069006.1: p.(Arg189Cys)). Owing to the func-

tional association of the RAB9A gene with pigmentation

phenotypes (Mahanty et al. 2016), this variant of uncertain

significance was not considered as pathogenic for PHA.

However, visual inspection for large structural variants in

the genome was performed after plotting the average read

depth across the whole genome for the Holstein trio (Fig. 5).

As proof of concept, this method confirms the sex of the

(a)

(b)

Figure 1 Gross morphology of pulmonary hypoplasia and anasarca
syndrome (PHA) in a Cika fetus. (a) The body is severely deformed
owing to extensive subcutaneous edema. (b) Specimen showing the
heart and lungs. Whereas the heart (asterix) is enlarged and rounded
owing to marked dilatation of the heart chambers, the lungs (arrows)
are extremely reduced in size. Bar = 3 cm.
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animals as the sire shows a decreased read depth of the X

chromosome. Furthermore, we detected a trisomy encom-

passing the entire chromosome 20 (Fig. 5). The ANOVA

results showed that there was a significant difference in read

depth from the mean of at least one chromosome (F-

value = 93.859, DF = 28, P-value = <2.2e ! 16). The pair-

wise Tukey test demonstrated that each chromosome differed

significantly from some other chromosomes, but only chro-

mosome 20 differed from all other chromosomes (Table S4).

Discussion

In ruminants, PHA has been described in sheep and in cattle.

The described caseswere aborted late in gestation or delivered

at term. PHA cases are described as showing extensive edema

and an increased body size in sheep (Monteagudo et al. 2002;

Alleaume et al. 2012) and in cattle (Windsor et al. 2006;

Whitlock et al. 2008; Agerholm & Arnbjerg 2011). In all

cases, pathology revealed undersized lungs and dysplasia in

the lymphatic system. Interestingly, even though the genetic

origin is mostly assumed to be of recessive inheritance, there

are cases in cross-bred sheep where a recessive inheritance

would be a great coincidence. Furthermore, so far no

causative variant has been published for PHA either in sheep

or in cattle. The absence of the unreported but commercially

tested variants for bovine PHA indicates that the PHA-

affected calves presented here are unrelated to those that led

to the commercial gene test development.

Herein with the missense variant in ADAMTS3, we

present for the first time molecular evidence for the assumed

simple Mendelian inheritance of bovine PHA in Cika cattle,

a local breed of Slovenia. The ADAMTS3 gene belongs to the

ADAMTS proteases, a gene family which is characterized by

the presence of a disintegrin and metalloproteinase (ADAM)

domain and thrombospondin 1 repeats (Tang & Hong

1999). In previous reports, ADAMTS3 was proposed to be

the major procollagen II-processing enzyme, and a possible

role in musculoskeletal development was discussed (Le Goff

et al. 2006; Marouli et al. 2017). In mice Adamts3

transcripts are predominantly expressed in cartilage

throughout murine chondrogenesis and bone ossification

(Dubail & Apte 2015). In humans and dogs, ADAMTS3 is

expressed in the cartilage of the upper airway (Jeltsch et al.

2014; Marchant et al. 2019). ADAMTS3 KO mice have been

reported, even though their phenotypes differ substantially,

perhaps owing to differences in design and/or genetic

background; in both studies abnormalities in lymphatic

development and subcutaneous edema were reported

(Janssen et al. 2016; Ogino et al. 2017). Whereas mice

described by Janssen et al. (2016) died predominantly as

embryos, the mice described by Ogino et al. (2017), tended

to die perinatally owing to apparent breathing problems or

present abnormal rib development and significantly short-

ened skulls. In a human family, two variants of ADAMTS3

have been shown to cause autosomal recessive-inherited

Hennekam lymphangiectasia–lymphedema syndrome 3, a

condition characterized by lymphedema and distinct facial

features, including hypertelorism and a flat nasal bridge

(OMIM 618154; Hennekam et al. 1989; Brouillard et al.

2017). These findings support the ADAMTS3 missense

variant as the most likely pathogenic variant. Previous

reports already suspected the primary cause of the PHA

phenotype to be associated with dysplasia of the lymphatic

system (Whitlock et al. 2008; Alleaume et al. 2012). The

presented features of the PHA phenotype in Cika cattle

("Svara et al. 2016) support this assumption and the

identified ADAMTS3 variant confirms its origin to a

disruption of the lymphangiogenesis. It can be speculated

that the described PHA-associated ADAMTS3 variant leads

to a complete loss of function.

Figure 2 Pedigree and genome-wide homozygosity mapping of the affected Cika cattle. (a) The two PHA-affected fetuses (filled symbols) are the
results of a mother–son and an aunt–nephew mating. The animals shown with an asterisk were genotyped with the SNP array and the genome of an
affected fetus was sequenced (indicated with an arrow). The individual genotypes of the ADAMTS3 variant are shown, whereby the variant allele A is
indicated in red and the wt allele G in black. (b) Homozygous regions shared by both cases are displayed in blue. Note the by far largest homozygous
segment of 43.6 Mb on chromosome 6, ADAMTS3, is located within this segment.
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By genotyping we were able to exclude the two

maternal grandmothers as the founder of the Cika PHA

variant (Fig. 2). Therefore, we suppose the founder of the

Cika PHA mutation is the common maternal grandsire

and the age of the variant only being two generations.

The by far largest shared ROH segment is the 43 Mb

region on chromosome 6, harboring the identified

ADAMTS3 variant, which also supports a recent mutation

event. The occurrence of PHA in the cohort was due to

the highly inbred family structure. Genotyping for the

described variant in Cika cattle and selective breeding will

help to reduce the allele frequency in the population and

minimize the risk of more PHA cases.

The presented individual case of PHA observed in

Holstein cattle is most likely not caused by a recessive

mutation as we detected a chromosomal aberration.

Formally we cannot exclude the two protein-changing

variants in RAB9A and SERPINB6 as the causative variant

in the Holstein case. However, functionally RAB9A is

involved in protein transport between the endosomes to the

melanosomes and its KO had been shown to lead to

hypopigmentation in vitro (Mahanty et al. 2016). On the

other hand, the variant in SERPINB6 does not seem to be a

true de novo variant, as it appears in more than 50 animals

across several breeds. Furthermore, SERPINB6 is associated

in human with hearing impairment (Sirmaci et al. 2010).

Based on this information, we assume these variants to be

probably not causal for the PHA case in the Holstein breed.

Aneuploidies, defined as the copy number variation of

whole chromosomes, lead to changes in gene expression.

Chunduri & Storchova (2019) described the effects of a

trisomic chromosome in raising the gene expression and

disturbing protein homeostasis in the cell and finally

impairing the functioning of the cell cycle. Thus, it is more

plausible that the extra copy of chromosome 20 is causing

the disorder in this isolated case. No further cases of PHA

have been reported in Holstein cattle in Denmark associated

with the sire of the affected fetus, which supports this

conclusion. Even though cases of trisomy have been mostly

Figure 3 PHA-associated ADAMTS3 missense variant in Cika cattle. (a)
Genotypes identified via Sanger sequencing showing the different
genotypes. (b) Multiple protein sequence alignment across species. (c)
Schematic representation of the ADAMTS3 protein according to
Kelwick et al. (2015). The affected metalloproteinase domain is shown
in blue, the thrombospondin type 1 motifs in green and the protease
and lacunin module in yellow.

(a)

(b)

Figure 4 Gross morphology of a case of PHA in a Holstein fetus. (a)
The body is deformed, especially the head and dorsal part of the body,
owing to subcutaneous swellings (arrows) and a subcutaneous cyst
(arrow heads). (b) Cut section through lesions in the dorsal part of the
fetal body as indicated in (a). The cyst has been opened and serous fluid
is oozing from the cavity (asterisk); the swelling to the right consists of
severe subcutaneous edema.
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described in humans, there are few cases in cattle described

in the literature for cattle chromosomes 18, 20, 21, 22 and

28 (Herzog et al. 1977; Mayr et al. 1985; Agerholm &

Christensen 1993; Schmutz et al. 1996; Gallagher et al.

1999; Iannuzzi et al. 2001). All of these studies used

traditional cytogenetic approaches to describe the chromo-

somal disorder. Unfortunately, in our case there was no

suitable material stored for cell culture. The descriptions of

all of the reported trisomies had phenotypic signs in

common such as facial dysplasia, brachygnathia and/or

palatoschisis, and malformations of the limbs (Herzog et al.

1977; Schmutz et al. 1996; Iannuzzi et al. 2001).

Autosomal trisomy 20 in cattle has been reported

previously by Gallagher et al. (1999), who by coincidence

found such a case in the fetus of a slaughtered pregnant beef

cow. The fetus displayed severe anasarca and cranio-facial

malformation including cranioschisis, palatoschisis and

cheiloschisis. The present Holstein fetus with trisomy 20

also had anasarca, although the head was less malformed

as merely palatoschisis was present. Malformation of the

heart and lung was not mentioned in the report by

Gallagher et al. (1999). The findings in these two cases

show that the phenotype of trisomy 20 in cattle is externally

characterized by severe anasarca causing an abnormally

shaped body, but various concomitant lesions may also be

present. Therefore, trisomy 20 should be suspected in PHA

cases. For its detection, karyotyping should be attempted as

long as cytogenetics is economic and time efficient.

Figure 5 PHA-associated trisomy of
chromosome 20 in Holstein cattle
based on WGS data. Average read
depth of 250 kb windows plotted for
the affected fetus (a), the dam (b)
and the sire (c). The red arrow indi-
cates the increased sequence cover-
age across the whole chromosome
20.
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Alternatively, it has been shown recently that array

genotyping can be used for the detection of large copy

number variants through the measures of the B-allele

frequency and the logged ratio of observed probe intensity

to expected intensity (Grahofer et al. 2019).

The comparative map of cattle and human chromosomes

identifies two conserved regions between human chromo-

some 5 and bovine chromosome 20 (Band et al. 2000). More

precisely, the whole short arm until 74 Mb and the end of the

long arm (168.1–173.3 Mb) from human chromosome 5

correspond to the bovine chromosome 20. As this human

chromosome is much larger than the corresponding bovine

chromosome, aneuploidies cannot be compared directly.

However, a review of partial trisomy of the short arm of

human chromosome 5 shows its association with mental as

well as growth retardation (Cervera et al. 2005).

In conclusion, PHA in sheep and cattle is a previously

described genetic disorder; however this study is the first to

report its genetic background. The described cases in two

different breeds were independently diagnosed with the

same disorder, but the genetic analysis revealed the cause to

be of different origin. Apparently rare cases of congenital

disorders resembling monogenic Mendelian diseases might

also be caused by chromosomal abnormalities.
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Background

Pulmonary hypoplasia and anasarca (PHA) syndrome is a

known congenital lethal disorder in cattle (OMIA 001562-

9913) occurring sporadically in a variety of breeds. Typical

signs of PHA include severe widespread subcutaneous

edema and pulmonary hypoplasia or aplasia.1,2 The exten-

sive accumulation of fluid in the subcutaneous tissue and

formation of large subcutaneous cysts deteriorate the body

conformation, thus potentially causing dystocia. In cattle,

PHA was recently described as either a recessive disorder

owing to a missense variant in ADAMTS3 in Cika cattle or

as a dominant disorder caused by a trisomy of chromosome

20 in a single PHA-affected Holstein calf.3

Own analysis

A purebred Danish Holstein heifer started to abort a fetus

on gestation day 252, but Cesarean section had to be per-

formed as the fetus could not be delivered vaginally. The

© 2020 Stichting International Foundation for Animal Genetics, 51, 987–991



pregnancy was the result of insemination with imported

semen of a purebred Canadian Holstein, which as at

September 2020 has around 1300 offspring in Denmark.

The female fetus (stillborn) underwent postmortem exami-

nation and lesions consistent with PHA were found

(Fig. 1a; Fig. S1).

Genomic DNA extracted from a sample from the ear

was whole-genome sequenced as described before and

deposited publicly (www.ebi.ac.uk/ena, sample accession

no. SAMEA6528903).3 Variant calling revealed no evi-

dence for the presence of protein-changing variants in the

ADAMTS3 gene; neither the previously described missense

variant causing PHA in Cika cattle was found nor any

other. In addition, genome-wide filtering for variants that

were present only in the genome of the case and absent

in the genomes of 493 controls (Table S1) resulted in 12

heterozygous protein-changing variants of which four

were absent in the variant catalog of run 7 of the 1000

Bull Genomes project (Table S2).4 However, it was not

evaluated further whether these four private variants rep-

resent de novo sequence variants or rare variants.

To check for chromosomal aberrations the read depth of

500 kb windows across chromosomes was calculated and

plotted in a Manhattan plot (Fig. 1b). To compare the

average read depth per chromosome QUALIMAP software

was used.5 Whereas the chromosomes 1–19, 21–29 and

the X-chromosome had a read depth ranging from 18.39

to 20.19, chromosome 20 had an average read depth of

28.29 (Fig. 1b). This 1.5-fold elevated read depth of chro-

mosome 20 indicates a trisomy.

Comments

We suggest that the additional chromosome 20 in the

Holstein fetus caused PHA. As there had not been

reported any other PHA case in this Holstein family, the

constitutional trisomy probably arose through non-dis-

junction during early cell division in the fertilized egg.

Rare cases of chromosomal aberrations in cattle are

described for a small number of chromosomes (18, 20,

21, 22, 28 and 29) and are associated with brachyg-

nathia, blindness, reduced growth, aplasia of various

organs and other malformations.3,6–13 Whereas most of

them are associated with severe body malformations and

are lethal,3,6–8,11,13 a few trisomies have been observed in

living animals.9,10,12 The absence of reports of most chro-

mosomal aberrations indicates their lethality, most proba-

bly during early gestation.11 This further case of

chromosome 20 trisomy shared important features with a

previously described association of trisomy 20 with PHA

in cattle.3 Therefore, it presents a recurrent mutation

event apparently leading to bovine PHA, a disorder that

was for a long time assumed to be recessively inherited.
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Figure 1 Trisomy 20 in a pulmonary hypoplasia and anasarca-affected Holstein fetus. (a) The fetus showed retarded development with a short-
haired sparse haircoat not normal for a 252-day-old fetus. The body weight was 33.0 kg of which around 8 kg consisted of fluid that had oozed
from the fetus during transport and an additional >4 kg in the thorax and abdomen. The fetus had severe deformation of the head and body,
lesions that hindered a vaginal delivery. Bar: 10 cm. (b) Manhattan plot displaying the read depth of 500 kb windows across chromosomes. The
red line indicates the average read depth of 20.6. Note the elevated coverage across chromosome 20 indicating a trisomy (red arrow)
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Figure S1. Necropsy findings of the PHA-affected Holstein

fetus

Table S1. Accession nos of the 493 publicly available gen-

ome sequences of various breeds that were sequenced in

the course of other ongoing studies used as control gen-

omes

Table S2. Private protein-changing heterozygous sequence

variants in the affected fetus and their distribution in the

1000 Bull Genomes data
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Simple Summary: Skeletal dysplasias encompass a clinical-, pathological- and genetically hetero-
geneous group of disorders characterized by abnormal cartilage and/or bone formation, growth,
and remodeling. They may belong to the so-called RASopathies, congenital conditions caused by
heterozygous variants in genes that encode components of the Ras/mitogen-activated protein kinase
(MAPK) cell signaling pathway. Herein, an affected calf of the Italian Romagnola breed was reported
showing a skeletal-cardio-enteric dysplasia. We identified a most likely disease-causing mutation in
the MAP2K2 gene by whole-genome sequencing (WGS). The MAP2K2 gene is known to be related
with dominant inherited cardio-facio-cutaneous syndrome in humans, but it was so far unknown to
cause a similar disease in domestic animals. We assume that the identified missense variant that was
predicted to impair the function of the protein, occurred either within the germline of the dam or
post-zygotically in the embryo. Rare lethal diseases such as the skeletal-cardio-enteric dysplasia in
livestock are usually not characterized to the molecular level, mainly because of the lack of funds and
diagnostic opportunities. Precise WGS-based diagnostics enables the understanding of rare diseases
and supports the value of monitoring cattle breeding populations for fatal genetic defects.

Abstract: RASopathies are a group of developmental disorders caused by dominant mutations in
genes that encode components of the Ras/mitogen-activated protein kinase (MAPK) cell signaling
pathway. The goal of this study was to characterize the pathological phenotype of a Romagnola
stillborn calf with skeletal-cardio-enteric dysplasia and to identify a genetic cause by whole-genome
sequencing (WGS). The calf showed reduced fetal growth, a short-spine, a long and narrow face,
cardiac defects and heterotopy of the spiral colon. Genetic analysis revealed a private heterozygous
missense variant in MAP2K2:p.Arg179Trp, located in the protein kinase domain in the calf, and
not found in more than 4500 control genomes including its sire. The identified variant affecting a
conserved residue was predicted to be deleterious and most likely occurred de novo. This represents
the first example of a dominant acting, and most likely pathogenic, variant in MAP2K2 in domestic
animals, thereby providing the first MAP2K2-related large animal model, especially in respect to
the enteric malformation. In addition, this study demonstrates the utility of WGS-based precise
diagnostics for understanding sporadic congenital syndromic anomalies in cattle and the general
utility of continuous surveillance for rare hereditary defects in cattle.

Keywords: cattle; cardiac defect; development; congenital malformations; heterotopy; precision
medicine; short spine; RASopathy

1. Introduction

Genetic skeletal dysplasias encompass a clinical-, pathological-, and genetically het-
erogeneous group of rare disorders characterized by abnormal cartilage and/or bone
formation, growth, and remodeling [1]. In human medicine, 461 different skeletal disorders

Animals 2021, 11, 1931. https://doi.org/10.3390/ani11071931 https://www.mdpi.com/journal/animals
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are classified into 42 subtypes [2]. At the present in humans, pathogenic variants affecting
more than 437 different genes have been found to be associated with these disorders [2].
In veterinary medicine, genetic skeletal dysplasias are not classified in such detail. Nev-
ertheless, with the progressively widespread availability of molecular tools for genetic
mapping, such as single-nucleotide polymorphism (SNP) arrays, and for mutation analysis,
such as short-read based whole-genome sequencing (WGS), the recognition of disease-
causing pathogenic variants has drastically improved [3,4]. In fact, the 1000 Bull Genomes
Project now encompasses a genetic variation from over 4100 genomes providing a com-
prehensive database for the imputation of genetic polymorphisms for genomic prediction
in all cattle breeds, improving the accuracy of genomic prediction in the identification of
causal mutations [5]. The OMIA (Online Mendelian Inheritance of Animals) currently lists
22 skeletal disorders in cattle with a known causal mutation, e.g., recessively inherited
mostly breed-specific disorders such as the brachyspina syndrome in Holstein (OMIA
000151-9913) [6] and the paunch calf syndrome in Romagnola [7] and Marchigiana [8]
(OMIA 001722-9913), or dominantly inherited disorders such as the bovine achondrogene-
sis type II (OMIA 001926-9913) [9], or cases of facial dysplasia in the progeny of a single
bull (OMIA 002090-9913) [10]. The latter two diseases have been shown to result from de
novo mutation events in the paternal germline.

This study aimed to characterize in detail the pathological phenotype of a Romagnola
calf with skeletal cardio-enteric dysplasia, and to discover a genetic variant causing the
abnormality by WGS.

2. Materials and Methods

2.1. Pathological Investigation
A stillborn Romagnola male calf was referred to the Department of Veterinary Medical

Sciences, University of Bologna for post-mortem examination. The calf resulted from insem-
ination with semen from a purebred Romagnola bull on a Romagnola cow. The pedigree of
both parents showed no common ancestor within four generations. The truncal length was
measured from the occipital bone to the tuber coxae. Additionally, radiographic images of
the spine were obtained before starting necropsy.

2.2. DNA Samples
Genomic DNA was isolated from skin and cartilage from the ear of the calf and from

the semen of the sire using Promega Maxwell RSC DNA system (Promega, Dübendorf,
Switzerland). In addition, genomic DNA samples from EDTA-blood samples of 100 ap-
parently normal Romagnola cattle were extracted with the same methodology and used
as controls.

2.3. Whole-Genome Sequencing
The genome of the affected calf was sequenced as described before resulting in an

average read coverage of approximately 17.4⇥ [11]. Single-nucleotide variants (SNVs)
and small indel variants were called subsequently as reported earlier [5], except for the
trimming, which was carried out using fastp [12]. Further data processing was carried
out according to Häfliger et al., 2020 [13]. The impact of the called sequence variants
was evaluated with snpeff v4.3 [14], using NCBI Annotation Release 106 (https://www.
ncbi.nlm.nih.gov/genome/annotation_euk/Bos_taurus/106/; accessed on 30 April 2021).
In order to search for private variants, we compared the genotypes of the affected calf with
598 bovine genomes of different breeds that have been sequenced in other ongoing studies
and are freely available (Table S1) in the European Nucleotide Archive (SAMEA7690195
is the sample accession number of the affected calf; http://www.ebi.ac.uk/en; acceded
on 30 April 2021). The occurrence of these variants was then investigated in a global
control cohort of 4110 genomes of different breeds (1000 Bull Genomes Project run 8;
www.1000bullgenomes.com; acceded on 30 April 2021) [5]. Integrative Genomics Viewer
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(IGV) [15] software version 2.0 was used to manually look at genomic regions where
possible candidate genes map.

2.4. Targeted Genotyping
PCRs were carried out using Amplitaq Gold Master Mix (Thermofisher, Rotkreuz,

Switzerland). The subsequent bi-directional sequencing of PCR products was carried
out after shrimp alkaline phosphatase (Roche, Basel, Switzerland) and exonuclease I
(NEB, Axon lab, Baden, Switzerland) incubation using the PCR primers with the ABI
BigDye Terminator Sequencing Kit 3.1 (Applied Biosystems, Zug, Switzerland) on an
ABI 3730 capillary sequencer (Applied Biosystems). The MAP2K2 missense variant
(NM_001038071.2: g.19923991C>T) was genotyped using the following primers: 50-
GGCTTAACAGAGGATGCCCC-30 (forward primer) and 50-CTGGAAAACCTGGAAA-
TCGGG-30 (reverse primer). The evaluation of the sequence data was carried out with
Sequencher 5.1 software (GeneCodes, Ann Arbor, MI, USA).

2.5. Evaluation of the Molecular Consequences of Amino Acid Substitutions
PROVEAN [16] and PredictSNP1 [17] were used to predict the biological consequences

of the discovered variant on protein. For multispecies sequence alignments the following
NCBI proteins accessions were used: NP_001033160.2 (Bos taurus), NP_109587.1 (Homo sapi-
ens), XP_003318859.1 (Pan troglodytes), XP_001118016.2 (Macaca mulatta), NP_001041601.1
(Canis lupus), NP_075627.2 (Mus musculus), NP_579817.1 (Rattus norvegicus), NP_990719.1
(Gallus gallus), NP_001032468.2 (Danio rerio).

2.6. Sequence Accessions
Genomic positions in the cow genome refers to the the ARS-UCD1.2 assembly. All ref-

erences to the bovine MAP2K2 gene correspond to the NCBI accessions NC_037334.1
(chromosome 7, ARS-UCD1.2), NM_001038071.2 (MAP2K2 mRNA), and NP_001033160.2
(MAP2K2 protein). For the MAP2K2 protein, the Uniprot database (https://www.uniprot.
org/) (accessed on 15 March 2021) accession number A0A3S5ZPX3 was used.

3. Results

3.1. Pathological Phenotype
At birth, the calf weighed only 20.3 kg (normal weight of Romagnola calves at birth

40 Kg–mean) and its trunk was disproportionately short for the body size and legs (Figure 1;
Figure S1). Shortening of the neck was very pronounced, and it looked as though the head
was fixed to the chest. The length of trunk, as measured from the occipital bone to the point
of the buttock, was approximately 40 cm. Moreover, it displayed a mild kyphosis at the level
of the thoracolumbar region. The limbs were 70 cm long and slender (dolichostenomelia).

Facial deformities were characterized by narrow, longer and laterally deviated splanc-
nocranium. The lower jaw was slightly longer than normal.

Radiological examination of the axial skeleton showed only a reduced size of the
vertebral bodies, but no shape abnormalities (Figure S2).

At gross pathology, the examination of the abdominal cavity showed the absence of
the omentum and heterotopy of the spiral colon, the latter characterized by a complete
detachment and complete displacement of the spiral loop of the ascending colon from the
mesojejunum (Figure 2a,b).

The calf also showed an evident 2 cm diameter persistent patent ductus and patho-
logical cardiac abnormalities, including globous shape, enlarged right ventricle and pul-
monic stenosis.

Based on these pathological observations, the animal was considered to present a
skeletal-cardio-enteric dysplasia.
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Figure 1. Stillborn Romagnola calf with skeletal-cardio-enteric dysplasia: Strikingly, the length of the spine appeared
disproportionately short for the height and legs. Mild kyphosis of the thoraco-lumbar vertebral column is also evident. Bar,
30 cm.

 

Figure 2. Topography of the spiral loop of the ascending colon. (a) Topography of the spiral loop of the ascending colon in
the stillborn Romagnola calf with skeletal-cardio-enteric dysplasia. Note the complete displacement of the spiral loop of the
ascending colon from the mesojejunum. (b) Topography of the spiral loop of the ascending colon in a control. Note the
spiral loop of the ascending colon located at the middle of the mesojejunum.

3.2. Genetic Analysis
Assuming a spontaneous mutation as the most likely cause for this congenital malfor-

mation, the whole genome of the affected calf was sequenced. To evaluate the presence
of coding protein-changing variants, filtering of WGS for private variants present in the
calf and not present in the 598 control genomes was performed. This approach identified
381 heterozygous private protein-changing variants predicted to have moderate or severe
alteration on the encoded proteins. These variants were then tested for their presence
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in a global control cohort of 4110 genomes of various breeds collected in run 8 of the
1000 Bull Genomes Project [5], which revealed 66 protein-changing variants only occurring
in heterozygous state in the genome of the affected calf. These 66 variants were subse-
quently evaluated using IGV software, confirming 63 as true variants (Table S2). Of all the
remaining private variants, one occurred in a possible candidate gene for observed phe-
notype (Figure 3a). The heterozygous variant at chr7:19923991C>T represents a missense
variant in exon 5 of the MAP2K2 gene (NM_001038071.2: c.535C>T; Figure 3c). This variant
alters the amino acid of the MAP2K2 protein at site 179 (NP_001033160.2: p.Arg179Trp)
located in the protein kinase domain (Figure 3e). Furthermore, the arginine to tryptophan
substitution affects an evolutionary conserved residue (Figure 3f) and has been predicted
to be harmful (PROVEAN score �4.708; Predict SNP score 61%). In order to confirm and
finally evaluate the MAP2K2 variant, the corresponding genome region was amplified
by PCR and then analyzed by Sanger sequencing in the calf, its sire, and 100 controls of
the same breed. Unfortunately, no biological sample of the dam that was slaughtered
in-between was available. When analyzing the sequencing data, we found that the calf
was indeed heterozygous for the MAP2K2 variant detected, while the sire and another
100 controls from the Italian Romagnola population were homozygous for the wild-type
allele (Figure 3b,c).

Figure 3. MAP2K2 missense variant in a Romagnola calf with skeletal-cardio-enteric dysplasia: (a) MAP2K2 gene structure
representation of the exact position of the exon 5 variant on the chromosome 7 (red arrow); (b) Electropherograms confirming
heterozygosity in the affected calf and the absence of the variant in the germline of the sire. (c) IGV screenshot presenting
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the Chr7: g.19923991C>T variant in the calf. (d) Pedigree of the case. The affected male calf is represented with full black
symbol, while both non-affected parents are represented by full white symbols. Unknown genotype is represented by a
symbol with a diagonal line. (e) Schematic representation of MAP2K2 protein and its functional domains and summary of
known human MAP2K2 mutations. The position of the mutation detected in the affected Romagnola calf is indicated by a
red arrow, while know human MAP2K2 mutations associated with cardio-facio-cutaneous syndrome are indicated by black
arrows (OMIM601263). (f) Multiple sequence alignment of the protein kinase domain of the MAP2K2 protein around the
position of the p.Arg179Trp variant shows complete evolutionary conservation across all species.

In addition, when looking for homozygous variants, filtering revealed two private
protein-changing variants present in the genome of the affected calf (Table S2).

4. Discussion

Non-infectious syndromic congenital malformations of newborns in cattle occur rarely
and are most often not further diagnosed in detail. We have carried out a comprehensive
pathological and genetic examination in a Romagnola stillborn calf, revealing a skeletal-
cardio-enteric dysplasia. We then investigated the hypothesis of a spontaneous mutation as
a possible reason for this congenital phenotype. Using state-of-the-art genetic approaches
involving WGS, geneticist have only about a 50:50 chance of quickly identifying variants
that are causal for developmental anomalies in humans [18]. So far, similar data is missing
for veterinary medicine, mostly due to the lack of resources, although the scientific value
for biomedical research is widely accepted [4]. Analysis of the genome sequence of the
studied case identified a missense variant in a plausible candidate gene affecting the protein
kinase domain of MAP2K2. In addition, this variant was only present in the genome of
the affected calf, and did not occur in a global control cohort of more than 4500 bovine
genomes of different breeds. Therefore, considering the rarity of this coding variant and
the function of the MAP2K2, it was considered to represent the most likely genetic cause
for the observed phenotype. To the best of our knowledge, no pathogenic variant in the
MAP2K2 gene has been reported in domestic species. Therefore, this study represents the
first large animal model for a MAP2K2-related congenital skeletal disorder in cattle.

Furthermore, the PCR to detect the mutant allele in the sire using DNA extracted
from semen showed a homozygous wild-type genotype. Therefore, we could exclude the
father as a mosaic ancestor. However, to definitively prove that the identified variant in
MAP2K2 indeed occurred de novo, genotyping of the dam would be needed. Therefore,
we speculate that the mutation either arose post-zygotically during fetal development of
the affected calf or represents a maternally derived germline mutation.

The RAS/mitogen activated protein kinase (MAPK) cell signaling pathway plays an
important role in the regulation of the cell cycle and differentiation [19]. In particular,
during embryonic development, it represents one of the main pathways for the trans-
duction of intracellular signals in response to all types of mitogens (e.g., growth factors),
which initiates proliferation, survival, and anti-apoptotic programs [20]. Furthermore,
the dysregulation of RAS/MAPK-dependent developmental processes has significant
pathophysiological consequences [20].

In humans, somatic mutations leading to hyperactivation of the RAS/MAPK signaling
cascade may cause cancers [21], whereas germline or de novo mutations in the developing
embryo are responsible for several rare genetic conditions, collectively termed RASopathies.
These disorders have common phenotypes, such as a short stature, heart defects, facial
abnormalities, and cognitive impairments, often associated with abnormal central nervous
system development, and include conditions such as neurofibromatosis type 1 (OMIM
162200) [22], Noonan (OMIM 163950) [23], LEOPARD (OMIM 151100) [24], Costello (OMIM
218040) [25], and cardio-facio-cutaneous (CFC; OMIM 115150) [26] syndromes. In humans,
RASopathies are a highly heterogenetic group of genetic disorders, being associated to
more than 20 causal genes [20]. These genes encode proteins that belong to, or regulate, the
RAS/MAPK cell signaling pathway. Their mutations explain the pathophisological mecha-
nisms, such as the abnormal development of various tissues (e.g., cardiac or craniofacial
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defects), as well as the altered hormonal response and consequent endocrine dysfunctions
(e.g., growth hormone insensitivity, and growth retardation) [20]. In particular, individuals
affected by CFC show characteristic craniofacial dysmorphic features, short stature, car-
diac defects, ectodermal anomalies, and developmental delay [26]. Currently, dominantly
inherited mutations in four genes have been associated with CFC syndrome: BRAF [27],
MAP2K1 [28], MAP2K2 [26,28], and KRAS [27]. Interestingly, the affected calf presented
in this study revealed a dominant mutation in MAP2K2, and showed retarded growth,
skeletal dimorphisms, including a long and narrow face and shortening of the vertebral
column, and cardiac defects such as persistent patent ductus and pulmonary stenosis.
These findings resemble the phenotype of human CFC syndrome. However, the animal
did not show any alteration on the integumentary system.

