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The present study aimed at the genetic characterization of major economically important sheep (Ovis
aries) breeds from Pakistan. A total of 155 sheep from five breeds, Balkhi (PBS), Kaghani (PKS), Damani
(PDS), Salt Range (PSS) and Thalli (PTS) were analyzed for measures of genetic variability, differentiation
Keywords: and population structure. All the five breeds exhibited moderate to high levels of genetic diversity, with
DNA ) an average observed heterozygosity of 0.631 4 0.043. The mean estimates of measures of genetic differ-
gel;rei??tdeilxiletfsit entiation between pairs of breeds were low (Fsy =0.050 +0.015 and Da =0.159 4 0.028), and the analysis
Sheep Y of molecular variance showed that most of the total genetic variation corresponded to differences among
Pakistan individuals within breeds (94.41%). Despite the low level of differentiation, Bayesian clustering suggested

Thalli and Damani sheep were genetically distinct from Balkhi, Kaghani and Salt Range sheep. The cluster-
ing of Pakistani sheep did not conform to their geographical locations while it was broadly consistent with
their utilities (meat and coarse wool vs milk, meat and coarse wool). The results also revealed migration
and admixture between Balkhi, Salt Range and Kaghani sheep. This is the first report on genetic diversity
of Pakistani sheep populations of economic importance and the information generated will have impli-
cations on genetic resources management and implementation of breeding programs for these sheep
breeds.

© 2017 International Atomic Energy Agency. Published by Elsevier B.V. All rights reserved.

1. Introduction

Pakistan is endowed with diverse farm animal genetic resources
and has 28.8 million sheep (Ovis aries) well adapted to the local
environment (FAOSTAT, 2013). The distribution of sheep across
different provincial and agro-ecological regions of Pakistan is het-
erogenous with about 48% in Balochistan, while Punjab, Sindh and
North West Frontier (NWFP) provinces share 24%, 15% and 13%
of the total population respectively (Khan et al., 2007). Most of
these sheep are reared in low input, extensive transhumant produc-
tion system where post-harvest crop residues and naturally grown
shrubs and grasses are the main sources of feeding. The major-
ity of these sheep breeds produce coarse wool and their meat is
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consumed as mutton (Qasim et al., 2011). The diversity of sheep
in Pakistan is represented by at least 25 well recognized breeds
(Hasnain, 1985) although 42 breeds have been officially listed in
FAO’s Domestic Animal Diversity-Information System (DAD-IS FAO,
2014). Sheep breeds in Pakistan can be grouped into thin-tailed
(Baltistani, Buchi, Cholistani, Damani, Hissardale, Kaghani, Kail,
Kajli, Kali, Kooka, Lohi, Pahari, Poonchi, Sipli and Thalli) and fat-
tailed (Balkhi, Balochi, Bibrik, Dumbi, Gojal, Harnai, Hashtnagri,
Khijloo, Kohai, Ghizar, Latti, Michni, Rakhshani, Tirahi and Waziri)
sheep. About 30% of sheep breeds in Pakistan are found in govern-
ment owned livestock farms that also serve as important centers
of conservation.

Among the sheep available in Pakistan, Salt Range, Balkhi,
Damani, Kaghani, Baluchi, Lohi, Hastnagri, Thalli and Kachhi are
the most important breeds in terms of economic relevance. They
are generally raised in mixed flocks with goats, and milk is impor-
tant in certain breeds like Damani and Kachhi with production
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of about one liter per day, for a lactation period of 4-6 months
(Khan et al., 2007). However, there are little or no efforts for genetic
improvement of these breeds except for up-gradation of Kaghani
with Rambouillet in NWFP (Khan et al., 2007). Moreover, informa-
tion on characteristics and genetic diversity of most sheep breeds
are limited (Ibrahim et al., 2010; Ahmed et al., 2014; Wajid et al.,
2014). Considering the decline in population size of some of these
breeds, genetic characterization is an important first step to assess
the existing diversity in them. The loss of diversity in domestic
sheep breeds has important economic, ecological and scientific
implications as well as social considerations. In response to these
threats, the Joint FAO/IAEA Division of International Atomic Energy
Agency initiated the coordinated research program on characteri-
zation of small ruminant genetic resources in Asia. As part of this
program, the present study was undertaken with the objectives of
evaluating diversity and genetic relationship of five economically
important sheep breeds of Pakistan, Balkhi, Damani, Kaghani, Salt
Range and Thalli. The results of the present work will help to better
understand the current genetic diversity in these breeds, and con-
tribute towards formulating effective strategies for prioritization,
conservation and genetic improvement of indigenous sheep breeds
in Pakistan (Gaouar et al., 2015; Guang-Xin et al., 2016; Sharma
etal, 2016).

