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Abstract

Background: Sheep farming is growing substantially in Brazil, driven by the increasing demand for sheep meat. This rising demand has
heightened the focus on sheep, making them the subject of numerous studies, including those centered on genetic analysis. A notable
research area involves Pantaneiro sheep, which are indigenous to the Pantanal region of Mato Grosso do Sul and other locations. These
sheep are of particular interest due to their adaptation to the unique environmental conditions of the Pantanal, a floodplain characterized
by its distinctive climatic and ecological features. This study primarily aimed to conduct a comprehensive genomic analysis of Pantanal
sheep subjected to natural selection within the Pantanal region and compare different sample herds using methodological approaches.
Methods: Genomic analysis was performed to examine genetic diversity and structure via GGP50K single nucleotide polymorphism
(SNP) analysis. A sample of 192 adult sheep over 4 years old was categorized into seven populations based on location: Six populations
comprised Pantaneiro sheep with one Texel sheep population. Outlier SNPs were assessed to pinpoint regions under natural selection,
with comparisons between the Pantaneiro and the commercial Texel breeds. All data analyses were conducted using the R programming
language, employing specialized genetic analysis packages. These outlier SNPs were detected using three methodologies, PCAdapt, Out-
FLANK, and FDIST2/fsthet, with false discovery rate (FDR) corrections applied to ensure result accuracy. Each method was evaluated,
and the genes associated with the identified SNPs were cross-referenced with the most recent sheep genome database, focusing specif-
ically on genes with known phenotypic traits. Results: Analysis of a sample comprising 192 adult individuals revealed greater genetic
variability within the Pantaneiro breed than the Texel breed, highlighting the adaptation of the Pantaneiro breed to the unique Pantanal
environment. Conversely, the Texel breed exhibited significantly higher levels of inbreeding, attributed to its controlled breeding prac-
tices. Outlier SNPs were detected with notable variation across different methodologies, underscoring the importance of FDR correction
in ensuring the reliability and concentration of identified outliers. These outlier SNPs facilitated the identification of genes associated
with key phenotypic traits, including hair growth, tissue regeneration, pigmentation regulation, and muscle capacity. Conclusion: The
integrated analysis of methodologies demonstrated significant efficiency in elucidating the genomic landscape of Pantanal sheep, high-
lighting the genetic richness inherent in sheep from the Pantanal region of Mato Grosso do Sul. The techniques employed effectively
identified outlier SNPs associated with phenotypically relevant genes. These findings, which reveal greater genetic variability and adapt-
ability, underscore the potential of these animals for future research and their significance within Brazilian sheep farming. The Texel
breed served as a valuable comparative group, illustrating the limited genetic variability in highly controlled breeding environments.
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1. Introduction
Pantaneiro sheep are ruminant animals found in the

Pantanal biome, predominantly in the southern region of the
Brazilian Pantanal inMatoGrosso do Sul. Pantaneiro sheep
comprise a specific group of sheep whose origin stems from
the crossbreeding of breeds introduced by the colonizers of
Brazil shortly after its discovery. Over time, these sheep
have adapted to the unique conditions of the Pantanal region
due to its location in a floodplain, characterized by a dis-
tinctive ecosystem with diverse flora and fauna. In Brazil,
these sheep are found on isolated farms in the region, where
there is minimal reproductive control, meaning these sheep
essentially live under natural selection processes [1–4].

Adapting these animals to their environment has re-
sulted in unique characteristics compared to other sheep
species. One such feature is the distribution of wool on their
bodies, whereby little to no wool is observed on their legs,
belly, and neck since these areas are prone to prolonged
exposure to moisture. Therefore, the presence of wool in
these areas would hinder the movement of these animals
in the typical waterlogged and densely vegetated areas of
the Pantanal. The size of these sheep ranges from small to
medium, influenced by the limited food availability. How-
ever, these sheep have low caloric requirements and, thus,
exhibit the impression of always being lean and accumulat-
ing minimal body fat. Fig. 1 (Ref. [5]) presents an image of
this sheep breed to illustrate these aforementioned physical
characteristics [6,7].

Due to these unique physical characteristics, Pan-
taneiro sheep are promising subjects for genetic studies,
particularly in genomics, which involves the study of genes
and the complete genetic material of an organism, encom-
passing sequencing, mapping, and functional analysis of
genes. These various analyses make genomics a vast and
critical field with significant impacts across multiple areas
of knowledge [8].

