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17 Abstract 

18 Whole-genome sequencing has advanced the study of species evolution, including the detection 

19 of genealogical discordant events such as ancient hybridization and incomplete lineage sorting 

20 (ILS). The evolutionary history of bighorn (Ovis canadensis) and thinhorn (Ovis dalli) sheep 

21 present an ideal system to investigate evolutionary discordance due to their recent and rapid 

22 radiation and putative secondary contact between bighorn and thinhorn sheep subspecies, 

23 specifically the dark pelage Stone sheep (O. dalli stonei) and predominately white Dall sheep (O. 

24 dalli dalli), during the last ice age. Here we used multiple genomes of bighorn and thinhorn 
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25 sheep, together with snow (O. nivicola) and the domestic sheep (O. aries) as outgroups, to assess 

26 their phylogenomic history, potential introgression patterns and their adaptive consequences. 

27 Among the Pachyceriforms (snow, bighorn and thinhorn sheep) a consistent monophyletic 

28 species tree was retrieved; however, many genealogical discordance patterns were observed. 

29 Alternative phylogenies frequently placed Stone and bighorn as sister clades. This relationship 

30 occurred more often and was less divergent than that between Dall and bighorn. We also 

31 observed many blocks containing introgression signal between Stone and bighorn genomes in 

32 which coat color genes were frequently present. Introgression signals observed between Dall and 

33 bighorn were more random and less frequent, and therefore probably due to ILS or intermediary 

34 secondary contact. These results strongly suggest that Stone sheep originated from a complex 

35 series of events, characterized by multiple, ancient periods of secondary contact with bighorn 

36 sheep. 

37

38 Keywords

39 Gene Flow; Natural Selection; Coat Color Genes; Melanogenesis; Adaptive Introgression; Ovis 

40 spp.

41

42 Introduction

43 Vertical transmission of genomic information does not always offer a complete picture of 

44 the evolutionary history of species. Gene trees are often discordant from species trees, and 

45 mechanisms leading to discordance, such as hybridization and incomplete lineage sorting (ILS), 

46 are missed due to a lack of comprehensive genomic sequences (Bravo et al., 2019; Payseur & 

47 Rieseberg, 2016). The advancement of high-throughput whole-genome sequencing technologies 
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48 and computation efficiency has brought new opportunities for understanding how speciation has 

49 happened throughout time (Bravo et al., 2019; Ekblom & Wolf, 2014; Kulski, 2016). The ever-

50 increasing amount of whole-genome data, specifically for non-model species, has revealed 

51 remarkable patterns of gene flow blocks, evidence for introgression, in both extant and extinct 

52 species (e.g., Barlow et al., 2018; Edelman et al., 2019; Fontaine et al. 2015; Kumar et al. 2017; 

53 Li, Figueiro, Eizirik, & Murphy, 2019a; Palkopoulou et al., 2018; Vianna et al., 2020). Within 

54 these lineages, numerous conflicting signals can be observed among genomic regions, including 

55 historical encounters of distinct species and their posterior hybridization and genomic 

56 incorporation (Degnan & Rosenberg, 2009; Payseur & Rieseberg, 2016; Shurtliff, 2013).

57 Gene flow blocks arising through introgression are more often detected in species with 

58 recent and rapid radiations, in which insufficient time has passed to erase the introgression signal 

59 (Degnan & Rosenberg, 2009; Payseur & Rieseberg, 2016). Ovis spp. present an opportunity to 

60 explore a recent divergence of approximately 8.31 million years ago (Ma) (Lv et al., 2015), and 

61 the effects of genomic introgression among these taxa. Their diversification has resulted in eight 

62 species divided into two major clades, the Pachyceriforms and Argaliforms/Moufloniforms 

63 (Bunch, Wu, Zhang, & Wang, 2006; Dotsev et al., 2019; Geist, 1971; Rezaei et al., 2010). Ovis 

64 phylogenies have been extensively studied using a variety of molecular markers, in which some 

65 remarkable genomic footprints left by admixture events were observed. However, the majority of 

66 these studies have focused on understanding the origin of domesticated sheep breeds (O. aries; 

67 Bunch et al., 2006; Hiendleder, Kaupe, Wassmuth, & Janke, 2002; Hu et al., 2018), and on 

68 hybridization between wild and domesticated sheep species (Deng et al., 2020; Feulner et al., 

69 2013; Gratten et al., 2010; Lv et al., 2015; Rochus et al., 2018; Rochus, Westberg Sunesson, 

70 Jonas, Mikko, & Johansson, 2019; Somenzi, Ajmone-Marsan, & Barbato, 2020). Such 
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71 hybridization events can be followed by an adaptive introgression process (Hedrick, 2013), 

72 especially concerning coat color in sheep (Hu et al., 2018; Rochus et al., 2018, 2019). 

73 Within the Ovis species complex, the Pachyceriforms compromise a monophyletic clade 

74 of three species (Bunch et al., 2006; Rezaei et al., 2010): thinhorn sheep (O. dalli), with its two 

75 subspecies Dall (O. dalli dalli) and Stone (O. dalli stonei), form an inner clade with bighorn (O. 

76 canadensis) followed by snow sheep (O. nivicola) as their sister-group (Bunch et al., 2006; Geist, 

77 1971; Rezaei et al., 2010) (Figure 1). Though this species-level topology is generally agreed 

78 upon, the relationship between thinhorn and bighorn is likely tangled with potential gene flow 

79 events (Loehr, Carey, Ylonen, & Suhonen, 2008; Loehr et al., 2006), making the Pachyceriforms 

80 a compelling group in which to study ancient admixture and its adaptive consequences. Notably, 

81 it is hypothesized that admixture events contributed to the dark coat color pattern seen in Stone 

82 sheep (Figure 1a-b), while Dall’s ancestor (Loehr et al., 2006, 2008), which was isolated in the 

83 Alaskan refugium, developed its white coat color (Figure 1c) (Klein, 1965). While bighorn and 

84 thinhorn may have experienced gene flow in the past, they have distinct contemporary 

85 distributions: bighorn sheep are widely distributed in western North America as far north as the 

86 Rocky Mountains in British Columbia and Alberta  (Festa-Bianchet, 2020a). Thinhorn sheep are 

87 found in more northerly regions of North America, and their subspecies ranges overlap. Dall 

88 sheep are found in Alaska, the Northwest Territories, the Yukon and in northwest British 

89 Columbia. Stone’s sheep are endemic to northern British Columbia, overlapping with Dall sheep 

90 along the Yukon border where they are admixed. (Festa-Bianchet, 2020b; Sim et al., 2016). 

91 To date, no work has used whole-genome sequences to reveal the ancient admixture 

92 processes that might have happened between bighorn and thinhorn sheep. By comparing genomic 

93 sequences from multiple individuals of each species, we were able to trace their evolutionary 
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94 history back to when ancient admixture took place and infer how introgression has impacted their 

95 speciation and shaped their genome composition.