2. Materials and methods
2.1. Samples and microsatellite genotyping

Field survey was carried out in respective native habitats of five indigenous
sheep breeds for collecting information on distribution pattern and production
systems from local livestock officers and farmers (Supplementary Table ST1; Supple-
mentary Fig. SF1). Blood samples were collected from five sheep breeds: Balkhi (PBS,
n=37), Damani (PDS, n=31), Kaghani (PKS, n=28), Salt Range (PSS, n=27) and Thalli
(PTS, n=32). During sample collection, information on morphology of individuals
and breed characteristics of each breed were recorded. Farmers were interviewed in
detail to ensure the unrelatedness of sampled sheep. Jugular blood was collected in
tubes containing EDTA. DNA purification was performed using salting out protocol
(Miller et al., 1988). DNA samples were stored at —20 °C until further utilization. The
laboratory work flow consisted of the following steps: (1) DNA purification; (2) DNA
quality and quantity estimation by agarose gel electrophoresis and spectrophotome-
try; (3) PCR amplification of ISAG/FAO recommended sheep microsatellite markers;
(4) PCR product visualization in agarose gel electrophoresis; (5) preparation of
PCR product and multiplex microsatellite genotyping using a capillary sequencer
(ABI 3730 DNA Analyzer - Applied Biosystems, USA); (6) electropherogram analysis
using GENEMAPPER software (Applied Biosystems, USA) for extraction of genotype
data and (7) population genetic analysis using different software packages. Eigh-
teen microsatellite markers recommended by ISAG/FAO for diversity analysis in
sheep were selected for the present study: HUJ616, ILSTS005, MCM527, OarFCB128,
OarHH47, SRCRSP5, BM8125, DYMST1, ILSTS11, OarAE129, OarFCB226, OarJMP29,
MAF209, MAF214, MAF65, OarCP34, OarFCB304, and SCRCSP9 (FAO, 2011).

2.2. Statistical analysis

The presence of null alleles in the dataset was checked using Microchecker
version 2.2.3 (Oosterhout et al., 2004). Basic measures of genetic variability includ-
ing observed number of alleles, identification of private alleles, allele frequencies,
allelic richness, observed (H,) and expected (H.) heterozygosities were calculated
using GENEPOP software (Raymond and Rousset, 1995), available at http://genepop.
curtin.edu.au/. Polymorphism information content (PIC) estimates were obtained
using an in-house PERL script, following methodology described by Botstein et al.
(1980). Deviations of heterozygosities from Hardy-Weinberg Equilibrium (HWE)
were estimated by: (1) calculating the degree of within-population reduction in het-
erozygosity due to inbreeding (Fis) following Wright (1951); and (2) exact tests of
heterozygote excess and deficit for each marker and in each breed, as implemented
in GENEPOP. Balkhi sheep was tested for mutation drift equilibrium using BOTTLE-
NECK program (Piry et al., 1999). Four different tests were performed using allele
frequency data viz. sign test, standardized differences test, Wilcoxon sign rank test
and a qualitative test of mode shift to find out whether the population was in muta-
tion drift equilibrium. The neutrality of microsatellite loci used in this study was
evaluated by comparing the markers against neutral expectations in a distribution
of Fsr vs. heterozygosities under an island model of migration with neutral mark-
ers (Wright, 1951), i.e., detection of neutral and outlier loci with excessively high
(putative positive selection) or low (putative balancing selection) Fsr. This analysis
was conducted using LOSITAN version 1 (Antao et al., 2008), with 95% confidence
intervals.

