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Abstract. In recent years, the number of genome-wide association studies (GWAS) carried out for various eco-
nomically important animal traits has been increasing. GWAS discoveries provide summary statistics that can be
used both for targeted marker-oriented selection and for studying the genetic control of economically important
traits of farm animals. In contrast to research in human genetics, GWAS on farm animals often does not meet ge-
nerally accepted standards (availability of information about effect and reference alleles, the size and direction of
the effect, etc.). This greatly complicates the use of GWAS results for breeding needs. Within the framework of hu-
man genetics, there are several technological solutions for researching the harmonized results of GWAS, including
one of the largest, the GWAS-MAP platform. For other types of living organisms, including economically important
agricultural animals, there are no similar solutions. To our knowledge, no similar solution has been proposed to
date for any of the species of economically important animals. As part of this work, we focused on creating a
platform similar to GWAS-MAP for working with the results of GWAS of sheep, since sheep breeding is one of the
most important branches of agriculture. By analogy with the GWAS-MAP platform for storing, unifying and analyz-
ing human GWAS, we have created the GWAS-MAP|ovis platform. The platform currently contains information on
more than 34 million associations between genomic sequence variants and traits of meat production in sheep. The
platform can also be used to conduct colocalization analysis, a method that allows one to determine whether the
association of a particular locus with two different traits is the result of pleiotropy or whether these traits are as-
sociated with different variants that are in linkage disequilibrium. This platform will be useful for breeders to select
promising markers for breeding, as well as to obtain information for the introduction of genomic breeding and for
scientists to replicate the results obtained.
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AHHOTauumA. B nocnegHve roabl yBennumBaeTca KOMYeCTBO NOTHOF@HOMHbIX ccnepgoBaHuin accoumaumi (MIAA,
GWAS), npoBefeHHbIX A/1A Pa3NUYHbIX SKOHOMMYECKN BaXKHbIX MPU3HAKOB MUBOTHbIX. Pe3ynbTaTbl 3TUX NCCefo-
BaHWI NpefCcTaBneHbl B BUAE CYMMAPHbIX CTaTUCTUK, KOTOPblE MOXHO MCMOJIb30BaTb ANA N3yYeHUA reHeTUYeCcKo-
ro KOHTPOJA SKOHOMMUYECKN BaXKHbIX MPU3HAKOB CENTbCKOXO3ANCTBEHHBIX XMBOTHbIX, B TOM YKC/e 1 Npu paspa-
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60TKE METOAUK MapKep-OpUEHTMPOBAHHON cenekummn. B 6onblumnHctee cnyyaeB MMNA cenbCKoX03ANCTBEHHDBIX
XKVMBOTHbIX HE COOTBETCTBYIOT OOLLENPUHATLIM B 06/1aCTU UCCNeOBaHUA reHETUKM YenoBeKa CTaHhapTam ¢op-
MaTa ny6nukaumin pesynbtatos MMAA B BUe cymMapHbIX CTaTUCTVK (Hanuumne nHpopmaumm ob sbdekTopHOM 1
pedepeHcHOM annensx, 3HauyeHne 1 HanpasneHue sdpdeKkTa 1 ap.). ITO CyLeCTBEHHO 3aTPYAHAET UCMNONb30BaHNe
CYMMapHbIX CTaTUCTUK ANA HYX[ cenekuun. B obnactn nccnenoBaHuii reHETKN YenoBeka MMeeTCA HeCKOsbKO
TEXHONIOTUYECKMX PeLeHnn Ana aHanm3a pesynbtatos MTA, B TOoM uncne ogHO 13 caMbix KPyMHbIX — nnatdopma
GWAS-MAP. [ina gpyrux BUAOB XMBbIX OPraHU3MOB, BK/TIOUYAIOLLMX 1 SKOHOMUNYECKM BaXKHbIX CENIbCKOXO3ANCTBEH-
HbIX »KMBOTHbIX, MOJOOHbIX pelleHni HeT. B HacTosLel paboTe Mbl CHOKYCMPOBANIMCh Ha CO3LAHUN CXOXKel nnat-
dopmbl Ans paboTbl ¢ CyMmMapHbIMU cTaTUcTKaMu MTAA pasnnyHbIx NPY3HAKOB OBEL, TaK Kak OBLIEBOACTBO B MO-
cnefiHee BpeMsA CTaHOBMUTCA BCe 6onee akTyaslbHOW 06/1acTblo CeNbCKoro xo3ancraa. Mo aHanorum ¢ nnatpopmon
GWAS-MAP gnis xpaHeHus, yHudmkaumm n aHanvnsa GWAS yenoseka mbl cozganu nnatdopmy GWAS-MAP|ovis. Ha
CErofHALWHNN feHb Nnatdopma cogepxut nidopmaumio o 6onee yem 34 MIH accoumaLnii MeXXay BapriaHTamu re-
HOMHOW NOC/IeAOBATENIbHOCTY U NPU3HaKaMy MACHOW NPOAYKTUBHOCTU. [TnaTtdopma moxKeT ObiTb MCNONb30BaHa
1 ANA NpoBefeHnA aHann3a Konokanvsaumm — MeTtofia, KoTopbli MO3BOMIAET YCTaHOBUTb, ABMAETCA N accoLuauma
onpefeneHHoro okyca ¢ ABYMA pa3HbIMU MPU3HaKamy pe3ysibTaToM MAeNnoTPOnun UK e AaHHble NPU3HaKM
accoUMMpPOBaHbI C Pa3HbIMK BapuaHTamu, KOTOpble HAaXOAATCA B HEPAaBHOBECUY MO cUeneHunto. OTa nnatdopma
6yneT nonesHa Kak cenekumoHepam Ana Bblbopa nepcnekTMBHbIX MapKepoBs Ana cenekunn (3odekTbl 1 annenu
pPasnnuHbIX MapKepoB, BAMAOLWMX Ha M3yYaemble NMPU3HAKK), TaK 1 418 YYeHblX, BefyLuX NCCNefoBaHNA B 06-
NacTu reHeTNKM oBeL,.