96

97 Materials and Methods

98 Whole-genome assessment

99 Data acquisition and filtering

100 Whole-genome sequencing data of bighorn and thinhorn sheep (Table S1) were obtained 

101 from an unpublished work (Chen, Xu, & Li, unpublished). These samples were collected in 

102 native areas in the USA and Canada (Table S1). Five bighorn individuals were from Montana and 

103 one from Alberta. The two subspecies of thinhorn comprised three Stone individuals from British 

104 Columbia, and one Dall from the Northwest Territories. After obtaining genomic DNA from 

105 blood using standard phenol-chloroform extraction procedure, TruSeq PCR-free preparation kits 

106 (Illumina, San Diego, CA) were used to construct paired-end sequencing libraries with an insert 

107 size of approximately 350-bp. Whole-genomes were sequenced on the Illumina HiSeq X Ten 

108 Sequencer (Illumina Inc.).

109 We used the bighorn (N=6) and thinhorn (N=4) genomic data, together with publicly 

110 available short-read sequences of snow sheep (Upadhyay et al., 2020) and goat (Capra hircus) 

111 (Table S1). All reads were checked for quality using FastQC v.0.11.8 (Andrews, 2019). For the 

112 bighorn and thinhorn data, quality filters were applied to all paired-end reads obtained by 

113 excluding reads with unidentified nucleotides (N-content) ≥10, more than 10 nucleotides aligned 

114 to the adaptor or mismatches >10%, more than 50% of read bases with Phred quality score (Q-

115 score) less than 5, and putative PCR duplicates generated in the library construction process 

116 (Chen, Xu & Li, unpublished). No adaptors were kept. We verified that the snow sheep had 
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117 short-reads within the 20-30 phred-score range. For the goat short-read data, which we used as 

118 outgroup, we trimmed lower quality reads (phred-score <20) and sequences with length smaller 

119 than 50-bp with Trimmomatic v.39 (Bolger, Lohse, & Usadel, 2014). We used BBMap v.38.87 

120 (Bushnell, 2020) to check and fix paired-end reads’ order. All individuals were mapped against 

121 the domestic sheep genome, which includes 26 autosomes plus the X chromosome (NCBI 

122 accession no. GCA_002742125.1; Oar_rambouillet_v1.0), using BWA-MEM v.0.7.17 with 

123 default parameters (Li & Durbin, 2009). The mapped short-read data of each individual was 

124 further filtered, sorted, indexed, and their mapping success was checked with Samtools v.1.10 (Li 

125 et al., 2009). The overall depth (Table S1) and per base coverage for each individual (Figure S1) 

126 were retrieved by employing Samtools and BEDTools v.2.29.2 (Quinlan & Hall, 2010), 

127 respectively. Finally, we obtained a pseudohaploid consensus for each genome using ANGSD 

128 v.0.929 (doFasta 2; Korneliussen, Albrechtsen, & Nielsen, 2014), in which we applied quality 

129 filters (minMapQ 30; minQ 20; setMinDepth 5). Each nucleotide was determined randomly, 

130 coming from either strands, by considering the number of base counts. These consensus 

131 sequences, from bighorn, snow, thinhorn and goat, were masked for repetitive regions based on 

132 the domestic sheep coordinates with BEDTools.

133

134 Dataset generation

135 Nuclear whole-genomes were separated into genomic fragments (GF) to perform the 

136 following analyses. Alignments of 16 different datasets (128 subsets) were built using a custom 

137 python script (Figueiro, 2019), depending on the individuals used and analyses done (Table 1; 

138 Figure S2-S8). We generated non-overlapping 10-kb GFs (no step size) with BEDTools for each 

139 focal species (bighorn and thinhorn sheep) to estimate their nucleotide diversity (Dataset 1: Table 
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140 1). Furthermore, we generated GFs of 1-Mb (Dataset 2), 100-kb (Dataset 3), and 10-kb (Dataset 

141 4) for the phylogenomic analyses (Table 1). We set step sizes between GF either 6-kb or 100-kb 

142 to compensate for possible biases due to the extent of linkage disequilibrium (Kijas et al., 2014) 

143 or recombination (Xin et al., 2020), respectively. We also included a bigger step size (200-kb) 

144 and to test whether the same signal was obtained. To investigate the full spectrum of the 

145 evolutionary history, Datasets 2-4 included six bighorn, four thinhorn, and one snow sheep, plus 

146 the domestic sheep as the outgroup. We then focused on datasets that allowed for fine scale 

147 comparisons of 10-kb GFs, using the step sizes described previously (Datasets 5-7: Table 1). 

148 Datasets 5 and 6 had the same ingroup individuals (N=6) except for the addition of the goat as the 

149 outgroup in Dataset 6 (N=7). Dataset 7 had only one individual of each species/subspecies (Table 

150 1; N=5) and used the domestic sheep as an outgroup. We used trimAl v.1.4.rev22 (Capella-

151 Gutierrez, Silla-Martinez, & Gabaldon, 2009) in Datasets 1-7 to filter spurious sequences that 

152 included missing data in more than 20% of sequences (gt 0.8), and only considered alignments 

153 with 50% or more sequence retained. For the introgression analyses, we generated and used all 

154 non-overlapping windows of 100-kb with no step size (Datasets 8-16: Table 1; Figure S2-S8). 

155 We organized subsets within each dataset for the 5- (Datasets 8-13: Figure S2-S7) and 4-taxon 

156 (Datasets 14-16: Figure S8) introgression analyses, differing in the bighorn and thinhorn 

157 individuals included. 

158

159 Population assessment

160 To assess the population structure of bighorn (N=6) and thinhorn (Dall N=1; Stone N=3) 

161 individuals, a haplotype-based variant call of the whole mapped genomes was done with default 

162 parameters in Platypus v.0.8.1 (Rimmer et al., 2014). We performed a PCA with Plink v.2.0 
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163 (Chang et al., 2015; Purcell & Chang, 2019) and applied quality filters that included a threshold 

164 of 0.1 for missing call frequency of variants and samples. These results were compared to their 

165 collection site (Table S1). Results were visualized with the R package ggplot2 v.3.3.2 (Wickham, 

166 2016).

167 Additionally, we estimated the diversity of each focal species by calculating diversity per 

168 nucleotide site (π) per focal species using the python egglib v.3.0.0 package (De Mita & Siol, 

169 2012). Here we employed Dataset 1 alignments (all bighorn and thinhorn individuals separately; 

170 Table 1) with non-overlapping 10-kb GFs, and differences per window were divided by the 

171 effective number of analyzed sites within each GF. Only windows present in all sequences were 

172 considered. Lastly, we performed an outlier test, which removed windows with excessive π 

173 values falling more than 1.5 times the interquartile range above the third quartile or below the 

174 first quartile.

175  The filtered values obtained for thinhorn and bighorn were compared statistically using 

176 IBM SPSS Statistics v.27 (IBM Corp., 2020). The windows were separated into all 

177 chromosomes, autosomes, and the X chromosome, all of which were tested for normality with a 

178 Kolmogorov-Smirnov test. We also visualized whether the distribution was normal by verifying 

179 the histogram and Q-Q plot. We applied the non-parametric Mann-Whitney U test to compare 

180 diversity values of each data partition and compared autosomes to the X-chromosome of each 

181 species separately. In all scenarios, we used a p-value threshold of 0.05. 

182

183 Phylogenomic analyses

184 Gene tree estimation and species tree reconstruction
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185 We employed a maximum-likelihood method (RAxML-MPI v.8.2.12) (Stamatakis, 2014) 

186 to infer phylogenomic trees for each GF in their respective Datasets (2-7) (Table 1). We used the 

187 rapid bootstrap estimation using 100 replicates. We applied the GTRGAMMA substitution 

188 model, since RAxML was designed to handle parameter rich models of GTR (Stamatakis, 2014). 

189 All other parameters were kept at default. The results of Datasets 5-7 (each with fewer and more 

190 representative individuals) were summarized using Newick Utilities v.1.6 (Junier & Zdobnov, 

191 2010), considering specific evolutionary relationships among thinhorn and bighorn (Figure 1d-f). 