Table 1

Mean basic diversity indices in five indigenous Pakistani sheep breeds no=mean
observed number of alleles per locus; r? - allelic richness; NPA — number of observed
private alleles; Ho - observed heterozygosity (Ho); He - Expected heterozygosity;
Fis — Within-population inbreeding estimate.

Breed Ny e NPA Ho He Fis

PBS 6.83 6.429 9 0.692 0.698 0.009
PDS 5.94 5.727 1 0.579 0.641 0.098
PKS 7.89 7.611 12 0.643 0.724 0.115
PSS 6.83 6.621 5 0.638 0.655 0.026
PTS 6.33 5.972 8 0.602 0.654 0.079

2 Based on a minimum sample size of 23 diploid individuals.

Pairwise estimations of Fs; were obtained using the SPAGeDi 1.3 software
(Hardy and Vekemans, 2002). Nei's D4 genetic distances (Nei et al., 1983) and
Neighbor-Joining (N]) tree were obtained using DISPAN software (available at
https://homes.bio.psu.edu/people/faculty/nei/lab/dispan2.htm). Percent bootstrap
values were calculated from 1000 replications of re-sampled datasets. Analysis of
molecular variance (AMOVA) was computed using the ARLEQUIN package version
3.5.1.2 (Excoffier and Lischer, 2010). The effective number of migrants between
pairs of breeds per generation (Nn,,) was calculated based on private alleles and
corrected for sample size using GENEPOP. To ascertain the recent history of each
of the five Pakistani sheep breeds, probabilities of assignment were computed for
each animal using the Bayesian method with prior population information (Rannala
and Mountain, 1997) as implemented in GENECLASS 2.0 (Cornuet et al., 1999;
Piry et al., 2004). Detection of first generation migrants in Pakistani sheep popu-
lations was carried out following Paetkau et al. (2004) using GENECLASS 2.0. The
Bayesian clustering analysis without prior population information was performed
using STRUCTURE version 2.3.4 (Pritchard et al., 2000), which inferred fractions in
genetic ancestry for individuals and populations assuming a given number (K) of
clusters. A Monte Carlo Markov chain was run for K=2 to K=7 with a burn-in period
of 200,000 and a run length of 200,000 iterations. For each K, ten replicates were
performed to calculate the mean L (K). An admixture model with correlated allele
frequencies was used in all runs. The optimal ‘K’ was identified based on AK, the sec-
ond order rate of change in L (K) following the procedure of Evanno et al. (2005). As a
second approach for breed clustering, principal component analysis was performed
using SPSS version 13.0. Inter-individual allele sharing distance matrix (155 x 155
distance matrix) calculated from MICROSATELLITE ANALYZER (MSA; Dieringer and
Schldtterer, 2003) was utilized to derive principal components that could describe
the geometric relationship between sheep belonging to different breeds. The first
three largest principal components were plotted in a three dimensional scatter gram
using SPSS version 13.0.

3. Results and discussion
3.1. Measures of genetic variability and heterozygosity deficit

The basic information (region of distribution, utility, estimated
population size and morphological characteristics) on sheep breeds
assessed in the present study is presented in Supplementary Table
ST1.Atotal of 2790 genotypes were generated across 18 microsatel-
lite marker loci in five indigenous sheep breeds. Overall, 193 alleles
were observed across the investigated loci with a mean of 10.72
per locus. The mean observed number of alleles varied from 5.94
(Damani) to 7.89 (Kaghani) while allelic richness ranged from 5.727
(Damani) to 7.611 (Kaghani) (Table 1). A total of 35 private alle-
les were observed across 18 microsatellite loci ranging from 1
(Damani) to 12 (Kaghani) (Supplementary Table ST2). Among dif-
ferent loci, private alleles were observed at MAF214 in four of the
five sheep breeds analyzed while loci SRCRSP5 and SRCRSP9 did
not show private alleles in all the studied breeds. The mean poly-
morphism information content overall breeds and loci was 0.662
and varied between 0.427 (SRCRSP5) and 0.815 (DYMS1). Among
different loci analyzed, fifteen were highly informative (PIC>0.50)
and three were moderately informative (0.25 <PIC <0.50) in Pak-
istani sheep breeds analyzed (Supplementary Table ST2; Botstein
et al.,, 1980). The mean polymorphism information content var-
ied from 0.634 (Damani and Salt Range) to 0.709 (Kaghani) across
different breeds. The mean basic diversity measures, observed het-
erozygosity varied from 0.579 (Damani) to 0.692 (Balkhi) while
expected heterozygosity ranged between 0.641 (Damani) and
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Table 2
Analysis of molecular variance (AMOVA) at 18 microsatellite marker loci for the sheep breeds Balkhi (PBS), Damani (PDS), Kaghani (PKS), Salt Range (PSS) and Thalli (PTS).
Grouping Source of variation Degrees of freedom  Sum of squares  Squared value Percentage of variation ~ P-value
No grouping Among populations 4 96.09 0.31 5.59 0.000
Within populations 305 1571.44 5.15 94.41 0.000
Grouping I (By Utility) Among groups 1 27.19 0.26 0.47 0.396
1-PBS, PSS, PKS; Among populations within group 3 68.90 0.29 5.30 0.000
2-PDS, PTS Within populations 305 1571.44 5.15 94.23 0.000
Grouping II (By Geography) Among groups 3 59.87 -0.18 -3.24 0.829
1-PBS, PDS; 2-PKS; 3-PSS; 4-PTS Among populations within group 1 36.23 0.46 8.47 0.000
Within populations 305 1571.44 5.15 94.77 0.000

