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Abstract

Background: South Africa and Australia shares multiple important sheep breeds. For some of these breeds, genomic
breeding values are provided to breeders in Australia, but not yet in South Africa. Combining genomic resources could
facilitate development for across country selection, but the influence of population structures could be important to
the compatability of genomic data from varying origins. The genetic structure within and across breeds, countries and
strains was evaluated in this study by population genomic parameters derived from SNP-marker data. Populations were
first analysed by breed and country of origin and then by subpopulations of South African and Australian Merinos.

Results: Mean estimated relatedness according to the genomic relationship matrix varied by breed (-0.11 to 0.16) and
bloodline (-0.08 to 0.06) groups and depended on co-ancestry as well as recent genetic links. Measures of divergence
across bloodlines (FST: 0.04–0.12) were sometimes more distant than across some breeds (FST: 0.05–0.24), but the
divergence of common breeds from their across-country equivalents was weak (FST: 0.01–0.04). According to mean
relatedness, FST, PCA and Admixture, the Australian Ultrafine line was better connected to the SA Cradock Fine Wool
flock than with other AUS bloodlines. Levels of linkage disequilibrium (LD) between adjacent markers was generally
low, but also varied across breeds (r2: 0.14–0.22) as well as bloodlines (r2: 0.15–0.19). Patterns of LD decay was also
unique to breeds, but bloodlines differed only at the absolute level. Estimates of effective population size (Ne) showed
genetic diversity to be high for the majority of breeds (Ne: 128–418) but also for bloodlines (Ne: 137–369).

Conclusions: This study reinforced the genetic complexity and diversity of important sheep breeds, especially the
Merino breed. The results also showed that implications of isolation can be highly variable and extended beyond
breed structures. However, knowledge of useful links across these population substructures allows for a fine-tuned
approach in the combination of genomic resources. Isolation across country rarely proved restricting compared to
other structures considered. Consequently, research into the accuracy of across-country genomic prediction is
recommended.
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Background
In South Africa (SA) and Australia (AUS), sheep produc-
tion is dominated by a few major breeds. In SA, wool-
and dual-purpose breeds such as the Merino, Dohne
Merino and the SA Mutton Merino (SAMM) contrib-
uted nearly 70 % of all weaning weight records submitted
to the National Small Stock Improvement Scheme be-
tween 2010 and 2011 [1]. In AUS, Australian Sheep
Breeding Values are predominantly defined by three
major branches as Merino, maternal (majority Border
Leicester and Coopworth) and terminal (majority Poll
Dorset and White Suffolk) breed groups [2]. Several
breeds are in common between the SA and AUS sheep
industries. The AUS and SA Merino share a distant rela-
tionship from the original Merino thought to have origi-
nated from Spain around the 1700s [3] and the AUS
Merino was originally a composite of European, Asian
and African strains [4]. Besides this ancestral relation-
ship, a SA Merino resource flock has had intermittent
genetic links to the AUS Merino by using sires originat-
ing from AUS [5], but this is the only known genetic ex-
change in recent years. Additional breeds in common
include the South African Meat Merino (SAMM) pure
breed and composites like the Dohne Merino and the
Dorper meat breeds [5] which originated in South Africa
and were exported to Australia.
The use of genomic information to increase the accur-

acy of Australian Sheep Breeding Values has been well
established [2], but is still to be developed for South Afri-
can sheep [6]. By establishing well-recorded reference
populations, genomic tools could facilitate the inclusion of
hard-to-measure traits by predicting the genetic merit of
animals without phenotypes. This is of specific interest in
the challenging environment underlying SA sheep produc-
tion [1]. With breeds in common across countries, there
could be potential to facilitate further development by
combining genomic resources, but this would hinge on
the compatibility of genomic pools of varying origin.
Population genetic parameters such as linkage disequi-

librium (LD) and effective population size (Ne) describe
the diversity of populations and are important factors in
the accuracy of genomic selection [7]. The more diverse
populations are, the higher the sample size required to
reach set levels of accuracy [8]. The level of LD, in turn,
can be directly related to the level of inbreeding [9] and
studies have emphasized the positive effect of related-
ness between candidate and reference populations [10,
11]. Livestock breed formation is associated with re-
stricted gene flow and different breeds are generally con-
nected by weak, distant relationships. Results from
multi-breed reference populations [12] suggest that add-
itional genotypes might not be beneficial, or could even
be detrimental if they originate from a distant group.
This is of interest currently, since the implications of

isolation ‘within breed’ - such as separation across coun-
try, strain, or flock - could be analogous to the ‘across
breed’ situation, depending on the extent to which gene
flow is restricted. However, the complicated genetic
background of sheep [13] implies that genetic connect-
edness could be highly variable and rely on the unique
population histories of each case of isolation between
two groups.
Given the influential role of the Merino breed in both

AUS and SA, a combined reference population for Me-
rino sheep is of specific interest, but requires consider-
ation of population structure. This breed has been
characterised by a diverse genetic foundation using
marker data [13–16]. Specifically, the AUS Merino con-
sists of strong substructures, termed ‘lines’ or ‘strains’,
originally classified partially by performance in key eco-
nomic traits, including body weight, fleece weight, and
wool fibre diameter [17]. Historically, they were sepa-
rated by production environments and selection objec-
tives, but the relatively recent implementation of
technologies like artificial insemination has facilitated
across population genetic links [18]. Genetic variation
across these AUS Merino lines derived by both quantita-
tive analysis [18] and genomic data [17, 19, 20] sug-
gested an important role of these lines/strains in the
genetic architecture of the AUS Merino. In turn, South
Africa hosts multiple Merino resource flocks with wide-
spread recording for hard-to-measure traits [1, 5] that
could be a valuable contribution to a reference popula-
tion enhancing prediction for SA industry animals. How-
ever, these flocks tend to be managed as selection
experiments with a low genetic exchange with the wider
industry. Also, since only selected flocks have recent
links to specific bloodlines within the AUS Merino, the
across-country relationships would be variable across
subpopulations within SA and AUS Merinos.
The SA and AUS sheep populations are thus important

examples of segregated genetic groups with varying histor-
ies that determine their linkage. While exact breeding his-
tories are not known, modern genotyping platforms that
make use of Single Nucleotide Polymorphisms (SNP)
allow for informative estimates of genetic variation and re-
latedness across and within population groups, including
examples related outside of pedigrees.
The objective of this study was to quantify a range of popu-

lation genomic parameters from a medium density (50 K)
SNP data panels to characterize genetic variation between
and within subpopulations defined by different hierarchical
structures such as breed, country, bloodline or flock of origin.
The results should contribute to the knowledge of the genetic
make-up underlying these sheep populations and could also
facilitate the combining of genomic resources between AUS
and SA, with a particular interest in building toward across
country genomic prediction of Merinos.
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Results
Heterozygosity and inbreeding
The average expected (Hexp) and observed (Hobs) levels
of heterozygosity were moderately variable across breed
groups, but across-country differences of common
breeds were small (Table 1). Hexp ranged from 0.33 for
the Border Leicester to 0.38 for the AUS Merino. Hobs

ranged between 0.32 for the Border Leicester and 0.37
for the Coopworth, Corriedale and White Suffolk.
Across Merino bloodlines, Hexp ranged between 0.34 for
Fine-Medium-2 to 0.37 for the Ultrafine and Grootfon-
tein lines, a narrower range than that across breed
groups. Bloodlines displayed similar Hobs with all means
between 0.36 and 0.37.
The mean level of inbreeding (FVR; derived from the

diagonal of G) varied considerably across breed groups
(Table 1). The FVR of AUS and SA Merinos and SA
Dohne Merino was lowest (0.09). In turn, the SA Dorper

and SA Dormer displayed the highest FVR (0.21), while
FVR-values of the AUS Border Leicester (0.20) and Poll
Dorset (0.19) were also high. A narrower range (0.02 to
0.08) of generally low FVR (derived from the diagonal of
GM) values was observed across the Merino bloodlines
(Table 1). However, most groups consisted of a wide
range of individual FVR estimates indicating that animals
lowly inbred (or outbred) and highly inbred is common
in most populations.

Pairwise FST statistics
The FST measure of population divergence also varied
considerably across pairwise comparisons of breed
groups (Table 2). The genetic distance of breed groups
to their across-country counterparts was small with FST
values of 0.01, 0.02, 0.03 and 0.04 for the Dorper,
SAMM, Dohne Merino and Merino, respectively. Across

Table 1 Marker heterozygosity (Hexp and Hobs) (± SD) and genomic inbreeding (FVR ± SD) for breed and Merino bloodline groups
for respective countries

