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Abstract. As one of the most successful domesticated animals in the Neolithic age, sheep gradually migrated
all over the world with human activities. During the domestication process, remarkable changes have taken place
in morphology, physiology, and behavior, resulting in different breeds with different characters via artificial and
natural selection. However, the genetic background responsible for these phenotypic variations remains largely
unclear. Here, we used whole genome resequencing technology to compare and analyze the genome differences
between Asiatic mouflon wild sheep (Ovis orientalis) and Hu sheep (Ovis aries). A total of 755 genes were
positively selected in the process of domestication and selection, and the genes related to sensory perception had
directional evolution in the autosomal region, such as OPRLI, LEF1, TASIR3, ATF6, VSX2, MYOIA, RDHS5, and
some novel genes. A missense mutation of ¢. T722C/p.M241T in exon 4 of RDH)5 existing in sheep were found,
and the T allele was completely fixed in Hu sheep. In addition, the mutation with the C allele reduced the retinol
dehydrogenase activity encoding by RDH5, which can impair retinoic acid metabolism and further influenced
the visual cycle. Overall, our results showed significant enrichment for positively selected genes involved in
sensory perception development during sheep domestication; RDHS5 and its variants may be related to the retinal
degeneration in sheep. We infer that the wild sheep ancestors with weaker visual sensitivity were weeded out by
humans, and the mutation was selective, swept by the dual pressures of natural and artificial selection.

As an important livestock species domesticated by humans,
sheep are one of the main resources of meat, wool, skin, and
milk for humans since the Neolithic age. Due to the differ-
ences of habitat, production system, and breeding objectives,
sheep have the greatest phenotypic diversity among different
breeds. Previous studies have shown that compared with their
wild ancestors, the decrease of brain volume and weight in
domestication leads to more insensitive sensory organs and a
more docile personality (Kruska, 1996, 1998).

Recently, the effects of domestication and subsequent se-
lection on genomic variation in sheep have been studied,
many quantitative trait loci (QTLs) and functional genes
were found to be associated with phenotypic traits (Alberto et
al., 2018; Naval-Sanchez et al., 2018; Zlobin et al., 2019). Se-
lection signal and genome-wide association studies (GWAS)
on wild ancestors were conducted, and they identified some
selected regions and genes that may be affected by domes-
tication (Li et al., 2020). To date, a series of nonsynony-
mous mutations and significant differences in allele frequen-
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cies among different breeds were also found, among which
PDGFD may be an important gene affecting fat deposition in
the sheep tail (Li et al., 2020; Zhu et al., 2021). In addition,
based on comparative genomic analysis of sheep habitats in
different environments, some candidate genes were detected
to be associated with extreme environments, like the adapt-
ability to high altitude hypoxia and water reservation in arid
environments (Yang et al., 2016). Moreover, scholars also
identified some selective sweeps related to important traits
like horn size (Pan et al., 2018), wool color (Fariello et al.,
2014), litter size (Yao et al., 2021), and variation of thoracic
vertebrae (Li et al., 2019), by performing whole genome se-
quencing analysis. These findings suggested that during the
domestication process, sheep adapted to their continuously
changing environments under artificial and natural selection.

The ancestors of domesticated sheep mainly originated
from the wild Asiatic mouflon sheep in southeastern Ana-
tolia about 11 000 years ago (Demirci et al., 2013; Rezaei et
al., 2010). Hu sheep are a unique yard-feeding local sheep
breed in the Taihu Plain of China, which are famous for the
following characteristics: no horn, short fat tail, docile dis-
position, early puberty, high fertility, and good lactation. We
hypothesized that wild sheep must have a strong body size,
skeletal system, and acute sensory perception under natural
conditions due to the need to fight with natural enemies, the
shortage of food in wild conditions, and other factors that
led to a long time for wild sheep to achieve a very strong
body. Some genes and mutations associated with growth and
sensory perception remained during this domestication pro-
cess. However, little is known about the genomic variation
about Asiatic mouflon and Hu sheep to confirm our hypoth-
esis. In the current study, to identify candidate genes related
to sensory perception, we performed selection signal anal-
ysis between Hu sheep and Asiatic mouflon, and we found
the potential variants and genes influencing sensory percep-
tion. Besides this, their effects on the structure and function
were predicted and validated. This study provides a new in-
sight into the adaptation of sheep to domestic environmental
conditions.

2 Materials and methods

2.1 Samples collection and genome data resequencing
analysis

For this study, sequencing data of 12 Asiatic mouflon and
59 Hu sheep are available from the National Center for
Biotechnology Information (NCBI), and the data availabil-
ity is presented at the end of this article. Then the FastQC
(v0.11.5) software was used to detect the quality of the raw
sequencing data. The information of the sequencing data and
number of reads and bases in quality control is shown in
the Supplement (Table S1). Meanwhile, the adapters, low
quality bases (quality score <20), and reads shorter than 50
base pairs were filtered using Trimmomatic (v0.36) based on
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the quality control results. Besides this, all sequencing reads
were aligned to the sheep reference sequence (Oar_v3.1) us-
ing Burrows—Wheeler Aligner (BWA) software. After map-
ping, we performed single-nucleotide polymorphism (SNP)
calling based on Samtools (Li et al., 2009) and Genome
Analysis Toolkit (GATK) v.3.7 (Mckenna et al., 2010).

2.2 Population structure analysis

To investigate genetic relationships between the Hu sheep
population and the wild population, principal component
analysis (PCA) was performed using the commands of
PLINK (v.1.9) software (Purcell et al., 2007). Meanwhile,
admixture (v.1.20) software was used to predict the ancestral
groups and confounding situation of two sheep populations
(Alexander and Lange, 2011). Besides this, linkage disequi-
librium (LD) decay analysis was performed using PopL.Dde-
cay software (Zhang et al., 2019).

2.3 Selection signature detection

We used allele counts at variable sites to identify signals of
selection in 150 kb windows sliding 50 kb using the average
pooled heterozygosity (Hp) and the average fixation index
(Fst) between wild mouflon sheep and domestic Hu sheep.
The Hp for populations was calculated using the following
formula (Rubin et al., 2010):

H _ZXZ”ManZnMin 1)
p= ,
(ZnMaj + ZnMin)2

where n,; represents the sum of the major allele frequen-
cies of all SNP sites in the window and nyin represents the
sum of the minor allele frequencies. The Fgt for the popu-
lation was calculated using the following formula (Weir and
Cockerham, 1984):

_ (Hrt — Hs)

F
ST Hr

2
where Ht and Hg represent heterozygosity in the total pop-
ulation and subgroup, respectively. According to a previous
study, positive selected regions were located by extracting
windows from the extreme tails of the Z-transformed Hp and
Fgsr distributions by applying the cutoff that Z(Hp) <—2.326
while Z(FsT) >2.326 (Chong et al., 2022).

2.4 Gene ontology analysis

All variants were annotated by the Ensembl database (http://
asia.ensembl.org/info/docs/tools/vep/index.html, last access:
16 December 2020) to identify genes located within pos-
itive selected regions. Furthermore, gene ontology enrich-
ment analysis was performed using the PANTHER web-
site (http://geneontology.org/, last access: 9 February 2021)
(Ashburner et al., 2000; Mi et al., 2019). Cow orthologues of
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the sheep genes were converted and used as input. The sig-
nificant enriched terms with the false discovery rate (FDR)
value less than 0.05 were considered after adjustment by the
Benjamini and Hochberg method (Benjamini and Hochberg,
1995).

2.5 Prediction of protein structure and physicochemical
properties

According to the positive selection sites of RDHS candidate
genes, the phylogenetic tree of different animals was con-
ducted by MEGA X software (Kumar et al., 2018), and the
three-dimensional (3D) structure of RDHS5 protein in sheep
was predicted with the I-TASSER (http://zhanglab.ccmb.
med.umich.edu/I-TASSER/, last access: 15 March 2021) on-
line server. PyMOL v1.6.x was used to visualize the 3D
structure and to locate the positive selected sites. Besides
this, the physical and chemical properties of the RDHS5
protein were predicted by ProtParam (http://www.expasy.
org/tools/protparam.html, last access: 16 March 2021)
and ProtScale (https://web.expasy.org/protscale/, last access:
16 March 2021) (Garg et al., 2016).

