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ABSTRACT

Selective sweep approaches are widely used in livestock population genomics to identify genomic regions associated with positive
selection, adaptation, and breed-specific evolutionary history. With the increasing availability of genome-wide SNP genotype data,
various population genomic approaches have been applied to investigate genetic structure, genomic differentiation, haplotype
diversity, and homozygosity patterns in domestic animals. However, integrated and reproducible workflows for selective sweep
studies using livestock SNP genotype data remain limited. In this protocol, we introduce a step-by-step workflow for population
genomic characterization and selective sweep studies using publicly available goat SNP genotype data. Representative goat breeds
were used to demonstrate procedures for genotype quality control, linkage disequilibrium pruning, principal component analysis
(PCA), ancestry estimation using ADMIXTURE, fixation index (Fsr), cross-population extended haplotype homozygosity (XP-EHH), and
runs of homozygosity (ROH). This workflow provides practical guidance for livestock population genomic studies using genome-wide
SNP genotype data and can be applied to various livestock and companion animal populations.

Keywords: Selective sweep, Population genomics, Livestock, SNP genotype data, Cross-population extended haplotype
homozygosity (XP-EHH), Fixation index (Fs;), Runs of homozygosity (ROH)

INTRODUCTION

Selective sweep approaches are widely used in livestock population genomics to identify genomic regions affected by positive selection,
environmental adaptation, and breed-specific breeding history (Bertolini et al., 2018; Brito et al., 2017). During domestication and breed formation,
processes such as genetic drift, reproductive isolation, selective breeding, and environmental pressure shape genomic variation and leave
detectable signatures across the genome (Gouveia et al., 2014; Wiener and Wilkinson, 2011). These genomic signatures provide important insights
into evolutionary history, adaptation, and economically important traits in domesticated animals.

With the increasing availability of genome-wide SNP genotype data, population genomic approaches have been broadly applied to investigate
population structure, genomic inbreeding, and selection signatures in livestock species (Hu et al., 2023; Mdladla et al., 2016; Zhang et al., 2018).
Previous studies in goats and other domestic animals have demonstrated that SNP genotype data can effectively identify population differentiation,
haplotype structure, and genomic homozygosity patterns associated with selective sweeps and demographic history (Bertolini et al., 2018; Brito
etal,, 2017; Eydivandi et al., 2021). In particular, approaches such as principal component analysis (PCA), fixation index (Fsr), cross-population
extended haplotype homozygosity (XP-EHH), and runs of homozygosity (ROH) are widely used to characterize genomic patterns associated with
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adaptation, production traits, and breed formation (Eydivandi et al., 2021; Islam et al., 2019; Waineina et al., 2022).

Goats provide a particularly useful model for demonstrating selective sweep analyses because numerous breeds have been developed for
distinct production objectives, including meat, dairy, and fiber (Brito et al., 2017; Zhang et al., 2018). To demonstrate selective sweep analyses
among populations with distinct production backgrounds, Boer goats were selected as the target population representing a meat-type breed,
whereas Angora and Saanen goats were used as comparison populations representing fiber and dairy production, respectively. Therefore, in
this protocol, we describe a practical workflow for detecting selective sweeps using goat SNP genotype data from the publicly available
ADAPTmap resource (Colli et al., 2018). Rather than proposing a novel analytical method, this protocol provides a practical and reproducible
workflow that integrates widely used population genomic approaches for selective sweep studies. The workflow includes input data preparation
and quality control, population structure evaluation, Fsr-based selective sweep detection, XP-EHH calculation using selscan, and ROH
characterization. This protocol aims to provide a reproducible framework for livestock population genomic studies using genome-wide SNP

genotype data.

Dataset preparation and computational environment

Goat SNP genotype data used in this protocol were obtained from the publicly available ADAPTmap consortium dataset (Colli et al., 2018),
which is available through the Dryad public repository (https://datadryad.org/dataset/doi: 10.5061/dryad.v8g2 1pt). The dataset contains goat
SNP genotype data generated using the Illumina GoatSNP50 BeadChip platform and provides PLINK binary genotype files for downstream
population genomic analyses. Breed metadata information associated with the ADAPTmap dataset was obtained from the supplementary
materials of the original publication. Representative goat breeds, including Boer (BOE), Angora (ANG), and Saanen (SAA), were selected
for downstream analyses based on breed information provided in the original dataset resource. Boer goats were used as the primary target
population for downstream selective sweep analyses, whereas Angora and Saanen populations were used as comparison populations for Fsr
and XP-EHH analyses.

