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SUMMARY

The Galway sheep population is the only native Irish sheep breed and represents an
important livestock genetic resource, which is currently categorised as “at-risk”. In the present
study, comparative population genomics analyses of Galway sheep and other sheep populations
of European origin were used to investigate the microevolution and recent genetic history of
the breed. These analyses support the hypothesis that British Leicester sheep were used in the
formation of the Galway breed and suggest more recent gene flow from the Suffolk sheep
breed. When compared to conventional and endangered breeds, the Galway breed was
intermediate in effective population size, genomic inbreeding and runs of homozygosity. This
indicates that, although the Galway breed is declining, it is still relatively genetically diverse
and that conservation and management plans informed by genomic information may aid its
recovery. The Galway breed also exhibited distinct genomic signatures of artificial or natural
selection when compared to other breeds, which highlighted candidate genes that may be

involved in meat and wool production.

Keywords

sheep, conservation genomics, at-risk breed, inbreeding, genetic diversity, population
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INTRODUCTION

Sheep were domesticated more than 10,000 years ago and have since been bred for a
variety of uses including meat, milk and wool production (Taberlet et al., 2011; Larson and
Fuller, 2014; MacHugh et al., 2017). During the last 50 years, the focus of the global sheep
industry on only a subset of the 1,400 recorded sheep breeds with enhanced productivity and
high-quality outputs has resulted in many locally-adapted (local) breeds becoming endangered
or extinct (Taberlet et al., 2008; Kijas et al., 2009; Kijas et al., 2012). These breeds are generally
considered independent genetic units because crosses are usually not used for further
reproduction (Taberlet et al., 2008). Local or heritage livestock breeds are important because
they constitute reservoirs of biological diversity which may be important genetic resources for
domestic animal species in the face of climate change and increased food requirements in the
future (Taberlet et al., 2008; Bowles, 2015). In particular, functionally important natural
sequence variants (NSVs) identified in the genomes of local or heritage breeds may become
increasingly important as targeted genome editing technologies are employed in genetic

improvement programmes (Wells, 2013; Petersen, 2017; Van Eenennaam, 2017).

The local sheep breeds on the periphery of Northern Europe are recognised as heritage
livestock populations that should be conserved and represent important sources of novel
genetic diversity accumulated over centuries of microevolution and adaptation to marginal
agroecological environments (Tapio et al., 2005). In this regard, the Galway sheep breed is the
only surviving sheep breed native to Ireland (Curran, 2010); it was once the principal lowland
sheep breed in the west of the country, but is now considered at-risk by the Food and

Agriculture Organization (Food and Agriculture Organization, 2019).
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79 The Galway breed is thought to have originated in the 1840s and is likely to have emerged
80 as a composite breed from several indigenous and imported sheep populations present in
81  Ireland at that time (Hanrahan, 1999), including the important Dishley or New Leicester
82  foundational breed developed by Robert Bakewell (Wykes, 2004). However, it was not until
83 1923 that a formal herd book was established (Curran, 2010; Food and Agriculture
84  Organization, 2019). Therefore, the range of sheep populations ancestral to the Galway breed
85 in the 18™ and 19" centuries, coupled with the possibility of more recent gene flow poses
86  questions concerning the genetic distinctiveness and admixture history of the breed. In
87  addition, the Galway breed has declined from a peak population size in the 1960s when it was
88  the focus of lowland sheep farming in western Ireland (Martin, 1975a; Raftice, 2001; Curran,
89  2010). By 1994, as defined by the UK Rare Breeds Survival Trust, the Galway breed had
90  reached “critical” status for sheep breeds with only 300 pedigree breeding ewes registered
91  (Curran, 2010). Since being classed as endangered by the Irish Government in 1998, the
92  number of pedigree Galway sheep has increased due to conservation efforts; however, the
93  breed population size is currently decreasing, raising concerns regarding remaining genetic
94  diversity and the overall viability of the population (Curran, 2010; Food and Agriculture

95  Organization, 2019).

96 As a local breed with a low census population size, the main threat to the long-term
97  survival of the Galway breed is replacement by more productive commercial breeds, which
98  would further reduce the population size, reduce genetic diversity and increase inbreeding.
99  Other challenges faced by threatened local livestock breeds include increased genetic drift,
100 poor animal husbandry and management, deliberate or inadvertent crossbreeding and
101  geographical isolation, which increases the risk of extinction (Taberlet et al., 2008; Allendorf
102 et al., 2013). In recent years, with the availability of increasingly powerful genomics

103 technologies, a conservation programme for Galway sheep has been proposed that would
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leverage molecular genetic information (McHugh et al., 2014). McHugh and colleagues also
propose that genome-enabled breeding (genomic selection) could be used in threatened
livestock populations to improve production, health and reproduction traits, thereby

decelerating replacement by modern breeds (Biscarini et al., 2015).

