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1 Abstract

3 Increasing our understanding of how various evolutionary processes drive the genomic
4 landscape of variation is fundamental to a better understanding of the genomic
5  consequences of speciation. However, the genome-wide patterns of within- and
6  between- species variation have not been fully investigated in most forest tree species
7  despite their global ecological and economic importance. Here, we use whole-genome
8  resequencing data from four Populus species spanning the speciation continuum to
9  reconstruct their demographic histories, investigate patterns of diversity and divergence,
10  infer their genealogical relationships and estimate the extent of ancient introgression
11 across the genome. Our results show substantial variation in these patterns along the
12 genomes although this variation is not randomly distributed but is strongly predicted by
13 thelocal recombination rates and the density of functional elements. This implies that
14 the interaction between recurrent selection and intrinsic genomic features has
15  dramatically sculpted the genomic landscape over long periods of time. In addition, our
16  findings provide evidence that, apart from background selection, recent positive
17  selection and long-term balancing selection are also crucial components in shaping
18  patterns of genome-wide variation during the speciation process.
19
20 Keywords: Linked selection, Recombination, Incomplete lineage sorting, Phylogenetic

21  relationship, Ancient introgression, Populus
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22 Introduction

23

24  Determining the evolutionary forces affecting patterns of genome-wide variation has
25  been acentral goa in evolutionary biology over the past several decades (Seehausen et
26  a., 2014). Furthermore, studying variation in levels of differentiation within and
27  between closely related species has the potential to yield important insights into the
28  process of speciation (Ravinet et a., 2017; Wolf & Ellegren, 2017). Studies in a broad
29  range of taxonomic groups have revealed a picture of a highly heterogeneous genomic
30  landscape with peaks and valleys of diversity and differentiation (Han et al., 2017,
31 Nadeau et a., 2012; Stankowski et a., 2019; Turner, Hahn, & Nuzhdin, 2005). Local
32  peaks of elevated divergence are usualy referred to as ‘speciation islands’ and are
33 thought to represent regions that drive the reproductive isolation between incipient
34  species (Abbott et al., 2013; Wu, 2001). Between these islands, gene flow acts to
35 homogenize the reminder of genome and hence acts to limit differentiation (Feder,

36  Egan, & Nosil, 2012; Nosil, Funk, & Ortiz - Barrientos, 2009). However, a plethora of

37  recent studies highlight that the heterogeneous patterns of differentiation can evolve
38  through processes that are unrelated to speciation per se (Burri et a., 2015; Cruickshank
39 & Hahn, 2014). For example, even in the absence of gene flow, natural selection, in the
40  form of either a selective sweep or background selection, can cause reduced genetic
41  diversity not only at the target sites under selection but also at linked neutral sites (Han
42 et a., 2017; Phung, Huber, & Lohmueller, 2016). Such selection could accelerate
43  lineage sorting and will hence inevitably result in increased genetic differentiation
44 between species in these regions (Burri, 2017). Furthermore, the long-term action of
45 linked selection in ancestral as opposed to extant lineages can also affect the amount

46 and distribution of ancestral polymorphisms (Ma et al., 2018; Munch, Nam, Schierup,
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47 & Mailund, 2016; Scally et al., 2012), which can further result in heterogeneous
48  patterns of genealogical relationships among closely related species (Mailund, Munch,
49 & Schierup, 2014; Pease & Hahn, 2013). Despite widespread interest in speciation
50  genomics, there remains little consensus as to how various evolutionary processes have
51  shaped the genomic landscape during the speciation process that eventually gives rise to
52  new species (Ravinet et a., 2017).