The use of DNA genetic markers is common in ge-
nomic analyses. These markers refer to a gene or DNA seg-
ment with a known chromosome location associated with
a specific gene or trait. The marker typically used in the
present study is single nucleotide polymorphisms (SNPs),
which are molecular DNA markers used to identify muta-
tions and polymorphisms based on the single nucleotide
position. Moreover, SNPs are generated through single
base substitutions or insertion and deletion events, mean-
ing SNPs act as a source of genetic variation [9–11].

The frequencies of gene loci are systematically influ-
enced by mutations, selection, and migration and are dis-
persed by natural selection and genetic drift. Hence, un-
derstanding which areas in a breed’s genome or the specific
genes are subjected to selection, particularly natural selec-
tion and occasional evolutionary processes, is essential for
productive and conservation systems. This knowledge en-
ables the role of adaptation in the evolutionary history of
species to be quantified [12,13].

Genetic analysis of animal populations is a scientific
approach aimed at understanding genetic diversity, popula-
tion structure, gene flow patterns, and other genetic aspects
within a specific animal species. This type of study is cru-
cial for conserving species biodiversity, sustainably man-
aging wild populations, understanding the evolution of the
species being studied, and identifying subpopulations and
gene exchanges between different populations [14].

The primary objective of this studywas to demonstrate
the diversity within the sampled sheep population by iden-
tifying the main differences between the Pantaneiro breed
and the commercial Texel breed. Another important goal
was to associate regions of the sheep genome with the po-
tential effects of the adaptation process and to identify can-
didate genes subject to the influence of natural selection. A
genomic analysis involving DNA genetic markers, specifi-
cally SNPs, was performed to achieve these goals.

2. Materials and Methods
2.1 Ethics Statement

All procedures involving animals in this study com-
ply with Animal Use Ethics Committee (CEUA) process
number 001/2022, as documented in a certificate signed by
the president of CEUA Pantanal. The authorization is valid
from April 1, 2022, to December 31, 2024.

2.2 Sampling of Individuals
For this study, samples from 192 adult individuals col-

lected over 4 years of age were divided into seven popula-
tions based on their locations: 40 samples from Embrapa
(NHFP), 18 from private farms (PRFP), 45 from Doura-
dos (DOSH), 15 from Campo Grande (CGSH), 10 from
Aquidauana (AQSH), 19 from Terenos (TESH), and 45
from the commercial Texel herd (TEX). From this division,
it can be observed that 147 individuals are Pantaneiro sheep,
and 45 belong to the Texel breed. This distribution is de-
tailed in Table 1.

For better visualization of the herd locations, a map
of Mato Grosso do Sul was created, showing the location
of each farm from which samples for the study were col-
lected. This map presented in Fig. 2 was generated us-
ing quantum geographic information system 3.6 (qGIS 3.6,
https://qgis.org/).

2.3 Sample Collection
Individual wool samples were collected for DNA ex-

traction. These samples were taken directly from the ani-
mals, ensuring the hair follicles were preserved in most col-
lected wool.

2.4 Genotyping
The Embrapa Research Institute performed the geno-

typing, which was conducted using the GeneSeek® Ge-
nomic Profiler™ (GGP) protocol from Neogen (Lansing,
MI, USA), utilizing theGGP50K sheep chip. This approach
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Fig. 1. Picture of adult Pantaneiro sheep. In this photo, one can observe the distinctive physical characteristics of Pantaneiro sheep:
a medium-sized animal with a lean appearance and the absence of wool on the neck, belly, and legs. Reproduced with permission from
ref [5].

involves multi-objective localized optimization (MOLO),
which focuses on capturing the most relevant and impact-
ful SNPs from previous genotyping matrices. The included
SNP content comprised 15,000 SNPs from the GGP15K
sheep chip, over 10,000 SNPs from the existing Illumina
50K matrix, and 12,000 SNPs from the Illumina HD con-
tent, with over 1700 SNPs added to fill spatial gaps in the
genome. Additionally, the GGP Ovine 50K integrates 9000
SNPs derived from a newly sequenced region previously
not included in earlier genotyping products. The geno-
typing procedure adhered to the manufacturer’s established
guidelines [15].

Plink version 1.9 developed by Shaun Purcell in
Boston, MA, USA, was used to assess the quality of the
genotypic data [16]. Only SNPs located on autosomal chro-
mosomes were selected. Samples with a call rate below
95% and a minor allele frequency (MAF) less than 0.01
were excluded from the analysis, provided they conformed
to the Hardy–Weinberg equilibrium, which was evaluated
using Fisher’s exact test with 1000 permutations. A p-value
threshold greater than 0.05 was considered statistically sig-
nificant [17].

