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ABSTRACT
Purpose To determine the degree to which likely causal 
missense variants of single- locus traits in domesticated 
species have features suggestive of pathogenicity in a 
human genomic context.
Methods We extracted missense variants from the 
Online Mendelian Inheritance in Animals database for 
nine animals (cat, cattle, chicken, dog, goat, horse, pig, 
rabbit and sheep), mapped coordinates to the human 
reference genome and annotated variants using genome 
analysis tools. We also searched a private commercial 
laboratory database of genetic testing results from 
>400 000 individuals with suspected rare disorders.
Results Of 339 variants that were mappable to the 
same residue and gene in the human genome, 56 had 
been previously classified with respect to pathogenicity: 
31 (55.4%) pathogenic/likely pathogenic, 1 (1.8%) 
benign/likely benign and 24 (42.9%) uncertain/other. 
The odds ratio for a pathogenic/likely pathogenic 
classification in ClinVar was 7.0 (95% CI 4.1 to 12.0, 
p<0.0001), compared with all other germline missense 
variants in these same 220 genes. The remaining 283 
variants disproportionately had allele frequencies and 
REVEL scores that supported pathogenicity.
Conclusion Cross- species comparisons could facilitate 
the interpretation of rare missense variation. These 
results provide further support for comparative medical 
genomics approaches that connect big data initiatives in 
human and veterinary genetics.

INTRODUCTION
Genome- wide sequencing provides a near- 
comprehensive view of the exonic single nucleo-
tide variants (SNVs) that contribute to a breadth 
of human diseases.1 Distinguishing pathogenic 
missense variants that cause rare disease from 
missense variants that are benign or have no func-
tional consequence remains a major challenge in 
human genetics.2 In the companion field of veter-
inary medicine, genetic testing of economically 
important and domesticated animals for Mendelian 
traits and diseases is increasingly common.3 Many 
first- (eg, SIFT, PolyPhen) and second- generation 
(eg, CADD, REVEL) in silico prediction tools for 
missense variants incorporate sequence homology 
and evolutionary conservation of the amino acid 
residue,2 4 and a new wave of bioinformatic tools 
is learning from ‘tolerated’ variation in non- human 
primates and other animals (eg, PrimateAI- 3D, 
EVE).5 6 There is also a long- standing history of 
isolated observations that specific variants are 

pathogenic in both human and non- human ortho-
logs.7 However, the generalisability of a ‘compar-
ative medical genomics’ approach that correlates 
disease associations of specific variants across 
species is unknown.

Modelled after Online Mendelian Inheritance 
in Man (OMIM; https://omim.org/), the Online 
Mendelian Inheritance in Animals (OMIA; https:// 
omia.org) database includes ‘likely causal variants’ 
of ‘single- locus traits’ in non- human animal species 
that were expertly curated from the published 
literature.3 OMIA listed 1577 likely causal vari-
ants from 485 species as of the end of 2022, with 
missense variants being the most common type of 
variation. Many of the ‘traits’ studied in a veter-
inary medicine context are severe phenotypes 
reminiscent of human genetic diseases (eg, connec-
tive tissue, haematological, skeletal or neuroge-
netic disorders; online supplemental figure 1). We 
hypothesised that leveraging these easily accessible 
but previously siloed OMIA data to identify addi-
tional evidence for pathogenicity could aid in the 
interpretation of human missense variants. The 
purpose of this study was to systematically assess 
the degree to which pathogenic missense variation 
observed in a non- human animal genome possesses 
features suggestive of pathogenicity in a human 
genome context.

