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Fine-scale analysis of 
population structure based on 
genomic data and 
quantification of selection 
effect on livestock genome
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Content of the lecture

• Quality control of genomic data

• Approaches and tools for population structure analysis

• Approaches and tools for evaluating the impact of selection on the 
livestock genome

• Functional annotation of regions significantly affected by selection 
pressure



IS
A

G
R

E
E

D

Erasmus+ project 2021-1-SK01-KA220-HED-000032068 

Quality control of genomic data

SNP data (genotyping using SNP chips)

• QC is a crucial step to ensure the accuracy and reliability of the 
results of subsequent analyses

• Incorrect or low-quality data can lead to errors in analyses and 
interpretation of results

• data quality indicators – call rate of SNP markers overall and within 
individuals, frequency of the minor allele frequency, deviation from 
the Hardy-Weinberg equilibrium, degree of linkage disequilibrium ...

• the choice of indicators used in QC depends on the objective/type 
of follow-up analyses
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Quality control of genomic data

SNP data (genotyping using SNP 
chips)

• Standard QC for population structure 
analysis:
• call rate across SNP markers – min. 90%

• call rate across animals – min. 90%

• minor allele frequency (MAF) – min. 1% in the 
population

• Hardy-Weinberg equilibrium - 1 × 10–6

• Software tools: e.g. PLINK

Fig. 1: Graphical visualization of SNP data quality control (Moravčíková et al., 2020)
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Approaches and tools for population structure analysis

SNP data (genotyping using SNP chips)

The study of population structure using genomic data allows:

• analyse genetic differentiation within and between populations 

• evaluate the degree of their genetic admixture as well as changes in their 
gene pool, which have arisen, for example, due to selection, migration or 
genetic drift

• estimate the genomic relationship matrix and optimize mating plans
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Approaches and tools for population structure analysis

SNP data (genotyping using SNP chips)

The most common types of analyses:

• calculation of the Wright's FST index, 

• calculation of genetic distances and relationship matrices

• Principal Component Analysis

• Discriminant analysis of principal components

• Bayesian analysis of genetic admixture and gene flow between populations

• construction of phylogenetic trees and genetic networks
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Approaches and tools for population structure analysis

Wright's FST index

• is one of the most commonly used indicators to determine the 
degree of genetic differentiation between populations

• its value ranges from 0 (populations are genetically identical) to 1 
(populations are genetically completely differentiated)

• advantages: ease of interpretation, fast computational method for 
detecting differentiation between populations

• disadvantages: cannot be used at the individual level, lower 
reliability in populations with a low level of diversity
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Approaches and tools for population structure analysis

Wright's FST index

• Software tools: Arlequin, Genepop and 
GenAlEx (limited number of SNP 
markers), R (e.g. StAMPP packages)

AR_TR - Anatolyan Red, AY_TR - Anatolyan Yellow, BNV_AT - Braunvieh (Austria), BNV_CH - Braunvieh (Switzerland), BSW_US - Brown 
Swiss, CZR - Czech Red, CZSS - Czech Spotted, GEL_DE - Gelbvieh, GNV_AT - Tyrol Grey, NRC_NO - Norwegian Red, PIN_AT - Pinzgau 
(Austria), PIN_SK - Slovak Pinzgau (Slovakia), PRP_FR - French Red Pied, SIM_CH - Simmental, SKR - Slovak Red, SKSS - Slovak Spotted

Fig. 2: Dendrogram constructed on the basis of the FST matrix showing the genetic relationships between 16 cattle breeds 
cattle (unpublished results)
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Relationship matrices

• express genetic similarities and relationships between individuals within 
a population

• each element of the matrix represents a measure of genetic similarity 
between a pair of individuals

• are most often calculated based on the frequency of alleles, while the 
calculation itself can be based on various approaches, e.g. calculation of 
the IBD (identity by descent) matrix or Nei's genetic distances

• advantages: relatively accurate estimates of genetic relationships, 
suitable for the study of intrapopulation relationships