All analyses were performed using autosomal SNP markers located on goat chromosomes 1 to 29. Depending on the analytical objective,
multiple genotype data formats were used throughout the workflow, including PLINK binary files and phased genotype files for downstream
population genomic analyses. All downstream analyses were performed using consistent chromosome coordinates and marker orders.
Population genomic analyses were conducted in a Linux-based computational environment using publicly available software tools. Statistical
analyses and visualization were performed in the R environment, whereas Beagle phasing was performed in a Java runtime environment. Table

1 summarizes the major software tools and computational environments used throughout this protocol.

Table 1. Software tools and computational environments used for population genomic analyses

Category Software Version Purpose

Population genomic analysis PLINK v1.90 SNP filtering, LD pruning, PCA, FST, and ROH analysis
Population structure inference ADMIXTURE v1.3.0 Estimation of ancestry proportions
Haplotype phasing Beagle v5.5 Generation of phased genotype data

Java runtime environment OpenJDK vll Execution environment for Beagle

VCF manipulation BCFtools v1.20 Population-specific VCF extraction
Haplotype-based analysis Selscan v2.1 XP-EHH analysis

Statistical computing R v4.3.1 Statistical analysis and visualization
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Quality control workflow for goat SNP genotype data

Quality control (QC) procedures were performed to remove low-quality markers and samples before downstream population genetic
analyses. QC filtering was performed using PLINK v1.90 on a Linux environment (Chang et al., 2015; Purcell et al., 2007). SNPs with missing
or zero physical position values were identified from the .bim file because undefined genomic coordinates can interfere with chromosome-
based genomic analyses, window-based summary, and downstream visualization procedures. The Linux command used for this step was as

follows:

awk '$4 =0 {print $2}"\
ADAPTmap_genotypeTOP 20160222 full.bim\

>remove null-position list.txt

The generated exclusion list was saved as a single-column text file containing SNP IDs extracted from the second column of the ‘bim’ file.
This file was subsequently used as the input file for the PLINK ‘-exclude” option during QC filtering. Each row contained the SNP identifier
extracted from the second column of the ‘bim’ file. Representative goat breeds, including Boer (BOE), Saanen (SAA), and Angora (ANG)
populations, were selected from the dataset for downstream analyses based on the breed metadata provided in the original ADAPTmap
dataset publication (Colli et al., 2018). Sample information for the selected representative goat breeds was organized as a two-column text file

containing Family ID (FID) and Individual ID (IID) for downstream sample retention during QC filtering (Table 2).

Table 2. Example structure of the breed retention sample list used for QC filtering

FID (Family ID) 1D (Individual ID)
BOE AU_BOEO018
SAA CH_SAA0149
ANG AR_ANGO0154

The sample list contains Family ID (FID) and Individual ID (IID) information for individuals retained in the analysis. This
file was used with the PLINK --keep option to retain selected goat breeds during quality-control filtering and downstream
population genomic analyses.

Using the SNP exclusion file and the representative goat breed sample list, QC filtering was subsequently performed using the following
PLINK command:

plink \
--bfile ADAPTmap_genotypeTOP 20160222 full \
--chr-set 29\
--chr 1-29\
--exclude remove null-position list.txt \
--geno 0.02\
--maf 0.01 \
--make-bed \
--mind 0.04\
--keep keep breed list.txt\
--out basic QC

The ‘-chr-set 29’ option was used to define the 29 autosomal chromosomes of the goat genome, while the --chr 1-29” option was used to

retain autosomal SNPs for downstream analyses. SNPs listed in the exclusion file were removed using the ‘-exclude’ option, whereas selected
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representative goat breed samples were retained using the ‘~-keep’ option. The ‘--mind 0.04" option removed samples with individual genotype
missing rates greater than 4%, while the “-geno 0.02” option excluded SNPs with genotype missing rates greater than 2% across all samples.
In addition, the ‘--maf 0.01” threshold removed SNPs with minor allele frequencies lower than 0.01. These QC criteria were selected based on
the filtering strategy used in the ADAPTmap project and are consistent with thresholds commonly applied in livestock SNP-array population
genomic studies (Colli et al., 2018; Liu et al., 2023). After QC filtering, PLINK binary output files (.bed’, ‘bim’, and *.fam’) were generated for
downstream analyses. In addition, the ‘.irem’ file contained the list of individuals removed by the ‘--mind’ filtering step. The final QC-filtered
dataset comprised 46,463 SNPs and 815 samples and was subsequently used as the common input dataset for downstream LD pruning, PCA,
ADMIXTURE, Fsr, XP-EHH, and ROH analyses described in the downstream workflow (Figure 1).

