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in Resistance to the Intracellular 
Bacterium Piscirickettsia salmonis
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Concepción, Chile, 3 Instituto de Nutrición y Tecnología de los Alimentos, Universidad de Chile, Santiago, Chile, 
4 Doctorado en Acuicultura. Programa Cooperativo Universidad de Chile, Universidad Católica del Norte, Pontificia 
Universidad Católica de Valparaíso, Valparaíso, Chile, 5 Facultad de Ciencias del Mar, Universidad Católica del 
Norte, Coquimbo, Chile, 6 Benchmark Genetics Chile, Puerto Montt, Chile, 7 The Roslin Institute and Royal (Dick) 
School of Veterinary Studies, University of Edinburgh Easter Bush, Midlothian, United Kingdom, 8 Escuela de 
Medicina Veterinaria, Facultad de Ciencias de la Vida, Universidad Andres Bello, Santiago, Chile, 9 Fisheries and 
Oceans Canada, West Vancouver, BC, Canada, 10  Department of Animal Breeding and Genetics, Swedish University 
of Agricultural Sciences, Uppsala, Sweden, 11 School of Agricultural and Veterinarian Sciences, São Paulo State 
University (Unesp), Jaboticabal, Brazil, 12 National Council for Scientific and Technological Development (CNPq), 
Brasília, Brazil

Piscirickettsia salmonis is the etiologic agent of salmon rickettsial syndrome (SRS) and 
is responsible for considerable economic losses in salmon aquaculture. The bacterium 
affects coho salmon (CS; Oncorhynchus kisutch), Atlantic salmon (AS; Salmo salar), and 
rainbow trout (RT; Oncorhynchus mykiss) in several countries, including Norway, Canada, 
Scotland, Ireland, and Chile. We used Bayesian genome-wide association study analyses 
to investigate the genetic architecture of resistance to P. salmonis in farmed populations of 
these species. Resistance to SRS was defined as the number of days to death and as binary 
survival (BS). A total of 828 CS, 2130 RT, and 2601 AS individuals were phenotyped and 
then genotyped using double-digest restriction site-associated DNA sequencing and 57K 
and 50K Affymetrix® Axiom® single nucleotide polymorphism (SNP) panels, respectively. 
Both traits of SRS resistance in CS and RT appeared to be under oligogenic control. In AS, 
there was evidence of polygenic control of SRS resistance. To identify candidate genes 
associated with resistance, we applied a comparative genomics approach in which we 
systematically explored the complete set of genes adjacent to SNPs, which explained more 
than 1% of the genetic variance of resistance in each salmonid species (533 genes in 
total). Thus, genes were classified based on the following criteria: i) shared function of their 
protein domains among species, ii) shared orthology among species, iii) proximity to the 
SNP explaining the highest proportion of the genetic variance, and iv) presence in more 
than one genomic region explaining more than 1% of the genetic variance within species. 
Our results allowed us to identify 120 candidate genes belonging to at least one of the 
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INTRODUCTION

Infectious diseases are responsible for large economic losses 
in salmon farming. Piscirickettsia salmonis, the causal agent of 
salmon rickettsial syndrome (SRS), affects several salmon species 
and is considered one of the major pathogens affecting the salmon 
farming industry (Rozas and Enríquez, 2014). P. salmonis was 
identified in 1989 from farmed coho salmon (CS; Oncorhynchus 
kisutch) sampled in Chile (Cvitanich et al., 1991). Since then, 
P. salmonis has been confirmed as the causative agent for clinical 
and chronic SRS in CS, Atlantic salmon (AS; Salmo salar), and 
rainbow trout (RT; Oncorhynchus mykiss) in several countries, 
including Norway, Canada, Scotland, Ireland, and Chile (Fryer 
and Hedrick, 2003). Current control protocols and treatments 
are based on antibiotics and vaccines. The effectiveness of both 
strategies in field conditions is not optimal (Rozas and Enríquez, 
2014). From the total mortalities ascribed to infectious diseases 
in Chile, SRS is responsible for 18.3%, 92.6%, and 67.9% in CS, 
RT, and AS, respectively (Sernapesca, 2018). These mortality 
rates, together with other factors such as antibiotic treatments 
and vaccinations, have generated economic losses up to USD 
$450 million per year (Camusetti et al., 2015).

A feasible and sustainable alternative to prevent disease 
outbreaks is genetic selection for disease resistance (Bishop 
and Woolliams, 2014). The estimated levels of heritability for 
resistance to P. salmonis in CS, AS, and RT range from 0.11 to 
0.41 (Correa et al., 2015; Yáñez et al., 2016; Bangera et al., 2017; 
Barría et al., 2018a; Yoshida et al., 2018a; Bassini et al., 2019), 
demonstrating the feasibility of improving P. salmonis resistance 
through artificial selection in farmed salmon species.

Currently, the advancement of molecular technologies has 
allowed the generation of dense marker panels for salmonid 
species (Houston et al., 2014; Palti et al., 2015; Yañez et al., 2016; 
Macqueen et al., 2017). The use of genotypes from dense panels 
of single nucleotide polymorphism (SNP) markers, together with 
phenotypes for the traits of interest, assessed in a large number of 
individuals could provide opportunities to discover the genetic 
architecture of complex traits. When genetic markers are linked 
to a major effect of quantitative trait loci (QTL), marker-assisted 
selection (MAS) could then be implemented into breeding 
programs. For instance, a QTL explaining ~80% of the genetic 
variance for resistance to infectious pancreatic necrosis virus 
(IPNV) has been identified in Scottish and Norwegian AS farmed 
populations (Houston et al., 2008; Moen et al., 2009). To date, 

the number of IPNV outbreaks has been significantly reduced in 
Norwegian AS populations because of MAS for IPNV resistance 
(Hjeltnes et al., 2018). Interestingly, Moen et al. (2015) mapped 
the QTL to a region containing an epithelial cadherin (cdh1) gene 
encoding a protein that binds to IPNV, indicating that the protein 
is part of the machinery used by the virus for host internalization.

P. salmonis resistance has been suggested to be polygenic, 
with many loci explaining a small amount of the total genetic 
variance (Correa et al., 2015; Barría et al., 2018a), suggesting 
that the implementation of genomic selection (GS) is the most 
appropriate strategy to accelerate the genetic progress for this 
trait. Methods that can model all available SNPs simultaneously, 
including Bayesian regression methods (Fernando and Garrick, 
2013), appear to be better for estimating marker effects than 
conventional methods of modeling each SNP individually and 
therefore are becoming increasingly more popular for genome-
wide association study (GWAS; Goddard et al., 2009).

Due to the fact that P. salmonis affects farmed populations of 
three phylogenetically related salmonid species, including CS, AS, 
and RT, generating mortalities in a similar manner and that genetic 
variation for P. salmonis resistance has been already reported, 
we believe that exploring the genetic architecture of this trait 
simultaneously in the three species can provide further insights 
into the biology of the differential response against this intracellular 
bacteria among individuals. Thus, a comparative genomics 
approach aiming at evaluating and comparing genomic regions 
involved in P. salmonis resistance in CS, AS, and RT would help 
in narrowing down the list of potential candidate genes associated 
with the trait for further functional validation in salmonid species.

The aims of this study were i) to dissect the genetic architecture 
of resistance to P. salmonis in CS, AS, and RT using SNP and 
phenotype data modeled together using Bayesian GWAS 
approach, ii) to identify genomic regions involved in P. salmonis 
resistance among the three salmonid species, and iii) to identify 
candidate genes associated with P. salmonis resistance through a 
comparative genomics analysis.

MATERIALS AND METHODS

Challenge Tests
A total of 2,606, 2,601, and 2,416 fish belonging to 107, 118, 
and 105 full-sib families from CS, AS, and RT, respectively, were 
independently challenged with an isolate of P. salmonis (strain 

four criteria described above. Of these, 21 of them were part of at least two of the criteria 
defined above and are suggested to be strong functional candidates influencing P. salmonis 
resistance. These genes are related to diverse biological processes, such as kinase activity, 
GTP hydrolysis, helicase activity, lipid metabolism, cytoskeletal dynamics, inflammation, and 
innate immune response, which seem essential in the host response against P. salmonis 
infection. These results provide fundamental knowledge on the potential functional genes 
underpinning resistance against P. salmonis in three salmonid species.

Keywords: coho salmon, rainbow trout, Atlantic salmon, Piscirickettsia salmonis, genome-wide association 
study, comparative genomics, piscirickettsiosis
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LF-89; Mandakovic et al., 2016) as described in Barría et al. (2018a), 
Bassini et al. (2019), and Yáñez et al. (2013), Yáñez et al. (2014), 
Yáñez et al. (2016). Before the beginning of each experimental 
challenge, quantitative polymerase chain reaction (qPCR) was 
performed in a sub-sample of each population to confirm the 
absence of Flavobacterium spp., infectious salmon anemia virus, 
and IPNV. Subsequently, fish were intraperitoneally (IP) injected 
with 0.2 ml of an LD50 inoculum of P. salmonis. Although an 
IP challenge is not a natural form of infection, it is an effective 
method for presenting a naïve animal with a known and controlled 
amount of bacteria, making sure that the bacterial load and the 
time of infection are the same in every fish (Pulgar et al., 2015). 
After IP injection, infected fish were equally distributed by family 
into three different test tanks. Each challenge was maintained until 
mortalities returned to baseline levels. At the end of the challenges, 
all surviving fish were anesthetized and euthanized. A sample of 
caudal fin was taken from each survivor and dead fish from each of 
the experimental challenges for DNA extraction. Body weight was 
measured at the beginning of the challenge and at the time of death 
for each individual. The presence of P. salmonis was confirmed in 
a random sample of dead fish through qPCR and necropsy. Each 
experimental challenge was performed at Aquainnovo’s Research 
Station, Xth Region, Chile.

Genotyping
A total of 828 CS, 2130 RT, and 2601 AS were genotyped using 
double-digest restriction site-associated DNA (ddRAD) and 
57K and 50K Affymetrix® Axiom® SNP panels, respectively. 
Total DNA was extracted using commercial kits following 
the manufacturer’s protocols. For CS, we used the Wizard SV 
Genomic DNA purification System (Promega), whereas DNeasy 
Blood & Tissue (Qiagen) was used for RT and AS.

For CS, 10 ddRAD libraries were prepared following the 
protocol proposed by Peterson et al. (2012) and sequenced on 
an Illumina Hiseq2500 (150 bp single-end). Raw sequences 
were analyzed using STACKS version 1.41 (Catchen et al., 2011; 
Catchen et al., 2013). rad-tags that passed the process_radtags 
quality control (QC) were aligned to the CS reference genome 
(GCF_002021735.1). Loci were built with pstacks setting a 
minimum depth coverage of three. After catalog construction, 
rad-tags were matched using sstacks followed by populations 
using default parameters. QC included the removal of SNPs 
below the following thresholds: Hardy-Weinberg equilibrium 
(HWE) P < 1 × 10-6, minor allele frequency (MAF) < 0.05, and 
genotyping call rate < 0.80. Individuals with a call rate below 
0.70 were removed from the subsequent analysis. For a detailed 
protocol of library construction and SNP identification, see 
Barría et al. (2018a).

RT individuals were genotyped using the commercial 57K 
Affymetrix® Axiom® SNP array developed by the National Center 
of Cool and Cold Water Aquaculture at the U.S. Department 
of Agriculture (Palti et al., 2015). SNPs were filtered with the 
following QC parameters: HWE P < 1 × 10−6, MAF < 0.05, and 
SNP call rate < 0.95. Individuals with call rates lower than 0.95 
were also removed.

The 50K Affymetrix® Axiom® SNP array used to genotype AS 
was developed by Universidad de Chile and Aquainnovo (Correa 
et al., 2015; Yañez et al., 2016). These markers were selected 
from a 200K array, as described in detail by Correa et al. (2015). 
Genotypes were subjected to QC using the following criteria: 
HWE P < 1 × 10−6, MAF < 0.05, SNP, and samples were discarded 
when the genotype rate was < 0.95.

GWAS analysis
Resistance to SRS was defined as both the number of days to 
death (DD) after experimental challenge and the binary survival 
(BS; 0 for surviving individuals at the end of the experimental 
challenge and 1 for deceased fish). GWAS analyses were 
performed using the Bayes C method that assumes distributed 
mixture distribution for marker effects. All model parameters are 
defined in the following equation:

	
y Xb Zu g a ei i i

i

n
= + + +

=∑ δ
1

	 (EQ1)

where y is the vector of phenotypic records (DD or BS); X 
and Z are the incidence matrix of fixed effects and polygenic 
effect, respectively; b is the vector of fixed effects (tank and 
body weight); u is the random vector of polygenic effects of all 
individuals in the pedigree; gi is the vector of the genotypes for 
the ith SNP for each animal; ai is the random allele substitution 
effect of the ith SNP; δi is an indicator variable (0, 1) sampled 
from a binomial distribution with parameters determined 
such that π value of 0.99; and e is a vector of residual effects.

The prior assumption is that SNP effects have independent 
and identical mixture distributions, where each SNP has a point 
mass at zero (with probability π) and a univariate Gaussian 
distribution (with probability 1 − π) with a mean equal to 
zero and variance equal to σ a

2  having in turn a scaled inverse 
X2 prior, with va = 4 and ve = 10 degrees of freedom and scale 
parameter, respectively (Fernando and Garrick, 2013). These 
hyperparameter values were chosen based on previous studies 
(Peters et al., 2012; Santana et al., 2016; Wolc et al., 2016; Yoshida 
et al., 2017; Yoshida et al., 2018a).

The analyses were performed using the GS3 software (Legarra 
et al., 2013). A total of 200,000 iterations in Gibbs sampling were 
used, with a burn-in period of 20,000 cycles, and the results 
were saved every 50 cycles. Convergence was assessed by visual 
inspection of trace plots of the posterior density of genetic and 
residual variances.

The proportion of the genetic variance explained (GEV) by 
each significant SNP was calculated as

	
Vg = 2p q a

i
i i i

2

u
2σ







	 (EQ2)

where pi and qi are the allele frequencies for the ith SNP, ai is the 
estimated additive effect of the ith SNP on the phenotype, and 
σ u

2  is the estimate of the polygenic variance (Lee et al., 2013).
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The association between the SNPs and the phenotypes was 
assessed using the proportion of the GEV by each marker. To be 
inclusive regarding the genomic regions to be compared across 
the three species, we selected each of the regions explaining at 
least 1% of the genetic variance for the trait in each species.

The heritability values were calculated as

	
h V

V
A

A e

2
2= ′

′ + σ 	 (EQ3)

where ′VA  is the total additive genetic variance estimated as 

the sum of additive marker 2 2σ πa i ip q∑



  and the polygenic 

pedigree based σ g
2( )  additive genetic variance.

Comparative Genomic Analysis
Initially, sequence homologies between chromosomes containing 
regions with SNPs explaining more than 1% of the genetic 
variance were compared. Synteny among these chromosomes was 
identified using Symap (Soderlund et al., 2011). The relationship 
between the chromosomes from CS, RT, and AS and the association 
between SNPs and resistance to P. salmonis (Manhattan plot) was 
plotted using Circos (Krzywinski et al., 2009).

To identify caandidate genes asstociated with P. salmonis 
resistance, we used a comparative genomic analysis among 
CS, RT, and AS. For this, we mapped the location of each 
SNP that explained 1% or more of the genetic variance for the 
trait on the reference genome (NCBI_RefSeq) of each species: 
CS (GCF_002021735.1), RT (GCF_002163495.1; Pearse 
et al., 2018), and AS (GCF_000233375.1; Lien et al., 2016). 
Subsequently, we retrieved the sequences of all the genes 
(and their protein products) adjacent to each SNP within a 
window of 1 Mb (500 kb downstream and 500 kb upstream to 

the associated SNP). We then used this information to apply 
the following criteria to classify and prioritize functional 
candidate genes by comparing the genomic regions involved 
in P. salmonis defined as DD and BS within and among the 
three species:

i)	 The complete set of genes was identified and classified 
into homologous superfamilies based on InterPro 
(Mitchell et al., 2019) protein domain signatures using 
Blast2GO software version 5.2.5 (Götz et al., 2008; 
referred to as Group A);

ii)	 Orthologous and paralogous genes among species were 
identified using the ProteinOrtho tool (Lechner et al., 
2011). Multidirectional alignments were performed 
using the full-length sequences among complete sets of 
proteins encoded in each of the three species to obtain 
orthologous groups, with a 35% threshold for identity 
and similarity (Group B);

iii)	The complete set of genes within 1 Mb windows adjacent 
to SNPs explaining the highest proportion of the genetic 
variation for each trait (leader SNP) was recovered and 
classified as high priority genes (Group C); and

iv)	The complete set of genes located at the intersection 
of more than 1 Mb windows within a species was 
also identified and considered as high priority genes  
(Group D).

RESULTS

Challenge Test and Genetic Parameters
There was considerable phenotypic variation for P. salmonis 
resistance across fish species (Figure 1). The average cumulative 
mortality for different families ranged from 5% to 81%, 8% to 
100%, and 8.3% to 73.7% for CS, RT, and AS, respectively. This 

FIGURE 1 | Cumulative mortality by family after P. salmonis experimental infection of CS, RT, and AS. For CS, RT, and AS, a total of 107, 105, and 118 full-sib 
families were experimentally challenged.
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result suggests that the phenotypic variation for this trait could 
be related to the genetic background on each species. Estimated 
heritabilities for P. salmonis resistance were significant for the 
three species, indicating the feasibility to improve the trait by 
means of artificial selection (Table 1). The genomic heritability 
values for DD were 0.32 for CS, 0.48 for RT, and 0.24 for AS. 
When resistance was defined as BS, genomic heritability estimates 
increased to 0.88, 0.64, and 0.32 for CS, RT, and AS, respectively, 
representing moderate to high levels of genetic variation for 
P. salmonis resistance.

GWAS Analysis
A total of 580 CS (9,389 SNPs), 1,929 RT (24,916 SNPs), and 
2,383 AS (42,624 SNPs) were retained after QC. For CS and RT, 
we found relatively few SNPs explaining a moderate to high 
percentage of genetic variance for P. salmonis resistance. In 
contrast, for AS, a large number of SNPs with small effect were 
found and the percentage of GEV by a single marker was not 
higher than 5% (Figure 2; Supplementary Figure 1). Although 
there were multiple shared syntenic regions with associated 
SNPs (4 for DD and 5 for BS) in two species, there were no 
shared syntenic regions where all three species had common 

associated SNPs (Figure 2). Figure 3 (and Supplementary 
Figure  2) highlights the different genetic architecture for 
resistance to P. salmonis among the three salmonid species 
studied. For CS, the top 200 SNPs explained about 70% and 
90% of genetic variance for DD and BS, respectively, and just 
a marker located in chromosome 29 represented more than 
50% of total genetic variance for BS. For RT, the top 200 SNPs 
explained 90% and 80% for DD and BS, respectively, whereas, 
in AS, they explained slightly more than 30% for both traits. 
These results suggested that CS and RT both appear to have 
oligogenic control with few markers having large effect loci, 
whereas the small effect of loci suggested the polygenic nature 
for resistance to P. salmonis in AS.

Comparative Genomic Analysis
We mapped the location of each SNP that explained 1% or more 
of the genetic variance for both DD and BS to the reference 
genome of CS, RT, and AS and searched for genes within 1 Mb 
windows flanking each SNP. This search allowed us to identify 
533 unique genes that encoded 957 proteins. The complete list 
of genes and proteins can be found in Supplementary Table S1: 
Sheets 1 to 6.

TABLE 1 | Estimates of total additive genetic variance ′( )Va , residual variance σe
2( ), heritability (h2), and standard deviation (SD) for resistance against P. salmonis in 

three salmonid species.

Species DD Binary survival

′Va σ e
2 h2 SD ′Va σ e

2 h2 SD

CS 28.91 60.70 0.32 0.07 7.53 1.00 0.88 0.03
RT 30.42 32.71 0.48 0.04 1.87 1.00 0.64 0.05
AS 16.52 53.17 0.24 0.04 0.47 1.00 0.32 0.05

FIGURE 2 | Circos plot for P. salmonis resistance as DD (A) and as BS (B). The inner ribbons mark syntenic regions among CS (green), RT (red), and AS (blue). 
Manhattan plots are shown on the outer ring, with significant associations plotted in red (values ≥ 1).
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To prioritize functional candidate genes, we annotated and 
classified the complete set of encoded proteins in homologous 
superfamilies for each trait and species based on InterPro protein 
domain signatures. We identified 194 and 129 homologous 
superfamilies for DD and BS, respectively, 103 of which were 
shared between traits (Supplementary Table S1: homologous 
superfamilies). The homologous superfamilies and the number 
of proteins present in at least two salmonid species are shown 
in Figure 4. Remarkably, about 30% of the proteins from genes 
present in regions associated with DD belong to five homologous 

superfamilies [P-loop containing nucleoside triphosphate 
hydrolase (also known as P-loop_NTPase), immunoglobulin-
like fold, zinc finger C2H2 superfamily, zinc finger RING/FYVE/
PHD-type, and protein kinase-like domain superfamily]. A total of 
30% of proteins from genes present in regions associated with BS 
belong to only three homologous superfamilies (P-loop_NTPase, 
immunoglobulin-like fold, and immunoglobulin-like domain 
superfamily). Interestingly, the P-loop_NTPase superfamily 
contained the largest group of proteins for both traits, and at least 
one representative protein from each salmonid species belonged 

FIGURE 3 | Cumulative percentage of the GEV by the top 200 markers from Bayesian GWAS for resistance to P. salmonis measured as DD (A) and BS (B) in CS, 
RT, and AS.

FIGURE 4 | Homologous superfamilies (InterPro) adjacent to the complete set of SNPs that explain more than 1% of the genetic variance of resistance to SRS 
measured as DD (A) and BS (B). Bars represent the abundance of genes in each homologous superfamily present in at least two salmonid species. CS, RT, and AS.
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to this superfamily. Thirty-one of the proteins identified in this 
study are part of this superfamily, including some GTPases, 
kinesin and myosin proteins, and ATP-dependent RNA helicases 
[Supplementary Table S1, sheet: P-loop NTPases (Group_A)].

To complement these analyses, we looked for orthologous 
proteins through multi-directional alignments using full-
length sequences of the complete set of proteins for each species 
(Group B). Only five groups of orthologous genes were identified 
in at least two species, highlighting three non-receptor tyrosine-
protein kinases (nr-TPK) with representative genes in the three 
species for DD and two species for BS. In addition, for DD, two 
ATP-dependent RNA helicases (DDX) and two Ras-related 
proteins (RAB) were identified in CS and RT, whereas two 
FYVE, RhoGEF/PH domain-containing proteins (FGD) were 
identified in RT and AS. For BS, two fatty acid-binding proteins 
(L-FABP) and two ankyrin repeat domain-containing proteins 
were identified in CS and RT [Supplementary Table S1, sheet: 
Orthologous genes (Group_B)]. The proteins nr-TPK, DDX, 
and L-FABP are also encoded by genes adjacent to SNPs that 
explained the highest proportion for the genetic variance (leader 
SNP) for both trait definitions (Group C).

Group C contained other genes (n=42) that encoded proteins 
such as myosin-IIIb (MYO3B), ATP-dependent RNA helicase 
(TDRD9), kinesin protein (KIF15), and kinesin protein (KIF2C) 
that are also included into the P-loop_NTPase superfamily as well 
as members of the orthologous groups such as FABP. Other genes 
encoding proteins classically associated with immune response 
such as tripartite motif-containing protein 35 (TRIM35) and 
lysozyme C II (LYZ2) are also part of this group. A complete list 
of these genes and proteins is in Supplementary Table S1, sheet: 
Adjacent to leader SNP (Group_C).

Group D was composed of genes (n=58) located adjacent to 
more than one SNP simultaneously (within overlapped windows). 
Among them, we identified GTPase IMAP family member 4 
(GIMAP4), GTPase IMAP family member 8 (GIMAP8), NLR 
family CARD domain-containing protein 3 (NLRC3), ADP-
ribosylation factor protein 5B (ARL5B), voltage-dependent L-type 
calcium channel subunit beta-2 (CACNB2), and heparan sulfate 
glucosamine 3-O-sulfotransferase 3A1 (HS3ST3A1), all of which 
are also P-loop_NTPases. In addition, we identified histidine triad 
nucleotide-binding protein 1 (HINT1), which is also adjacent to 
the leader SNP for DD in AS, and other genes associated with 
immune response such as collectin-12 (COL12), macrophage 
mannose receptor 1 (MRC1), and tapasin-related protein 
(TAPBPR). A complete list of these genes and proteins can be found 
in Supplementary Table S1, sheet: Genes overlapped windows 
(Group_D). Additionally, the gene that codes for NACHT, LRR, 
and PYD domains-containing protein 12 (NLRP12) was found in 
Groups A, C, and D.

We identified several candidate genes associated with 
P. salmonis resistance (n=120), which were present in at least one 
of the groups described previously. These genes are associated with 
the following biological processes: dependence on kinase activity, 
GTP hydrolysis, helicase activity, lipid metabolism, cytoskeletal 
dynamics, and inflammation. To rank the genes, we scored them 
based on the counting of each of them across following categories: 
i) species (CS, RT, and AS), ii) trait definitions (DD and BS), and 
iii) groups (A–D); thus, the maximum score for one particular 
gene was equal to 9. The prioritized functional candidate genes 
based on the score described above are shown in Table 2 and the 
complete list of unique candidate genes (n=120) can be found in 
Supplementary Table S1. sheet: Candidate genes.

TABLE 2 | Summary of candidate genes associated with P. salmonis resistance for CS, RT, and AS ranked by score, which is simply based on the number of 
appearance of each gene across the following categories: i) species (CS, RT, and AS), ii) trait definitions (DD and BS), and iii) groups (A–D).

Gene symbol Protein description Species Trait Group Scorea

NRTPK nr-TPK (cytosolic) CS, RT, and AS DD and BS B–D 8
DDX ATP-dependent RNA helicase DDX CS and RT DD A–C 6
ARL5B ADP-ribosylation factor protein 5B CS DD and BS A and D 5
LFABP Fatty acid-binding protein, liver CS and RT BS B and C 5
GIMAP4 GTPase IMAP family member 4 RT DD and BS A and D 5
HS3ST3A1 Heparan sulfate glucosamine 3-O-sulfotransferase 3A1 AS DD and BS A and D 5
KIF2C Kinesin protein KIF2C RT DD and BS A and C 5
MYO3B Myosin-IIIb CS DD and BS A and C 5
NLRP12 NACHT, LRR, and PYD domains-containing protein 12 AS DD A, C, and D 5
RAB Ras-related protein Rab CS and RT DD B and C 5
CACNB2 Voltage-dependent L-type calcium channel subunit beta-2 CS DD and BS A and D 5
TDRD9 ATP-dependent RNA helicase TDRD9 CS DD A and C 4
FGD FYVE, RhoGEF, and PH domain-containing protein RT and AS DD B 4
GIMAP8 GTPase IMAP family member 8 RT DD A and D 4
HINT1 Histidine triad nucleotide-binding protein 1 AS DD C and D 4
KIF15 Kinesin protein KIF15 CS DD A and C 4
NLRC3 NACHT, LRR, and CARD domains-containing protein 3 RT DD A and D 4
COL12 Collectin-12 CS BS D 3
LYZ2 Lysozyme C II AS DD C 3
MRC1 Macrophage mannose receptor 1 CS BS D 3
TAPBPR Tapasin-related protein RT DD D 3

a The maximum score possible for one particular gene is equal to 9.
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DISCUSSION

The comparative genomic strategy used in this study allowed us 
to identify groups of homologous superfamilies and orthologous 
genes common to more than one species of salmonids among 
genes adjacent to SNPs that explain more than 1% of the genetic 
variance for P. salmonis resistance. To our knowledge, this is the first 
study that aims at identifying and prioritizing functional candidate 
genes involved in the differential response against bacterial 
infection by means of comparing results from GWAS mapping  
across different phylogenetically related salmonid species.

GENETIC ARCHITECTURE OF 
RESISTANCE TO P. SALMONIS

Heritability estimates are in agreement with previous studies 
aimed to estimate levels of genetic variation for resistance to 
bacterial diseases in salmonid species. For instance, Vallejo et al. 
(2016), Vallejo et al. (2017) presented heritabilities ranging from 
0.26 to 0.54 and from 0.31 to 0.48 for resistance to bacterial 
cold water disease in a farmed RT population. The levels of 
genetic variation observed in the current study are consistent 
or somewhat higher than previous estimates of heritabilities 
for resistance to P. salmonis depending on the species and the 
trait definition. For instance, previous heritability values for P. 
salmonis resistance estimated based on pedigree information 
reached a maximum of 0.16, 0.44, and 0.41 for CS, RT, and AS, 
respectively (Yáñez et al., 2013; Yáñez et al., 2014; Yáñez et al., 
2016; Bassini et al., 2019). When heritability for P. salmonis 
resistance was estimated based on genomic information, the 
maximum values reported previously were 0.39 and 0.62 for AS 
and RT, respectively (Bangera et al., 2017; Yoshida et al., 2018a).

Our results show evidence of alleles of medium to large effect 
involved in resistance to P. salmonis in CS and RT. In contrast, 
for AS, our results suggest that if alleles of large effect do exist, 
they are at such low frequency that they individually explain a 
small proportion of the variance for resistance to P. salmonis. 
The identification of genomic regions harboring associated 
SNPs was based on GWAS using the Bayes C approach, which is 
more suitable for oligogenic traits (Habier et al., 2011). In a few 
cases, the same SNP was significantly associated with both trait 
definitions (DD and BS). This could be the result of pleiotropy, 
closely linked genes [local linkage disequilibrium (LD)], or by a 
strong correlation between both traits. For example, we observed 
the same SNP associated with DD and BS in CS (58185_41 and 
24601_47) and RT (AX-89926208 and AX-89966072) among the 
top 10 SNPs explaining most of the genetic variance for the trait.

Based on the LD of the AS population (measured as r2), the 
number of SNPs used for AS (~43K) should be enough to cover the 
entire genome (Barría et al., 2018b). There is a lack of studies aimed at 
evaluating the LD and population structure of the current farmed RT 
population. Based on results from a different RT farmed population, 
at least 20K SNPs are necessary to cover the whole genome (Vallejo 
et al., 2018). If the LD levels of the present RT population are similar 
to those reported by Vallejo et al. (2018), the 23K SNPs used here will 
most likely cover the whole genome. However, this is not the case for 

CS. Using a high-density SNP array, Rondeau et al. (In preparation) 
and Barría et al. (2019) suggested that at least 74K SNPs are necessary 
for whole-genome studies of the current CS population. The small 
number of SNPs assayed in this study for CS (9389) most likely 
affected the identification of markers with a moderate to high effect 
on resistance to P. salmonis in this species.

Candidate Proteins Associated With the 
Resistance to P. salmonis
Whereas the complete set of proteins predicted from reference 
genomes of CS, RT, and AS consisted of 57,592, 58,925, and 
97,738, respectively, the proteins neighboring SNPs associated 
with resistance (range of 1 Mb) represent less than 1% of the 
different proteomes. The characterization of the complete set 
of proteins among species established that the most prevalent 
homologous superfamily was the P-loop_NTPase. However, 
as this superfamily contains proteins with at least 21 functions 
(Shalaeva et al., 2018), it is possible that the high frequency of 
proteins identified from this group was due to the overall high 
representation in salmonid genomes. For this reason, we retrieved 
the sequences of 100 randomly selected proteins from the 
genomes of CS, RT, and AS and classified them into subfamilies 
(Supplementary Figure S3). The results indicate that P-loop_
NTPase is not the most prevalent in any of the salmonid species, 
which suggests that this homologous superfamily is actually 
enriched in the regions analyzed and is not a consequence of 
their high representation in CS, RT, and AS genomes.

When traits are polygenic in nature, the identification of 
genes underlying them is a challenging task and often depends 
on previous knowledge of the function of genes adjacent to 
the associated SNPs (Jiang et al., 2014; Bouwman et al., 2018; 
Robledo et al., 2019). Our strategy was based on identifying 
orthologous proteins between the salmonid species and families 
of homologous proteins in the complete set of proteins adjacent to 
all the SNPs that explained more than 1% of the genetic variance, 
without searching for a specific function. The identification of 
genes directly associated with the innate immune response, after 
applying all the classification criteria, such as LYZ2, MRC1, 
COL12, and TAPBPR, suggests that our strategy was successful in 
finding strong functional candidate genes involved in resistance 
to P. salmonis. Interestingly, about 100 genes not classically 
associated with the immune system were also identified; among 
which, 17 were part of at least two of the groups described 
previously and hence are considered strong candidates for being 
responsible on trait variation (Table 2).

Previously, lysozymes have primarily been described as having 
a bacteriolytic activity against Gram-positive bacteria; however, the 
expression of LYZ2 has been shown to be induced in a resistant 
RT line in response to Flavobacterium psychrophilum infection 
(Langevin et al., 2012) and in AS families in response to P. salmonis 
infection (Pulgar et al., 2015), indicating that the transcriptional 
regulation of this enzyme in salmonids responds to Gram-negative 
bacterial infection. MRC1 and COL12 are membrane receptors 
that display several functions associated with innate immunologic 
defense, particularly in the recognition of carbohydrate structures 
of pathogens and as phagocytic receptors of bacteria, yeasts, and 
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other pathogenic microorganisms (Harris et al., 1992; Ma et al., 
2015). It has been reported that enhanced infection in human 
phagocytes with Francisella tularensis, a bacterium phylogenetically 
related to P. salmonis, is mediated by MRC1 (Schulert and Allen, 
2006), whereas COL12 led to the activation of the alternative 
pathway of complement via association with properdin, a key 
positive regulator of the pathway by increment of the half-life of 
the C3 and C5 convertases (Ma et al., 2015). TAPBPR has been 
described as a second major histocompatibility complex class 
I-dedicated chaperone essential to providing specificity for T-cell 
responses against viruses and bacteria (Hermann et al., 2015) 
and the related protein tapasin has been shown to be induced in 
monocyte/macrophage in RT by chum salmon reovirus infection 
(Sever et al., 2014).

Another set of candidate proteins for SRS resistance in the three 
salmonid species studied are a cluster of cytosolic nr-TPKs. These 
proteins are a subgroup of the tyrosine kinase family, enzymes 
that phosphorylate tyrosine residues, and regulate many cellular 
functions, such as cell growth and survival, apoptosis, cell adhesion, 
cytoskeleton remodeling, and differentiation (Neet and Hunter, 
1996). Although these proteins are not classically related to the 
response to pathogens, it has been described that the interaction 
of T- and B-cell antigen receptors with some nr-TPKs is critical to 
the activation of lymphocytes by an antigen (Sefton and Taddie, 
1994). Moreover, some cellular signaling pathways are hijacked by 
intracellular pathogens, which can subvert protein phosphorylation 
to control host immune responses and facilitate invasion and 
dissemination (Haenssler and Isberg, 2011). It has been described 
that some bacterial effectors are injected into host cells through their 
secretion systems where they inhibit the Src kinase. In particular, the 
effector EspJ, an ADP-ribosyltransferase of the bacteria Escherichia 
coli and Citrobacter rodentium, regulates multiple host nr-TPKs 
in vivo by ADP-ribosylation, demonstrating that part of its target 
protein repertoire involves Src kinases such as YES1 and LYN as 
well as the adapter SYK (Young et al., 2014; Pollard et al., 2018), all of 
which were identified in this study in CS, RT, and AS. Remarkably, 
among the candidate genes, we also identified the small ARL5B, 
suggesting that an adequate regulation of the activity of nr-RTKs by 
ADP-ribosylation could be critical to combat P. salmonis infection.

Other orthologous candidate genes identified in this study 
encode for proteins RAB1 and RAB18, both members of the 
GTPase superfamily. GTPases are a large family of hydrolase 
enzymes that bind and hydrolyze GTP and play an important 
role in signal transduction, protein translation, control and 
cellular differentiation, intracellular transport of vesicles, and 
cytoskeletal reorganization, among other cellular processes 
(Bourne et al., 1991). Specifically, RAB GTPases constitute 
a subfamily of small GTPases known as master regulators of 
intracellular membrane traffic (Stenmark, 2009). As P. salmonis 
drives the formation of host membrane-derived organelles, 
the development of these P. salmonis-containing vacuoles is 
dependent on the bacterium’s ability to usurp the intracellular 
membrane system of the fish. Furthermore, two orthologous 
of FGD were identified in RT and AS. These proteins activate 
CDC42, a GTPase involved in the organization of the actin 
cytoskeleton and with a role in early contractile events in 
phagocytes (Ching et al., 2007). As it has been described that the 

infective process of P. salmonis depends on the exploitation of 
the actin monomers (Ramírez et al., 2015), the identification in 
this study of candidate genes that encode for cytoskeletal motor 
proteins (two kinesins and a myosin) highlights their relevance 
not only for the reorganization of the cytoskeleton but also for 
its motility and involvement in the development of the infection 
(Hoyt et al., 1997). Remarkably, two other candidate proteins 
associated with SRS resistance are also members of the GTPase 
superfamily, GIMAP4 and GIMAP8. This is a family of proteins 
abundantly expressed in lymphocytes and whose function is to 
contribute in the regulation of apoptosis and the maintenance of 
T-cell numbers in the organism (Yano et al., 2014).

Another group of orthologous genes code for ATP-dependent 
RNA helicases DDX24 in CS and DDX47 in RT for DD. The ATP-
dependent RNA helicase DDX family, also known as DEAD-
box helicases, is required for different cellular processes such as 
transcription, pre-mRNA processing, ribosome biogenesis, nuclear 
mRNA export, translation initiation, RNA turnover, and organelle 
function. The protein structure is very similar to viral RNA helicases 
and to DNA helicases, which suggests that the fundamental activities 
of these enzymes are similar (Rocak and Linder, 2004). Viruses 
also use RNA helicases at various stages of their life cycle. Many 
viruses carry their own helicases to assist with the synthesis of their 
genome, but others synthesize their genome within the cell nucleus, 
which tends to exploit cellular helicases and thus do not encode 
their own. We also identified the ATP-dependent RNA helicase 
TDRD9, which has not been directly implicated in infection but was 
differentially expressed in channel catfish in response to Aeromonas 
hydrophila infection (Li et al., 2013). Mechanistic studies of RNA 
helicases will allow the determination of the precise role of these 
helicases in the host-pathogen interaction.

The last group of orthologous genes identified code for 
two L-FABPs in CS and RT for BS. L-FABPs are abundant in 
hepatocytes and are known to be associated with lipid metabolism. 
In addition, these proteins are up-regulated in several types of 
cancer, but their role in infection remains unclear (Ku et al., 2016). 
Nevertheless, it has been recently reported that serum and urine 
L-FABP may be a new diagnostic marker for liver damage in 
patients with both acute and chronic hepatitis C infection (Cakir et 
al., 2017). Interestingly, in AS challenged with P. salmonis, L-FABP 
was up-regulated in resistant families and simultaneously down-
regulated in susceptible families (Pulgar et al., 2015), suggesting a 
transcriptional regulation in response to P. salmonis infection and 
a putative expression marker of resistance to SRS.

Genes coding NLRP12, CACNB2, HS3ST3A1, and HINT1 
were also selected as candidate genes for SRS resistance. NLRP12 
and NLRC3 are two cytosolic proteins that share two functional 
domains (NACHT and LRR). NLRP12 was one of the best ranked 
genes, adjacent to the leader SNP and adjacent to more than one 
SNP simultaneously for DD in AS. This protein functions as an 
attenuating factor of inflammation in monocytes by negative 
regulation of the nuclear factor-κB (NF-κB) activation (Fata et al., 
2013). In murine macrophages, a significant expression increase 
has been shown in cells infected with the intracellular parasite 
Leishmania major compared to non-infected macrophages 
(Fata et al., 2013). NLRC3 is also a negative regulator of the 
innate immune response mediated by the inhibition of Toll-like 
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receptor-dependent activation of the transcription factor NF-κB 
(Schneider et al., 2012). The presence of these genes suggests that 
the control of the inflammatory reaction in response to P. salmonis 
infection could be essential to combat SRS.

To the best of our knowledge, this is the first time that functional 
candidate genes underpinning resistance to P. salmonis are 
proposed based on a comparative genomics approach comparing 
GWAS results for the same trait in different fish genus/species. We 
hypothesize that variations in the sequences of these genes could 
play important roles in the host response to P. salmonis infection, 
which could be tested through new genetic approaches such as 
gene editing using CRISPR-Cas9 and used through GS or more 
traditional selection practices. All this information together can be 
used to generate better control and treatment measures for one of 
the most important bacterial diseases affecting salmon aquaculture.

CONCLUSIONS

Although P. salmonis resistance has previously been described 
as a polygenic trait, our comparative genomics approach based 
on GWAS results for the same trait in different salmonid species 
allowed us to identify about 100 candidate genes that may 
explain resistance to P. salmonis. Of these, 21 are suggested to be 
strong functional candidates influencing the trait. These genes 
are associated with multiple biological processes, including 
dependence on kinase activity, GTP hydrolysis, helicase activity, 
lipid metabolism, cytoskeletal dynamics, inflammation, and 
the innate immune response. We hypothesize that variations 
in the sequences of these genes could play an important role in 
the expression and/or activity of their encoded proteins and 
consequently in the resistance to P. salmonis. This information 
could be used to generate better control and treatment measures, 
based on selective breeding or new drug development, for one of 
the most important bacterial diseases affecting salmon aquaculture.
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Indigenous breeds develop their own genomic characteristics by adapting to local 
environments or cultures over long periods of time. Most of them are not particularly 
productive in commercial terms, but they have abilities to survive in harsh environments 
or tolerate to specific diseases. Their adaptive characteristics play an important role as 
genetic materials for improving commercial breeds. As a step toward this goal, we analyzed 
the genome of Korean indigenous goats within 10 goat breeds. We collected 136 goat 
individuals by sequencing 46 new goats and employing 90 publicly available goats. Our 
whole-genome data was comprised of three indigenous breeds (Korean indigenous goat, 
Iranian indigenous goat, and Moroccan indigenous goat; n = 29, 18, 20), six commercial 
breeds (Saanen, Boer, Anglo-Nubian, British Alpine, Alpine, and Korean crossbred; n = 
16, 11, 5, 5, 2, 13), and their ancestral species (Capra aegagrus; n = 17). We identified 
that the Iranian indigenous goat and the Moroccan indigenous goat have relatively similar 
genomic characteristics within a large category of genomic diversity but found that the 
Korean indigenous goat has unique genomic characteristics distinguished from the other 
nine breeds. Through population analysis, we confirmed that these characteristics have 
resulted from a near-isolated environment with strong genetic drift. The Korean indigenous 
goat experienced a severe genetic bottleneck upon entering the Korean Peninsula 
about 2,000 years ago, and has subsequently rarely experienced genetic interactions 
with other goat breeds. From selection analysis and gene-set enrichment analysis, we 
revealed selection signals for Salmonella infection and cardiomyopathy in the genome of 
the Korean indigenous goat. These adaptive characteristics were further identified with 
genomic-based evidence. We uncovered genomic regions of selective sweeps in the LBP 
and BPI genes (Salmonella infection) and the TTN and ITGB6 genes (cardiomyopathy), 
among several candidate genes. Our research presents unique genomic characteristics 
and distinctive selection signals of the Korean indigenous goat based on the extensive 
comparison. Although the adaptive traits require further validation through biological 
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INTRODUCTION

Goats (Capra hircus) are one of the oldest domesticated animals, 
originating from the wild bezoar goat (Capra aegagrus) near 
the Fertile Crescent of western Asia (Iranian region) (Zeder 
and Hesse, 2000; Zeder, 2005). Their domestication occurred 
around the Neolithic period, approximately 10,000 years ago, 
when human lifestyles moved from hunting to farming (Li and 
Zhang, 2009). At this time, the goats started supplying milk, 
meat, fur, and hair to humans in a stable manner, and gradually 
began to establish a close relationship economically, culturally, 
and religiously with human civilization (Naderi et al., 2008). As 
their contribution to humanity increased, goats spread rapidly 
to the rest of the world following human migration and trade 
routes (Taberlet et al., 2008; Tresset and Vigne, 2011), and they 
now comprise more than 1,006 million individuals and over 300 
breeds, including commercial and indigenous breeds (http://
faostat3.fao.org/browse/Q/QA/E).

Indigenous breeds have locality-specific characteristics, 
with considerable regional diversity. During the geographical 
expansion, goats have spread to a wide range of environments 
spanning hot to cold climates, humid to dry climates, and 
tropical rainforests to hypoxic high-altitude regions. They have 
successfully adapted to these diverse environments (Nomura 
et al., 2013), and have developed distinctive characteristics in 
their local environments. For instance, in desert areas, one of 
the Moroccan indigenous goat breeds (the Draa population) has 
been reported to have acquired the characteristics of frequently 
gasping to regulate body temperature (Benjelloun et al., 2015). 
In the highlands, Tibetan indigenous goats have been reported 
to have developed an oxygen-sensing ability for adapting to 
hypoxia in high altitudes (Song et al., 2016; Wang et al., 2016). 
Additionally, Ugandan indigenous goats have been reported 
to have enhanced their immune competence in order to resist 
infection by parasites in Africa’s tropical environment (Onzima 
et al., 2018). As useful information, these adaptive characteristics 
have provided an important base to various breeding programs 

aimed at improving goat breeds (Giovambattista et al., 2001; 
Babayan, 2016). For example, Chinese indigenous goats of the 
Shandong Province, with adaptive characteristics to the humid 
climate, were used to develop Laoshan dairy goats through 
selective crossbreeding with Saanen dairy goats (Porter et al., 
2016). Due to this breeding effort, the Laoshan dairy goats have 
acquired both humid climate adaptability (Chinese indigenous 
goats) and high dairy productivity (Saanen goats) (Li et al., 
2008). Also, Indonesian indigenous goats (Katjang goats), 
which are adapted to the equatorial climate, were utilized to 
develop Peranakan Etawah goats through crossbreeding with 
Indian indigenous goats (Jamunapari goats) (Porter et al., 
2016). The Peranakan Etawah goats, thus, have shown both 
equatorial climate adaptability (Indonesian indigenous goats) 
and high dairy and meat productivity (Indian indigenous 
goats) (Sodiq, 2004).

Korean indigenous goats (KNG) are the only indigenous 
goat breed inhabiting the Korean Peninsula. The KNG is 
characterized by black fur (Figure 1A) and is registered with the 
Food and Agriculture Organization of the United Nations as a 
single breed (Kim et al., 2011). The origin of the KNG is unclear, 
but according to previous reports and historical documents, it 
is estimated that they moved into the Korean Peninsula at least 
2,000 years ago after passing through the Northern Mongolia or 
the Southern coast of China (Tavakolian, 2000; Zeder and Hesse, 
2000). Since the influx, the KNG has developed its own unique 
characteristics while adapting to the peninsula environment 
for a long time (Rischkowsky and Pilling, 2007). Some of their 
unique characteristics have been reported through several 
previous studies. In terms of genetic diversity, Odahara et al. 
reported that the KNG has not undergone genetic interactions 
with imported breeds (Odahara et al., 2006). With respect to 
disease resistance, Jang revealed that Salmonella species was 
not isolated from the feces of either 49 KNG with symptoms 
of diarrhea or 620 healthy KNG (Jang, 1995). Kang, and Lee et 
al. also revealed that the KNG lacks Salmonella infection due 
to their excellent antibody production and innate resistance 
factors (Kang and Tak, 1996; Lee et al., 2000). In addition, Lee 
et al. reported that the KNG has an adaptive characteristic 
associated with lumbar paralysis resistance when compared 
with their crossbreed, Korean crossbred goats (KCB) (Lee et al., 
2016). Although the KNG has not been investigated in as much 
depth as other breeds, these studies have suggested that KNG 
possesses unique and useful characteristics as an indigenous 
breed, and also have raised the need for additional research to 
further reveal their characteristics.

In recent times, the KNG is gradually losing its unique 
characteristics. After an agreement with the World Trade 

experiments, our findings are expected to provide a direction for future biodiversity 
conservation strategies and to contribute another option to genomic-based breeding 
programmes for improving the viability of Capra hircus.

Keywords: Korean indigenous goats, selection signature, genomic characteristics, population genetics, Capra 
hircus (goat)

Abbreviations: AB, Australian Boer; AN, Anglo-Nubian; ARVC, arrhythmogenic 
right ventricular cardiomyopathy; AS, Australian Saanen; BA, British Alpine; 
CA, Capra aegagrus; DCM, dilated cardiomyopathy; F, inbreeding coefficient; 
FA, French Alpine; FS, French Saanen; Fst, fixation index value; GATK, Genome 
Analysis Toolkit; GSEA, gene-set enrichment analysis; HCM, hypertrophic 
cardiomyopathy; He, expected heterozygous genotype frequency; Ho, observed 
heterozygous genotype frequency; ING, Iranian native goat; KB, Korean Boer; 
KCB, Korean crossbred; KNG, Korean native goat; KS, Korean Saanen; LD, linkage 
disequilibrium; MNG, Moroccan native goat; Ne, effective population size; PCA, 
principal component analysis; π, nucleotide diversity; SB, Swiss Boer; SS, Swiss 
Saanen; XP-CLR, cross-population composite likelihood ratio; XP-EHH, cross-
population extended haplotype homozygosity.
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Organization in the 1990s, various commercial breeds have 
been introduced into Korea in earnest (Son, 1999). Since then, 
the KNG with relatively low commercial productivity has 
been extensively crossed with imported breeds such as Boer or 
Saanen, and more recently the KCB, a crossbred of KNG, has 
even been developed by these hybridizations. However, the 
genomic characteristics and biodiversity of the KNG have not 
been extensively investigated. Only one study has reported on 
the KNG’s characteristics at the whole-genome level (Lee et al., 
2016). This study compared KNG with only their hybrid KCB, 
and thus had limitations in identifying the various genomic and 
adaptive characteristics of KNG. Also, other studies on the KNG’s 
Salmonella infection and isolated environmental characteristics 
require further research based on the genome (Jang, 1995; Kang 
and Tak, 1996; Lee et al., 2000; Odahara et al., 2006).

In this paper, we conducted a comparative genomic study 
to reveal the genomic and adaptive characteristics of KNG. For 
extensive comparison, we analysed whole-genome variations 
of 10 goat breeds comprising three indigenous breeds (KNG, 
Iranian indigenous goats, and Moroccan indigenous goats), six 
commercial breeds (KCB, Saanen, Alpine, British-Alpine, Boer, 
and Anglo-Nubian), and an ancestral species (C. aegagrus). 
We not only identified the characteristics of KNG, but also 
established for the first time the genetic relationships between 
the 10 goat breeds, with the criteria of the ancestral species and 
Iranian indigenous goats. The aims of our study were: to unravel 
the genomic characteristics of KNG in the 10 goat breeds; to 
present genomic evidence that KNG has rarely experienced 
interactions with other breeds; and to elucidate selection signals 
that KNG has adapted to their environment.

MATERIAL AND METHODS

Sample Preparation and Re-Sequencing
Blood samples from 46 goats were obtained from the Animal 
Genetic Resources Station, National Institute of Animal Science, 
Rural Development Administration in Korea. The blood samples 
comprised 14 Korean indigenous goats, 10 Korean Saanen, and 4 
Korean Boer, which live in Korea; and 5 Anglo-Nubian, 5 British 
Alpine, 6 Australian Boer, and 2 Australian Saanen, which live 
in Australia. DNA was isolated according to the manufacturer’s 
protocol using the G-DEXTMIIb Genome DNA Extraction Kit 
(iNtRoN Biotechnology, Korea), and 3 µg of this genomic DNA 
was randomly sheared to have an insert size of 300bp using the 
Covaris System. The fragments of sheared DNA were amplified 
with the TruSeq DNA Sample Prep Kit (Illumina, USA) and were 
then sequenced as paired-end reads with approximately 10-fold 
coverage using the Illumina HiSeq 2000 platform with the 
TruSeq SBS Kit v3-HS (Illumina). These 46 goat sequences with 
paired-end reads were deposited in the European Nucleotide 
Archive under the accession number PRJEB25062. Additionally, 
we used 90 publicly-available goat genomes comprising 15 
Korean indigenous goats, 13 Korean crossbred, 20 Moroccan 
indigenous goats, 18 Iranian indigenous goats, 17 C. aegagrus, 
two French Saanen, two French Alpine, two Swiss Saanen, and 
one Swiss Boer. As for the Australia Saanen, the French Saanen, 
the Swiss Saanen, and the Swiss Boer, we mentioned only their 
overall trends, because they could have a sampling bias due to a 
small number of samples. We mainly used the integrated Saanen 
population (n = 16) and Boer population (n = 11). Additional 
information of these breeds about sample sizes and bio-project 

FIGURE 1 | Appearance of Korean indigenous goats (KNG) and distribution of bi-allelic single nucleotide polymorphism (SNP) variants. (A) Appearance of KNG with 
black coat color. (B) Distribution of bi-allelic SNPs for 15 goat populations. The y-axis represents the number of bi-allelic SNPs detected in each goat population 
with respect to the reference genome CHIR 2.0. The abbreviation CA means C. aegagrus (See Data sheet 1: Table S5 for a detailed summary of each breed).
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IDs are summarized in Data sheet 1: Table S1, and brief sampling 
information is provided in Data sheet 1: Note S1.1.

Data Processing and Variant Calling
We conducted a per-base sequence quality check for the 136 goat 
samples using FastQC (Andrews, 2010) and controlled sequences 
with low quality using NGSQCToolkit (Patel and Jain, 2012). The 
paired-end sequence reads of each of the 136 samples were then 
mapped against the reference goat genome, the genome of China’s 
Yunnan black goat 2.0 version (CHIR v2.0), through BWA (Li 
and Durbin, 2010). The mapped BAM files were sorted into the 
genomic coordinates of their reference genome using the Picard 
software’s “AddOrReplaceReadGroup” (http://broadinstitute.
github.io/picard), and potential PCR duplicates were removed 
using the “MarkDuplicates” option of the software (Data 
sheet 1: Tables S2 and S3). Then, the “RealignerTargetCreator” 
and “IndelRealigner” of the Genome Analysis Toolkit v3.7 
(GATK) (Van der Auwera et al., 2013) were used to correct 
misalignments resulting from INDELs that may exist in the 
mapped reads. Following this preparation, we generated gVCF 
files for each of the 136 samples, which were called to all base sites 
of the reference genome using the GATK’s “HaplotypeCaller,” 
combined these gVCF files as one gVCF file through the GATK’s 
“CombineGVCFs,” and converted the file into a VCF file using 
the GATK’s “GenotypeVCFs.” To exclude as many false positively 
called variants as possible, the arguments “Variant Filtration” and 
“Select Variants” of the GATK were adopted with the following 
options: 1) Phred-scaled quality score (QUAL) < 35.0; 2) Quality 
score by depth (QD) < 5.0; 3) Genotype quality score (GQ) < 15.0; 
4) Mapping quality score (MQ) < 30.0; 5) Phred-scaled P-value 
score of Fisher’s exact test for identifying strand bias (FS) > 30.0; 6) 
Depth of coverage across all samples (DP) < 7; 7) Rank sum test for 
mapping quality of reference and alternative reads (MQRankSum) 
< −2.0; and 8) Ranks sum test on the bias of the relative positions 
of the reference alleles and the alternative alleles in the read 
(ReadPosRankSum) < −2.0. We additionally filtered variants with 
genotype missing rates of >50% in order to use relatively common 
variants. Single nucleotide polymorphism (SNP) and INDEL 
variants were then separated from the VCF, and bi-allele-type SNPs 
were extracted (Figure 1B and Data sheet 1: Table S4). For loci 
with three or more alleles, we maintained only the allele with the 
highest allele frequency as the only alternative allele representing 
the corresponding locus. Lastly, haplotype phasing and imputation 
were conducted using BEAGLE v4.18 (Browning and Browning, 
2007). This variant calling process was also performed for each  
breed to obtain breed-specific SNPs (Data sheet 1: Table S5). 
The functional effects of these SNPs on the genomic and protein 
regions were annotated by SnpEff (Cingolani et al., 2012) 
(Data sheet 1: Table S6). Since the gene set of the reference genome 
CHIR v2.0 has not been fully developed, we used a gene set that 
mapped the CHIR v1.0 gene set to the CHIR v2.0 reference genome 
using GMAP (Wu and Watanabe, 2005).

General Genomic Characteristics
Nucleotide diversity (π) was calculated by sliding 50 Kb with 
a window size of 100 Kb using VCFtools v4.1 (Danecek et al., 

2011). Inbreeding coefficient (F) was calculated using the same 
software. The individual’s F value was obtained by averaging 
the deviations of observed heterozygous genotype frequency 
(Ho) from expected heterozygous genotype frequency under 
random mating (He) (F = 1 – Ho/He) for all loci, and the breed’s 
F value was derived by averaging these F values of all individuals 
belonging to each breed. Linkage disequilibrium (LD) was 
measured as r2 statistic suggested by Hill and Robertson (Hill 
and Robertson, 1968), and computed using all bi-allelic SNPs 
through PopLDdecay v3.2 (https://github.com/BGI-shenzhen/
PopLDdecay). Then, the averages of pairwise LDs for all SNPs 
within 30 Kb, 50 Kb, 100 Kb, and 500 Kb regions were calculated. 
A summary of these three measurements, π, F, and LD, is provided 
in Data sheet 1: Table S7, and the average degree of collapse of 
the LD up to 500 Kb is displayed in Data sheet 1: Figures S1A–D.

Population Differentiation and Genetic 
Structure
Fixation index value (Fst) (Weir and Cockerham, 1984) was 
calculated for 15 goat populations by sliding 50 Kb with a 
window size of 100 Kb using the VCFtools (Data sheet 1: Table 
S8). A phylogenetic tree was computed based on the identity-
by-state matrix (Data sheet 1: Figure S2) which was calculated 
from all 136 goat samples using Plink v1.90b (Purcell et al., 2007) 
and reconstructed using the BIO-neighbor-joining algorithm 
(Gascuel, 1997) which is an improved version of the neighbor-
joining algorithm. Then, the tree was visualized using FigTree 
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) (Figure 2A). 
A structure analysis was performed using FAST-STRUCTURE 
v1.0 (Raj et al., 2014), which is based on a variational Bayesian 
framework (Figure 2B and Data sheet 1: Figure S3). The 
number of genetic clusters (K) was estimated from 2 to 10, and 
each genetic cluster was calculated via cross-validation 10 times 
with the 1e-7 convergence criterion using the simple prior model. 
In our case, with the high population structure, the simple prior 
model was appropriate. A principal component analysis (PCA) 
was performed by the singular value decomposition of the 
relationship matrix derived from the Kimura two-parameter 
model (Kimura, 1980). The PCA plots were displayed using 
principal components 1, 2, and 3, and the scree plots were 
presented with their eigenvectors and explanatory powers 
(Figures 2C, D and Data sheet 1: Figures S4A–D).

Inference of Gene Flow and Demographic 
History
A maximum likelihood tree indicative of the genetic relationships 
among populations with directions of genetic drift and gene flow 
was reconstructed using TreeMix v1.13 (Pickrell and Pritchard, 
2012) (Figure 3A and Data sheet 1: Figure S5). C. aegagrus was 
used as the root, and the block size for estimating the covariance 
matrix was chosen as 200 Kb, in consideration of the LD. The 
number of migration events was calculated as six, considering 
the complexity of our goat populations. The scale bar in the 
upper left corner represents the standard error of the tree, which 
represents the variation width of the tree estimated from the 
10-time calculations. The reliability of this maximum likelihood 
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tree was confirmed via multiple repeats (Data sheet 1: Figures 
S6A–B). To further validate the migration edges identified in the 
maximum likelihood tree, we conducted the Patterson’s D-statistic 
test (Durand et al., 2011) and the 3-population test (Reich et al., 
2009) (Data sheet 2). The demographic history of each population 
was estimated using PopSizeABC (Boitard et al., 2016) (Figure 
3B and Data sheet 1: Figure S7). The mutation rate of a base 
per generation was calculated as 1e-8, and the lower and upper 
bounds of the recombination rate were calculated as 1e-9 and 
1e-8, respectively. The criterion of minor allele frequency was less 
than 0.2, and the segment size was 2,000,000. These demographic 
estimates were obtained through 100,000 iterations (Data sheet 1: 
Figure S8 and Table S9).

Detection of Selection Signals and Gene-
Set Enrichment Analysis
Cross-population extended haplotype homozygosity (XP-EHH) 
and cross-population composite likelihood ratio (XP-CLR) 
methods were analyzed using Selscan v1.1.0b (Szpiech and  
Hernandez, 2014) and XP-CLR v1.0 (Chen et al., 2010), respectively. 

The genetic positions were assumed to be equivalent to the physical 
positions due to the absence of a genetic map (1Mb = 1cM). The 
raw scores of the XP-EHH were standardized to the mean and the 
standard deviation, and –log(1 − p-value) of the two-tailed test 
was calculated through the empirical distribution (Data sheet 1: 
Figure S9). Based on this p-value, the outlier regions belonging 
to the top 0.1% were classified into specific candidate regions 
for further analysis, and the genes closest to these regions were 
designated as putative selected genes (Data sheet 3). The XP-CLR 
analysis was calculated by sliding 5 Kb with a window size of 10 
Kb. A maximum of 2,000 SNPs were considered for each window, 
and a correlation level of 0.95 was used. The outlier regions with 
the top 0.1% of the raw scores were regarded as putative selection 
regions (Data sheet 1: Figure S10), and the closest genes to these 
candidate regions were designated as selected putative genes 
(Data sheet 1: Figures S11A–J and Data sheet 4). The number 
of selected genes detected in 10 goat populations by these two 
methods is summarized in Data sheet 1: Table S10. To identify the 
patterns of the adaptation process, we pooled the candidate genes 
detected by the XP-CLR and XP-EHH methods into one gene set 
for each population and performed gene set enrichment analysis 

FIGURE 2 | Genomic structure and relationship of 15 goat populations. (A) Bio-neighbor-joining tree for the relationship computed using the identical-by-state (IBS). 
(B) Genomic structure computed based on the maximum likelihood-based clustering algorithm. (C), (D) Principal component analysis for the genomic differentiation 
including or excluding C. aegagrus, respectively.
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(GSEA) for each pooled gene set using GeneTrail2 v1.5 (Stöckel 
et al., 2016) These candidate genes were grouped into various 
categories involved in similar functions, pathways, and biological 
processes through the Kyoto Encyclopedia of Genes and Genomes 
pathway database and the Gene Ontology database. The statistical 
significance level for the categories was a p-value of about 0.05 
adjusted using the Benjamini-Hochberg method (Table  1 and 
Data sheet 5).

RESULTS

Data Collection, Re-Sequencing, and 
Identification of SNPs and INDELs
We generated whole-genome data for 46 goats and collected 
publicly available whole genome data for an additional 90 goats 
(Data sheet 1: Table S1). Our whole-genome data of the 136 

individual goats covered 10 goat breeds [C. aegagrus, Iranian 
indigenous goats (ING), Moroccan indigenous goats (MNG), 
Korean indigenous goats (KNG), Korean crossbred (KCB), 
Saanen, Boer, British Alpine (BA), French alpine (FA) and Anglo-
Nubian (AN)]. The Saanen and the Boer breeds constituted four 
sub-groups [Swiss Saanen (SS), Australian Saanen (AS), Korean 
Saanen (KS), and French Saanen (FS)] and three sub-groups 
[Australian Boer (AB), Korean Boer (KB), and Swiss Boer (SB)]. 
In total, 50.13 billion reads of 136 goat samples were aligned to the 
goat reference genome CHIR v2.0 (Dong et al., 2013). The average 
alignment rate was 99.47%, and it covered 98.61% of the reference 
genome (Data sheet 1: Tables S2 and S3). The average depths 
of the reads that removed potential PCR duplicates were 13.07X 
in the 90 publicly available goats and 12.14X in the 46 newly 
sequenced goats. To exclude as many false-positive called variants 
as possible, we strictly performed various filtering processes 
because the depths were not high (see “Materials and Methods”). 

FIGURE 3 | Inferred patterns of gene flow, genetic drift, and effective population size. (A) Pattern of population splits and mixture among 14 goat populations. The 
drift parameter is proportional to effective population size. The migration proportion, above the arrow, indicates the fraction of ancestry derived from the source 
population. The scale bar represents the standard error calculated 10 times from the sample covariance matrix. (B) Inferred demographic history for C. aegagrus, 
KCB, and indigenous breeds (ING, MNG, and KNG) (See Data sheet 1: Figure S7 and Table S9).

TABLE 1 | Significantly enriched terms identified in Korean indigenous goats (KNG) through gene set enrichment analysis (GSEA) (see Data sheet 5 for summary of all 
enriched terms).