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

genome.
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115  MATERIALS AND METHODS

116 Galway and Irish Suffolk Sheep DNA Sampling

117 The Galway and Irish Suffolk sheep DNA samples used for the current survey were
118  generated from peripheral blood samples collected in standard heparinised Vacutainer blood
119  collection tubes (Becton-Dickinson Ltd., Dublin, Ireland). High-quality genomic DNA was
120 then purified from 200 pl of blood from each animal using standard laboratory methods

121  (Howard, 2008).

122  Additional SNP Data Sources and Data Filtering

123 High-density SNP data were obtained from the International Sheep Genomics
124 Consortium Sheep HapMap Project and consisted of 2,819 sheep from 74 breeds genotyped
125 for 49,034 evenly-spaced SNPs using the Illumina® OvineSNP50 BeadChip (Kijas et al.,
126 2012). To focus on the Galway breed, a core sample set of 11 breeds, including the Galway
127  breed, was selected for the primary population genomic analyses (n = 615 animals). This
128  included populations previously examined and known to be more closely related due to their
129  shared European origins (Howard, 2008; Kijas et al., 2012). These comparator populations also
130  included widely used breeds, such as the Merino (MER) breed, and at-risk heritage breeds,
131  suchasthe Dorset Horn (DSH), Soay (SOA) and Wiltshire (WIL) breeds (Food and Agriculture
132 Organization, 2019) Figure 1, and Supplementary Table 1 provide further information on the
133 geographical origins of the 11 breeds used for the core sample set analyses. In addition,
134 Supplementary Table 1 provides information on an expanded sample set of 22 European and
135  Asian breeds, including the core sample set, used for the phylogenetic tree and network graph

136  reconstructions (rz = 1,003).
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137 The initial data set had already been filtered to remove SNPs with < 0.99 call rate, assay
138  abnormality, MAF < 0.01, discordant genotypes and inheritance problems (Kijas et al., 2012).
139  The core and extended sample genome-wide SNPs data sets for this study were filtered using
140  PLINK v1.07 (Purcell et al., 2007) to remove SNPs lacking positional information, SNPs
141  unassigned to any chromosome, or SNPs assigned to the X and Y chromosomes (Patterson et
142 al., 2006; Purfield et al., 2012). The final filtered data set was composed of 47,412 SNPs with

143 atotal genotyping rate of 99.7%.

144  Principal Component Analysis

145 Principal component analysis (PCA) was performed using 47,412 genome-wide SNPs
146 and SMARTPCA from the EIGENSOFT software package (version 4.2) (Patterson et al.,
147  2006). The number of autosomes was set to 26 and breed names were included. The number
148  of outlier removal iterations was set to 0 since outliers could flag individual animals that were
149  the result of crossbreeding. PCA plot visualisations were generated using ggplot2 (Wickham,

150  2016).

151  Fst Analysis
152 Pairwise Fst values (Weir and Cockerham, 1984) were calculated for each pair of breeds
153  using 47,412 genome-wide SNPs and PLINK v1.9 (Chang et al., 2015). Weighted values were

154  chosen to account for different sample sizes for each breed.

155 Construction of Phylogenetic Trees and Ancestry Graphs

156 Maximum likelihood (ML) phylogenetic trees with ancestry graphs were generated for
157  the core and extended sample data sets using 47,412 genome-wide SNPs and the TreeMix
158  (version 1.12) software package. For the core sample set, the Italian Comisana breed (COM)

159  (Ciani et al., 2014) was used as an outgroup and five migration edges were used for TreeMix
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160  visualisation (Pickrell and Pritchard, 2012). The analysis was repeated using the extended
161  sample set of 21 European breeds (Supplementary Table 1) and the Indian Garole breed (GAR)

162  was used as an outgroup, again with five migration edges for TreeMix visualisation.