KntoueBble cioBa: MOMHOreHOMHOE MCCefoBaHMe accouunaLnii; MapKep-OpUeHTMPOBaHHaA CeneKkuus; OBLbI;
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Introduction

A genome-wide association study (GWAS) is modern
technique to detect genome loci associated with different
traits both quantitative and binary ones. GWASs have been
widely used in human and animal genetics (Visscher et al.,
2017). Since 2007, an annual increase of GWAS-based
investigations to search for trait-associated loci has been
observed. A GWAS results in the so-called summary statis-
tics, a text tables where each line is a result of association
analysis between a studied trait and a single nucleotide
polymorphism (SNP). In breeding, such summary statistics
can be used to devise marker-assisted and genomic selec-
tion models and identify target candidates for genome
editing. Thanks to the new-generation technologies of
genome-wide genotyping and next-generation sequencing,
modern GWASs enable one to study hundreds of thousands
and oftentimes millions of SNP associations with dozens
of traits in huge samples including some tens thousands
of animals. In other words, GWAS summary statistics are
huge datasets (Visscher et al., 2017), whose processing is
far from being trivial and requires, apart from their collec-
tion, a platform to provide proper quality control, storage,
access and processing tools.

In the field of human genetics, such a platform, known
as GWAS-MAP (Shashkova et al., 2020), serves for unifi-
cation, storing and analysis of millions of associations for
thousands of human traits. However, to our knowledge,
there is still no such a solution even for a single kind of
livestock farming. There are only databases to process
quantitative trait loci significantly associated with studied
traits. The biggest of such databases is AnimalQTLdb that
contains information on quantitative-trait loci for diffe-
rent kinds of livestock (Hu et al., 2013). There are similar
solutions for particular kinds of animals such as the iSheep

database that provides access to the known quantitative-trait
loci, genotyping and sequencing data of sheep (Wang et
al.,2021). Since none of the mentioned solutions provides
opportunities for storing, unification and analysis of GWAS
summary statistics, the objective of the presented study was
to create such a platform for sheep.