Selected terms Number of
selected genesa

Adjusted
p-value rangeb

Selected
breedsc

Salmonella infection 11 (0.0170, 0.0648) CA, IN, MN, TB, KB, TS, KS, AN, BA
Dilated cardiomyopathy (DCM) 21 (0.0002, 0.0318) CA, IN, MN, KCB, TB, KB, TS, KS, AN
Hypertrophic cardiomyopathy (HCM) 15 (0.0041, 0.0318) CA, IN, MN, TB, KB, TS, KS, AN
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 17 (0.0001, 0.0575) CA, IN, MN, TB, KB, TS, KS, AN, BA

aThe total number of selected genes enriched in the selected term.
bThe range of the minimum and maximum values of the adjusted p-values which each selected breed has for the selected term.
cAbbreviations in the selected breeds column means: IN is Iranian native goat, MN is Moroccan native goat, CA is C. aegagrus, KCB is Korean crossbred, KB is Korean Boer, KS 
is Korean Saanen, BA is British Alpine, AN is Anglo-Nubian, TB is the entire Boer group, and TS is the entire Saanen group.
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After the variant calling and the filtering processes, a total of 
5,629,521 INDEL variants and 39,830,354 bi-allelic SNPs were 
finally identified. Breed-specific SNPs were then extracted from 
the bi-allelic SNPs (Figure 1B and Data sheet 1: Tables S4 and S5). 
The numbers of bi-allelic SNPs were markedly different between 
commercial and indigenous breeds (including C. aegagrus). In 
the commercial breeds, the number of bi-allelic SNPs was at least 
20% fewer than those of the indigenous breeds and detection in 
exon regions was also at least 32% less (Data sheet 1: Table S6). 
These lower tendencies in commercial breeds are considered to 
be the result of efforts to maintain breed homogeneity through 
artificial selection. One of the indigenous breeds, KNG, showed 
the highest number of bi-allelic SNPs (37,715,208) and missense 
mutations (188,265) except for C. aegagrus. Considering that the 
reference genome, China’s Yunnan black goat, has the same black 
coat color as KNG and the origin of KNG is indirectly related 
to China, these observations suggest that KNG possesses many 
SNPs that might have a functional influence on the formation of 
its unique genomic characteristics. From the following analysis, 
we used 38,658,962 bi-allelic autosomal SNPs, with an average 
distance of 64.88 bases between SNPs. This data set covered a 
significant portion of the reference genome. Additional results 
and discussions for other breeds are provided in Data sheet 1: 
Note S1.2.

General Genomic Characteristics
To obtain a catalog of general genomic characteristics of the 10 
goat breeds comprising the 15 goat populations, we estimated 
nucleotide diversity (π), inbreeding coefficient (F), and linkage 
disequilibrium (LD) (Data sheet 1: Table S7). The three 
estimates were quite variable between the populations. The 
π was the highest in ING and KCB, at 0.001908 and 0.001804, 
respectively, while the F was the highest in C. aegagrus and ING, 
at 0.0682 and 0.0622, respectively. The average LD patterns 
showed rapid declines within 50 Kb in all populations and, 
except for AN, BA and KNG, reached a plateau at around 200 Kb, 
implicating independent haplotype structures (Data sheet 1: 
Figures S1A–D). The average LD up to 500 Kb was the highest 
in AN and BA, at 0.3275 and 0.2888, respectively. In this catalog, 
KNG exhibited the distinctive genomic characteristics close to 
an isolated population. Among the indigenous breeds, the LD 
pattern of KNG was the highest at 0.0884, while the π and the 
F were the lowest, at 0.001472 and 0.01661, respectively. The 
higher LD indicates that KNG had initiated its breeding history 
with a limited number of founders in which recombination 
events occurred infrequently (Chakraborty and Deka, 2005), 
and has formed a comparatively homogeneous genome until 
now without few external pressures. The reduced π and F also 
indicate that KNG is a homogeneous population which has a 
relatively small number of homozygous genotypes. Along with 
the detection of the largest number of bi-allelic SNPs (Figure 
1B and Data sheet 1: Table S5), these results suggest that KNG 
possesses many distinctive SNPs formed by their environmental 
influence. Moreover, the lower π was consistent with a previous 
study reporting that KNG has a lower genetic diversity than 
other Asian goat populations (Odahara et al., 2006). Additional 

results and discussion on the genomic characteristics for other 
goat breeds are provided in Data sheet 1: Note S1.3.

Population Differentiation and Genic 
Structure
To obtain a refined picture of the 15 goat populations, we examined 
the patterns of genetic differentiation and genomic structure using 
reconstructed tree analysis (Gascuel, 1997), structure analysis 
(Raj et al., 2014), principal component analysis (PCA), and 
fixation index value (Fst) (Weir and Cockerham, 1984). These 
analyses revealed that KNG has genomic characteristics distinct 
from those of other goat populations (Figures 2A–D). The 
reconstructed tree showed that seven goat breeds, except for 
the Saanen and Alpine breeds, form their own clade which 
is genetically distinguished from each other (Figure  2A). 
The Saanen and Alpine breeds, improved similarly for the 
dairy purpose, formed three sister clades within a common large 
clade. In the structure analysis calculated ranging from K = 2 to 
K = 10 (Figure 2B and Data sheet 1: Figure S3), we obtained 
the most reasonable biological interpretation at K = 7. At K = 
2, KNG, ING, and KCB were separated with having a common 
genomic composition (blue color). With increasing K values, C. 
aegagrus, Saanen and Boer breeds were further separated, and at 
the K = 7, AN was lastly separated with highly mixed genomic 
compositions observed. We found that KNG has almost a single 
genomic composition that is not mixed with other goat breeds. 
This finding indicates that a substantial portion of the KNG’s 
genome is distinct from those of other goat breeds. In addition, 
the result that the KNG’s genomic composition coincided with 
one of ING’s, suggests that KNG originated from the Iranian 
region where C. hircus appeared. The PCA clarified the complex 
stratifications of 15 goat populations. The first PC in Figure 
2C, explaining 38.84% of the total genetic variation, separated 
C. aegagrus the farthest to the left and KNG the farthest to the 
right. The second PC, explaining 16.13% of the total genetic 
variation, separated Boer and Saanen breeds. Figure 2D, which 
excluded the out-group C. aegagrus, distinguished this complex 
structure in more detail. Centered on ING nearest to the wild-
type, Boer breeds and Saanen breeds were separated from 
each other up and down, and then KNG was separated to the 
rightmost. The KCB, which was formed by hybridization of the 
KNG with various commercial breeds, was positioned between 
ING and KNG (Figure 2D). The Fst, calculated in a pair-wise 
manner, supported these qualitative distinctions (Data sheet 
1: Table  S8). The KNG showed the highest differentiation level 
between the 14 goat populations. The KNG had the highest 
differentiation level with BA (0.1908), which was the farthest 
from KNG, and had the lowest differentiation level with KCB 
(0.0733), which was the nearest to KNG, as shown in Figures 
2A–D. Our refined picture indicates that KNG has unique 
genomic characteristics, and it suggests that the KNG has 
formed its own genome by accumulating the pressure of their 
local environment for a long period time, with little interaction 
with other goat populations. Additional results and discussion 
on the genomic status of other goat populations are provided in 
Data sheet 1: Note S1.4.
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Gene Flow and Demographic History
To visualize the genetic interaction of the 14 goat populations 
(excluding SB), we constructed a maximum likelihood tree using 
TreeMix (Pickrell and Pritchard, 2012) (Figure 3A and Data sheet 
1: Figure S5). In this dendrogram, C. hircus was differentiated 
from C. aegagrus and then largely divided into the dairy breed 
and the meat type breed. KNG was directly differentiated from 
C. aegagrus and later ING, and showed an independent long 
branch indicating a high level of genetic drift. We found evidence 
that C. aegagrus and the indigenous breeds (ING and MNG) 
have interacted with each other, but no evidence that KNG has 
interacted with other goat breeds, except for KCB. This evidence 
was also not detected in additional analyses using the D-statistic 
(Durand et al., 2011) and 3-population (Reich et al., 2009) tests. 
These two tests supported the hypothesis that KNG has interacted 
only with KCB (Data sheet 2). Our result provides genomic 
evidence for existing reports that KNG has not gone through any 
genetic interchanges with imported breeds since its influx into the 
Korean Peninsula (Son, 1999; Kim et al., 2011).

We inferred the effective population size (Ne) over the past 
time, in order to clarify the genetic drift which indigenous breeds 
and C. aegagrus have experienced (Figure 3A). The amount of 
genetic drift depends on the Ne (Ewens, 1990; Ballou et al., 2010; 
Frankham et al., 2010; Gasca-Pineda et al., 2013) (Figure 3B 
and Data sheet 1: Figures S7A–D). The reconstructed Ne 
patterns showed the domestication event between C. aegagrus 
and C. hircus, and a demographic event of KNG. The C. aegagrus 
maintained a high Ne for a long time, despite the appearance 
of C. hircus, which was domesticated about 10,000 years ago. 
However, the Ne started to decrease sharply about 1,000 years ago 
and has remained low until now. During the same period, the Ne 
of ING and MNG (both of which belong to C. hircus) increased 
about 1.5 times, and their genetic diversity has been maintained 
without loss until now. The crossing pattern of these Ne between 
C. aegagrus and C. hircus indicates the increased utilization of 
C. hircus and the decreased utilization of C. aegagrus, due to the 
successful domestication of C. hircus. Notably, at the time the Ne 
of these indigenous breeds began to increase, KNG experienced 
a serious loss of genetic diversity. This period nearly coincided 
with the time when KNG was estimated to be introduced into 
the Korean Peninsula (about 2,000 years ago) (Kang, 1967; Son, 
1999). Since that time, the Ne of KNG steadily decreased until 
100 years ago. At present, the Ne has increased slightly, but it 
showed still much lower than those for other indigenous breeds 
(Data sheet 1: Table S9). This Ne pattern represents that KNG had 
experienced a genetic bottleneck event during its influx into the 
Korea Peninsula and has relatively well adapted to the Korean 
environment since then. The 90% credible intervals of the 
estimated Ne for each population are displayed in Data sheet 1: 
Figure S8, and additional results and discussion for other goat 
populations are provided in Data sheet 1: Note S1.5.

Detection of Selection Signals and 
Selective Sweep Regions in KNG
Nature selects a genomic region associated with specific traits 
such as disease or parasite resistance and temperature, or 

high-altitude adaptation, in order to increase the organisms’ 
chance of survival or reproduction in a particular environment 
(Futuyma, 2009). In the case of an isolated population, 
their genome is more susceptible to natural selection due 
to an environment with low confounding effects (Losos 
and Ricklefs, 2009; Pergams and Lawler, 2009). With this in 
mind, we compared the genome of KNG with those of 10 
goat populations in order to uncover selection signatures of 
KNG. The 10 populations were C. aegagrus, ING, MNG, KCB, 
AN, BA, KS, KB, the entire Saanen group (AS, KS, SS and 
FS), and the entire Boer group (AB, KB and SB). To consider 
the overall genomic characteristics, the sub-populations of 
Boer and Saanen were pooled as the entire Boer and Saanen 
groups, respectively. We then searched for extended linked 
regions with extreme haplotype homozygosity and highly 
differentiated regions with variations of allele frequency, using 
cross-population extended haplotype homozygosity (XP-EHH) 
(Sabeti et al., 2007) and cross-population composite likelihood 
ratio (XP-CLR) (Chen et al., 2010) analyses. The XP-EHH 
method, based on the extended haplotype homozygosity 
concept, is not sensitive to allele frequencies and is effective 
for the unreliable demographic model (Sabeti et al., 2007). The 
XP-CLR method, based on the composite likelihood ratio test, 
has the advantage of effectively detecting selective sweep regions 
when a population has a simple structure, a low migration 
rate, or difficulty in estimating the local recombination rate 
(Racimo, 2016). Therefore, these methods were appropriate 
for our study. Particularly, the approach combining these two 
methods has been reported to be able to increase the power to 
pinpoint selected regions, and has been used widely to uncover 
genes involved in local adaptations (Vatsiou et al., 2016). After 
analysis, we set a strict cut-off line in order to exclude false-
positive results due to the genetic drift as many as possible. 
We considered outlier regions belonging to the top 0.1% of 
the empirical distributions of XP-EHH and XP-CLR statistics 
as candidate regions (Data sheet 1: Figures S9 and S10, and 
Data sheet 3 and 4). Genes corresponding to these regions 
were annotated as candidate selected genes (Data sheet 1: 
Figures S11A–J and Table S10). The candidate genes derived 
from these two methods were pooled into one gene set for each 
population, in order to consider all genes that had undergone 
recent, soft, or hard sweeps. Then, gene set enrichment analysis 
(GSEA) (Stöckel et al., 2016) was performed for each gene 
set of each population to search for evidence of adaptation 
processes due to environmental selection. As a result, we 
found that KNG has selection signals for Salmonella infection 
pathway and cardiomyopathy pathway, respectively (Table 1 
and Data sheet 5).

Selection leaves detectable patterns in linkage disequilibrium, 
genetic diversity, and site frequency spectrum at the genome 
level, since it modifies the neutral pattern of the genomic region 
under the neutral theory of molecular evolution (Ross-Ibarra 
et al., 2007; Qanbari et al., 2010). When an allele frequency of 
a specific locus is affected by the selection, allele frequencies of 
closely linked loci around the locus are also affected, unlike the 
random process of genetic drift (Nielsen et al., 2005; Gianola et al., 
2010; Qanbari et al., 2011). Therefore, we further investigated 
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patterns of nucleotide diversity, linkage disequilibrium, haplotype  
diversity, and Fst of LBP, BPI, ITGB6, and TTN genes, among 
KNG’s candidate genes enriched in Salmonella infection and 
cardiomyopathy pathways (Table 2, Figures 4A–D, Figures 5A–D, 
and Data sheet 1: Figures S12–S16). These genes revealed traces 
of the environmental selection with the genetic drift that KNG 
underwent.

The Adaptive Characteristics of KNG to 
Salmonella Infection
In previous experimental studies, Jang and Kang reported that 
Salmonella species were not isolated from the feces of 49 KNG 
with diarrhea symptoms or 620 healthy KNG (Jang, 1995; Kang 
and Tak, 1996). Lee suggested that the reason for the absence 
of Salmonella infection in KNG was due to their excellent 
antibody productivity and inherent resistance factors (Lee et al., 
2000). Through the selection analysis and the GSEA comparing 
KNG with 10 goat populations, we found that KNG showed 
selection signals for the Salmonella infection pathway in nine 
goat populations, excluding KCB (Table 1 and Data sheet 5). 
The KCB, which was formed by hybridizing KNG with other 
goat breeds, is presumed to preserve a substantial portion of the 
genomic characteristics derived from KNG.

We further confirmed the LBP (Lipopolysaccharide Binding 
Protein) and BPI (Bactericidal Permeability Increasing Protein) 
genes, among 11 genes showing selection signals in the Salmonella 
infection pathway (Table 2 and Figures 4A, B). The LPB gene, 
which encodes a lipopolysaccharide-binding protein, binds to 
the lipid A moiety of bacterial lipopolysaccharides to promote 
the release of cytokines, and the BPI gene, which encodes the 
bactericidal/permeability-increasing protein, regulates the LPS-
dependent monocyte responses by binding to LPS along with 
the product of the LBP gene. The LBP gene plays an important  

role in the innate immune response of organisms (Wilde et al., 
1994; Eckert et al., 2013), and the BPI gene plays an important 
role in antimicrobial activity against gram-negative organisms, 
as a paralogue of the LBP gene (Brister et al., 2014). Throughout 
the entire region of each gene, KNG showed the low nucleotide 
diversity and haplotype diversity patterns and presented a 
distinctive haplotype sharing pattern (a yellow square in 
Figures  4A, B, and Data sheet 1: Figures S12A–D). The 
pattern of the almost pure haplotype homozygosity, which 
distinguished noticeably from other populations, provides 
evidence that KNG has experienced the strong genetic 
drift which extensively affected the frequency of the alleles. 
Additionally, we discovered one selective sweep region with one 
missense variant in each gene, where KNG has been affected by 
their environment (Figures 4C, D). One missense variant was 
found in the 68,750,237 bp position (p.Asp217Glu) of the LBP 
gene (Figure  4C), and the other was found in the 68,695,875 
bp position (p.Gln104Arg) of the BPI gene (Figure 4D). The 
haplotype frequencies of these variants in the LBP and BPI genes 
were the lowest in KNG, at 0.052 and 0.017, respectively, when 
excluding FA, SA, FS, and SB, which have low sample sizes. 
Conversely, the haplotype frequencies without these variants 
were the highest in KNG, at 0.930 and 0.983, respectively.

We confirmed that these LBP and BPI genes have been fixed 
or are being fixed in the direction of conserving their function in 
KNG. These results suggest that KNG has been more stabilized 
than other breeds for antimicrobial activity against gram-
negative organisms as well as the innate immune response to 
Salmonella infection. We propose that KNG has accumulated 
local environmental pressure along with gene drift and has 
partially adapted to the Salmonella infection. In Figures 4C, D, 
only the top two haplotype frequencies for each goat population 
are illustrated, due to the limitations of illustration size. All 
haplotype frequencies are provided in Data sheet 6.

TABLE 2 | Candidate genes showing distinct patterns among genes involved in Salmonella infection and cardiomyopathy terms of KNG (See Data sheet 3 and 4 for 
summary of all selected genes).

Selected
genes

Association CHRa XP-CLR XP-EHH Candidate
SNP position

Selected breedsd

Score rangeb Score rangeb p-value rangec

LBP Salmonella 
infection

13 (9.27, 9.27) (3.31, 4.52) (2.91, 3.33) 68,750,237
(p.Asp217Glu)

CA, IN, MN, KCB, TB, KB

BPI Antimicrobial 
activity

13 (6.74, 9.96) (3.31, 4.87) (2.91, 3.33) 68,695,875
(p.Gln104Arg)

CA, IN, MN, KCB, TB, TS, BA

ITGB6 Cardiomyopathy 2 (8.11, 11.57) (3.4, 3.4) (3.16, 3.16) – CA, IN, MN, KCB, TB, KS, 
AN, BA

TTN Cardiomyopathy 2 (7.94, 13.81) (3.46, 3.72) (2.9, 3.45) 19,127,870
(p.Ile1202Thr)
19,167,388
(p.Ala3702Thr)
19,188,702
(p.Val7638Ile)

CA, IN, MN, KCB, TB, TS, KS

Dash (-) indicates non-significant results
aChromosome
bThe range of minimum and maximum values of XP-CLR and XP-EHH scores which each selected breed has for the selected gene.
cThe range of minimum and maximum values of - log p-values for the XP-EHH scores, derived from the empirical distribution.
dAbbreviations in the selected breeds column means: IN is Iranian native goat, MN is Moroccan native goat, CA is C. aegagrus, KCB is Korean crossbred, KB is Korean Boer, KS 
is Korean Saanen, BA is British Alpine, AN is Anglo-Nubian, TB is the entire Boer group, and TS is the entire Saanen group.
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The Adaptive Characteristics of KNG to 
Cardiomyopathy Challenge
Cardiomyopathy is any disease affecting the muscle, size, and 
shape of the heart, and is presents as three main types: dilated 
cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), 
and arrhythmogenic right ventricular cardiomyopathy (ARVC) 
(Rush et al., 2002). It is mostly idiopathic, and symptoms are 
different ranging from no symptoms, to difficulty breathing, to 
sudden death. This disease has been reported to occur not only 
in humans but also in dogs and cats (Broschk and Distl, 2005; 
Meurs et al., 2007), and even in the Saanen goat breed (Tontis 
et al., 1992). Using the selection analysis and the GSEA, we 
found that KNG has selection signals for all of DCM, HCM, and 
ARVC pathways in eight goat populations excepting for KCB 
and BA (Table 1 and Data sheet 5). The candidate genes for 
KCB and BA were significantly enriched only in DCM pathway 

and ARVC pathway, respectively. Although further research is 
needed, KCB is presumed to preserve a significant portion of the 
genomic characteristics derived from KNG, and BA is presumed 
to have partially adapted to this disease due to the artificial or 
environmental effects (Figure 3A).

We further confirmed the ITGB6 (Integrin Subunit Beta 6) 
and TTN (Titin) genes among the several genes showing selection 
signals in the three cardiomyopathy pathways (Table 2 and 
Figures 5A, B). The ITGB6 gene, which encodes a protein of 
the integrin superfamily, is involved in all of the DCM, HCM, and 
ARVC pathways, and it has been reported to be particularly closely 
related to the ARVC pathway (O’Leary et al., 2015; Stelzer et al., 
2016). The TTN gene, which encodes a large abundant protein of 
striated muscle containing cardiac muscle tissues, is involved in the 
DCM and HCM pathways, and it has been reported as one of the 
positively selected genes that influence cardiomyopathy in a bear 

FIGURE 4 | Selection signature for Salmonella infection in KNG. (A) Nucleotide diversity (above) and haplotype sharing (bottom) patterns for the region of 68,734,204-
68,771,108-bp of the LBP gene located on chromosome 13. (B) Haplotype diversity (above) and haplotype sharing (bottom) patterns for the region of 68,691,139-
68,722,074-bp of the BPI gene located on chromosome 13. In the haplotype sharing plots, the yellow rectangle highlights the pattern in which KNG is differentiated 
from other goat populations. (C–D) Gene structures and haplotype frequencies of regions containing a missense SNP in LBP and BPI genes, respectively. The missense 
SNPs, highlighted in yellow, represent p.Asp217Glu on the 68,750,237 bp position (LBP) and p.Gln104Arg on the 68,695,875 bp position (BPI) (See Data sheet 6).

27

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Genomic Characteristics in Korean Indigenous GoatsKim et al.

11 August 2019  |  Volume 10  |  Article 699Frontiers in Genetics  |  www.frontiersin.org

breed (Liu  et al., 2014). In both genes, KNG showed the lowest 
nucleotide diversity and haplotype diversity patterns and presented 
an almost pure haplotype sharing pattern as a result of the genetic 
drift (A yellow square in Figures 5A, B and Data sheet 1: Figures 
S13–S16). In addition, KNG showed traces of selective sweeps 
with three missense variants in the TTN gene (Figures 5C, D and 
Data sheet 1: Figure S16A). We screened the regions containing 
these missense mutations along with haplotype frequencies. The 
haplotype frequency with a missense SNP (p.Ile1202Thr) found at 
the 19,127,870 bp position was highest in KNG at 0.948, followed 
by in KCB and KB at 0.538 and 0.375, respectively. (Data sheet 1: 

Figure S16A). This missense SNP showed a tendency to hitchhike 
the SNPs of 19,127,266 bp and 19,128,208 bp positions together. 
Another missense SNP (p.Ala3702Thr) found at the 19,167,388 
bp position showed a tendency to replace the SNP of 19,167,677 
bp position with the reference SNP (Figure 5C). The haplotype 
frequency of this region was the highest in KNG at 0.897, 
followed by in SS and KCB at 0.498 and 0.500, respectively. Most 
goat populations possessed this missense mutation, but KNG 
maintained this SNP as the reference variant with a high frequency. 
The other missense SNP was found at the 19,188,702 bp position 
(Figure 5D). This variant showed a tendency to replace the SNP 

FIGURE 5 | Selection signature for cardiomyopathy in KNG. (A) Haplotype and nucleotide diversity patterns (above) and haplotype sharing pattern (bottom) for the 
19,099,153-19,154,380-bp region of the TTN gene located on chromosome 2. (B) Average linkage disequilibrium and nucleotide diversity patterns (above) and 
haplotype sharing pattern (bottom) for the 38,768,167-38,847,042-bp region of the ITGB6 gene located on chromosome 2. In the haplotype sharing plots, the 
yellow rectangle highlights the pattern in which the KNG is differentiated from other goat populations. (C–D) Gene structures and haplotype frequencies of regions 
containing missense SNPs in the TTN gene. The missense SNPs, highlighted in yellow, represent p.Val7638Ile on the 19,188,702 bp position and p.Ala3702Thr on 
the 19,167,388 bp position, respectively (See Data sheet 6).
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of 19,188,088 bp position with an alternative SNP and the SNP 
of 19,189,131 bp position with a reference SNP, respectively. The 
haplotype frequency was the highest in KNG at 0.934, followed 
by in KCB at 0.404. We further identified the region where the 
ITGB6 gene has been affected by the selective sweep. KNG showed 
the highest average LD with the lowest nucleotide diversity in 
the region of 38,805,100 bp–38,833,000 bp (Figure 5B and Data 
sheet 1: Figures S13A–C and S14A–B).

We confirmed that these ITGB6 and TTN genes have been 
affected by the local environment along with the genetic drift. 
Particularly, the coexistence of three missense SNPs with the 
highest and the lowest frequencies in KNG suggests that this 
TTN gene has been playing a functional role in adapting to 
cardiomyopathy as one of several candidate genes. Based on our 
genomic research, we propose that KNG has partially adapted to 
the cardiomyopathy under their various environmental pressure.

DISCUSSION

Genomic Characteristics of KNG
Domestication and subsequent geographical expansion have 
generated a variety of indigenous livestock breeds. These breeds 
have accumulated multiple genetic variations affecting a variety 
of traits over time and have developed their own unique genomic 
characteristics in the course of enhancing their fitness in different 
local environments. These genomic characteristics are important 
as a genomic basis for coping with future threats to the species 
arising from environmental change (Benjelloun et al., 2015), 
but are rapidly disappearing due to extensive crossbreeding and 
substitution with imported breeds. Therefore, to reveal their 
unique genomic characteristics, many genomic studies have 
been carried out in various indigenous livestock: cattle (Browett 
et al., 2018; Weldenegodguad et al., 2018); chicken (Johansson 
and Nelson, 2015; Walugembe et al., 2018); sheep (Yang et al., 
2016; Edea et al., 2017); and goat (Benjelloun et al., 2015; Cao et al., 
2019). In this context, our study focused on identifying KNG and 
revealed their distinct genomic characteristics.

To investigate KNG in detail, we utilized the whole-genome 
variations of a total of 10 goat breeds, including three indigenous 
breeds (KNG, ING, and MNG), six commercial breeds (Saanen 
breed, Boer breed, AN, BA, FA, and, KCB), and one ancestral 
species (C. aegagrus). A total of 38,658,962 bi-allelic SNPs were 
detected in 29 autosomes of 10 breeds, and we identified that 
these SNPs covered a considerable portion of their reference 
genome at an average distance of 64.88 bases between SNPs 
(Data sheet 1: Table S4). With the exception of their ancestral 
species, the number of bi-allelic SNPs was the highest for KNG 
(37,715,208) and followed by ING, KCB, and MNG (35,742,191, 
33,464,841, and 32,914,220) (Figure 1B and Data sheet 1: Table 
S5). In respect of π and LD calculated using these bi-allelic SNPs, 
the KNG exhibited the lowest π (0.001472) and the highest 
LD (0.088431) among three indigenous breeds (Data sheet 1: 
Table S7). Particularly, the KNG’s π value was consistent with the 
adjusted π value reported by a previous study (calculation window 
size adjusted from 1Mb to 100Kb) (Lee et al., 2016). Considering 
their low π and many SNPs, our results indicate that the KNG has 

a fair number of homozygous SNP variants distinguished from 
other goat breeds, relatively. In addition to this, the high LD value 
implies that their homozygous SNP variants have a high level of 
association with each other due to evolutionary pressures such as 
selection or genetic drift.

The population analyses conducted through various 
methodologies supported our hypothesis that the KNG has 
unique genomic characteristics, which are distinct from those of 
other goat breeds. Within a large category of genomic diversity 
parameters, the genomic features of the eight goat breeds did 
not show large differences, but KNG and C. aegagrus showed 
distinctive genomic characteristics (Figures 2A–D). The KNG 
was separated to the rightmost in PCA, showed a near-identical 
genomic composition in structure analysis (Figure 2B), and 
exhibited high levels of genetic differentiation compared 
with other goat breeds (Data sheet 1: Table S8). Our results 
additionally confirmed that the genomic composition of KNG 
(blue color) coincided with one of ING, and another genomic 
composition of ING (green color) was consistent with one of their 
ancestral species (Figure 2B). Particularly, the ING inhabiting the 
region of Iran where C. hircus was first domesticated showed a 
linear relationship with the C. aegagrus, and they positioned at 
the center of the 10 goat breeds in the PCA (Figure 2C). Given the 
origins of C. hircus and KNG, these results suggest that the ING 
has maintained a substantial portion of genomic characteristics 
derived from its ancestral species since the domestication, and that 
the KNG has formed its own genomic characteristics since influx 
into the Korean Peninsula about 2,000 years ago (Tavakolian, 2000; 
Zeder and Hesse, 2000). Meanwhile, a previous study reported 
that the ING inhabiting the north of the Zagros mountain has 
the most similar genomic structure to their ancestor, C. aegagrus 
(Vahidi et al., 2014). In our study, the genomic compositions 
of ING samples were almost identical to those of ING samples 
which have been reported to be the indigenous goats of the north 
Zagros mountain. This result indicates that the ING samples were 
suitable for our study to compare KNG with various goat breeds, 
as the closest domesticated goats to their ancestral species.

From the analyses of the gene flow and Ne, we revealed that the 
KNG’s unique genomic characteristics are associated, at least in part, 
with their isolated environment (Figures 3A, B). We confirmed 
that the KNG underwent a severe genetic bottleneck event as they 
entered the Korean Peninsula about 2,000 years ago (Figure 3B), and 
have experienced little genetic interactions with other breeds (only 
except for KCB) (Figure 3A). To clarify the interaction signals of 
KNG, the D-statistic (Durand et al., 2011) and 3-population (Reich 
et al., 2009) tests were also performed, but no signal was detected 
except for the KCB (Data sheet 2). These results indicate that the 
KNG has accumulated their local environmental pressure for a long 
time, and has developed their own genomic characteristics with little 
genetic interaction with other breeds. Also, as genomic evidence, 
these results support the previous studies which reported on the 
origin and isolated environment of KNG (Son, 1999; Tavakolian, 
2000; Odahara et al., 2006). So far, we revealed the unique genomic 
characteristics of KNG through a comparison of 10 goat breeds. 
We expect that our detailed review for the KNG including other 
goat breeds would contribute to the establishment of biodiversity 
conservation strategies regarding indigenous goats.
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Adaptive Characteristics of KNG
During long-term adaptation to the various environments, 
indigenous livestock breeds have developed their own adaptive 
characteristics which enhance fitness to harsh environments or 
resistance to specific diseases. These characteristics have provided 
an important genetic basis for various breeding programs to 
improve livestock (Guan et al., 2016). Thus, to identify their 
adaptive characteristics, many studies on selection signatures have 
been conducted in various indigenous livestock: cattle (Taye et al., 
2017); chicken (Lawal et al., 2018); goat (Guo et al., 2018); sheep 
(Liu et al., 2016); and pig (Li et al., 2014). From this perspective, 
our study compared KNG with other 10 goat breeds, and revealed 
that the KNG has selection signatures for Salmonella infection 
and cardiomyopathy pathways (Table 1).

Salmonella infection has effects ranging from growth delay 
to livestock death (Cummings et al., 2010). The identification 
of indigenous breeds adapted to this infection can be valuable 
in livestock breeding programs for enhancing the survival rate 
and preventing disease transmission. However, there have been 
few investigations into indigenous livestock breeds which carry 
this resistance, except for the Sri Lankan indigenous chicken 
(Weerasooriya et al., 2017) and the KNG (Jang, 1995; Kang and 
Tak, 1996; Lee et al., 2000). Although these two breeds have 
been reported to be resistant to Salmonella infection through 
experimental studies, their utilization in breeding programs has 
been limited due to the lack of genomic studies. In this study, we 
identified that the KNG exhibits selection signals with respect to 
the Salmonella infection pathway for nine goat breeds except for 
KCB (Table 1). To clarify the KNG’s selection signals, we further 
examined the LBP and BPI genes among their 11 candidate 
genes (Table 2). The KNG showed low nucleotide and haplotype 
diversity patterns and a unique haplotype-sharing pattern 
over the entire region of these genes (Figures 4A, B). Also, as 
a consequence of strong selection pressures, the KNG exhibited 
selective sweep regions with one missense SNP variant in each 
gene (Figures 4C, D). The haplotype frequencies containing these 
missense variants were the lowest in KNG when excluding FA, SA, 
FS, and SB with low sample sizes (Data sheet 6). Considering the 
functions of two genes, these results indicate that KNG has been 
more stabilized than other breeds for the antimicrobial activity 
to gram-negative organisms and the innate immune response to 
Salmonella infection. Our results provide genomic evidence to 
support previous biological studies, and statistically, propose that 
KNG has adaptive characteristics for Salmonella infection.

As one of the novel adaptive characteristics, we observed 
that the KNG has selection signals for all three types of 
cardiomyopathy pathways in eight goat breeds (Table 1). The 
exceptions were KCB and BA, and the KNG’s candidate genes 
were significantly enriched only in DCM pathway for KCB and 
only in ARVC pathway for BA. Among the KNG’s candidate 
genes, we further investigated the TTN (associated with DCM 
and HCM) and ITGB6 (associated with ARVC) genes which show 
distinctive selection patterns (Table 2 and Figures 5A, B). For 
TTN, the KNG exhibited a trace of selective sweep together with 
hitchhiking effects in three missense SNP variants (Figures 5C, 
D, and Data sheet 1: Figure S16A). In the 38,805,100–38,833,000 

bp region of the ITGB6 gene, the KNG showed the highest LD and 
almost pure haplotype patterns due to strong selection pressure 
(Figure 5B, and Data sheet 1: Figure S14A-B). These results 
indicate that the ITGB6 and TTN genes, particularly, have been 
playing a functional role in adapting to cardiomyopathy in the 
KNG. Based on our genomic research, we statistically propose 
that the KNG has partially adapted to cardiomyopathy.

In our results, the KNG did not show selection signals for 
Salmonella infection in KCB and for cardiomyopathy in KCB 
(HCM and ARVC) and BA (DCM and HCM). The KCB was 
recently formed by hybridization of KNG with other goat breeds, 
in order to improve various traits of the KNG (Lee et al., 2016). The 
KCB shared a large amount of genomic composition with KNG 
in structure analysis (Figure 2B) and exhibited a similar genomic 
characteristic to KNG in PCA (Figures 2C, D). Also, they showed 
substantial interactions with the KNG in gene flow analysis, 
Patterson’s D-statistic test, and the 3-Population test (Figure 
3A and Data sheet 2). These results indicate that the KCB has 
acquired a considerable portion of their genome characteristics 
from KNG, and that the purpose of the crossbreeding program has 
been achieved to a large extent. However, considering their still 
high π (0.001908) and low LD (0.068539) (Data sheet 1: Table S7), 
it is suggested that the KCB need an additional breeding program 
to stabilize their genomic and adaptive characteristics. Meanwhile, 
the BA was developed in the Swiss and Austrian Alps in the 
early 1900s and introduced into Australia in about 1960. Our BA 
samples collected in Australia showed the lowest π (0.001251) and 
the highest LD (0.288801), except for the AN (π: 0.001117, and LD: 
0.327566) (Data sheet 1: Table S7). These genomic characteristics 
imply that the BA had undergone significant genetic drift upon 
being introduced to Australia and have experienced multiple 
selection events. Our study confirmed the possibility that the 
BA may have partially adapted to cardiomyopathy in their 
environment, but we propose further research to clarify this 
adaptive characteristic, due to their small sample size.

Our study has several limitations. First, the SNP variants of 
some breeds (FA, AS, SS, FS, and SB) may have been affected by 
SNP ascertainment bias due to their small sample sizes. Their SNP 
variants may not have adequately represented their entire breeds, 
and some analysis results for them may have been distorted. 
Therefore, to minimize this problem, our study utilized these 
breeds as only references against which to compare the genomic 
characteristics of the other breeds. In contrast, we could avoid 
another SNP ascertainment bias due to SNP discovery protocols 
by using the whole-genome sequencing protocol. In the case of 
using Illumina’s Goat SNP50 BeadChip (Tosser-Klopp et al., 2014), 
which contains approximately 53,346 SNP variants, some results of 
the population analyses could be distorted due to this bias, since 
its SNP markers cover neither all goat breeds nor entire genomic 
regions (Lachance and Tishkoff, 2013). Second, some adaptive 
characteristics for KNG have been identified, but have not been 
validated by biological experiments. To minimize this limitation, we 
conducted rigorous statistical calculations. We compared the KNG 
with other 10 goat breeds by using two selection analysis methods, 
XP-CLR and XP-EHH, and detected candidate selected genes using 
strict cut-offs. We then confirmed the KNG’s adaptation signals 
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through the GSEA of the candidate genes, and revealed the genomic 
regions affected by the selection pressure in some candidate genes. 
Despite these efforts, our results still require further experimental 
validation, but we anticipate that these candidate genes and their 
targeted genomic regions will be helpful in future experimental 
studies aimed at identifying the characteristics of KNG.

Although our study has some limitations, our catalog of 
genome characteristics of 10 goat breeds would provide the basis 
for establishing various appropriate breeding strategies. Also, our 
findings on the genomic and adaptive characteristics of the KNG will 
help to set directions of biodiversity conservation programs as well as 
crossbreeding and grading-up programs for improving goat breeds.

CONCLUSION

The valuable genomic characteristics that indigenous breeds have 
accumulated for a long time are being threatened by crossbreeding 
with imported breeds with high productivity. Particularly in the 
case of Korea, KNG is rapidly being substituted with KCB, which 
was formed by hybridizing KNG with other breeds to improve 
KNG’s inferior commercial traits. Although their characteristics 
may not be commercially valuable, they could have unique abilities 
to survive in a particular environment or disease. In this respect, 
our research on the genomic population dynamics of KNG, 
including various goat breeds, provides an important basis for 
establishing a direction for biodiversity conservation strategies. 
Although our findings for adaptive characteristics have a limitation 
that is provided without biological validation, these are expected 
to not only provide new and other options to those seeking to 
improve the viability and the resilience of goats but also present 
targeted genomic regions to in vivo or in vitro studies trying to 
employ our hypothesis. In addition, our newly generated whole-
genome data that is opened to the public database will contribute 
to the knowledge for further research.
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One of the main objectives of conservation programs is the maintenance of genetic diversity 
because this provides the adaptive potential of populations to face new environmental 
challenges. Genetic diversity is generally assessed by means of neutral molecular 
markers, and it is usually quantified by the expected heterozygosity under Hardy-Weinberg 
equilibrium and the number of alleles per locus or allelic diversity. These two measures 
of genetic diversity are complementary because whereas the former is directly related 
to genetic variance for quantitative traits and, therefore, to the short-term response to 
selection and adaptation, the latter is more sensitive to population bottlenecks and relates 
more strongly to the long-term capacity of adaptation of populations. In the context of 
structured populations undergoing conservation programs, it is important to decide the 
optimum management strategy to preserve as much genetic diversity as possible while 
avoiding inbreeding. Here we examine, through computer simulations, the consequences 
of choosing a conservation strategy based on maximizing either heterozygosity or allelic 
diversity of single-nucleotide polymorphism haplotypes in a subdivided population. Our 
results suggest that maximization of allelic diversity can be more efficient in maintaining the 
genetic diversity of subdivided populations than maximization of expected heterozygosity 
because the former maintains a larger number of alleles while making a better control of 
inbreeding. Thus, maximization of allelic diversity should be a recommended strategy in 
conservation programs for structured populations.

Keywords: conservation genetics, population management, allelic diversity, heterozygosity, genetic markers, 
SNP, haplotypes

INTRODUCTION

Genetic diversity is the fuel for the adaptation of species to the environmental challenges and one of 
the main control variables to be assessed within the planetary boundaries framework (Steffen et al., 
2015). Conservation of genetic diversity is also one of the main objectives for guaranteeing the long-
term survival of species or breeds at risk of extinction (Frankham et al., 2010; Allendorf et al., 2013; 
Oldenbroek, 2017). Genetic diversity is generally assessed by means of neutral molecular markers 
in population genetics and conservation biology studies (Toro et al., 2009; Kirk and Freeland, 2011; 
Allendorf et al., 2013), and it is usually measured by the expected heterozygosity under Hardy-
Weinberg equilibrium (Nei, 1973) and by the number of alleles per locus for multiallelic markers 
or allelic diversity. These two measures of genetic diversity are complementary because whereas the 
former is directly related to genetic variance for quantitative traits and, therefore, to the short-term 
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response to selection and adaptation for these traits (Falconer 
and Mackay, 1996), the latter is more sensitive to population 
bottlenecks (Luikart et al., 1998; Leberg, 2002), being thus useful 
to monitor them, and relates more strongly to the long-term 
response to natural and artificial selection (James, 1970; Hill 
and Rasbash, 1986; Wilson et al., 2009; Medugorac et al., 2011; 
Caballero and García-Dorado, 2013; Vilas et al., 2015). In the 
case of structured populations, subpopulation differentiation is 
traditionally measured through differences in gene frequency of 
alleles (Wright, 1952), but alternative ways to measure it based on 
allelic diversity have also been proposed (Petit et al., 1998; Jost, 
2008; Caballero and Rodríguez-Ramilo, 2010; Jost et al., 2017).

The consensus criterion for the maintenance of genetic diversity 
in conservation and animal breeding programs is the maximization 
of expected heterozygosity, which is equivalent to the minimization 
of mean weighted coancestry (Toro and Pérez-Enciso, 1990; Ballou 
and Lacy, 1995; Meuwissen, 2007) and implies the maximization 
of effective population size (Caballero and Toro, 2000, Caballero 
and Toro, 2002). However, allelic diversity has also been proposed 
to establish conservation priorities (Bataillon et al., 1996; Petit 
et al., 1998; Fernández et al., 2004; Simianer, 2005; Caballero and 
Rodríguez-Ramilo, 2010; Medugorac et al., 2011; Jost et al., 2017; 
Ramljak et al., 2018; Zhang et al., 2018), and there is an increasing 
number of methods and computer tools developed to estimate and 
predict allelic richness (Belkhir et al., 2006; Szpiech et al., 2008; 
Bashalkhanov et al., 2009) and to retain the largest allelic diversity 
in conservation programs (Fernández et al., 2004; Weiser et al., 
2012; López-Cortegano et al., 2019). Microsatellite analysis has 
also revealed that allelic richness is a better proxy for genome-wide 
single-nucleotide polymorphism (SNP) diversity than expected 
heterozygosity (Fischer et al., 2017). In addition, it has been argued 
that the number of allelic variants after a bottleneck might be the 
main factor responsible for the response to long-term selection 
and selection limits (p. 289) (Allendorf et al., 2013). In fact, Vilas 
et al. (2015) showed through experimental studies and simulation 
analyses that the long-term adaptive potential of a population is 
better indicated by allelic diversity than by expected heterozygosity.

Conservation programs can be aimed at maximizing either 
expected heterozygosity or allelic diversity. Fernández et al. (2004) 
compared these two alternative strategies for a single undivided 
population. In a set of simulations, populations were maintained 
over generations by choosing the parents’ contributions to progeny 
that maximize the expected heterozygosity for multiallelic genetic 
markers. In another set, contributions were sought to maximize 
the number of marker alleles in the progeny. The results showed 
that each maximization method was, as would be expected, more 
efficient in maintaining each corresponding diversity measure. 
However, maximization of heterozygosity was able to maintain 
levels of allelic diversity almost as high as the method specifically 
devoted to that task. The explanation was that maximization 
of heterozygosity leads marker alleles toward intermediate 
frequencies because the maximal heterozygosity occurs when 
alleles are at equal frequencies. Thus, by spreading rare alleles to 
intermediate frequencies, their chances of loss by genetic drift are 
reduced. A method specifically focused on keeping allelic diversity 
was effective in doing so but some rare alleles were maintained at 
low frequencies, being more likely to be eventually lost.

The results from Fernández et al. (2004) were carried out in 
the context of a single undivided population. Most populations, 
however, in nature and in conservation programs (zoos, 
germplasm collections, botanic gardens, etc.) are subdivided. As 
suggested by preliminary analyses, the outcomes of maximizing 
expected heterozygosity or allelic diversity could be very 
different in subdivided populations (López-Cortegano et al., 
2019). Thus, a question arises as to which of these methods is 
more efficient in maintaining genetic diversity while controlling 
inbreeding in structured populations. Here, we address this issue 
by performing simulations of a subdivided population and a 
conservation program where maximization of heterozygosity and 
allelic diversity are carried out for two sets of genetic markers, 
one representing a small number of known loci where diversity 
should be preserved and another aimed to perform whole-genome 
management. Because of the increasing availability of genotyping 
and sequencing projects, we focus on haplotypic combinations of 
SNPs as the marker of choice for future conservation strategies.

MATERIALS AND METHODS

Simulations were carried out in two steps. In the first, individual-
based forward simulations were run to generate a subdivided 
population (Figure 1). An ancestral large population of 4,000 
individuals was first run for 5,000 generations to build sufficient 
neutral genetic variation under a mutation-drift equilibrium. 
From this large base population, five subpopulations were 
founded, one of size N = 2,000 and four of size N = 100 individuals, 
to obtain different degrees of variation within subpopulations, 
which were maintained independently for 25 generations of 

FIGURE 1 | Scheme of the evolutionary history of the simulated subdivided 
population to be used as a base for a conservation program. One ancestral 
population of large size (N = 4,000 diploid individuals) was first maintained for 
a long period of time to reach mutation-drift equilibrium. From this ancestral 
population, five subpopulations (with constant population sizes as shown in 
the figure) were founded and maintained independently for 25 generations. 
These subpopulations were thereafter maintained with 40 individuals each 
and subjected to a conservation program aimed at maximizing either 
expected heterozygosity or allelic diversity of neutral markers, with some 
migration allowed between subpopulations.

36

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Management in Subdivided PopulationsLópez-Cortegano et al.

3 September 2019  |  Volume 10  |  Article 843Frontiers in Genetics  |  www.frontiersin.org

random mating. The software SLiM 3 (Haller and Messer, 2018) 
was used as a forward genomic simulator in this first step. All 
simulations involved a sequence of 10 Kb with mutation rate 
of 5 × 10-5 per nucleotide and generation and a recombination 
rate of 10-6 between consecutive nucleotides in the formation 
of gametes. These mutation and recombination rate values 
were chosen to obtain a sufficiently high number and density 
of polymorphic loci within the simulated sequence. Additional 
simulations were also performed assuming a recombination rate 
one order of magnitude higher. Random mating of parents under 
the assumption of neutrality was implemented.

The second step of the study was the conservation management 
of the structured population created from the previous simulation. 
From each of the five subpopulations, a sample of N = 40 individuals 
(20 of each sex) was obtained and maintained with that size under 
a common conservation scheme based on maximization of either 
expected heterozygosity or allelic diversity for 25 generations with 
controlled migration between subpopulations. Marker loci to be 
used for analysis and management were assumed to be haplotypes 
of groups of five consecutive SNPs, such that the different haplotypic 
combinations of SNPs per locus were considered as different alleles, 
providing a maximum of 32 per locus. The total number of available 
loci was about 2,000, but the number of segregating loci available 
for analysis at the start of the conservation management process 
was approximately 1,200.

For conservation management, we used the software 
Metapop2 (López-Cortegano et al., 2019), which provides in 
each generation the optimal mating crosses and contributions 
from parents to the next generation as well as the number and 
specific migrants across subpopulations to maximize either 
heterozygosity or allelic diversity with a control in the number 
of migrations. With this program, total heterozygosity (HT) 
is partitioned, following Nei (1973), in the average expected 
heterozygosity within subpopulations assuming Hardy-
Weinberg proportions (HS) and the average Nei’s minimum 
genetic distance between subpopulations, averaged over all 
possible pairs of subpopulations (DG). In an analogous way, allelic 
diversity is partitioned, following Caballero and Rodríguez-
Ramilo (2010), in a within- and between-subpopulation 
component of variation. The within-subpopulation component 
is the average number of alleles segregating in the subpopulations 
minus one (AS). The between-subpopulation component (DA) is 
calculated as the number of alleles present in a subpopulation 
and absent in other when subpopulations are compared in pairs 
and averaged over all possible pairs of subpopulations. Total 
allelic diversity is then defined as AT = AS + DA and represents the 
total number of alleles present in a given pair of subpopulations, 
averaged for all possible pairs.

The Metapop2 software performs an optimization of 
contributions of parents to progeny and migrations between 
subpopulations with the dynamic method of Fernández et al. 
(2008) to maximize diversity. Maximization of total expected 
heterozygosity (maxHT) or total allelic diversity (maxAT) is 
obtained by maximizing the functions HT = DG + λHS and AT = 
DA + λAS, respectively, where λ is the desired weight given to 
the within-subpopulation component. In addition, the program 
also maximizes the total allelic number in the whole population 

(maxK) by managing contributions from parents to progeny 
and migrations so that the global probability of alleles’ losses in 
the progeny is minimized (Vales-Alonso et al., 2003; Fernández 
et al., 2004). Note that maxK pursues a maximization of the 
total number of alleles in the population without regard to the 
distribution of these across subpopulations. Because a maximum 
number of alleles in the whole population would be obtained with 
a maximum differentiation between subpopulations, maxK is 
expected to lead to such a situation. Maximization of AT, in contrast, 
implies a control on the distribution of the alleles maintained 
across subpopulations particularly if different weights are given to 
the within- and between-subpopulation components of diversity. 
Thus, alleles can be conserved uniformly distributed, leading 
to a reduction in the differentiation between subpopulations, or 
variably distributed across subpopulations, leading to an increase 
in the differentiation (López-Cortegano et al., 2019). At one 
extreme, each allele of a locus could be maintained in a different 
subpopulation. At the other, all different alleles for a locus could be 
maintained simultaneously in all subpopulations.

Management was run assuming two different objectives: (1) 
Conservation of diversity for a particular set of loci for which 
one locus every 100 in the genome was used for management and 
genetic variation was measured directly on that set of loci. This 
refers to a scenario in which a few known loci or genomic regions 
of particular interest have to be managed, for example, for loci that 
are known to have an effect on a particular trait of interest, such 
as those affecting a productive trait, the immune system, and so 
on. (2) Conservation of diversity in the whole genome for which 
one locus every 10 was used for management and the results were 
analyzed for all genomic loci. This is a situation where a number 
of markers are used for conserving overall genetic diversity. 
For this latter case, we used a modification of the software 
Metapop2 (López-Cortegano et al., 2019). With the assumed 
simulated sequence length and recombination rates, the density 
of markers would be in the range between 1,200 and 12,000 per 
Morgan, thus implying a high marker density in prevision of the 
increasing availability of dense SNP chips for more and more 
species. In the management period, it was assumed that there was 
no recombination within loci (i.e., between SNPs of a particular 
haplotype) and recombination was free between them, which 
are reasonable assumptions given the short number of SNPs per 
locus and the scarcity of loci used along the sequence.

The optimization was carried out for 25 generations generally 
assuming a value of λ = 1, thus giving the same weight to within- 
and between-subpopulation components. However, other values 
of λ were also considered, including those for which all weight is 
given to between-subpopulation diversity (λ = 0), all weight is given 
to within-subpopulation diversity (λ = 1000), and λ = 0.5, a value 
suggested to maximize the total genetic variance of a hypothetical 
quantitative trait (Bennewitz and Meuwissen, 2006). A maximum 
possible number of migrants of one per subpopulation and 
generation were assumed, a typical rule of thumb suggested to 
maintain a considerable differentiation between subpopulations 
but avoiding an excessive increase in inbreeding (Mills and 
Allendorf, 1996). In all cases, 10 replicates of the base population 
were simulated and, for each of them, 10 different sampling events 
and management processes were run. In every generation, the 
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average values over replicates of expected heterozygosity measures 
(HT, HS and DG), allelic diversity measures (AT, AS, DA and K), 
and the observed marker homozygosity of all individuals in the 
subpopulations (to which we will refer to as molecular inbreeding, 
F, and which includes homozygotes identical by descent and 
identical in state) were obtained from the 12 managed markers for 
the scenario aimed at conserving diversity for a specific set of loci 
and from the whole sequence in the scenario aimed at conserving 
diversity for the whole genome.

RESULTS

Three optimization methods were compared (maxHT, maxAT, 
and maxK), aimed at maximizing global heterozygosity HT, global 
allelic diversity AT, and the total number of alleles K, respectively. 

The evolution of these parameters and their within- and between-
subpopulation components are shown in Figures 2 and 3 when 
the same weight is given to within- and between-subpopulation 
diversity (λ = 1). As expected, no management (RND; black dotted 
lines) led to a generalized loss of genetic diversity and to an increase 
in molecular inbreeding whereas any of the specific management 
methods increased diversity or restrained its loss through 
generations. The relative performance of the different optimization 
methods was very similar for scenarios aiming at the conservation 
of diversity for either a particular set of loci (Figure 2) or the whole 
genome (Figure 3). Thus, we describe them simultaneously.

As expected, each maximization method maintained higher 
levels of the corresponding measure of diversity. Thus, maxHT 
(blue lines) was the best method, preserving HT in the global 
population by means of an initial increase in the diversity 
between subpopulations (DG) while keeping or slightly decreasing 

FIGURE 2 | Changes in different diversity parameters over generations (t) in a subdivided population subjected to three optimization methods, maxHT (blue line), 
maxAT (green line), and maxK (red line), and an unmanaged control (RND, dotted black line). Optimization was made for a particular set of loci (12 multiallelic single-
nucleotide polymorphism haplotype markers). In the case of maxHT and maxAT, a between-population weighting factor of λ = 1 (i.e., equal weight for within- and 
between-subpopulation components of diversity) was assumed. One migrant per subpopulation and generation was considered in the optimizations. Statistics 
measured in the managed markers: total heterozygosity (HT) and its within- and between-subpopulation components (HS and DG); total allelic diversity (AT) and its 
within- and between-subpopulation components (AS and DA); total number of alleles in the population (K); average coefficient of molecular inbreeding of individuals 
(F); number of pairing mates involved in the different procedures (nMates); variance of the contribution from female parents to progeny (varContFem); variance of 
allelic frequencies with loci (VarFreq); and variance of the number of migrants per subpopulation (VarMigrants). Standard errors for means are lower than 0.01 (allelic 
measures), 0.001 (heterozygosity measures), and 0.002 (F).
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that within subpopulations (HS). Method maxAT (green lines) 
produced the largest AT by increasing or keeping a high diversity 
within subpopulations (AS) and decreasing that between 
subpopulations (DA). Finally, maxK (red lines) maintained the 
largest number of alleles segregating in the whole population (K), 
although maxAT maintained only a little less or about the same 
number of alleles.

The molecular inbreeding coefficient (F) was better 
restrained by maxAT, whereas maxK produced the highest 
molecular inbreeding levels, close to those yielded by RND. 
Method maxAT was also the optimizing method making a 
wider use of the individuals available for mating (nMates) and 
produced the lowest variance of contributions from females to 
progeny (VarContFem), thus approaching the equalization of 
contributions from parents to progeny. Method maxHT produced 
the highest variance of contributions from females to the progeny 
in the initial generations.

As already observed in previous studies, maxHT tends to 
equalize allele frequencies within loci to reach the maximum 
possible heterozygosity. This can be seen as a reduction in the 

variance of allelic frequencies within loci (VarFreq). Method 
maxK was producing the largest variation in allelic frequencies.

All management methods involved an average number 
of one migrant per generation and subpopulation. However, 
there were differences in the variance of the number of 
migrants per subpopulation depending on the generations 
and methods (see graphs VarMigrants in Figures 2 and 3). 
The highest variation occurred in the initial generations 
when differences in diversity between subpopulations were 
larger. Most migrations in these initial generations occurred 
from the first subpopulation (that with the largest ancestral 
size; Figure 1) to the others (not shown). Method maxAT 
was the optimizing procedure with the lowest variation in 
subpopulation migrations.

Figure 4 shows the results corresponding to the scenario of 
conservation of diversity for a particular set of loci (the same 
as in Figure 2) for a range of values of the weight (λ) given to 
the within-subpopulation component. Method maxK and no 
management (RND) obviously were unaffected by the different 
weighting. Method maxHT maintained the highest HT for all λ 

FIGURE 3 | Changes in different diversity parameters over generations (t) in a subdivided population subjected to three optimization methods, maxHT (blue 
line), maxAT (green line), and maxK (red line), and an unmanaged control (RND, dotted black line). Optimization was made for 120 multiallelic (single-nucleotide 
polymorphism haplotype) markers, but statistics were calculated for the whole simulated genome. Simulation characteristics and statistics as in Figure 2. Standard 
errors for means are lower than 0.01 (allelic measures), 0.001 (heterozygosity measures), and 0.002 (F).
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values. This was attained by increasing DG when all weight is 
given to the between-subpopulation component (λ = 0) at the 
expense of decreasing the within-subpopulation component 
HS, or by increasing HS when all weight is given to the within-
subpopulation component (λ = 1,000) at the expense of 
decreasing the between-subpopulation component DG. Method 
maxAT preserved better AT when some substantial weight was 
given to the within-subpopulation component (i.e., λ ≥ 0.5). 

If all weight is given to the within-subpopulation component  
(λ = 1,000), maxHT would produce the lowest molecular 
inbreeding (F), as expected, but the number of alleles maintained 
would be lower than those obtained by the allelic optimization 
methods. For intermediate values of λ (0.5 or 1), maxAT seems to 
be the most robust method, producing the lowest inbreeding and 
a number of alleles almost as large as that maintained by maxK, 
although giving lower HT than that of maxHT.

FIGURE 4 | Changes in different diversity parameters over generations (t) in a subdivided population subjected to three optimization methods, maxHT (blue line), 
maxAT (green line), and maxK (red line), and an unmanaged control (RND, dotted black line). Optimization was made for a particular set of loci (12 multiallelic 
single-nucleotide polymorphism haplotype markers). In the case of maxHT and maxAT, different between-population weighting factors (λ) were assumed. One 
migrant per subpopulation and generation was considered in the optimizations. Statistics refer to the managed markers: total heterozygosity (HT) and its within- and 
between-subpopulation components (HS and DG); total allelic diversity (AT) and its within- and between-subpopulation components (AS and DA); total number of 
alleles in the population (K); and average coefficient of molecular inbreeding of individuals (F). Standard errors for means are lower than 0.01 (allelic measures), 0.001 
(heterozygosity measures), and 0.002 (F).
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Additional simulations regarding alternative parameter 
settings with respect to those considered above are given as 
Supplementary figures. First, the results shown in Figures 
2–4 involved an average of one migrant per generation and 
subpopulation in the management period. Supplementary 
Figure S1 presents results analogous to those of Figure 2 but 
including a lower (0.4) and a higher (2) average number of 
migrations per subpopulation and generation, showing that 
the main results basically hold. Finally, Figures 2–4 refer to 
simulations with a recombination rate between nucleotides of c = 
10–6. Supplementary Figures S2 and S3 show results analogous 
to those of Figures 2 and 3 but considering a recombination 
rate one order of magnitude larger (c = 10–5). The results are, in 
general terms, also similar to those obtained before.

DISCUSSION

Preservation of genetic diversity is one of the main objectives 
of conservation programs (Frankham et al., 2010; Allendorf 
et al., 2013; Oldenbroek, 2017). Because many threatened 
species have fragmented habitats and many populations 
maintained in captivity are structured, conservation methods 
should consider population subdivision and focus on a 
global management, including possible migrations among 
subpopulations, rather than being restricted to local efforts 
(Frankham et al., 2010, Chap. 17). In addition, in the absence 
of genealogical data, molecular markers are used to analyze 
population diversity and make conservation designs regarding 
genetic objectives (Benestan et al., 2016; Fuentes-Pardo 
and Ruzzante, 2017). Here we have addressed the question 
of which marker diversity parameters should be better 
considered for making conservation management decisions 
in a subdivided population. For multiallelic markers (such 
as microsatellite loci) or biallelic ones (such as SNPs) that 
can be analyzed as multiallelic ones if considering multi-SNP 
haplotypes (e.g., Zhao et al., 2019), decisions can be taken 
on expected heterozygosity or allelic diversity measures. We 
have investigated the outcome of a subdivided population 
maintained with different optimization procedures aimed at 
maximizing heterozygosity or allelic diversity. Each method 
was successful in maintaining the diversity measure aimed 
at, but they showed remarkable differences on how much of 
the rest of diversity parameters are conserved, the distribution 
patterns of diversity within and between populations, 
and the level of molecular inbreeding (homozygosity). 
The results confirm some preliminary runs carried out by  
López-Cortegano et al. (2019) to illustrate the use of the 
software Metapop2 with multiallelic markers. Thus, allelic 
diversity methods, in particular maxAT, can be recommended 
as the method of choice because it maintains a high allelic 
richness in the population (uniformly distributed across 
subpopulations) and controls inbreeding rather efficiently.

We considered two scenarios regarding the number of 
markers to be managed. One in which a specific set of loci is the 
target for conservation, as it could apply, for example, to specific 
loci of interest, such as those related to the immune system. In 

this case, because management is carried out on the specific 
loci of interest, the management methods are very effective in 
increasing genetic diversity (Figure 2). Another scenario has the 
objective of preserving the whole genomic diversity by using a 
restricted number of markers. In this case, the management 
methods are obviously less effective (Figure 3), and the degree 
of success will depend on the number of markers considered and 
the genetic structure of the species. We used a relatively high 
density of markers and, in this situation, the methods were rather 
effective in conserving genetic diversity for the whole sequence. 
However, it is expected that the availability of only a low number 
of markers will be less effective in achieving proper management 
of the whole genome.

It has been suggested that the number of alleles relates more 
strongly to the long-term capacity of populations to adapt to 
changing environments (James, 1970; Hill and Rasbash, 1986; 
Wilson et al., 2009; Medugorac et al., 2011). Caballero and 
García-Dorado (2013) showed, through computer simulations, 
that the long-term adaptive potential of a subdivided 
population subject to natural selection relates more strongly 
to allelic diversity. Vilas et al. (2015) performed an experiment 
with Drosophila melanogaster in which synthetic populations 
were built from a group of subpopulations by maximizing 
either the heterozygosity or the total number of alleles for nine 
microsatellite loci. Artificial selection for sternopleural bristle 
number during eight generations showed that the response to 
selection was larger (for both upward and downward number 
of bristles) for synthetic populations obtained by maximizing 
the number of marker alleles than for those obtained by 
maximizing marker heterozygosity. In addition, it has been 
observed in Arabidopsis halleri that genome-wide SNP diversity 
does not show a significant correlation with microsatellite 
heterozygosity based on 20 markers but is significantly 
correlated with microsatellite allelic richness (Fischer et al., 
2017). These results thus suggest that maximization of allelic 
diversity can be a more desirable conservation strategy than 
maximization of expected heterozygosity of multiallelic 
markers regarding the maintenance of the adaptive potential 
of populations. On the other hand, inbreeding must also be 
avoided because of the negative effects associated to inbreeding 
depression (Charlesworth and Willis, 2009). Method maxAT 
seems to accomplish both objectives.

Maximizing global heterozygosity is achieved by leading 
genes to intermediate allele frequencies (Fernández et al., 2004). 
In fact, maximizing heterozygosity is equivalent to maximizing 
the effective number of alleles, that is, the number of alleles per 
locus if all had the same frequency (Crow and Kimura, 1970). 
We checked this by performing simulations where a global 
optimization is made on the total effective number of alleles 
in the population, finding results identical to those for maxHT 
with λ = 1. In a single undivided population, this tendency for 
equalizing allelic frequencies within each locus has the advantage 
of leading rare alleles to intermediate frequencies and thus also 
avoiding their loss. Thus, in undivided populations, maxHT can 
be the most appropriate method to be carried out for conserving 
both a high heterozygosity and a high number of alleles 
(Fernández et al., 2004). In subdivided populations, maxHT also 
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implies a reduction in the variance of allelic frequencies within 
loci (VarFreq in Figures 2 and 3), but maximization of global 
heterozygosity is made at the cost of an increase of homozygosity 
(and thus inbreeding) in each subpopulation, at least in the short 
term, and a substantial loss of alleles (F and K, respectively, in 
Figures 2 and 3). Only if all weight in the optimization is given 
to within-subpopulation variation, maxHT would make the 
best control of molecular inbreeding (λ = 1,000 in Figure 4). 
However, the overall number of alleles maintained would still be 
lower than that maintained by the allelic diversity optimization 
methods (K in Figure 4).

Regarding allelic diversity procedures, we have compared the 
allelic diversity partition suggested by Caballero and Rodríguez-
Ramilo (2010) (maxAT) with a method aimed at maintaining the 
overall number of alleles in the population (maxK). Although the 
former can be used to control the distribution of allelic variants 
within and between subpopulations, the second is applied 
without such a control. A notable different outcome is observed 
with each method. Method maxK maximizes, as expected, the 
total number of alleles in the whole population, but alleles are 
distributed variably across subpopulations, as indicated by a 
high value of DA. In contrast, maxAT maintains almost as many 
alleles as maxK in the whole population but keeps them more 
homogeneously distributed over subpopulations, as indicated 
by a low value of DA. In conservation programs of structured 
populations, the objective may be to maintain reservoirs of 
variation such that there is little overlap between different 
subpopulations, for example, when there are local adaptations 
and a risk of outbreeding depression, in which case, a method 
such as maxK could be more appropriate. However, the loss 
of a subpopulation implies, in this case, the irreversible loss of 
allelic variation. If, on the contrary, allelic diversity is maintained 
uniformly in all subpopulations, as achieved by maxAT (and, 
to some extent, by maxHT), the loss of a subpopulation does 
not imply a loss of allelic diversity because each subpopulation 
would provide a backup for the others. In a recent article,  
Ramljak et al.  (2018) have proposed to use the statistic AT to 
prioritize different European cattle breeds for conservation.

Ollivier and Foulley (2013) have argued that the partition of 
allelic diversity proposed by Caballero and Rodríguez-Ramilo 
(2010) does not meet two properties. First, that the partition 
of within- and between-subpopulation components is not 
orthogonal because both components are not independent. 
Second, that it does not meet concavity, which means that 
diversity cannot decrease when a subpopulation is added or 
increase when a subpopulation is dropped. The lack of these 
supposedly desirable properties also affects Nei’s heterozygosity 
partition because both partitions follow the same approach. The 
lack of orthogonality of Nei’s partition has also been discussed 
by Jost (2008) (but see also Whitlock, 2011; Wang, 2012). 
Ollivier and Foulley (2013) recommended a definition of allelic 
diversity that relies mostly on the presence of private alleles, 
that is, a subpopulation only contributes to the total allelic 
diversity if it carries unique alleles in the population. Thus, if 
the subpopulations have no private alleles, their contribution to 
global allelic diversity is null and, in that scenario, the distribution 
of the allelic variants across subpopulations is irrelevant. In 

that sense, method maxK, whose objective is to maximize the 
total number of allelic variants in the whole population, would 
be consistent with that view of managing allelic diversity. Our 
results, in fact, show that maxK maximizes the total number of 
alleles, but maxAT produces almost the same outcome in terms 
of total allelic number with the desirable addition of a better 
control of inbreeding.