53 Empirical studies suggest that the formation of the genomic landscape of
54  diversity during speciation is highly influenced by the demographic histories of the
b5  gpecies, the types of selection acting on different genomic regions and also several other
56  intrinsic genomic features (Burri, 2017; Ellegren & Galtier, 2016). Disentangling the
57  effects of speciation (i.e. species split time, strict isolation or divergence with gene flow)
58 isimportant for interpreting the patterns of genome-wide variation, because without a
59  clear picture of the demographic history of the descendant species, it is challenging to
60  distinguish whether heterogenous genomic differentiation arose due to genetic drift,
61 local adaptation or introgression (Nadachowska-Brzyska et al., 2013; Ravinet et d.,
62  2018). Furthermore, as the speciation process advances, the evolution of genome-wide
63  patterns of variation can be influenced by different forms of selection (Cutter & Payseur,
64  2013). Under a background selection model, purifying selection continuously eliminates
65  deleterious mutations, resulting in reduced levels of genetic diversity at linked loci and
66  increased levels of Fsr (arelative measure of genetic divergence) (Charlesworth, 2012;
67  Charlesworth, Morgan, & Charlesworth, 1993; Hudson & Kaplan, 1995). Under a
68  selective sweep model, genetic variants linked to beneficial mutations acted upon by
69 postive selection hitchhike along and reach high frequency (Kaplan, Hudson, &
70 Langley, 1989; Smith & Haigh, 1974). Accordingly, even in the absence of gene flow,

71  selection due to, for instance local ecological adaptation, can result in reduced diversity
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72 andincreased Fsr (Cruickshank & Hahn, 2014). In comparison to purifying and positive
73  selection, long-term balancing selection favors the maintenance of advantageous
74 polymorphisms for many generations, which instead result in genomic regions with
75  elevated genetic diversity and reduced Fsr (Charlesworth, 2006; Guerrero & Hahn,
76 2017). As deleterious mutations are assumed to be much more common compared to
77  beneficia mutations, background selection has been argued to play a major role in the
78  evolution of diversity (Burri, 2017; Lohmueller et al., 2011; Phung et al., 2016).
79  However, many recent simulation studies have shown that background selection alone
80 isfar from sufficient for generating the heterogenous genomic landscapes observed in
81 empirical studies of recently diverged species, and other evolutionary processes (such as

82  positive selection) are thus required to explain the observed patterns (Matthey - Doret

83 & Whitlock 2019; Stankowski et al., 2019).

84 Regardless of the role of demographic processes and selection, genomic
85  features, such as recombination rate variation and the heterogeneous density of
86  functional sites, are also expected to play key roles in mediating the efficacy and extent
87  of selection and gene flow, as well as how these processes interact as the speciation
88  process proceeds (Flaxman, Wacholder, Feder, & Nosil, 2014; Hurst, Pal, & Lercher,
89  2004; Nachman & Payseur, 2012). Local rates of recombination interacts with natural
90 selection and are known to have a profound effect on patterns of genomic diversity,
91 incomplete lineage sorting (ILS) and rates of introgression (Begun & Aquadro, 1992;
92  Comeron, Williford, & Kliman, 2008; Cutter & Payseur, 2013). Independent of the
93  recombination rate, the density of functional sites can also influence genome-wide
94  patterns of diversity since functional regions are more likely to experience either
95  stronger effects of positive or purifying selection compared to nonfunctional regions

96  where mutations are assumed to have little effect on fitness (Al-Shahrour et al., 2010;
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97 Nordborg et a., 2005). The long-term diversity-reducing effects of selection in

98  functional regions will reduce locally effective population size (Ne), accelerate lineage

