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Abstract

Herewith, we aimed to determine whether casein variants that are currently
segregating in ovine populations existed before the domestication of sheep or, on the
contrary, if their emergence is much more recent. To this end, we have retrieved whole
genome sequences from Iranian and domestic sheep from Africa, Europe, South and
East Asia and West Asia. Population structure analysis based on 55,352,935 single
nucleotide polymorphisms (SNPs) revealed a clear separation between Iranian mouflons
and domestic sheep. Moreover, we also observed a strong genetic differentiation
between Iranian mouflons sampled in geographic areas close to Tehran and Tabriz.
Based on sequence data, hundreds of SNPs mapping to the casein asi (CSN1S1, 248
SNPs), casein asz (CSN1S2, 268 SNPs), casein 3 (CSN2, 146 SNPs) and casein K
(CSN3, 112 SNPs) genes were identified. Approximately 25 — 63.02% of the casein
variation was shared between Iranian mouflons and domestic sheep, and the four
domestic sheep populations also shared 44.2 — 57.4 % of the casein polymorphic sites.
These findings suggest that an important fraction of the casein variation present in
domestic sheep was already segregating in the mouflon prior to its domestication.
Genomic studies performed in horses and dogs are consistent with this view, suggesting
that much of the diversity that we currently detect in domestic animals comes from

standing variation already segregating in their wild ancestors.
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Caseins represent the major milk protein fraction and they constitute an essential
source of amino acids and calcium for the newborn. They can be classified into two
main categories: calcium-sensitive caseins i.e. casein as; (CSN1S1), casein as2
(CSN18S2) and casein B (CSN2), which bind calcium and phosphorus; and the calcium
insensitive casein k (CSN3), which stabilizes the micelle and prevents milk coagulation
(Martin 1993). In sheep, a number of casein variants have been reported and several of
them have been associated with dairy traits (Selvaggi et al. 2014).

In a previous work (Guan et al. 2019), we compared the variability of the casein
genes in domestic goats (Capra hircus) and their ancestor, the bezoar (Capra
aegagrus). By doing so, we demonstrated that a relevant proportion of casein variants
are shared by bezoars and domestic goats, suggesting that these variants emerged before
goat domestication (Guan et al. 2019). The goal of the current work was to extend these
studies to sheep. More specifically, we aimed to test the hypothesis that a significant
fraction of casein polymorphisms that are currently segregating in domestic sheep (Ovis
aries) come from standing variation already present in their wild ancestor, the mouflon
(Ovis orientalis), prior to its domestication in the Fertile Crescent 10,000 YBP (Chessa
et al. 2009; Stiner et al. 2014).

Whole genome sequences corresponding to 40 domestic sheep from Africa (N=
10), Europe (N= 10), South and East Asia (N= 8) and West Asia (N=12); and 17
mouflons from Iran (Tehran, N= 7; Tabriz, N= 10), were retrieved from the Sequence
Read Archive (SRA) of the NCBI database (Tables S1 and S2). Genome sequences
were aligned to the ovine reference genome Oar v3.1 (Archibald et al. 2010) using the
BWA MEM algorithm (Li & Durbin 2010). The resulting Sequence Alignment Map
(SAM) files were sorted and converted into binary files to remove the PCR duplicates

with the Picard tool (https://broadinstitute.github.io/picard/). A pipeline for calling



single nucleotide polymorphisms (SNPs) was carried out using the Haplotype-Caller
function of the Genome Analysis Toolkit (McKenna et al. 2010) with default
parameters in order to create VCF files containing SNPs. After performing the SNP-
calling process a total of 43,293,496 SNPs were found in domestic sheep and
42,388,204 SNPs in mouflons, making a total of 58,626,591 SNPs. We used Beagle 4.1
(Browning & Browning 2016) with default settings to impute missing genotypes in
sheep and mouflons separately. We kept exclusively autosomal SNPs with a minor
allele frequency higher than 0.01, and without strong departures (P-value > 1.10°) from
the Hardy Weinberg equilibrium. The PLINK v.1.90 software (Chang et al. 2015) was
used to prune the data. Once the SNPs were pruned, 39,931,839 and 40,241,476 SNPs
were found in sheep and mouflons, respectively. In Fig. S1, we show how the amount
of discovered SNPs depends on the number of analysed individuals in each population.
The total data set (sheep and mouflons) comprised 55,352,935 SNPs and 50% of them
displayed frequencies lower than 0.10 (Fig. S2). We used PLINK v.1.90 (Chang et al.
2015) to perform a principal component analysis (PCA) based on the variance-
standardized relationship matrix. The first two components, explaining the majority of
variation, were used to carry out the graphical visualization of the data with R (R core
Team 2018). The PCA plot revealed that the mouflon population is subdivided into two
highly differentiated groups (Fig. 1A). The analysis of the SNP data with Admixture
v.1.3.0 (Alexander et al. 2009) confirmed such finding (Fig. 1C), and showed that the
most significant K-value is 2 (Fig. S3). Furthermore, the software VCFtools (Danecek
et al. 2011) was used to estimate the whole-genome nucleotide diversity (n) on a per site
basis (--site-pi) and by considering windows of 1000 bp (--window-pi). In the per site
analysis, the m —values estimated for domestic sheep, mouflons from Tehran and