In summary, our results suggest that maxAT, the maximization 
of the total allelic diversity (AT) following Caballero and 
Rodríguez-Ramilo (2010), which represents the total number of 
alleles present in a given pair of subpopulations averaged for all 
possible pairs, could be recommended as a standard management 
method for conservation programs of structured populations 
on the basis that it is efficient in preserving allelic diversity, 
within-subpopulation variation, and restraining inbreeding, thus 
guaranteeing the capacity of adaptation to short- and long-term 
environmental challenges.
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Domestication of Atlantic salmon started approximately 40 years ago, using artificial 
selection through genetic improvement programs. Selection is likely to have imposed 
distinctive signatures on the salmon genome, which are often characterized by high 
genetic differentiation across population and/or reduction in genetic diversity in regions 
associated to traits under selection. The identification of such selection signatures may 
give insights into the candidate genomic regions of biological and commercial interest. 
Here, we used three complementary statistics to detect selection signatures, two 
haplotype-based (iHS and XP-EHH), and one FST-based method (BayeScan) among 
four populations of Atlantic salmon with a common genetic origin. Several regions were 
identified for these techniques that harbored genes, such as kind1 and chp2, which have 
been associated with growth-related traits or the kcnb2 gene related to immune system 
in Atlantic salmon, making them particularly relevant in the context of aquaculture. Our 
results provide candidate genes to inform the evolutionary and biological mechanisms 
controlling complex selected traits in Atlantic salmon.

Keywords: selection signatures, Salmo salar, Domestication, SNP data, artificial selection

BACKGROUND

Domestication is a complex evolutionary process whereby wild animals or plant populations adapt 
to environmental conditions created by humans and so involves genetic and developmental changes 
over multiple generations (Price, 1984; Liu et al., 2017). Since the beginning of domestication, 
humans have exploited the genetic diversity of various species to model them according to their 
needs (Driscoll et al., 2009). This has been amplified since the establishment of explicit genetic 
improvement objectives. As a result of intense selection pressure, dramatic phenotypic changes 
(Rubin et al., 2012) and substantial and continued genetic improvement have been made in domestic 
populations over the past decades (Hill and Bunger, 2004).

Domestication in most fish is relatively recent compared with terrestrial animals (Teletchea and 
Fontaine, 2014; López et al., 2015), but has expanded rapidly over the last decades (Lorenzen et al., 
2012), and several breeding programs have been implemented in different aquatic species, such as 
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tilapia (Oreochromis niloticus L), rainbow trout (Oncorhynchus 
mykiss W), coho salmon (Oncorhynchus kisutch W), and Atlantic 
salmon (Salmo salar L) among others (Gjedrem, 2010; Gjedrem, 
2012; Yáñez et al., 2014). The latter has become one of the 
most important aquaculture species (FAO, 2016), since it was 
first farmed in Norway during the 1960s. Despite a generation 
interval of 3 to 4 years, breeding programs have achieved rapid 
improvement of economically important traits, such as growth, 
sexual maturation, and disease resistance (Gjedrem et al., 2012). 
Domestication and subsequent artificial selection have produced 
stark phenotypic changes in farmed Atlantic salmon populations 
(Glover et al., 2017), as evidenced by differences in traits, such 
as growth and predator awareness, between wild and farmed 
populations (Thodesen et al., 1999; Glover et al., 2009; Solberg 
et al., 2012) (Einum and Fleming, 1997).

Positive selection pressures (natural and artificial) 
experienced by population undergoing selection will cause the 
frequency of alleles underlying favorable traits to increase rapidly. 
Linkage disequilibrium (LD) between favorable mutations and 
neighboring loci will increase and spread, given that there is 
little opportunity for recombination over the brief time since 
the onset of intense selection (Sabeti et al., 2002). Analyses of 
these selection signatures in domestic animals can provide 
further insights into the genetic basis of adaptation to diverse 
environments and genotype/phenotype relationships (Oleksyk 
et al., 2010; Andersson, 2012). Access to genomic data through 
next-generation sequencing and high-throughput genotyping 
technologies have made the comparison of genomic patterns 
of single nucleotide polymorphism (SNP) variation between 
different livestock breeds possible, allowing for the identification 
of putative genomic regions and genes under selection in several 
terrestrial domestic species, including cattle (e.g., Taye et al., 
2017), horses (e.g., Avila et al., 2018), sheep (e.g., Ruiz-Larrañaga 
et al., 2018), and pigs (e.g., Gurgul et al., 2018).

There are several approaches for detecting genomic selection 
signatures, one of which relies on the length or variability of 
haplotypes. Directional selection acting on a new, beneficial 
mutation causes the haplotype harboring the mutation to 
increase in frequency and to be longer than average. To exploit 
this pattern for detecting positive selection, Sabeti et al. (2002) 
proposed the extended haplotype homozygosity (EHH) 
statistic, which is specifically the probability that two randomly 
selected haplotypes are identical-by-descent over their entire 
length around a core SNP (Sabeti et al., 2002). This concept 
forms the basis for other haplotype homozygosity-based 
metrics, such as the relative EHH (REHH) (Sabeti et al., 2002) 
and the widely used integrated haplotype score (iHS) (Voight 
et al., 2006). iHS compares EHH between derived and ancestral 
alleles within a population and has the most power to detect 
selection when the selected allele is at intermediate frequencies 
in the population (Sabeti et al., 2006; Voight et al., 2006). To 
detect selection signatures between populations, the cross-
population extended haplotype homozygosity test (XP-EHH) 
compares the integrated EHH profiles between the two 
populations in the same SNP. This test was designed to detect 
ongoing or nearly complete selective sweeps in one population 
(Sabeti et al., 2007). An alternative approach for identifying 

selection signatures when there are multiple populations 
for comparison is divergence-based methods, which focus 
on identifying outlier loci with either higher or lower allele 
frequency differences among populations than expected 
without selection (Beaumont and Balding, 2004; Foll and 
Gaggiotti, 2008; Excoffier et al., 2009). One common approach 
for quantifying the degree of genetic differentiation between 
populations is through the fixation index, FST, (Wright, 1951). 
An unusually high FST value at a given locus can be indicative of 
directional selection. Divergence approaches to identify signals 
of selection have been successful in several domestic species 
including swine (Cesconeto et al., 2017), sheep (Manunza et al., 
2016), and cattle (Maiorano et al., 2018) among others.

Although previous studies have already been carried out 
to detect selection signatures in Atlantic salmon (Mäkinen 
et al., 2014; Gutierrez et al., 2016; Liu et al., 2017; López et al., 
2018), using multiple different strains adapted to different 
culture conditions across hemispheres, to explore how genetic 
variation among them differs, has not been done yet. Herein, 
we used an Affymetrix 200K SNP array data set to investigate 
selection signatures in farmed Atlantic salmon populations 
from the same origin, and subsequently cultivated in Ireland 
and Chile. We found evidence of selection using two haplotype-
based approaches iHS and XP-EHH and one FST-based method, 
BayeScan, in the genomes of four Atlantic salmon populations. 
These findings are important because they highlight regions of 
the genome that might benefit economically relevant attributes, 
such as growth, resistance to local diseases, and adaptation to 
specific environmental conditions.

MATERIALS AND METHODS

Samples, Genotyping, and Quality Control
This study was performed using a total of 270 individuals from 
four populations (Pop-A, n = 40; Pop-B, n = 71; Pop-C, n = 85; 
Pop-D, n = 74) derived from the Mowi strain. This strain comes 
from one of the first farmed Atlantic salmon populations, which 
was established with fish from west coast rivers in Norway, with 
major contributions from River Bolstad in the Vosso watercourse, 
River Årøy, and possibly from the Maurangerfjord area 
(Verspoor et al., 2007). Salmon from the Vosso and Årøy rivers 
are characterized by large size and late maturity (Verspoor et al., 
2007). Phenotypic selection for growth, late maturation and fillet 
quality was the focus in this population until 1999 (Glover et al., 
2009). Ova from this population were imported into the Fanad 
Peninsula, Ireland, between 1982 and 1986 to establish an Irish-
farmed population (Norris et al., 1999). Individuals from this 
population comprise Pop-A, which we estimate had been under 
artificial selection for growth for at least 10 generations prior to 
sampling. Similarly, ova from this farmed, Irish population were 
introduced into Chile in the early 1990s to establish separate 
farmed populations in the Los Lagos Region (42°S 72°O) and the 
Magallanes Region (53°S 70°O). Pop-B and Pop-C correspond 
to samples from two different populations in the Los Lagos 
Region that were initially founded with fish from different year-
classes. Samples from Pop-D represent one population founded 
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in the Magallanes Region. The three Chilean populations were 
subsequently adapted to the biotic and abiotic conditions present 
in southern hemisphere. These populations experienced four 
generations of selective breeding for growth in Chilean farming 
conditions prior to sampling, which occurred at the same time 
that Pop-A was sampled in 2014.

All populations were genotyped using Affymetrix’s Atlantic 
salmon 200K SNP Chip described in Yáñez et al. (2016). We 
performed SNP quality control using the Axiom Genotyping 
Console (GTC, Affymetrix) and SNPolisher (an R package 
developed by Affymetrix), which i) removed SNPs that did 
not conform high-quality clustering patterns as outlined by 
Affymetrix, ii) removed SNPs with genotype call rate lower than 
95%, and iii) discarded individuals with genotyping call rate 
under 90%. As part of the validation of the SNPs chip used in this 
study, Yáñez et al. (2016) identified loci significantly deviating 
from Hardy–Weinberg equilibrium in eight populations 
separately and removed these sites if they were deviating 
from Hardy–Weinberg equilibrium among all populations. 
In addition, we limited our analyses to SNPs that mapped to 
chromosomes in the newest version of the Atlantic salmon 
reference genome, ICSAG_v2 (GenBank: GCA_000233375.4), 
which comprised 149,060 SNPs.

Genetic Diversity, LD, and 
Population Structure
We evaluated genetic diversity in terms of the observed 
heterozygosity (HO) and expected heterozygosity (HE) calculated 
with PLINK v1.09 (Purcell et al., 2007). We calculated the pair-
wise LD as the Pearson’s squared correlation coefficient (r2) for 
each population and within chromosomes using PLINK v1.09 
(Purcell et al., 2007). For each SNP pair, bins of 100 kb were 
created based pairwise distance. To investigate population 
structure, we performed a principal component analysis (PCA) 
based on genotypes as implemented in PLINK v1.09 and inferred 
individual ancestry proportions with ADMIXTURE 1.2.2 
(Alexander et al., 2009). For the admixture analysis, we performed 
200 bootstraps with a number of ancestral lineages (K) ranching 
from 1 to 20. Ten-fold cross validation (CV = 10) was specified, 
and we retained results from the K having the lowest cross-
validation error. The aforementioned analyses were conducted 
using a total of 21,950 SNPs, which had a minor allele frequency 
(MAF) larger than 0.05, were in Hardy–Weinberg equilibrium, 
and which had LD values of at most 0.4 (to minimize possible 
confounding effects of LD on the patterns of genetic structure).

Selection Signatures, Gene Annotation, 
and Functional Analyses
To identify genomic regions harboring selection signatures, we 
used one within population iHS and two between-population 
methods (XP-EHH and BayeScan) over a subset of 120,316 SNPs 
that had MAF > 0.05 among all populations.

(1) iHS. The iHS score for detecting selection is based on the 
ratio of EHH for haplotypes anchored with the ancestral versus 
derived allele. The ancestral allele state for our Atlantic salmon 

populations is unknown and so to avoid losing SNPs by trying 
to polarize them from publicly available outgroup references, we 
assumed that the major allele represented the ancestral state as in 
Bahbahani et al. (2015). We phased the haplotypes using Beagle 
v.5.0 (Browning and Browning, 2009). Single-site iHS values 
across the genome were calculated for each populations using 
the REHH package (Gautier and Vitalis, 2012). These per site 
iHS values were standardized so that they were approximately 
distributed according to a standard normal distribution. We 
required candidate-selected regions to have at least two SNPs ≤ 
500 kb apart, each with iHS scores with -log10(p value) of at least 
three (p value ≤ 0.001) based on a one-tailed test assuming that 
the standardized iHS ~ N(0,1).

(2) XP-EHH. The XP-EHH statistic compares the integrated 
EHH between two populations at the same SNP, to identify 
selection based on overrepresented haplotypes in one of the 
populations (Sabeti et al., 2007). We evaluated three different 
pairs of populations with this method Pop-B/Pop-A, Pop-C/
Pop-A, and Pop-D/Pop-A. This design was used because of the 
main objective of this study was to assess how selective pressures 
have affected populations cultivated in Chile, relative to their 
founding population, Pop-A, which was used as the reference 
population. Therefore, we excluded the comparisons between 
Chilean populations. The XP-EHH statistics were calculated as 
ln(IPopO/IPopR), where IPopO is the integrated EHH for the observed 
populations and IPopR is the integrated EHH value of the reference 
population. Negative XP-EHH scores suggest selection in the 
“reference” population, whereas positive scores suggest selection 
acting in the “observed” population. A -log10(p value) of three (p 
value ≤ 0.001) was used as the lower threshold for considering 
XP-EHH score as significant evidence of selection and at least 
two SNPs ≤ 500 kb apart.

(3) BayeScan. We used the Bayesian likelihood method 
implemented in BayeSCAN v.2.1 to estimate the posterior 
probability that loci are experiencing selection (Foll and 
Gaggiotti 2008). This method models allele frequencies in 
subpopulations derived from a single ancestral population using 
Dirichlet distributions, which allows for estimating the degree of 
coancestry within each of these subpopulations through the sum 
of population-specific, β, and locus-specific, α, effects, making 
outlier detection robust to confounding complex demographic 
histories. By estimating the posterior probabilities for both the 
model including both effects and the model omitting the locus-
specific effect, the posterior probability (and posterior odds) for 
selection at a specific locus can be obtained. When α > 0 for a 
specific locus, it is evidence of directional selection acting on that 
locus, whereas α < 0 suggests balancing or purifying selection. 
This method was run with 5,000 burn-in iterations, followed by 
10,000 iterations with a thinning interval of 10. We evaluated the 
same three pairs of populations of XP-EHH method: Pop-B/Pop-
A, Pop-C/Pop-A, and Pop-D/Pop-A. We considered candidate 
loci under selection as those having a Bayes factor of at least 32 
(-log10 = 1.5) and a positive value of α (directional selection), 
corresponding to a posterior probability of 0.97 and considered 
as being “very strong” evidence of selection and as in iHS and 
XP-EHH, we required the candidate selected regions to have at 
least two SNPs ≤500 kb apart.
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Gene Functional Annotation
Genomic regions harboring SNPs showing evidence of selection 
were annotated based on the ICSAG_v2 reference genome 
(Lien et al., 2016). We defined the position of the first and last 
SNP as boundaries of regions putatively under selection using 
BedTools (Quinlan and Hall, 2010). Gene transcripts from these 
candidate regions were aligned (using blastx) (Altschul et al., 
1990) to the zebra fish (Danio rerio) peptide reference database 
(downloaded from http://www.ensembl.org/) to determine gene 
identify. As evidence of homology, we used an e-value ≃ 0 and 
then retrieved the zebra fish gene identifiers information from 
the ensemble biomart database (http://www.ensembl.org/index.
html). Functional annotation of detected genes was performed 
using DAVID (Huang et al., 2009) with gene list of zebra fish 
(Danio rerio) as reference in Gene Ontology (GO) analysis.

RESULTS

Genetic Diversity and Structure
We performed PCA based on genotypes to look at the genetic 
relationship among individuals in our sample. The first and 
second components accounted for 14.2% and 10.3% of the 
genetic variation, respectively (Figure 1). Pop-A and Pop-C 
showed close genetic relationship to each other and were most 
distant to Pop-D from the Magallanes Region along PC1. Pop-B 
lies between the Pop-A/Pop-C cluster and Pop-D along PC1, 
with some overlap with Pop-C, which was introduced into the 
same Los Lagos Region as Pop-B. Overall, principal components 
showed low genetic variation between populations, but higher 
within populations, especially in Pop-D that exhibits the most 
difference among individuals along PC1. Also noteworthy is 

that Pop-D, with the highest observed heterozygosity (Table 1), 
is uniformly farther to the other farmed populations, except for 
some individuals from Pop-B. We also performed an Admixture 
analysis to determine the composition of ancestral lineages 
among individuals. We found that 11 ancestral lineages were 
optimal for describing the ancestry of the individuals across the 
four populations (Figure 2). Consistent with the PCA and having 
the lowest heterozygosity, Pop-A individuals are all relatively the 
most similar among the populations in terms of their ancestral 
proportions, being dominated by one ancestral lineage. In 
contrast, Pop-D individuals tend to be dominated by a single 
ancestral lineage, but among individuals, the represented lineages 
are quite different, which is consistent with Pop-D individuals 
being quite different from each other in the PCA. Pop-B and 
Pop-C show similar degrees of mixed ancestry, though the 
dominant lineage is different between the two.

Observed heterozygosity levels were similar across the 
four domestic populations and were slightly higher than 
expected for populations A, B, and C, and even more so 
for population D. All these genetic diversity measures were 
statistically significant (p < 0.05, Kruskal–Wallis test) (see 
Table 1). Overall LD results revealed similar patterns for 
Pop-A and Pop-D, which presented longer range of LD and 
slower decay in comparison with Pop-B and Pop-C, that also 
presented similarity between them and a substantial faster 
LD decay (Figure 3). LD measures (r2) of each chromosome 
and population are shown in Table S1 and Figure S1. Similar 
patterns were observed when the chromosomes were analyzed 
separately. Nevertheless, LD decay in Pop-A was noticeably 
stronger in chromosomes 2, 9, 19, and 29, whereas LD 
decay  in Pop-D was stronger in chromosomes 13, 17, and 
26 (Figure S1).

Candidate Regions Under Selection—iHS
We looked for evidence of selection by comparing the decay of 
association between alleles from the major versus minor allele 
at core SNPs using iHS. We found 115, 63, 142, and 467 core 
SNPs with significant iHS statistics (p ≤ 0.001) for Pop-A, -B, 
-C, and -D respectively (Figure 4, Table 2). We find 27, 12, 23, 
and 83 regions in these respective populations with at least two 
significant SNPs that are ≤ 500 kb apart, which we classify as 
putatively, selected regions.

Candidate regions for Pop-A were on Ssa01, Ssa05, and Ssa22. 
The candidate regions having SNPs with the most significant 

FIGURE 1 | Principal components analysis (PCA) of genetic differentiation 
among individuals. Each point represents one individual, and different colors 
represent populations. 

TABLE 1 | Genetic diversity values in terms of Observed heterozygosity (Ho) 
and Expected heterozygosity (HE) across four Atlantic salmon populations used 
in this study.

Population Ho He

Pop-A 0.4 ± 0.13 0.39 ± 0.11
Pop-B 0.41 ± 0.11 0.41 ± 0.1
Pop-C 0.41 ± 0.11 0.41 ± 0.1
Pop-D 0.47 ± 0.17 0.39 ± 0.11

All these genetic diversity measures were statistically significant (p < 0.05, Kruskal–
Wallis test).
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iHS scores were on Ssa05, Ssa10, and Ssa14, which contained the 
genes igfbpl1 and mipol1.

Pop-B had 12 regions with an average length of ~ 250 kb 
putatively under selection distributed among five chromosomes. 
The highest iHS score was for a region found on Ssa13 [-log(p 
value) = 4.17] containing 26 genes including the soga1 gene. 
Pop-C had 23 candidate regions that were on average ~370 kb 
long, and which spanned a total of 165 genes. The 1,570-kb-long 
region with one of the most significant iHS score was on Ssa22, 
and spanned the genes kcnkf, sc61a, and mstn1. Pop-D had the 
most significant number of SNPs (467) and had 83 putatively 
selected genomic regions under our criteria. Most of these 
regions were located on Ssa01, Ssa10, Ssa13, and Ssa26 and 
spanned genes, such as haus2, itfg1, and phkb. Details of the total 
regions and genes can be found in Supplementary Tables S2 and 
S5, respectively.

Candidate Regions Under Selection— 
​XP-EHH
We compared the decay of LD from a core SNP as measured by 
EHH between the Norwegian source population and the three 
derived Chilean populations (Pop-B/Pop-A, Pop-C/Pop-A, 
Pop-D/Pop-A) to detect regions having unusually high EHH and 
overrepresented haplotypes consistent with selection. In total, 
we detected 482 (Pop-B/Pop-A), 800 (Pop-C/Pop-A), and 207 
(Pop-D/Pop-A) XP-EHH outlier SNPs indicative of selection 
(Figure 5, Table 3). The sign of the XP-EHH score indicates 
which population selection is acting on. Here, negative scores 
suggest selection in Pop-A. Most significant SNPs, which we 
considered as those with XP-EHH score p ≤ 0.001, had negative 
scores, suggestive of selection in the Irish source population. 
The Pop-C/Pop-A and Pop-D/Pop-A comparisons yielded 
38 and 3 significant SNPs with positive scores respectively, 
suggesting that the C and D populations underwent selection 
after their introduction into Chile. The significant, positive 
scores suggesting selection in Pop-C were found on Ssa16 within 
two regions spanning a total of 664.2 kb and which harbored 17 
genes. The significant SNPs pointing to selection in Pop-D were 
located on Ssa14 in an 18.4-kb region, which contained the gene 
agla. XP-EHH did not detect selection signatures in Pop-B, as 
all significant scores for the Pop-B/Pop-A pair were negative. 
We classified potential genomic regions under selection as those 
containing two or more significant, adjacent SNPs less than 500 
kb apart. After merging overlapping regions, we identified 34, 
28, and 23 candidate regions from the Pop-B/Pop-A, Pop-C/
Pop-A, and Pop-D/Pop-A comparisons respectively, which 
were all suggestive of selection in Pop-A. The average lengths 
of the candidate regions are approximately 338 kb for Pop-B/
Pop-A, 546.5 kb for Pop-C/Pop-A, and 139 kb for Pop-D/Pop-A.  
Together, these regions span a total of 667 genes. Details of the 
total regions and genes detected by XP-EHH can be found in 
Supplementary Table S3 and S6, respectively.

FIGURE 3 | Decay of average linkage disequilibrium (r2) over distance across 
the four farmed populations. Different color lines represent populations: 
Pop-A = Red, Pop-B = Green; Pop-C = Turquoise and Pop-D = Purple. 

FIGURE 2 | Individual assignment probabilities generated with ADMIXTURE (1⩽K⩽11). Each color represents a cluster, and the ratio of vertical lines is proportional 
to assignment probability of and individual to each cluster. 
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Candidate Regions Under 
Selection—BayeScan
We used the Bayesian approach for estimating the posterior odds 
of selection acting at particular loci based on pairwise divergence 
between ancestral and derived populations implemented in 

BayeScan. By applying the BayeScan method to Pop-B/Pop-A, 
Pop-C/Pop-A, and Pop-D/Pop-A population pairs we, respectively, 
found 167, 155, and 193 SNPs with posterior odds ratios above 
32, which was our threshold for showing significant evidence of 
selection (Figure 6, Table 4). FST-based methods do not directly 

FIGURE 4 | Genome-wide distribution of -log10(P value) of standardized integrated haplotype score (iHS) across four Atlantic salmon populations: (A) Pop-A, 
(B) Pop-B, (C) Pop-C, and (D) Pop-D.
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indicate in which population selection is acting; therefore, we 
describe our findings in terms of the population pairs. Since 
we expect regions that are truly under selection to have clusters 
of highly diverged SNPs in LD, we considered only regions 
containing at least two significant SNPs that were less than 500 
kb adjacent to each other as being strong selection candidates. 
Under this criterion 104, 98, and 121 SNPs with posterior odds 
ratios of selection above 32 remain of interest for the Pop-B/Pop-A,  
Pop-C/Pop-A, and Pop-D/Pop-A comparisons, respectively. 
Clusters of SNPs identified as being in or adjacent to putatively 
selected regions from the Pop-B/Pop-A comparison represent 31 
regions that are, on average, ~96.8 kb long and which harbored 58 
genes. The Pop-C/Pop-A comparison showed 98 highly diverged 
regions among 29 regions that were, on average, ~220.7 kb long and 
which spanned 200 genes. Finally, the Pop-D/Pop-A comparison 
revealed 28 candidate regions that were, on average, ~153.6 kb long 
and contained 130 genes. Only two SNPs among these candidate 
regions showed evidence of selection among the three population 
pairs, which were located on Ssa29 in association with the kmt2ca 

gene. Twenty SNPs suggestive of selection were shared between 
Pop-B/Pop-A and Pop-C/Pop-A and were associated to regions 
that harbor 12 genes rabac1, znf1030, tpi1b, si:ch211-206a7.2, 
znf1041, lpcat3, atp1a3b, zgc:158654, and myh10 on Ssa02, znf385d 
on Ssa05, agbl4 on Ssa10, and CR388166.1, and kmt2ca on Ssa29. 
Four candidate SNPs were common to Pop-C/Pop-A and Pop-D/
Pop-A and two between Pop-B/Pop-A and Pop-D/Pop-A, which 
correspond to the kmt2ca gene shared among three population 
pairs. Details of the total regions and genes detected by BayeScan 
can be found in Supplementary Tables S4 and S7, respectively.

Gene Ontology for Candidate Genes 
Under Selection
To further explore the functions of the candidate genes spanned by 
regions showing evidence of selection from the iHS, XP-EHH, and 
BayeScan analyses, we annotated the candidate genes using the 
DAVID browser (https://david-d.ncifcrf.gov). The candidate genes 
were enriched in 37 gene ontology (GO) terms overall, most of them 

TABLE 2 | Ten genome regions spanning the strongest detected selection signatures by iHS in each population.

POP CHR START END -log(p) |iHS| N SNPs SIZE (kb)

Pop-A 1 35662318 35684677 3.9515 3.8634 4 22.4
1 40728165 40728699 3.9306 3.8516 2 0.5
5 25918328 25932901 3.9169 3.8439 2 14.6
5 28372137 29065939 4.2779 4.0432 5 693.8
5 29574408 29842752 4.9158 4.3751 4 268.3
5 55278111 55732536 4.2454 4.0256 2 454.4

10 79382450 79401333 4.6374 4.2331 3 18.9
14 24674586 25715785 4.188 3.9944 6 1041.2
14 56736246 57120611 3.98 3.8794 4 384.4
15 22773166 23073140 4.0388 3.9122 6 300

Pop-B 1 55995699 56003301 3.7914 3.7725 2 7.6
1 63381907 63519535 3.5006 3.602 3 137.6
1 95895287 95964374 3.5929 3.6568 2 69.1
1 98490168 98568189 3.7394 3.7425 3 78
6 65448844 65496448 3.8025 3.7788 2 47.6

10 29948442 30759289 3.347 3.509 4 810.8
12 71810541 71833088 3.1679 3.3978 2 22.5
13 22110373 22139660 3.371 3.5237 3 29.3
13 27127510 28267153 4.1737 3.9866 10 1139.6
13 41965178 42139618 3.8649 3.8144 15 174.4

Pop-C 10 104686655 105233083 4.3935 4.1051 10 546.4
10 107544485 107633657 4.0535 3.9204 4 89.2
16 6030690 6249119 3.8867 3.8268 3 218.4
16 12985501 13367987 3.8395 3.7999 4 382.5
16 14071951 14921512 4.9062 4.3703 7 849.6
19 16762570 17099010 3.7932 3.7735 3 336.4
19 17814180 18048311 3.877 3.8213 4 234.1
19 26510295 26774029 4.4423 4.131 7 263.7
22 16108465 17678398 4.9676 4.401 23 1569.9
22 21553029 22158359 3.9096 3.8398 6 605.3

Pop-D 1 36254384 36351335 6.8581 5.267 2 97
1 57451430 57811304 5.5208 4.6699 2 359.9

10 80280055 81084212 4.9294 4.3819 6 804.2
10 83621134 84353833 4.8176 4.3255 9 732.7
10 93572235 93962188 4.9072 4.3708 3 390
12 53402445 54250457 5.2386 4.5345 6 848
13 14998846 15196522 6.6012 5.1573 5 197.7
14 8208052 9149527 5.1987 4.5151 10 941.5
24 24577538 26845034 6.3462 5.0462 54 2267.5
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FIGURE 5 | Genome-wide distribution of -log10(P value) of standardized cross-population extended haplotype homozygosity (XP-EHH) scores across three pairwise 
Atlantic salmon populations: (A) Pop-B/Pop-A, (B) Pop-C/Pop-A, and (C) Pop-D/Pop-A.

TABLE 3 | Genome regions spanning the strongest detected selection signatures by XP-EHH in populations A, C and D.

POP CHR START END -log(P) XP-EHH N SNPs Size (kB)

Pop-A 10 28741972 31140475 6.324 -5.0365 153 2398.5
9 23728364 24144245 6.0912 -4.9328 15 415.9
10 24160722 26099914 5.8281 -4.8132 127 1939.2
9 113910288 114187655 5.4365 -4.6298 30 277.4
10 21739331 23180890 5.3423 -4.5847 54 1441.6
9 101786257 103293781 5.2766 -4.553 56 1507.5
10 73472292 74738689 5.021 -4.4276 73 1266.4
9 3674860 4026195 5.0148 -4.4245 14 351.3
9 11161334 11559014 4.823 -4.3282 19 397.7
9 114997862 115904242 4.7511 -4.2916 44 906.4

Pop-C 16 3564058 3808523 5.0253 3.2964 13 244.5
16 4345514 4765204 4.4036 3.2915 25 419.7

Pop-D 14 14636389 14654809 3.872 3.5093 3 18.4
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FIGURE 6 | Genome-wide distribution of -log10(q value) in BayeScan analysis across three pairwise Atlantic salmon populations: (A) Pop-B/Pop-A, (B) Pop-C/Pop-A, 
and (C) Pop-D/Pop-A.
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population specific (Table 5). Four GO categories were common 
between Pop-A and Pop-B (single-multicellular organism process, 
single-organism developmental process, regulation of metabolic 
process, and anatomical structure development) and one between 
Pop-C and Pop-D (animal organ development). The remaining 
GO categories were unique to each population.

DISCUSSION

In this study, we used three complementary tests to detect selection 
signatures within and between four Atlantic salmon populations 
with Norwegian origin. We used the iHS test to scan for selection 
signatures within populations and XP-EHH and BayeScan to 
find evidence of selection in terms of divergence of the Chilean 
populations to their ancestral Irish population. We detected several 
genomic regions under putative selection across all of the populations 
evaluated, which provides insight into the genes contributing to 
traits of importance to Atlantic salmon farming. It is important to 
mention that these findings should be interpreted with caution since 
other evolutionary and demographic process, such as bottlenecks 
and differences in the amount of genetic drift resulting from different 
effective populations sizes, can produce patterns of genetic diversity 
that mimic selection leading to the finding of possible false positives 
as well. However, the selection detection methods we used have all 
been shown to be robust to these confounding effects.

Structure and Diversity
To examine genetic population structure and relationships among 
the major groups of salmon, we conducted an ADMIXTURE 
analyses based on high-quality SNP data. This analysis revealed that 
12 ancestral lineages contribute to the modern gene pool represented 
by the four farmed populations, which was expected considering the 
admixed origin of these populations (Verspoor et al., 2007). The four 
populations used in this study are derived from the Mowi strain, 
which was created using samples from several rivers along the west 
coast of Norway (Norris et al., 1999). The population with the lowest 
level of admixture was Pop-A, which was also the population with the 
lowest genetic diversity, a condition that could reflect a better culture 
management, as well as intense artificial selection that erodes genetic 
variation through mating related individuals (Gjedrem, 2005). Pop-B 
and Pop-C which were introduced into the same region in Chile 
have very similar amounts of heterozygosity and similar degrees of 
admixture though the dominant lineages are different, which was 
expected due to the similar breeding practices and environmental 
conditions to which they have been subjected. Pop-D, however, 
showed the highest level of heterozygosity and a more complex 
pattern of admixture, whereby a single ancestral lineage is highly 
represented within individuals but with many ancestral lineages 
present among individuals. This pattern may, in part, reflect lower 
artificial selection pressure. Recent genetic introgression cannot be 
ruled out for Pop-D given the potential for crossing with different 
strains for management reasons. LD analysis revealed that overall 

TABLE 4 | Ten genome regions spanning the strongest detected selection signatures by BayeScan method in each population pair.

POP CHR START END -log(q value) N SNPs SIZE (kb)

Pop-B/Pop-A 1 66642439 66648870 3.097 2 6.4
2 48416445 48567681 2.824 3 151.2
3 37023703 37052183 3.699 2 28.5
5 11553116 11556394 3.046 2 3.3
5 47250892 47494177 2.721 8 243.3
5 69864532 69865664 2.770 2 1.1
7 53824902 53839042 3.155 2 14.1
9 22192894 22527645 4.000 4 334.8
29 23820153 24379023 3.301 10 558.9
29 25107616 25137079 2.721 6 29.5

Pop-C/Pop-A 2 21743330 22285719 3.222 4 542.4
2 24203593 24203644 3.000 2 0.1
2 27316859 27731651 3.155 2 414.8
2 30394158 31352454 3.398 5 958.3
2 69206072 69622942 4.000 2 416.9
5 52915411 53613743 3.398 5 698.3
5 59616884 59678559 3.398 4 61.7
9 30961027 30994613 2.886 4 33.6

13 25691366 25715347 4.000 2 24.0
29 23852604 24289616 2.886 12 437.0

Pop-D/Pop-A 3 1316421 1317893 3.398 3 1.5
9 4536926 4590569 3.699 4 53.6
9 22080850 22146356 2.886 9 65.5
9 84229138 85051608 3.699 6 822.5
9 141700047 141700106 2.959 2 0.1

14 28094905 28343120 3.046 4 248.2
18 64503159 64648197 3.000 2 145.0
20 17158525 17477234 3.699 10 318.7
25 22716335 22760611 2.886 6 44.3
25 38351034 38355710 3.523 2 4.7
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LD decays more rapidly in Pop-B and Pop-C over short physical 
distances and is lower than Pop-A and Pop-D. The pattern of LD 
in Pop-A is consistent with its lower heterozygosity level. However, 
similar pattern was observed in Pop-D, likely due to higher level of 
admixture in this population, where several ancestral lineages can be 
observed. Chromosomal LD decay followed similar patterns, but in 
Pop-A, LD decay was noticeably higher in chromosomes 2, 9, 11, 19, 
and 29, which is agreed with a greater number of regions detected 
under selection in those chromosomes. Conversely, in chromosome 
26, Pop-D showed the highest value of LD (r2 = 0.12), probably 
related to a larger region under selection detected in this population. 
The results presented here also reinforce the notion that exposure 
to different management and environmental conditions over just a 
few generations (at least four in this particular case) is sufficient to 
generate large changes in the genetic structure of farmed Atlantic 
salmon populations with the same genetic origin.

Selection Signatures
Pop-D had regions showing the strongest evidence for selection 
as well as the most candidate regions according to the iHS test. 
Although the iHS test has a lower power to detect selection under 
nearly complete sweeps (Sabeti et al., 2007; Simianer et al., 2010), 
it has greater power when selected alleles are at intermediate 
frequencies. Pop-D has experienced weaker artificial selection 
pressure than the other populations used in this study (Jean Paul 
Lhorente, personal communication), and so the higher number 
of putatively selected regions identified in this population by iHS 
may reflect more sweeps at intermediate frequencies because they 
are taking relatively longer to complete under weaker selection. 
In addition, this population is located in the Magallanes Region 
in Chile, which exposes salmon to more extreme environmental 
conditions than in the Los Lagos region where Pop-B and Pop-C 
were introduced. Therefore, the selection imposed by the natural 

TABLE 5 | Biological processes enriched in genes detected by iHS and XP-EHH in each Atlantic salmon population.

Population Biological Process GO Term % p Benjamini

Pop-A Cellular metabolic process GO:0044237 36.8 3.0E-4 3.7E-2
Organic substance metabolic process GO:0071704 38.7 9.4E-4 5.6E-2
Primary metabolic process GO:0044238 37.1 1.2E-3 4.8E-2
Catabolic process GO:0009056 5.7 2.3E-2 5.1E-1
Single-multicellular organism process GO:0044707 19.1 4.7E-2 7.0E-1
Developmental induction GO:0031128 0.4 5.9E-2 7.1E-1
Single-organism developmental process GO:0044767 19.2 6.7E-2 7.1E-1
Regulation of metabolic process GO:0019222 14.0 7.6E-2 7.0E-1
Anatomical structure development GO:0048856 19.1 9.7E-2 7.5E-1

Pop-B Regulation of signaling GO:0023051 14.5 8.8E-3 4.7E-1
Regulation of cellular process GO:0050794 45.2 1.4E-2 4.0E-1
Regulation of metabolic process GO:0019222 22.6 3.8E-2 6.0E-1
Anatomical structure morphogenesis GO:0009653 17.7 4.8E-2 5.9E-1
Regulation of response to stimulus GO:0048583 12.9 5.0E-2 5.2E-1
Cellular component organization GO:0016043 24.2 5.1E-2 4.7E-1
Single-organism developmental process GO:0044767 27.4 6.2E-2 4.8E-1
Anatomical structure development GO:0048856 27.4 6.6E-2 4.6E-1
Single-multicellular organism process GO:0044707 25.8 9.8E-2 5.6E-1
Methylation GO:0032259 4.8 9.9E-2 5.3E-1

Pop-C Heart development GO:0007507 5.3 2.4E-2 1.0E0
Regulation of cell communication GO:0010646 8.8 2.7E-2 9.7E-1
Regulation of signal transduction GO:0009966 8.2 2.8E-2 9.2E-1
Animal organ development GO:0048513 14.7 3.0E-2 8.8E-1
Organ morphogenesis GO:0009887 6.5 3.3E-2 8.4E-1
Digestive tract development GO:0048565 2.4 3.7E-2 8.2E-1
Muscle system process GO:0003012 2.4 4.9E-2 8.6E-1
Tissue development GO:0009888 9.4 6.3E-2 8.9E-1
Cellular developmental process GO:0048869 13.5 6.5E-2 8.7E-1
Phosphorus metabolic process GO:0006793 12.4 8.1E-2 9.0E-1
System development GO:0048731 17.6 9.7E-2 9.2E-1

Pop-D Pancreas development GO:0031016 1.7 5.1E-3 9.0E-1
Cellular lipid metabolic process GO:0044255 4.0 6.3E-3 7.6E-1
Regulation of blood pressure GO:0008217 1.0 1.1E-2 8.1E-1
Lipid metabolic process GO:0006629 4.7 1.6E-2 8.3E-1
Gland development GO:0048732 2.2 1.6E-2 7.7E-1
Forebrain development GO:0030900 1.5 2.6E-2 8.6E-1
Small molecule metabolic process GO:0044281 6.2 4.4E-2 9.5E-1
Atrioventricular canal development GO:0036302 0.5 5.0E-2 9.5E-1
Organic acid metabolic process GO:0006082 3.5 5.1E-2 9.3E-1
Embryonic organ development GO:0048568 3.5 7.0E-2 9.6E-1
Animal organ development GO:0048513 11.4 8.6E-2 9.7E-1
Single-organism biosynthetic process GO:0044711 4.2 9.2E-2 9.7E-1
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environmental may also contribute to a relatively high number 
of selected regions in Pop-D. In contrast to iHS, XP-EHH is 
powerful at detecting complete or nearly complete selective 
sweeps (Sabeti et al., 2007). According to the XP-EHH method, 
Pop-A shows the greatest number of regions under selection 
across the genome, which is consistent with XP-EHH having 
greater power to identify selection in regions that experienced 
older selection events (Sabeti et al., 2007; Klimentidis et al., 2011) 
than iHS since Pop-A is the oldest population in the present study 
while also being subjected to more intense artificial selection. 
We identified several putative directional selection targets 
using BayeScan, but given the nature of FST-based methods we 
are unable to directly identify which population in a pairwise 
comparison is experiencing selection from the posterior odds 
alone. Low overlap in selected regions identified with haplotype-
based and single-SNP FST-based approaches have been reported 
in other studies in Atlantic salmon (Mäkinen et al., 2014; López 
et al., 2018) and other species (Bahbahani et al., 2015). However, 
we did find some degree of overlap among genes detected by both 
haplotype methods and the FST method as shown in Figure  7 
and Table 6.

Biological Function of Candidate  
Selected Regions
Geographical adaptation and selection in farmed Atlantic 
salmon has resulted in considerable differences between wild 
and farmed strains (Glover et al., 2009). Genomic regions 
detected in this study strongly suggest selection on traits that 
could be associated with either natural or artificial selection, as 
they relate to the immune system, growth, and behavior, which 
are all often altered through domestication. Growth has been 
the main trait focused on by the breeding programs represented 
by our focal salmon populations. In agreement with this, we 
found several genes showing evidence of selection that could 
be potentially influencing growth such as chp2 and ccser1, 
which were associated with body weight in a previous genome-
wide association study (GWAS) on Atlantic salmon (Yoshida 

et al., 2017). We detected the kind1 gene that is also associated 
with growth traits in juvenile, farmed Atlantic salmon (Tsai et 
al., 2015). It has also been shown that insulin growth factors 
(IGFs), IGF receptors, and IGF binding proteins, play an 
important role in regulating growth in several teleost fish 
species (Duan, 1997). We detected the IGF 1-receptor (igf1r), 
IGF binding protein 6 paralog A2 (igfbp-6a2), and IGF binding 
protein-related protein 1 precursor (igfbprp1) as being under 
selection. We hypothesize that these genes are all contributing 
to weight variation in farmed salmon. The GO analyses for our 

FIGURE 7 | Venn diagram showing shared genes identified among three 
independent tests in the four populations of Atlantic salmon. 

TABLE 6 | Genes detected by at least two selection signatures methods. Genes are indicated in the left column and in the right column their corresponding methods.

GENES METHODS

CRISP3, NOTCHL, GPSM1B, SI : ZFOS-367G9.1, PHF1, FQ976914.1, TAP1, PBX2, DNASE2, RGL2, PLCL2, SYNGAP1B, BRD2A iHS; XP-EHH; BayeScan
CRISP3, SI : ZFOS-367G9.1, NOTCHL, GPSM1B, PHF1, FQ976914.1, TAP1, PBX2, DNASE2, RGL2, PLCL2, SYNGAP1B, BRD2A, 
DOCK10, CRK, LRRC75A, SI : CH211-232I5.3, BLOC1S2, SI : DKEYP-51F12.3, CEP120, CABZ01077978.1, SI : CH211-232I5.1, 
PRKAA1, PLPP3, BX546500.1, DHCR24, USP24, DAB1A, PRDM5, ANAPC4, SLC10A4, FRYL, PALLD, SLAIN2, MOGAT3B, C1QTNF7, 
FTR14, LRRC66, SGCB, RASL11B, NDNF, ZBTB34, CPEB2, CC2D2A, FBXL5, NEK1, SH3RF1, OCIAD2, DCUN1D4, USP46, OCIAD1, 
SCFD2, CDKN1BB, YARS2, PPARAB, BX537249.1, JPH3, KLHDC4, SLC7A5, HMCN2, CDH13, RANBP10, NUTF2, EDC4, NRN1LA, 
MBTPS1, SLC38A8, PNP6, CALB2A, PSKH1, NECAB2, SCAPER, PSTPIP1A, THBS4A, SERINC5, TRAFD1, SMTNB, UBE2G1B, ANAPC7, 
ADORA2AA, GUCD1, TAS2R200.1, GSTT1A, DERL3, SMARCB1A, ATP2A2A, BCR, SPECC1LA, SI : CH211-191O15.6, SNRPD3, P2RX7, 
MMP11A, RALGDS, IFT81, MPEG1.1

iHS; XP-EHH

UNC13B, CRISP3, SI : ZFOS-367G9.1, NOTCHL, GPSM1B, PHF1, FQ976914.1, TAP1, PBX2, DNASE2, RGL2, PLCL2, SYNGAP1B, BRD2A iHS; BayeScan
NXPH1, ICA1, MIOS, COL28A1B, TAC1, SEPT7B, NEK10, NR1D2B, PHLPP1, RAB5AB, EFHB, CRISP3, SI : ZFOS-367G9.1, NOTCHL, 
GPSM1B, PHF1, GLCCI1, COL28A1A, RARGA, UBE2E2, ZNF385D, SATB1, FQ976914.1, TAP1, PBX2, DNASE2, RGL2, PLCL2, 
SYNGAP1B, BRD2A, CTSS2.1, STARD13A, VASH1, OLFM4, RPS6KL1, AREL1, FCF1, ANGEL1, DLST, ESRRB, GPATCH2, TGFB3, PROX2, 
TMEM179, ARHGEF18B, CABZ01071407.1, ATXN3, SERPINA10, FOXP1A, SI : DKEY-206P8.1, DDX24, SI : CH1073-416D2.4, PRIMA1, 
UBR7, ITPK1B, HSPA4L, MRPL35, SI : DKEY-21A6.5, CABZ01052815.1, CABZ01066926.1, CHMP3, REEP1, BTBD7, PLK4, MYO1CB, 
AGBL4, MYL2B, PPP1CC, MTMR3, CUX2B

XP-EHH; BayeScan
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candidate genes also showed enrichment for categories related 
to metabolic and developmental processes, which could 
certainly affect growth.

Genes functioning in host–pathogen interactions may 
be targets of natural selection more often than genes from 
other functional categories (Schlenke and Begun, 2003). 
The populations used in this study have not been artificially 
selected for disease resistance; however, we suspect that the 
culture environment has imposed natural selection on regions 
implicated in immune system function. We found evidence of 
selection in seven genes (kcnb2, rlf, synrg, snx14, fbxl5, e2f4, 
blm) that were previously shown to be affected by parasite-
driven selection (Zueva et al., 2014). We also identified three 
genes potentially under selection (kcnq1, lrp5, and sh3rf1) that 
have were associated with disease resistance in the face of a 
bacterial disease (Piscirickettsia salmonis) in Coho salmon 
(Barría et al., 2018) and mettl12 which is associated with 
immune response to parasites in three-spined stickleback 
(Huang et al., 2016).

Behavioral traits are among the first traits affected by 
animal domestication (Kohane and Parsons, 1988), and it 
has been suggested that domestication may impact behavior 
even after only one generation (Huntingford, 2004). Among 
our candidate genes putatively under selection, we identified 
the endoplasmic reticulum protein 27 (erp27) gene, the 
differential expression of which has been associated to 
tameness in the red junglefowl (Bélteky et al., 2016). Also, 
among our candidates were genes, such as gabrb1, scaper, 
clstn3, and pex5, related to mental disorders in humans such 
alcoholism and schizophrenia (Glatt et al., 2005; Enoch, 
2008; Pettem et al., 2013). We think that these genes may be 
influencing behavior in the salmon populations we studied, 
and that the artificial selection and domestication could be 
acting inadvertently on the traits affected by these genes like 
those that occur in other domestic animals (Clutton-Brock, 
1999).

In salmon culture, early sexual maturation has undesired 
consequences, such as decreased growth and feed conversion 
efficiency (Good and Davidson, 2016). To avoid these 
negative effects, maturation is commonly delayed by exposing 
fish to continuous light, which affects the perception of 
seasonality and circannual rhythms (Taranger et al., 2010). 
We would expect then to find genes underlying traits related 
to maturation rate as showing signs of selection, which we 
apparently do. One putatively selected gene that we found 
that may affect maturation rate is akap13, which has been 
shown to play a role in ovarian development in human (Wu 
et al., 2015), as well as a gene in the AKAP (akap11) family, 
which was previously associated with age to maturity in 
Atlantic salmon (Barson et al., 2015).

Other interesting genes spanned by regions showing evidence 
for selection in this study are hao1, which is associated with 
chicken sexual ornaments (comb size), myo3a, which is involved 
in allowing dogs to sense local environmental stimuli (Wang 
et al., 2013), and pgbd4, which is considered a candidate gene 
involved in adaptation at the regional scale in Atlantic salmon 

(Bourret et al., 2013) and so could be functioning in adaptation 
to the aquaculture environment.

CONCLUSIONS

To summarize, in this study we used three different but 
complementary statistical approaches, iHS, XP-EHH, and 
BayeScan to detect selection signatures in four farmed Atlantic 
salmon populations with the same geographical origin, but 
adapted to different environmental conditions. The methods used 
in this study were useful for detecting selection signals across 
populations and allowed us to find genes that could be related to 
growth, immune system function, and behavior in this species, 
characters that are commonly influenced by domestication. 
This study provides potential candidate genes for traits with 
both biological and economic importance for Atlantic salmon 
and establishes a strong platform for further studies seeking to 
better understand how particular genomic variants influence the 
evolution and cultivation of this species.
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The Galway sheep population is the only native Irish sheep breed and this livestock 
genetic resource is currently categorised as ‘at-risk’. In the present study, comparative 
population genomics analyses of Galway sheep and other sheep populations of European 
origin were used to investigate the microevolution and recent genetic history of the breed. 
These analyses support the hypothesis that British Leicester sheep were used in the 
formation of the Galway. When compared to conventional and endangered breeds, the 
Galway breed was intermediate in effective population size, genomic inbreeding and 
runs of homozygosity. This indicates that, although the Galway breed is declining, it is 
still relatively genetically diverse and that conservation and management plans informed 
by genomic information may aid its recovery. The Galway breed also exhibited distinct 
genomic signatures of artificial or natural selection when compared to other breeds, 
which highlighted candidate genes that may be involved in production and health traits.

Keywords: at-risk breed, conservation genomics, genetic diversity, inbreeding, livestock, selection signature, 
single nucleotide polymorphism

INTRODUCTION

Sheep were domesticated more than 10,000 years ago and have since been bred for a variety of 
uses including meat, milk and wool production (Taberlet et al., 2011; Larson and Fuller, 2014; 
MacHugh et al., 2017). During the last 50 years, the focus of the global sheep industry on only a 
subset of the 1,400 recorded sheep breeds with enhanced productivity and high-quality outputs 
has resulted in many locally adapted (local) breeds becoming endangered or extinct (Taberlet et al., 
2008; Kijas et al., 2009; Kijas et al., 2012). These breeds are generally considered independent genetic 
units because crosses are usually not used for further reproduction (Taberlet et al., 2008). Local or 
heritage livestock breeds are important because they constitute reservoirs of biological diversity 
different to the major production breeds and that may be important genetic resources for domestic 
animal species in the face of climate change and increased food requirements in the future (Taberlet 
et al., 2008; Bowles, 2015). To address these future challenges, it will be possible to use targeted 
genome editing technologies in livestock. Consequently, functionally important natural sequence 
variants (NSVs) identified in the genomes of locally adapted native and heritage breeds may become 
increasingly important for genetic improvement programmes (Wells, 2013; Petersen, 2017; Van 
Eenennaam, 2017).
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The local sheep breeds on the periphery of Northern Europe 
are recognised as heritage livestock populations that should be 
conserved and represent important sources of novel genetic 
diversity accumulated over centuries of microevolution and 
adaptation to marginal agroecological environments (Tapio 
et al., 2005). In this regard, the Galway sheep breed is the only 
surviving sheep breed native to Ireland (Curran, 2010); it was 
once the principal lowland sheep breed in Ireland but is now 
considered at-risk by the Food and Agriculture Organization 
(Food and Agriculture Organization, 2019). The Galway breed 
therefore represents a useful reservoir of genetic variation for 
domestic sheep and should be conserved.

The Galway breed is thought to have originated as a composite 
of indigenous and imported sheep populations, present in Ireland 
in the mid-19th century, through the breeding endeavours at 
that time, which were concerned mainly with improved wool 
production (Hanrahan, 1999). Sheep breeds in Ireland during 
this period include the important Dishley or New Leicester 
foundational breed developed by Robert Bakewell (Wykes, 2004). 
However, it was not until 1923 that a formal Galway herd book was 
established (Curran, 2010; Food and Agriculture Organization, 
2019). Therefore, the range of sheep populations ancestral to the 
Galway breed in the 18th and 19th centuries, coupled with the 
possibility of more recent gene flow, poses questions concerning 
the genetic distinctiveness and admixture history of the breed. 
In addition, the Galway breed has declined from a peak 
population size in the 1960s when it was the focus of lowland 
sheep farming in Ireland (Martin, 1975a; Raftice, 2001; Curran, 
2010). By 1994, as defined by the UK Rare Breeds Survival Trust, 
the Galway breed had reached ‘critical’ status for sheep breeds 
with only 300 pedigree breeding ewes registered (Curran, 2010). 
Since being classed as endangered by the Irish Government in 
1998, the number of pedigree Galway sheep has increased due 
to conservation efforts; however, the breed population size is 
currently decreasing, raising concerns regarding remaining 
genetic diversity and the overall viability of the population 
(Curran, 2010; Food and Agriculture Organization, 2019).

As a local breed with a low census population size, the main 
threat to the long-term survival of the Galway breed is replacement 
by more productive commercial breeds, which would further 
reduce the population size, reduce genetic diversity and increase 
inbreeding. Other challenges faced by threatened local livestock 
breeds include poor animal husbandry and management, deliberate 
or inadvertent crossbreeding and geographical isolation, which 
increases the risk of extinction (Taberlet et al., 2008; Allendorf et al., 
2013). In recent years, with the availability of increasingly powerful 
genomics technologies, a conservation programme for Galway 
sheep has been proposed that would leverage molecular genetic 
information (McHugh et al., 2014). McHugh and colleagues also 
propose that genome-enabled breeding (genomic selection) could 
be used in threatened livestock populations to improve production, 
health and reproduction traits, thereby decelerating replacement 
by modern breeds (Biscarini et al., 2015). Another strategy 
could leverage multi-breed or across-breed genomic prediction 
(Iheshiulor et al., 2016). This approach can increase the accuracy 
of genomic estimated breeding values for small populations such 
as the Galway breed, since accurate genomic selection requires 

large numbers of phenotyped and genotyped animals (Iheshiulor 
et al., 2016).

To provide information that may be relevant to genetic 
conservation of the Galway sheep breed, we performed high-
resolution population genomics analyses in conjunction with 21 
comparator breeds of European origin. These analyses included 
multivariate analyses of genomic diversity, phylogenetic network 
graph reconstruction, evaluation of genetic structure and 
inbreeding, modelling of historical effective population sizes and 
functional analyses of artificial and natural selection across the 
Galway sheep genome.

MATERIALS AND METHODS

Galway and Irish Suffolk Sheep DNA 
Sampling
The Galway and Irish Suffolk sheep DNA samples used for the 
current survey were generated from peripheral blood samples 
collected in standard heparinised Vacutainer blood collection 
tubes (Becton-Dickinson Ltd., Dublin, Ireland). High-quality 
genomic DNA was then purified from 200 µl of blood from each 
animal using standard laboratory methods (Howard, 2008). 
The 49 Galway sheep were sampled from 14 different flocks and 
pedigree information was consulted to minimise relationship 
among the animals sampled. The sample size breakdown across 
the 14 flocks in order of decreasing size is: 6, 6, 5, 5, 5, 5, 3, 3, 3, 3, 
2, 1, 1, 1. The flocks were geographically dispersed across County 
Galway in western Ireland (Howard, 2008). The 55 Irish Suffolk 
sheep were sampled in approximately equal numbers from two 
experimental flocks maintained by University College Dublin 
and Teagasc, the Agriculture and Food Development Authority 
of Ireland (Howard, 2008).

Additional SNP Data Sources and 
Data Filtering
Medium-density SNP data were obtained from the International 
Sheep Genomics Consortium Sheep HapMap Project and 
consisted of 2,819 sheep from 74 breeds genotyped for 49,034 
evenly spaced SNPs using the Illumina® OvineSNP50 BeadChip 
(Kijas et al., 2012). To focus on the Galway breed, a core sample 
set of 11 breeds, including the Galway breed, was selected for 
the primary population genomic analyses (n = 615 animals). 
This included populations previously examined and known to 
be more closely related due to their shared European origins 
(Howard, 2008; Kijas et al., 2012). These comparator populations 
also included widely used breeds, such as the Merino (MER), 
and at-risk heritage breeds, such as the Dorset Horn (DSH), 
Soay (SOA) and Wiltshire (WIL) (Food and Agriculture 
Organization, 2019). Figure 1 and Supplementary Table 1 
provide further information on the geographical origins of the 
11 breeds used for the core sample set analyses. In addition, 
Supplementary Table 1 provides information on an expanded 
sample set of 22 European and Asian breeds, including the core 
sample set, used for the phylogenetic tree and network graph 
reconstructions (n = 1,003).
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The initial data set had already been filtered to remove SNPs 
with <0.99 call rate, assay abnormality, MAF <0.01, discordant 
genotypes and inheritance problems (Kijas et al., 2012). The core 
and extended sample genome-wide SNPs data sets for this study 
were filtered using PLINK v1.07 (Purcell et al., 2007) to remove 
SNPs lacking positional information, SNPs unassigned to any 
chromosome, or SNPs assigned to the X and Y chromosomes 
(Patterson et al., 2006; Purfield et al., 2012). The final filtered data 
set was composed of 47,412 SNPs with a total genotyping rate 
of 99.7%.

Principal Component Analysis
Principal component analysis (PCA) was performed using 47,412 
genome-wide SNPs and SMARTPCA from the EIGENSOFT 
software package (version 4.2) (Patterson et al., 2006). The 
number of autosomes was set to 26 and breed names were 
included. The number of outlier removal iterations was set to 0 
since outliers could flag individual animals that were the result 
of crossbreeding. PCA plot visualisations were generated using 
ggplot2 (Wickham, 2016).

FST Analysis
Pairwise FST values (Weir and Cockerham, 1984) were calculated 
for each pair of breeds using 47,412 genome-wide SNPs and 
PLINK v1.9 (Chang et al., 2015). Weighted values were chosen 
to account for different sample sizes for each breed (Weir and 
Cockerham, 1984).

Construction of Phylogenetic Trees 
and Ancestry Graphs
Maximum likelihood (ML) phylogenetic trees with ancestry 
graphs were generated for the core and extended sample 
data sets using 47,412 genome-wide SNPs and the TreeMix 
(version 1.12) software package. For the core sample set, the 
Italian Comisana breed (COM) (Ciani et al., 2014) was used as 
an outgroup and five migration edges were used for TreeMix 
visualisation (Pickrell and Pritchard, 2012). The analysis was 
repeated using the extended sample set of 21 European breeds 
(Supplementary Table 1) and the Indian Garole breed (GAR) 
was used as an outgroup, again with five migration edges for 
TreeMix visualisation.
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FIGURE 1 | Map showing the geographical locations where breeds historically originated, adapted from Kijas et al. (2012). The number in brackets indicates the 
sample size. The breeds shown are the Australian Merino (MER), Border Leicester (BRL), Dorset Horn (DSH), Finnish Landrace (FIN), Galway (GAL), Irish Suffolk 
(ISF), New Zealand Romney (ROM), Scottish Blackface (SBF), Soay (SOA), Scottish Texel (STX), and Wiltshire (WIL).
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Genetic Structure and Admixture History
Genetic structure and admixture history was investigated for 
the core sample set of the Galway and 10 other breeds using 
47,412 genome-wide SNPs and fastSTRUCTURE (version 1.0) 
(Raj et  al., 2014) as described previously by us (Browett et al., 
2018). The analysis was performed with the model complexity, 
or number of assumed populations, K = 2 to 11. The simple 
prior approach described by Raj et al. (2014) was used, which is 
sufficient for modelling population/breed divergence. The ‘true’ 
K-value for the number of ancestral populations was estimated 
using a series of fastSTRUCTURE runs with pre-defined 
K-values that were examined using the chooseK.py script (Raj 
et al., 2014). Outputs from the fastSTRUCTURE analyses were 
visualised using the DISTRUCT software program (version 1.1) 
with standard parameters (Rosenberg, 2004).

Modelling of Current and Historical 
Effective Population Size
Current and historical effective population size (Ne) trends 
were modelled with genome-wide SNP linkage disequilibrium 
data from 47,412 genome-wide SNPs for the core sample set 
using the SNeP software tool (version 1.1) (Barbato et al., 2015) 
implementing the method for unphased SNP data as described 
previously by us (Browett et al., 2018). Graphs used to visualise 
trends in Ne were generated using ggplot2 (Wickham, 2016).

Analysis of Genomic Inbreeding and Runs 
of Homozygosity
Analysis of genomic inbreeding based on the inbreeding 
coefficient (F) estimated from SNP heterozygosity data was 
performed using 47,412 genome-wide SNPs and the PLINK v1.07 
–het command (Purcell et al., 2007) since comparable inbreeding 
results have been observed using pruned or unpruned data for a 
SNP data set of similar size (Binns et al., 2012).

Runs of homozygosity (ROH) are continuous tracts of 
homozygosity that most likely arise due to inbreeding and can 
be identified through surveys of genome-wide SNP data in 
populations (Curik et al., 2014; Peripolli et al., 2017). Individual 
animal genomic inbreeding was evaluated as genome-wide 
autozygosity estimated from the SNP data using runs of 
homozygosity (ROH) values generated with PLINK v1.07 (Purcell 
et al., 2007) and the FROH statistic introduced by McQuillan et al. 
(2008) with methodologies previously described in detail by 
Purfield et al. (2012) and Browett et al. (2018). The FROH statistic 
represents the proportion of each individual animal’s genome 
covered by ROH, which is generally a consequence of historical 
inbreeding. Statistical analysis was carried out in R and graphs 
used to visualise F, FROH and ROH distributions were generated 
using ggplot2 (Wickham, 2016; R Core Team, 2018).

Genome-Wide Detection of Signatures 
of Selection and Functional Enrichment 
Analysis
The composite selection signal (CSS) method (Randhawa et al., 
2014) was used to detect genomic signatures of selection as 

previously described (Browett et al., 2018). The CSS approach 
combines the fixation index (FST), the directional change in 
selected allele frequency (ΔSAF) and cross-population extended 
haplotype homozygosity (XP-EHH) tests into one composite 
statistic for each SNP in a population genomics data set 
(Randhawa et al., 2014). For the present study, we used 47,412 
genome-wide SNPs genotyped in 49 Galway sheep (GAL) and 
a sample of 50 randomly selected sheep (5 selected at random 
from each of the other 10 breeds in the core data set). To mitigate 
against false positives, genomic selection signatures were only 
considered significant if at least one SNP from the set of the top 
0.1% genome-wide CSS scores was flanked by at least five SNPs 
from the set of the top 1% CSS scores.

As described previously (Browett et al., 2018), the Ensembl 
BioMart data mining resource (Smedley et al., 2015) was used to 
identify genes within ±1.0 Mb of each selection peak (Ensembl 
release 85, July 2016). Ingenuity® Pathway Analysis (IPA®: Qiagen, 
Redwood City, CA, USA; release date July 2016) was then used 
to perform an overrepresentation enrichment analysis with this 
gene set to identify canonical pathways and functional processes 
of biological importance. The total gene content of Ensembl 
release 85 version of the OAR3.1 ovine genome assembly (Jiang 
et al., 2014) was used as the most appropriate reference gene set 
for these analyses (Timmons et al., 2015).

RESULTS AND DISCUSSION

Analyses of Breed Divergence, Genetic 
Differentiation and Admixture
The results of multiple population genomics analyses support 
the genetic distinctiveness of the Galway sheep population as a 
discrete breed. The PCA results plotted in Figure 2 demonstrate 
separation of the majority of breeds into distinct population 
clusters, with the notable exceptions of the Australian Merino 
(MER) and Scottish Blackface (SBF). However, it is important to 
note that the PCA plot visualisation shown in Figure 2 did not 
include the 110 samples from the Soay breed (SOA). A long history 
as a relatively small isolated island population (Berenos et al., 
2016) has led to a marked pattern of genetic differentiation from 
other breeds, which is evident in the first principal component 
(PC1) of Supplementary Figure 1. Consequently, when the 
Soay breed is included in a PCA, PC3 is required to separate 
the Galway breed from the other populations (Supplementary 
Figure 2). Otherwise, the Galway breed clusters with the Scottish 
Texel breed (STX) and is located close to the Border Leicester 
breed (BLR). This result supports the documented role for the 
foundational New Leicester breed in the formation of the Galway 
and Texel breeds (Porter et al., 2016) and is compatible with 
the results of a previous study using autosomal microsatellites 
(Howard, 2008).

The PCA plot shown in Figure 2 also demonstrated that 
a number of individual sheep do not cluster closely with 
other animals from their breeds. This is likely due to recent 
unacknowledged or inadvertent crossbreeding between animals 
from different populations (Patterson et al., 2006) or, alternatively, 
potential mislabelling of particular samples. For example, the 2D 
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and 3D PCA plots shown in Supplementary Figures 1 and 2 
indicate that one of the Irish Suffolk animals (ISF25) was most 
likely a mislabelled Scottish Texel sample as it emerged within 
the main Texel cluster for PC1, PC2 and PC3. Consequently, this 
sample ISF25 was removed from all subsequent analyses.

The PCA results are supported by the interpopulation weighted 
FST values for each pair of breeds shown in Supplementary Table 
2. The results range from 0.080 (Australian Merino and Scottish 
Blackface) to 0.326 (Soay and Wiltshire). The pairwise FST values 
observed for the Galway population sample indicate that, with 
the exception of the genetically distinctive Soay sheep population 
(SOA), which inhabits a small island, the breed exhibits moderate 
genetic differentiation from other European breeds. The Galway 
breed exhibited relatively low pairwise FST values with the New 
Zealand Romney (ROM: 0.110), Australian Merino (MER: 0.118) 
and Scottish Texel (STX: 0.119) breeds. This is unsurprising 
because the Romney, Merino and Texel breeds are known to have 
shared origins with the Galway breed (Curran, 2010; Porter et al., 
2016; Food and Agriculture Organization, 2019).