Moreover, the calf revealed heterotopy of the spiral colon. In cattle, this anatomic
anomaly may originate from the loose attachment of the spiral loops to the mesojejunum,
abnormal elongation of the mesocolon, overlapping of adjacent loops, abnormal coiling,
and finally, complete separation of the spiral loop of the ascending colon from the meso-
jejunum [29]. This condition can predispose to intestinal injury, such as volvulus and
intussusception [29]. Similarly, in human medicine, the so-called intestinal malrotation is a
congenital anomaly resulting from incomplete rotation and fixation of the intestine during
embryological and fetal development, which may predispose to midgut volvulus and lead
to duodenal obstruction and strangulation of the circulation in the superior mesenteric
vessels [30]. In humans and mice, MAP2K2 is known to be highly expressed in the colon
and duodenum [31,32]. However, mutations in MAP2K2 have so far not been associated
with enteric congenital defects.

Furthermore, the deleterious nature of the variant and the conservation of the affected
arginine amino acid residue of MAP2K2 at position 179 in protein kinase domain also
suggest that this variant is most likely pathogenic. Indeed, mutations of MAP2K2 affect the
negative regulatory region or the core catalytic domain of the kinases, leading to increased
kinase activity and gain-of-function effect on the RAS/MAPK pathway [28,33,34].

5. Conclusions

The investigation of this case enabled a pathological and molecular genetic study
that, for the first time, allowed the diagnosis of a dominantly inherited skeletal-cardio-
enteric dysplasia in a calf associated with a MAP2K2 missense variant. Thus, we hereby
present the first large animal model for similar human diseases. Furthermore, this example
highlights the usefulness of genetically precise diagnosis for understanding sporadic
cases of congenital disorders caused by de novo mutations, and the need for continuous
monitoring of genetic lethal disorders in cattle breeding. Additionally, novel discoveries in
large animals such as cattle are useful as biomedical models for human diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11071931/s1, Table S1: EBI Accession numbers of all publicly available genome sequences.
We compared the genotypes of the calf with 598 cattle genomes of various breeds that had been
sequenced in the course of other ongoing studies and that were publicly available, Table S2: List of
the remaining variants after the comparison to the global control cohort of 4110 genomes of other
breeds (1000 Bull Genomes Project run 8; www.1000bullgenomes.com; acceded on 30 April 2021) and
after IGV visual inspections, revealing 63 protein-changing variants with a predicted moderate or
high impact only present in the affected calf. Figure S1: Newborn Romagnola healthy calf. Figure S2:
Radiographic image of the thoraco-lumbar region of the affected calf.
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Identification of small and large genomic candidate variants in bovine pulmonary hypoplasia and anasarca syndrome. Anim.
Genet. 2020, 51, 382–390. [CrossRef] [PubMed]

14. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A program for annotating
and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster strain
w1118; iso-2; iso-3. Fly 2012, 6, 80–92. [CrossRef] [PubMed]

15. Robinson, J.T.; Thorvaldsdóttir, H.; Wenger, A.M.; Zehir, A.; Mesirov, J.P. Variant review with the integrative genomics viewer.
Cancer Res. 2017, 77, e31–e34. [CrossRef]

16. Choi, Y.; Chan, A.P. PROVEAN web server: A tool to predict the functional effect of amino acid substitutions and indels.
Bioinformatics 2015, 31, 2745–2747. [CrossRef] [PubMed]

17. Bendl, J.; Stourac, J.; Salanda, O.; Pavelka, A.; Wieben, E.D.; Zendulka, J.; Brezovsky, J.; Damborsky, J. PredictSNP: Robust and
Accurate Consensus Classifier for Prediction of Disease-Related Mutations. PLoS Comput. Biol. 2014, 10. [CrossRef] [PubMed]

18. Kingsmore, S.F.; Cakici, J.A.; Clark, M.M.; Gaughran, M.; Feddock, M.; Batalov, S.; Bainbridge, M.N.; Carroll, J.; Caylor, S.A.;
Clarke, C.; et al. A Randomized, Controlled Trial of the Analytic and Diagnostic Performance of Singleton and Trio, Rapid
Genome and Exome Sequencing in Ill Infants. Am. J. Hum. Genet. 2019, 105, 719–733. [CrossRef] [PubMed]



Animals 2021, 11, 1931 9 of 9

19. Takenouchi, T.; Shimizu, A.; Torii, C.; Kosaki, R.; Takahashi, T.; Saya, H.; Kosaki, K. Multiple café au lait spots in familial patients
with MAP2K2 mutation. Am. J. Med. Genet. Part A 2014, 164, 392–396. [CrossRef]

20. Tajan, M.; Paccoud, R.; Branka, S.; Edouard, T.; Yart, A. The RASopathy family: Consequences of germline activation of the
RAS/MAPK pathway. Endocr. Rev. 2018, 39, 676–700. [CrossRef]

21. Santarpia, L.; Lippman, S.M.; El-Naggar, A.K. Targeting the MAPK–RAS–RAF signaling pathway in cancer therapy. Expert Opin.
Ther. Targets 2012, 16, 103–119. [CrossRef] [PubMed]

22. Upadhyaya, M.; Majounie, E.; Thompson, P.; Han, S.; Consoli, C.; Krawczak, M.; Cordeiro, I.; Cooper, D.N. Three different
pathological lesions in the NF1 gene originating de novo in a family with neurofibromatosis type 1. Hum. Genet. 2003, 112, 12–17.
[CrossRef] [PubMed]

23. Tartaglia, M.; Kalidas, K.; Shaw, A.; Song, X.; Musat, D.L.; Van der Burgt, I.; Brunner, H.G.; Bertola, D.R.; Crosby, A.; Ion, A.; et al.
PTPN11 mutations in noonan syndrome: Molecular spectrum, genotype-phenotype correlation, and phenotypic heterogeneity.
Am. J. Hum. Genet. 2002, 70, 1555–1563. [CrossRef] [PubMed]

24. Kalidas, K.; Shaw, A.C.; Crosby, A.H.; Newbury-Ecob, R.; Greenhalgh, L.; Temple, I.K.; Law, C.; Patel, A.; Patton, M.A.; Jeffery,
S. Genetic heterogeneity in LEOPARD syndrome: Two families with no mutations in PTPN11. J. Hum. Genet. 2005, 50, 21–25.
[CrossRef] [PubMed]

25. Kerr, B.; Allanson, J.; Delrue, M.A.; Gripp, K.W.; Lacombe, D.; Lin, A.E.; Rauen, K.A. The diagnosis of Costello syndrome:
Nomenclature in Ras/MAPK pathway disorders. Am. J. Med. Genet. A 2008, 146A, 1218–1220. [CrossRef]

26. Rauen, K.A.; Tidyman, W.E.; Estep, A.L.; Sampath, S.; Peltier, H.M.; Bale, S.J.; Lacassie, Y. Molecular and functional analysis of a
novel MEK2 mutation in cardio-facio-cutaneous syndrome: Transmission through four generations. Am. J. Med. Genet. A 2010,
152A, 807–814. [CrossRef]

27. Niihori, T.; Aoki, Y.; Narumi, Y.; Neri, G.; Cavé, H.; Verloes, A.; Okamoto, N.; Hennekam, R.C.M.; Gillessen-Kaesbach, G.;
Wieczorek, D.; et al. Germline KRAS and BRAF mutations in cardio-facio-cutaneous syndrome. Nat. Genet. 2006, 38, 294–296.
[CrossRef]

28. Rodriguez-Viciana, P.; Tetsu, O.; Tidyman, W.E.; Estep, A.L.; Conger, B.A.; Cruz, M.S.; McCormick, F.; Rauen, K.A. Germline
mutations in genes within the MAPK pathway cause cardio-facio-cutaneous syndrome. Science 2006, 311, 1287–1290. [CrossRef]

29. Gentile, A.; Bolcato, M.; Militerno, G.; Rademacher, G.; Desrochers, A.; Grandis, A. Heterotopy (“Error loci”) of the spiral loop of
the ascending colon in cattle. PLoS ONE 2019, 14. [CrossRef]

30. Salehi Karlslätt, K.; Pettersson, M.; Jäntti, N.; Szafranski, P.; Wester, T.; Husberg, B.; Ullberg, U.; Stankiewicz, P.; Nordgren, A.;
Lundin, J.; et al. Rare copy number variants contribute pathogenic alleles in patients with intestinal malrotation. Mol. Genet.
Genomic Med. 2019, 7, 1–9. [CrossRef]

31. Fagerberg, L.; Hallström, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson,
A.; Edlund, K.; et al. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and
antibody-based proteomics. Mol. Cell. Proteomics 2014, 13, 397–406. [CrossRef]

32. Yue, F.; Cheng, Y.; Breschi, A.; Vierstra, J.; Wu, W.; Ryba, T.; Sandstrom, R.; Ma, Z.; Davis, C.; Pope, B.D.; et al. A comparative
encyclopedia of DNA elements in the mouse genome. Nature 2014, 515, 355–364. [CrossRef]

33. Dentici, M.L.; Sarkozy, A.; Pantaleoni, F.; Carta, C.; Lepri, F.; Ferese, R.; Cordeddu, V.; Martinelli, S.; Briuglia, S.; Digilio,
M.C.; et al. Spectrum of MEK1 and MEK2 gene mutations in cardio-facio-cutaneous syndrome and genotype-phenotype correla-
tions. Eur. J. Hum. Genet. 2009, 17, 733–740. [CrossRef] [PubMed]

34. Anastasaki, C.; Estep, A.L.; Marais, R.; Rauen, K.A.; Patton, E.E. Kinase-activating and kinase-impaired cardio-facio-cutaneous
syndrome alleles have activity during zebrafish development and are sensitive to small molecule inhibitors. Hum. Mol. Genet.
2009, 18, 2543–2554. [CrossRef] [PubMed]



3 Results 238 

 

  



 

3 Results 239 

APOB-associated cholesterol deficiency in Holstein cattle is not a 
simple recessive disease 

Journal:  Animal Genetics 

Manuscript status:  published 

Contributions:  statistical analyzes, visualizations, writing original 
draft and revisions 

Displayed version: published version 

DOI:  10.1111/age.12801 

John Wiley and Sons 
License Number: 5236041001712 
 

https://doi.org/10.1111/age.12801


3 Results 240 

 

  



SHORT COMMUNICATION

APOB-associated cholesterol deficiency in Holstein cattle is not a
simple recessive disease

Irene Monika H€afliger*, Sonja Hofstetter*, Thomas Mock
†

, Manuela Hanna Stettler
†

, Mireille

Meylan
†

, Kemal Mehinagic
‡

, Nadine Stokar-Regenscheit
‡

and Cord Dr€ogem€uller*
*Institute of Genetics, Vetsuisse Faculty, University of Bern, Bern, 3001, Switzerland . †Clinic for Ruminants, Vetsuisse Faculty, University of

Bern, Bern, 3001, Switzerland . ‡Institute of Animal Pathology, Vetsuisse Faculty, University of Bern, Bern, 3001, Switzerland .

Summary In 2015, cholesterol deficiency (CD) was reported for the first time as a new recessive defect

in Holstein cattle. After GWAS mapping and identification of a disease-associated haplotype,

a causative loss-of-function variant in APOB was identified. CD-clinically affected APOB

homozygotes showed poor development, intermittent diarrhea and hypocholesterolemia

and, consequently, a limited life expectation. Herein, we present a collection of 18 cases

clinically diagnosed as CD-affected APOB heterozygotes. CD-clinically affected heterozygotes

show reduced cholesterol and triglyceride blood concentrations. The differences in total

blood cholesterol and triglycerides between nine CD-clinically affected and 36 non-affected

heterozygotes were significant. As only some APOB heterozygotes show the clinical CD

phenotype, we assume that the penetrance is reduced in heterozygotes compared to the fully

penetrant effect observed in homozygotes. We conclude that APOB-associated CD represents

most likely an incomplete dominant inherited metabolic disease with incomplete penetrance

in heterozygotes.

Keywords apolipoprotein B, calf survival, genetic disorder, incomplete penetrance, rare

disease

Recently, numerous calves showing retarded growth and

intermittent diarrhea, accompanied by pronounced hypoc-

holesterolemia and low triglyceride concentrations, were

observed in the global Holstein population (Kipp et al. 2016;

Mock et al. 2016; Sch€utz et al. 2016). This previously

unknown fat metabolism disorder was termed cholesterol

deficiency (CD; OMIA 001965-9913). After a genome-wide

association study uncovering a disease-associated haplotype

on chromosome 11 (Kipp et al. 2016), a 1.3-kb insertion of

a transposable LTR element in the coding sequence of the

bovine APOB gene was identified as a disease-causing

variant (Menzi et al. 2016). These findings were indepen-

dently confirmed (Charlier 2016; Sch€utz et al. 2016). So far,

the defect is clinically identifiable only in the homozygote

form: Kipp et al. (2016) reported nine cases homozygous for

the disease-associated haplotype, and Duff et al. (2016),

Mock et al. (2016) and Sch€utz et al. (2016) reported one, six

and nine APOB homozygote mutant cases respectively. The

disease-associated haplotype carrying the APOB variant

traces back to the North American bull, Maughlin Storm,

born in 1991 and used extensively in the Holstein popu-

lation worldwide (VanRaden & Null 2015). The bovine

APOB variant represents a loss of function mutation similar

to APOB-associated familial hypobetalipoproteinemia-1,

showing incomplete penetrance with respect to expression

of clinical signs by a particular age of the affected people

(OMIM 615558). Therefore, it was assumed that the bovine

APOB-associated CD defect could be explained by an

autosomal monogenic recessive mode of inheritance,

although clinically normal APOB heterozygotes showed

reduced cholesterol and triglyceride blood concentrations,

indicating a possible codominant inheritance for cholesterol

and triglyceride levels (Gross et al. 2016; Kipp et al. 2016;

Saleem et al. 2016).

Since the identification of the causal variant in the APOB

gene, we genotyped a total of 91 Holstein calves that

appeared much smaller than their contemporaries, had

owner-reported clinical signs of chronic diarrhea and

illthrift, and from which blood samples were submitted for

diagnostic purposes (S2). In addition, some owners of these

91 calves were suspicious of CD based on the fact that both

parents were related to Maughlin Storm. The age of these
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91 cases varied from two to 921 days with a mean of 84.8

and a median of 47 (S1). Genomic DNA was extracted from

EDTA-stabilized blood samples using the Maxwell instru-

ment (Promega) and analyzed with the direct test targeting

the APOB variant according to Menzi et al. (2016). The

three possible APOB genotypes (CDF: non-carrier; CDC:

heterozygous carrier; CDS: homozygous carrier) are pre-

sented according to standards of the World Holstein Friesian

Federation (n.d.). About 80% of the submitted calves (73/

91) were genotyped as homozygous mutant (CDS), con-

firming the initial suspicion of CD. Interestingly, 20% of

clinically affected calves (18/91) were heterozygous mutant

(CDC). The mean age of diagnosis of the 73 CDS affected

calves was 69 days (SD ! 109.59), and for the 18 CDC

clinically affected calves 148 days (SD ! 173.83), which

did not differ significantly (S1).

Besides the six APOB-homozygous mutant CD-affected

animals reported earlier (Mock et al. 2016), we were able to

examine an additional 15 CD-suspect calves clinically (S2).

Six of these 15 cases were genotyped as CDS, whereas nine

were CDC. The clinical phenotype of all 15 cases included

poor development, low weight and intermittent diarrhea, as

reported before (Mock et al. 2016). Laboratory examina-

tions for rotavirus, coronavirus, bovine viral diarrhea virus,

coccidia, cryptosporidia, E. coli and Salmonella spp. gave

negative results, and symptomatic treatments did not lead

to clinical improvement. Three affected animals with the

CDC genotype were euthanized, and the pathological

phenotype of these animals was similar to what we have

observed before in CDS-affected cases (Mock et al. 2016).

Eleven of the 12 APOB homozygous mutant CD-affected

animals had cholesterol and triglyceride readings (S2).

Mean blood total cholesterol [norm based on Mock et al.

(2016): 1.20–3.84 mmol/l] for the 11 CDS cases was

0.21 mmol/l (SD ! 0.09), whereas the mean value for the

nine CDC affected calves was 1.34 mmol/l (SD ! 0.76) (S2).

The mean measured blood triglyceride concentration [norm

based on Mock et al. (2016): 0.19–0.51 mmol/l] was

0.07 mmol/l (SD ! 0.02) for the 11 CDS cases and

0.17 mmol/l (SD ! 0.11) for the nine CDC affected calves

Figure 1 Boxplots showing (a) total blood cholesterol and (b) triglyceride concentrations in clinically CD affected and non-affected Holstein cattle.
APOB genotypes are shown as wild-type (CDF), heterozygous mutant (CDC) and homozygous mutant (CDS). The number of animals per group are
shown below the boxplots (11 CDS affected and nine CDC affected; 36 CDC non-affected and 218 CDC non-affected). Different capital letters
above the box plots indicate significant differences between the groups (P < 0.025).
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(S2). These values for total blood cholesterol and triglyc-

erides were subsequently compared with similar data from

adult Holstein males determined in the course of a previous

study (Gross et al. 2016). That control cohort of 254

artificial insemination sires included 218 bulls genotyped as

CDF and 36 as CDC (S2). A one-way ANOVA with total

cholesterol and triglyceride concentrations as the response

variables and the different APOB genotypes (CDS, CDC, CDF)

in combination with the clinical status of the animals (CD-

affected, non-affected) as the explanatory variable resulting

in four groups (CDS-affected, CDC-affected, CDC-normal,

CDF-normal), was conducted with the Anova function of

the CAR package (Fox & Weisberg 2011). The significant

outcome for total blood cholesterol (F = 96.51, DF = 270,

P < 2.2e-16) and triglyceride concentrations (F = 10.6,

DF = 270, P = 1.311e-06) led to the interpretation that at

least both means differed significantly among APOB geno-

types (Fig. 1). To further investigate the differences between

the genotypes, a post-hoc Tukey test was performed. The

function imple.glht from the MIXLM package (Liland 2018)

was used for the pairwise comparisons. The pairwise

comparison showed a significant difference in blood total

cholesterol concentrations between the non-affected CDC

controls and the CD-affected CDC cases (S3). This effect was

not observed in triglyceride concentrations, as there was

more variation in the triglyceride levels in the CD-affected

animals than in any other group. The distribution of total

cholesterol and triglyceride levels for the four groups

investigated in the ANOVA is shown in Fig. 1. In comparing

the four groups, a tendency of total cholesterol concentra-

tions increasing with each additional copy of the APOB

wild-type allele (Fig. 1) was observed, indicating an additive

(codominant) effect. However, a significant difference was

also observed between the two groups of animals with the

CDC genotype (affected vs. non-affected; est = 0.909 with

SE ! 0.166, z-value = 5.465, P < 0.0001) in the pairwise

comparison (Fig. 1).

Based on these observations, we assume that an animal

with a single copy of the APOB variant might show the CD

disease due to disturbed lipid homeostasis. Based on our

observations, most likely some of these individuals show a

fatal inability to maintain a blood cholesterol level suffi-

cient for life. On the other hand, it is known that the

cholesterol level is age-dependent and that the cholesterol

level in cattle levels off at about 21 days of age (Shope

1928), and the values of the nine CDC affected calves were

determined much later in life (S2). Nonetheless, the CDC-

clinically affected animals were noted much earlier by the

owners, at a similar age as the CDS-clinically affected

cases, mostly during the first weeks of life when they were

fed milk (S1). Nonetheless, most heterozygous animals

develop normally, and therefore the mutation acts most

likely as incomplete dominance with reduced penetrance

in heterozygotes. As all homozygotes develop the clinical

disorder, the penetrance of the APOB variant is fully

complete in homozygotes. On the other hand, only some

heterozygotes show a clinical phenotype, meaning that

penetrance is incomplete in heterozygotes. Recent findings

in human genetics indicate that incomplete penetrance for

presumed Mendelian diseases is likely more common than

previously believed (Chen et al. 2016). Alternatively,

possible allelic and/or genetic heterogeneity could also

explain the occurrence of the CD disease in some APOB

heterozygotes

We conclude that cholesterol deficiency not only affects

APOB mutant homozygotes but occurs also in heterozy-

gotes. The CD-affected heterozygous animals can show

clinical signs similar to the homozygous mutants. Further-

more, we showed a significant difference in blood total

cholesterol and triglyceride concentrations between clini-

cally CD-affected and non-affected APOB heterozygous

animals. Therefore, these findings support an incomplete

dominance mode of inheritance with incomplete penetrance

in heterozygotes.
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RESEARCH ARTICLE

Mining massive genomic data of two Swiss 
Braunvieh cattle populations reveals six novel 
candidate variants that impair reproductive 
success
Irene M. Häfliger1* , Franz R. Seefried2 , Mirjam Spengeler2  and Cord Drögemüller1  

Abstract 
Background: This study was carried out on the two Braunvieh populations reared in Switzerland, the dairy Brown 
Swiss (BS) and the dual-purpose Original Braunvieh (OB). We performed a genome-wide analysis of array data of trios 
(sire, dam, and offspring) from the routine genomic selection to identify candidate regions showing missing homozy-
gosity and phenotypic associations with five fertility, ten birth, and nine growth-related traits. In addition, genome-
wide single SNP regression studies based on 114,890 single nucleotide polymorphisms (SNPs) for each of the two 
populations were performed. Furthermore, whole-genome sequencing data of 430 cattle including 70 putative 
haplotype carriers were mined to identify potential candidate variants that were validated by genotyping the current 
population using a custom array.

Results: Using a trio-based approach, we identified 38 haplotype regions for BS and five for OB that segregated at 
low to moderate frequencies. For the BS population, we confirmed two known haplotypes, BH1 and BH2. Twenty-four 
variants that potentially explained the missing homozygosity and associated traits were detected, in addition to the 
previously reported TUBD1:p.His210Arg variant associated with BH2. For example, for BS we identified a stop-gain 
variant (p.Arg57*) in the MRPL55 gene in the haplotype region on chromosome 7. This region is associated with the 
‘interval between first and last insemination’ trait in our data, and the MRPL55 gene is known to be associated with 
early pregnancy loss in mice. In addition, we discuss candidate missense variants in the CPT1C, MARS2, and ACSL5 
genes for haplotypes mapped in BS. In OB, we highlight a haplotype region on chromosome 19, which is potentially 
caused by a frameshift variant (p.Lys828fs) in the LIG3 gene, which is reported to be associated with early embryonic 
lethality in mice. Furthermore, we propose another potential causal missense variant in the TUBGCP5 gene for a haplo-
type mapped in OB.

Conclusions: We describe, for the first time, several haplotype regions that segregate at low to moderate frequencies 
and provide evidence of causality by trait associations in the two populations of Swiss Braunvieh. We propose a list 
of six protein-changing variants as potentially causing missing homozygosity. These variants need to be functionally 
validated and incorporated in the breeding program.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Good female fertility in cattle is of high interest in agri-
culture, to maintain production and genetic diversity 
within a population [1]. !erefore, traits that affect 
growth, birth, and fertility are important to breeders 
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and semen suppliers [1]. In the current Swiss breed-
ing programs, the traits used or intended for breed-
ing value estimation are e.g., non-return rate, the time 
between calving, birth weight, calving ease, multi-
ple birthing, rearing success, traits regarding survival 
within a defined period, and slaughter weight. Several 
studies have shown that fertility ability in dairy cattle 
has declined in international breeds [2, 3], the main 
reason being the unfavourable correlation between 
milk production and fertility [2–4]. !is has led to 
increased efforts to include and prioritize fertility 
traits in breeding schemes and to identify the genetic 
causes in female reproduction, in order to breed more 
fertile cows. Generally, these traits have a low herit-
ability, however, with the improvement of genomic 
methods, including the implementation of genomic 
selection (GS) [5], the reliability of breeding values can 
be increased [6]. Genomic selection is based on sin-
gle nucleotide polymorphism (SNP) array genotyping 
and is especially interesting for highly complex traits 
with a low to moderate heritability, since it can par-
tially account for Mendelian sampling [5, 6]. Combin-
ing comprehensive genotyping of breeding animals and 
recording of the phenotypes within a breeding program 
provides a promising database for genetic evaluations, 
including genome-wide association studies (GWAS). 
!ese can be carried out for all recorded phenotypes 
included in a breeding scheme to identify the under-
lying quantitative trait loci (QTL). Furthermore, the 
genetic variation of the population is well represented 
within the routinely genotyped cattle population. Stud-
ies on the search for haplotypes that show a significant 
reduction in homozygosity have been carried out in 
many species and breeds (e.g. [7–27]). Haplotypes that 
show no homozygous carriers may indicate the pres-
ence of recessive lethal variants within these regions. 
In this way, many causative variants have been detected 
by mining these haplotypes and using whole-genome 
sequencing data (e.g. [9–18, 26–32]). In the interna-
tional Brown Swiss population, two haplotype regions 
have been repeatedly mapped, namely Brown Swiss 
Haplotype 1 (BH1) on chromosome 7 and Brown Swiss 
Haplotype 2 (BH2) on chromosome 19 [11, 19]. For 
BH2, which is associated with high juvenile mortal-
ity, a likely causative variant was found in the TUBD1 
gene [11, 19]. Likewise, various embryonic lethal 
protein-changing variants have been reported to be 
associated with haplotypes showing missing homozy-
gosity in other cattle populations [10–18, 27, 33]. !ese 
examples demonstrate that short-read-based whole-
genome sequencing (WGS) data make it possible not 
only to identify genomic regions, but also to decipher 
the entire genetic code of an individual in a time- and 

cost-efficient manner. !ereby the likely causative vari-
ants for monogenic traits segregating in livestock popu-
lations can be discovered and systematically selected 
against [23].

In Switzerland, Original Braunvieh (OB) and Brown 
Swiss (BS) are agronomically important dual purpose and 
dairy cattle populations, respectively. Historically, the 
OB population is the autochthonous brown Swiss cow 
with no BS influence and is adapted to the Swiss climate, 
whereas the modern BS originates from the OB by intro-
gression of North American BS cattle [34]. It has been 
shown that the two populations segregate genetically 
from each other and are thus considered independent 
populations [35]. Both populations occur predominantly 
in the eastern parts of Switzerland and still have an 
important role in traditional alpine farming, which is fre-
quently practiced.

!e aims of this study were to identify haplotypes asso-
ciated with growth, birth and fertility traits in two local 
Braunvieh cattle populations. Based on missing homozy-
gosity screens that focus on trios, linkage disequilibrium 
analyses, and trait associations, we detected both known 
and novel haplotype regions segregating at low to mod-
erate frequencies with a negative influence on female 
reproduction and calf survival. Based on WGS data, we 
identified potential protein-coding candidate causative 
variants for selection, including those that impair early 
embryonic and pre-weaning survival.

Methods
To give a comprehensive overview of the methods 
applied, the workflow used to mine the genomic data 
from SNP arrays, WGS data, and a broad variety of phe-
notypes for the Swiss BS and OB populations is summa-
rized in Fig. 1.

SNP array data
!e SNP array data used in this study were provided 
by the breeding associations of the BS and OB popula-
tions. !e cleaned SNP dataset comprised 114,890 SNPs 
and represents a combination of different SNP arrays. As 
of 2018, the positions of SNPs were updated to the lat-
est cattle reference sequence ARS-UCD1.2 [36, 37]. Data 
were imputed by using the software Fimpute v2.2 [38] to 
correct for erroneously called SNPs and to complete the 
SNP set for individuals genotyped with a lower chip den-
sity. Data were phased by using the Beagle v5.0 software 
package [39].

!e OB dataset included 10,085 genotyped animals, 
from which 3287 trios (trio: sire, dam, and offspring) and 
4360 paternal half-sib groups (pgp: parent – grand-par-
ent; sire, maternal grandsire, and offspring) were derived 
for the analyses (Table 1). !e BS dataset included 48,807 
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genotyped animals, with 14,450 trios and 32,319 half-sib 
groups (Table 1). !e SNP array data were quality filtered 
by retaining SNPs with a MAF higher than 0.01 and a 
call rate greater than 0.9, and individuals with a call rate 
greater than 0.8.

Haplotype analysis
We used the snp1101 software to screen the genomic data 
for haplotypes that showed a significant deviation from 
the Hardy–Weinberg equilibrium (HWE) based on the 
exact test of HWE [40, 41]. !e screen was performed for 
each population and repeated for both the trio-based and 
the pgp-based approaches. !e dataset used for screen-
ing was generated by including the genotypes of the Swiss 
animals born after 2009 and their ancestors. !e snp1101 
software screens each autosome based on a sliding-win-
dow approach, for which we defined a window size of 50 
SNPs that represents genome regions ranging from 0.26 
to 3.2 Mb with an average length of 1.1 Mb. !e output 
is a list of all the significant haplotypes with the number 
of observed and expected homozygous carriers, the allele 
frequency and the haplotypes themselves. We carefully 
defined all the regions of interest as the regions that show 
a reduction in homozygosity and a significant deviation 

from HWE with their adjusted p-value for a false dis-
covery rate (FDR) corrected according to the Benjamini-
Yekutieli procedure [42]. For each region, we chose the 
most significant haplotype to reduce the number of false 
positive carriers. We defined the diplotype status for each 
haplotype of all the animals in the population to select 
the most relevant animals for whole-genome sequencing. 
By sequencing healthy breeding animals that are either 
heterozygous or homozygous carriers of the diplotypes, 
we increased the probability of sequencing animals that 
carry the associated causal variants.

Association studies
Based on the predicted diplotype status, haplotype asso-
ciation studies were carried out for a variety of traits and 
for each of the observed haplotypes. For the association 
analyses, routinely available conventional, non-genomic 
breeding values related to fertility, birth, and growth were 
used. !e individual traits are described in Table 2. Only 
breeding values with a reliability higher than 0.5 were 
deregressed according to Garrick et al. [43] and used in 
a linear mixed model using the genome-wide complex 
trait analysis (GCTA) software [44]. !ereby, only the 
animals that have own performance or progeny per-
formances were included in the analysis. !e model is 
as follows: yEBV = µ+ G +Hβ + ε , where yEBV  is the 
deregressed breeding value (drEBV), µ is the average of 
the deregressed breeding values, G is a random genetic 
effect based on a genomic relationship matrix (GRM) 
estimated by the GCTA software [44], H is a vector of the 
diplotype status per animal, β is a vector of the estimated 
fixed effects of each haplotype and ε accounts for random 
variation.

We also performed genome-wide association studies 
(GWAS) on the same genomic and phenotypic data used 
above and we calculated the association of each single 

Fig. 1 Workflow of the reverse genetic analyses. Note that the steps of the main genomic analyses that are described in the Methods section are 
indicated in blue. Further evaluations are shown in green (phenotypic analysis) and yellow (linkage disequilibrium (LD) analysis)

Table 1 Number of genotyped animals from the two Braunvieh 
cattle populations used for missing homozygosity scan, 
haplotype, and GWAS analyses

Original 
Braunvieh 
(OB)

Brown Swiss (BS)

Number routine genotyped animals 10,085 48,807

Number trios (sire, dam and offspring) 3287 14,450

Number paternal half sib groups—
pgp (sire, maternal grandsire and 
offspring)

4360 32,319
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SNP to the deregressed breeding value using the model: 
yEBV = µ+ G + Sβ + ε , where yEBV  is the drEBV, µ is 
the average of the drEBV, G is a random effect based on 
a GRM estimated by the method in [45], S is a scalar of 
the genotype status of each SNP per animal, β is the esti-
mated fixed effect of each SNP and ε accounts for random 
variation. For this analysis, we used the snp1101 software 
[40] and applied a Bonferroni correction for multiple 
testing with an increased significance level at p < 4.35e−7. 
All the genotyped animals were included in these models. 
!e GWAS results were visualized by creating Manhat-
tan plots with the qqman package [46].