192 These topologies were constrained to vary the sister relationships of bighorn and thinhorn 

193 individuals, whereas the domestic and snow sheep (as well as goat in Dataset 6) remained as 

194 outgroups (topologies outside of this were called “Other Topologies”). We focused on topologies 

195 that represented the original speciation event (topology 1), as well as topologies that placed Stone 

196 (topologies 2 and 3) or Dall (topologies 4 and 5) as sister to bighorn (Figure 1d-f). The nodal 

197 supports of our main topologies were verified based on a >70 threshold, where we counted the 

198 number of windows representing a specific phylogenetic relationship (e.g., Stone and bighorn as 

199 sisters). Additionally, we tested whether using the goat genome as an outgroup would impact the 

200 phylogenomic inferences of Dataset 6 and compared these results to Dataset 5.

201 The resulting trees (topologies 1-5 and other topologies) from Datasets 5-7 were used to 

202 generate consensus species trees for all chromosomes, autosomes, and the X chromosome using 

203 Astral-III (Zhang, Rabiee, Sayyari, & Mirarab, 2018). First, we obtained unrooted trees with ape 

204 v.5.4-1 in R (Paradis & Schliep, 2019), followed by estimating the species trees for each dataset 

205 and partition. All parameters in Astral were kept at default.

206

207 Divergence time estimation
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208 To characterize patterns of divergence across the genomes, we estimated their species tree 

209 divergence times with BPP v.4.3.0 (Flouri, Jiao, Rannala, & Yang, 2018), a multispecies 

210 coalescent (MSC) model method that considers the presence of incomplete lineage sorting (ILS). 

211 Here we employed Dataset 5 alignments (Step sizes: 100 and 200-kb) that resulted in the species 

212 tree rooted by the domestic sheep. This dataset was chosen to fulfill the requirements of BPP, 

213 which included at least two individuals of our focal group (thinhorn and bighorn sheep). We 

214 applied the A00 model that estimates the parameters based on a given species tree model. The 

215 mitogenome estimation of the sheep root age (8.31 Ma; Lv et al., 2015) was used as the inverse-

216 gamma prior (3, 0.01662). The burnin, samplefreq, and nsample parameters were set to 10000, 

217 20, and 20000, respectively. All other parameters were left default, and convergence was verified 

218 with Tracer v.1.7.1 (Rambaut, Drummond, Xie, Baele, & Suchard, 2018). The results were then 

219 recalibrated based on the 8.31 Ma root age.

220 We investigated speciation among our focal species by estimating the absolute divergence 

221 per site (dxy) between thinhorn and bighorn using a python egglib package. Here we explored the 

222 relationship and potential hybridization events between Stone and bighorn, considering how 

223 divergent Dall or Stone were from bighorn. We used Dataset 5, in which bighorn individuals 

224 were from different locations (Table S1), to consider the impact of having distinct intraspecific 

225 demographic histories. One individual (B4) was from the National Bison Range, a population 

226 that experienced intraspecific admixture after intentional introduction of individuals to perform a 

227 ‘genetic rescue’ (Hogg, Forbes, Steele, & Luikart, 2006; Miller et al., 2014; Miller, Poissant, 

228 Hogg, & Coltman, 2012). The other individual (B6) originated from Ram Mountain, which is an 

229 isolated, native population with no historical intraspecific admixture (Coltman, Festa-Bianchet, 

230 Jorgenson, & Strobeck, 2002; Miller et al., 2014). We divided the differences obtained for each 
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231 combination of species (Dall or Stone vs. bighorn) by the effective number of analyzed sites 

232 within each GF. To compare their dxy, we only considered windows present in all comparisons. 

233 Additionally, we performed an outlier test, and these results were tested for normality and 

234 significance, in the same manner as described for nucleotide diversity. We compared the results 

235 for all chromosomes, autosomes, and the X chromosome, considering an alpha value of 0.05. 

236

237 Ancient hybridization pattern estimation

238 Reticulate evolution evaluation

239 Considering the likely reticulate evolutionary events in the speciation of these taxa, we 

240 further estimated the phylogenomic signal in the presence of hybridization and ILS by employing 

241 PhyloNet (Than, Ruths, & Nakhleh, 2008; Wen, Yu, Zhu, & Nakhleh, 2018). The species 

242 networks were inferred from gene trees that included bootstrap support, and we set a nodal 

243 support threshold of ≥70. We used Subset 7.3 gene trees without branch lengths to perform 

244 independent runs (Table 1). These trees had one representative individual per subspecies/species. 

245 We estimated specific numbers of reticulations (0, 1, 2, and 3) using maximum-likelihood 

246 (InferNetwork_ML) in 50 runs, returning the five best networks. These analyses were optimized 

247 after the search based on their branch lengths and inheritance probability. To obtain the best 

248 representing number of reticulations, we assessed the log probabilities of the five best networks 

249 of each run and calculated information criterion tests (AIC and BIC). These calculations were 

250 performed according to Yu, Dong, Liu, & Nakhleh (2014). Networks were plotted with 

251 Dendroscope v.3 (Huson & Scornavacca, 2012), in which branch lengths in coalescent units and 

252 inheritance probabilities were shown. Finally, we summarized the five best networks 

253 (SummarizeNetworks 5) using the major trees rule. 
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254

255 Introgression analysis

256 Given their recent and rapid radiation, as well as a possible reticulate evolution, we 

257 investigated patterns of introgression throughout bighorn and thinhorn genomes. Dfoil (Pease & 

258 Hahn, 2015), a D-statistics method, was employed by assuming a symmetric five-taxon 

259 phylogeny, which translates to having two in-group clades (P1/P2 vs. P3/P4) and an outgroup (O), 

260 where one in-group (P1/P2) is younger than the other (P3/P4). The test accounts for the presence 

261 and frequency of derived alleles in different taxon combinations, allowing the distinction between 

262 genealogical discordance driven by ILS and by introgression (Pease & Hahn, 2015). For all 

263 analyses, we considered a p-value cutoff of 0.01, and all other parameters were kept at default. 

264 We used all non-overlapping 100-kb GFs as input and reported all that were significant. The 

265 resulting significant introgression signals were summarized with dfoil_analyze.py, from which 

266 we obtained the total count per direction of gene flow (e.g., P1→P3). We ran an exhaustive 

267 analysis of all taxa combinations using the different thinhorn individuals as P1 and P2, and 

268 bighorn as P3 and P4 (Datasets 8-13: Figure S2-S7). The domestic sheep genome was used as an 

269 outgroup in all scenarios. To further study introgression patterns and narrow down possible 

270 adaptive genes, we estimated the asymmetric 4-taxon D-statistics (Green et al., 2010) in Dfoil. In 

271 this scenario, we used Dall as P1 and Stone as P2, followed by bighorn individuals as P3, and the 

272 domestic sheep as the outgroup (Datasets 14-16: Figure S8). In contrast to the 5-taxon method, 

273 the resulting introgression signal represented bidirectional patterns (P1↔P3; P2↔P3). We 

274 obtained the total counts of significant introgression patterns.

275 The 4-taxon subset 14.6 GFs with the best mapping success genomes (one per 

276 subspecies/species; Table 1) and a given introgression signal (i.e., Dall or Stone↔bighorn) were 
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277 compared to the location of coat color, which were either complete or partially complete within 

278 their 100-kb GFs. These genes were obtained from literature review (Table S2) and the Kyoto 

279 Encyclopedia of Genes and Genomes (KEGG) melanogenesis pathway (humans: hsa04916; 

280 sheep: oas04916; reference pathway: ko04916) (Kanehisa, 2019; Kanehisa, Furumichi, Sato, 

281 Ishiguro-Watanabe, & Tanabe, 2020; Kanehisa, Sato, Furumichi, Morishima, & Tanabe, 2019). 

282 Gene descriptions were acquired from the NCBI database (https://www.ncbi.nlm.nih.gov/gene). 

283 Furthermore, we investigated the protein-protein interaction (PPI) networks per introgression 

284 pattern of coat color genes using string v.11.0 (Szklarczyk et al., 2015). This analysis illustrates 

285 whether the genes found within GFs with introgression signal code for proteins that interact. 