Raw dataset

SNPs: 53,347 | Samples: 4,653

v

PART 1: Sample Filtering

1. Commercial breed selection Remaining Samples: 917

2. Sample missing filter --mind 0.04 Remaining Samples: 815

PART 2: SNP Filtering

1. Chromosome 1-29 selection Remaining SNPs: 49,953
2. Position = 0 SNP removal Remaining SNPs: 49,943
3. SNP missing filter --geno 0.02 Remaining SNPs: 46,474
4. Minor allele frequency filter --maf 0.01 Remaining SNPs: 46,463

\

v

After QC dataset
SNPs: 46,463 | Samples: 815

Figure 1. Quality control workflow for goat SNP genotype data

Evaluation of population genetic structure

Population structure analysis was performed to evaluate the genetic separation among goat breeds and to determine an appropriate reference
population for downstream selective sweep analyses. Before principal component analysis (PCA) and ADMIXTURE analysis, linkage
disequilibrium (LD) pruning was performed to reduce the influence of highly correlated SNPs. Because densely linked markers can bias
population structure inference by overrepresenting local genomic regions, LD pruning was used to retain a set of approximately independent

SNPs for downstream analyses. LD pruning was conducted using PLINK v1.90 with the following command:
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plink \

--bfile basic QC\
--chr-set 29 \
--indep-pairwise 50 5 0.2\

--out LD pruning

The ‘--indep-pairwise 50 5 0.2’ option performed LD pruning using a window size of 50 SNPs, a step size of 5 SNPs, and an 12 threshold
of 0.2. These parameters are commonly used in livestock population genomic studies to generate a set of approximately independent markers
for population structure inference while retaining sufficient genome-wide variation (Mukhina et al., 2022; Muthusamy et al., 2025; Sun et al.,
2024). SNPs showing high pairwise LD were removed to reduce redundancy among neighboring markers and to retain a set of approximately
independent SNPs for downstream population structure analyses. PLINK generated two text output files during the LD pruning step: a *.prune.
in’ file containing SNP markers retained after LD pruning and a ‘prune.out file containing SNP markers excluded because of high pairwise
LD. The ‘prune.in’ file consisted of a single-column text format containing SNP IDs retained as approximately independent markers for
downstream analyses. After LD pruning, 17,275 of 46,463 variants were removed, and 29,188 variants were retained. The retained SNP list
was subsequently used to construct a new LD-pruned PLINK binary dataset for downstream PCA and ADMIXTURE analyses. This step

generated new “bed’, “bim’, and ‘.fam’ files containing only the retained approximately independent SNP markers:

plink \
--bfile basic QC\
--chr-set 29 \
--extract LD _pruning.prune.in \
--make-bed \
--out basic QC LDpruned

The LD-pruned dataset was used exclusively for PCA and ADMIXTURE analyses. In contrast, downstream Fsr, XP-EHH, and ROH
analyses were performed using the QC-filtered dataset prior to LD pruning because these analyses require genome-wide marker information
and may be influenced by the removal of linked loci.

Principal component analysis (PCA) is a dimension-reduction approach commonly used in population genomics to summarize genetic
variation and visualize population-level clustering patterns among individuals (Patterson et al., 2006). To evaluate genetic relationships among
goat breeds and identify genetically distinguishable populations for downstream selective sweep analyses, PCA was performed using the LD-
pruned dataset generated in the previous step. The following PLINK command was used to calculate principal components from the LD-

pruned genotype dataset:

plink \
--bfile basic QC_LDpruned \
--chr-set 29 \
--pca20\
--out PCA LDpruned

PLINK generated an ‘.eigenvec’ file containing principal component coordinates for each individual and an ‘.eigenval’ file containing
the variance explained by each principal component. The ‘.eigenvec file was subsequently used for downstream visualization of breed-
level clustering patterns among individuals, whereas the ‘.eigenval’ file consisted of a single-column text format containing the eigenvalues

corresponding to each principal component (Table 3). The PCA results showed clear genetic differentiation among Boer, Angora, and Saanen
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goats, with individuals clustering according to breed identity. Boer goats formed a distinct cluster separated from the other breeds along the first

principal component, supporting their use as the primary target population for downstream selective sweep analyses (Figure 2).