mouflons from Tabriz were 0.284 + 2.25x10, 0.163 + 3.34x10% and 0.250 +



2.59x10°% | respectively. In contrast, we obtained m —values of 0.0030 + 1.69x107%,
0.0029 + 3.45x10°% and 0.0042 + 1.8x10™ when performing the per window analysis in
domestic sheep, mouflons from Tehran and mouflons from Tabriz, respectively.
Discrepancies between the m estimates obtained in the per site and per window analyses
are probably due to the fact that the per window analysis takes into account invariant
sites (Guo et al. 2019), so it yields & estimates that are more consistent with what has
been published in the literature. Chen et al (2018) described significantly higher n levels
in mouflon populations when comparing them with domestic sheep. Higher diversity in
wild vs domestic species has been described in dogs (Gray et al., 2009) and pigs (Bosse
et al., 2002), being the consequence of bottlenecks experienced during the
domestication process. The existence of two highly differentiated mouflon populations
would be compatible with a marked habitat fragmentation that strongly enhanced the
effects of genetic drift on allele frequencies. Indeed, the two mouflon populations were
sampled in geographic areas close to Tehran and Tabriz, that are 600 km apart

(http:/nextgen.epfl.ch/). Although the demographic history of Iranian mouflons is

mostly unknown, the IUCN currently lists Ovis orientalis as a vulnerable species
(https://www.iucnredlist.org/species/ 15739/5076068), indicating a strong reduction of
population size.

With regard to domestic sheep, four different clusters are evident according to
the geographical origin of the sampled individuals. European ovine breeds show a
scattered distribution, whilst African, West Asian and South and East Asian breeds
group more tightly (Fig. 1B), with the exception of two Barag sheep (Inner Mongolia,
China) that are located far apart from other East Asian sheep. As shown in Fig. 1C,
these clustering patterns were also detected with the Admixture v.1.3.0 software

(Alexander et al. 2009). This result is consistent with population genetics data presented


http://nextgen.epfl.ch/
https://www.iucnredlist.org/species/

by Kijas et al. (2012) showing a close relationship between the patterns of ovine genetic
variation and geography, and it also agrees well with the eastwards and westwards
dispersal routes of domestic sheep from their primary domestication center in the Fertile
Crescent (Lv et al. 2015; Zeder 2008).

The genomic coordinates of the four casein genes (CSNISI, CSN1S2, CSN2 and
CSN3) were obtained using as a reference the Oar_v3.1 ovine genome (Archibald et al.
2010). These coordinates were used to retrieve variants mapping to the casein genes in
sheep and mouflon. Population structure analyses (Figs, S4 to S6) were performed by
using the whole set of 774 casein polymorphisms as well as for each casein gene
independently. We did not observe an evident population structure when we used any of
the aforementioned data sets, probably because they encompass a relatively low number
of markers. Similar results were shown by Chessa et al., (2017), who reported weak
population structure among domestic sheep breeds when considering 46 molecular
markers mapping to the casein genes and other loci of economic interest. Additionally a
neighbor-joining tree was constructed based on the casein sequences using the MEGA
v7 software (Kumar et al. 2016). This analysis highlighted the existence of three
different clusters: one containing exclusively domestic sheep and the other two a
mixture of both sheep and mouflon individuals (Fig. S7).

