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Abstract

Background Sheep breeds native to the United Kingdom exhibit a striking diversity of different traits. Some of these
traits are highly sustainable, such as seasonal wool shedding in the Wiltshire Horn, and are likely to become more
important as pressures on sheep production increase in coming decades. Despite their clear importance to the future
of sheep farming, the genetic diversity of native UK sheep breeds is poorly characterised. This increases the risk

of losing the ability to select for breed-specific traits from native breeds that might be important to the UK sheep
sector in the future. Here, we use 50 K genotyping to perform preliminary analysis of breed relationships and genetic
diversity within native UK sheep breeds, as a first step towards a comprehensive characterisation. This study gener-
ates novel data for thirteen native UK breeds, including six on the UK Breeds at Risk (BAR) list, and utilises existing data
from the publicly available Sheep HapMap dataset to investigate population structure, heterozygosity and admixture.

Results In this study the commercial breeds exhibited high levels of admixture, weaker population structure and had
higher heterozygosity compared to the other native breeds, which generally tend to be more distinct, less admixed,
and have lower genetic diversity and higher kinship coefficients. Some breeds including the Wiltshire Horn, Lincoln
Longwool and Ryeland showed very little admixture at all, indicating a high level of breed integrity but potentially
low genetic diversity. Population structure and admixture were strongly influenced by sample size and sample
provenance - highlighting the need for equal sample sizes, sufficient numbers of individuals per breed, and sam-
pling across multiple flocks. The genetic profiles both within and between breeds were highly complex for UK sheep,
reflecting the complexity in the demographic history of these breeds.

Conclusion Our results highlight the utility of genotyping data for investigating breed diversity and genetic structure.
They also suggest that routine generation of genotyping data would be very useful in informing conservation strategies
for rare and declining breeds with small population sizes. We conclude that generating genetic resources for the sheep
breeds that are native to the UK will help preserve the considerable genetic diversity represented by these breeds,

and safe-guard this diversity as a valuable resource for the UK sheep sector to utilise in the face of future challenges.
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Background

In the UK, the sheep (Ovis aries L. 1758) industry is a
longstanding and vital agricultural sector. In 2020, it
employed approximately 150,000 individuals and con-
tributed £290 million to the UK economy [1]. Some of
the sheep breeds, such as the Suffolk, that are native to
the UK have become a mainstay of sheep production
across the globe [2]. Others such as the Longwool breeds
have had a significant historical effect on breed forma-
tion across the globe [3]. Despite their importance to
global sheep production, the unique genetic composi-
tion of native UK sheep breeds is poorly characterised;
large-scale genomic studies lack the resolution to exam-
ine large numbers of local breeds [4, 5] and, until recently
[2], they have been underrepresented in the genetic and
genomic resources that are available for sheep breeds
globally [6].

Maintenance of genetic diversity in native UK sheep
breeds is essential for the conservation of desirable
traits, such as those that might be important for miti-
gating future health and/or climatic challenges, as well
as the long-term survival of breeds (inbreeding risk)
with small and declining populations [7]. Globally, breed
diversity within livestock species is in decline [8, 9]. The
promotion of a few high-yielding types for intensive pro-
duction has led to the dominance of a small number of
production breeds and the consequent decline of locally
adapted, regional breeds. Predicted changes in climate
and pressure from emerging and existing diseases are
likely to significantly impact livestock, including sheep
[10-12]. Resilience to these emerging pressures is linked
to long-term maintenance of genetic diversity [8, 9].
Loss of these breeds, and/or loss of within-breed genetic
diversity, would remove important genetic resources that
are likely to become important to the UK sheep sector
in the future, posing a threat to future food security and
breed conservation.