Preparation of the whole-genome sequencing data
To identify the putative causative variants, we performed 
whole-genome sequencing on selected animals that were 
predicted to be carriers of the identified haplotypes. For 
this purpose, we sequenced 70 animals in addition to 
the 360 genomes that had been sequenced within other 
projects or which are publicly available, to reach a total 
of 430 genomes of healthy breeding animals (see Addi-
tional file  1: Table  S1). Among these, 114 and 100 were 
from purebred BS and OB animals, respectively. First, 
the reads were trimmed with fastp [47] by applying 

the following quality thresholds with the flags: --quali-
fied_quality_phred 20, --length_required 35, --cut_win-
dow_size 3, --cut_mean_quality 15, --cut_by_quality5 
20, --cut_by_quality3 20, and for the WGS data from 
the NovaSeq6000, the flag --trim_poly_g was added. !e 
quality-controlled reads were mapped to the latest cat-
tle reference sequence ARS-UCD1.2 [36, 37] using the 
Burrows-Wheeler Aligner v. 0.7.17 [48], deduplicated by 
using the MarkDuplicates tool from the Picard software 
v.2.18.2 [49], recalibrated using the BaseRecalibrator and 
PrintReads applications of the GATK v3.8.1.0.gf15c1c3ef 
software [50] with known variants from the 1000 Bull 
Genomes Project run 7 (BQSR file version 2) [51], and 
sorted by using the samtools v1.8 software [52].

!e average read depth and insert size were calcu-
lated using covstats in the goleft v0.1.19 tool [53]; read 
depth ranged from 6.8 × to 72.8×, with an average of 
18.6x. For genotyping, the HaplotypeCalling, Com-
bineGVCFs, CatVariants and GenotypeGVCFs tools 
from GATK v3.8.1.0.gf15c1c3ef were used to produce a 
variant call format (VCF) file [50]. To predict the effects 
of the detected variants, we used the NCBI Annotation 
Release 106 [54] and the SnpEff v4.3 software [55]. Fur-
thermore, quality scores were estimated for each variant 

Table 2 The 24 female fertility traits analysed

Trait group Trait sub-group Trait Description

Fertility traits Fertility Non-return rate heifer (nrr) Heifers non-return rate after 56 days, binary

Non-return rate cow (nrk) Cows non-return rate after 56 days, binary

Interval first to last insemination heifer (vzr) Interval between first and last insemination for heifer, days

Interval first to last insemination cow (vzk) Interval between first and last insemination for cows, days

Interval calving to insemination (raz) Interval from calving to first service, days

Birth traits Birth history direct Percentage normal births (ngd) Calving ease, scored between 1-without help to 5-dystocia

Percentage live births (lgd) Percentage of calves born alive

Birth weight (ggd) Weight of calve at birth, kg

Gestation length (tdd) Days from successful insemination to birth

Multiple birth (twind) Percentage of multiple births

Birth history maternal Percentage normal births (ngm) Calving ease, scored between 1-without help to 5-dystocia

Percentage live births (lgm) Percentage of calves born alive

Birth weight (ggm) Weight of calve at birth, kg

Gestation length (tdm) Days from successful insemination to birth

Multiple birth (twinm) Percentage of multiple births

Growth-related traits Rearing success Survival period 1 (p1) Survival from day 3 up to day 30

Survival heifer period 2 (hp2) Survival of heifers from day 31 up to 458 days

Survival bull period 2 (bp2) Survival of young bulls from 31 days up to 183 days

Slaughter traits calves Slaughter weight (cwco) Weight at slaughter, kg

Carcass conformation score (ccco) Amount of meat at slaughter, kg

Carcass fat score (cfco) Fat cover in the meat

Slaughter traits adults Slaughter weight (cwao) Weight at slaughter, kg

Carcass conformation score (ccao) Amount of meat at slaughter, kg

Carcass fat score (cfao) Fat cover in the meat
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by applying the GATK recommendation for hard-filter-
ing of indels and small nucleotide variants (SNV) with 
the SelectVariants and VariantFiltration tools of GATK 
v3.8.1.0.gf15c1c3ef [50]. !is workflow is consistent with 
the workflow proposed by the 1000 Bull Genomes Pro-
ject (run 7) [51, 56].

Analysis of the WGS data for the design of the custom array
An algorithm was implemented to efficiently screen the 
identified haplotype regions with a significant depletion 
in homozygous animals for candidate variants. !us, 
we increased the window size by 2 million bp on each 
side and we looked for variants that did not occur in the 
homozygous state in any of the 430 animals. As the read 
depth varied, we allowed for missing values (a maximum 
of 50% of genotypes) but assumed that all variants passed 
the quality score criteria. In addition, we postulated that 
at least one animal in each population, BS or OB, had to 
be a carrier of potential variants, but that not more than 
75% of the animals should be carriers.

Subsequently, we designed a custom Affymetrix array 
called "SWISScow chip" in cooperation with the Swiss 
breeding associations. We selected 465,768 variants to 
design this custom array, of which 236,043 were selected 
from the haplotype regions mapped in this study and 
230,305 were protein-coding variants spread genome-
wide. !e design process allowed us to consider 44% of 
the initially selected variants. !e final SNP panel encom-
passed 318,216 variants, including 112,854 "routine" vari-
ants that were genotyped before using different Illumina 
bovine beadchips plus 205,362 project-specific variants, 
so called "research" markers.

!is array was used in the Swiss routine genotyp-
ing throughout 2020, and provided us with the genomic 
information of 13,667 animals including 6575 BS and 
1489 OB plus a cohort of 5603 Swiss Holstein (HO) 
cattle.

Linkage disequilibrium (LD) analyses
To confirm the association between the variants in the 
VCF file and the defined haplotypes, we calculated the 
linkage disequilibrium between the defined haplotypes’ 
diplotypes and the variants in the VCF file, and with the 
genotypes from the custom array. While linkage analysis 
of the VCF file included 79 BS and 94 OB samples, fur-
ther analysis depended on the quality control performed 
on the VCF data of the chromosome of interest (plink 
function --mind 0.1) [57]. !is information was inte-
grated into the data from the custom array, including the 
8064 Braunvieh genotypes. Linkage analyses were per-
formed using the plink v1.9 software [57].

Visualization of the results
To provide a comprehensive overview of the results, the 
OmicCircos Rpackage was used to visualize the identi-
fied genomic regions [58]. Figures 2 and 3 were obtained 
by including the genomic regions of all significant haplo-
types from the trio approach and, if in the same haplotype 
region, a significant haplotype with the pgp approach 
was found, this is indicated in the plots. Furthermore, 
the plots include the LD results between markers on the 
custom array with the diplotypes, the significant haplo-
type association for the various traits, and the significant 
GWAS association combined in the above-defined trait 
groups (Table 2) for BS and OB, respectively.

Interpretation of the variants
For the interpretation of the genomic variants, the UCSC 
Genome Browser tool suite was used to calculate conser-
vation scores [59]. First, the LiftOver UCSC tool and their 
LiftOver file for BosTau9 to HG38, which is the DNA 
base conversion from the bovine reference sequence 
ARS-UCD1.2 [36] to the human genome 38 [60], was 
applied by command-line coordinate, lifting all the vari-
ants from the VCF file. Furthermore, for these new posi-
tions, the base-wise conservation scores of 99 vertebrate 
genomes with the human genome were extracted from 
the UCSC database and resulted in the phyloP and Phast-
Cons scores shown in Table  3 and Table  S5 (see Addi-
tional file  6: Table  S5) [61, 62]. Both scores represent a 
comparative genomic alignment approach, but they use 
different algorithms. PhyloP measures the conservation 
and evolutionary acceleration at individual sites with 
absolute values of −log(p-value), and PhastCons identi-
fies stretches of conservation with values demonstrating 
probabilities of negative selection from 0 to 1 [61, 62].

For the variants that show a linkage between the WGS 
data and the haplotypes in relevant regions, we extracted 
information about their effects by manually using the 
web-based prediction tools PROVEAN [63] and Mut-
Pred2 [64] resulting in the SiftScores and MutPred2 
scores shown in Table S5 (see Additional file 6: Table S5).

Finally, we analysed the segregation of candidate vari-
ants within the international cattle population of the 
1000 Bull Genomes project run 8 that includes 4109 ani-
mals from various breeds [56].

Results
Detection of numerous novel haplotypes associated 
with fertility, birth, and growth-related traits
We identified many genomic candidate regions that 
show a significant depletion in homozygosity, signifi-
cant haplotype association, and a genome-wide associa-
tion to fertility, birth, and growth-related traits. For the 
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two Braunvieh populations studied here, BS and OB, 
each of the haplotype analyses based on the pgp- and 
the trio-based approaches resulted in a concatenated 
list of all the haplotypes that deviated significantly from 
HWE. !e identified haplotypes were named accord-
ing to previous studies [19] as BH haplotypes for BS 
and OH haplotypes for OB (Tables 3 and 4). For the BS 
population, we detected 38 haplotypes with the trio-
based approach (Table  3) and 53 haplotypes with the 
pgp-based approach, with 19 overlapping haplotypes 
(Fig. 2) and  (see Additional file 2: Table S2). Two of the 
identified haplotypes, BH1 on chromosome 7 and BH2 

on chromosome 19 had already been detected in 2011 
[19] (Fig.  2). !e haplotypes that deviated most signifi-
cantly from HWE were BH6, BH14, and BH1, with no 
homozygous carriers although at least 44 were expected 
(see Additional file 2: Table S2). For the OB population, 
we detected five significant novel haplotypes with the 
trio-based approach (OH2 to OH6, see Table 4) and three 
haplotypes with the pgp-based approach, which all over-
lapped with those detected by the trio-based approach 
(Fig. 3) and  (see Additional file 2: Table S2). !e haplo-
types that deviated most significantly from HWE were 
OH2 and OH4, with no observed homozygous diplotype 

Fig. 2 Genome-wide summary of the data mining for the Brown Swiss population. In the outer circles, the identified haplotypes per chromosome 
with reduced homozygosity for the trio-based approach are indicated in dark blue and their associated haplotypes of the pgp-based approach 
in light blue. Note that only the haplotypes that were detected through the pgp-based approach are shown if, within the same region, another 
haplotype was detected by the trio-based approach. The circle with the brown dots indicates LD  (r2) between haplotypes and markers on the 
custom SNP array. Note that the dot size correlates with the extent of LD. The third circle shows the significant haplotype association results. Note 
that the different colors represent the three groups of evaluated traits and the dot size correlates with the significance values accordingly. The three 
inner circles present the significant GWAS results across all fertility (purple), birth (red), and growth-related (yellow) traits. Scales are based on the 
−log10(p-value). Note that the red arrows indicate the previously identified haplotypes BH1 and BH2 [19] and the herein described MRPL55-related 
haplotype BH14, as well as the BH14, BH24 and BH34 haplotypes and their associated genes that harbor the most likely causative variants
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carriers, although at least 15 were expected (see Addi-
tional file  2: Table  S2). After correction for FDR, three 
interesting haplotype regions (OH7, OH8 and OH9) with 
a non-significant depletion of homozygosity were found 
for OB (see Additional file 2: Table S2; Additional file 3: 
Table S3; and Additional file 5: Table S4).

!e complete GWAS results for the 24 traits, con-
ducted on the identified BH and OH haplotypes are in 
Table  S3 (see Additional file  3: Table  S3). BH and OH 
haplotypes showed significant associations on 21 and 
five different chromosomes, respectively (Figs. 2 and 3). 
!e strongest significant association was found for BH2 

with four birth and two growth-related traits (see Addi-
tional file 3: Table S3), which confirms the previous find-
ing that the BH2-related missense variant p.His210Arg in 
the TUBD1 gene causes ill-thrift and juvenile mortality in 
Brown Swiss cattle [11].

All the results of the single SNP GWAS are visualized 
in traditional Manhattan plots (see Additional file  4: 
Fig. S1) and the most significant markers were selected 
for a comprehensive overview per trait group (Figs.  2 
and 3) and (see Additional file  5: Table  S4). For exam-
ple, obvious GWAS hits for fertility traits in BS, such as 
non-return rate and interval first to last insemination 

Fig. 3 Genome-wide summary of the data mining for the Original Braunvieh population. In the outer circles, the identified haplotypes per 
chromosome with reduced homozygosity for the trio-based approach are indicated in dark blue and their associated haplotypes of the pgp-based 
approach in light blue. Note that only the haplotypes that were detected through the pgp-based approach are shown if, within the same region, 
another haplotype was detected by the trio-based approach. The circle with the brown dots indicates LD  (r2) between haplotypes and markers on 
the custom SNP array. Note that the dot size correlates with the extent of LD. The third circle shows the significant haplotype association results. 
Note that the different colors represent the three groups of evaluated traits and the dot size correlates with the significance values accordingly. The 
three inner circles present the significant GWAS results across all fertility (purple), birth (red), and growth-related (yellow) traits. Scales are based on 
the −log10(p-value). Note that the red arrows indicate the LIG3-related haplotype OH4 described in this paper, as well as the OH2 haplotype and its 
associated gene TUBGCP5 
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are on chromosome 17 where BH23 was detected, and 
very strong GWAS signals for birth traits in OB, such 
as calving ease, birth weight, and gestation length, are 

on chromosome 21, where OH5 was found. Among the 
studied growth-related traits, we identified a highly sig-
nificant association signal on chromosome 11 in OB, 
which affects carcass conformation and co-localizes with 
the OH3 haplotype.

Potential candidate causative variants in MRPL55 and LIG3
Subsequently, we mined the genome-wide sequence data 
to identify potential causative candidate variants respon-
sible for either prenatal lethality or postnatal lethality, 
or sub-lethal phenotypes. Analysis of the variants that 
show depletion in homozygosity and are in LD with the 
haplotype identified protein-changing variants that are 
potentially causative in five BH and two OH haplotypes 
(Tables  5 and 6). Genotyping based on the SWISScow 
custom array allowed to validate whether three of the 
BS variants were present in several thousands of young 
animals. As for the haplotypes, we detected animals with 
homozygous variant genotypes in the current popula-
tion, which lead us to anticipate either that late-onset 
undesired traits might occur or that these variants have 
incomplete penetrant effects. !e disorders known to be 
associated with the affected genes range from embryonic 
lethality (e.g., MRPL55 [65] and LIG3 [66]) and meta-
bolic diseases (e.g. acyl-CoA synthetase long chain family 
member 5 (ACSL5) [67]) to neurodevelopmental disor-
ders (e.g., methionyl-tRNA synthetase 2 (MARS2) [68]) 
(Tables 5 and 6).

We specifically selected one variant on chromosome 
7 at ~ 3 Mb in the BS population that is predicted to be 
deleterious due to a stop-gain variant in the MRPL55 
gene. !is mutation introduces a premature stop codon 
(p.Arg57*), which truncates the encoded protein by 
almost 80% (Table 5). !is variant is in perfect LD  (r2 = 1) 
with the BH14 haplotype in the WGS animals and in high 
LD  (r2 = 0.9) in the custom array genotyped animals. It 

Table 3 List of haplotypes in the Brown Swiss population 
identified by the trio-based approach

BH BS haplotype, Chr chromosome number, Start and End start and end 
positions according to the reference sequence ARS-UCD1.2 [36]
a According to NCBI Annotation Release 106 [54]
b Previously described haplotype [19]
e Previously described haplotype and associated gene [11, 19]

Name Chr Start End Allele 
frequency

Proposed 
associated 
 genea

BH1b 7 41371808 42545291 3.02 TCF3

BH2c 19 9726237 10819756 4.22 TUBD1

BH3 1 34908448 36034631 2.05

BH4 1 76587512 77861430 2.20 GMNC

BH5 2 57787148 58768161 2.87 LRP1B

BH6 2 86065338 87460373 3.41 MARS2

BH7 2 120284002 121473182 1.93 SPATA3

BH8 2 127933873 129004898 2.98

BH9 3 52432936 52,689742 1.43 HFM1

BH10 3 101636810 102827915 2.26

BH11 4 108811998 109953666 2.66

BH12 5 57653479 59777422 2.32 RNF41 and LRP1

BH13 5 110617654 111664596 1.63

BH14 7 2588873 3357718 3.04 MRPL55

BH15 7 33954389 34956540 4.12

BH16 7 79845977 80708046 2.20

BH17 11 82034654 82881173 2.39 PGGHG

BH18 11 91766016 92804942 2.54

BH19 11 103891372 105003404 1.77

BH20 12 10254014 10967287 2.02

BH21 12 74954939 75817277 1.61

BH22 14 12290759 13350202 2.64

BH23 17 69786512 70645226 2.98

BH24 18 52977041 54113281 2.32 CPT1C

BH25 19 35808547 36844178 1.86 SNF8

BH26 19 47874708 48724082 1.89

BH27 20 50058036 51370414 2.56

BH28 21 19368258 20362870 1.60

BH29 22 311724 1277064 2.07

BH30 23 39600366 40609442 2.49

BH31 25 27713801 29132187 1.80 ITGAD and SPN

BH32 26 9215188 10180467 1.72

BH33 26 26659976 27689471 2.72

BH34 26 31353340 32429589 2.37 ACSL5

BH35 27 28524504 29550764 1.80

BH36 28 26661955 27743768 1.75

BH37 28 45215132 45913154 2.07

BH38 29 14497752 15554643 3.08

Table 4 List of haplotypes in the Original Braunvieh population 
identified by the trio-based approach

OH OB haplotype, Chr chromosome number, Start and End start and end 
positions according to the reference sequence ARS-UCD1.2 [36]
a Since the name OH1 is reserved for a pathogenic CNGB3-variant [101], 
numbering starts at OH2
b According to NCBI Annotation Release 106 [54]

Namea Chr Start End Allele 
frequency

Proposed 
associated 
 geneb

OH2 2 1005580 1614673 4.48 TUBGCP5

OH3 11 10,406494 104418358 5.76 MYMK

OH4 19 14336760 15222429 3.87 LIG3

OH5 21 5195518 6367707 4.56 LYSMD4

OH6 25 9596610 10624288 3.87 USP7
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was never observed in the homozygous state in any of 
the BS individuals. Furthermore, BH14 shows a signifi-
cant negative association with the fertility trait ‘interval 
first to last insemination’ in cows and a mentionable but 
non-significant negative association with the fertility trait 
‘interval calving to first insemination’ and the growth-
related trait ‘survival of young bulls’ (see Additional file 3: 
Table S3). Evaluation of the MRPL55-related variant with 
the custom array revealed that it segregates within the BS 
population at a frequency of 0.032 without any homozy-
gous carriers and deviates significantly from HWE (see 
Additional file  6: Table  S5). In the OB population with 
more than 1400 animals genotyped with the SWISScow 
custom array, genotyping found only two heterozygous 
animals for this variant. In addition, none of the 4109 
animals from various breeds within the run 8 data of the 
1000 Bull Genomes project were homozygous for this 
variant [51].

In the BS population, we identified three additional 
missense variants in the carnitine palmitoyltransferase 
1C (CPT1C), MARS2, and ACSL5 genes (Table  5), 
which affect highly conserved nucleotides. !eir effects 
on protein level were predicted to be deleterious by 
PROVEAN and pathogenic by MutPred2 (see Additional 
file  6: Table  S5). Unfortunately, only one of these vari-
ants was included in the SWISScow custom array, which 
was associated with BH24 and located in the CPT1C 
gene (p.Gly53Asp). !is variant was never detected 
in the homozygous state in the WGS data, and only a 
few homozygous carrier animals were detected in the 
SWISScow genotypes (see Additional file  6: Table  S5). 
!e BH24 haplotype is associated with several birth traits 
such as birth weight, percentage of normal births, and 
percentage of live births. !e p.Arg518Gln variant in the 
MARS2 gene that is associated with the BH6 haplotype is 
also of interest since this haplotype was never detected in 

Table 5 Short list of five potential candidate causative variants for the Brown Swiss  populationa

Chr chromosome, BH BS haplotype
a Comprehensive list available in Table S5 (see Additional #le 6: Table S5)
b According to the reference sequence ARS-UCD1.2 [36] and NCBI Annotation Release 106 [54]
c Previously described variant [11]

Haplotype-region 
information

Gene OMIM/OMIA Associated 
disorder/gene 
function

Variant  designationb

Name Approach Genomic 
position

Transcript Coding DNA 
change

Protein change

BH2 Trio TUBD1c 607344/001939-
9913

Juvenile mortality chr19:10833921 NM_001075470.2 c.629A>G p.His210Arg

BH6 Trio and pgp MARS2 609728 Spastic ataxia 3 
(lethal)

chr2:86191230 NM_001098971.1 c.1553G>A p.Arg518Gln

BH14 Trio and pgp MRPL55 611859 Early pregnancy 
loss

chr7:2996436 NM_001303490.1 c.169C>T p.Arg57*

BH24 Trio CPT1C 608846 Spastic paraplegia 
(lethal)

chr18:56098048 XM_002695120.5 c.158G>A p.Gly53Asp

BH34 Trio ACSL5 605677/002226-
9615

Lipid malabsorp-
tion

chr26:32940521 NM_001075650.1 c.528C>G p.Asn176Lys

Table 6 Short list of two potential candidate causative variants for the Original Braunvieh  populationa

Chr chromosome, OH OB haplotype
a Comprehensive list available in Table S5 (see Additional #le 6: Table S5)
b According to the reference sequence ARS-UCD1.2 [36] and NCBI Annotation Release 106 [54]

Haplotype-region 
information

Gene OMIM/OMIA Associated 
disorder/gene 
function

Variant  designationb

Name Approach Genomic 
position

Transcript Coding DNA change Protein change

OH2 Trio and pgp TUBGCP5 608147 Proper formation 
of the mitotic 
spindles

chr2:1268426 NM_001102495.1 c.311C>A p.Thr104Lys

OH4 Trio and pgp LIG3 600940 Embryonic 
lethality

chr19:15080335 NM_001038107.2 c.2483_2484 + 4delAGG 
TGC 

p.Lys828fs
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the homozygous state. Unfortunately, this variant was not 
considered in subsequent array-based genotyping. Lastly, 
the p.Asn176Lys variant in the ACSL5 gene that is associ-
ated with the BH34 haplotype was also never detected in 
the homozygous state within the available WGS data and, 
to date, has not been genotyped in other animals. BH34 
was rarely observed in the homozygous state in the BS 
population and is statistically negatively associated with 
the growth-related traits ‘heifer survival after 30  days’ 
and ‘carcass fat score in calves’.

In the OB population, we draw attention to the haplo-
type region OH4 located on chromosome 19 at ~15 Mb. 
For this haplotype, we identified a frameshift variant 
(p.Lys828fs) in the LIG3 gene leading to the change of 
90 residues and premature termination of translation 
compared to the wild-type protein sequence, which is 
26 residues longer (Table 6). !is variant is in perfect LD 
 (r2 = 1) with the OH4 haplotype in the WGS animals. 
OH4 is negatively associated with the percentage of live 
births. Unfortunately, this frameshift variant was not part 
of the SWISScow custom array. Nevertheless, the LIG3 
variant segregates at an allele frequency of 0.035 in the 
WGS data of Braunvieh animals. In addition, none of the 
4109 animals from various breeds within the run 8 data 
of the 1000 Bull Genomes project [51] were homozygous 
for this variant. According to OMIM #600940, the LIG3 
gene is essential for DNA repair of mitochondrial DNA.

A missense variant that affects an evolutionary highly 
conserved residue (p.!r104Lys) in the tubulin gamma 
complex associated protein 5 (TUBGCP5) gene was 
detected in the OB population but was never observed in 
the homozygous state in the WGS data (see Additional 
file  6: Table  S5). !e associated OH2 haplotype has a 
negative effect on multiple births and a positive effect on 
the percentage of normal births. Although absent from 
the SWISScow array, this variant segregates at an allele 
frequency of 0.021 in the WGS data and is in perfect LD 
with the haplotype (see Additional file 6: Table S5).

In addition, for 13 other BH and two other OH haplo-
types, we propose candidate causative variants (see Addi-
tional file 6: Table S5), but most of them are predicted to 
have a neutral or benign effect or represent synonymous 
variants.

Discussion
!is comprehensive study explored the genomic data of 
the two current Swiss Braunvieh dairy populations BS 
and OB, for reduced homozygosity due to hidden reces-
sive variants. Such variants which, for the most part, 
change the amino acid sequence of proteins, lead to natu-
ral or artificial selection against homozygous individuals. 
!is phenomenon could be due to embryonic lethality, 
reduced rearing success, or exclusion from the breeding 

population due to poor development. To better under-
stand the functional role of the associated haplotype 
regions, we performed genome-wide missing homozy-
gosity scans and subsequent comprehensive association 
analyses.

In the recent past, various studies that aimed at pin-
pointing such haplotype regions used routine SNP geno-
typing data and the standard approach (pgp) in which the 
paternal grandfather replaces the usually non-genotyped 
dam [19, 21, 27]. Here, we chose a trio-based approach, 
assuming that it would increase the power of the statisti-
cal analysis of haplotypes due to the direct relationships 
of the families analyzed [21]. !e trio-based approach 
resembles the transmission ratio distortion approach 
used to search for lethal alleles, however, the latter is 
based on Bayesian statistics, while we applied the Fisher 
exact test of HWE [7, 8, 24, 41]. Especially for the OB 
population for which the amount of available data is 
limited, the trio-based approach is notably more effi-
cient than the standard analysis, since more regions with 
lower haplotype frequencies were detected. In contrast, 
for the BS population, the pgp-based approach, which 
considers more than twice the number of family groups, 
detected more regions than the trio-based analysis. How-
ever, it should be kept in mind that an increased number 
of detected haplotype regions might include more false 
positives, which is supported by our results with some 
of the haplotype regions detected in the BS population 
not showing any phenotypic associations. !erefore, we 
focused on the haplotype regions that were detected by 
the trio-based approach and showed phenotypic asso-
ciations with the 24 analyzed fertility, birth, and growth-
related traits.

To validate the chosen approach, we searched for pre-
viously identified haplotypes and known causal recessive 
variants and confirmed the BH1 and BH2 haplotypes in 
the studied BS population [11, 19]. BH2 is known to be 
negatively associated with fertility and growth-related 
traits. We also confirmed that the variant in the TUBD1 
gene showed the highest level of LD with BH2. Interest-
ingly, although breeding against this variant has been 
practiced for several years, we were still able to detect 
this haplotype region and its effects on the studied traits. 
However, strong selection of the bulls has successfully 
eliminated the two inherited disorders spinal muscular 
atrophy [69, 70] and weaver syndrome [14, 31, 71] since 
we did not detect any carriers. Regarding the OB popu-
lation, it is known that the Fleckvieh haplotype 2 (FH2) 
and the associated frameshift variant in the SLC2A2 gene 
segregate in the OB population at an allele frequency of 
0.05 and cause the Fanconi-Bickel syndrome with growth 
retardation [9, 72]. Nonetheless, we did not detect the 
region surrounding this variant on chromosome 1. !e 
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reason why we could not find a significant depletion in 
homozygosity for FH2 was that the genotyping data 
included several homozygous carriers of the variant 
associated with the Fanconi-Bickel syndrome. Due to 
the fact that this disorder is non-lethal, but induces liver 
and kidney defects leading to reduced growth [9], appar-
ently normally developed new-born calves are genotyped 
before the manifestation of growth retardation.

Our aim was to detect novel causative variants, but 
first we confirmed the detection of the BH1 haplotype 
region previously reported in BS cattle [19, 33]. We 
found evidence for depletion of homozygotes, but a posi-
tive association with the growth-related trait carcass fat 
score and no indication of a negative effect on fertility 
traits as previously described [33]. We suggest that it is 
caused by the p.Asp70Asn missense variant that affects 
a highly conserved nucleotide in the transcription factor 
3 (TCF3) gene, also known as E2A. In men, mutations 
in this gene are associated with agammaglobulinemia 8 
(OMIM #616941) (see Additional file  6: Table  S5). Tcf3 
knock-out mice show growth retardation and increased 
neonatal death [73]. TCF3 is associated with the Wnt 
signaling pathway and thereby influences osteogen-
esis and is essential for B cell differentiation [73, 74]. 
!is same variant was previously reported to be associ-
ated with BH1, but with inconclusive results [33]. In our 
study, the estimated LD between BH1 and this variant 
is rather low and the haplotype associations are merely 
suggestive. !erefore, either this variant causes retarded 
growth and increased pre-weaning lethality, but with 
incomplete penetrance, or is irrelevant as not all loss-
of-function variants have a pathogenic effect [75]. We 
found several dozens of homozygous carriers of the TCF3 
variant, although it segregates with an allele frequency of 
0.11 and deviates significantly from HWE. !erefore, we 
recommend to keep track of this variant, e.g. by clinically 
examining live homozygous individuals.

Regarding our extensive list of newly identified hap-
lotype regions in the Swiss Braunvieh populations stud-
ied here, we propose six candidate causative variants 
(Tables 5 and 6), which are all supported by high LD val-
ues with the corresponding haplotype, and 17 variants 
of interest (see Additional file 6: Table S5). In the future, 
for many other mapped haplotypes, the detection of such 
variants should be done with the same approach based 
on population-wide evaluation, because unfortunately 
only every second variant is technically designable for 
the custom array. Furthermore, it is disputable if instead 
of array-based genotyping with its known limitations, 
one could consider genotyping by sequencing by using 
low-pass sequencing [76, 77]. Nonetheless, this recent 
method has also strong limitations such as a restricted 
probability to see the variant of interest on the sequence 

of a given individual as well as the need to be followed by 
imputation that is not accurate for recent variants due to 
the existence of ancestral and derived versions of identi-
cal haplotypes. Due to the large evidence gained by the 
analysis of massive phenotypic and genomic data, we 
recommend further evaluation of such haplotype regions 
and candidate variants in the future.

Among the variants suggested to cause reduced omozy-
gosity in the BS population, we highlighted the MRPL55 
nonsense variant on bovine chromosome 7 associated 
with BH14. Statistically, this variant fits perfectly with 
the expectations for embryonic lethal variants, since LD 
is very high and there are no homozygous animals. !e 
MRPL55 gene belongs to the mitochondrial ribosomal 
protein (MRP) gene family, more precisely to the MRPL 
group, which are genes that make up the large subunit of 
the mitoribosome complex [78]. !e mitoribosome com-
plex is a multi-gene complex of diverse genes, denoted 
MRP genes [65]. Mouse knock-out experiments have 
revealed that different genes of the MRP family cause 
early embryonic death at the stage of pre-gastrulation, 
and expression analyses of MRP genes have shown their 
essential role during embryogenesis [65, 79]. Further-
more, mRpL55 was found to have a crucial role during 
the development of fruit flies, with mRpL55 null indi-
viduals showing increased mortality, reduced growth 
and activity after hatching [80]. Due to the nature of the 
bovine variant, two-thirds of the truncated protein are 
lacking, with most likely non-sense mediated decay tak-
ing place, thus it can be assumed that the variant leads 
to a loss-of-function of MRPL55 in the homozygous 
state. Finally, this could explain putative early embry-
onic lethality and is consistent with the complete lack of 
homozygous animals. Moreover, the described biologi-
cal effect is supported by the association study indicating 
negative associations with fertility traits and a reduction 
in heifer survival. !e latter can be explained with fertil-
ity issues being one of the major culling reasons in dairy 
cattle [81, 82].

For the BS population, we propose three additional 
variants as candidate causal variants impairing postna-
tal survival. First, the BH24-associated missense variant 
in the CPT1C gene, which is known to be important for 
the proper development of the brain [83], was predicted 
to have a deleterious effect on protein level and effects 
on an evolutionary highly conserved nucleotide. Disor-
ders associated with pathogenic CPT1C variants cause 
lethal spastic paraplegia (OMIM #616282). !e BH24 
haplotype shows significant associations with several 
birth traits and therefore this variant represents a plau-
sible candidate for reduced homozygosity, which was 
confirmed after targeted genotyping. Second, the BH6-
associated most likely pathogenic missense variant in 
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MARS2, a gene that plays an important role in embry-
onic development, is analogous to MRPL55, potentially 
leading to developmental arrest during early embryo-
genesis [79]. In humans, variants in this gene are associ-
ated with mitochondrial respiratory chain disorders and 
lead to retarded growth and hypotonia [84], and are also 
associated with a neurodevelopmental disorder (OMIM 
#611390) [68]. !ird, the most likely pathogenic BH34-
associated missense variant in ACSL5, which is involved 
in lipid metabolism, might cause a developmental delay 
due to disturbed fat metabolism in various mammalian 
species (OMIM #605677, OMIA #002226-9615) [67], and 
might explain the negative effects that we observed on 
growth-related traits. Both the MARS2 and ACSL5 vari-
ants need to be evaluated by further genotyping to con-
firm the postulated effects.