286 Quality filters were applied, including a high confidence threshold of 0.700, an FDR stringency 

287 of 1%, and we set the organism as Ovis spp. Cytoscape v.3.8.1 (Shannon et al., 2003) was used to 

288 improve visualization of the interaction networks. The genes with PPI and that directly interact 

289 were visualized as networks and color-coded based on the outputted pathway. We considered 

290 those pathways with strength higher than 2, which included 7 or more genes connected in the 

291 network. Additionally, we compared the GFs to the location of all other genes. If a gene was 

292 present in more than one type of introgression GF, we considered the window with at least 30-kb 

293 more inside its 100-kb interval. When genes were present within the entire 100-kb intervals of 

294 both introgression patterns, we excluded them. We compared the counts of either CDS or genes 

295 present in regions with and without introgression signal (Dall or Stone and bighorn separately) 

296 using a chi-squared test.

297 To ensure robust comparison and consistent introgression signal, we combined the 4-

298 taxon Datasets 14-16 (Figure S8) (hereafter “4-taxon combined dataset”) to narrow down the 

299 potential adaptive introgression patterns. Only windows in common between all datasets were 
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300 used, and we verified whether the introgression signal between Dall or Stone and bighorn would 

301 be lost by employing different individuals of the focal species. This dataset was compared to the 

302 selection analysis (see the “Natural selection inference” section), from which we obtained either 

303 complete or partially complete genes within their GFs. Gene descriptions were obtained from 

304 NCBI. We used the coding regions (CDS) found within the 4-taxon combined dataset to identify 

305 functional genes in biological processes using the PANTHER database v.14.0 with Homo sapiens 

306 as the model organism (Thomas et al., 2003; Mi et al., 2010; Mi, Muruganujan, Ebert, Huang, & 

307 Thomas, 2019; Mi et al., 2019). We also considered the function of some potentially introgressed 

308 genes not recognized by PANTHER (i.e., LOC plus gene number) as they are absent in Homo 

309 sapiens. We compared the presence of genes in regions with and without introgression signal in 

310 the 4-taxon combined dataset using a chi-squared test in the same way we did for the 4-taxon 

311 subset 14.6.

312

313 Natural selection inference

314 To infer the adaptive significance of potential introgression blocks, we extracted CDS 

315 from each genome using the domestic sheep genome coordinates using gffread (Pertea & Pertea, 

316 2020). Extracted regions were verified using the reciprocal best hits method and the RefSeq CDS 

317 for the domestic sheep. Since all genomes were aligned to the domestic sheep and the same 

318 annotation file was used for CDS extraction, we were able to concatenate the CDS sequences for 

319 each gene as aligned sequences. These files were converted to phylip format prior to estimating 

320 per gene dN/dS ratios using a looped perl script (Hughes, 2011). We inferred natural selection 

321 patterns by employing CODEML in PAML (Yang, 2007) to estimate per CDS omega values (ω 

322 or dN/dS), which assessed the signals observed among the different lineages. The estimated ω 
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323 indicates whether the natural selection signal was negative/purifying (ω < 1), neutral (ω = 1), or 

324 positive (ω > 1) (Yang, 2007). We set a threshold for each selection signal based on the observed 

325 distribution of ω (purifying: ω <0.8; neutral: 0.8≤ ω ≤1.2; positive: ω >1.2). We removed any 

326 CDS from the analysis with out-of-bounds values (ω: ≥5 and ≤0.0004; “OOB”) to calculate the 

327 median ω per 100-kb window (same size of the introgression analyses) with R v4.0.2 (R Core 

328 Team, 2020) and Rstudio v1.3.1056 (RStudio Team, 2020). Results were visualized with the R 

329 package ggplot2. 

330 Finally, we analyzed the selection patterns observed within blocks with introgression 

331 signals. We calculated the branch-site model in CODEML by employing two different topologies 

332 with either Dall or Stone as sister to bighorn (Figure 1e-f), which allowed us to calculate ω values 

333 for these specific branches (hereafter called “foreground”). Snow and the domestic sheep were 

334 considered background branches together with Dall or Stone depending on the topology being 

335 employed (Figure 1e-f). The likelihood ratio test (LRT) differentiates a null and an alternative 

336 hypothesis, where the former proposes either neutral or purifying selecting on foreground and 

337 background, while the latter demonstrates signals of positive selection in the foreground (Yang, 

338 2007). We compared the resulting CDS ω ratios to the 4-taxon subset 14.6 and 4-taxon combined 

339 dataset, considering the introgression pattern observed within each GF (Dall or Stone↔bighorn). 

340 We used the LRT per CDS to calculate the p-value and false discovery rate (FDR) with the 

341 package pchisq (Becker, Chambers, & Wilks, 1988; Johnson, Kotz, & Balakrishan, 1994, 1995) 

342 and qvalue (Storey, Bass, Dabney, & Robinson, 2020) in r, respectively. We considered an alpha 

343 value of 0.05 with one as degree of freedom and 3.84 as the critical number. 

344

345 Results 
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346 Whole-genome and population assessment

347 After mapping all bighorn, snow, and thinhorn sheep sequences against the domestic 

348 sheep genome, the reconstructed repeat-masked genomes spanned on average a total of 47.9% 

349 (Table S1). Most of these genomes had reasonable coverage throughout, ranging from 15-27.5X, 

350 in which bighorn and thinhorn sheep had similar values, whereas snow sheep had the lowest 

351 quantity of data mapped (Figure S1; Table S1). Additionally, we also mapped the goat genome, 

352 which represented 47.7% after repeat-masking, with a 28.9X coverage (Figure S1k; Table S1). 

353 Bighorn and thinhorn genomes demonstrated population structure, as the six bighorn 

354 individuals clustered together and were well resolved from thinhorn sheep along PC axis 1 

355 (Figure S9; Table S1). PC axis 2 separated Stone sheep from Dall sheep (Figure S9). Patterns of 

356 nucleotide diversity varied among species (Before outlier test: 134,230 GFs; after: 119,343 GFs). 

357 Autosomal diversity was significantly higher than the X chromosome in each species (p-

358 value<0.001) (Figure S10). Significant differences in diversity were found among species for all 

359 chromosomes and autosomes with thinhorn exceeding bighorn (Figure S10a-b, d), whereas the X 

360 chromosome diversity was significantly higher for bighorn than thinhorn (Figure S10c-d). 

361

362 Speciation events through a phylogenomic perspective

363 Pachyceriform evolutionary history is characterized by multiple gene trees throughout 

364 their genomes regardless of the dataset, GF and step size used (Figure 1d-f, S11; Table S3-S4). 

365 After constraining, we observed that the accepted species tree (topology 1) was most prevalent, 

366 followed by topologies 2-3 and 4-5 (Table S4). The topologies had variable nodal bootstrap 

367 support, in which the species tree was the most supported, followed by topologies 2 and 3, 

368 representing the relationship between Stone and bighorn (Table S5-S7). These values followed 
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369 the same pattern for all datasets used, even when using the goat as an outgroup (Table S5-S7). 