99  sorting and increase genetic divergence between species (Flowers et al., 2011; Hobolth,
100 Dutheil, Hawks, Schierup, & Mailund, 2011). As it becomes increasingly feasible to
101  generate whole genome resequencing data from closely related species, the importance
102 of conserved genomic features in shaping the topography of the genomic landscape of
103 speciation has increasingly been highlighted by several studies in a diverse set of taxa
104  showing highly correlated patterns of differentiation among independently species pairs
105  (Burri, 2017; Delmore et a., 2018; Van Doren et al., 2017; Vijay et a., 2017).
106 Forest trees provide an excellent system to address the genomic architecture of
107 adaptation and speciation in natural populations because they are mostly
108  undomesticated without much anthropogenic influence, ecologically important across a
109  wide variety of habitats and harbour abundant genetic and phenotypic variation (Neae
110 & Ingvarsson, 2008; Nede & Kremer, 2011). In this study, we focus on four Populus
111 species (Populus tremula, P. davidiana, P. tremuloides and P. trichocarpa) that span
112 the speciation continuum. All four species are all deciduous, obligated outcrossing tree
113 species that have wide geographical distributions throughout the Northern Hemisphere
114  (Figure 1A). Among them, P. tremula (European aspen), P. davidiana (Chinese aspen)
115 and P. tremuloides (American aspen) are sibling aspen species belonging to the same
116  section of the genus Populus (section Populus) (Eckenwalder, 1996; Hamzeh &
117  Dayanandan, 2004). Earlier phylogenetic studies have revealed that P. tremuloides
118  diverged from the other two species following the break-up of the Bering Land bridge,
119  whereas the uplift of the Qinghai-Tibetan Plateau and the associated climate oscillations
120 may have driven the divergence between P. tremula and P. davidiana (Du et al., 2015).

121  In addition, these aspen species can readily hybridize and their artificial hybrids show
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122  heterosis for many growth and wood characteristics (Hart, De Araujo, Thomas, &
123 Mansfield, 2013), suggesting that the speciation process has not gone to completion
124  among the three aspen species. In comparison, P. trichocarpa belongs to a different
125  section of the genus Populus (section Tacamahaca), and it is reproductively isolated
126 from all aspen species (Jansson & Douglas, 2007). Facilitated by the availability of a
127  high-quality reference genome of P. trichocapra (Tuskan et al., 2006), the four Populus
128  species represent a promising model system to investigate how various evolutionary
129  forces have shaped the evolution of the genomic landscape of differentiation across the
130 speciation continuum in forest trees.

131 We use whole-genome re-sequencing in the four Populus species to (i)
132  determine their speciation history and characterize whether there is historical gene flow
133 between the now-allopatric species; (ii) examine the fine-scale genomic landscapes of
134  diversity and divergence across species at different stages of divergence; (iii) quantify
135  the extent of genome-wide genealogical discordance and ancient hybridization among
136  the three closely related aspen species; (iv) identify the signatures of positive selection
137  and long-term balancing selection along the genome, and uncover how they impact
138  levels of variation during speciation. Overall, our main aim is to disentangle and
139  understand how the multitude of evolutionary processes have shaped the genomic
140  architecture during speciation.

141
142 2. Materialsand M ethods
143

144 2.1 Sample collection, whole-genome resequencing and genotype calling
145 We used whole genome resequencing data from eight individuals each of Populus

146  tremula, P. tremuloides and P. trichocarpa, as described in Wang et a. (2016a), and
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147  additiona eight individuals of P. davidiana that are first reported in this study (Table
148  Sl1). The sampling was from a single geographic region for each species (Figure 1A).
149  Briefly, sequencing of all samples was carried out on the Illumina HiSeq 2000 platform.
150  Prior to read mapping, we used Trimmomatic (Lohse et al., 2012) to remove adapter

151  sequences and to trim low quality bases from the start or the end of reads (base quality<

1562 20). If the processed reads were shorter than 36 bases after trimming, the entire reads
153  were discarded. After quality control, we mapped the remaining reads from each
154  individual to the P. trichocarpa reference genome (v3.0) (Tuskan et a., 2006) using
155 BWA-MEM algorithm with default parameters, as implemented in bwa-0.7.10 (Li,
156  2013).