For the OB population, we propose two novel vari-
ants as candidate causal variants impairing embryonic 
survival. First, the OH4-associated frameshift variant in 
the LIG3 gene, which is related to early embryonic lethal-
ity in mice [66], is of high interest. Functionally, LIG3 is 
a DNA binding ligase that is responsible for the repair 
of strand breaks [85, 86]. However, more precisely, the 
function of LIG3 is not essential for the repair of nuclear 
DNA since other proteins can compensate for the lack of 
LIG3, but it is essential for the repair of mitochondrial 
DNA [85, 86]. Second, the OH2-associated missense 
variant in the TUBGCP5 gene, although not predicted 
as having a damaging effect on an evolutionary highly 
conserved nucleotide, it might represent a suitable can-
didate, since TUBGCP5 plays an important role in the 
γ-tubulin ring complex which binds to the centrosome 
and thereby affects the cell cycle [87–89]. !is complex 
has a highly conserved structure including six γ-tubulin 
proteins. TUBGCP5, in contrast to the other proteins, 
is present in single copy in the γ-tubulin ring complex 
[87–89]. In humans, an association between a TUB-
GCP5 missense variant and microcephaly, which is a 
severe anomaly, has been shown [90]. Although to date 
these two variants have not been evaluated in the broader 
population, the observed significant negative effect of the 
OH2 haplotype on the maternal birth trait ‘percentage 
of live births’ and the deleterious nature of the LIG3 and 
TUBGCP5 variants support the assumed negative impact 
on reproduction.

Furthermore, three additional haplotypes (OH7, OH8, 
and OH9) which showed no significant HWE-deviation 
after correcting for FDR were detected. Interestingly, 
we found very convincing candidate variants for these 
haplotypes, such as the missense variant in the HSD3B7 
gene located on bovine chromosome 25. !is variant is in 
high LD with OH9 and no homozygous carrier animals 
were found. HSD3B7 is associated with the often lethal 

recessively inherited bile acid synthesis defect (BASD; 
OMIM #607764) and with progressive liver disease char-
acterized by malabsorption of lipids and vitamins [91, 
92]. HSD3B7 knock-out mice showed increased mortal-
ity of homozygous newborns and decreased cholesterol 
absorption in the surviving animals [92]. Given the nature 
of the bovine HSD3B7 missense variant and the observed 
negative effect on the growth-related trait ‘bull survival’, 
we speculate that homozygous mutant animals are most 
likely either non-viable or impaired in development.

Interestingly a unique haplotype region on bovine 
chromosome 11 was mapped in both populations, sug-
gesting a common causative variant and therefore under-
lining the common heritage of the two Swiss Braunvieh 
cattle populations [34, 35]. Nevertheless, previous studies 
in OB have identified this region as a signature of selec-
tion [35, 93]. For these haplotypes (BH19 and OH3), we 
have not identified any potentially causative variant. !e 
most probable variant identified was a missense vari-
ant in the myomaker (MYMK) gene; however, this vari-
ant occurs in the homozygous state in many animals. 
!erefore, it is likely a less suitable candidate for the 
depletion of homozygosity. Interestingly the OB-specific 
GWAS results for the growth-related carcass conforma-
tion score traits pinpoint the same region on chromo-
some 11 at 104 Mb. Based on the function of the MYMK 
gene on skeletal muscle development [94], we suggest 
that the impact of this variant on economically important 
growth traits needs to be subsequently evaluated. In con-
trast, deletion of Mymk in mice is perinatal lethal [94]. 
!is example illustrates nicely the case of a variant that 
potentially underlies balancing selection as shown previ-
ously in pigs and cattle [95, 96]. Alternatively, and more 
likely, other undetected variants, such as more complex 
structural variants, might be responsible for the observed 
depletion in homozygosity in this genomic region.

As described above, not all the variants that we claim 
to be potentially causing disease could be evaluated in 
the current population, as many of them were unfor-
tunately not included on the custom array. !ere are 
technical reasons why many variants were not included 
on this final array, such as interference with adjacent 
variants, high GC-content, repetitive DNA, multi-allelic 
variation, etc. Nonetheless, the SWISScow custom chip 
proved to be a very powerful and efficient method to 
validate the segregation of the most likely causative vari-
ants in the current population. Furthermore, the genomic 
data of a population changes over time since the haplo-
type frequencies can change due to the impact of popu-
lar sires. Regarding the haplotype regions, we may have 
failed to detect some specific haplotype regions because 
the window size was set at 50 markers, since Hoff et al. 
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[25] showed that the homozygosity rate negatively corre-
lates with window length.

Although we propose 24 new variants, including six of 
high importance, the causal variants for numerous haplo-
type regions including BH1 remain unclear. For example, 
in the BS population, we identified the highly HWE-devi-
ating haplotype BH23 on chromosome 17, which showed 
significant haplotype associations with growth-related 
and birth traits, plus suggestive associations with fertil-
ity. In parallel, for the same region, suggestive GWAS 
associations with the fertility trait ‘non-return rate’ were 
observed, but we failed to identify candidate causal 
variants.

!is analysis is based on the latest reference sequence 
ARS-UCD1.2 of a Hereford cow, however, the reference 
sequence still spans many gaps and includes more than 
2000 unplaced scaffolds that could potentially harbor 
important coding sequences [37]. Recently, it was shown 
that reference graphs based on sequence data of sev-
eral breeds can include new functional sequences [97]. 
Another drawback of our approach is that we restricted 
our analysis to coding variants, while non-coding vari-
ants impairing the expression of a protein or more com-
plex structural variants disturbing the function of genes 
might also be causative. !e interference of non-detected 
structural variants could also be an explanation for the 
rather low LD values in some regions [98, 99]. Further-
more, as a few homozygous diplotype carriers are alive, 
some haplotypes may arise due to the high selective pres-
sure on traits within the breeding program. As shown by 
the example of cholesterol deficiency in Holstein cattle, 
the associated haplotype can segregate in the population 
under two indistinguishable versions, a derived variant 
and its ancestral version [100]. In summary, the reported 
haplotype regions might reflect population-specific char-
acteristics of the breeding programs, such as the inten-
sive use of individual bulls by artificial insemination or 
by natural service, a common practice in Swiss OB. Most 
likely, the focus applied on monogenic Mendelian disor-
ders is too simplistic since a polygenic architecture can 
often be assumed. !e latter is supported by the GWAS 
results that highlight numerous additional associated 
genomic regions, which are not affected by a depletion of 
homozygosity.

Conclusions
For the first time, we applied the trio-based mapping 
approach in cattle for the genome-wide detection of 
haplotypes showing reduced  homozygosity that seg-
regate at low to moderate frequencies. We present a 
short list of potentially causative variants and highlight 
four coding variants for the Brown Swiss population 
and two for the Original Braunvieh population located 

in candidate genes that are involved in embryonic and 
pre-weaning lethality. Although it will be challenging to 
evaluate all the candidate variants that we propose here 
by targeted monitoring of at risk matings and possible 
clinical examination of live homozygotes, it is impor-
tant to rule out causality. !is study illustrates the diffi-
culty to select for improved fertility and rearing success 
by focusing on monogenic disorders, since our GWAS 
results confirmed the polygenic nature of these traits. 
Nonetheless, the proposed candidate causative vari-
ants will help to refine DNA-based selection decisions 
to improve female fertility and rearing success in Swiss 
Braunvieh cattle.
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reference sequence ARS-UCD1.2 [36] and the NCBI Annotation Release 
106 [54], including variant effect predictions (siftScore [63] and MutPred2 
score [64]) and base conservation scores (phyloP and phastCons [61, 62]). 
Furthermore, the genotype distributions across whole-genome sequenc-
ing and genotyping data are included.
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Holstein is by far the most popular breed of cattle in the world, bred and raised for its high milk  yield1. Espe-
cially with the improved reproductive technologies that arose in the last century, the genomic exchange over 
the world increased and led to the use of a limited number of prominent sires across the  globe1–3. For Holstein 
cattle the di!erence between the absolute population size and the e!ective population size di!ers highly in all 
parts of the world and the inbreeding is increasing a"er the recent implementation of genomic  selection4. With 
the e!ective population size being much smaller, the decrease in genetic variation and the increase in inbreed-
ing is  accelerated2. #ere has been a recognisable decline in reproductive performance in high producing dairy 
 cattle5,6, which could be shown to be due to arti$cial selection on production traits and negative hitchhiking 
 e!ects3. Since fertility problems are one of the most common reasons for culling  cattle7,8 and animals of the 
Holstein breed are more likely to be culled than animals of other  breeds8, there is a high need to improve female 
fertility, especially in Holstein cattle.

Genetic analyses of female fertility range from genome-wide association studies (GWAS) identifying genomic 
regions associated with fertility  traits9–12, to the identi$cation of genomic regions showing reduced homozygosity 
due to recessive mostly embryonic lethal  variants13 and to the investigation of e!ects of speci$c variants in func-
tional candidate  genes14,15. Due to the routinely used single nucleotide polymorphism (SNP) array genotyping 
implemented in breeding programs about a decade ago, comprehensive population-wide genomic data of the 
current breeding populations are available. VanRaden et al. were the $rst to propose to screen this kind of data to 
identify genomic regions with fewer homozygous animals than expect. In their article they listed $ve haplotypes 
deviating signi$cantly form the Hardy–Weinberg equilibrium (HWE) and thereby potentially harbouring lethal 
variants in the American Holstein population (Table S1)13. #ree of these haplotypes, namely Holstein haplo-
types 1, 2 and 3 (HH1-HH3), showed signi$cant negative associations to reproduction traits. Interestingly, two 
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subsequently performed similar analyses in the French Holstein population revealed 14 additional haplotype 
regions while con$rming the three previously described haplotypes HH1, 2 and 3 (Table S1)16,17. #erefore, 
performing new analyses regularly as genotyping data are accumulating was  recommended17. In two similar 
screenings of the Nordic Holstein population another nineteen haplotype regions in addition to the previously 
reported HH3 region and the FANCI-related brachyspina-associated haplotype HH0, originally designated as 
HBY, were identi$ed by Sahana et al. and Wu et al. (Table S1)18,19. In the Danish Holstein population a hap-
lotype associated with a large genomic deletion representing a loss-of-function of the FANCI gene causing 
 brachyspina20, as well as a haplotype associated with a missense variant in the SLC35A3 gene causing complex 
vertebral  malformation21 were identi$ed (Table 1, Table S1). #e latter two variants were initially thought to cause 
congenital malformation, but it was shown that in homozygous state, both mutations typically cause death in 
utero. #erefore, the two associated haplotypes (HH0 and HHC) were included in the list of 43 known Holstein 
haplotypes with reduced homozygosity (Table S1).

So far, candidate causal variants for seven of these Holstein haplotypes were identi$ed either by whole-
genome or whole-exome sequencing a!ecting di!erent genes of importance for reproduction and/or develop-
ment: APAF1 (HH1), IFT80 (HH2), SMC2 (HH3), GART  (HH4), TFB1M (HH5), SDE2 (HH6) and CENPU 
(HH7) (Table 1)16,17,22–28. In addition, a haplotype associated with increased juvenile mortality due to cholesterol 
de$ciency (CDH) in the German Holstein  population29 had been detected to be associated with a transposable 
element insertion in in the APOB gene that causes the metabolic disorder (Table 1, Table S1)26,29,30.

Taken together, these $ndings indicate, that even though Holstein is an international breed characterized 
by a limited number of founding animals, the national subpopulations carry a di!erent genetic load due to 
local selection decisions. #erefore, the aim of this study was to explore the accumulated massive genomic and 
phenotypic data of the local Swiss Holstein cattle population to identify genomic regions impairing fertility and 
rearing success. We applied a combination of methods including screening for missing homozygosity based 
on SNP-genotyped trios, trait association studies using estimated breeding values for female fertility traits and 
linkage disequilibrium analyses exploiting both SNP and whole-genome sequencing (WGS) data. #e ultimate 

Table 1.  Previously identi$ed lethal haplotype regions and their associated candidate causal variants in 
Holstein cattle. a According to the reference sequence ARS-UCD1.231. b According to the NCBI Annotation 
Release  10691.

Haplotype 
name

Associated 
disorder Gene OMIA

Variant description

Publicationschr Positiona Description
Transcript of 
 interestb Coding DNA change

Protein 
change

HH0 Brachyspina FANCI 000151-9913 21 21,184,869–
21,188,198

Gross 
deletion 
(frameshi")

3.3 kb deletion 19,20,27,85,86

HH1 Embryonic 
lethality APAF1 000001-9913 5 62,810,245 SNV (non-

sense) NM_001191507.1 c.1702C > T p.Gln568* 13,16,22,85

HH2 Embryonic 
lethality IFT80 001823-9913 1 107,172,616 SNV 

(frameshi") XM_024984168.1 c.747delT p.Leu250fs 13,24,28,85

HH3 Abortion SMC2 001,824-
9913 8 93,753,358 SNV (mis-

sense) XM_015472668.2 c.3404T > C p.Phe-
1135Ser

13,18,19,85,87

HH4 Abortion GART 001826–9913 1 1,997,582 SNV (mis-
sense) NM_001040473.2 c.869A > C p.Asn290#r 16,27,85

HH5 Abortion TFB1M 001941-9913 9 93,223,651–
93,370,998

Gross dele-
tion 139 kb deletion 26,27,85

HH6 Embryonic 
lethality SDE2 002149-9913 16 29,020,700 SNV (start-

lost) NM_001099065.2 c.2T > C p.Met1? 27

HH7 Embryonic 
lethality CENPU 001830-9913 27 15,123,636 5 bp deletion 

(splice site) XM_002698654.5 c.15123637_15123640delTTACT 17

HHB

Bovine 
leukocyte 
adhesion 
de$ciency 
(BLAD)

ITGB2 000595-9913 1 144,770,078 SNV (mis-
sense) NM_175781.1 c.383A > G p.Asp128Gly 51,85

HHC
Complex 
vertebral 
malforma-
tion (CVM)

SLC35A3 001340-9913 3 43,261,945 SNV (mis-
sense) NM_001105386.1 c.538G > T p.Val180Phe 21,85,88

HHD

De$ciency 
of uridine 
monophos-
phate 
synthase 
(DUMPS)

UMPS 000262-9913 1 69,151,931 SNV (non-
sense) NM_177508.1 c.1213C > T p.Arg405* 85,89,90

CDH
Cholesterol 
de$ciency; 
juvenile 
mortality

APOB 001965-9913 11 77,891,733
Large 
insertion 
(frameshi")

ERV insertion 26,29,30,53,85
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goal was to pinpoint potentially causative protein-coding variants explaining reproductive failure due to reces-
sive Mendelian disorders.

���������������������
#e SNP array data of the Holstein population used was provided by the breeding association’s swissherdbook 
and Holstein Switzerland. #e quality-controlled (MAF > 0.01 and call rates > 0.9 per SNP and > 0.8 per animal) 
SNP data included 114 890 SNP combining a variety of SNP arrays with densities ranging from 3 to 150 k. SNP 
positions have been updated to the latest cattle reference sequence ARS-UCD1.231,32. #e so"ware Fimpute 
v2.233 was used to impute the data in order to correct for false genotypes as well as to increase the SNP data of 
lower density genotyped animals. #e comprehensive data included 52,961 Holstein cattle. From these data, two 
analysis data sets were formed: the trio-based analysis, where the complete trio was genotyped (sire, dam and 
o!spring), with 17,915 animals and the pgp-based analysis, where the dam is replaced by the maternal grand-
sire (sire, maternal grandsire and o!spring), with 30,315 animals. While the trio-based dataset allows tracking 
the direct inheritance of alleles, the pgp-based dataset includes some uncertainty. Nevertheless, the pgp-based 
approach, where all male animals are genotyped, represents more accurately the common genotyping scheme 
of current breeding programs, as can be seen from the higher number of animals in the dataset. Both datasets 
include animals born in Switzerland a"er 2009 and their ancestors’ genotypes.

#e described data sets (trio and pgp) were used in the so"ware  snp110134 to identify haplotypes with a sig-
ni$cant deviation from HWE, including a correction of false discovery rate according to Benjamini-Yekutieli35. 
#e chosen window size for the sliding-window approach was 50 SNP, based on the work of Ho! et al.36. #e 
snp1101 output provides a list with all signi$cant haplotypes, the number of observed and expected homozygous 
carriers, as well as the allele frequency and the haplotype itself. For all regions of interest, where the observed 
number of homozygous animals were lower than the number of expected homozygous animals, we have cho-
sen the most signi$cant haplotype (lowest p-value) to reduce the number of false positive carriers. Further, we 
predicted the diplotypes for these haplotypes in the entire genotyped Holstein population and selected carrier 
animals for WGS.

Association studies were conducted using the predicted diplotypes and all female reproduction traits from 
the Swiss routine genetic evaluation system. In total 18 traits were analysed, while traits can be grouped into 
fertility, birth and survival traits (Table 2). #e estimated breeding values (EBV) were deregressed and used as 
pseudo-phenotypes in linear mixed models (LMM) in the GCTA  so"ware37,38. #e genomic relationship matrix 
estimated using the method GRM of the GCTA so"ware was included in the model to account for population 
structure. In addition, for the SNP data described above genome-wide association studies (GWAS) together with 

Table 2.  Traits of interest.

Trait group Trait sub-group Trait Description Abbreviation

Fertility traits Fertility

Non-return rate heifer Heifers non-return rate a"er 56 days, 
binary NRh

Non-return rate cow Cows non-return rate a"er 56 days, 
binary NRc

Interval $rst to last insemination 
heifer

Interval between $rst and last insemi-
nation for heifer, days IFLh

Interval $rst to last insemination cow Interval between $rst and last insemi-
nation for cows, days IFLc

Interval calving to insemination Interval from calving to $rst service, 
days DFS

Birth traits

Birth history direct

Percentage normal births Calving ease, scored between 1-with-
out help to 5-dystocia CEd

Percentage live births Percentage of calves born alive SBd
Birth weight Weight of calve at birth, kg BWd

Gestation length Days from successfull insemination 
to birth GLd

Multiple birth Percentage of multiple births MBd

Birth history maternal

Percentage normal births Calving ease, scored between 1-with-
out help to 5-dystocia CEm

Percentage live births Percentage of calves born alive SBm
Birth weight Weight of calve at birth, kg BWm

Gestation length Days from successfull insemination 
to birth GLm

Multiple birth Percentage of multiple births MBm

Survival traits Rearing success

Survival period 1 Survival from day 3 up to 30th day 
of life P1

Survival heifer period 2 Survival of heifers from day 31 up to 
458 days P2h

Survival bull period 2 Survival of young bulls from 31 up to 
183 days P2b
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deregressed EBVs as pseudo-phenotypes were performed. #ese single SNP regressions were implemented using 
the so"ware  snp110134, the genomic relationship matrix was calculated with the method proposed by  VanRaden39 
and a Bonferroni-correction was applied (p < 0.0000044).

Whole-genome sequencing (WGS) was performed in an attempt to sequence animals potentially carrying 
variants causing reduced homozygosity in the identi$ed genomic regions. #erefore, 37 Holstein animals were 
selected based on their diplotype status for WGS. Additionally, 656 genomes from other projects were available, 
leading to 691 publicly available genomes including 244 purebred Holstein cattle (Table S2). Sequence data 
preparations was done according to previously described  methods40, with the only di!erence in the recalibration 
step, where the known variants from the 1000 Bull Genomes Project run 7 (BQSR $le version 2) were  used41. #is 
resulted in a variant call format (VCF) $le encompassing all single-nucleotide variants (SNV) and short indels 
from the 691 animals. #e average read depth per genome were calculated using covstat from gole" v0.1.1942 
and varied from 3.3× to 72.8×, with an average of 18.7× read depth (Table S1).

In order to design a custom SNP array, we selected candidate SNVs and short indels within the genomic 
regions of interest de$ned by the determined haplotype regions including plus/minus 2 Mb 'anking sequence 
up- and downstream. Due to the variation in read depth, missing values and a single homozygous carrier animal 
were allowed, GATK recommended quality measures for hard $ltering needed to be passed and at least a single 
Holstein animal needed to be carrier of a variant, but no more than 75% of all animals for it to be selected for 
the array design. Variants were included in a custom array using Axiom Microarray Genotyping Technology, 
designed under the umbrella of Swiss routine genomic systems. Due to the process of the design almost every 
second (44%) of the initially selected 465,768 variants could be designed and led to an array including 205,362 
novel variants and 112,854 so called “routine variants” from previously applied arrays including common SNP 
markers considered for genomic selection. Subsequently, this custom array, called SWISScow array, was used 
routinely in the Swiss genomic breeding program. #erefore, comprehensive genotypes of 13,667 Swiss cattle 
are available, of which 5603 are Holstein.

Linkage disequilibrium (LD)  (r2) were estimated between diplotypes for haplotypes and both, custom array 
genotypes (a) and WGS-driven genotypes (b), in a merged dataset encompassing 5 603 (a) and 37 (b) animals, 
respectively. #ese analyses were conducted using plink v1.943.

For visualisation of the results from the di!erent genome-wide analyses the R package OmicCircos was  used44. 
Figure 1 summarizes the results from the haplotype identi$cation using the trio and pgp approach, indicates if 
there are linked marker on the custom array, if the haplotypes show associations to current traits of the breeding 
program, and if there are signi$cant GWAS associations in the Swiss Holstein population for the trait groups 
fertility, birth and survival.

In order to improve the interpretation of candidate variants conservation scores PhyloP and PhastCons from 
the UCSC database were taken into  account45,46. #erefore, the tool Li"Over from UCSC tools was used to li" 
the bovine variants from the reference sequence ARS-UCD1.231 to the human genome  3847. For these positions, 
the conservation scores of 99 vertebrates could be extracted directly. Furthermore, for a more comprehensive 
prediction of the impact of protein-changing variants the tool  PROVEAN48 was applied. Lastly, the data pro-
vided by the 1000 Bull Genomes project run 8 was analysed for the distribution of candidate variants, as it is an 
international control cohort with a variety of  breeds41.

�������
������������������������������������������������������Ǥ� All identi$ed haplotypes are described in 
Table 3, their statistical evidence is summarized in Table S3 and the two outer circles in Fig. 1 demonstrate their 
distribution across the 29 bovine autosomes. #e search for haplotypes deviating from HWE led to the detec-
tion of 24 haplotype regions, of which $ve had been previously described (Table 3, Table S3). #ese identi$ed 
haplotypes were named in accordance to 17 previously described Holstein haplotypes (Table S1) and designated 
as subsequent haplotypes (HH18–HH38) (Table 3, Table S3). #e obtained results from the trio-based approach 
led to the detection of 10 haplotypes, of which 6 were never observed in homozygous state, although at least 10 
were expected (Table 3). On the other hand, the pgp-based approach revealed 21 haplotypes, of which 4 never 
occurred in homozygous state. Combining the outcome of both approaches revealed 7 commonly detected 
haplotype regions. #e most signi$cant de$cient homozygous haplotype is the previously described haplotype 
HH21 for which 157 homozygous carriers were expected, but none were observed (Table 3, Table S3)18. #e 
identi$ed haplotypes have an average length of 1.12 Mb and range from 0.24 up to 2.56 Mb and segregate at an 
average allele frequency of 0.024 ranging from 0.014 to 5.46 (Table S3).

�������������������������������������������������������Ƥ���������������������������Ǥ� Sig-
ni$cant associations (p < 0.05) were detected for 21 haplotypes distributed across 17 chromosomes (Fig.  1, 
Table 3). Nevertheless, three of the detected de$cient homozygous haplotypes show no signi$cant associations 
to any of the 18 considered traits (Table S4). Most of the de$cient homozygous haplotypes are associated with 
various fertility- and birth-related traits, whereas only two detected haplotypes show signi$cant association to 
two traits of calf survival (Table 3). For example, HH37 shows signi$cant associations to totally six di!erent 
analysed fertility- and birth-related traits (Table 3). Detailed results from the association studies including all 
24 detected de$cient homozygous haplotypes and 18 traits of interest are summarised in Table S4. #e by far 
strongest association was detected for the HH5 haplotype to the trait NRh (heifers non-return rate a"er 56 days) 
(p = 0.00006), which is in accordance with previously reported $ndings that a gross genomic deletion on chro-
mosome 9 encompassing the entire TFB1M gene causes embryonic  lethality26. Another example of a de$cient 
homozygous haplotype showing a negative association to non-return rate in heifers is HH24 (p = 0.02), beside 
further signi$cant associations of that haplotype to three birth-related traits (Table 3). #e fertility-related trait 
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interval DFS (calving to $rst insemination) is negatively associated with the HH25 haplotype and the trait IFLc 
(interval $st to last insemination) with the HH32 haplotype whereas HH32 and HH30 show a reducing e!ect 
on the trait BWm (birth weight) (Table S4). #e herein described de$cient homozygous haplotype HH21 most 
likely corresponds to the previously described haplotypes 175.5 (VanRaden et al.13) and 07-12618 and shows a 
negative association to the survival-related traits P2b (survival from day 3 up to 30 days) (Table 3). #e also 
previously published de$cient homozygous haplotype HH3 shows signi$cant association to the birth-related 
trait GLm (gestation length) (Table 3), which can be explained with the already known SMC2-related abortion 
of  homozygotes24. Finally, for the further two haplotypes with putative known causal variants (see below) HH35 

Figure 1.  Summary of the SNP and WGS data analyses of the Swiss Holstein population. #is plot visualises 
all the comprehensive genomic analysis. #e most outer circles show the haplotypes per chromosome with 
reduced homozygosity for the trio approach in dark blue and the pgp approach in light blue. LD  (r2) between 
haplotypes and markers of the custom SNP array is indicated in the circle with the brown dots. Note the dot 
size correlates with the LD extent. #e fourth circle shows signi$cant results from the haplotype to phenotype 
association analyses. Note that the three evaluated trait groups are represented by di!erent colours and the dot 
size correlates with the signi$cance values. #e three inner circles present the signi$cant (p < 0.0000043) GWAS 
results across the fertility (purple), birth (red) and survival (yellow) traits. Scales are based on the − log10(p-
value). Note the green arrows indicating previously identi$ed haplotypes and candidate causal variants. #e blue 
arrows indicate the previously identi$ed haplotypes HH21 and  HH1313,16,18 and the herein described candidate 
causative variants in the genes NOTCH3 and KIR2DS1, respectively. Finally, the red arrows indicating the 
newly identi$ed haplotypes HH25 and HH35 harbouring most likely causative variants in the genes RIOX1 and 
PCDH15.
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shows a negative e!ect for the birth-related trait SBm (live births) while HH13 is associated to BWm (birth 
weight) as well as the survival related trait P1 (survival from day 3 up to 30th day of life) (Table 3).

In addition, the GWAS results are visualised using Manhattan plots in the supplementary material (Sup-
plementary Figs. S1–S18). #e genome-wide signi$cant (p < 0.0000043) results are collected in Table S5 and in 
summary displayed in the three inner circles of Fig. 1. Among the $ve studied fertility-related traits we identi$ed 
clear associations to a locus on chromosome 18 for the three traits DFS (calving to insemination), NRh (non-
return rate for heifer) and IFLc (interval between $rst and last insemination for cows), that co-localize with the 
region of the herein detected de$cient homozygous HH13 (Table S5). In addition, at the same locus interesting 
associations to $ve di!erent birth-related traits were observed (Table S5). At the genome region of HH28 on 
chromosome 14, a GWAS hit to the two birth-related traits direct traits BWd (birth weight) and CEd (percentage 
normal births) was observed (Table S5). No co-localization between GWAS signals of the three studied survival 
traits and the herein detected de$cient homozygous haplotypes could be identi$ed. Nonetheless, a GWAS hit on 
chromosome 11 for the calf survival-related trait P2h (survival of heifers from 31 up to 458 days) was observed 
at the identical genome region on chromosome 11 of the previously described CDH haplotype containing a 
deleterious APOB loss-of-function variant causing rearing loss (Table S1)29.

Table 3.  Haplotypes indicating reduced homozygosity in Swiss Holstein. BWd weight of calve at birth in 
kg, direct trait, BWm weight of calve at birth in kg, maternal trait, CEd direct calving ease, scored between 
1-without help to 5-dystocia, CEm maternal calving ease, scored between 1-without help to 5-dystocia, DFS 
interval from calving to $rst service in days, GLd days from successful insemination to birth, direct trait, GLm 
days from successful insemination to birth, maternal trait, IFLc interval between $rst and last insemination 
for cows in days, IFLh interval between $rst and last insemination for heifer in days, MBm percentage of 
multiple births, NRh heifers non-return rate a"er 56 days, binary, P1 survival from day 3 up to 30th day of 
life, P2b survival of young bulls from 31 up to 183 days, SBd percentage of calves born alive, direct trait, SBm 
percentage of calves born alive, maternal trait. a HH meaning Holstein haplotype. b According to the reference 
sequence ARS-UCD1.231. c According to NCBI Annotation Release  10691. d Haplotype co-localises with 
previously described haplotype HHB by Shuster et al. and Cole et al.51,85. e Haplotype described before as 175.5 
and 07–126 by VanRaden et al. and Sahana et al.13,18. f Haplotype previously described by VanRaden et al., 
McClure et al., Sahana et al. and Wu et al.13,18,19,87. g Haplotype previously described by Schütz et al. and Fritz 
et al.26,27. h Haplotype previously described by Fritz et al.16.

Namea chr Pos in  Mbb Analysis
Homozygous haplotype carrier Allele frequency 

%
Known and novel 
associated  genec

Associated traits
observed expected de"cient Fertility Birth Survival

HH18 1 10.302–104.376 pgp 7 28 75% 2.39
HH19d 1 139.874–140.643 pgp 12 47 74% 3.00 GLd
HH20 2 134.477–135.148 pgp 1 14 93% 1.66
HH21e 7 7.872–10.433 trio/pgp 0 157 100% 5.46 NOTCH3 P2b
HH22 7 93.582–94.642 pgp 2 16 88% 1.73
HH23 8 15.562–16.863 pgp 5 25 80% 2.20 MBm
HH24 8 66.699–68.006 pgp 2 59 97% 3.36 NRh BWm, CEm, MBm
HH3f 8 90.959–92.085 trio/pgp 0 10 100% 1.38 SMC2 GLm
HH5g 9 90.928–91.824 trio/pgp 0 30 100% 2.39 TFB1M NRh
HH25 10 86.876–87.773 trio 5 20 75% 1.96 RIOX1 DFS
HH26 11 4.531–5.362 pgp 7 34 79% 2.56 GLd
HH27 13 7.083–8.297 pgp 2 17 88% 1.82 GLm
HH28 14 24.591–24.827 pgp 3 20 85% 1.98 SBd, SBm
HH29 14 58.128–59.238 pgp 14 52 73% 3.14 SBm, CEm

HH13h 18
60.932–62.101 trio 1 17 94% 1.81

KIR2DS1
BWd P1

62.070–63.045 pgp 2 22 91% 2.06
HH30 21 7.844–8.671 trio 1 24 96% 2.13 BWd, CEd, CEm
HH31 22 59.811–60.704 pgp 3 17 82% 1.80 GLd, GLm

HH32 23
32.773–33.726 pgp 1 13 92% 1.57 BWd, CEm
33.545–34.948 trio 0 13 100% 1.55 GLd, IFLc CEm

HH33 24 44.693–45.678 pgp 14 42 67% 2.82 SBd
HH34 25 36.162–37.330 trio /pgp 0 18 100% 1.86 GLm
HH35 26 3.359–4.235 pgp 7 31 77% 2.44 PCDH15 SBm

HH36 28
28.541–29.736 pgp 2 15 87% 1.71 CEm
29.731–30.877 trio 2 26 92% 2.25

HH37 28 40.348–41.271 pgp 6 66 91% 3.54 GLd, GLm, IFLh CEm, SBd, MBm
HH38 29 14.243–15.317 trio 0 14 1.00 1.66 CEm
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������Ƥ���������� ��������������������������������������Ǥ� #e generated comprehensive WGS data 
was mined in genome regions containing de$cient homozygous haplotype for variants potentially causing 
pre- or post-natal lethality or sublethal conditions. By $ltering for variants indicating an obvious depletion in 
homozygosity and showing a strong LD with the haplotype, we successfully uncovered $ve protein-changing 
DNA variants as candidates (Table 4). #is short list of possibly causal variants includes the previously described 
missense mutation in the SMC2 gene associated with HH3-related embryonic  lethality24 (Table S6). In addition, 
we detected four novel variants linked to di!erent de$cient homozygous haplotypes a!ecting these four genes: 
NOTCH3 (HH21), RIOX1 (HH25), KIR2DS1 (HH13), and PCDH15 (HH35) (Table 4). Unfortunately, only two 
of these $ve variants, those a!ecting SMC2 and KIR2DS1, could be successfully added to the customized SWISS-
cow array and thereby genotyped in several thousand animals of the current Swiss dairy population. In accord-
ance to the results of the haplotype analysis for HH3 and HH13, no single homozygous carrier of the SMC2 and 
KIR2DS1 variants was observed neither in the current population of more than 14 thousand Swiss dairy cattle 
nor in any other breed of cattle included in the 1000 Bull Genomes project (Table S6).