Population FVR

Breed Country N Hexp (± SD) Hobs (± SD) Min Mean (± SD) Max

Merino AUS 918 0.38 ± 0.12 0.36 ± 0.12 -0.15 0.09 ± 0.04 0.25

Dohne Merino 30 0.36 ± 0.14 0.36 ± 0.16 0.06 0.11 ± 0.03 0.20

Dorper 276 0.35 ± 0.14 0.35 ± 0.14 0.10 0.17 ± 0.04 0.30

SAMM 14 0.36 ± 0.14 0.36 ± 0.17 0.02 0.17 ± 0.06 0.28

Border Leicester 542 0.33 ± 0.15 0.32 ± 0.15 0.14 0.20 ± 0.03 0.32

Coopworth 114 0.35 ± 0.14 0.37 ± 0.15 0.07 0.13 ± 0.04 0.26

Corriedale 26 0.37 ± 0.13 0.37 ± 0.15 0.06 0.11 ± 0.03 0.18

Poll Dorset 400 0.34 ± 0.15 0.35 ± 0.15 0.10 0.19 ± 0.03 0.31

White Suffolk 247 0.37 ± 0.13 0.37 ± 0.14 0.02 0.12 ± 0.04 0.32

Merino SA 697 0.37 ± 0.13 0.36 ± 0.13 0.00 0.09 ± 0.04 0.26

Dohne Merino 60 0.37 ± 0.13 0.37 ± 0.14 0.06 0.09 ± 0.02 0.14

Dorper 86 0.35 ± 0.14 0.34 ± 0.14 0.15 0.21 ± 0.03 0.31

SAMM 57 0.35 ± 0.14 0.35 ± 0.15 0.13 0.18 ± 0.03 0.29

Dormer 42 0.34 ± 0.15 0.34 ± 0.16 0.15 0.21 ± 0.03 0.27

Bloodline Country

Ultrafine AUS 270 0.37 ± 0.13 0.37 ± 0.13 -0.17 0.08 ± 0.03 0.19

Fine-Medium-1 224 0.35 ± 0.14 0.37 ± 0.15 -0.17 0.07 ± 0.04 0.24

Fine-Medium-2 133 0.34 ± 0.15 0.37 ± 0.17 -0.01 0.05 ± 0.05 0.22

Strong 291 0.35 ± 0.14 0.36 ± 0.15 -0.16 0.07 ± 0.03 0.17

Elsenburg SA 400 0.36 ± 0.14 0.36 ± 0.14 -0.04 0.03 ± 0.04 0.16

Langgewens 14 0.36 ± 0.13 0.39 ± 0.18 -0.03 0.02 ± 0.05 0.15

Grootfontein 115 0.37 ± 0.13 0.37 ± 0.14 -0.01 0.06 ± 0.04 0.22

Industry 41 0.36 ± 0.14 0.36 ± 0.15 0.00 0.07 ± 0.04 0.16

Cradock 127 0.36 ± 0.13 0.37 ± 0.14 0.02 0.06 ± 0.02 0.14
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breeds, low FST values were observed between Merino
and Dohne Merino breeds in both SA and AUS (0.05–
0.06). With consistently high FST estimates, the Border
Leicester and Poll Dorset breeds diverged highly from all
SA populations reported here, but a similar pattern was
observed in relation to AUS breed groups (Table 2). The
Coopworth and White Suffolk breeds were also distant
across most comparisons, but to a lesser extent.
Pairwise FST values (Table 3) showed that the Merino

bloodlines were defined by a strong structure. However,
evidence of a pattern of higher divergence across blood-
lines from different countries was weak, such that the
Strong and both ‘Fine-Medium’ lines were as diverged
from their AUS contemporaries as from the SA groups.
The largest FST distance was between the Strong and
Fine-Medium-2 lines (0.12) and the smallest between
the Industry and Grootfontein lines (0.04). All the com-
parisons within SA-only bloodlines were below 0.08. Of
note was the low across-country estimate observed be-
tween the Cradock and Ultrafine lines (0.05). Also, most
of the within-country AUS relationships between blood-
lines were between 0.08 and 0.11, a magnitude similar to
some FST values observed across breeds (Table 2).

Genomic relatedness
Internal and across population relatedness was only re-
ported for a subset of breed groups. Preference was
given to include Merino and Merino types, breeds in

common across countries and groups that represent the
other major branches of AUS terminal and maternal
types. Groups varied considerably in their levels of in-
ternal relatedness, determined by the mean (excluding
diagonal) genetic relationship of animals to their con-
temporaries in the same breed or bloodline group (Table
S1). The AUS Merinos, on average, were lowly related
(0.09), which was in strong contrast to the Border
Leicester group (0.44). In the mean relatedness across
groups, most relationships ranged around 0. Exceptions
were the cross-country comparisons for the Dohne Me-
rino, SAMM and Dorper breeds where mean levels of
0.14, 0.27 and 0.28 were observed, the latter two results
being particularly high. Measures involving the Border
Leicester made up both the highest (0.16, Coopworth)
and lowest (-0.11, SA Merino) result across different
breeds. Discernable structures, or across breed ‘families’
were present within the relationships across breeds
(Fig. 1). A lowly positive block separated Merino and
Merino-like breeds, but the close relationships between
some dual-purpose breeds were particularly apparent.
The SA Dormer terminal sire breed bridged the Merino
related groups to the pure meat-type Dorper, which
grouped with the Poll Dorset and White Suffolk.
The range of internal relatedness of Merino bloodline

groups was smaller than for breed groups, but there
were notable differences amongst them (Table S2). Ac-
cording to GM , animals in the Ultrafine (0.10) and the

Table 2 Genetic divergence as pairwise FSTt estimates between breed groups across and within Australia and South Africa

Across Country M DM DR SAMM BL COO COR WS PD

AUS

Merino SA 0.04 0.07 0.13 0.09 0.19 0.13 0.08 0.11 0.17

Dohne Merino 0.05 0.03 0.13 0.07 0.2 0.13 0.08 0.11 0.18

Dorper 0.11 0.14 0.01 0.15 0.23 0.16 0.12 0.12 0.16

SAMM 0.08 0.09 0.16 0.02 0.23 0.16 0.11 0.13 0.2

Within Country

Merino AUS 0.06 0.11 0.08 0.17 0.12 0.06 0.09 0.15

Dohne Merino - 0.15 0.09 0.22 0.15 0.09 0.12 0.19

Dorper - - 0.16 0.23 0.17 0.13 0.12 0.16

SAMM - - - 0.23 0.16 0.1 0.13 0.2

Border Leicester - - - - 0.12 0.14 0.18 0.24

Coopworth - - - - - 0.09 0.12 0.19

Corriedale - - - - - - 0.09 0.16

White Suffolk - - - - - - - 0.11

SA

Merino SA 0.05 0.12 0.10

Dohne Merino - 0.13 0.07

Dorper - - 0.15
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SA lines (0.11 to 0.14) were lowly related within their
populations (Table S2). The Fine-Medium-2 line had the
highest internal relatedness at 0.25, while high values of
0.18 and 0.20 were also observed for Fine-Medium-1
and the Strong line, respectively. The mean relationships
across bloodlines in GM are presented in Fig. 2. The only
positive relationships are amongst SA groups with the
notable exception of a positive relationship between the
AUS Ultrafine and SA Cradock lines. Notably, this
across-country relationship is the only positive estimate
observed for the Ultrafine group. The remaining rela-
tionships, as well as the comparisons among AUS lines
in general, were all lowly negative.

Principal component analysis and admixture
A decomposition of the genomic relationship matrix
(GRM) into its initial principal components provided a
clear distinction between animals by breed structure
(Fig. 3). Plotting against the first (PC1) and second
(PC2) principal components separated all breeds except
the Merino and Merino-like breeds, with no discernable
separation by country for any breed groups in common
between SA and AUS. In both PC1 and PC2 the Merino,
Border Leicester and Poll Dorset were the most distant
breeds. PC1 separated the Merino and Poll Dorset from
the Border Leicester group, and PC2 separated the Me-
rino, Corriedale and Border Leicester groups, from the
remaining meat breeds with the largest distance

Table 3 Genetic divergence as pairwise FST estimates between Merino bloodline groups

Grt Industry Cradock Ultrafine FM-1 FM-2 Strong

Elsenburg 0.06 0.06 0.08 0.07 0.10 0.11 0.11

Grootfontein - 0.04 0.05 0.06 0.09 0.10 0.10

Industry - - 0.06 0.06 0.09 0.10 0.10

Cradock - - - 0.05 0.09 0.10 0.11

Ultrafine - - - - 0.08 0.09 0.09

Fine-Medium-1 - - - - - 0.11 0.10

Fine-Medium-2 - - - - - - 0.12

Fig 1 Pairwise estimates of mean relatedness of breed groups according to G. The diagonal of the Fig. was replaced by a vector containing the
mean relatedness to all other groups. Column abbreviations are a concatenation of country and breed as M: Merino, DM: Dohne Merino, DMR:
Dormer, DR: Dorper, PD: Poll Dorset, WS: White Suffolk, C: Coopworth, BL: Border Leicester
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observed between the Merino and Poll Dorset group.
The proportion of variation (POV) explained by PC1
and PC2 (7.82 % and 5.63 %, respectively) is small, and
the cumulative POV explained by principal components
1 to 40 showed an asymptotic trend at a low percentage
(Fig. S5a). The first 20 principal components accounted
for roughly 28 % and the first 40 for 32 % of the total ob-
served variation. In succeeding principal components
(PC3 to PC14; Fig. S2), breeds generally remained in
group clusters, with the exception of Merino groups.
However, there was little indication of across-country
groups separated by different clusters within these
components.
PCA of the Merino bloodlines (Fig. 4) showed less

discrete clustering compared to the breed groups (Fig. 3)
but were still clearly discernable across PC1 and PC2.
PC1 separated bloodline populations by country of ori-
gin, but to varying degrees.
All animals with positive values of PC1 were from