Several native breeds of sheep possess traits that are
desirable in changing and unpredictable climates [1, 13,
14]. The Norfolk Horn is particularly hardy and can adapt
easily to the hot dry summers and long wet winters we are
likely to experience in coming years as a consequence of
climate change [14]. The Dorset Horn is able to reproduce
a-seasonally which can also enhance the resilience of pro-
duction systems to fluctuating weather patterns [14]. The
Lincoln Longwool is also deemed hardy with increased
resistance to footrot [14]. Footrot is a painful infection
affecting sheep hooves that can result in lameness and is
a cause of economic losses in sheep production globally
[15]. It is particularly common in warm, wet conditions
[16] and could become more of a problem if predicted
changes to climate in the UK become reality [17]. In addi-
tion, there may be traits that have not yet been discovered
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that are useful within the UK’s native breeds. For exam-
ple, it has previously been found that some sheep breeds
exhibit heightened susceptibility to specific infections
or suffer more severe cases [18], and benefit from cross-
breeding with others breeds that are either resistant or
less susceptible. Genetic diversity is a frontline defence
against potential disease pressures. If the genetic diver-
sity represented by the UK native breeds is lost, we also
lose the option to exploit it for the purposes of mitigat-
ing future disease challenges. As such preserving genetic
diversity is vital for ensuring ecological survivability/sta-
bility in agricultural production systems [19]. A diverse
gene pool across breeds and individuals protects the
entire sheep sector against future challenges, including
disease and extremes of climate. This study includes six
breeds (Border Leicester, Norfolk Horn, Lincoln Long-
wool, Greyfaced Dartmoor, Oxford Down and Whiteface
Woodland) that are included in the UK Breeds at Risk
(BAR) list provided by the Department for Environment
and Rural Affairs in the UK [20]. For a sheep breed to be
included in the UK BAR list it has to be a native breed,
with a population of less than 3000 breeding females, and
as such would be considered to be at particular risk in the
event of an outbreak of exotic disease [20].

Breeds that fall under the European Union’s definition
of ‘rare’ are defined as having small and declining popula-
tion sizes [21]. This can result in reduced genetic diversity
and increased relatedness that manifests as inbreeding
and inbreeding depression [22, 23]. Low diversity may
result in a lack of genetic variation necessary to adapt to a
changing climate or novel pathogen. Inbreeding is associ-
ated with the depression of a range of fitness and produc-
tion-relevant traits in sheep breeds [24—27], including in
rare breeds [28]. Moreover, some of the UK sheep breeds
with small population sizes may be at additional risk
from the deleterious effects of genetic drift, where alleles
can become lost or fixed in a population, reducing overall
breed fitness and increasing extinction risk [23]. Quan-
tifying diversity and improving genetic-management of
rare native sheep breeds in the UK is, therefore, critical.

Previous studies have used genotyping technology to
examine genetic diversity within sheep populations from
across the globe [29-31]. Despite their unique diversity
and importance to global sheep production, native UK
sheep breeds are poorly represented in these studies. The
sheep HapMap study, which included 2,819 animals from
74 different breeds, demonstrated clear genetic separa-
tion between breeds globally, with notable genetic differ-
ences between sheep from diverse geographical origins
[32]. Accordingly, this study aims to provide a prelimi-
nary dataset to characterise the genetic diversity of native
UK sheep breeds with the objectives of, i) examining
breed introgression, population structure and admixture,
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ii) quantifying within and between-breed genetic diver-
sity and, iii) assessing the suitability of the Illumina 50 K
genotyping chip for breed differentiation and its potential
as a tool for genetic conservation purposes. Our hope is
that this study will provide a foundation for a much larger
characterisation of the genetic diversity represented by
UK native sheep breeds.

Materials and methods

Sampling and genotyping

From 2021 to 2023, nasal swab samples were obtained
from 143 individual sheep from 13 different native
breeds from four farms in Scotland and one farm in
Wiltshire, England (Table 1, Table S1, Fig. 1). Six of these
breeds appear on the UK BAR list and the Rare Breed
Survival Trust (RBST) watchlist [14, 20]. One of these
breeds, the Easycare™, is a stable composite breed
developed in the twentieth century with a large genetic
contribution from the self-shedding Wiltshire Horn.
Samples from each individual were collected and pre-
served using the PERFORMAgene PG-100 nasal swabs
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and stored at room temperature. DNA was extracted,
by Neogen, according to the PERFORMAgene pro-
tocol and genotyped using the Illumina OvineSNP50
chip (Table S1). The Illumina 50 K Ovine SNP chip
was selected as it has been widely used for other stud-
ies investigating genetic diversity in sheep populations,
including for the sheep HapMap dataset [29, 30, 33]. The
chip has a discovery panel of over 3000 sheep breeds,
encompassing global ovine diversity, although native UK
breeds are poorly represented [34].