0.724 (Kaghani). Among different loci, the observed heterozygos-
ity was lowest at SRCRSP5 in all the five investigated sheep breeds.
The observed allelic diversity in the sheep breeds under study were
much higher than reported for other Pakistani sheep breeds from
Balochistan and Khyber Pukhtunkhwa (Hashtnagri and Michni
sheep, Ibrahim et al., 2010), Azad Jammu and Kashmir (Kail sheep;
Ahmed et al., 2014) and Balochistan (Balochi and Rakhshani sheep;
Wajid et al., 2014). Similarly, the mean basic diversity measures
observed in the present study were higher than all the above men-
tioned breeds from different regions of Pakistan except for Kail
sheep in Azad Jammu and Kashmir which showed higher observed
and expected heterozygosity (Ahmed et al., 2014). Genetic variabil-
ity measures observed in five Pakistani sheep breeds studied were
comparable to European sheep (Handley et al., 2007; Loukovitis
etal., 2016), Chinese sheep (Guang-Xin et al., 2016), Algerian sheep
(Gaouar et al., 2016), but relatively lower than Indian (Arora et al.,
2011) and Eurasian (Tapio et al., 2010) sheep.

Comparison of observed and expected heterozygosity revealed
deficit of heterozygotes in all investigated sheep breeds except
Balkhi. The number of loci with heterozygosity deficiency was 14,
13, 10 and 12 in Damani, Kaghani, Salt Range and Thalli sheep,
respectively, while 11 loci showed heterozygosity excess in Balkhi
sheep (Supplementary Table ST3). Populations that have experi-
enced a recent reduction in their effective population size exhibit
a correlative reduction of allele numbers and heterozygosity (He)
at polymorphic loci. But the allele numbers is reduced faster than
the heterozygosity. Thus in a recently bottlenecked population, the
observed heterozygosity is higher than the expected equilibrium
heterozygosity (Heq) which is computed from the observed num-
ber of alleles, under the assumption of a constant size population
(Luikart et al., 1998). Allele frequency data of Balkhi sheep was uti-
lized to test for the possible occurrence of genetic bottleneck event
in the recent past. Three mutation models of microsatellite evolu-
tion were assumed, Infinite alleles model (IAM), stepwise mutation
model (SMM) and two phase model (TPM). All the three statis-
tical tests (sign test, standardized differences test, Wilcoxon sign
rank test) did not detect significant heterozygosity excess when
assumed under SMM and TPM (Supplementary Table ST4). When
assumed under IAM, although standardized differences test and
Wilcoxon sign rank test detected significant heterozygosity excess,
the qualitative test for mode shift revealed normal L-shaped dis-
tribution indicating no evidence for genetic bottleneck in Balkhi
sheep in the recent past.