AUS, whereas those with negative values of PC1 were all
linked to SA. In PC1, the Elsenburg and Strong lines
were separated the most. The Cradock line clustered
near the Ultrafine and Fine-Medium-2 lines. PC2 sepa-
rated the Elsenburg line and Strong lines from the Fine-
Medium-1 line and an overlap between the Cradock and
Fine-Medium-2 and the Ultrafine lines was observed. In
general, the lines of AUS origin had more distinct

clusters compared to the SA lines which varied more
within groups on PC1 and PC2. The POVs explained by
PC1 and PC2 (4.97 % and 3.28 %, respectively; Fig. S5a)
of Fig. 4 were smaller than those observed by PC1 and
PC2 that separated breeds (Fig. 3) but not by a large
margin.
Model-based clustering by ADMIXTURE into genetic

groups generally revealed genetic compositions unique
to the respective population groups (Fig. 5). Assignment
of genotypes at K = 3 had a definite separation of Merino
and Border Leicester groups (Fig. 5a). The dual-purpose
Dohne Merino groups clustered with the Merino groups,
while the Dorper and White Suffolk clustered with
mixed composition of both Merino and Poll Dorset co-
ancestry. The Coopworth group was separated into al-
most equal proportions of all three groups. At K = 5,
within-group substructures became distinct in both AUS
and SA Merino groups and were increasingly defined
when analyzed at higher values of K. The Dorper, Poll
Dorset and Border Leicester breeds appeared distinct as
individual groups, while the admixed history of the
Dohne Merino, White Suffolk and Coopworth groups
was reflected by assignment to multiple genetic groups.
At K = 7, the Coopworth appeared admixed with links to
White Suffolk, Merino, and Dorper, but predominantly
remained clustered with the Border Leicester. At K = 10,
most breed groups were genetically distinct except for

Fig 2 Pairwise estimates of mean relatedness of Merino bloodline groups according to GM . The diagonal of the Fig. was replaced by a vector
containing the mean relatedness to all other groups. Column abbreviations of bloodlines are Els: Elsenburg, Grt: Grootfontein, Ind: Industry, Crk:
Cradock, Ult: Ultrafine, FM_2: Fine_Medium_2, FM_1: Fine_Medium_1, Str: Strong
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the Dohne Merino, whose composition coincided with
multiple genetic groups within the Merino cluster of
breeds.
An additional set of runs of ADMIXTURE for Merino

only genotypes are also reported (Fig. 5b). At K = 3,
bloodlines appeared similar except for the Elsenburg and
Strong lines which showed no apparent co-ancestry. The
genetic composition of Elsenburg line displayed low
levels of heterogeneity, which increased with subsequent
values of K. At K = 5, the Elsenburg, Fine-Medium and
Strong lines were predominantly divided into distinct
groups. The group proportions of the Ultrafine line were
very similar to the Cradock line, which as a group,
shared notable genetic proportions with the Grootfon-
tein and Industry lines. At K = 7, the shared genetic
composition between the Ultrafine and Cradock lines
persisted. However, this was not the same group that
linked the three SA lines - Grootfontein, Industry and
Cradock, suggesting that different pathways of gene flow
connected these bloodlines. At K = 10, the Elsenburg,

Grootfontein and Strong lines appeared considerably
more heterogenous in contrast to the remaining groups.
The Fine-Medium, Ultrafine and Cradock lines were
grouped into distinct groups with small proportions of
contradicting ancestry. For both the full (by breed) and
subset (by bloodline) analyses, the ADMIXTURE cross-
validation statistic for K = 3 to 20 is reported in Fig. 5b.
For this range, increasing numbers of clusters (i.e. level
of K) resulted in an increased accuracy (lower CV statis-
tic), however, a minimum value of CV was not observed
for the 3 to 20 K values investigated.

Linkage disequilibrium and effective population size
From the non-syntenic LD of randomly sampled groups,
a strong relationship with 1/N was observed, indicating
that measures of LD is rapidly inflated as the sample size
decreased below N = 64. This trend can be seen in Fig.
S1, which also shows the correction factor suggested by
Hill & Robertson [9]. Alternatively, a simple correction:

Fig 3 the first (PC1) and second (PC2) principal components of animals identified by breed and country of origin
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r2 � 1
N could have been effective but would inevitably

lead to negative r2 estimates at very small sample sizes
and low levels of r2. Consequently, LD and effective
population size (Ne) is only reported for groups consist-
ing of samples sizes larger than 64, but an exception was
made for the SA ‘Industry’ group (N = 41), and results
for this group should be treated with precaution.
The estimates of average LD between adjacent markers

(separated by ~ 55 KB) showed substantial variation in
the breed and bloodline groups. The lowest LD values
were estimated for the AUS Merino (0.138) and second-
lowest for the SA Merino (0.156). The highest LD values
were estimated for the Poll Dorset (0.224) and Border
Leicester (0.226) breeds. The persistence of LD over
physical distance was different for each breed group
(Fig. 6). The AUS Poll Dorset and Border Leicester had
similarly high estimates of LD at the shortest interval of
55 KB, but a sharp distinction was observed in the pat-
terns of LD decay between these two breeds. LD in the

Poll Dorset group displayed a comparatively slow rate of
decay and retained the ranking of highest LD to roughly
15,000 KB, at which point LD decay had stabilized for
most other groups. The Border Leicester, in turn, was
observed to have a rapid rate of decay between adjacent
LD to a distance of 5000 KB, as its comparative ranking
changed from the highest values of r2 at 55 KB (adja-
cent) to close to being the lowest at 5000 KB, and per-
sistently the lowest after 7500 KB. Across-country
comparisons for the Merino and Dorper groups ap-
peared to have a generally similar pattern of LD-decay,
but with small differences at the absolute level. The AUS
and SA Merino displayed the sharpest initial rate of
decay trending noticeably lower than the remaining
groups at initial distances.
Patterns of LD decay were generally uniform between

Merino bloodlines (Fig. 7), except for the rapid LD decay
observed in the Ultrafine line, which was a persistent
anomaly compared to the other bloodlines across all

Fig 4 the first (PC1) and second (PC2) principal components of Merinos identified by bloodline and country of origin
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distances. In general, the split of Merino lines into sub-
population by bloodlines had marked effects on LD
trends. Excluding the Ultrafine line, the adjacent r2 esti-
mate for bloodlines were all above 0.17, which was no-
ticeably higher than the values observed for both SA and
AUS Merinos. Observing the pattern of decay (Fig. 7),
the lowest bloodline estimate of r2 was roughly 0.05 at a
distance of 2500 KB, which was two-fold that observed
for the AUS Merino at the same distance, and if exclud-
ing the Poll Dorset, higher than most breed groups at
the same distance (Fig. 6).
The plotted estimates reflected Ne from 2 to 500 genera-

tions ago (Fig. 8). Uncharacteristic trends of Ne were ob-
served for some breeds in the recent generations, and the
‘current’ effective population size was estimated at ~ 20 gen-
erations ago to represent diversity that was putatively consid-
ered a more stable time point (Table 4; Fig. 8). At this point,
the AUS Merino was the most diverse population group with
a Ne of 418, more than 3 times the Ne of 128 observed for
the Poll Dorset group. The levels of diversity were more uni-
form across bloodlines, except for the Ultrafine line which
had a large Ne estimate of 369 (Table 4). According to the
estimates at this timepoint (in generations), the Ultrafine
group has an effective size larger than multiple breed groups.

In the historical trends of Ne for breed groups (Fig. 8) and
bloodlines (Fig. S4), groups were generally consistent in their
ranking across generations. The AUS Merino had a large his-
torical population, but also the steepest rate of decline, espe-
cially from 200 generations ago. The SA Merino and Dorper
groups were intermediate while the Poll Dorset and Border
Leicester had relatively low historical population sizes with
an Ne of just over 1000 at 400 generations ago. A notable ex-
ception in the Ne trends was observed over recent genera-
tions. From 20 generations ago, the Border Leicester group
unexpectedly increased in Ne. For the Merino bloodlines, the
Ultrafine line was a recurring exception and maintained a
persistently high Ne across the estimated time scale. The
bloodlines displayed levels of diversity comparable to that ob-
served for breed groups.

Discussion
Heterozygosity and inbreeding
The current results for Hobs were consistent with previ-
ous findings for the AUS Merino [13, 15, 16], SA Merino
[21], Coopworth [14], Poll Dorset and White Suffolk
[13] (Table 1). Current values were marginally higher
than those previously reported for the African Dorper
[13] and Border Leicester [13, 15], but the general rank-
ing of the Merino, Poll Dorset and Border Leicester as

Fig 5 Stacked bar plot where each colour represents the proportion of a genetic group (Q) of an animal’s genome resulting from ADMIXTURE analysis for
(A) breed groups and (B) Merino bloodlines. Breed labels of A are, in order: Merino, Dohne Merino, Dorper, White Suffolk, Coopworth, Poll Dorset and Border
Leicester. Merino bloodline labels ofB are, in order: Elsenburg High, Elsenburg Low, Grootfontein, Industry, Cradock, Ultrafine, Fine-Medium-1, Fine-Medium-2
and Strong
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Fig 7 LD decay as levels of mean r2 over physical distance for selected Merino bloodline groups. Dots represent the mean adjacent LD at ~ 55KB

Fig 6 LD decay as levels of mean r2 over physical distance for selected breed groups. Dots represent the mean adjacent LD at ~ 55KB

Nel et al. BMC Genomics           (2022) 23:23 Page 10 of 19



breeds of respectively high, intermediate and low gene
diversity agreed with previous results from marker data
[13, 15, 22]. A similar range of 0.33 to 0.38 has been re-
ported for mean heterozygosity of New Zealand pure
and composite populations [14, 23] that originated from
programs that included high levels of crossbreeding. Di-
versity of ‘pure’ breeds currently investigated could be
expected less diverse compared to highly crossbred pop-
ulations, suggesting either paricularly high diversity for
current breed groups or that Hexp and Hobs has limited
sensitivity as a measure of genetic diversity.
In deriving estimates of inbreeding by marker-based

methods, it is important to account for the original defi-
nitions of inbreeding described as the correlations be-
tween homologous genes within a haploid individual
[24], or the probability of identity by descent [25]. The
former definition accommodates a negative F-value [26].