The ML phylogeny and ancestry graph in Figure 3 shows that 
the Galway breed groups closely with sheep populations of English 
and Dutch origin, particularly the Border Leicester (BRL) and the 
Scottish Texel (STX) breeds. This observation is concordant with 

previous population genomics studies (Kijas et al., 2012; Fariello 
et al., 2013) and known breed histories due to the shared historical 
input of the foundational New Leicester breed (Curran, 2010). 
The ML phylogeny and ancestry graph generated with additional 
European breeds and shown in Supplementary Figure 5 also 
supports the close relationship among the Galway, BRL and STX 
breeds. The arrows (graph edges) on Figure 3 indicate gene flow 
modelled between populations with the colour scale representing 
the weight of each migration event.

Results of the genetic structure analysis for individual animals 
grouped by population are shown in Figure 4. Model complexity 
or numbers of assumed populations (K) ranging from 2 to 11 are 
visualised to explain the structure in the data and to maximise the 
marginal likelihood. These results demonstrate that the 11 breeds 
can be considered discrete populations, thereby supporting 
interpretation of sheep breeds as separate genetic units (Taberlet 
et al., 2008) and the genetic distinctiveness of Galway sheep.

The colours on Figure 4 indicate assignment of individual 
animals into modelled populations. As with the PCA shown in 
Supplementary Figure 1, the first split (K = 2) separates the 
isolated Soay sheep population (SOA) from the other breeds. The 
second split (K = 3) then differentiates the Finnish Landrace (FIN) 
from the remaining breeds. At K = 9 the Galway breed emerges as 
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FIGURE 2 | PCA plot generated using 47,412 genome-wide SNPs without the Soay sheep breed (SOA). The first principal component (PC1) is shown on the 
x-axis and the second principal component (PC2) is shown on the y-axis. Each breed is designated a different colour and certain individual animals that do not 
group by breed are labelled. The bar chart shows the proportion of variation explained by each principal component. (For comparison, PC1 versus PC3 is shown in 
Supplementary Figure S3 and PC1 versus PC4 is shown in Supplementary Figure S4).
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a distinct cluster and this genetic component is also apparent in 
the New Zealand Romney breed (ROM). With K = 11 each breed 
emerges as a distinct genetic cluster. However, some individual 
animals show evidence of prior crossbreeding or historical 
admixture, which is indicated by bars that exhibit varying colour 
proportions. Based on these results, some individual Galway 
animals exhibit 10% or more admixture with other sheep breeds, 
particularly the Border Leicester (BRL), Scottish Texel (STX) and 
Scottish Blackface (SBF). The observed signature of a Galway 
genomic component in the New Zealand Romney breed (ROM) 
is supported by the relatively low pairwise FST value for these 
breeds, the TreeMix results (Figure 3) and their known origins 
(Supplementary Table 2) (Porter et al., 2016).

Modelling Historical Effective 
Population Size
Figure 5 and Supplementary Table 4 provide the results of 
modelling historical effective population size (Ne) for the range 
of conventional and at-risk sheep breeds (GAL, MER, BRL, DSH, 
FIN, ISF, ROM, SBF, STX and SOA). Inspection of Figure 5 and 
Supplementary Table 4 shows that the modelled historical trends 
in Ne for the 11 breeds analysed decline towards the present. 
However, the GAL breed are intermediate between the breeds with 
large census populations (FIN, ISF, MER, ROM, SBF and STX) 
and at-risk breeds with relatively small census populations (BRL, 
DSH, SOA, WIL) breeds. In addition, the most recent modelled Ne 
value for the GAL breed is 184 animals 13 generations ago, which 
is comparable to some of the breeds (e.g. ISF and STX with 178 
and 150 animals, respectively). These modelled Ne values, which 
are based on linkage disequilibrium, may be underestimates due 
to the physical linkage between many SNPs (Hall, 2016).

To examine these historical trends in Ne more systematically, 
the data for each breed were shown to be not normally distributed 
using the Kolmogorov-Smirnov test (Supplementary Table  3). 

Therefore, the non-parametric general Kruskal-Wallis test followed 
by pairwise Wilcoxon rank sum tests for all population/breed 
comparisons with adjustment for multiple statistical tests performed 
with the Bonferroni correction. This analysis demonstrated that 
the GAL historical Ne trend is significantly different only from 
the MER breed (Padj. = 0.006; Supplementary Table 5). Livestock 
populations tend to exhibit lower Ne values than comparable wild 
mammal populations (Waples et al., 2016). Notwithstanding this, 
from a conservation perspective, it is reassuring that the most recent 
estimated Ne value of 184 for the GAL is above the critical threshold 
of 100 animals considered essential for the long-term survival 
of livestock populations (Meuwissen, 2009). This ‘demographic 
fingerprint’ (Barbato et al., 2015) is most likely a consequence of the 
widespread use of the Galway breed for lowland sheep production 
in Ireland up until the 1980s (Raftice, 2001; Curran, 2010).

Genomic Inbreeding and Runs 
of Homozygosity
The recent Ne of each of the sheep breeds modelled in Figure 5 
will have been substantially influenced by their inbreeding 
histories. In this regard, the genomic inbreeding coefficient (F) 
values estimated for individual animals across all breeds range 
up to 0.389 for a single Dorset Horn (DSH) animal (Figure 6). 
The majority of F values for individual animals in each breed 
were not normally distributed based on Shapiro-Wilk test results 
(Supplementary Table 3); therefore, the median F values were 
generated and evaluated for each breed (Supplementary Table 6). 
The breeds with the highest median F values were the SOA (0.308) 
and the WIL (0.299) and the two breeds with the lowest median 
F values were the MER (0.045) and the SBF (0.060). The other 
breeds exhibited intermediate median F values: BRL (0.243), DSH 
(0.169), FIN (0.087), GAL (0.127), ISF (0.185), ROM (0.086) and 
STX (0.111). These results provide a window on the different 
population histories for the breeds. For example, Soay sheep 
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FIGURE 3 | Maximum likelihood (ML) phylogenetic tree network graph generated using 47,412 genome-wide SNPs with five migration edges showing the 
relationships among 12 sheep breeds (A) and the residuals (B). The arrows indicate gene flow events between the populations and the colours of the arrows 
indicate the relative weights of migration.
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(SOA) have existed as a relatively small and isolated population 
on the island of Soay for hundreds of years while the Wiltshire 
breed (WIL) has recently experienced a dramatic decline in 
census population and is considered at risk by the FAO (Food and 
Agriculture Organization, 2019). From a genetic conservation 
perspective, except for a single outlier (GAL26), it is encouraging 
that the Galway breed (GAL) exhibits an intermediate median F 
value calculated using genome-wide SNP data.

A systematic analysis of F value distributions using the non-
parametric Kruskal-Wallis test indicated there were significant 
differences among breeds (H = 477.33, df = 10, P < 0.001). An 

analysis of all pairwise breed comparisons using the non-parametric 
Wilcoxon rank sum test (with Bonferroni correction) was then 
performed (Supplementary Table 8). These results showed that 
the majority of pairwise comparisons were highly significant, again 
reflecting the distinct demographic histories of each breed.

Overall, comparable results to those obtained using the genomic 
inbreeding coefficient (F) were observed for inbreeding coefficients 
estimated using ROH (FROH) (Figure 7, Supplementary Tables 
3, 6, 7 and 9). However, there were some notable differences; in 
particular, the lower median FROH value of 0.101 for the Soay breed 
(SOA) is likely due to their longer geographical isolation and a 
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FIGURE 4 | Hierarchical clustering of individual animals using 47,412 genome-wide SNPs. Results are shown for a range of assumed values (K = 2 - 11) for the 
number of ancestral populations.
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consequence of early historical inbreeding that produced ROH 
tracts, which have broken down due to recombination (Barrett, 
2012; Purfield et al., 2012). It is also notable that the Galway breed 
contains several individual animals with higher FROH values (GAL15, 
GAL16, GAL18, GAL26 and GAL36) indicating that this statistic 
is useful for identifying animals that should not be prioritised for 
conservation programmes. With regards to historical inbreeding in 
the Galway breed (GAL), inbreeding coefficients have previously 
been calculated using pedigree information for the population in 
1969 (F = 0.019; Martin, 1975b), 1999 (F = 0.020; Raftice, 2001) 
and 2012 (F = 0.023; McHugh et al., 2014). These results indicate 
that the general trend in inbreeding has been relatively moderate, 
which may also be reflected in the results obtained using genomic 
information reported in the present study. It is important to 
note that monitoring of inbreeding for genetic conservation and 
management of potentially deleterious recessive genomic variants 
can be greatly informed through evaluation of ROH parameters 
using SNP data (Peripolli et al., 2017).

The mean sum of ROH for different length categories varies 
among the breeds (Figure 8); however, none of the breeds exhibit 

large mean values for the total length of ROH in the 1 to 5 Mb 
category. This is because the SNP density on the OvineSNP50 
BeadChip is too low to accurately detect ROH in this size range 
and may not accurately estimate FROH when short segments 
are included (Supplementary Table 7) (Purfield et al., 2012; 
Ferenčaković et al., 2013). Notwithstanding this limitation, 
patterns of ROH, which reflect both recent and older inbreeding 
histories, are evident. For example, the Wiltshire breed (WIL) has 
large mean total ROH lengths for the other categories, presumably 
reflecting both historical and recent inbreeding. Other breeds, 
such as the Australian Merino (MER), have smaller mean total 
lengths of ROH in all categories, an observation that is concordant 
with the results of the genomic inbreeding and the analysis of Ne 
estimates. This is because individual animals from breeds with 
larger effective population sizes—such as the Australian Merino—
are less likely to be the result of inbreeding and are therefore less 
likely to contain large ROH segments in their genomes (Curik 
et al., 2014; Peripolli et al., 2017). The converse of this is true for 
breeds with lower Ne values and large ROH tracts in their genomes, 
such as the endangered Wiltshire breed. In terms of mean total 
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FIGURE 5 | Trends in effective population size (Ne) estimated using 47,412 genome-wide SNPs.
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FIGURE 6 | Tukey box plots showing the distribution of F values, estimated using 47,412 genome-wide SNPs, for the Galway sheep breed (GAL) and 10 comparator 
breeds. The single GAL26 outlier is labelled.

FIGURE 7 | Tukey box plots showing the distribution of FROH values estimated using 47,412 genome-wide SNPs, for the Galway sheep breed (GAL) and 10 comparator 
sheep breeds. Five outlier GAL animals are labelled.
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length of ROH, the Galway breed emerges between these extremes, 
reflecting an intermediate effective population size and history of 
moderate inbreeding (Figure 8). In conjunction with the other 
analyses of genomic diversity, these results are also encouraging 
for genetic conservation and the long-term viability of the breed.

Signatures of Selection in the Galway 
Sheep Breed
Using defined criteria, five significant peaks of selection were 
detected with the CSS approach (Figure 9): two on OAR1, 
one on OAR3 and two on OAR8 (that merge into one peak 
on the graph). Each selection peak was located in a ROH tract 
detected in at least three Galway samples, which may indicate 
reduced genetic diversity in these regions as a consequence of 
localised selective sweeps (Purfield et al., 2017). Detection of 
these selection peaks demonstrates that the Galway population 
has experienced a unique history of both natural and human-
mediated selection, presumably because of adaptation to the 
agroecology of Ireland, a large Northwestern European island 
with a temperate oceanic climate.

The precise locations of the peaks that have clusters of SNPs 
within the top 0.1% CSS score class are provided with additional 
information in Supplementary Table 10. The 197 genes within 
these regions are listed in Supplementary Table 11. Using IPA®, 
the top five physiological system development and function 
pathways enriched for the subset of 119 genes that could be 

mapped to HGNC symbols were identified and are listed in 
Table 1 (Krämer et al., 2013).

Of the 119 candidate genes hypothesised to be under selection 
in the Galway breed, 28 are involved in tissue development and 
15 are involved in connective tissue development and function. 
This is a common observation in studies of selection across the 
genomes of livestock populations (de Simoni Gouveia et al., 
2014; Gutiérrez-Gil et al., 2015; Randhawa et al., 2016). Seven 
of the 119 genes are involved in hair and skin development and 
function, which may be explained by the use of Galway sheep 
in wool production (Curran, 2010). Selection and maintenance 
of traits that confer resilience to infectious disease is important 
in domestic animal populations, including many sheep breeds 
(Bishop and Woolliams, 2014; Bishop, 2015). Thirteen of the 
119 genes under the selection peaks are involved in immune cell 
trafficking, which may be as a result of the climate and unique 
disease challenges posed by the Irish environment, such as the 
prevalence of liver fluke (Toolan et al., 2015). A large group of 
26 genes enriched for haematological system development and 
function were also located under the selection peaks; however, a 
microevolutionary explanation for this is not hypothesised here.

Genetic Conservation of the Galway 
Sheep Breed
The results of the population genomics analyses presented 
here are mutually consistent and highlight the utility of 
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FIGURE 8 | Bar graph showing the mean total length of runs of homozygosity (ROH) in different tract length categories for the Galway sheep breed (GAL) and 
10 comparator sheep breeds.
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dense genome-wide marker data for conservation genomics 
in livestock populations, particularly for at-risk heritage 
landrace populations such as the Galway breed. Our results 
show the Galway breed is genetically distinct from other 
European sheep breeds, emerging in multivariate PCA and 
phylogenetic tree network graph visualisations as a distinct 
group but close  to the Border Leicester breed (BRL), which 
has been observed previously (Kijas et al., 2012). In terms of 
effective population size and genomic inbreeding, the Galway 
breed emerged as intermediate between non-endangered and 
endangered sheep breeds. This indicates that there is substantial 
genetic diversity remaining in the population, which could be 

managed with a conservation programme that is informed by 
genomic information.
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and OAR8.
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Merino sheep represents a valuable genetic resource worldwide. In this study, we 
investigated selection signatures in Merino (and Merino-derived) sheep breeds using 
genome-wide SNP data and two different approaches: a classical FST-outlier method and 
an approach based on the analysis of local ancestry in admixed populations. In order 
to capture the most reliable signals, we adopted a combined, multi-cohort approach. 
In particular, scenarios involving four Merino breeds (Spanish Merino, Australian Merino, 
Chinese Merino, and Sopravissana) were tested via the local ancestry approach, while 
nine pair-wise breed comparisons contrasting the above breeds, as well as the Gentile di 
Puglia breed, with non-Merino breeds from the same geographic area were tested via the 
FST-outlier method. Signals observed using both methods were compared with genome-
wide patterns of distribution of runs of homozygosity (ROH) islands. Novel and known 
selection signatures were detected. The most reliable signals were observed on OAR 3 
(MSRB3 and LEMD3), OAR10 (FRY and RXFP2), OAR 13 (RALY), OAR17 (FAM101A), 
and OAR18 (NFKBIA, SEC23A, and PAX9). All the above overlapped with known QTLs 
for wool traits, and evidences from the literature of their involvement in skin/hair/wool 
biology, as well as gene network analysis, further corroborated these results. The signal 
on OAR10 also contains well known evidence for association with horn morphology and 
polledness. More elusive biological evidences of association with the Merino phenotype 
were observed for a number of other genes, notably LOC101120019 and TMEM132B 
(OAR17), LOC105609948 (OAR3), LOC101110773 (OAR10), and EIF2S2 (OAR17). Taken 
together, the above results further contribute to decipher the genetic basis underlying the 
Merino phenotype.

Keywords: Merino sheep breeds, wool, genome-wide selection signatures, FST-outlier, local ancestry in admixed 
populations, runs of homozygosity
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INTRODUCTION

Sheep were among the first livestock species to be domesticated 
(Ryder 1981). Archeological evidences suggest domestication 
occurred in a region extending from the northern Zagros to 
southeastern Anatolia ca. 11,000 B.P. (Zeder, 2008). In the 
last two decades, information from molecular data, as well 
as discovery and study of novel archaeological sites, has shed 
new light on the origins and subsequent diffusion of domestic 
sheep worldwide (Chessa et al., 2009; Meadows et al., 2011; 
Kijas et al., 2012; Demirci et al., 2013; Singh et al., 2013; Dymova 
et al., 2017; Ethier et al., 2017; Ivanova et al., 2018a; Ivanova 
et al., 2018b). Early domesticated sheep are known to have 
been transported over long distances or even by sea, as early 
as around 12,000 years BP (Zeder, 2008). They are supposed to 
have been initially reared mainly for meat and, only during the 
fifth millennium B.P., specialization for “secondary” products, 
such as milk and wool, is thought to have occurred (Debono 
Spiteri et al., 2016). In particular, analysis of viral retro-types 
combined with archaeological evidence provide support to 
the hypothesis that specialized wool sheep populations were 
developed in South-West Asia and then spread throughout 
Europe, replacing, in the majority of areas, the more primitive 
domestic stocks (Chessa et al., 2009). Specialization for 
wool production culminated, in the Middle Ages, with the 
development of the Merino sheep in Spain. In a recent paper, 
by analyzing genome-wide SNP data from an intercontinental 
set of sheep breeds, inclusive of 12 Merino and Merino-derived 
populations, our group contributed to the reconstruction of the 
history of Merino development, and the subsequent worldwide 
merinization process (Ciani et al., 2015).

Well renowned for its premium white fleece and the abundant 
production of soft, fine, and curly wool, Merino sheep represent 
a valuable genetic resource worldwide. As such, deciphering 
the genetic basis underlying the peculiar Merino phenotype is a 
fundamental aim, and it may further contribute improving wool 
performances of Merino and Merino-derived breeds. A number of 
papers have addressed this issue, looking at the genome in search 
for QTLs (quantitative trait loci) related to wool traits, by using 
STR markers in Merino (Beh et al., 2001; Bidinost et al., 2008; 
Roldan et  al., 2010), Merino crosses (Rogers et al., 1994; Henry 
et al., 1998; Zhai et al., 2019), and non-Merino (Allain et al., 1998; 
Ponz et al., 2001; Allain et al., 2006) sheep populations, or looking 
at candidate genes (Ling et al., 2014; Rong et al., 2015; Ma et al., 
2017; Mu et al., 2017), with keratin genes being among the most 
studied targets (Parsons et al., 1994; Phuaa et al., 2015; Chai et al., 
2017; Li et al., 2017a; Li et al., 2017b; Sulayman et al., 2018; Gong 
et al., 2019). With the advent of SNP array genotyping technologies, 
genome-wide association studies (GWAS) using bi-allelic markers 
have become feasible, and they have been performed in the ovine 
species to investigate, among others, wool traits (Wang et al., 2014; 
Bolormaa et al., 2017). An additional approach for connecting DNA 
to phenotype is the detection of evidence of selective pressure in 
specific genomic regions by using genome-wide SNP genotype data, 
also referred to as “selection signatures” analysis. This method has 
emerged mainly because (i) it does not require the use of phenotypic 
records, and (ii) unlike GWAS, it can detect selection signatures also 

when anthropogenic selection has determined complete fixation of 
the favorable allele (e.g., Qanbari et al., 2014). These features are both 
relevant in studies addressing genotype–phenotype associations for 
wool traits, where availability of phenotypic records may represent 
a limiting issue, and long-term intensive human selection toward 
wool attributes is likely to have been responsible for the complete 
prevalence, in the selected populations, of the desired allele. In some 
of the studies where selection signatures for wool traits have been 
described, identification of regions affecting wool attributes was 
not the unique or major goal, with repercussions of this conceptual 
set-up on the choice of breeds to be contrasted (Zhang et al., 2013; 
Fariello et al., 2014; Wang et al., 2015; Wei et al., 2015; Seroussi et al., 
2017; Rochus et al., 2018). To our knowledge, only two analyses of 
selection signatures specifically targeting wool attributes have been 
performed so far (Demars et al., 2017; Gutierrez-Gil et al., 2017). 
Out of them, only the latter was centered on Merino sheep, which 
were contrasted, in that study, to the coarse-wool Churra sheep 
from Spain. Our study follows up on the work by Gutierrez-Gil et al. 
(2017) to further investigate selection signatures in various Merino 
(and Merino-derived) sheep breeds under different scenarios, 
using two different approaches: a classical FST-outlier method and 
a less usual one based on the analysis of local ancestry in admixed 
populations (Sankararaman et al., 2008). Signals observed using 
both methods are also compared with genome-wide patterns of 
distribution of ROH (runs of homozygosity) islands. We specifically 
adopted here a multi-cohort approach with the aim of retaining 
only the most reliable signals.

MATERIALS AND METHODS

Genotypic Data
A total of 459 unrelated animals arranged in 11 breeds were 
used in this study (Table S1). Out of them, six were Merino or 
Merino-derived breeds (Spanish Merino, Australian Merino, 
Rambouillet, Gentile di Puglia, Sopravissana, and Chinese 
Merino), and five had no known Merino background (Churra, 
Ojalada, Bergamasca, Appenninica, and Tibetan) and belonged 
to the category of “coarse wool” sheep, not purposely selected 
for wool quality traits (Data Sheet 1). SNP genotypes had been 
generated in previous published studies (Table S1) by using the 
Illumina OvineSNP50 Genotyping BeadChip. The whole SNP 
genotype dataset is available on the WIDDE database (http://
widde.toulouse.inra.fr/widde/). The following quality control 
criteria were applied: (i) individuals with genotyping rate ≤ 90% 
(command –mind 0.1) were removed; (ii) loci with call rate ≤ 
99% (command –geno 0.01), minor allele frequency ≤ 0.005 
(command –maf 0.005), and non-autosomal loci were removed; 
and SNP positions were updated according to the sheep map 
version Oar_V4. All the above procedures were performed using 
the PLINK software v. 1.07 (Purcell et al., 2007).

Inference of Local and Global  
Merino Ancestry
We used the LAMP (Local Ancestry in adMixed Populations) 
software (Sankararaman et al., 2008) to estimate the individual’s 
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local ancestry of Merino proportion under various scenarios, 
each contrasting a Merino versus a non-Merino breed, for a total 
of four cohorts (Table S2). LAMP is a method for estimating 
ancestries at each locus in a population of admixed individuals 
i.e., populations formed by the mixing of two or more ancestral 
populations. The software operates on sliding windows of 
contiguous SNPs and assigns ancestries by combining the 
results with a majority vote. The following default settings were 
adopted: number of generations since admixture (g) =  7 and 
recombination rate (r) = 1E−08. We opted for adopting default 
settings in all the tested scenarios since (i) the method was shown 
to provide robust estimates under different setting configurations 
in both the literature (Sankararaman et al., 2008) and our 
preliminary analyses (data not shown). The fraction of global 
admixture (α) was determined, for each scenario, using the 
ADMIXTURE software (Alexander et al., 2009). We ran LAMP 
in the LAMPANC mode, i.e., providing allele frequencies of the 
two ancestral population proxies. The LAMP analysis provides, 
among other output results, the marker average ancestry (MAA) 
related to the two considered ancestral populations. Only MAAs 
representing the Merino fraction were considered in this study to 
identify the significant region supposed to be under selection. To 
this aim, both of the following criteria should be respected by the 
putative selection signature: (i) local Merino MAA higher than 
the genome-wide Merino MAA and (ii) being included in the top 
5% of SNPs ranked by MAA of Merino proportion.

Detection of FST-Outlier Markers
We adopted the FST-outlier approach implemented in BayeScan 
(Foll and Gaggiotti, 2008) to detect markers putatively under 
differential selection pressure in Merino and non-Merino sheep 
breeds, respectively. To this aim, we performed nine pair-wise 
comparisons, contrasting each time a Merino versus a non-Merino 
sheep breed (Table S3). For each cohort, loci that displayed 
q-val < 0.05 were retained as putatively under selection. Next, 
we looked for loci that resulted to be putatively under selection 
in at least four pair-wise comparisons out of nine. For each 
SNP satisfying the above criteria, we then moved upstream and 
downstream its position, looking for additional loci with q-val < 
0.05 in at least a single pair-wise comparison, and located within 
200 kb intervals. We repeated the above process until the next 
SNP with q-val < 0.05 in at least a single pair-wise comparison 
was located at a distance higher than 200 kb. Finally, we defined 
the regions putatively under selection based on the position of 
the first and the last of the SNPs satisfying the above criteria.

Runs of Homozygosity
ROH were estimated for each animal belonging to the considered 
breeds using PLINK (Purcell et al., 2007). The following 
criteria were used to define the ROH: (i) no missing SNP and 
no heterozygous genotype were allowed in the ROH, (ii) the 
minimum number of SNPs that constituted the ROH was set to 
25, (iii) the minimum SNP density per ROH was set to one SNP 
every 100 kb, and (iv) the maximum gap between consecutive 
homozygous SNPs was 250 kb. The minimum length that 
constituted the ROH was set to 500 Mb. To identify the genomic 

regions of high homozygosity, the amount of times that each 
SNP appeared in the ROH was considered and normalized by 
dividing it by the number of animals included in the analysis. To 
identify the genomic regions of “high homozygosity,” also called 
ROH islands, the top 0.999 SNPs of the percentile distribution of 
the locus homozygosity range within each breed were selected.

Gene and QTL Content of Regions 
Identified as Under Selection
Annotated genes within the genomic regions putatively under 
selection were obtained from https://www.ncbi.nlm.nih.gov/
genome/gdv/browser/?context=gene&acc=101104604 (NCBI 
Sheep Genome Data Viewer). The Sheep QTL Database, 
available at https://www.animalgenome.org/cgi-bin/QTLdb/
OA/srchloc?chrom=19&qrange=454178-607539&submit=GO, 
was interrogated for the presence of QTLs (quantitative 
trait loci) and significant association signals in the genomic 
regions identified in this study as putatively under selection. 
To investigate the biological function and the phenotypes 
that are known to be affected by each annotated gene, we 
conducted a comprehensive search in the available literature 
and public databases, such as NCBI (https://www.ncbi.nlm.nih.
gov/), GeneCards (https://www.genecards.org), UniProt (www.
uniprot.org), and Amigo2 Gene Ontology database (http://
amigo.geneontology.org/amigo). Furthermore, we performed a 
gene network analysis by using GeneMANIA (Mostafavi et al., 
2008). This tool allows to build weighted interaction networks 
using as a source a very large set of functional association 
data including protein and genetic interactions, pathways, 
co-expression, co-localization, and protein domain similarity (see 
http://pages.genemania.org/help/for a more detailed description 
of the considered network categories).

RESULTS

Signals of Selection Detected via  
“Local Ancestry”
Preliminary to the local ancestry analysis, we performed a “global 
ancestry” analysis using the Bayesian approach implemented in 
the software ADMIXTURE (Alexander et al., 2009). Individual 
proportions of global admixture (α) are presented, for the four 
considered breeds, in Figure S1. The observed patterns support, 
for all the tested breeds, the formulated scenarios, i.e., that each 
breed could be considered to derive from the crossbreeding of 
a given Merino and a given non-Merino breed (breed A and 
breed B, respectively, in Table S2). Putatively selected regions, 
identified from LAMP results, are shown, for the four considered 
breeds, in Table S4–S7. An excess of Merino ancestry was 
observed at 26,  24, 17, and 22 regions for Australian Merino, 
Chinese Merino, Sopravissana, and Spanish Merino, respectively. 
A number of regions were shared by at least three out of the four 
breeds (Table 1) and, among them, two large regions, on OAR 17 
(overlapping signals at 48,474,658–58,410,640 bp) and OAR 18 
(overlapping signals at 42,864,163–51,943,741 bp), were shared 
by all the four breeds.
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Signals of Selection Detected via the  
“FST-Outlier” Method
Results of the analyses performed using the FST-outlier approach 
implemented in BayeScan are presented, for the nine pair-wise 
comparisons involving Merino and non-Merino breeds, in Table 
S8. The highest number of significant SNPs (277) was detected 
for the contrast Chinese Merino vs. Tibetan. A summary of the 
obtained results is presented in Table 2. Four regions putatively 
under differential selection pressure were identified, on OAR3 
(15,382,6281–154,318,689 bp), OAR10 (29,392,142–29,776,019 
bp), OAR13 (62,707,138–62,747,155 bp), and OAR19 (454,178–
607,539 bp). Interestingly, in the region on OAR13, one SNP 
(rs415003205) had q-val < 0.05 in all the nine considered 
pair-wise comparisons. This is a deep intronic variant (G/A) 
located at 5,264 bp downstream the end of the first exon of the 
RALY gene. For the region on OAR3, the locus displaying the 
highest number of pair-wise comparisons showing signal of 
selection (six out of nine) was rs423370130 (154,072,493 bp). 
For the region on OAR19, the highest number of pair-wise 
comparisons showing signal of selection was five (rs404730996). 
The large region on OAR10 displayed a maximum of six pair-
wise comparisons showing signal of selection, at 29,413,536 bp 
(rs401979890). In the same region, two loci, out of which one 
(rs414794714, at 29776019 bp) rather far from rs401979890, 
had five pair-wise comparisons showing signal of selection. This 
pattern suggests that the considered region may harbor two 
different selection signatures.

The loci that provided overlapping signals for the same Merino 
(or Merino-derived) breed with both the “local ancestry” and the 
“FST-outlier” methods are highlighted in Table S8, while in Tables 
S4 to S7, the putatively selected regions, detected using the “local 
ancestry” method, where at least one significant SNP in at least 
one pair-wise comparison of the “FST-outlier” method involving 
the corresponding Merino (or Merino-derived) breed was 
observed, are highlighted in light yellow. In general, the majority 
of the regions (16/26, Australian Merino; 15/24, Chinese Merino; 
9/17 Sopravissana; 12/22 Spanish Merino) showed overlapping 
signals between the two methods.

Gene and QTL Content of Putatively 
Selected Regions
The two large regions on OAR 17 and 18, detected as putatively 
selected by “local ancestry” analysis, contain 148 and 70 genes, 
respectively (Table S9 and S10). These regions were screened for 
the presence of known QTLs in sheep (Table S11A). Interestingly, 
we found two QTLs associated with a wool trait, notably “greasy 
fleece weight,” at positions 49,606,819–49,606,859 bp and 
51,061,367–51,061,407 bp, respectively, in OAR17 (Ebrahimi 
et al., 2017), and one QTL associated with “staple length,” at 
position 9,943,363–68,604,602 bp in OAR18 (Allain et al., 
2006). The OAR17 QTL at position 49,606,819–49,606,859 bp 
is located in an inter-genic region, between LOC101120019 (60S 
ribosomal protein L10a-like, at position 49,486,725–49,520,271 
bp) and TMEM132B (transmembrane protein 132B, at position 
49,844,529–50,246,808 bp) (data not shown). Similarly, the 
OAR17 QTL at position 51,061,367–51,061,407 bp is located TA
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in an inter-genic region, between LOC101115905 (refilin-A, 
alias “family with sequence similarity 101, member A” or 
“filamin-interacting protein FAM101A,” at position 51,021,418–
51,035,210 bp) and LOC106991703 (a long non-coding RNA, at 
position 5,118,8762–51,255,313 bp) (data not shown). The large 
OAR18 QTL at position 9,943,363–68,604,602 bp includes 693 
genes (data not shown) and was hence not useful to refine the 
signal position. Therefore, the 70 genes detected in the putatively 
selected region on OAR18 were screened for inclusion in the 
output of the human GeneCards database using the queries 
“hair,” “wool,” and “horn,” selected as the most representative of 
the Merino phenotype. While none of the genes was retrieved 
when using “wool” or “horn” keywords, a total of 16 out of 70 
(23%) genes were retrieved when using the keyword “hair” 
(Table S10). Notably, three genes displayed particularly high 
GeneCards relevance scores: NFKBIA (16.1), SEC23A (15.27), 
and PAX9 (7.17).

The four regions detected as putatively selected by “FST-
outlier” analysis contain five (OAR3), four (OAR10), one 
(OAR13), and two (OAR19) genes (Tables S12A–D). Also, these 
regions were screened for the presence of known QTLs in sheep 
(Table S11B). On OAR3, a QTL associated with wool traits 
(notably, “staple length”) had been previously mapped, within a 
large chromosome interval (region 1,184,337–224,283,230 bp) 
encompassing the region detected in this study (Ponz et al., 2001). 

On OAR10, a genome-wide association study for wool traits in 
Chinese Merino detected a significant SNP for fiber diameter at 
position 30 Mb, and several SNPs significant for crimp at 26–27 
Mb (Wang et al., 2014). On OAR13, one SNP at 62.9 Mb was 
associated with wool fiber diameter (Bolormaa et al., 2017).

The results of the gene network analysis for the genes located 
in the putatively selected regions mentioned above are presented 
in Figure 1 and Table S13. A total of 57 links are reported for the 
considered 29 genes, out of which 9 genes had been detected in 
this study as putatively selected. Interestingly, links were observed 
not only between genes detected as putatively selected using the 
same approach, either LAMP or the FST-outlier, but also between 
genes detected as putatively selected using different approaches 
(SEC23A/MSRB3, RXFP2/PAX9, EIF2S2/TMEM132B, SEC23A/
RXFP2), thus suggesting their complementarity in selection 
signature detection.

Runs of Homozygosity
Several genomic regions that frequently appeared in a ROH were 
identified within each breed. Table 3 provides the chromosome 
position, and the start and end of the detected ROH islands. 
The top 0.999 SNPs of the percentile distribution of locus 
homozygosity values led to the use of different thresholds 
for each breed (from 0.166, in Gentile di Puglia, to 0.261, in 

TABLE 2 | Summary results of the FST-outlier approach for the nine pair-wise comparisons between Merino and non-Merino breeds. 

Loci Pair-wise comparisons N

OAR SNP ID Position 1 2 3 4 5 6 7 8 9

3 rs429917763 153826281 2
3 rs426111530 153889169 2
3 rs408016275 153927239 3
3 rs414901427 153976304 3
3 rs409568101 153996225 1
3 rs416115321 154033734 2
3 rs423370130 154072493 6
3 rs417916710 154223123 2
3 rs159858948 154318689 3

10 rs419203432 29392142 3
10 rs401979890 29413536 6
10 rs413264476 29453722 1
10 rs424871667 29479711 5
10 rs399348601 29489616 3
10 rs425859016 29660838 1
10 rs404720287 29685665 2
10 rs415997827 29742016 2
10 rs414794714 29776019 5

13 rs401457425 62707138 4
13 rs415003205 62747155 9

19 rs421064536 454178 1
19 rs409839516 504608 2
19 rs404730996 566456 5
19 rs424406294 607539 1

OAR, sheep chromosome. SNP ID, name of the SNP locus. N, number of pair-wise comparisons showing signal of selection for the considered SNP. 1, Australian Merino vs. 
Churra. 2, Australian Merino vs. Ojalada. 3, Spanish Merino vs. Churra. 4, Spanish Merino vs. Ojalada. 5, Gentile di Puglia vs. Appenninica. 6, Gentile di Puglia vs. Bergamasca. 
7, Sopravissana vs. Appenninica. 8, Sopravissana vs. Bergamasca. 9, Chinese Merino vs. Tibetan.
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Chinese Merino). The genomic distribution of ROH islands 
was clearly non-uniform among breeds. Gentile di Puglia 
showed the highest number (21) of ROH islands, followed 
by the Spanish Merino (12). Gentile di Puglia, together with 
Sopravissana, also displayed large proportions (33.3% and 50%, 
respectively) of ROH islands longer than 5 Mb. These results 
may well reflect the serious bottlenecks experienced by these 
breeds in the last 70 years. Three overlapping ROH islands were 
observed between breed pairs. Spanish Merinos and Gentile 
di Puglia breeds showed a common 5 Mb genomic region 
on OAR12 (47,013,871 to 52,019,776 bp). Smaller (<1  Mb) 
genomic regions were shared between Gentile di Puglia and 
Chinese Merino on OAR2 (99,442,430 to 100,215,565 bp) 
and between Chinese Merino and Appenninica on OAR16 
(30,100,068 to 30,670,323 bp).

When comparing the ROH islands observed within each 
Merino (or Merino-derived) breed (Table 3) with regions 
detected by “local ancestry” analysis involving the same Merino 
(or Merino-derived) breed (Tables S4–S7), we found little 
overlapping. In particular, the two ROH islands detected on 
OAR25 in Australian Merino were both included in the LAMP 
region detected for the same breed on the same chromosome. 
Similarly, the four ROH islands detected on OAR6 in Spanish 
Merino were all included in the LAMP region detected for the 
same breed on the same chromosome. No overlapping was 
observed for Chinese Merino and Sopravissana.

When comparing the ROH islands observed within each 
Merino (or Merino-derived) breed (Table 3) with SNPs 
detected as significantly differentiated in “FST-outlier” pair-wise 
contrasts involving the same Merino (or Merino-derived) breed 

FIGURE 1 | Graphical representation of the gene network analysis. Query genes, i.e., genes detected in this study as putatively selected, are indicated with stripes. 
Links in light purple indicate the network category co-expression (two genes are linked if their expression levels are similar across conditions in a gene expression 
study. Most of these data are collected from GEO, the Gene Expression Omnibus); only data associated with a publication are collected. Links in green indicate the 
network category genetic interaction. (Two genes are functionally associated if the effects of perturbing one gene were found to be modified by perturbations to a 
second gene. These data are collected from primary studies and BioGRID).
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(Table S8), some overlapping was observed. In particular, the 
SNP rs408794746 (34,050,238 bp in OAR3) was significantly 
differentiated when contrasting Australian Merino with 
Churra and Ojalada and was also detected within a ROH 
island in Australian Merino. The significantly differentiated 
SNP rs425817109 (34,390,603 bp) in the Spanish Merino vs. 
Churra comparison, and the SNP rs400309388 (34,699,452 
bp) in the Spanish Merino vs. Ojalada comparison, were both 
included within a ROH island detected in Spanish Merino 
(OAR12). The SNP rs403786137 (215,181,085 bp in OAR1) in 
the Gentile di Puglia vs. Bergamasca comparison was included 
within a ROH island detected in Gentile di Puglia. The SNP 
rs398231484 (216,225,845 bp in OAR3) in the Gentile di Puglia 
vs. Appenninica comparison was included within a ROH island 
detected in Gentile di Puglia. The SNP rs407100968 (45,671,005 
bp) in the Gentile di Puglia vs. Appenninica comparison and the 
SNP rs417849493 (48,709,065 bp) in the Gentile di Puglia vs. 
Bergamasca comparison were both included within a ROH island 
detected in Gentile di Puglia (OAR12). The SNP rs399908187 
(68,477,988 bp in OAR5) in the Sopravissana vs. Bergamasca 
comparison was included within a ROH island detected in 
Sopravissana. No significantly differentiated SNP overlapping 
with ROH islands was detected for the Chinese Merino breed.

DISCUSSION

Comparison Among Approaches for 
Selection Signatures Detection
In this study, we investigated selection signatures in various 
Merino (and Merino-derived) sheep breeds using two 
different approaches. While the “FST-outlier” is considered a 
classical method for identification of regions putatively under 
differential selection in pairs of breeds (or group of breeds), 
the analysis of local ancestry, i.e., the genetic ancestry of an 
individual at a particular chromosomal location, in admixed 
populations to detect genomic regions where a significant 
excess of ancestry from a given parental breed exists (also 
known as “admixture mapping”) is so far a less popular 
approach. Among the “admixture mapping” approaches, 
LAMP has some interesting features that prompted us to opt 
for this method. Unlike algorithms that are based on reference 

TABLE 3 | List of genomic regions of extended homozygosity (ROH islands) 
identified in the considered Merino and non-Merino breeds.

Breed (locus homozygosity 
threshold)

OAR Start End N.

Australian Merino (0.196) 3 33,232,651 34,050,238 19
25 19,861,459 20,568,885 15
25 21,904,797 22,347,925 13

Spanish Merino (0.231) 1 249,023,519 249,191,465 5
6 32,912,993 35,003,625 47
6 37,126,564 38,480,285 30
6 39,589,194 39,715,842 4
6 40,342,592 43,655,868 72
7 1,830,665 3,913,607 45

12 31,598,245 34,784,182 72
12 38,121,281 38,765,181 15
12 41,659,697 42,066,590 8
12 47,013,871 52,019,776 93
12 53,371,161 56,327,304 61
12 63,599,219 64,794,499 26

Gentile di Puglia (0.166) 1 211,018,133 216,875,491 107
1 270,012,629 271,410,339 28
2 99,442,340 101,718,337 110
2 202,780,179 203,472,364 20
2 217,829,936 223,681,332 116
2 223,981,060 226,600,106 55
2 240,008,834 243,300,137 61
3 211,410,359 218,603,858 139
5 93,955 3,046,488 66
5 25,728,102 28,636,862 65
10 13,800,857 13,988,776 5
10 14,165,558 20,000,839 111
10 20,273,388 23,396,844 64
12 44,162,620 52,019,776 154
12 70,838,617 78,861,071 151
17 8,532,536 9,566,661 21
17 17,289,600 17,844,323 10
18 3,363,915 6,142,721 47
22 11,697,681 12,751,792 20
26 8,124,065 13,498,474 91
26 17,062,097 19,422,382 38

Sopravissana (0.208) 5 65,184,537 69,108,780 79
5 72,592,808 73,484,347 20
5 73,814,249 81,172,608 150
15 17,158,900 22,517,143 94
22 18,932,514 24,872,911 109
22 28,773,373 30,395,735 29

Chinese Merino (0.261) 2 92,669,379 95,401,516 60
2 95,689,756 100,215,565 82
3 142,710,943 142,862,611 3
6 30,411,203 30,508,550 5
10 67,762,612 70,157,217 45
16 30,100,068 30,670,323 16

Churra (0.229) 8 32,122,858 34,554,414 49

Ojalada (0.167) 21 17,001,944 19,824,196 44

Bergamasca (0.167) 2 10,823,174 12,893,239 45
9 36,932,939 37,952,215 24

Appenninica (0.208) 4 44,524,519 1
16 26,703,405 30,695,539 88

(Continued)

TABLE 3 | Continued

Breed (locus homozygosity 
threshold)

OAR Start End N.

Tibetan (0.243) 8 26,853,601 30,314,835 77
23 77,105,889 83,429,082 103
23 90,336,146 94,196,356 64
23 98,904,521 101,871,791 52
23 104,351,418 108,119,862 57
23 114,615,110 120,163,589 90
23 121,125,567 125,963,555 81

OAR, sheep chromosome. N, number of SNPs.
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haplotype frequencies for each of the parental populations, for 
which larger sample sizes are required to capture haplotypic 
diversity, LAMP relies on reference allele frequencies (Shriner, 
2013) and is consequently less affected by a reduced sample 
size. Also, it operates on sliding windows of contiguous SNPs, 
using a “majority vote” for each locus, over all windows that 
overlap with the SNP, in order to decide the most likely ancestral 
population at the marker. This simple approach has been shown 
to provide fast and robust estimates (Sankararaman et al., 2008). 
Despite LAMP has been developed for estimation of the locus-
specific ancestry in recently admixed populations, it has been 
shown to be robust to inaccuracies in the parameter “number 
of generations since the admixture.” A critical issue, limiting 
the widespread use of LAMP, is represented by the choice of 
the external reference samples to be used as proxies for the true 
ancestral populations, as the latter are generally not available for 
sampling (Shriner, 2013). In this study, a set of four hypotheses, 
each including a test breed and two proxies for the parental 
populations, were formulated based on historical knowledge 
on the origin of breeds and the inferred proportions of global 
admixture. These have to be interpreted with caution given the 
possible influence of complex patterns of historical admixture 
known among Merino and Merino-derived sheep populations 
(Ciani et al., 2015). The four hypotheses were hence tested using 
the algorithm implemented in LAMP. On the other side, for 
the “FST-outlier” approach, we were able to define, a set of nine 
pair-wise comparisons by contrasting (i) Merino populations 
of Iberian origin (Spanish Merino and Australian Merino, 
respectively) with non-Merino populations of Iberian origin 
(Churra and Ojalada, respectively), (ii) Merino populations of 
Italian origin (Gentile di Puglia and Sopravissana, respectively) 
with non-Merino populations of Italian origin (Appenninica 
and Bergamasca, respectively), and (iii) a Merino population of 
Asian origin (Chinese Merino) with a non-Merino population 
of Asian origin (Tibetan). The rationale behind the above 
pairing is that differentially selected loci may be easier to detect 
when contrasting more homogeneous breeds, such as Merino 
versus non-Merino breeds from the closest geographical area 
(Manunza et al., 2016).

Consistently with expectations, the two adopted approaches 
produced only partly overlapping signals. Indeed, the two 
methods rely on different algorithms and different assumptions, 
which also imposed a different organization of the dataset used 
with the two approaches (four single-breed tests vs. nine pair-
wise comparisons, for the “local ancestry” and the FST-outlier” 
approaches, respectively), thus hampering direct head-to-head 
comparisons. Notwithstanding, the majority of the regions 
detected using the “local ancestry” method showed overlapping 
signals with the “FST-outlier” results. Although we interpreted 
the above as evidence supporting the robustness of the obtained 
results, it must be taken into consideration that regions identified 
by “local ancestry” were generally large, and significant SNPs 
detected via the “FST-outlier” method may likely occur in there by 
chance. Indeed, the number of loci identified as putatively under 
selection pressure using the “FST-outlier” method largely exceeds 
the number of putatively selected regions identified using the 
“local ancestry” approach.

In this study, we also investigated genomic regions of high 
homozygosity (ROH islands), as these have been shown to be 
abundant in regions under positive selection (Metzger et al., 
2015; Mastrangelo et al., 2017; Purfield et al., 2017; Talenti 
et al., 2017a; Talenti et al., 2017b; Mastrangelo et al., 2018). 
While we observed little overlapping between ROH islands 
and regions identified via “local ancestry,” some overlapping 
was observed between ROH islands and SNPs detected as 
significant using the “FST-outlier” approach. ROH islands may 
be the consequence of the genetic hitchhiking phenomenon at 
loci physically linked to the variant site under direct positive 
selection pressure. The “local ancestry” approach looks 
for regions with an excess of ancestry from one of the two 
parental populations, and not necessarily these regions have to 
display high homozygosity, although this feature is likely to be 
observed in case of a strong selective sweep. Similarly, in the 
“FST-outlier” approach, homozygous genotypes (for different 
alleles in the two breeds) at loci physically linked to the variant 
site under direct positive selection pressure may display high 
frequencies if a strong differential selection existed among 
the two considered breeds. Also, the argumentation reported 
above may apply here: the larger number of loci identified 
as putatively under selection pressure using the “FST-outlier” 
method may be more likely to occur by chance within large 
ROH islands compared to the fewer genomic regions identified 
via “local ancestry.” Moreover, ROH analysis might detect 
selection related to any trait, while contrasting Merino and 
non-Merino is more likely to detect signals related to this 
specific trait. Finally, the existence of ROH islands may be due 
to non-genetic factors such as demography.

Best Candidate Regions and Putatively 
Selected Genes
As the aim of this study was to identify loci most likely 
associated with the Merino phenotype, we arbitrarily identified 
(i) the best candidate regions detected via the “local ancestry” 
approach as those being shared by all the four breeds and (ii) the 
best candidate SNPs detected via the “FST-outlier” approach as 
those observed in at least 70% of the pair-wise comparisons (six 
out of nine). Based on the above, two large regions on OAR17 
and OAR18 were retained for (i), and three, on OAR3, OAR10, 
and OAR13, for (ii). The robustness of the adopted procedure 
was also suggested by the occurrence, in all of the five regions, 
of QTLs/associations known to be related to wool traits in the 
ovine species. Moreover, at OAR17, combining analysis of “local 
ancestry” and inspection of the sheep QTL database allowed to 
significantly shorten the candidate interval. On the contrary, 
known QTLs for wool traits described on OAR18 and OAR3 are 
mapped within extremely large chromosome intervals. These 
were identified by Allain et al. (2006) and Ponz et al. (2001) 
who performed whole-genome scans using microsatellite 
markers on experimental flocks obtained crossing Lacaune with 
Sarda, and Berrichon du Cher (a Merino-derived breed) with 
Romanov (a non-Merino breed), respectively. In what follows, 
the gene content of the best candidate regions is presented by 
chromosome order.
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OAR3
The region detected on OAR3 contains five genes, LOC105609945 
(long noncoding RNA), MSRB3 (methionine sulfoxide reductase 
B3), LOC105609947 (long noncoding RNA), LOC105609948 
(a pseudo-gene), and LEMD3 (LEM domain containing 3). 
Interestingly, the sub-region containing the genes MSRB3, 
LOC105609947, and LEMD3 was found to harbor a selection 
signature putatively for tail fat deposition in previous studies 
contrasting thin- vs. fat-tail sheep breeds, from China (Yuan et al., 
2017), and from North Africa and the Chios island (Mastrangelo 
et al., 2019), for adaptation when contrasting the Red Maasai 
sheep with the Ethiopian Menz (Fariello et al., 2014), and for 
ear morphology in Chinese sheep breeds (Wei et al., 2015) and 
in French Suffolk sheep (Rochus et al., 2018). The latter suggest 
to consider the genes encoded by the signal on OAR3, notably 
MSRB3 and LEMD3, as candidates for ear size based on literature 
showing the possible role of the two genes in ear position in dogs 
(Vaysse et al., 2011) and ear size in pigs (Wilkinson et al., 2013). 
A more detailed discussion of each single gene in the OAR3 
selection signature is provided below.

LOC105609945—No evidence for involvement of 
LOC105609945 in any peculiar Merino feature was found.

MSRB3—The methionine sulfoxide reductase B3 (MSRB3, 
alias DFNB74) catalyzes the reduction of free and protein-bound 
methionine sulfoxide to methionine. This antioxidant repair 
enzyme has been described in human epidermal keratinocytes 
and melanocytes, as well as in hair follicles (Taungjaruwinai 
et al., 2009). It has been shown to be expressed also in inner 
and outer hair cells of mouse inner ear (Ahmed et al., 2011). 
Diseases associated with MSRB3 include deafness (https://www.
genecards.org). Down-regulation of MSRB3 has been shown 
to impair the normal auditory system development through 
hair cell apoptosis in zebrafish (Shen et al., 2015). The gene has 
been found in previous selection signatures studies in sheep 
(Kijas et al., 2012; Fariello et al., 2014; Wei et al., 2015; Manunza 
et al., 2016; Yuan et al., 2017; Rochus et al., 2018; Mastrangelo 
et al., 2019). More interestingly, for this study, it has been found 
within a selection signature observed contrasting fine-wool 
Merino and coarse-wool Churra sheep breeds (Gutiérrez-Gil 
et al., 2017). Another line of evidence for the involvement of 
MSRB3 in hair/wool physiology comes from the observation 
that actin’s polymerization properties and actin cytoskeletal-
mediated events, such as correct bristle development, which are 
altered by specific oxidation of its conserved methionine (Met)-
44 residue on the pointed-end of actin subunits, are rescued 
by a methionine sulfoxide enzyme reductase (SelR/MsrB) in 
Drosophila (Hung et al., 2013). In this species, actin plays a role 
not only in bristle but also in wing hair development (Guild 
et  al., 2005). In mammals, actin has been shown to be one of 
the major components of both the water-soluble and -insoluble 
fraction from hair and hair follicles (Vermorken et al., 1981; Lee 
et al., 2006). Actin bundles in the hair follicle would act as stress 
fibers and serve as a tensile scaffold for the growth and integrity 
of the hair follicle (Furumura and Ishikawa, 1996). In Tibetan 
sheep, microRNAs differentially expressed in wool follicles 
during anagen, catagen, and telogen phases, thus potentially 
regulating wool follicle development, targeted, among others, 

genes in the pathways that regulate the actin cytoskeleton (Liu 
et al., 2013). MSRB3 also contained the (intronic) SNP that, in 
this study, displayed the highest number of “FST-outlier” pair-
wise comparisons showing signal of selection observed in the 
OAR3 region.

LOC105609947—No evidence for involvement of 
LOC105609945 in any peculiar Merino feature was found.

LOC105609948—It’s a pseudo for the ubiquitin-conjugating 
enzyme E2 D3 gene (UBE2D3), which is part of the bone 
morphogenic protein (BMP) signaling pathways (gene ontology 
database accession ID: GO:0030509). BMP ligands (BMP2 and 
BMP4) when expressed in dermal macro-environment during 
telogen (resting phase of hair cycle) have been shown to strongly 
suppress ability of resting hair follicles to be reactivated and grow 
again (International Patent no. WO2010059861A1 available at 
https://patents.google.com/patent/WO2010059861A1).

LEMD3—As previously mentioned, the LEM domain 
containing three gene (alias MAN1) has been found in various 
selection signatures studies in sheep (Fariello et al., 2014; Wei 
et al., 2015; Manunza et al., 2016; Yuan et al., 2017; Rochus et al., 
2018; Mastrangelo et al., 2019), including the study by Gutierrez-
Gil et al. (2017) where fine-wool Merino and coarse-wool Churra 
sheep breeds were contrasted. Moreover, it has been found 
associated with the abnormal hair quantity phenotype from the 
HPO Gene-Disease Associations dataset (Köhler et al., 2014).

OAR10
The region detected on OAR10 includes four genes: LOC106991357 
(long noncoding RNA), LOC101110773 (elongation factor 1-alpha 
1-like), RXFP2 (relaxin/insulin-like family peptide receptor 2), and 
LOC106991379 (a pseudo-gene). Despite this region was detected 
as putatively selected in studies investigating tail fat deposition 
(Moioli et al., 2015; Yuan et al., 2017; Mastrangelo et al., 2019) 
and adaptation (Yang et al., 2016; Seroussi et al., 2017), RXFP2 
is the most studied gene and is well known for being involved in 
horn presence/absence and morphology in sheep (Johnston et al., 
2011; Kijas et al., 2012; Fariello et al., 2014; Pan et al., 2018). A 
genome-wide association study for wool traits in Chinese Merino 
sheep detected, on this chromosome, a significant SNP for “fiber 
diameter” at position 30 Mb, together with several SNPs significant 
for “crimp” at 26–27 Mb (Wang et al., 2014). In what follows, a 
more detailed discussion of the four genes annotated in the OAR10 
region is provided.

LOC106991357—No evidence for involvement of this locus in 
any peculiar Merino feature was found.

LOC101110773—It codes for an elongation factor 1-alpha 
1-like. The elongation factor 1-alpha 1 (EF1A1) is a GTP-binding 
protein which has a primary function as an essential house-
keeping gene by delivering aminoacyl-tRNAs to the ribosome 
during the elongation step of protein translation. EF1A1, together 
with genes associated to the Usher syndrome, a congenital 
disease characterized by perturbation of normal organization 
and growth of hair bundles within the inner ear, is a downstream 
target of GBX2, which induces EF1A1 activation upon binding to 
the EF1A1 core promoter. GBX2 has been shown to be expressed 
in the otic placode, which develops into the inner ear. Loss-of-
function and mis-expression studies have shown that GBX2 
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is essential for development of the inner ear sensory organs. 
However, neither direct evidence for involvement of EF1A1 in 
hair bundles organization and growth nor in any peculiar Merino 
phenotype has been found so far. Another elongation factor type 
(EF1Bγ) has been proposed to bind to keratin (Kim et al., 2006). 
The presence of large amounts of EF1Bγ in keratin bundle rich 
hair fibers would support its biological role in the intermediate 
filament organization (Sasikumar et al., 2012).

RXFP2—This gene is involved, among others, in the biological 
process “activation of adenylate cyclase activity” (https://www.
uniprot.org/uniprot/Q8WXD0). Adenylate cyclase is responsible 
for the synthesis of 3’,5’-cyclic adenosine monophosphate 
(cAMP). Agents that increase cAMP levels have been shown to 
be potent inhibitors of human and mouse hair follicle growth 
(Harmon and Nevins, 1997). However, we cannot exclude that, in 
our tested scenarios, different alleles at this gene may have been 
differentially selected in the considered breeds as a consequence of 
selection toward different horn phenotypes. Rochus et al. (2018) 
highlighted that a number of single nucleotide polymorphisms 
exist in French sheep in the region extending 100 Kb upstream of 
RXFP2, with haplotypes in polled sheep being distinct from those 
observed in horned sheep. From these findings, they suggested 
that multiple ancient mutations, rather than a single mutation, 
are likely affecting horn phenotypes. Pan et al. (2018) reported 
strong association between three SNPs within the RXFP2 gene 
and horn sizes in a Tibetan population characterized by the 
presence of animals with heterogeneous horn types.

LOC106991379—No evidence for involvement of this locus in 
any peculiar Merino feature was found.

It is worth mentioning that, only 0.076 Mb upstream to 
LOC106991357 on OAR10, the gene FRY is mapped (interval 
28,959,450–29,212,913 bp). Looking at our results separately 
for each tested scenario, we observed that this interval was 
overlapping with the region detected by the “local ancestry” 
method in Chinese Merino, as well as with the regions detected 
by the “FST-outlier” method in the Chinese Merino vs. Tibetan, 
Australian Merino vs. Churra, and Gentile di Puglia vs. 
Appenninica comparisons. Moreover, the FRY interval was only 
slightly upstream to the regions detected by the “FST-outlier” 
method in the Australian Merino vs. Ojalada (0.2 Mb), Spanish 
Merino vs. Ojalada (0.18 Mb), Gentile di Puglia vs. Bergamasca 
(0.18 Mb), Sopravissana vs. Appenninica (0.2 Mb), and 
Sopravissana vs. Bergamasca (0.18 Mb). In sheep, FRY has been 
suggested as a key candidate gene for the piebald phenotype in 
Merino (Garcia-Gamez et al., 2011) and has been suggested to be 
associated with the black spot phenotype in Valley-type Tibetan 
sheep (Wei et al., 2015), and with differences in coat color 
pigmentation distribution between the Awassi and Afec-Assaf 
sheep (Seroussi et al., 2017). On the contrary, Zhang et al. (2013) 
detected FRY when contrasting Rambouillet and Suffolk sheep 
and suggested it to be a candidate gene affecting wool quality. 
Indeed, FRY encodes a protein furry homolog that, in Drosophila, 
has been found in growing hairs (He et al., 2005), and whose 
disruption has been shown to provoke abnormally branched 
bristles and strong multiple-hair phenotype, with clusters of 
epidermal hairs and branched hairs (Cong et al., 2001). Fang et 
al. (2010), following the transgenic FRY protein in vivo, found it 

to be highly mobile and to accumulate at the distal tip of growing 
bristles and suggest that it could function in directing/mediating 
the intracellular transport needed for polarized growth.

OAR13
The region detected on OAR13 contains a single gene (RALY). It 
encodes a heterogeneous nuclear ribonucleoprotein that binds 
poly-U-rich elements within several RNAs and regulates the 
expression of specific transcripts (Cornella et al., 2017; Rossi 
et al., 2017). In early 90s, the gene was shown to be involved in 
the pleiotropic lethal yellow phenotype of the mouse due to a 
deletion of the genes RALY and EIF2S2 (eukaryotic translation 
initiation factor 2 subunit 2), upstream the ASIP (agouti 
signaling protein) gene, responsible for the ectopic over-
expression of the agouti signaling protein under the control of 
the RALY promoter (Michaud et al., 1993; Duhl et  al., 1994). 
The gene has been repeatedly detected, often together with the 
neighbor ASIP gene, in association studies concerning skin 
pigmentation and skin neoplasms, (https://www.ncbi.nlm.nih.
gov/gap/phegeni?tab=1&gene=22913; Jacobs et al., 2015), as 
well as in several other type of cancers, where it is considered 
to represent a metastatic marker (Roberts et al., 2019). In 
2013, a mutation in this gene has been associated with the 
saddle tan and black-and-tan phenotypes in Basset Hounds 
and Pembroke Welsh Corgis (Dreger et al., 2013). Similarly, 
it has been associated with coat color phenotypes in Chinese 
and Iranian goats (Guo et al., 2018; Nazari- Ghadikolaei et al., 
2018). Worth mentioning that a SNP at OAR13 (position 62.9 
Mb) was associated by Bolormaa et al. (2017) with wool fiber 
diameter in Merino sheep. Although the SNP is not far from 
the RALY gene, it mapped within the EIF2S2 gene, which has 
been shown to be involved in protection against chemotherapy-
induced alopecia (Nasr et al., 2013).

OAR17
Out of the two pairs of genes flanking the two QTLs on 
OAR17, one (LOC101120019) is a pseudo-gene related to a 60S 
ribosomal protein (L10A), one (TMEM132B) codes for a trans-
membrane protein, one (LOC101115905) codes for refilin-A 
(alias FAM101A), and one (LOC106991703) is responsible 
for the production of a long noncoding RNA. Their possible 
involvement in the Merino phenotype is discussed here based on 
evidences from the literature.

LOC101120019—A mutation in a 60S ribosomal protein 
(L21) has been shown to be involved in hereditary hypotrichosis 
simplex (HHS), a form of nonsyndromic inherited hair loss 
disorders (Zhou et al., 2011). 60S ribosomal proteins (L6 
and L24) have been shown to be expressed in human anagen 
hair samples (Carlson et al., 2018). Interestingly, the 60S 
ribosomal protein L10A has been shown to be expressed in 
root hairs of Medicago truncatula (Covitz et al., 1998). As is 
common for genes encoding ribosomal proteins, multiple 
processed pseudo-genes of the 60S ribosomal protein L10A 
are dispersed through the genome (https://www.ncbi.nlm.
nih.gov/gene/4736). In particular, LOC101120019 on OAR17, 
being a pseudo-gene, is more likely to play, if any, a regulatory 
function on the hair physiology.
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TMEM132B—The trans-membrane protein 132B is required 
for normal inner ear hair cell function (https://www.genecards.
org/cgi-bin/carddisp.pl?gene=TMEM132E). TMEM132A, but 
not TMEM132B, TMEM132C, or TMEM132D, was found 
to be expressed in wool follicle bulb of Tibetan sheep during 
phase transformation from the middle anagen, to catagen 
and late telogen/early anagen (Liu et al., 2015). TMEM132E 
was found to be highly expressed in murine inner hair cells, 
and a variant in TMEM132E was identified as the most likely 
cause of autosomal-recessive nonsyndromic hearing loss. 
Knockdown of the TMEM132E ortholog in zebrafish affected the 
mechanotransduction of hair cells. (Li et al., 2015).

FAM101A—The gene product is involved in the regulation 
of the perinuclear actin network and nuclear shape through 
interaction with filamins. It plays an essential role in the formation 
of cartilaginous skeletal elements (UniProtKB:Q5SVD0). In 
addition, it has been shown to be differentially expressed in hair 
follicle stem cells residing in the bulge of mouse hair follicles 
versus the epithelial basal cells outside the bulge (Chang, 2014). 
FAM101A mRNA was detected via next-generation sequencing 
in wool follicle bulb samples of Tibetan sheep from middle 
anagen, catagen, and late telogen/early anagen phases (Liu et al., 
2015). In a genome-wide association study performed using 50 K 
SNPs in a Baluchi sheep population, one of the significant SNP 
markers associated with greasy fleece weight was located within 
FAM101A (Ebrahimi et al., 2017).

LOC106991703—No evidence for involvement of 
LOC106991703 in any peculiar Merino feature was found.

OAR18
The region identified on OAR18 included a large number 
of genes (70) that obviously hampered a detailed analysis of 
the available literature for each single gene. We hence opted 
for checking which of the above genes could be retrieved by 
querying the human GeneCards database using keywords 
representative of Merino phenotypes. While none of the genes 
was retrieved when using “wool” or “horn” keywords, 16 genes 
were retrieved when using the keyword “hair” and, among 
them, three displayed particularly high GeneCards relevance 
scores (NFKBIA, SEC23A, and PAX9).

NFKBIA (NFKB inhibitor alpha)—It has been shown to 
modulate WNT, SHH, and LHX2IS signaling at early stages of 
hair follicle development in mice. In particular, in the epidermis 
of mice lacking the transcription factor nuclear factor-kappa B 
activity, primary hair follicle pre-placode formation is initiated 
without progression to proper placodes (Tomann et al., 2016). 
The gene has been also detected as putatively under selection in a 
Chinese Merino sheep population (Liu et al., 2017).

SEC23A—It is one of the major components and markers 
of COPII vesicles from endoplasmic reticulum. It has been 
found associated with the sparse hair phenotype in humans 
(https://mseqdr.org/hpo_browser.php?8070) Moreover, it may 
contain causative mutations for an autosomal recessive disease 
known as cranio–lenticulo–sutural dysplasia, alias Boyadjiev–
Jabs syndrome, in which patients have abnormal hair, among 
other cranio-facial abnormalities. Also, it has been shown to 
co-localize with the three proteins, transmembrane (Cdh23), 

scaffold (harmonin), and actin-based motor (Myo7a), whose 
defect is responsible of various types of the Usher syndrome, a 
multi-genic congenital disease characterized by perturbation of 
normal organization and growth of hair bundles within the inner 
ear (Blanco-Sánchez et al., 2014)

PAX9—It is a member of the paired box (PAX) family of 
transcription factors. Heterozygous mutations in PAX9 have been 
associated in humans with non-syndromic tooth agenesis, non-
syndromic, and familial oligodontia, with peg-shaped laterals 
and microdontia incisors. Often, these symptoms are associated 
with hair defects (Roberts and Chetty, 2018) as the same genes 
responsible for tooth development are involved in the growth 
and development of the other tissues derived from the ectoderm, 
including hair.