The Fis values averaged overall loci were not significantly
different from zero in the sheep breeds sampled, suggesting
that these populations are not inbred. The exact tests revealed
significant deficit of heterozygotes at five investigated loci (Oar-
FCB128 (P<0.01), SRCRSP5 (P<0.01), 0arAE129 (P<0.01), OarCP34
(P<0.05) and OarFCB304 (P<0.05)) in four sheep breeds studied
(Damani, Kaghani, Salt Range and Thalli). Deviations from Hardy
Weinberg equilibrium could be due to several reasons: (a) Wahlund
effect - In order to assess the overall genetic diversity of Pak-
istani sheep breeds, different flocks were sampled for each breed.

Wahlund effect in the multi-flock samples could be a possible cause
for the observed heterozygote deficit, where the flocks have been
separated long enough. However, heterozygote deficit resulting
from the Wahlund effect is expected to show across all loci for
each affected breed, which is not the case in the present study.
Only a few marker loci were deviating from HWE significantly
and hence multi-flock sampling scheme does not fully account for
the observed heterozygote deficit (Santucci et al., 2007). (b) The
presence of null alleles could also be an important factor for the
observed deficiency of heterozygosity. However, the Microchecker
analysis did not detect any significant frequency of null alleles in
the dataset. (c) Use of one or few rams for breeding ewes across
different flocks over several generations in a small holder produc-
tion setting could also result in heterozygote deficit. Although, this
could be a possible reason, most of the samples used in the present
study were obtained from flocks reared at farther locations. How-
ever, considering the distance covered by these sheep for grazing
every day, this factor could not be completely rejected. (d) Influence
of selection on marker loci could be another potential cause for the
heterozygosity deficit observed at these loci. In the present study
Fsr outlier approach was used to detect selection at the investigated
loci. Generally, population differentiation (Fsr) based approaches
can detect many types of selection unlike other methods. Large
values of Fst at a locus (relative to neutral regions) reveal stark dif-
ferentiation between populations, which is indicative of directional
selection. While, small Fs; values reveal the populations compared
are homogenous, but also suggest balancing or directional selection
(Vitti et al., 2013). The selection detection strategy implemented
in LOSITAN evaluates relationship between Fsr and expected het-
erozygosity inanisland model, describing the expected distribution
of Wright'’s inbreeding coefficient Fs; vs He under an island model
of migration with neutral markers. This distribution is used to iden-
tify outlier loci that have excessively high or low Fs; compared to
neutral expectations (Antao et al., 2008). The results revealed three
microsatellite loci as significant outliers (OarFCB304, HUJ616 and
OarFCB226) with high Fsr values indicating positive selection in
force (Fig. 1). Among the five loci with significant heterozygosity
deficit, OarFCB304 was found to be under the influence of positive
selection. Hence the remaining four markers (OarFCB128, SRCRSP5,
0OarAE129 and OarCP34) were retained for further analysis while
the markers under significant positive selection were not consid-
ered for further genetic differentiation and population structure
analysis. Despite the availability of approaches for estimating adap-
tive diversity from outlier loci (see Adaptive Index (PAI), described
by Bonin et al., 2007), we focused only on neutral diversity, as those
methods require a larger number of genotyped loci to achieve con-
siderable reliability. For instance, Bonin et al. (2007) screened 376
AFLP markers in common frog populations and demonstrated that
convergence of population ranking results started to appear when
at least 150 markers were considered. In terms of microsatellite
markers, Medugorac et al. (2009) estimated PAI for 16 European
cattle breeds using 105 markers, which were roughly six times
more markers than we investigated in the present study.
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Fig. 1. Outlier detection at 18 microsatellite marker loci in the sheep breeds of Balkhi, Damani, Kaghani, Salt Range and Thalli. Blue dots represent markers distributed
according to their Fsr values (y axis) as a function of expected heterozygosity (x axis). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 3

Pairwise Fsr (upper diagonal), effective number of migrants per generation (within
parenthesis), and Nei’s Dp genetic distance (lower diagonal) between five Pakistani
sheep breeds.