157 To minimize the influence of mapping bias, several further filtering steps were
158 employed before genotype calling. First, we used RealignerTargetCreator and
159  IndelRealigner in GATK v3.8.0 (DePristo et al., 2011) to correct for the mis-alignment
160  of bases in regions around insertions and/or deletions (indels). Second, to account for
161  the artifacts due to PCR duplication introduced during library construction, we used the

162  MarkDuplicates method from Picard packages (http://broadinstitute.github.is/picard/) to

163 only retain the read or read-pair with the highest summed base quality among those with
164  identical external coordinates and same insert lengths. Additionally, we further
165  discarded site types that likely cause mapping bias based on three criteria: (1) those with
166  extreme read coverage (less then 4x or higher than twice of the mean coverage); (2)
167  covered by more than two reads of mapping score equaling zero per individual; (3)
168  overlapping known repetitive elements as identified by RepeatMasker (Tarailo -
169  Graovac & Chen, 2009). Finally, sites that passed al these filtering criteriawere used in
170  downstream analyses. This left a total of 168,950,389 sites for further anaysis (42.8%

171  of collinear genomic sequences of the P. trichocarpa genome assembly).


https://doi.org/10.1101/819219
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/819219; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

172 After filtering, we implemented two complementary approaches for genotype
173 caling. Firg, to account for the bias inherent in genotype calling approach from next
174  generation sequencing (NGS) data (Nielsen, Korneliussen, Albrechtsen, Li, & Wang,
175  2012), the population genetic estimates that relied on site frequency spectrum (SFS)
176 were calculated using ANGSD v0.917 (Korneliussen, Albrechtsen, & Nielsen, 2014).
177  Second, for the analyses that require accurate single nucleotide polymorphism (SNP)
178  calls, genotype calling in each individual was performed using HaplotypeCaller of the
179  GATK v3.8.0, and GenotypeGV CFs was then used to merge multi-sample records from
180  the four species together for re-genotyping and re-annotation of the newly merged VCF
181 (DePristo et a., 2011). To minimize genotype calling bias and to retain high-quality
182  SNPs, we further performed severa filtering steps: (1) SNPs that overlapped with sites
183  not passing all previous filtering criteria were removed; (2) only bi-allelic SNPs with a
184  distance of at least 5 bp away from any indels were retained; (3) genotypes with read
185  depth (DP) < 5 and/or with genotype quality score (GQ) < 10 were treated as missing,
186  and wethen removed all SNPs with a genotype missing rate > 10%. After all these steps
187  of filtering, a total of 8,568,990 SNPs were retained across the four Populus species.
188  For the analyses that required imputed and phased dataset, BEAGLE v4.1 (Browning &
189  Browning, 2009) was used to infer haplotypes of individuals within each species.

190

191 2.2 Phylogenetic relationships and population structure analysis

192 Chloroplast phylogeny

193  To infer the phylogenetic relationship of the four Populus species based on chloroplast
194  data, we first mapped the filtered reads from our resequencing data against the P.
195  trichocarpa chloroplast genome using bwa-an 0.7.10 (Li & Durbin, 2009). Then,

196  UnifiedGenotyper in GATK v3.8.0 was used to call SNPs at all sites (--output_mode
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197 EMIT_ALL_SITES). Since chloroplasts are haploid and SNPs are thus expected to be
198  homozygous, the haploid option (-ploidy 1) in UnifiedGenotyper was used. After
199  treating sites with GQ < 30 as missing data, only bi-allelic SNPs with quality by depth
200  (QD) > 10 and with a missing rate < 20% were retained. Finally, a consensus tree was
201  constructed based on 1,292 chloroplast SNPs using maximum likelihood method
202 implemented in SNPhylo (Lee, Guo, Wang, Kim, & Paterson, 2014).