Sheep breeding is an important branch of animal farming
with mutton being its most popular product. Since 2013,
more than 20 GWASs of economically important sheep
traits have been known. Here, S. Bolormaa et al. (2016)
is of particular note being the biggest GWAS for a meat
productivity traits in sheep. The authors investigated a
cohort of more than 10,000 animals to study information
on 56 different genetic traits related to meat productivity
and found more than 70 significantly associated SNPs
included in 23 loci.

Here we present the GWAS-MAP|ovis platform that is
analogous to GWAS-MAP and can be used for aggregation,
unification, storing and analysis of the GWAS summary
statistics of the economically important traits affecting
meat production in sheep. Currently, the platform contains
more than 34 mln associations for 80 such traits. Breeders
may find it useful for selection based on the effects of the
alleles associated with studied traits and on perspective
selection markers. It may also be useful for the scientists
investigating sheep genetics. In particular, the platform
enables for GWAS quality control; search for significantly
associated SNPs; GWAS results visualization and colocali-
zation analysis.

Materials and methods

Developing the GWAS-MAP|ovis platform. GWAS re-
sults are commonly summary statistics being big text tables
in which a single line is the results of association analysis
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Fig. 1. GWAS-MAP|ovis flow chart.

to match a studied trait and SNP. Summary statistics can
include different columns such as SNP identifier (if any);
SNP position in a physical genome map (chromosome and
position), SNP imputation or genotyping quality control
metrics; effective and reference alleles; effective allele fre-
quency; SNP effect estimation; standard error and p-value;
sample size and other technical variables specific for
particular research. The minimum set of the variables
necessary for summary statistics processing includes an
SNP identifier, effective and reference alleles, effect esti-
mation and a standard error. Without loss of information,
the standard error can be replaced by either the p-value or
by z-statistic. Since the number of SNPs is huge, the size
of the file containing a summary statistics table can reach
several gigabytes in a case the number of characterized
SNPs exceeds 20 million.

The GWAS-MAP platform (Shashkova, 2020; Shashko-
va, Aulchenko, 2020) to store GWAS results in the human
was used as a basis to design the solution in question. For
presentation and visualization of genetic data, the PheLiGe
web interface was introduced (Shashkova et al., 2021).
The flow chart of GWAS-MAP|ovis can be seen in Fig. 1.

To store and process data, GWAS-MAP uses two data-
base management systems, ClickHouse and PostgreSQL.
While ClickHouse serves to store matched summary statis-
tics, PostgreSQL is used to store the metadata describing the
sources summary statistics come from, a GWAS dataset and
data analysis features. They may include e. g., a reference to
the publication data come from; trait name; description of
the model used for analysis; the number of studied animals,
etc. Their full list is available in Supplementary material 1'.
The two systems are deployed in an LXC container and
operate using an Ubuntu 18.04 operating system image.

One of the key steps in setting up the database was creat-
ing a linkage disequilibrium catalogue and the so-called
reference table (see the description below). To provide con-

' Supplementary materials 1-4 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kirichenko_engl.pdf
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venient access to the database and enable data visualization
as interactive graphs, the PheLiGe-ovis web interface was
deployed in another LXC container and operated using the
same operating system image. The web interface is avail-
able at https://pheligeovis.icgbio.ru/.

The designed platform having two databases to store
summary statistics and metadata and a web interface was
called GWAS-MAP|ovis and is available via public (web)
and private (ssh) interfaces. The general principles of how
to operate its web interface and main tools are described
in the on-line assistant program, whose window pops up
when pressing the red button under the Associations menu
item in the top right corner of the platform’s main page.

Linkage disequilibrium catalogue is an SNP list that
contains the following information for each included SNP:
identifier (rs_id); chromosome and position (base on the
OAR_V3.1 genome assembly); effective and reference
allele, and effective allele frequency in referent popula-
tion. To create the catalog were used the genome data of
a reference population (N = 96) including 18 Romanov
breed sheep, 6 Katahdin sheep, 10 argali, 48 F, hybrids
from crossing F, (Romanov and argali) and Romanov
breeds, and 14 F, hybrids from crossing Romanov and
Katahdin breeds. All the animal had been genotyped using
Infinium® HD SNP Bead-Chip (606,060 OHII, Illumi-
na Inc., San Diego, CA, USA) and used for replication in
our recent paper (Zlobin et al., 2021). Preparing the refe-
rence table involved removing all duplicated and mono-
morphic SNPs; the alleles were placed in lexicographic
order; sex chromosome data were removed. For the time
being, the disequilibrium catalogue contains information
on 523.578 SNPs. Their autosomal distribution can be
found in Supplementary material 2 and their minor allele
frequencies in Supplementary material 3.