163  Genetic Structure and Admixture History

164 Genetic structure and admixture history was investigated for the core sample set of the
165  Galway and ten other breeds using 47,412 genome-wide SNPs and fastSTRUCTURE (version
166  1.0) (Raj et al., 2014) as described previously by us (Browett et al., 2018). The analysis was
167  performed with the model complexity, or number of assumed populations, K =2 to 11. The
168  simple prior approach described by Raj et al. (2014) was used, which is sufficient for modelling
169  population/breed divergence. The “true” K-value for the number of ancestral populations was
170  estimated using a series of fastSTRUCTURE runs with pre-defined K-values that were
171  examined using the chooseK.py script (Raj et al., 2014). Outputs from the fastSTRUCTURE
172 analyses were visualised using the DISTRUCT software program (version 1.1) with standard

173  parameters (Rosenberg, 2004).

174  Modelling of Current and Historical Effective Population Size

175 Current and historical effective population size (Ne) trends were modelled with genome-
176 ~ wide SNP linkage disequilibrium data from 47,412 genome-wide SNPs for the core sample set
177  using the SNeP software tool (version 1.1) (Barbato et al., 2015) implementing the method for
178  unphased SNP data as described previously by us (Browett et al., 2018). Graphs used to

179  visualise trends in N. were generated using ggplot2 (Wickham, 2016).

180  Analysis of Genomic Inbreeding and Runs of Homozygosity

181 Analysis of genomic inbreeding based on the inbreeding coefficient (F) estimated from

182  SNP heterozygosity data was performed using 47,412 genome-wide SNPs and the PLINK
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183  v1.07 --het command (Purcell et al., 2007) since comparable inbreeding results have been

184  observed using pruned or unpruned data for a SNP data set of similar size (Binns et al., 2012).

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

195  Core Team, 2018).

196 Genome-wide Detection of Signatures of Selection and Functional
197  Enrichment Analysis

198 The composite selection signal (CSS) method (Randhawa et al., 2014) was used to detect
199  genomic signatures of selection as previously described (Browett et al., 2018). The CSS
200  approach combines the fixation index (F'st), the directional change in selected allele frequency
201  (4ASAF) and cross-population extended haplotype homozygosity (XP-EHH) tests into one
202  composite statistic for each SNP in a population genomics data set (Randhawa et al., 2014).
203  For the present study, we used 47,412 genome-wide SNPs genotyped in 49 individual Galway
204  sheep (GAL) samples and a sample of 50 randomly selected sheep (5 selected at random from
205  each of the other 10 breeds in the core data set). To mitigate against false positives, genomic

206  selection signatures were only considered significant if at least one SNP from the set of the top

10
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0.1% genome-wide CSS scores was flanked by at least five SNPs from the set of the top 1%

CSS scores.

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

set for these analyses (Timmons et al., 2015).

11
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218 RESULTS AND DISCUSSION

219  Analyses of Breed Divergence, Genetic Differentiation and Admixture

220 The results of multiple population genomics analyses support the genetic distinctiveness
221  of the Galway sheep population as a discrete breed. The PCA results plotted in Figure 2
222 demonstrate separation of the majority of breeds into distinct population clusters, with the
223  notable exceptions of the Australian Merino (MER) and Scottish Blackface (SBF). However,
224 it is important to note that the PCA plot visualisation shown in Figure 2 did not include the
225 110 samples from the Soay breed (SOA). A long history as a relatively small isolated island
226  population (Berenos et al., 2016) has led to a marked pattern of genetic differentiation from
227  other breeds, which is evident in the first principal component (PC1) of Supplementary Figure
228 1. Consequently, when the Soay breed is included in a PCA, PC3 is required to separate the
229  Galway breed from the other populations (Supplementary Figure 2). Otherwise, the Galway
230  breed clusters with the Scottish Texel breed (STX) and is located close to the Border Leicester
231  breed (BLR). This result supports the documented role for the foundational New Leicester
232 breed in the formation of the Galway and Texel breeds (Porter et al., 2016) and is compatible

233 with the results of a previous study using autosomal microsatellites (Howard, 2008).

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

241  was removed from all subsequent analyses.