Merging and filtering datasets

Samples collected for this study were genotyped at Neogen
over a three-year period that covered the use of three chip
versions, the OvineSNP50v2_HTS 20032166 _Al1 & A2,
and OvineSNP50v3_HTS_20046264_Bl.bpm (Table S1).
Raw genotype data was converted to PLINK format using
a custom script. Genotype data for two breeds, the Border
Leicester and Scottish Blackface (Table 1), was extracted
from the Sheep HapMap dataset. For all datasets, the
BCFtools v.1 0.19 [35] plug-in fixref was used to check,

Table 1 UK breeds and sample sizes included in this study. Number of individuals is given prior to, and post, filtering for call rate.
The dataset was comprised of samples genotyped for this study and breeds added from the Sheep HapMap. Breeds included on the
Breeds at Risk (BAR) list are indicated. Criteria for inclusion are an estimated breeding female population of under 3000 (accurate as of

03/2024) [20]

Breed (Abbreviation) Dataset n samples (post filter) BAR Status
Border Leicester (BRL) Sheep HapMap and | Sheeep HapMap - 48, This BAR (1531)
This Study Study -1
Cheviot (CH) This Study 6 -
EasyCare (EC) This Study 4 -
(GCieDy/fé;D])Dartmoor This Study 29 (28) BAR (2511)
Lincoln Longwool (LLW) This Study 7 BAR (647)
Lleyn (LY) This Study 5 -
Norfolk Horn (NH) This Study 32 (29) BAR (1173)
Oxford Down (OD) This Study 21 (20) BAR (1141)
Poll Dorset (PD) This Study 6 -
Ryeland (RY) This Study 8 -
Scottish Blackface (SBF) Sheep HapMap 56 -
Suffolk (SU) This Study 6 -
Whiteface Woodland .
(WFW) This Study 6 BAR (391)
Wiltshire Horn (WH) This Study 12 (8) -
Total 247 (238 post filtering)
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Fig. 1 Geographic origins and sample localities of UK native breeds. Red points indicate breed origins, where-as blue points show sampling
localities. The Wiltshire Horn was sampled from a location in the county of Wiltshire, all other sampling localities were in Scotland: Aberdeen, Perth,

South Lanarkshire and Fife

correct and fix strand orientation against the sheep ref- between the four datasets (three different sampling occa-
erence genome version OAR3.1 (GCF_000298735.2). sions for this study plus the sheep HapMap dataset), before
BCFtools isec was then used to create a list of shared SNPs  merging with BCFtools merge.
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Merged data was filtered in PLINK 1.9 [36] on a SNP
genotype call rate of >90%, minimum individual call rate
of 90%, and a minor allele frequency of 0.05 (—geno 0.1,
—mind 0.1, —-maf 0.05). Due to sample number heteroge-
neity between breed groups (Table 1), a pruned dataset
was created where each group had between 4 and 8 indi-
viduals (Table S1, Table S2). To randomly select samples,
each sample was assigned a randomly generated number,
the list of samples was sorted and then the appropri-
ate number of samples were chosen from the top of the
sorted list. This resulted in 2 datasets: one with the study
data merged with the HapMap data containing all sam-
ples, and one with the study and HapMap data merged
and pruned for even sample sizes.

Population structure and breed differentiation

Population structure and breed relationships were inves-
tigated by Principal Components Analysis (PCA), admix-
ture, and a neighbour-net network. For PCA, admixture
and the network analyses, datasets were pruned for link-
age disequilibrium in PLINK 1.9 [36] (-indep-pairwise
50 10 0.2). PC analyses were calculated in PLINK 1.9 [36]
from the covariance matrix (top 20 PCs). Admixture was
performed for each dataset using ADMIXTURE [37],
running from K=2 to K=20 and with 10 cross-validation
in each set for error iterations. A neighbour-net network
was constructed in Splitstree v.4.19.2 [38, 39] from a
matrix of genetic distances generated from uncorrected
p-distances.

Relatedness, heterozygosity and inbreeding
The kinship coefficient was calculated for all pairs of
sheep using relatedness2, based on the methods of Mani-
chaikul et al. [40], and implemented within vcftools
v.0.1.13 [41]. A custom script was used to format the out-
put, before plotting in R v.4.0.0 [42] with the Heatmaply
package [43]. Multi-locus heterozygosity was calculated
as the proportion of sites at which an individual is het-
erozygous. Observed, O(HOM), and expected, E(HOM,)
homozygosity was first calculated in PLINK 1.9 [36] with
observed heterozygosity calculated as 1-(O(HOM)/n
SNPs); Table S3). Inbreeding was inferred using runs of
homozygosity (ROH) with the PLINK 1.9 [36] —homozyg
function with the following parameters: minimum seg-
ment length of 1 MB (-homozyg-kb 1000), a minimum of
50 SNPs per segment (—homozyg-snp 50), a maximum of
one heterozygous SNP (-homozyg-het 1) and a minimum
SNP density of 70 kb per segment, (-homozyg-density
70). ROH results were reported as the percent of an indi-
vidual’s genome in ROH, averaged by breed.