Following the application of filtering and quality con-
trol criteria to the populations, samples meeting the fol-
lowing criteria were removed: call rate below 95%, indi-

cating that the genotyping panel determined less than 90%
of genotypes; heterozygosity exceeding three standard de-
viations from the mean; nearly identical genotypes (over
99.5% similarity); sex identification errors, specifically in
individuals listed as males with heterozygous genotypes for
markers on the X chromosome. After completing the qual-
ity control process, 47,908 SNPs remained [18,19].

2.5 Detection of Outlier SNPs
Outliers formulate observations or data points in a

dataset that stand out significantly from the general pattern.
In statistics and data science, values are substantially distant
from the mean or central tendency of the data. In genet-
ics, outlier SNPs refer to specific genetic variants that dif-
fer significantly from expected based on the general genetic
distribution within a population. These SNPs may indicate
something unusual, such as an evolutionary adaptation or a
response to a specific environmental condition [20].

Three distinct methods were employed to detect out-
lier SNPs, as detailed below. Indeed, applying multiple
methods aims to broaden the range of results, increasing
the likelihood of identifying genes of interest.

The first method utilized was pcadapt, implemented in
version 2.0 of the R package. Subsequently, pcadapt was
used to identify outlier SNPs through exploratory genomic
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Table 1. Location, nomenclature, and quantity of samples from Pantaneiro sheep.
Acronym Number of individuals Location Farm coordinates

NHFP 40 Nhumirim 18°59′17.11′′S 56°37′8.59′′O

PRFP 18

Santa Glória Farm 17°52′33.92′′S 55°50′27.57′′O
San Saruê Farm 17°33′47.62′′S 56°7′48.74′′O
Viveirinho Farm 17°46′39.00′′S 56°5′32.16′′O
Imaculada Farm 19°15′0.57′′S 57°1′23.28′′O
Figueiral Farm 18°23′48.39′′S 55°24′44.61′′O

Santa Mônica Farm 17°37′55.07′′S 56°21′23.99′′O
Carvalho Farm 17°34′4.78′′S 56°29′15.20′′O

DOSH 45 UFGD Farm 22°11′49.89′′S 54°56′22.47′′O

CGSH 15 Uniderp Três Barras Farm 20°33′52.44′′S 54°32′29.18′′O

AQSH 10 UEMS Aquidauana 20°27′27.37′′S 55°40′7.93′′O

TESH 19 CNPGC Terenos Farm 20°33′10.34′′S 54°48′43.89′′O

TEX 45 Texel Farm 21°29′11.92′′S 57°28′19.41′′O
NHFP, Embrapa; PRFP, private farms; DOSH, Dourados; CGSH, Campo Grande; AQSH, Aquidauana;
TESH, Terenos; TEX, Texel; UFGD, Federal University of Grande Dourados; UEMS, State University
of Mato Grosso do Sul; CNPGC, National Beef Cattle Research Center.

Fig. 2. Map of Mato Grosso do Sul, indicating the location of each herd. In orange is the state of Mato Grosso do Sul, the places
with small dots, and where the Pantanal is located in the state. The blue dots and the red dots indicate the farm locations that contain the
herds of Pantaneiro sheep.

analyses, including principal component analysis (PCA).
Initially, a single principal component (K = 1) was used, as
it explained most of the variation. Then, Mahalanobis dis-
tances were employed as a statistical test to identify outlier
SNPs, which were subjected to hypothesis testing and con-

verted to p-values. A q-value threshold of 0.01 was applied
to control for the false discovery rate [21] and determine the
atypical loci.

The second method used was OutFLANK, which was
again implemented in R. This method employs the proba-
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bility of a truncated fixation index (FST) distribution to infer
the distribution related to neutral markers. This distribution
assigns p-values to each locus, allowing the identification of
outliers that may indicate heterogeneous selection. R pack-
ages devtools 2.4.5, OutFLANK 0.2 , and vcfR 1.15 were
used to facilitate the graphical visualization of SNPs with
significant differences [22].

The third and final method was based on the approach
presented in 1996 by Beaumont and Nichols [23]. The
FDIST2 method was used to obtain the null distribution of
FST compared to expected heterozygosity under an isola-
tion scenario. The fsthet R package 1.0.1 was employed to
compute smoothed quantiles from genotypic data, identify-
ing outlier loci with extreme FST values relative to Hardy–
Weinberg equilibrium heterozygosity. These outliers are
considered to have potential adaptive significance [23–27].