203

204  Principle component analysis (PCA)

205  To account for the uncertainty in genotype calls, PCA was performed using ANGSD
206 v0.917 and ngsTools v1.0.1 (Fumagali, Vieira, Linderoth, & Nielsen, 2014). We first
207  used the SAMTools model (Li et al., 2009) in ANGSD to estimate genotype likelihoods
208  from BAM files using only reads with aminimal base quality score of 20 and aminimal
209  mapping quality score of 30 across all individuals. ngsTools was then used to compute
210 the expected covariance matrix across pairs of individuals for the four species based on
211 the genotype posterior probabilities across all filtered sites. Eigenvectors and
212 eigenvalues were generated with the R function eigen from the covariance matrix, and
213  the significance level was determined using the Tracy-Widom test as implemented in
214  EIGENSOFT version 6.1.4 (Patterson, Price, & Reich, 2006).

215

216 Identity-by-descent (IBD) blocks analysis

217  To determine the extent to which individuals across the four species shared DNA
218  segments, the identity-by-descent block analysis was performed for the four species
219  using BEAGLE v4.1 (Browning & Browning, 2013) with the following parameters:
220 window=100,000; overlap=10,000; ibdtrim=100; ibdlod=5.

221

10
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222 2.3 Demographic history reconstruction

223 MSMC

224 We used Multiple Sequentially Markovian Coalescent approach (MSMC v2) (Schiffels
225 & Durbin, 2014) to infer patterns of historical patterns of effective population sizes
226  changes through time for all four Populus species. Only sites passing al above filtering
227  criteria were included in analyses. Because different number of individuals and
228  haplotypes provides different resolution for recent and distant population histories, we
229  applied MSMC to phased whole-genome sequences from one (two haplotypes, which
230 can infer more distant size changes), two (four haplotypes, which infer size changes at
231  intermediate time scales) and four (eight haplotypes, which infer the most recent size
232 changes) individuals for each species, respectively. We did not include more haplotypes
233  due to the computational cost of using larger haplotype sets. In total, we have 8, 28 and
234 70 different individual configurations for two-, four-, and eight- haplotype analyses in
235  each species. We ran MSMC on al individual configurations and estimated medians
236  and standard deviations of effective population sizes changes across time. To convert
237  the coalescent scaled time to absolute time in years, we used a mutation rate of 2x10°°
238  per site per year (Koch, Haubold, & Mitchell-Olds, 2000) and a generation time of 15
239 years.

240

241  Fastsmcoal2

242 Given the long divergence time and the low number of polymorphic sites shared
243 between aspens and P. trichocarpa (Wang, Street, Scofield, & Ingvarsson, 2016a), we
244  used a coalescent simulation-based method implemented in fastsimcoal 2.6 (Excoffier,
245  Dupanloup, Huerta-Sanchez, Sousa, & Foll, 2013) to only infer the demographic and

246  speciation histories only for the three aspen species. For all possible pairs of the three

11
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247  species, the two-dimensional joint SFS (2D-SFS) was constructed from the posterior
248  probabilities of sample allele frequencies using ANGSD v0.917 (Figure S1). A total of
249  twenty-nine models were evaluated and all models began with the split of an ancestral
250  population into the Eurasia and the North America lineage (P. tremuloides) followed by
251  the split of the Eurasian lineage into P. tremula and P. davidiana. The models differed
252 interms of (1) whether post-divergence gene flow was present or not, (2) time, level
2563  and pattern of gene flow between the three aspen species, and (3) the occurrence and
254  pattern of population expansion in P. tremuloides given a genome-wide excess of rare
255 freguency aleles that we observed in this species in our previous study (Wang et al.,
256  2016a) and aso in this study (Figure S2). Alternative demographic models were fitted
257  to the joint SFS data. The global maximum likelihood estimates for all demographic
258  parameters under each model were obtained from 50 independent runs, with 100,000
259  coalescent simulations per likelihood estimates (-n 100000, -N 100000) and 40 cycles of
260  the likelihood maximization algorithm. The models were compared based on the
261  maximum value of likelihood over the 50 independent runs using the Akaike's weight
262  calculated following Excoffier et al. (2013). The model with the maximum Akake's
263  weight value was chosen as the optimal one. Confidence intervals were generated by
264  performing parametric bootstrapping with 100 bootstrap replicates, and with 50
265  independent runs in each bootstrap. As for MSMC, we assumed a mutation rate of
266  2x10° per site per year and a generation time of 15 years (Koch et al., 2000) when
267  converting estimates to units of years and individuals.

