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Abstract

During domestication processes, changes in selective pressures induce multiple phenotypical, physiological, and behavioral changes

in target species. The riseofnext-generation sequencinghasprovidedachance to study thegeneticsbasesof thesechanges,mostof

the time based on single nucleotide polymorphisms (SNPs). However, several studies have highlighted the impact of structural

variations (SVs)on individualfitness,particularly indomestic species.Weaimedatunraveling the roleofSVsduring thedomestication

and later improvement of small ruminants by analyzing whole-genome sequences of 40 domestic sheep and 11 of their close wild

relatives (Ovis orientalis), and 40 goats and 18 of their close wild relatives (Capra aegagrus). Using a combination of detection tools,

we called 45,796 SVs in Ovis and 15,047 SVs in Capra genomes, including insertions, deletions, inversions, copy number variations,

and chromosomal translocations. Most of these SVs were previously unreported in small ruminants. 69 and 45 SVs in sheep and

goats, respectively, were in genomic regions with neighboring SNPs highly differentiated between wilds and domestics (i.e., puta-

tively related to domestication). Among them, 25 and 20 SVs were close to or overlapping with genes related to physiological and

morpho-anatomical traits linked with productivity (e.g., size, meat or milk quality, wool color), reproduction, or immunity. Finally,

several of the SVs differentiated between wilds and domestics would not have beendetected by screening only the differentiation of

SNPs surrounding them, highlighting the complementarity of SVs and SNPs based approaches to detect signatures of selection.
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Introduction

Plant and animal domestication represents a crucial step in

human history, enabling the transition from hunting and

gathering to farming (Vigne 2011). During domestication,

humans exerted new selective pressures on domestic animals,

inducing phenotypical changes to reach different productive,

adaptive, and behavioral traits (Wright 2015). With the rise of

next-generation sequencing giving an easier access to whole-

genome sequences (WGS), genetic approaches have gained

much power to identify genes targeted during early domes-

tication (e.g., domestication syndrome-related characters)

and later improvements (e.g., meat or milk production)
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(Wiener and Wilkinson 2011). This is, for instance, the case of

the dog’s ability to digest a starch-rich diet associated with the

AMY2B gene (Axelsson et al. 2013) or sheep polledness as-

sociated with a particular haplotype of the region including

the RXFP2 gene (Kijas et al. 2012).

Such studies mainly focused on single-nucleotide polymor-

phism (SNPs) data (Orozco-terWengel et al. 2015; Frantz et al.

2016), although it is known that SNPs only account for a part

of the genetic polymorphism (Pang et al. 2010). For example,

in humans, SNPs affect only 0.01% of the genome, whereas

structural variants (SVs), including small indels, affect more

than 1.2% of the genome (Pang et al. 2010). Even if most

of these variants are assumed to be neutral, they may have a

huge impact on fitness (Feuk et al. 2006). In addition to gene

interactions, epigenetic factors, or rare variants, SVs are

thought to be a cause for missing heritability when searching

for genetic variations accounting for phenotypes (Eichler et al.

2010). SVs are defined as insertions, deletions, copy number

variations (CNVs), inversions, and inter- or intrachromosomal

rearrangements (Tattini et al. 2015). They have been the target

of many selection events during domestication, including ones

targeting traits related to behavior, morphology, production,

and reproduction. For example, in pigs, CNVs are associated

with multiple growth and meat quality traits (Jiang et al.

2014), whereas an insertion in the SPEF2 gene influences

the reproductive performance of boars (Sironen et al. 2012).

An inversion near the KIT gene explains the Tobiano spotting

pattern in horses (Brooks et al. 2007) and merle patterning of

the dog may be induced by a retrotransposon insertion in the

SILV gene (Clark et al. 2006).

While growing, the number of studies based on SVs in the

literature is still really low compared with that based on SNPs.

This difference may be mainly explained by the fact that detect-

ing SVs in WGS data remains challenging. This is due to multiple

factors, such as the absence of standardized protocols, the low

overlap between the results obtained via different methods,

and the sensitivity to multiple sequencing parameters like se-

quencing depth or library size (Reviewed in Tattini et al. 2015).