2.6 Determination of retinol dehydrogenase activity

To detect the effect of positively selected sites on enzyme
activity, the sequences of RDH5 with wild (RDH5-T722)
and mutation type (RDH5-722C) were synthesized based on
the reference coding sequence in the Ensembl database (EN-
SOART00000012223.1). Then FLAG sequence was inserted
before the stop codon of the two coding sequences sepa-
rately. These two sequences were subcloned into pcDNA3.1
(+) vector by adding EcoRI and Xhol restriction sites at 5’
and 3’ ends, respectively. Next, DNA sequencing was used
to detect the accuracy of the plasmid extracted by GoldHi
EndoFree Plasmid Maxi Kit (Cowin Bio., CW2104M). Sub-
sequently, HEK293T cells were cultured at 37 °C with 5 %
CO; and 95 % humidity for 24h in Dulbecco’s Modified
Eagle Medium (DMEM, high glucose 4.5gL~!, 10 % fetal
bovine serum, 1 % penicillin, and 1 % streptomycin). After
that, the two plasmids mixed with Lipo8000™ Transfection
Reagent (Beyotime, C0533) were transfected into HEK293T
cells, respectively. Each transfection was repeated 3 times,
and the cells were collected 48 h after transfection for pro-
tein extraction. Western blot was performed to verify whether
the protein expression was successful. Finally, the enzyme
concentration (ml003167) and activity (ml003319) were de-
termined by following the instructions of the sheep RDH5
ELISA kit (mlbio, Shanghai).
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3 Results

3.1 Genomic variants and population genetic structure

Population structure analysis was performed to estimate the
genomic relationships of the two populations. The PCA re-
sult showed that the first component clearly divided Hu sheep
and mouflon sheep into two sections (Fig. 1a). Besides this,
to validate the PCA results, we further analyzed popula-
tion structure using ADMIXTURE, and the optimal mod-
eling choice occurred when the assumed number of ances-
tries is two (Fig. 1b). There were differences in pedigree
purity within the mouflon sheep population and among the
Hu sheep population. The x axis indicated each individual,
and the y axis indicated the proportion of specific ancestral
lineages. A higher proportion of a certain color indicated a
higher purity of the blood relationship between the individ-
ual and a certain ancestor. Moreover, the average nucleotide
diversity (pi) of mouflon sheep was 0.0049, while for Hu
sheep it was 0.0033, and the results confirmed the average
pi of wild mouflon sheep is higher than domestic Hu sheep
(Fig. 1c). Furthermore, the result of LD decay analysis was
nearly consistent with the nucleotide diversity of the sheep
population, in which the lowest genetic diversity was found
in the Hu sheep breed (Fig. 1d). The clear genetic divergence
between the wild mouflon sheep and the domestic Hu sheep
indicated that these individuals were adequate to perform fur-
ther selection signature analysis.

3.2 Genome scans for selection signature and
functional enrichment analysis

In this study, to detect the selection signal between mou-
flon and Hu sheep, we performed a selective sweep analy-
sis for regions with pooled heterozygosity (Hp) of Hu sheep
based on Z(H,)Hu < — 2.326 and increased genetic distance
to mouflon sheep based on Z(Fy)>2.326 of a window of
150k and a step of 50 k over the whole genome, respectively
(Fig. 2). We identified a total of 589 regions with elevated
Fst and 445 regions with H, of Hu sheep. Then 288 over-
lapped regions were considered as positive selected regions
by the intersection of the two approaches. Finally, 755 pos-
itive selected genes were identified via using the Ensembl
gene annotations within positive selected regions (Table S2).
Among these 755 genes, only 128 genes had missense muta-
tions (Table S3). Moreover, gene ontology enrichment analy-
sis of 755 candidate genes was performed by the Gene ontol-
ogy program; the results are shown in Fig. 3 and Table S4. In
the biological process, we found most genes mainly enriched
in biosynthetic and metabolic process terms, skeletal system
development, and other life activities (Fig. 3). Interestingly,
we also found 10 genes involved in sensory perception terms
including taste 1 receptor member 3 (TASIR3), lymphoid
enhancer binding factor 1 (LEF1), retinol dehydrogenase 5
(RDHS), opioid-related nociceptin receptor 1 (OPRLI), ac-
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Figure 1. Population structure of the indigenous Hu sheep and Asiatic mouflon sheep populations. (a) Principal component analysis (PCA)
plot of sheep populations; the first (PC1) and second (PC2) components were plotted, and the red and blue color represent Hu sheep and
mouflon sheep, respectively. (b) Population genetic structure of ancestry compositions in a total of 71 sheep by ADMIXTURE, with the
assumed number of ancestries being two. (¢) The nucleotide diversity of the sheep population in this study. The blue block indicates the
nucleotide diversity coefficient of the wild mouflon sheep population, and the red block indicates the nucleotide diversity coefficient of
the domestic Hu sheep population. (d) Genome-wide linkage disequilibrium of sheep. The black line represents the wild sheep population,
and the red line represents the domestic Hu sheep population; the LD of the domestic sheep population decayed faster than the wild sheep
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Figure 2. Manhattan plot of genome-wide selective sweep signals
(Z(Fst) and Z(Hp)Hyu) in two sheep breeds. For each metric, a
150 kb sliding window with a step size of 50kb was applied. The
positive selected regions were extracted at the extreme ends of the
distribution by applying Z(Fg) >2.326 and Z(Hp) < — 2.326 cut-
offs.

tivating transcription factor 6 (ATF6), visual system home-
obox 2 (VSX2), myosin 1A (MYOIA), and three novel genes
which have no gene name currently (Table S5). In these 10
genes enriched in sensory terms, only RDH5 and ATF6 be-
longing to this term had missense mutations.
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3.3 The T/C polymorphism at the 722th site in RDH5
changes enzyme activity

After rigorous screening, a positively selected SNP locus
(RDHS5 ¢.722 T > C) was found to be functionally verified.
The basic situation is shown in Fig. 4. The RDHS5 ¢.722
T > C locus is located in the exon 4 of RDHS, at the 722,
nucleotide of the coding sequence (CDS). This is a mis-
sense mutation site, which causes the 241st amino acid of the
RDHS5 protein to be converted from methionine to threonine.
In domestic Hu sheep and wild Asiatic mouflon populations,
the frequency of allele T in domestic sheep is 1 and allele C
in wild sheep is 0.292, respectively (Fig. S1).

In order to study the selection of RDHS ¢.722 T > C sites
among species, a phylogenetic tree was constructed based on
the RDH5 coding sequence of different animals, and the de-
tailed source of the sequence is shown in Table S6. It can be
found that ¢.722 T > C sites are a new mutation and the artio-
dactyl animals are closely tied together (Fig. 4a). Besides, the
prediction of 3D protein structure showed that this variation
affects the spatial position of adjacent alpha helices (Fig. 4b).
In addition, the mutation site strengthened the hydropathicity
of the partial o8 helix (Fig. 4¢).
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Figure 3. Functional classification of 755 positive selected genes across wild Asiatic mouflon sheep and domestic Hu sheep population.
Green, orange, and purple represent the biological process, cellular component, and molecular function, respectively.

In order to validate the influence of the missense mutation
to the expression of the RDHY5 protein, two eukaryotic ex-
pression vectors of T722C were constructed and transfected
into HEK293T cells (Fig. S2), and western blot detection ver-
ified that both plasmids were successfully expressed RDHS5
protein (Fig. 4d). Besides this, we determined the enzyme
content and enzyme activity in the protein; the retinol dehy-
drogenase activity of the RDH5-wild is 27.45 4+ 1.34 U ug~!
and in the RDHS5-mutation it is 20.62 4 0.60 TU ug~!, which
confirmed a significant difference (p<0.01) (Fig. 4e, f).