2.5.1 False Discovery Rate (FDR)
In conceptual terms, the false positive rate represents

the number of significant neutral loci (false positives) di-
vided by the total number of neutral loci tested. Similarly,
the false discovery rate (FDR) can be defined as the number
of false-positive neutral loci divided by the total number of
positive results. These results were converted into q-values
to adjust for multiple comparisons. This correction was ap-
plied only to the pcadapt and OutFLANK methods [28].

A threshold of q = 0.01 was adopted to identify a pos-
itive result. The q-value of a locus represents the estimated
proportion of false positives among all loci with p-values
equal to or less than that of the locus in question. Under
this premise, loci with q-values of 0.01 are associated with
an expected FDR of 1%; the q-values method from the R
package was applied, which converts p-values into q-values
[21,29].

2.5.2 Gene Content of Regions under Natural Selection
The National Center for Biotechnology Information

(NCBI) Genome Data Viewer tool was utilized to lo-
cate the genes within the significant regions identified
as under selection, specifically searching for the organ-
ism Ovis aries. The reference sheep genome used was

the most currently available in the tool, named ARS-
UI_Ramb_v3.0 (https://www.ncbi.nlm.nih.gov/gdv/brows
er/genome/?id=GCF_016772045.2). For this purpose, all
outlier SNPs identified by the three detection methods were
compiled, and the position of each SNP on the corre-
sponding chromosomewas entered into the aforementioned
search tool. This allowed for genes within these regions
to be identified. Then, all identified genes were annotated,
and their functions were researched in the literature. Genes
with phenotypic functions were specifically highlighted as
results in this study.

3. Results
3.1 Population Diversity Analysis

Table 2 presents the parameters used to describe vari-
ous aspects of genetic variability in populations as applied
in population genetics studies. These parameters are calcu-
lated based on the allele distribution within a sample of in-
dividuals. The value of “Ar” represents the average number
of alleles present at a specific locus within the population;
thus, a higher “Ar” value indicates greater allelic diversity
[30].

Table 2 also shows additional parameters, such as ex-
pected heterozygosity (He), which refers to ameasure of the
expected genetic diversity within a population. The He pa-
rameter represents the probability that a randomly chosen
individual will be heterozygous at a specific locus. Con-
versely, the observed heterozygosity (Ho) measures the ac-
tual genetic diversity observed within the population, indi-
cating the frequency of heterozygotes relative to the total
number of individuals examined at a given locus [31].

The level of inbreeding within a population is indi-
cated by the inbreeding coefficient (FIS). A positive FIS
value suggests a tendency towards inbreeding, whereas
a negative value indicates higher heterozygosity than ex-
pected. The last two columns in Table 2 show the lower and
upper confidence intervals for FIS, calculated using boot-
strap techniques [32–34].

Table 2 reveals a distinction between the Pantaneiro
and the commercial Texel breeds. Notably, the Texel herd
exhibited the highest expected heterozygosity and the low-

Table 2. Diversity among the seven populations based on allele distribution.
Population n Ar He Ho FIS Fis.bs.fis.CI.ll Fis.bs.fis.CI.hl

NHFP 40 1.998 0.434 0.398 0.095 0.093 0.096
PRFP 18 1.998 0.436 0.393 0.129 0.127 0.131
DOSH 45 1.998 0.435 0.414 0.059 0.058 0.060
CGSH 15 1.998 0.431 0.411 0.080 0.077 0.081
TESH 19 1.998 0.434 0.412 0.079 0.077 0.082
AQSH 10 1.998 0.417 0.419 0.048 0.045 0.051
TEX 45 1.999 0.448 0.385 0.151 0.150 0.153
Fis.bs.fis.CI.ll would be the lower limit of the confidence interval for the Fis estimate,
and Fis.bs.fis.CI.hl would be the upper limit. He, expected heterozygosity; Ho, observed
heterozygosity; FIS, inbreeding coefficient.
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est observed heterozygosity, alongside a higher FIS value,
suggesting a greater tendency towards inbreeding than the
Pantaneiro breed.

Fig. 3 presents a visual representation of the genetic
interactions among the sheep populations through a net-
work graph, providing valuable insights into the structure
and connectivity of these communities. A distinct pattern is
observed in this context: six of the seven populations show
a notable proximity on the network map, while the Texel
population is conspicuously more isolated.

