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A B S T R A C T

The study of locally adapted breeds has the potential to underpin the discovery of genes involved in
economically and ecologically important traits. Brazilian locally adapted sheep breeds have distinctive
characteristics that could be of value for specialized production systems. Therefore, the main objective of the
present study was to identify genomic regions that may have been under selection and therefore may explain
ecological and production differences observed among three important Brazilian locally adapted sheep breeds.
Animals from the Brazilian Creole, Morada Nova and Santa Ines breeds were genotyped using the Illumina
Ovine SNP50 BeadChip. The identification of selection signatures was based on two groups of methodologies:
differentiation among populations (FST) and linkage disequilibrium (iHS and RsB). Taken together, these
analyses allowed for the identification of 86 candidate genes. Functional analysis revealed genes related to
immunity, nervous system development, reproduction and sensory perception. A number of genes are of
particular interest including: RXFP2, which has recently been associated with the presence/absence and
morphology of horns in sheep; the TRPM8 gene, involved in regulation of body temperature at low
temperatures; DIS3L2, PLAG1 and NIPBL, associated with height variation; and finally, SPEF2 and SPAG6,
important for spermatogenesis. Selective sweeps were identified using multiple methods, and in a number of
cases sweep regions contained genes with a demonstrated role in phenotypic variation. The genomic
distribution of the sweep regions differed between populations, suggesting that breed specific signatures were
successfully identified that may reflect the consequence of local adaptation.

1. Introduction

Identification of genomic regions subject to selection in livestock

may assist in both understanding the processes involved in genome
evolution as well as in the discovery and validation of genomic regions
involved in the manifestation of traits of economic and ecological
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interest (Hayes et al., 2008; Nielsen, 2001, 2005; Schlötterer, 2003).
The domestication process, breed development and the more recent

progress in animal breeding methods such as genetic improvement
programs, have led to species modifications which are of interest to
animal science from morphological, behavioral, productive, adaptive
and, consequently, genetic points of view. A wide variety of breeds and
genetic groups adapted to diverse environmental conditions can be
observed for farm animal species (Diamond, 2002; Toro and Mäki-
Tanila, 2007; Flori et al., 2009).

Brazilian sheep are descendants of animals imported during the
colonization period and, since then, have been subject to systematic
and non-systematic evolutionary processes. This has led to the devel-
opment of local breeds adapted to the diverse Brazilian environmental
conditions (Mariante et al., 2009). The Brazilian hair sheep breeds, for
example, have better quality pelts (Jacinto et al., 2004, 2011) and lower
levels of infection from gastrointestinal nematodes when compared to
exotic wool breeds (Amarante et al., 2009; McManus et al., 2008).

The recent publication of a draft sheep genome sequence (Jiang
et al., 2014), coupled with the availability of SNP genotyping platforms,
has meant studies that aim to identify genomic regions under selection
are now possible for sheep. These tools were used in a study of 74 sheep
breeds that tested nearly 50,000 SNP loci to identify regions likely to
have undergone positive selection across sheep breeds (Kijas et al.,
2012). The study, however, did not search for evidence of selection that
may be breed specific to one or a few locally adapted breeds. Therefore,
the main objective of this study was to identify genomic regions that
may have been under selection in three major Brazilian locally adapted
sheep breeds. Candidate genes located in identified regions were listed,
based on publically available annotation information.

2. Material and methods

2.1. Animals and SNPs

Ninety-two animals from Brazilian Creole (BCS), Morada Nova
(BMN) and Santa Ines (BSI), the three main Brazilian locally adapted
sheep breeds, were genotyped as part of the International Sheep
Genomics Consortium (Kijas et al., 2012), using the Illumina Ovine
SNP50 BeadChip.. Of these, a total of 87 unrelated individuals (22
Brazilian Creole, 20 Morada Nova and 45 Santa Ines) were used to
carry out this study. Information related to individual sampling
locations is shown in Table 1.

The Illumina Ovine SNP50 BeadChip. contains 54,241 SNPs from
the sheep genome. Pre-processing and filtering of the raw data resulted
in a total of 49,034 high quality useful SNPs (Kijas et al., 2012).
Filtered data were then subjected to additional processing to exclude

non-autosomal markers, according to version 3.1 of the sheep genome
(ISGC et al., 2010), and markers with MAF < 0.05 (considering the 87
individuals used in this study). A total of 44,850 SNPs remained at the
end of processing.