As reported earlier by Ref.24 the SMC2 missense variant p.Phe1135Ser a!ects an evolutionary conserved 
residue of the C-terminal P-loop-nucleoside triphosphate hydrolase domain classi$ed as a deleterious change 
according to in silico predictions. In the studied Swiss Holstein population this variant occurs a low frequency 
(1.3%) in high LD  (r2 = 0.85) with the HH3 haplotype on chromosome 8 at ~ 94 Mb (Table S6). #e SMC2 variant 
was absent from all other studied breeds (Table S6).

#e detected stop-gain variant in the killer cell immunoglobulin like receptor, two Ig domains and short cyto-
plasmic tail 1 (KIR2DS1) gene showing missing homozygosity is located on chromosome 18 at ~ 62 Mb in LD 
 (r2 = 0.49) with the HH13 haplotype. #e detected KIR2DS1 variant located in exon 4 leads to the premature 
termination of the protein sequence at codon 159 (p.Gln159*) truncating the protein by almost two third includ-
ing functionally important domains (Fig. 2A). It segregates within the Swiss Holstein population at an allele 
frequency of 5% and shows a highly signi$cant deviation from HWE (p = 0.0000007) based on a Chi-square test 
(Table S6). Interestingly the KIR2DS1 variant obviously occurs in various other breeds beside Holstein cattle 
(Table S6).

Further, we propose three coding variants in NOTCH3, RIOX1, and PCDH15 as candidate causal variants 
that were so far not evaluated in the broader population due to limitations in the design process of the custom-
ized SWISScow array.

Firstly, we identi$ed a disruptive in-frame deletion in the notch receptor 3 (NOTCH3) gene moderately linked 
 (r2 = 0.49) with the completely de$cient homozygous haplotype HH21 on chromosome 7 at ~ 9 Mb (Table 4). #is 
protein-changing variant knocks-out a highly conserved cysteine residue (p.Cys44del) of an epidermal growth 
factor-like repeats (EGFRs) that comprise the extracellular domain of the NOTCH3 receptor. #e deletion results 
in a loss of a cysteine residue in the $rst of these numerous EGFRs (Fig. 2B) and is predicted to be deleterious 
(Table S6). #is variant occurs at a low allele frequency of 0.014 and was never observed in homozygous state in 
any of the more than 4000 bovine genomes with available WGS data (Table S6). #e studied NOTCH3 variant 
appears to be very rare, and among the 4109 animals of the 1000 Bull Genomes project, it was found in only 
three animals of di!erent breeds (Table S6).

Secondly, another disruptive in-frame deletion encompassing 30 nucleotides of the open reading frame of the 
ribosomal oxygenase 1 (RIOX1) gene was detected that occurs perfectly linked  (r2 = 1) with the HH25 haplotype 
on chromosome 10 at ~ 87 Mb (Table S6). Interestingly, within our complete WGS data a single homozygous 
animal was detected, whereas 16 homozygotes were present in the 1000 Bull Genomes variant catalogue. By 
visual inspection of the mapping quality of the reads around this variant, we noticed that the mapping algorithm 
(Supplementary Fig. S19) did not splice many of the reads covering the 30 bp deletion properly. #erefore, we 
assume that these homozygotes most likely represent false positives and are actually only heterozygous carriers 
of the RIOX1 variant. Obviously, the RIOX1 deletion occurs in many breeds other than Holstein (Table S6). #e 
disruptive in-frame deletion a!ects the N-terminal region of the RIOX1 protein (p.Ala133_Glu142del) (Fig. 2C).

Lastly, we identi$ed a missense variant in the protocadherin related 15 (PCDH15) gene that is perfectly linked 
 (r2 = 1) with the HH35 haplotype on chromosome 26 at ~ 4 Mb (Table S6). Interestingly, for this variant, as well as 
for the HH35 haplotype we observed some homozygous carriers (Table 3, Table S6). In the 1000 Bull Genomes 

Table 4.  Candidate variants potentially explaining the identi$ed haplotype regions. a According to the 
reference sequence ARS-UCD1.231. b According to NCBI Annotation Release  10691. c Haplotype described 
before as 175.5 and 07-126 by VanRaden et al. and Sahana et al.,  respectively13,18. d Haplotype previously 
described by VanRaden et al., McClure et al., Sahana et al. and Wu et al.13,18,19,87. e Variant previously detected 
by McClure et al.24. f Haplotype previously described by Fritz et al.16.

Haplotype Gene OMIM
Variant description
Genomic  positiona Description Transcriptb Coding DNA change Protein change

HH21c NOTCH3 600276 chr7:7913459 3 bp deletion (inframe deletion) XM_003586246.3 c.129_131delTTG p.Cys44del
HH3d SMC2e 605576 chr8:93753358 SNV (missense) XM_015472668.2 c.3404T > C p.Phe1135Ser

HH25 RIOX1 611919 chr10:84938370 30 bp deletion (inframe deletion) NM_001099702.1 c.396_425delGGC GCA GAC CCC 
GGC GGC ACG CTT GGT GGA p.Ala133_Glu142del

HH13f KIR2DS1 604952 chr18:62758881 SNV (nonsense) NM_001097567.1 c.475C > T p.Gln159*
HH35 PCDH15 605514 chr26:5325675 SNV (missense) XM_015460562.2 c.2599C > G p.Leu867Val
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Project variant catalogue all identi$ed variant carriers were indicated as Holstein, Ayrshire and Norwegian Red 
(Table S6). Nevertheless, the amino acid exchange (p.Leu867Val) a!ects a highly conserved residue of a cadherin 
tandem repeat domain (Fig. 2D) although the computer predicted consequence was inconclusive (Table S6).

����������
A"er giving an overview of the known haplotypes with missing homozygosity in the worldwide Holstein breed, 
we have conducted a comprehensive survey of genomic and phenotypic data of the Swiss Holstein cattle popula-
tion to search for further de$cient homozygous haplotypes. We focussed on the detection of hidden recessive 
variants and found $ve candidates that cause the observed missing homozygosity. #ese variants can lead to 
the exclusion from the population due to natural selection processes, e.g., embryonic lethality, abortions and 

Figure 2.  Features of the four novel candidate causal variants. Note the predicted protein changes of the 
detected variants indicated in red. ((A) KIR2DS1:p.Gln159*82, (B) NOTCH3:p.Cys44del76, (C) RIOX1:p.Ala133_
Glu142del83, (D) PCDH15:p.Leu867Val84).
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stillbirth, or due to arti$cial selection against animals that show illthri" or other non-lethal more subtle condi-
tions, e.g., metabolic disorders that are o"en not diagnosed.

In previous studies performed in Holstein cattle a simple allele frequency-based approach was applied to 
identify haplotypes showing a depletion of homozygous animals by applying the assumption of random mating 
and a Chi-squared  test13,18,49. Other studies accounted for the mating status by included the haplotype state of the 
sire and the maternal  grandsire16,50. In comparison, the herein presented study uses two di!erent approaches, a 
trio- and pgp-approach, that include genotyped trios and applies a Fisher exact test. #is had the advantage that 
we were able to detect haplotypes that segregate at a lower allele frequency. #e pgp-based approach includes 
almost double the data from the trio-based approach. #is is explained by the genotyping management, in which 
male breeding animals are usually genotyped, but by far not all females. #erefore, we identi$ed almost twice the 
number of haplotypes with the pgp-approach. Nevertheless, the applied trio-approach is assumed to be more 
powerful as the parental haplotype inheritance can be traced directly.

Introducing this novel approach, we were able to verify our outcomes with the results of earlier studies in 
di!erent Holstein cattle populations. With the applied methods, we were able to detect four haplotype regions, 
namely HH3, HH5, HH13 and HH21 that were previously described to occur in several subpopulations of 
Holstein  cattle13,16,18,26,51. Another herein detected haplotype (HH19) co-localizes with the genome regions of 
the known de$cient homozygous haplotype HHB on the proximal end of chromosome 1. However, it obviously 
di!ers to the BLAD-associated HHB haplotype as we con$rmed by using the customized SWISScow array that 
the causative ITGB2 variant does not segregate anymore in the Swiss Holstein population (results not shown) 
probably due to the strict exclusion of carriers in the early 1990s.

Furthermore, by applying the WGS data screen, we con$rmed the known Holstein breed-speci$c HH3-linked 
missense variant in SMC2 on chromosome 8 that also in our data showed complete missing  homozygosity24. 
Interestingly, for this deleterious variant we could only detect a single signi$cant phenotypic e!ect in our addi-
tive models for gestation length based on the haplotype, but a suggestive negative e!ect on non-return rate in 
heifer. Negative e!ects on the number of inseminations in heifers within that genomic region were shown in 
Canadian Holstein  cattle52. Nevertheless, these $ndings support a purely recessive embryonic lethal e!ect of the 
SMC2 variant that allows merely the indirect detection in non-return  rate24. For HH5, we were unfortunately 
unable to con$rm the association with the most likely causative gross deletion encompassing the TFB1M gene 
as we focused in the scope of this project on SNV and short indel genotyping.

Interestingly, we found a co-localization of a GWAS peak for survival during the $rst 458 days of life in 
the region of the previously reported CDH  haplotype29. #e CDH haplotype was shown to be linked with a 
pathogenic endogenous retroviral insertion into the APOB gene and thereby leading to a subvital malabsorp-
tion of cholesterol, provoking increased juvenile  mortality26,29,30,53. #is haplotype was di)cult to detect due 
to it segregating in homozygous state in the adult population, as the LD between the CDH haplotype and the 
APOB variant was not perfect as the ancestral version of the haplotype still  occurred29,30. Initially, cholesterol 
de$ciency was thought to be a recessive or codominant inherited disorder, what led to the identi$cation of the 
responsible locus by applying a case–control based  GWAS29. Further studies examining heterozygous carriers 
showed that the APOB-associated disorder is not a simple Mendelian disease, as heterozygous animals can also 
show severe clinical signs of cholesterol  de$ciency54. #e identi$ed GWAS peak in the current study underlines 
these $ndings with an additive model. For a monogenic recessive lethal disorder, one would not expect to see any 
e!ect within an additive model, as all the homozygous a!ected animals would be more or less excluded from the 
genotyped population and it can be assumed that these heterozygous animals are phenotypically normal like the 
homozygotes. It is in line with recent $ndings in cattle that additive models are shown to have their limitations 
and non-additive models should be taken into account for further phenotypic evaluations of recessive  disorders55.

We propose to add four novel candidate causative variants to the list of Holstein haplotypes with known 
cause for missing homozygosity. We emphasize to highlight two variants in KIR2DS1 and NOTCH3 linked to 
the abovementioned con$rmed de$cient homozygous haplotypes HH13 and HH21, respectively. Both detected 
variants segregate in Holstein cattle but, in contrast to the HH3-linked SMC2 variant, represent derived alleles 
that predates establishing of modern breed as they rarely occur also in unrelated breeds of cattle.

Interestingly, in human KIR2DS1 is reported to be associated with reproduction, namely placentation 
 success56,57. KIR2DS1 is an activator receptor, belongs to the KIR family of natural killer cell Ig-like receptors 
and plays a vital role in the immune system (OMIM #604952). Regarding the involvement in disorders, KIR2DS1 
is known to be associated in human with an autoimmune disease called psoriasis  vulgaris58,59 and  leukaemia60–62. 
In later studies reproductive failure and foetal growth restriction were associated with maternal KIR2DS1 and 
foetal leukocyte antigen C2 (HLA-C2) imbalance, however, being complicated by the interference of the maternal 
and the embryonic  genotype56,63–66. Nonetheless, the function of KIR2DS1 was described as protective against 
pregnancy  loss66,67. Moreover a study showed the importance of KIR2DS1/HLA-C2 in response to viral pla-
cental  infections68. #e herein detected bovine variant most likely represents a true loss-of-function mutation 
of KIR2DS1, as possibly nonsense-mediated decay selectively recognizes and degrades mRNAs whose open 
reading frame is truncated by a premature translation termination codon. #erefore, this variant is supposed 
to lead to pregnancy losses of homozygous embryos. Furthermore, as the function of KIR2DS1 is sensitive to 
its  expression68, we speculate that also a negative e!ect in heterozygous carriers might exist. #is hypothesis 
is supported by GWAS hits in the genome region of HH13 for several fertility-related traits (interval calving 
to insemination, non-return rate heifer and interval $rst and last insemination), as well as birth-related traits 
(percentage normal births, percentage live births, birth weight as well as gestation length for maternal and direct 
traits). Interestingly, major QTLs for fertility and birth traits were mapped at 60 Mb on chromosome 18 in the 
German Holstein  population69.

#e NOTCH3 gene belongs to the mammalian Notch family that includes four proteins, which are trans-
membrane developmental signalling  receptors70–72. #e Notch signalling pathway has important roles in the 
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development of organs, regulation of cell death, cell survival and cell  abundance70–72. NOTCH3 is known to be 
associated with fatal dominant inherited disorders such as myo$bromatosis, cerebral arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL) and lateral meningocele syndrome (OMIM # 600276), 
as well as di!erent forms of  cancer73. In Notch3-de$cient mice, it was initially shown that Notch3 seems to be 
non-essential for proper embryonic development and  fertility74, however, post-natal pathology in Notch3-null 
mice revealed structural defects in the smooth muscle cells, arterial di!erentiation and the arterial  morphology75. 
#e NOTCH3 variant linked to the HH21 haplotype is predicted to delete a highly conserved cysteine residue in 
the $rst of 34 EGFR modules that are characterised by six highly conserved cysteine’s that are essential for the 
stability of each EGFR-module fold by their three disulphide  bonds76. EGFR1–3 had been shown to be critical 
for Notch pathway  activation77. Interestingly, the most signi$cantly associated trait with HH21 was survival of 
young bulls from 31 up to 183 days, which indicates a possibly subvital condition caused by the NOTCH3 variant. 
So far, the proposed variant was never observed in homozygous state in any of more than 4000 cattle genomes, 
while a population evaluation in Swiss Holstein is still pending to prove if there are indeed 100% no homozygous 
carriers as to be assumed from the haplotype analysis.

Lastly, we would like to propose two candidate causal variants in RIOX1, and PCDH15, that show perfect LD 
to the de$cient homozygous haplotypes HH25 and HH35, respectively. RIOX1 is an oxygenase that can act as 
both a histone lysine demethylase and a ribosomal histidine hydroxylase and plays a central role in histone code, 
chromatin organisation and DNA transcription regulation (OMIM #611919). Due to the basic importance of 
these processes for DNA and cell function, we speculate that a disruption of the protein by a motif of 10 amino 
acids might lead to disturbance of the meiosis or to the inactivation of cell di!erentiation in very early stages of 
the embryogenesis. #is hypothesis would be supported by the haplotype association for HH25 that indicates a 
prolonged interval calving to $rst insemination (DFS). Here we also would like to address the fact that such small 
deletions a!ecting repetitive DNA motifs clearly show up the limitations of the applied short-read methods for 
whole-genome sequencing and subsequent indel calling (Supplementary Fig. S19). Nevertheless, because the 
variant RIOX1 allele obviously occurs in a variety of breeds, this variant might represent a quite old mutation 
that arose already before modern breed formation that could also be of less impact. If the proposed variant is 
indeed reduced in number of homozygous carriers needs to be evaluated by further genotyping.

Finally, we propose a missense variant in PCDH15 as strong causal candidate for the depletion in homozy-
gosity of HH35. #e occurrence of this bovine variant is limited to Holstein and animals of populations with 
documented introgression of Holstein cattle. It a!ects an evolutionary conserved residue of a functionally impor-
tant domain and the a!ected gene is a member of the cadherin  superfamily78. It encodes an integral membrane 
protein that is known to be vital for the maintenance of normal retinal and cochlear function (OMIM #605514). 
In men, the a!ected gene PCDH15 is associated with recessively inherited forms of deafness and neurosensorial 
Usher  syndrome79. #e HH35 haplotype is not completely de$cient homozygous indicating no embryonic lethal 
e!ect of the associated PCDH15 variant. #erefore, we speculate that possibly a subtle disorder leads to the social 
exclusion of young individuals, probably due to their abnormal behaviour as they have a di!erent perception of 
the environment than una!ected animals. Alternatively, we hypothesize that possibly not all biological functions 
of PCDH15 are known and more severe conditions could arise leading to pre- or neonatal lethality and thereby 
explaining the lack of homozygotes. Nevertheless, we suggest also for this newly described variant in PCDH15 
to follow up by extended genotyping and propose a detailed clinical examination of homozygous living animals 
to evaluate their individual health status.

At this point we would like to lay out some limitations of the presented study. #e imputation step, which 
is based on pedigree information and allele frequencies, can a!ect the detection of decreased homozygosity. 
#erefore, imputation has limited power for recently arisen variants due to the existence of ancestral and derived 
versions of identical haplotypes. #is could potentially lead to the false negative detection of recent haplotype 
regions and the false positive detection of haplotype regions due to naturally over-represented alleles. Further-
more, the accuracy of imputation depends on the SNP density of the genotype array and number of genotypes 
available per  array80. During the design of the custom genotyping array, it was not possible to include all variants 
of interest. Mainly due to technical reasons, but also due to the more complicated types of variants (e.g. deletions). 
#e manufacturer did not recommend those variants since in silico predicted genotyping quality was expected 
to be limited. Nevertheless, as shown for the HH3 and HH13 associated variants in SMC2 and KIR2DS1, the 
custom array was a very e)cient tool to monitor several thousands of animals. #e displayed results illustrate 
that even though Holstein is an international breed local selection strategies a!ect the genomic structure of 
its subpopulations. From a genome-wide perspective, it might be possible that we have overlooked additional 
haplotype regions due to the restricted sliding-window length of 50 SNPs, considering that there is a correlation 
between window size and the detected  homozygosity36. In addition, the restriction for protein-changing SNVs 
and indels limits the identi$cation for candidate causal variants. We have not considered non-coding regulatory 
variants or larger structural variants that have a pathogenic impact, which we do not know yet. An example for 
this is the HH5 associated large deletion including the gene TFB1M26, for which we could con$rm the haplotype 
region in our data. Furthermore, it was shown that graph based reference sequences can improve the annota-
tion and could potentially lead to the detection of further protein-changing  variants81. In order to improve the 
understanding of the described candidate variants, further studies are recommended to evaluate all homozygous 
haplotype and variant carriers. As the example of CDH in Holstein cattle has taught, the oversimpli$cation of the 
depletion of homozygosity by assuming the cause to be a monogenetic recessive disorder might be misleading.

In conclusion, we demonstrate that with mining massive SNP data in combination with WGS data, we mapped 
19 novel and 5 previously described haplotype regions and unravel novel recessive protein-changing variants in 
NOTCH3, RIOX1, KIR2DS1 and PCDH15 segregating at low to moderate frequencies. In addition, our $ndings 
con$rm previously identi$ed loci such as SMC2 for HH3. #e phenotypic associations support additive e!ects in 
the described haplotype regions and variants. Taken together this study expands the spectrum of undesired alleles 
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impairing reproduction success in Holstein cattle, the world’s most important dairy breed, enabling improved 
DNA-based selection in order to reduce reproductive failure and animal loss.

�����������������
#e whole-genome sequencing data is stored in the European Nucleotide Archive and can be found with the 
sample IDs available in Table S2. For access to the SNP genotyping data, we ask interested people to contact the 
authors or the breeding associations directly.
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Simple Summary: Today’s Swiss Simmental represents a local dual-purpose breed of cattle. Within
closed populations, deleterious variants can reach problematic frequencies, explaining substantial
proportions of inbreeding depression. Depletions in homozygous genotypes for certain haplotypes
among large cohorts of animals genotyped for the purpose of genomic selection is a widely used
approach to pinpoint undesired recessive alleles. In the course of a reverse genetic screen, we aimed
to identify single recessive Mendelian variants that potentially affect fertility and rearing success
without any phenotypic information available. We detected eleven genome regions showing obvious
depletion of homozygosity based on genome-wide SNP data. Furthermore, after performing whole-
genome sequencing of selected animals, we propose three candidate causative variants affecting
different genes with possibly detrimental effects for embryonic development. The established
haplotypes, as well as the identified protein-changing variants, can be directly implemented into
breeding practice to avoid the risk of mating carriers and thereby increase breeding success.

Abstract: We herein report the result of a large-scale reverse genetic screen in the Swiss Simmental
population, a local dual-purpose cattle breed. We aimed to detect possible recessively inherited
variants affecting protein-coding genes, as such deleterious variants can impair fertility and rearing
success significantly. We used 115,000 phased SNP data of almost 10 thousand cattle with pedigree
data. This revealed evidence for 11 genomic regions of 1.17 Mb on average, with haplotypes (SH1
to SH11) showing a significant depletion in homozygosity and an allele frequency between 3.2 and
10.6%. For the proposed haplotypes, it was unfortunately not possible to evaluate associations
with fertility traits as no corresponding data were available. For each haplotype region, possible
candidate genes were listed based on their known function in development and disease. Subsequent
mining of single-nucleotide variants and short indels in the genomes of 23 sequenced haplotype
carriers allowed us to identify three perfectly linked candidate causative protein-changing variants:
a SH5-related DIS3:p.Ile678fs loss-of-function variant, a SH8-related CYP2B6:p.Ile313Asn missense
variant, and a SH9-related NUBPL:p.Ser143Tyr missense variant. None of these variants occurred in
homozygous state in any of more than 5200 sequenced cattle of various breeds. Selection against
these alleles in order to reduce reproductive failure and animal loss is recommended.

Keywords: cattle; Bos taurus; reproduction; breeding; fertility; embryonic lethality; loss-of-function
variants; whole-genome sequencing; SNP genotyping

1. Introduction
Simmental is a globally recognized cattle breed, originating in the Simmental valley

in the canton Bern in Switzerland. Autochthonous of Switzerland, today up to 40 million
cattle worldwide are designated as members of the Simmental breed. However, Sim-
mental are characterized by very different local breeding objectives (http://wsff.info;
accessed on 24 October 2021). In the 19th century, crossbreeding of local cattle with Sim-
mental cattle exported from Switzerland led to Fleckvieh populations in neighboring
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countries, including Austrian and German Fleckvieh, French Montbeliarde, and Italian
Pezzata Rossa cattle. In the 20th century, introduction of animals of the Holstein breed
into the Swiss Simmental population led to today’s Fleckvieh population in Switzerland
(Swiss Fleckvieh). A recent analysis of the population structure of Swiss cattle showed
a clear differentiation between today’s Swiss Simmental cattle and all other Swiss cattle
populations, including the modern Swiss Fleckvieh [1,2]. Various historically younger
Central European Simmental populations that descended from the Swiss Simmental can
also be clearly distinguished from today’s Swiss Simmental animals, which showed the
highest inbreeding level [3]. In contrast, recent studies found a comparatively low de-
gree of genomic inbreeding in purebred Swiss Simmental that might be explained by
the continued use of natural service sires, which is likely the major reason for their re-
markably high level of genetic diversity although this population has been closed for
a long time [1,2]. Therefore, the current so-called Original Simmental breed of Switzer-
land represents a unique purebred population. At the end of 2020, more than 23 thou-
sand dual-purpose animals in the Simmental population were registered in the Swiss
herdbook (https://www.swissherdbook.ch/fileadmin/Domain1/PDF_Dokumente/05
-Statistiken-Formulare/53-Jahresstatistik/1_Wichtigste_Zahlen/D_sh_JS_2020_HBZahlen_
web.pdf; accessed on 24 October 2021).

A universal problem in cattle breeding is reproductive failure. It was shown that the
reproduction success is negatively associated with production traits [4,5]. These effects
have been thoroughly studied and possible reasons are selection programs focusing on
production traits coupled with negative correlation with reproductive traits [6]. Regarding
early pregnancy loss in Simmental cattle, e.g., a Croatian study described the body condi-
tion score, parity, and milk yield as important influencing factors [7]. Lower reproductive
success is an economic problem for farmers and a major reason for cattle slaughter [8,9]. To
tackle fertility issues, one approach is to apply a so-called reverse genetic screen, where only
genomic data is used rather than phenotypic information. A whole-genome sequencing
(WGS)-based approach was suggested by Charlier et al. (2016), where sequencing data of
entire genomes is mined for variants affecting fertility by causing embryonic lethality [10].
A similar approach proposes scanning the cumulative population-wide SNP genotyping
data from genomic selection programs to identify haplotype regions indicative of a deple-
tion in homozygosity [11]. The analysis includes the statistical evaluation of segregating
haplotypes regarding the Hardy–Weinberg equilibrium (HWE) [11]. Such genomic regions
harboring deficient homozygous haplotypes indicate potential causal variants for embry-
onic death or unwanted phenotypes in newborns, leading to the exclusion of homozygous
animals from breeding programs [11]. This SNP-based reverse genetics approach has
been used successfully in diverse breeds and species (e.g., [11–31]). Haplotypes never
observed in homozygous state indicate the presence of recessive, predominantly embryonic
lethal variants. Potential causative variants were detected by analyzing whole-genome or
whole-exome sequencing data linked to the identified haplotypes (e.g., [10,19–30,32–35]).
In general, these approaches are especially interesting for small populations where pheno-
typic information is sparse.

In Simmental-derived breeds in Central Europe, eight causal protein-changing variants
for recessively inherited disorders are known so far. In German Fleckvieh cattle, a SNP-
based reverse genetic study identified four deficient homozygous haplotypes located on
chromosomes 1, 10, and 12 and proposed two candidate causal variants in two genes:
the FH2-related frameshift variant in SLC2A2 and the FH4-related missense variant in
SUGT1 [21]. In addition, a fifth haplotype is described, affecting the calf survival due to a
congenital heart failure and severe liver damage (https://www.lfl.bayern.de/itz/rind/12
2227/index.php; accessed on 24 October 2021). Based on forward genetic studies, where
affected individuals were examined, several causal variants for Mendelian disorders were
found. A frameshift variant in GON4L was associated with the autosomal recessively
inherited disorder dwarfism (OMIA 001985-9913) [36]. Furthermore, a nonsense variant in
PLD4 causing a recessive genodermatosis observed in German Fleckvieh (OMIA 001935-
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9913) and a missense variant in OPA3 associated with a form of dilated cardiomyopathy
predominantly affecting Swiss Fleckvieh (OMIA 000162-9913) were described [37,38]. In
German Fleckvieh, a MOCS1-related form of arachnomelia was identified to be due to
a frameshift variant (OMIA 001541-9913) [39]. Furthermore, the BH2-related TUBD1
missense variant, known to cause juvenile mortality in Braunvieh cattle (OMIA 001939-
9913), was also observed in German and Austrian Fleckvieh [23]. To the best of our
knowledge, so far, no carriers for any of these eight deleterious alleles have been found in
the purebred Swiss Simmental population.

In purebred Swiss Simmental cattle, no genomic analysis has yet been carried out
to systematically identify recessively inherited harmful variants that affect female repro-
duction or calf rearing. Based on a reverse genetic screen, the present study aimed at
a comprehensive analysis of available SNP and WGS data to identify genomic regions
containing deficient homozygous haplotypes as well as linked candidate causal variants
for hidden phenotypes.

2. Materials and Methods
The national breeding association provided us with the available SNP data, includ-

ing all genotyped purebred Swiss Simmental cattle born after 2009 and their ancestors.
The genomic positions of the markers relate to the latest cattle reference sequence ARS-
UCD1.2 [40,41]. Due to the application of several routinely available SNP arrays ranging
from 9000 to 150,000 SNPs, the data had to be imputed. Therefore, the software Fimpute
v2.2 [42] was used with default parameters to increase the number of markers and cor-
rect for wrongly called markers. In order to assure the quality, SNPs with a minor allele
frequency <0.01 were excluded from the dataset. Furthermore, SNPs that could not pass
the quality measures for the call rate per SNP >0.99 were excluded and animals with call
rates <0.8 were excluded too. Quality control was applied before and after imputation.
This resulted in a final SNP data set of 114,890 markers for 9965 animals.

As a first step, haplotypes showing a deviation from the HWE, indicated by deple-
tion of homozygosity, were identified. The first subset of data analyzed included only
fully genotyped trios where the complete trio (sire, dam, and offspring) were genotyped
(n = 2626), further called “trio” approach. The second dataset analyzed included genotyped
trios where an offspring and two paternal animals (sire and maternal grandfather) were
genotyped (n = 3969), subsequently called parent–grandparent “pgp” approach. Both
data sets, trio and pgp, were used in screening for window size of 50 markers within
the software snp1101 [43]. The analyzed haplotypes overlap, as the windows were con-
tinuously moved marker by marker. The snp1101 software used the Fisher exact test of
HWE [44] to analyze the resulting haplotypes. Furthermore, the p-values were corrected
for a false discovery rate with the Benjamini–Yekultieli method and a significance level of
5% was applied [45]. For each significant haplotype region, we selected the most significant
haplotype (lowest p-value). Regarding the identification of candidate variants, haplotype
regions were defined by the selected haplotypes and increased on both sides by 2 Mb in
order to make sure that the regions of overlapping significant haplotypes were included.

Within the 11 regions detected, between 14 and 262 genes were annotated, giv-
ing a total of 669 genes. To these genes, information regarding associated phenotypes
were collected from the various online databases: HUGO Gene Nomenclature Committee
(https://www.genenames.org; accessed on 7 October 2021), Mouse Genome Informatics
(http://www.informatics.jax.org; accessed on 7 October 2021), International Mouse Pheno-
typing Consortium (https://www.mousephenotype.org; accessed on 7 October 2021), Online
Mendelian Inheritance in Man (https://www.omim.org; accessed on 7 October 2021), Online
Mendelian Inheritance in Animals (https://omia.org/home/; accessed on 7 October 2021),
and Decipher (https://www.deciphergenomics.org; accessed on 7 October 2021).

With the selected haplotypes, we predicted individual diplotypes that represent if
an animal carries one, two, or no copies of the haplotype. Based on these diplotypes, we
selected three carrier animals for whole-genome sequencing (WGS) for each haplotype
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region. Therefore, 23 Simmental cattle (1 female and 22 male) carrying one or more sig-
nificant haplotypes were selected for this study. WGS data were prepared as previously
described [46]. However, recalibration was performed with the variant catalogue of the
1000 Bull Genomes Project run 7 (BQSR file version 2) [47,48]. The 23 genomes sequenced
in this study were submitted to the 1000 Bull Genomes project [47,48] and are therefore
part of the 5116 animals in the recent variant catalogue (run9). This international dataset
was used to evaluate candidate causative variants in a larger cohort and across breeds, to
evaluate breed specificity as well as reduced homozygosity. Furthermore, we had access to
an additional 115 publicly available genomes from the Swiss Comparative Bovine Rese-
quencing project, deposited in the European Nucleotide Archive under project accession
PRJEB18113, that were yet not added to the 1000 Bull Genomes project. The combined
WGS dataset of 5231 genomes includes 62 purebred Swiss Simmental cattle.

In order to identify haplotype-associated candidate causal variants, linkage dise-
quilibrium (LD) analysis was performed using plink v1.9 [49]. LD (r2) was calculated
between the diplotype state and the WGS-derived genotypes for the 23 animals that were
selected for WGS. Analysis was restricted to protein-changing variants, including vari-
ants annotated by SnpEff (version 4.3; [50]) with the following sequence ontology terms:
missense_variant, start_lost, stop_gained (nonsense), stop_lost, stop_retained_variant,
splice_acceptor_variant, splice_donor_variant, conservative_inframe_deletion, conserva-
tive_inframe_insertion, disruptive_inframe_deletion, disruptive_inframe_insertion,
exon_loss_variant, frameshift_variant, and gene_fusion.