METHODS
Identification of non-human animal variants and 
their human equivalents
We extracted all 442 missense SNVs from OMIA 
(accessed: January 2023) that were classified as 
likely causal for Mendelian phenotypes in one of 
nine animals (cat, cattle, chicken, dog, goat, horse, 
pig, rabbit and sheep) and where genomic coordi-
nates were reported in OMIA or the original scien-
tific publication reporting the variant. 400 variants 
were successfully mapped to the human reference 
genome (GRCh38) using University of California 
Santa Cruz’s (UCSC’s) LiftOver tool. We manually 
inspected each genomic region in the UCSC human 
genome browser to confirm that (1) the reference 
amino acid residue in the non- human animal species 
with the OMIA variant entry matched the reference 
amino acid residue in humans and (2) the alternate 
amino acid residue would be created through the 
specific nucleotide change reported in the non- 
human species; this resulted in the exclusion of an 
additional 61 variants.
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Searching in public and private databases
We annotated the remaining 339 human genome variants using 
ANNOVAR8 and custom R scripts, including for allele frequency 
in gnomAD (v3.1.2 and v2.1.1),9 presence in ClinVar (down-
load date: 29 August 2022),10 phyloP conservation score,11 
REVEL score12 and AlphaMissense score.13 Variants were also 
searched in the Leiden Open Variation Database (LOVD v3.0)14 
and in the advanced literature database of Franklin by Genoox ( 
franklin.genoox.com) in winter 2023. We reviewed the primary 
literature regarding each variant to determine whether the clas-
sification or reporting of the variant in one species was directly 
informed by findings in another species and, for a subset, to 
summarise the evidence type(s) contributing to a reported asso-
ciation between a specific missense variant and a phenotype in 
a non- human animal species. Last, we cross- referenced these 
339 variants with a large private commercial genetic laboratory 
(GeneDx) database of genetic testing results from >400 000 
individuals with suspected rare Mendelian disorders and their 
family members.

Statistical methods
Standard descriptive statistics, and parametric and non- 
parametric tests, were performed using R statistical software, 
V.4.1.0 (R Foundation for Statistical Computing) with two- tailed 
statistical significance set at p<0.05.

RESULTS
In total, 339 missense SNVs across 220 different genes, initially 
identified in non- human animal species from OMIA, were 
studied in humans (figure 1; online supplemental table 1). A 
majority (52.8%) were C→T or G→A transitions. There were no 
variants present in two or more of the non- human species. 159 
(72.3%) of the genes were associated with germline Mendelian 
disease(s) in OMIM (online supplemental table 2). All but one 
variant were rare (minor allele frequency <0.001) in gnomAD 
v2.1.1, including 74.3% with an allele count of 0. The median 
and range of non- zero minor allele frequency were 1.2×10−5 and 
4×10−6 to 0.078, respectively. Most variants (n=228; 67.3%) 
had REVEL scores ≥0.644 (supporting or greater evidence for 

Figure 1 Missense variation from the OMIA database extrapolated to a human genome context. See main text for details. REVEL score thresholds 
for supporting evidence for pathogenicity (PP3) and for benign- ness (BP4) are from Pejaver et al.15 B/LB, benign/likely benign; OMIA, Online Mendelian 
Inheritance in Animals; P/LP, pathogenic/likely pathogenic; VUS/CIP, variant of uncertain significance/conflicting interpretations of pathogenicity. Created with 
BioRender.com.
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pathogenicity) and only 13.6% of variants had REVEL scores 
≤0.290 (supporting or greater evidence for benign- ness).15