Then, one might be tempted to detect causal SVs solely via

surrounding SNPs involved in the same selective sweeps. This is

the case in the two of the examples reported above. The in-

crease in amylase activity in dogs related to a selective sweep

around the AMY2B gene, is explained by a CNV (Axelsson et

al. 2013) and the region of the RXFP2 gene related to sheep

polledness (Kijas et al. 2012) was later associated to a 1.8-kb

insertion–deletion (Wiedemar and Drögemüller 2015).

However, although we can predict a redundancy of informa-

tion from SNPs in linkage disequilibrium with SVs, there is yet

no study assessing the ability of SNP-based detections to iden-

tify SVs under selection at a whole-genome scale.

Previous work based solely on SNPs data explored the ge-

netic bases of the domestication of both sheep and goats by

contrasting domestics animals from Morocco and Iran to their

wild relatives from Iran (Alberto et al. 2018). The present study

takes advantage of this data set of a hundred whole-genome

sequences, in order to 1) create the first atlas of SVs in small

ruminants’ genomes, and 2) detect SVs putatively targeted by

selection during domestication and further improvement of

those species. Finally, this data set gives a unique opportunity

to observe to which extent the detection of SVs per se iden-

tifies selected regions that would not be detected using SNPs.

Results

Structural Variations in Sheep and Goats

We used Breakdancer (Chen et al. 2009), Delly (Rausch et al.

2012), and BAdabouM (Cumer et al. 2020), to detect SVs

independently for each individual. We retained SVs indepen-

dently called by at least two softwares in at least two individ-

uals (except for insertions, see the detailed procedure in the

Materials and Methods section). In the 51 Ovis WGS, com-

posed of 11 wilds O. orientalis and 40 domestics O. aries,

45,796 SVs were identified with a median number of

14,222 SVs per individual. For the 58 Capra WGS, composed

of 18 wilds C. aegagrus and 40 domestics C. hircus, 15,047

SVs were called with a median number of 3,639.5 SVs per

individual. This set of SVs is composed mainly of deletions

(65% and 83%, for sheep and goats, respectively) and inser-

tions (27% and 10%, respectively). We also noted about 4%

and 5% of inversions, 2% and 1% of inter- or intrachromo-

somal translocations for sheep and goats, respectively, and

0.5% of CNVs in both species (table 1).

The overall distribution of the SVs in both species was similar

(fig. 1A). A high proportion of SVs was made of rare variants

with 41.4% and 49.4% of the SVs having a frequency lower

than 0.1 for sheep and goats, respectively. For both sheep and

goats, these rare SVs were more likely specific to one group

(i.e., domestics from either Iran or Morocco or wild animals

from Iran). When the frequency increases, SVs tends do be

shared between groups. Thus, less than 5% were private to

one group when the frequency is above 0.12 for Ovis and 0.15

for Capra. In total, 79.8% and 90.8% of the SVs were shared

by wild and domestic goats and sheep, respectively.

SVs are not polymorphic in all populations, and the rate of

polymorphic SVs was calculated for each population as the

ratio between the number of loci with the two alleles present

in the population, compared with the total number of SVs

recorded in this study (see Materials and Methods). This rate

was lower in wild individuals than in domestics for Capra and

higher in wild Ovis relatively to domestic sheep. Thus, in

sheep, the rate of polymorphic SVs was equal to 0.87 for

O. orientalis, 0.85 for Iranian O. aries, and 0.79 for

Moroccan O. aries. For goats, the rate of polymorphic SVs

was 0.7 for Capra aegagrus, and 0.81 and 0.77 for Iranian

and Moroccan C. hircus, respectively. Even if the sNMF anal-

ysis predicted K¼ 1 as the best number of genetic clusters for

sheep, for K¼ 2, the structure analysis showed a clear differ-

entiation between wild and domestics, and within domestics
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Table 1

Total Number and Repartition of Structural Variations Found in Ovis and Capra

SV Class Ovis Capra

No. Sites Mean Number/ind (SD) No. Sites Mean Number/ind (SD)

DEL 30,096 10,076 (614) 12,508 2,985 (336.5)

INS 12,816 3,113 (674) 1,555 303.5 (45.5)

INV 1,806 673 (37) 743 212 (33)

CNV 240 49 (8) 73 13 (4)

ITX 99 68 (10) 4 2 (1)

CTX 739 197 (43) 164 40 (12)

NOTE.—DEL, deletions; INS, insertions; INV, inversions; CNV, copy number variation; ITX, intrachromosomal rearrangements; CTX, interchromosomal rearrangements.