12
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242 The PCA results are supported by the interpopulation weighted F'st values for each pair
243 of breeds shown in Supplementary Table 2. The results range from 0.080 (Australian Merino
244  and Scottish Blackface) to 0.326 (Soay and Wiltshire). The pairwise Fst values observed for
245  the Galway population sample indicates that, with the exception of the genetically distinctive
246  Soay sheep population (SOA), which inhabits a small island, the breed exhibits moderate
247  genetic differentiation from other European breeds. The Galway breed exhibited relatively low
248  pairwise Fst values with the New Zealand Romney (ROM: 0.110), Australian Merino (MER:
249  0.118) and Scottish Texel (STX: 0.119) breeds. This is unsurprising because the Romney,
250  Merino and Texel breeds are known to have shared origins with the Galway breed (Curran,

251  2010; Porter et al., 2016; Food and Agriculture Organization, 2019).

252 The ML phylogeny and ancestry graph in Figure 3 shows that the Galway breed groups
253  closely with sheep populations of English and Dutch origin, particularly the Border Leicester
254  (BRL) and the Scottish Texel (STX) breeds. This observation concords with previous
255  population genomics studies (Kijas et al., 2012; Fariello et al., 2013) and known breed histories
256  due to the shared historical input of the foundational New Leicester breed (Curran, 2010). The
257 ML phylogeny and ancestry graph generated with additional European breeds and shown in
258  Supplementary Figure 5 also supports the close relationship among the Galway, BRL and STX
259  breeds. The arrows (graph edges) on Figure 3 indicate gene flow modelled between
260  populations with the colour scale representing the weight of each migration event. Inspection
261  of Figure 3 indicates possible historical gene flow between the Irish Suffolk and Galway

262  branches.

263 Results of the genetic structure analysis for individual animals grouped by population are
264  shown in Figure 4. Model complexity or numbers of assumed populations (K) ranging from 2
265  to 11 are visualised to explain the structure in the data and to maximise the marginal likelihood.

266  These results demonstrate that the 11 breeds can be considered discrete populations, thereby

13
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267  supporting interpretation of sheep breeds as separate genetic units (Taberlet et al., 2008) and

268  the genetic distinctiveness of Galway sheep.

269 The colours on Figure 4 indicate assignment of individual animals into modelled
270  populations. As with the PCA shown in Supplementary Figure 1, the first split (K = 2) separates
271  the isolated Soay sheep population (SOA) from the other breeds. The second split (K = 3) then
272  differentiates the Finnish Landrace (FIN) from the remaining breeds. At K = 9 the Galway
273  breed emerges as a distinct cluster and this genetic component is also apparent in the New
274  Zealand Romney breed (ROM). With K = 11 each breed emerges as a distinct genetic cluster.
275 However, some individual animals show evidence of prior crossbreeding or historical
276  admixture, which is indicated by bars that exhibit varying colour proportions. Based on these
277  results, some individual Galway animals exhibit 10% or more admixture with other sheep
278  breeds, particularly the Border Leicester (BRL), Scottish Texel (STX) and Scottish Blackface
279  (SBF). The observed signature of a Galway genomic component in the New Zealand Romney
280  breed (ROM) is supported by the relatively low pairwise Fst value for these breeds and their

281  known origins (Supplementary Table 2) (Porter et al., 2016).

282  Modelling Historical Effective Population Size

283 Figure 5 and Supplementary Table 4 provide the results of modelling historical effective
284  population size (Ne) for the range of conventional and at-risk sheep breeds (GAL, MER, BRL,
285  DSH, FIN, ISF, ROM, SBF, STX and SOA). Inspection of Figure 5 and Supplementary Table
286 4 shows that the modelled historical trends in Ne for the 11 breeds analysed decline towards the
287  present. However, the GAL breed are intermediate between the breeds with large census
288  populations (FIN, ISF, MER, ROM, SBF and STX) and at-risk breeds with relatively small
289  census populations (BRL, DSH, SOA, WIL) breeds. In addition, the most recent modelled Ne

290  value for the GAL breed is 184 animals 13 generations ago, which is comparable to some of

14
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291  the breeds (e.g. ISF and STX with 178 and 150 animals, respectively). These modelled N
292  values, which are based on linkage disequilibrium, may be underestimates due to the physical

293  linkage between many SNPs (Hall, 2016).