4 Discussion

An analysis of the population genetic structure provides im-
portant clues to elucidate the genetic relationships and iden-
tify mutations responsible for improved traits between popu-
lations (Slatkin et al., 1987). The results of PCA and popula-
tion structure revealed a clear separation between wild Asi-
atic mouflon and domestic Hu sheep. Meanwhile, there was
some gene flow between the two populations (Fig. 1a and
b). A previous study verified that introgression between wild
and domestic sheep can improve the ability to resist pneumo-
nia (Cao et al., 2021). This suggested genetic introgression of

https://doi.org/10.5194/aab-66-81-2023

wild Asiatic mouflon sheep into domestic Hu sheep through
human migration and other activities.

Moreover, we explored the variome and selective sweeps
via comparing the whole genome of wild and domesticated
sheep; the nucleotide diversity of Hu sheep was lower than
that of Asiatic mouflon, which was consistent with the results
of LD decay (Fig. 1c and d). A previous study confirmed that
the level of genetic diversity was positively correlated with
the survival and evolutionary potential of the species or popu-
lations (Li et al., 2017). Our results were also consistent with
the fact that wild sheep with high levels of genetic diversity
are better at adapting to a complex natural environment. Vast
amounts of genomic variation have been lost under the dual
pressures of natural selection and domestication.

Besides this, we found some known functions for these
positive selected genes, such as BMPRIB and B4GALNT?2
for sheep litter size (R. Talebi et al., 2018), and RXFP2 for
horn type, which was consistent with a previous study (Pan
et al., 2018). Interestingly, we also found genes enriched in
the sensory perception pathway. Sensory perception, includ-
ing vision, audition, olfaction, and tactus, plays critical func-
tions in individual survival and behaviors like foraging, evad-
ing predators, mate recognition, and so on (MacDonald et
al., 2006). For example, it has been confirmed that the vi-

Arch. Anim. Breed., 66, 81-91, 2023



(a) 722
Goat TCATGAACATGATCTGTGACCCGG
Sheep (M) TCATGAACAGGATCTGTGACCCGG
Sheep (W) TCATGAACATGATCTGTGACCCGG
Cow TCATGAACATGATCTGTGATCCGG
Pig TCATGAACCTGCTCTCTGACCTGG
Dog TCATGAGCCTGATCTGTGACCCAG
Chicken  TCATGAACATCATCTGTGATGCTG
Zebrafish  TCATGAACGCCATCTGCGACTCTG
Chimpanzee TCATGAACCTIGATCTGTGACCCGG
Human TCATGAACCTGATCTGTGACCCGG
Mouse TCATGAACCTGATCTGTGACCCAG
Rat TCATGAACCITAATCTGTGACCCAG

C

1 ag a9

Wild Mutation

(d)
RDH5(32 KDa)

Hydropathy

B-actin(42 KDa) =
N
o°°\© e@,\\"
S

a9 O
T T 1 <& vf\"?{
200 220 240 260

RS
k9 )
Amino acid site < <

(e) 450 (U] 40

360 —

"%

18

20 —

270 —

180 —

90 —

Enzymatic activity ( IU/pg)

Enzymatic concentration ( pg/mL)

0 — 0.00 —

T T
RDH5-T722 RDH5-722C RDH5-T722 RDH5-722C

Figure 4. The information of the RDHS5 evolutionary tree and
changes of mutation in protein structure and hydrophilicity. (a)
Evolutionary analysis of the c.722A > G amino acid variant. The
phylogenetic tree derived from the multiple alignment was con-
structed; (b) RDHS5 ¢.722T > C mutation changes the structure of
sheep RDHS5 protein. Compared with ¢.722 C-type RDHS protein,
the corresponding « helix of c.722 T-type RDHS protein is ex-
tended, and the spatial conformation of the protein changes. (c)
RDHS5 ¢.722 T > C mutation significantly enhances the hydrophilic-
ity of amino acid residues 234-242; (d) western blot results of the
RDHS protein levels; (e) the enzyme concentration of RDH5-wild
and RDHS5-mutation; and (f) the enzyme activity of the RDH5-wild
and RDH5-mutation (** represents p<0.01).

sual sense is vital for the survival of birds (Fernandez-Juricic
et al., 2012). Studies in red junglefowl and village chickens
revealed that the positive selection on vision-related genes
like VIT drives the weaker visual acuity during their domes-
tic process, which was verified by the knockdown of VIT in
zebrafish (Wang et al., 2016). Meanwhile, other sensory abil-
ities including smell, taste, and hearing also played an out-
size role in domestic animals (Martinac et al., 2022). As one
of the most valuable modes of sensory perception, olfactory
sensation provides the basis for the extraordinary sensitivity
needed to distinguish between environment and gender (As-
sanasen et al., 2014). Many species can locate food, avoid
danger, identify spouses, and recognize territory by sensing
the chemical molecules in the habitat environment (Izquierdo
et al., 2018). Meanwhile, the taste system is also crucial in
analyzing the food ingredients and deciding whether to eat it
or not. Taste perception is crucial, as animals not only need
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energy for survival but also need to avoid toxic chemical
compounds (Dutta et al., 2020). Unlike pigs, chickens, and
other livestock feeding on formula feed, for herbivores such
as sheep, smell plays a very important role in the identifi-
cation and selection of foraged species. In the reproduction
process, ewes isolated from rams for a long time can promote
ewes to estrus in advance when smelling the odor of rams
(Niimura et al., 2014; Gelez et al., 2004). Besides this, ewes
can specifically recognize their lamb’s voices and breastfeed
their lambs after childbirth (Sebe et al., 2007). Therefore,
these typical characteristics can explain the results of the cur-
rent study of the variation of sheep in the domestic process.

In the previous discussion, we mentioned that sensory per-
ception is related to many behaviors, and the evolution of
these behaviors will inevitably promote the genes including
TASIR3, VSX2, LEFI, OPRLI, ATF6, MYOIA, RDHS5, and
so on, related to sensory perception, showing signs of molec-
ular adaptation in the process of domestication.

TAS1R3

As a main receptor for sweet taste, TAS/R3 is a member
of G protein-coupled receptors family C, which can medi-
cate sweetness preference. A study in 30 mouse strains iden-
tified that the polymorphism in the 7TAS/R3 region have a
special fondness for saccharin (Reed et al., 2004). Besides,
TASIR3 deletion impaired glucose and insulin tolerance in
mice (Murovets et al., 2015). Recent studies also revealed
that the allelic variation of the TASIR3 gene influences the
preference for sweet taste and reduces plasma insulin in
F1 mouse hybrids (Murovets et al., 2020). Two SNPs of
rs307355 and rs35744813 located at the upstream of the cod-
ing region of TASIR3 are associated with human gustatory
sensitivity to sucrose (Fushan et al., 2009). Further study is
required to verify the function of this gene.

vsSxz2

As a transcription factor, VSX2 plays an important role in
the development of retinal progenitor cells which eventu-
ally causes all nerve tissues in the retina. Mutations in VSX2
can lead to autosomal recessive microphthalmia (Reis et al.,
2011). Besides this, by targeting CRISPR/Cas9 to knock out
either the coding sequences or enhancers of PRDMI and
VSX2, both the number of formed photoreceptors and bipo-
lar cells were affected. This evidence suggests that VSX2 is
indispensable for maintaining bipolar fate (Goodson et al.,
2020). This evidence suggests that VSX2 missense mutations
may cause loss of gene function and lead to the mutant death.

