
ABSTRACT

Shortening of the mandible (brachygnathia inferior) 
is a congenital, often inherited and variably expressed 
craniofacial anomaly in domestic animals including 
cattle. Brachygnathia inferior can lead to poorer ani-
mal health and welfare and reduced growth, which ul-
timately affects productivity. Within the course of the 
systematic conformation scoring, cases with a frequency 
of about 0.1% were observed in the Brown Swiss cattle 
population of Switzerland. In contrast, this anomaly is 
almost unknown in the Original Braunvieh population, 
representing the breed of origin. Because none of the 
individually examined 46 living offspring of our study 
cohort of 145 affected cows showed the trait, we can 
most likely exclude a monogenic-dominant mode of 
inheritance. We hypothesized that either a monogenic 
recessive or a complex mode of inheritance was under-
lying. Through a genome-wide association study of 145 
cases and 509 controls with imputed 624k SNP data, we 
identified a 4.5 Mb genomic region on bovine chromo-
some 5 significantly associated with this anomaly. This 
locus was fine-mapped using whole-genome sequenc-
ing data. A run of homozygosity analysis revealed a 
critical interval of 430 kb. A breed specific frameshift 
duplication in WNT10B (rs525007739; c.910dupC; 
p.Arg304ProfsTer14) located in this genomic region 
was found to be associated with a 21.5-fold increased 
risk of brachygnathia inferior in homozygous carriers. 
Consequently, we present for the first time a genetic 
locus associated with this well-known anomaly in cat-
tle, which allows DNA-based selection of Brown Swiss 
animals at decreased risk for mandibular shortening. 
In addition, this study represents the first large animal 
model of a WNT10B-related inherited developmental 
disorder in a mammalian species.
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INTRODUCTION

Brachygnathia inferior is a well-known congenital 
and presumably inherited malformation in domestic 
animals including cattle (OMIA 000147–9913). It is 
known that chromosomal abnormalities, viral infec-
tions such as Schmallenberg virus, teratogenic drugs, 
or plant alkaloids can also cause such craniofacial mal-
formations, but most often in combination with other 
abnormalities (Kerkmann et al., 2008; Herder et al., 
2012; Peperkamp et al., 2015). A monogenic-recessive 
inherited cause for a nonsyndromic form of mandibular 
shortening was first suggested in Shorthorn cattle more 
than 80 years ago (Annett 1939). In a study of Fleck-
vieh cattle, a syndromic form of brachygnathia inferior 
associated with proportionate dwarfism was described 
as a simple recessive Mendelian GON4L-related trait 
(OMIA 001985–9913; Schwarzenbacher et al., 2016). 
The undesirable phenotype of shortening of the man-
dible (lower jaw) resulting in protrusion of the maxilla 
(upper jaw) is shown in Figure 1 in comparison to an 
unaffected cow. An extreme degree of brachygnathia 
inferior could result in reduced growth due to impaired 
suckling and grazing, as well as poorer animal health 
and welfare, which could ultimately affect productiv-
ity. Therefore, it would be desirable to select against 
this phenotype and decipher the genetic background of 
the craniofacial malformation. Based on heterogeneous 
findings in different mammalian species, either a Men-
delian mode of inheritance or a possibly more complex 
genetic cause could be assumed.

Forms of syndromic and nonsyndromic brachyg-
nathia inferior were also observed in other domestic 
animal species such as dogs (OMIA 000147–9615), 
sheep (OMIA 000147–9940; Greber et al., 2013), or 
horses (OMIA 000147–9796). The molecular causes are 
rarely known. A study in East Friesian sheep showed 
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that the brachygnathic facial type was mainly charac-
terized as a shortened mandible, the upper jaw was not 
significantly involved (Eriksen et al., 2016), and that it 
could be reproduced in a breeding experiment, suggest-
ing a complex inheritance (Kerkmann et al., 2008). In 
sheep, an autosomal recessive OBSL1-related brachyg-
nathia, cardiomegaly and renal hypoplasia syndrome 
was reported (Shariflou et al., 2013; Woolley et al., 
2020). In horses, GWAS revealed an associated region 
on chromosome 13 for prognathism, where the lower 
jaw outgrows the upper, resulting in an extended chin 
and a crossbite (Signer-Hasler et al., 2014). Recently, 

abnormal shortening of the mandible (brachygnathia 
inferior) was observed in single cloned dogs, possibly as-
sociated with variants in initiators or regulators of the 
Wnt/cadherin signaling pathway (Choe et al., 2022).