• disadvantages: the calculation is time-consuming in the case of large 
databases

Approaches and tools for population structure analysis
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Relationship matrices

• Software tools: PLINK, R (e.g. 
StAMPP package)

Fig. 3: Intrapopulation genetic structure within 5 dog breeds derived from a Nei‘s 
genetic distance (Moravčíková et al., 2021)

Approaches and tools for population structure analysis
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Principal component analysis (PCA)

• a multivariate statistical method that decomposes a covariance matrix of 
genetic data and extracts the principal components that reflect the variability 
of the data in the dataset

• the first two principal components usually capture the highest proportion of 
variability 

• it provides basic information about the genetic structure, which is useful when 
testing databases with a large number of individuals

• advantages: time-saving method for assessing the state of genetic 
differentiation, simple and easily interpretable visualization 

• disadvantages: low sensitivity for genetic admixture

Approaches and tools for population structure analysis
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Approaches and tools for population structure analysis

Principal component analysis (PCA)

• Software tools: PLINK, R (e.g. adegenet 
package)

Fig. 4: Genetic differentiation within 16 sheep breeds based on visualization of the first and 
second principal components of the PCA (unpublished results)
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Discriminant analysis of principal components (DAPC)

• DAPC is a method of discriminant analysis aimed at visualizing the 
genetic structure between predefined groups or clusters. It uses PCA to 
reduce the dimension of data and then discriminant analysis to maximize 
the resolution between populations

• a more accurate representation of the genetic structure between 
predefined clusters, such as distinct genetic subpopulations or 
subpopulations that exhibit genetic admixture

• advantages: high accuracy in detecting differences between populations, 
simple and easily interpretable visualization 

• disadvantages: requires predefined groups, may be sensitive to low levels 
of diversity or high levels of genetic connectedness

Approaches and tools for population structure analysis
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Approaches and tools for population structure analysis

Discriminant analysis of 
principal components 
(DAPC)

• Software tools: R 
(adegenet package)

Fig. 5: Genetic relationships between 7 farmed and 2 wild populations of red deer based on the first and second discriminant functions of the DAPC
analysis (A), genetic distances (B) and the first discriminant function separately for the whole dataset (C) and farm populations (D) (Moravčíková et al., 
2023)
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Approaches and tools for population structure analysis

Admixture analysis – Bayesian approach

• Population structure detection and identification of genetic 
clusters without the need to predefine groups

• It allows the identification of genetic groups and the degree of 
admixture within individuals, which is useful in the study of 
migration and differentiation

• advantages: accurate identification of genetic clusters, flexible 
method for complex structures

• disadvantages: time-consuming calculation, reliability of results 
depends on the number of SNP markers used and tested 
individuals
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Admixture analysis – 
Bayesian approach

• Software tools: e.g.
STRUCTURE, ADMIXTURE, 
BAPS, FASTSTRUCTURE

Fig. 6: Representative results of genetic admixture testing between farmed and wild populations of red deer using a 
Bayesian approach for K=2, K=3, K=6 and K=9 (Moravčíková et al., 2023)

Approaches and tools for population structure analysis
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Gene flow between populations – TreeMIX program
• based on allele frequencies, it creates phylogenetic trees with the 

possibility of testing the intensity of migration between populations 

• this method is based on maximum probability and allows 
simultaneous estimation of phylogenetic relationships and 
migration between populations

• advantages: allows detection of the intensity of migration and gene 
flow in the past

• disadvantages: the reliability of the results depends on the amount 
of available genotypic data as well as the reliability of the allele 
frequency estimation

Approaches and tools for population structure analysis
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Gene flow between 
populations – Bayesass 
program

• uses a Bayesian approach

• allows to determine the 
intensity of gene flow 
between and within 
populations

Fig. 7: Graphical visualization of gene flow intensity between farmed and wild populations of red deer (Moravčíková et al., 
2023)