Table 3. Example structure of the principal component coordinate file

FID (Family ID) 1D (Individual ID) PC1 PC2 PC3
ANG AR_ANG0034 0.0224564 0.0483952 0.0342286
BOE AU_BOEO018 0.0378346 0.0120299 0.00178275
SAA AR_SAA0093 0.018401 0.00775862 0.0147477

The principal component coordinate file contains individual identifiers and their corresponding coordinates along each
principal component axis. This file was used for downstream visualization and interpretation of population structure among
goat breeds.
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Figure 2. Principal component analysis (PCA) of Boer, Angora, and Saanen goats using LD-pruned SNP
markers.

Each point represents an individual goat, colored according to breed. Principal component 1 (PC1) and principal
component 2 (PC2) were calculated from the LD-pruned genotype dataset and were used to visualize genetic
relationships among populations. The PCA results show clear genetic differentiation among the three goat breeds.

ADMIXTURE is a model-based clustering method used to estimate ancestry proportions and infer population structure among individuals
(Alexander et al., 2009). To assess breed composition and admixture patterns among goat populations, ADMIXTURE analysis was performed
using the LD-pruned dataset generated in the previous step. ADMIXTURE was tested for K values ranging from 2 to 4 using the following

commands:

admixture --cv basic QC_LDpruned.bed 2
admixture --cv basic QC LDpruned.bed 3
admixture --cv basic QC LDpruned.bed 4

For each K value, ADMIXTURE generated a ‘.Q’ file containing estimated ancestry coefficients for each individual across inferred

population clusters and a P’ file containing estimated allele frequencies for each SNP within each inferred ancestral population (Table 4). The
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‘Q’ file was subsequently used for downstream ADMIXTURE visualization. Cross-validation errors were 0.65642 for K = 2, 0.62772 for K =
3, and 0.61838 for K = 4. Although the lowest CV error was observed at K = 4, the population structure observed at K = 3 showed the clearest
correspondence with the known breed composition and PCA clustering patterns. Boer goats showed a relatively homogeneous ancestry
component, whereas Angora and Saanen goats displayed distinct breed-level ancestry patterns separated from Boer goats. Consistent with the
PCA results, the ADMIXTURE analysis at K = 3 supported clear genetic differentiation among the three major goat breeds included in this
study (Figure 3).

Table 4. Example structure of the ADMIXTURE ancestry coefficient matrix generated for K= 3

Cluster 1 Cluster 2 Cluster 3
0.021966 0.000010 0.978024
0.064018 0.044992 0.890991
0.043956 0.054853 0.901191

The ancestry coefficient matrix contains the estimated ancestry proportions of each individual across the inferred population
clusters. This file was used for downstream visualization and interpretation of breed composition and admixture patterns
among goat populations.

ADMIXTURE result

ANG BOE SAA
] - -

] ---
] ---

Figure 3. Population ancestry patterns of Boer, Angora, and Saanen goats inferred from ADMIXTURE results
atK=2-4.

Each vertical bar represents an individual goat, and colored segments indicate the estimated ancestry proportions
assigned to each inferred genetic cluster. ADMIXTURE analyses were performed using the LD-pruned genotype
dataset with K values ranging from 2 to 4. Individuals are grouped according to breed, allowing visualization of
breed composition and population structure among Boer, Angora, and Saanen goats.

It should be noted, however, that the optimal K value does not necessarily correspond to the actual number of breeds, populations, or
ancestral groups represented in a dataset (Alexander et al., 2009; Evanno et al., 2005; Puechmaille, 2016). In studies where population structure
is unknown or cryptic admixture is expected, examining a broader range of K values may reveal hierarchical population structure, ancestral
components, or ongoing admixture events that would otherwise remain undetected (Falush et al., 2003; Lawson et al., 2018). In such contexts,
both cross-validation error and biological interpretability should be jointly considered when selecting an appropriate K value. Because the K =
3 structure provided biologically interpretable breed-level differentiation while remaining consistent with PCA-based clustering patterns, K =3

was considered the most appropriate population structure model for downstream selective sweep analyses.
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Preparation of phased genotype data for XP-EHH analysis

Selscan is a haplotype-based program used to detect signatures of selection by estimating extended haplotype homozygosity (EHH). In this
protocol, cross-population extended haplotype homozygosity (XP-EHH) analysis is performed to compare haplotype homozygosity patterns
between a case population and a control population (Sabeti et al., 2007; Szpiech, 2024). In the practice example presented in this protocol, the
Boer population is defined as the case population, whereas Angora and Saanen are used as the control populations. This setup was designed
to highlight putative Boer-specific selective sweep signals by contrasting a meat-type commercial breed with breeds selected for different
production purposes. Because XP-EHH is a haplotype-based method, phased genotype data without missing genotypes are required.