In general, biological evidence for the involvement in 
plausible Merino phenotypes was observed for the vast 
majority of coding genes in putatively selected regions 
detected either via “local” ancestry” or the FST-outlier” 
approach. The above result highlights the power of the multi-
cohort approach adopted here. While we cannot exclude that 
false positive signals may have been retained in this study, still 
this represents so far the most complete genome-wide study of 
selection signatures for the Merino phenotype. The selection 
signatures reported here provide a comprehensive insight 
into the genetic basis underlining the Merino phenotype 
in sheep, which appeared here to be mainly represented by 
wool (and horn) traits. Targeted studies at both physiological 
and molecular levels will be needed to better understand 
the biological complexity behind these commercially 
relevant traits.
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estimate admixture proportions of the four test breeds (A, Chinese Merino; B, 
Sopravissana; C, Spanish Merino; D, Australian Merino), each dataset was 
assumed to be arranged into two sub-populations. Color codes define the 
admixture proportions for each animal. Individual proportions of global admixture 
were averaged within breed to obtain a, the fraction of global admixture, adopted 
as parameter in the “local ancestry” analyses (see main text).

TABLE S1 | Sheep breeds considered throughout this study. N, number of 
genotyped animals. 

TABLE S2 | Sheep breeds considered in the four different scenarios tested using 
the “local ancestry” approach. N, number of genotyped animals; α, fraction of 
global admixture.

TABLE S3 | Sheep breeds considered in the nine pair-wise comparisons tested 
using the “FST-outlier” approach.

TABLE S4 | Putatively selected regions identified in Australian Merino using the 
“local ancestry” approach. Merino genome-wide marker average ancestry (MAA) 
for this tested scenario was 0.87. For each region, the sheep chromosome 
(OAR), the name and the position, expressed in base pairs (bp), of the start 
and end SNPs (SNP ID), together with the MAA values representing the Merino 
fraction for the start and end SNPs, are provided. In bold and italics the region 
overlapping with ROHs detected within the Australian Merino breed. Highlighted 
in light yellow, the regions where at least one significant SNP in at least one pair-
wise comparison of the “FST-outlier” method involving the corresponding Merino 
(or Merino-derived) breed was observed (see main text).

TABLE S5 | Putatively selected regions identified in Chinese Merino using 
the “local ancestry” approach. Merino genome-wide marker average 
ancestry (MAA) for this tested scenario was 0.91. For each region, the sheep 
chromosome (OAR), the name and the position, expressed in base pairs 
(bp), of the start and end SNPs (SNP ID), together with the MAA values 
representing the Merino fraction for the start and end SNPs, are provided. 
Highlighted in light yellow, the regions where at least one significant SNP in 
at least one pair-wise comparison of the “FST-outlier” method involving the 
corresponding Merino (or Merino-derived) breed was observed (see main text).

TABLE S6 | Putatively selected regions identified in Sopravissana using the “local 
ancestry” approach. Merino genome-wide marker average ancestry (MAA) for 
this tested scenario was 0.76. For each region, the sheep chromosome (OAR), 
the name and the position, expressed in base pairs (bp), of the start and end 
SNPs (SNP ID), together with the MAA values representing the Merino fraction 
for the start and end SNPs, are provided. Highlighted in light yellow, the regions 
where at least one significant SNP in at least one pair-wise comparison of the 

“FST-outlier” method involving the corresponding Merino (or Merino-derived) 
breed was observed (see main text).

TABLE S7 | Putatively selected regions identified in Spanish Merino using the 
“local ancestry” approach. Merino genome-wide marker average ancestry (MAA) 
for this tested scenario was 0.77. For each region, the sheep chromosome 
(OAR), the name and the position, expressed in base pairs (bp), of the start 
and end SNPs (SNP ID), together with the MAA values representing the Merino 
fraction for the start and end SNPs, are provided. In bold and italics the region 
overlapping with ROHs detected within the Spanish Merino breed. Highlighted 
in light yellow, the regions where at least one significant SNP in at least one pair-
wise comparison of the “FST-outlier” method involving the corresponding Merino 
(or Merino-derived) breed was observed (see main text).

TABLE S8 | Results of the analyses performed using the “FST-outlier” approach 
for the nine pair-wise comparisons between Merino and non-Merino breeds. 
The sheep chromosome (OAR), the name (SNP ID) and the position, expressed 
in base pairs (bp), of the significant loci displaying qval < 0.05, and the 
corresponding FST values, are shown. In bold and italics, loci included within 
ROH islands detected in the same Merino (or Merino-derived) breed (see main 
text). Highlighted in light yellow, loci located within putatively selected regions 
identified, for the corresponding four considered breeds (Australian Merino, 
Spanish Merino, Sopravissana, Chinese Merino) using the “local ancestry” 
approach.

TABLE S9 | Gene content of the region on OAR17 detected as putatively 
selected by “local ancestry” analysis. N., sequential numbers. Gene ID, gene 
symbol. 

TABLE S10 | Gene content of the region on OAR18 detected as putatively 
selected by “local ances

TABLE S11 | Quantitative Trait Loci (QTLs) known in sheep and mapped to 
regions detected in this study as putatively selected via “local ancestry” (A) 
and “FST-outlier” (B) analysis. QTL ID, QTL accession code at the NCBI Sheep 
Genome Data Viewer. OAR, sheep chromosome.  

TABLE S12 | Gene content of the regions on OAR3 (A), OAR10 (B), OAR13 
(C) and OAR19 (D) detected as putatively selected by “FST-outlier” analysis. N., 
sequential number. Gene ID, gene symbol. 

TABLE S13 | Results of the gene network analysis. In italics, interactions 
between genes detected as putatively selected using the same approach (either 
LAMP or FST-outlier). In bold, interactions between genes detected as putatively 
selected using different approaches. 
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In organisms with sexual reproduction, genetic diversity, and genome evolution are 
governed by meiotic recombination caused by crossing-over, which is known to 
vary within the genome. In this study, we propose a simple method to estimate the 
recombination rate that makes use of the persistency of linkage disequilibrium (LD) phase 
among closely related populations. The biological material comprised 171 triplets (sire/
dam/offspring) from seven populations of autochthonous beef cattle in Spain (Asturiana 
de los Valles, Avileña-Negra Ibérica, Bruna dels Pirineus, Morucha, Pirenaica, Retinta, 
and Rubia Gallega), which were genotyped for 777,962 SNPs with the BovineHD 
BeadChip. After standard quality filtering, we reconstructed the haplotype phases in 
the parental individuals and calculated the LD by the correlation -r- between each pair 
of markers that had a genetic distance < 1 Mb. Subsequently, these correlations were 
used to calculate the persistency of LD phase between each pair of populations along 
the autosomal genome. Therefore, the distribution of the recombination rate along the 
genome can be inferred since the effect of the number of generations of divergence 
should be equivalent throughout the genome. In our study, the recombination rate was 
highest in the largest chromosomes and at the distal portion of the chromosomes. 
In addition, the persistency of LD phase was highly heterogeneous throughout the 
genome, with a ratio of 25.4 times between the estimates of the recombination rates 
from the genomic regions that had the highest (BTA18-7.1 Mb) and the lowest (BTA12-
42.4 Mb) estimates. Finally, an overrepresentation enrichment analysis (ORA) showed 
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differences in the enriched gene ontology (GO) terms between the genes located in 
the genomic regions with estimates of the recombination rate over (or below) the 95th 
(or 5th) percentile throughout the autosomal genome.

Keywords: recombination rate, linkage disequilibrium, beef cattle, multiple populations, gene ontology

INTRODUCTION
Recombination caused by crossing-over during meiosis play a 
crucial role in the genetic diversity and the genome evolution 
of organisms with sexual reproduction (Arnheim et al., 2007). It 
creates new genetic variation by generating novel combinations 
of grand-paternal and grand-maternal genetic information, and 
it helps to remove deleterious mutations that might otherwise 
accumulate (Tiemann-Boege et al., 2017).

In most studies of genome-wide association or genomic 
selection, the distribution of crossing-over events had been 
considered uniform, although there is strong evidence that 
recombination rate is heterogeneous along the genome (Myers 
et al., 2005; Stapley et al., 2017). In general, recombination is 
higher in the regions of the telomeres and smaller near the 
centromere (Coop and Przeworski, 2007; Ma et al., 2015). Due 
to recombination, the genome is organized into haplotype 
blocks of varying lengths, as described in humans (Gabriel et al., 
2002) and other species as rat and mouse (Guryev et al., 2006) 
and cattle (Mokry et al., 2014). The reason of this structure is 
the presence of small genomic regions that have a higher rate of 
recombination, known as recombination hotspots (Paigen and 
Petkov, 2010).

In addition, patterns of the recombination rate throughout 
the genome vary among species, populations, or even within 
individuals in different environments (Stapley et al., 2017). The 
evolution of the distribution of the recombination rate along the 
genome is an active research field (Dapper and Payseur, 2017). 
In general, it differs according to the genomic scale in which the 
recombination rate is measured (Smukowski and Noor, 2011). In 
a very fine scale (few kb), a rapid divergence of the recombination 
rate between mammal populations is observed (Auton et al., 
2012; Stevison et al., 2016), whereas greater correlations are 
observed between closely related populations when they are 
calculated through larger chromosomal segments (Smukowski 
and Noor, 2011; Shen et al., 2018).

Traditionally, the distribution of the crossing-overs or 
recombination events within the genome has been studied 
by counting the number of chiasmata during meiosis (Hulten 
et al., 1982) or from linkage maps created from a limited 
number of genetic markers or phenotypes (Sturtevant, 1913). 
In recent years, high-throughput sequencing and genotyping 
technologies have provided a valuable new tool for measuring 
recombination rates with two main group of methods. First, 
estimates of recombination rates are based on observations 
of recombination events in large pedigrees between pairs of 
parent-offspring genotypes (Kong et al., 2010; Ma et al., 2015; 
Shen et al., 2018) or in sperm typing (Sarbajna et al., 2012) 
and require genotypic information from a large number of 

families or sperm cells. Second, other methods are based on 
the identification of local patterns in linkage disequilibrium 
(LD) with coalescent methods (McVean et al., 2002; Li and 
Stephens, 2003; Wall and Stevison, 2016), which estimate 
the background recombination rate ρw=4Nwcw −, where Nw 
and cw are the indistinguishable effective population size and 
recombination rate for a specific window of the genome, 
respectively. The main limitation of the last approach is that the 
effective population size can vary dramatically over time. In 
fact, the decay of LD has been used to estimate past population 
history in humans (Hayes et al., 2003; Tenesa et al., 2007; Park, 
2012) and livestock populations (Hayes et al., 2003; De Roos 
et al., 2008; Xu et al., 2019).

In addition, stratification of the population can severely 
distort the estimates of recombination rates because 
subdivisions of the population have a strong effect on LD 
estimates (Hinrichs et al., 2009). After reproductive isolation, 
the structure of LD tends to differ between subpopulations 
and the similarity (or persistency) of those LD patterns 
depends on the number of generations of divergence and the 
recombination rate plus other evolutionary events such as 
admixture or variations on the effective size of the populations 
(Hill and Robertson, 1968). For this reason, if genotypic 
information is available for closely related populations, 
measures of genome-wide persistency of LD phase among 
populations throughout the genome can be used to infer 
the distribution of recombination rate. The rationale of this 
approach is that genetic drift, admixture, or variations of the 
effective size should affect the entire genome with similar 
intensity and the heterogeneity of the persistency of LD phase 
is linked to variations on the recombination rate.

Therefore, the objective of this study was to develop a 
procedure to infer the distribution of the recombination 
rate from the persistency of LD phase among closely related 
populations and to apply it to genotypic data from seven beef 
cattle populations in Spain.

MATERIALS AND METHODS
The genomic data comprised the BovineHD Genotyping Beadchip 
(777,962 SNPs, Illumina) genotypes from 171 non-related triplets 
of sire, dam, and one offspring from seven breeds, being 25 
Asturiana de los Valles (AV), 24 Avileña - Negra Ibérica (ANI), 
25 Bruna dels Pirineus (BP), 25 Morucha (Mo), 24 Pirenaica (Pi), 
24 Retinta (Re), and 24 Rubia Gallega (RG) triplets. This dataset 
has been used to analyze genetic differentiation (Cañas-Álvarez 
et  al., 2015; Cañas-Álvarez et al., 2016; González-Rodríguez et al., 
2017), signatures of selection (González-Rodríguez et al., 2016), 
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and haplotype diversity (Mouresan et al., 2017). These breeds 
represent 72% of the total census of local beef breeds in Spain 
(Ministerio de Medio Ambiente y Medio Rural y Marino, 2010) 
and their production systems are extensive or semi-extensive. The 
populations are reared in mountainous regions near the Pyrenees 
(Pirenaica and Bruna dels Pirineus) in the humid regions in 
northwestern Spain (Rubia Gallega and Asturiana de los Valles) 
or in pastures in semi-arid zones of the west and southwest of 
Spain (Retinta, Avileña Negra-Ibérica, and Morucha). The breeds 
differ in production and carcass traits (Piedrafita et al., 2003) and 
in their meat quality (Gil et al., 2001).

The triplets were sampled by the breeders associations with 
the aim of capturing most of the genetic variability of each 
population. We used an ad-hoc procedure that started with one 
triplet and incorporated the new ones by minimizing the total 
coancestry between them. The SNP filtering process included 
the following: 1) Mendelian error < 0.05, 2) SNP and individual 
call rates > 95%, and 3) Minor allele frequency (MAF) > 0.05 
in pairs of populations. Only the SNPs that were located on 
autosomal chromosomes were retained. The filtering process 
yielded approximately 550,000 segregating markers for each pair 
of populations (see Table 1).

The genomic information of the triplets was used to reconstruct 
the parental haplotypes with the TRIO option of the BEAGLE 
software (Browning and Browning, 2007), which were used to 
calculate the LD in each population and between each pair of 
markers (i.e. with alleles A and a, and B and b, respectively) that 
had a genomic distance < 1 Mb. LD was estimated as a correlation 
–r-, as follows:

	
r D

p p p pA a B b

=
	

where D = PAB Pab PAbPaB (Falconer and Mackay, 1996), PAB , Pab, 
PAb and Pab were the haplotype frequencies, and PA, Pa, PB, and Pb 
were the allelic frequencies.

To estimate the persistency of LD phase between pairs of 
populations, the Pearson correlations between LD estimates 

in each bin of 20 kb (0–20, 20–40, 40–60, 960–980, 980–
1,000) within a 1 Mb window were calculated for each pair of 
populations. We obtained 50 correlation estimates (one per bin) 
between the LD estimates of each breed pair per window.

Under the assumption of constant variance of r (or effective 
population size) in both populations, the expectation of the 
correlation between LD estimates from a pair of SNP markers 
is e-2cT (Hill and Robertson, 1968; De Roos et al., 2008), where 
c is the recombination rate between the markers and T is the 
number of generations of divergence between populations. 
Initially, it was assumed that the recombination rate was 1.25 
cM per Mb (Arias et al., 2009). The regression of the natural 
logarithm of the correlations on the genomic distance was 
calculated and the slope was equated to -2cT to estimate 
T between each pair of populations.

Once the numbers of generations of divergence (T) were 
estimated from all available SNP markers, they were assumed as 
known and replaced by their estimates. Subsequently, the same 
expression (-2cT) was used to estimate c, although the analysis 
was restricted only to the SNP markers within 1 Mb, which were 
centered every 0.1 Mb along the autosomal genome in sliding 
windows. Therefore, 25,098 estimates of c were calculated for 
each of the 21 population pairs.

Afterwards, the presence of a common pattern for the 
distribution of the recombination rate was checked calculating 
the correlation between the estimates from all population pairs. 
Next, the estimates of c were averaged by chromosome, relative 
position within the chromosome, and location within the 
genome to infer the distribution of the recombination rate (or 
the persistency of LD phase) throughout the bovine autosomal 
genome. The degree of inequality of the recombination rate along 
the autosomal genome was measured with the Gini index –G- 
(Ceriani and Verme, 2012) as:

	
G

c c

ng c
i

ng

j

ng

i j

=
−

= =∑ ∑1 1
22 	

Where ci and cj were the average estimates of the recombination 
rate for the 21 population pairs ad for the ith and jth genomic 
regions, ng was the total number of genomic regions (25,098) 
defined along the autosomal genome, and c  was the average of 
the 25,098 estimates of the recombination rate.

Finally, the 5th and 95th percentiles of the average 
recombination rates between pairs of populations in 0.1 Mb steps 
throughout the autosomal genome were calculated. Thereinafter, 
we prospected genes mapped within genomic regions falling 
out the 5–95th the percentile using the Biomart tool of 
Ensembl (Flicek et al., 2013) (www.ensembl.org). Further, we 
performed an Overrepresentation Enrichment Analysis (ORA) 
to determine if the overrepresentation of gene ontology (GO) 
terms differed between the two tails of the empirical distribution 
of recombination rates. We used the WEB-based Gene SeT 
AnaLysis Toolkit (www.webgestalt.org) using the Homo sapiens 
and Bos taurus annotation databases and with the complete 
genome as the reference set.

TABLE 1 | Number of co-segregating SNP markers between all possible pairs 
of seven beef cattle populations in Spain [Asturiana de los Valles (AV), Avileña 
- Negra Ibérica (ANI), Bruna dels Pirineus (BP), Morucha (Mo), Pirenaica (P), 
Retinta (Re), Rubia Gallega (RG)].

Pairs of 
populations

N° SNP markers Pairs of 
populations

N° SNP 
markers

AV-ANI 555,373 BP-Mo 543,305
AV-BP 557,588 BP-Pi 534,336
AV-Mo 555,769 BP-Re 535,997
AV-Pi 540,390 BP-RG 544,350
AV-Re 547,893 Mo-Pi 529,281
AV-RG 553,868 Mo-Re 541,225
ANI-BP 538,327 Mo-RG 542,682
ANI-Mo 545,324 Pi-Re 522,670
ANI-Pi 524,630 Pi-RG 529,577
ANI-Re 536,595 Re-RG 535,677
ANI-RG 537,882
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RESULTS AND DISCUSSION
We have used the persistency of LD phase among seven closely 
related populations (Cañas-Álvarez et al., 2015) to infer the 
landscape of the recombination events in a sequential procedure 
that involved several steps. As in other studies in livestock 
populations (Brito et al., 2015; Biegelmeyer et al., 2016; Brito et al., 
2017; Grossi et al., 2017), the similitude of LD among populations 
was very high between adjacent markers and decreased rapidly 
with genomic distance. In the first step, we used all the SNP 
markers to estimate the persistency of LD phase for each pair of 
populations as the slope of the regression analysis between the 
natural logarithm of the correlations between the r measures of 
LD in bins of 20 kb on the genomic distance. Theoretically, this 
relationship should be linear (Hill and Robertson, 1968; De Roos 
et al., 2008). However, the results varied according to the genomic 
distance evaluated (1 Mb, 500 Kb, 250 Kb, or 100 Kb). To illustrate 
this phenomenon, the results of the regression analysis between 
Re and RG are shown in Figure 1. The regression analysis of the 
data within a range of 250 Kb had the highest adjusted R2 (0.999) 
and the linear relationship between persistency of LD phase and 
genomic distance was evident only in those first 250 Kb. The 
results for the other population pairs were similar (Supplementary 
Information, Figures S1 to S20) and all of them had the highest 
adjusted R2 (> 0.998) with the first 250 Kb. In all population pairs, 
persistency of LD phase decayed rapidly over short distances, but 
in larger genomic distances remained > 0, as observed by De Roos 
et al. (2008). This is probably due to the fact that the populations 
were not totally divergent or due to the presence of some migration 

between them (De Roos et al., 2008) and consistent with a decrease 
in effective population size in cattle (Hayes et al., 2003).

In a second step, we restricted the analysis to the LD within 
250 Kb and the slope of the regression analyses were equated 
to -2cT, with c set to 1.25 cM per Mb (Arias et al., 2009). We 
obtained 21 estimates of the number of generations of divergence 
(T) between populations (Table 2), that ranged from 132.3 
(AV-BP) to 281.9 (Pi-Re). Estimates were in concordance with 
the results obtained by Cañas-Álvarez et al. (2016) for the 
same populations and dataset, and by De Roos et al. (2008) 
between two dairy populations (Holstein-Friesian and Jersey). 
However, the divergence times found in our study were lower 
than the observed between a dairy (Holstein) and beef (Angus) 
populations (De Roos et al., 2008).

The estimates of T assumed that the variance of the LD (r) 
remained constant in each population and this is probably 
far from the truth. The effective size of the populations has 
decreased in the last generations (Cañas-Alvarez et al., 2016) 
and, thus, the estimates of T are probably overestimated. 
Nevertheless, the bias caused by the variations in the effective 
size should be similar throughout the autosomal genome and, 
therefore, local variations in the persistency of LD phase are 
informative for the inference of the recombination landscape 
along the autosomal genome.

After this preliminary step, we used the same expression 
(-2cT) to infer the distribution of the recombination rate c. Now, 
the numbers of generations of divergence (T) were assumed to be 
known and they were replaced by their estimates with all the SNP 
markers. In this case, we equated the slope of the regression of the 

FIGURE 1 | Persistency of Linkage Disequilibrium (LD) measured as the correlation and the log-correlation between the estimates of LD in Retinta (Re) and Rubia 
Gallega (RG) populations, and estimates of the slope of the regression with respect to the genomic distance for different ranges [0-1 Mb – black, 0-500 Kb-green, 
0-250 Kb- red, and 0-100 Kb-blue].
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persistency of LD phase on the genomic distance to -2cT, but the 
analysis was restricted to the SNP markers located within a sliding 
window of 1 Mb (500 kb downstream and 500 kb upstream) in 
steps of 0.1 Mb. We obtained as many as 25,098 estimates of c for 
each pair of populations (Figures S21 to S41). The rationale to 
this approach was that genetic drift and variations on the effective 
size of the populations should have affected the entire autosomal 
genome with the same intensity and, therefore, regional variation 
in the persistency of LD phase should reflect variations in the 
recombination rate. However, as in other LD-based procedures 
for estimating the recombination rate (Li and Stephens, 2003), it 

could also reflect differences in the intensity of the mutation rate 
or the occurrence of selection events.

Once the local estimates of c for the 21 pair of populations 
were available, we calculated the correlations between them 
(Figure 2). Values ranged from moderate (0.37) to strong (0.76), 
with an average of 0.55 and a standard deviation of 0.08. The 
results were consistent with the output of Table 2. The minimum 
correlation (0.37) was obtained between ANI-Mo and BP-Pi, 
which is consistent with the large number of generations of 
divergence between ANI and BP (244.9), ANI and Pi (268.6), 
Mo and BP (232.8), and Mo and Pi (252.8). In contrast, the 

FIGURE 2 | Correlations between the estimates of the recombination rate (c) in bins of 1 Mb between pairs of seven beef cattle populations in Spain [Asturiana de 
los Valles (AV), Avileña - Negra Ibérica (ANI), Bruna dels Pirineus (BP), Morucha (Mo), Pirenaica (P), Retinta (Re), Rubia Gallega (RG)].

TABLE 2 | Estimated number of generations of divergence between seven beef cattle populations in Spain [Asturiana de los Valles (AV), Avileña - Negra Ibérica (ANI), 
Bruna dels Pirineus (BP), Morucha (Mo), Pirenaica (P), Retinta (Re), Rubia Gallega (RG)] based on the architecture of Linkage Disequilibrium.

ANI BP Mo Pi Re RG

AV 181.2 132.3 160.7 184.1 185.9 157.2
ANI – 244.9 133.6 268.6 175.1 225.1
BP – – 232.8 168.1 258.1 176.4
Mo – – – 252.8 168.8 205.2
Pi – – – – 281.9 215.3
Re – – – – – 229.1
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greatest correlation was between ANI-BP and Mo-BP, given that 
the number of generations of divergence between ANI and Mo 
is only 133.6 generations. Therefore, given the noise in the LD 
estimates with small sample sizes, this average correlation and 
the consistency of estimates between pairs of populations should 
be considered very relevant. The similarity between estimates 
was within the same range than the reported between estimates 
of the recombination rate in human (Graffelman et al., 2007; 
Laayouni et al., 2011; Manu et al., 2018) and livestock (Petit et al., 
2017; Shen et al., 2018) populations. Thus, somehow it confirms 
that similarities in the distribution of the recombination rate are 
achieved between closely related populations (Smukowski and 
Noor, 2011), such as the analyzed in this study (Cañas-Álvarez 
et al., 2015; González-Rodríguez et al., 2017). This similarity 
was even observed between pairs of populations that do not 
share any population (i. e. ANI-AV and BP-Pi), whose average 
correlation (0.52 ± 0.06) was only slightly lower than the average 
of the correlations between estimates from pairs that share (i.e. 
ANI-AV vs ANI-Mo) (0.58 ± 0.08). It reinforces the hypothesis 
that the similarity between persistence of LD phase at different 
locations of the genome and between pairs of populations is 
related with variations in the recombination rate throughout  
the genome.

Despite divergences associated with a specific population pair 
and possible selection events, the distribution of the persistency of 
LD phase appeared to follow a global pattern. Therefore, we used 
the estimates of c to describe the distribution of the recombination 
rate along the autosomal genome. Initially, we calculated 
an average of all of the estimates of c for each chromosome 
(Figure 3), which ranged from 1.12 cM per Mb in BTA9 to 1.50 
cM per Mb in BTA25. In general, the largest chromosomes tended 
to have the lowest recombination rates. The relationship between 
recombination rate and chromosome length (Kaback et al., 1992; 
Jensen-Seaman et al., 2004; Li and Freudenberg, 2009) or genome 

length (Lynch, 2006) has been reported in several species and 
may be associated to the difficulties of small chromosomes to find 
their homologues during meiosis (Tiemann-Boege et al., 2017). 
In fact, Fledel-Alon et al. (2009) suggested that, in meiosis, each 
chromosome usually undergoes at least one crossing-over, which 
produces a very strong correlation between the average number of 
crossovers and chromosome length.

Next, we evaluated the relationship between the recombination 
rate and the relative physical position within the chromosome by 
averaging the c estimates for each percentile along the length of 
each chromosome (Figure 4). The results were similar to those of 
Sandor et al. (2012); Ma et al. (2015), and Shen et al. (2018) in the 
bovine specie and to the results of haplotype diversity measured 
in the same populations (Mouresan et al., 2017). In cattle, all 
autosomal chromosomes are acrocentric (Popescu, 1990) and, in 
our study, the recombination rate was lowest at the beginning 
of the chromosome, near the centromere. Furthermore, a 
low recombination rate was evident at the middle of the 
chromosome, although the centromere of chromosomes in cattle 
is not located there. Ma et al. (2015) argued that the bimodal 
distribution of recombination rates might be caused by positive 
crossover interference. The highest recombination rate was at the 
distal portion of the chromosome (over the 95 % percentile of 
the relative position within chromosomes), in agreement with 
studies that have shown that recombination rate is highest at the 
telomeres (Nachman, 2002; Coop and Przeworski, 2007).

Additionally, a map of the recombination rates throughout the 
genome was calculated by averaging the estimates from the 21 pairs 
of populations in 0.1 Mb steps along the autosomal chromosomes 
(Figure 5). The average estimate of the recombination rate 
was 1.275 cM per Mb with a standard deviation of 0.381. As 
expected, the recombination rate was very similar to the rate 
assumed in the initial step of the study (1.25 cM per Mb). The 
estimated recombination rates within the genome were highly 

FIGURE 3 | Average estimate per chromosome of the recombination rate (cM/Mb) in bins of 1 Mb and for all pairs of seven breeds of beef cattle populations in Spain.
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heterogeneous, and the ratio between the genomic regions that 
had the highest (BTA18-7.1 Mb) and the lowest (BTA12-42.4 
Mb) estimated recombination rates was 25.37. To illustrate the 
differences between those two extreme regions of the genome, 

Figure 6 displays the average recombination rate and all specific 
persistencies of LD phase for each population pair.

The heterogeneity of the recombination rate reflected the 
presence of highly recombining genomic regions. Most of 

FIGURE 4 | Average estimate of the recombination rate (cM/Mb) in bins of 1 Mb and for all pairs of populations and the relative physical position in the chromosome 
in seven breeds of beef cattle in Spain.

FIGURE 5 | Average estimate of the recombination rate (cM/Mb) in bins of 1 Mb and throughout the autosomal genome for all pairs of seven beef cattle populations 
in Spain.
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the recombination events may occur in a small portion of the 
genome, as observed in other species. However, the Gini index 
between the cumulative distributions of the recombination rate 
and the genetic distance was 0.1803, which is lower than others 
reported in human (Kong et al., 2002), apes (Stevison et al., 2016), 
and livestock (Petit et al., 2017) populations. It is likely that the 
Gini index was low because the method used in our study was 
only able to distinguish among the rates of recombination (as a 
measure of the persistency in LD phase) within relatively large 
genomic regions (1 Mb), and recombination hotspots often are 
restricted to 1–2 kb (Myers et al., 2005; Mancera et al., 2008).

The 5th and 95th percentiles of the recombination rate estimates 
were 0.593 and 1.856 cM per Mb, respectively, and we identified 
the genes within the genomic regions that had values that were 
either above or below those percentiles. The number of genes 
within the regions that were above the 95th (high recombination 
rate – HRR-) or below the 5th (low recombination rate –LRR-) 
percentiles were 665 and 669, respectively. Some studies have 

suggested that there is a negative correlation between gene 
density and the frequency of recombination hotspots (Myers 
et al., 2005; Freudenberg et al., 2009; Stapley et al., 2017), which 
was not detectable with the methods used in our study.

Furthermore, some authors (The International HapMap 
Consortium, 2007) have suggested that genes with highly 
conserved function are located surrounding regions with low 
recombination rate; on the other hand, HRR regions contains 
genes that are exposed to recurrent adaptive process to allow 
plasticity of organism to coming circumstances. In our study, 
we have tried to corroborate these statements using ORA with 
the GO terms for biological processes, cellular components, and 
molecular functions. The results are presented in Tables 3 to 5 
(Homo sapiens annotation database) and in Supplementary 
Tables 1 to 3 (Bos taurus annotation database). In general, the 
results with the Homo sapiens database yielded results with lower 
FDR than with the Bos taurus database, probably because the 
human genome in notably more annotated than the bovine one.

FIGURE 6 | Average (bold lines) and specific population pair (transparent lines) persistency of LD (correlation between LD estimates in pairs of populations) in the 
genomic regions that had the highest (BTA12-42.4 Mb, continuous lines) or the lowest persistency (BTA18-7,1 Mb, dotted lines) among seven beef breeds in Spain.

TABLE 3 | False discovery rate (FDR) for the top 10 enriched Gene Ontology (GO) terms for Biological processes with the Homo sapiens database for genes within the 
genomic regions located over the 95th (high recombination rate) and below the 5th (low recombination rate) percentiles of the average recombination rates.

High Recombination Rate Low Recombination Rate

GO TERM FDR GO TERM FDR

Protein citrullination 2.00e-04 Homophilic cell adhesion via plasma membrane adhesion molecules 2.45e-01
Histone citrullination 2.00e-04 DNA replication initiation 2.45e-01
Extracellular vesicle biogenesis 3.09e-01 Vitamin A metabolic process 2.45e-01
Regulation of action potential 3.27-01 Cell-cell adhesion via plasma-membrane adhesion molecules 5.84e-01
Regulation of substrate adhesion-
dependent cell spreading

3.27-01 Regulation of chemokine biosynthetic process 5.84e-01

Sodium ion transmembrane transport 3.27-01 Celullar response to electrical stimulus 5.84e-01
Peptidyl-arginine modification 3.27-01 Chemokine biosynthetic process 5.84e-01
phagosome acidification 3.27-01 Chemokine metabolic process 5.84e-01
Cardiac muscle cell action potential 3.27-01 Neutrophil mediated killing of bacterium 1.00e-00
Regulation of fibroblast growth factor 
receptor signaling pathway

3.27-01 Sulfur amino acid catabolic process 1.00e-00
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The results of the enrichment analysis for biological processes 
with the human database (Table 3) only provided enriched GO 
terms with a False Discovery Rate (FDR) lower than 0.05 with 
the genes present in the HRR genomic regions. The significant 
GO terms correspond to Protein citrullination and Histone 
citrullination. Citrullination, the conversion of the amino acid 
arginine in a protein into the amino acid citrulline, has been related 
to an increase in antigenic diversity (Nguyen and James, 2016). 
The higher recombination rate of those genomic regions might 
indicate that they have evolved to have high plasticity to adapt 
to changing environments (Charlesworth et al., 2009; Campos 
et al., 2014). Therefore, the generation of new genetic variants by 
recombination may help the antigen diversity from the perspective 
of the host. Thus, it works as a mechanism to adapt its immune 
response to fight against the ability of the pathogen to modify its 
antigenic targets. The results obtained from the Bos taurus database 
(Supplementary Table 1) were not significant (FDR < 0.05).

The top 10 enriched GO terms for cellular components for the 
genomic regions that had either high or low recombination rate are 
presented in Table 4 (Homo sapiens) and Supplementary Table 2 (Bos 
taurus). For Homo sapiens, the FDR was generally lower than it was 
for biological processes (FDR < 4.6e-02). Some cellular components 
(Golgi apparatus, Cell projection part, Plasma membrane bounded bell 
projection part) occurred in both types of genomic regions, but there 
were some important differences between them. The HRR genomic 

regions were enriched with genes whose expression is located at the 
extracellular space and related with neuronal interactions (neuron 
part, synapse, synapse part, postsynapse, or neuron projection). In 
contrast, the genes located at LRR regions were associated with very 
basic intracellular (Cytoplasmic vesicle part, Perinuclear region of the 
cytoplasm) or membrane components (Plasma membrane region, 
Intrinsic component of the plasma membrane Integral component 
of the plasma membrane, Plasma membrane protein complex). The 
results obtained from the Bos taurus database were significant 
(FDR < 0.05) only for cytosol and nuclear lumen in the LRR regions, 
confirming the results provided by the Homo sapiens database.

The enriched GO terms for molecular functions are presented 
in Table 5 (Homo sapiens) and Supplementary Table 3 (Bos 
Taurus). The three significantly (FDR < 0.05) enriched GO terms 
for the HRR genomic regions were coherent with the enriched 
GO terms for biological processes. In fact, two of those were 
clearly associated with citrullination [Protein-arginine deiminase 
activity and Hydrolase activity, acting on carbon nitrogen (but not 
peptide) bonds, in linear amidines] and the other (Solute: cation 
antiporter activity) was linked to transmembrane transportation of 
solutes. In contrast, the only significantly enriched GO terms for 
LRR genomic regions was GTP-dependent protein binding (FDR 
= 8.01e-02), which was confirmed with the results from the Bos 
taurus database (FDR = 2.7e-02). The genes located in the LRR 
genomic regions should be more conserved, since they may be 

TABLE 4 | False discovery rate (FDR) for the top 10 enriched Gene Ontology (GO) terms for Cellular Components with the Homo sapiens database for genes within the 
genomic regions located over the 95th (high recombination rate) and below the 5th (low recombination rate) percentiles of average recombination rates.

High Recombination rate Low Recombination Rate

GO TERM FDR GO TERM FDR

Neuron part 0.02e-04 Plasma membrane region 2.00e-04
Synapse 0.02e-04 Golgi apparatus 2.70e-03
Synapse part 1.5e-03 Intrinsic component of the plasma membrane 1.25-02
Golgi apparatus 1.5e-03 Cytoplasmic vesicle part 2.83e-02
Cell projection part 1.5e-03 Integral component of the plasma membrane 2.83e-02
Plasma membrane bounded cell projection part 1.5e-03 Perinuclear region of cytoplasm 2.83e-02
Postsynapse 3.0e-03 Cell projection part 3.05e-02
Neuron projection 3.2e-03 Plasma membrane bounded cell projection part 3.05e-02
Vacuole 3.7e-03 Golgi subcompartment 3.05e-02
Phagocytic vesicle 4.8e-03 Plasma membrane protein complex 4.6e-02

TABLE 5 | False discovery rate (FDR) for the top 10 enriched Gene Ontology (GO) terms for Molecular Functions for genes with the Homo sapiens database within the 
genomic regions located over the 95th (high recombination rate) and below the 5th (low recombination rate) percentiles of the average recombination rates.

High Recombination Rate High Recombination Rate

GO TERM FDR GO TERM FDR

Protein-arginine deaminase activity 1.00e-04 GTP-dependent protein binding 8.01-0e2
Hydrolase activity, acting on carbon nitrogen (but not 
peptide) bonds, in linear amidines

1.13e-02 Aminoacyl-tRNA ligase activity 4.76e-01

Solute: cation antiporter activity 4.74e-02 Ligase activity, forming carbon-oxigen bonds 4.76e-01
Cation: cation antiporter activity 7.49e-02 Molecular carrier activity 4.76e-01
Potassium: proton antiporter activity 1.01e-01 Drug binding 4.76e-01
Metal ion transmembrane transported activity 1.11e-01 Phosphatidylinositol bisphosphate kinase activity 4.76e-01
Solute: Proton antiporter activity 1.16e-01 ARF guanyl-nucleotide exchange factor activity 4.76e-01
Monovalent cation: proton antiporter activity 1.16e-01 Nucleocytoplasmic carrier activity 4.76e-01
Sodium: proton antiporter activity 1.16e-01 Identical protein binding 4.76e-01
Monovalent inorganic cation transmembrane 
transported activity

1.19e-01 Metalloexopeptidase activity 4.76e-01
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necessary for basic functions of the organism. In this sense, the 
genes belonging to the GTP-dependent protein GO term regulate 
guanine nucleotide-binding proteins that play a crucial role in 
signal transduction and in a large number of cellular processes 
(Zachariou et al., 2012).

The results of this study confirm that the genomic architecture 
of persistency of LD phase is well conserved among closely 
related populations, such as the Spanish autochthonous beef cattle 
breeds, and is heterogeneous within the autosomal genome and 
that this heterogeneity can be used to estimate the recombination 
rate. Several studies have estimated the persistency of LD phase 
between populations as a measure of genetic diversity (De Roos 
et al., 2008; Villa-Angulo et al., 2009; Cañas-Álvarez et al., 2016) 
and as a mean of predicting the marker density required for multi-
breed genomic evaluation (De Roos et al., 2008; Cañas-Álvarez 
et al., 2016). Nevertheless, the genetic architecture of persistency 
of phase within the genome has received limited attention. In this 
study, we estimated the persistency of LD phase among seven 
beef cattle populations in Spain and its distribution within the 
genome, which has been related with the genetic architecture of 
the recombination rates. Even though the recombination rate 
varies among species, sex, and populations (Dapper and Payseur, 
2017), some general patterns were described (Tiemann-Boege 
et al., 2017). The patterns were confirmed in our analysis by the 
similitude of our results with some studies in other species or 
populations (Ma et al., 2015; Shen et al., 2018).

Therefore, the main conclusion of this study is that the 
heterogeneity of persistency of LD phase between closely 
related populations can be used to estimate the recombination 
rate with the procedure developed here, which is simpler and 
brings similar results as more complex and coalescent dependent 
methods. This implies that it may help to identify regions related 
to hot and cold spots when data from several populations of the 
same ancestral origin are available. Nevertheless, our procedure 
has several limitations since differences in the mutation rate or 
selection events can locally affect the persistency of LD phase and 

it requires populations to be close enough that the recombination 
rate is well conserved.
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Understanding population structure and genetic diversity within and between local Nile 
tilapia lines cultured in Tanzania is important for sustainable aquaculture production. This 
study investigated the genetic structure and diversity among seven Nile tilapia populations 
in Tanzania (Karanga, Igunga, Ruhila, Fisheries Education and Training Agency, Tanzania 
Fisheries Research Institute, Kunduchi, and Lake Victoria). Double-digest restriction 
site-associated DNA (ddRAD) libraries were prepared from 140 individual fish (20 per 
population) and sequenced using an Illumina HiSeq 4000 resulting in the identification of 
2,180 informative single nucleotide polymorphisms (SNPs). Pairwise Fst values revealed 
strong genetic differentiation between the closely related populations; FETA, Lake Victoria, 
and Igunga and those from TAFIRI and Karanga with values ranging between 0.45 and 
0.55. Population structure was further evaluated using Bayesian model-based clustering 
(STRUCTURE) and discriminant analysis of principal components (DAPC). Admixture was 
detected among Karanga, Kunduchi, and Ruhila populations. A cross-validation approach 
(25% of individual fish from each population was considered of unknown origin) was 
conducted in order to test the efficiency of the SNP markers to correctly assign individual 
fish to the population of origin. The cross-validation procedure was repeated 10 times 
resulting in 77% of the tested individual fish being allocated to the correct population. Overall 
our results provide a new database of informative SNP markers for both conservation 
management and aquaculture activities of Nile tilapia strains in Tanzania.

Keywords: aquaculture, population structure, genetic diversity, Nile tilapia, double-digest restriction site-
associated DNA-sequencing

INTRODUCTION
Tanzania is a diversity hotspot of tilapias including more than 30 Oreochromis species of which 10 
are only found in the country (Genner et al., 2018; Shechonge et al., 2019). Oreochromis niloticus is 
the most widespread tilapiine cichlid both in Tanzania and worldwide. During the last 5 years, Nile 
tilapia aquaculture in Tanzania has increased from 958 MT in 2011 to 4080 MT in 2017 (Kajungiro 
et al. unpublished data) with a continuously increasing demand for further expansion. Despite the 
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interest and potential of tilapia aquaculture to contribute to local 
food production, currently no selective breeding program exists 
in Tanzania—a situation typical of many African nations.

Common hatchery aquaculture practices could result in a 
rapid reduction of the genetic diversity of the farmed animals. 
A well-managed breeding program on the other hand would 
enable cumulative genetic improvement of target traits, while 
simultaneously minimize inbreeding and loss of diversity. 
Forming a base population containing high genetic diversity 
will be crucial for the success of any future breeding program 
in Tanzania (Fernández et  al., 2014; García-Ballesteros et  al., 
2017). Furthermore, introductions of fish from one region 
to another have affected the genetic diversity and population 
structure of many teleost fish species (Basiita et al., 2018). Due 
to mismanagement and uncontrolled movement of fish from 
different regions there is limited information relating to the 
genetic structure of Nile tilapia strains and their distribution 
in Tanzania.

Tilapia species have a very complex genetic structure, in 
common with many other Cichlid fish species (Bezault et  al., 
2011). Moreover, hybridization and introgression are fairly 
common in tilapias constituting the management of both wild 
and farmed populations particularly challenging (Shirak et al., 
2009; Wu and Yang, 2012). The aforementioned issue is further 
exacerbated by the common situation of reproductive viable 
hybrids in tilapias (Wohlfarth and Hulata, 1982). In addition, 
ecological factors such as environmental heterogeneity and 
geographic connectivity have shaped the current population 
structure and distribution of Nile tilapia in Africa (Bezault 
et al., 2011).

Genetic diversity plays a crucial role in the adaptation ability of 
a population in the face of fluctuating environmental conditions 
(Markert et al., 2010). Conservation programs aim to minimize 
the loss of genetic diversity in order to increase the chances 
of successful population restoration and long-term viability. 
Translocation of fish to supplement suppressed populations 
may have in fact harmful effects if the recipient population is 
genetically different (Allendorf and Luikart, 2007). Available 
knowledge regarding the genetic diversity of cultured strains 
can also assist in genetic improvement, rearing management 
and performance potential in various culture environments 
(Angienda et al., 2011). Further, in selective breeding programs 
the genetic diversity between and within breeds and populations 
can provide valuable information regarding the potential 
response to selection (Oldenbroek, 2017). Due to a high demand 
from aquaculture, Nile tilapia strains and other unknown tilapia 
species have been introduced outside their natural geographical 
distributions in Tanzania (Philippart and Ruwet, 1982; Shechonge 
et  al., 2019). In addition, hybridization with the local tilapia 
species has been recently reported (Shechonge et al., 2018).

Genetic markers offer a reliable approach for unveiling the 
genetic structure both among and within populations. In addition, 
genetic markers can assist in identifying species, individuals or 
population of origin of unknown samples allowing the authorities 
in monitoring protected nature reserved areas. As such, 
knowledge of population genetic structure and genetic diversity 
of O. niloticus is crucial both for conservation practices and for 

fish breeders. Previous studies examined the genetic structure 
and diversity between populations of Nile tilapia (Oreochromis 
niloticus), based either on phenotypic traits (Trewavas, 1983), 
allozymes (Sodsuk and McAndrew, 1991), mitochondrial DNA 
(Romana-Eguia et al., 2004), randomly amplified polymorphic 
DNA (Hassanien et  al., 2004) or microsatellites (Bhassu et  al., 
2004; Hassanien and Gilbey, 2005; Mireku et al., 2017). However, 
the genetic markers used to date have limitations regarding their 
maximal resolution in detecting the complex genetic structure 
typically encountered in Nile tilapia populations. Furthermore, 
to our knowledge no prior study attempted to test the efficiency 
of genetic markers for predicting the population of origin in 
putative unknown tilapia samples.

Next-generation sequencing (NGS) technologies have facilitated 
the discovery of large numbers of genetic markers for practically 
any organism at an affordable cost allowing the investigation of 
genetic diversity within and between populations (Candy et  al., 
2015). Restriction-site associated DNA (RAD) and double-digest 
RAD (ddRAD) sequencing are NGS-based techniques providing a 
reduced representation of the studied genome (Baird et al., 2008; 
Peterson et  al., 2012). ddRAD-seq and similar genotyping by 
sequencing techniques rely on digestion of the genomic DNA with 
restriction enzyme(s), and subsequent high-depth sequencing of 
the flanking regions of the cut site. Such genotyping by sequencing 
techniques have been widely applied in aquaculture species 
(Robledo et  al., 2018). Several studies have applied ddRAD-seq 
sequencing to generate high-density linkage maps (Brown et al., 
2016; Manousaki et al., 2016) and estimate genetic diversity 
(Antoniou et al., 2017; Hosoya et al., 2018). Furthermore, ddRAD-
seq has been utilized in several tilapia studies for evaluating the 
suitability of DNA from skin mucus swabs (Taslima et al., 2017), 
identification of sex determining regions (Wessels et al., 2017), and 
quantitative trait loci (QTL) analysis (Li et al., 2017).

The current study investigated the population genetic 
structure of seven Nile tilapia populations from Tanzania using 
ddRAD-seq derived single nucleotide polymorphisms (SNPs). 
Genetic diversity parameters and population structure using 
both multivariate analysis and Bayesian clustering algorithms 
were evaluated. Admixture levels between the different 
populations were estimated providing valuable information 
for future management of Nile tilapia resources in Tanzania. 
Finally, a cross-validation scheme was applied in order to test the 
efficiency of the generated SNPs for assignment of individual fish 
to their population of origin.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the law on the 
protection of animals against cruelty (Act no. 12/1974. of 
the United Republic of Tanzania) upon its approval by the 
department of Zoology and Wildlife Conservation, University of 
Dar es salaam. All the permits required to sample wild animals 
in Tanzania were adhered; these include Research clearance from 
Tanzania Commission for Science and Technology (COSTECH) 
and other relevant authorities.
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Fish Sample Collection and Preparation
Farmed stocks of Oreochromis niloticus juveniles were collected 
in 2017 from Government aquaculture centers distributed 
throughout Tanzania. In particular we collected animals 
from six farmed populations namely: Tanzania Fisheries 
Research Institute (TAFIRI; −2.5805° S, 32.8979° E), Fisheries 
Education and Training Agency (FETA; −2.5851° S, 32.8980° 
E), Karanga (−3.373680° S, 37.318390° E), Igunga (−4.285810° 
S, 33.879020° E), Kunduchi (−6.670220° S, 39.214840° 
E), Ruhila (−10.665510° S, 35.645040° E, and one natural 
population from Lake Victoria (−2.556348° S, 32.881061° E) 
(Figure 1). FETA and TAFIRI are located along Lake Victoria. 
The TAFIRI stock originated from Lake Victoria in 2014, while 
the other populations (FETA and Igunga) were stocked in 2016 
(personal communication with fish farmer). Igunga is located 

in the central part of the country, Karanga in the northern part, 
Kunduchi along the coast of the Indian Ocean, and Ruhila in 
the southern part of Tanzania (Figure 1). Fish were kept in 
separate hapas (2 m × 2 m) within an earthen pond at Kunduchi 
Campus for 4 months. Species identification was based on both 
prior available records for each population and on morphology 
characteristics as explained by Trewavas (1983): In particular 
O. niloticus were distinguished from other species by large 
deep-bodied size with relatively small heads and the presence 
of regular vertical stripes throughout the depth of caudal fin. 
A total of 140 fish weighing from 50 to 150 g were used in the 
study. The fish were sedated using pure clove oil at the dosage of 
2 ml clove oil to 20 L of water (Fernandes et al., 2017). Twenty 
fish from each population were fin clipped. Fin clips were stored 
in 95% ethanol at −20°C, until DNA extraction.

FIGURE 1 | Sampling locations of fish used in the present study.
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DNA Extraction
Genomic DNA was extracted from 0.02 g of fish fin using a spin 
column (QIAsymphony DSP DNA Mini Kit; Qiagen, Hilden, 
Germany) and eluted into 100 μl of AE (EDTA) buffer (Qiagen) 
according to the manufacturer’s tissue protocol and procedures. 
The purity and concentration of the extracted DNA were 
quantified using Qubit 2.0 Fluorometer (Invitrogen). Samples 
were diluted with Tris EDTA (TE) buffer (Thermo Fisher 
Scientific) to 25 ng/µl and 2 µl were run on a 1% agarose gel by 
electrophoresis. Diluted samples were stored at −20°C.

Double-Digest Restriction Site-Associated 
DNA Library Preparation and Sequencing
ddRAD library preparation was performed according to 
Peterson et  al. (2012), with minor modifications described in 
Palaiokostas et  al. (2015). Briefly, each sample (25 ng DNA) 
was digested at 37°C for 60 min with SbfI (recognizing the 
CCTGCA|GG motif) and SphI (recognizing the GCATG|C 
motif) high fidelity restriction enzymes (New England Biolabs, 
UK; NEB), using 6 U of each enzyme per microgram of 
genomic DNA in 1× Reaction Buffer 4 (NEB). The reactions (5 
μl final volumes) were then heat inactivated at 65°C for 20 min. 
Individual-specific combinations of P1 and P2 adapters, each 
with a unique 5 or 7 bp barcode, were ligated to the digested 
DNA at 22°C for 60 min by adding 1 μl SbfI compatible P1 
adapter (25 nM), 0.7 μl SphI compatible P2 adapter (100 nM), 
0.06 μl 100 mmol/L rATP (Promega, UK), 0.95 μl 1× Reaction 
Buffer 2 (NEB), 0.05 μl T4 ligase (NEB, 2 × 106 U/ml) and 
reaction volumes made up to 8 μl with nuclease-free water for 
each sample. Following heat inactivation at 65°C for 20 min, 
the ligation reactions were slowly cooled to room temperature 
(over 1 h) then combined in a single pool (for one sequencing 
lane) and purified. Size selection (300–600 bp) was performed 
by agarose gel separation and followed by gel purification and 
PCR amplification. A total of 100 μl of the amplified libraries 
(13–14 PCR cycles) was purified using an equal volume of 
AMPure beads. After eluting into 20 μl EB buffer (MinElute 
Gel Purification Kit, Qiagen, UK), the libraries were ready 
for sequencing. The libraries were sequenced at Edinburgh 
Genomics Facility, University of Edinburgh on an Illumina 
HiSeq 4000 instrument.

Sequence Data Analysis and Single 
Nucleotide Polymorphism Genotyping
Reads of low quality (Q < 20) and missing the expected restriction 
sites were discarded. The retained reads were aligned to the O. 
niloticus reference genome assembly [Genbank accession number 
GCA_001858045.2 (Conte et al., 2017)] using bowtie2 (Langmead 
and Salzberg, 2012). Stacks v2 (Catchen et  al., 2011; Rochette 
et  al., 2019) was used to identify and extract single nucleotide 
polymorphisms (SNPs) using gstacks (settings: –var-alpha 0.001 
–gt-alpha 0.001 –min-mapq 40). Stacks v2 primarily identified 
ddRAD loci corresponding to restriction enzyme cutting sites 
using a sliding window strategy (1 Kbp in length) in the sets of 
aligned reads on each sample iteratively. Upon data acquisition 

from all samples on each tested locus, the window was advanced 
to the next read beyond the previous window bound (Rochette 
et  al., 2019). SNP calling was performed using a Bayesian 
genotype caller (BGC) allowing a per-nucleotide sequencing error 
(Maruki and Lynch, 2017). During variant calling, for numerical 
stabilization reasons a sequencing error under the assumption 
of polymorphism of at least 0.1 was assumed and the obtained 
genotype likelihoods were rescaled in order to be greater or 
equal to 1 (Rochette et al., 2019). Only one single SNP from each 
individual ddRAD locus was considered for downstream analysis 
in order to minimize the possibility of genotypic errors and 
reduce computational time. SNPs with a minor allele frequency 
(MAF) < 0.05  within a population were discarded. Finally, only 
SNPs that were detected in at least 75% of the samples in each 
population were retained for downstream analysis. The aligned 
reads in the format of bam files were deposited in the National 
Centre for Biotechnology Information (NCBI) repository under 
project ID PRJNA518067. The accession numbers of samples 
analyzed in this study are given in File S1.

Genetic Similarity and Relationship Among 
Populations
Mean observed (Ho) and expected (He) heterozygosity and 
average individual inbreeding coefficients (Fis) were estimated 
using Stacks v2 (Rochette et al., 2019). The R package StAMPP 
(Pembleton et  al., 2013) was used to perform an Analysis 
of Molecular Variance (AMOVA) using 100 permutations. 
Additionally, pairwise Fst values were obtained using the 
stamppFst function according to Cockerham and Weir (1984). 
Furthermore, confidence intervals and p-values of the pairwise 
Fst values testing for significant deviations from zero were 
estimated using 1,000 bootstraps. Principal component analysis 
(PCA) was carried out using the R package ADEGENET version 
2.1.1 (Jombart et al., 2018).

Genetic Structure and Admixture
In this study, discriminant analysis of principal components 
(DAPC) and Bayesian-model-based approaches were used to 
infer the genetic structure of O. niloticus samples derived from 
7 populations in Tanzania. Population structure and potential 
admixture between the different populations was evaluated 
using Bayesian clustering approaches implemented in the 
program Structure v2.3.4 (Pritchard et  al., 2000). The number 
of clusters tested (K) ranged from 1 to 9. Markov chain Monte 
Carlo of 200,000 iterations with a burn-in period of 100,000 
were carried for each K-value. The delta-K method based on 
the criteria proposed by Evanno et al. (2005) and the obtained 
posterior probability values (Pritchard et  al., 2000) were used 
to determine the optimal number of clusters. Structure results 
were interpreted using Structure Harvester (Earl, 2012) and 
CLUMPAK (Kopelman et  al., 2015) for identifying the most 
probable number of clusters. Population structure was further 
confirmed using DAPC as demonstrated by Jombart et  al., 
(2010). DAPC transformed the data using a prior PCA step and 
subsequently applied a discriminant analysis step (Jombart and 
Collins, 2015). The Bayesian Information Criterion (BIC) was 
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used for selecting the optimal number of clusters (K) based on 
the elbow method (Jombart et al., 2010).

Population Assignment and Diagnostic 
Single Nucleotide Polymorphisms
A four-fold cross-validation scheme was applied using the R 
package ADEGENET version 2.1.1 (Jombart et al., 2018) in order 
to test the efficiency of the SNP dataset for correctly identifying 
the population of origin of putatively unknown tilapia samples. 
The population of origin of 25% of individual fish from each 
genotyped population (five animals per population) was masked 
and was used as a test dataset. Predictions regarding population 
of origin on the aforementioned test set were performed using 
information obtained through DAPC (predict.dapc) on the 
remaining training data set. The entire procedure was repeated 
10 times in order to minimize potential bias due to sample 
allocation in the training/test datasets. Furthermore, DAPC 
carried out on the entire dataset was used to identify SNPs with 
highest population discriminatory value.

RESULTS

Double-Digest Restriction Site-Associated 
DNA Sequencing and Single Nucleotide 
Polymorphism Identification
A total of 169 million raw sequence reads (150 bp paired-
end) were obtained. Approximately 140 million reads from 
139 individual fish (one fish was removed due to sequencing 
failure) passed the aforementioned quality control (QC) filters. 

Alignment of these filtered reads to the Nile tilapia reference 
genome (Conte et  al., 2017) resulted in a mapping rate of 
94–97%. In total, 31,602 putative ddRAD loci corresponding 
to the restriction enzymes cutting sites were identified out of 
which 6,779 loci were polymorphic. Derived loci had a mean 
sequence coverage of 120X (SD = 60X). 3,821 polymorphic sites 
were removed due to missing values (>25%). In addition, 778 
polymorphic loci were discarded due to low MAF values (<0.05). 
A total of 2,180 SNPs with a MAF above 0.05 across all samples 
(Figure 2) and found in more than 75% of the genotyped fish 
on each population were retained for downstream analysis. The 
mean MAF within populations ranged from 0.07 (Kunduchi) to 
0.17 (TAFIRI).

Genetic Similarity and Relationship Among 
Populations
The overall mean expected heterozygosity within populations 
was 0.132, while the observed heterozygosity was 0.081 (Table 1). 
Expected heterozygosity ranged from 0.057 in the FETA 
population to 0.214 in the Kunduchi population, while observed 
heterozygosity ranged from 0.057 in FETA to 0.113 in Ruhila 
(Table 1). Inbreeding coefficient (Fis) values ranged from low 
values in Lake Victoria (0.005), FETA (0.006), and Igunga (0.009) 
to relatively high values in Karanga (0.265), Ruhila (0.275), and 
Kunduchi (0.557).

Principal component analysis (PCA) was used to visualize 
individual relationships within and between populations. The 
first and second principal components accounted for 62% and 
14% of the total variation, respectively. Individual fish from 
FETA, Lake Victoria, Igunga and most of the individual fish 

FIGURE 2 | Distribution of minor allele frequencies of double-digest restriction site-associated DNA (ddRAD)–derived single nucleotide polymorphisms (SNPs) in 
seven populations of Nile tilapia.
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from Kunduchi formed a group of genetically similar animals 
(Figure 3). All TAFIRI fish formed a different group and were 
distinct from the other populations, except for one individual. 
Three individual fish from Kunduchi, one from TAFIRI, seven 
from Ruhila, and eight from Karanga did not group with the 
majority of animals from the same sampling locations.

The population pairwise FST values varied from 0.037 to 
0.548 (Table 2). Lowest FST values were between Igunga and 
populations from the Lake Victoria and FETA. On the other hand, 
the highest FST values were between Karanga and the three most 
geographically distant populations, FETA, Lake Victoria and 
Igunga (FST = 0.548, 0.538, and 0.533 respectively). In addition, 
analysis of molecular variance (AMOVA) was used to detect 
within and among populations genetic variance components. 
AMOVA showed the highest levels of genetic variation within 
populations 67%, of the total variation, and 33% of variation was 
distributed among populations.

Population Genetic Structure
The STRUCTURE analysis suggested that K = 7 was the most 
probable number of separate clusters for the studied Nile tilapia 
populations. Further, individual fish from FETA, Lake Victoria, 
Igunga and most of individual fish from Kunduchi (16 animals) 
appeared to share the same genetic cluster, while animals from 

TAFIRI formed a separate isolated cluster (Figure 4). Samples 
from the Karanga and Ruhila populations provided evidence of 
admixture. In addition, the existence of unique genetic clusters 
is suggested for both the Karanga and Ruhila populations. The 
aforementioned population structure was further validated in 
the DAPC analysis (Figure 5).

Population Assignment and Diagnostic 
Single Nucleotide Polymorphisms
The identified SNP dataset was used for predicting the 
population of origin of putative unknown samples. An 

TABLE 1 | Summary of diversity parameters for the seven Nile tilapia populations.

Population He Ho Fis

Ruhila 0.212 0.113 0.275
Karanga 0.213 0.104 0.265
TAFIRI 0.1 0.096 0.021
Kunduchi 0.214 0.067 0.557
Igunga 0.065 0.064 0.009
Lake Victoria 0.061 0.061 0.005
FETA 0.057 0.057 0.006

FIGURE 3 | Principal components analysis (PCA) of the population for 139 fish individual fish based on 2,180 single-nucleotide polymorphisms (SNPs). The genetic 
relationships among individual fish as seen when plotting the first and second principal components (PCA1 and PCA2). Each individual is represented by one dot, 
with its symbol color corresponding to the assigned population.

TABLE 2 | Pairwise Fst with 95% confidence intervals (CI) among the seven 
population: TAFIRI, Ruhila, FETA, Lake Victoria, Karanga, Igunga and Kunduchi.

Population 1 Population 2 Lower CI Upper CI Fst

TAFIRI Ruhila 0.17890 0.20797 0.19322
TAFIRI FETA 0.42571 0.47996 0.45256
TAFIRI Victoria 0.40533 0.45925 0.43243
TAFIRI Karanga 0.42979 0.45994 0.44498
TAFIRI Igunga 0.39132 0.44652 0.41922
TAFIRI Kunduchi 0.24015 0.27814 0.25967
Ruhila FETA 0.24998 0.27900 0.26439
Ruhila Victoria 0.23112 0.25824 0.24545
Ruhila Karanga 0.19066 0.21102 0.20097
Ruhila Igunga 0.22390 0.25150 0.23791
Ruhila Kunduchi 0.06998 0.08676 0.07830
FETA Victoria 0.08070 0.10897 0.09429
FETA Karanga 0.53479 0.56045 0.54758
FETA Igunga 0.03443 0.05096 0.04283
FETA Kunduchi 0.10584 0.12052 0.11242
Victoria Karanga 0.52577 0.55252 0.53849
Victoria Igunga 0.02878 0.04490 0.03670
Victoria Kunduchi 0.10591 0.11914 0.11226
Karanga Igunga 0.51982 0.54576 0.53282
Karanga Kunduchi 0.30078 0.32315 0.31192
Igunga Kunduchi 0.08748 0.09959 0.09326
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assignment rate of 77% was observed from the four-fold 
cross-validation analysis. The lowest correct allocation was 
obtained for samples from Lake Victoria, Kunduchi and 
Igunga (Figure 6). Mistakenly allocated samples were in all 
cases predicted as originating from either three populations 
(Lake Victoria, Kunduchi and Igunga). The aforementioned 
populations had the lowest genetic diversity values among 
them and formed a single cluster in the population structure 
analysis. In addition, DAPC analysis detected two SNPs with 
highest value for population identification. SNP-23095_6 
and SNP-7137_40 had the highest population discriminatory 
value, indicating that they are the ones contributing most to 
cluster identification.

DISCUSSION
Understanding the patterns and extent of genetic divergence 
is essential both for efficient management of wild populations 
and for aquaculture activities. Many natural populations in 
Africa are under threat due to habitat destruction, overfishing 
and unregulated fish transfers (Eknath and Hulata, 2009). 
Furthermore, despite the value of Nile tilapia for the aquaculture 
sector in Tanzania limited research has been conducted 
regarding the genetic diversity of Nile tilapia populations in 
the country. The advent of ddRAD-seq and similar platforms 
have provided a cost effective and efficient technique for high 
resolution population genomic studies in many species (Peterson 

FIGURE 4 | STRUCTURE analysis bar plots for K = 3, 5, and 7 (admixture model) showing population structure of different Nile tilapia sub-populations. Each vertical 
stripe represents an individual. Each color represents the proportion of membership with regard to the each assigned to seven genetic clusters. Same color in 
different individual fish indicates that they belong to the same cluster.

FIGURE 5 | Discriminant analysis of principal components (DAPC) analysis with the find.clusters for 139 individual fish of the O. niloticus cultured in Tanzania. The 
axes represent the first two linear discriminants (LD). Squares represent groups and dots represent individual fish. Numbers represent the different populations 
identified by DAPC analysis.
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et  al., 2012; Robledo et  al., 2018). In this study, 2,180 SNP 
markers derived from ddRAD-seq were used to assess the genetic 
diversity and population structure of both locally cultured and 
wild Oreochromis niloticus strains in Tanzania.

From a farming perspective, evaluation of the genetic diversity 
among and within tested populations is crucial in order to ensure 
that the most diverse animals are chosen for selective breeding 
practices. Since Tanzania is a hot spot for tilapias, knowledge 
regarding genetic diversity will also be useful in appropriate 
management of wild populations. In addition, genetic variation is 
important for a population’s adaptation capacity towards changing 
environmental conditions (Fischer et  al., 2017). Mireku et  al. 
(2017) found higher genetic variation within populations than 
among populations in Nile tilapia populations from Lake Volta 
in Ghana. In this study AMOVA revealed the existence of higher 
genetic variation within populations than between populations. 
This could highlight that the usage of molecular markers (e.g. 
SNP data) would be of importance in future selective breeding 
practices as it would allow to utilize more efficiently the within 
population variance as opposed to traditional pedigree practices 
solely relying on the usage of passive integrated transponder tags. 
Nevertheless, as revealed by STRUCTURE analysis it should be 
taken into account that some populations contain unique genetic 
clusters not represented by “pure” populations.