2.2. Population structure

Principal component analysis (PCA) was performed using
EIGENSOFT software v5.0.2 (Patterson et al., 2006) based on a subset
containing 5620 unlinked SNPs obtained using the command –indep-
pairwise 20 5 0.05 of PLINK (Purcell et al., 2007).

2.3. Identification of signatures of selection based on differentiation
among populations

Analysis for selective sweeps was performed using the BayeScan
v2.1 software (Foll and Gaggiotti, 2008). To control the number of false
positives, the a priori probability of the neutral model in relation to the
model assuming selection was considered as equal to 10 and the
definition of the significant SNPs was carried out considering the q-
value (the minimum FDR for a locus to be considered as significant) as
equal to 0.01. The FST analyses were performed considering the three
populations together and also separately for each pairwise comparison.

Additionally, the FST analysis was performed comparing the north-
eastern hair breeds (Morada Nova and Santa Ines) against the southern
wool breed (Brazilian Creole).

2.4. Identification of signatures of selection based on linkage
disequilibrium

The haplotypes of each individual were separately reconstructed for
each chromosome within each breed, using fastPHASE software (Scheet
and Stephens, 2006). Population recombination rates ρ N r( =4× × )e were
estimated separately for each chromosome within each breed, using
LDhat (McVean et al., 2004). These estimates were converted into
genetic distances (cM) considering the effective population size of 371
individuals for Brazilian Creole, 327 for Morada Nova and 520 for Santa
Ines (Kijas et al., 2012). A genetic reference map was created from the
arithmetic mean of the maps from each breed. To assign the ancestral
status at each marker, SNP genotyping was performed on animals from
nine out-group species (Supplementary Table 1). Genotypes with GC
score < 0.8 were discarded, before alleles were compared across species.
A total of 35,008 SNP had their ancestral allele assigned where
segregation was allowed in no more than one out-group species, and
no out group was fixed for the alternative allele.

Identification of selection signatures based on linkage disequili-
brium was performed using two complementary methodologies: iHS
proposed by Voight et al. (2006), and RsB proposed by Tang et al.
(2007). These two methods are derived from the long-range haplotype
(LRH) test, proposed by Sabeti et al. (2002), and they are based on the
extended haplotype homozygosity (EHH) estimates of linkage disequi-
librium.

Both the iHS and RsB analyses were performed using the rehh
package (Gautier and Vitalis, 2012) in R. To identify loci subject to
selection, the iHS and RsB values were transformed into piHS
(piHS = −log[1 − 2 × (Φ −0, 5)](iHS) ) and pRsB (pRsb = −log[1 − 2 × (Φ −0, 5)](Rsb) ),
where Φ(x) represents the Gaussian cumulative distribution function
(Gautier and Vitalis, 2012). Assuming that iHS and RsB values are
normally distributed under neutrality, piHS and pRsB values may be
interpreted as P value−log 10( − ).

The iHS analysis was performed separately for each of the three
breeds studied and the SNPs that exhibited piHS ≥4
(P value− = 0.0001) were considered significant. RsB analysis was
carried out for each two-by-two comparison between the breeds
studied, and the SNPs that exhibited pRsB ≥4 (P value− = 0.0001)
were considered significant.

Table 1
Information about the individuals used in the study.

Breed N Herd Location Conservation
Program*

Brazilian
Creole

5 BCS_CAS Caçapava do Sul,
RS

Yes

6 BCS_EMB Bagé, RS Yes
5 BCS_LAG Lages, SC No
6 BCS_POA Ponte Alta, SC No

Morada Nova 13 BMN_EBD Itapetinga, BA Yes
7 BMN_EMB Sobral, CE Yes

Santa Ines 6 BSI_EBD Itapetinga, BA Yes
5 BSI_ECO Sobral, CE Yes
13 BSI_EMN Teresina, PI Yes
10 BSI_ETC Aracaju, SE Yes
11 BSI_GAA Inhumas, GO No

* Herds belonging to Embrapa conservation nuclei.
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2.5. Annotation of significant regions

SNPs showing statistically significant FST, iHS and RsB values were
used to identify genes which are candidates under selection.
Identification of these genes was made based on version 3.1 of the
sheep genome (Jiang et al., 2014), downloaded from http://www.
livestockgenomics.csiro.au/sheep/oar3.1.php. For each analysis, the
significant SNPs that were less than 50 kb apart were clustered in a
single region and the SNP of greatest statistical value (FST, iHS or RsB)
within each region was considered as the significant SNP for the region.