Among the developmental anomalies of the jaw bones 
in domestic animals, brachygnathia superior represents 
another form of dysgnathia. The congenital abnormal 
shortening of the upper jaw (maxilla) leads to protru-
sion of the lower jaw (mandible) and is reported in 
sporadic cases, so far without a known inherited cause, 
in several domestic animal species including cattle 
(OMIA 000149–9913). A study in a pedigree of German 
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Figure 1. Brachygnathia inferior in Brown Swiss cattle: photos of the head form (A) and the lower jaw (B) of an affected cow (left side) in 
comparison to an unaffected control animal (right side).
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shorthaired pointer dogs observed that brachygnathia 
superior was most likely inherited in a simple Men-
delian recessive manner (OMIA 000147–9615; Byrne 
and Byrne, 1992). In humans, prognathism is the most 
common form of a presumably polygenically inherited 
malocclusion of teeth and jaws, the genetic causes 
of which are diverse but largely unknown (Jaruga et 
al., 2022). For example in the Asian population, the 
MATN1 gene encoding a cartilage matrix protein repre-
sents a risk locus for mandibular prognathism (Jang et 
al., 2010). In a Japanese study, PLXNA2 was identified 
as a candidate gene for prognathism by GWAS (Kajii 
et al., 2018). In a family with inherited mandibular 
prognathism, a possible causal missense variant in the 
BEST3 gene was identified (Kajii et al., 2019).

The aim of this study was to decipher the genetic 
architecture of brachygnathia inferior for the first time 
in cattle. Therefore, we first analyzed the possible 
mode of inheritance in the Brown Swiss cattle popu-
lation of Switzerland. To identify associated genomic 
regions performing GWAS, we merged genotypes from 
cohorts with data from animals genotyped for genomic 
selection. Run of homozygosity (ROH) mapping using 
whole-genome sequencing (WGS) data were performed 
to fine map the associated locus. This resulted in the 
identification of a possible causative protein-changing 
variant for this craniofacial malformation affecting a 
member of the Wnt protein family.

MATERIALS AND METHODS

Phenotypes

All animals in this study were examined with the 
consent of their owners. Collection of samples was ap-
proved by the Cantonal Committee for Animal Experi-
ments (Canton of Bern; permit 71/19).

The phenotypic and genotypic data were provided by 
the Swiss cattle breeding organization Braunvieh Sch-
weiz (Zug, Switzerland). The founder breed of Brown 
Swiss, which originated in North America from animals 
bred in Switzerland, is the so-called Original Braunvieh 
population that is still independently bred in Switzer-
land. Allocation to the subpopulation was made based 
on the animal’s proportion of each subpopulation and 
where a minimal proportion of 0.6 of the corresponding 
subpopulation was applied. The presence or absence 
of brachygnathia inferior is routinely assessed in linear 
type classification of first lactating cows in the Brown 
Swiss breeding program. The degree of malformation 
surveyed (mild or severe) was not considered in our 
analysis. For 145 out of 365 reported cases, for which 
we had access to, their malformed phenotype was 
validated by additional on-farm visits and hair root 

samples were taken for subsequent array genotyping. 
The controls selected were 509 Brown Swiss sires that 
were screened for this malformation by veterinarians at 
the time of admission to the insemination station.

Genotypes

All 654 animals were genotyped within routine ge-
nomic selection pipelines using different arrays that 
encompass between 9k and 850k SNPs. We applied a 
2-step imputation approach (first to 150k density and 
subsequently to high-density) using the FImpute (Ver-
sion 3) software with default parameters (Sargolzaei et 
al., 2011). In each step, SNPs with a minor allele fre-
quency <1% and an SNP call rate <0.99 were excluded 
from the data set. The bovine ARS-UCD1.2 assembly 
was used as reference genome.

