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ABSTRACT

The availability of genetic variants, together with phe-
notypic annotations from model organisms, facili-
tates comparing these variants with equivalent vari-
ants in humans. However, existing databases and
search tools do not make it easy to scan for equiva-
lent variants, namely ‘matching variants’ (MatchVars)
between humans and other organisms. Therefore, we
developed an integrated search engine called Con-
VarT (http://www.convart.org/) for matching variants
between humans, mice, and Caenorhabditis elegans.
ConVarT incorporates annotations (including pheno-
typic and pathogenic) into variants, and these previ-
ously unexploited phenotypic MatchVars from mice
and C. elegans can give clues about the functional
consequence of human genetic variants. Our anal-
ysis shows that many phenotypic variants in differ-
ent genes from mice and C. elegans, so far, have no
counterparts in humans, and thus, can be useful re-
sources when evaluating a relationship between a
new human mutation and a disease.

INTRODUCTION

The progress of the genomics field is accelerating with the
aid of next-generation sequencing technologies, most re-
cently exemplified by the launch of the Exome Aggregation
Consortium (ExAC) and Genome Aggregation Database
(gnomAD). These genomic databases were gathered from
>140 000 randomly selected individuals, providing large-
scale collections of human genetic variants (1,2). Humans
possess over 700 million genetic variants in the protein-
encoding and non-protein-coding regions of the genome.
However, the growing number of human genetic variants
does not automatically mean that our understanding of the
functional effects of these variants concurrently increases

(3). Due to their clinical importance, functional conse-
quences are only available for a handful of genetic variants,
while biological impacts are unavailable for most human ge-
netic variants (4). The biological understanding of these ge-
netic variants is crucial to diagnose diseases better and make
therapeutic decisions regarding diseases, particularly noting
each variant’s especially discerning contribution to rare and
complex diseases.

Though examining the functional effects of variants is
an efficient strategy for categorizing them as being either
pathological or benign, a considerable workload and finan-
cial demand are limiting factors for such experimental ef-
forts (5-9). In this regard, model organisms are regularly
used to examine the functional influence of clinically rele-
vant variants, but unprecedented quantities of variant and
phenotype data from model organisms largely go unno-
ticed. We assume that when an amino acid, where it shows
a similarity with other homologous sequences, undergoes
an intolerable change in non-human species, as observed
with phenotype-changing variants, human-equivalent vari-
ants will likely disrupt the function of genes in humans.
The basis for this claim is that the function of proteins is
likely to be compromised when the positions of highly con-
served amino acids are altered (10). Despite various orthol-
ogy available search, there is no existing search engine that:
(1) allows users to scan for equivalent variants between hu-
man and non-human species; (2) incorporates available ex-
perimental data from model organisms into corresponding
variant positions and (3) enables users to submit the empir-
ical variant data (11-15).

Here, we develop an integrated search tool and database
called ConVarT (Congruent clinical Variation Visualization
Tool) to search for equivalent variants (pathological vari-
ants, phenotypic variants, and variants of uncertain sig-
nificance) between human and non-human species. As a
proof of concept, we matched amino acid-changing vari-
ants from humans with variants from mice and the nema-
tode Caenorhabditis elegans and generated a list of equiva-
lent variants called matching variants (MatchVar) between

“To whom correspondence should be addressed. Tel: +90 541 716 5849; Email: oktay.kaplan@agu.edu.tr

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

220z AInf 0z uo Jasn AsiaAlun NS Yelinpay Aq S6SE L19/22 L LA/LA/0S/3I0IHE/1eu/wod dno olwapes.)/:sdyy Wwoij papeojumoq


https://orcid.org/0000-0002-8765-1791
https://orcid.org/0000-0003-0859-4598
https://orcid.org/0000-0002-8733-0920
http://www.convart.org/

human and mice or C. elegans. Furthermore, we integrated
available annotations (pathological, phenotypic, etc.) for
variants into the database, typically making it easy for users
to search for MatchVars with phenotypic data. Through
the use of MatchVars associated with functional data, our
comprehensive database can provide an additional layer of
proof for the functional interpretation of human variants.