When a significant SNP was contained within a gene, the gene was
considered as a candidate under selection. For the significant SNPs not
located within genes, the genes nearest this SNP were considered
candidates, up to a maximum distance of 25 kb.

2.6. Functional analysis of the candidate genes

The DAVID platform (Huang et al., 2009) was used to perform
functional analysis of the genes identified as candidates under selec-
tion. In addition, two text mining tools were used to assist in the search
for scientific literature related to the candidate genes: IHOP (Hoffmann
and Valencia, 2004) and CHILIBOT (Chen and Sharp, 2004).

3. Results

3.1. Population structure

To access the genetic structure of the studied populations, the PCA
was performed using 5620 SNPs selected to be unlinked. The first three
components accounted for 7.93% (PC1), 4.58% (PC2) and 3.46% (PC3)
of the variation. The first component clearly separates the northeastern
hair breeds (Morada Nova and Santa Ines) from the southern wool
breed (Brazilian Creole). The second component permits the separation
within the hair breeds and the combination of the first and the third
components allows the insight into a possible substructure within the
Brazilian Creole breed (Fig. 1).

3.2. Selection identified using FST

SNP Genotypes were used to estimate allele differentiation (mea-
sured as FST) in pairwise comparison between breeds, and also using all
breeds together. The genome wide distribution of FST is shown in

Fig. 2, and clear signals can be seen that differs between comparisons
suggesting the identification of breed specific selection. A total of 58
significant SNPs (q-value ≤0.01) were identified in the single analysis
considering all three breeds (top panel, Fig. 2; Supplementary Table 2).
Pairwise comparisons revealed 33 significant SNPs between Brazilian
Creole and Morada Nova, 53 between Brazilian Creole and Santa Ines,
and 23 between Morada Nova and Santa Ines (Supplementary Table 2).
Significant SNPs were identified on all chromosomes except for OAR21
and OAR23, and clusters that defined clear peaks were found on OAR2,
OAR3, OAR16 and OAR25 (Fig. 2).

Results from each pair-wise breed analysis were compared to
identify significant SNPs in both the analysis considering all three
breeds and at least one pairwise comparison (Supplementary Fig. 2). A
total of 42 SNPs distributed across 40 distinct regions from 17
chromosomes met these criteria and were used for defining genomic
regions and were manually annotated (Supplementary Table 3). In
summary, the following genes were identified in regions under selec-
tion by the FST analysis: TRPM8 (OAR1) observed for the comparison
between BCS x BSI; RXFP2 (OAR10) for the comparison BCS x BSI;
WDR70 (OAR16) for the comparison between BCS x BSI and TARBP1
(OAR25) for the comparison between BCS x BMN (Table 2).

The analysis comparing the northeastern hair breeds (Morada Nova
and Santa Ines) against the southern wool breed (Brazilian Creole)
revealed 46 significant SNPs (q-value ≤0.01) (Supplementary Fig. 7
and Supplementary Table 9) distributed across 44 distinct regions
(Supplementary Table 10). Inside these regions, 21 genes were
identified as candidates to be under selection (Supplementary
Table 11).

3.3. Selection identified using iHS

A separate analysis, based on phased haplotypes, was performed
using iHS. Analysis of the Brazilian Creole identified 13 significant
SNPs (piHS ≥4) distributed across 8 chromosomes (Supplementary
Table 4). In the Morada Nova, eight significant SNPs were identified on
five chromossomes, and in the Santa Ines, 70 significant SNPs were
identified on seven chromosomes (Supplementary Table 4).