The latter does not as probabilities, by definition, are
bounded between 0 and 1. Also, estimates of inbreeding
derived from the diagonal of the GRM are sensitive to
the extent that breed effects influence allele frequencies.
The mean (1.13) of the diagonal of G suggested the
multi-breed composition of this GRM slightly inflated
estimates of FVR across all groups. This is supported by
the fact that FVR estimates of Merino bloodlines, derived
from GM (mean diagonal of 1.05), are slightly lower than
the mean FVR for Merinos according to G: These esti-
mates of FVR could thus be considered appropriate for
comparing mean levels across groups within the same
GRM, but represent slightly inflated measures of individ-
ual inbreeding.
The high mean FVR suggested relative uniformity

within populations such as the Dorper, SAMM, Poll
Dorset and Border Leicester groups. The high levels of
inbreeding for the AUS Dorper and AUS SAMM could

Fig 8 Historical effective population size (Ne) for selected breed groups from (A) 2 to 400 generations ago and (B) 2 to 60 generations ago. In A
and B, the vertical-line represents the timepoint used for ‘current’ Ne. The transparent square on A represents the relative boundaries of B
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be expected as these breeds were established in Australia
from limited importation of genetic material from South
Africa followed by grading-up programs using back-
crossing. Also, FVR was similar or higher in the SA pop-
ulations, implying that inbreeding in the AUS popula-
tions was also a characteristic of their ancestral lines,
rather than only a consequence of across-country isola-
tion. High levels of inbreeding precipitate a decline in
quantitative genetic variance [27], and detrimental ef-
fects associated with excess homozygosity have been re-
ported in sheep [28–30]. The overall level of inbreeding
in populations observed here was generally low, but the
comparatively high values for breeds such as the Border
Leicester and Poll Dorset are notable for consideration
in their breeding program design.

Pairwise FST statistics
Given analogous definitions for FST statistics [31, 32],
FST estimates can be thought of as (1) the correlation be-
tween randomly sampled alleles within subpopulations
relative to the total population or (2) the proportion of
genetic variance that can be attributed to variance in al-
lele frequencies between subpopulations [33]. With
‘across breed’ estimates ranging from 0.05 to 0.26
(Table 2), it was clear that the implications of this segre-
gation depend greatly on the historic admixture between
any two distinct breeds. Current FST values were higher
than previous estimates of 0.062 and 0.053 between the

Merino and, respectively, the Poll Dorset and Border
Leicester groups [15], but methods were not similar.
The low levels of divergence across countries for the
SAMM, Dorper and Dohne Merino breed groups re-
flects the formation of these breeds in AUS by the im-
portation of genetic material directly from SA. The low
estimate for SA x AUS Merino groups suggested that
the two Merino populations have not diverged greatly,
or that the few recent genetic links were influential in
reducing the genetic distance of samples included in this
study. Interestingly, some FST values between bloodlines
were comparable or larger than certain across breed esti-
mates (Table 3). This further highlights the importance
of lines that have already been noted for AUS Merinos
[19], and also suggests that partial restriction of gene
flow could have important implications, regardless of be-
ing ‘within breed’.
The low level of divergence between the Ultrafine and

Cradock groups is somewhat expected since these
bloodlines were known to have recent across-country
links. However, the FST estimate in this across-country
comparison was as low as pair-wise comparisons be-
tween SA lines, which is promising for the prospect of a
common genomic evaluation for these populations.

Linkage disequilibrium and effective population size
Overall, the reported LD at ~ 55 KB agreed with previ-
ous findings that characterised LD in sheep to be gener-
ally low [22] compared to other domesticated species
such as pigs [34] and dairy cattle [35]. Current results
for Merinos agreed with earlier reports that character-
ized this breed by rapid LD decay [15, 22, 36]. However,
Kijas et al. [22] showed substantial differences in LD
measurements when determined at shorter distances
such as ~ 10 KB, and higher density platforms could
thus provide a more accurate indication of LD decay
than currently reported.
LD observed for bloodlines reflected the importance of

structuring by subpopulations. When compared to Me-
rino breed groups, which is the pooled bloodlines, the
pattern of decay showed relative consistency, but the ab-
solute level of LD was substantially higher when struc-
tured by subpopulation (Fig. 6 vs. Fig. 8). Thus, while
overall levels remained low, the persistence of LD was
noticeably sensitive to the connectedness of set popula-
tions. Extrapolating this pattern, it could be speculated
that the Ultrafine line consists of influential population
substructures not accounted for by the current popula-
tion assignment, which is supported by the low level of
relatedness, but the slightly higher FVR within the Ultra-
fine line. However, no obvious substructures were ob-
served in either PCA or ADMIXTURE results, as
discussed below, and it is thus difficult to explain the
uncharacteristic pattern of decay of this bloodline.

Table 4 Linkage Disequilibrium (LD) (adjacent (~ 55 KB) and
non-syntenic) and effective population size (Ne; determined 20
generations ago) for the selected breed and bloodline groups

Population N LDAdjacent LDNon−Syntenic Ne20 Gen

Breed Country

Merino AUS 918 0.138 0.006 418

Dorper 276 0.177 0.008 225

Border Leicester 542 0.226 0.003 265

Poll Dorset 400 0.224 0.005 128

White Suffolk 247 0.169 0.006 196

Merino SA 697 0.156 0.006 304

Dorper 86 0.184 0.016 203

Bloodline Country

Ultrafine AUS 270 0.150 0.005 369

Fine-Medium-1 224 0.173 0.009 154

Fine-Medium-2 133 0.174 0.016 178

Strong 291 0.185 0.009 137

Elsenburg SA 400 0.185 0.010 173

Grootfontein 115 0.172 0.013 201

Industry 41 0.177 0.028 177

Cradock 127 0.176 0.011 165
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Calculating historical Ne by the rate of LD decay [37]
has numerous examples in sheep [13, 14, 23]. Domestic
populations, under strong selection programmes with
the widespread use of preferential sires, deviates heavily
from the assumption of random mating of Wright-
Fisher populations [38] and the loss of diversity seen in
Fig. 8 is expected. However, compared to other domestic
species, sheep have been characterized by relatively high
levels of diversity [13], attributed to large founding pop-
ulations combined with less intense selection compared
to other domestic species, such as cattle [39]. Using the
same methodology, Kijas et al. [13] reported roughly
similar estimates for African Dorper (264) and Border
Leicester (242), but considerably higher estimates for the
Australian Merino (833), Poll Merino (918) and Industry
Merino (853) and Australian Poll Dorset (318) which in-
dicates some inconsistency in Ne estimates of the same
breeds.

The unexpectedly increasing trend of Ne over recent
generations seen in Fig. 8(b) made it difficult to evaluate
the breed’s comparative ranking across more recent gen-
erations. Other studies have also reported increasing Ne

estimates in recent generations. Using a similar method-
ology, Brito et al. [23] reported an increasing Ne for the
Primera and Lamb Supreme breeds over the last 5 gen-
erations. An increase in Ne was also observed for the
Romney breed around 20 generations ago only to de-
cline at around 5 generations ago [14]. The latter au-
thors ascribe the increase in Ne to an increase in animal
numbers following successful management and the re-
cent implementation of technologies like artificial insem-
ination [14]. However, non-random mating reduces Ne

below census size, N [38]. Thus, given the high intensity
of artificial selection and genetic drift, a population-wide
increase in genetic diversity is unexpected in the absence
of crossbreeding. Also, according to Hill & Robertson
[9], LD and fixation have a linear relationship. Given
that the Border Leicester group had the highest FVR and
within-group relatedness, it was surprising not to ob-
serve a pattern of LD, and consequently Ne, more com-
parable to less diverse breeds such as the Poll Dorset
group.

Genomic relatedness, PCA and ADMIXTURE
Estimates of relatedness according to G agreed with FST
estimates in describing a close association between
breeds in common between countries. The across-
country relationships for the SAMM and Dorper breeds
were only marginally weaker than the internal related-
ness of individual populations (within country). The
lower level of relatedness between the AUS and SA
Dohne Merino populations could be due to a more di-
verse SA population, as the SA Dohne Merino

maintained a lower FVR and internal relatedness com-
pared to the SA SAMM and SA Dorper groups.
For the Merino breed, the across-country relationship

is known to be connected by both deep ancestral and
relatively recent relationships, but the positive relation-
ship was expected to be low for multiple reasons. Both
groups were internally diverse, and it can be reasoned
that a population cannot be more related, on average, to
another population than its internal level of relatedness
(than it is to itself). Also, the ancestral relationship be-
tween SA and AUS Merinos is defined by a distant link-
age in the original development of the AUS Merino [4].
Lastly, the known recent links are limited to those be-
tween the Cradock and Ultrafine lines. Considering the
defining influence of structure between bloodlines, this
across-country relationship is likely to be isolated within
these two lines, a tendency also observed in the ADMIX-
TURE, PCA and FST results reported here.
This study also reported across breed relationships

that were comparatively high in magnitude. These can-
not be attributed to recent links and must thus be
prompted only by a deeper co-ancestry. For example,
the SAMM and Dohne Merino share origins to the Ger-
man Mutton Merino [5], and the origin of the AUS
Coopworth is linked to the Border Leicester (www.
coopworth.org.au).
From GM , the positive relatedness between SA blood-