RESULTS
ConVarT: a search tool for ‘matching variants’

The availability of organism-specific databases (WormBase
for C. elegans and Mutagenetix for mice) containing non-
naturally occurring variants and phenotype data for C. el-
egans and mice enables us to equate them with human ge-
netic variants from gnomAD, Clinical Variants (ClinVar),
COSMIC and dbSNP (Figure 1) (2,16-21). We initially de-
rived the human gene orthologs for M. musculus and C. ele-
gans. We then collected amino acid-changing variants from
gnomAD, ClinVar, COSMIC and dbSNP for humans, from
WormBase for C. elegans, and from the Australian Phe-
nome Bank and Mutagenetix for mice. gnomAD describes
over 16 179 380 variations, while the ClinVar database de-
posits over 500 000 variants, including pathogenic and be-
nign variants (2,20). COSMIC and dbSNP contain over
6 842 627 variations and 1,086,546 variations, respectively
(16,19). Our analysis revealed that gnomAD, ClinVar, COS-
MIC and dbSNP have identical and non-identical vari-
ants (Figure 2A). Mutagenetix and WormBase present al-
most 800 000 variants from these organisms (17,18). To
compare human variants with those from mice and C. el-
egans, we matched the protein sequences of the ortholog
genes, followed by performing 2 379 397 multiple sequence
alignments (MSAs) of all combinations of these protein se-
quences to ensure alignment of the corresponding amino
acid positions. The schematic workflow of ConVarT is
presented in Figure 1. We then integrated genetic vari-
ants and variant-specific annotations (such as pathogenic-
ity, phenotypes, and allele frequency) from humans, mice,
and C. elegans into corresponding amino acid positions in
each gene. We restricted our comparisons to amino acid-
changing variants, as amino acids are more conserved than
non-amino acid-changing variants, and protein function is
likely to be affected by an alteration in the correspond-
ing amino acids. For visualization of MSAs together with
variants from humans, mice, and C. elegans, we used in-
house software (22). Previous studies revealed that many
human variants overlap with amino acids undergoing post-
translational modifications (PTMs) and are enriched at the
protein domains. Therefore, Pfam protein domains for hu-
mans and 383k PTMs from PhosphoSitePlus were system-
atically integrated into corresponding positions (23,24).
Our analysis revealed that many equivalent amino acid
substitutions exist between humans and these two organ-
isms (Figure 2B). For example, both human AP1M1 and C.
elegans UNC-101, the homologue of AP1M1, have the iden-
tical residue change at the corresponding positions (Human
NP_001123996.1: p.P375S, Variant ID: rs1490425955 ver-
sus C. elegans NP_001040675: p.P362S, Variant ID: WB-
Var00679460). We have named these equivalent variants
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‘matching variants’ (MatchVars) (Figure 2B, and Supple-
mentary Tables S1 and S2). For a variant to be considered
a MatchVar, the amino acid residue at the corresponding
positions must be matched between the human gene and
the ortholog genes. The Materials and Methods provide a
detailed explanation. There are 50430 MatchVars between
humans and mice, while the number of MatchVars between
humans and C. elegans is 42614 (Figure 2B, and Supple-
mentary Tables S1 and S2). Finally, to make the Match-
Vars available to the community, we created a web-based
search engine and database called ConVarT (http://www.
convart.org/) to facilitate consistent and rapid visualization
of MatchVars and variant annotations on MSAs together
with human PTMs and protein domains. ConVarT offers
a protein sequence similarity index based on the matching
residues for three species below part of MSAs so that the
researchers utilize this section to gain more insight into the
conservation of the sequence in the model organism com-
pared to humans.

ConVarT reduces the time needed to find the phenotypic
and unknown significance of MatchVars in the genomes of
three organisms from hours to seconds. A comprehensive
list of identifiers that can be used to search for genes on
ConVarT can be found in Supplementary Table S17. Fur-
thermore, users can now submit any protein sequence as
an input, and ConVarT will perform sequence comparison
and alignment to find the closest human orthologue of that
protein sequence, as well as display human variants on the
pairwise sequence alignment of human protein and submit-
ted protein sequence (Supplementary Figure S2). This is es-
pecially useful for model organism researchers, such as S.
cerevisiae, who have yet to be incorporated into ConVarT.

Usage of ConVarT to conjecture about the functional effects
of variants in disease analysis