Allele frequency

Pr
op

or
tio

n 
of

 S
V

 s
ite

s

0 0.25 0.50 0.75

0.00

0.25

0.50

0.75

1.00

Allele frequency

0 0.25 0.50 0.75 11

Sh. W-AllD

Sh W-1D

DomM
OCH

IRCH

IRCA

Sh. W-AllD

Sh.W-1D

Dom
M

OOAIROA

IROO

−−−

−−−−−
−−

12000

13000

14000

15000

16000

−
−−− −−−−

2500

3000

3500

4000

N
um

be
r 

of
 S

V
s

A

B

intron variant

coding sequence variant

non coding transcript variant

non coding transcript
exon variant

upstream gene variant

downstream gene variants

3' UTR variant
5' UTR variant

intergenic variant

C

IRCA IRCH MOCH IROO IROA MOOA
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in accordance with a hierarchical clustering of individuals for

both species (supplementary fig. S1, Supplementary Material

online). The number of SVs per individual was significantly

different between wilds and domestics for both sheep and

goats (t-test P values: 0.035 and 0.005, respectively). Wild

Ovis harbored more SVs than domestics, whereas it was the

opposite for Capra. There was no significant difference be-

tween domestic groups within both species (fig. 1B). The dis-

tribution of SVs localization according to gene annotations

was similar in sheep and goats (fig. 1C), despite some differ-

ences such as a higher proportion of SVs in introns for Capra

(33% and 41.3%) and a higher proportion of variants affect-

ing coding sequences in Ovis (11.8% vs. 6.9% in goats).

Detection of Regions Putatively Selected during
Domestication

To detect SVs that were differentiated between domestics

and wilds (i.e., potentially under selection), we calculated at

each locus two differentiation indexes: DISV, which reflects the

difference in allele frequencies between populations, and the

Weir and Cockerham FST (FSTSV) (Weir and Cockerham 1984,

see Materials and Methods). The DISV index may generate

false negatives when an allele is absent or fixed in a popula-

tion and at medium frequency in the other. In this case, DISV

will be low while this SV could be under selection in a popu-

lation. The other index, FSTSV, is affected by the heterogeneity

of group size between wilds and domestics. In our study,

observed heterozygosity within domestics (more than 2/3rd

of the samples in both species) is close from global expected

heterozygosity even if the SV is absent or fixed in wilds.

Despite these potential biases, there is a clear correlation be-

tween DISV and FSTSV (goat, r2 ¼ 0.62, P value <2.2e-16;

sheep, r2 ¼ 0.49, P value <2.2e-16). To select the most dif-

ferentiated SVs between wild and domestic and avoid false

positives, three sets of SVs were extracted: SVs had to be

simultaneously either above the 90th, the 95th, and the

99th quantiles of both FSTSV and DISV distributions.

We conducted a variant effect predictor (VEP) analysis for

each of the three sets in order to identify genes potentially

impacted by SVs (i.e., not in intergenic regions, see Materials

and Methods section). The gene ontology (GO) analyses of

terms associated with these gene sets revealed no significant

enrichment (results not shown).

In total, 135 SVs for sheep and 70 for goats were above the

99th quantiles of both FSTSV and DISV distributions and were

considered as selected SVs (fig. 2A). The lowest FSTSV value

for selected SVs was 0.26 for goat and 0.31 for sheep,

whereas whole-genome FST based on SNPs were 0.047 for

Capra and 0.050 for Ovis (Alberto et al. 2018). The lowest

absolute value of DISV was 0.58 for sheep and 0.56 for goat.

In order to assess the ability of studies based on SNPs to

detect SVs under selection, we then tested whether SNPs

surrounding differentiated SVs were also differentiated

between wilds and domestics. To do so, we performed

Wilcoxon rank-sum tests on the mean FST values of 1) the

SNPs surrounding SVs highly differentiated between wilds

and domestics and 2) the SNPs surrounding other SVs (i.e.,

putatively neutral). In a way to assess a possible linkage decay,

we tested if this differentiation decreased when the size of the

window around SVs increased from 5 to 100 kb. All tests were

highly significant (P value lower than 10�10) for small win-

dows (5–10 kb, supplementary table S4, Supplementary

Material online), and the test significance decreased with

the increase of the window’s size in both sheep and goats.