370 Moreover, the species tree was also prevalent under MSC in all datasets analyzed (Figure 1d, 

371 S12-S13). While using Datasets 2, 3 and 4 (with all individuals of each species), we observed the 

372 same topology when considering all chromosomes or only autosomes (Figure S12a). However, 

373 when considering only the X chromosome, individuals of each species had varying positions 

374 within their clades for the different GFs and step sizes (Figure S12b-g). The species trees 

375 observed for Datasets 5 to 6 (with fewer individuals per subspecies/species) were not variable for 

376 the different chromosomal partitions regardless of outgroup taxa (Figure S13a-c).

377 Given the species tree observed, we estimated the relative node ages and subsequently the 

378 divergence times of their speciation event (Figure 2a; Table S8). The relative node ages estimated 

379 for subsets 5.2 and 5.3 were robust and consistent for the different nodes (Table S8). From the 

380 relative node ages, we estimate that the thinhorn clade (Dall and Stone) speciated from bighorn at 

381 approximately 2.50 and 2.21 Ma for analyses done with 100-kb and 200-kb step sizes, 

382 respectively. This trio and snow sheep separated at around 2.85 and 2.63 Ma (Figure 2a). 

383 Looking further into bighorn and thinhorn divergence (GFs with 100-kb and 200-kb step size 

384 respectively: 10,758 and 6,207), Stone and bighorn were significantly less divergent than Dall 

385 and bighorn for all chromosomes and autosomes in the two subsets under Mann-Whitney U 

386 (Figure S14-S15a-b, d). The X chromosome had a similar pattern, though it was not significantly 

387 different (Figure S14-S15c-d). Additionally, the sister-species divergence (Figure S14-S15) was 

388 consistently higher than the intraspecific diversity (Figure S10).

389

390 Speciation mediated by ancient hybridization
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391 Based on the different topologies observed for the phylogenomic inference (Figure 1d-f, 

392 S11; Table S4), we estimated a species network with distinct numbers of reticulation events 

393 (Figure S16-S19). We determined that three reticulation events demonstrated the best log 

394 probability and best fitted the models (AIC and BIC) (Table S9). When summarizing these 

395 reticulation networks, the most supported phylogeny was topology 1 (Figure 2a). We observed 

396 one reticulation event representing the origin of snow, and other two reticulations involved each 

397 with the origin of the trio (bighorn and thinhorn) and of Stone (from bighorn and Dall ancestors) 

398 (Figure 2b; S19). 

399 To further investigate ancient hybridization patterns, we conducted the 5-taxon 

400 introgression analysis (Figure S2-S7). Most GFs showed a bidirectional relationship between the 

401 thinhorn lineage and a bighorn individual (P1,2↔P3 or P1,2↔P4) (Figure S20; Table S10-S11). 

402 When Stone sheep individuals were P1 and P2 (Datasets 8-10: Figure S20a; Table S10), the 

403 number of GFs with introgression signal from and into bighorn were similar. In contrast, when 

404 Dall and Stone individuals were P1 and P2 (Datasets 11-13: Figure S20b; Table S11), we 

405 observed that more GFs supported gene flow between Stone and bighorn. In this case, the 

406 direction of introgression was mostly from bighorn to Stone. This same pattern was observed in 

407 the 4-taxon D-statistics analysis (Datasets 14-16: Figure S21-S23), where a greater number of 

408 GFs supported the relationship between Stone and bighorn (P1↔P3) in all scenarios. The GF 

409 support was almost four times greater than that between Dall and bighorn (P2↔P3) (Figure S21-

410 23), as observed in subset 14.6 with the best genomes (Figure 3a). By combining Datasets 14-16, 

411 we identified 80 GFs with signals between Dall and bighorn, and 333 between Stone and 

412 bighorn.
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413 The GFs observed in subset 14.6 were compared to the coat color gene locations (Figure 

414 3a-b; Table S12). We found 22 coat color genes in GFs with signals of introgression between 

415 Stone and bighorn sheep, and six such genes in GFs between bighorn and Dall sheep (Figure 3b). 

416 Based on the output from string for Stone and bighorn signals, 14 genes were directly part of the 

417 melanogenesis pathway (Table S13), but only seven interact directly (PPI p-value: 3.1E-10) 

418 (Figure 3c). The melanogenesis pathway had the highest number of coat color genes when 

419 considering genes not directly connected in the network, but other pathways were also observed 

420 and were related to various functions (Table S13). We identified an additional gene, CALML6 

421 (Figure 3b), that was not included in the string output, but is known to be in the human 

422 melanogenesis reference pathway (hsa04916). Moreover, two genes (DTNBP1 and HPS4) were 

423 connected but involved in the biogenesis of lysosomal organelle complex (Figure 3b-c). There 

424 was no significant PPI enrichment (p-value: 1) for genes present within GFs with signals of Dall 

425 and bighorn. However, TCF7L2 was directly involved in the melanogenesis pathway, and AP1S1 

426 and CTNS were part of the lysosome pathway (Figure 3b). The number of coat color genes 

427 present in regions with or without introgression signal between Dall or Stone and bighorn (Table 

428 S14-S15) did not differ significantly (Dall↔bighorn: X2
(CDS)=2.0, p-value(CDS)= 0.2; X2

(genes)=0.1, 

429 p-value(genes)= 0.8; Stone↔bighorn: X2
(CDS)=1.7, p-value(CDS)=0.2; X2

(genes)=0.2, p-value(genes)=0.7).

430 The genes present within the 4-taxon combined dataset (Figure S24; Table S16) were 

431 associated with multiple functions. Most functions were related to common biological processes, 

432 such as cell organization and metabolism (Figure S24). There were more genes present within 

433 GFs with introgression signal between Stone and bighorn (genes=324; CDS=531) than Dall and 

434 bighorn (genes=68; CDS=93) (Table S16). Furthermore, a gene within Stone and bighorn 

435 introgression signals was related to behavior (Figure S24b), as well as coat color genes within 
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436 GFs with introgression signal between Dall or Stone and bighorn (Figure 3b). Olfactory genes 

437 were also observed in this combined dataset (Dall and bighorn: 11; Stone and bighorn: 17). Coat 

438 color genes were observed at the same frequency in regions with or without introgression signal 

439 between Dall and bighorn (Table S14-S15) (Dall↔bighorn: X2
(CDS)=0.9, p-value(CDS)= 0.4; 

440 X2
(genes)=2.4, p-value(genes)= 0.1). We observed a trend in which coat color CDS/genes within GFs 

441 with introgression signal between Stone and bighorn were more present than would be expected 

442 by chance (Table S15); however, only one such comparison was significant (Stone↔bighorn: 

443 X2
(CDS)=43.5, p-value(CDS)=4.3E-11).

444

445 Potential adaptive introgression

446 Given the ancient hybridization patterns observed between Dall or Stone and bighorn, we 

447 also observed distinct selection signals throughout their genomes. We used the distribution of ω 

448 to set a threshold for each selection signal (Figure S25). After filtering CDS based on OOB or 

449 insufficient genomic information, we observed 19,151 CDS in the one ratio analysis. Throughout 

450 Dataset 7 genomes (one individual per subspecies/species), most CDS within bins underwent 

451 purifying selection (89.64%; mean ω = 0.19), followed by neutral (7.53%; mean ω = 0.96) and 

452 positive signals (2.83%; mean ω = 1.86) (Figure 4). When considering only bins containing coat 

453 color CDS, we observed mostly purifying signals (93.3%; mean ω = 0.15), followed by positive 