The sheep population network graphically illustrates
the genetic relationships among different groups, with indi-

viduals represented as nodes and their connections as lines
indicating genetic proximity.

In this case, the clustering of six populations sug-
gests a more intense genetic interaction characterized by
allele sharing and common ancestry, indicating a more in-
tertwined genetic history. In contrast, the Texel population
stands out due to its more isolated position on the network
graph. This genetic distance may be attributed to various
factors, such as the reduced impact of natural selection, ge-
ographical isolation, or a unique set of genetic characteris-
tics that differentiate it from other populations.

Fig. 3. Network graphical illustration of the distances between the seven populations. The colored dots represent each Pantanal
sheep; each color represents a different population, as indicated in the legend; genetically closer individuals are located nearer to each
other.
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Fig. 4. Principal component analysis plot for the seven sheep populations. This graph shows the population clusters found for the
seven populations, where each point is an individual, and each color is a population. PC, principal component.

The PCA plot shown in Fig. 4, with Principal Compo-
nent (PC)1 on the x-axis and PC2 on the y-axis, provides
valuable insights into the variability and similarity among
sheep populations; this type of plot is commonly used to vi-
sualize complex patterns in high-dimensional datasets [35].

In the specific context of this plot, the seven distinct
sheep populations are represented by colors, as indicated
in the legend. The clustering of six populations towards the
left side of the plot suggests a strong similarity among these
groups. These six populations are the Pantaneiro sheepwith
similar characteristics, meaning each is positioned closely
in the principal component space. In contrast, the Texel
population exhibits unique characteristics that differentiate
this breed from the Pantaneiro population.

Thus, the interpretation of this PCA plot suggests a
high degree of genetic homogeneity among the six Pan-
taneiro populations. In contrast, the Texel population stands
out as a distinct entity characterized by variable differences.

This separation is likely attributable to variations in repro-
ductive control practices across farms.

This visualization plays a crucial role in elucidating
the structure of the data, enabling the identification of dis-
tinct groups and revealing underlying patterns that warrant
further investigation in future research. This comprehen-
sive overview establishes a solid foundation for conducting
more nuanced analyses of the genetic traits that distinguish
the sheep populations depicted in Fig. 4. This preliminary
insight facilitates a deeper understanding of the genetic di-
versity among the populations and directs future studies to-
ward exploring the specific genetic factors contributing to
these observed differences [35].

Fig. 5 presents a dendrogram displaying all 192 ana-
lyzed individuals separated into seven populations. As this
graph includes every individual, the clearest interpretation
is achieved through the color-coding of each population.
The Pantaneiro populations exhibit greater diversity due to
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Fig. 5. Circular dendrogram for the seven populations. The numbers around the circle represent the 192 individuals; the colors
represent the populations; the lines represent the genetic similarity of each individual.

the lower level of control, whereas the Texel population ap-
pears distinctly separate within its section of the dendro-
gram.

When isolating data for the Texel breed and focusing
solely on the Pantaneiro breed populations, it becomes ev-
ident that these populations are well-mixed in the graphs,
indicating significant genetic variation among them. How-
ever, two populations exhibited distinct characteristics:
Those from the Nhumirim (NHFP) and Dourados (DOSH)
regions. Parts of these populations diverged in different
ways in both the PCA and network graphs, suggesting that
sheep in these regions may possess unique genetic traits not
shared with other populations. This finding is intriguing
and warrants further investigation in future studies.

To better visualize the results of each presented graph,
refer to Fig. 6 (Ref. [36,37]), where panel A represents the
Pantaneiro sheep and panel B represents the Texel sheep.

The morphological characteristics of these breeds explain
the significant distance between them in the graphs. Texel
sheep have denser wool that covers their bellies and appear
more robust and physically stronger. In contrast, Pantaneiro
sheep have less wool and a leaner appearance [36,37].

Global Fixation Index (Global FST)

FST values were obtained from a list of intervals
termed “FST Upper” and “FST Lower” using the R program-
ming language and the relevant R package. A global FST
value of approximately 0.10 was determined by calculating
the mean of each interval and the overall mean.

The interpretation of an FST value ranges from 0 to 1,
where 0 indicates no genetic differentiation between pop-
ulations, with all alleles being equally distributed among
them, and 1 signifies high genetic differentiation, where
each population possesses unique alleles with little to no
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Fig. 6. Morphological differences between the Pantaneiro and Texel breeds. (A) Pantaneiro sheep. (B) Texel sheep. Reproduced
with permission from ref [36,37].