Clusters of significant SNPs were observed on chromosomes OAR2,
OAR3 and OAR16 (Fig. 3), in a total of 13 regions in the Brazilian
Creole, eight regions in the Morada Nova, and 59 regions in the Santa
Ines (Supplementary Table 5). The main regions identified in iHS
analysis were located on chromosomes OAR3 and OAR16.

Fig. 1. Principal component analysis results based on a subset containing 5620 SNPs. Each individual is plotted according to its coordinates on the biplot.
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On chromosome OAR3, a cluster of three significant adjacent SNPs
was identified in the Santa Ines and a cluster of two significant SNPs was
identified in the Morada Nova (Supplementary Table 5). Inside these
regions, the gene GNS (Santa Ines) and MAPKAP1 (Morada Nova) were
identified as candidates to be under selection (Table 2). On chromosome
OAR16, six regions containing clusters of significant SNPs were
identified also in Santa Ines (Supplementary Table 5) and the genes
WDR70, MGC134093 and SPEF2 ) were identified as candidates.

3.4. Selection Identified using RsB

RsB analysis revealed 21 significant SNPs (pRsB ≥4) distributed
across eight chromosomes in the Brazilian Creole x Morada Nova
comparison. In the Brazilian Creole x Santa Ines comparison, 204
significant SNPs, distributed across six chromosomes were identified.
For the Morada Nova x Santa Ines comparison, 26 significant SNPs
distributed across six chromosomes were identified (Supplementary
Table 4). Clusters of significant SNPs were observed on chromosomes
OAR2, OAR3, OAR8, OAR10, OAR12, OAR13 and OAR16 (Fig. 4).
Significant SNPs were clustered in 19, 124 and 22 regions, when
considering Brazilian Creole x Morada Nova, Brazilian Creole x Santa
Ines and Morada Nova x Santa Ines comparisons, respectively
(Supplementary Table 7). The main regions identified through the
RsB analyses contain the genes: DIS3L2 and FGR (OAR2), identified in
the BCS x BSI comparison; MANEA (OAR8), identified in the BMN x
BSI comparison; LIFR, WDR70 and MGC134093 (OAR16) identified
for the BCS x BSI comparison and SPEF2 (OAR16), identified both for
BCS x BMN and BCS x BSI comparisons.

3.5. Overlap between selection metrics

In total, the different analyses revealed signatures of selection in
246 genomic regions across 24 of the 26 autosomal chromosomes of
the sheep genome. Coincident signatures were identified by more than
one methodology on chromosomes OAR3, OAR8, OAR9, OAR10,
OAR13 and OAR16. Of these, 5 were identified by three methodologies,
37 by two and 204 by only one of the methodologies (Supplementary
Table 8).

Mannual annotation of these regions revealed a total of 86
candidate genes, 61 of which contained SNP identified in the original
analysis (Table 2). Three genes (CDH6, SPEF2 and WDR70) were
identified by all three methodologies (FST, iHS and RsB), while seven
genes (GNS, KRT8, LOC515823, C9, FYB,MGC134093 and SPAG6)
were identified with at least two methodologies.

3.6. Functional analysis of the candidate genes

Functional analysis revealed that the identified candidate genes
have been associated with diverse biological functions, such as
immunity (ADAMTS12, AMHR2, AQP3, ARHGAP24, C6, C9,
COL1A1, COPS7B, DAB2, DROSHA, FGR, FYB, GDNF, GOLPH3,
GPR158, GPR65, IL1RL1, KRT8, LANCL2, MACROD2, MAPKAP1,
MSRB3, NIPBL, PIK3CB, PLCB1, SKAP2, SMAD6, SNX27, SPEF2 and
TRPM8), nervous system development (CNTNAP2, FUT9, GDNF,
ISPD, LIFR, MACROD2, MAPKAP1, NIPBL, NTNG1, PLAG1, PLCB1
and SPEF2), sensory perception (COL1A1, NIPBL, PDE6D and
TRPM8) and reproduction (AMHR2, KRT8, NIPBL, PLAG1, PLCB1,
RXFP2, SP1, SPAG6 and SPEF2).