Disease-causing variants are annotated as pathogenic in
humans, whereas variants with phenotypic annotations
in non-human species indicate disease-like conditions for
them, suggesting that both types of annotations repre-
sent the disruption of the protein function. The major-
ity of human genetic variants in the ClinVar database are
single nucleotide variants (SNVs), and variant of uncer-
tain significance (VUS) make up the majority of these
SNVs (Supplementary Figure SIA and B). Expectedly,
compared to the fraction of phenotypic MatchVars co-
inciding with benign variants of ClinVar, the proportion
of phenotypic MatchVars of C. elegans overlapping with
pathogenic variants of ClinVar is calculated to be signif-
icantly higher (P < 0.0001; chi-square y? test), which is
consistent with the equality of pathogenic with phenotypic
variants. For phenotypic MatchVars from mice, the mouse
phenotypic MatchVars/ClinVar pathogenic variants ratio
is slightly higher than the ratio of the mouse phenotypic
MatchVars/ClinVar benign variants (P < 0.05; x2 test)
(Figure 2C and D). ConVarT can serve researchers and
human geneticists in several ways. First, they can assess
whether variants of interest from humans currently have
MatchVars already associated with the phenotype in the
mice or C. elegans, potentially adding a new layer of sup-
port to their study. For example, the MatchVar p.G368E
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Figure 1. The schematic flow of ConVarT, a search engine for matching variants—gene orthology was determined, followed by MSAs and the incorporation
of human variants from gnomAD, ClinVar, COSMIC and dbSNP, and variants from the Australian Phenome Bank (Mice), Mutagenetix (Mice) and
WormBase (C. elegans). Human PTMs and human protein domains are integrated for co-visualization with the MSA and variants.

(allele name n4435 and NP_495455) in C. elegans KAT-1
(Human ACATI) was identified as phenotypic (short life
span) in 2010. The p.G388E variant (NP 000010) in hu-
man ACAT1 was pathogenic seven years later, resulting in
human acetyl-CoA acetyltransferase deficiency (25,26). We
presented all the phenotypic MatchVars of mice and C. el-
egans, overlapping with pathogenic and other variants in
ClinVar, COSMIC, dbSNP, and gnomAD (Figure 2E-],
and Supplementary Tables S1-S16). Second, there may cur-
rently be no MatchVars from humans for the phenotypic
MatchVars of the mice or C. elegans. Where there may be
the appearance of a new human variant associated with a
disease, scientists and human geneticists may look for the
phenotypic MatchVars in ConVarT, thereby helping to as-
sign certain variants as being potentially detrimental. Fi-
nally, the Million Mutation Project and Mutagenetix have
many strain collections that bear unique MatchVar muta-
tions. Many of these mutations are poorly characterized,
such as C. elegans and mice mutants bearing MatchVars (C.
elegans DYF-18/CDK7 NP_502232: p.P245L and p.R26K;
C. elegans OSM-3/KIF17 NP_001023308: p.T89I, p.P161L,
p.S208L, p.A464T, and p.W572*; Mice Rosl, NP_025412:
p.-T220A and p.V2050A; Mice Tg, NP_033401: p.S164G,
p.-T1555S, and p.C1993R) (Figure 3A-D) (17,27). There-
fore, the functional significance of these MatchVars is cur-
rently unknown. These mutants can be obtained from the
distribution centers for functional analysis (17,27). Re-
searchers can also easily submit their variants and pheno-
type data to ConVarT, thereby sharing their phenotypic and
variant data with the community.

Utilizing phenotypic variants from non-human species to add
one layer support for understanding human variants

Eight missense variants in C. elegans ben-I (Human
TUBB4B) encoding tubulin beta chain (NP_497728:
p-E69G, p.QI31L, p.S145F, p.F167Y, p.A185P, p.F200Y,
p-M2571 and p.D404N) were implicated in displaying
resistance to benzimidazole (BZ) and were labeled as
putative loss-of-function (LoF) variants (28,29) (Figure
3E). We found that C. elegans missense residues were
conserved in humans and mice, except for p.F200. Next, we
investigated whether these conserved residues had Match-
Vars in humans, which revealed no MatchVars for p.E69G,
p-Q131L, p.S145F, p.A185P and p.D404N in humans. This
result suggested that these variants were under negative
selection in the human population, potentially due to their
detrimental effects. All these variants were consistently
predicted to be deleterious by SIFT (Supplementary Table
S3). However, p.M2571 and p.F167Y in C. elegans ben-1
(NP_497728) are the MatchVars of p.M2571 and p.F167Y
(variant IDs: COSM3929966 and COSM6451925) in
human TUBB4B (NP_006079.1), respectively, predicted to
be pathogenic by the FATHMM (Figure 3E) (19). Indeed,
the absence of the p.M2571 and p.F167Y mutations in
human TUBB4B in gnomAD and TOPMed suggests that
they were likely negatively selected. This data indicates that
the experimental data already available from C. elegans
and mice may provide additional evidence to deduce the
functional implication of human variants together with
allele frequency.
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Figure 2. Matching variants among human, mice and C. elegans. (A) Venn diagram showing the number of overlapping and non-overlapping variants
between gnomAD, ClinVar, COSMIC and dbSNP (B) the total number of MatchVars with phenotypes and unknown significance from mice and C.
elegans were displayed in the two distinct Venn diagrams. (C, D), Bar plots display the fraction of phenotypic or unknown significance of MatchVars from
mouse and C. elegans with either ClinVar pathogenic or benign variants. A statistically significant difference between two proportions was displayed for
mouse and C. elegans. x 2 = chi Square (E-J) Bar plots display comparisons of phenotypic and unknown MatchVars from mice and C. elegans (percentage)
with a range of human variants databases ClinVar, COSMIC, gnomAD and dbSNP. N: number of MatchVars between humans, mice or C. elegans.
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Figure 3. Distribution of matching and pathological/phenotypic variants per gene — Graphical representations of data (lollipop plots) exhibits
pathological/phenotypic, orthologous, variants of unknown significance, and benign or likely benign variants (annotated amino acid changes) at their
corresponding positions per gene. The length of each protein is shown, together with specific functional protein domains (different colors). Protein IDs
and gene names are displayed next to the plots. (A, C and E) Comparison of C. elegans genes with human counterparts. In (A), different colors for the
asterisk reflect MatchVars among humans and C. elegans. (B and D) Mice and human genes are displayed.