lines suggested that separation on a flock level was less
restricting compared to that of lines or strains, which
was expected. The generally weak relationships with the
Elsenburg line reflect the initial management on an iso-
lated basis. The positive relationship between the Groot-
fontein and Industry lines is a good indication of the
resource flock’s objective to represent commercial SA
Merinos. Given the relatively few genetic links between
the Ultrafine and Cradock lines, it was surprising to ob-
serve this across-country relationship as the only positive
relationship in a comparison involving AUS bloodlines,
including relationships to other AUS Merino bloodlines
within country.
Results from PC- and ADMIXTURE analysis generally

indicated very similar clusters of breed and bloodline
populations. The discrete breed structures of PC1 and
PC2 appeared to capture deep ancestral relationships
and very little within-group variation. From ADMIX-
TURE analysis, the distinct genetic structures of Me-
rino, Border Leicester and Poll Dorset agreed with
those three breeds occupying the most distant
branches of PC1 and PC2.
The ADMIXTURE and PCA results also agreed well

with previous parameters that indicated only small ef-
fects of across-country separation. However, a study that
imputed SA breeds from AUS reference panels showed a
markedly higher accuracy of imputation for Dorpers
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compared to Dohne Merinos [40]. Although imputation
accuracy is not directly related to ADMIXTURE and
PCA results, it is thought that the homogenous nature
of the Dorpers suggested by Fig. 5 is likely to have facili-
tated the more accurate imputation for this breed.
Generally, breed structures did not dissipate in suc-

ceeding principal components as groups remained clus-
tered beyond PC1 and PC2 (Fig. S2), and the genotypes
of most breeds were defined by a similar genetic com-
position in ADMIXTURE analysis (Fig. 5a). However,
Merino groups were an exception and often segregated
into multiple clusters across PC3 to PC14 and substruc-
tures of Merinos were also clear from ADMIXTURE
analysis that commenced on an ‘across breed’ level. Fol-
lowing the advent of artificial insemination (AI), across
bloodline links are considered to have become more
common in AUS [18], but these results strongly sug-
gested that the subpopulation, i.e., bloodline of origin, is
an important determinant of the genetic composition of
Merinos. This has been demonstrated by high levels of
quatitative genetic variance across similar groupings (Ul-
trafine, Fine/Fine-medium, Medium/Strong) of AUS Me-
rinos for key production traits [18]. Also, markedly
different accuracies for genomic breeding values were
reported for similar groupings (superfine-, fine- and
strong-wool types) following genomic prediction of pro-
duction traits from the same reference set [41].
The ADMIXTURE analysis of bloodlines revealed fur-

ther complexities of these population structures (Fig. 5b).
The identification of the Ultrafine and Strong lines
within opposing clusters have been previously reported
[17]. Similar to other metrics presented in this study,
close association existed between the Cradock line and
the Ultrafine and Fine-Medium-1 lines. However, AD-
MIXTURE results at K = 7 suggested that the remaining
SA lines might not directly benefit from the relationship
between the Cradock and Ultrafine lines. These results
should also be seen in combination with the discussion
below with reference to POV and the CV error.
The highly defined population structure of the Ultra-

fine line is notable considering the high estimates of di-
versity according to Ne and relatively low internal
relatedness. However, this is possibly due to the orthog-
onal nature of principal components, which separated
the ancestral relationships for which the Ultrafine line
appears uniform, from within-line variation between
sampled individuals. This could also partly explain the
homogenous composition observed in ADMIXTURE
analysis. If the Ultrafine line did consist of many small
substructures as previously speculated in this paper, the
level of K was likely too low to capture such structures
for a population with a strongly defined ancestry.
Despite the good agreement and accuracy of PCA

and ADMIXTURE analysis in identifying the known

groups of origin, the low POV explained by the initial
principal components in Fig. 5a supports previous re-
sults that specifically noted the high dimensionality as
a characteristic of genetic architecture of sheep [13,
42]. Also, the lack of an inflection point in CV errors
from 3 to 20 (Fig. S5b) implied that the model had
difficulty estimating an ideal value of K within this
range. It is possible that higher levels of K would per-
petually identify lower-level structures, such as fam-
ilies or sire groups, as unique genetic groups. The
high diversity of the animals in this study and in
sheep in general could exacerbate this problem, caus-
ing difficulty in estimating a ‘best’ estimate for K.
Thus, further analysis across higher increments of K
were not explored, also because a similar pattern has
been observed for similar sheep datasets with fewer
breeds until K = 40 (P. Gurman, unpublished data).

Implications for genomic selection
The combining of populations into the same pool - such
as the current scenario of merging bloodlines into re-
spective SA and AUS Merino groups - hopes to benefit
prediction by increasing sample size. In the presence of
heterogeneity this will be accompanied by an associated
increase in Ne, and thus a decrease in LD. This trade-off
could be an important determinant in breeding program
design, and the more diverse and diverged the popula-
tions, the more challenging this trade-off is likely to be.
Thus, an alternative consideration is also valid that a
population of high diversity could benefit from being
subset into smaller groups of better-connected animals.
Regarding genomic selection, Van der Werf et al. [11]
showed that a small number of highly related individuals
could be more informative than large numbers of distant
individuals. While this previous study binned relatedness
by categories (e.g. groups of half-sibs), it should also be
valid across a continuous scale of heterogeneity such as
currently seen in comparing combinations of popula-
tions. In a narrow spectrum approach, knowledge of im-
portant population structures would be essential to
identify pockets within the population that could deliver
optimal results. For a subset of Merino populations such
as the Cradock and Ultrafine lines, the mean relatedness
was as high as the mean internal relatedness for AUS
Merinos, which are all currently evaluated in a single
analysis [2]. Further measures of PCA, ADMIXTURE
and FST indicated that these two groups are likely to be
the best starting point for an across-country platform.
However, these ‘bloodlines’ were the only examples of
some, albeit low, linkage by pedigree. A minimum level
of genetic exchange is thus likely to remain an important
factor unless more distant population structures are bet-
ter accounted for in future evaluations.
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Accounting for population structures derived from the
extended pedigree have delivered increased accuracies
for predicted genomic breeding values in the AUS Me-
rino [17]. Including eigenvalues from PCA analysis [42],
or group proportions from the ADMIXTURE Q-matrix
[17], has decreased accuracy, but the higher accuracy of
non-adjusted values are likely biased by picking up on
breed effects rather than individual variation. Initially,
adjusting for population gene frequencies showed little
benefit [12], but improved results have recently been re-
ported by Gurman et al. [43] for a multi-breed GRM.
Given that both PCA and ADMIXTURE results proved
informative and accurate in characterizing populations
by known group of origin, further research is needed
to make efficient use of this information. However,
other problems could persist in the likely case where
across country prediction would utilize both pedigree
and genomic information in the ‘single-step’ approach
[44] which is now common for Australian sheep [2].
The assumption of unrelatedness of founder parents
in the pedigree could be particularly problematic in
the case of across country separation where disjoined
pedigrees could in fact be well connected by un-
known links. In this regard, the use of so called
‘metafounders’ [45] could be a promising approach to
better align the pedigree and GRM for both discon-
nected and highly related base populations, but de-
pends on all genetic groups being well represented in
the genotypic dataset.

Conclusions
These results provide valuable information on the
population structures of important sheep breeds in
South Africa and Australia. According to multiple pa-
rameters, the isolation across some bloodlines was as
influential as that observed across breeds and showed
that important division into subpopulations can be
extended beyond breed structures. The connectedness
of SA resource flocks suggested they could be valu-
able for contributing to a pooled SA reference popu-
lation in combination with industry animals. In the
prospect of across-country amalgamation, isolation by
country rarely proved restricting. While the need for
genetic links remains important, the generated know-
ledge delivers potential to maximize the benefit of
such relationships by a narrow spectrum approach to
combining populations. However, the wide range of
characteristics observed across and within breeds,
bloodlines and flocks suggests that the optimal ap-
proach would be unique to any given set of popula-
tions and breeding objectives. Investigating across-
country genomic prediction and imputation of these
populations is recommended.

Methods
Sample populations
This study examined 3509 genotypes, which are sum-
marised by breed and country in Table 1. The selected
AUS genotypes in this study were a group of samples
used as training animals for supervised ADMIXTURE
[46] analysis in a previous study [20]. The genotypes se-
lected by Gurman et al. [20] were intended to capture
the diversity in the Australia sheep population. The SA
samples were obtained from resource flocks maintained
by institutions across the Western Cape and Eastern
Cape provinces of South Africa [5] as well as industry
animals from commercial lines whose records are man-
aged by the National Small Stock Improvement Scheme.
The latter group of commercial South African genotypes
are herewith referred to as ‘Industry’. For this study, the
non-Merino SA breed groups originated from either in-
dustry or resource flocks: Dorper (Nortier = 20, Indus-
try = 66), Dohne Merino (Industry = 39, Langgewens =
12, Elsenburg = 9), SAMM (Industry = 36, Nortier = 21),
and Dormer (Industry = 32, Elsenburg = 10) were pooled
under their breed name. Additionally, SA and AUS sam-
ples within the Merino breed were subset according to
bloodline and/or the flock of origin and separately ana-
lysed as a set of Merino sub-populations (Table 1). The
SA Merinos were separated on a resource flock level and
the AUS Merinos by strain (or line), but the subpopula-
tions from both SA and AUS are henceforth collectively
referred to as ‘bloodlines’ for simplicity.
The AUS Merinos are historically grouped into the

bloodline of origin, partly by performance in fibre diam-
eter, but also by region, with the ‘fine’-type strain popu-
lar in high rainfall zones, the ‘medium’ in cropping
zones and the ‘strong’ more common in drier pastoral
areas [18]. The Elsenburg Merino flock is a resource
flock that is divergently selected for reproductive per-
formance by the number of lambs weaned per ewe
mated. The flock is subset into two lines, the H-Line
(positive selection) and the L-Line (negative selection);
[47] and was maintained as an isolated group from 1986
until the first inclusion of external sires in 2008 [48].
The Grootfontein Merino stud is a research flock man-
aged according to commercial objectives and is the most
traditional representation of South African commercial
lines by a resource flock. It was subjectively selected for
‘overall excellence’ from 1968 to 1985 [49] whereafter
objectives changed to increasing live weight and decreas-
ing fibre diameter while maintaining fleece weight [50].
The Cradock fine wool Merino stud was established in
the 1980s when Merino ewes of different flocks were
screened into a central flock and mated to four AUS fine
wool sires for two years. This was followed by the using
two more AUS sires in 1996 and another two ‘Ultrafine’
rams in 2002–2003 [51]. Selection objectives were first
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defined by increased live and fleece weight from 1988 to
1996 followed by an increased emphasis on reducing
fibre diameter since 1996.