Whole-Genome Sequencing

GWAS was performed by single SNP regression 
(SSR) using a mixed model in the software snp1101 
(Sargolzaei, 2021). The genomic relationship for the 
animals used in the analyses was calculated and was 
fitted in the model to correct for population stratifica-
tion (VanRaden, 2008). We used the following model:

 yi = μ + βgi + ai + εi,

where yi is the phenotype of animal i (coded as 0 or 1), 
μ is the overall mean, β represents the allele substitu-
tion effect, gi is the SNP genotype of animal i, coded 
as 0, 1, and 2 for SNP genotypes AA, AB, and BB, 
respectively. ai is the random additive polygenic effect 
of animal i with a ~N (0,Gσa

2) where G represents the 
genomic relationship matrix (VanRaden, 2008) and 
σa

2 is the polygenic additive genetic variance. εi is the 
random residual effect. The aim of this approach was 
to detect SNPs that were significantly associated with 
our phenotype of interest. The analysis was conducted 
using a final data set of 624,374 SNPs and 654 animals 
(145 cases and 509 controls).

Whole-Genome Sequencing and ROH Mapping

Of the 145 affected animals, we selected 12 cases for 
WGS based on DNA quality. WGS data processing of 
these animals was performed as reported earlier (Hä-
fliger et al., 2020). For 10 of the AI bull controls WGS 
data were already available (Table 1). Finally, we used 
WGS data from 22 sequenced animals (12 cases, 10 
controls) for homozygosity mapping. The WGS data 
were screened for possible Mendelian errors using vari-
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ant data of 798 sequenced genomes that had been se-
quenced in the course of the Swiss Comparative Bovine 
Resequencing project (SCBR; https: / / www .ebi .ac .uk/ 
ena/ browser/ view/ PRJEB18113). A threshold of 0.02 
was used for Mendel error filtering. The analysis was 
performed for the associated 4.5 Mb region on chro-
mosome 5 previously identified by GWAS analysis by 
using the PLINK software (Chang et al., 2015) under 
the assumption of a monogenic-recessive inheritance.

Variant Filtering and Annotation

For the variant filtering, we applied an inhouse soft-
ware based on a Shell-script using the SCBR vcf file 
containing the 798 sequenced animals mentioned above. 
We filtered in the previous identified ROH window for 
homozygous variants in the 11 cases that shared the 
identified homozygosity window. In a second step, we 
analyzed the frequency of the identified variants in the 
inhouse vcf file and the 1000 Bull Genomes Project Run 
9 vcf including 5,116 animals (Hayes and Daetwyler, 
2019). The SCBR vcf file contained 629 genomes from 
the 4 major cattle breeds in Switzerland (271 Holstein, 
150 Brown Swiss, 139 Original Braunvieh and 69 Sim-
mental) as well as 168 genomes from different global 
breeds. We filtered for Brown Swiss specific variants as 
we observed the studied phenotype in the Brown Swiss 
breed only. To define a Brown Swiss focusing analy-
sis, we used a threshold of maximum 1% homozygous 
carriers of the other breeds with at least 50 animals 

sequenced in each vcf file. The ARS-UCD1.2 assembly 
was used as reference genome. The Ensembl genome 
browser (http: / / www .ensembl .org) was consulted for 
annotation of the variants (Ensembl bos taurus version 
106.12; ARS-UCD1.2) and the visualization of their ef-
fect on the associated genes (Ensembl, 2022).

Odds Ratio Calculation

To determine the risk of an animal to be affected by 
the malformation when carrying the candidate variant, 
we calculated the odds ratio. Therefore, we used the 
data from routinely imputed SNP genotypes and the 
information from routine conformation scoring for de-
fining the presence or absence of brachygnathia inferior.