454 (4.2%; mean ω = 1.65) and neutral (2.5%; mean ω = 0.98) selection. The distribution of median 

455 ω per 100-kb window showed a consistent pattern over all chromosomes (Figure 4). Furthermore, 

456 when employing the branch-site model, we failed to reject the null hypothesis in most CDS 

457 (Table S12, S16) and observed no positive selection in the coat color genes within Subset 14.6 
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458 (Table S12). Only one gene underwent positive selection in the 4-taxon combined dataset (Table 

459 S16).

460

461 Discussion

462 Evolutionary history of Pachyceriforms

463 By analyzing multiple whole-genome sequences, we confirmed the species tree of the 

464 Pachyceriform clade, the topology seen previously by employing different molecular markers 

465 (e.g., Bunch et al., 2006; Dotsev et al., 2019; Rezaei et al., 2010). We observed a clear species 

466 delimitation of bighorn and thinhorn sheep (Figure S12-S13; Table S4), including subspecies 

467 distinction of the latter. Concomitantly, we observed that π (Figure S10) of each species was 

468 lower than the divergence level between them (Figure S14-S15). Moreover, this was also 

469 confirmed by reconstruction under MSC, where regardless of how many individuals were used, 

470 the species tree was still recovered (Figure S12). The main variation in this species tree topology 

471 was the movement of bighorn or thinhorn individuals within their respective clades when 

472 considering GF and step sizes on the X chromosome (Figure S12b-g). Their different collection 

473 sites as well as mapping success could have impacted their positions (Table S1). 

474 While demonstrating a robust species tree signal, we also observed distinct genealogical 

475 discordance patterns throughout their genomes (Table S4). These conflicting signals were 

476 possibly due to their recent and rapid radiation (Figure 2a; Table S8), which could have retained 

477 signals of ILS and ancient hybridization (Degnan & Rosenberg, 2009). These gene trees 

478 presented high topological movement of snow sheep in the different datasets and partitions 

479 (Table S4). Genome quality and coverage plays an important role in how the phylogenies are 

480 estimated (Young & Gillung, 2019), and the different topological positions of snow sheep could 
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481 be due to its lower genome coverage (Table S1). More snow sheep genomes are needed to fully 

482 understand its role in the speciation of this group. Additionally, there were no major topological 

483 differences when using either the domestic sheep (Dataset 5) or goat (Dataset 6) as the outgroup 

484 (Table S4). Thus, the genealogical discordance observed was not caused or affected by outgroup 

485 biases. 

486 Moreover, even when the topologies were constrained to remove potential biases, we still 

487 observed conflicting signals that placed Dall or Stone as sister to bighorn (Table S3-S4). These 

488 topologies varied in bootstrap support, where the topology 1 (known “species tree”) was the most 

489 supported, followed by topologies 2-3 (Stone and bighorn) and 4-5 (Dall and bighorn) (Table S5-

490 S7). We observed lower support for some phylogenomic relationships (Table S5-S7), which 

491 could be due to genome mapping success, as well as to the lower π (Figure S10) and divergence 

492 (Figure S14-S15) within and between species, respectively. A certain number of informative sites 

493 are needed to maintain higher bootstrap values (Soltis & Soltis, 2003), and sequences of closely 

494 related species, such as bighorn and thinhorn, can generate lower phylogenomic support. The low 

495 π was also characterized by significant differences between thinhorn and bighorn on the all 

496 chromosomes and autosomes (Figure S10a-b, d). The bighorn individuals were mostly from 

497 regions with intraspecific admixture (Hogg et al., 2006; Miller et al., 2014; Miller et al., 2012), 

498 which could explain the pattern observed. On the X chromosome, however, we observed that π 

499 was significantly higher in bighorn (Figure S10c-d). Additionally, the X chromosome of both 

500 bighorn and thinhorn was less diverse than the autosomes (Figure S10). Some studies have 

501 observed that the X chromosome presents lower recombination rates, which can decrease the 

502 genetic variability of species when compared to the rest of the genome (Edelman et al., 2019; 

503 Figueiro et al., 2017; Li et al., 2019). Another explanation is that there are fewer copies of the X 
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504 chromosome when compared to autosomes. When assuming sex-specific Ne equivalent, we can 

505 therefore consider the Ne on the X chromosome as only 0.75 beta of the autosomes (Kardos et 

506 al., 2015; Hammer et al., 2008; Hedrick, & Parker 1997). 

507 The significant difference between dxy values (Dall and bighorn vs. Stone and bighorn) 

508 also supported the gene trees observed, specifically those estimated with more GFs (Figure S14). 

509 The relationship between Stone and bighorn was more prevalent throughout the genomes when 

510 compared to Dall and bighorn, and they were less divergent than Dall and bighorn, which also 

511 agrees with previous studies (Loehr et al., 2006, 2008; Hoefs & Bunch, 2001). There were no 

512 significant differences on the X chromosome (with 100 or 200-kb step size), which is potentially 

513 generated by lower recombination rates and number of copies as described previously. These 

514 patterns may have been driven by ancient hybridization with potential genomic incorporation 

515 between Stone and bighorn. The less extensive Dall and bighorn introgression signals would be 

516 potentially due to the presence of ILS or other phenomena, such as natural selection, as it was 

517 less common and less supported in the different datasets, GF and step sizes used. Incongruent 

518 signals, such as ILS, are randomly placed throughout the genome (Degnan & Rosenberg, 2009; 

519 Payseur & Rieseberg, 2016), which might not have affected the nucleotide divergence estimates 

520 of Dall and bighorn, resulting in higher divergence between them. 

521

522 Ancient hybridization and its adaptive consequences

523 Given the genealogical discordance we observed from vertical transmission, we 

524 investigated whether Pachyceriform speciation underwent reticulate evolution. We detected at 

525 least three possible reticulation events (Table S9). Therefore, it is extremely important to consider 

526 ILS and hybridization events in phylogenomic inferences when dealing with recent speciation, as 
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527 has been demonstrated for bears (Kumar et al., 2017). PhyloNet provides a consistent recovery of 

528 the “true” species tree under high levels of gene flow events (Solís-Lemus, Yang & Ané, 2016), 

529 and enabled us to summarize the best log probability reticulate networks, which resulted in 

530 topology 1 (species tree: Figure 2a). By analyzing the best network (Figure 2b; Table S9), we 

531 observed that snow sheep might have an important role to how bighorn and thinhorn originated; 

532 however, more individuals are needed to further evaluate this relationship. Here we considered all 

533 gene trees of subsets 7.3, including those where snow sheep moved between branches (N=6,780), 

534 since it would be arbitrary to remove these phylogenies, and we tried to compensate by applying 

535 a bootstrap threshold. Lower quality sequences could impact the reticulations observed (Cao, Liu, 

536 Ogilvie, Yan, & Nakhleh, 2019), although most of the genomes used in this study were of 

537 reasonable sequence coverage and quality (Figure S1; Table S1). 

538 Furthermore, bighorn and thinhorn originated from at least one reticulation event (Figure 

539 2b). We also observed a signal placing Stone as having originated from Dall and bighorn’s 

540 ancestor, with more contribution from Dall (71%) (Figure 2b), which agrees with the π, dxy, and 

541 introgression results (Figure S10; S14-S15; S20-S23). These networks demonstrate a complex 

542 mosaic of events that took place and gave rise to today’s known bighorn and thinhorn species. 

543 They could have had a hybrid speciation, and not just hybridization events (Cao et al., 2019). The 

544 ancient hybridization event(s) between Stone and bighorn has also been detected using 

545 conventional genetic markers (e.g., Loehr et al., 2006, 2008; Meadows et al., 2006; Worley et al., 

546 2004).