Experimental design
Analyses were firstly conducted for (n = 13) subpopula-
tions defined by breed and country of origin (for com-
mon breeds), with combinations examined. Second,
analyses were repeated only for Merinos with popula-
tions defined by the (n = 9) bloodlines as described
above. However, the ‘Langgewens’ group was often ex-
cluded from analyses due to the small number of geno-
types, and the fact that this small subgroup was not
pertinent to the outcome of the study as representing
SA Merinos.

Genotyping and quality control
Genotyping was performed using the OvineSNP50 Chip
(Illumina Inc., CA, USA). Quality control measures were
applied to SNPs (GenCall score > 0.25, GenTrain score >
0.5, MAF > 0.01, call rate > 0.95) and samples (call rate >
0.95). Randomly missing SNPs were imputed with ‘FIM-
PUTE’ (Version 2.2) [52] and ‘Beagle’ (Version 4.0) [53]
software for SA and AUS samples, respectively. Follow-
ing quality control and imputation, the combined dataset
consisted of 47,789 markers on 3,509 animals, with an
average marker spacing of roughly 55 kilo-basepairs
(KB). Genotypes were called according to the AB system
and numerically coded according to B-Allele content
(i.e., 0, 1 or 2) unless other formats were required.

Genomic analysis
Mean allele frequencies within populations were used to
derive expected and observed levels of heterozygosity as
summary statistics of overall gene diversity. Proportional
differences in frequencies between subpopulations were
represented by FST statistics as measures of divergence.
Relationships based on the genomic relationship matrix
(GRM) [54] and decomposition of the GRM by principal
component analysis (PCA) were used to investigate re-
latedness between individuals across and within popula-
tion groups. Additionally, ‘ADMIXTURE’ [46] was used
to estimate the extent to which individuals identify to
the same ancestry based on shared chromosome seg-
ments. Linkage disequilibrium (LD) was used to express
the correlation between markers in a discrete population
and was also used to estimate recent and historical ef-
fective population size (Ne). Relationships between more
closely linked markers tend to reflect deeper histories
since it would require an increasing number of genera-
tions for recombination to segregate markers more
closely linked [55]. Furthermore, Hayes et al. [37]
showed that the relationship between markers at a given
distance can be used to estimate Ne at a given number

of generations ago, which can be used to deduce the
population history by trends in the effective population
size. Unless stated otherwise, plots were prepared in the
‘ggplot2’ ‘R’ package [56].

Heterozygosity and F-statistics
The expected (Hexp) and observed heterozygosity (Hobs)
were calculated for each marker. The mean of all
markers and the respective standard deviations across
markers were reported for all population groups. Hexp

was calculated as expected under Hardy-Weinberg equi-
librium: Hexp ¼ 2 pið Þ 1� pið Þ; where pi is the frequency
of the ith allele in a defined population. Genetic distances
between populations were determined by pairwise FST
statistics which was calculated for each marker, and av-
eraged over all markers by deriving a, b, and c according
to Weir & Cockerham [31] and summing variance com-
ponents across i markers separately:

FST ¼ θW ¼
P

i aiP
iðai þ bi þ ciÞ

All of these analyses were performed using custom
scripts in ‘R’ (Version 3.6.1) [57].

Genomic relationships, inbreeding and principal
component analysis
Genetic relationships were examined by calculating the
genomic relationship matrix (GRM) in R according to
VanRaden [54]:

G ¼ ðM � 2PÞðM � 2PÞ‘
2
P

j pj

� �
1� pj

� �

where M is the genotypic matrix of marker counts with
dimensions m x n (number of genotyped animals, m, by
number of markers, n) and P is the corresponding
matrix (m x n) where the jth of P is a vector of m repli-
cates of the allele frequency pj within all the animals in

the analysis. The diagonal of the GRM was used to cal-
culate genomic inbreeding coefficients (FVR) as Gii � 1,
with the population inbreeding reported as the mean of
the inbreeding coefficients. The overall relatedness be-
tween or within populations was calculated as the mean
of the off-diagonal of the GRM for the two groups of an-
imals. For breed group comparisons, a GRM was calcu-
lated with all 3509 animals as G, while Merino bloodline
comparisons were derived from a GRM that only in-
cluded the 1535 animals of Merino origin as GM . These
values were visualized using the ‘corrplot’ R package [58]
with the diagonal of the plot replaced by mean related-
ness to all other animals in the GRM, but excluding in-
ternal relatedness to animals of the same group. A visual
analysis of genetic relationships between and within

Nel et al. BMC Genomics           (2022) 23:23 Page 16 of 19



populations was also performed by visualization the re-
sults of a Principal Component Analysis (PCA) of the
GRM calculated using the ‘irlba’ ‘R’ package [59]. The
first 40 principal components were calculated for both
GRMs. In both cases, the first fourteen components
(PC1 to PC14) were visualized to investigate between
and within-group clustering. The cumulative proportion
of variance (POV) explained by the first 40 principal
components was also plotted.

ADMIXTURE analysis
Genetic group proportions and ancestry for each of the
samples were estimated by unsupervised runs of AD-
MIXTURE with a varying number of groups, K. AD-
MIXTURE produces a cross-validation statistic, ‘CV
error’, as an indication of accuracy relative to the choice
of the number of groups, K. The lowest CV error is con-
sidered the ‘best’ choice of K for determining propor-
tions of shared chromosome segments from co-ancestry.
ADMIXTURE analysis was repeated for K = 3 to K = 20
and results of K = 3, 5, 7 and 10 were chosen for
visualization by stacked bar plots. This entailed plotting
the proportions of each genetic group (Q) within an in-
dividual animal by a stacked bar graph. The CV error
statistic for K between 3 and 20 was also plotted.

Linkage disequilibrium and effective population size
Linkage disequilibrium (LD) between any two markers
was calculated by:

r2 ¼ pAB � pApBð Þ2
pAð1� pA pBð1� pB

� �

where subscripts ‘A’ and ‘B’ is used to distinguish be-
tween the two pair-wise markers of a single r2 estimate
(i.e. pA is the B-allele frequency of the first marker, ‘A’,
and pB is the B-allele frequency of the second marker,
‘B’) and pAB is the frequency of the two B-alleles of the
two pair-wise SNPs inherited together in a population.
Pairwise LD was calculated at a depth of 400 markers
using the ‘snpStats’ R package [60] (for each marker LD
was calculated for the 400 markers that succeed it in
genome order).
For the syntenic LD, the original genotypes involving

the initial 47,789 markers were subset to only contain
those needed to compute syntenic pairwise comparisons,
leaving 400 pairwise LD estimates each for 37,789
markers. Subsequently, the means for pairwise LD esti-
mates were used to determine mean LD for adjacent
markers and subsequent LD decay using LD from SNP
pairs of greater depth (gaps of 1 to 400 SNPs). A phys-
ical distance was assumed for LD decay by multiplying
the depth of pairwise SNPs with the mean distance be-
tween adjacent SNPs (~ 55 KB). No attempt was made

to estimate LD at intervals shorter than ~ 55 KB spacing,
as this would rely on much fewer SNPs that are only
sporadically associated by shorter distances. The LD pro-
cedure was repeated with a more stringent filter on
MAF (> 0.1), but effects were negligible (results not
shown). The pattern of LD decay over distance was plot-
ted for breed and bloodline groups. For non-syntenic
LD, results were subset to include only pairwise compar-
isons from different chromosomes and a single mean
was calculated as there was no need to observe non-
syntenic decay over distance.
To investigate the effect of sample size on LD esti-

mates, the procedure for non-syntenic LD was repeated
for a range of sample sizes (N = 2n where n = 1 to 11.75)
where a given population at given sample size N is sam-
pled from the full genotype matrix at random.
LD estimates were used to calculate historical effective

population size (Net) as:

Net ¼ 1� r2ð Þ
4cr2

where Net is the effective population size at t genera-
tions ago and r2 is the calculated LD at each value of c,
the recombination rate in Morgans. The values of Net
were calculated on the assumption of 1 Morgan =
100 million base pairs (MB) and t ¼ 1

2c [37].

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-021-08020-3.

Additional file 1: Fig. S1. Non-syntenic LD as r2 calculated from
sample sizes of 2n (where n ranged from 1 to 11.75) with the reciprocal
of sample size (N) and the correction factor suggested by Hill and
Robertson, (1968).