Genotyping of the WNT10B Variant (rs525007739)

Sanger sequencing of PCR products using flanking 
primers (forward: AAGTGCCATGGTACGTCAGG 
and reverse: GGGTCTCGCTCACAGAAGTC) was 
carried out to genotype the 1bp duplication in the 
WNT10B gene (NC_037332.1: g.30,846,510dupC). 
This was done on a subset of 81 cases for which we 
still had DNA available from the original cohort of 145 
cases (Table 1).
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Table 1. Overview of Brown Swiss study cohorts and genotyping results for the WNT10B variant (c.910dupC) in Swiss dairy cattle

Group  Subgroup 1  Subgroup 2 Quantity

Genotype1

Ref/ref Ref/var Var/var

Controls2  SNP data   509    
    with WGS data (sharing 

ROH)
10 (1)    

Cases2  SNP data   145    
    with WGS data (sharing 

ROH)
12 (11)    

  PCR validation   81 16 13 52
Population  Custom array data   41,335    
    Brown Swiss 16,617 7,063 7,663 1,891
    Original Braunvieh 2,837 2,834 3  
    Holstein 19,045 19.026 19  
    Simmental 2,836 2,835 1  
  Imputed genotypes Brown 

Swiss4
  29,498    

    Affected5 187 32 37 118
    Unaffected5 29,311 16,222 10,933 2,156
1for variant chr5: 30 ,846 ,506insC.
2initial data set using validated phenotypes for GWAS analyses.
3low-density (60K) chip designed for Switzerland.
4Population wide imputation was carried out using most recent genotype archive of Braunvieh Schweiz, which encompasses newly pheno- and 
genotyped samples compared with data set used in initial GWAS analyses.
5identification through routine conformation scoring.

https://www.ebi.ac.uk/ena/browser/view/PRJEB18113
https://www.ebi.ac.uk/ena/browser/view/PRJEB18113
http://www.ensembl.org
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RESULTS AND DISCUSSION

From the routine conformation scoring in the years 
2010 until 2022, 274,272 Brown Swiss animals were 
analyzed and 365 of them were found to have brachyg-
nathia inferior. In the same period, only one cow with 
brachygnathia inferior was found out of 40,437 scored 
animals from the Original Braunvieh population, the 
ancestral breed of the modern Brown Swiss population. 
Therefore, the frequency of brachygnathia inferior phe-
notype in the Brown Swiss population was found to 
be approximately 0.1%, while it is considered zero in 
Original Braunvieh. The cases are cows in lactation and 
thus were kept by the breeders. We cannot exclude that 
we missed animals with very pronounced brachygnathia 
due to counter-selection by the breeders for aesthetic or 
practical reasons related to poor growth due to feed-
ing difficulties. Out of the 365 recorded animals with 
brachygnathia inferior we used a subset of 145 animals 
with validated phenotypes in our subsequent GWAS 
analysis, and of these, blood samples were addition-
ally collected from 81 animals for further WGS or PCR 
applications. In addition, we wanted to determine the 
possible mode of inheritance. Therefore, we examined 
46 living progeny of our cohort of 145 affected cows. 
Because none of them showed brachygnathia inferior, a 
simple monogenic-dominant model can most probably 
be excluded. Consequently, we suspected that either a 
simple monogenic-recessive or an oligo- or polygenic-
recessive or additive inheritance underlies the anomaly.

The results from the SSR analysis using imputed 
624k SNP data are shown in a Manhattan plot (Fig-
ure 2). There is a single genome-wide significant hit 
on chromosome 5 (Bonferroni corrected threshold level 
of 1%). The associated, approximately 4.5 Mb long 
region spans the interval from 29 to 33 Mb. The top-
associated SNPs were at positions 30,420,246 bp and 
30,424,685 bp. The proportions of animals homozy-
gous for the top-associated alleles at these 2 positions 
in the case group was 66% and in the control group 
12%. There were single significantly associated SNPs 
above the population-based significance threshold on 
additional chromosomes possibly representing false 
positive associations. Sexes are unbalanced between 
controls and cases in our analysis here, which could 
cause a false positive GWAS result and also excluded 
X-chromosomal genotypes. Indeed, this strategy was 
applied to have double-validated phenotype data for 
control group due to narrow animal handling at the AI 
station. However, a preliminary and unpublished study 
using a purely female control cohort resulted in the 
identification of the same major QTL region. In conclu-
sion, for the first time this GWAS analysis revealed an 
associated locus for this undesirable craniofacial mal-

formation in cattle. For fine mapping, we focused on 
this single brachygnathia inferior-associated genomic 
region on chromosome 5.