For XP-EHH analysis, genotype data are converted into phased haplotype format.

plink \
--bfile basic QC\

-recode vef-iid \

--out basic QC recode

In this protocol, Beagle v5.5 is used to generate phased VCF files required for XP-EHH analysis (Browning et al., 2021). Before phasing, the
whole-genome VCF file is split by chromosome, and chromosome-specific VCF files are generated for goat autosomes, chromosomes 1 to 29.

Each chromosome-specific VCF file is then used as input for Beagle to produce phased VCF files for downstream XP-EHH analysis.

java -Xmx50g -jar beagle.27Feb25.75f jar \
gt=basic QC_chr${CHR}.vcf.gz\
out=basic QC chr${CHR}.beagle phased
basic QC_chr${CHR} .beagle phased.vcf.gz
basic QC chr${CHR}.beagle phased.log
beftools view \

-S Boer.txt \

-0z\

-0 Boer.chr$ {CHR } .beagle phased.vcf.gz \
basic QC chr${CHR}.beagle phased.vcf.gz
beftools view \

-S Angora_Saanen.txt \

-0z\

-0 Angora_Saanen.chr$ {CHR}.beagle phased.vcf.gz \
basic QC chr${CHR}.beagle phased.vcf.gz

After Beagle phasing, chromosome-specific phased VCF files are separated into case and control population-specific VCF files. This step
is performed using the -S option of beftools view (Danecek et al., 2021), which requires a text file containing the sample IDs to be retained in
each population. The resulting case phased VCF file is used as the --vef input for selscan, whereas the control phased VCF file is used as the

--vcf-ref input. Because the direction of the XP-EHH score depends on the input order of --vcf and --vef-ref, the case-control input direction
should be kept consistent throughout the analysis. For XP-EHH analysis, chromosome-specific map files are generated in the input format
required by selscan. The selscan map file consists of four columns: chromosome, SNP ID, genetic position, and physical position. PLINK .map
files are first generated from chromosome-specific VCF files using the --recode option (Chang et al., 2015; Purcell et al., 2007). If species-

specific genetic map information is not available, the physical position of each SNP can be divided by 1,000,000 and used as a pseudo-genetic
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position. The final map file is prepared without a header and must contain the same SNP marker set and marker order as the case and control
phased VCF files used for XP-EHH analysis (Table 5).

Table 5. Example structure of a chromosome-specific map file for XP-EHH analysis

CHR SNP Genetic distance Position
1 snp14079-scaffold1560-51801 0.051801 51801

1 snp14080-scaffold1560-100946 0.100946 100946
1 snp14082-scaffold1560-185575 0.185575 185575

The map file contains chromosome number (CHR), SNP identifier (SNP), genetic distance value, and physical position in base
pairs. Each chromosome-specific map file was used together with phased VCF files as input for XP-EHH analysis using selscan

plink \
--vefbasic QC chr${CHR}.beagle phased.vcf.gz\
--recode \
--allow-extra-chr \
--allow-no-sex \
--CowW \
--out Tech_chr${CHR}
awk -v chr=§ {CHR} 'BEGIN{OFS="\t"} {print chr, $2, $4/1000000, $4}'\
Tech chr${CHR}.map > selscan chr${CHR}.map

XP-EHH analysis and visualization

XP-EHH analysis is performed independently for each chromosome using the case phased VCF file, the control phased VCF file, and
the corresponding chromosome-specific map file. After running selscan, raw XP-EHH output files and log files are generated for each
chromosome. Because raw XP-EHH scores are not standardized, genome-wide normalization is performed using the norm program before
downstream analysis.

After normalization, positive normalized XP-EHH scores indicate increased haplotype homozygosity in the population specified by --vcf,
which corresponds to the case population in this protocol. In contrast, negative normalized XP-EHH scores indicate increased haplotype
homozygosity in the population specified by --vef-ref, which corresponds to the control population. Therefore, the direction of the normalized

XP-EHH score should be interpreted according to the input order of the case and control populations.

selscan \
--xpehh \
--vef Boer.chr$ {CHR}.beagle phased.vef\
--vef-ref Angora_Saanen.chr$ {CHR }.beagle phased.vef\
--map chr$ {CHR}.map \
--out xpehh.chr$ {CHR}.Boer vs AngoraSaanen

Normalized XP-EHH scores can be visualized at either the SNP level or the window level. SNP-level visualization uses the normalized
XP-EHH score of each SNP directly and is typically presented as a Manhattan plot. This approach is useful for examining detailed SNP-
level signals across the genome. Window-level visualization summarizes XP-EHH scores at the genomic region level. In this protocol, each
chromosome is divided into non-overlapping genomic windows, and the maximum normalized XP-EHH score within each window is used as

the representative value. This approach reduces SNP-level variation into regional patterns and can be useful for identifying candidate selection
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regions. Therefore, SNP-level and window-level plots can be used as complementary visualization strategies depending on the analysis

objective, marker density, and downstream criteria used to define candidate selection regions (Figure 4).
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Figure 4. SNP-level and window-level XP-EHH scores Manhattan plots between Boer goats and the
comparison populations.