547 We have improved our understanding of these ancient event(s) by analyzing multiple 

548 bighorn and thinhorn individuals to identify potential introgression signatures within their 

549 genomes. Most of the introgression signals observed for the 5-taxon analyses were bidirectional 
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550 between the lineage of thinhorn and bighorn (Figure S20; Table S10-S11). This pattern was 

551 observed regardless of using only Stone as P1/P2 or Dall and Stone as P1 and P2, respectively, 

552 which could mean that a ghost lineage might be crucial in interpreting these results (Pease & 

553 Hahn, 2015). Hybridization might have happened between a ghost lineage ancestral to bighorn 

554 and Dall, followed by further hybridization between bighorn and the lineage leading to Stone 

555 sheep. When we compared using only Stone as P1/P2 (Figure S20a) to using Dall and Stone as P1 

556 and P2 (Figure S20b), the number of windows from bighorn to Stone increased when both Dall 

557 and Stone were used. This observation, and their lower divergence patterns (Figure S14-S15), 

558 confirm more recent admixture between Stone and bighorn.

559 Although the 5-taxon results were robust across all possible combinations, using two 

560 bighorn individuals per analysis could generate biases since these individuals had distinct 

561 population histories (Coltman et al., 2002; Miller et al., 2014, 2012). Therefore, we decided to 

562 further investigate their introgression patterns by employing an asymmetric analysis, where only 

563 one bighorn individual per subset was used (Figure S8). Even then, we observed the same signal 

564 as the 5-taxon analyses, where there were more signals between Stone and bighorn (Figure 3a; 

565 Figure S21-S23). When we compared all datasets (“4-taxon combined dataset”), we observed 

566 fewer signal, which could be explained by genetic drift of these neutral introgression blocks 

567 (Burgarella et al., 2019). However, by only keeping those in common between introgression 

568 patterns, we were able to retrieve a more robust introgression signal between these species, which 

569 retained a stronger bidirectional relationship between Stone and bighorn. Moreover, based on all 

570 comparisons done, there were more genes present within GFs with introgression signal between 

571 Stone and bighorn (Table S12, S14). These GFs included potentially functional coat color genes. 
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572 Coat color genes observed in GFs with introgression signal were mostly related to the 

573 melanogenesis pathway, although other functional pathways were also observed (Figure 3b-c; 

574 Table S12-S14). All analyzed GFs within subset 14.6 and the 4-taxon combined dataset 

575 demonstrated a strong purifying signal throughout the different chromosomes when considering 

576 an ω per gene among species (Figure 4). Purifying selection removes deleterious alleles, 

577 maintaining proper gene function (Charlesworth, 1993), and this pattern was associated with 

578 lower genetic diversity (Figure S10) and potentially caused by background selection (Branca et 

579 al., 2011; Comeron, 2017; Cvijovic, Good, & Desai, 2018; Talla et al., 2019). When analyzing 

580 the branch-site model, coat color genes observed in the D-statistics GFs were mostly under either 

581 neutral or purifying selection, and some of them have key roles in how pigment is produced and 

582 distributed (Figure 3b; Table S12, S14). Most of these genes were found within Stone and 

583 bighorn windows, which demonstrates that these blocks could have been incorporated, and their 

584 functions retained. This is consistent with enriched coat color CDS present in GFs with 

585 introgression signal between Stone and bighorn (Table S15). For example, the gene CALML6 

586 found within Stone and bighorn has roles in the melanogenesis pathway, as well as olfaction 

587 (Ramos-Lopez et al., 2019). 

588 We observed several genes related to olfactory functions in sheep which were under 

589 neutral or purifying selection (Table S16). Thus, the function of CALML6 may be maintained by 

590 selection as it is linked to multiple biologically important traits. We also observed genes related 

591 to the lysosomal organelle complex (HPS4 and DTNBP1: Figure 3b-c), and mutations in this 

592 complex lead to diseases in humans (Sitaram & Marks, 2012; Serre, Busuttil, & Botto, 2018). 

593 Most genes present within these genomic blocks with introgression signals were related to trivial 

594 biological functions, but we also observed a behavior-related gene (Table S16). Deficit in 
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595 SHANK2 generates reduced social interaction, and impaired spatial learning (Won et al., 2012). 

596 Darker coat color can be potentially associated with social dominance and mating behavior in 

597 sheep (Loehr et al., 2008), and SHANK2 might contribute to variation in these characteristics. 

598 Moreover, almost all CDS within Stone and bighorn GFs demonstrated no positive selection 

599 (Table S12, S14), and the one gene that exhibited positive selection (Table S16) lacked functional 

600 annotation (https://www.ncbi.nlm.nih.gov/gene/286464). Considering the higher presence of 

601 purifying selection among lineages (Figure 4), as well as the failure to reject the branch-site 

602 model null hypothesis of either neutral or purifying signals in most genes, it is possible that 

603 introgression between Stone and bighorn maintained a dark coat color genetic architecture 

604 already present rather than re-introducing it. 

605 In contrast, the GFs with introgression signal between Dall and bighorn contained 

606 relatively few coat color genes, and those that were present did not interact directly (Figure 3b; 

607 Table S12). In the 4-taxon combined dataset we observed only two genes within these GFs, 

608 neither of which displayed positive selection. One gene (CCN1) is involved in pro-inflammatory 

609 functions in the skin and stimulated by UVB to maintain normal epidermal melanocyte (Henrot, 

610 Truchetet, Fisher, Taïeb, & Cario, 2018; Xu et al., 2018), whereas the (CTNS) is related to 

611 melanin synthesis (Chiaverini et al., 2012) and controls the presence of a negative regulator of 

612 this pathway (Sturm, 2012). Within these GFs, we also observed olfactory-related genes (Table 

613 S15); however, no genes related to behavior were found. 

614 Moreover, the lack of positive selection could be associated to the type of selective 

615 pressure. When hard sweeps are present, stronger selection effects are observed, in which π 

616 decreases, making inference of selection from these regions better to detect (Burgarella et al., 

617 2019). However, other signals can be difficult to detect, such as soft sweeps, which maintain π 
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618 with no drastic changes around these regions (Harris, Sackman, & Jensen, 2018). Both types of 

619 sweeps can be present in introgression regions and contribute to adaptive introgression 

620 (Burgarella et al., 2019). Although the branch-site model is a great tool to detect selection, it can 

621 become overwhelmed by the saturation of dS, leading to higher false-negatives (Gharib & 

622 Robinson-Rechavi, 2013), and lose detection power at low divergence regions (Yang & dos Reis, 

623 2010).

624

625 Genome-wide evolutionary aspects

626 Our results with different window and step sizes demonstrate a complex network of 

627 events and confirm that distinct parts of the genome present different evolutionary histories. Such 

628 patterns have been demonstrated for various groups, e.g., butterflies (Martin et al., 2016), bears 

629 (Kumar et al., 2017), cats (Figueiro et al., 2017; Li et al., 2019) and mosquitoes (Fontaine et al., 

630 2015). With smaller window sizes we more accurately infer speciation by having GFs with more 

631 specific recombination rates, and not just great genomic blocks with various rates. High and low 

632 recombination rates play an important role in detecting the “true” phylogeny and the presence of 

633 introgression patterns, since the former are diminished under lower rates (Edelman et al., 2019). 

634 Thus, the importance of evaluating and applying different sizes to determine the evolutionary 

635 history of species, specifically of those with recent and rapid radiation.