294 To examine these historical trends in Ne more systematically, the data for each breed
295  were shown to be not normally distributed using the Kolmogorov-Smirnov test (Supplementary
296  Table 3). Therefore, the non-parametric general Kruskal-Wallis test followed by pairwise
297  Wilcoxon rank sum tests for all population/breed comparisons with adjustment for multiple
298  statistical tests performed with the Bonferroni correction. This analysis demonstrated that the
299  GAL historical Ne trend is significantly different only from the MER breed (Pagj. = 0.006;
300  Supplementary Table 5). Livestock populations tend to exhibit lower Ne values than
301  comparable wild mammal populations (Waples et al., 2016). Notwithstanding this, from a
302  conservation perspective, it is reassuring that the most recent estimated Ne value of 184 for the
303 GAL is above the critical threshold of 100 animals considered essential for the long-term
304  survival of livestock populations (Meuwissen, 2009). This “demographic fingerprint” (Barbato
305 et al, 2015) is most likely a consequence of the widespread use of the Galway breed for

306 lowland sheep production in Ireland up until the 1980s (Raftice, 2001; Curran, 2010).

307 Genomic Inbreeding and Runs of Homozygosity

308 The recent Ne of each of the sheep breeds modelled in Figure 5 will have been
309  substantially influenced by their inbreeding histories. In this regard, the genomic inbreeding
310  coefficient (F) values estimated for individual animals across all breeds range up to 0.389 for
311  asingle Dorset Horn (DSH) animal (Figure 6). The majority of F values for individual animals
312  ineach breed were not normally distributed based on Shapiro-Wilk test results (Supplementary
313  Table 3); therefore, the median F' values were generated and evaluated for each breed

314  (Supplementary Table 6). The breeds with the highest median F values were the SOA (0.308)

15
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315  and the WIL (0.299) and the two breeds with the lowest median F values were the MER (0.045)
316  and the SBF (0.060). The other breeds exhibited intermediate median F values: BRL (0.243),
317  DSH (0.169), FIN (0.087), GAL (0.127), ISF (0.185), ROM (0.086) and STX (0.111). These
318  results provide a window on the different population histories for the breeds. For example,
319  Soay sheep (SOA) have existed as a relatively small and isolated population on the island of
320  Soay for hundreds of years and the Wilshere breed (WIL) have recently experienced a dramatic
321  decline in census population and are considered at risk by the FAO (Food and Agriculture
322 Organization, 2019). From a genetic conservation perspective, except for a single outlier
323 (GAL26), it is encouraging that the Galway breed (GAL) exhibits an intermediate median F'

324  value calculated using genome-wide SNP data.

325 A systematic analysis of F' value distributions using the non-parametric Kruskal-Wallis
326  test indicated there were significant differences among breeds (H=477.33, df=10,
327 P <0.001). An analysis of all pairwise breed comparisons using the non-parametric Wilcoxon
328  rank sum test (with Bonferroni correction) was then performed (Supplementary Table 7). These
329  results showed that the majority of pairwise comparisons were highly significant, again

330 reflecting the distinct demographic histories of each breed.

331 Overall, comparable results to those obtained using the genomic inbreeding coefficient
332 (F) were observed for inbreeding coefficients estimated using ROH (Fron) (Figure 7,
333 Supplementary Tables 3, 6 and 8). However, there were some notable differences; in particular,
334  the lower median Fron value of 0.101 for the Soay breed (SOA) is likely due to their longer
335  geographical isolation and a consequence of early historical inbreeding that produced ROH
336 tracts, which have broken down due to recombination (Barrett, 2012; Purfield et al., 2012). It
337 is also notable that the Galway breed contains several individual animals with higher Fron
338  wvalues (GAL15, GAL16, GAL18, GAL26 and GAL36) indicating that this statistic is useful

339  for identifying animals that should not be prioritised for conservation programmes. With
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340  regards to historical inbreeding in the Galway breed (GAL), inbreeding coefficients have
341  previously been calculated using pedigree information for the population in 1969 (£ = 0.019;
342  Martin, 1975b), 1999 (F = 0.020; Raftice, 2001) and 2012 (¥ = 0.023; McHugh et al., 2014).
343 These results indicate that the general trend in inbreeding has been relatively moderate, which
344  may also be reflected in the results obtained using genomic information reported in the present
345  study. It is important to note that monitoring of inbreeding for genetic conservation and
346  management of potentially deleterious recessive genomic variants can be greatly informed