LEF1

As a transcription factor belonging to the Tcf/Lef family,
LEF1 performed an indispensable role in the formation of
whiskers in rodents by acting in the upstream of Prdml
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(Manti et al., 2022). RNA-seq analysis of chickens between
gustatory epithelium and ongustatory mesenchyme/connec-
tive tissue showed that LEF] was a differentially expressed
gene, suggesting LEF] is essential for the development of
taste organs (Cui et al., 2017). LEF1 can regulate osteogenic
differentiation and promote tooth organogenesis (Luo et al.,
2019; Kratochwil et al., 2002). In a high-altitude environ-
ment, LEF] can protect the skin and eyes of Hetian sheep
from ultraviolet radiation (Han et al., 2022). These studies
suggest that LEF] is indispensable for sensory perception.

OPRL1

Pain is a necessary protective response activated by high
threshold stimulation. Animals that lack the ability to sense
pain often suffer from infections and self-mutilation, result-
ing in shortened life spans (Woolf and Ma, 2007; Axelrod
and Hilz, 2003). As a member of the opioid receptor gene
family, OPRLI can directly inhibit neurons and then in-
hibit spinal cord pain (Al-Hasani and Bruchas, 2011). An-
other study confirmed that OPRLI might act as a poten-
tial biomarker that correlated with low back pain in patients
(Zhao et al., 2020). Further studies are needed to confirm the
function of OPRLI in pain.

ATF6

Activating transcription factor 6 (ATF6) is a transcription
factor belonging to the leucine zipper family. It has been con-
firmed that ATF6 performed key functions in regulating the
unfolded protein response (UPR) pathway, which is neces-
sary for transducing stress signals to endoplasmic reticulum
(Kohl et al., 2015; Hillary and FitzGerald, 2018). The mu-
tation of ATF6 impaired the development of fovea and cone
photoreceptors in humans, which is a new cause of achro-
matopsia (Xu et al., 2015; Chan et al., 2016). These findings
suggested that ATF6 performed key functions in visual de-
velopment.

MYO1A

The myosin superfamily is a versatile group of molecular
motors involved in a number of cellular pathways (Hartman
et al., 2012). As one member of class-1 myosins, MYOIA
is a candidate gene associated with tolerance to heat stress
in cattle (Cao et al., 2022). Besides, it has been reported that
mutations in MYOIA can cause non-syndromic sensorineural
hearing loss (F. Talebi et al., 2018). Moreover, comparative
genomic analysis between Xiang pigs and other breeds found
MYOIA was a selected candidate gene involved in environ-
mental adaptation, the study further speculated p.V299IA
splice variant of MYOIA may regulate coat color or hear-
ing in Xiang pigs (Wang et al., 2022). Further experiments in
vivo and vitro are needed to confirm this speculation.
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RDH5

Retinol is a common fat-soluble vitamin essential for ani-
mal visual function, embryonic development, immune reg-
ulation, reproduction, cell growth, and differentiation, etc.
(Saari et al., 2004; Yadu and Kumar, 2019; Clagett-Dame
and Knutson, 2011; Huang et al., 2018; Polcz and Barbul,
2019; Ayuso et al., 2015; Yang et al., 2018). However, retinol
must produce active retinoic acid to perform its function
(Kedishvili et al., 2013). Retinol dehydrogenase, also known
as RDH, is mainly distributed in the endoplasmic reticulum
of the photoreceptor inner segments. It can catalyze the con-
version between all-trans-retinol and all-trans-retinol or the
reduction of retinaldehyde using nicotinamide adenine dinu-
cleotide (NAD) or nicotinamide adenine dinucleotide phos-
phate (NADP) as cofactors and participate in the first step
of the visual cycle. Besides, RDH has a detoxification effect
on the products of lipid peroxidation in photoreceptors. Once
abnormal, it will lead to progressive photoreceptor degenera-
tion, which affects the photoreceptor cells of rods and cones
and causes blindness. Notably, scholars have reviewed the
main reactions in the rod visual cycle, and RDH plays an im-
portant role in this process (Sahu and Maeda, 2016). These
findings suggested that the RDH5 gene encoding retinol de-
hydrogenase performed key roles in vision development.

Missense mutation may affect the structure and function
of enzyme protein. The current study found that T722C mu-
tation in RDH)5 only existed in the wild sheep population and
changed amino acid residues at the 241, in its protein, which
is located on the 241y, loop region and adjacent to the &8 and
a9 helix. Besides this, a comparison of 3D protein structure
between wild and mutated revealed that mutation shortened
the o8 helix and caused the two alpha helixes («¢8 and «9)
to keep away from each other. Meanwhile, the variation of
amino acid also changed the hydropathicity, which can af-
fect the stability of protein. Scholars found that the mutation
of the hydrophilic residue from xylanase increased protein
stability (Gallardo et al., 2010). Our study also found that
variation of amino acid residues at the 241Gallardo in RDH5
protein reduced the hydropathicity and weakened the enzy-
matic activity of retinol dehydrogenase.

As a key encoded enzyme by the RDHS5 gene, 11-cis-
retinol dehydrogenase is found abundantly expressed in the
retinal pigment epithelial cells (Liu et al., 2015). Mutations
in RDHS result in a decrease of the enzyme activity that leads
to serious retinopathy. Recent studies investigated the clini-
cal characteristics of a night blindness named familial ade-
nomatous polyposis (FAP) in a Japanese cohort, which was
influenced by the RDH5 gene. Eight variants of RDH5 were
identified in these patients. Meanwhile, the high incidence
of macular disease and decreased pyramidal response were
found in elderly patients (Katagiri et al., 2020). Therefore,
this evidence suggested that the T722C mutation of RDH5
may impair the vision cycle in the wild sheep population, we
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infer that the C allele disappeared in the sheep domestication
process.

5 Conclusions

According to the selection sweeps caused by artificial and
natural selection, this study revealed that the genes related
to sensory perception pathways had directional evolution in
the autosomal region, such as OPRLI, LEF1, TASIR3, ATF6,
VSX2, MYOIA, RDHS, and some novel genes. The T722C
polymorphism of the RDHS5 gene is a new positive selected
site only existing in the Asiatic mouflon sheep population
when compared with Hu sheep, which can be inferred to in-
fluence the vision cycle via affecting the activity of retinol
dehydrogenase.

Data availability. The whole genome resequencing datasets of
49 Hu sheep supporting the conclusions of this article have sub-
mitted in the NCBI Sequence Read Archive under BioProject ID
PRINA675390 and PRINA691115. The downloaded resequencing
data from NCBI database supporting the conclusions of this article
are available in the NCBI Sequence Read Archive under accession
number SRP066883 (Pan et al., 2018) and PRINA624020 (Li et al.,
2020).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/aab-66-81-2023-supplement.

Author contributions. Conceptualization: XJ and GL. Method-
ology: XJ and GL. Resources: XJ and HY. Data curation: RH. Writ-
ing (original draft preparation): RH and XJ. Writing (review and
editing): all authors. Funding acquisition: GL, HY, and XJ. All au-
thors have read and agreed to the published version of the paper.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Ethical statement. All the experimental animals were properly
managed according to the law of Animal Husbandry in PR China
(29 December 2005). The study was approved by ethical approval
from the Ethical Committee of Huazhong Agricultural University,
with permission no. HZAUGO-2018-005.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. We are thankful to Yinan Yan, Yi Ding,
Yongjie Huang, Shaxuan Chi, and all members of the Jiang labo-
ratory who provided expertise that greatly assisted the research.

Arch. Anim. Breed., 66, 81—-91, 2023

R. Hu et al.: Selection signature analysis reveals RDH5

Financial support. This work was supported by Xinjiang Key
Research and Development Program (grant no. 20223101456),
China Agriculture Research System of MOF, MARA (grant
no. CARS-38), and the Fundamental Research Funds for the Cen-
tral Universities (grant no. 2662020DKPY017) and National Key
R&D Program of China (grant no. 2018 YFD0502105).

Review statement. This paper was edited by Henry Reyer and
reviewed by three anonymous referees.