Furthermore, to improve the understanding of candidate causal variants, their base
conservation scores from UCSC database called PhyloP and PhastCons were applied [51,52].
To apply these values, firstly, the variants of the bovine genome needed to be mapped to the
human genome 38 [53] with the tool LiftOver of the UCSC tools. Secondly, the conservation
scores of 99 vertebrates for these human positions were obtained. Additionally, the effects
of protein-changing variant were estimated using PROVEAN [54] and PredictSNP [55].

3. Results
In this reverse genetic study, we used SNP data to identify haplotypes showing a

depletion in homozygosity and applied WGS data to pinpoint candidate causal variants
in purebred Swiss Simmental animals. Reduced homozygosity due to hidden recessive
variants in cattle could, so far, only be causally explained by coding variants. Therefore, we
focused on variants having a moderate impact, such as missense variants, conservative in-
frame insertions and deletions up to a size of 50 bp, as well as on all other protein-changing
with high impact including loss-of-function variants, such as stop-gains (nonsense), splice
site-disrupting SNVs, frameshift indels in a coding sequence, or deletions that remove
coding exons.

3.1. Identification of Deficient Homozygous Haplotypes in Swiss Simmental Cattle
We detected seven haplotype regions with the trio approach and nine haplotype

regions applying the pgp approach (Table 1, Figure 1, Table S1). Five of these haplotype
regions appear in both analyses. We named the haplotype regions, in accordance to
previous studies performed in other cattle breeds, as Simmental Haplotypes (SH) 1 to 11 [22]
(Table 1, Table S1). All 11 identified haplotypes show a deficiency of at least 85 percent of
the expected homozygous animals within the studied Swiss Simmental population (Table 1,
Table S1). Four selected haplotypes (SH5, SH7, SH8, and SH10) presented a complete deficit
of observed homozygous animals, whereas the others showed a partial deficiency ranging
from 85 to 96% of the expected homozygotes (Table 1; Table S1). The average length of the
eleven haplotypes is 1.17 Mb and ranges from 0.73 to 1.94 Mb (Table 1).
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Table 1. List of deficient homozygous haplotypes in Swiss Simmental cattle.

Number of Homozygotes

Haplotype a Analysis Chr Position (Mb) b Length (Mb) Observed Expected Deficiency (%) Allele Frequency

SH1 trio and
pgp 1 65.793–66.891 1.10 3 17 85 0.042

SH2 trio 2 1.191–1.920 0.73 1 16 94 0.040

SH3 pgp 7 104.784–105.640 0.86 1 17 94 0.041

SH4 pgp 11 29.389–30.353 0.96 4 22 85 0.047

SH5
trio

12
46.828–47.837 1.01

0 38 100 0.062pgp 46.831–47.843 1.01

SH6 pgp 14 11.304–12.373 1.07 2 15 88 0.039

SH7
trio

16
6.120–8.011 1.89 0 30 100 0.055

pgp 6.122–8.060 1.94 5 111 96 0.106

SH8
pgp

18
48.763–50.005 1.24

0 11 100
0.0337

trio 48.806–50.017 1.21 0.0338

SH9 trio and
pgp 21 41.855–42.851 1.00 2 19 96 0.043

SH10 pgp 24 41.945–43.140 1.20 0 10 100 0.032

SH11 trio 28 38.937–40.069 1.13 1 12 92 0.035
a SH meaning Simmental Haplotype. b in accordance with the reference sequence ARS-UCD1.2.
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3.2. Identification of Candidate Genes in Haplotype Regions
The intensive analysis of all annotated protein-coding genes in the defined haplotype

regions, extended by 2 Mb on each side, led to a comprehensive list of candidate genes
possibly affecting either prenatal or postnatal lethality or associated sub-lethal phenotypes.
We extracted 145 positional candidate genes of special interest, as they are associated with
mammalian autosomal recessive disorders in human, mice, or other animals and listed
in the consulted databases (Table S2). Loss-of-function mouse models of many of these
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genes have revealed defects that affect embryonic or perinatal to pre-weaning survival and
therefore represent suitable functional candidates for this study. The presented short list of
the 43 most probable candidate genes includes all genes that are associated with sub-lethal
or lethal phenotypes (Table 2).

Table 2. List of candidate genes known to cause recessive disorders with lethal and sub-lethal phenotypes in human.

Haplotype Gene Gene Description Recessive Disorder

SH1

IQCB1 § IQ motif containing B1 Senior-Loken syndrome 5

MYLK § myosin light chain kinase Megacystis-microcolon-intestinal
hypoperistalsis syndrome 1

CASR * calcium sensing receptor Hyperparathyroidism, neonatal

POGLUT1 * protein O-glucosyltransferase 1 Limb-girdle muscular
dystrophy-dystroglycanopathy

TIMMDC1 * translocase of inner mitochondrial membrane
domain containing 1

Mitochondrial complex I deficiency, nuclear
type 31

SH2
HERC2 *,§ HECT and RLD domain containing E3

ubiquitin protein ligase 2 Mental retardation, MRT 38

OCA2 *,§ OCA2 melanosomal transmembrane protein Albinism, brown oculocutaneous

SH4

CRIPT * CXXC repeat containing interactor of PDZ3
domain

Short stature with microcephaly and
distinctive facies

EPCAM * epithelial cell adhesion molecule Congenital diarrhea with tufting enteropathy

FSHR *,§ follicle stimulating hormone receptor Ovarian dysgenesis 1

MSH2 § mutS homolog 2 Mismatch repair cancer syndrome 2

MSH6 mutS homolog 6 Mismatch repair cancer syndrome 3

PIGF * phosphatidylinositol glycan anchor
biosynthesis class F

Onychodystrophy, osteodystrophy, impaired
intellectual development, and seizures

syndrome

PPP1R21 * protein phosphatase 1 regulatory subunit 21 Neurodevelopmental disorder with hypotonia,
facial dysmorphism, and brain abnormalities

TTC7A * tetratricopeptide repeat domain 7A Gastrointestinal defects and immunodeficiency
syndrome

SH5 PIBF1 * progesterone immunomodulatory binding
factor 1 Joubert syndrome 33

SH6 MYC * MYC proto-oncogene, bHLH transcription
factor Burkitt lymphoma, somatic

SH7

CFH complement factor H Basal laminar drusen, complement factor H
deficiency

CR2 § complement C3d receptor 2 Immunodeficiency, CVID7

IL10 § interleukin 10 Critical role in the control of immune responses

SH8

ARHGEF1 § Rho guanine nucleotide exchange factor 1 Immunodeficiency 62

BCKDHA * branched chain keto acid dehydrogenase E1
subunit alpha Maple syrup urine disease, type Ia @

B9D2 * B9 domain containing 2 Meckel syndrome 10, Joubert syndrome 34

COQ8B * coenzyme Q8B Nephrotic syndrome, type 9

DLL3 § delta-like canonical Notch ligand 3 Spondylocostal dysostosis 1

ERF * ETS2 repressor factor Spondylocostal dysostosis 1

ETHE1 § ETHE1 persulfide dioxygenase Ethylmalonic encephalopathy
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Table 2. Cont.

Haplotype Gene Gene Description Recessive Disorder

LTBP4 § latent transforming growth factor beta binding
protein 4 Cutis laxa, autosomal recessive, type IC

MEGF8 * multiple EGF-like domains 8 Carpenter syndrome 2

PLEKHG2 pleckstrin homology and RhoGEF domain
containing G2 Leukodystrophy and acquired microcephaly

RYR1 * ryanodine receptor 1 Neuromuscular disease

SMG9 * SMG9 nonsense mediated mRNA decay factor Heart and brain malformation syndrome

SPINT2 * serine peptidase inhibitor, Kunitz type 2 Diarrhea 3, secretory sodium, congenital,
syndromic

SPTBN4 spectrin beta, non-erythrocytic 4 Neurodevelopmental disorder with hypotonia,
neuropathy, and deafness

TGFB1 * transforming growth factor beta 1 Inflammatory bowel disease,
immunodeficiency, and encephalopathy

TIMM50 * translocase of inner mitochondrial membrane
50 3-methylglutaconic aciduria, type IX

XRCC1 * X-ray repair cross complementing 1 Spinocerebellar ataxia, SCAR26

SH9 NUBPL * nucleotide binding protein-like Mitochondrial complex I deficiency, nuclear
type 21

SH10

AFG3L2 * AFG3-like matrix AAA peptidase subunit 2 Spastic ataxia 5

LAMA1 * laminin subunit alpha 1 Poretti–Boltshauser syndrome

MC2R § melanocortin 2 receptor Glucocorticoid deficiency due to ACTH
unresponsiveness

NDUFV2 * NADH:ubiquinone oxidoreductase core
subunit V2

Mitochondrial complex I deficiency, nuclear
type 7

PIEZO2 * piezo type mechanosensitive ion channel
component 2

Arthrogryposis, distal, with impaired
proprioception and touch

* Homozygous lethal with complete penetrance, § homozygous lethal with incomplete penetrance, @ disorder described in cattle (OMIA-ID:
000627-9913).

3.3. Identification of Candidate Causal Variants
For three deficient homozygous haplotypes (SH5, SH8, and SH9), by linkage dise-

quilibrium analysis, we found perfectly linked (r2 = 1) candidate causal variants. These
three haplotypes were detected with both the pgp and the trio approach. For each of these
haplotypes, we propose a protein changing SNV (Table 3; Table S3). These three variants
never occur in homozygous state in the analyzed 5231 bovine genomes of various cattle
breeds (Table S3). Interestingly, the SH8-associated variant is apparently specific for Swiss
Simmental; however, the variants associated with SH5 and SH9 occur sporadically in single
animals of some other breeds (Table S3).

Table 3. Candidate causal variants for deficiency of homozygotes in Swiss Simmental cattle.

Haplotype Gene OMIM Variant Transcript a Coding DNA
Change

Predicted Protein
Change

SH5 DIS3 607533 1 bp insertion (frameshift) XM_025000110.1 c.2032dupA p.Ile678AsnTer2
SH8 CYP2B6 123930 SNV (missense) NM_001075173.1 c.938T > A p.Ile313Asn
SH9 NUBPL 613621 SNV (missense) NM_001193042.1 c.428C > A p.Ser143Tyr

a According to the NCBI Annotation Release 106 (National Center for Biotechnology Information, 2018b).
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Among the three proposed non-synonymous variants are two missense variants alter-
ing evolutionary conserved residues and a frameshift variant that significantly truncates
the encoded protein. The SH8-related SNV in exon 4 of the bovine cytochrome P450 family
2 subfamily B member 6 (CYP2B6) gene on chromosome 18 at position 50296371 is a missense
variant (NM_001075173.1: p.Ile313Asn) that was predicted by PROVEAN to have a deleteri-
ous effect (Table 3, Table S3). The SH9-related SNV located in exon 6 of the bovine nucleotide
binding protein-like (NUBPL) gene on chromosome 21 at position 42154344 represents a
missense variant (NM_001193042.1: p.Ser143Tyr) predicted to be deleterious by PROVEAN
and PredictSNP (Figure 2, Table 3, Table S3). Both presented missense mutations altering
evolutionary conserved amino acids (Figure 2). The SH5-associated 1 bp insertion located
in exon 16 of the bovine DIS3 homolog, exosome endoribonuclease and 3’-5’ exoribonuclease
(DIS3) gene on chromosome 12 at position 47511687 represents a loss-of-function variant.
It was predicted to result in a frameshift after isoleucine 678 with a premature stop codon
(NP_025000110.1: p.Ile678AsnTer2), resulting in a significantly shortened amino acid se-
quence, if expressed, when compared with the wild-type protein (Table 3; Table S3). In
addition, the comparative DNA sequence approach (PhyloP and phastCons) showed a
high conservation across species for all three variant positions (Table S3).
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4. Discussion
For the first time, the genomic data of the current Swiss Simmental dual-purpose cattle

population were analyzed for reduced homozygosity due to hidden recessive monogenic
variants and validated using the international variant catalogue of the 1000 Bull Genomes
Project. In addition to environmental factors, inherited deleterious variants lead to natural
or artificial selection against homozygous individuals, which also explains embryonic
lethality, reduce rearing success, or the exclusion from the breeding population due to
poor development. Unfortunately, these phenomena are not systematically monitored and
are therefore difficult phenotypes to study. Although reduced reproductive success can
theoretically be detected in the sires estimated breeding values for certain fertility traits,
these effects are only noticeable for deleterious alleles that have reached a high frequency
in the population [56]. To overcome this issue, we performed a genome-wide missing
homozygosity scan, revealing eleven haplotype regions with considerable homozygous
depletion. After subsequent mining of genome sequence data for candidate causal variants,
we propose three non-synonymous variants that probably cause the obvious deficiency of
homozygous animals.
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We applied two different approaches, a trio and pgp approach, that include genotyped
trios and applies a Fisher exact test. Therefore, we were able to detect haplotypes that
segregate at a lower allele frequency. As expected, we found more haplotype regions with
the pgp approach in comparison to the trio approach, most likely because more genotyped
groups were available. Nevertheless, the trio approach, detecting two regions not found
with pgp, appears very powerful, probably because it directly traces the inheritance of
the haplotypes. Previous approaches used the assumption of random mating and the
deviation from HWE based on allele frequencies or used the deviation from expected
number of homozygous offspring based on the haplotype state of the sire and maternal
grandsire [14,20]. In contrast, the herein applied trio approach allows performing such
an analysis with a small population such as Simmental. The five haplotype regions that
were found in both analyses are the most probable genome regions harboring hidden
harmful variants. Especially the haplotypes that never occur in homozygous state led to
the suspicion of embryonic lethal variants segregating in the population. It is suspected
that some haplotypes arose due to imputation errors introduced due to genotyping bias,
SNP density/panel, sample size, and a bias introduced by the chosen software [57]. This
would explain the haplotype regions SH3 and SH11 that arose in regions for which we
could not identify any plausible functional candidate genes. Otherwise, we were able to
identify candidate genes within all missing homozygous regions. Unfortunately, effect
estimations of the haplotypes towards traits of female fertility and rearing success were not
reasonable, as the available phenotypic data is currently limited. To avoid the detection
of mostly sporadic associations rather than actual effects, it is planned to conduct such
haplotype association studies in the future.

Candidate causal variants are proposed for the haplotypes SH5, SH8, and SH9 in
the genes DIS3, CYP2B6, and NUBPL, respectively. These variants all show complete
depletion in homozygosity, perfect LD to the associated haplotype, and high conservation
scores when compared across 99 genomes, indicating their importance in basic biological
functions. As in other mammals, it is expected that ~100 harmful recessive variants will be
found per individual in cattle, of which up to five of these impact essential genes and cause
embryonic lethality or severe disease when homozygous [10]. Nevertheless, it is recognized
that it is very difficult to clarify the actual deleterious functions of these variants, although
given the genes involved, it is assumed that these variants influence fitness. Reverse genetic
screens to identify genes with major effects, as used in the current study, are therefore
helpful to assign function to variants in candidate genes and/or so far less characterized
genes such as DIS3 and CYP2B6.

The SH5-related loss-of-function variant found in bovine DIS3, most likely leading to
missing homozygosity, represents the first time a pathogenic variant that most likely causes
embryonic lethality has been identified. If the mutant mRNA transcript were to escape
nonsense-mediated decay, even if this truncated protein was expressed, it would lack
roughly 30 percent of the C-terminal part, and therefore it is not expected to contribute any
function. DIS3, also known as ribosomal RNA-processing protein 44 (RRP44), is a RNase
II/R-like enzyme located primarily in the nucleus (Table S3) [58]. The protein has catalytic
function in the RNA exosome complex, which is responsible for 30-end processing and
RNA degradation of a broad variety of RNAs [58,59]. Biological functions are associated
with RNA metabolism, mitotic control, spindle-fiber formation, antibody diversification,
microtubule production, and growth and development [60]. Recently, pathogenic variants
in genes encoding both structural and catalytic subunits of the RNA exosome have been
linked to human disease, such as EXOSC3 and EXOSC8 related forms of pontocerebellar
hypoplasia, representing recessive neurodegenerative diseases [61]. To our knowledge, the
DIS3 gene has not yet been associated with Mendelian diseases, but variants are reported
to be associated with various types of cancers and multiple myeloma [60–62]. Interestingly,
the book of Fasken et al. (2020) provides a summary of the most common variants in DIS3
which all occur in heterozygous state, are associated with multiple myeloma, and seem
to have mild effects only, while Tomecki et al. (2014) suggests the potential lethality of
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mutations in the PIN domain of DIS3. In Drosophila, a knock-down model led to wingless
animals implicating an important role in development [63]. Nevertheless, the inactivation
of DIS3 in B cells was shown to lead to an increase in unbalanced DNA translocations [64].
Lastly, public databases for mouse phenotypes indicate a complete pre-weaning lethality
of DIS3 knock-out mice (https://www.mousephenotype.org/data/genes/MGI:1919912;
http://www.informatics.jax.org/marker/MGI:1919912; accessed on 7 October 2021).

Despite a long list of candidate genes located within the SH8-region, we propose a
missense variant in the CYP2B6 gene as a candidate causal variant. The main reason for
this is the perfect LD to the haplotype, the complete absence of homozygous animals, and
the prediction of the DNA position to be highly conserved and the amino acid exchange
to be deleterious. Regarding the gene function, CYP2B6 is a protein of the cytochromes
P450 subfamily 2B (HGNC: 20604). This enzyme is known to be of importance for drug
metabolism, as well as endogenous compounds, environmental toxins, and other sub-
stances [65,66]. For example, the susceptibility to Efavirenz depends on the individual
CYP2B6 genotype (OMIM: 123930). Several SNV were detected in human that are associ-
ated with the expression level and activity (increased and decreased) of CYP2B6 with a
population-wide importance [65] (https://www.pharmvar.org/gene/CYP2B6; accessed
on 26 October 2021). In monkeys and human, it was shown that CYP2B6 is expressed in
the brain and affected by nicotine and alcohol consumption; however, its neurological
function remains unclear [65–67]. The protein is also expressed in the placenta [68] and it
was shown that the pregnancy hormone estradiol induces the expression of CYP2B6 [69].
Nevertheless, what the function and importance of CYP2B6 is in maintaining pregnancy is
unclear. As the herein identified bovine variant is predicted to be deleterious, we speculate
that function of CYP2B6 might be impaired during development.

Lastly, we propose the missense variant in the bovine NUBPL gene, exchanging a
strongly conserved residue predicted to be deleterious and affecting a highly conserved nu-
cleotide, to be causal for the deficit of homozygosity of SH9. As we observe few haplotype
carriers in our data, we speculate that the effect of the variant is not fully penetrant or that
signs of poor development appear later in life, after initial genotyping of young animals.
NUBPL, also known as iron-sulfur protein required for NADH dehydrogenase (IND1), is a
protein that is vital for the assembly of the respiratory complex I [70]. More precisely, the
NUBPL supplies Fe/S clusters to the respiratory complex I and thereby ensures that impor-
tant subunits are delivered to build the whole complex [70]. In human, pathogenic variants
affecting NUBPL are associated with the autosomal recessive mitochondrial complex I
deficiency disorder (OMIM: 613621, 618242) [71–73]. These variants include missense,
frameshift and splice site variants, as well as small and large insertions and deletions.
Clinical symptoms of mitochondrial complex I deficiency include, among others, ataxia,
dysarthria, hypotonia, nystagmus, spasticity, and tremor [73]. Furthermore, variants in
NUBPL were hypothesized as risk factors for Parkinson’s disease [74]. A mouse model
identified the necessity of the protein as knock-out alleles led to homozygous lethality
(MGI: 1924076) [75].

However, if the proposed variants are indeed depleted in a number of homozygous
animals, it needs to be evaluated by further genotyping of larger cohorts before implemen-
tation into selection schemes. This is planned by adding the variants to a custom array for
genotyping larger cohorts of further animals, both Swiss Simmental as well as other local
cattle populations. An alternative approach to confirm the absence of homozygous animals,
particularly in the offspring of carrier-by-carrier mating’s, would strongly support the dele-
terious nature of the variants as shown before [10]. In particular, for the NUBPL-associated
variant, the observed homozygous animals should be examined in detail.

The chosen approach requires that the haplotype and the causative variant are in near
perfect linkage disequilibrium and, obviously, this is not always the case. This could be
an explanation for the fact that we could not identify any potentially causal variants in
the other haplotype regions. An alternative approach, therefore, is to mine the genome
sequence data for candidate variants, e.g., loss-of-function in the listed essential candidate

https://www.mousephenotype.org/data/genes/MGI:1919912
http://www.informatics.jax.org/marker/MGI:1919912
http://www.informatics.jax.org/marker/MGI:1919912
https://www.pharmvar.org/gene/CYP2B6
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genes, and to genotype these directly in large cohorts of Swiss Simmental cattle. Using this
approach, nine causal variants were uncovered in cattle that would not have been detected
using SNP-based haplotype approaches [10].

Finally, another drawback of our study was the restriction to protein-changing variants.
Moreover, we had no evidence for perfectly linked non-coding regulatory variants, as
well as the limitation to consider only SNV and short indels, overlooking possible larger
structural variants.

5. Conclusions
In the presented project, we mined SNP and WGS data by applying a reverse genetic

approach. Without any phenotypic evidence but mining the data of almost 10 thousand
SNP genotyped Swiss Simmental cattle and more than 5200 WGS animals from a variety
of breeds, we propose three candidate variants in the genes DIS3, CYP2B6, and NUBPL
causing embryonic lethality and/or yet unknown recessive developmental disorders. After
phenotypic validation of these variants, selection against these variants is recommended.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ani11123535/s1, Table S1: Haplotype information of SH1 to SH11, Table S2: Comprehensive
list of candidate genes located in the haplotype regions, including gene information from MGI, IMPC,
OMIM, and OMIA, Table S3: Comprehensive list of potential candidate causal variants.
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4 Discussion and perspectives 

During the work on this thesis, I investigated the genetic background of both hidden and 

visible phenotypes by applying forward and reverse genetic approaches. Applying FGA 

led to the identification of candidate causative variants for seven recessive and ten 

dominant disorders in various breeds sampled across Europe (Table 5 and Table 6, 

respectively and Table A7). By using the RGA methods on massive genomic and 

phenotypic data, 115 haplotype regions and 13 novel candidate causative recessive 

variants potentially affecting reproductive success in the main Swiss dairy cattle breeds 

were identified (Figure 11 and Table 7; Table A8 and Table A9). 

 
Table 5: The herein described recessively inherited disorders and their associated genes and 
types of variants identified through the forward genetic approach. 

associated disorder gene identified 
variant breed AF 

(%) OMIA ref 

Achromatopsia (OH1) CNGB3 SNV 
(missense) 

Original 
Braunvieh 

8.2 001365-
9913 

[164] 

Cholesterol deficiency APOB 
retroviral 
insertion 

(frameshift) 
Holstein 6.1a 001965-

9913 

[80±
82, 

165] 

Hemifacial microsomia LAMB1 
SNV 

(missense) Romagnola 1.1b 
002479-

9913 [166] 

Hypohidrotic ectodermal 
dysplasia EDA 

53kb 
deletion Crossbred NA 000543-

9913 [167] 

Ichthyosis congenita; 
Syndromic ichthyosis 

FA2H 1bp insertion 
(frameshift) 

Chianina 5.0c 002450-
9913 

[168] 

DSP SNV 
(missense) 

Scottish 
Highland 

1.2 002243-
9913 

[169] 

Immunodeficiency with 
psoriasis-like skin 
alterations 

IL17RA 1bp deletion 
(frameshift) 

Holstein NA 002271-
9913 

[170] 

Pulmonary hypoplasia 
and anasarca syndrome ADAMTS3 

SNV 
(missense) Cika NA 001562-

9913 [171] 

AF = allele frequency, OMIA = Online Mendelian Inheritance in Animals [65], ref = references, 
NA = not available 
abased on 5603 SWISScow genotyped HO animals 
bbased on 221 Romagnola bulls 
cbased on 269 Chianina bulls 
 

As seen from Table 5 and Table 6 the type of identified variants that causes different 

disorders varies greatly. While SNV can cause lethal phenotypes, it is not surprising that 

also larger structural variants (insertions and deletions), as well as chromosomal 

aberrations, cause severe phenotypes. 

https://omia.org/OMIA001365/9913/
https://omia.org/OMIA001365/9913/
https://omia.org/OMIA001965/9913/
https://omia.org/OMIA001965/9913/
https://omia.org/OMIA002479/9913/
https://omia.org/OMIA002479/9913/
https://omia.org/OMIA000543/9913/
https://omia.org/OMIA000543/9913/
https://omia.org/OMIA002450/9913/
https://omia.org/OMIA002450/9913/
https://omia.org/OMIA002243/9913/
https://omia.org/OMIA002243/9913/
https://omia.org/OMIA002271/9913/
https://omia.org/OMIA002271/9913/
https://omia.org/OMIA001562/9913/
https://omia.org/OMIA001562/9913/
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The study regarding APOB-associated cholesterol deficiency in cattle differs from the 

others, as it does not describe any novel candidate causal variant [165]. Instead, this 

publication described the co-dominant effects of the variant previously thought to only 

affect homozygous animals. This has enormous economic impacts for breeders and 

SRVHV�D�QHZ�DQLPDO�ZHOIDUH�LVVXH��DV�ZLWK�DQ�DOOHOH�IUHTXHQF\�RI�����EDVHG�RQ��¶����

SWISScow genotyped Holstein animals) tens of thousands of cows are potentially 

affected and can produce affected offspring. 

The identification of candidate causative variants becomes more complicated when 

affected animals present with similar or even identical phenotypes which are caused by 

different underlying genetic variants, often with differing modes of inheritance, so-called 

genetic heterogeneity. One example of such an issue is the pulmonary hypoplasia and 

anasarca syndrome in Cika cattle, this is a population problem caused by a recessively 

inherited missense variant in the ADAMTSL3 gene (Table 5); in independent cases of 

Holstein calves, an identical phenotype arose due to de novo trisomy of chromosome 20 

(Table 6) [171, 172]. Another complication regarding the detection of candidate variants 

in the case of recessive disorders is compound heterozygosity. In such cases, our 

mapping approaches assuming a common genetic background fail. Nevertheless, it was 

shown that non-parametric linkage can identify disease-associated loci and in 

combination with WGS, compound heterozygous candidate causative variants can be 

described [173]. In another example, enough data was available to conduct GWAS, 

which is hypothesis-free and led to the identification of the associated locus [174]. 

The opposite issue, phenotypic heterogeneity, describes a situation where a phenotype 

shows variability in its expression or similar disorders affect the same organ, even though 

the same genetic variant is responsible. Without knowing the underlying genetic 

background, it is often unclear if the studied individuals are truly affected by the same 

genetic disorder complicating the initial study design. An example of this issue could be 

the two eye disorders achromatopsia and cataract in Original Braunvieh cattle described 

during my thesis [164, 175]. The main difficulty was to obtain a correct and precise 

diagnosis from the farmer, which is difficult when only minor symptoms are observed or 

combinations of disorders occur. If an animal with impaired vision was found, the farmer 

should have informed us about the origin of it: cataract, blindness or a combination of 

both. Finally, we were fortunate to find additional calves that had clearly day-blindness, 

which helped with the description of the observed achromatopsia phenotype and 

identification of a common recessively inherited variant in the CNGB3 gene (Table 5) 

[164]. In addition, we could describe an isolated case of cataract caused by a de novo 

variant in the ADAMTSL4 gene (Table 6) [175]. Nevertheless, a large part of our 
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collection of cataract-affected Original Braunvieh animals remains unsolved. Due to the 

relatedness of these individuals, a recessive inheritance would be assumed; however, 

as the ADAMTSL4-associated cataract case taught us, some of these cases could be 

due to spontaneous mutation events and affect the locus mapping based on the 

assumption of a common genetic cause. 

These above-described disorders and candidate variants illustrate the genetic and 

phenotypic complexity of some diseases. Furthermore, it indicates the necessity of 

precise phenotypic description of the individual cases, preferably by a specialist 

veterinarian. 

 

 
Table 6: The herein described dominantly inherited disorders and their associated genes and 
types of variants identified through the forward genetic approach.  

associated disorder gene identified 
variant breed OMIA ref 

Achondrogenesis, 
type II (Bulldog calf 
syndrome) 

COL2A1 
SNV (missense) 

Holstein 001926-
9913 

[176] 
6.7kb deletion [177] 
3.4kb deletion [178] 

Chondrodysplasia FGFR3 SNV (stop lost) Holstein 001703-
9913 

[179] 

Classical Ehlers-
Danlos syndrome, 
type II 

COL5A2 SNV (missense) Holstein 
002295-

9913 [180] 

Congenital cataract ADAMTSL4 SNV (missense) 
Original 

Braunvieh 
002535-

9913 [175] 

Congenital 
neuromuscular 
channelopathy 

KCNG1 SNV (missense) Crossbred 002483-
9913 

[181] 

Epidermolysis bullosa 
simplex 

KRT5 3bp deletion 
(in-frame) 

Crossbred 002081-
9913 

[182] 

Osteogenesis 
imperfecta, type II 

COL1A1 SNV (missense) Holstein 002127-
9913 

[183] 

Proportional dwarfism 
with facial dysplasia many trisomy 29 

Original 
Braunvieh  [184] 

Pulmonary hypoplasia 
and anasarca 
syndrome 

many trisomy 20 Holstein 001562-
9913 

[171, 
172] 

Skeletal-cardo-enteric 
dysplasia 

MAP2K2 SNV (missense) Romagnola 002381-
9913 

[185] 

OMIA = Online Mendelian Inheritance in Animals [65], ref = references 
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In the presence of phenotypically well-described spontaneous mutations, such as in our 

study regarding congenital neuromuscular channelopathy in a Belgian Blue x Holstein 

crossbred calf, new gene-disease associations and insights into the gene function can 

be uncovered. We identified for the first time a neurogenic disorder associated with the 

KCNG1 gene (Table 6) [181]. In humans, it is often difficult to identify genetic causes of 

rare diseases due to the limited number of patients. Therefore, this case report can help 

as a model in human genetics to identify the cause of diseases in patients showing 

similar symptoms. Livestock animals are predestined as model organisms due to the 

breeding management system. The use of few sires and AI favors the fast spread of a 

disorder-causing variant, which can also be quite quickly detected in a larger cohort [89]. 

In addition, cattle are especially interesting, as the use of genomic information is 

widespread, pedigree information is recorded attentively, and farmers are encouraged 

to regularly report any anomalies in newborn animals. Especially, with the use of WGS 

in single cases potentially affected by de novo mutations, novel genetic correlations and 

findings important for human health can be detected [89]. Lastly, cattle can be useful for 

the assessment of novel drug treatments, as their organs are larger than in humans, e.g., 

the eye of a cow has more than double the volume of a human eye. 

Assuming a mutation rate of ~1.1x10-8 in cattle and a genome size of 2.7Gb, each 

individual is expected to have approximately 30 de novo occurring variants [129]. While 

most of them are expected to be of a non-coding or synonymous nature, a few are 

disease-causing. Interestingly, all herein detected dominant de novo variants had very 

severe phenotypes (Table 6). 