With 100-kb windows, mean FST around SVs were not dif-

ferent between selected and neutral SVs (P value for goats:

0.08/P value for sheep: 0.052). Distributions are presented in

supplementary figure S2, Supplementary Material online.

Finally, we refined the set of differentiated SVs, by filtering

the SVs for having a FSTSNP-5K (i.e., FSTSNP calculated for SNPs

found in 5-kb-wide windows centered on the SV) higher than

twice the mean FSTSNP-5K of neutral SVs (nonselected based

on SVs differentiation). This resulted in 69 and 45 genomic

regions (out of the 135 and 70 selected previously) highly

differentiated between wilds and domestics (supplementary

table S2, Supplementary Material online). In these regions, the

VEP identified 25 and 20 SVs close to or overlapping with

genes (i.e., not in intergenic regions, reported in supplemen-

tary table S2, Supplementary Material online). GO enrichment

analyses revealed no significant term enriched among the

term associated with this gene set (supplementary table S3,

Supplementary Material online).

Discussion

Changes in selective pressures during domestication processes

have induced multiple phenotypical, physiological, and behav-

ioral changes in sheep and goats. This work explores the role

played by SVs during this process. Based on 51 and 58 whole-

genome sequences of wild and domestic sheep and goat,

respectively, we built an atlas of SVs in each species. Then,

we showed the consistency of the signals provided by SVs and

SNPs to infer the neutral structure of populations. We also

identified candidate SVs, highly differentiated between wilds

and domestics in both Ovis and Capra, that may have played a

role during domestication. Finally, checking the concordance

between selection indices obtained for SVs and their surround-

ing SNPs shed light on their complementarity.

Structural Variations in Sheep and Goats

Based on a combination of several calling tools, we produced

a set of high confidence SVs in sheep and goats. The distri-

bution across SVs categories (table 1) is consistent with that

observed in other mammalian genomes such as cattle (Chen

et al. 2017), human (Sudmant et al. 2015), and dog (Wang et

al. 2018). Previous work highlighted that SVs are inequitably
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distributed over genomes, with higher density within hetero-

chromatic regions (Li et al. 2011). Those regions are largely

composed of repeated elements and, as a consequence, cur-

rent SVs detection methods based on next-generation se-

quencing have a low sensitivity for this task due to the short

size of the reads and the low mapping quality on repeated

regions (Medvedev et al. 2009). Consequently, our set of SVs

might be incomplete with missed SVs probably unequally dis-

tributed over the genome, thus we do not expect our high

confidence SVs predictions to provide a complete description

of the distribution of SVs in small ruminants’ genomes.

When comparing both species, we observed more SVs in

sheep than goats, despite genomes of comparable sizes (2.6

Gb for sheep and 2.9 Gb for goats). This may reflect reality

and/or be explained by technical reasons. Different assembly

quality may lead to different false positives or true negative in

the two species (Bickhart and Liu 2014). In our case, the qual-

ity of the two assemblies is different, with 28 Mb of gaps in

OAR v4 assembly and only 38 kb of gaps in the ARS1 assem-

bly. The lower contiguity of the sheep reference genome may

disrupt the mapping of the resequencing reads on the refer-

ence genome and induce a higher error rate by calling arte-

factual SVs based on erroneously mapped and unmapped

reads. We also observed a link between the number of SVs

and the coverage (supplementary table S1 and fig. S3,

Supplementary Material online). Although this is an expected

bias, the coverage of Capra aegagrus individuals is signifi-

cantly lower compared with that of domestics and may limit

our ability to detect SVs in the wild group. Nevertheless, de-

spite a different number of SVs in the two species, distribu-

tions of SVs in sheep and goat populations were comparable.

Although rare SVs were mostly group specific (probably due

to a sampling effect), SVs with a higher frequency were

shared by all populations, indicating a shared polymorphism

between groups of domestics and between wild and domes-

tics, which thus probably existed before domestication. This

result is consistent with the low mutation rates of insertions

and deletions, which compose a large part of the variants

observed (Sudmant et al. 2015).