Heterozygosity is a commonly used metric to compare 
the amount of genetic variation within different populations 
(Templeton and Read, 1994; Gu et  al., 2014). Two different 
measures of heterozygosity are commonly used the observed and 

the expected heterozygosity. Gu et al. (2014) found that observed 
heterozygosity (Ho = 0.4483) in six Oreochromis populations in 
the primary rivers of Guangdong province were lower than the 
expected heterozygosity (He = 0.7097). On the contrary, Mireku 
et al. (2017) showed that observed heterozygosity (Ho = 0.526) 
of nine populations of O. niloticus in the Volta lake of Ghana was 
slightly higher than the expected heterozygosity (He = 0.459). In 
addition, Hassanien and Gilbey (2005) reported that the average 
of expected and observed heterozygosity were higher in O. 
niloticus populations from river Nile (He = 0.884 and Ho = 0.815) 
than from Delta lake populations (He = 0.846 and Ho = 0.533). In 
our study the overall observed heterozygosity (Ho = Ho = 0.081) 
was lower than the expected heterozygosity (He = 0.132) for most 
tested populations. Even though our study used SNP markers 
opposed to the aforementioned studies where microsatellites 
were primarily used the heterozygosity values are low compared 
to ddRAD studies in other fish species ranging between 0.18 
and 0.25 (Saenz‐Agudelo et  al., 2015). A possible explanation 
could be due to the low MAF in our SNP dataset. In particular, 
over 80% of the utilized SNPs had MAF below 0.2. In addition, 
our results could be partly explained due to the occurrence of 
non-random mating. Furthermore, the low heterozygosity levels 
could be explained by the Wahlund effect (Wahlund, 1928) where 
observed heterozygosity is reduced as populations diverge. We 
need also to acknowledge the potential influence of the relatively 
small to moderate sample size for each population (20 animals 
per population). Nevertheless, estimates of heterozygosity from 
empirical data are relatively insensitive to sample size (Allendorf 
and Luikart, 2007).

Populations from FETA, Lake Victoria and Igunga showed 
the same level of expected and observed heterozygosity 
suggesting that random mating potentially occurred (Templeton 
and Read, 1994). This is further supported by the low values 
of inbreeding coefficients (Fis) in the populations of Igunga, 
FETA and Lake Victoria. High positive Fis values indicate the 
existence of non-random mating or population subdivision. An 
additional explanation for the above could be also due to the 
existence of null alleles. Nevertheless, since the observed excess 
of homozygotes appears to occur on a population level rather 
than locus specific we would not expect the observed excess of 
homozygotes to be due to the existence of null alleles. The higher 
diversity in Kunduchi, Karanga and Ruhila populations on the 
other hand may be due to both the existence of non-random 
mating and due to a higher degree of admixture as revealed by 
the STRUCTURE analysis.

Genetic differentiation among populations is further affected 
by migration, mutation, drift, habitat heterogeneity and selection 
(Holsinger and Weir, 2009). Thus the actual levels of differentiation 
will be a balance between the homogenizing effects of gene flow 
due to the former and the disruptive effects of the latter (Allendorf 
and Luikart, 2007). Low-moderate levels of differentiation (Fst = 
0.074) have been reported between the wild Nile tilapia from Lake 
Volta and the improved Akosombo strains in Ghana (Mireku et al., 
2017). Also low degree of differentiation (Fst = 0.0297) was found 
between Nile tilapia populations from rivers of the Guangdong 
province in China. In our study genetic differentiation among 
FETA, Igunga and Lake Victoria populations was particularly low 

FIGURE 6 | Confusion matrix for prediction efficiency of the single-nucleotide 
polymorphism (SNP) dataset using cross-validation. Four-fold cross-
validation was performed where five randomly chosen animals on each 
population were considered of unknown origin. The entire procedure was 
repeated 10 times in order to minimize potential bias due to sample allocation 
in the training/test datasets. The diagonal contains the number of correct 
population assignments for the overall sum of the cross-validation scheme. 
Off-diagonals contain the number of erroneously population allocations for 
each particular case.
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(FST values: 0.043 and 0.037 respectively). The similarity among 
these three populations is probably due to their origin from the 
same region of Lake Victoria (personal communication with fish 
farmers). According to our records the parents of the genotyped 
fish from FETA and Igunga also originated from Lake Victoria. 
Therefore, it is likely that these populations are genetically similar 
to each other and share the same genetic background. Moreover, the 
assignment of FETA, Lake Victoria and Igunga in the same cluster 
according to both STUCTURE and DAPC analysis provides further 
support for the aforementioned hypothesis. Nevertheless, in the 
case of TAFIRI a different trend was observed despite originating 
from the same location. The high FST values between TAFIRI and 
other populations (FETA, Igunga, and Lake Victoria) indicate 
high isolation between them. Interestingly, the TAFIRI population 
was composed of animals being in captivity for 4–6th generations 
(personal communication with a fish farmer) and this could be a 
reason for its genetic uniqueness. Furthermore, we observed strong 
genetic differentiation between Karanga and the three closely related 
populations of FETA, Igunga, and Lake Victoria (FST = 0.548 0.538 
0.533 respectively). The differences could be the result of geographical 
isolation which probably has acted as a barrier to gene flow between 
those populations, leading to the suggested genetic structure that the 
STRUCTURE analysis revealed. Nevertheless, gene flow is expected 
to have occurred among the admixed populations (Karanga, Ruhila, 
Kunduchi) and expected “pure” populations of Lake Victoria and 
TAFIRI. Since reproductive viable hybrids in tilapias are common 
(Wohlfarth and Hulata, 1983), the observed admixture in Karanga 
population could alternatively indicate that some animals could have 
been mistakenly described as pure Nile tilapia. Lowe et al. (2000), 
reported that it is particularly difficult to identify hybrids between 
the species based on morphology.

Multiple approaches using both multivariate analysis (PCA, 
DAPC) and Bayesian clustering algorithms (STRUCTURE) 
were used in the current study for deriving the underlying 
genetic structure among the sampled populations. PCA offers 
considerable advantages, since it can be applied in large 
datasets at a minimal computational cost compared to Bayesian 
approaches. In general terms, PCA aims to summarize the 
total variation between individuals in a reduced dimension. 
Nevertheless, the above approach does not necessarily provide 
optimal resolution for distinguishing between different 
groups. As such, approaches like DAPC have been shown to be 
particularly advantageous, since they retain the computational 
advantages of PCA, while at the same time offer higher 
resolution for detecting groups of individuals with common 
genetic background (Jombart et  al., 2010). Animals from 
Kunduchi, Lake Victoria, FETA and Igunga clustered together. 
In contrast, fish from the TAFIRI population showed greater 
genetic differentiation appearing separated from the other 
populations. Interestingly, animals from TAFIRI did not group 
together with FETA, Igunga and Lake Victoria despite the fact 
that all the populations were sampled from the same region. 
Differences in allele frequencies between TAFIRI and other 
populations might be due to the use of relatively few founder 
stocks and possibly unforeseen reproductive bottlenecks. Other 
reasons could be due to founder effects and genetic drift because 
of small number of parents used for breeding.

Admixture analysis further supported that FETA, Lake Victoria, 
and Igunga together with animals from Kunduchi shared similar 
genetic background. On the other hand, high admixture levels 
were inferred in the Karanga, Ruhila, and Kunduchi populations. 
In the Ruhila population admixture with the population from Lake 
Victoria and TAFIRI was suggested. Moreover, a similar result was 
obtained for the Karanga population, while in the case of Kunduchi 
admixed fish shared genome variation with populations of FETA, 
Lake Victoria, and Igunga. The speculated uncontrolled movement 
of fish between different locations in- and outside Tanzania, maybe 
from Kenya or Thailand, could be an explanation for the suggested 
population admixture. Nevertheless, it needs to be stressed that 
both Ruhila and Kunduchi appear to contain animals of a distinct 
genetic background.

It should be stressed that the Ruhila aquaculture development 
center located in the southern part of Tanzania, stocked fish 
from Kingolwira aquaculture center in Morogoro in 2011. The 
Kingolwira aquaculture center obtained their broodstock from 
Lake Victoria. Native species to Lake Victoria are O. esculentus and 
O. variabilis while O. leucostictus and O. niloticus were introduced 
in the lake in 1950s (Bradbeer et al., 2018). Furthermore, Shechonge 
et al. (2019) found evidence of introduced Oreochromis leucostictus 
males from Ruhila government pond in Songea and also reported 
that fish farmers misidentified O. leucostictus as O. niloticus. 
Additionally, in the case of Karanga population native Oreochromis 
species found in Pangani basin including Lake Jipe are O. jipe, O. 
pangani and introduced O. niloticus and O. esculentus (Shechonge 
et  al., 2019). As such species available at Karanga station are 
O. pangani, O. niloticus, O. jipe and probably hybrids of three 
species. This could explain the high admixture level in Karanga 
populations compared to other populations. Overall, the high 
suggested admixture level for Ruhila and Karanga populations 
could be due to potential mislabeled samples that were wrongly 
classified as Nile tilapia.

The current study attempted to investigate the efficiency 
of the SNP dataset for population discrimination purposes of 
potentially unknown origin samples using a cross-validation 
scheme. The ability to predict the population of origin is most 
valuable both for fish farming practices and for conservation 
purposes of wild populations. Separating the dataset in a training 
and a validation set was applied in order to minimize overfitting, 
a commonly encountered situation especially in models with a 
considerable larger size of predictors (SNP data) than samples 
(genotyped fish). Model overfitting in our case could mistakenly 
lead to the conclusion that the SNP dataset would be highly 
efficient in deciphering the most probable population of origin 
of unknown samples. Overall 77% of tested individual fish were 
correctly allocated to population of origin using the SNP data. 
Most of the erroneous assignments originated from the three 
closely related populations for which our information suggests 
that all three originate from Lake Victoria. Further, a low 
number of correctly assigned individual fish were obtained in 
the Kunduchi population. As suggested both by STRUCTURE 
and DAPC high level of admixture is suggested for the Kunduchi 
population. Taking the above into account successful assignment 
to population of origin exceeded 92%. Nevertheless, it needs 
to be acknowledged that for the conducted analysis to be most 
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efficient the population information of the training dataset 
should be highly accurate. The expected unregulated transferring 
of fish in Tanzania coupled with the inherent difficulty of species 
discrimination among tilapias using phenotypic criteria and the 
most common hybridization between tilapia species resulting 
to reproductive viable offspring could suggest that potentially 
mislabeled samples have been included.

Overall, the obtained results from our study indicate that 
the genetic diversity and structure of Nile tilapia populations 
cultured in Tanzania can be explained by their life history and 
geographical distribution. The results also revealed greater 
genetic diversity within than among populations. The close 
clustering of Igunga, FETA and Lake Victoria populations and 
distinct separation of TAFIRI, suggests that these could be pure 
populations without admixture. The above should be taken into 
consideration in future wild populations conservation practices. 
Moreover, the gained information regarding population 
structure among the tested tilapia populations is important for 
characterizing genetic similarities and relationships of cultured 
lines in Tanzania. Understanding how genetic variation is 
distributed within and among populations will facilitate the 
formation of a base population and will allow breeders to design 
crossings between the aforementioned populations in order to 
maximize the genetic diversity for selective breeding purposes. 
Therefore, the results from this study could be used as a guide 
for future breeding programs and genetic improvement of 
local Nile tilapia in Tanzania, which may ultimately form an 
exemplar for the development of local tilapia species and breeds 
for aquaculture in African countries. Finally, using SNP data to 
infer the population of origin is of great importance not only 
for estimating genetic diversity but also in wild population 
conservation practices. There are unique tilapia species in 
Tanzania that must be protected and preserved. In addition, 
the SNP dataset developed can also be valuable for traceability 
purposes especially with regards to wild populations inhabiting 
nature protected reservoirs.
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Polyploidization often leads to “transcriptome shock,” and is considered an important
factor in evolution of species. Analysis of the cell cycle, which is associated with
survival in polyploidy, has proved useful in investigating polyploidization. Here, we
used mRNA sequencing to investigate global expression in vitro (in cultured cells) and
in vivo (in fin and liver tissues) in both the diploid and tetraploid Carassius auratus
red var.. Differential expression (DE) of genes in diploid (7482, 36.0%) and tetraploid
(3787, 18.2%) states suggested that in vitro and in vivo conditions dramatically change
mRNA expression levels. However, of the 20,771 total shared expressed genes, 18,050
(87.0%), including 17,905 (86.2%) non-differentially expressed genes (DEGs) and 145
(0.7%) DEGs between diploids and tetraploids, showed the same expression trends
in both cultured cells and liver tissues. Of the DEGs, four of seven genes in the cell
cycle pathway had the same expression trends (upregulated in diploids and tetraploids)
in both cultured cells and liver tissues. Quantitative PCR analysis confirmed the same
expression trends in the nine DEGs associated with regulation of the cell cycle. This
research on common characteristics between diploids and tetraploids provides insights
into the potential molecular regulatory mechanisms of polyploidization. The steady
changes that occur between diploids and tetraploids in vitro and in vivo show the
potential value of studying polyploidy processes using cultured cell lines, especially with
respect to cell cycle regulation.

Keywords: polyploidy, in vitro, in vivo, cell cycle, mRNA expression

INTRODUCTION

Polyploidy occurs in plants, animals, and fungi (Comai, 2005; Blomme et al., 2006). It plays an
important role in the evolutionary history of species by providing a large amount of genetic
material, contributing to the genomic complexity, and further promoting speciation (Comai, 2005;
Blomme et al., 2006; Otto, 2007). Polyploid breeding induced by artificial and natural mutagenesis is
utilized to obtain cells and organisms with genome duplication, contributing to obtaining polyploid
animals to achieve high genome plasticity, including allotetraploid hybrids of Carassius auratus red
var. and Cyprinus carpio L. (Liu et al., 2001, 2016), polyploid channel catfish (Ictalurus punctatus)
(Goudie et al., 1995), polyploid shellfish (Francesc et al., 2009), and autotetraploid C. auratus red
var. × Megalobrama amblycephala (Qin et al., 2014).
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Besides polyploid individuals, polyploidy has also been found
in cells and tissues of diploid organisms, such as human muscle
tissues, megakaryocytes, and hepatocytes (Parmacek and Epstein,
2009), as well as in some tissues under conditions of stress,
such as aging seminal vesicle cells (Nguyen and Ravid, 2010).
Additionally, polyploidy was shown to occur after administration
of the drug cisplatin (Cantero et al., 2006) and the c-Jun
N-terminal kinase inhibitor SP600123 (Zhou et al., 2016). Genetic
instability in polyploid cells might lead to aneuploidy, thereby
contributing to the formation of cancer (Storchova and Pellman,
2004). However, after self-breeding the allotetraploid progeny
of C. auratus red var. and C. carpio L. for 26 generations,
analysis of the chromosome number and reproductive fertility
had revealed its genetic stability (Liu et al., 2001, 2016). To further
study polyploid fish, the establishment of in vitro cell culture is
necessary to analyze complex regulatory mechanisms including
genome-wide additive and dominant expression in polyploid
formation (Yoo et al., 2013).

Fibroblasts are the main cellular components of connective
tissue, and can be easily obtained and cultured in vitro; they have
been widely used to study the senescence of cells, cell damage,
some congenital metabolic abnormalities and enzyme defects in
basic medicine and clinical medicine research (Shima et al., 1980;
Shima, 1988; Mahale et al., 2008; Swaminathan et al., 2016).
Previously, cultured fibroblasts were obtained from the tail fin
tissue of C. auratus red var. and their allotetraploid offspring
(Huang et al., 2017). Here, we present an analysis of mRNA
expression to investigate the cultured cells and tissues of diploid
and tetraploid C. auratus red var.. We performed differential
expression (DE) analysis between diploid and tetraploid samples
in cultured fibroblasts and liver tissues. We also identified a
number of mRNAs of differentially expressed genes (DEGs),
and used quantitative (q) PCR to further confirm our findings
in cultured cells and fin and liver tissues. Analysis of global
expression in cultured cells and tissues should help to reveal
whether in vitro cell lines can be used to research molecular
expression and regulatory mechanisms in polyploid fish.

MATERIALS AND METHODS

Sample Preparation
All experiments were approved by the Animal Care Committee
of Hunan Normal University and followed guidelines of the
Administration of Affairs Concerning Animal Experimentation
of China. C. auratus red var. was distributed in natural waters
of China, and tetraploid C. auratus red var. × C. carpio L.
were obtained from self-crossing of the allodiploid hybrid F2
of C. auratus red var. (♀) × C. carpio L. (♂) (Liu et al.,
2001, 2016). These individuals were bred and fed in pools
under the same water temperature, dissolved oxygen content,
and foraging conditions at the Engineering Research Center of
Polyploid Fish Breeding and Reproduction of the State Education
Ministry, China. Three individuals of each species were collected
for further study.

Diploid cultured cells were obtained from the caudal
fin of C. auratus red var., and tetraploid cultured cells

were derived from the caudal fin of a tetraploid hybrid of
C. auratus red var. (♀) × C. carpio L. (♂). Cells were
cultured in complete growth medium composed of Dulbecco’s
modified Eagle’s medium (Sigma) supplemented with 100 U/ml
penicillin, 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA,
United States), 10% fetal bovine serum (Invitrogen, Carlsbad, CA,
United States), 0.1% 2-mercaptoethanol (Invitrogen, Carlsbad,
CA, United States), 1 mM sodium pyruvate (Invitrogen,
Carlsbad, CA, United States), and 1 mM non-essential amino
acids (Invitrogen, Carlsbad, CA, United States). Cells were grown
in 5% (v/v) CO2 at 28◦C.

Determination of Ploidy Level
Before extracting total RNA, the ploidy level and DNA
content of each sample were confirmed by flow cytometry.
Diploid C. auratus red var. was used as a control group.
Fish were anesthetized with 100 mg/L MS-222 (Sigma) before
dissection. Fish tissues (∼0.2 cm2) were quickly rinsed with
70% alcohol and washed with phosphate-buffered saline. They
were then digested with 0.25% trypsin (Invitrogen, Carlsbad, CA,
United States) for 15–30 min.

RNA Extraction
Total RNA was extracted from cultured cells, fin and liver tissues
in accordance with a standard TRIzol protocol (Invitrogen,
Carlsbad, CA, United States) after RNALater removal (Hummon
et al., 2007). The purified RNA was quantified using a 2100
Bioanalyzer system (Agilent). Then, the RNA was used to obtain
first-strand cDNA synthesized using AMV reverse transcriptase
(Fermentas), with an oligo (dT)12−18 primer at 42◦C for 60 min
and 70◦C for 5 min.

Obtaining Transcriptome Data
For this study, we focused on the transcriptional regulation
of C. auratus red var. in vitro and in vivo to investigate
whether there is a difference in cell cycle regulation. Therefore,
we obtained mRNA sequencing (seq) data of the liver tissue
of diploid C. auratus red var. and tetraploid C. auratus red
var. (♀) × C. carpio L. (♂) from the NCBI SRA database
(SRR538839, SRR542431, SRR1535135, and SRR1536195) (Liu
et al., 2016). Next, we submitted the mRNA-seq data of in vitro
diploid C. auratus red var. and tetraploid C. auratus red var.
(♀) × C. carpio L. cultured cells to the NCBI SRA (SRR7640867,
SRR7640866, SRR7640869, and SRR7640868).

Mapping and Differential Expression
Analysis
After removing read adapters and low-quality reads, quality of
all clean reads of each library was assessed using the FastQC
program1. Principal component analysis was used to examine
the contribution of each gene to the separation of classes
in the six liver transcriptomes based on Euclidean distances
(Anders and Huber, 2010). mRNA-seq reads from each sample
were mapped against the reference genome (C. auratus red

1http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, version 0.11.3
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var.2) using TopHat with default parameters (Trapnell et al.,
2012). Negative effects of background noise were removed based
on the read counts (≤2) of genes in all biological replicates.
To compare DE between diploid and tetraploid C. auratus
in vitro and in vivo, the values of fragments per kilobase of
transcript per million mapped reads (Mortazavi et al., 2008)
were calculated using Cufflinks (version 2.1.0) (Trapnell et al.,
2012). The false discovery rate (FDR) was used to determine
the threshold P-value in multiple tests and analysis. Genes with
FDR ≤ 0.01 and fold change (FC) > 2 were defined as the
DE threshold using the DEGseq package of the R program
(version 2.13) (R Foundation for Statistical Computing, Vienna,
Austria) (Wang et al., 2010). DEGs were annotated using Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

Determination of DEGs Using
Quantitative RCR
Quantitative (q) PCR primers to amplify 11 cell-cycle-regulated
genes (lc3, smad6, p53, myc, gng10, id1, gng12, gadd45, jun,
calm, and erg1) were designed using conserved regions of
coding sequences in the reference genome (Supplementary
Table 1). Primers were used to detect expression with the ABI
Prism 7500 Sequence Detection System (Applied Biosystems)
and the following amplification conditions: 50◦C for 5 min
then 95◦C for 10 min, followed by 36 cycles of 95◦C for
15 s and 60◦C for 45 s. Each test was performed three
times. Relative quantification was performed and melting
curve analysis was used to verify the generation of a single
product at the end of the assay. Triplicates of each sample
were used both for standard curve generation and during
experimental assays. The relative expression of each gene was
calibrated with β-actin, and relative mRNA expression data were
analyzed using the 2−1 1 Ct method (Livak and Schmittgen,
2001). The expression level of β-actin in induced tetraploid
C. auratus red var. was estimated by the ratio of transcript
abundance to the gene copy number using PCR and qPCR
of DNA and RNA, respectively, extracted from cultured cells,
caudal fin tissues, and liver tissues in diploid and tetraploid
states. β-Actin expression was compared between diploid and
tetraploid states.

RESULTS

Expression Patterns in Diploids and
Tetraploids
To examine changes in the global transcriptomic profile
between diploid and tetraploid C. auratus red var. in vitro
and in vivo, 12 transcriptomes (from liver tissues and cultured
cells; three individuals each from diploid and tetraploid)
were obtained by paired-end sequencing. After initial adapter
trimming and quality control, 535.9 million cleaned reads
from the 12 libraries were obtained (Supplementary Table 2).

2https://www.ncbi.nlm.nih.gov/genome/?term=goldfish

Among these, 451.7 million cleaned reads were mapped
against the reference genome of C. auratus red var.3 using
TopHat (Supplementary Table 2). The heatmap based on
Euclidean distances clustered the diploid liver and tetraploid
cultured cell samples. These results indicated significant
differences in expression between liver tissues and cultured cells
(Figure 1). The analysis of expression levels between diploids
and tetraploids revealed the presence of silent transcripts
based on a threshold of >10 reads for each gene (Ren et al.,
2016). Four shared silent genes were detected in both diploid
cultured cells and diploid liver samples, while only one
shared gene was found in both of the tetraploid samples
(Supplementary Figure 1).

DE Analysis in vitro and in vivo Using
mRNA-Seq
After obtaining mapping information for all transcriptomes,
we identified 20,771 shared expressed genes. To compare
DE between in vitro and in vivo conditions, we performed
DE analysis of diploid cultured cells and liver tissues (vs.
3 in Figure 1A) for all 20,771 expressed genes. A total
of 3603 (17.3%) genes were found to be upregulated in
diploid cultured cells, while 3879 (18.7%) were upregulated
in diploid liver samples (Supplementary Figure 2).
GO analysis of categories with the largest numbers of
DEGs showed that 620 DEGs belonged to cell part (GO:
0044464) in the main category of cellular component, 1149
belonged to binding (GO: 0005488) in the main category of
molecular function, and 1013 belonged to cellular process
(GO: 0009987) in the main category of biological process
(Supplementary Figure 3).

Next, we focused on differences in expression between
tetraploid cultured cells and liver tissues (vs. 4 in Figure 1A),
and identified 3787 (18.2%) DEGs (Supplementary Figure 2).
Among these, 1258 were upregulated in cultured cells and
2529 were upregulated in the liver (Figure 2B). GO analysis of
categories with the largest numbers of genes showed that 195
DEGs belonged to cell part (GO: 0044464) in the main category
of cellular component, 557 belonged to binding (GO: 0005488)
in the main category of molecular function, and 392 belonged to
cellular process (GO: 0009987) in the main category of biological
process (Supplementary Figure 3).

DE Analysis Between Diploids and
Tetraploids Using mRNA-Seq
A comparison of diploids and tetraploids can provide insights
into the regulatory mechanisms associated with different
ploidy levels. Therefore, we focused on DE analysis between
diploid and tetraploid cultured cells of 20,771 genes (vs. 1
in Figure 1A), and found that 19,238 (92.6%) were not
DEGs while 1,532 (7.4%) were DEGs; these included 747
(3.6%) that were upregulated in diploid cultured cells and 784
(3.8%) that were upregulated in tetraploid ones (Figure 2A).
A comparison of diploid and tetraploid liver samples (vs. 2

3http://rd.biocloud.org.cn/

Frontiers in Genetics | www.frontiersin.org 3 March 2020 | Volume 11 | Article 203114

https://www.ncbi.nlm.nih.gov/genome/?term=goldfish
http://rd.biocloud.org.cn/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00203 March 13, 2020 Time: 19:5 # 4

Ren et al. Expression in Diploid and Tetraploid

FIGURE 1 | Strategy of the expression analysis and expression cluster in all samples. (A) mRNA-seq and qPCR methods were used to determine the expression
levels in cultured cells, caudal fin tissues, and liver tissues. The comparison of “vs. 1” and “vs. 2” was used to assess the DE of in vivo and in vitro between diploids
and tetraploids. The comparison of “vs. 3” and “vs. 4” was used to assess the DE of diploids and tetraploids between in vivo and in vitro. (B) Overall clustering of 12
samples including diploid and tetraploid liver tissues, and diploid (2N) and tetraploid (4N) cultured cells, using normalized count data calculated by Cufflinks. The
heatmap drawn from all gene count data for the reference genome depicts the relationships of all transcriptomes.

FIGURE 2 | Differentially expressed genes (DEGs) between diploid and tetraploid states in cultured cells and liver tissues. (A) The distribution of DEGs in cultured
cells. (B) The distribution of DEGs in liver tissues. (C) Shared genes with no DE in cultured cell and liver samples. Log2 counts per million (CPM). (D) Shared
upregulated genes in diploid cultured cells and liver samples. (E) Shared upregulated genes in tetraploid cultured cells and liver samples.
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FIGURE 3 | Shared DEGs between diploids and tetraploids in cultured cells and liver tissues. The 145 shared DEGs, including 38 that were upregulated in 2N and
107 that were upregulated in 4N, were detected from the comparison between diploid and tetraploid states.

in Figure 1A) showed that 486 (2.3%) genes were upregulated
in diploid liver tissues, while 1166 (5.6%) were upregulated
in tetraploid ones (Figure 2B). In total, 19,238 (92.6%) and
19,048 (92.1%) genes exhibited no significant DE in cultured
cells (vs. 1 in Figure 1A) and liver tissues (vs. 2 in Figure 1A),
respectively. Of the 20,771 total shared expressed genes, 18,050
(87.0%), including 17,905 (86.2%) non-DEGs and 145 (0.7%)
DEGs, were found to have the same expression trend in the
comparisons of “vs. 1” and “vs. 2” in Figure 1A (Figure 2C).
Of these 145 DEGs, 38 (0.2%) showed upregulated expression
in a diploid state, while 107 (0.5%) were upregulated in a
tetraploid state (Figures 2D,E). Additionally, the 145 shared
DEGs were displayed in a heatmap, in which diploid and
tetraploid liver tissue and cultured cell samples were clustered
together (Figure 3).

DEGs Related to the Cell Cycle Pathway
To investigate changes in cell cycle regulation in vitro and
in vivo, we next focused on KEGG pathways of the DEGs in
our result (Supplementary Table 3). In comparison of diploid
and tetraploid liver samples (vs. 1 and 2 in Figure 1A), the
DEGs were shown to be mainly involved in the ribosome
pathway (ko03010, 67 DEGs) and pathways associated

with cancer (ko05200, 51 DEGs). Among these, 11 and
21 DEGs were associated with the cell cycle, respectively
(Figure 4). Comparing of diploid and tetraploid cultured
cells identified 15 DEGs in the cell cycle pathway. Of
the seven DEGs shared between diploids and tetraploids
in cultured cells and liver tissues, four showed the same
expression trends as genes of the cell cycle pathway (Figure 4).
Interestingly, three genes (ep300a, myc, and gadd45) exhibited
the same DE trends between diploids and tetraploids,
while three genes (smad4a, cul1a, and tp53) showed the
opposite DE trends.

Expression Level Determination Using
qPCR
To better investigate expression differences in vitro and in vivo
(Figure 5A), 11 DEGs including those in cell cycle pathways
were analyzed with qPCR. This was performed in cultured
cells and liver tissues, as well as in fin tissue from which
the cultured cells had been generated. The different conditions
between cultured cells and tissues resulted in major differences
in expression profiles. To better describe gene regulation in
the four samples, we established expression patterns based
on relative levels in cultured cells and caudal fin tissue
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FIGURE 4 | Distribution of differentially expressed genes (DEGs) of the cell cycle pathway (dre04110) in diploid and tetraploid states in vitro and in vivo. Green
symbols represent upregulated expression in 2N cultured cells, yellow symbols represent upregulated expression in 4N cultured cells, red symbols represent
upregulated expression in 2N liver, and blue symbols represent upregulated expression in 4N liver. Three genes (ep300a, myc, and gadd45) show the same DE
trends between diploids and tetraploids. However, three other genes (smad4a, cul1a, and tp53) exhibited the opposite DE trends.

(Figures 5B–L). These patterns provided a clear perspective
to assess differences between diploids and tetraploids in vitro
and in vivo. The same relative expression patterns between
diploids and tetraploids were detected in nine genes (smad6,
p53, myc, id1, jun, gng10, gng12, gadd45, and calm), while
different relative expression patterns were detected for the
two other genes (lc3 and erg1) (Figure 5). These results
of in vitro and in vivo exhibited the common trend of
gene expression in cell-cycle-regulated genes accompanied with
tetraploid formation.

DISCUSSION

Polyploidy were always observed in plant, but rarely in animals
(Soltis et al., 2003). The formation of allotetraploid hybrids
of C. auratus red var. and C. carpio L. provided an effective
animal model to investigate mechanisms of polyploidy in
animal (Liu et al., 2001, 2016). In comparison of diploid

and tetraploid individuals, appropriate cell line were urgently
needed to discover the different traits related to growth,
fertility and disease resistance and various changes in molecular
mechanisms for studying the potential mechanisms of these
differences (Liu et al., 2001, 2009; Long et al., 2009; Ren
et al., 2016). Here, we assessed the diploid and tetraploid
cultured cell in gene expression level, and discussed them
whether could be used to study polyploidy as comparison
to in vitro.

Genome-wide expression profiles of polyploid culture cells
and tissues in the present study provided a novel insight into
the molecular mechanisms underlying the polyploidization effect
in vitro and in vivo. To evaluate expression profile similarities
between diploid and tetraploid states in vitro and in vivo,
we performed DE analysis using mRNA-seq and qPCR. The
analysis identified many DEGs between cells and liver tissues,
not just in the diploid state but also in tetraploids (vs. 3 and
4 in Figure 1A) (Figure 2), indicating that marked changes
in mRNA expression may be related to factors including
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FIGURE 5 | Expression levels of 11 genes detected by mRNA-seq and qPCR. (A) Heatmap of the expression distribution of 11 as detected by mRNA-seq in
cultured cells and liver tissues. (B–L) The expression levels of 11 genes detected by qPCR in cultured cells and caudal fin.

changes in the cell microenvironment and the origin of the
material (Arkhipchuk and Garanko, 2005). However, in the
comparison between diploid and tetraploid samples (vs. 1
and 2 in Figure 1A), similar expression trends, including 38
shared upregulated genes in diploids, 107 shared upregulated
genes in tetraploids, and 17,905 shared genes with no DE,
were found in vitro and in vivo (Figures 2D,E). The results
preliminary suggested that the relatively stable expression
trends be maintained in most genes irrespective of in vivo
and in vitro.

Dramatic mRNA expression changes often occurred with
hybridization and polyploidization (Leggatt and Iwama, 2003;
Osborn et al., 2003; Mallet, 2007). Some DEGs distributed
were observed in some aquatic organisms, including oysters
(Marie et al., 2006), protogynous wrasse (Jeong et al., 2009),
rice field eel (Huang et al., 2005), rainbow trout (Cleveland
and Weber, 2014), and gibel carp (Sun et al., 2010; Li et al.,
2014). However, gene expression of polyploid cultured cell
was rarely reported. Focused on cell-cycle-regulated genes,
which play an important role in cell proliferation, ontogenesis
and survival (Nishihara, 1997; Ashcroft and Vousden, 2001;
Boxer and Dang, 2001; Ruzinova and Benezra, 2003; Wimmer
et al., 2010; Wisdom et al., 2014; Valente et al., 2015), the
11 genes had been selected and performed with expression
analysis using qPCR. The same expression trends were
detected in nine genes between cultured cells from fin
and caudal fin tissues (Figure 5), further suggesting that

the common trends of gene expression were in cell-cycle-
regulation irrespective of in vivo and in vitro. This research
focused on common characteristics between diploids and
tetraploids, providing us the gene expression changes of
polyploidization in vitro and in vivo. Our findings indicate
that the cultured cell line of this study appears to be an
appropriate platform for polyploidy research, especially into
the regulation of cell proliferation and adaptive regulation,
although further comparisons of diploid and tetraploid
material are necessary.
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The majority of the nearly 400 existing local pig breeds are adapted to specific
environments and human needs. The demand for large production quantities and the
industrialized pig production have caused a rapid decline of many local pig breeds in
recent decades. Black Slavonian pig and Turopolje pig, the latter highly threatened, are
the two Croatian local indigenous breeds typically grown in extensive or semi-intensive
systems. In order to guide a long-term breeding program to prevent the disappearance
of these breeds, we analyzed their genetic diversity, inbreeding level and relationship
with other local breeds across the world, as well as modern breeds and several
wild populations, using high throughput genomic data obtained using the Illumina
Infinium PorcineSNP60 v2 BeadChip. Multidimensional scaling analysis positioned Black
Slavonian pigs close to the UK/North American breeds, while the Turopolje pig clustered
within the Mediterranean breeds. Turopolje pig showed a very high inbreeding level (FROH

> 4 Mb = 0.400 and FROH > 8 Mb = 0.332) that considerably exceeded the level of full-sib
mating, while Black Slavonian pig showed much lower inbreeding (FROH > 4 Mb = 0.098
and FROH > 8 Mb = 0.074), indicating a planned mating strategy. In Croatian local breeds
we identified several genome regions showing adaptive selection signals that were not
present in commercial breeds. The results obtained in this study reflect the current
genetic status and breeding management of the two Croatian indigenous local breeds.
Given the small populations of both breeds, a controlled management activity has been
implemented in Black Slavonian pigs since their commercial value has been recognized.
In contrast, the extremely high inbreeding level observed in Turopolje pig argues for an
urgent conservation plan with a long-term, diversity-oriented breeding program.

Keywords: genomics, diversity, inbreeding, local breeds, population structure

INTRODUCTION

For thousands of years, pigs have been indispensable to humans as they represent an important
part of our everyday diet. Pigs were domesticated about 8,500–10,500 years ago (Peters et al.,
2005; Zeder, 2017) and have changed over time from their wild ancestors, especially in the last few
hundred years due to the force of artificial selection. Nearly 400 local breeds have been obtained.
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Pig populations continue to change genetically because of
continuous gene flow between wild and domestic pigs (Iacolina
et al., 2018; Frantz et al., 2019). Most local breeds are adapted to
specific environments, production systems, geographical regions
or human demands. However, in the last few decades, several
breeds such as Large White, Duroc, Landrace, Hampshire
and Pietrain (FAO, 2007) and their hybrids have spread
internationally and replaced most local breeds, mainly because
they are economically more efficient. This poses a problem: the
conservation of local breeds is crucial for the future of animal
production as they can be important sources of genetic variability
(Bruford et al., 2015) and are better adapted for production in
sustainable environments (Ollivier et al., 2005).

In Croatia, the two indigenous breeds, Black Slavonian
(CROBS) and Turopolje (CROTS) pigs, have specific phenotypic
characteristics that make them well adapted to the extensive
and semi-intensive systems common in the country. The Black
Slavonian breed is also known as Fajferica and was bred by
the earl Karl Pfeiffer in the second half of the 19th Century in
Slavonia, a “corn belt” region in Eastern Croatia. By crossing
the local Mangalitza gilts with Berkshire boars, Pfeiffer created
a new breed with more desirable economically important traits
(feed conversion ratio, daily gain, carcass traits) than the local
dominant, primitive breeds such as Mangalitza, Šiška and Bagun.
Some years later, the breed was further improved by crossing
the best gilts with imported USA Poland China boars. In the
1930’s and 1940’s, the breed was crossed again with Berkshire, and
later with Large Black on several farms (Hrasnica et al., 1958).
The breed was economically successful, well known for its fat
and meat production and one of the most abundant (>300,000
individuals) in Yugoslavia in the 1950’s (Hrasnica et al., 1958).
Since then, however, the Black Slavonian pig is slowly being
replaced by modern breeds such as Landrace, Large White, and
Pietrain. The Black Slavonian population declined drastically at
the beginning of the 1990’s, during and after the war in Croatia.
The first conservation program with pedigree recording started in
1996 in the founding population, consisting of the only remaining
46 sows and six boars (Uremović, 2004).

The Turopolje pig breed, for its part, is named after a small
region near Zagreb (Turopolje), and has a controversial history.
A publication from 1911 (Ulmansky, 1911) asserted that CROTS
is a cross between local pigs and Šiška, a primitive regional breed
currently extinct. A study from 1935 (Ritzoffy, 1935) claimed
that Turopolje pig was most probably derived from the Slovenian
Krškopolje pig at the beginning of the 19th century, while more
recent work (Porter, 2002) has claimed that this breed originated
from Šiška, Krškopolje and Berkshire pigs. During the second
half of the 20th century, when modern breeds were intensively
imported, the Turopolje breed declined severely, like many local
European pig breeds. Its survival was also seriously threatened
during the war in the 1990’s (Druml et al., 2012).

A sustainable breeding program might prevent further erosion
of the genetic adaptive capacity of both Croatian indigenous
breeds and lead to more stable populations. The Black Slavonian
breed is better positioned than the Turopolje breed as their
carcass traits better suit today’s market demands, while the
Turopolje breed is a typical lard type of pig that is no longer

profitable for farmers, although a recent study showed the breed
has potential for some commercially relevant traits (Muñoz
et al., 2018). A prerequisite for building a long-term sustainable
local breeding program is detailed molecular and genomic
characterization. Studies have already explored the population
genetic background for the Black Slavonian breed using pedigree
information (Lukić et al., 2015), microsatellite markers for
both Black Slavonian and Turopolje pigs (Druml et al., 2012;
Šprem et al., 2014) and selected single-nucleotide polymorphisms
(SNPs) associated with morphological traits (Muñoz et al., 2018).
However, a wider and more systematic approach is required to
obtain more thorough understanding of their breed genetics.

Recent advances in genotyping technologies, such as SNP
chips, provide affordable access to genotypic information for
all major domestic animal species, enabling the estimation of
the genetic diversity, population structure, genetic admixture,
inbreeding level, and effective population size (Kukučková et al.,
2017). In addition, SNP data can be merged and compared
with the results of other studies, which is impossible with
microsatellite marker analyses. Analysis of the frequencies
of a large number of SNP alleles provides deep insight into
genetic variability and genetic structure. For instance, the
genomic inbreeding coefficient obtained from SNP analyses
is more reliable than pedigree estimates (Ferenčaković et al.,
2013; extensively described by Keller et al., 2011). Genetic
admixture, a phenomenon that occurs when genetically
divergent populations begin to interbreed (Balding et al., 2007),
is conventionally identified by multivariate genetic cluster
algorithms (Jombart et al., 2010).

Taking advantage of high-throughput genomic analyses, we
explored the genetic structure of Black Slavonian and Turopolje
pig breeds and their relationships with local and modern
breeds worldwide. We also estimated the inbreeding level based
on runs of homozygosity (ROH) as well as admixture level,
particularly important for the Turopolje pig, which is classified
as a highly endangered breed (Croatian Agricultural Agency,
2017). For each indigenous Croatian breed, we identified a set
of SNPs that differentiate it from the most widespread modern
commercial breeds. These results may inform future conservation
management of Black Slavonian and Turopolje pigs.

MATERIALS AND METHODS

Data Collection, Quality Control, and
Multidimensional Scaling
The animals in this study were selected in collaboration with
the Croatian Agricultural Agency, which is the national body
that manages breeding programs, and the National Gene Bank
within the Ministry of Agriculture of Croatia. All procedures
with animals were performed in accordance with national and
European ethical protocols and directives. Animals were raised
by registered breeders at more than five locations, with available
information about their origin. In the case of Black Slavonian
pigs, sampling of close relatives (parent-offspring, full sibs or half
sibs) was avoided. In the case of Turopolje pigs, animals were
sampled at random because the population was extremely small
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(124 sows and 17 boars; Croatian Agricultural Agency, 2017)
and contained many higher-order relatives. In this case, avoiding
sampling of close relatives would lead to biased results. More
detailed information describing samples in this study is provided
in Supplementary Table S1.

A total of 16 Black Slavonian pigs (six boars and 10 sows)
and 16 Turopolje pigs (four boars and 12 sows) were genotyped
using Illumina PorcineSNP60 v2 Genotyping BeadChip with
64,232 SNPs (Ramos et al., 2009). DNA was isolated from hair
follicles using a commercial kit (DNeasy Blood and Tissue Kits,
Qiagene, Germany). Using the obtained genotypes, we analyzed
only autosomal SNPs whose chromosomal position was assigned.
SNPs where more than 10% of genotypes were missing and
SNPs with Illumina GenCall score ≤ 0.7 or Illumina GenTrain
score ≤ 0.4 (Ferenčaković et al., 2013) were excluded from the
analysis. Pigs for which > 5% of the genotype was missing were
also excluded from further analysis. SNP positions were based on
the pig genome assembly Sscrofa 10.2 (EnsEMBL db version 83).
In order to compare our data with worldwide data sets, additional
data (Ai et al., 2013; Burgos-Paz et al., 2013; Goedbloed et al.,
2013) were downloaded from the publicly available Dryad Digital
Repository (Yang et al., 2017).

We used several criteria to select breeds from public data.
First, we selected breeds known to share a history with Croatian
local breeds (e.g., founder breeds) or to inhabit areas close to
those of Croatian breeds. Second, breeds with similar phenotypic
traits such as coat color or exterior traits were selected, since
such traits were among the main selection criteria during early
stages of animal breeding. Genetic similarity of local breeds
with wild boar is expected to be high, so we included several
wild European populations. Chinese breeds were also included
because of their known introgression into the international gene
pool, and particularly into the commercially important breeds
Landrace, Pietrain, and Duroc. This data set was then merged
with our samples to produce a consensus data set containing
931 animals from 48 breeds (of which nine were wild boar
populations) and 45,000 SNPs. SNP genotypes were used to
calculate shared genetic coancestry between all possible pairs
of individuals of all breeds in the analysis in terms of pairwise
proportions of identical-by-state alleles using R software version
3.6.1 (R Core Team, 2019). The obtained matrix was transformed
to a distant matrix, on which classical multidimensional scaling
and principal component analysis were performed. This analysis
showed that Chinese breeds, USA Feral Pig, Argentina Semi
Feral Pig, Brazil Monteiro Pig, Guatemala Creole Pig, Peru
Creole Pig, USA Guinea hog, USA Mulefoot, and Duroc form
distant clusters (Figure 1). To provide better resolution and more
precise characterization of the Black Slavonian and Turopolje
pigs, breeds present in distant clusters were removed from
subsequent analyses.

The final data set consisted of 556 animals sampled from
30 breeds, including six wild boar populations. Landrace and
Pietrain breeds were represented by two different populations
to provide additional controls. The following breeds were used
in the analyses: Black Slavonian – CROBS (n = 16), Croatian
Wild Boar – CROWB (16), Czech Prestice – TRPR (15),
German Angler Sattleschwein – DEAS (n = 10), Hungarian

Mangalitza – HUMA (n = 20), Iberian Wild Boar – IBWB
(n = 17), Italian Calabrese – ITCA (n = 15), Italian Casertana –
ITCT (n = 14), Italian Cinta Senese – ITCS (n = 13), Italian
Nera Siciliana – ITNS (n = 15), Italian Sardinian Wild Boar –
ITWB2 (n = 20), Italian Wild Boar – ITWB1 (n = 19), Landrace
population 1 – LDR1 (n = 20), Landrace population 2 – LDR2
(n = 15), NW European Wild Boar – NEWB (n = 20), Pietrain
population 1 – PIT1 (n = 20), Pietrain population 2 – PIT2
(n = 20), Polish Pulawska Spot – PLPS (n = 15), Portuguese
Bisaro – PTBI (n = 14), South Balkan Wild Boar – SBWB
(n = 20), Spanish Chato Murciano – ESCM (n = 20), Spanish
Iberian – ESIB (n = 20), Turopolje – CROTS (n = 16), UK
Berkshire – UKBK (n = 20), UK British Saddleback – UKBS
(n = 20), UK Gloucester Old Spot – UKGO (n = 20), UK
Hampshire – UKHS (n = 20), UK Large Black – UKLB (n = 20),
UK Tamworth – UKTA (n = 20), USA Berkshire – USBK (n = 20),
USA Hampshire – USHS (n = 20), and USA Poland China –
USPC (n = 6). Sample sizes for all breeds were similar with the
exception of the Poland China breed.

Genetic Admixture
The population structure and admixture analyses were performed
on the final data set using a Bayesian approach implemented
in STRUCTURE software 2.3.4 (Pritchard et al., 2000) without
prior information about the population. We had to reduce the
number of SNP genotypes in the dataset to 15,000 to enable
the complex computations, which otherwise would not have
been possible. In order to estimate global ancestry, we used a
model with assumed admixture and correlated allele frequencies,
as this provides greater power to reveal populations that are
closely related (Porras-Hurtado et al., 2013). We performed
analyses for the assumed K number of populations from 1 to
34, with 20 independent runs and a burn-in period of 10,000
followed by 100,000 Markov chain Monte Carlo repetitions. The
calculations related to STRUCTURE software were performed
on the Isabella computer cluster at the University Computing
Centre (SRCE) of the University of Zagreb. The choice of the
most likely number of clusters (K) was determined according
to recommendations in previous work (Pritchard et al., 2000),
as well as according to visual representations showing the rate
of change in ln Pr(G| K) between successive K-values (Evanno
et al., 2005). Clumpak software (Kopelman et al., 2015) was used
to estimate the maximum probability from K = 1 until K = 30
and average the individual results among the 20 runs for each
K (Jakobsson and Rosenberg, 2007) and over different K-values.
The obtained results were visualized using the Pophelper 2.2.7
package for R (Francis, 2017).

ROH and Genomic Inbreeding
The ROH-based genomic inbreeding coefficient (FROH) was
calculated as described (McQuillan et al., 2008; Curik et al.,
2014), where FROH = genome length in ROH/autosomal genome
length covered by the SNP chip (here 2,444.5 Mb spread over
18 chromosomes). Based on the SNP density of the Illumina
PorcineSNP60 v2 Genotyping BeadChip and the 45,000 SNPs
remaining after quality control, ROH were called if 15 or more
consecutive homozygous SNPs were present at a density of at
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FIGURE 1 | Population structure of the worldwide pig breeds and wild boar populations analyzed by multidimensional scaling (MDS). All breeds/populations are
presented in the upper part of the illustration while selection of 32 pig and wild boar populations is presented in the lower part of the illustration.
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least one SNP every 0.1 Mb, with gaps of no more than 1 Mb
between them. ROH segments were detected using cgaTOH
software (Zhang et al., 2013). To identify ROH segments, we
allowed one, two and four missing calls per window, respectively,
for ROH > 4 Mb, ROH > 8 Mb, and ROH > 16 Mb
(Ferenčaković et al., 2013). This approach identifies ROHs
according to the length size class. By merging the information
related to each class, we were able to calculate genomic inbreeding
coefficients (FROH > 4 Mb and FROH > 8 Mb). Additionally, we
calculated FROH4 to 8 Mb as the difference between FROH > 4

Mb and FROH > 8 Mb. In this way, we were able to distinguish
FROH>4Mb from “remote” inbreeding (FROH4to8Mb) arising from
ancestors approximately –13 generations remote as well as from
“recent” inbreeding (FROH > 8 Mb) arising within the last seven
generations (Kukučková et al., 2017).

Population Structure and Differentiation
of Populations
Global genetic differentiation between the two Croatian local
breeds, as well as between the Croatian breeds and other world
populations, was assessed in terms of the genome wide fixation
index, FST, for each SNP pair (Weir and Cockerham, 1984).
This index was calculated in Plink (Purcell et al., 2007) and
GenePop Version 4.7.0 (Rousset, 2008). We also illustrated
genetic divergence among breeds/populations by the neighbor-
joining tree (NJ) based on Reynold’s distances matrix (Reynolds
et al., 1983). Reynolds genetic distances were calculated using
Arlequin 3.5 (Excoffier and Lischer, 2010) software, which were
used to construct a neighbor-joining tree in R package phytools
(Revell, 2012).

Identification of Adaptive Signatures of
Selection
In order to identify SNP alleles with high FST values specific to
Croatian local breeds, we created two additional datasets, one
composed of Black Slavonian and modern commercial breeds
(Landrace and Pietrain), and another with Turopolje pigs and the
same modern commercial breeds. Based on the two analyses, we
selected 30 genome-wide SNPs with the highest FST values for
Black Slavonian and Turopolje pigs (Supplementary Figures S1,
S2 and Supplementary Tables S2, S3). The Ensembl Genome
Browser1 was used to identify candidate genes in 0.1 Mb wide
genomic regions with high FST values. In order to explore
and confirm the signals of the adaptive positive selection, we
performed additional analyses: (a) identification of extremely
frequent SNPs in ROHs (eROHi) approach (Curik et al., 2014);
(b) extended haplotype homozygosity (EHH) approach (Sabeti
et al., 2002) modified as within population Integrated Haplotype
Score (iHS) approach (Voight et al., 2006) and (c) across
populations Integrated Haplotype Score (Rsb) approach, based
on the ratio of site-specific EHH (EHHS) between populations
(Tang et al., 2007). Similar approach of combining FST and
extremely frequent ROHs was applied by Purfield et al. (2017).
Both, iHS and Rsb statistics were calculated and tested in rehh

1http://www.ensembl.org/Sus_scrofa, Sscrofa 10.2 assembly

R package (Gautier and Vitalis, 2012) while required phasing
was estimated with Shapeit software (Delaneau et al., 2008). The
conservative significance threshold of P = 0.0001 (equivalent to
10,000 independent tests), defined with −log10 (P-value) = 4.0,
was used in iHS and Rbs tests to account for multiple testing.
The eROHi approach has been applied in CROBS, CROTS
and commercial pig breeds as our first interest was to identify
selection signals that are specific for Croatian local breeds,
extreme ROH islands present in CROBS or CROTS but not
appearing in commercial breeds. Significant autozygosity islands,
SNPs with extreme ROH frequency, were identified as outliers
(99%) according to the BOXPLOT distribution as applied in
Mészáros et al. (2015). Identified specific regions were then
checked for the candidate genes under selection using the free
Golden Helix GenomeBrowse R© and pig genome assembly Sscrofa
10.2 (EnsEMBL db version 83).

RESULTS

Multidimensional Scaling Analysis
In order to analyze the genetic relationship between the
Croatian indigenous pig breeds and other worldwide pig breeds
or wild boar populations, the MDS approach was used to
calculate the shared genetic coancestry among all individuals
and breeds/populations (Figure 1). Based on the first and
second principal components, four main breed clusters were
resolved: two Chinese local breed clusters, a Duroc cluster,
and a European and North American cluster containing the
two indigenous Croatian breeds. The first component clearly
separated the Chinese breeds from the European and North
American, whereas the second component split one Chinese
breed (Sutai), Duroc and Hampshire from the main Chinese and
European/North American cluster. A closer look at the European
and North American clusters (Figure 1, lower part) showed that
the commercial breeds Landrace and Pietrain were separated
from the breeds in the middle group, which was dominated by
the UK and North American local breeds. The wild populations
also formed a small independent group, close to the larger group
dominated by the Italian local breeds. Croatian indigenous breeds
grouped close to the old UK breeds and Italian breeds. As
expected, Black Slavonian pigs lay close to its UK and USA breeds
of origin: USA Poland China, Berkshire and Large Black. The
Turopolje pig breed, in contrast, grouped together with the Italian
breeds and Mangalitza, in an intermediate position between the
UK local breeds and the wild populations.

Admixture Analysis
The genetic structure of 32 breeds/populations obtained by
the STRUCTURE analysis is presented in Figure 2, while
more detailed explanations about this analysis are provided in
Supplementary Figure S4. We have presented only results that
are relevant for the understanding of the Black Slavonian and
Turopolje pig clustering. Thus, the first initial split of K = 3
identified a cluster (gray color) belonging to wild populations
present also in the Mediterranean and the Pannonian breeds,
a cluster (blue) for the European and commercial breeds
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FIGURE 2 | Population structure and admixture for selected 32 pig and wild boar populations illustrated by STRUCTURE bar plots representing models with different
clusters (K = 3, K = 13, K = 18, and K = 28). The breeds on the plot are: Black Slavonian, Croatia Wild Boar – CROWB, Czech Prestice – TRPR, Germany Angler
Sattleschwein – DEAS, Hungarian Mangalitza – HUMA, Iberian Wild Boar – IBWB, Italian Calabrese – ITCA, Italian Casertana –ITCT, Italian Cinta Senese –ITCS, Italian
Nera Siciliana –ITNS, Italian Sardinian Wild Boar – ITWB2, Italian Wild Boar – ITWB1, Landrace population 1 – LDR1, Landrace population 2 – LDR2, NW European
Wild Boar –NEWB, Pietrain population 1 – PIT1, Pietrain population 2 – PIT2, Poland Pulawska Spot – PLPS, Portugal Bisaro –PTBI, South Balkan Wild Boar –
SBWB, Spain Chato Murciano –ESCM, Spanish Iberian –ESIB, Turopolje, UK Berkshire –UKBK, UK British Saddleback –UKBS, UK Gloucester Old Spot –UKGO,
UK Hampshire –UKHS, UK Large Black –UKLB, UK Tamworth – UKTA, USA Berkshire – USBK, USA Hampshire – USHS, and USA Poland China – USPC.

influencing the Mediterranean more than the Pannonian breeds,
and a cluster (pink) for the old UK and US breeds influencing the
European and Pannonian breeds more than the Mediterranean
ones. At K = 13, the Turopolje pig constituted a unique cluster
whereas the Black Slavonian breed was identified as a single
cluster only from K = 18, while it showed high genetic admixture
with modern breeds. Despite their geographical proximity, we
did not observe any admixture traces between Black Slavonian
and Turopolje pigs. In the most likely model of K = 28, most of
the 24 breeds appeared as individual clusters, except for German
Angler Sattleschwein (DEAS) and Czech Prestice (TRPR), which
overlapped. All six wild boar populations appeared as a separate
group across all K values. However, at K = 28, a small amount
of the Spanish Iberian (ESIB) component was present in all
wild boar populations, particularly in the Iberian Wild Boar
(IBWB). At the low level of differentiation (K = 3), the largest
amount of the wild boar cluster was present in the Mediterranean
and Pannonian breeds. One Pietrain population (PIT2), UK
Berkshire (UKBS), Hungarian Mangalitza (HUMA) and ITCT
(Italian Casertana) showed slight sub-structuring, while the USA
Berkshire (USBK) and USA Hampshire (USHS) breeds appeared
as more separated in comparison to the other breeds from UK
and USA (Figure 2).

ROH-Based Analysis of Genomic
Inbreeding
The distribution of the ROH inbreeding coefficients (FROH > 4

Mb) for all the analyzed breeds and wild populations is presented
in Figure 3. The same figure also shows the contribution (%)
of the “close” inbreeding (FROH> 8 Mb) caused by ancestors
within seven generations relative to the total inbreeding level
(FROH > 4 Mb). Among the considered pig breeds/populations,

65–89% of inbreeding came from ’close’ inbreeding. “Close”
inbreeding was significantly lower (P < 0.001) in wild boar
individuals (mean FROH > 8 Mb = 0.112; 95% confidence interval,
CI = 0.094–0.128) than in domestic breeds (mean FROH > 8

Mb = 0.172; 95% CI = 0.162–0.182). The difference remained
significant (P < 0.001) even when two populations with high
outlying inbreeding were excluded from the analysis (mean
FROH>8Mb = 0.156; 95% CI = 0.147–0.165). This was unexpected,
since domestic pigs are bred based on pedigree information in
order to avoid mating of relatives within six to seven generations.
Extremely high inbreeding values (FROH > 4 Mb = 0.400 and
FROH>8Mb = 0.332; Supplementary Figure S3) were observed in
Turopolje pig, and such extreme inbreeding values were observed
only in Hungarian Mangalitza (HUMA) (FROH > 4 Mb = 0.415,
and FROH > 8 Mb = 0.371). An increased frequency of very
long ROH (>30 Mb), showing increased close inbreeding, was
also observed in Romanian and Hungarian Red Mangalitza pigs
(Bâlteanu et al., 2019). In contrast, much lower inbreeding was
observed in Black Slavonian pigs (FROH > 4 Mb = 0.098 and FROH

> 8 Mb = 0.074).

Analysis of Population Structure and
Differentiation of Populations
The population differentiation was analyzed by pairwise FST
values estimated across all populations from the final dataset
of 32 breeds/populations (Supplementary Table S4). The mean
FST estimate was 0.25, while all pairwise FST values from a
selection of breeds are shown in Table 1. The FST values
ranged from 0.07 (between the two Pietrain populations) to 0.40
(between Turopolje and Gloucester Old Spot pig breed). Genetic
differentiation tends to be smaller between local pig breeds with
a closer genetic history. The Black Slavonian breed showed a low
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FIGURE 3 | The distribution of the ROH inbreeding coefficients (FROH > 4 Mb) for selected 32 pig and wild boar populations. Numbers on the top of the illustration
present the contribution (%) of the “close” inbreeding (FROH > 8 Mb) caused by ancestors within seven generations relative to the total inbreeding level (FROH > 4 Mb).
The breeds on the plot are: Black Slavonian – CROBS, Croatian Wild Boar – CROWB, Czech Prestice – TRPR, German Angler Sattleschwein – DEAS, Hungarian
Mangalitza – HUMA, Iberian Wild Boar – IBWB, Italian Calabrese – ITCA, Italian Casertana – ITCT, Italian Cinta Senese – ITCS, Italian Nera Siciliana – ITNS, Italian
Sardinian Wild Boar – ITWB2, Italian Wild Boar – ITWB1, Landrace population 1 – LDR1, Landrace population 2 – LDR2, NW European Wild Boar – NEWB, Pietrain
population 1 – PIT1, Pietrain population 2 – PIT2, Polish Pulawska Spot – PLPS, Portuguese Bisaro – PTBI, South Balkan Wild Boar – SBWB, Spanish Chato
Murciano – ESCM, Spanish Iberian – ESIB, Turopolje – CROTS, UK Berkshire – UKBK, UK British Saddleback – UKBS, UK Gloucester Old Spot – UKGO, UK
Hampshire – UKHS, UK Large Black – UKLB, UK Tamworth – UKTA, USA Berkshire – USBK, USA Hampshire – USHS, and USA Poland China – USPC.

mean FST value (0.21), consistent with its central position in the
international dataset, while Turopolje pig had higher mean FST
value (0.32), consistent with its peripheral position. The highest
mean FST estimate among all breeds in this study was 0.33 for UK
Tamworth; the lowest estimate was 0.18 for Czech Prestice. The
observed values of genetic differentiation are comparable to the
results of other studies.

Genetic differentiation among 32 breeds/populations was
further illustrated by unrooted neighbor-joining tree based
on Reynolds genetic distances (Figure 4). The presented
tree clearly shows differentiation of wild boar populations
from commercial breeds while a number of indigenous
breeds are presented between this separation of two extreme
groups (wild boar populations versus commercial breeds)
in a succeeding manner, starting with Iberian pig (ESIB)
as the closest breed to the wild populations and ending
with Black Slavonian breed as the closest breed to the
commercial breeds. In this separation route Turopolje pig is
positioned in the middle.

Identification of Adaptive Signatures of
Selection
In order to identify loci specific to Croatian indigenous breeds
and therefore more useful for conservation efforts, we separately
calculated the locus-wise FST values between Croatian local
breeds and modern pig breeds (Landrace and Pietrain). We

selected 30 genome-wide SNPs with the highest FST values for
Black Slavonian and Turopolje pigs (Supplementary Figures
S1, S2). Genes located within the genomic regions of SNPs
with extremely high FST were identified as candidate genes
that could help in future conservation programs. Most likely
polymorphisms in these genes are the consequence of breed
adaptation to environmental and human demands. For Black
Slavonian pig, we identified important genes associated with
steroid receptor activity, such as CYP-40 on porcine chromosome
SSC8 (Ratajczak et al., 2015); meat-to-fat ratio in pigs, DEAF1
on SSC2 (Falker-Gieske et al., 2019); growth traits in cattle,
KSR2 on SSC14 (Puig-Oliveras et al., 2014); animal organ and
system development in pigs, SEZ6L on SSC14 (Kwon et al.,
2019); hematological parameters in pigs, RHOBTB1 on SSC
14 (Bovo et al., 2019); female reproduction in mice, CDK1
on SSC 14 (Adhikari et al., 2016); salivary secretion in pigs,
KCNMA1 on SSC14 (Li et al., 2013); milk fat percentage in
buffaloes, KCTD8 on SSC8 (de Camargo et al., 2015); back fat
thickness in pigs, RIMS4 on SSC17 (Lee and Shin, 2018); carcass
length in pigs, SPTLC2 on SSC7 (Falker-Gieske et al., 2019);
muscle fiber types in pigs, MYO18B on SSC14 (Ropka-Molik
et al., 2018); and fatty acid profiles in cattle, RAPGEF2 on SSC8
(Cesar et al., 2014).

For Turopolje pig, we identified candidate genes associated
with fatty acid metabolism in pigs, such as PEX11A on SSC7
(Huang et al., 2017); carcass traits in cattle, WDR93 on SSC7
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FIGURE 4 | Neighbor-joining tree based on the Reynold’s genetic distances
for selected 32 pig and wild boar populations. The breeds on the plot are:
Black Slavonian, Croatian Wild Boar – CROWB, Czech Prestice – TRPR,
German Angler Sattleschwein – DEAS, Hungarian Mangalitza – HUMA, Iberian
Wild Boar – IBWB, Italian Calabrese – ITCA, Italian Casertana – ITCT, Italian
Cinta Senese – ITCS, Italian Nera Siciliana – ITNS, Italian Sardinian Wild
Boar – ITWB2, Italian Wild Boar – ITWB1, Landrace population 1 – LDR1,
Landrace population 2 – LDR2, NW European Wild Boar – NEWB, Pietrain
population 1 – PIT1, Pietrain population 2 – PIT2, Polish Pulawska Spot –
PLPS, Portuguese Bisaro – PTBI, South Balkan Wild Boar – SBWB, Spanish
Chato Murciano – ESCM, Spanish Iberian – ESIB, Turopolje, UK Berkshire –
UKBK, UK British Saddleback – UKBS, UK Gloucester Old Spot – UKGO, UK
Hampshire – UKHS, UK Large Black – UKLB, UK Tamworth – UKTA, USA
Berkshire – USBK, USA Hampshire – USHS, and USA Poland China – USPC.

(Silva et al., 2017); number of ribs in pigs, MESP1 on SSC7
(Zhu et al., 2015); meat-to-fat ratio in pigs, DEAF1 on SSC2
(Falker-Gieske et al., 2019); pregnancy rate in pigs, PPID on
SSC8 (Gu et al., 2014); steroid receptor activity, CYP-40 on SSC8
(Ratajczak et al., 2015); brain development in horses, DLGAP1 on
SSC6 (Schubert et al., 2014); salivary secretion in pigs, KCNMA1
on SSC14 (Li et al., 2013); reproduction in pigs, CWH43 on
SSC8 (He et al., 2017); bone weight in cattle, FAM184B on SSC8
(Xia et al., 2017) and cardiovascular disease (Pérez-Montarelo
et al., 2014); spermiogenesis in mouse, AMPH on SSC9; boar
taint, NWD2 on SSC8 (Drag et al., 2018); melanocyte function
in dogs, ARHGAP12 on SSC10 (Kluth and Distl, 2013); female
pregnancy in pigs, RAPGEF2 on SSC8 (Pérez-Enciso et al., 2009);
growth traits in cattle, KSR2 on SSC14 (Puig-Oliveras et al., 2014);
vascular smooth muscle contraction in sheep, SPSB4 on SSC13
(Yang et al., 2016); and back-fat fatty acid composition, APBB1IP
on SSC10 (Zappaterra et al., 2018).

In addition, we identified several SNPs in the two Croatian
breeds that were located in non-coding intergenic regions
and that were present in various pig breeds as well as
to other domestic animal species, including cattle, sheep
and horse. In Black Slavonian pig, the following 12 SNPs
were identified: ASGA0012664, ALGA0082391, SIRI0000509,
ALGA0115258, ALGA0008072, ASGA0038761, ASGA0080338,
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ALGA0098790, ASGA0039781, ASGA0039779, M1GA0015147,
and MARC0003342. In Turopolje pig, the following nine SNPs
were identified: MARC0067231, ALGA0115258, M1GA0015147,
ASGA0038761, ALGA0048121, MARC0085941, ASGA0042725,
ASGA0038765, and SIRI0000509.

To provide additional support to the identification of genome
regions with adaptive selection signatures, we also performed
several tests that are used in the identification of selection
signatures such as eROHi, iHS and Rsb analysis. The overall
results of the selection signature analyses are presented in
Supplementary Table S5. Among all approaches performed, FST
and Rsb analyses are the most similar by the concept as they are
both looking for genome segments that are selected in indigenous
breeds in contrast to commercial populations, while eROHi and
iHS analyses are based on the identification of adaptive selection
signatures from genomic information of the single population.