Approaches and tools for population structure analysis
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Constructing genetic networks – Netview package
• is a visualization tool that uses genetic networks to show 

relationships between individuals or populations

• creates genetic networks that show genetic relationships and gene 
flow between populations

• is suitable for assessing complex relationships as well as the impact 
of migration

• advantages: intuitive visualization, suitable for displaying admixture
and differentiation

• disadvantages: limited use in populations with large numbers of 
individuals

Approaches and tools for population structure analysis
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Constructing genetic networks – Netview package

Fig. 8: Graphical visualization of the results of testing 3 different scenarios of development of intra-population and inter-population genetic relationships within 
16 cattle breeds using Netview (unpublished results)

Approaches and tools for population structure analysis
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Construction of phylogenetic trees

• graphical representations of evolutionary relationships between 
populations or species based on their genetic data

• they are used to visualize genealogical or genetic relationships, 
model evolutionary processes, and track population differentiation 
and migration

• they can be created using a variety of algorithms and models, most 
commonly based on genetic distances (e.g., Nei's genetic distance) 
or probabilistic models (maximum reliability and Bayesian methods)

Approaches and tools for population structure analysis
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Approaches and tools for population structure analysis

Construction of phylogenetic trees

• Software tools: e.g. MEGA, SplitsTree, various R packages

Fig. 9: Phylogenetic tree constructed based on a matrix of Nei's genetic distances reflecting relationships between 8 horse breeds (unpublished results)
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

• genomic regions under significant selection pressure – so-called 
selection signals

• analysis of selection signals allows for a better understanding of:
• evolutionary processes and the impact of domestication

• the impact of natural and intensive artificial selection on specific genomic 
regions controlling preferred phenotypic traits, whether in terms of 
adaptability, resilience or performance of individuals, populations and 
livestock species

• identify genomic regions showing a decrease or increase in genetic 
variability

• phenotypic information is not necessary
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

• Two groups of approaches:
▪ Evaluation of inter-population/inter-breed differences: e.g.

Wright's FST index at the genome-wide level

Differences in linkage disequilibrium (LD) – analysis based on haplotype 
structure

PCA analysis

• Evaluation at the intra-population level: e.g.

Distribution of runs of homozygosity

Distribution of heterozygosity-rich regions

Level of linkage disequilibrium

RDA analysis

Tajima's D statistics
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences - 
Wright's FST index

• one of the most commonly used approaches

• selection signals are identified based on differences in allelic frequencies 
between populations, which arose as a result of, for example, different 
breeding goals or breed standards

• two basic types of signals - the different type of selection corresponds to the 
regions (represented by several loci or SNP markers) with a high value of the FST

index and, conversely, the regions with a low value represent genomic regions 
that were subject to the same type of selection in the given breeds
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences - 
Wright's FST index

• threshold value defining the signal – e.g. 1% of the highest values

• advantages: relatively simple method of calculation and wide use in population 
genetics

• disadvantages: cannot be used for the identification of signals at the 
intrapopulation level
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences - 
Wright's FST index
• Software tools: e.g. PLINK

Fig. 10: Distribution of FST index values in the autosomal genome of beef
cattle breeds (A) and overall using a box plot (B) (Moravčíková et al., 2019)

Tab. 1: Description of selected selection signals (Moravčíková et al., 2019)
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences –
Integrated haplotype score (iHS)

• selection signals are derived from a change in the linkage disequilibrium in the 
genome of the evaluated breeds and the emergence of specific haplotypes due 
to the linkage disequilibrium

• The iHS value can be defined simply as a measure of how unusual a haplotype 
consisting of specific SNP markers is, compared to the rest of the genome
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – 
Integrated haplotype score (iHS)

• iHS is a particularly sensitive method for detecting the effect of recent selection 
that leads to an increase in the frequency of a certain allelic variant in a 
population, but has not yet had eliminate other variants at a given locus