For breeds that had sample sizes>10 prior to filter-
ing (Border Leicester, Greyface Dartmoor, Norfolk Horn,
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Oxford Down, Scottish Blackface and Wiltshire Horn),
demographic history was calculated by estimation of effec-
tive population size (Ne) using GONe [44], based on pat-
terns of linkage disequilibrium (LD). Per-breed data was
extracted from the merged dataset before filters, and fil-
tered individually for missingness in PLINK 1.9 [36] (—geno
0.1, -mind 0.1). No maf or LD filters were applied as per
the analysis recommendations.

Results

Assessment of genotyping data

We generated new 50 K genotype data for a total of 13
breeds and 143 individuals on the Illumina OvineSNP50
(Table 1, Table S1, Fig. 1). Autosomal genotyping rate
varied from 99 to 44% per individual, with the majority
of the dataset>90%. Low call rates per individual were
associated with DNA quality rather than breed. Merg-
ing of this data with the sheep UK breeds in the Hap-
Map dataset added 48 samples for Border Leicester and
56 samples for Scottish Blackface (Table 1, Table S2).
Post filtering (-geno 0.1, —mind 0.1, maf 0.05), the num-
ber of remaining SNPs was 35,217 in the full dataset and
35,247 in the pruned set. Nine individuals were removed
due to low call rates, one Greyface Dartmoor, one Oxford
Down, three Norfolk Horn and four Wiltshire Horn. The
final number of breeds was 14, composed of 238 samples
in the full set and 78 in the pruned set (Table 1, Table S1
& S2).

Population structure: PCA, admixture and network analysis
Pruning the data for SNPs in high LD (r* threshold =0.2),
reduced the number of SNPs to 22,000 in the full dataset
and 13,960 SNPs in the set pruned for equal sample sizes.
Principal components analysis showed a strong effect of
sample size on the distribution of breeds in the PC space
(Fig. 2A, B). Uneven sample sizes between groups can
bias PCA analyses as larger groups disproportionately
influence the mean and variance, skewing the PC’s and
leading to larger groups artificially appearing more dis-
tinct [45]. This effect was obvious in our initial analysis of
the whole dataset, with the breeds that have large sample
sizes — the Greyface Dartmoor, Oxford Down and Nor-
folk Horn — all appearing distinct (Fig. 2B) while breeds
with smaller sample sizes occupied a similar PC space to
each other (Fig. 2A). Pruning the dataset so each breed
has approximately even sample sizes (n=4 to 8, mini-
mum =4, maximum =8, Table S1), corrects for this effect
(Fig. 2A).

Using the pruned dataset, PC1, PC2 and PC3 collec-
tively accounted for 29% of the total genetic variance in
the sheep. Component 1 has the Ryeland and the Nor-
folk Horn appearing distinct at either extremity of the
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Fig. 2 Principal components analysis (PCA) for UK sheep breeds. PCA (A) is shown for the dataset pruned for equal sample sizes (n between 4 and 8
per breed) and the full dataset is shown in (B). CH — Cheviot, LY — Lleyn, SU - Suffolk, EC- Easycarew, WFW -Whiteface Woodland, SBF - Scottish
Blackface, BL — Border Leicester, PD — Poll Dorset, GFD - Greyface Dartmoor, WH — Wiltshire Horn, OD — Oxford Down, RY — Ryeland, LLW - Lincoln

Longwool, NH - Norfolk Horn. *Indicates breeds on the UK BAR list

axis, while PC2 separates out the Wiltshire Horn from
all other breeds. Most rare breeds show some level of
breed-distinctiveness while the Cheviot, Poll Dorset,
Whiteface Woodland and Scottish Blackface occupy a
similar PC space. The Lincoln Longwool and Border
Leicester tend to group in close proximity to each other
across PC’s, reflecting the historic role of the Longwool
in the formation of the Border Leicester [46]. The Oxford
Down, Greyface Dartmoor and Lleyn also tend to group
together.