We have not identified any significant SNP overlapping
between FST and Rsb analyses neither in Black Slavonian nor
in Turopolje pig population. However, when we were looking
for the overlapping results between FST and eROHi analysis,
three significant SNPs (MARC0058238, MARC0003342, and
ALGA0077279, all on SSC14) pointing to the adaptive selection
signals, were observed in Black Slavonian breed while only one
such significant SNP (ALGA0036219 on SSC6) was observed
in Turopolje breed. The first SNP for Black Slavonian was
previously described (MARC0058238, located in the MYO18B
genomic region on SSC14, which is found to be associated with
muscle fiber types in pigs- Ropka-Molik et al., 2018). Second
(MARC0003342) and third (ALGA0077279) SNP identified in
Black Slavonian pig are located in non-coding intergenic region
present in various domestic animal species, together with the SNP
(ALGA0036219 on SSC6) found in Turopolje pig. We identified
one additional SNP (ASGA0060892 on SSC14) with significant
selection signal obtained in both eROHi and iHS analyses in
Turopolje pig. This variant, located in PEBP4 gene region, is
associated with hematological traits in pigs (Bovo et al., 2019) and
has been shown to differentiate Chinese local breeds from Large
White pigs (Li et al., 2014).

DISCUSSION

Over the last hundred years, strong demand for animal protein
and economic efficiency, combined with globalization and
market competition, have intensified pig breeding and selection,
leading to the domination of several commercial breeds such as
Large White, Duroc, Landrace, Hampshire, and Pietrain. In the
last few decades, many valuable local breeds have gone extinct
or are on the brink of extinction. Conserving these species is
important for maintaining genetic diversity to promote long-
term selection progress (Bruford et al., 2015).

Black Slavonian and Turopolje pigs are Croatian local
indigenous breeds that are well adapted to harsh environments
and should be preserved from extinction as they can contribute
to the overall adaptive genetic potential. In this study, based
on high-throughput genomic information, Black Slavonian and
Turopolje pig breeds were genetically compared with many
internationally relevant breeds, as well as with several wild

boar populations. MDS multivariate analysis and unsupervised
clustering showed that both breeds have complex but close
genetic relatedness with other European pig breeds, and can be
considered part of the living European livestock (pig) heritage
(Figures 1 and 2). The Black Slavonian pig appears to be more
influenced by the classical West European breeds, while the
Turopolje pig clusters with the Mediterranean pig breeds in
vicinity to the cluster representing wild boars (Figures 1, 2). Still,
the algorithm implemented in our STRUCTURE analysis was
able to make a distinction among Turopolje pig (at K = 13),
Black Slavonian pig (at K = 18), and other European pig breeds.
Turopolje pig showed a low level of admixture with commercial
pigs, while Black Slavonian pig showed greater and more variable
admixture (Figure 2). The admixture contributions in the
Black Slavonian pig originated from several equally contributing
clusters belonging to different commercial breeds. We speculate
that these are signals of admixture with some of the modern pure
breed or hybrid pigs commercially reared in Slavonia, pointing
to the need for further maintenance of systematic breeding
programs for breed consolidation and recovery. High inbreeding
values, particularly the recent ones, were obtained for the
Turopolje pig. With the exception of the Hungarian Mangalitza
breed, such high inbreeding values have not been reported
for the other breeds analyzed here (Saura et al., 2013; Schäler
et al., 2020). The observed values exceed considerably even the
expected inbreeding that would result from full sib or parent-
offspring mating, and they seriously threaten the survival of the
breed. A much better situation, with a relatively low inbreeding
level, was observed in Black Slavonian pig, even if the breed
went through a severe bottleneck in the 1990’s. The presence of
admixture signals could certainly have an impact on the observed
inbreeding level, but only for the admixed individuals. Thus,
we think that the observed inbreeding level is the consequence
of the recent breeding program and pedigree-controlled mating
strategy performed in the last decade, according to which only
sows and boars with known ancestry and acceptable coefficient of
relationship were allowed to mate.

A recent study analyzed genomic diversity, linkage
disequilibrium and selection signatures in European local
pig breeds, including Black Slavonian and Turopolje pig (Muñoz
et al., 2019). Their aims were slightly different from those of the
present study, and their analyses were oriented toward European
local breeds more generally. In contrast, we were interested
in conservation genomics and estimation of admixture and
genomic inbreeding in the two indigenous Croatian breeds.
Thus, their analysis relied on GeneSeek R© GGP Porcine HD
Genomic Profiler v1 markers, while ours relied on PorcineSNP60
v2 markers. We were aware that the sample size in our study
was small for the reliable estimation of gametic (NeGD) or/and
linkage disequilibrium (NeLD) effective population size. Their
analysis estimated very small effective population size based
on linkage disequilibrium (NeLD) in Black Slavonian pigs
(NeLD = 33) and Turopolje pigs (NeLD = 10) for the current
generation, although the estimates of the contemporary NeLD
population size are quite sensitive (Corbin et al., 2012). Future
work, on a larger sample size should estimate these parameters
because they are important for conservation assessment of these
Croatian indigenous breeds.
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Nevertheless, the sample sizes of breeds or populations in the
present study are comparable to those in similar studies (Burgos-
Paz et al., 2013; Goedbloed et al., 2013; Decker et al., 2014)
and were appropriate for analyses on MDS, population structure
and admixture with the STRUCTURE algorithm, estimation of
genomic inbreeding and identification of breed-specific genome
regions. A larger sample size would narrow the CI of the
estimated inbreeding level but not alter our conclusions, since
the estimated marginal values of the confidence intervals in
Turopolje pig were extremely high (the 95% CI was 0.342–0.459
for FROH > 4 Mb, and the 95% CI was 0.280–0.383 for FROH > 8

Mb), whereas those obtained in Black Slavonian pig were relatively
low (the 95% CI was 0.071–0.123 for FROH > 4 Mb, and the 95%
CI was 0.050–0.097 for FROH > 8 Mb) compared to the estimated
inbreeding level in other breeds in the present study as well as in
other studies (Saura et al., 2013; Schäler et al., 2020).

In addition, it is important to highlight that Turopolje
pig population consists of 124 sows and 17 boars (Croatian
Agricultural Agency, 2017). Also, the ascertainment bias could
have influenced the analyses performed, since both Black
Slavonian and Turopolje pigs are local breeds that were not
included in the development of the Illumina PorcineSNP60 v2
Genotyping BeadChip. However, such influence is likely to be
minimal while our findings should be verified in studies based
on whole-genome sequencing.

We obtained additional insights into the genetic background
of Croatian local pigs through the identification of genomic
regions that show a high level of differentiation (extreme FST)
between the Croatian indigenous pigs and commercial modern
animals. Genes identified within those regions are likely to
have important adaptive functions and therefore are suitable
for traceability studies to protect and promote products derived
from Black Slavonian and Turopolje pig. In addition to their
expected functions, these candidate genes have been associated
with production or carcass traits in Black Slavonian pig (DEAF1,
KSR2, RIMS4, and SPTLC2) and Turopolje pig (WDR93,
MESP1, DEAF1, and KSR2), as well as with reproduction and
system development in Black Slavonian pig (SEZ6L, RHOBTB1,
CDK1, and KCNMA1) and Turopolje pig (PPID, KCNMA1,
CWH43, RAPGEF2, SPSB4, and APBB1IP). In identifying
adaptive selection signals with FST analysis we were extremely
conservative as only 30 SNPs with highest FST values were
considered significant. We wanted to minimize the number of
false positive selection signatures. Thus, we have performed
additional analyses toward identification of selection signals
(eROHi, iHS, and Rsb). The presence of selection signatures
obtained by FST analysis was confirmed for three genome regions
in Black Savonian breed and one genome region in Turopolje
breed. Additional selection signature has been identified in
PEBP4 gene region (placed on SSC14) in Turopolje breed as
significant signals were obtained by eROHi and iHS analyses.
Assuming that the necessary data become available, future work
may wish to take a more comprehensive approach, at least for
the relatively large Black Slavonian population, by estimating
breeding values for traits of conservation interest and combining
those estimates with FST values to detect conservation-relevant
SNPs (Zhang et al., 2014).

CONCLUSION

In conclusion, our results show that Black Slavonian and
Turopolje pigs are distinct breeds genetically related to other
European pig breeds. Uncontrolled breeding is likely to reduce
the genomic diversity of European pig breeding capacity
and threaten the cultural heritage of these breeds. Although
conservation planning has already been implemented for the
Black Slavonian pig, and our results suggest that such planning
has benefited the breed, future actions toward admixture
consolidation and management are required. The conservation
status of the Turopolje pig is alarming and an urgent conservation
plan is needed. The two local breeds in this study currently make
only a marginal contribution to commercial pig production,
yet we need to protect the genetic variability of these local
breeds to guarantee necessary genetic diversity for the future.
The identification of breed specific genome regions with extreme
FST values will enable protection and promotion of commercial
products derived from Black Slavonian and Turopolje pigs.
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Sölkner, J., et al. (2017). Genomic characterization of Pinzgau cattle: genetic
conservation and breeding perspectives. Conserv. Genet. 18, 893–910. doi: 10.
1007/s10592-017-0935-9

Kwon, D. J., Lee, Y. S., Shin, D., Won, K. H., and Song, K. D. (2019). Genome
analysis of Yucatan miniature pigs to assess their potential as biomedical model
animals. Asian-Australas. J. Anim. Sci. 32, 290–296. doi: 10.5713/ajas.18.0170

Lee, Y. S., and Shin, D. (2018). Genome-Wide association studies associated with
backfat thickness in Landrace and Yorkshire Pigs. Genomics Inform. 16, 59–64.
doi: 10.5808/GI.2018.16.3.59

Li, M., Tian, S., Jin, L., Zhou, G., Li, Y., Zhang, Y., et al. (2013). Genomic analyses
identify distinct patterns of selection in domesticated pigs and Tibetan wild
boars. Nat. Genet. 45, 1431–1438. doi: 10.1038/ng.2811

Li, X., Yang, S., Tang, Z., Li, K., Rothschild, M. F., Liu, B., et al. (2014). Genome-
wide scans to detect positive selection in large white and Tongcheng pigs. Anim.
Genet. 45, 329–339. doi: 10.1111/age.12128
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Genetic diversity is of great importance and a prerequisite for genetic improvement
and conservation programs in pigs and other livestock populations. The present study
provides a genome wide analysis of the genetic variability and population structure
of pig populations from different production systems in South Africa relative to global
populations. A total of 234 pigs sampled in South Africa and consisting of village (n = 91),
commercial (n = 60), indigenous (n = 40), Asian (n = 5) and wild (n = 38) populations were
genotyped using Porcine SNP60K BeadChip. In addition, 389 genotypes representing
village and commercial pigs from America, Europe, and Asia were accessed from
a previous study and used to compare population clustering and relationships of
South African pigs with global populations. Moderate heterozygosity levels, ranging from
0.204 for Warthogs to 0.371 for village pigs sampled from Capricorn municipality in
Eastern Cape province of South Africa were observed. Principal Component Analysis of
the South African pigs resulted in four distinct clusters of (i) Duroc; (ii) Vietnamese; (iii)
Bush pig and Warthog and (iv) a cluster with the rest of the commercial (SA Large
White and Landrace), village, Wild Boar and indigenous breeds of Koelbroek and
Windsnyer. The clustering demonstrated alignment with genetic similarities, geographic
location and production systems. The PCA with the global populations also resulted
in four clusters that where populated with (i) all the village populations, wild boars, SA
indigenous and the large white and landraces; (ii) Durocs (iii) Chinese and Vietnamese
pigs and (iv) Warthog and Bush pig. K = 10 (The number of population units) was the
most probable ADMIXTURE based clustering, which grouped animals according to their
populations with the exception of the village pigs that showed presence of admixture.
AMOVA reported 19.92%–98.62% of the genetic variation to be within populations. Sub
structuring was observed between South African commercial populations as well as
between Indigenous and commercial breeds. Population pairwise FST analysis showed
genetic differentiation (P ≤ 0.05) between the village, commercial and wild populations.
A per marker per population pairwise FST analysis revealed SNPs associated with
QTLs for traits such as meat quality, cytoskeletal and muscle development, glucose
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metabolism processes and growth factors between both domestic populations as
well as between wild and domestic breeds. Overall, the study provided a baseline
understanding of porcine diversity and an important foundation for porcine genomics
of South African populations.

Keywords: pigs, diversity, population structure, genetic characterization, SNP60K

INTRODUCTION

Pigs were domesticated over 5,000 years ago, leading to the
gradual and cumulative development of modern pig breeds
with very distinctive phenotypes and production abilities (Zeder
et al., 2006; Rothschild and Ruvinsky, 2010). Domesticated pig
(Sus Scrofa domesticus) originated from the Sus scrofa, which is
commonly known as the wild boar belonging to the Suidae family
(Jones, 1998). This family includes species of wild pigs such
as Phacochoerus africanus (Common warthog), Potamochoerus
larvatus (Bush pig) and Hylochoerus meinertzhageni (Giant
Forest hog) some that are indigenous to Africa (Jones, 1998).
The Wild Boars are widely distributed covering areas such as
Europe, Asia, and North Africa and were introduced as game
species in all other continents including Africa (Jones, 1998;
Scandura et al., 2011).

Pig breeds worldwide are either of well-defined ancestry
or in certain instances crossbreds from populations of diverse
origins (Amills et al., 2010). South African pig production
consists of a commercial intensive sector with defined breeds
and an extensive sector that is mainly associated with small-
scale farmers in the rural areas. Village production system is
characterized by non-descript populations raised under extensive
low-input management. Commercial breeds such as the Large
White, Landrace and Duroc have worldwide distribution in
modern commercial farming systems including South Africa
and are widely used (Amills et al., 2010). Indigenous breeds
classified under Sus indica such as Kolbroek and Windsnyer
are geographically restricted to Southern Africa (Nicholas,
1999). The Kolbroek, which is of Chinese origin, is speculated
to have pigs that ended up in the hands of South African
farmers when a sailing ship wrecked at the Cape Hangklip
(Ramsay et al., 1994). Although the origin of the Windsnyer
is unknown, there are observed similarities to Chinese breeds
(Nicholas, 1999) thereby suggesting that it is of Chinese origin.
Regardless of their origins and domestication routes, pig breeds
in South Africa have become closed genetic pools restricted
to specific farming systems and molded by artificial selection
and possibly genetic drift (Amills et al., 2010). In addition
to these domesticated breeds are the Warthog, Bush pig and
Red River Hog wild pigs that are native to Africa and are
found roaming in forests or in the zoos (Porter, 1993). The
common Warthog (Phacochoerus Africanus) which was first
discovered at Cape Verde, Senegal is one of the three species
found in Africa. The Cape Warthog (Phacochoerus aethiopicus)
is now extinct due to the rinderpest epizootic of the 1860s
(Pallas, 1766; Gmelin, 1788; D’Huart and Grubb, 2003). Another
Warthog (Phacochoerus delamerei) species was described in
Somalia and later renamed Phacochoerus aethiopicus delamerei

as it is similar to the Cape Warthog (Lönnberg, 1908, 1912;
Roosenvelt and Heller, 1915). Muwanika et al. (2003) studied
the phylogeography of the common Warthog in Africa and
found three clades representing West, South and East African
Warthogs. There is no enough evidence to support the origin
of the Bush pig, which was assumed to have originated from
Asia (White and Harris, 1977). There are recordings of the
Bush pig in the Swellendam and Outeniqualand in the Western
Cape provinces of South Africa (Rookmaaker, 1989). Hybrids
between the domestic and Bush pigs have been recorded
with the introduction of Bush pigs to South Africa being as
far as 1400 years ago (Linnaeus, 1758; Mujibi et al., 2018).
The existence of hybrids is a concern, as they could become
asymptomatic carriers of diseases such African swine fever
(Jori and Bastos, 2009).

Indigenous breeds are often geographically restricted and
harbor unique genetic variants that may provide future breeds
with the flexibility to change in response to product market
preferences and production environments. While low-input and
indigenous breeds may not compete with exotic breeds in
terms of production performance, they are considered hosts to
unique genetic diversity that should be protected as sources of
variation. Local pigs are important because of their hardiness and
ability to survive in extreme conditions (Taverner and Dunkin,
1996; Zadik, 2005). Most indigenous breeds are, however,
threatened by small and fragmented flock sizes, which predispose
them to lose genetic diversity as a result of genetic drift and
indiscriminate crossbreeding with exotic germplasm that can
lead to genetic erosion and the eradication of the local genetic
pool. Globally, 35% of pig breeds are classified as at risk
or already extinct (FAO, 2009) demonstrating the threat to
local biodiversity.

Genomics have emerged as an effective tool for assessing
diversity within and amongst populations. Swart et al. (2010)
observed low differentiation among pig populations in Southern
Africa using microsatellites. Heterozygosity levels ranged from
0.531 to 0.692 for commercial and indigenous breeds. The
availability of the Porcine SNP60K BeadChip has opened new
avenues of examining genetic diversity (Ramos et al., 2009)
at a genome wide scale relative to that using microsatellite
and other low-coverage markers. Mujibi et al. (2018) observed
close clustering of Warthogs and Bush pigs using the Porcine
SNP60K BeadChip. The Porcine SNP60K BeadChip has been
used to infer on population structure and selection signatures
in Chinese and European pig populations (Ai et al., 2013).
Using this SNP panel in South African pig populations will
provide comprehensive information on the genomic architecture
of local, exotic and wild pig populations, which will guide
future management and conservation. The objective of the

Frontiers in Genetics | www.frontiersin.org 2 May 2020 | Volume 11 | Article 344135

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00344 May 5, 2020 Time: 18:35 # 3

Hlongwane et al. Genomic Architecture of South African Pigs

present study was to provide a large-scale analysis of the genetic
diversity and structure of South African local pig populations
using the Porcine SNP 60K BeadChip. The study investigated
diversity of South African pigs relative to global populations
of 389 pigs consisting of villages and out-group pigs from
South America, Europe, United States, and China amongst
other countries.

MATERIALS AND METHODS

Breeds/Populations Sampled
South African specimens were collected from a total of 234
samples from different production systems, representing village,
intensively farmed populations in conservation units and free
ranging populations. Village and non-descript pig populations
were sampled from Alfred Nzo (ALN; n = 17) and Oliver
Reginald Tambo (ORT; n = 22) districts in Eastern Cape
province and Mopani (MOP; n = 27) and Capricorn (CAP;
n = 25) districts in Limpopo province. Commercial pig breeds
of Large White (LWT; n = 20), South African Landrace
(SAL; n = 20) and Duroc (DUR; n = 20) were sampled
from commercial farmers in Limpopo province. Indigenous
populations Kolbroek (KOL; n = 20.) and Windsnyer (WIN;
n = 20) were sampled from the Agricultural Research Council-
Animal Production Institute in Pretoria, South Africa (Table 1).
Vietnamese Potbelly breed (VIT; n = 5) was sampled from the
Johannesburg Zoo and represents a breed that is endangered
in Vietnam, its country of origin but has been raised in
a conservation zoo in South Africa. European Wild Boar
(n = 4), Warthogs (n = 31), and Bush pigs (n = 3) were
sampled as representatives of the wild pig populations. The
European Wild Boar and Bush pigs were sampled from the
surrounding villages in the North-West whilst the Warthog
samples were collected from geographically separated National
Parks from North-West (n = 4), Eastern Cape (n = 3),
and Limpopo (n = 24). The distribution of the sampled
individuals is illustrated in Figure 1. Ear tissue samples were
collected using the tissue sampling applicator gun while pliers

TABLE 1 | Population category and sample size of the 13 pig populations.

Category Population Code N

Village Mopani MOP 27

Village Capricorn CAP 25

Village Oliver Reginald Tambo ORT 22

Village Alfred Nzo ALN 17

Commercial Large White LWT 20

Commercial SA Landrace SAL 20

Commercial Duroc DUR 20

Indigenous Kolbroek KOL 20

Indigenous Windsnyer Type WIN 20

Asian Vietnamese Potbelly VIT 5

Wild Wild Boar WBO 4

Wild Warthog WAT 31

Wild Bush Pig BSP 3

were used to collect the hair samples according to standard
procedures and ethical approval from ARC-Irene Animal Ethics
committee (APIEC16/028).

Genotyping and Quality Control
DNA was extracted at the Agricultural Research Council-
Biotechnology Platform from the ear tissue and hair samples
using a commercially available Perkin Elmer Genomic
DNA kit according to the manufacturer’s protocol. DNA
concentration was quantified using the Qubit R© 2.0 Fluorometer.
Gel electrophoresis (5%) was used to assess the quality and
integrity of the DNA.

All 234 animals were genotyped using PorcineSNP60 v2
genotyping BeadChip (Illumina, United States) containing
62,163 SNPs with an average gap of 43.4 kb. Genotyping
was done using the standard infinium assay at the ARC-
Biotechnology Platform in South Africa. GenomeStudio version
2.0 (Illumina, United States) was used to process the genotype
data, including raw data normalization, clustering and genotype
calling. A final custom report was created to be able to generate
a Plink Ped (Pedigree file) and Map (SNP panel file) for use in
downstream analysis.

Golden Helix SNP Variation Suite (SVS) version 8.5 was used
to update the SNPs marker file (Golden Helix Inc., 2016) based
on the pig genome assembly (Sus Scrofa v10.2). Markers were
then filtered to exclude SNPs located on the sex chromosomes.
From this data set, Minor allele frequency (MAF) and deviation
from Hardy–Weinberg equilibrium (HWE) were estimated per
population for the 10 populations that excluded BSP, VIT, and
WBO, which were left out due to small sample sizes. Additional
quality control (QC) was also performed per population to
remove SNPs with less than 85% call rate, MAF < 0.02 and
HWE < 0.0001. The resultant filtered dataset was used to
calculate observed (HO), and expected (HE) heterozygosities,
inbreeding (FIS) and effective population size (Ne).

Quality control was then performed overall population to
remove SNPs with less than 85% call rate, MAF < 0.02 and
HWE < 0.0001 and generate a dataset used for analysis of
molecular variance (AMOVA) and FST analysis. Using this
dataset, further QC filtered for SNPs in high LD (r2 = 0.2) and
closely related individual [Identity By Descent (IBD) ≥ 0.45] to
produce a filtered dataset used for population structure analysis
using ADMIXTURE and Principle Component Analysis (PCA).

Genetic Diversity Within Population
The MAF, HE and HO were calculated as measures of within
population genetic variation using PLINK 1.07 (Purcell et al.,
2007). In addition, inbreeding coefficient (FIS) was calculated on
Golden Helix SNP Variation Suite (SVS) version 8.5 (Golden
Helix Inc., 2016). Effective population size (Ne) trends across
generations were estimated based on a relationship between r2

(expected LD), Ne and C (recombination rate). SNeP software
(Version 1.1) tool was used based on the following formula
suggested by Corbin et al. (2012) using the equation:

NT(t) =
1

(4f (Ct))

1
E[r2

adj|Ct]
− α.
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FIGURE 1 | Map showing geographic locations of the 13 pig populations in the present study.

where:

NT(t): Effective population size estimated t generations ago
Ct : Recombination rate t generations ago
r2adj: Linkage disequilibrium estimation adjusted for sampling
biasness
α: a constant.

The recombination rate was estimated by using the following
formula proposed by Sved (1971):

f (c) = c

[ (
1− c

2
)

(1− 2)2

]
.

The Bush pig, Vietnamese Potbelly and Wild Boar were
excluded from the diversity within population analysis due to
their small sample sizes. The few available samples were sampled
from zoos and game reserves in the country where only few
animals are often rescued and kept in conservation.

Population Differentiation and Structure
Analysis of Molecular Variance (AMOVA) was used to determine
the genetic variance within populations (FIS), among populations
within group (FSC) and among groups (FCT) using ARLEQUIN
v3.5 (Excoffier et al., 2005). The populations were categorized
into villages, commercial, indigenous and wild populations and

consisted of animals sampled in South Africa as well global
populations from Burgos-Paz et al. (2013) which consisted
of 389 genotypes of villages and out-group pigs from 24
countries of America (United States), South America (Mexico,
Cuba, Guadeloupe, Guatemala, Costa Rica, Columbia, Ecuador,
Peru, Brazil, Bolivia, Paraguay, Argentina, and Uruguay),
Europe (Spain, Portugal, Italy, Poland, Hungary, Tunisia,
Denmark, Holland, United Kingdom) and China. Variance
components were also estimated for groups consisting of
different categories, i.e., village and indigenous; indigenous
and commercial; South African village and global villages;
South African commercial and global commercial etc.

Principal Component Analysis (PCA) using SVS version 8.5
(Golden Helix Inc., 2016) and the eigenvector method was used
to determine population clustering. ADMIXTURE version 1.20
(Alexander and Lange, 2011) was used to detect the most likely
clusters (K) for the population. ADMIXTURE was run from
K = 2 to K = 15. The number of potential genetic clusters (K)
was tested from 1–15 to reassign each sample to its population
of origin. The optimum K-value was that with the lowest cross-
validation error value. Initially, all the 13 populations sampled
from South Africa were included in the population structure
analysis. After this the South African data set was merged to
Porcine SNP60K genotype data from Burgos-Paz et al. (2013)
described above.
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Population pairwise FST values were estimated according
to the formula of Weir and Cockerham (1984) implemented
in the Golden Helix SNP Variation Suite (SVS) version 8.5
(Golden Helix Inc., 2016). Based on population pairwise FST
values, PCA and ADMIXTURE based clustering, FST analysis
per marker was estimated between pairs of highly differentiated
populations of the village populations, indigenous populations
and commercial breeds as well as amongst highly differentiated
commercial breeds and wild populations. To reduce noise, an
FST averaged smooth value was used to identify genomic regions
differentiating pairs of populations. Manhattan plots of per
marker FST values between pairs of populations were plotted
against chromosomal coordinates using the porcine assembly
(Sus Scrofa 10.2). Highly differentiating SNPs (FST ≥ 0.8) were
subsampled and genes associated with these SNPs searched using
genome browse including their associations with known QTLs in
the pig genome based on the Sus Scrofa 10.2 on Ensembl1.

RESULTS

Genotypes and Quality Control
The percentage of polymorphic and number of SNPs (NSNP)
remaining after QC per population and overall is presented in
Table 2. Two hundred and eleven individuals with a genotyping
rate of 85% remained after QC. Windsnyer pigs had the
highest percentage of informative markers (95%) after QC, whilst
Warthog had the lowest at 82%. About 31,705 SNPs were
removed leaving 30,458 polymorphic SNPs of the loci distributed
over 18 autosomal chromosomes, which were used for AMOVA
and FST analysis. After LD and IBD pruning, 23,345 SNPs and
176 individuals were used for the population structure analysis.

Genetic Diversity Across Populations
Genetic diversity parameters among the 10 populations are
summarized in Table 2. Warthog pigs had the lowest HO
(0.188 ± 0.155) and Windsnyer the highest (0.385 ± 0.171).

1www.ensembl.org

Expected heterozygosity values ranged from 0.204 ± 0.151
from Warthog to 0.371 ± 0.126 for Capricorn. The highest
inbreeding coefficient (FIS) was for Warthog at 0.398 ± 0.475
while the Duroc had the lowest and slightly negative value
of −0.067 ± 0.153. FIS values were positive for all village
populations as well as Warthog suggesting some level of
inbreeding within these populations. MAF was the highest in
village population from Capricorn (0.264 ± 0.147) and the least
in Warthog pigs (0.076± 0.109).

Effective Population Size
Figure 2 shows trends in effective population size across all of the
studied populations. The Warthog was excluded in this analysis
because the number of polymorphic SNPs was not enough to
generate results. Effective population size values are presented
in Supplementary Table S1. There was a general decline in Ne
across all the populations across generations. The indigenous
and commercial populations had higher effective population size
compared to the village populations. The Kolbroek had the lowest
effective population size 12 generations prior.

AMOVA
Genetic differentiation between populations is presented in
Supplementary Table S2. The major proportion of the genetic
variance was attributed to variation within South African
populations with FIS values ranging from 76.41 to 98.62%.
Diversity within populations (FIS) in village populations from
this study and those from Burgos-Paz et al. (2013) was 35.52%
while variation among groups (FCT) was 62.35%. Diversity of
South African commercial pigs was 76.41% within populations,
18.17% among populations within group and 5.42% among
groups. When including the commercial breeds from Burgos-Paz
et al. (2013), the diversity parameters changed to FIS = 30.97%,
FSC = 8.31% and FCT = 60.72%. High FCT (>60%) were observed
in the category consisting of South African indigenous and
Chinese indigenous (FCT = 70.08%) as well as that consisting
of the South African Wild Boar and the worldwide Wild Boar
(FCT = 73.58%).

TABLE 2 | Summary of the genetic diversity measures across South African Pig populations.

POP N %SNP MAF ± SD NSNP HO ± SD HE ± SD FIS ± SD P-value

MOP 27 92 0.262 ± 0.149 52,925 0.299 ± 0.129 0.369 ± 0.131 0.198 ± 0.134 0.495

CAP 24 94 0.264 ± 0.147 54,078 0.332 ± 0.140 0.371 ± 0.126 0.117 ± 0.155 0.582

ORT 22 93 0.259 ± 0.153 52,238 0.315 ± 0.145 0.370 ± 0.130 0.163 ± 0.113 0.553

ALN 15 94 0.238 ± 0.157 53,580 0.336 ± 0.160 0.359 ± 0.134 0.056 ± 0.168 0.695

LWT 18 93 0.227 ± 0.161 49,773 0.358 ± 0.177 0.348 ± 0.144 0.023 ± 0.009 0.721

SAL 19 94 0.221 ± 0.162 49,191 0.372 ± 0.186 0.345 ± 0.144 0.052 ± 0.085 0.704

DUR 19 94 0.177 ± 0.168 40,632 0.359 ± 0.182 0.337 ± 0.147 0.067 ± 0.153 0.764

KOL 20 94 0.173 ± 0.167 39,560 0.364 ± 0.182 0.339 ± 0.144 0.051 ± 0.087 0.727

WIN 19 95 0.220 ± 0.164 47,402 0.385 ± 0.171 0.360 ± 0.134 0.056 ± 0.158 0.733

WAT 28 82 0.076 ± 0.109 3,967 0.188 ± 0.155 0.204 ± 0.151 0.398 ± 0.475 0.710

%SNP used to calculate MAF analysis; NSNP, the number of SNPs in the subset 62,163 SNP; HO, observed heterozygosity; HE , expected heterozygosity; SD, standard
deviation; FIS, inbreeding co-efficient; MAF, minor allele frequency, P < 0.05.
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FIGURE 2 | Average effective population size plotted against generation in the past.

Population Structure
Principal component one (PC1) and principal component two
(PC2) explained approximately 30.7% and 11.8% of the total
variation, respectively. The PCA of South African breeds yielded
four main genetic clusters (Figure 3). The Duroc clearly separated
from the Large White and South African Landrace that clustered
together with the wild boar and village populations. The Warthog
and the Bush pig clustered together as a third cluster whilst
the fourth cluster consisted of Vietnamese potbelly sampled
from the zoo. The PCA analysis using South African samples
and those from Burgos-Paz et al. (2013) demonstrated the
same clustering with all the village pigs grouping together with
the Large White and Landraces separated from clusters of (i)
Warthog and Bush pig, (ii) Chinese and Vietnamese breeds and
(iii) Duroc (Figure 4).

Genetic structure of the South African breeds was further
investigated using ADMIXTURE. The results presented in
Figure 5 show the Warthog and Bush pig populations clustering
together and clearly separated from the rest of the other
populations at K = 2. Duroc separated from the rest of the
populations at K = 3 followed by Vietnamese at K = 4.
K = 4 clustered animals in the same way observed with
PCA based clustering. Beyond K = 8, the genetic clusters
of the commercial, indigenous, Asian and wild breeds are
maintained whilst the added K is distributed within the village
populations. K = 10 which was the optimal K (Supplementary
Figure S1) with lowest CV (0.551) resulted in the eight distinct
genetic clusters of commercial, indigenous, Asian and wild
breeds plus highly admixed clusters consisting of all village
pig populations from Limpopo and Eastern Cape provinces
of South Africa.

Population Differentiation
Population pairwise FST values are shown in Table 3. Low FST
were observed between village populations with values ranging
from 0.022–0.060 (P < 0.05) within South Africa and in global
populations. The highest differentiation was found between
Warthog and Duroc at FST = 0.481. Warthog and Kolbroek pigs
showed the high differentiation at 0.468. All other populations
had FST values above 0.282. The extent of differentiation between
Warthog and all the other populations was high ranging from
0.312 (Warthog and Creole from Columbia) to 0.589 (Warthog
and Vietnamese). Highest FST observed was between Vietnamese
and Bush pig populations at 0.700 (Supplementary Table S3).

Per Marker Pairwise FST , SNP
Annotation and Association With
Porcine QTLs
Per population, per marker pairwise FST values were computed
for highly differentiated populations and are illustrated in
Table 4, Supplementary Figure S2. SNPs. High FST values
(≥0.8) where considered breed differentiating and the associated
SNPs were functionally annotated for genes within a 1 MB
region. Fixed SNPs (FST = 1.0) where observed on chromosome
9 between Duroc and Warthog, on chromosome 12 between
Koelbroek and Warthog and on chromosome 18 between
Windsnyer and Warthog. For all the pairwise comparisons, 281
SNPs (FST ≥ 0.8) were detected (Supplementary Figure S2) with
only 123 candidate genes within 1 MB of those SNPs. Pairwise
comparison of village pigs from Alfred NZO, South Africa and
Warthog yielded genes related to acute heat stress (RPL18) and
inflammatory response (IL17B and ARHGAP23) as illustrated
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FIGURE 3 | Principal Component Analysis based population clustering.

in Table 4 and Supplementary Figure S2a. Gene ADGRB3 was
in close proximity of SNPs rs81353971, rs81353988, rs81353991,
rs81297001, and rs81333295 that were of significant between
Duroc and Warthog. Inflammatory response genes such as
ARHGAP23 were associated with the significant SNPs observed
between Koelbroek, Large White and Windsnyer populations.
For reproduction traits, genes CD28, TCP11L2, TLK1, ATPB2,
GPR137C, ZNF609, ARHGAP22, EPSTI1, GPR63, TCTE3,
PTP4A2, ZSCAN20, CLU, and CACNA2D3 were observed within
14 significant SNPs on chromosomes 1, 2, 5, 6, 11, 14, and
15. Genes that had association with meat traits such as DLX1,
BRPF1, CLPTM1, FANCD2, SEC13, FHL3, FSTL5, CEP135,
EXOC1, FOXO1, ASTN2, MYO18B, PLXNA1, DNAH2, HECTD2,
TMEM39B, TXLNA, CSMD2, COL16A1, SCARA3, ZFAND3,
and PTPRD were also reported. Comparison with indigenous
pigs showed genes that were associated with mastitis resistance
(ARHGAP39, ARPC4, PHC2, and BCL2L15) and hair follicle
development (FOXN1). A total of eight SNPs associated with
growth traits (ADGRB3, TSPAN, and ZFAND3) were detected.
PTPN3 gene associated with immune response was observed
between indigenous and Wild Boar. Wild Boar and Duroc

comparison resulted in genes associated with adaptation (HDAC1
and GNAI3).

DISCUSSION

The Porcine SNP60K BeadChip was developed in 2009 (Ramos
et al., 2009) and has been used to analyze genetic diversity and
population structure in several pig populations (Ai et al., 2013;
Burgos-Paz et al., 2013; Yang et al., 2017; Mujibi et al., 2018).
This is the first report using the Porcine SNP60K BeadChip to
explore diversity of domestic and wild pig populations covering
the commercial, village, wild and conserved pigs farmed and
reared in Africa. Pigs are possibly known to have reached Sub-
Saharan Africa through the Nile corridor and later dispersed to
the West-Central Africa (Blench, 2000). There are 541 pig breeds
worldwide (Rischkowsky and Pilling, 2007) but the dominating
commercial breeds in the pork industry are the Large White,
Landrace, Duroc, Hampshire, Berkshire and Piétrain (Rothschild
and Ruvinsky, 2010). The source of the improved breeds found
in Southern Africa is believed to be the European settlers in
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FIGURE 4 | Principal Component Analysis based population clustering including Burgos-Paz et al. (2013) genotypes (22,430 SNPs).

1600s (Krige, 1950; Blench and MacDonald, 2000; Swart et al.,
2010). This was when Jan van Riebeeck brought some pigs to the
Cape of Good Hope (Naude and Visser, 1994). The Large White,
South African Landrace and the Duroc are the breeds mostly
found and used in the commercial sector while the Kolbroek
and Windsnyer are considered as indigenous and are mostly
found in rural areas (Kem, 1993; Ramsay et al., 2000). The
Vietnamese, Bush pig and Wild Boar populations constitute a
small component of the genetic pool of pigs in the country often
restricted to the game reserves and zoos.

The Porcine SNP60K BeadChip was designed using genomic
resources from Western pig genomes (Ramos et al., 2009)
and hence the number of SNPs after QC for the commercial
population was higher (Table 2). The village populations had a
higher number of polymorphic SNPs and moderate-high MAF
compared to that of commercial pigs. Non-descript livestock
populations including pigs are often observed to be highly diverse
probably due to open mating systems and gene flow between
populations. In South Africa similar observations of highly
diverse and polymorphic populations were observed in village
chicken populations (Khanyile et al., 2015), cattle (Makina et al.,
2014), and village goats (Mdladla et al., 2016). The Warthog and
other indigenous pigs were observed to be the least polymorphic

and diverse which could be attributed to ascertainment bias as
the Kolbroek, Windsnyer, Vietnamese Potbelly, Warthog and
Bush pigs were not used in the development of the Porcine
SNP60K BeadChip. Overall, the porcine SNP panel showed
moderate MAF for the village, commercial and indigenous
purebred pig populations such as the Windsnyer implying
utility of the chip in the prevalent farmed pig populations
of South Africa.

A study conducted by Swart et al. (2010) using microsatellite
markers in various Southern African pig breeds revealed higher
levels of diversity within population than was observed in this
study for the same breeds (Table 2). High heterozygosity levels
(0.61–0.75) were also reported by Halimani et al. (2012). In
contrast to Swart et al. (2010) the Large White had the lowest
diversity (Ho = 0.358) compared to the South African Landrace
(Ho = 0.372) and other breeds of the Duroc and Kolbroek. It must
be noted that these previous studies used microsatellite markers
that are highly polymorphic markers and cannot be compared to
SNPs that are biallelic in nature. High gene diversity is therefore
expected in microsatellites markers. However, results on genetic
diversity from this study were comparable to other studies that
used the Porcine SNP60K BeadChip in Chinese and Western pig
populations (Ai et al., 2013).
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FIGURE 5 | ADMIXTURE based clustering K = 2 – K = 10. Each individual is represented by a single column divided into K colored segments, where K is the
number of clusters assumed with lengths proportional to each of the K inferred cluster.

TABLE 3 | Pairwise genetic differentiation (FST values) between 10 pig populations.

MOP CAP ORT ALN LWT DUR SAL KOL WIN WAT

Villages MOP

CAP 0.022*

ORT 0.031* 0.026*

ALN 0.059 0.060 0.040*

Commercial LWT 0.091 0.073 0.096 0.130

DUR 0.134 0.126 0.143 0.174 0.183

SAL 0.094 0.073 0.099 0.132 0.120 0.194

Indigenous KOL 0.120 0.116 0.129 0.162 0.189 0.237 0.194

WIN 0.061 0.064 0.077 0.106 0.143 0.189 0.144 0.173

Wild WAT 0.282 0.306 0.314 0.350 0.433 0.481 0.435 0.468 0.410

Significant levels: *P < 0.05.

The heterozygosity values for the indigenous pigs were
relatively similar to those of the commercial pigs (Table 2).
A lower diversity was expected for the commercial pigs as
they are under selection while the indigenous pigs are known
to be rich reservoirs of distinct alleles, coupled with presence
of gene flow (Amills et al., 2012). However, the indigenous
pig populations are also of very small flock sizes and often
fragmented and restricted to specific farming communities
and conservation units hence diversity was low. Small and
fragmented populations and the possibility of natural selection
due to disease and unfavorable climatic conditions could explain

the genetic diversity observed in the village populations. The
high inbreeding levels observed in the Warthog populations
might have been promoted by its family structuring where
pigs are organized into fragmented breeding and social units
(Table 2). Somers et al. (1995) noted that a group of Warthogs
consist of about 40% of adults with changes seasonally. The
number of mature individuals is estimated to be between 2000
and 5000 in the Kruger National Park (Ferreira et al., 2013).
The geographical separation of the three national parks from
which the warthogs were sampled, could have created small
and fragmented subpopulations leading to escalated FIS values
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TABLE 4 | Most significant SNPs detected with FST analysis and the associated genes.

Population SNP Chr Position Genes Function

ALN and WAT rs81355030 1 84,376,735 RPL18 Acute heat stress (Newton et al., 2012)

rs81367521 2 150,546,025 IL17B Embryonic development, tissue regeneration and inflammation (Bie et al., 2017)

rs81285672 12 23,638,629 ARHGAP23 Inflammatory response (Liu, 2015)

DUR and rs81353971 1 49,024,494 ADGRB3 Growth traits (Emrani et al., 2017)

WAT rs81353988 1 49,350,539 ADGRB3

rs81353991 1 49,392,902 ADGRB3

rs81297001 1 49,458,254 ADGRB3

rs81333295 1 49,592,586 ADGRB3

rs80946298 13 33,531,504 DOCK3 Induces axonal growth (Kimura et al., 2016)

rs81444796 13 33,481,604 DOCK3

rs81478683 13 34,024,632 IQCF3 Conjunctival UV to auto fluorescence (Yazar et al., 2015)

rs81478482 13 34,117,528 ACY1 Amino acid and heat shock protein (Martínez-Montemayor et al., 2008)

rs81454214 15 107,134,695 CD28 Endometrial gene expression (Gu et al., 2014)

KOL and WAT rs81341610 3 4,508,681 LOC102160627 Uncharacterized

rs80993200 4 234,605 ARHGAP39 Milk production related and mastitis resistance (Wang et al., 2015)

rs80851822 5 13,913,761 POLR3B Residual feed intake (Gondret et al., 2017)

rs80873063 5 13,940,475 TCP11L2 Regulated in small atretic follicles for healthy follicles (Hatzirodos et al., 2014a)

rs80999600 5 66,998,856 TSPAN9 ADG (Fontanesi et al., 2014)

rs80929588 5 67,092,749 TSPAN9

rs80883075 5 67,132,255 TEAD4 Regulation in organ size control and cell proliferation (Frankenberg et al., 2016)

rs81385003 5 67,297,728 ITFG2 Disease resistance (Moioli et al., 2016)

rs81285672 12 23,638,629 ARHGAP23 Inflammatory response (Liu, 2015)

rs81325261 12 44,771,203 FOXN1 Regulation of hair follicle development (Song et al., 2017)

rs80801871 13 33,170,033 DOCK3 Induces axonal growth (Kimura et al., 2016)

rs80802886 13 33,202,454 DOCK3

rs81444784 13 33,306,071 DOCK3

rs81444796 13 33,481,604 DOCK3

rs80946298 13 33,531,504 DOCK3

rs81478683 13 34,024,632 IQCF3 Conjuctival UV to auto fluorescence (Yazar et al., 2015)

rs335091311 15 148,461 STAM2 Residual feed intake (Gondret et al., 2017)

rs80852223 15 77,232,829 TLK1 Decrease expression in the endometrium (Gray et al., 2006)

rs80999734 15 77,318,065 TLK1

rs81453662 15 78,190,260 DLX1 Muscling and meat availability (Li et al., 2010)

LWT and WAT rs81349766 1 182,224,202 GPR137C Litter size (Sosa-Madrid et al., 2018)

rs81296498 1 182,722,677 DDHD1 Lipid metabolism (Parker Gaddis et al., 2018)

rs81349773 1 182,756,343 DDHD1

rs332395415 1 246,195,557 ABCA1 Mediates the transport of excess cholesterol (Schwartz et al., 2000)

rs321979518 1 246,199,966 ABCA1

rs81383185 5 21,606,108 RNF41 Lipid rafts in immune signalling (McGraw and List, 2017)

rs80820161 5 21,745,636 STAT2 Milk production (Salehi et al., 2015)

rs80894897 5 21,727,701 PAN2 Fat yield (Suchocki et al., 2016)

rs80940129 5 21,970,939 BAZ2A Nutrition related (Cornelis and Hu, 2013)

rs325229936 5 22,338,939 MYO1A Coat color and pigmentation (Gutiérrez-Gil et al., 2007)

rs81285672 12 23,6386,29 ARHGAP23 Inflammatory response (Liu, 2015)

rs80854565 14 89,185,576 ARHGAP22 Fertility (Browett et al., 2018)

rs80833618 14 89,227,581 ARHGAP22

rs80957034 14 89,255,703 ARHGAP22

rs80962102 14 89,309,115 ARHGAP22

SAL and WAT rs81395957 6 51,328,753 NECTIN2 Cell recognition and adhesion (Wang et al., 2010)

rs81395929 6 51,427,663 CLPTM1 Marbling score (Lim et al., 2013)

WIN and WAT rs81381252 4 65,339 ZNF609 Fertility (Hatzirodos et al., 2014b)

rs81285672 12 23,638,629 ARHGAP23 Inflammatory response (Liu, 2015)

(Continued)
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TABLE 4 | Continued

Population SNP Chr Position Genes Function

rs81325261 12 44,771,203 FOXN1 Regulation of hair follicle development (Song et al., 2017)

rs331955329 13 66,004,327 MTMR14 Reduced with age accelerates skeletal muscle aging (Romero-Suarez
et al., 2010)

rs80971430 13 66,026,240 BRPF1 Intramuscular fatty acid (Puig-Oliveras et al., 2016)

rs80945527 13 66,104,857 ARPC4 Mastitis resistance (Grossi et al., 2014)

rs80885182 13 66,270,725 FANCD2 Muscle weight (Lionikas et al., 2010)

rs45430493 13 66,515,894 SEC13 Muscle weight (Lionikas et al., 2012)

rs81248260 13 66,583,753 ATPB2 Heat stress on reproductive performance (Dash et al., 2016)

rs81446451 13 66,668,301 ATPB2

rs81446497 13 66,691,206 ATPB2

rs81446475 13 66,725,741 ATPB2

rs81446484 13 66,777,686 ATPB2

rs81478601 13 66,795,578 ATPB2

IND and DUR rs80866460 4 106,698,421 PTPN22 Immune response (Lamsyah et al., 2009)

rs81413279 9 79,010,742 NXPH1 DMI (Olivieri et al., 2016)

rs81413279 9 79,010,742 ABCB5 Immune function (Lee et al., 2017)

rs81306790 6 89,661,963 PHC2 Mastitis (Chen et al., 2015)

rs80854994 4 106,719,032 PTPN22 Immune response (Lamsyah et al., 2009)

rs80854994 4 106,719,032 BCL2L15 Mastitis (Chen et al., 2015)

Villages and DUR rs81282695 6 94,442,844 POU3F1 Neurobehavioral functioning (Eusebi et al., 2018)

rs81282695 6 94442844 FHL3 Carcass traits (Zuo et al., 2004, 2007)

Villages and KOL rs81430450 11 24,063,007 DNAJC15 Feeding efficiency (Reyer et al., 2017a)

rs81430450 11 24,063,007 EPSTI1 Fertility traits (Gaddis et al., 2016), fat deposition (Zhang et al., 2018)

SAL&LWT and IND rs81232179 8 51,070,662 FSTL5 Meat quality (Ryu and Lee, 2016); skeletal muscle (Novianti et al., 2010)

rs45431508 8 69,912,174 CXCL8 Pig disease (Wang et al., 2019)

rs81400554 8 55,181,102 CEP135 Intramuscular fat (Hamill et al., 2012); milk production (Rui et al., 2013)

rs81400554 8 55,181,102 EXOC1 Marbling score (Wu et al., 2016)

rs81400740 8 63,119,376 EPHA5 Feed efficiency (Reyer et al., 2017b)

rs81400500 8 52,213,568 NPY5R Feed efficiency and fat deposition (Chen et al., 2018)

rs81400500 8 52,213,568 NPY1R Feed efficiency and fat deposition (Chen et al., 2018)

rs81302014 8 69,950,857 RASSF6 Body conformation (Fang and Pausch, 2019)

rs80904678 11 15,274,089 FOXO1 Meat quality and carcass traits (Ropka-Molik et al., 2018)

rs81400500 8 52,213,568 SLC7A11 Feed efficiency (Vigors et al., 2016)

rs81300083 9 78,940,661 NXPH1 DMI (Olivieri et al., 2016)

IND and VIT rs81350922 1 257,096,974 ASTN2 Carcass weight in cattle (Júnior et al., 2016)

rs80970078 14 43,524,181 MYO18B Meat quality and carcass traits (Ropka-Molik et al., 2018)

DRGA0006738 6 117,857,953 NOL4 Fatness (Li et al., 2011)

rs80860919 1 64,018,444 GPR63 Fertility traits (Moran et al., 2017)

rs80921694 13 73,023,057 PLXNA1 Meat quality (Martínez-Montes et al., 2016)

rs81327396 12 53,063,765 DNAH2 Intramuscular fat (Luo et al., 2012); carcass weight (Kang et al., 2013)

Villages and WBO rs81244815 2 50,167,007 SWAP70 Disease resistance (Ma et al., 2011; Zhang et al., 2018)

rs81244815 2 50,167,007 SBF2 Fertility (Zhang et al., 2014); immune function (Ibeagha-Awemu et al.,
2016)

rs81401075 8 73,841,435 FRAS1 Sow reproductive traits (Fischer et al., 2015), feed efficiency (Messad
et al., 2019)

rs81401075 8 73,841,435 NPY2R Obesity (Siddiq et al., 2007; Hunt et al., 2011)

Villages and VIT INRA0003181 1 95,198,598 SLC14A2 Conformation traits (Le et al., 2017)

rs81332040 6 45,777,816 ZNF382 Conformation traits (Le et al., 2017)

INRA0045852 14 10,3086,988 HECTD2 Fat and meat quality traits (Piórkowska et al., 2018)

rs80980839 4 93,722,493 RHBG Ammonia transporter (Xiang et al., 2016)

rs80971176 5 49,876,132 SOX5 Ear morphology (Edea et al., 2017)

(Continued)
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TABLE 4 | Continued

Population SNP Chr Position Genes Function

WBO and DUR rs80837120 1 565,627 TCTE3 Involved in spermatogenesis (Du et al., 2016)

rs81389959 6 88,334,239 PTP4A2 Reproductive traits (Verardo et al., 2016); intramuscular fat
(Martínez-Montes et al., 2016)

rs81390106 6 88,751,010 TMEM39B Intramuscular Fat (Cesar et al., 2018)

rs81390106 6 88,751,010 TXLNA Meat quality (Ropka-Molik et al., 2018)

rs81390106 6 88,751,010 HDAC1 Altitude (Ban et al., 2015)

rs81390106 6 88,751,010 MARCKSL1 Feed intake (Lindholm-Perry et al., 2016)

rs81317489 6 89,640,457 ZSCAN20 Scrotal circumference (Sweett et al., 2018)

rs81317489 6 89,640,457 CSMD2 Meat pH trait (Dong et al., 2014); Body weight (Yoshida et al., 2017)

rs80894853 9 78,663,586 NXPH1 DMI (Olivieri et al., 2016)

rs81389936 6 88,264,983 COL16A1 Carcass and meat quality traits (Choi et al., 2012)

rs80790807 4 106,750,789 PTPN22 Immune response (Lamsyah et al., 2009)

rs80790807 4 106,750,789 BCL2L15 Mastitis (Chen et al., 2015)

rs80911350 14 11,345,116 SCARA3 Meat quality traits (Tizioto et al., 2015)

rs80911350 14 11,345,116 CLU Fertility (Kumar et al., 2015), intramuscular fat (de Jager et al., 2013)

rs343528814 13 36,608,977 CACNA2D3 Reproductive traits (Smith et al., 2019); body width in gilts and sows
(Rothschild, 2010), body weight traits (Borowska et al., 2017), altitude
(Zhang et al., 2014)

rs81478390 13 53,707,241 RYBP Body conformation traits - body weight, body length, body height, and
chest circumference (Zhou et al., 2016)

rs81330369 9 7,449,894 FCHSD2 Milk production traits (Kemper et al., 2015)

rs80975991 7 33,481,446 ZFAND3 Growth and carcass quality traits (Li and Kim, 2015)

rs80855522 4 11,0552,282 GNAI3 Heat tolerance (Berihulay et al., 2019)

rs80988392 1 213,780,848 PTPRD Meat quality (Raschetti et al., 2013)

due to Wahlund effect. As expected, we found that the village
pig populations of South Africa had high inbreeding values
compared with other populations. The negative FIS values for
commercial and indigenous populations are reflective of their
intensive production environment as individuals are outbred to
avoid mating to close relatives.

The low levels of effective population size (Ne) in the
recent 12–22 generations for both commercial and indigenous
populations are of concern (Supplementary Table S1). More so
in the indigenous breeds since low levels of genetic diversity are
likely to diminish overtime and increase the risk of extinction.
The effective population of the Kolbroek of 34 at 12 generations
ago is even lower than the minimum threshold Ne of 50 set
by the FAO (2000). Franklin (1980) recommended a Ne of at
least more than 500 while Willi et al. (2006) suggested Ne of
more than 1,000 to maintain the evolutionary potential of any
population. The genetic diversity of these populations will likely
continue to be negatively impacted by the small number of
founders and them being farmed in fragmented populations.
Small effective population size of the Kolbroek might be due
to pigs being raised in a research facility with limited boars
and sows. Large White, Duroc and South African Landrace
are commercial pigs that have undergone strong selection
for meat and carcass traits thus resulting in small effective
population sizes. Long-term sustainability of the populations
might be compromised due to the small population size as it
increases the effects of genetic drift and reduction in fitness traits
(Frankham et al., 1998).

The high FIS values observed within populations across breeds
are similar to previous studies (SanCristobal et al., 2006; Swart
et al., 2010; Gama et al., 2013; Edea et al., 2014). An overall
AMOVA FIS value of 93.95% was comparable to Halimani
et al. (2012) value of 92.90% in indigenous pigs of Southern
Africa. Diversity amongst South African populations that ranged
from FCT = 0.92 (village pigs) to FCT = 5.42 (Commercial
populations) might be due to gene flow between different
populations within a sub-populations. Moderate diversity within
population (i.e., FIS ranging from 19.92 in the category consisting
of South African Wild Boar and worldwide Wild Boar to
FIS = 35.52 in the categories consisting on South African villages
and Worldwide villages) relative to elevated FCT in the same
categories implies a higher genetic variation distributed among
groups from different geographic locations. This genetic variation
observed amongst groups of the South African and Burgos-
Paz et al. (2013) pig populations (i.e., FCT = 62.35–73.58) is
higher than the variation reported amongst Angora goats from
South Africa, France and Argentina using 50K SNP BeadChip
(Visser et al., 2016), which could be explained by limited exchange
of breeding animals across geographic boundaries in the studied
pig populations. The amongst population within groups diversity
values ranging from FSC = 0.46 for South African villages to
FSC = 18.17 for South African commercial demonstrates evidence
of population sub-structure and genetic differentiation between
the well-defined commercial and indigenous breeds relative to
non-descript village populations that are characterized by weak
population boundaries.

Frontiers in Genetics | www.frontiersin.org 12 May 2020 | Volume 11 | Article 344145

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00344 May 5, 2020 Time: 18:35 # 13

Hlongwane et al. Genomic Architecture of South African Pigs

The PCA demonstrates the impact of domestication and
geographic history on the clustering of populations. European
populations as represented by Wild Boar, South African
Landrace, and Large White, clustered together as expected
(Figure 3). Considering the history that the Wild Boar is an
ancestor to the domestic pigs of today, some gene flow may
have remained from the Wild Boar in the domestic pigs (Giuffra
et al., 2000). The clustering of the Wild Boars reflects a European
ancestry of those populations within that cluster. The slight
difference between the Wild Boar and domestic populations
might have been due to geographic isolation and artificial
selection. Geographic structures were evident amongst most of
the pig populations that were aligned to production systems
and their founder effects. The clustering of the Windsnyer and
the village populations could be due to gene flow between
indigenous breeds and village populations. Limpopo populations
had a closer proximity to Large White and South African
Landrace, and farmers in this region are more likely to buy pigs
from commercial herds. The Large White and South African
Landrace are also closer together as these are both European
breeds. It was interesting that generally the village populations
were closer to the Windsnyer and Kolbroek as these are both
indigenous breeds in South Africa. Although not much is
known about our indigenous breeds, different theories suggest
that the Kolbroek might have far Eastern alleles while the
Windsnyer is known to be dominant in other parts of Southern
Africa like Mozambique, Zambia and Zimbabwe (Holness, 1973,
1991). The village populations and other Large Whites and
Landraces from the global data set clustered together with
the South African village, commercial and indigenous pigs
demonstrating genetic similarities that could be aligned to
founder effects and similarities in production systems.

The clustering of Duroc away from other commercial
populations (Large White and South African Landrace) was
expected. The Duroc breed was created in the United States
with pigs of several ancestries, including African pigs (Porter,
1993). Studies conducted by Kotze and Visser (1996) and Swart
et al. (2010) using the microsatellite markers on the Large
White, South African Landrace and Duroc also reported similar
results. The Large White and South African Landrace were more
genetically similar when compared to the Duroc. The inclusion
of global populations did not alter this clustering (Figure 4).

The distance of Vietnamese Potbelly population from the
rest of the domestic pigs is clear evidence of independent
domestication that took place between the European and Asian
subspecies of the wild boar (Giuffra et al., 2000). The PCA
including pigs genotyped from all over the world clearly shows
the geographical effect of the populations as the Vietnamese
Potbelly clustered in close proximity to the Chinese population.

ADMIXTURE K = 2 presented the first level of ancestry of
the Suidae family representing Phacochoerus africanus (Warthog)
and Potamochoerus larvatus (Bush pig) versus Sus scrofa
(domesticated pigs including the Wild Boar) species (Figure 5).
The presence of the Wild Boar genomic signature in the domestic
pigs from K = 2 to K = 7 is not surprising (Figure 5). It is
well documented that the domestic pigs diverged from each
other and originated from the ancestral wild boars around

8,000–10,000 years ago (Giuffra et al., 2000; Laval et al., 2000;
Larson et al., 2005). The Asian and European ancestral wild boars
also originated from different subspecies thus the Vietnamese
Potbelly diverged early (K = 2) from the rest of the domestic
pig population. The results for the village populations showed
high levels of admixture and weak between population sub-
structuring. As opposed to pigs from the commercial sector that
practices the intensive production systems, pigs in the villages are
farmed under semi-intensive of free-range production systems,
which might explain the admixture observed in this study. There
is considerable indiscriminate crossbreeding that is taking place
in village populations (Rege and Gibson, 2003). European and
Asian pigs were used to improve the South African pig breeds
but the actual contribution is unknown. Although phenotypically
distinct from each other, the Bush pigs and warthogs clustered
together which is suggestive of either common founder effect or
selection pressures in the natural environments.

According to Wright (1978), FST estimation with values of less
than 0.05 represents low differentiation while values between 0.05
and 0.15 represent a moderate genetic differentiation and those
between 0.15 and 0.25 and beyond reflect highly differentiated
populations. The low levels of genetic differentiation of the village
populations from this study (Table 3) is consistent to pairwise
FST values of Halimani et al. (2012) of village populations from
Zimbabwe and South Africa. Most pig farmers from the villages
practice free ranging or semi-controlled farming where there
is continuous gene flow between populations within villages
thereby explaining the low levels of population sub-structuring
observed. Moderate FST values implies closer relationship
between the South African Landrace and Large White and
agrees with their breeding history, whereby the Landrace was
developed from crossing the Large White from England and
a Denmark indigenous. Greater genetic differentiation between
the Warthog and the other pig populations (FST = 0.36–0.53)
might be attributed to the (i) pressures of natural selection
(ii) the separate histories of domestic and wild populations
and (iii) the unique population dynamics of Warthogs that
are known to live in clans of adult females, males and their
offspring while maintaining minimal contacts with other clans
(Cumming, 1975; Somers et al., 1994). In South Africa, Warthog
populations are restricted to nature reserves thus creating a
physical barrier and huge genetic differentiation between them
and other pig populations. This will be in contrast to the
greater interaction between village, commercial and indigenous
populations. Low FST values between the villages in South African
and village populations from South America (Supplementary
Table S3) from Burgos-Paz et al. (2013) study, might be
an indication that either common founder populations or
similarities in production systems leading to common selection
pressures. Ramírez et al. (2009) demonstrated that the African
and South American pigs were derived from Europe and Far
Eastern pigs. The very high genetic differentiation between the
Vietnamese Potbelly and Bush pig agrees with the PCA and
Admixture clustering.

Per marker pairwise FST were estimated between pairs
highly differentiated populations which were from villages,
commercial, indigenous, Asian and wild populations (Table 3).
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From the pairwise FST , Warthog was found to be genetically
different from the rest of the populations. The per marker
pairwise FST analysis used a threshold of 0.8 and above
to plot Manhattan graphs of the Warthog against the rest
of the populations. From the SNPs showing a threshold of
FST ≥ 0.8, we looked at candidate genes and QTLs that can be
associated with those SNPs to infer on traits that might have
genetically differentiated the Warthog from Alfred Nzo, Duroc,
Kolbroek, Large White, South African Landrace, and Windsnyer
populations (Supplementary Figure S2).

Majority of the SNPs that were above the threshold between
the Warthog and the rest of the populations were from
chromosomes 1, 4, 5, 12, 13, and 15 (Table 4). Chromosomes 2
(Warthog vs. Alfred Nzo), 3 (Warthog vs. Kolbroek), 6 (Warthog
vs. South African Landrace) and 14 (Warthog vs. Large White)
seemed to be less common. Chromosome 1 with a total number
of 12 SNPs was associated with reproduction and growth traits
while the indigenous populations of Kolbroek and Windsnyer
were differentiated on chromosome 4 that was also linked to
reproduction and growth traits.

Warthog vs. Alfred Nzo had three SNPS (FST ≥ 0.8) that are
associated with reproduction (RPL18, IL17B) and growth (IL17B,
ARHGAP23) characteristics (Table 4). It is known that good
nutrition is vital to be able to maximize growth performance.
Genes IL17B and ARHGAP23 are linked to inflammatory
response (Liu, 2015; Bie et al., 2017) and the gastrointestinal
tract where they play a role in the digestion and absorption
of the nutrients. Inflammatory responses lead to reduction of
feed intake, which in turn affects the growth of the animal (Liu,
2015). Selection on genes associated with inflammation in the
populations of Warthog vs. Alfred Nzo might be an effect of the
different diets these populations scavenge on. Medzhitov (2008)
noted the inflammation response to be a protective mechanism
from the stress and harmful environment.

Growth linked genes ADGRB3, and ACY1 were dominant in
differentiating Warthog vs. Duroc populations with an overall
total of 10 SNPs. Emrani et al. (2017) associated ADGRB3 to body
weight traits in the broiler chickens. The association of ADGRB3
gene to Duroc rather than Large White or South African
Landrace breeds might be linked to the higher percentage
of intramuscular fat in Duroc compared to the other two
commercial breeds (De Vries et al., 2000). Mature males of
Warthog can also reach up to 100 kg and possesses good meat
and carcass qualities (Hoffman and Sales, 2007).

A total number of 20 significant SNPs (FST ≥ 0.8) were
linked to the Warthog vs. Kolbroek populations. Growth traits
were associated with five of the SNPs between Warthog vs.
Kolbroek. Indigenous Kolbroek are reported to be smaller
in size when compared to commercial breeds such as Large
White (Chimonyo et al., 2005). Kutwana et al. (2015)
reported no significant difference (P > 0.05) between the
Kolbroek and Large White populations that had higher fat
percentages when compared to the other commercial breeds
(Nicholas, 1999).

Chromosome 13 was also highly notable with significant
SNPs differentiating Warthog vs. Kolbroek and Warthog
vs. Windsnyer. Only two SNPs appeared for Warthog

vs. South African Landrace and were on chromosome 6.
The Warthog vs. Windsnyer had a total of fourteen SNPs
differentiating them. The identification of BRPF1 gene in the
Warthog vs. Windsnyer populations is an important observation
as this gene is associated with the intramuscular fat (IMF). When
it comes to the value and taste of the pork meat, intramuscular
fat is an important characteristic because meat that is high in
IMF tends to be juicy and tender (Eikelenboom et al., 1996;
de Koning et al., 1999). The gene ATPB2 associated with six
significant SNPs is linked to heat stress and reproductive
performance (Dash et al., 2016). Heat stress might result in poor
reproduction for both sows and boars. Pigs cannot sweat and
this makes them sensitive to high environmental temperatures
making and of concern particularly to commercial pig farmers
(Ross et al., 2015).

Genes linked to immune response and mastitis were
observed in Indigenous vs. Duroc comparisons. PTPN22
gene on chromosome 4 has a regulatory effect on T- and B-
cell activation in immune response (Lamsyah et al., 2009).
PTPN22 plays a role in susceptibility to tuberculosis. Pigs
are generally natural hosts of mycobacterial infections (de
Lisle, 1994). Porcine TB has been reported in South Africa
where infections are commonly via infected cattle fecal
matter fed to piglets as well as interactions with wild pigs
(Muwonge et al., 2012). NXPH1 gene is associated with
DMI (dry matter intake) in cattle (Olivieri et al., 2016).
Both PTPN and NXPH1 genes were fixed in the Duroc
implying natural selection of the Duroc when compared to
both indigenous and Wild Boars. Breeds in the commercial
sector are mainly selected for growth, carcass and meat
quality traits. The indigenous and village population
on the other hand has not been systematically selected
for such traits.