Fig. 7. Clustering individuals into two populations based on principal components (PCs). This graph shows the distribution of two
populations, where the Texel is in blue, and the rest, called the Pantanal, is in red. The great difference between the breeds is illustrated.
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Fig. 8. The q-value for each chromosome using the pcadapt method. The red dots represent the single nucleotide polymorphisms
(SNPs), and each column represents a chromosome of the animal’s genome above the cut line, meaning they are considered outliers.

genetic exchange. The global FST value of 0.10 observed
in this study reflects moderate genetic differentiation, sug-
gesting that some genetic exchange exists between the pop-
ulations and notable differences are present in the alleles
[38].

This moderate differentiation is attributed to varying
levels of control across populations. For example, the Texel
sheep exhibit higher control than the Pantaneiro breed, con-
tributing to the observed genetic differentiation.

3.2 Outlier SNPs and Genomic Regions Under Natural
Selection

The pcadapt method created a plot visualizing the
principal components (PCs) to group individuals geneti-
cally, as shown in Fig. 7. This plot clearly illustrates the dis-
tinction between the commercial Texel breed and the Pan-
taneiro breed.

Following the implementation of the pcadapt method,
a plot was generated to visualize the q-values for each chro-
mosome, as shown in Fig. 8. The neutrality threshold is in-
dicated at 1.3, adjusted for the FDR, where all points above
this dashed line represent outlier loci. The plot reveals that
chromosome 2 exhibits a marked difference, with numer-
ous outlier loci. Notably, chromosome “0” indicates the un-
mapped regions or mitochondrial DNA, against which the
program cannot distinguish; thus, only the identified SNPs
are presented.

A total of 56 outlier SNPs were detected after applying
the FDR directly to the OutFLANK method. Fig. 9 illus-
trates the relationship between the FST values and the SNP
positions, with outlier loci highlighted in pink. The plot
shows that the more significant results are discovered for
SNPs around position 8000, corresponding to chromosome
2.

For the FDIST2 method, implemented via the fsthet
R software, 292 outlier loci were detected, exhibiting FST
values above the neutrality zone, with a mean of 0.29 and

average heterozygosity of 0.45. These values are shown in
Fig. 10, which displays the relationship between FST and
total heterozygosity (HT) values. Outlier loci, highlighted
in red, indicate regions under potential inbreeding. This
method did not apply the FDR correction to maximize the
number of observed outlier SNPs.

Genes under Selection Associated with Phenotypic Traits

To identify genes associated with the outlier SNPs
found using the three methods applied in the study, the
NCBI tool mentioned in the Materials and Methods sec-
tion was utilized, referring to the ovine genome ARS-
UI_Ramb_v3.0. This approach yielded 15 characterized
genes using the pcadapt method, 15 with the OutFLANK
method, and 145 with the FDIST2 method. The high num-
ber of genes identified using the FDIST2 method was at-
tributed to the absence of the FDR correction.

After collating all the identified genes and researching
their functions in the literature, several genes of particular
interest were found to be responsible for the visible traits
in the animals. Identifying genes of this nature is crucial
for understanding desirable phenotypic traits under selec-
tion. Table 3 lists the identified genes, the method used to
recognize the SNP, chromosome, and respective positions.

Notably, numerous genes encoding proteins involved
in specific processes were found; however, due to the high
number and their specificity, only those associated with
phenotypic factors, such as physical appearance, behavior,
and physiological traits, are presented here.

A literature review was conducted for each gene to
verify the gene function and assess their phenotypic roles.
The following functions were observed:

FGF12, located on chromosome 1 and identified us-
ing the fsthet method, is part of the fibroblast growth fac-
tor (FGF) family. According to Woo, Suh, and Sung
[39], the FGF12 gene family functions in biological pro-
cesses such as cell growth, tissue regeneration, embry-
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Fig. 9. Relationship between outlier position and Fixation Index (FST) value for the OutFLANK method. Each point represents a
SNP, and outlier SNPs are colored purple; in this graph, it is possible to observe the SNP positions in the genome.

onic development, and angiogenesis. Notably, the study
by these researchers highlighted that FGF12 contributes to
hair growth, suggesting that the FGF12 gene affects wool
growth in sheep [39].

In the pcadapt and OutFLANK methods, SCRG1 was
observed on chromosome 2 with the same SNP, indicat-
ing overlap. This gene is associated with aiding tissue and
bone regeneration and regulating chondrogenesis. It also
produces a protein in articular cartilage [40].