• the analysis begins with the calculation of the EHH value (extended haplotype 
homozygosity), which quantifies the decrease in homozygosity of the haplotype 
from a certain SNP marker and then continues with the calculation of the iHS
value, which is based on the logarithm of the ratio of integrated EHH values for 
two allelic variants
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – 
Integrated haplotype score (iHS)

• iHS can reach positive values (a haplotype carrying a single allele is longer and 
has a higher EHH, indicating a significant effect of positive selection) or 
negative values (an alternative allele has a higher EHH, which can also reflect 
selection, but in the opposite direction)

• threshold value defining the signal – e.g. 1% of the highest positive values

• advantages: suitable approach for detecting the effect of recent selection and 
identification of signals arising e.g. as a result of adaptation, possibility of 
haplotype structure analysis

• disadvantages: the need for high-quality and robust genomic data, the need to 
define or determine haplotype frequencies
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – 
Integrated haplotype score (iHS)
• Software tools: e.g. REHH program package, Haploview

Fig. 11: Differences in linkage disequilibrium on chromosomes 7 (A), 13 (B), 20 (C) and 26 
(D) between the Holstein breed and beef cattle breeds (Moravčíková et al., 2019)

Tab. 2: Autosomal regions under selection pressure identified based on variability in linkage 
disequilibrium (Moravčíková et al., 2019)
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – PCA 
analysis

• assumes that the selection signals in the genome arose as a result of the local 
adaptation of individuals to environmental conditions

• an alternative method for identifying selection signals to the FST index

• detection of selection signals is based on the assumption of the existence of a 
correlation between genetic variants and principal components, which reflects 
the local adaptation of populations to the production environment
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – PCA 
analysis

• to identify selection signals, e.g. Mahalanobis distance test evaluating the 
distance of points from the mean could be used - the identification of SNP 
markers showing association with positive selection is then based on the 
construction of a z-score vector, obtained by regression analysis of the 
relationship between SNP markers and the principal components of K

• the threshold value defining the signal can be determined, for example, based 
on the false discovery rate FDR test

• advantages: efficient visualization of complex genetic data

• disadvantages: alternative, not so often used approach, complicated 
interpretation
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation of inter-population/inter-breed differences – PCA 
analysis
• Software tools: PCAdapt R Package

Fig. 12: Population structure of 6 cattle breeds 
based on PCA analysis (Moravčíková et al., 
2018)

Fig. 13: Selection signals identified through PCA analysis (Moravčíková et al., 2018)

Tab. 3: Genomic regions showing the strongest selection signal (Moravčíková et al., 2018)



IS
A

G
R

E
E

D

Erasmus+ project 2021-1-SK01-KA220-HED-000032068 

Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of runs of 
homozygosity (ROH)

• this approach assumes that regions in the genome showing strong selection 
signals are the result of an increase in local homozygosity due to intensive 
breeding to traits defined in the breed standard of each breed

• ROH regions forming selection signals located in the genome are formed by 
alleles derived from common ancestors, which can be inherited from 
generation to generation in an unchanging form
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of runs of 
homozygosity (ROH)

• selection signals are determined based on the frequency of SNP in ROH in a 
specific regions across individuals in the population

• threshold value defining the signal – e.g. 1% of the highest values

• advantages: this method allows to detect regions where there has been a 
decrease in diversity, a good indicator of the effect of positive selection

• disadvantages: the need for high-quality and robust genomic data
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of runs of 
homozygosity (ROH)
• Software tools: e.g. PLINK, R package detectRUNS

Fig. 14: Overlapping ROH regions in the autosomal genome of the Slovak warmblood horse
(Moravčíková et al., 2020)

Tab. 4: Selection signals in the genome of the Slovak warmblood horse derived from the
extreme values of the frequency of SNP in ROH regions (Moravčíková et al., 2020)
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of 
heterozygosity-rich regions (HRR)

• this method is used to detect regions showing a high degree of heterozygosity, 
which may be important in terms of adaptability, response to environmental 
changes or the occurrence of pathogens – heterozygous individuals have higher 
fitness than homozygous individuals