References

Alberto, F. J., Boyer, F., Orozco-terWengel, P., Streeter, 1., Servin,
B., de Villemereuil, P., Benjelloun, B., Librado, P., Biscarini,
F., Colli, L., Barbato, M., Zamani, W., Alberti, A., Engelen, S.,
Stella, A., Joost, S., Ajmone-Marsan, P., Negrini, R., Orlando,
L., Rezaei, H. R., Naderi, S., Clarke, L., Flicek, P., Wincker, P.,
Coissac, E., Kijas, J., Tosser-Klopp, G., Chikhi, A., Bruford, M.
W., Taberlet, P., and Pompanon, F.: Convergent genomic signa-
tures of domestication in sheep and goats, Nat. Commun., 9, 1-9,
https://doi.org/10.1038/541467-018-03206-y, 2018.

Alexander, D. H. and Lange, K.: Enhancements to the ADMIX-
TURE algorithm for individual ancestry estimation, BMC Bioin-
formatics, 12, 1-6, https://doi.org/10.1186/1471-2105-12-246,
2011.

Al-Hasani, R. and Bruchas, M. R.: Molecular mechanisms of opioid
receptor-dependent signaling and behavior, Anesthesiology, 115,
1363-1381, https://doi.org/10.1097/ALN.0b013e318238bba6,
2011.

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., But-
ler, H., Cherry, J. M., Davis, A. P, Dolinski, K., Dwight, S.
S., Eppig, J. T., Harris, M. A., Hill, D. P., Issel-Tarver, L.,
Kasarskis, A., Lewis, S., Matese, J. C., Richardson, J. E., Ring-
wald, M., Rubin, G. M., and Sherlock, G.: Gene ontology:
tool for the unification of biology, Nat. Genet., 25, 25-29,
https://doi.org/10.1038/75556, 2000.

Assanasen, P., Choochurn, P., Banhiran, W, and Bunnag,
C.: Radiofrequency inferior turbinate reduction improves
smell ability of patients with chronic rhinitis and in-
ferior turbinate hypertrophy, Allerg. Rhinol., 5, el2-el6,
https://doi.org/10.2500/ar.2014.5.0077, 2014.

Axelrod, F. B. and Hilz, M. J.: Inherited Autonomic Neuropathies,
Semin. Neurol., 23, 381-390, https://doi.org/10.1055/s-2004-
817722, 2003.

Ayuso, M., Ovilo, C., Rodriguez-Bertos, A., Rey, A. 1., Daza,
A., Fendndez, A., and Isabel, B.: Dietary vitamin A restric-
tion affects adipocyte differentiation and fatty acid composi-
tion of intramuscular fat in Iberian pigs, Meat Sci., 108, 9-16,
https://doi.org/10.1016/j.meatsci.2015.04.017, 2015.

Benjamini, Y. and Hochberg, Y.: Controlling the false discovery
rate: a practical and powerful approach to multiple testing, J. R.
Stat. Soc. Ser. B, 57, 289-300, 1995.

Cao, Y. H, Xu, S. S., Shen, M., Chen, Z. H., Gao, L.,
Lv, F. H., and Li, M. H.: Historical introgression from
wild relatives enhanced climatic adaptation any resistance
to pneumonia in sheep, Mol. Biol. Evol., 38, 838-855,
https://doi.org/10.1093/molbev/msaa236, 2021.

https://doi.org/10.5194/aab-66-81-2023


https://doi.org/10.5194/aab-66-81-2023-supplement
https://doi.org/10.1038/s41467-018-03206-y
https://doi.org/10.1186/1471-2105-12-246
https://doi.org/10.1097/ALN.0b013e318238bba6
https://doi.org/10.1038/75556
https://doi.org/10.2500/ar.2014.5.0077
https://doi.org/10.1055/s-2004-817722
https://doi.org/10.1055/s-2004-817722
https://doi.org/10.1016/j.meatsci.2015.04.017
https://doi.org/10.1093/molbev/msaa236

R. Hu et al.: Selection signature analysis reveals RDH5

Cao, Y., Jia, P, Wu, Z., Huang, M., Chen, S., Zhang, J., Huang,
B., and Lei, C.: A novel SNP of MYOI1A gene associated with
heat-tolerance in Chinese cattle, Anim. Biotechnol., 33, 810—
815, https://doi.org/10.1080/10495398.2020.1837147, 2022.

Chan, P, Stolz, J., Kohl, S., Chiang, W. C., and Lin,
J. H.. Endoplasmic reticulum stress in human pho-
toreceptor  diseases, Brain  Res., 1648, 538-541,
https://doi.org/10.1016/j.brainres.2016.04.021, 2016.

Chong, Y., Jiang, X., and Liu, G.: An ancient positively selected
BMPRIB missense variant increases litter size of Mongolian
sheep populations following latitudinal gradient, Mol. Genet.
Genomics., 297, 155-167, https://doi.org/10.1007/s00438-021-
01828-4, 2022.

Clagett-Dame, M. and Knutson, D.: Vitamin A in re-
production and development, Nutrients, 3, 385-428,
https://doi.org/10.3390/nu3040385, 2011.

Cui, X., Marshall, B., Shi, N., Chen, S. Y., Rekaya, R., and
Liu, H. X.: RNA-Seq analysis on chicken taste sensory organs:
An ideal system to study organogenesis, Sci. Rep., 7, 1-13,
https://doi.org/10.1038/s41598-017-09299-7, 2017.

Demirci, S., Bastanlar, E. K., Dagtag, N. D., Piskin, E., En-
gin, A., Ozer, F, Yiincii, E., Dogan, S. A., and Togan, 1.:
Mitochondrial DNA diversity of modern, ancient and wild
sheep (Ovis gmelinii anatolica) from Turkey: new insights
on the evolutionary history of sheep, PLoS One, 8, 81952,
https://doi.org/10.1371/journal.pone.0081952, 2013.

Dutta, B. D., Benfey, E. D., Martin, L. E., Kay, K. E., Loney,
G. C., Nelson, A. R., Ahart, Z. C., Kemp, B. T., Kemp, B.
R., Torregrossa, A. M., and Medler, K. F.: A subset of broadly
responsive Type III taste cells contribute to the detection of
bitter, sweet and umami stimuli, PLoS Genet., 16, e1008925,
https://doi.org/10.1371/journal.pgen.1008925, 2020.

Fariello, M. 1., Servin, B., Tosser-Klopp, G., Rupp, R,
and Moreno, C., International Sheep Genomics Consor-
tium, Cristobal, M., and Boitard, S.: Selection signatures
in worldwide sheep populations, PLoS One, 9, 103813,
https://doi.org/10.1371/journal.pone.0103813, 2014.

Fernandez-Juricic, E.: Sensory basis of vigilance behavior in birds:
synthesis and future prospects, Behav. Process, 89, 143-152,
https://doi.org/10.1016/j.beproc.2011.10.006, 2012.

Fushan, A. A., Simons, C. T., Slack, J. P., Manichaikul, A., and
Drayna, D.: Allelic polymorphism within the TAS1R3 promoter
is associated with human taste sensitivity to sucrose, Curr. Biol.,
19, 1288-1293, https://doi.org/10.1016/j.cub.2009.06.015, 2009.

Gallardo, O., Pastor, F. I. J.,, Polaina, J., Diaz, P, Lysek,
R., Vogel, P, Isorna, P, Gonzdlez, P., and Sanz-Aparicio,
J.: Structural insights into the specificity of xynlOb from
paenibacillus barcinonensis and its improved stability by
forced protein evolution, J. Biol. Chem., 285, 2721-2733,
https://doi.org/10.1074/jbc.M109.064394, 2010.

Garg, V. K., Avashthi, H., Tiwari, A., Jain, P. A., Ramkete,
P. W.,, Kayastha, A. M., and Singh, V. K.: MFPPI-Multi
FASTA ProtParam Interface, Bioinformation., 12, 74-77,
https://doi.org/10.6026/97320630012074, 2016.

Gelez, H., Archer, E., Chesneau, D., and Archer, E.: Importance of
Learning in the Response of Ewes to Male Odor, Chem. Senses.,
29, 555-563, https://doi.org/10.1093/chemse/bjh054, 2004.