For the following ROH mapping assuming a recessive 
disorder using WGS data, we did not find a single win-
dow shared by all cases and none of the controls. Such 
results would fit a simple monogenic-recessive model 
explaining all 12 sequenced affected animals; however, 
2 top ROH windows were detected in 11 out of 12 cases 
and in 1 out of 10 controls (Table 2). The first shared 
ROH was 430 kb long and located on chromosome 5 
between 30,423,169 and 30,853,973 bp. The second 
ROH window was smaller, spanning only 5.4 kb from 
31,248,867 to 31,254,272 bp. This smaller ROH win-
dow was not considered in further analyses because of 
very short length and the higher probability of having 
false positive carriers. Because not all cases had the 
430 kb ROH, we conclude that there are additional 
rare variants associated with brachygnathia inferior. In 
addition, incomplete penetrance of the recessive locus 
on chromosome 5 beside genetic heterogeneity could 
be considered. This is in line with the observation of 
homozygous controls. Furthermore, it is suspected that 
the single homozygous control animal had a minor 
mandibular shortening that was not visible during the 
examination. At the time of this study, this bull had 
already left the AI station and therefore the phenotype 
could not be verified. In the 430 kb long ROH interval 
the 2 top-associated SNPs from the SSR are co-located, 
one at the upstream boundary and one at the beginning 
of the ROH (Figure 3A). Within this ROH a total of 
17 protein-coding genes and 2 nonprotein-coding genes 
are annotated.

Subsequent variant filtering within the 430 kb region 
revealed 326 homozygous variants in the ROH window 
shared by 11 brachygnathia inferior-affected animals. 
Filtering for Brown Swiss specific variants resulted 
in a reduction to 7 and then to 5 variants using the 
SCBR and then the 1000 Bull Genomes Project variant 
catalogs, respectively. These 5 variants affect 5 differ-
ent genes (Table 3 and Figure 3A). Four of them are 
noncoding variants, and their annotated genes are re-
portedly not involved in the process of bone formation 
or known to be in association with bone malformations. 
Interestingly, one of the 5 variants is a high impact 
variant predicted to affect the open reading frame 
of a protein-coding gene that has an impact on bone 
formation. The single nucleotide duplication is located 
in exon 5 of the Wnt family member 10B (WNT10B) 
gene (NC_037332.1: g.30,846,510dupC; rs525007739). 
The deleterious WNT10B variant (XM_010805029.3: 
c.910dupC) is predicted to result in a frameshift after 
arginine 304 with a stop codon after 14 altered amino 
acids (XP_010803331.1: p.Arg304ProfsTer14). This 
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alteration results in a truncated AA sequence of 317 
residues compared with the 391 AA long wild type 
protein (Figure 3B and 3C). The frameshift variant 
lies close to the C-terminal end of the protein includ-
ing the Wnt domain. Therefore, the effect of a 20% 
truncation on protein function, if expressed at all, is 
potentially harmful, thus the variant represents a most 
likely loss-of-function mutation. As a member of the 
Wnt protein family, WNT10B encodes a cysteine-rich 
glycoprotein, a secreted signaling protein that plays a 
role in oncogenesis and various developmental processes 
(Mittermeier and Virshup, 2022). WNT10B specifically 
activates canonical Wnt/β-catenin signaling and thus 
triggers β-catenin/LEF/TCF-mediated transcriptional 
programs (Wend et al., 2012). Among other organs, 
the function of WNT10B has been well established in 
bone to be involved in signaling networks controlling 
stemness, pluripotency and cell fate decisions (Wend 
et al., 2012). Previous studies have shown that Wnt 
signaling is important for the complex regulation of 
the development of craniofacial structures (Dash and 