Concerning the RGA, we managed to identify between 5 and 72 haplotypes using the 

pgp- and trio-based approach, and 3 to 19 candidate causative variants associated with 

them per population (Table A8, Figure 11, and Table A9). Most of the haplotypes 

associated with a high confidence candidate causative variant showed a complete 

absence of homozygosity (Table 7). These variants are located in genes involved in the 

cell cycle (e.g., DIS3 [186]), embryogenesis (e.g., MRPL55 [187]), or placentation (e.g., 

KIR2DS1 [188]), based on their known function in humans and mice. Interestingly, the 

related populations Brown Swiss and Original Braunvieh showed only a single 

overlapping haplotype region on chromosome 11 (Figure 11). A clear advantage of the 

RGA is the possibility to address fertility and rearing success issues without primary 

knowledge of the underlying biological functions. Thereby, problematics can be 

addressed, e.g., early embryonic death, that are difficult to observe in vivo. 
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Figure 11: Distribution of all 115 identified haplotype regions showing a deficiency in homozygosity in the four populations Brown Swiss, Original Braunvieh, Holstein, 
and Simmental across all autosomes. 
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Table 7: The herein described recessive inherited disorders and their associated genes and types 
of variants identified through the reverse genetic approach. Note that these are the variants that 
most likely cause a reduce reproductive success, allowing the identification of the haplotypes 
showing a depletion in homozygosity. 
associated 
haplotype gene identified variant breed AF OMIA ref 

BH6 MARS2 SNV (missense) Brown Swiss 3.4a 
002517-

9913 [189] 

BH14 MRPL55 SNV (nonsense) Brown Swiss 3.2b 002518-
9913 

[189] 

BH24 CPT1C SNV (missense) Brown Swiss 2.6b 002519-
9913 

[189] 

BH34 ACSL5 SNV (missense) Brown Swiss 2.4a 002226-
9913 

[189] 

HH13 KIR2DS1 SNV (nonsense) Holstein 5.0c 
001836-

9913 [190] 

HH21 NOTCH3 
3bp deletion (in-frame 

deletion) Holstein 5.5a 
001908-

9913 [190] 

HH25 RIOX1 30bp deletion (in-frame 
deletion) 

Holstein 2.0a 002547-
9913 

[190] 

HH35 PCDH15 SNV (missense) Holstein 2.4a 002548-
9913 

[190] 

OH2 TUBGCP
5 SNV (missense) Original 

Braunvieh 4.5a 002515-
9913 [189] 

OH4 LIG3 
6bp deletion (splice 

site, frameshift) 
Original 

Braunvieh 3.9a 
002516-

9913 [189] 

SH5 DIS3 
1bp insertion 
(frameshift) Simmental 6.2a 

002505-
9913 [191] 

SH8 CYP2B6 SNV (missense) Simmental 3.4a 002508-
9913 

[191] 

SH9 NUBPL SNV (missense) Simmental 4.3a 002509-
9913 

[191] 

AF = allele frequency, OMIA = Online Mendelian Inheritance in Animals [65], ref = references 
ano direct genotype available; based on haplotype allele frequency 
bbased on 6577 Brown Swiss SWISScow genotypes 
cbased on 5603 Holstein SWISScow genotypes 
 

I was astonished that many of the haplotypes and GWAS peaks showed a noticeable 

phenotypic effect. Especially as it can be assumed that many haplotypes are caused by 

recessive lethal variants. Therefore, one would expect no associations to appear as the 

effect estimation would be based on heterozygous carriers that should not be affected 

by a recessive variant. These findings indicate more co-dominant effects of supposedly 

recessive variants. In order to estimate the dominant effect of the recessive variants, the 

effects should in future be estimated for non-additive associations [192]. 
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Many haplotypes showing a deficiency in homozygous carrier animals have still 

unresolved trait associations. Some of them may represent false positives that indicate 

selection pressure or animal level genotyping bias. Furthermore, for some haplotypes, 

homozygous carriers were observed in the population. For these cases, an incomplete 

penetrance can be assumed, which goes against our hypothesis of a recessive lethal 

variant never occurring in a homozygous state. Therefore, these haplotypes should be 

further investigated for their underlying phenotypes of both heterozygous and 

homozygous animals. Instead, complex structural variants, could cause the observed 

depletion in homozygosity in some genomic regions [193]. Especially deletions and 

duplications would disrupt our assumption of missing homozygosity. As the expected 

diploid alleles would actually be haploid or multiploidy, they are falsely predicted in our 

bioinformatics analysis and cannot be detected. Thus, further statistical analyses (e.g., 

LD analyses) based on the assumption of diploid organisms would be affected too. 

The applied RGA could not be directly transferred to the sex and mitochondrial 

chromosomes, as they do not show a balanced inheritance from both parents. Therefore, 

these chromosomes were excluded from the study. Unfortunately, this leads to a lack of 

knowledge in regard to their contribution to reproduction [194]. The study of Pacheco et 

al. (2020) showed the importance of the X-chromosome on male fertility traits. 

Furthermore, association studies performed during this thesis work indicate some 

genomic regions identified with RGA have a phenotypic impact, but no candidate 

causative variants could be described yet. Mostly, this is due to the absence of obvious 

protein-changing variants, and a massive amount of non-coding variation. For non-

coding variants, precise prediction of their functional effects was not possible due to the 

still imperfect annotation status of the bovine genome. Most of the variation we observe 

is in the non-coding sequence, which includes many evolutionary conserved DNA 

elements important for gene expression and its regulation; and therefore, should be 

considered in future studies. Progress on prioritizing functional non-coding variants has 

been made by integrating evolutionary conservation across species at the position of 

interest [195]. Such approaches are valuable for prioritizing sequence variants; however, 

current methods, which would enable us to extract and utilize regulatory sequence 

information for non-coding variant function prediction, are very limited in bovine 

genomics. Only recently a study was published listing the branch point sequences that 

are evolutionary highly conserved in cattle [196]. These are intronic motifs that are 

essential for proper mRNA splicing [196]. Nevertheless, to carry out a precise allele-

specific prediction with single-nucleotide sensitivity, the effects of non-coding variants on 

transcription factor binding, DNA accessibility, and histone marks of sequences need to 
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be evaluated systematically. Appropriate resources, which are currently being generated 

by the Functional Annotation of ANimal Genomes consortium (FAANG), represent a 

prerequisite to enable systematic evaluation of the predicted regulatory effects of 

variants in non-coding sequence in its entirety [197]. 

 

At present, the understanding of how variable the genome truly is, is widely accepted, 

especially since the long-read sequencing technologies allow to sequence and analyze 

several dozen kilo-bases of genome sequence at once [92]. From a technical point of 

view, the sequencing technology applied is a limiting factor in the detection of SV. In this 

thesis, 150bp paired-end reads were used and the applied algorithms were able to 

identify short insertions and deletions up to maximally 50bp reasonably well but longer 

variants are difficult to identify automatically. This has recently been confirmed in a study 

comparing different sequencing technologies and workflows, where the prediction 

accuracy for CNV was the highest for long-read sequencing [198]. 

Nevertheless, the identification of large SV is possible provided a sufficient number of 

samples with a well-described diagnosis are available. In a project about cleft palate in 

piglets, we were able to identify an associated locus by mapping in a large full-sib 

pedigree using SNP array genotyping data. Subsequently, with WGS data analysis of a 

case and control animal, we could precisely identify a chromosomal translocation, which 

was not detected by routine cytogenetic screening [101]. Thereby, we had to screen the 

locus visually and detected a significant reduction and increase of several Mb on the 

chromosomes 8 and 14, respectively [101]. 

A special case of large SV are aneuploidies, where entire chromosomes are duplicated 

or lost. I was able to identify three cases of aneuploidies in cattle purely based on WGS 

data (Table 6) [171, 172, 184]. Historically, there are few described cases of aneuploidy 

in cattle and all of them had been described by applying cytogenetic approaches [199]. 

With the advent of next-generation sequencing, the cytogenetic approaches might 

become less important, as with WGS data analyzes we can not only identify trisomies 

and large SV, but also gain insight into the entire genomic information of an individual at 

once. 

Another limiting factor for the detection of candidate causal variants is the reference 

sequence used due to gaps and a reference allele bias that leads to worse mapping 

quality for divergent reads [200]. It was shown that breed-specific reference genome 

graphs improve read mapping and decrease the reference sequence bias [201]. In cattle, 

the largest multiassembly graph includes six bovine genomes and includes >70 million 
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bp more than the ARS-UCD1.2 reference sequence currently used [202]. In-depth 

analyzes showed that these genomic region that are missing in the reference sequences 

can have phenotypic associations [203]. 

Even though this thesis might give the impression that the detection of monogenic 

disorders is simple, the complexity of certain phenotypes makes it difficult to always 

pinpoint a single candidate causative variant. Therefore, sometimes there are several 

potential candidate causative variants that can be associated with the genetic etiology 

[204, 205]. So far, our prioritization of causative variants was based on their effect 

prediction as MODIFIER, LOW, MODERATE, and HIGH impact variants. Therein 

MODERATE and HIGH impact variants are prioritized due to their protein-changing 

effect. While the effects of LOW impact variants can be interpreted as they are 

synonymous protein-coding variants, for the intronic and intergenic variants predicted to 

be MODIFIER we do not know their significance. In a second instance, conservation of 

the amino acid is evaluated by using across species protein sequence alignment and 

prediction of deleteriousness of the affected amino acid on the protein function. A novel 

approach for variant prioritization, besides the variant effect prediction and known gene 

information, is to evaluate if a variant lies within constrained coding regions [206]. These 

are genomic regions that were identified by screening massive genomic information to 

locate regions with reduced protein-changing variation [206]. Similar success rates were 

found in the search for the genetic causes of rare disorders in humans. A massive study 

called the 100,000 Genomes Project, recently published preliminary results, where they 

identified candidate causal variants for 25% of all patients and identified novel gene 

associations or variants with unknown significance in an additional 10% of cases [207]. 

This leads to the insight that the focus on monogenic Mendelian disorders is 

oversimplified and that polygenic constitutions should be considered more frequently. 

Further practical issues that keep occurring are the sample acquisition and quality. 

Usually, farmers simply dispose of the calves that are affected by a severe disorder. 

Therefore, the availability of cases is very limited, especially for abortions during early 

embryogenesis, which are rarely recognized. Besides these technical limitations, it 

should not be forgotten that the topic of this thesis also represents an animal welfare 

issue. All the described disorders, regardless of the degree of lethality, impair the 

wellbeing of the affected animals. Especially recessive variants with moderate to high 

allele frequencies can pose a large risk for the population, e.g., the described CNGB3-

associated achromatopsia in OB with an allele frequency of 0.082 and the DIS3-

associated SI haplotype SH5 with an allele frequency of 0.062 (Table 5 and Table 7) 

[164, 191]. Therefore, it is of the utmost importance to identify the underlying genetic 
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causes to prevent further spread within populations. This can be achieved by inducing 

DNA-based selection and avoiding risk matings. I hope that when farmers become more 

aware of the population-wide impacts and possibilities for improvements, there will be a 

greater interest in further collaboration with research institutions. 

An often-mentioned reason why deleterious alleles keep segregating at a considerable 

allele frequency is balancing selection [132, 193, 208]. Thereby the disease-associated 

variant has a desirable effect on production traits and is therefore under positive selection 

[208]. Within the presented thesis, I did not investigate production traits such as milk 

yield or composition. Therefore, balancing selection may play a role in the more 

frequently occurring disease-causing alleles. 

In the future, the identified candidate causal variants with recessive inheritance should 

be considered within the breeding program of respective cattle breeds. With the 

introduction of the SWISScow genotype array, it is now possible to perform DNA-based 

precision breeding for these variants. Thereby, over the course of many generations, the 

presented causal variants could be eliminated from the populations. To manage the risk 

of a sudden increase in inbreeding, a method such as optimum-contribution selection 

can be used with a pre-selection against recessive alleles [209]. 

By using the latest genome editing technologies it would be possible to change the 

genomic code and eradicate these lethal alleles within a few generations [210]. Johnsson 

et al. (2019) showed with a model that the increased fitness benefit is higher, the more 

edits that are applied simultaneously, and the more causative variants that are known 

[210]. Examples, where CRISPR-Cas9-mediated genome editing in cattle have been 

performed are the introduction of an MSTN-disrupting mutation to induce the double 

muscle phenotype for more efficient meat production [211], and a 3bp deletion in PMEL 

to introduce color dilution in Holstein cattle for better resistance towards heat stress 

[212]. Earlier technologies, such as the zinc-finger nucleases (ZFN) have been applied 

in cattle e.g., in the BLG gene that is one of the major milk allergens [213], and the 

transcription activator-like effector nucleases (TALEN) e.g., for the introgression of 

hornlessness [214]. Thereby, issues can be addressed that concern animal health and 

welfare, elimination of allergens entering human consumption, disease resistances, and 

more environmentally friendly production [215]. 
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In conclusion, FGA and RGA have both their advantages and limitations. Nevertheless, 

both approaches can lead to the detection of causative variants. Regardless, if FGA or 

RGA was applied, the identified variants described in my thesis impact reproduction, 

rearing success, or lead to the exclusion of animals from the breeding population due to 

unwanted phenotypes. Therefore, these most likely pathogenic variants need to be 

considered within breeding schemes of the concerned populations. 
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Table A1: Overview of the traits in Swiss breeding programs that concern traits related to fertility, birth, growth and survival. 
trait group trait description 

fertility 

non-return rate heifer heifers non-return rate after 56 days, binary 
non-return rate cow cows non-return rate after 56 days, binary 
interval first to last insemination heifer interval between first and last insemination for heifer, days 
interval first to last insemination cow interval between first and last insemination for cows, days 
interval calving to insemination interval from calving to first service, days 

birth history direct 

percentage normal births calving ease, scored between 1-without help to 5-dystocia 
percentage live births percentage of calves born alive 
birth weight weight of calve at birth, kg  
gestation length days from successful insemination to birth 
multiple birth percentage of multiple births 

birth history maternal 

percentage normal births calving ease, scored between 1-without help to 5-dystocia 
percentage live births percentage of calves born alive 
birth weight weight of calve at birth, kg 
gestation length days from successful insemination to birth 
multiple birth percentage of multiple births 

rearing success 
survival period 1 survival from day 3 up to 30th day of life 
survival heifer period 2 survival of heifers from day 31 up to 458 days 
survival bull period 2 survival of young bulls from 31 days up to 183 days 

slaughter traits calves 
slaughter weight weight at slaughter, kg 
carcass conformation score amount of meat at slaughter, kg 
carcass fat score fat cover in the meat 

slaughter traits adults 
slaughter weight weight at slaughter, kg 
carcass conformation score amount of meat at slaughter, kg 
carcass fat score fat cover in the meat 
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Table A2: Skin disorders described in cattle with their associated genes and types of variants.  

 MOI gene OMIA type of variant breed ref 

Ichthyosis AR ABCA12 002238-9913 SNV (missense, frameshift) Chianina, Shorthorn, 
Polled Hereford 

[216±
218] 

Dystrophic epidermolysis 
bullosa 

AR COL7A1 000341-9913 SNV (nonsense) Rotes Höhenvieh, 
Vorderwald 

[219, 
220] 

Tricho-dento-osseous-like 
syndrome AD* DLX3 002109-9913 10bp insertion (frameshift) Brown Swiss [221] 

Ectodermal dysplasia XR EDA 000543-9913 

gross deletion; gross inversion; 161bp 
insertion, 19bp deletion, 4bp insertion 

(frameshift); SNV (splice site, 
nonsense) 

Holstein, Japanese Black, 
crossbred 

[222±
230] 

Anhidrotic ectodermal 
dysplasia 

AR EDAR 002128-9913 1bp insertion (frameshift) Charolais [89] 

Ehlers-Danlos syndrome AR EPYC 001716-9913 SNV (missense) Holstein [231] 

Hypotrichosis AR HEPHL1 002230-9913 SNV (nonsense) Belted Galloway [232] 

Epidermolysis bullosa, 
junctionalis AR ITGB4 001948-9913 gross deletion Charolais [233, 

234] 

Epidermolysis bullosa simplex AD* KRT5 002081-9913 SNV (missense) 
Friesian X Jersey 

crossbred [235] 

Hypotrichosis AR KRT71 002114-9913 8bp deletion (frameshift) Hereford [236] 

Epidermolysis bullosa 
junctionalis AR LAMA3 001677-9913 SNV (nonsense) Belgian Blue [237] 

Epidermolysis bullosa 
junctionalis AR LAMC2 001678-9913 gross deletion Hereford [238] 

Hypotrichosis with coat-color 
dilution AD MC1R 001544-9913 SNV (missense) crossbred [239] 

Zinc deficiency-like syndrome 
(genodermatosis) 

AR PLD4 001935-9913 SNV (nonsense) Fleckvieh [240] 

https://omia.org/OMIA002238/9913/
https://omia.org/OMIA000341/9913/
https://omia.org/OMIA002109/9913/
https://omia.org/OMIA000543/9913/
https://omia.org/OMIA002128/9913/
https://omia.org/OMIA001716/9913/
https://omia.org/OMIA002230/9913/
https://omia.org/OMIA001948/9913/
https://omia.org/OMIA002081/9913/
https://omia.org/OMIA002114/9913/
https://omia.org/OMIA001677/9913/
https://omia.org/OMIA001678/9913/
https://omia.org/OMIA001544/9913/
https://omia.org/OMIA001935/9913/
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Hypotrichosis with coat-color 
dilution AD PMEL 001544-9913 3bp deletion (in-frame) crossbred [239] 

Coat color, albinism, 
oculocutaneous type IV AR SLC45A2 001821-9913 SNV (missense) Brown Swiss [78] 

Streaked hypotrichosis XD TSR2 000542-9913 SNV (splice site) Pezzata Rosso [241] 

Coat color, oculocutaneous 
albinism type I AR TYR 000202-9913 1bp insertion (frameshift) Brown Swiss [77] 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, XR = X-linked recessive, XD = X-linked dominant, OMIA = Online 
Mendelian Inheritance in Animals [65], ref = references 
*de novo mutation 

 

 

 

  

https://omia.org/OMIA001544/9913/
https://omia.org/OMIA001821/9913/
https://omia.org/OMIA000542/9913/
https://omia.org/OMIA000202/9913/
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Table A3: Bone morphology altering disorders described in cattle with their associated genes and types of variants.  
phenotype MOI gene OMIA type of variant breed ref 

Dwarfism (Bulldog calf) AR ACAN 001271-9913 
4bp insertion (frameshift); 1bp 

insertion (frameshift); SNV 
(regulatory) 

Dexter, Scottish 
Highland, Zebu 

[71, 242] 

Tibial hemimelia AR ALX4 001009-9913 
gross deletion; 20bp duplication 

(frameshift) Shorthorn, Galloway [243, 244] 

Caprine-like generalized 
hypoplasia syndrome 

AR CEP250 001502-9913 SNV (nonsense) Montbeliarde [245] 

Osteogenesis imperfecta type II AD* COL1A1 002127-9913 
4bp deletion + 1bp insertion (in-

frame deletion + missense); SNV 
(missense) 

Fleckvieh, Red 
Angus [89, 246] 

Achondrogenesis type II AD* COL2A1 001926-9913 SNV (splice site, missense) Holstein, crossbred 
[89, 144, 
247, 248] 

Mandibulofacial dysostosis AR CYP26C1 002288-9913 SNV (missense) Hereford [249] 
Brachyspina AR FANCI 000151-9913 gross deletion Holstein [250, 251] 

Marfan syndrome AD* FBN1 000628-9913 SNV (missense, splice site) Limousin, Japanese 
Black 

[252, 253] 

Facial dysplasia syndrome AD* FGFR2 002090-9913 SNV (missense) Holstein [254] 
Dwarfism AR GON4L 001985-9913 1bp deletion (frameshift) Fleckvieh [255] 
Arachnomelia AR MOCS1 001541-9913 2bp deletion (frameshift) Fleckvieh [256, 257] 

Crooked tail AR MRC2 001452-9913 2bp deletion (frameshift); SNV 
(missense) Belgian Blue [258, 259] 

Dwarfism AR PRKG2 001485-9913 SNV (nonsense) Angus [260] 
Proportionate dwarfism with 
inflammatory lesions AR RNF11 001686-9913 SNV (splice site) Belgian Blue [261] 

Osteopetrosis AR SLC4A2 002443-9913 3.8kb deletion 
Angus, Holstein, 

Hereford, 
Simmental 

[262] 

Complex vertebral malformation 
(CVM) 

AR SLC35A3 001340-9913 SNV (missense) Holstein [263, 264] 

Acrodermatitis enteropathica AR SLC39A4 000593-9913 SNV (splice site) Holstein [265] 

https://omia.org/OMIA001271/9913/
https://omia.org/OMIA001009/9913/
https://omia.org/OMIA001502/9913/
https://omia.org/OMIA002127/9913/
https://omia.org/OMIA001926/9913/
https://omia.org/OMIA002288/9913/
https://omia.org/OMIA000151/9913/
https://omia.org/OMIA000628/9913/
https://omia.org/OMIA002090/9913/
https://omia.org/OMIA001985/9913/
https://omia.org/OMIA001541/9913/
https://omia.org/OMIA001452/9913/
https://omia.org/OMIA001485/9913/
https://omia.org/OMIA001686/9913/
https://omia.org/OMIA002443/9913/
https://omia.org/OMIA001340/9913/
https://omia.org/OMIA000593/9913/
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Arachnomelia AR SUOX 000059-9913 1bp insertion (frameshift) Brown Swiss [266] 
Vertebral and spinal dysplasia AD& T 001951-9913 SNV (missense) Holstein [267] 
Frontonasal dysplasia AD* ZIC2 002307-9913 1bp deletion (frameshift) Limousin [268] 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, OMIA = Online Mendelian Inheritance in Animals [65], ref = references 
*de novo mutation 
&incomplete penetrance 
 

 

  

https://omia.org/OMIA000059/9913/
https://omia.org/OMIA001951/9913/
https://omia.org/OMIA002307/9913/
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Table A4: Neuromuscular disorders described in cattle with their associated genes and types of variants. 
phenotype MOI gene OMIA type of variant breed ref 

Contractural arachnodactyly (Fawn calf 
syndrome) AR ADAMTSL3 001511-9913 gross deletion Angus [269] 

Arthrogryposis multiplex congenita AR AGRN 002135-9913 gross deletion Angus [270] 
Citrullinaemia AR ASS1 000194-9913 SNV (nonsense) Holstein [271] 
Congenital muscular dystonia 1 AR ATP2A1 001450-9913 SNV (missense) Belgian Blue [218] 

Congenital pseudomyotonia AR ATP2A1 001464-9913 SNV (missense) Chianina, 
Romagnola 

[272, 273] 

Maple syrup urine disease AR BCKDHA 000627-9913 
SNV (missense, 

nonsense) Hereford, Shorthorn [274, 275] 

Neurocristopathy AD* CHD7 002125-9913 5bp deletion (frameshift) Montbeliard [89] 
Arthrogryposis multiplex AR CHRNB1 002022-9913 1bp deletion (frameshift) Red Danish [276] 

Congenital myasthenic syndrome AR CHRNE 000685-9913 20bp deletion 
(frameshift) 

Brahman [277] 

Neuronal ceroid lipofuscinosis 5 AR CLN5 001482-9913 1bp duplication 
(frameshift) 

Devon [278] 

Charcot Marie Tooth disease AR FGD4 002374-9913 SNV (splice site) Holstein, Jersey [192] 

Glycogen storage disease II AR GAA 000419-9913 SNV (missense, 
nonsense) 

Shorthorn, 
Brahman, 

Droughtmaster 
[279] 

Myoclonus AR GLRA1 000689-9913 SNV (nonsense) Hereford [280] 

Spinal muscular atrophy (SMA) AR KDSR 
(FVT1) 

002390-9913 SNV (missense) Brown Swiss [281, 282] 

Congenityl hypomyelinogenesis AR KIF1C 000527-9913 SNV (missense) Charolais [283] 
Congenital muscular dystonia 2 AR LOC528050 001451-9913 SNV (missense) Belgian Blue [218] 
Mannosidosis, beta AR MANBA 000626-9913 SNV (nonsense) Salers [284] 

Mannosidosis, alpha AR MAN2B1 000625-9913 SNV (missense) Galloway, Angus, 
Murray Grey [285] 

Degenerative axonopathy AR MFN2 001106-9913 SNV (splice site) Tyrolean Grey [286] 
Distal arthrogryposis type 1B AD* MYBPC1 001978-9913 SNV (missense) Holstein [287] 
Mucopolysaccharidosis IIIB AR NAGLU 001342-9913 SNV (missense) unknown [288] 

https://omia.org/OMIA001511/9913/
https://omia.org/OMIA002135/9913/
https://omia.org/OMIA000194/9913/
https://omia.org/OMIA001450/9913/
https://omia.org/OMIA001464/9913/
https://omia.org/OMIA000627/9913/
https://omia.org/OMIA002125/9913/
https://omia.org/OMIA002022/9913/
https://omia.org/OMIA000685/9913/
https://omia.org/OMIA001482/9913/
https://omia.org/OMIA002374/9913/
https://omia.org/OMIA000419/9913/
https://omia.org/OMIA000689/9913/
https://omia.org/OMIA002390/9913/
https://omia.org/OMIA000527/9913/
https://omia.org/OMIA001451/9913/
https://omia.org/OMIA000626/9913/
https://omia.org/OMIA000625/9913/
https://omia.org/OMIA001106/9913/
https://omia.org/OMIA001978/9913/
https://omia.org/OMIA001342/9913/
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Niemann-Pick disease, type C1 AR NPC1 000725-9913 SNV (missense) Angus [289] 
Arthrogryposis, lethal syndrome AR PIGH 001953-9913 SNV (splice site) Belgian Blue [290] 
Myeloencephalopathy (Weaver syndrome) AR PNPLA8 000827-9913 SNV (missense) Brown Swiss [291±293] 
Susceptibility/resistance to spongiform 
encephalopathy MF PRNP 000944-9913 SNV (missense) numerous [294] 

Glycogen storage disease V AR PYGM 001139-9913 SNV (missense) Charolais [295] 

Tetradysmelia AR RSPO2 002297-9913 gross deletion 
(frameshift) 

Holstein [296] 

Turning calves syndrome AR SLC25A46 002150-9913 SNV (missense) Rouge-des-Prés [297] 
Spinal dysmyelination AR SPAST 001247-9913 SNV (missense) Brown Swiss [298, 299] 
Neuropathy with splayed forelimbs AR UCHL1 002298-9913 SNV (missense) Jersey [300] 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, MF = multifactorial, OMIA = Online Mendelian Inheritance in Animals 
[65], ref = references 
*de novo mutation 
 
  

https://omia.org/OMIA000725/9913/
https://omia.org/OMIA001953/9913/
https://omia.org/OMIA000827/9913/
https://omia.org/OMIA000944/9913/
https://omia.org/OMIA001139/9913/
https://omia.org/OMIA002297/9913/
https://omia.org/OMIA002150/9913/
https://omia.org/OMIA001247/9913/
https://omia.org/OMIA002298/9913/
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Table A5: Eye disorders described in cattle with their associated genes and types of variants. 
phenotype MOI gene OMIA type of variant breed ref 

Cataract AR CPAMD8 002111-9913 SNV (nonsense) Holstein [75] 
Cataract AR NID1 001936-9913 855bp deletion (frameshift) Romagnola [74] 

Retinitis pigmentosa 1 AR RP1 002029-9913 1bp insertion (frameshift) 

Angus, Beef Booster Composite, 
Belgian Blue, Charolais, Gelbvieh, 
Holstein, Maine Anjou, Normande, 

Red Angus 

[76] 

Coat color, albinism, 
oculocutaneous type IV AR SLC45A2 001821-9913 SNV (missense) Brown Swiss [78] 

Coat color, 
oculocutaneous 
albinism type I 

AR TYR 000202-9913 1bp insertion (frameshift) Brown Swiss [77] 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, OMIA = Online Mendelian Inheritance in Animals [65], ref = references 
 
  

https://omia.org/OMIA002111/9913/
https://omia.org/OMIA001936/9913/
https://omia.org/OMIA002029/9913/
https://omia.org/OMIA001821/9913/
https://omia.org/OMIA000202/9913/
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Table A6: Known genes and type of variants affecting fertility and rearing success, including fatal syndromic disorders in cattle. 
phenotype MOI gene OMIA type of variant breed ref 

Male fertility AR ABHD16B  SNV (missense) Holstein [301] 
Cholesterol deficiency 
(CDH) AR APOB 001965-9913 

1.3kb ERV insertion 
(frameshift) Holstein 

[79, 80, 
82] 

Asthenospermia AR CCDC189 002167-9913 SNV (splice site) Nordic Red [302] 
Renal dysplasia AR CLDN16 001135-9913 gross deletion Japanese Black [303, 304] 
Protoporphyria MF FECH 000836-9913 SNV (stop lost) %ORQG�G¶$TXLWDLQH��/LPRXVLQ [305] 

Haemophilia A XR F8 000437-9913 SNV (missense) Japanese Brown, Fleckvieh [306, 307] 

Factor XI deficiency (blood 
coagulation) AR F11 000363-9913 

76bp insertion 
(frameshift); 15bp 

insertion (missense + in-
frame) 

Holstein, Sahiwal, Japanese Black [308, 309] 

Congenital disorder of 
glycosylation AR GALNT2 002375-9913 SNV (splice site) Holstein, Jersey [192] 

Crop ears AD& HMX1 000317-9913 76bp duplication Highland cattle [310] 
Hereditary perinatal weak 
calf syndrome 

AR IARS 001817-9913 SNV (missense)d Japanese Black [311] 

Bovine leukocyte adhesion 
deficiency (BLAD) 

AR ITGB2 000595-9913 SNV (missense) Holstein [312] 

Lethal multi-organ 
developmental dysplasia 
(Paunch calf syndrome) 

AR KDM2B 001722-9913 SNV (missense) Marchigiana; Romagnola [313] 

Gonadal hypoplasia AR KIT 000426-9913 structural rearrangement 
Northern Finncattle; Swedish 

Mountain [314] 

Syndactyly (mule foot) AR LRP4 000963-9913 
SNV (missense, splice 

site); 2bp deletion + 
insertion (2bp missense) 

Holstein; Simmental; Angus [315±318] 

Chediak-Higashi syndrome AR LYST 000185-9913 SNV (missense) Japanese Black [319] 
Abortion and stillbirth AD* MIMT1 001565-9913 gross deletion Finnish Ayrshire [320] 
Coat colour, white spotting MF MITF 000214-9913 SNV (regulatory) Holstein, Simmental, Brown Swiss [321, 322] 

https://omia.org/OMIA001965/9913/
https://omia.org/OMIA002167/9913/
https://omia.org/OMIA001135/9913/
https://omia.org/OMIA000836/9913/
https://omia.org/OMIA000437/9913/
https://omia.org/OMIA000363/9913/
https://omia.org/OMIA002375/9913/
https://omia.org/OMIA000317/9913/
https://omia.org/OMIA001817/9913/
https://omia.org/OMIA000595/9913/
https://omia.org/OMIA001722/9913/
https://omia.org/OMIA000426/9913/
https://omia.org/OMIA000963/9913/
https://omia.org/OMIA000185/9913/
https://omia.org/OMIA001565/9913/
https://omia.org/OMIA000214/9913/
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Depigmentation associated 
with microphthalmia AD* MITF 001931-9913 gross deletion Holstein [323] 

Dominant white with bilateral 
deafness AD* MITF 001680-9913 

3bp deletion (in-frame); 
SNV (missense) Holstein, Fleckvieh [89, 324] 

Xanthinuria type II AR MOCOS 001819-9913 1bp deletion (frameshift) Tyrolean Grey; Original Braunvieh [35, 325] 

Muscular hypertrophy 
(double muscling) AD& MSTN 000683-9913 

11bp deletion, 7bp 
deletion + 11bp insertion 

(frameshift); SNV 
(missense, nonsense) 

Angus, Asturiana, Belgian Blue, 
Blonde d'Aquitaine, Braford, 

Charolais, Gasconne, Gelbvieh, 
Limousin, Maine Anjou, Marchigiana, 

Murray Grey, Parthenaise, 
Piedmontese, Santa Gertrudis, 

South Devon 

[326±331] 

Developmental duplications AR NHLRC2 002103-9913 SNV (missense) Angus [332] 
Dilated cardyomyopathy AR OPA3 000162-9913 SNV (missense) Fleckvieh [333] 
Lethal arthrogryposis 
syndrome AR PIGH 001953-9913 SNV (splice site) Belgian Blue [290] 

Cardiomyopathy and wolly 
haircoat syndrome 

AR PPP1R13L 000161-9913 7bp duplication 
(frameshift) 

Hereford [334] 

Hairy AD PRL 000441-9913 SNV (missense) Fleckvieh, Holstein, Jersey [335] 
Morphological abnormalities 
in sperm and male fertility 

AR QRICH2  1bp deletion (frameshift) Brown Swiss [52] 

Thrombopathia AR RASGRP2 002433-9913 SNV (missense) Fleckvieh, Simmental [336] 

Slick hair AD PRLR 001372-9913 
SNV (nonsense, 

frameshift) 
Carora, Limonero, Romosinuano, 

Senepol [335, 337] 

Embryonic death AR RNASEH2B 001901-9913 gross deletion Nordic Holstein [193] 
Male fertility AR SPATA16  SNV (missense) Brown Swiss [51] 
Male subfertility AR TMEM95 001902-9913 SNV (missense) Fleckvieh [338] 
Deficiency of uridine 
monophosphate synthase 
(DUMPS) (embryonic 
lethality) 