Goodson, N. B., Kaufman, M. A., Park, K. U., and Brzezinski IV, J.
A.: Simultaneous deletion of Prdm1 and Vsx2 enhancers in the

https://doi.org/10.5194/aab-66-81-2023

89

retina alters photoreceptor and bipolar cell fate specification, yet
differs from deleting both genes, Development, 147, dev190272,
https://doi.org/10.1242/dev.190272, 2020.

Han, Z., Zhou, W., Zhang, L., Wang, R., Liu, C., Bai, X., and
Liu, S.: Genetic Diversity and Runs of homozygosity analy-
sis of Hetian Sheep Populations Revealed by Illumina Ovi-
neSNP50 BeadChip, preprint, https://doi.org/10.21203/rs.3.rs-
2022113/v1, 2022.

Hartman, M. A. and Spudich, J. A.. The myosin su-
perfamily at a glance, J. Cell Sci., 125, 1627-1632,
https://doi.org/10.1242/jcs.094300, 2012.

Hillary, R. F. and FitzGerald, U.: A lifetime of stress: ATF6
in development and homeostasis, J. Biomed. Sci., 25, 1-10,
https://doi.org/10.1186/s12929-018-0453-1, 2018.

Huang, Z., Liu, Y., Qi, G., Brand, D., and Zheng, S. G.: Role
of vitamin A in the immune system, J. Clin. Med., 7, 258,
https://doi.org/10.3390/jcm7090258, 2018.

Izquierdo, C., Gémez-Tamayo, J. C., Nebel, J. C., Pardo, L., and
Gonzalez, A.: Identifying human diamine sensors for death re-
lated putrescine and cadaverine molecules, PLoS Comput. Biol.,
14, e1005945, https://doi.org/10.1371/journal.pcbi.1005945,
2018.

Katagiri, S., Hayashi, T., Nakamura, M., Mizobuchi, K., Gekka, T.,
Komori, S., and Nakano, T.: RDH5-related fundus albipunctatus
in a large Japanese cohort, Invest. Ophthalmol. Vis. Sci., 61, 53,
https://doi.org/10.1167/iovs.61.3.53, 2020.

Kedishvili, N. Y.: Enzymology of Retinoic Acid Biosyn-
thesis and Degradation, J. Lipid Res., 54, 1744,
https://doi.org/10.1194/j1r.R037028, 2013.

Kohl, S., Zobor, D., Chiang, W. C., Weisschuh, N., Staller, J.,
Menendez, I. G., Chang, S., Beck, S. C., Garrido, M. G.,
Sothilingam, V., Seeliger, M. W., Stanzial, F., Benedicenti, F., In-
zana, F., Héon, E., Vincent, A., Beis, J., Strom, T. M., Rudolph,
G., Roosing, S., Hollander, A. I., Cremers, F. P, Lopez, I., Ren,
H., Moore, A. T., Webster, A. R., Michaelides, M., Koenekoop,
R. K., Zrenner, E., Kaufman, R. J., Tsang, S. H., Wissinger, B.,
and Lin, J. H.: Mutations in the unfolded protein response regu-
lator ATF6 cause the cone dysfunction disorder achromatopsia,
Nat. Genet., 47, 757-765, https://doi.org/10.1038/ng.3319, 2015.

Kratochwil, K., Galceran, J., Tontsch, S., Roth, W., and Grosschedl,
R.: FGF4, a direct target of LEF1 and Wnt signaling, can rescue
the arrest of tooth organogenesis in Lefl(—/—) mice, Genes
Dev., 16, 3173-3185, https://doi.org/10.1101/gad.1035602,
2002.

Kruska, D.: Effects of domestication on brain structure and
behavior in mammals, Human Evolution, 3, 473-485,
https://doi.org/10.1007/bf02436333, 1988.

Kruska, D.: The effect of domestication on brain size and com-
position in the mink (Mustela vison), J. Zool., 239, 645-661,
https://doi.org/10.1111/j.1469-7998.1996.tb05468.x, 1996.

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura,
K.: MEGA X: molecular evolutionary genetics analysis
across computing platforms, Mol. Biol. Evol., 35, 1547,
https://doi.org/10.1093/molbev/msy096, 2018.

Li, C., Li, M., Li, X., Ni, W., Xu, Y., Yao, R., Wei, B., Zhang
M., Li H, Zhao Y., Liu L., Ullah Y., Jiang Y., and Hu,
S.: Whole-genome resequencing reveals loci associated with
thoracic vertebrae number in sheep, Front. Genet., 10, 674,
https://doi.org/10.3389/fgene.2019.00674, 2019.

Arch. Anim. Breed., 66, 81-91, 2023


https://doi.org/10.1080/10495398.2020.1837147
https://doi.org/10.1016/j.brainres.2016.04.021
https://doi.org/10.1007/s00438-021-01828-4
https://doi.org/10.1007/s00438-021-01828-4
https://doi.org/10.3390/nu3040385
https://doi.org/10.1038/s41598-017-09299-7
https://doi.org/10.1371/journal.pone.0081952
https://doi.org/10.1371/journal.pgen.1008925
https://doi.org/10.1371/journal.pone.0103813
https://doi.org/10.1016/j.beproc.2011.10.006
https://doi.org/10.1016/j.cub.2009.06.015
https://doi.org/10.1074/jbc.M109.064394
https://doi.org/10.6026/97320630012074
https://doi.org/10.1093/chemse/bjh054
https://doi.org/10.1242/dev.190272
https://doi.org/10.21203/rs.3.rs-2022113/v1
https://doi.org/10.21203/rs.3.rs-2022113/v1
https://doi.org/10.1242/jcs.094300
https://doi.org/10.1186/s12929-018-0453-1
https://doi.org/10.3390/jcm7090258
https://doi.org/10.1371/journal.pcbi.1005945
https://doi.org/10.1167/iovs.61.3.53
https://doi.org/10.1194/jlr.R037028
https://doi.org/10.1038/ng.3319
https://doi.org/10.1101/gad.1035602
https://doi.org/10.1007/bf02436333
https://doi.org/10.1111/j.1469-7998.1996.tb05468.x
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.3389/fgene.2019.00674

90

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N.,
Marth, G., Abecasis, G., and Durbin, R.: The sequence alignmen-
t/map format and SAMtools, Bioinformatics, 25, 2078-2079,
https://doi.org/10.1093/bioinformatics/btp352, 2009.

Li, X., Yang, J., Shen, M., Xie, X. L., Liu, G. J.,, Xu, Y. X, Ly,
F. H., Yang, H., Yang, Y. L., Liu, C. B., Zhou, P., Wan, P. C,,
Zhang, Y. S., Gao, L., Yang, J. Q., Pi, W. H., Ren, Y. L., Shen, Z.
Q., Wang, F,, Deng, J., Xu, S. S., Salehian-Dehkordi, H., Hehua,
E., Esmailizadeh, A., Dehghani-Qanatgestani, M., Stépének, 0.,
Weimann, C., Erhardt, G., Amane, A., Mwacharo, J. M., Han,
J. L., Hanotte, O., Lenstra, J. A., Kantanen, J., Coltman, D. W,
Kijas, J. W., Bruford, M. W., Periasamy, K., Wang, X. H., and Li,
M. H.: Whole-genome resequencing of wild and domestic sheep
identifies genes associated with morphological and agronomic
traits, Nat. Commun., 11, 1-16, https://doi.org/10.1038/s41467-
020-16485-1, 2020.

Li, Y., Zhang, Y., Lin, L., Gao, T, and Liu, L.: New
genetic  perspectives of the ambiguous pomfret as
revealed by CR sequences, ZooKeys, 719, 59-73,
https://doi.org/10.3897/zookeys.719.19914, 2017.