(A) SNP-level XP-EHH Manhattan plot showing normalized XP-EHH scores for individual SNPs across the genome.
(B) Window-level XP-EHH Manhattan plot showing the maximum normalized XP-EHH score within each non-
overlapping genomic window. The horizontal red line indicates the significance threshold used to identify
candidate selective sweep signals, and highlighted points represent genomic regions exceeding this threshold.

Fsr-based detection of selective sweep regions

Fixation index (Fsr) is a population differentiation statistic widely used to quantify allele frequency divergence between populations (Weir
and Cockerham, 1984). Because selective sweeps can increase genetic differentiation at specific genomic regions, Fsr-based approaches
are used to identify candidate regions under selection in population genomic studies. In this protocol, Fsr analysis was performed to identify
genomic regions showing increased genetic differentiation between Boer goats and the comparison populations. For Fsr analysis, Boer goats
were defined as the target population, whereas Angora and Saanen goats were combined and used as the comparison population. Population-
specific sample list files were first generated from the PLINK ‘.fam’ file using Linux commands to retain individuals belonging to the target and
comparison populations during downstream Fsr analysis. Separate sample list files were prepared for the Boer target population (‘BOE’) and
the combined comparison population (REF’), which consisted of Angora and Saanen individuals. Each sample list file followed the same two-
column PLINK sample selection format described previously in Table 2 and contained Family ID (FID) and Individual ID (IID) information
for the retained individuals. A separate population cluster file was then prepared to define the target and comparison population assignments
required for PLINK-based Fsr calculation. The cluster file consisted of three columns corresponding to FID, IID, and population label, where
each sample was assigned either to the Boer target population (BOE) or to the combined comparison population (REF)(Table 6). This cluster
file was subsequently used with the ‘~-within’ option to specify population membership information during Fsr estimation. SNP-level Fsr values

were calculated using PLINK v1.90 with the following command:
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Table 6. Example structure of the population cluster file

FID (Family ID) 1D (Individual ID) Population cluster
ANG AR_ANG0034 REF
BOE AU_BOE0056 BOE
SAA CH_SAA0137 REF

The population cluster file contains individual identifiers and their assigned population labels for Fsr analysis. This file was
used with the PLINK --within option to define target and comparison population membership during Fsr estimation.

plink \
--bfile basic QC\
--chr-set 29 \
--keep BOE REF sample list.txt\
--within BOE_REF cluster.txt\
-fst\
--out FST BOE vs REF

The ‘fst’ output file generated by PLINK contained chromosome number, SNP identifier, physical position, sample count, and SNP-level Fsr
estimates for each marker. These SNP-level Fsr values were subsequently used for genome-wide visualization and downstream window-level
summarization. Because selective sweeps often produce localized increases in population differentiation, SNP-level Fsr estimates can be used
to identify candidate genomic regions showing elevated divergence between the target and comparison populations. Although SNP-level Fsr
signals are useful for examining marker-level differentiation patterns across the genome, individual SNP signals can be influenced by stochastic
variation, local marker density, or isolated high-Fsr loci. Therefore, window-level summarization can additionally be applied to reduce SNP-
level noise and to identify broader genomic regions showing consistent differentiation patterns associated with selective sweeps. For regional
summarization, the genome was divided into non-overlapping 200-kb windows, and the maximum Fsr value within each window was used as
the representative statistic for downstream visualization and candidate region screening. This approach enables localized differentiation peaks
to be summarized as regional selective sweep signals while preserving highly differentiated loci within each genomic window. Window-level

Fsr values were generated using the following R workflow:

library(dplyr)

fst <- read.table("FST BOE vs REF.fst",

header =TRUE,

sep="\t")

fst <- fst %>%

filter(!is.na(FST))

window_size <- 200000

fst window <- fst %>%

mutate(

WINDOW _START = floor(POS / window_size) * window_size,
WINDOW_END =WINDOW_START + window_size
) %>%
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group by(CHR, WINDOW_START, WINDOW_END) %>%
summarise(

max_FST = max(FST, na.rm = TRUE),

mean_FST = mean(FST, na.rm = TRUE),

n SNP=n(),
.groups = "drop"
)

write.table(fst window,
"FST BOE vs REF 200kb window.txt",
sep="\",
quote = FALSE,
row.names = FALSE)