Moreover, there was an overlap between the pcadapt
and OutFLANK methods, with OCA2 appearing on chro-
mosome 2 at adjacent SNPs. According to Loftus et al.
[41], OCA2 is responsible for pigmentation in mammals,
influencing skin color variation and acting as a determinant
of eye color.

Finally, TPM1, located on chromosome 7 and identi-
fied using the pcadapt method, plays a role in the contractile
system of striated and smooth muscles and the cytoskeleton
of non-muscle cells [42].

Observing the presence of such genes is crucial for un-
derstanding the physical traits under selection in these ani-
mals, such as changes in coat texture, skin, and eye pigmen-
tation, or even cellular, tissue, and muscle development.

4. Discussion
4.1 Population Diversity Analysis

The analysis of genetic variability parameters between
sheep populations revealed significant differences between
the Pantaneiro breed and the commercial Texel breed.
While the Texel breed exhibits increased expected het-
erozygosity and lower observed heterozygosity, suggest-
ing a tendency towards inbreeding, the Pantaneiro breeds
demonstrate broader genetic diversity. This is evidenced
by the inbreeding coefficient (FIS), which is higher for
Texel sheep, indicating greater consanguinity within this
group. This observation aligns with the fact that the Texel
breed is managed under more stringent reproductive con-
trol, whereas Pantaneiro sheep are either maintained with
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Fig. 10. Relationship between FST value and total heterozygosity (HT) for outliers detected using the fsthet method. Each point
represents a SNP; those colored red indicate outliers, and the large number of outliers suggests the lack of a false discovery rate (FDR)
correction.

Table 3. Genes found in outlier SNPs that transcribe phenotypic characteristics.
Method SNP Chromosome Position Gene (NCBI)

Fsthet 3603 1 195943567 FGF12 (fibroblast growth factor 12)

pcadapt
6905 2 107288479 SCRG1 (chondrogenesis stimulator 1)

OutFlank

pcadapt 7034
2 113546352 OCA2 (OCA2 melanosomal transmembrane protein)

OutFlank 7033

pcadapt 21678 7 45184872 TPM1 (tropomyosin 1)

strategies to preserve genetic diversity or are left under nat-
ural selection in breeder-owned flocks, resulting in greater
genetic sharing.

Visual representations of genetic interactions through
network and PCA graphs show that Pantaneiro breeds are
more genetically interconnected, indicating a shared ge-
netic history. In contrast, the Texel breed appears more iso-
lated in the graphs, suggesting a significant genetic distinc-
tion from the Pantaneiro breeds.

The global fixation coefficient (FST) calculated from
the data also indicates moderate genetic differentiation be-
tween the populations, with a value of approximately 0.10.
This suggests that some gene exchange occurs among pop-
ulations and that there are notable differences in allele fre-
quencies, which can be partially attributed to the varying
levels of reproductive control between the Pantaneiro and
Texel breeds. This value indicates a sufficient level of dis-
tinction and suggests some degree of population structure,
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which may be relevant for conservation studies, genetic se-
lection, or local adaptation.

Crispim et al. [43] reported similar results using a
different methodology, specifically microsatellite markers
when comparing seven different breeds. Indeed, Crispim
and co-authors observed greater allele richness and higher
genetic diversity in the Pantaneiro breed compared to the
Texel breed. Consequently, the authors highlighted the
substantial genetic differentiation of Pantaneiro sheep from
other breeds, suggesting that Pantaneiro sheep may serve
as a valuable reservoir of genetic diversity. This diversity
may include rare and economically important alleles, mak-
ing the Pantaneiro breed potentially useful in breeding and
genetic management programs [43].

Other studies have also utilized SNPs in sheep, such
as the work by McManus et al. [44], which explored
spatial patterns of genetic structure across various sheep
breeds in Brazil using SNPs to examine relationships be-
tween these breeds. An interesting finding relevant to the
current study is that the Pantaneiro breed from the Central–
West region may have originated from the Crioula wool
breed. However, it also exhibits a genetic composition in-
fluenced by crossbreeding, incorporating alleles from wool
sheep breeds such as Bergamácia and hair breeds from the
Northeast region of Brazil [44].

Oliveira et al. [45] examined several genetic parame-
ters in Pantaneiro sheep, with one finding highlighting the
need for caution regarding inbreeding. Oliveira et al. noted
that increased genetic contribution could elevate kinship re-
lationships, increase inbreeding, and reduce the effective
population size. Therefore, controlling mating in this flock
is recommended to prevent inbreeding depression. How-
ever, in the current study, only the Texel breed showed sig-
nificant effects related to inbreeding, as indicated by the
data [45].