DISCUSSION

Model organisms have contributed significantly to our
knowledge of human biology and diseases. For this rea-
son, the Alliance of Genome Resources recently launched
an integrated database that shares genetic and functional
genomic data from a variety of model organisms in order
to aid scientists in their understanding of human biology
and disorders, though they did not provide a search engine
for MatchVars (30). This current work fills this gap by pre-
senting a search engine for MatchVars and a database com-
parably displaying the pathogenic or phenotypic and un-
known significance of variants from humans, mice, and C.
elegans. ConVarT was designed with the goal of expanding
and incorporating variants from other organisms, such as
Zebrafish and Drosophila. ConVarT recently added 24 658
526 human variants from TOPMed to its database (Supple-
mentary Table S18) (3). The model organism community

can easily submit new variant data and expand ConVarT to
become an open platform for exchanging information about
new MatchVars, thereby aiding the presentation of empir-
ical evidence from model organisms to provide one more
layer of support for interpretation of human variants.

MATERIAL AND METHODS
The gene homology list for humans and non-human species

The gene homology list for human and non-human organ-
isms was first build using organism-specific orthology re-
sources such as DIOPT, MGI, and the Zebrafish Informa-
tion Network (ZFIN) (20,31-32). In addition, as we uncov-
ered inaccuracies and missing data in the orthology data,
we manually corrected them using a reciprocal BLAST
(33) analysis to find the counterparts of human genes.
For example, the reciprocal BLAST analysis reveals that
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C. elegans F42G8.19 (ceph-41) is the most likely ortholog
of human CEP41, C. elegans F42G8.19 does not emerge as
an ortholog of human CEP41 based on orthology searches
from C. elegans gene orthology database (34,35).

Download of genetic variants for humans, mice and C. elegans
and posttranslational modification (PTMs)

The human variants and organisms specific vari-
ants were downloaded from the following resources:
ftp://ftp.ncbi.nlm.nih.gov/pub/clinvar/ (ClinVar),
http://gnomad.broadinstitute.org/ (Aggregation Database
(gnomAD v2.03), https://cancer.sanger.ac.uk/download
(COSMIC), https://ftp.ncbi.nih.gov/snp/ (dbSNP)
and https://www.phosphosite.org/Supplemental_Files
(PhosphoSitePlus) (2,16,19-20,24). Mutagenetix
(https://mutagenetix.utsouthwestern.edu/about.cfm)

and Wormbase generously shared variants and phenotypic
data for Mouse and C. elegans, respectively (17,18). We
obtained mice phenotypic data and variants from the
Australian Phenomics website (the webpage for download
is https://pb.apf.edu.au/phenbank/homePage.html).

Multiple sequence alignments

We retrieved human protein sequences and human homolog
genes from chimp, Macaca, rat, mouse, zebrafish, C. ele-
gans, D. melanogaster, and frog, and used ClustalW v2.1
pairwise alignment to perform 2,379,397 distinct combina-
tions of multiple sequence alignments (MSAs) of these pro-
tein sequences (36). The final files were stored in MySQL to-
gether with variants from humans and non-human species.

Data visualization and website development

The recently developed MSA visualization tool was used
to co-visualize MSAs along with annotations (variants and
phenotypic data) (22). We constructed the ConVarT website
and deposited all data for the users. Furthermore, we shared
all of the necessary code (ConVarT Web https://github.com/
thekaplanlab/ConVarT_Web) on GitHub.

Additional materials and methods are available in the
supplementary file.
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