Candidate selective sweep regions can subsequently be identified by selecting genomic windows exceeding a user-defined empirical
threshold determined according to the analytical objective, population structure, marker density, and the overall distribution of window-
level Fsr values. Depending on the analysis objective, SNP-level and window-level Manhattan plots can be interpreted either independently
or together as complementary visualization strategies. SNP-level plots provide marker-resolution differentiation patterns, whereas window-
level plots facilitate regional interpretation of broader selective sweep signals across the genome. In this protocol, both visualization strategies
were used to examine genome-wide differentiation patterns and candidate selective sweep regions between Boer goats and the comparison

populations (Figure 5).
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Figure 5. SNP-level and window-level Fst Manhattan plots between Boer goats and the comparison
populations.

(A) SNP-level Fsr Manhattan plot showing marker-level genetic differentiation across the genome. (B) Window-level
Fst Manhattan plot showing the maximum Fsr value within each non-overlapping genomic window. The horizontal
red line indicates the threshold used to identify candidate selective sweep regions, and highlighted points
represent genomic regions exceeding this threshold.
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ROH segment detection using PLINK

PLINK v1.9 is a command-line genotype analysis program used for large-scale genotype data filtering, format conversion, and population
genetic analyses. In this protocol, individual ROH segments are detected using the --homozyg option in PLINK v1.9. The --homozyg option
detects ROH segments based on the PLINK 1.07 scanning algorithm and allows users to specify detailed parameters, including the minimum
number of SNPs, minimum segment length, maximum gap between SNPs, scanning window size, and the number of heterozygous and
missing genotype calls allowed within each scanning window (Table 7) (Meyermans et al., 2020). In the practice example, ROH detection was
performed using --homozyg-snp 20, --homozyg-kb 1000, --homozyg-gap 500, --homozyg-window-snp 20, --homozyg-window-het 0, and

--homozyg-window-missing 2, while other --homozyg parameters were left at the default PLINK settings. These settings were selected based
on commonly used SNP-array-based ROH criteria (Lencz et al., 2007) and livestock ROH studies, including goat populations (Cortellari et
al., 2021). The minimum length and SNP number thresholds were applied to reduce false-positive ROH calls, the maximum gap threshold was
used to avoid merging distant homozygous regions, and the window-based heterozygous and missing genotype criteria were set to maintain

stringent but practical ROH detection.

Table 7. Summary of PLINK v1.9 parameters for ROH detection

Option Description

--homozyg-snp <min SNP count> Minimum number of SNPs required to define a ROH
--homozyg-kb <min length> Minimum ROH length in kilobases

~-homozyg-density <max inverse density> Maximum inverse SNP density allowed within a ROH, expressed as kb/SNP
~-homozyg-gap <max internal gap> Maximum distance allowed between consecutive SNPs within a ROH, in kilobases
--homozyg-het <max hets> Maximum number of heterozygous calls allowed within a ROH segment
--homozyg-window-snp <scanning window size> Number of SNPs included in each scanning window
--homozyg-window-het <max hets in window> Maximum number of heterozygous calls allowed within a scanning window

~-homozyg-window-missing <max missing calls ~ Maximum number of missing genotype calls allowed within a scanning window
in window>

--homozyg-window-threshold <min hit rate> Minimum scanning window hit rate required for a SNP to be included in a ROH
This table describes the main PLINK parameters that can be specified for ROH detection, including thresholds for the minimum
number of SNPs, minimum ROH length, SNP density, maximum gap between SNPs, and allowable heterozygous or missing genotype
calls within ROH segments or scanning windows.

ROH summary metric calculation

ROH results were summarized at the individual and breed levels using the .hom file generated by the --homozyg option in PLINK. In this
protocol, the number of ROH segments detected in each individual was defined as NROH, and the summed length of all ROH segments within
each individual was calculated as SROH. SROH was converted and expressed in megabases (Mb). NROH represents the number of ROH
segments per individual, whereas SROH represents the total genomic length covered by ROH segments. Individual-level NROH and SROH
values were visualized together to assess ROH burden patterns across populations. This approach allows comparison of whether ROH burden
is mainly characterized by a larger number of ROH segments, a greater cumulative ROH length, or both. ROH segments were further classified
into four length classes: 1-2 Mb, 2—4 Mb, 4-8 Mb, and >8 Mb. In general, shorter ROH segments may reflect older shared ancestry, historical
bottlenecks, or long-term reductions in effective population size, whereas longer ROH segments are more likely to indicate recent inbreeding or
recent population bottlenecks.