The n-values of each casein gene were estimated with VCFtools (Danecek et al.
2011) as previously explained (Table S7). The n estimates obtained in the per-site
analysis were consistent with those previously reported by Guan et al. (2019) in goats
and bezoars. Moreover, we observed higher n-values in the sheep CSNIS1, CSN1S2 and
CSN3 genes when compared to those of mouflons. In contrast, in the per window
analysis mouflon populations exhibited higher variability than sheep in the four casein

genes (Fig. 2B, Table S7). We consider that the per window analysis yields n-values



that are more comparable to the ones generated in other studies because it considers the
existence of invariant sites. Overall, we can conclude that the variability of the casein
genes is quite similar in sheep and mouflons. In principle, population size and
geographic range of sheep are much larger than those of mouflons, but it is also true that
domestication might have involved one or several bottlenecks decreasing genetic
diversity (Alberto et al. 2018). Moreover, population subdivision in mouflons (Fig. 1A)
might have contributed to create highly divergent gene pools, thus increasing overall
diversity (Fig. 2A).

Hundreds of SNPs were identified into the casein genes in both sheep and
mouflons (Table S3). We predicted the effects of the identified SNPs with the
SNPeff v 4.3 software (Cingolani et al. 2012), while the potential effects of missense
variation were inferred with the SIFT tool (Vaser et al. 2016). The broad majority of
the SNPs identified in the four casein genes mapped to introns (Tables S4 and S5),
but we also detected a number of missense mutations that are reported in Table S6.
Several of these missense mutations were described in previous publications (Bastos
et al. 2001; Corral et al. 2010; Giambra & Erhardt 2012; Suérez-Vega et al. 2017),
while others were novel (Table S6). Of course, part of the identified SNPs could
have been produced by sequencing errors, so they should be further validated by
using sequencing and typing techniques. We have also reconstructed haplotypes
based on SNPs mapping to each casein gene by using fastPHASE 1.4 (Scheet &
Stephens 2006). This software uses a clustering algorithm to infer the haplotype of
each individual. Haplotype reconstruction has been performed for sheep and
mouflons separately, and the numbers of casein haplotypes detected with this
methodology are depicted in Fig. S8. It can be observed that the majority of casein

haplotypes have very low frequencies (MAF < 0.05).



The comparison of casein variation between sheep and mouflons revealed an
extensive sharing of polymorphic sites (Figs, 2C and S9), a finding that agrees well
with results reported by Guan et al. (2019) in goats and bezoars. Consistently, Chessa
et al. (2017) showed the existence of a haplotype formed by 8 SNPs that segregates
in 51% of the mouflons as well as in the majority of the domestic sheep breeds
sampled in their study. One potential explanation for these results would be the
introgression of mouflons with domestic sheep, but data depicted in Fig. 1C are not
consistent with such hypothesis. More probably, an important fraction of the casein
variation present in sheep was already segregating in the mouflon prior to its
domestication. This conclusion is consistent with our observation that the four
domestic sheep populations under study share an extensive amount of casein
polymorphisms despite the fact that they were raised in different continents i.e.
44.21% of the SNPs shared in CSNIS1, 55.61% in CSN1S2, 57.49% in CSN2 and
49.47% in CSN3.

Although large-effect polymorphisms present in domesticated species are
usually recent mutations that were far easier to select on, the bulk of the variation
present in livestock probably comes from the standing variation present in the wild
progenitors (Wright 2015). According to our analyses, the ovine casein genes are no
exception to this general trend, although we have also detected sheep casein
polymorphisms that do not segregate in the mouflon (and vice versa). This result
needs to be interpreted with caution, because sample sizes employed in our study are
small, but we hypothesize that it could have been produced by the process of genetic
differentiation that sheep and their wild progenitor underwent during the last 10,000

YBP.
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LEGENDS TO FIGURES

Fig. 1A. Principal component analysis (PCA) based on 55,352,935 SNPs and
comprising two Iranian mouflon populations (Tabriz and Tehran) as well as four
domestic sheep populations from North Africa, West Asia, Europe and South and East
Asia. 1B Principal component analysis based on 39,931,839 SNPs identified in
domestic sheep and focused on the four North African, West Asian, European and
South and East Asian populations mentioned before (breed of origin is also indicated).
1C. Admixture analysis (K=2-10) encompassing the same number of markers and
populations defined in 1A.

Fig. 2. Nucleotide diversity (per window analysis) of the whole casein cluster (2A) and
of each casein locus (2B) in two Iranian mouflon populations (Tabriz and Tehran) and
in 4 domestic sheep populations from North Africa, West Asia, Europe and South and
East Asia. Each bar represents the mean nucleotide diversity and its standard error.
Venn diagrams (2C) depicting the proportion of casein SNPs shared by domestic sheep

and mouflons.
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