Admixture was calculated for both the full (Fig. 3) and
pruned (Figure S2) datasets, although the pruned data
was not sufficient to fully capture breed complexity (Fig-
ure S2). The Border Leicester and Norfolk Horn show no
admixture from K=2 to K=10. The Scottish Blackface
emerges as a distinct entity as at K=3, followed by the
Greyface Dartmoor (K=4), Oxford Down (K=5), Wilt-
shire Horn (K=6), Ryeland (K=7) and Lincoln Longwool
(K=8). The admixed characteristics of the production

breeds become apparent at K=5. As the value of K
increases after K=10, within-breed ‘subtypes’ start to
appear, most notably in the Scottish Blackface, Border
Leicester, Oxford Down and Norfolk Horn. This is most
pronounced from K=12 where the analysis interprets
these subtypes as distinct entities. The Poll Dorset breed
shows no admixture at K=11 despite being a highly
admixed breed at most other values of K. Together with
the emergence of subgroups, this suggests that K values
higher than 10 may be over-fitted and not reflective of
real biological groupings.

The most likely value of K for the dataset was
K=10 (cv error=0.565; Figure S1). At this value of
K, the commercial breeds—Cheviot, Lleyn, Suffolk,
Easycare™ and Poll Dorset show similar patterns of
admixture and breed composition to each other and
interpreted as a single breed by the analysis. However,
the Easycare™ has a notably higher contribution from
the Wiltshire Horn than these other breeds, reflecting
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Fig. 3 Admixture analyses for UK sheep breeds. The most likely value of K was K= 10. Production breeds tend to show higher admixture levels
than rare breeds that show a high level of distinctiveness. CL — Cheviot, LY - Lleyn, SU - Suffolk, EC- EasycareTM, WFW -Whiteface Woodland, SBF

- Scottish Blackface, BL — Border Leicester, PD — Poll Dorset, GFD — Greyface Dartmoor, WH — Wiltshire Horn, OD — Oxford Down, RY - Ryeland, SBF —
Scottish Blackface, LLW - Lincoln Longwool, NH — Norfolk Horn. *Indicates breeds on the UK BAR list

known genetic introgression from this breed in the
creation of the Easycare™ [47]. The remaining breeds
show little to no admixture at K=10, and the BAR-list
breeds are notably distinct.

The neighbour-net graph (Fig. 4) showed the same gen-
eral pattern of increased distinctiveness of the rarer breeds
compared to the commercial breeds that was apparent
in the PCA and admixture analyses (Figs. 2 & 3). Several
notable relationships are observed in the network, i) the
Norfolk Horn and the Suffolk, ii) the Border Leicester,
Lincoln Longwool and Ryeland, iii) the Poll Dorset and
Scottish Blackface and, iv) the EasycareTM and the Wilt-
shire Horn, with one Easycare™ individual placing with
the cluster of Wiltshire Horn branches. The Cheviot and
Whiteface Woodland are somewhat undifferentiated from
each other, and both are associated to the Scottish Black-
face+ Poll Dorset grouping.

Demographic history

Reconstruction of effective population size (Ne) for six
breeds (Border Leicester, Greyface Dartmoor, Norfolk
Horn, Oxford Down, Scottish Blackface and Wiltshire
Horn), showed that the BL, GFD, SBF and NH all have

a reduced contemporary Ne compared to>64 gens ago
(Figure S3, where generation time is equal to 1 year).
The OD and WH do not have large historical Ne, sug-
gesting long-term effective population size depression.
All breeds show a recent drop in Ne, but the production
breeds exhibit more recent stability than the rare breeds.
These results, however, are likely more reflective of indi-
vidual flock history, rather than representative of breed
history. More widespread sampling would have to be
undertaken to achieve reliable demographic estimates for
effective population size at the breed level.