NROH and SROH were summarized across ROH length classes to evaluate the length composition of ROH burden. This analysis helps

determine whether the overall ROH burden is mainly driven by numerous short ROH segments or by the cumulative contribution of longer
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ROH segments. Because ROH detection can be affected by SNP density, marker distribution, missing genotypes, quality control criteria, and
PLINK --homozyg parameter settings, population-level comparisons should be interpreted based on results generated using the same filtering

criteria and ROH detection parameters (Figure 6).
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Figure 6. ROH burden across individuals and length classes.

(A) Relationship between the number of ROH segments (NROH) and the summed ROH length (SROH) for individual
goats. Each point represents an individual, and colors indicate breed assignment. (B) Breed-level distributions of
ROH burden across four ROH length classes (1-2 Mb, 2-4 Mb, 4-8 Mb, and =8 Mb), summarized using both the
number of ROH segments (NROH) and the summed ROH length (SROH).

SUMMARY

This protocol describes procedures for selective sweep studies using publicly available goat SNP genotype data. Genotype quality control,
population structure characterization, fixation index (Fsr), cross-population extended haplotype homozygosity (XP-EHH), and runs of
homozygosity (ROH) were presented using representative goat breeds. To facilitate practical implementation, the input and output file formats
generated at each analytical step are summarized in Table 8. The workflow described in this study may be useful for livestock population

genomic studies using genome-wide SNP genotype datasets.

Journal of Animal Breeding and Genomics 64



Population genomic characterization and detection of selection signatures in livestock using SNP genotype data

Table 8. Summary of input and output files generated at each step of the protocol.

Protocol step Main input file(s) Main output file(s)
Input data preparation Raw SNP genotype data from the ADAPTmap PLINK binary files: raw_genotype.bed, raw_
resource genotype.bim, raw_genotype.fam
Genotype quality control raw_genotype.bed, raw_genotype.bim, raw_ basic_QC.bed, basic_QC.bim, basic_QC.fam
genotype.fam
Linkage disequilibrium basic_QC.bed, basic_QC.bim, basic_QC.fam LD_pruned.bed, LD_pruned.bim, LD_pruned.
pruning fam
Principal component LD_pruned.bed, LD_pruned.bim, LD_pruned.fam PCA.eigenvec, PCA.eigenval
analysis
ADMIXTURE analysis LD_pruned.bed, LD_pruned.bim, LD_pruned.fam K*.Q, K*.P, cross-validation error file
VCF preparation and 1. PLINK binary files: 1. Genome-wide recoded VCF file:
Beagle phasing basic_QC.bed, basic_QC.bim, basic_QC.fam basic_QC_recode.vcf
2. Chromosome-specific VCF files: 2. Chromosome-specific phased VCF files:
basic_QC_chr${CHR}.vcf.gz basic_QC_chr${CHR}.beagle_phased.vcf.gz
XP-EHH analysis 1. Population-specific VCF extraction: 1. Boer.chr${CHR}.beagle_phased.vcf.gz;
basic_QC_chr${CHR}.beagle_phased.vcf.gz; Boer Angora_Saanen.chr${CHR}.beagle_phased.vcf.gz
sample list; Angora/Saanen sample list 2. selscan_chr${CHR}.map
2. Map file generation: 3. xpehh.chr${CHR}.Boer_vs_AngoraSaanen.
basic_QC_chr${CHR}.beagle_phased.vcf.gz xpehh.out

3. XP-EHH analysis:
Boer.chr${CHR}.beagle_phased.vcf.gz; Angora_
Saanen.chr${CHR}.beagle_phased.vcf.gz; selscan_

chr${CHR}.map
Fsr-based selection scan basic_QC.bed, basic_QC.bim, basic_QC.fam; Pairwise or window-based Fsr result files
population group file
ROH analysis basic_QC.bed, basic_QC.bim, basic_QC.fam ROH.hom, ROH.hom.indiv, ROH.hom.summary

The table summarizes the main file formats and file transitions used throughout the workflow, including genotype quality
control, linkage disequilibrium pruning, population structure analysis, FST-based selection scan, XP-EHH analysis, and ROH
characterization. Intermediate files generated during VCF conversion, phasing, and XP-EHH analysis are also listed to facilitate
practical implementation and troubleshooting.
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