Non-human animal variants were often classified as 
pathogenic when seen in humans
Of the 339 variants, 56 variants in 49 genes had been previ-
ously seen in humans and classified with respect to pathoge-
nicity in ClinVar: 31 (55.4%) as pathogenic/likely pathogenic 
(P/LP), 24 (42.9%) as variants of uncertain significance or 
with conflicting interpretations of pathogenicity (VUS/CIP) 
and 1 (1.8%) as benign/likely benign (B/LB) (figure 1). The 
human Mendelian disease phenotypes associated with these 
49 genes were typically concordant with the phenotypes 
observed in the corresponding non- human animal species 
(online supplemental figures 1 and 2) and included both 
common (eg, classic Ehlers- Danlos syndrome) and rare (eg, 
geleophysic dysplasia) genetic diseases familiar to medical 
geneticists. There were no significant differences in median 
phyloP score between the P/LP variants (0.935; n=31) and 
the VUS/CIP/B/LB variants (0.935; n=25) (Mann- Whitney U 
p>0.05). Similarly, 23 of the variants were detected across 
a total of 172 different families that underwent testing at 
GeneDx: 15 were classified as P/LP (65%), 7 as VUS (30%) 
and 1 as B/LB (5%). No additional reports of these variants 
in humans were found by searching LOVD or in the advanced 
literature database of Franklin by Genoox. The odds ratio 
for these variants having a P/LP classification in ClinVar was 
7.0 (95% CI 4.1 to 12.0, p<0.0001) when compared with all 
other germline missense variants with ClinVar entries in the 
220 genes (n=45 925) (online supplemental figure 3). Deter-
minations of a ‘likely causal’ genotype–phenotype associa-
tion in a non- human animal species were informed by similar 
principles as are used in medical genetics practice (online 
supplemental figure 4), with an average of 2.75 categories 
of evidence applied in each report. We found direct refer-
ences to non- human animal findings informing assessment of 
the human variant in only 10 cases and noted that the term 
‘OMIA’ appears once (accession number VCV000016168.16) 
in the ClinVar database of 3 373 166 records (search date: 
June 2023). Conversely, we found references to an equiva-
lent human variant in the initial publication and assessment 
of the non- human animal variant in 28 instances.

Understanding discordance between human and non-human 
variant consequences
We reviewed the variant classified in humans as B/LB, to look 
for plausible reason(s) for discordant classifications between 
humans and other animals. The B/LB variant in ClinVar is 
NM_002386.4(MC1R):c.274G>A;p.(Val92Met) (ClinVar 
Accession: VCV000014308.11), which has an allele frequency 
of >0.05 in many human populations. This variant in the 
melanocyte- stimulating hormone receptor gene is a well- 
studied functional polymorphism associated with pigmentation 
in humans and pigs.16 17 The impact of the variant is therefore 
concordant across species, in line with our initial hypothesis. 
The B/LB variant in the GeneDx dataset is NM_004006.3(D-
MD):c.5869C>T;p.(Arg1957Trp) and was identified in the 
hemizygous state in an adult. The REVEL score is 0.22 and 
hemizygotes (n=3) are reported in the ExAC and ABraOM 
population databases.18 Subsequent review of the original study 
in pigs19 revealed that the variant was associated with ‘stress 
syndrome’ rather than a muscular dystrophy phenotype, and 

it remains possible that the variant is a risk factor for similar 
decompensation in humans.

In silico scores for the remaining variants were suggestive of 
pathogenicity in humans
The remaining 283 variants absent from ClinVar were found 
across 190 genes (figure 1). Compared with all missense SNVs 
in ClinVar in these same genes (n=33 526), the REVEL scores 
of the OMIA variants (median: 0.78; 69.8%≥0.644) more 
closely resembled P/LP variants (median: 0.93; 78.4%≥0.644) 
than B/LB variants (median: 0.30; 16.2%≥0.644). To account 
for potential confounding by residue conservation scores, we 
restricted to variants with high phyloP scores (≥0.8), with this 
cut- off corresponding to the top quartile of phyloP scores in the 
ClinVar VUS dataset. The remaining OMIA variants (n=248) 
continued to resemble P/LP variants (n=4715) more than B/
LB variants (n=1194) with respect to REVEL scores (figure 2). 
Findings were similar using AlphaMissense (online supplemental 
figure 5).