Additional file 2: Fig. S2. The third (PC3) to fourteenth (PC14) principal
components of genotypes identified by breed group.

Additional file 3: Fig. S3. The third (PC3) to fourteenth (PC14) principal
components of genotypes identified by bloodline.

Additional file 4: Fig. S4. Historical effective population sizes (Ne) for
Merino bloodline groups from 2 to 400 generations ago. The vertical-line
represents the timepoint used for ‘current’ Ne

Additional file 5: Fig. S5. (A) Cumulative proportions of variance (POV)
explained by the first 40 principal components of 'by breed' and 'by
Merino bloodline' analysis. (B) The "CV-error" statistic resulting from
sequential ADMIXTURE runs or K = 3 to K = 20 of 'by breed' and 'by
bloodline' analysis.

Additional file 6: Table S1 Mean relatedness across breed groups
according to the genomic relationship matrix (G). Estimates in bold are
the internal relatedness for a breed group calculated without the
diagonal of (G).

Additional file 7: Table S2 Mean relatedness across Merino bloodline
groups according to the subset genomic relationship matrix (GM).
Estimates in bold are the internal relatedness for a bloodline group
calculated without the diagonal of (GM).

Acknowledgements
The authors wish to express their gratitude to those responsible for the
husbandry and care of the South African resource flocks as well as all those

Nel et al. BMC Genomics           (2022) 23:23 Page 17 of 19

https://doi.org/10.1186/s12864-021-08020-3
https://doi.org/10.1186/s12864-021-08020-3


involved in the sampling of industry animals. Special thanks are due to Drs
Lise Sandenbergh and Buks Olivier for their valuable inputs in the project.

Authors’ contributions
CN wrote the original and revised versions of the manuscript. SC, JVDW and
ASW conceptualized the study. CN, PG, ASW, SC, KG and JVDW designed the
study. MS, ASC, CN, PG and KG acquired and prepared the data needed for
analysis. CN, PG and KG performed the analyses and together with SC, ASW
and MS interpreted the results. SC, JVDW, KD, ASC, ASW and PG guided the
technical revision and structure of the manuscript. All authors have read and
approved the final manuscript.

Funding
The South African genotypes were made available by the Elsenburg and
Grootfontein Biobank initiatives, a collaboration partially funded by the South
African Wool Industry through grants made available by Cape Wools SA, The
South African Red Meat Industry through a grant from RMRDSA, the National
Research Foundation through their Technology and Human Resources for
Industry and Research Development fund programmes and the Western
Cape Agricultural Research Trust. Genotypes from Australian sheep were
made available from previously funded projects contributing to genomic
resource populations established by the CRC for Sheep Industry Innovation
and its partner institutions and now maintained by Meat and Livestock
Australia with support from the sheep industry and many innovative sheep
breeders.

Availability of data and materials
The data that support the findings in this study are available from the
various stakeholders including the South African Department of Agriculture,
Land Reform and Rural Development, Western Cape Department of
Agriculture, Western Cape Agricultural Research Trust, Meat and Livestock
Australia and the CRC for Sheep Industry Innovation. Restrictions apply to
the availability of these data, which were used under licence for this study,
and is not publicly available. Data are available from the authors with the
permission of the aforementioned stakeholders.

Declarations

Ethics approval and consent to participate
Data used in this study was combined from existing databases delivered by
a range of previous studies and ethical approval is thus not considered
applicable to the current dataset.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Animal Sciences, Stellenbosch University, 7602 Stellenbosch,
South Africa. 2Animal Sciences, Western Cape Department of Agriculture,
7607 Elsenburg, South Africa. 3Animal Genetics & Breeding Unit, University of
New England, NSW 2351 Armidale, Australia. 4School of Environmental and
Rural Science, University of New England, 2351 Armidale, NSW, Australia.
5Department of Agriculture, Land Reform and Rural Development,
Grootfontein Agricultural Development Institute, 5900 Middelburg, South
Africa.

Received: 16 April 2021 Accepted: 13 September 2021

References
1. Cloete SWP, Olivier JJ, Sandenbergh L, Snyman MA. The adaption of the

South Africa sheep industry to new trends in animal breeding and genetics:
a review. S Afr J Anim Sci. 2014;44:307–21.

2. Brown DJ, Swan AA, Boerner V, Li L, Gurman PM, McMillan AJ, et al. Single-
step genetic evaluations in the Australian sheep industry. In: Proceedings of
the world congress on genetics applied to livestock production. 2018. p.
460.

3. Diez-Tascón C, Littlejohn RP, Almeida PAR, Crawford AM. Genetic variation
within the Merino sheep breed: Analysis of closely related populations
using microsatellites. Anim Genet. 2000;31:243–51.

4. Meadows JR, Chan EK, Kijas JW. Linkage disequilibrium compared between
five populations of domestic sheep. BMC Genet. 2008;9:61. https://doi.org/1
0.1186/1471-2156-9-61.

5. Schoeman SJ, Cloete SWP, Olivier JJ. Returns on investment in sheep and
goat breeding in South Africa. Livest Sci. 2010;130:70–82. https://doi.org/1
0.1016/j.livsci.2010.02.012.

6. Van Marle-Köster E, Visser C. Genomics for the advancement of livestock
production: a South African perspective. S Afr J Anim Sci. 2018;48:808.

7. Goddard ME. Genomic selection: prediction of accuracy and maximisation
of long term response. Genetica. 2009;136:245–57. https://doi.org/10.1007/
s10709-008-9308-0.

8. Goddard ME, Hayes BJ. Mapping genes for complex traits in domestic
animals and their use in breeding programmes. Nat Rev Genet. 2009;10:
381–91. https://doi.org/10.1038/nrg2575.

9. Hill WG, Robertson A. The effects of inbreeding at loci with heterozygote
advantage. Genetics. 1968;60:615–28.

10. Clark SA, Hickey JM, Daetwyler HD, Van der Werf JHJ. The importance of
information on relatives for the prediction of genomic breeding values and
the implications for the makeup of reference data sets in livestock breeding
schemes. Genet Sel Evol. 2012;44:4. https://doi.org/10.1186/1297-9686-44-4.

11. Van der Werf JHJ, Clark SA, Lee SH. Predicting genomic selection accuracy
from heterogeneous sources. In: Proceedings of the association for the
advancement in animal breeding and genetics 21. 2015. p. 161–4.

12. Moghaddar N, Swan AA, Van der Werf JHJ. Accuracy of genomic prediction from
multi-breed sheep reference population. In: Proceedings of the association for
the advancement in animal breeding and genetics 20. 2013. p. 220–3.

13. Kijas JW, Lenstra JA, Hayes B, Boitard S, Neto LRP, San Cristobal M, et al.
Genome-wide analysis of the world’s sheep breeds reveals high levels of
historic mixture and strong recent selection. PLoS Biol. 2012;10:e1001258.
https://doi.org/10.1371/journal.pbio.1001258.

14. Prieur V, Clarke SM, Brito LF, McEwan JC, Lee MA, Brauning R, et al.
Estimation of linkage disequilibrium and effective population size in New
Zealand sheep using three different methods to create genetic maps. BMC
Genet. 2017;18:1–19.

15. Al-Mamun HA, Clark SA, Kwan P, Gondro C. Genome-wide linkage
disequilibrium and genetic diversity in five populations of Australian
domestic sheep. Genet Sel Evol. 2015;47:1–14.

16. Ciani E, Lasagna E, D’Andrea M, Alloggio I, Marroni F, Ceccobelli S, et al.
Merino and Merino-derived sheep breeds: a genome-wide intercontinental
study. Genet Sel Evol. 2015;47. https://doi.org/10.1186/s12711-015-0139-z.

17. Swan AA, Brown DJ, Daetwyler HD, Hayes BJ, Kelly M, Moghaddar N, et al.
Genomic evaluations in the Australian sheep industry. In: Proceedings of
the 10th world congress on genetics applied to livestock production. 2014.

18. Swan AA, Brown DJ, Van der Werf JHJ. Genetic variation within and
between subpopulations of the Australian Merino breed. Anim Prod Sci.
2016;56:87. https://doi.org/10.1071/AN14560.

19. Brown DJ, Swan AA, Gill JS, Banks RB. Strategies to objectively group merino
flocks in sheep genetics. In: Proceedings of the association for the
advancement of animal breeding genetics 20. 2013. p. 66–9.

20. Gurman PM, Swan AA, Boerner V. Use of genomic data to determine the
breed composition of Australian Sheep. In: Proceedings of the association
for the advancement in animal breeding and genetics 22. 2017. p. 341–4.

21. Sandenbergh L, Cloete S, Roodt-Wilding R, Bester-van der Merwe AE.
Genetic diversity and population structure of four South African sheep
breeds. In: Proceedings of the association for the advancement of animal
breeding and genetics 21. 2015. p. 294–7.

22. Kijas JW, Porto-Neto L, Dominik S, Reverter A, Bunch R, McCulloch R, et al.
Linkage disequilibrium over short physical distances measured in sheep
using a high-density SNP chip. Anim Genet. 2014;45:754–7.

23. Brito LF, McEwan JC, Miller SP, Pickering NK, Bain WE, Dodds KG, et al.
Genetic diversity of a New Zealand multi-breed sheep population and
composite breeds’ history revealed by a high-density SNP chip. BMC Genet.
2017;18:1–11.