Kinship, heterozygosity and inbreeding

The relatedness analyses produced pairwise estimates of
kinship coefficients for all pairs in the dataset;<0.0884
indicates 3rd degree relatives, 0.0884 — 0.177 indicates
2nd degree relatives, 0.177 — 0.345 indicates 1st degree
relatives and>0.345 are duplicates/monozygotic twins.
Negative values indicate the potential presence of struc-
ture between individuals and so were included in the
analysis rather than transforming to zero. There were 288
pairs of 1st degree relations (parent-offspring, full sib-
lings) present in the dataset (Table S4), which is reflective
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Fig. 4 Splitstree neighbour-net network of native UK sheep breeds. The network is calculated from uncorrected p-distances on a dataset of 22,000
SNPs and 14 breeds. Some breed relationships not apparent in the PCA are observed here, for example the Suffolk and Norfolk Horn

of the small population size of some of the breeds. The
dendrogram produced by the Heatmaply package [43]
(Fig. 5) shows the Wiltshire Horn as an outgroup with
two large sister groups composed of (GFD, BL, LY, CH,
EC, SU, SBE, WEW, PD and OD) and (LLW, RY, LY,
WEW, SU, NH). The Suffolk was not monophyletic, with
individuals placed in both sister groups, similar to the
pattern seen in both the PCA (Fig. 2) and neighbour-net
graph (Fig. 4), where two Suffolk individuals are slightly
divergent from the other Suffolk samples.

The distinctiveness of each breed, based on relatedness,
can be inferred from the within-to-outside kinship coeffi-
cient (orange to brown indicating higher levels of related-
ness; blue to green indicating lower levels of relatedness).
These relatedness patterns also show high congruity with
the population structure analysis, with the Norfolk Horn,
and Wiltshire Horn particularly well distinguished (Fig. 5).
Notably, some of these breeds have pockets of high (1st
degree) relatedness which can be observed as darker
orange/brown areas within the breed. These are particu-
larly apparent within the Scottish Blackface, Oxford Down
and Norfolk Horn — four of the breeds which showed
‘subtypes’ in the admixture analysis at higher values of K
(Fig. 3). The individuals showing elevated levels of kinship
correspond to the individuals interpreted as sub-types in
the admixture analysis, indicating that heterogeneity in
relatedness within breeds is, at least in part, responsible
for the observed patterns of admixture.

Despite the apparent elevated kinship levels, heterozy-
gosity was within the range reported in the literature
for sheep [29]. Mean heterozygosity per breed ranged
from a min of 0.3 in the Wiltshire Horn (but with a large
range of 0.3 to 0.38) to 0.44 in the Easycare™ (Fig. 6A).
While sample size may influence these results, heterozy-
gosity was clearly higher in the Cheviot, Lleyn, Suffolk,
Easycare™, Scottish Blackface and Poll Dorset - all
breeds which have large population sizes. Breeds on the
BAR list all show the lowest heterozygosity in the dataset,
but the lowest diversity was observed in two breeds not
listed on the BAR — the Wiltshire Horn and the Ryeland.
Conversely, the Oxford Down and the Whiteface Wood-
land, both BAR listed breeds, show reasonably good lev-
els of mean heterozygosity, although two Oxford Down
samples were low outliers.

The percent of the genome covered by runs of homozy-
gosity (ROH) mirrored heterozygosity almost exactly, with
more heterozygous breeds/individuals showing smaller
proportions of their genomes in ROH than those that have
less genetic diversity (Fig. 6B, Table S5). The Wiltshire
Horn, Norfolk Horn and Ryeland had the highest means for
this metric but there was a huge range in %ROH within the
Wiltshire Horn; one individual showed an almost complete
absence of ROH while another had the most %ROH in the
dataset at>15%. While the Suffolk also appears to have a
high %ROH, this is on the basis of only two inbred indi-
viduals as the other samples in the breed did not show any
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Fig. 5 Pairwise kinship co-efficient for British sheep. A dendrogram based on kinship coefficient values from relateness2, reflecting breed
boundaries and elevated within-breed relatedness for some groups. Colour scale based on relatedness categories where < 0.0884 = 3rd degree
relations and below, 0.0884 - 0.177=2nd degree, 0.177 - 0.354=1st degree and > 0.345 =duplication/monozygotic twins. CH — Cheviot, LY - Lleyn,
SU - Suffolk, EC- Easycare™, WFW -Whiteface Woodland, BL — Border Leicester, SBF — Scottish Blackface, PD — Poll Dorset, GFD — Greyface Dartmoor,
WH — Wiltshire Horn, OD - Oxford Down, RY - Ryeland, LLW - Lincoln Longwool, NH — Norfolk Horn

ROH that met the analysis criteria and so were not included
in the results. There is also considerable within-breed vari-
ation in some cases, for example within the Oxford Down,
Border Leicester, Wiltshire Horn and Lleyn.