The linkage disequilibrium catalogue is files contain-
ing the genotypes of the reference population animals for
every SNP included in the reference table. The files are in
binary format PLINK (.bed, .bim and .fam). The catalogue
is used to calculate the linkage disequilibrium between
SNPs for finding a proxy SNP in the PheLiGe-ovis web
interface.

Module of unification and quality control GWAS re-
sults. This module is used to download summary statistics
in the database. Since these files are obtained from different
sources and often have different formats, they have to be
unified first. At this stage, matches between rs_id and the
position in the chromosome and between the effective and
reference alleles are checked.

As the next stage, the summary statistics pass quality
control that includes three stages: (1) comparison of GWAS
allele frequencies against those in the linkage disequi-
librium catalogue; (2) checking effect-size distribution,
and (3) verifying if the p-value corresponds to z-statistic
(effect estimation divided by a standard estimation error).
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Collection Source Number Number
of animals of traits

Bolormaa et al., 2016 Publication 10,613 56

MARH Original data 50-108 24

The module generates an html report that can be used to
detect unification and quality-control errors. If data pass
the control, the summary statistics are stored in the plat-
form’s database.

Results and discussion

Content management

To fill the database, a search for published summary
statistics was carried out in an early published database
of the QTL and genes associated with meat productivity
traits in sheep (Zlobin et al., 2019). Out of 46 publications
analyzed, only S. Bolormaa et al. (2016) provided access
to genome-wide summary statistics. Before being loaded
in the GWAS-MAP|ovis database, all the data were unified
and they passed the quality control. As a result, 488,074
associations for each of the 56 traits listed in the paper
were downloaded in.

In addition to the data provided by S. Bolormaa et al.
(2016), the GWAS-MAP|ovis database also contains the
summary statistics obtained from the Russian sheep popula-
tion (N =50-108) early used for replication analysis (Zlobin
etal.,2021). This summary statistics described 7 composite
indices related to the meat productivity measured for three
different time periods (6, 42 and 90 days after birth) and an
animal’s weight also measured for three time periods (for
more details, see Supplementary material 4). As a result,
the platform’s database has accumulated information on
more than 34 million SNP associations for 80 different
traits related to meat productivity in sheep. The available
dataset and its short description are presented in the Table.

Pleiotropy analysis

One of the advantages of the designed platform is that it
can be used to perform colocalization analysis (SMR-6)
(Momozawa et al., 2018), which enables one to compare
the association patterns of a particular genome locus for
different traits and make conclusions whether this locus
has a pleiotropic effect on a certain trait. In a nutshell, in
presence of this effect, the ratio of estimated SNP effects on
two traits in a studied locus is expected to be insignificant.
However, if the association patterns are different i.e., the
effect ratio changes significantly from one SNP to another,

Number of SNPs Included breeds

for each trait

4,880,774 Merino, Paul Dorset, Border, Lester, Suffolk,
White Suffolk, Texel, Corriedale, Coopworth
and different hybrids
453,024 Hybrid sheep (Romanov crossed with Katahdin,

argali and moufflons)

it is most likely that the locus contains different functional
polymorphisms for each of the traits and they are being in
linkage disequilibrium.

Statistic 6 is a weighted correlation, whose computation
requires information on p-values and an effect direction.
The high absolute value (e. g., |8] > 0.7) means a locus has a
pleiotropic effect on investigated traits. If 8 is positive, the
SNPs of the locus have a similar effect direction towards
the traits, and a divergent one if negative. An example of
colocalization analysis is presented in Fig. 2.