Trainor, 2020). It acts as a key regulator of chondrocyte 
versus osteocyte cell fate in neural crest cells during 
skeletogenic differentiation. In contrast, when studying 
agenesis of bones, ectopic cartilage forms following Wnt 
inactivation, suggesting that osteogenic progenitors are 
diverted to a chondrogenic fate in the absence of Wnt 
signaling (Wend et al., 2012). Enhancing Wnt increases 
osteogenic potential and Wnt signaling therefore regu-
lates neural crest cell differentiation into both chon-
drocytes and osteocytes (Bodine and Komm; 2006). 
Furthermore, Wnt signaling can regulate both endo-
chondral and intramembranous ossification of neural 
crest cells during cranioskeletal development (Dash and 
Trainor, 2020). Recently, Wnt signaling was observed 
to be associated with brachygnathia inferior in cloned 
dogs (Choe et al., 2022). Human autosomal dominant 
forms of oligodontia (OMIM 617073) and autosomal re-
cessive forms of split-hand/foot malformation (OMIM 
225300) are previously reported as WNT10B-related 
Mendelian diseases. Canonical Wnt signaling through 
Lrp5 and Lrp6, both co-receptors of Wnt signaling, 
plays a critical role in the development of dentition, 
and can result in a variety of tooth phenotypes, such 
as tooth agenesis or morphological defects (Kokubu 
et al., 2004). Although it is speculated that delayed 
Wnt signaling leads to tooth agenesis in humans with 
pathogenic WNT10B variants, there is not yet a reli-
able animal model to explain the molecular and cellular 
mechanisms underlying this situation (Kurosaka et al., 
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Figure 2. Manhattan plot showing GWAS results for brachygnathia inferior in Brown Swiss cattle using single SNP regression with 
Bonferroni corrected threshold level of 5% (blue line) and 1% (red line).

Table 2. Results of run of homozygosity (ROH) analysis for the 
associated region on chromosome 5

Start position1 End position1 Length (kb) Case (n) Control (n)

30,423,169 30,853,973 430.8 11 1
31,248,867 31,254,272 5.4 11 1
1ARS-UCD1.2 assembly.
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Figure 3. (A) Graphical representation of the region identified by run of homozygosity (ROH) mapping. Screenshot of the region on bovine 
chromosome 5 between 30.4 and 30.9 Mb from Ensembl. The red bar illustrates the 430 kb window identified ROH and the blue stars the 5 
variants remaining after variant filtering. The orange arrows show the localization of the top-associated SNPs from GWAS. The gene WNT10B 
is highlighted in pink. (B) Graphical representation of the WNT10B gene highlighting the candidate causal variant located in exon 5 (graphi-
cal illustration from Ensembl). (C) The 1 bp duplication leads to a frameshift which is predicted to truncate the C-terminus of the WNT10B 
protein. (D) Electropherograms showing the 3 alternative WNT10B genotypes.
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2022). Wnt10b null mice are associated with age-pro-
gressive osteopenia (Stevens et al., 2010). In summary, 
in light of what is known about the function of this 
gene, the identified variant in the bovine WNT10B gene 
appears to us to be a very likely causal mutation. The 
herein described deleterious bovine WNT10B variant 
is therefore the first in any mammalian species to be 
associated with brachygnathia inferior, and WNT10B 
should be considered as candidate gene for syndromic 
forms of cranioskeletal development defects in humans 
and other animal species. Whether the homozygous 
cattle have a reduced number of teeth in addition to 
the visible shortening of the lower jaw is not known to 
us at this time, as the number of teeth is not checked 
during routine conformation scoring. In addition, the 
bovine dentition differs from that of humans, which 
may result in different phenotypes. We are not aware of 
any evidence of missing incisors in the affected cattle. 
Inspection of the more caudally located premolars and 
molars in cattle cannot be carried out without signifi-
cant risk to both animal and human.