Breed  PBS PDS PKS PSS PTS

PBS - 0.077(0.97) 0.041(1.45) 0.040(2.14)  0.050 (0.94)
PDS 0198 - 0.043(1.52)  0.044(1.71)  0.060 (1.21)
PKS 0151 0.157 - 0.025(1.90)  0.049 (1.35)
PSS 0128 0.133 0.126 - 0.050 (1.64)
PTS 0201 0.151 0.189 0.154 -

3.2. Genetic differentiation and phylogeny

Analysis of molecular variance (AMOVA) was performed to
partition the total variance to assess within and between breed
differences. AMOVA revealed 94.41% of total genetic variation was
due to differences among individuals within breeds, and only 5.59%
was accounted for by differences between breeds (Table 2). Ny
estimates (effective numbers of migrants per generation) ranged
from 0.94 (Balkhi-Thalli) to 2.14 (Balkhi-Salt Range), with an aver-
age of 1.48 £0.39 (Table 3). The pair-wise Fsy estimates ranged
from 0.025 (Kaghani-Salt Range) to 0.077 (Balkhi-Damani) while
pair-wise Dy ranged from 0.126 (Salt Range-Kaghani) to 0.201
(Balkhi-Thalli), respectively (Table 3). The average for the differen-
tiation index and genetic distances between pairs of breeds were
low (Fst =0.0504+0.015, D4 =0.159 4 0.028). The estimated level of
differentiation of Pakistani sheep breeds was lower than reports on
other sheep breeds in bordering countries, like India (Arora et al.,
2011) and China (Niu et al., 2012). However, the estimated Fsr in
the present study was relatively higher than the values reported for
Algerian (Gaouaretal.,2015)and Iranian (Vahidietal.,2016) sheep.
Among many others, causes of genetic differentiation include (a)
different origins; (b) geography and reproductive isolation; (c)
genetic drift and founder effect; (d) different production goals and
(e) different preferences for type traits. In the present study, low
genetic differentiation could be due to the presence of fewer agro-
ecological zones and shorter geographical distances in Pakistan,
allowing for easier gene flow among different breeds. To illustrate
this, a map indicating the distribution of sheep breeds under study
is provided in Supplementary Fig. SF2. Furthermore, an estimated
average of 1.483 effective migrants per generation between pairs
of breeds showed considerable exchange of germplasm among

the populations. One of the main production systems of sheep
rearing in Pakistan is migratory farming that includes nomadic,
agro-pastoral, transhumant and sedentary types (Afzal and Naqvi,
2004). Farmers regularly or seasonally migrate their flocks in search
of grazing areas and pasture lands. The pasture lands situated at
altitudes in the northern areas of Khyber Pakhtunkhwa of Pakistan
provides grazing to sheep during the hot and dry summer days
(June to September). Further, to test the influence of geography
and habitat distribution on genetic differentiation, AMOVA was
conducted after grouping the breeds as follows: 1-PKS (Kaghan
valley); 2-PBS and PDS North West Frontier Province (NWFP);
3-PSS (Salt Range Area); 4-PTS (Thal desert in Punjab) (Supple-
mentary Table ST1). The results showed among group variance
was negative while among population within group variance was
positive and significant (P<0.01) (Table 2). Negative among group
variance clearly indicated that genes from different groups were
more related to each other than genes from the same group. Thus,
migrations together with absence of systematic breeding schemes
might have contributed to the low level of genetic differentia-
tion among the sheep breeds investigated. To assess the phylogeny
based on microsatellite genotype data, Neighbour-Joining (N]) tree
was constructed using pairwise D distances between breeds which
showed two major clusters. Damani and Thalli breeds were found to
cluster together with abootstrap support of 100% while the remain-
ing three breeds (Salt Range, Kaghani and Balkhi) clustered together
with a bootstrap support of 93% (Fig. 2). Within this cluster, Balkhi
and Kaghani formed a distinct sub-cluster with a bootstrap sup-
port of 61%. The clustering of Pakistani sheep breeds under study
was consistent to their utility/purpose. Damani and Thalli breeds
are predominantly milk animals along with meat and wool util-
ities while Kaghani, Salt Range and Balkhi are mainly meat and
wool type animals (Supplementary Table ST1). However, analysis
of molecular variance after grouping the breeds based on utility
showed positive among group variance but small and statistically
not significant (P>0.05) (Table 2).