For both Capra and Ovis, the number of SVs was signifi-

cantly different between domestic and wild animals. Wild

sheep had more SVs than domestics. This result is consistent

with what was observed on SNPs. Indeed, nucleotide diversity

was lower in domestic sheep than in Asiatic mouflon (supple-

mentary table S5, Supplementary Material online), suggesting

a stable demography in the wild and/or lower effective size in

domestics (Alberto et al. 2018). For goats, in contrast, we

observed less SVs in wild individuals. If this lower number of

SVs may be imputed to technical reasons (see paragraph

above), this result is consistent with previous results based

FIG. 2.—SVs differentiated between domestic and wild groups. (A and C) Manhattan plot of the DISV variations along the genome of sheep (A) and

goats (C). SVs detected as selected with both FSTSV and DISV are in blue. (B and D) Distributions of the mean FST of the SNPs surrounding selected SVs (blue)

and the FST of the SNPs around all other SVs (gray) in a 5-kb window in both sheep (B) and goats (D).
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on SNPs (Alberto et al. 2018). Thus, current wild populations

are fragmented and may suffer from recent bottleneck reduc-

ing variability, which may explain the lower number of SVs

within wild populations and their lower polymorphism com-

pared with domestics. Consistently, Bezoar ibex showed

lower nucleotide diversity and higher inbreeding than domes-

tic goats based on SNPs data (supplementary table S5,

Supplementary Material online).

If, like SNPs, SVs showed a clear and consistent differenti-

ation between wilds and domestics for both Capra and Ovis,

they did not discriminate populations as clearly as SNPs.

Indeed, sNMF ancestry was less clear with SVs compared

with SNPs (see figure 1 in Alberto et al. 2018 for results based

on SNPs) and individual clustering was not able to fully ac-

count for domestic sheep structuration (supplementary fig.

S1, Supplementary Material online). This is also consistent

with previous studies (Conrad and Hurles 2007) and may be

explained by the lower mutation rate of SVs as well as their

lower number compared with SNPs.

Comparison of SVs and SNPs for Detection of Selection

This inventory of SVs found in wilds and domestics provides

the opportunity to assess the redundancy of information con-

tained in the joined observations of SVs and SNPs. We found

that SNPs close to candidate SVs (i.e., SVs strongly differenti-

ated between wilds and domestics) were also more likely to

be differentiated. Indeed, the frequency distribution of FSTSNP

surrounding candidate SVs significantly differed from that of

FSTSNP surrounding other SVs, considering a window of 10 kb

(or lower) around SVs. This difference decreased whereas the

size of the window increased. This suggests that SNPs sur-

rounding SVs under selection become differentiated, probably

as a result of genetic linkage with the SVs (a pattern illustrated

in fig. 3). However, this link between SVs and SNPs was not

always that clear, as shown by the overlap between the dis-

tribution of FSTSNP from neutral regions and that from regions

surrounding selected SVs (fig. 2B and supplementary fig. S2,

Supplementary Material online). This overlap between the

distributions may be caused by different reasons. Biological

parameters may influence the link between a SV and sur-

rounding SNPs. High recombination rate around a variant,

low but continuous selection pressure on a variant, or selec-

tion for a variant already present for a long time in the wild

populations (thus surrounded by a large part of the diversity

present in the wild population) are some scenarios that may

explain the decrease of FSTSNP around a variant putatively

under selection. A neutral SV may occur close to a variant

under selection but already frequent in the population (SNP

or short indel). In such a case, FSTSNP would be higher than

FSTSV and might explain high FSTSNP values around some pu-

tatively neutral SVs. This overlap between the two distribu-

tions may also result from false positives in the list of selected

SVs that may be attributed to SVs miscalling (discussed
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FIG. 3.—Variation of FST between wild and domestic animals along two regions surrounding a candidate SVs (red bar). Gray points represent the FST

values of SNPs and the black line the mean FST value in a sliding window of five SNPs for: (A) SLC40A1 gene in sheep chromosome 13 and (B) KITLG gene in

goat chromosome 15.
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above). To avoid such false positives when selecting regions

putatively under selection, we only kept as candidate loci

regions where highly differentiated SVs were associated

with a FSTSNP-5K higher than two times the mean of FSTSNP-

5K around nondifferentiated SVs.