24. Wright S. Coefficients of inbreeding and relationship. Am Nat. 1922;56:330–8.
25. Malécot G. Mathématiques de l’hérédité. 1948.
26. Wright S. The interpretation of population structure by F-statistics with

special regard to systems of mating. Evolution (N Y). 1965;19:395–420.
https://doi.org/10.1111/j.1558-5646.1965.tb01731.x.

Nel et al. BMC Genomics           (2022) 23:23 Page 18 of 19

https://doi.org/10.1186/1471-2156-9-61
https://doi.org/10.1186/1471-2156-9-61
https://doi.org/10.1016/j.livsci.2010.02.012
https://doi.org/10.1016/j.livsci.2010.02.012
https://doi.org/10.1007/s10709-008-9308-0
https://doi.org/10.1007/s10709-008-9308-0
https://doi.org/10.1038/nrg2575
https://doi.org/10.1186/1297-9686-44-4
https://doi.org/10.1371/journal.pbio.1001258
https://doi.org/10.1186/s12711-015-0139-z
https://doi.org/10.1071/AN14560
https://doi.org/10.1111/j.1558-5646.1965.tb01731.x


27. Falconer DS, Mackay TFC. Introduction to quantitative genetics. Essex: UK
Longman Gr; 1996.

28. Wyk JB, Van, Fair MD, Cloete SWP. Case study: The effect of inbreeding on
the production and reproduction traits in the Elsenburg Dormer sheep stud
☆. Livest Sci. 2009;120:218–24. https://doi.org/10.1016/j.livsci.2006.10.005.

29. Norberg E, Sørensen AC. Inbreeding trend and inbreeding depression in the
Danish populations of Texel, Shropshire, and Oxford Down. J Anim Sci.
2007;85:299–304. https://doi.org/10.2527/jas.2006-257.

30. Barczak E, Wolc A, Wójtowski J, Ślósarz P, Szwaczkowski T. Inbreeding and
inbreeding depression on body weight in sheep. J Anim Feed Sci. 2009;18:
42–50.

31. Weir BS, Cockerham CC. Estimating F-statistics for the analysis of population
structure. Evolution. 1984;38:1358.

32. Wright S. The genetical structure of populations. Ann Eugen. 1949;15:323–
54. https://doi.org/10.1111/j.1469-1809.1949.tb02451.x.

33. Holsinger KE, Weir BS. Genetics in geographically structured populations:
defining, estimating and interpreting FST. Nat Rev Genet. 2009;10:639–50.

34. Badke YM, Bates RO, Ernst CW, Schwab C, Steibel JP. Estimation of linkage
disequilibrium in four US pig breeds. BMC Genomics. 2012;13:24. https://doi.
org/10.1186/1471-2164-13-24.

35. Hozé C, Fouilloux M-N, Venot E, Guillaume F, Dassonneville R, Fritz S, et al.
High-density marker imputation accuracy in sixteen French cattle breeds.
Genet Sel Evol. 2013;45:33. https://doi.org/10.1186/1297-9686-45-33.

36. Liu S, He S, Chen L, Li W, Di J, Liu M. Estimates of linkage disequilibrium and
effective population sizes in Chinese Merino (Xinjiang type) sheep by
genome-wide SNPs. Genes Genomics. 2017;39:733–45. https://doi.org/10.1
007/s13258-017-0539-2.

37. Hayes BJ, Visscher PM, McPartlan HC, Goddard ME. Novel multilocus
measure of linkage disequilibrium to estimate past effective population size.
Genome Res. 2003;13:635–43.

38. Charlesworth B. Fundamental concepts in genetics: effective population size
and patterns of molecular evolution and variation. Nat Rev Genet. 2009;10:
195–205.

39. The Bovine HapMap Consortium*. Genome-wide survey of SNP variation
uncovers the genetic structure of cattle breeds. Science (80-). 2009;324:528–
32. https://doi.org/10.1126/science.1167936.

40. Nel CL, Gore KP, Swan AA, Cloete SWP, van der Werf JHJ, Dzama K. The
accuracy of genotype imputation in selected South African sheep breeds
from Australian reference panels. In: Proceedings of the association for the
advancement in animal breeding and genetics 23. 2019. p. 290–239.

41. Daetwyler HD, Hickey JM, Henshall JM, Dominik S, Gredler B, Van der Werf
JHJ, et al. Accuracy of estimated genomic breeding values for wool and
meat traits in a multi-breed sheep population. Anim Prod Sci. 2010;50:1004–
10. https://doi.org/10.1071/AN10096.

42. Daetwyler HD, Kemper KE, Van der Werf JHJ, Hayes BJ. Components of the
accuracy of genomic prediction in a multi-breed sheep population. J Anim
Sci. 2012;90:3375–84. https://doi.org/10.2527/jas.2011-4557.

43. Gurman PM, Bunter KL, Boerner V, Swan AA, Brown DJ. Adjusting the
genomic relationship matrix for breed differences in single step genomic
blup analysis. In: Proceedings of the association for the advancement in
animal breeding and genetics 23. 2019. p. 254–7.

44. Legarra A, Aguilar I, Misztal I. A relationship matrix including full pedigree
and genomic information. J Dairy Sci. 2009;92:4656–63.

45. Legarra A, Christensen OF, Vitezica ZG, Aguilar I, Misztal I. Ancestral
relationships using metafounders: finite ancestral populations and across
population relationships. Genetics. 2015;200:455–68.

46. Alexander DH, Novembre J, Lange K. Fast model-based estimation of
ancestry in unrelated individuals. Genome Res. 2009;19:1655–64.

47. Cloete SWP, Gilmour AR, Olivier JJ, Van Wyk JB. Genetic and phenotypic
trends and parameters in reproduction, greasy fleece weight and liveweight
in Merino lines divergently selected for multiple rearing ability. Aust J Exp
Agric. 2004;44:745–54.

48. Cloete SWP, van Wyk JB, Olivier JJ. Genetic responses in component and
composite reproduction traits in Merino ewes divergently selected for
number of lambs weaned. In: Proceedings of the association for the
advancement in animal breeding and genetics 22. 2017. p. 569–72.

49. Olivier JJ, Erasmus GJ, Vanwyk JB, Konstantinov K V. Response to selection
on BLUP of breeding values in the Grootfontein Merino stud. S Afr J Anim
Sci. 1995;25(l):13–5.

50. Snyman MA, Cloete SWP, Olivier JJ. Genetic and phenotypic correlations of
total weight of lamb weaned with body weight, clean fleece weight and

mean fibre diameter in three South African Merino flocks. Livest Sci. 1998;
55:157–62.

51. Olivier WJ. The evaluation of a South African fine wool genetic resource
flock. PhD (Agric) Thesis. Stellenbosch: Stellenbosch University; 2014.

52. Sargolzaei M, Chesnais JP, Schenkel FS. A new approach for efficient
genotype imputation using information from relatives. BMC Genomics.
2014;15:478. https://doi.org/10.1186/1471-2164-15-478.

53. Browning BL, Browning SR. Genotype imputation with millions of reference
samples. Am J Hum Genet. 2016;98:116–26. https://doi.org/10.1016/j.ajhg.2
015.11.020.

54. VanRaden PM. Efficient methods to compute genomic predictions. J Dairy
Sci. 2008;91:4414–23. https://doi.org/10.3168/jds.2007-0980.

55. Hill WG. Estimation of effective population size from data on linkage
disequilibrium. Genet Res. 1981;38:209–16. https://doi.org/10.1017/S001
6672300020553

56. Wickham H. ggplot2: elegant graphics for data analysis. 2016.
57. R Core Team. R: a language and environment for statistical computing.

2020. https://www.r-project.org/.
58. Wei T, Simko V. R package “corrplot”: visualization of a correlation matrix

(Version 0.84). 2017.
59. Baglama J, Reichel L, Lewis BW. irlba: fast truncated singular value

decomposition and principal components analysis for large dense and
sparse matrices. 2019. https://cran.r-project.org/package=irlba.

60. Clayton D. SnpMatrix and XSnpMatrix classes and methods. 2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nel et al. BMC Genomics           (2022) 23:23 Page 19 of 19

https://doi.org/10.1016/j.livsci.2006.10.005
https://doi.org/10.2527/jas.2006-257
https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.1186/1471-2164-13-24
https://doi.org/10.1186/1471-2164-13-24
https://doi.org/10.1186/1297-9686-45-33
https://doi.org/10.1007/s13258-017-0539-2
https://doi.org/10.1007/s13258-017-0539-2
https://doi.org/10.1126/science.1167936
https://doi.org/10.1071/AN10096
https://doi.org/10.2527/jas.2011-4557
https://doi.org/10.1186/1471-2164-15-478
https://doi.org/10.1016/j.ajhg.2015.11.020
https://doi.org/10.1016/j.ajhg.2015.11.020
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.1017/S0016672300020553
https://doi.org/10.1017/S0016672300020553
https://www.r-project.org/
https://cran.r-project.org/package=irlba

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Heterozygosity and inbreeding
	Pairwise FST statistics
	Genomic relatedness
	Principal component analysis and admixture
	Linkage disequilibrium and effective population size

	Discussion
	Heterozygosity and inbreeding
	Pairwise FST statistics
	Linkage disequilibrium and effective population size
	Genomic relatedness, PCA and ADMIXTURE
	Implications for genomic selection

	Conclusions
	Methods
	Sample populations
	Experimental design
	Genotyping and quality control
	Genomic analysis
	Heterozygosity and F-statistics
	Genomic relationships, inbreeding and principal component analysis
	ADMIXTURE analysis
	Linkage disequilibrium and effective population size

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