In the framework of the presented study, colocalization
analysis was carried for the most significantly associated
SNP of the LCORLI gene in the data by (Bolormaa et al.,
2016). For SNP rs401834107, 12 traits of genome-wide
significance level (p-value < 5SE-07) associated with this
locus were indicated. The SMR-6 method was applied to
compare association patterns for all the 12 traits, the results
are demonstrated in Fig. 3. The heat map characterizing
6-values shows the traits form two clusters with different
effect correlation directions, which means the locus had a
pleiotropic effect inside each of the clusters. At the same
time, the same strong effect was observed between traits
from different clusters with divergent SNP effect on the
traits (negative 8 value). It is noteworthy that the slaughter
weight trait was a dropout since some of its 8-values turned
out to be low (possible pleiotropy absence). However, due
to the pleiotropic effect the locus had on the other traits,
the low @-values in this particular case can be considered
either as a statistic artifact or as a value produced due to
insignificant analysis capacity.

Thus, it has been found that locus rs401834107 had a
pleiotropic effect on at least 12 different traits associated
with meat production in sheep. The presented data is an
example of a first in the world colocalization analysis
performed using sheep GWAS results.

Searching for candidate DNA markers

for marker-assisted selection

In addition to the described pleiotropy analysis, another
advantage of the GWAS-MAP|ovis platform is that it al-
lows one to use previously loaded summary statistics to
search for candidate markers to perform marker-assisted
selection (MAS). In the presented study, such a search for
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Primary SNP 15417860991 (Leg bone weight)
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Fig. 2. Results of the colocalization analysis performed using the GWAS-MAP|ovis platform.

The left part is a joint distribution of z-statistics for a main (leg bone weight, LEGBONE, X-axis) and secondary (leg+aitch bone weight, BONE, Y-axis) traits.
The right part is regional association graphs for each of the traits (LEGBONE and BONE, respectively). The 6 is indicated in the top left corner over the graph.

the hot-carcass-weight (HCWT) trait was performed to es-
timate the markers’ predictive potential in a Russian sheep
cohort. To begin with, a clumping procedure was carried
out. To do this, the private (ssh) interface was used to select
the summary statistics of interest and set up their signi-
ficant threshold of p-value < 1E-07. Four independent loci
were detected (rs406365427, rs423487570, rs161042491,
rs427891980). A table containing information on SNP
with the highest associations for each of the loci, their
chromosomes, positions, effector and reference alleles and
p-values was formed for further analysis.

The found loci were used to estimate the breeding value
(BV) of 94 animals (Zlobin et al., 2021) to be the back-
cross hybrids of Romanov and argali sheep. Their BV was
estimated as:

BV =sum(b - g),

where b is the effect of the effective allele of the most asso-
ciated SNP in every locus; g is the genotypes of 94 animals
for that SNP encoded as 0, 1, 2 in relation to the effective
allele’s quantity.

Cases then underwent linear regression to find how sig-
nificant the estimated BVs were for predicting a species’
phenotype. As a trait, an animal’s weight in six days after
birth was considered. The used model was p ~ BV +cov,
where p is a phenotype’s value; cov is the covariates includ-
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ing information about animal gender, yield number, and two
first main components of their kinship matrix. As a result,
the estimated BV was found to be significantly associated
(p-value = 0.03) with the trait, which confirmed that the
selected loci had a significant effect on an animal’s weight
in six days after birth.

In addition to the performed analysis, it was also esti-
mated what body weight increase could be expected in the
animals whose BV was included in the fourth (top) quartile
(> 75 %). Student’s #-criterion was used to compare the
mean values of the phenotype corrected for the above-
mentioned covariants for the whole cohort and the animals
included in top BV quartile. It was found that the weight
of the top-quartile animals was 1.8 % (around 55 grams,
p-value = 0.67) higher than that in the averaged popula-
tion. Thus, the selected markers can be potentially used for
development of MAS test systems in sheep.

Conclusion

The GWAS-MAP|ovis platform has been designed for
aggregation, unification, storage and analysis of GWAS
summary statistics in sheep. Today, it contains more than
34 million SNP associations for 80 different traits related
to meat productivity in sheep. The platform enables one
to search for information on associations for a particular
SNP, plot Manhattan graphs and carry out colocalization
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Fig. 3. Results of colocalization analysis for SNP rs401834107 for 12 original traits, from (Bolormaa et al., 2016).
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