The study conducted by Embrapa Pantanal, as re-
ported by Oliveira et al. [37], on the morphology of Texel
sheep demonstrates that no genes from other breeds were
introduced into this flock through the homogeneity of mor-
phological variable results. Consequently, these sheep are
eligible for genealogical registration with the Brazilian As-
sociation of Texel Breeders due to the minimal variability in
the studied phenotypic characteristics. This finding aligns
with the results of this study, as the Texel breed was dis-
tinctively separated from the other sheep, showing high in-
breeding and low genetic variation [37].

Comparing results across different studies and breeds
is essential for a more comprehensive understanding of ge-
netic diversity and adaptation. Such comparisons validate
findings within the specific context of each study and high-
light broader patterns and trends that may not be evident in
isolated analyses.

4.2 Identification of Outlier SNPs
The results obtained using the three methods for de-

tecting outlier SNPs in Pantaneiro sheep provide valuable
insights into the genetic structure of these animals and the
selection processes potentially occurring within the studied
populations.

The application of the PCA clearly demonstrated the
genetic distinction between the commercial Texel breed and
the Pantaneiro sheep, underscoring the utility of this tech-
nique for identifying genetic clusters.

The analysis of genes located in these outlier regions
revealed the presence of several well-characterized genes,
as shown in Table 3, associated with visible phenotypic
traits in Pantaneiro sheep. These genes influence hair
growth, tissue regeneration, pigmentation control, andmus-
cular capacity, highlighting the significance of genetic vari-
ation in the adaptation of these animals and guiding conser-
vation and management strategies.

Given the scarcity of studies utilizing SNP markers
in Pantaneiro sheep, the work by Garza Hernandez et al.
[46] was particularly relevant. This study, which uses SNP
markers in Texel sheep with similar genotyping method-
ologies, identified important genes associated with muscle
weight, body and carcass weights, parasite resistance, and
transcriptional regulation, among other traits. Identifying a
similar study is crucial to demonstrate that finding genes as-
sociated with SNPs in these animals is possible and closely
aligns with the present study [46].

Another relevant study was conducted by Kumar et
al. [47], which focused on conservation genetics using a
similar approach. This study employed a 50K sheep SNP
chip and applied a different methodology, MAF-LD, to
identify specific SNPs in three Indian sheep breeds: Ga-
role, Deccani, and Changthangi. Although these breeds dif-
fer from those discussed in the present article, the study
yielded interesting and comparable results. Kumar et al.
[47] discovered that these SNPs were associated with pro-
duction and disease resistance-related genes. Subsequently,
this methodology could be practically applied to determine
whether individuals are of purebred status [47].

Comparing studies that utilize SNPs in sheep provides
critical insights into the consistency and variability of ge-
netic findings across different contexts. Such comparisons
allow for assessing similarities and differences using ge-
netic markers related to areas of interest. By examining the
results of other studies, researchers can gain a deeper under-
standing of various SNP-based approaches. This compara-
tive analysis not only strengthens the reliability of the find-
ings but also informs future research directions and guides
applications in breeding and conservation.

5. Conclusion
Throughout the study, it became evident that sheep

farming has experienced significant growth and has estab-
lished its importance for both livestock producers and re-
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searchers. Genetics has proven to be a valuable tool in
studying these animals, as it provided significant insights
into the genetic structure and diversity of Pantaneiro sheep
populations, with important implications for understanding
their adaptation and biodiversity conservation.

Identifying outlier SNPs revealed patterns of genetic
selection across different genomic regions, highlighting the
influence of evolutionary processes and the genetic diversi-
fication of the studied populations. The various employed
methods offered valuable and consistent insights into ge-
netic variability and interactions between populations. No-
tably, genes associated with phenotypic traits such as hair
growth, tissue regeneration, pigmentation control, andmus-
cular capacity were identified.

Furthermore, the assessment of population diversity
through genetic parameters revealed marked differences
between the Pantaneiro breed and the commercial Texel
breed. The Pantaneiro breed exhibited greater genetic di-
versity, while the Texel, a more controlled herd, showed
expected characteristics of high inbreeding and low genetic
exchange. These findings are crucial for a better under-
standing the evolutionary history and genetic interactions
among sheep populations in the Pantanal region of Mato
Grosso do Sul. Moreover, the findings highlight the impor-
tance of preserving genetic diversity and adapting species
to ensure their continued viability.
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