Discussion

Our results represent the first study to systematically
examine the genetic diversity and breed relationships of
UK native sheep breeds. They highlight intriguing, and
previously unknown, genetic profiles. For example, the
breeds associated with larger population size and pro-
duction use such as the Easycare™, Cheviot, Suffolk and
Lleyn consistently show increased admixture and levels
of genetic diversity, exhibit low degrees of genetic differ-
entiation and have the lowest kinship co-efficients. These
findings are unsurprising considering that these breeds
are widely used in commercial sheep production in the
UK. The strong genetic similarity among them may be
attributed to shared breeding objectives that prioritise
specific production relevant traits or the historical breed-
ing relationships. Additionally, these breeds are primarily
bred for economic productivity rather than for rare breed

status. This means breeding practices within these breeds
are likely to have a reduced emphasis on rigorous pedi-
gree monitoring to maintain purebred animals and more
crossbreeding with other commercial breeds.

In contrast, some of the less numerous native breeds
demonstrated pronounced genetic differentiation, low lev-
els of admixture, genetic diversity and higher inbreeding
and within-breed relatedness. Our analysis has shown the
genetics of the Wiltshire Horn to be particularly unique
relative to the other breeds we investigated. The Wiltshire
Horn breed is not on the UK BAR list but is considered
relatively rare due to its limited population of fewer than
15,000 ewes [48]. It was previously on the RBST watch-
list. Our genetic diversity analysis consistently demon-
strates that the breed forms a unique and isolated group,
distinct from other breeds included in the study. Also, the
breed exhibits no detectable admixture with other breeds
across a range of estimated ancestral populations which
strongly suggests that the Wiltshire Horn originated from
a unique ancestral population. This is possibly attributable
to the very diligent maintenance of genetic integrity in the
breed by a handful of passionate breeders as well as the
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early implementation of thorough pedigree monitoring In both the PCA and neighbour-net graph the Border
practices within the breed (Society). However, this breed  Leicester and Lincoln Longwool appeared to share a close
also showed the lowest heterozygosity of all breeds in the  genetic relationship. These are both ‘Longwool’ breeds,
study and high within-breed relatedness. which are some of the oldest documented UK breeds,
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with their ancestral types dating back to at least the Mid-
dle Ages (c. 500 to 1500 AD) [46]. English Longwool
rams were major founders of many contemporary Brit-
ish breeds, and both the Lincoln Longwool and the Bor-
der Leicester have the English Longwool as one of their
founding varieties [46]. The proximity of these breeds
to the Ryeland is surprising, given that the Ryeland is
an ancient short-wool breed, that has remained dis-
tinct. However, there is some suggestion that the noted
eighteenth century breeder Robert Bakewell [49], folded
the Border Leicester into the Ryeland [50], which may
explain this result and also highlights the utility of geno-
typing to uncover poorly documented breed histories.

Interestingly the Norfolk Horn has maintained consid-
erable genetic distinctiveness, even in the wake of histori-
cal backcrossing efforts with Suffolk sheep [51]. Notably,
these two breeds do not coalesce into a single group in
the PCA space but the neighbour-net graph highlighted
their historical relationship (Figs. 2A, 3). Throughout
the twentieth century, Norfolk Horns faced a decline in
popularity, and by the First World War, only one flock of
the breed remained [51]. These surviving Norfolk Horns
were characterised by extreme levels of inbreeding, ren-
dering any attempts to expand the flock seemingly insur-
mountable. To tackle this, a back-crossing program using
Suffolk sheep was initiated. The program spanned sev-
eral decades. Today, there are over 2,500 Norfolk Horns
in existence [52]. This compelling evidence attests to the
efficacy of the back-crossing program in rescuing the
Norfolk Horn species while safeguarding the integrity of
their unique genetic heritage. It serves as a resounding
testament that well-planned and persistent interventions
can combat the challenges posed by inbreeding.

Our examination of admixture in each of the breeds
importantly showed that several of the breeds with
increased admixture are the more numerous and com-
mercially utilised breeds. For example, the Easycare™,
Cheviot, Lleyn and Suffolk breeds show more admixture
than the Wiltshire Horn, Lincoln Longwool, Ryeland and
Whiteface Woodland, all of which show no admixture.
This observation aligns with the notion that these com-
mercial breeds are likely to have been selectively bred
for desirable commercial traits. The increased levels of
admixture in these breeds are significant as it implies a
greater genetic diversity within the breeds. This means
they may have increased breed resilience and adaptabil-
ity than the rarer breeds with lower levels of admixture.
The low admixture in the rarer breeds underscores the
importance of protecting these breeds from the negative
consequences of inbreeding. Doing so is critical for pre-
serving genetic heritage and breed purity.