Regions Putatively Selected during Domestication and
Improvement

Based on the concordant signal of SNPs and SVs, we identified

45 regions in Capra and 69 regions in Ovis that were puta-

tively under selection during domestication. A substantial part

(71.8% for sheep and 45.7% for goats) of these were in

intergenic regions. This result might reflect selective events

that impact individual fitness through the involvement of non-

coding regions implied in gene regulation (Alberto et al.

2018). However, 25 regions in Capra and 20 regions in Ovis

were close to or overlapping with genes. Thus, this study

reports new genes putatively associated to the domestication

of sheep and goats (see supplementary table S3,

Supplementary Material online). Despite the absence of met-

abolic pathway enriched in candidate genes in GO analyses,

the functions of the genes affected is consistent with the se-

lective pressures imposed by domestication. Striking differen-

ces between wild and domestic animals affect physiological

and morpho-anatomical traits related to productivity (e.g.,

size, meat or milk quality, wool color, and quality). The fol-

lowing paragraph aims at listing and describing the genes

identified in this study as potential candidates for further

investigation.

The anatomy of goats may have been affected by alter-

ation of genes close to or including a SV. This is the case of the

large inversion included in the GAL3S4 gene, a gene respon-

sible for skeletal malformations in humans (Wu et al. 2012),

and the intronic deletion in CDCP2, a locus previously associ-

ated with bone strength in laying hens (Rodrigues et al. 2014).

We detected two insertions, one in DNMT3A (Liu et al. 2015)

and one in GPC2 (Lee et al. 2013), two genes associated with

meat traits. In sheep, we reported a new deletion that may

affect the ADGRG6 gene, which has pleiotropic effects on

body development (e.g., cartilage and spinal column develop-

ment, Karner et al. 2015); myelination, Monk et al. 2011;

osteoclast function and regulation of bone mineral density,

Hsiao et al. 2008). Three other genes have high frequency

intronic insertions in domestic sheep: ADAMTSL3, is associ-

ated with body traits in cattle (Liu et al. 2012), SLC40A1 with

milk production and muscle iron content (Zhao et al. 2015)

and COP5 with meat quality trait (Zhao et al. 2015).

SVs may have also impacted reproduction. In goats, KITLG is

already a strong candidate gene affecting litter size (Li et al.

2016), and BMPR1B is known to influence prolificacy of Black

Bengalgoats(Souzaetal.2001).Bothgenesmaybeimpactedby

deletions reported in this study. In sheep, highly differentiated

SVspoint theSPEF2gene, responsibleofan increasedfertilityof

sows(Sironenetal.2012,2014)andtheMAGI2gene,knownto

impactovary formationduringearlyembryonicdevelopment in

dogs (Nowacka-Woszuk et al. 2017).

Immune resistance may also have been targeted during

domestication, notably due to the transmission of pathogens

in a context of increasing population density. Our study iden-

tified new variants that may impact immunity genes. In goats,

SVs affect PVRIG also known as CD112R, which encode a

coinhibitory receptor for human T cells (Zhu et al. 2016). In

sheep, SVs may affect CD28, which is known to provide a

stimulatory signal for T-cell activation in sheep (Chaplin et al.

1999) and CD226, which was related to immunity in human

(Hancock and Rienzo 2008). In a more general perspective,

domestication processes may affect the whole metabolism.

We found the candidate genes LDAH, GMDS, and KITLG in

goats, and LDAH and MAGI2 in sheep. GMDS is involved in

the metabolism of amino sugar and nucleotide sugar (Lemos

et al. 2016), MAGI2 is associated with feeding efficiency in

cattle (Hou et al. 2012). LDAH, which is the only gene bearing

a signature of selection in both species in our study, is known

to play a role in lipid storage through lipase activity in human

(Goo et al. 2014). This inventory of genes, deserving further

inquiry, illustrates the potential impact of SVs during domes-

tication processes.