268

269 2.4 Intra- and inter- species summary statistics

270  Intra-species genomic diversity

12
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271  For each species, based on the SAMTools genotype likelihood model (Li et al., 2009),
272 we used ANGSD v0.917 (Korneliussen et a., 2014) to estimate alele frequency
273  likelihoods, obtain a maximum likelihood estimate of the folded site frequency
274 spectrum and used this to calculate nucleotide diversity (zr) in non-overlapping sliding
275  windows of 10 Kbp and 100 Kbp across the entire genome. Only sites with a minimum
276 mapping quality of 30 and minimum base quality of 20 were used in the estimation.
277  Windows were discarded if there were less than 10 % sites left after all of the filtering
278  steps described above. Since our previous study showed that linkage disequilibrium
279  (LD) decays within 10 Kbp in different species of Populus (Wang et al., 2016a), in the
280  following we focused more on estimates derived from 10 Kbp windows.

281

282 Inter-species genomic divergence

283  For each species pair, we estimated two divergence metrics across the 10 Kbp and 100
284  Kbp non-overlapping windows: genetic differentiation (Fsr) and sequence divergence
285 (dyy). Without relying on SNP or genotype calling (Fumagalli et al., 2013), we first used
286  ANGSD to calculate posterior probabilities of sample allele frequency for each species.
287  Then, the program ngsFST from the ngsTools package was used to estimate Fsr
288  between species using a method-of-moments estimator, and the program ngsStat was
289  used to calculate dy, between species at each site. Finally, we averaged these divergence
290  values across all sites within each window.

291

292  Population-scaled recombination rate

293 For each species we used LDhelmet v1.9 (Chan, Jenkins, & Song, 2012), a
294  coaescent-based, reversible-jump Markov chain Monte Carlo (rjfMCM) simulation

295 method, to estimate the population-scaled recombination rate, p. First, VCFtools

13
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296  (Danecek et al., 2011) and custom shell script were used to tailor the phased genotype
297  data of each chromosome to the necessary input sequence file (fasta format). Then, we
298  used ‘find_confs' in LDhelmet to concatenate all the input sequences files and generate
299  ahaplotype configuration file per species. Thereafter, ‘table gen’ was used to compute
300 the likelihood lookup table for each species, where we assume the approximate
301  genome-wide neutral diversity (6) of 0.01 for the three aspen species and of 0.005 for P.
302 trichocarpa (Wang et a., 2016a), and the grid of p values was specified as —+ 0.0 0.1
303 10.0 1.0 100.0 for all species. In addition, the optional ‘pade’ component of LDhelmet
304  was included in the analysis, which computes the Padé coefficients (-x 11) from the
305  haplotype configuration file. Finally, we ran LDhelmet with window size of 50 SNPs
306  and block penalty of 50 for atotal of 1,000,000 iterations, discarding the first 100,000
307  asburn-in. We then calculated weighted average of the estimated p in 10 Kbp and 100
308  Kbp windows, respectively. Windows with less than 50 SNPs (for 10 Kbp windows)
309  and 200 SNPs (for 100 Kbp windows) left from previous filtering steps were discarded.
310

311 2.5 Window-based phylogenomic analysis

312  Topology weighting

313 As expected for a clade with rapid radiation, genealogies may vary widely across
314  different genomic regions (Lamichhaney et a., 2015). Given that P. trichocarpa is
315  distantly related from the other three aspen species (Hamzeh & Dayanandan, 2004), we
316 used Twisst, a topology weighting method by iterative sampling of subtrees (Martin &
317  Van Belleghem, 2017), to assess and quantify the phylogenetic discordance among the
318  three aspen species aong the genome. The genealogical relationships of these species
319 can be defined by three possible topologies: [(P. tremula, P. davidiana), P.