The mean heterozygosity values recorded in this study
(0.3 in the Wiltshire Horn to 0.44 in the Easycare™) were
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similar to those observed for UK and European breeds in
other studies e.g., Kijas et al. [29] who reported a range
of 0.29-0.32. However, for some of the native UK breeds
studied, including those listed on the UK BAR list, there
are indications of potential inbreeding occurring, which
could pose a significant threat to the long-term survival
of these breeds. The Wiltshire Horn has the lowest value
of heterozygosity of the sheep studied and highest average
percentage of the genome in ROH (but with high within-
breed variability). This is possibly due the small number
of ewes that are registered annually for the breed [48]
which can result in a smaller gene pool. Given the unique
sustainable traits of the Wiltshire Horn, such as seasonal
wool shedding, and its clear genetic distinctiveness from
other breeds studied, this is particularly concerning.

The Norfolk Horn, another breed with unique traits and
clear genetic distinctiveness from other breeds studied,
also has particularly low values of heterozygosity. This is
perhaps explainable by its historical bottle-neck in the
1970’s and subsequent rescue via crossing with the closely
related Suffolk [51, 52]. More generally, the trend is that
the breeds on the UK BAR list, with smaller population
sizes, appear to have lower levels of heterozygosity and
subsequent greater degrees of inbreeding. Inbreeding ele-
vates the risk of individuals inheriting two copies of reces-
sive deleterious genes, which can have adverse effects,
including reduced fertility [22]. Considering the potential
consequences, it is imperative to address the challenge of
inbreeding to ensure breed preservation. Early detection
of excessive inbreeding using genotyping tools can facili-
tate the implementation of well-designed breeding and
cross-breeding programs, perhaps including importation
of novel genetics from European flocks. Both the Oxford
Down and the Whiteface Woodland, two BAR listed
breeds, showed moderate-good levels of genetic diversity
and (with the exception of a small number of outliers),
low inbreeding. This demonstrates that small population
size need not inevitably result in poor genetic diversity,
as long as management strategies are sufficient to combat
the effects of small numbers of breeding individuals. The
findings of this study demonstrate that some degree of
routine genotyping and comprehensive recording of easy
to measure traits would be warranted, particularly for the
UK breeds on the BAR list.

The sample sizes between breeds in this study were var-
iable with most breeds including between 4 and 8 individ-
uals and four breeds with sample sizes>20. In addition,
sampling was limited in some cases to single flocks that
may or may not be typical or representative of the breed
population as a whole. This reflects the sampling limita-
tions of the study and affects statistical interpretation,
most obviously by skewing the mean and variance (for
example, in PCA space (Fig. 2) and in heterozygosity
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estimates (Fig. 6A)). Future research would benefit from
increased per-breed sample sizes and more widespread
pedigree informed sampling of flocks, including exam-
ples of graded-up individuals and flocks with a history of
introgression from imported individuals.

This study represents an essential first step in the ongo-
ing pursuit for more comprehensive genetic characterisa-
tion of native UK sheep breeds. Further research should
obtain larger sample sizes for each breed and include sev-
eral different flocks and geographical locations within the
UK. Whole-genome sequencing, using short read Illumina
data, would provide many million more SNPs for analysis
and more accurate quantification of genetic diversity in
UK native sheep breeds as well as identification of genetic
markers driving traits of interest for breed improvement.
From the whole genome sequencing data examination of
runs of homozygosity and structural variants could also
help to define the degree of inbreeding [53]. Whole genome
sequencing could also be used to validate the content on
existing SNP chips or design new tools with content tai-
lored specifically for UK sheep breeds, enhancing the preci-
sion of SNP genotyping and informing future breeding and
cross-breeding programmes. Furthermore, global pange-
nome efforts for sheep to characterise and conserve global
genomic diversity using long read genome sequencing
technologies [54] should include the UK native breeds [6].

Conclusions

This study emphasises the importance of conserving the
native UK sheep breeds due to their unique genetic diver-
sity. These breeds provide important and irreplaceable
genetic resources, that will be essential for the UK sheep
sector in decades to come as climate and other pressures
on production increase.
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