Liw, X., Liw, L. Li, H., Xu, F, Jang, R, and
Sui, R.: RDHS5 retinopathy (fundus albipunctatus)
with preserved rod function, Retina, 35, 582-589,
https://doi.org/10.1097/IAE.0000000000000319, 2015.

Luo, Y., Ge, R., Wu, H, Ding, X., Song, H., Ji, H., Li, M., Ma, Y.,
Li, S., Wang, C., and Du, H.: The osteogenic differentiation of
human adipose-derived stem cells is regulated through the let-7i-
3p/LEF1/B-catenin axis under cyclic strain, Stem Cell Res. Ther.,
10, 339, https://doi.org/10.1186/s13287-019-1470-z, 2019.

MacDonald, D.: The Encyclopedia of Mammals, 3ed
Edn, Oxford, England, UK, Oxford University Press,
https://doi.org/10.1093/acref/9780199206087.001.0001, 2006.

Manti, P. G., Darbellay, F., Leleu, M., Coughlan, A. Y., Moret, B.,
Cuennet, J., Droux, F., Stoudmann, M., Mancini, G., Hautier, A.,
Sordet-Dessimoz, J., Vincent, S., Testa, G., Cossu, G., and Bar-
randon, Y.: The Transcriptional Regulator Prdm1 Is Essential for
the Early Development of the Sensory Whisker Follicle and Is
Linked to the Beta-Catenin First Dermal Signal, Biomedicines,
10, 2647, https://doi.org/10.3390/biomedicines10102647, 2022.

Martinac, B.: 2021 Nobel Prize for mechanosensory transduction,
Biophysical Reviews, 1-6, https://doi.org/10.1007/s12551-022-
00935-9, 2022.

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibul-
skis, K., Kernytsky, A., Garimella, K., Altshuler, D., Gabriel,
S., Daly, M., and DePristo, M. A.: The Genome Analy-
sis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data, Genome Res., 20, 1297-1303,
https://doi.org/10.1101/gr.107524.110, 2010.

Mi, H., Muruganujan, A., Ebert, D., Huang, X., and Thomas, P. D.:
PANTHER version 14: more genomes, a new PANTHER GO-
slim and improvements in enrichment analysis tools, Nucleic.
Acid. Res., 47, 419-426, https://doi.org/10.1093/nar/gky1038,
2019.

Murovets, V. O., Bachmanov, A. A., and Zolotarev, V.
A.: Impaired glucose metabolism in mice lacking the
Taslr3 taste receptor gene, PLoS One, 10, e0130997,
https://doi.org/10.1371/journal.pone.0130997, 2015.

Murovets, V. O., Lukina, E. A., Sozontov, E. A., Andreeva, J. V.,
Khropycheva, R. P., and Zolotarev, V. A.: Allelic variation of

Arch. Anim. Breed., 66, 81—-91, 2023

R. Hu et al.: Selection signature analysis reveals RDH5

the Tas1r3 taste receptor gene affects sweet taste responsiveness
and metabolism of glucose in F1 mouse hybrids, PLoS One, 15,
€0235913, https://doi.org/10.1371/journal.pone.0235913, 2020.

Naval-Sanchez, M., Nguyen, Q., McWilliam, S., Porto-Neto, L.
R., Tellam, R., Vuocolo, T., Reverter, A., Perez-Enciso, M.,
Brauning, R., Clarke, S., McCulloch, A., Zamani, W., Naderi,
S., Rezaei, H. R., Pompanon, F., Taberlet, P., Worley, K. C.,
Gibbs, R. A., Muzny, D. M., Jhangiani, S. N., Cockett, N.,
Daetwyler, H., and Kijas, J.: Sheep genome functional an-
notation reveals proximal regulatory elements contributed to
the evolution of modern breeds, Nat. Commun., 9, 1-13,
https://doi.org/10.1038/s41467-017-02809-1, 2018.

Niimura, Y., Matsui, A., and Touhara, K.: Extreme expan-
sion of the olfactory receptor gene repertoire in African ele-
phants and evolutionary dynamics of orthologous gene groups
in 13 placental mammals, Genome Res., 24, 1485-1496,
https://doi.org/10.1101/gr.169532.113, 2014.

Pan, Z., Li, S., Liu, Q., Wang, Z., Zhou, Z., Di, R., Miao, B.,
Hu, W., Wang, X., Hu, X., Xu, Z., Wei, D., He, X., Yuan,
L., Guo, X., Liang, B., Wang, R., Li, X., Cao, X., Dong, X.,
Xia, Q., Shi, H., Hao, G., Yang, J., Luosang, C., Zhao, Y.,
Jin, M., Zhang, Y., Lv, S., Li, F, Ding, G., Chu, M., and
Li, Y.: Whole-genome sequences of 89 Chinese sheep sug-
gest role of RXFP2 in the development of unique horn pheno-
type as response to semi-feralization, GigaScience, 7, giy019,
https://doi.org/10.1093/gigascience/giy019, 2018.

Polcz, M. E. and Barbul, A.: The role of vitamin A
in wound healing, Nutr. Clin. Pract.,, 34, 695-700,
https://doi.org/10.1002/ncp.10376, 2019.

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, MA.,
Bender, D., Maller, J., Sklar, P, Bakker, P., Daly, M., and
Sham, P.: PLINK: a tool set for whole-genome association and
population-based linkage analyses, Am. J. Hum. Genet., 81,
559-575, https://doi.org/10.1086/519795, 2007.

Reed, D. R,, Li, S., Li, X., Huang, L., Tordoff, M. G., Starling-
Roney, R., Taniguchi, K., West, D. B., Ohmen, J. D., Beauchamp,
G. K., and Bachmanov, A. A.: Polymorphisms in the taste
receptor gene (Taslr3) region are associated with saccharin
preference in 30 mouse strains, J. Neurosci., 24, 938-946,
https://doi.org/10.1523/INEUROSCI.1374-03.2004, 2004.

Reis, L. M., Khan, A., Kariminejad, A., Ebadi, F., Tyler,
R. C., and Semina, E. V.. VSX2 mutations in auto-
somal recessive microphthalmia, Mol. Vis., 17, 2527,
https://doi.org/10.1097/1CO.0b013e3182031c81, 2011.

Rezaei, H. R., Naderi, S., Chintauan-Marquier, I. C., Taber-
let, P, Virk, A. T.,, Naghash, H. R., Rioux, D., Kaboli,
M., and Pompanon, F..: Evolution and taxonomy of
the wild species of the genus Ovis (Mammalia, Artio-
dactyla, Bovidae), Mol. Phylogenet. Evol., 54, 315-326,
https://doi.org/10.1016/j.ympev.2009.10.037, 2010.

Rubin, C. J., Zody, M. C., Eriksson, J., Meadows, J. R., Sher-
wood, E., Webster, M. T., Jiang, L, Ingman, M., Sharpe, Ted.,
Ka, Sojeong., Hallbook, F., Besnier, F., Carlborg, 0., Bed’hom,
B., Tixier-Boichard, M., Jensen, Per., Siegel, P., Lindblad-Toh,
K., and Andersson, L.: Whole-genome resequencing reveals loci
under selection during chicken domestication, Nature, 464, 587—
591, https://doi.org/10.1038/nature08832, 2010.

https://doi.org/10.5194/aab-66-81-2023


https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/s41467-020-16485-1
https://doi.org/10.1038/s41467-020-16485-1
https://doi.org/10.3897/zookeys.719.19914
https://doi.org/10.1097/IAE.0000000000000319
https://doi.org/10.1186/s13287-019-1470-z
https://doi.org/10.1093/acref/9780199206087.001.0001
https://doi.org/10.3390/biomedicines10102647
https://doi.org/10.1007/s12551-022-00935-9
https://doi.org/10.1007/s12551-022-00935-9
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/nar/gky1038
https://doi.org/10.1371/journal.pone.0130997
https://doi.org/10.1371/journal.pone.0235913
https://doi.org/10.1038/s41467-017-02809-1
https://doi.org/10.1101/gr.169532.113
https://doi.org/10.1093/gigascience/giy019
https://doi.org/10.1002/ncp.10376
https://doi.org/10.1086/519795
https://doi.org/10.1523/JNEUROSCI.1374-03.2004
https://doi.org/10.1097/ICO.0b013e3182031c81
https://doi.org/10.1016/j.ympev.2009.10.037
https://doi.org/10.1038/nature08832

R. Hu et al.: Selection signature analysis reveals RDH5

Saari, J. C.: Vitamin A metabolism in rod and cone visual cycles,
Annu. Rev. Nutr., 32, 125-145, https://doi.org/10.1146/annurev-
nutr-071811-150748, 2012.