4. Discussion

A large number of selection signatures (246) were identified in the
present study in comparison with previous reports performed with
multiple sheep breeds (Kijas et al., 2012; Moradi et al., 2012; Fariello
et al., 2013). This may reflect application of multiple analytical
approaches which differ in their sensitivity. The great majority (204)
of the detected signatures were identified using only a single metho-
dology, and these are likely to be enriched for false positives when
compared to regions identified by multiple approaches. Thirty seven
coincident signatures were detected by two methodologies and five
coincident signatures were detected using all three approaches.
Discrepancies found among results may arise from the fact that each
methodology used is based on different parameters, therefore captur-
ing distinct traces left in the genome by selection pressures over time
(Sabeti et al., 2002; Beaumont, 2005; Storz, 2005; Voight et al., 2006;
Tang et al., 2007).

Fig. 2. Manhattan plot for FST analysis. Odd-numbered chromosomes are represented in yellow while even-numbered chromosomes are represented in gray. The darker points above
the dotted line indicate the significant SNPs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The identification of signatures of selection by more than one
methodology may be seen as strong evidence of the activity of selection
in a particular genomic region. However, a gene or genomic region
identified as being subject to selection by one methodology and not by
another does not exclude the possibility that selection has indeed
occurred (Hohenlohe et al., 2010; Oleksyk et al., 2010).

The size of the genomic regions identified ranged from 50 Kb to
215.2 Kb, and highlighted the lack of precision resulting from use of a
modest number of loci. Also, the strength of the selection can influence
the selection signatures. The size of the regions identified and the
quantity of genes contained within these regions often makes it difficult
to identify the target of selection.

A total of six genes (CNTNAP5, DIS3L2, KIF1B, RXFP2, TARBP1
and MSRB3) found as candidates to be under selection in this study
were previously reported in other studies involving sheep and cattle
(Fariello, et al., 2014; Flori et al., 2009; Gautier et al., 2009; Kijas et al.,
2012; Stella et al., 2010; Zhang et al., 2013; Wei et al., 2015).

The RXFP2 gene is in a region containing a selection signature
detected through FST analysis. It was identified in the comparison
jointly considering all three Brazilian breeds, in the pairwise compar-
ison of Brazilian Creole and Santa Ines and in the comparison between
the northeastern hair breeds x southern wool breed (Fig. 2 and
Supplementary Fig. 7). This gene as recently associated with horn type
in sheep (Johnston et al., 2011) and it was identified by Kijas et al.
(2012) to be present in a region containing a strong selection signature
in a study involving 74 sheep breeds from around the world (which also
included the animals used for carrying out the present study). Morada
Nova and Santa Ines have been under selection for this trait, as breed
standards indicate that these animals should be polled, but scurs
(rudimentary horns) are permitted in the Santa Ines. In the Brazilian
Creole breed, both polled and horned animals are accepted for registry.
Moreover, animals that have more than one pair of horns (polycerate)
are also accepted.

The TRPM8 gene was found to be present in a region containing a
selection signature by FST analysis (Table 2 and Supplementary
Table 10). This gene was previously detected as a candidate to be
under selection in worldwide sheep populations (Fariello et al., 2014)
and is involved in regulation of body temperature at low temperatures
both through autonomic mechanisms (induction of the thermogenic
activity of the brown adipose tissue and vasoconstriction in the skin)
and behavioral alterations (Tajino et al., 2011; Almeida et al., 2012;
Gavva et al., 2012). This signature of selection was identified both in
the comparison considering all three breeds, in the comparison of
Brazilian Creole and Santa Ines and in the comparison between the
northeastern hair breeds x southern wool breed (Fig. 2 and
Supplementary Fig. 7). Brazilian Creole sheep have been developed
in the Southern region of Brazil, where subtropical conditions are
found and sub-zero temperatures can be frequently observed during
the winter. Conversely, Morada Nova and Santa Ines sheep have been
bred in Northeastern Brazil, in a tropical semi-arid climate where
temperatures are high throughout the year.