3.3. Population structure in Pakistani sheep

Principal components analysis (PCA) was conducted to assess
the genetic structure of five investigated Pakistani sheep breeds.
PCA is a way of identifying patterns in data, and expressing the data
in such a way to highlight their similarities and differences. Since it



76 A.N. Naqvi et al. / Small Ruminant Research 148 (2017) 72-79

61

93

PBS

PKS

PSS

PDS

PTS

Fig. 2. Neighbour-Joining tree based on Nei's D4 genetic distances for the sheep breeds of Balkhi, Damani, Kaghani, Salt Range and Thalli. Numbers at the nodes indicate

percent bootstrap values, based on 1000 permutations.
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Fig. 3. Three dimensional scatter plot of three largest principal components (PCs) derived from pairwise inter-individual allele sharing distance between different sheep
breeds of Pakistan (Three PCs explained 33.5% of total variance in the dataset; PC1=17.5%; PC2=8.8%; PC3=7.1%).

is difficult to find patterns in data with high dimensionality, PCA is
powerful in reducing the dimensions of data without much loss of
information and visualizing the relationship in a geometric space.
Principal components analysis of pair-wise inter-individual allele
sharing distance among Pakistani sheep breeds resulted in the
extraction of 24 PCs each with eigen values more than one, which
collectively explained 84.7% of total variance in the dataset. The first
three largest PCs together explained 33.5% of total variance with
PC1 explaining 17.5% while PC2 and PC3 explaining 8.8% and 7.1%
respectively. The first three largest principal components (PC1, PC2
and PC3) were used to draw a three dimensional scatter gram which
revealed distinct clustering of Balkhi, Thalli and Damani sheep.
However, poor separation was observed among Salt Range and
Kaghani sheep with significant overlapping among their centroids
(Fig. 3). This is understandable as the pairwise genetic differen-
tiation was lowest between Salt Range and Kaghani (Fsy =0.025).

Although considerable overlapping of Damani sheep with Kaghani
and Salt Range was observed, many of these animals were located
distinctly. The results of PCA provided further evidence that genetic
relationship between the investigated sheep breeds might not be
influenced by geographical location, but could be due to potential
migration and inter-mixing among different breeds (Kijas et al.,
2009; Guang-Xin et al., 2016).

The recent history of Pakistani sheep breeds was assessed by
Bayesian approach with prior population information (Rannala and
Mountain, 1997). Genotype assignment following this procedure
involved computation of likelihood of a genotype in a given pop-
ulation under the assumption of equal prior probability density
to the allelic frequencies of each locus in each population. This
method showed better assignment performance than frequency
and distance based methods in simulated as well as real popula-
tions (Cornuet et al., 1999; Arranz et al., 2001; Legaz et al., 2008).
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Table 4

Assignment of genotypes to different sheep breeds using Bayesian method (Rannala and Mountain, 1997) with a priori population information.

Sheep Breed N No. Assigned correctly % Correct Assignment Most likely origin of incorrectly assigned sheep
Balkhi (PBS) 37 34 91.9 3PSS
Salt Range (PSS) 27 24 88.9 2PBS, 1PKS
Damani (PDS) 31 27 87.1 1PBS, 1PSS, 2PKS
Kaghani (PKS) 28 25 89.3 2PSS, 1PBS
Thalli (PTS) 32 32 100.0 -
Total 155 142 91.6 -
Table 5

Proportion of membership coefficient of individuals from five sheep breeds in different inferred clusters after STRUCTURE analysis.

Breed N Inferred clusters

K=2 K=3 K=4 K=5

1 2 1 2 3 1 2 3 4 1 2 3 4 5
Balkhi 37 0.071 0.929 0.039 0.149 0.812 0.785 0.036 0.158 0.02 0.676 0.088 0.198 0.024 0.014
Damani 31 0.887 0.113 0.833 0.131 0.036 0.033 0.047 0.082 0.839 0.025 0.064 0.063 0.045 0.803
Kaghani 28 0.207 0.793 0.054 0.803 0.143 0.149 0.042 0.753 0.055 0.108 0.609 0.205 0.04 0.038
Salt Range 27 0.398 0.602 0.164 0.726 0.111 0.114 0.051 0.649 0.187 0.066 0.171 0.642 0.035 0.086
Thalli 32 0.965 0.035 0.954 0.031 0.015 0.018 0.915 0.026 0.042 0.016 0.019 0.031 0.899 0.035

=4

=5

PDS

PBS

PTS

Fig. 4. Bayesian clustering analysis for the five Pakistani sheep breeds surveyed, applying an admixture model with independent allele frequencies. A vertical bar that can be
partitioned into colored fragments, with its length proportional to cluster contribution, represents each individual. Black lines separate breeds. K values represent number
of ancestral populations assumed. The analyses were conducted with a burn-in period of 200,000 and 200,000 iterations.