347  through evaluation of ROH parameters using high-density SNP data (Peripolli et al., 2017)

348 The mean sum of ROH for different length categories varies among the breeds (Figure
349  8); however, none of the breeds exhibit large mean values for the total length of ROH in the 1
350 to 5 Mb category. This is because the SNP density on the OvineSNP50 BeadChip is too low to
351  accurately detect ROH in this size range (Purfield et al., 2012). Notwithstanding this limitation,
352  patterns of ROH, which reflect both recent and older inbreeding histories are evident. For
353  example, the Wiltshire breed (WIL) has large mean total ROH lengths for the other categories,
354  presumably reflecting both historical and recent inbreeding. Other breeds, such as the
355  Australian Merino (MER), have smaller mean total lengths of ROH in all categories, an
356  observation that concords with the results of the genomic inbreeding and the analysis of Ne
357  estimates. This is because individual animals from breeds with larger effective population
358  sizes—such as the Australian Merino—are less likely to be the result of inbreeding and
359  therefore less likely to exhibit large ROH segments in their genomes (Curik et al., 2014;
360  Peripolli et al., 2017). The converse of this is true for breeds with lower N. values and large
361  ROH tracts in their genomes, such as the endangered Wiltshire breed. In terms of mean total
362 length of ROH, the Galway breed emerges between these extremes, reflecting an intermediate

363  effective population size and history of moderate inbreeding (Figure 8). In conjunction with

17


https://doi.org/10.1101/645754

bioRxiv preprint doi: https://doi.org/10.1101/645754; this version posted May 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

364  the other analyses of genomic diversity, these results are also encouraging for genetic

365  conservation and the long-term viability of the breed.

366 Signatures of Selection in the Galway Sheep Breed

367 Using defined criteria, five significant peaks of selection were detected with the CSS
368 approach (Figure 9): two on OARI1, one on OAR3 and two on OARS (that merge into one
369 peak on the graph). Each selection peak was located in a ROH tract detected in at least three
370  Galway samples, which may indicate reduced genetic diversity in these regions as a
371  consequence of localised selective sweeps (Purfield et al., 2017). Detection of these selection
372  peaks demonstrates that the Galway population has experienced a unique history of both natural
373  and human-mediated selection, presumably because of adaptation to the agroecology of

374  Ireland, a large Northwestern European island with a temperate oceanic climate.

375 The precise locations of the peaks that have clusters of SNPs within the top 0.1% CSS
376  score class are provided with additional information in Supplementary Table 9. The 197 genes
377  within these regions are listed in Supplementary Table 10. Using IPA®, the top five
378  physiological system development and function pathways enriched for the subset of 119 genes
379  that could be mapped to HGNC symbols were identified and are listed in Table 1 (Krdmer et

380 al., 2013).

381 Of the 119 candidate genes hypothesised to be under selection in the Galway breed, 28
382  are involved in tissue development and 15 are involved in connective tissue development and
383  function. This is likely because the Galway breed is primarily used for meat production (Food
384  and Agriculture Organization, 2019). In this regard, it is important to note that sheep breeds
385  used for large-scale meat production, such as the Texel and New Zealand Romney, possess
386  specific mutations in muscle development genes that have been subject to intense artificial

387  selection (Cockett et al., 2005; Clop et al., 2006; Wang et al., 2016). Seven of the 119 genes

18


https://doi.org/10.1101/645754

bioRxiv preprint doi: https://doi.org/10.1101/645754; this version posted May 23, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

388  are involved in hair and skin development and function, which may be explained by the use of
389  Galway sheep in wool production (Curran, 2010). Selection and maintenance of traits that
390  confer resilience to infectious disease is important in domestic animal populations, including
391  many sheep breeds (Bishop and Woolliams, 2014; Bishop, 2015). Thirteen of the 119 genes
392 under the selection peaks are involved in immune cell trafficking; which may be as a result of
393  the climate and unique disease challenges posed by the Irish environment, such as the
394  prevalence of liver fluke (Toolan et al., 2015). A large group of 26 genes enriched for
395  haematological system development and function were also located under the selection peaks;

396  however, a microevolutionary explanation for this is not hypothesised here.