Sahu, B. and Maeda, A.: Retinol dehydrogenases regulate vi-
tamin A metabolism for visual function, Nutrients, 8, 746,
https://doi.org/10.3390/nu8110746, 2016.

Slatkin, M.: Gene flow and the geographic structure of natural pop-
ulations, Science, 236, 787-789, 1987.

Sebe, F., Nowak, R., Poindron, P., and Aubin, T.: Establishment of
vocal communication and discrimination between ewes and their
lamb in the first two days after parturition, Dev. Psychobiol., 49,
375-386, https://doi.org/10.1002/dev.20218, 2007.

Talebi, F., Mardasi, F. G., Asl, J. M., Tizno, S., and Zadeh, M. N.:
Identification of novel PTPRQ and MYO1A mutations in an ira-
nian pedigree with autosomal recessive hearing loss, Cell J., 20,
127-131, https://doi.org/10.22074/cellj.2018.4805, 2018.

Talebi, R., Ahmadi, A., Afraz, F., Sarry, J., Woloszyn, F., and Fabre,
S.: Detection of single nucleotide polymorphisms at major pro-
lificacy genes in the Mehraban sheep and association with litter
size, Ann. Sci., 18, 685-698, https://doi.org/10.2478/aoas-2018-
0014, 2018.

Wang, M. S., Zhang, R. W., Su, L. Y., Li, Y., Peng, M. S., Liu, H. Q.,
Irwin D. M., Du, J. Lin., Yao, Y. G., Wu, D. D., and Zhang, Y. P.:
Positive selection rather than relaxation of functional constraint
drives the evolution of vision during chicken domestication, Cell
Res., 26, 556-573, https://doi.org/10.1038/cr.2016.44, 2016.

Wang, X., Ran, X., Niu, X., Huang, S., Li, S., and Wang, J.:
Whole-genome sequence analysis reveals selection signatures for
important economic traits in Xiang pigs, Sci. Rep., 12, 1-17,
https://doi.org/10.1038/s41598-022-14686-w, 2022.

Weir, B. S. and Cockerham, C. C.: Estimating F-statistics for
the analysis of population-structure, Evolution, 38, 1358-1370,
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x, 1984.

Woolf, C. J. and Ma, Q.. Nociceptors-noxious
stimulus detectors, Neuron, 55, 353-364,
https://doi.org/10.1016/j.neuron.2007.07.016, 2007.

Xu, M., Gelowani, V., Eblimit, A., Wang, F., Young, M. P, Sawyer,
B. L., Zhao, L., Jenkins, G., Creel, D. J., Wang, K., Ge, Z.,
Wang, H., Li, Y., Hartnett, M. E., and Chen, R.: ATF6 is
mutated in early onset photoreceptor degeneration with macu-
lar involvement, Invest. Ophthalmol. Vis. Sci., 56, 3889-3895,
https://doi.org/10.1167/i0vs.15-16778, 2015.

https://doi.org/10.5194/aab-66-81-2023

91

Yadu, N. and Kumar, P. G.: Retinoic acid signaling in regulation
of meiosis during embryonic development in mice, Genesis, 57,
€23327, https://doi.org/10.1002/dvg.23327, 2019.

Yang, J. I, Li, W. R., Lv, FE. H., He, S. G., Tian, S. L., Peng, W.
E, Sun, Y. W, Zhao, Y. X., Tu, X. L., Zhang, M., Xie, X. L.,
Wang, Y. T., Li, J. Q. Liu, Y. G., Shen, Z. Q., Wang, F, Liu, G.
J., Lu, H. F, Kantanen, J., Han, J. L., Li, M. H., and Liu, M. J.:
Whole-genome sequencing of native sheep provides insights into
rapid adaptations to extreme environments, Mol. Biol. Evol., 33,
2576-2592, https://doi.org/10.1093/molbev/msw129, 2016.

Yang, Y., Luo, J., Yu, D., Zhang, T., Lin, Q., Li, Q., Wu, X., Su,
Z., Zhang, Q., Xiang, Q., and Huang, Y.: Vitamin A promotes
Leydig cell differentiation via alcohol dehydrogenase 1, Front.
Endocrinol., 9, 644, https://doi.org/10.3389/fendo.2018.00644,
2018.

Yao, Y., Pan, Z., Di, R, Liu, Q., and Chu, M.: Whole genome
sequencing reveals the effects of recent artificial selection
on litter size of bamei mutton sheep, Animals, 11, 157,
https://doi.org/10.3390/ani11010157, 2021.

Zhang, C., Dong, S.-S., Xu, J.-Y., He, W.-M., and Yang, T.-L.:
PopLDdecay: a fast and effective tool for linkage disequilibrium
decay analysis based on variant call format files, Bioinformatics,
35, 1786-1788, 2019.

Zhao, C., Quan, X., He, J., Zhao, R., Zhang, Y., Li, X., Sun
S, Ma Rui., and Zhang, Q.: Identification of significant gene
biomarkers of low back pain caused by changes in the os-
motic pressure of nucleus pulposus cells, Sci. Rep., 10, 1-19,
https://doi.org/10.1038/s41598-020-60714-y, 2020.

Zhu, C., Li, N., Cheng, H., and Ma, Y.: Genome wide association
study for the identification of genes associated with tail fat de-
position in Chinese sheep breeds, Biol. Open, 10, bio054932,
https://doi.org/10.1242/bi0.054932, 2021.

Zlobin, A. S., Volkova, N. A., Borodin, P. M., Aksenovich, T. 1.,
and Tsepilov, Y. A.: Recent advances in understanding genetic
variants associated with growth, carcass and meat productivity
traits in sheep (Ovis aries): an update, Arch. Anim. Breed., 62,
579-583, https://doi.org/10.5194/aab-62-579-2019, 2019.

Arch. Anim. Breed., 66, 81-91, 2023


https://doi.org/10.1146/annurev-nutr-071811-150748
https://doi.org/10.1146/annurev-nutr-071811-150748
https://doi.org/10.3390/nu8110746
https://doi.org/10.1002/dev.20218
https://doi.org/10.22074/cellj.2018.4805
https://doi.org/10.2478/aoas-2018-0014
https://doi.org/10.2478/aoas-2018-0014
https://doi.org/10.1038/cr.2016.44
https://doi.org/10.1038/s41598-022-14686-w
https://doi.org/10.1111/j.1558-5646.1984.tb05657.x
https://doi.org/10.1016/j.neuron.2007.07.016
https://doi.org/10.1167/iovs.15-16778
https://doi.org/10.1002/dvg.23327
https://doi.org/10.1093/molbev/msw129
https://doi.org/10.3389/fendo.2018.00644
https://doi.org/10.3390/ani11010157
https://doi.org/10.1038/s41598-020-60714-y
https://doi.org/10.1242/bio.054932
https://doi.org/10.5194/aab-62-579-2019

	Abstract
	Introduction
	Materials and methods
	Samples collection and genome data resequencing analysis
	Population structure analysis
	Selection signature detection
	Gene ontology analysis
	Prediction of protein structure and physicochemical properties
	Determination of retinol dehydrogenase activity

	Results
	Genomic variants and population genetic structure
	Genome scans for selection signature and functional enrichment analysis
	The T/C polymorphism at the 722th site in RDH5 changes enzyme activity

	Discussion
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Ethical statement
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