Among the breeds analyzed, there is considerable variation in
relation to the adult size of the animals. While the Santa Ines is
considered a large animal, the Brazilian Creole and Morada Nova
breeds are considered small. Some genes (DIS3L2, PLAG1, NIPBL)
associated with height variation were identified in this study. NIPBL
was identified by RsB analysis in the Brazilian Creole x Santa Ines
comparison (Fig. 4). Mutations in this gene are associated with
Cornelia de Lange syndrome, a development disorder that may be
characterized by facial deformations and deformations in the upper
extremities, hirsutism, heart defects, low stature and mental retarda-
tion (Gillis et al., 2004; Kemper et al., 2012). A region identified by FST

analysis in both all three breeds and in the Morada Nova x Santa Ines
comparison (Fig. 2) included the PLAG1 gene. Recent studies indicate
the association of this gene with stature and birth weight variation in
cattle (Karim et al., 2011; Littlejohn et al., 2011; Utsunomiya et al.,T
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2013). The gene DIS3L2 was identified by RsB analysis in the Santa
Ines x Brazilian Creole comparison. This gene is also a candidate under
selection in the cattle (Gautier et al., 2009), and in humans it is
associated with the Perlman syndrome, a disorder characterized by
overgrowth and susceptibility to development of tumors (Astuti et al.,
2012).

Adult size is a trait directly related to production efficiency in farm
animals, as larger animals generally have higher maintenance require-
ments (Gomes et al., 2013). The identification of candidate genes for
adult size in comparisons with the Santa Ines breed may be a
consequence of the recent breed history, as major increases in the

mean stature of the breed have been reported in recent years
(McManus et al., 2010).

Candidate genes involved with reproductive processes were found
in regions containing selection signatures. SPEF2 and SPAG6 are
important for spermatogenesis (Escalier, 2006; Sironen et al., 2010,
2012), and mutations in these genes have been reported to be
associated with infertility in males of various species of mammals
(Escalier, 2006; Sironen et al., 2006, 2011). SPAG6 has also been
associated with male infertility in humans (Williamson et al., 2007;
Barreiro et al., 2008).

The sheep breeds analyzed in the present study diverge in coat

Fig. 3. Manhattan plot for iHS analysis Odd-numbered chromosomes are represented in yellow while even-numbered chromosomes are represented in gray. The darker points above
the dotted line indicate the significant SNPs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Manhattan plot for RsB analysis Odd-numbered chromosomes are represented in yellow while even-numbered chromosomes are represented in gray. The darker points above
the dotted line indicate the significant SNPs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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characteristics. Brazilian Creole sheep is a wool breed developed in the
Southern region of Brazil. Conversely, Morada Nova and Santa Ines
sheep have been bred in Northeastern Brazil and are classified as hair
sheep breeds. To pinpoint putative genes involved in these traits, we
performed a FST analysis comparing the northeastern hair breeds
against the southern wool breed (Supplementary Table 10). No gene
found in this study was identified as a candidate to be associated with
wool production characteristics in a GWAS study (Wang et al., 2014).

Despite of this, the gene SPEF2 was identified as a candidate in FST

(Brazilian Creole x Santa Ines and Hair x Wool comparisons), iHS
(Santa Ines) and RsB (Brazilian Creole x Morada Nova and Brazilian
Creole x Santa Ines comparisons) analyses. This gene was previously
related to late feathering phenotype in male chickens (Elferink et al.,
2008) and also identified as candidate to be related to the slick-hair
coat in tropically adapted cattle breeds (Huson et al., 2014).

Although many genes have been suggested as targets of selection
and some show evidence of participation in important physiological
mechanisms, it is important to emphasize that the aim of the present
study was not to define a cause-effect relationship between genotype
and phenotype. In addition, there is the possibility that some of the
signatures identified in this study are not due to selection, but rather to
other evolutionary processes (e.g., population expansion, subdivision
and bottlenecking) (Randhawa et al., 2016).

In spite of this, the present study opens the possibility for a more
detailed investigation, in the sense of validating genotype-phenotype
associations that may explain ecological and productive differences/
particularities among Brazilian locally adapted sheep breeds. The
results of this study might even be important as additional tool to
select donors for the National germplasm bank maintained by
Embrapa.

5. Conclusions

The results presented here provide evidence of selection that may
be specific to one or a few locally adapted breeds using a combination
of two groups of methodologies (population differentiation and linkage
disequilibrium). The candidate regions identified contain genes related
to important adaptative traits that can be considered in further studies
aiming to confirm the selection signals and to identify the causal
mutations that confer a selective advantage in these populations.
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