DISCUSSION
Massive amounts of genomic data are being generated in 
human populations but also in domesticated animals like dogs 
and cattle. While comparative genomics is a well- established 
field,20 and evolutionary conservation of amino acid residues 
is a foundational component of in silico tools for rare variant 
interpretation, the degree to which the impact of specific 
rare missense variants at shared residues is concordant across 
species (‘comparative medical genomics’) was understudied. 
Our results suggest that the missense variants in human 
genomes that correspond to likely causal variants of single- 
locus traits in other animals are more likely to be pathogenic 
(functionally significant). The presence of a variant in OMIA 

Figure 2 Boxplots of REVEL scores for the OMIA missense variants 
absent from ClinVar, comparing with other missense variation in ClinVar 
in the same gene set, restricting all variants to those with phyloP scores of 
≥0.8. B/LB, benign/likely benign; OMIA, Online Mendelian Inheritance in 
Animals; P/LP, pathogenic/likely pathogenic; VUS/CIP, variant of uncertain 
significance/conflicting interpretations of pathogenicity.
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suggests that additional published evidence from a non- 
human species exists that may be relevant to understanding 
the impact of the orthologous variant in humans. These 
observations have implications for rare variant interpretation 
in medical and veterinary medicine contexts.

While our focus in this report was on the application of 
non- human animal genomic data to interpreting variation in 
humans, we suspect that the association is bidirectional. Simi-
larly, although there were no variants present in two or more 
of the non- human species, we hypothesise that missense vari-
ants at conserved residues across two or more species are likely 
to have a high degree of correlation with respect to functional 
consequences. There are also several limitations of this study. 
Our study relied on manual conversion of non- human animal 
variants from OMIA to their human equivalents, and we have 
not yet developed a method for automating this process nor a 
strategy for including OMIA variants in commonly used human 
genetics databases like ClinVar or LOVD. Consideration of this 
approach requires conservation of the gene and the residue. 
There are no consensus variant classification guidelines yet for 
veterinary medicine/non- human contexts, and the types and 
quality of evidence supporting a ‘likely causal’ attribution in 
OMIA will vary by entry. The possibility of circularities in the 
variant interpretation and reporting process (ie, that variants 
were deemed pathogenic in a non- human species and included 
in OMIA because of pre- existing findings in humans) cannot be 
excluded. The presence of an orthologous variant in OMIA is 
suspected but has not been shown to be independent of other 
lines of evidence typically used in human variant interpretation. 
All GeneDx variant interpretations are published in ClinVar, and 
so our results should not be overinterpreted as having replicated 
the findings in two independent cohorts. The added value of 
the data from GeneDx derives from the relative homogeneity 
in how evidence was applied for variant interpretation and the 
ability to look at a total number of variant observations/families 
potentially impacted by OMIA entries. We were underpowered 
to explore whether the strength of the association between the 
pathogenicity of OMIA variants and orthologous human vari-
ants varies by gene, residue change or nucleotide change.

Our results support the generalisability of a comparative 
medical genomics approach. The existence of potentially rele-
vant information from a non- human species (as indicated by the 
variant appearing in OMIA) should prompt a dedicated review 
of the primary literature supporting the OMIA entry, in situa-
tions where additional evidence is needed to interpret the human 
orthologous variant. How best to incorporate this evidence 
into existing human variant interpretation frameworks remains 
unclear; we note potential overlap with the PS3 evidence code 
in the American College of Medical Genetics and Genomics/
Association for Molecular Pathology guidelines. The benefits to 
human medical genetics of leveraging data from veterinary medi-
cine could extend beyond establishing spontaneous large animal 
disease models for human conditions. Our work is intended to 
foster new collaborations that bridge previously siloed areas of 
Mendelian diagnostics, as the many lessons learnt from formal-
ising human DNA variant classifications over the past decade 
could inform veterinary genetics practice. We anticipate that the 
coming decade will result in orders of magnitude more genome- 
wide sequencing in domesticated species, through large- scale 
coordinated academic projects, industry- sponsored research and 
direct- to- consumer pet testing. The degree to which the expo-
nential growth of human and veterinary genomic datasets can 
be integrated and harnessed to improve variant interpretation 
across both contexts warrants additional study.
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