636

637 Concluding remarks 

638 Stone and bighorn present clear evidence of ancient hybridization throughout their 

639 genomes, with a stronger signal between Stone and bighorn, and a less divergent relationship 

640 than between Dall and bighorn. This ancient hybridization left distinct introgression patterns 
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641 throughout Stone and bighorn genomes, such as genes related to coat color and behavior, which 

642 may have implications for how Stone sheep developed/maintained their distinct pelage. Through 

643 gene flow, genomic blocks were incorporated into Stone individuals leading to their dark 

644 coloration, whereas in the absence of such introgression Dall maintained its white coat pattern. 

645 Alternatively, the ancestral Pachyceriforms may have exhibited a darker coat color, and the white 

646 coat of Dall is subsequent adaptation to northern environments. The Pachyceriform clade is 

647 thought to have evolved from either an Ammon- or Nivicola-like individual, both of which 

648 theoretically have darker coat color (Bunch et al., 2006; Cowan, 1940). 

649 In contrast, the signals of hybridization obtained between Dall and bighorn were less 

650 apparent and more random. The genealogical discordance patterns observed between Dall and 

651 bighorn could have been caused by multiple mechanisms. First, Stone sheep may have been a 

652 vector for blocks from bighorn as a result of secondary contact with Dall following the ice retreat, 

653 given the wide separation between the geographic ranges of Dall and bighorn (Klein, 1965; Loehr 

654 et al., 2006, 2008). A similar process has been proposed for bears (Kumar et al., 2017), in which 

655 the geographically wide-spread grizzly bear would have been the vector species between polar or 

656 American black bear and Asiatic black bear. Another possibility would be that other phenomena 

657 generated incongruent signals throughout Dall’s genome, such as ILS and natural selection. 

658
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1070 Tables and Figures

1071 Table 1. Datasets and respective subsets used in each analysis. 

Dataset Subset GF size GF step 
size Thinhorn Bighorn Snow Domestic 

sheep Goat Number of 
individuals Analyses

1 1.1 10-kb None†  B1-6    6 a
1 1.2 10-kb None† D1, S1-3     4 a
2 2.1 1-Mb 6-kb D1, S1-3 B1-6 SN DS  12 b, c
2 2.2 1-Mb 100-kb D1, S1-3 B1-6 SN DS  12 b, c
2 2.3 1-Mb 200-kb D1, S1-3 B1-6 SN DS  12 b, c
3 3.1 100-kb 6-kb D1, S1-3 B1-6 SN DS  12 b, c
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3 3.2 100-kb 100-kb D1, S1-3 B1-6 SN DS  12 b, c
3 3.3 100-kb 200-kb D1, S1-3 B1-6 SN DS  12 b, c
4 4.1 10-kb 6-kb D1, S1-3 B1-6 SN DS  12 b, c
4 4.2 10-kb 100-kb D1, S1-3 B1-6 SN DS  12 b, c
4 4.3 10-kb 200-kb D1, S1-3 B1-6 SN DS  12 b, c
5 5.1 10-kb 6-kb D1, S1 B4, B6 SN DS  6 b, c
5 5.2 10-kb 100-kb D1, S1 B4, B6 SN DS  6 b, c, d
5 5.3 10-kb 200-kb D1, S1 B4, B6 SN DS  6 b, c, d
6 6.1 10-kb 6-kb D1, S1 B4, B6 SN DS GO 7 b, c
6 6.2 10-kb 100-kb D1, S1 B4, B6 SN DS GO 7 b, c
6 6.3 10-kb 200-kb D1, S1 B4, B6 SN DS GO 7 b, c
7 7.1 10-kb 6-kb D1, S1 B6 SN DS  5 b, c
7 7.2 10-kb 100-kb D1, S1 B6 SN DS  5 b, c, 
7 7.3 10-kb 200-kb D1, S1 B6 SN DS  5 b, c, e
8 8.1-8.15 100-kb None† S1, S2 B1-6  DS  5 f
9 9.1-9.15 100-kb None† S1, S3 B1-6  DS  5 f
10 10.1-10.15 100-kb None† S2, S3 B1-6  DS  5 f
11 11.1-11.15 100-kb None† D1, S1 B1-6  DS  5 f
12 12.1-12.15 100-kb None† D1, S2 B1-6  DS  5 f
13 13.1-13.15 100-kb None† D1, S3 B1-6  DS  5 f
14 14.1-14.6 100-kb None† D1, S1 B1-6  DS  4 g
15 15.1-15.6 100-kb None† D1, S2 B1-6  DS  4 g
16 16.1-16.6 100-kb None† D1, S3 B1-6  DS  4 g

1072 †Non-overlapping windows with no step size.
1073 D1: Dall; S(1-3): Stone; B(1-6): bighorn; DS: domestic sheep; GO: goat.
1074 a: nucleotide diversity; b: phylogenomic analyses; c: consensus species tree estimate; d: divergence time and 
1075 absolute divergence; e: reticulate evolution analyses; f: 5-taxon introgression analyses; g: 4-taxon introgression 
1076 analyses.
1077
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1078
1079 Figure 1. Evolutionary relationships among Pachyceriforms. The coat color patterns of (a) bighorn (public domain), 
1080 (b) Stone (Photo credit: Krystal Kriss), and (c) Dall (Photo credit: Bill Jex) sheep might be related to their speciation 
1081 mode (d-f). The different topologies place either Dall and Stone (d: topology 1), Stone and bighorn (e: topologies 2-
1082 3) or Dall and bighorn (f: topologies 4-5) as sister clades. * represents any other possible combination of bighorn or 
1083 thinhorn individuals, considering snow and domestic sheep as outgroups to the focal species.  
1084
1085

1086
1087 Figure 2. Speciation reconstruction of Pachyceriforms. (a) Species tree showing the divergence times estimated for 
1088 GFs with 100 and 200-kb step size, respectively. Arrows indicate potential ancient hybridization between the 
1089 thinhorn lineage and bighorn, as well as Stone and bighorn. (b) Best network reconstructed from a maximum-
1090 likelihood approach in PhyloNet. Gray values are branch-lengths in coalescent units. Blue lines represent reticulation 
1091 edges with bold values showing their inheritance probabilities. The log probability is shown below the network (see 
1092 Table S9 for the information criterion test). 
1093
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1094
1095 Figure 3. Introgression analysis and its relation to potential adaptive genes. (a) 4-taxon D-statistics analysis of subset 
1096 14.6, where the number of windows represents the introgression signal between Dall (D1↔B6) or Stone (S1↔B6) 
1097 and bighorn. (b) Coat color genes within the D-statistics GFs and their respective function(s). These genes are listed 
1098 by their introgression signal observed (i.e., D1↔B6), and highlighted genes in grey are also present within the 4-
1099 taxon combined dataset. (c) Protein-protein interaction network of genes present within GFs with introgression signal 
1100 between S1 and B6. Light blue genes are directly part of the melanogenesis pathway, as well as three other pathways 
1101 (see Table S13). Dark blue genes are involved in the aldosterone synthesis and secretion, and inflammatory mediator 
1102 regulation of TRP channel. Gray genes are a local network cluster associated with the biogenesis of lysosomal 
1103 organelle complex. Disconnected genes are not shown (see Table S13 for the full gene list per pathway observed). 
1104
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1105
1106 Figure 4. Plot of median ω values per 100-kb window. Chromosomes are ordered from 1 to 26 followed by X at the 
1107 far right and alternate grayscale colors. Windows that contain a coat color gene are highlighted as black 
1108 triangles. The cutoff lines, from bottom to top, separate purifying, neutral, and positive selection.
1109
1110
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