AR UMPS 000262-9913 SNV (nonsense) Holstein [339, 340] 

https://omia.org/OMIA001931/9913/
https://omia.org/OMIA001680/9913/
https://omia.org/OMIA001819/9913/
https://omia.org/OMIA000683/9913/
https://omia.org/OMIA002103/9913/
https://omia.org/OMIA000162/9913/
https://omia.org/OMIA001953/9913/
https://omia.org/OMIA000161/9913/
https://omia.org/OMIA000441/9913/
https://omia.org/OMIA002433/9913/
https://omia.org/OMIA001372/9913/
https://omia.org/OMIA001901/9913/
https://omia.org/OMIA001902/9913/
https://omia.org/OMIA000262/9913/
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Semen quality and male 
fertility AR WDR19  SNV (splice site) Brown Swiss [50] 

Polled and multisystemic 
syndrome AD* ZEB2 001736-9913 

gross deletion; 11bp 
deletion (frameshift) Charolais, Fleckvieh [341, 342] 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, MF = multifactorial, XR = X-linked recessive, OMIA = Online 
Mendelian Inheritance in Animals [65], ref = references 
*de novo mutation 
&incomplete penetrance 
 

 
  

https://omia.org/OMIA001736/9913/
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Table A7: Newly identified candidate causative variants of the forward genetic approach. 
    candidate variant [150, 155] 

disorder MOI gene gene name 
[343] chr position base change amino acid 

change transcript effect 

Achondrogenesis, 
type II (Bulldog calf 
syndrome) 

AD COL2A1 
collagen type II 
alpha 1 chain 

5 32,308,734 c.3166G>A p.Gly1056Ser NM_00100
1135.3 

missense, 
splice 
region 

Achondrogenesis, 
type II (Bulldog calf 
syndrome) 

AD COL2A1 
collagen type II 
alpha 1 chain 5 32,303,127 3513bp deletion 

deletion of 10 
exons  frameshift 

Achondrogenesis, 
type II (Bulldog calf 
syndrome) 

AD COL2A1 
collagen type II 
alpha 1 chain 

5 32,301,911 6678bp deletion deletion of 18 
exons 

 frameshift 

Achromatopsia AR CNGB3 
cyclic nucleotide 
gated channel 
subunit beta 3 

14 76,011,964 c.751G>A p.Asp251Asn XM_01547
4554.2 

missense 

Chondrodysplasia AD FGFR3 fibroblast growth 
factor receptor 3 6 116,767,863 c.2408G>T p.Ter813Leue

xt*93 
XM_02499

2994.1 stop lost 

Classical Ehlers-
Danlos syndrome, 
type II 

AD COL5A2 collagen type V 
alpha 2 chain 2 7,331,916 c.2366G>T p.Gly789Val XM_02497

9774 missense 

Congenital cataract AD ADAMTSL4 ADAMTS like 4 3 20,146,737 c.2327G>A p.Arg776His NM_00110
1061.1 missense 

Congenital 
neuromuscular 
channelopathy 

AD KCNG1 

potassium 
voltage-gated 

channel modifier 
subfamily G 
member 1 

13 78,918,850 c.1248G>T p.Trp416Cys NM_00120
5719.1 missense 

Epidermolysis 
bullosa simplex AD KRT5 keratin 5 5 27,367,604 c.534_536delCA

A p.Asn178del NM_00100
8663.1 

in-frame 
deletion 

Hemifacial 
microsomia AR LAMB1 laminin subunit 

beta 1 4 49,019,693 c.2002G>A p.Arg668Cys NM_00120
6519.1 missense 
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Hypohidrotic 
ectodermal dysplasia XR EDA ectodysplasin A X 80,382,423 52,780bp 

deletion 
deletion of last 

6 exons  knock-out 

Ichthyosis congenita AR FA2H fatty acid 2-
hydroxylase 18 2,205,625 c.9dupC p.Ala4ArgfsTe

r142 
NM_00119

2455.1 frameshift 

Syndromic ichthyosis AR DSP desmoplakin 23 47,826,600 c.6893C>A p.Ala2298Asp NM_00119
2368.2 missense 

Immunodeficiency 
with psoriasis-like 
skin alterations 

AR IL17RA interleukin 17 
receptor A 5 108,813,251 c.180delC p.Cys61Alafs

Ter62 
XM_01546

0734.2 frameshift 

Osteogenesis 
imperfecta, type II AD COL1A1 collagen type I 

alpha 1 chain 19 36,473,359 c.3917T>A p.Val1306Glu NM_00103
4039.2 missense 

Proportional 
dwarfism with facial 
dysplasia 

AD many  29 duplication of the entire chromosome trisomy 

Pulmonary 
hypoplasia and 
anasarca syndrome 

AR ADAMTS3 

ADAM 
metallopeptidase 

with 
thrombospondin 

type 1 motif 3 

6 87,462,016 c.1222C>T p.His408Tyr NM_00119
2797.1 missense 

Pulmonary 
hypoplasia and 
anasarca syndrome 

AD many  20 duplication of the entire chromosome trisomy 

Skeletal-cardo-
enteric dysplasia AD MAP2K2 

mitogen-activated 
protein kinase 

kinase 2 
7 19,923,991 c.535C>T p.Arg179Trp NM_00103

8071.2 missense 

MOI = mode of inheritance, AR = autosomal recessive, AD = autosomal dominant, XR = X-linked recessive 
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Table A8: Identified haplotypes of the reverse genetic approach denoted Brown Swiss haplotypes (BH), 
Original Braunvieh haplotypes (OH), Holstein haplotypes (HH), and Simmental haplotypes (SH). 

haplotype 
name chr start end dataset AF 

(%) 

proposed 
associated 

genea 
OMIA 

BH1b 7 41,371,808 42,545,291 trio 3.02 TCF3 002513-
9913 41,376,851 42,569,144 pgp 3.66 

BH2c 19 9,726,237 10,819,756 trio 4.22 TUBD1 002513-
9913 

BH3 1 34,908,448 36,034,631 trio 2.05  002513-
9913 32,095,019 33,398,878 pgp 2.09 

BH4 1 76,587,512 77,861,430 trio 2.20 GMNC 002513-
9913 76,701,704 77,960,658 pgp 

BH5 2 57,787,148 58,768,161 trio 2.87 LRP1B 002513-
9913 55,350,431 56,566,658 pgp 2.84 

BH6 2 86,065,338 87,460,373 trio & pgp 3.41 MARS2 002513-
9913 

BH7 2 120,284,002 121,473,182 trio & pgp 1.93 SPATA3 002513-
9913 

BH8 2 127,933,873 129,004,898 trio 2.98  002513-
9913 

BH9 3 52,432,936 52,689,742 trio 1.43 HFM1 002513-
9913 

BH10 3 101,636,810 102,827,915 trio & pgp 2.26  002513-
9913 

BH11 4 108,811,998 109,953,666 trio 2.66  002513-
9913 

BH12 5 57,653,479 59,777,422 trio 2.32 RNF41 and 
LRP1 

002513-
9913 55,350,431 56,566,658 pgp 2.08 

BH13 5 110,617,654 111,664,596 trio 1.63  002513-
9913 

BH14 7 2,588,873 3,357,718 trio & pgp 3.04 MRPL55 002513-
9913 

BH15 7 33,954,389 34,956,540 trio 4.12  002513-
9913 33,761,341 34,703,029 pgp 2.23 

BH16 7 79,845,977 80,708,046 prio 2.20  002513-
9913 

BH17 11 82,034,654 82,881,173 trio 2.39 PGGHG 002513-
9913 

BH18 11 91,766,016 92,804,942 trio & pgp 2.54  002513-
9913 

BH19 11 103,891,372 105,003,404 trio 1.77  002513-
9913 103,910,192 105,006,092 pgp 

BH20 12 10,254,014 10,967,287 trio 2.02  002513-
9913 

BH21 12 74,954,939 75,817,277 trio 1.61  002513-
9913 

BH22 14 12,290,759 13,350,202 trio 2.64  002513-
9913 

BH23 17 69,786,512 70,645,226 trio 2.98  002513-
9913 70,347,783 71,461,810 pgp 2.53 

BH24 18 52,977,041 54,113,281 trio 2.32 CPT1C 002513-
9913 

https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
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BH25 19 35,808,547 36,844,178 trio 1.86 SNF8 002513-
9913 

BH26 19 47,874,708 48,724,082 trio 1.89  002513-
9913 44,273,561 45,438,908 pgp 1.51 

BH27 20 50,058,036 51,370,414 trio 2.56  002513-
9913 51,843,538 53,347,823 pgp 2.54 

BH28 21 19,368,258 20,362,870 trio 1.60  002513-
9913 

BH29 22 311,724 1,277,064 trio 2.07  002513-
9913 

BH30 23 39,600,366 40,609,442 trio & pgp 2.49  002513-
9913 

BH31 25 27,713,801 29,132,187 trio 1.80 ITGAD and 
SPN 

002513-
9913 27,843,792 29,223,697 pgp 1.74 

BH32 26 9,215,188 10,180,467 trio & pgp 1.72  002513-
9913 

BH33 26 26,659,976 27,689,471 trio & pgp 2.72  002513-
9913 

BH34 26 31,353,340 32,429,589 trio 2.37 ACSL5 002513-
9913 

BH35 27 28,524,504 29,550,764 trio 1.80  002513-
9913 

BH36 28 26,661,955 27,743,768 trio 1.75  002513-
9913 

BH37 28 45,215,132 45,913,154 trio 2.07  002513-
9913 

BH38 29 14,497,752 15,554,643 trio 3.08  002513-
9913 

BH39 1 47,334,486 48,722,608 pgp 2.10 IMPG2  
BH40 1 60,571,934 61,511,334 pgp 1.75   
BH41 1 89,034,232 89,950,486 pgp 2.15   
BH42 2 27,617,503 28,482,635 pgp 1.80   
BH43 3 47,404,352 48,406,110 pgp 1.44   
BH44 4 1,281,131 2,168,698 pgp 1.59   
BH45 6 17,261,709 18,109,566 pgp 2.16   
BH46 6 112,761,523 113,596,244 pgp 2.97   
BH47 8 108,270,441 110,423,252 pgp 1.75   
BH48 9 6,723,284 7,824,441 pgp 1.61   
BH49 9 22,526,331 23,514,514 pgp 2.58   
BH50 9 89,606,305 90,789,128 pgp 1.71 SYNE1  
BH51 9 103,406,632 104,550,917 pgp 1.64   
BH52 10 21,853,744 25,057,987 pgp 2.65 HCN4  
BH53 10 97,990,595 98,716,261 pgp 1.51   
BH54 11 83,951,577 85,005,507 pgp 1.78   
BH55 12 23,595,402 24,816,308 pgp 2.85   
BH56 12 59,008,084 60,007,646 pgp 2.65   
BH57 12 68,078,290 68,922,617 pgp 2.46   
BH58 14 58,056,243 59,220,985 pgp 2.24   
BH59 18 61,266,875 62,181,523 pgp 2.75   
BH60 19 51,815,015 53,213,981 pgp 1.74   
BH61 20 22,655,940 23,695,033 pgp 1.92   
BH62 20 34,128,804 35,304,566 pgp 2.23   
BH63 20 42,147,837 43,447,120 pgp 1.84 PDZD2  
BH64 20 63,882,214 64,948,571 pgp 1.53   

https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
https://omia.org/OMIA002513/9913/
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BH65 22 18,499,781 19,588,204 pgp 2.82   
BH66 23 6,007,449 7,059,438 pgp 2.67   
BH67 23 24,736,986 25,781,822 pgp 1.74   
BH68 24 31,971,780 32,956,036 pgp 2.74   
BH69 25 35,189,206 36,281,889 pgp 2.15   
BH70 27 14,865,875 15,902,582 pgp 2.60   
BH71 29 16,595,399 17,452,624 pgp 3.09   
BH72 29 23,190,350 24,098,223 pgp 1.77   
HH18 1 103,019,622 104,375,908 pgp 2.39   
HH19d 1 139,873,827 140,642,688 pgp 3.00   
HH20 2 134,476,837 135,147,756 pgp 1.66   

HH21e 7 7,871,925 10,432,630 trio & pgp 5.46 NOTCH3 001908-
9913 

HH22 7 93,581,943 94,642,456 pgp 1.73   
HH23 8 15,561,949 16,862,751 pgp 2.20   
HH24 8 66,699,044 68,005,926 pgp 3.36   

HH3f 8 90,958,661 92,084,831 trio & pgp 1.38 SMC2 001824-
9913 

HH5g 9 90,928,417 91,823,561 trio & pgp 2.39 TFB1M  

HH25 10 86,876,435 87,772,797 trio 1.96 RIOX1 002547-
9913 

HH26 11 4,531,428 5,362,251 pgp 2.56   
HH27 13 7,083,081 8,296,886 pgp 1.82   
HH28 14 24,591,331 24,827,448 pgp 1.98   
HH29 14 58,128,474 59,238,055 pgp 3.14   

HH13h 18 60,931,980 62,100,899 trio 1.81 KIR2DS1 001836-
9913 62,070,448 63,044,863 pgp 2.06 

HH30 21 7,844,296 8,671,178 trio 2.13   
HH31 22 59,811,442 60,703,550 pgp 1.80   

HH32 23 32,773,236 33,726,454 trio 1.57   
33,544,569 34,948,131 pgp 1.55  

HH33 24 44,692,769 45,677,988 pgp 2.82   
HH34 25 36,165,207 37,329,782 trio & pgp 1.86   

HH35 26 3,358,717 4,234,871 pgp 2.44 PCDH15 002548-
9913 

HH36 28 28,541,274 29,736,156 pgp 1.71   
29,731,696 30,877,496 trio 2.25  

HH37 28 40,347,735 41,271,169 pgp 3.54   
HH38 29 14,242,732 15,316,961 trio 1.66   

OH2 2 1,005,580 1,614,673 trio 4.48 TUBGCP5 002514-
9913 1,029,782 1,647,935 pgp 

OH3 11 103,406,494 104,418,358 trio 5.76 MYMK 002514-
9913 104,201,626 105,231,051 pgp 6.50 

OH4 19 14,336,760 15,222,429 trio 3.87 LIG3 002514-
9913 14,354,974 15,240,920 pgp 

OH5 21 5,195,518 6,367,707 trio 4.56 LYSMD4 002514-
9913 

OH6 25 9,596,610 10,624,288 trio 3.87 USP7 002514-
9913 

OH7 6 4,963,003 6,358,918 trio 4.15 BBS7  
OH8 6 67,934,978 69,104,986 trio 4.46 SCFD2  
OH9 25 25,921,957 27,221,647 trio & pgp 3.52 HSD3B7  

https://omia.org/OMIA001908/9913/
https://omia.org/OMIA001908/9913/
https://omia.org/OMIA001824/9913/
https://omia.org/OMIA001824/9913/
https://omia.org/OMIA002547/9913/
https://omia.org/OMIA002547/9913/
https://omia.org/OMIA001836/9913/
https://omia.org/OMIA001836/9913/
https://omia.org/OMIA002548/9913/
https://omia.org/OMIA002548/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
https://omia.org/OMIA002514/9913/
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SH1 1 65,792,796 66,890,930 trio & pgp 4.18  002501-
9913 

SH2 2 1,191,490 1,919,960 trio 4.00  002502-
9913 

SH3 7 104,784,181 105,639,721 pgp 4.14  002503-
9913 

SH4 11 29,389,110 30,352,564 pgp 4.67  002504-
9913 

SH5 12 46,828,195 47,836,535 trio 6.22 DIS3 002505-
9913 46,831,407 47,842,618 pgp 

SH6 14 11,304,160 12,372,654 pgp 3.85  002506-
9913 

SH7 16 6,120,019 8,011,283 trio 5.53  002507-
9913 6,121,692 8,060,022 pgp 10.60  

SH8 18 48,762,634 50,004,821 pgp 3.37 CYP2B6 002508-
9913 48,805,914 50,016,940 trio 3.38 

SH9 21 41,854,733 42,850,532 trio & pgp 4.33 NUBPL 002509-
9913 

SH10 24 41,944,725 43,140,179 pgp 3.24  002510-
9913 

SH11 28 38,936,504 40,068,646 trio 3.54  002511-
9913 

chr = chromosome, AF = allele frequency, OMIA = Online Mendelian Inheritance in Animals [65] 
aaccording to NCBI Annotation Release 106  
bpreviously described haplotype [103] 
cpreviously described haplotype and associated gene [103, 119] 
dhaplotype co-localises with previously described haplotype HHB by Shuster et al. (1992) and Cole et 
al. (2018) [312, 344] 
ehaplotype described before as 175.5 and 07-126 by VanRaden et al. (2011) and Sahana et al. (2013) 
[103, 107]  
fhaplotype previously described by VanRaden et al. (2011), McClure et al. (2013), Sahana et al. (2013) 
and Wu et al. (2019) [103, 107, 108, 292]  
ghaplotype previously described by Schütz et al. (2016) and Fritz et al. (2013) [81, 124] 
hhaplotype previously described by Fritz et al. (2013) [109] 
 
 

https://omia.org/OMIA002501/9913/
https://omia.org/OMIA002501/9913/
https://omia.org/OMIA002502/9913/
https://omia.org/OMIA002502/9913/
https://omia.org/OMIA002503/9913/
https://omia.org/OMIA002503/9913/
https://omia.org/OMIA002504/9913/
https://omia.org/OMIA002504/9913/
https://omia.org/OMIA002505/9913/
https://omia.org/OMIA002505/9913/
https://omia.org/OMIA002506/9913/
https://omia.org/OMIA002506/9913/
https://omia.org/OMIA002507/9913/
https://omia.org/OMIA002507/9913/
https://omia.org/OMIA002508/9913/
https://omia.org/OMIA002508/9913/
https://omia.org/OMIA002509/9913/
https://omia.org/OMIA002509/9913/
https://omia.org/OMIA002510/9913/
https://omia.org/OMIA002510/9913/
https://omia.org/OMIA002511/9913/
https://omia.org/OMIA002511/9913/
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Table A9: Identified candidate causative variants of the reverse genetic approach denoted Brown Swiss haplotypes (BH), Original Braunvieh haplotypes (OH), 
Holstein haplotypes (HH), and Simmental haplotypes (SH).  

haplotype candidate variant [150, 155] associated gene 

name AF 
(%) chr position base change amino acid 

change transcript effect gene gene name [343] associated disorder 
/ function 

OMIM / 
OMIA 

BH1 3.0 7 43,997,146 c.208G>A p.Asp70Asn 
NM_0011
92698.1 

missense 
variant 

TCF3 
transcription 
factor 3 

Agammaglobulinemia 
8; postnatal death 

147141 / 
001825-

9913 

BH2 4.2 19 10,833,921 c.629A>G p.His210Arg 
NM_0010
75470.2 

missense 
variant 

TUBD1 tubulin delta 1 embryonic lethal 
607344 / 
001939-

9913 

BH4& 2.2 1 76,381,812 c.733G>A p.Gly245Arg 
XM_0026
84863.5 

missense 
variant GMNC 

geminin coiled-
coil domain 
containing 

infertility; postnatal 
lethality 614448 

BH5& 2.9 2 56,650,799 c.4005C>T 
p.Asn1335As

n 
XM_0249
78797.1 

synonymous 
variant LRP1B 

LDL receptor 
related protein 1B 

embryonic lethality, 
preweaning lethality 608766 

BH6 3.4 2 86,191,230 c.1553G>A p.Arg518Gln 
NM_0010
98971.1 

missense 
variant MARS2 

methionyl-tRNA 
synthetase 2, 
mitochondrial 

spastic ataxia 3, 
lethality 

609728 / 
002517-

9913 

BH7& 1.9 2 118,811,610 c.616C>T p.Arg206Cys 
NM_0010
76480.2 

missense 
variant 

SPATA3 
spermatogenesis 
associated 3 

sperm alterations; in 
vitro hypofertility 

 

BH9& 1.4 3 52,024,307 c.2341+4A>G  NM_0012
05576.2 

splice region 
variant & 

intron variant 
HFM1 

helicase for 
meiosis 1 

premature ovarian 
failure 9 

615684 

BH12& 2.3 5 57,129,352 c.852G>A p.Gln284Gln 
NM_0010
46525.1 

synonymous 
variant 

RNF41 
ring finger protein 
41 

homozygous lethal  

BH12& 2.3 5 56,310,186 c.-68T>G   XM_0249
92496.1 

5' UTR 
premature 
start codon 
gain variant 

LRP1 
LDL receptor 
related protein 1 

Keratosis pilaris 
atrophicans, 
homozygous lethal 

107770 

BH14 3.0 7 2,996,436 c.169C>T p.Arg57* 
NM_0013
03490.1 

stop gained MRPL55 
mitochondrial 
ribosomal protein 
L55 

early pregnancy loss 
611859 / 
002518-

9913 

BH17& 2.4 11 82,957,204 c.41G>A p.Arg14His 
XM_0108
00733.3 

missense 
variant 

PGGHG 
protein-
glucosylgalactosyl

hydrolization of 
glucose; essential for 
catalytic actions 

617032 

https://www.omim.org/entry/147141?search=tcf3&highlight=tcf3
https://omia.org/OMIA001825/9913/
https://omia.org/OMIA001825/9913/
https://www.omim.org/entry/607344?search=607344&highlight=607344
https://omia.org/OMIA001939/9913/
https://omia.org/OMIA001939/9913/
https://www.omim.org/entry/614448?search=614448&highlight=614448
https://www.omim.org/entry/608766?search=608766&highlight=608766
https://www.omim.org/entry/609728?search=609728&highlight=609728
https://omia.org/OMIA002517/9913/
https://omia.org/OMIA002517/9913/
https://www.omim.org/entry/615684?search=hfm1&highlight=hfm1
https://www.omim.org/entry/107770?search=107770&highlight=107770
https://www.omim.org/entry/611859?search=611859&highlight=611859
https://omia.org/OMIA002518/9913/
https://omia.org/OMIA002518/9913/
https://www.omim.org/entry/617032?search=617032&highlight=617032
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hydroxylysine 
glucosidase 

BH24 2.3 18 56,098,048 c.158G>A p.Gly53Asp XM_0026
95120.5 

missense 
variant 

CPT1C 
carnitine 
palmitoyltransfera
se 1C 

spastic paraplegia 
(lethal) 

608846 / 
002519-

9913 

BH25& 1.9 19 37,594,866 c.767C>T p.Ala256Val 
NM_0010
75211.1 

missense 
variant 

SNF8 
SNF8 subunit of 
ESCRT-II 

hirschsprungs 
disease; follicular 
development 

610904 

BH31& 1.8 25 27,455,769 c.239G>A p.Arg80Gln 
NM_0011
02496.2 

missense 
variant 

ITGAD 
integrin subunit 
alpha D 

abnormal immune 
system physiology 

602453 

BH31& 1.8 25 26,512,393 c.573T>G p.Asp191Glu NM_0011
03102.2 

missense 
variant 

SPN sialophorin spondylocostal 
dysostosis 5 

182160 

BH34 2.4 26 32,940,521 c.528C>G p.Asn176Lys 
NM_0010
75650.1 

missense 
variant 

ACSL5 

acyl-CoA 
synthetase long 
chain family 
member 5 

Lipid malabsorption 
605677 / 
002226-

9913 

BH39& 2.1 1 45,757,401  c.3106T>C p.Tyr1036His 
XM_0249
94100.1 

missense 
variant 

IMPG2 
interphotorecepto
r matrix 
proteoglycan 2 

macular dystrophy, 
retinitis pigmentosa 

607056 / 
002289-

9615 

BH50& 1.7 9 89,319,503 c.16229C>T p.Thr5410Ile 
XM_0249
97066.1 

missense 
variant 

SYNE1 

spectrin repeat 
containing 
nuclear envelope 
protein 1 

Arthrogryposis 
multiplex congenita 3, 
Emery-Dreifuss 
muscular dystrophy, 
spinocerebellar 
ataxia; postnatal 
growth retardation 

608441 

BH52& 2.7 10 20,148,667 c.2167A>G p.Arg723Gly 
XM_0249
97938.1 

missense 
variant HCN4 

hyperpolarization 
activated cyclic 
nucleotide gated 
potassium 
channel 4 

Brugada syndrome 8, 
sick sinus syndrome 
2; embryonic lethality 
in mice 

605206 

BH63& 1.8 20 41,522,590 c.3769G>A p.Gly1257Arg 
XM_0249
81517.1 

missense 
variant 

PDZD2 
PDZ domain 
containing 2 

cell adhesion; 
associated with 
prostate tumors 

610697 

HH3 1.4 8 93,753,358 c.3404T>C 
p.Phe1135Se

r 
XM_0154
72668.2 

missense 
variant 

SMC2 
structural 
maintenance of 
chromosomes 2 

embryonic lethality 
605576 / 
001824-

9913 

https://www.omim.org/entry/608846?search=608846&highlight=608846
https://omia.org/OMIA002519/9913/
https://omia.org/OMIA002519/9913/
https://www.omim.org/entry/610904?search=610904&highlight=610904
https://www.omim.org/entry/602453?search=602453&highlight=602453
https://www.omim.org/entry/182160?search=182160&highlight=182160
https://www.omim.org/entry/605677?search=605677&highlight=605677
https://omia.org/OMIA002226/9913/
https://omia.org/OMIA002226/9913/
https://www.omim.org/entry/607056?search=607056&highlight=607056
https://omia.org/OMIA002289/9615/
https://omia.org/OMIA002289/9615/
https://www.omim.org/entry/608441?search=608441&highlight=608441
https://www.omim.org/entry/605206?search=605206&highlight=605206
https://www.omim.org/entry/610697?search=610697&highlight=610697
https://www.omim.org/entry/605576?search=605576&highlight=605576
https://omia.org/OMIA001824/9913/
https://omia.org/OMIA001824/9913/
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HH13 1.8 18 62,758,881 c.475C>T p.Gln159* 
NM_0010
97567.1 

stop gain 
variant KIR2DS1 

killer cell 
immunoglobulin 
like receptor, two 
Ig domains and 
short cytoplasmic 
tail 1 

function in 
placentation and 
during pregnancy, 
integral component of 
membrane 

604952 / 
001836-

9913 

HH21 5.5 7 7,913,459 
c.129_131del

TTG 
p.Cys44del  

XM_0035
86246.3  

disruptive in-
frame 

deletion 
NOTCH3 notch receptor 3 

myofibrimatosis / 
cerebral arteriopathy 
with subcortical 
infarcts and 
leukoencephalopathy
, type 1 (CADASIL1) 

600276 / 
001908-

9913 

HH25 2.0 10 84,938,370 

c.396_425del
GGCGCAGA
CCCCGGCG
GCACGCTTG

GTGGA 

p.Ala133_Glu
142del 

NM_0010
99702.1 

disruptive in-
frame 

deletion 
RIOX1 ribosomal 

oxygenase 1 

chromatin 
organization, 
negative regulation of 
osteoblast 
differentiation, 
negative regulation of 
transcription, DNA-
templated 

611919 / 
002547-

9913 

HH35 2.4 26 5,325,675 c.2599C>G p.Leu867Val XM_0154
60562.2 

missense 
variant 

PCDH15 protocadherin 
related 15 

Usher syndrome, 
deafness 

605514 / 
002548-

9913 

OH2 4.5 2 1,268,426 c.311C>A p.Thr104Lys 
NM_0011
02495.1 

missense 
variant & 

splice region 
variant 

TUBGCP5 

tubulin gamma 
complex 
associated 
protein 5 

important role in the 
formation of the 
mitotic spindles 

608147 / 
002515-

9913 

OH3& 5.8 11 104,408,774 c.-762G>T  XM_0249
99145.1 

5' UTR 
premature 
start codon 
gain variant 

MYMK 
myomaker, 
myoblast fusion 
factor 

Carey-Fineman-Ziter 
syndrome; congenital 
myopathy 

615345 

OH4 3.9 19 15,080,335 
c.2483_2484+
4delAGGTGC p.Lys828fs 

NM_0010
38107.2 

frameshift 
variant & 

splice donor 
variant & 

intron variant 

LIG3 DNA ligase 3 embryonic lethality 
600940 / 
002516-

9913 

https://www.omim.org/entry/604952?search=604952&highlight=604952
https://omia.org/OMIA001836/9913/
https://omia.org/OMIA001836/9913/
https://www.omim.org/entry/600276?search=600276&highlight=600276
https://omia.org/OMIA001908/9913/
https://omia.org/OMIA001908/9913/
https://www.omim.org/entry/611919?search=611919&highlight=611919
https://omia.org/OMIA002547/9913/
https://omia.org/OMIA002547/9913/
https://www.omim.org/entry/605514?search=605514&highlight=605514
https://omia.org/OMIA002548/9913/
https://omia.org/OMIA002548/9913/
https://www.omim.org/entry/608147?search=608147&highlight=608147
https://omia.org/OMIA002515/9913/
https://omia.org/OMIA002515/9913/
https://www.omim.org/entry/615345?search=615345&highlight=615345
https://www.omim.org/entry/600940?search=600940&highlight=600940
https://omia.org/OMIA002516/9913/
https://omia.org/OMIA002516/9913/
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OH5& 4.6 21 6,825,663 c.460C>G p.His154Asp NM_0010
81528.1 

missense 
variant 

LYSMD4 LysM domain 
containing 4 

coronary artery 
calcification 

 

OH6& 3.9 25 7,724,151 c.2500G>C p.Glu834Gln 
XM_0052
24667.4 

missense 
variant USP7 

ubiquitin specific 
peptidase 7 

Hao-Fountain 
syndrome  602519 

OH7& 4.2 6 3,393,947 c.377G>A p.Ser126Asn 
NM_0011
91346.2 

missense 
variant 

BBS7 
Bardet-Biedl 
syndrome 7 

Bardet-Biedl 
syndrome 7; 
ciliopathic 
multisyndromic 
disorder 

607590 / 
002216-

9544 

OH8& 4.5 6 68,551,351 c.1904C>T p.Thr635Ile 
NM_0010
78005.1 

missense 
variant SCFD2 

sec1 family 
domain 
containing 2 

preweaning lethality  

OH9& 3.5 25 27,119,330 c.259C>T p.Arg87Cys 
XM_0154
60381.2 

missense 
variant 

HSD3B7 

hydroxy-delta-5-
steroid 
dehydrogenase, 3 
beta- and steroid 
delta-isomerase 7 

Bile acid synthesis 
defect 

607764 

SH5 6.2 12 47,511,687 c.2032dupA 
p.Ile678AsnT

er2 
XM_0250
00110.1  

frameshift 
variant 

DIS3 

DIS3 homolog, 
exosome 
endoribonuclease 
and 3'-5' 
exoribonuclease 

RNA processing; 
preweaning lethality; 
Perlman syndrome 

607533 / 
002505-

9913 

SH8 3.4 18 50,296,371 c.938T>A p.Ile313Asn NM_0010
75173.1  

missense 
variant 

CYP2B6 
cytochrome P450 
family 2 subfamily 
B member 6 

poor metabolism of 
efavirenz, central 
nervous system 
toxicity 

123930 / 
002508-

9913 

SH9 4.3 21 42,154,344 c.428C>A  p.Ser143Tyr  
NM_0011
93042.1  

missense 
variant 

NUBPL 
nucleotide binding 
protein like 

Mitochondrial 
complex I deficiency, 
nuclear type 21; 
prenatal lethality prior 
to heart atrial spation; 
preweaning lethality, 
complete penetrance 

613621 / 
002509-

9913 

AF = allele frequency, OMIM = Online Mendelian Inheritance in Man [345], OMIA = Online Mendelian Inheritance in Animals [65],  
&low confidence variants 
 

https://www.omim.org/entry/602519?search=602519&highlight=602519
https://www.omim.org/entry/607590?search=607590&highlight=607590
https://omia.org/OMIA002216/9544/
https://omia.org/OMIA002216/9544/
https://www.omim.org/entry/607764?search=607764&highlight=607764
https://www.omim.org/entry/607533?search=607533&highlight=607533
https://omia.org/OMIA002505/9913/
https://omia.org/OMIA002505/9913/
https://www.omim.org/entry/123930?search=123930&highlight=123930
https://omia.org/OMIA002508/9913/
https://omia.org/OMIA002508/9913/
https://www.omim.org/entry/613621?search=613621&highlight=613621
https://omia.org/OMIA002509/9913/
https://omia.org/OMIA002509/9913/
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