Conclusion

Our study relied on the targeted detection of different cate-

gories of SVs from WGS. Considering the amount of compu-

tational efforts required to detect SVs in WGS data compared

with SNPs, it is legitimate to question whether these are jus-

tified given the additional information supplied. We found

that the SNPs nearby SVs under selection also depict a signal

of differentiation, highlighting linkage disequilibrium between

SVs and neighboring SNPs. This result suggests that studying

SNPs would be enough to detect the majority of genomic

regions affected by SVs under selection (i.e., >51% in sheep

and>64% in goats). Despite the fact that these results might

be affected by false-positive SVs and false-negative SNPs, the

proportion of true SVs not detected by surrounding SNPs

would rather be in the tens of percent, thus justifying the

implementation of a specific detection of SVs. Moreover, in

some of the genomic regions associated with domestication

reported in this study, the signal borne by SNPs is not as strong

as that borne by SVs. This emphasizes the fact that, whatever

the study species, combining both SNPs and SVs would be

required for a more comprehensive detection of genomic

regions under selection. Finally, the identification of causal

mutations under selection requires integrating all genomic

polymorphism (SNPs, sort indels, and SVs).
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Materials and Methods

Data Set

In total, 51 whole-genome sequences for Ovis species and 58

for Capra species were retrieved from the ENA archive

(Alberto et al. 2018) (Information available at ftp://ftp.ebi.ac.

uk/pub/databases/nextgen/). The sampling, which was

designed to investigate the genetic basis of domestication

(Alberto et al. 2018), is composed of wild and domestic indi-

viduals of both Ovis and Capra genera: 11 Asiatic mouflon

(Ovis orientalis), 18 Bezoar ibex (Capra aegagrus), 20 sheep

(Ovis aries) and 20 goats (Capra hircus) from Iran, and 20

sheep and 20 goats from Morocco. Bezoar ibex and Asiatic

mouflon are bellow referred to as Wild, in opposition to all

other Domestic groups.

SVs Calling

Reads Mapping

Illumina paired-end reads of Ovis individuals were mapped to

the sheep reference genome (build Oar_v4.0—GenBank as-

sembly accession: GCA_000298735.2) and of Capra individ-

uals to the goat reference genome (build Chir_2.0—GenBank

assembly accession: GCA_000317765.2) using BWA-MEM

with default parameters (Li and Durbin 2009). The BAM file

produced for each individual was sorted using Picard SortSam

and filtered for duplicates using the REMOVE_DUPLICATE op-

tion in Picardtools MarkDuplicates version 1.137 (http://pi-

card.sourceforge.net, last accessed July 20, 2021). Final

coverage for each individual is reported in supplementary ta-

ble S1, Supplementary Material online.

SVs Calling

SVs where called independently for each individual using

three different methods, namely BAdabouM (Cumer et al.

2020), Delly (Rausch et al. 2012), and Breakdancer (Chen et

al. 2009). All three methods were run using default parame-

ters, except for mapping quality of reads in input, set to 60.

SVs Clustering and Filtering

As the three methods do not detect breakpoints with the

same accuracy we considered that two methods identified

the same SV based on the positions of the SVs (defined by

the breakpoints of the SVs) and their length (see Cumer et al.

2020 for a comparison of the three methods based on simu-

lations and a real data set). For inversions, deletions, duplica-

tions, and intrachromosomal translocations, two SVs were

considered to be the same event when they overlapped by

more than 50% of their length. For insertions, as breakpoints

may be narrow (only one base pair), a 1-bp overlap was con-

sidered sufficient. For interchromosomal translocations, due

to the difficulty of the methods to accurately detect

breakpoints, SVs with breakpoints falling within a same 1-

kb window were considered as the same event.

SVs called from different individuals were considered as

homologous following the same strategy based on reciprocal

overlaps. We used the same 1 bp overlap strategy for inser-

tions. Inversions, deletions, duplications, and intrachromoso-

mal translocations from distinct individuals were considered to

result from the same event when they all overlapped one

another by more than 70% of their respective length.

For further analyses, we kept only polymorphic SVs called

by at least two methods and present in at least two individ-

uals, except for insertions which were called only with

BadabouM, as this software detects with high confidence

insertions in comparison to the two other softwares (Cumer

et al. 2020). This step allowed to identify insertions, deletions,

inversions, CNVs, and inter- or intrachromosomal transloca-

tions. For further analysis and for each individual, each SV was

considered as a dominant presence–absence marker.

All statistical analyses were performed using the R lan-

guage version 3.6.1 (Ihaka and Gentleman 1996).