The NPY5R located on chromosome 8, was associated
with feed efficiency and fat deposition. This gene was also
reported in Jinhua and Rongchang pigs that belong to Chinese
breeds (Chen et al., 2018). Fat deposition genes observed
in Indigenous vs. Vietnamese, Villages vs. Kolbroek and
South African Landrace with Large White vs. Indigenous
are evidence in agreement with suggestions that Kolbroek
and other indigenous pigs tend to carry their weight in
their bellies and backs (Hoffman et al., 2005). Hoffman
et al. (2005) also reported breed type and diet to have an
influence on the composition of the meat. This study therefore
presented a diverse genomic architecture of South African
pigs with differentiating selection pressures for meat and
carcass quality traits in the different pigs raised in diverse
production systems.

CONCLUSION

Overall, the study demonstrated the utility of the Porcine
SNP60K BeadChip in elucidating genetic diversity and
population genomic structure of South African pig populations
relative to other global populations. Village pigs demonstrated
distinctiveness from other domestic and commercial populations
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within South Africa and when compared to global populations.
The study provided baseline knowledge with regards to the
genetic diversity of the domestic and wild pig populations
of South Africa, which is a prerequisite for population/breed
characterization, utilization and conservation. A more in-depth
analysis of patterns of genetic variations is required to get more
insight into factors shaping genetic diversity of these populations.
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Management of Genetic Diversity in
the Era of Genomics
Theo H. E. Meuwissen1* , Anna K. Sonesson2, Gebreyohans Gebregiwergis1 and
John A. Woolliams3

1 Department of Animal and Aquacultural Sciences, Norwegian University of Life Sciences, Ås, Norway, 2 NOFIMA, Ås,
Norway, 3 The Roslin Institute and R(D)SVS, The University of Edinburgh, Edinburgh, United Kingdom

Management of genetic diversity aims to (i) maintain heterozygosity, which ameliorates
inbreeding depression and loss of genetic variation at loci that may become of
importance in the future; and (ii) avoid genetic drift, which prevents deleterious
recessives (e.g., rare disease alleles) from drifting to high frequency, and prevents
random drift of (functional) traits. In the genomics era, genomics data allow
for many alternative measures of inbreeding and genomic relationships. Genomic
relationships/inbreeding can be classified into (i) homozygosity/heterozygosity based
(e.g., molecular kinship matrix); (ii) genetic drift-based, i.e., changes of allele frequencies;
or (iii) IBD-based, i.e., SNPs are used in linkage analyses to identify IBD segments.
Here, alternative measures of inbreeding/relationship were used to manage genetic
diversity in genomic optimal contribution (GOC) selection schemes. Contrary to classic
inbreeding theory, it was found that drift and homozygosity-based inbreeding could differ
substantially in GOC schemes unless diversity management was based upon IBD. When
using a homozygosity-based measure of relationship, the inbreeding management
resulted in allele frequency changes toward 0.5 giving a low rate of increase in
homozygosity for the panel used for management, but not for unmanaged neutral loci,
at the expense of a high genetic drift. When genomic relationship matrices were based
on drift, following VanRaden and as in GCTA, drift was low at the expense of a high rate
of increase in homozygosity. The use of IBD-based relationship matrices for inbreeding
management limited both drift and the homozygosity-based rate of inbreeding to their
target values. Genetic improvement per percent of inbreeding was highest when GOC
used IBD-based relationships irrespective of the inbreeding measure used. Genomic
relationships based on runs of homozygosity resulted in very high initial improvement
per percent of inbreeding, but also in substantial discrepancies between drift and
homozygosity-based rates of inbreeding, and resulted in a drift that exceeded its target
value. The discrepancy between drift and homozygosity-based rates of inbreeding was
caused by a covariance between initial allele frequency and the subsequent change in
frequency, which becomes stronger when using data from whole genome sequence.

Keywords: inbreeding, genetic drift, optimum contribution selection, genetic diversity, genomic relationships,
genetic gain
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BACKGROUND

Management of genetic diversity is usually directed at
maintaining the diversity that was present in some population,
which serves as a reference point against which diversity in the
future is compared. This reference population may be some
population in the past or the current population. In the absence
of genomic data, the accumulated change in diversity was
predicted to be a loss, and could only be described by inbreeding
coefficients (F) based on pedigree data. These coefficients are
the expectations of the loss in genetic variance relative to the
reference population in which all alleles are assumed to be
drawn at random with replacement, i.e., the classical base
population. This description as a loss of variance is strictly
for additive traits, but individual allele frequency at a locus
among individuals (i.e., 0, 1/2, 1) is an additive trait. In this
perspective, the management of genetic diversity comes down to
the management of inbreeding, in particular controlling the rate
of inbreeding (1F), or, equivalently, the effective population size:
Ne = 1/(21F) (Falconer and Mackay, 1996).

Optimal management of inbreeding in breeding schemes is
achieved by optimal contribution (OC) selection (Meuwissen,
1997; Woolliams et al., 2015) that, by construction, maximizes
the genetic gain made for a given rate of inbreeding. In
the era of genomics, Sonesson et al. (2012) concluded that
genomic selection requires genomic control of inbreeding, i.e.,
genomic optimal contribution selection (GOC). With OC, the
management of diversity within the population uses the form
1
2 c
′Ac where A is wright’s numerator relationship matrix and

c is a set of fractional contributions of candidates to the next
generation, and with GOC a genomic relationship matrix G
replaces A. This has direct correspondence with the substantial
literature on the use of similarity matrices and the fractional
contributions of species as measures of species diversity (e.g.,
Leinster and Cobbold, 2012). The similarity matrices in OC use
the idea of relationships, which are the scaled (co)variances of
breeding values between all pairs of individuals in a population
past and present, which links to the wider canon of genetic theory.

In the pre-genomics era, relationships were based on pedigree
and pedigree-based coefficients of kinship describing the
probability of identity-by-descent (IBD) at neutral loci that are
unlinked to any loci under selection. Within this subset of loci,
IBD results in a redistribution of genotype frequencies away
from Hardy-Weinberg proportions toward homozygosity
by p2

0 (1− F)+ p0F, 2p0
(
1− p0

)
(1− F) , and (1−

p0)
2 (1− F)+

(
1− p0

)
F for the genotypes AA, Aa and aa,

respectively, where p0 is the original frequency of the A allele
(Falconer and Mackay, 1996). This redistribution of genotype
frequencies links the changes of heterozygosity [expected to
reduce by a factor (1–F)], the within line genetic variance [also
reducing by (1–F)], and the genetic drift variance of allele
frequencies [p0(1–p0)F] to the inbreeding coefficient describing
the IBD of sampled alleles. These expected changes do not hold
for loci linked to the causal variants of complex traits (QTL),
where allele frequencies and genotype frequencies may change
non-randomly, and cannot be explained by IBD predicted
by pedigree alone.

When defining inbreeding as the correlation between uniting
gametes, Wright (1922) assumed the infinitesimal model, which
implies infinitesimal selection pressures with random changes in
allele frequency. However, the genome is of finite size, and for
complex traits with many QTL selection pressures will extend to
neutral loci in linkage disequilibrium (LD) across the genome,
and these associations to loci under selection result in non-
random changes of allele frequencies. This is particularly the case
for genomic selection schemes, where marker panels are large,
but not infinitely large, dense and genome-wide, and designed
to be in LD with all QTL, and where selection is directly for the
markers included in the panel. In this setting unlinked neutral
loci are likely to be rare, so the classical theory appears redundant.

Despite the apparent loss of a unifying paradigm, genomics
opens up a choice of tools that could be used to describe
genetic diversity that is wider in scope than the classical
genetic variance and inbreeding. For example, tools based on
genomic relationships (VanRaden, 2008), runs of homozygosity
(de Cara et al., 2013; Luan et al., 2014; Rodríguez-Ramilo
et al., 2015), and linkage analysis (Fernando and Grossman,
1989; Meuwissen et al., 2011). Some genomic measures may
be better suited for some purposes than others, and so the
question arises of what is the purpose of the management of
diversity in breeding schemes in addition to what tools to use.
Furthermore, when considering tools for genomic inbreeding,
there is a need to distinguish which aspect of inbreeding
they depict (IBD, heterozygosity/homozygosity, or genetic
drift), since in (genomic) selection schemes their expectations
may differ from those derived from random allele frequency
changes resulting in the genotype frequencies p2

0 (1− F)+
Fp0, 2p0

(
1− p0

)
(1− F) , and (1− p0)

2 (1− F)+ F
(
1− p0

)
.

Most molecular genetic measures of inbreeding are based on
the allelic identity of marker loci, and do not directly separate
IBD from Identity-By-State (IBS). Genomic relationship matrices
which are variants of VanRaden (2008) compensate for this by
measuring squared changes in allele frequency relative to a set
of reference frequencies. For the purposes of managing changes
in diversity relative to the reference population these frequencies
would be those relevant to this base generation (Sonesson et al.,
2012), although often the frequencies in the current “generation”
are used (Powell et al., 2010), or simply the subset of the
population for which the genomic data is available; see Legarra
(2016) for further discussion on these issues. Providing the
base generation is used to define the reference frequencies at
neutral unlinked loci (p0,k for locus k), the expectation of GVR2
(Method 2; VanRaden, 2008) is A, with all loci equally weighted
after standardization using the base generation frequencies. In
comparison, GVR1 (Method 1) can be viewed as simply re-
weighting the loci by 2p0,k(1− p0,k): i.e., for a single locus, GVR1
and GVR2 yield identical relationship estimates, and extending to
many loci GVR2 uses the simple mean of the single locus estimates
whereas GVR1 uses the weighted mean with 2p0,k(1− p0,k) as
the weights. Extending the argument of Woolliams et al. (2015)
for GVR1, since GVR2 is based on the squares of standardized
allele frequency changes, and the management of diversity using
GVR2 will constrain these squared standardized changes; this
measurement of inbreeding will be denoted as Fdrift [see Eq. (1B)
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in Methods section for a more precise definition]. When using
0.5 as the base frequency for all loci, as sometimes proposed, the
relationship matrix GVR0.5 is proportional to homozygosity and
molecular coancestry (Toro et al., 2014). Hence, GVR0.5 may be
used to measure homozygosity-based inbreeding, Fhom, and the
loss of heterozygosity (1–Fhom).

The use of a genomic relationship matrix, GLA, based on
linkage analysis for inbreeding management was suggested and
studied by Toro et al. (1998), Wang (2001), Pong-Wong and
Woolliams (2007), Fernandez et al. (2005), and Villanueva et al.
(2005). Here the inheritance of the marker alleles is used to
determine probabilities of having inheriting the maternal or
paternal allele from a parent at the marker loci instead of
assuming 50/50 inheritance probabilities as in A. GLA thus
requires pedigree and marker information, and IBD relationships
are relative to the (assumed) unrelated and non-inbred base
population as in A. In this way IBD is evaluated directly by
GLA, and is not simply an expectation for neutral unlinked
loci as described above for GVR2. If two (base) individuals are
unrelated in A then they are unrelated in GLA, whereas the
other measures also estimate (non-zero) relationships for base
population individuals. The marker data accounts for Mendelian
segregation which may deviate from 50/50 probabilities through
any linkage drag from loci under selection, or selective advantage.
GLA can be constructed by a tabular method, similar to that for
the pedigree based relationship matrix (Fernando and Grossman,
1989), and software for the simultaneous linkage analysis
of an entire chromosome is available (e.g., LDMIP (Linkage
Disequilibrium Multilocus Iterative Peeling); Meuwissen and
Goddard, 2010). GLA is a tool that specifically describes IBD
across the genome, hence we will denote this IBD based estimate
of inbreeding as FIBD.

A run of homozygosity (ROH) is an uninterrupted sequence
of homozygous markers (McQuillan et al., 2008). The exact
definition of a ROH differs among studies as a number of
ancillary constraints are added related to the minimum length
of a ROH measured in markers and/or cM, minimum marker
density, and in some cases an allowance for some heterozygous
genotypes arising from genotyping errors. The idea is that a
run of homozygous markers indicates an IBD segment, since it
is unlikely that many consecutive homozygous markers are IBS
by chance alone. The total length of ROH relative to the total
genome length provides an estimate of FIBD from the DNA itself,
and this estimate will be denoted FROH. The reference population
for FROH is unclear, although by varying the constraint on
the length of the ROHs the emphasis can be changed from
old inbreeding, with short ROHs, to young inbreeding, with
long ROHs (Keller et al., 2011). FROH may miss some relevant
inbreeding since IBD segments shorter than the minimum length
are neglected. On the one hand, FROH is an IBD based measure
of inbreeding, as it attempts to identify IBD segments (especially
when ROHs are long), but on the other hand it is a homozygosity
based measure of inbreeding since it is actually based on the
homozygosity of haplotypes (especially when ROHs are short).
However, FROH is a measure of inbreeding in a single individual
and is unsuitable for a measure of IBD within the population as
a whole. Therefore integration of ROH into a GOC framework

requires a pairwise measurement to form a similarity matrix,
GROH (de Cara et al., 2013).

The aim of this study is to: (i) re-examine the goals of the
management of genetic diversity in breeding schemes, and the
molecular genetic parameters that may be incorporated into
these goals; and (ii) compare alternative genomic- and pedigree-
based measures of inbreeding and relationships for addressing
the goals. In doing so the different tools discussed above and
some novel variants will be compared for their ability to generate
gain in breeding schemes while measures of inbreeding are
constrained. Finally, conclusions are made with respect to the
practical implementation of these tools for managing diversity
and how the outcomes will depend on whether whole genome
sequence (WGS) data is considered or marker panels.

MATERIALS AND METHODS

The Goals of the Management of Genetic
Diversity
Managed populations, such as livestock, will generally have many
desirable characteristics (related to production, reproduction,
disease resistance, etc.). Some of these characteristics are to be
improved (the breeding goal traits), without jeopardizing the
others. The latter is the aim of the management of inbreeding.
Specifically, breeding programs aim to change allele frequencies
at the QTL in the desired direction. This ultimately results in
loss of variation at the QTL as fixation approaches, but providing
these changes are in the right direction this loss of variation
is not a problem. However, genetic drift from our reference
population and loss of variation at loci that are neutral for the
selection goal are to be avoided for the following reasons. Firstly,
to alleviate the risk of inbreeding depression through decreased
heterozygosity, particularly for traits that are not under artificial
selection but are needed for the healthy functioning of the
animals. Secondly, deleterious recessive alleles may drift to high
frequencies, and occur more frequently in their deleterious or
lethal homozygous form; although mentioned separately this is a
specific manifestation of inbreeding depression. In the genomics
era, deleterious recessives may be identified and mapped
(Charlier et al., 2008), and if achieved recessive mutations may be
selected against (at the cost of selection pressures), or potentially
gene-edited. Nonetheless, simultaneous selection against many
genetic defects diverts substantial selection pressures away from
other traits in the breeding goal. Thirdly, loss of variation arising
from selection sweeps for the current goal may erase variation
for traits that are currently not of interest but may be valued
in the future and so limit the future selection opportunities.
Fourthly, genetic drift in the sense of random changes of allele
frequencies, and thus random changes of trait values, which
may be deleterious. This encompasses both the traits outside
the current breeding goal and within it, where drift is observed
as variability in the selection response. Moreover, large random
changes in allele frequency may disrupt positive additive-by-
additive interactions between QTL which have occurred due to
many generations of natural and/or artificial selection (similar
to recombination losses in crossbreeding; Kinghorn, 1980). In
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addition, random allele frequency changes may result in the loss
of rare alleles, which implies a permanent loss of variation.

Measures for Management of Inbreeding
Whilst genomics offers molecular measures for direct
monitoring, most obviously heterozygosity and frequency
changes measured from a panel of anonymous markers, the
strategy for management of these diverse problems using
genomics does not follow directly. For example, increasing
heterozygosity per se, achieved by moving allele frequencies of
marker loci toward 1/2 is not solely beneficial, as while potentially
ameliorating the aforementioned problems 1 and 3 it is
deleterious for problems 2 and 4. Both these empirical measures
of heterozygosity and the change of frequencies from drift can be
considered to be measures of inbreeding and diversity. Wright
(1922) states that a natural inbreeding coefficient moves between
0 and 1 as heterozygosity with random mating moves between
its initial state and 0: therefore, if a locus k has initial frequency
p0 and current frequency pt,k then a measure of inbreeding is
1− (Ht,k/H0,k) = 1− [2pt,k(1− pt,k)]/[2p0,k(1− p0,k)], which
can be generalized by averaging loci to obtain Fhom, i.e.,

Fhom = 1−
∑
loci k

2pt,k
(
1− pt,k

)
2p0,k

(
1− p0,k

)/NSNP (1A)

where NSNP is the total number of loci. Fhom can be negative when
heterozygosity increases due to allele frequencies moving toward
0.5. Similarly, drift can be measured as δp2

t,k = (pt,k − p0,k)
2,

scaled by the expected value for complete random inbreeding, i.e.,
δp2

t,k/[p0,k(1− p0,k)], and similarly averaged over loci to obtain
Fdrift, i.e.,

Fdrift =
∑
loci k

δp2
t,k

p0,k
(
1− p0,k

)/NSNP (1B)

and which is never negative. Fdrift is similar to the definition of
FST (Holsinger and Weir, 2009), which is here applied to a single
population over time instead of a sample of populations, and it
is this empirical measure that is being directly addressed when
using GVR2 .

For locus k in the set of neutral loci with frequency
p0,k in the base population and frequency pt,k = p0,k +

δpt,k in generation t, twice the frequency in generation t
is 2p2

t,k +Ht,k = 2(p0 + δpt,k), where Ht,k = 2(p0 + δpt,k)(1−
p0 − δpt,k), which holds for all loci assuming random mating.
With a sufficiently large subset of neutral loci with the same
base frequency p0 if E[δpt,k|p0] = 0 then taking expectations over
this subset 2E[p2

t,k] + E[Ht,k] = 2p0 and so 2(E[p2
t,k] − p2

0)+

E[Ht,k] = 2p0(1− p0). The first term is 2var(pt,k) and the second
is Ht and dividing through by 2p0(1− p0) gives

var
(
pt,k

)
/
[
p0
(
1− p0

)]
= 1−Ht,k/H0 ⇒ Fdrift = Fhom

(2)

Therefore if E[δpt,k|p0] = 0 over the range 0 < p0 < 1, there is
an equivalence of Fdrift with Fhom irrespective of initial frequency,

p0 (Falconer and Mackay, 1996): i.e., drift- and homozygosity-
based inbreeding are expected to be the same if allele frequency
changes are on average 0 irrespective of the initial frequency.

Using a form of GOC related to GVR1 (see Discussion), de
Beukelaer et al. (2017) explore the management of diversity
and derived the consequences for the rate of homozygosity,
2(δp2

t,k + 2δpt,k
(
p0 −

1
2
)
)/Ht,k. They suggested (supported by

results below) that the term δpt,k(p0 −
1
2 ), which represents

a covariance between allele frequency change δpt,k and initial
frequency p0,k across the loci k, may be non-zero. Consequently,
E[δpt,k|p0] 6= 0, and Equation [2] will no longer hold, and Fdrift 6=

Fhom. Supplementary Information 1 shows that any deviation
from Equation [2] for a general set of loci for which E[δpt,k] = 0
over the set, not necessarily with the same initial frequency, must
be explained by a covariance between allele frequency changes
and the original frequency cov(δpt,k; p0,k) and shows:

Fhom − Fdrift = 2cov(δpt,k/
√
p0,k(1− p0,k);

(p0,k−1/2)/
√
p0,k(1− p0,k)) (3)

i.e., if there is covariance between initial allele frequencies and
frequency changes, homozygosity and drift based inbreeding are
no longer equal. Therefore this covariance will be important in
determining the impact of genomic management, which aims to
manage both the increase of homozygosity and genetic drift.

Supplementary Information 1 explores why completely
random selection of parents (i.e., with no management) generates
no covariance and how different broad management goals for
diversity may generate a covariances of different signs. In
particular, with completely random selection, most markers drift
to the nearest extreme with the smaller change in frequency,
but a minority will move to the opposite extreme resulting
in the larger frequency change, giving a net result of no
covariance. The consequence of using GOC based on GVR2 is
that the latter large allele frequency changes are penalized more
heavily, since they add as δp2

t,k to the elements of GVR2 and
consequently to 1

2 c
′Gc. Hence, the hypothesis is tested below

that GVR2 emphasizes the movement of MAF toward 0, and
more generally allele frequencies move away from intermediate
values toward the nearest extreme, resulting in cov(δpt,k; p0,k) >
0 and var

(
pt,k

)
/[p0(1− p0)] + E[Ht,k/H0,k] < 1, contrary to

expectations in Eq. (2).
Conversely if G0.5 is used in GOC then there will be

pressure to move allele-frequencies toward 0.5 resulting in
increasing heterozygosity (Li and Horvitz, 1953). Supplementary
Information 1 shows that this results in cov(δpt,k; p0,k) < 0,
and thus Fhom < 0, and Fdrift > 0, and var

(
pt,k

)
/[p0(1− p0)] +

E[Ht,k/H0,k] > 1, again contrary to expectations in Eq. (2).
Furthermore the implication of these considerations is that the
covariance cov(δpt,k; p0,k) is a property of the active management
of diversity using squared frequency changes as in GVR2 (or
GVR1) and not as a consequence of directional selection. This
hypothesis was tested below in two ways: firstly by combining
the management of diversity using GVR2with randomly generated
EBVs, and secondly by using a panel of markers for managing
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diversity that is distinct from the panel used for estimating
GEBVs for genomic selection.

The term δp2
t,k/[p0,k(1− p0,k)] appearing in Fdrift can be

viewed as an approximation to the squared total intensity
(i2) applied to the marker, where i ≈ δpt,k/

[
p0,k

(
1− p0,k

)]
.

The approximation arises because the total selection intensity
applied to a marker is not linear with frequency (see Liu and
Woolliams, 2010). For example, after the initial generation, the
intensity applied to alleles moved toward 1/2 is overestimated,
since the denominator of i increases over time, which reduces
the actual intensity applied. The opposite holds for those
alleles moved toward the nearest extreme. Therefore a further
hypothesis is that a relationship matrix built upon i2, Gi(p),
rather than δp2

t,k may remove the covariance of the change in
frequency with the initial frequency that is generated using GVR2.
More details on this and the calculation of Gi(p) are given in
Supplementary Information 2.

In classical theory, the equivalence of Fdrift withFhom
under random mating is an outcome of considering IBD,
and management by IBD. The genomic relationship matrices
based on allele frequency changes or functions of these
changes no longer consider IBD as they only consider IBS.
Supplementary Information 3 considers the IBD properties of
the linkage analysis relationship matrix GLA which is derived
from the markers. Considering the management of diversity over
generations when using GLA, the conclusion of Supplementary
Information 3 is that δpt,k will now be determined by the
properties of the base population and not through linkage
disequilibrium generated in the course of the selection process.
Therefore, the covariance between the change in frequency and
its initial value is potentially avoided. This leads to a further
hypothesis tested below that if GLA replaces GVR2 in GOC
then Fdrift = Fhom and var

(
pt,k

)
/[p0(1− p0)] + E[Ht,k/H0,k] =

1, as expected in Eq. (2); i.e., consideration of IBD restores the
equivalence of Fdrift and Fhom for a set of neutral markers. If A
or a ROH-based GROH replaces GLA the same hypothesis may be
advanced given their focus on approximating IBD, however, both
are approximations to the true genomic IBD that is tracked by
GLA and so the equivalence may only be approximate.

In summary, there are a range of hypotheses to be tested
on three categories of relationship matrix: those based on
drift, changes in allele frequency or functions of them(
GVR1, GVR2, andGi(p)

)
; those based on homozygosity

exemplified by G0.5; and those based on IBD (GLA and
A). A relationship matrix based on ROH, GROH, is a
hybrid of the latter two, targeting IBD by measuring
homozygosity of haplotypes.

Breeding Structure and Genomic
Architecture
A computer simulation study was conducted to compare
these alternative GOC methods. The simulations mimicked
a breeding scheme using sib-testing, such as those used for
disease challenges in fish breeding, which is similar to Sonesson
et al. (2012). The scheme had a nucleus where selection of
candidates was entirely based on their genomic data and

performance recording was solely on the full-sibs of the selection
candidates which were also genotyped. This scheme may be
considered extreme in the sense that the candidates themselves
have no performance records, and is practiced in aquaculture
to prevent disease infections within the breeding population.
There were 2000 young fish per generation, and every full-
sib family was split in two: half of the sibs became selection
candidates and the other half test-sibs. The actual number of
families and their size depended on the optimal contributions of
the parents.

The genome consisted of 10 chromosomes of size 1 Morgan.
Base population genomes were simulated for a population of
an effective size of Ne = 100 for 400 (=4Ne) generations with
SNP mutations occurring at a rate of 10−8 per base pair per
generation using the infinite-sites model. This resulted in WGS
data for base population genomes that were in mutation-drift-
linkage disequilibrium balance. The historical population size
was chosen to equal the effective population size targeted for
the breeding schemes and so avoid any effect of a sudden
large change in effective population size. This resulted in 33,129
segregating SNP loci, which is relatively small in number due
to the small effective size of 100. From these loci NSNP = 7000
were randomly sampled as marker loci for use in obtaining
GEBV by genomic selection (Panel M); another distinct sample
of 7000 loci were randomly sampled as additive QTL, which
obtained an allelic effect sampled from the Normal distribution
(Panel Q); and a further distinct sample of 7000 SNP loci
were randomly sampled to act as “neutral loci” (Panel N),
which were used to assess allele-frequency changes and loss of
heterozygosity at neutral (anonymous) WGS loci, not involved
in either genomic prediction or diversity management. In the
majority of schemes Panel M was used for constructing genomic
relationship matrices for both obtaining EBVs and diversity
management. However, to test whether the non-neutrality of
the SNPs used for genomic prediction interfered with their
simultaneous use for diversity management, a further distinct
panel of 7000 randomly picked loci (Panel D) was used for
diversity management in some schemes.

True breeding values were obtained by summing the effects
of the QTL alleles across the loci in Panel Q, before scaling
them such that the total genetic variance was σ2

g = 1 in the base
population. Phenotypes were obtained by adding a randomly
sampled environmental effect with variance σ2

e = 1.5, resulting
in a heritability of 0.4. After the initial 400 unselected generations
to simulate a base population (t = 0), the breeding schemes
described below were run for 20 generations, of which the first
generation comprised random selection in order to create an
initial sib-family structure.

Genomic Estimates of Breeding Values
GEBV (̂g) were obtained by the SNP-BLUP method (Meuwissen
et al., 2001) where BLUP estimates of SNP effects were obtained
from random regression on the SNP genotypes of Panel M coded
as Xik = –2p0,k/

√
[2p0,k(1–p0,k)], (1–2p0,k)/

√
[2p0,k(1–p0,k)], or

(2–2p0,k)/
√

[2p0,k(1–p0,k)] for homozygote, heterozygote, and
alternative homozygote genotypes, respectively, of the kth SNP
of animal i, and p0,k is the allele frequency of a randomly chosen
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reference allele of the kth SNP in generation 0. The model for the
BLUP estimation of the SNP effects was:

y = 1µ+ Xb+ e

where y is a vector of records; µ is the overall mean; X is
a matrix of genotype codes as described above; b is a vector of
random SNP effects [a priori, b ∼ MVN(0, σ2

gN
−1
SNPI)], and e is a

vector of random residuals [a priori e ∼ N(0, σ2
e I)]. GEBV were

obtained as ĝ = Xb̂ where b̂ denotes the BLUP estimates of the
SNP effects. This model is often implemented in the form of
GBLUP using VanRaden (2008) Model 2, which assumes that all
loci explain an equal proportion of the genetic variance. When
simulating true breeding values, variances of allelic effects were
equal across the loci, which implies that the high-MAF QTL
explain more variance than the low-MAF QTL. Hence, there is
a discrepancy between the simulation model and that used for
analysis. However, such discrepancies always occur with real data.
To separate the effects of selection and inbreeding management,
one of the schemes described below randomly sampled GEBVs
from a Normal distribution each generation.

Assessing the Rates of Inbreeding at
Neutral Loci
Fhom and Fdriftwere calculated for each scheme, and since
discrepancies were anticipated (Supplementary Information 1)
1Fwas also calculated from both heterozygosity and drift to give
1Fhom and 1Fdrift. The calculations described below were done
for all schemes with Panel N which were both functionally neutral
in not influencing the breeding goal traits, and algorithmically
neutral in not being involved in the breeding value prediction.
Calculations were repeated for Panel M, and Panel D when used.

Heterozygosity
Calculation was based upon classical models where for generation
t (6locikHt,k/H0,k)/NSNP = 1− Fhom = (1−1F)t where 1F
is the rate of inbreeding, and NSNPthe number of loci in
the panel. A log transformation yields a linear relationship
log(6locikHt,k/H0,k)− log(NSNP) = t log(1−1F) ≈ −t1F,
where the approximation holds for small 1F when using natural
logarithms. This regression was calculated and provided both
a test of constant 1Fhom and an estimate of 1Fhom from
(−1)× slope of the regression.

Drift
At time t, Fdrift was calculated as 6loci k(pt,k − p0,k)

2/[p0,k(1−
p0,k)]. Analogously with heterozygosity, classical theory was
followed by taking logs of (1− Fdrift) with 1Fdriftestimated by
−1× slope from the regression on t.

Optimum Contribution Selection
Methods
In optimal contribution selection, the rate of inbreeding is
constrained by constraining the increase of the group coancestry
of the selected parents, G = 1

2 c
′Gc, where G denotes the

relationship matrix of interest for managing diversity among the

selection candidates, and c denotes a vector of contributions
of the selection candidates to the next generation, which is
proportional to their numbers of offspring. Therefore the group
coancestry is the average relationship among all pairs of the
parents, including self-pairings, weighted by the fraction of
offspring from the pair assuming completely random mating.
Furthermore, the genetic level of the selected animals, ḡ = c′ĝ,
is maximized weighted by their number of offspring. Hence, the
optimisation is as follows:

maximize ḡ = c’ĝ by varying c

with constraints : K =
1
2

c’Gc

6j males cj =
1
2

6j females cj =
1
2

cj ≥ 0 for all j.

A number of relationship matrices were investigated for
managing the diversity: (i) the pedigree-based relationship
matrix A; (ii) the genomic relationship matrix GVR2 = XX′/NSNP
(VanRaden, 2008; Model 2) constructed using Panel M; (iii) the
genomic relationship matrix GVR1 = ZZ′/6locikH0,k (VanRaden,
2008; Model 1) constructed using SNP Panel M where Zij =(
−2p0j

)
, (1− 2p0j), or

(
2− 2p0j

)
; (iv) G0.5, a homozygosity

based matrix of relationships, since its elements (i,j) are
proportional to the expected homozygosity of progeny of animals
i and j (Toro et al., 2014); (v) GLAconstructed from Panel M using
linkage analysis (Fernando and Grossman, 1989; Meuwissen
et al., 2011); (vi) a novel relationship matrix Gi(p) constructed
from squared total applied intensities using Panel M (see
Supplementary Information 2); (vii) the genomic relationship
matrix GROH based on ROH assessed using Panel M following the
method of de Cara et al. (2013) (see Supplementary Information
2); (viii) a genomic relationship matrix GVR2 constructed using
Panel D instead of M. In this replicated simulation study,
the calculation of GLA by LDMIP (Meuwissen and Goddard,
2010) was computationally too demanding and instead, a
haplotype-based approach was adopted as an approximation (see
Supplementary Information 2).

Implementation of Selection Procedures
The selection schemes simulated will be denoted by the
relationship matrix used in GOC and the panel of markers used
for SNP-BLUP and building the relationship matrix. The panel
for SNP-BLUP was either “M”, or “∼” when using randomly
generated GEBV. The latter implements a scheme without
directional selection, and tests whether observed results are due
to selection or due to diversity management. The panel for
management of inbreeding was either “M,” “D,” or “∼” when
using A which required no marker panel. Therefore a total of 9
schemes contribute to the results presented: 6 of which are of the
form G(M,M) where G is either GVR1, GVR2, G0.5, GLA, Gi(p), and
GROH; with the remaining three being A(M,∼), GVR2(M,D), and
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TABLE 1 | The relationship matrices and marker panels that were used for the
alternative breeding schemes.

Marker Panel1 F-management

Scheme2 EBV-estimation F-management Matrix3 Type of
measure

GVR2(M,M) M M GVR2 Drift

GVR2(M,D) M D GVR2 Drift

GVR2(∼,M) ∼ M GVR2 Drift

GVR1(M,M) M M GVR1 Drift

Gi(p)(M,M) M M Gi(p) Drift

G0.5(M,M) M M G0.5 Homoz.

GROH(M,M) M M GROH Homoz.

GLA(M,M) M M GLA IBD

A(M,∼) M ∼ A IBD

1M = regular marker panel used for selection (and management); D = an
extra marker panel solely used for inbreeding management (if used at all);
∼ = no markers needed for management / selection (∼ for selection implies
random selection). 2Breeding schemes are denoted by G(PEBV ,PF ) where G
denotes the relationship matrix used for inbreeding management (all schemes used
GVR2 for EBV estimation); PE BV denotes the marker panel used for EBV estimation;
and PF denotes the marker panel used for inbreeding management. 3Abbreviations
and calculations of the relationship matrices are explained in the main text.

GVR2(∼,M), where the first symbol in parentheses refers to EBV
estimation and the second to diversity management. The schemes
are summarized in Table 1.

For all schemes the target 1F was set via the parameter K
to 0.005 / generation, so the target effective population size was
100. Therefore the group coancestry of the parents was set in
generation t to Kt = Kt−1 + 0.005 (1− Kt−1), where K0 = 1/2Ḡ
and Ḡ denotes the average relationship of all candidates in
generation 1 (the first generation with GOC selection). Each
scheme was replicated 100 times by generating a new base
population as described above. Simulation errors were reduced
by simulating all alternative breeding schemes on each replicate
of the initial generations, using the same Panels M, Q, N, and D,
and the same effects for the QTLs. Each generation had random
mating among males and females with mating proportions
guided by the optimum contributions c.

GLA and A are mathematically guaranteed to be positive
definite, and GVR1, GVR2, G0.5, and Gi(p) are guaranteed to be
positive semi-definite, i.e., all eigenvalues λi ≥ 0, as they are
the cross-product of SNP genotype matrices (X or Z) with one
eigenvalue of zero due to the centring of the genotypes. For
the semi-definite matrices a small value (α = 0.01) was added
to their leading diagonal to make them invertible, and positive
definite to permit the use of the optimal contribution algorithm
of Meuwissen (1997). In contrast, GROH is not guaranteed
to be semi-positive definite since its elements are calculated
one by one, and large negative eigenvalues for GROH were
observed empirically (results not shown). When using a general
matrix inversion routine the achieved 1F were much larger
than 0.005/generation. Hence, GROH was made positive definite
by adding substantial values of α to its diagonals, chosen by
trial and error. Starting from an initial value of α = 0.05,
positive definiteness was tested by inversion using Cholesky

FIGURE 1 | Histogram of the minor allele frequencies (MAF) of the SNPs in
the whole genome sequence of the founder population (t = 0) observed in the
simulations following 4000 generations of mutation and random selection.

decomposition, and if it failed then α was doubled if α < 1 or
increased by 1 otherwise, until inversion was successful.

RESULTS

SNPs
The distribution of MAF for the SNPs in the WGS of the
founder population (t = 0) observed in the simulations is depicted
in Figure 1. The four SNP panels, i.e., M, the SNP-BLUP
panel, N, the neutral marker panel, Q, the QTL panel, and D,
a second marker panel for genetic diversity management, are
random samples from the SNPs depicted in Figure 1. The MAF
distribution is typical for that of whole genome sequence data
with very many SNPs with rare alleles and relatively few SNPs
with intermediate allele frequencies.

Equivalence of Fdrift and Fhom
Table 2 shows for the alternative breeding schemes the drift-
and homozygosity-based rates of inbreeding, together with the
deviations Fhom–Fdrift in generation 20. For classical inbreeding
theory the expectation is that Fhom = Fdrift = 0.095 for random
mating. However, with two sexes there will be deviations which
depend on the number of mating parents which are shown in
Figure 2 and were approximately equally divided between males
and females each generation. This has an impact in decreasing
Fhom at generation 20 below random mating expectations by
approximately 1/(2T) where T is the total number of parents
following Robertson (1965). Therefore at generation 20, there
is a classical expectation for Fdrift to exceed Fhom by ∼0.001
for schemes GROH(M,M) and A(M,∼), through ∼0.005 for
GLA(M,M) to∼0.01 for GVR2(M,M).
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TABLE 2 | Rates of increase of homozygosity (1Fhom), drift (1Fdrift), and the deviation Fhom–Fdrift in generation 20 for different types of diversity measures
for Panels M and N.

Scheme1 GBLUP loci (Panel M) Neutral loci (Panel N)

1FHOM
2 1Fdrift

2 Fhom–Fdrift
3 1FHOM

2 1Fdrift
2 Fhom–Fdrift

3

Drift measures

GVR2(M,M) 0.0146 0.005 0.147 0.0103 0.0068 0.054

GVR2(M,D) 0.01 0.0069 0.048 0.0101 0.0068 0.05

GVR2(˜,M) 0.0109 0.005 0.093 0.0085 0.0059 0.041

GVR1(M,M) 0.0096 0.0056 0.063 0.008 0.0069 0.021

Gi(p)(M,M) 0.0051 0.0071 −0.053 0.0065 0.0077 −0.031

Homozygosity measures

G0.5(M,M) 0.0008 0.0213 −0.348 0.0073 0.0176 −0.17

GROH(M,M) 0.0042 0.0091 −0.102 0.0054 0.0088 −0.07

IBD measures

GLA(M,M) 0.0044 0.0049 −0.009 0.0043 0.0049 −0.01

A(M,˜) 0.0072 0.0083 −0.016 0.007 0.0084 −0.021

The target rate of inbreeding for the management of genetic variation was 0.005, and results weigh loci equally irrespective of initial frequency. 1See Table 1
for scheme names. 2Standard errors <2.5 × 10−5. 3Standard errors <2.2 × 10−4.

The deviations of Fhom–Fdrift from 0 were significant for all
the schemes, for both the SNP-BLUP Panel M and the neutral
Panel N, and would imply significant deviations from the classical
Eq. (2). The deviation Fhom–Fdrift for GLA(M,M) was closest to
the classical expectation, and was closer still after accounting
for the degree of non-random mating that was present. Among
the remaining schemes A(M,∼) most closely aligns to classical
expectations. The results based on ROH which attempts to
mimic IBD appears more similar to G0.5(M,M) which manages
homozygosity, where Fdrift exceeds Fhom, although the deviations
of the G0.5(M,M) scheme are much larger, with Fhom − Fdrift =

−0.347 for Panel M which is more than a third of the maximum
inbreeding coefficient of 1.

GVR2(M,M), i.e., a commonly used GOC scheme, showed
a large deviation opposite to that for G0.5(M,M) with Fhom −

Fdrift = 0.147 for Panel M, and 0.053 for Panel N, an excess of loss

0

200

400

600

800

1000

1200

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

N
um

be
r o

f s
el

ec
te

d 
pa

re
nt

s

Generation

GOCvr2 GOCvr_D GOC0.5 AOC

GLA GROH GOCi(p) GOCvr1

FIGURE 2 | The total number of selected parents for each generation for
different breeding schemes. The total is the number of animals with optimal
contributions >0 required to achieve a fractional increase in the OC constraint
of 0.005.

of heterozygosity relative to drift. Supplementary Information
1 shows this discrepancy must arise due to a covariance
between the direction of allele frequency change and initial
frequency, with a stronger drift to extremes than would be
expected in classical theory. Figure 3 illustrates this covariance
for a randomly chosen replicate, and shows the regression line
(P < 0.001); for this replicate the difference Fhom − Fdrift = 0.055
in Panel N, which arose from a correlation of only 0.040.
For GVR1(M,M), which compared to GVR2(M,M) weights the
Panel M loci proportional to 2p0,k(1− p0,k), this covariance was
weaker but was still observed. The result for GVR2(M,D) showed
that if the panel used for managing diversity (D) is distinct from
that used for SNP-BLUP (M), the covariance in Panel M became
similar to that for Panel N, as it is no longer directly managed
for its diversity, and the outcome for the unmanaged neutral
Panel N was almost identical to GVR2(M,M). The hypothesis that
the covariance arises solely as a property of the management by
GVR2, rather than as a consequence of the directional selection,
was confirmed by the results for GVR2(∼,M) where Fhom still
exceeded Fdrift. Managing the intensity in scheme Gi(p)(M,M) did
not remove the covariance but, in contrast to the other “drift”
schemes, reversed its sign so that Fdrift exceeded Fhom, which is in
accord with the hypothesis that it introduces an increased “cost”
of moving toward the extremes compared to GVR2(M,M).

Managing the Rates of Inbreeding
Table 2 shows 1Fdrift and 1Fhom for the different schemes for
Panels M and N, and Figure 4 shows Fdrift and Fhom over time.
Figure 4 shows that log(1-Fdrift) is approximately linear with
generation for all schemes, in contrast to log(1-Fhom) where some
schemes, e.g., GROH(M,M) show marked curvilinearity.

For GVR2(M,M), 1Fdrift for Panel M was directly controlled
and was on target at 0.005, but 1Fhom was more than double
this target, due to the covariance described above. For Panel N,
1Fdrift was greater and 1Fhom was less than observed for Panel
M, so the difference was less extreme. The increase in 1Fdrift
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FIGURE 3 | The covariance between the standardized change in allele frequency at t = 20 and the standardize frequency at t = 0 for the 7000 SNP loci in Panel N
for a randomly chosen replicate. Standardization is by

√
p0,k (1− p0,k) for locus k. The solid black line is the fitted linear regression y = 0.0083 + 0.0070×, with SES

0.0042 and 0.0021, respectively, and a Pearson correlation r = 0.040. For this replicate Fdrift = 0.123, Fhom = 0.178, and twice the covariance was 0.0555. The
upper x-axis shows the untransformed frequency.

was due to Panel N’s LD with QTL that was not accounted for
by its LD with Panel M, while the decrease in 1Fhomwas due to
the allele frequencies for loci in Panel N being subject to weaker
regulation due to their imperfect LD with those in Panel M.
The same pattern of differences between 1Fdrift and 1Fhomwas
observed in a less extreme form with GVR2(∼,M) as here the
imperfect LD between Panels M and N is still important but
the more favored marker alleles in Panel M change randomly
from generation to generation. The outcome for 1Fdrift shown
in Table 2 for GVR1(M,M) for Panel M is greater than the target,
as Fdrift and Fhom weight all loci in a panel equally, whereas the
management weights the drift by 2p0,k(1− p0,k), consequently
the LD with QTL is more weakly constrained for loci with low
MAF in Panel M, which is where the impact of the covariance is
greatest (Figure 3). This also explains the lower 1Fhom observed
for GVR1(M,M). The results for Gi(p)(M,M) shown in Table 2
reflect the changed sign in the covariance in that 1Fhom was less
than 1Fdrift. Unlike GVR2(M,M), the constraint applied was only
indirectly related to Fdrift or Fhom and so the achieved rates were
not expected to meet the target, although 1Fhom was close to the
target for Panel M.

As with Gi(p)(M,M) the simulated management for the
measures based on homozygosity, G0.5(M,M) and GROH(M,M),
did not explicitly control Fdrift or Fhom, However, 1Fhom was
close to the desired target for GROH(M,M) when measured in
both Panels M and N. GROH(M,M) showed a curvilinear time
trend for Fhom mainly due to a negative 1Fhom during the

first few generations, after which it increased with time and
was rising faster than GLA(M,M) at the end of the period;
in contrast 1Fdrift was approximately linear. The accelerating
1Fhom maybe caused by ROHs failing to accumulate inbreeding
as haplotypes recombine, so reducing the length of IBD segments
below the thresholds implicit in ROH methods, while this older
inbreeding is captured by Fhom. To test this, the minimum
length of a contributing ROH was halved to ∼3.5 from ∼7 Mb
but results were nearly identical to those shown in Table 3
(result not shown). G0.5(M,M) has the highest Fdrift, because
it explicitly promotes allele frequency changes to intermediate
frequencies for all loci.

In contrast to all other schemes, 1Fdrift for GLA(M,M) was
within 2% of the target for both Panels M and N (see Table 2)
but was below target for 1Fhom for both panels. The discrepancy
for 1Fhom is complicated by the dynamic pattern of the number
of parents selected in this scheme (see Figure 2), which results
in the expected heterozygosity being close to that for random
mating in early generations, but ∼0.005 less than random
mating in later generation as a result of the degree of non-
random mating introduced by the smaller number of parents.
Therefore estimating 1Fhom from observed heterozygosity will
underestimate the true value and explains a substantial part of
the observed deviation from the target value of 0.005. Figure 4
shows GLA(M,M) was lowest for Fdrift and Fhom in generation 20
with near constant rates. The results from AOC were qualitatively
similar except that both 1Fhom and 1Fdrift exceeded the target
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FIGURE 4 | Changes in inbreeding coefficients Fdrift and Fhom for the neutral
loci of Panel N over time plotted on a logarithmic scale where a constant rate
of inbreeding results in a linear increase of over time: (A) natural logarithm of
(1–Fhom); and (B) natural logarithm of (1–Fdrift).

rates by 40% in both panels. This is due to the hitch-hiking of
neutral loci with the changes in QTL frequencies arising from
the LD generated within families and is unaccounted by using
expectations of IBD based on pedigree.

TABLE 3 | Genetic gain (and its SE) after 20 generations of selection expressed in
initial genetic standard deviation units, and inbreeding measured by homozygosity
for Panel N of neutral loci at generation 20 for comparison.

Scheme Gain SE Fhom
1 Fdrift

1

Drift measures

GVR2(M,M) 7.124 0.002 0.18 0.12

GVR2(M,D) 7.107 0.003 0.17 0.12

GVR1(M,M) 6.680 0.002 0.15 0.12

Gi(p)(M,M) 7.111 0.003 0.11 0.14

Homozygosity measures

G0.5(M,M) 6.734 0.004 0.13 0.30

GROH(M,M) 9.099 0.003 0.08 0.15

IBD measures

GLA(M,M) 7.188 0.002 0.08 0.09

A(M,∼) 9.890 0.003 0.12 0.14

Scheme GVR2(_,M) is not shown as it was random selection. 1Standard errors
<3 × 10−3.

Genetic Gain
Table 3 shows the genetic gains of the schemes achieved after 20
generations of selection and Figure 5 shows the gain achieved
over time as a function of Fdrift and Fhom for the neutral markers
in Panel N. Figure 5 allows comparisons to be made at the same
Fdrift or Fhom and offsets, in part, the unequal rates of inbreeding
observed among the different schemes.

The genetic gains were very similar (within 0.3%) for
the schemes GVR2(M,M) and GVR2(M,D) where the latter
differs only in using a second marker panel for inbreeding
management which was unambiguously neutral. Given the small
difference in their inbreeding rate at the neutral loci in Panel
N (Tables 2, 3), this indicates that separate panels of markers
for gain and for diversity is unnecessary for such schemes.
The GLA(M,M) scheme yielded significantly more genetic gain
than GVR2(M,M), at lower Fdrift and Fhom. GROH(M,M) and
A(M,∼) yielded substantially more gain, but their Fdrift was
also higher. The A(M,∼) scheme yielded the highest genetic
gain of all the schemes compared, but, compared to its closest
competitors, GLA(M,M) and GROH(M,M), it also yielded more
Fdrift and/or Fhom.

It is clear from Figure 5 that the ranking of the schemes for
achieved gain differs according to whether drift or homozygosity
is considered: e.g., GROH(M,M) and Gi(p)(M,M) schemes yielded
relatively high gains given Fhom, but relatively low gains given
Fdrift, whereas GVR2(M,M) schemes yielded opposite results with
low gains for Fhom and relatively high for Fdrift. The gain for
the GROH(M,M) scheme in early generations was accompanied
by negative Fhom (Figure 5A). GLA(M,M) and A(M,∼) schemes
performed relatively well as shown in both plots of Figure 5,
with GLA(M,M) schemes seeming to yield in both plots slightly
more gain per unit of inbreeding than A(M,∼). Although, the
A(M,∼) gain is high relative to its inbreeding, the inbreeding
rates were substantially larger than the target rate (which can be
seen from Figure 5 by the curves extending far beyond the target).
The GLA(M,M) scheme achieves the target rate of inbreeding
closely for 1Fhom and 1Fdrift (Table 2), and simultaneously
converts inbreeding efficiently into genetic gain. Moreover, when
testing genetic gains in generation 20 of the GLA(M,M) schemes
to interpolated gains at the same overall inbreeding (average of
Fhom and Fdrift) of the A(M,∼) and GROH(M,M) schemes, the
GLA(M,M) scheme yielded the highest gain in 65, respectively,
62 out of 100 replicates; i.e., generation 20 gains of GLA(M,M)
were significantly higher than those of A(M,∼) and GROH(M,M)
(P < 0.01) at the same averaged inbreeding level.

Number of Parents
Figure 2 shows the number of selected parents across the
generations and shows that the schemes that use IBD based
relationship matrices (A, GLA) and GROH select most parents.
The selected number of parents for GROH(M,M) may be
artificially large due to the additions to the leading diagonal of
GROH (on average 8.7) to make it positive definite. This process
made the GROH matrix diagonally dominant, and so reducing
c’GROHc is driven by selecting more parents in order to reduce
the impact of these diagonal elements and not about avoiding the
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FIGURE 5 | Genetic gain, Gt plotted against inbreeding for generations 1–20, where inbreeding is transformed to a logarithmic scale by –log(1-Ft ) for Fhom (A) or
Fdrift (B). For 1F = 0.005, the target after 20 generations is shown (–log(1-F t ) = 0.1).

selection of related animals. Non-positive definite GROH matrices
could be inverted to obtain optimal solutions c, but these yielded
much too high rates of inbreeding (result not shown) probably
because optimal contributions c were found that resulted in
negative c’GROHc, which does not make sense and inbreeding
was high and positive. Schemes using matrices constructed by
the methodology of VanRaden (2008) (GVR1, GVR2, Gi(p), and
G0.5) select fewest parents, implying that they are able to select
relatively less related parents by their respective measure, and
differences in relationships are relatively large in their respective
matrices. Comparing results from Table 2 and Figure 2 suggests

that the selection of relatively few parents is achieved by making
use of the opportunities to induce covariances between allele-
frequency-changes and initial frequencies that these schemes
offer, which in turn affect the frequencies of heterozygotes.

Genetic Variance
Figure 6 shows the genetic variance for the trait calculated
from the true breeding values of the individuals. The G0.5(M,M)
scheme loses substantial genetic variance at an early stage, and
this relatively low genetic variance is maintained throughout
the 20 generations of selection. Therefore striving for allele
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FIGURE 6 | The trait genetic variance of the individuals plotted over time.

frequencies of 0.5 at the loci in Panel M does not maintain
variation at the QTL in Panel Q, which is in accord with the
results for Panel N in Table 2. The relatively low variance for
A(M,∼) at generation 20 is a consequence of it relatively high
genetic gain combined with its relative high rates of inbreeding.
By generation 20, the GLA(M,M) scheme has lost least genetic
variance, due to its rates of inbreeding not exceeding the target,
and may explain why the GLA(M,M) scheme is very efficient
in turning inbreeding into gain at the end of the selection
period (Figure 5).

DISCUSSION

Equivalence of Measures Fhom and Fdrift
In the classical work of Wright (1922) two natural measures
of inbreeding were introduced concerned with the extent of
drift on the one hand (here represented by Fdrift and 1Fdrift)
and heterozygosity on the other (here represented by Fhom
and 1Fhom), and in classical theory with neutral loci unlinked
to QTL these perspectives were identical and directly linked
to the occurrence of IBD. The results of this study show
that these measures of inbreeding can differ substantially
in genomic optimum contribution schemes even when there
are no QTL in the genome [GVR2(∼,M); Table 2]. This is
because the management in these schemes is commonly directed
at the observed homozygosity or drift of the marker loci
being monitored. For example, schemes that limit the rate
of increase of homozygosity (as represented here by G0.5)
induce a negative covariance between the change in allele
frequency and the initial frequency, as an excess of minor alleles
compared to classical expectations move toward intermediate
levels. Conversely schemes managing drift and limiting changes
in allele frequency (e.g., using GVR2) induce a positive covariance
between change in allele frequency and the initial frequency,
as an excess of minor alleles tend to move toward the nearest
extreme. Consequently, systematic discrepancies occur between
1Fdrift and 1Fhom. These discrepancies are a property of the
inbreeding management and not of selection per se, as they were
unaffected by whether random GEBVs were used in the scheme

or separate panels of SNPs were used for generating GEBV and
management of inbreeding. In contrast to the management using
the IBS allele frequencies of monitored markers, when IBD was
used either via genomics information (GLA) or approximately
(A, uninfluenced by markers) the equivalence of 1Fdrift and
1Fhomwas re-established in the simulations, although not with
GROH which is targeted toward IBD but is based on the
homozygosity of haplotypes.

The origin of these covariances between allele frequency
changes and initial frequencies can be seen when considering
the form of the relationship matrix and is explored in detail in
Supplementary Information 1. The negative covariance arising
from G0.5 explicitly measures allele frequencies as deviations
from 0.5, not from the base frequency p0,k and consequently gains
in this measure of diversity (but not necessarily IBD, as discussed
later) are obtained by moving frequencies toward 0.5 offsetting
any opposing changes prompted by selection objectives. The
positive covariance, for example with GVR2, arises because drift
of an allele to the more distant extreme is more heavily penalized
compared to completely random drift as the GOC with GVR2
is constraining the square of the change. This will inevitably
promote shifts to the nearest extreme, and more strongly so
as p0 deviates more from 1/2. Since GVR1 is a re-weighting
of the loci in GVR2 by wk/6loci kwk for locus k, where wk =

2p0,k(1− p0,k), placing more weight on frequency changes for
loci initially closer to 1/2, it would be expected the discrepancy
between Fdrift and Fhomwould be less for GVR1 than GVR2 as
observed in the simulations (see Table 2 and Figure 4). Moving to
management using the total intensity applied over time

(
Gi(p)

)
penalizes deviations that move toward the extremes more heavily
than those toward intermediate frequencies (as di/dp = [p(1−
p)]−1/2; Liu and Woolliams, 2010), and this changed the sign of
the discrepancy although its magnitude was decreased compared
to GVR2.

GVR2, which was used by Sonesson et al. (2012), controlled
1Fdriftand met the target for the panel used (see Table 2) but
1Fhom was much greater due to the covariance discussed above.
This agreed with the findings of de Beukelaer et al. (2017),
where it was suggested that the covariance between change
in frequency and its initial value could be the cause of this.
However, these authors also reset the allele frequencies for the
reference population in the GVR1 matrix every generation to
the current generation frequencies, which implies that changes
in allele frequency in each generation are constrained without
reference to their accumulated change over earlier generations.
In a continuous selection scheme, the allele frequency changes
of successive generations are positively correlated; thus, although
the variance of the change in allele frequency within a generation
may have been on target, the variance of the cumulative allele
frequency change over generations will exceed the target value
due to these positive correlations, as observed in their study. This
distinction in methodology will have affected all findings on GOC
in the study of de Beukelaer et al. (2017).

Sonesson et al. (2012) found that GVR2 schemes achieved
their target rate of inbreeding based on IBD using loci
with 2N alleles scattered across the genome. Details of the
founder populations used in their study were presented in

Frontiers in Genetics | www.frontiersin.org 12 August 2020 | Volume 11 | Article 880164

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-00880 August 11, 2020 Time: 19:11 # 13

Meuwissen et al. Genomic Management of Genetic Diversity

Sonesson and Meuwissen (2009), which revealed that their SNP-
BLUP marker panel was selected for intermediate frequencies
in order to mimic a typical SNP-chip marker panel. This is
very different from the SNP-BLUP panel used here which was
a random sample of whole genome sequence data, and hence
dominated by extreme allele frequencies (Figure 1). The strength
of the covariance underlying the discrepancy between Fdrift
and Fhom depends on the distribution of (p0 −

1
2 ), and so in

Sonesson et al. (2012) any discrepancy would have been much
reduced. In the context of the current results, it was most similar
to using GVR1 where the intermediate loci are more heavily
weighted. Conclusions from these considerations are (i) that
the discrepancies between the different measures of rates of
inbreeding are extreme in WGS data, due to their extreme allele
frequencies (Figure 1); and (ii) the discrepancies are a property
of the panel used to manage diversity and not the remaining
loci, as the IBD-alleles used by Sonesson et al. (2012) have low
MAF by construction. Hence, for typical SNPs from chips, the
discrepancies between Fdrift and Fhom are expected to be present
but smaller than those in Table 2.

Management of Diversity
An important aspect of a tool to manage diversity is that it is
predictable in meeting its targets, and this can be examined for
the marker panel, for the unmanaged neutral markers, and for
Fdrift and Fhom. In this respect, GVRn meets the target but only
for Fdrift and only in the marker panel (i.e., not in the unmanaged
panel) whereas GLA meets the target (with only minor deviations)
for both Fdrift and Fhom for both panels. All others failed to meet
the target rate to a greater or lesser degree and would need to be
calibrated, possibly in every generation, to meet the targets set at
neutral loci. In practice, this would require as realistic as possible
simulations of the practical breeding scheme using the current
situation as a starting point.

A key management objective in breeding schemes is the
efficient generation of gain from the genetic variance in the
objectives, and conserving the variation at the (currently) neutral
loci, and here the IBD-related schemes were best when compared
to Fdrift or Fhom of neutral loci. On an average of Fdrift and Fhom,
GLA was more efficient than GROH, which gave different rates
for 1Fhom and 1Fdrift, would require regular calibration, and
(in the current implementation following de Cara et al., 2013)
always required very large number of parents, which in practice
would usually demand additional scheme resources. Henryon
et al. (2019) observed that using A appeared to be more efficient
than using GVR2, and this was confirmed here. The differences
between schemes using GLA and A were small when plotted
against Fdrift or Fhom but the GLA scheme was the only scheme
tested here that combined high efficiency with rates of inbreeding
close to and not exceeding the target rate of inbreeding of 0.005.
This supports the conclusion of Sonesson et al. (2012) that
genomic selection requires genomic control.

One consequence of entering the genomics era is that the
meaning of diversity and its management in practice is more
open to discussion, as the pedigree is no longer the only tool to
measure and manage it. For example, the number of polymorphic
loci could be used as a measure, which might underpin major

concerns over the disappearance of known rare alleles in the
scheme. Further, in the pedigree inbreeding framework, the
measure used is the fraction of variance that is expected to have
been lost from the reference base. In the genomic era, if the
measure is simply defined as the genetic variance defined by IBS
and maximized, there is scope for increasing diversity by the
directional selection of loci toward intermediate frequencies as
an objective. These measures have been explored elsewhere (see
Howard et al., 2017 for a review). In general, attaching values
(e.g., selection index weights) to genetic diversity is a very difficult
task (e.g., Brisbane and Gibson, 1994; Wray and Goddard, 1994;
Goddard, 2009; Jannink, 2010; Howard et al., 2017), which
becomes especially clear in view of the aforementioned goals
of diversity management, where diversity is required at many
(hypothetical) traits simultaneously. Breeders have generally
more of an idea about their target rate of inbreeding than on what
weight to give to a diversity measure. Although the actual choice
of the target rate of inbreeding remains somewhat arbitrary,
guidelines have been developed over the years (Woolliams et al.,
2015, for a review).

Here, it is argued that an over-riding objective for many
populations such as livestock or zoo populations, beyond the
breeding goals that underlie the selection on the EBV, is to
manage over time the risks associated with the unmeasured
attributes of a reference population (e.g., unrecognized
deleterious recessives, drift in desirable holistic qualities,
epistatic variance). In this respect, all approaches used in this
study refer back directly to the established reference (base)
population. As mentioned above, other perspectives may be
advanced such as increasing the genetic variance at neutral loci
by increasing heterozygosity (e.g., de Beukelaer et al., 2017). This
could be achieved by the promotion of allele frequency changes
toward intermediate values, as exemplified by G0.5 in this study,
however, this raises issues that require further consideration.
Firstly, changes in allele frequency result from multiple copies
of a subset of base generation alleles, so increasing frequency is
promoting IBD based inbreeding (it is analogous to changing
QTL frequency). Secondly, if carried out with a marker panel,
then increasing heterozygosity of the marker loci does not
necessarily increase heterozygosity among unmonitored neutral
loci, which is the objective. In these simulations, the near
avoidance of overall loss of heterozygosity in the marker panel
by GOC0.5 during selection was accompanied by much greater
drift and more loss of heterozygosity in the unmonitored
neutral loci than was achieved using IBD based inbreeding
management. In contrast, the use of IBD in GLA has information
on the unobserved heterozygosity and drift across all the
unmonitored genome positions. It remains only a hypothesis
that the management of heterozygosity and drift using IBS might
perform better than IBD when WGS sequence data is available,
with or without selection, although some studies have considered
its use (Eynard et al., 2015, 2016; Gómez-Romano et al., 2016).
The question how to weigh Fhom and Fdrift across all loci in
the genome when a key objective is to manage unknown or
unmonitored risks remains open.

While this study has focused on schemes where loss of
genetic diversity is managed next to the maximization of genetic
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gain, other schemes may be pure conservation schemes, where
no genetic change (gain) is desired, but the goals for genetic
management are the same; i.e., conserve genetic variation,
avoid inbreeding depression, avoid the occurrence of recessive
diseases, and avoid random changes in phenotypic traits related
to drift from a valued reference population. Strictly, with pure
random selection, drift and homozygosity based inbreeding are
expected to be the same [Eq. (2); and Falconer and Mackay,
1996]. However, minimisation of allele frequency changes or
minimisation of loss of heterozygosity based on using IBS may
still result in discrepancies between drift and homozygosity based
inbreeding measures arising from the covariances described
above. In fact, the potential covariance between the change in
allele frequency and the initial frequency is expected to increase,
since the inbreeding management term is more important in pure
conservation schemes. This would also hold for GOC schemes
with selection that aim for an Ne higher than our goal of Ne = 100.
The greater potential for discrepancy argues for the use of IBD-
based measures of relationship (GLA, or a more conservative use
of A) to maintain diversity in such genetic conservation schemes.

The approach adopted here has not favored genetic variation
at some neutral loci more than others a priori. Of course, a
weighted genomic relationship matrix could be implemented
and/or the multiple relationship matrices and associated
constraints could be used to simultaneously control the genomic
variation in different types of loci (Dagnachew and Meuwissen,
2016; Gómez-Romano et al., 2016). For example, a general G
matrix covering the entire genome, and an additional G matrix
controlling genetic diversity at e.g., the major histocompatibility
complex, which is essential to the immune response of the
animals. Alternatively, regions of the genome may be sought
where average heterozygosity is to be increased (reduced) under
the assumption that diversity is especially (or not) important
in these regions. Regions with known recessive defects may be
prioritized for diversity management, but direct inclusion of
the known defects in the breeding goal seems more effective
in controlling their frequencies. In practice, such regions with
special emphasis for diversity management would need to be
known a priori, and may only be effective if WGS was used
for the relationships because, as shown here, what happens in
a sample of loci does not necessarily predict what happens at
loci outside that subset. Causative alleles of quantitative traits
are quite evenly distributed across the genome (Wood et al.,
2014), and as argued here the main goals of diversity management
address many anonymous, unknown loci and hypothetical traits
simultaneously, which makes it very hard to achieve a worthwhile
prioritization of genomic regions for diversity management.

CONCLUSION

• Contrary to classic inbreeding theory, inbreeding of
unmanaged neutral loci as measured by drift (Fdrift) and
by homozygosity (Fhom) can differ very substantially, due
to a covariance between the change in allele frequency and
its initial frequency, leading to non-zero expected changes
in frequency of a sign and magnitude determined by the

initial frequency. Discrepancy between Fdrift and Fhom
occurs when inbreeding management is based on genomic
relationship matrices (or similarity matrices) derived using
IBS, but not when derived using IBD, which acts as a
unifying concept for Fdrift and Fhom.
• The covariance generated is expected to be larger for

WGS data where allele frequencies are extreme with typical
MAF close to 0, than for SNP (chip) panels where allele
frequencies are generally closer to 1/2.
• The (genomic) selection component of OC schemes does

not cause the difference between Fdrift and Fhom.
• Using the same or a different panel for estimating GEBVs

than for management of diversity in OC schemes makes
only very small differences to genetic gain and the
inbreeding in unmonitored neutral loci.
• Measures of genomic relationship can be classified as those

based on changes in allele frequency change (e.g., GVR2)
and directed at Fdrift; those based on homozygosity (e.g.,
G0.5) and directed at Fhom; and IBD based (e.g., GLA);
or combinations of these (e.g., GROH). The choice of the
relationship matrix depends very much on what objective
it should serve.
• OC schemes that limit Fdrift directly limit allele frequency

changes, such as those using GVR2, result in low 1Fdrift at
the expense of high 1Fhom. Schemes using GVR1 will be less
extreme in this than GVR2.
• OC schemes that limit 1Fhom (e.g., using G0.5),

result in very low 1Fhom at the expense of high
1Fdrift but both Fhom and Fdrift may exceed targets at
unmonitored neutral loci.
• The OC scheme using GLA, an IBD based relationship

matrix, was the only scheme investigated here that managed
homozygosity and drift based inbreeding within the target
rate of 0.5%, yielding an effective population size ∼100;
for all other schemes, either 1Fdrift or 1Fhom or both
exceeded their target.
• The OC scheme using GLA yielded the highest gain per unit

of inbreeding across both measures of inbreeding, closely
followed by the scheme using A. The latter yielded high gain
per unit of F but grossly exceeds target rates of inbreeding.
• The use of GLA in practice requires the development of fast

algorithms for its calculation.
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