Interestingly, in the 1000 Bull Genomes Project Run 
vcf file, we observed a relatively high minor allele fre-
quency for the variant in WNT10B at 28% in Brown 
Swiss. Currently this WNT10B variant is routinely 
genotyped using the latest version of the custom low-
density Swiss SNP array, and a minor allele frequency 
of 34.4% is observed in 16,617 Brown Swiss animals 
(Table 1). Around 25,000 animals for the 3 other major 
dairy cattle breeds in Switzerland (Holstein, Origi-
nal Braunvieh and Simmental) were also genotyped 
with that array (Table 1). Within this data set, we 
observed an allele frequency of the WNT10B variant 
of 0.1%, only 23 heterozygous carriers were detected 
(Table 1). These carriers could be the result of rare 
genotype errors or true genotypes present in animals 
of other breeds due to undocumented Brown Swiss 
heritage. Overall, these data support the postulated 
possible causality of the WNT10B variant. Neverthe-
less, the rather high allele frequency in Brown Swiss 
contradicts the very rare occurrence of the anomaly 
in the studied population. One explanation could be 

that the individual phenotype of brachygnathia inferior 
varies highly; thereby mild malformations could easily 
be overlooked in routine conformation scoring. Alterna-
tively, it could be speculated that the expression of the 
anomaly brachygnathia inferior, which is generally con-
sidered a complex trait, is co-determined by other ge-
nomic factors of the individual's background and cause 
incomplete penetrance. Furthermore, it is possibe that 
the WNTB10B variant is not causative and we might 
have missed to detect the true causal variant. However, 
by excluding WNT10B homozygous animals in both 
cohorts, the significant signal of the candidate region 
on chromosome 5 disappeared. The same was observed 
when we fitted the WNT10B genotype as fixed effect 
in the GWAS. Therefore, we do not assume that we 
missed flanking regulatory variants. Nonetheless, ad-
ditional genome-wide located variants influencing the 
expression of the trait are highly likely.

Furthermore, using routine SNP genotype imputa-
tion and routine conformation score data, we calcu-
lated an odds ratio of being affected by the anomaly 
for WNT10B-homozygous animals. More than 63% of 
all genotyped cows with brachygnathia inferior (118 of 
187) showed the homozygous variant WNT10B geno-
type, 19.8% were heterozygous carriers and 17.1% were 
noncarriers (Table 1). In the genotyped population 
control cohort of more than 29 thousand Brown Swiss 
cattle assumed to be unaffected, 7.4% were homozygous 
and 37.3% were heterozygous carriers (Table 1). The 
calculated odds ratio was 21.54. Therefore, we conclude 
that the WNT10B loss-of-function variant explains a 
significantly increased risk of developing brachygnathia 
inferior in homozygous animals.

The SNP data analyzed during the current study are 
not publicly available but are available from the cor-
responding author on reasonable request.

CONCLUSIONS

Our work represents the first comprehensive study of 
the genetics of brachygnathia inferior in dairy cattle. 
With the identification of a single associated risk locus 
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Table 3. Remaining sequence variants after filtering for Brown Swiss specific variants on chromosome 5 against the variant catalogs of the Swiss 
Comparative Bovine Resequencing project and the 1000 Bull Genomes project

Position1  
Reference 
allele  

Alternative 
allele  Variant ID

Minor allele 
frequency2

Predicted 
effect  Associated gene

30,540,341  C  A  rs134508338 0.304 Modifier  ENSBTAG00000037775
30,612,641  C  T  rs724035615 0.306 Modifier  TUBA1C
30,776,962  G  A  rs458811699 0.313 Modifier  KMT2D
30,807,007  T  C  rs717868271 0.308 Modifier  PRKAG1
30,846,506  G  GC  rs525007739 0.287 High  WNT10B
1ARS-UCD1.2 assembly.
2in the Brown Swiss population using 1000 Bull Genomes Project Run 9 vcf.
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and the associated loss-of-function allele in WNT10B 
there is for the first time a genetic explanation for the 
development of this long-time known abnormality. Ap-
parently, a single recessively inherited allele, located in 
a gene significantly involved in the development of bone 
structure, contributes significantly to the expression of 
the trait. These findings allow DNA-based selection of 
Brown Swiss animals with lower risk for mandibular 
shortening. In addition, this study represents the first 
large animal model of a WNT10B-related inherited de-
velopmental disorder in a mammalian species.
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