Population Estimates

We calculated the SVs frequencies in each group of individu-

als where polymorphism was estimated as the number of

polymorphic loci divided by the total number of loci. The ge-

netic structure was inferred using the sNMF algorithm imple-

mented in the LEA package (Frichot and François 2015). sNMF

was run for a number of ancestral populations (K) ranging

from 1 to 4, with 20,000 iterations and ten repetitions. Based

on the minimal cross entropy criterion (De Boer et al. 2005)

the best values were K¼ 1 for sheep and K¼ 2 for goats

(supplementary fig. S1, Supplementary Material online).

Individuals were also hierarchically clustered using Ward’s

method on a distance matrix computed using binary distance.

Analysis of Selected SVs

Differentiation of SVs between Wilds and Domestics

For each SV, we calculated 1) a differentiation index (DISV)

defined as the difference between the SVs frequencies be-

tween domestics and wilds and 2) the Weir and Cockerham

FST (FSTSV) (Weir and Cockerham 1984). To avoid bias, SVs

whose FSTSV and DISV values were in the 90th, 95th, and 99th

quantile of both parameters were extracted for VEP and GO

analyses (see the Functional Interpretation section below). SVs

loci whose FSTSV and DISV values were in the 99th quantile

were considered as potentially selected.

Analysis of SNPs Surrounding SVs

Within 100 kb regions surrounding SVs, SNPs were called us-

ing samtools mpileup (Li 2011) on reads mapped with a qual-

ity equal to 60. Weir and Cockerham FST was calculated for

each SNP between wilds and domestics and between groups
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of domestics using vcftools (Danecek et al. 2011). For each

SV, the mean FSTSNP was calculated in windows surrounding

SVs, excluding SNPs within the SV. This mean FSTSNP was

calculated in 5 kb (respectively FSTSNP-5K—2.5 kb on both

sides of each SV), 10 kb (FSTSNP-10K—5 kb on both sides),

20 kb (FSTSNP-20K—10 kb on both sides), 50 kb (FSTSNP-50K—

25 kb on both sides), and 100-kb windows (FSTSNP-100K—

50 kb on both sides). We then ran Wilcoxon rank-sum tests

to compare the total distribution of FSTSNP with that of FSTSNP

surrounding SVs considered as potentially selected. P values

were adjusted according to the Bonferroni correction.

SVs Filtering

Because distribution of both FSTSNP surrounding potentially

selected SVs, and FSTSNP surrounding other SVs (i.e., puta-

tively neutral) overlapped, we considered only SVs surround-

ing regions with a FSTSNP higher than twice the mean FSTSNP

surrounding neutral SVs based on the distribution of FSTSNP-

5K. This filtering step allowed to extract a short list of poten-

tially selected regions impacted by differentiated SVs for func-

tional interpretation.

Functional Interpretation

We ran a VEP and a GO analyses for each set of SVs associ-

ated with values of DISV and FSTSV above the 90th, 95th, and

99th quantiles of their distribution, as well as for the poten-

tially selected regions identified (see SVs Filtering section

above). The VEP for each set of SVs was extracted using

Ensembl v98 available at (https://www.ensembl.org/Tools/

VEP, last accessed July 20, 2021) (McLaren W et al. 2016).

VEP was conducted for Capra on the Chir_2.0 assembly. For

Ovis, as the OAR_v4 assembly was not available for VEP, SVs

coordinates were converted to OAR_v3.1 coordinates before

VEP, using the NCBI remap service (Kitts et al. 2016). For each

gene set identified during the VEP procedure, we ran GO

analyses using the same procedure as the one described in

Alberto et al. (2018). In Brief, GO functional annotations were

extracted from Uniprot for Humans genes (http://www.uni-

prot.org/, last accessed July 20, 2021) using gene names

matching. We considered their association with only 30 child

terms (i.e., the terms’ direct descents) of the “Biological

Process” category (GO:0008150), as three of the 33 catego-

ries are not involved in mammalian functions and thus not

relevant for this analysis (i.e., GO:0006791 sulfur utilization,

GO:0006794 phosphorus utilization, GO:0015976 carbon

utilization). The distribution of the GO terms associated with

genes possibly impacted by selected SVs was compared with

the background distribution (i.e., the 19,063 human genes

associated to GO terms in Uniprot) with a Fisher exact test, for

genes possibly impacted by a SV from the short list of poten-

tially selected SVs.

We also retrieved the information available from the liter-

ature on livestock genomics to interpret the functions of

genes in the selected regions identified by both SNPs an SVs

(see SVs Filtering section).

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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