397 Genetic Conservation of the Galway Sheep Breed

398 The results of the population genomics analyses presented here are mutually consistent
399  and highlight the utility of dense genome-wide marker data for conservation genomics in
400  livestock populations; particularly for at-risk heritage landrace populations such as the Galway
401  breed. Our results show the Galway breed is genetically distinct from other European sheep
402  breeds, emerging in multivariate PCA and phylogenetic tree network graph visualisations as a
403  distinct group but close to the Border Leicester breed (BRL), which has been observed
404  previously (Kijas et al., 2012). In terms of effective population size and genomic inbreeding,
405  the Galway breed emerged as intermediate between non-endangered and endangered sheep
406  breeds. This indicates that there is substantial genetic diversity remaining in the population,
407  which could be managed with a conservation programme that is informed by genomic

408  information.

409

410
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642 TABLES

643 TABLE 1 | Top five physiological system development and function pathways enriched for

644  the 119 candidate genes proximal to the five detected selection peaks.

Pathway No. of Genes  Range of P-values
Tissue development 28 0.037-0.000
Haematological system development and

) 26 0.037-0.000
function
Hair and skin development and function 7 0.016-0.000
Immune cell trafficking 13 0.037-0.001
Connective tissue development and function 15 0.037-0.001
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646 FIGURE LEGENDS

647 FIGURE 1 | Map showing the geographical locations where breeds historically originated,
648  adapted from Kijas et al. (2012). The number in brackets indicates the sample size. The breeds
649  shown are the Australian Merino (MER), Border Leicester (BRL), Dorset Horn (DSH), Finnish
650  Landrace (FIN), Galway (GAL), Irish Suffolk (ISF), New Zealand Romney (ROM), Scottish
651  Blackface (SBF), Soay (SOA), Scottish Texel (STX) and Wiltshire (WIL).

652

653  FIGURE 2 | PCA plot generated using 47,412 genome-wide SNPs without the Soay sheep
654  breed (SOA). The first principal component (PC1) is shown on the x-axis and the second
655  principal component (PC2) is shown on the y-axis. Each breed is designated a different colour
656  and certain individual animals that do not group by breed are labelled. The bar chart shows the
657  proportion of variation explained by each principal component. (For comparison, PC1 versus
658  PC3 is shown in Supplementary Figure S3 and PC1 versus PC4 is shown in Supplementary
659  Figure S4.).

660

661 FIGURE 3 | Maximum likelihood (ML) phylogenetic tree network graph generated using
662 47,412 genome-wide SNPs with five migration edges showing the relationships among 12
663  sheep breeds (A) and the residuals (B). The arrows indicate gene flow events between the
664  populations and the colours of the arrows indicate the relative weights of migration.

665

666  FIGURE 4 | Hierarchical clustering of individual animals using 47,412 genome-wide SNPs.
667  Results are shown for a range of assumed values (K = 2 -11) for the number of ancestral
668  populations.

669
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670  FIGURE 5 | Trends in effective population size (Ne) estimated using 47,412 genome-wide
671  SNPs.

672

673  FIGURE 6 | Tukey box plots showing the distribution of F values, estimated using 47,412
674  genome-wide SNPs, for the Galway sheep breed (GAL) and 10 comparator breeds. The single
675  GAL26 outlier is labelled.

676

677 FIGURE 7 | Tukey box plots showing the distribution of Fron values estimated using 47,412
678  genome-wide SNPs, for the Galway sheep breed (GAL) and 10 comparator sheep breeds. Five
679  outlier GAL animals are labelled.

680

681  FIGURE 8 | Bar graph showing the mean total length of runs of homozygosity (ROH) in
682  different tract length categories for the Galway sheep breed (GAL) and 10 comparator sheep
683  breeds.

684

685  FIGURE 9 | Manhattan plots of composite selection signal (CSS) results for Galway sheep (n
686  =49) contrasted with a random group selected from the other 10 breeds in the core data set (n
687 = 50). (A) Unsmoothed results. (B) Smoothed results obtained by averaging CSS of SNPs
688  within each 1Mb window. Red dotted line on each plot denotes the genome-wide 0.1%
689  threshold for the empirical CSS scores. Red vertical arrows indicate selection peaks detected

690  on OARI, OAR3 and OARS.
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