• a high level of heterozygosity may be the result of balancing selection – the 
preservation of genetic diversity within a population

• similar approach to ROH – but selection signals form different lengths of 
continuous stretches of heterozygous genotypes in the genome
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of 
heterozygosity-rich regions (HRR)

• selection signals are determined based on the frequency of SNP markers in HRR 
in a specific regions across individuals in the population

• threshold value defining the signal – e.g. 1% of the highest values

• advantages: allows to detect regions in which there is an increased proportion 
of heterozygous genotypes – an indicator of genomic regions important in 
terms of adaptation or evolutionary potential

• disadvantages: the need for high-quality and robust genomic data
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Distribution of 
heterozygosity-rich regions (HRR)
• Software tools: R package detectRUNS

Fig. 15: Graphical visualization of the frequency of SNP markers in HRR regions (A) and distribution of HRR regions in the genomic 
coordinates of the major histocompatibility complex (B) (Moravčíková et al., 2024)
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – RDA analysis
• RDA (Redundancy analysis) tests the relationship between genetic variability and 

environmental factors – the influence of natural selection

• a method of evaluating genotype-environment associations (GEA) that simultaneously 
evaluates the percentage of genomic variability explained by environmental variables and 
detects loci under selection pressure

• two-step analysis in which genetic and environmental data are evaluated using multivariate 
linear regression

• advantages: a comprehensive approach to evaluate the relationships between genetic 
variability within a population and environmental factors

• disadvantages: the need for high-quality and robust data

• Software tools: e.g. R package vegan, DeepGenomeScan
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Tajima's D statistics
• evaluates population diversity and can serve as one of the indicators of balancing selection

• positive values indicate balancing selection - allele frequencies usually showed intermediate 
frequency, resulting in more variability than would be expected based on the theory of neutral 
evolution

• negative values, on the other hand, are associated with the effect of positive selection, which 
leads to a decrease in genetic diversity and nucleotide variability

• threshold value defining the signal – e.g. 1% of the highest positive values

• advantages: this method allows to detect regions in which there is an increased proportion of 
heterozygous genotypes – an indicator of regions important e.g. in terms of adaptation

• disadvantages: the need for high-quality and robust genomic data
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Approaches and tools for evaluating the impact of 
selection on the livestock genome

Evaluation at the intra-population level – Tajima's D statistics
• Software tools: e.g. VCFtools, R package SnpR

Fig. 16: Signals of balancing selection in the genome of 5 horse breeds identified based on the Tajima's D index (Moravčíková et al., 2024)
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Functional annotation of regions significantly 
affected by selection pressure

• searching for quantitative trait loci (QTLs) in the region of selection 
signals

• search for genes located directly or near selection signals –
potential candidate genes for further analysis

• functional annotation: identification of biological functions of genes 
using tools such as GO (Gene Ontology) or KEGG (Kyoto 
Encyclopedia of Genes and Genomes)
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Functional annotation of regions significantly 
affected by selection pressure

Databases for QTL and gene identification
• Animal QTLdb - database of information on QTLs associated with significant phenotypic traits 

of different livestock species

• BioMart – Ensembl – a simple web-based tool for obtaining genome data (e.g. gene positions) 
without the need for programming knowledge

Functional analysis of genes
• DAVID: a web-based tool for functional annotation and analysis of the role of genes, including 

classification by biological processes and pathways



IS
A

G
R

E
E

D

Erasmus+ project 2021-1-SK01-KA220-HED-000032068 

Functional annotation of regions significantly 
affected by selection pressure

• advantages: detailed analysis of regions in the genome significantly 
affected by selection allows the identification of specific genes and 
biological pathways responsible for phenotypic traits, can help in 
further research of genes and QTL loci with potential use in 
breeding programs

• disadvantages: the overlap between selection signal regions and 
functional regions does not always imply a causal relationship, the 
information in the available databases is limited to current 
knowledge and may not always cover all relevant genes or QTL loci
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