The results revealed an overall percent correct assignment of 91.6%
in Pakistani sheep that ranged between 87.1% (Kaghani) and 100%
(Thalli) (Table 4). Three of the incorrectly assigned Balkhi sheep
were considered most likely to be Salt Range individuals. Among
three wrong assignments in Salt Range sheep, two were most likely
to be Balkhi while the other one was Kaghani sheep. In case of
Kaghani sheep, two of the incorrect assignments were likely to be
Salt Range while one sheep was considered likely to be Balkhi. Addi-
tionally, the same incorrectly assigned individuals were detected
as first generation migrants from the respective sheep breeds. To
further assess the cryptic genetic structure and degree of admixture

among the investigated sheep breeds, Bayesian clustering analysis
without a priori population information was performed with K=2
to K=7. When K=2 was assumed, most Thalli (96.5%) and Damani
(88.7%) sheep were assigned to cluster 1 while most Balkhi sheep
(92.9%) were assigned to cluster 2 (Table 5). Although Kaghani and
Salt Range were predominantly assigned to cluster 2, considerable
admixture was noticed in these two breeds (Fig. 4). When K =3 was
assumed, most Balkhi sheep (81.2%) was assigned to a distinct clus-
ter 3 while most of Kaghani (80.3%) and Salt Range (72.6%) sheep
were assigned to the cluster 2. Similarly, Thalli (95.4%) and most
Damani (83.3%) sheep were assigned to cluster 1. When K=4 was
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Fig. 5. Determination of correct number of clusters in Bayesian STRUCTURE analysis (Evanno et al., 2005) (a) Mean L (K) over 10 runs for each K value of 1-7 (b) Distribution
of AK with the modal value (K=2) indicating the true K or the uppermost level of structure.

assumed, Thalli and Damani sheep clustered distinctly into two
separate clusters. When K=5 was assumed, more than 60% ani-
mals of each of Kaghani and Salt Range sheep clustered separately
into two distinct clusters. Also, about 20% of Balkhi sheep were
assigned to the predominantly Salt Range sheep cluster. The mean
L (K) over 10 runs for each value of K was highest at K=6 (Fig. 5a).
To identify the optimal K, the second order rate of change in L (K)
i.e. delta K was estimated following the procedure given by Evanno
et al. (2005). AK was based on the rate of change in the log prob-
ability of data between successive K values and has a mode at the
true K. The results revealed K=2 as the optimal clustering solution
for the given dataset (Fig. 5b), consistent with phylogeny and util-
ity of studied sheep breeds. Kaghani and Salt Range, despite being
geographically separated appear to share genetic background and
form a single genetic group. Although, Balkhi sheep showed dis-
tinctness upon principal components based clustering, Bayesian
analysis (with and without prior population information) revealed
migration and admixture with Salt Range and Kaghani sheep.

4. Conclusion

In conclusion, the present work showed moderate to high
genetic diversity among the five investigated sheep breeds of

Pakistan. Although the overall population differentiation was low,
two major genetic groups were observed with Balkhi, Kaghani and
Salt Range forming a single cluster while Thalli and Damani clus-
tered distinctly. The clustering of Pakistani sheep did not conform
to their geographical locations while it was broadly consistent with
their utilities (meat and coarse wool vs milk, meat and coarse
wool). The results also revealed migration and admixture between
Balkhi, Salt Range and Kaghani sheep. This is among the first report
on genetic diversity of Pakistani sheep populations of economic
importance, and the information generated will have implications
on genetic resources management and implementation of breed-
ing programs for these sheep populations. Additionally, the genetic
diversity of Pakistani sheep populations revealed by this study rep-
resents a valuable opportunity for improving breeding systems to
enhance local people’s livelihood.
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