320  tremuloides], [(P. tremula, P. tremuloides), P. davidiana], [(P. davidiana, P.
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321 tremuloides), P. tremula]. Using P. trichocarpa as the outgroup species, loca
322  phylogenetic subtrees was inferred in RAXML v8.2.4 (Stamatakis, 2014) with the
323  GTRCATI model over non-overlapping 10 Kbp and 100 Kbp windows. Topology
324  weightings for each window were then computed through determining the number of
325 unique subtrees that match each of the three possible topologies by iteratively sampling
326  asingle haplotype from each species (Martin & Van Belleghem, 2017). Windows were
327  discarded in topology weighting estimation if there were < 50 SNPs and < 200 SNPs
328  left from previous filtering steps for 10 Kbp and 100 Kbp windows, respectively.

329

330  Inference of incomplete lineage sorting

331  Because the speciation events that resulted in aspen species were close in time (see
332 Results), we expect the lineage sorting process relating these species to be incomplete.
333  Given the three aspen species and the outgroup poplar species (P. trichocarpa) with the
334  relationship as (((P. tremula, P. davidiana), P. tremuloides), P. trichocarpa), we labeled
335  dleesinP. tremula, P. davidiana and P. tremuloies as A (ancestra allele) if they match
336  thereference alele of P. trichocarpa genome, and B (derived alele) otherwise. We then
337  considered segregating sites with (((P. tremula, P.davidiana), P. tremuloides), P.
338  trichocarpa) patterns as AABAs, ABAAs, BAAAs, ABBAs, BABAs and BBAAS. The
339 two SNP patterns ABBAs and BABASs can result from incomplete lineage sorting if we
340  assume no gene flow occurred among species (Durand, Patterson, Reich, & Slatkin,
341 2011, Green et al., 2010). We calculated the level of incomplete lineage sorting (ILS) at
342  dtei inthe genomeas:

343

344 ILS=(Cagea()+CeaBa))/h (@)

345 where h=(Cgaan()+Casaa)+Caasa)+2(Cerana(i)+Crasa()*Casra())/3 ()

15


https://doi.org/10.1101/819219
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/819219; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

346

347  Because population samples were used for all species, a each site we used the
348  freguency of the derived allele in each species to effectively weight each segregating
349  dte according to its fit to the six segregation patterns for the three aspen species

350  (Durand et al., 2011), with

3b1

352 Ceana(=Piu(1-pi)(1-pis)(1-Pia) 3)
353 Casaam=(1-Din)pi2(1-pis)(1-Pis) (4)

354 Caaagi=(1-Pir)(1-pi2)Dia(1-Pia) ®)

355 Cggaa()=DirPi2(1-piz)(1-Pia) (6)

356 CgaBa()=Pi1(1-Di2)pia(1-pia) (7)

357  Casea()=(1-pir)Dizpia(1-Pia) 8

3b8

359  where pjis thefrequency of the derived alele at site i in speciesj.

360

361  The calculation of ILS presents the counts of incomplete lineage sorting pattern
362 (Caseag) and Cgagagy) normalized by the total count of segregating sites (h), which isa
363  proxy of the species tree topology height (Scally et a., 2012). We then summarized the
364  proportion of ILS over non-overlapping 10 Kbp and 100 Kbp windows or in bins with
365  varying distances from the nearest exon.

366

367 2.6 Analyses of introgression

368  We first tested for introgression between the three aspen species using the D-stéatistic,
369  aso known as the ABBA-BABA tests. These tests evaluate the imbalance frequency of

370  dite patterns (Durand et a., 2011; Green et a., 2010). Using P. trichocarpa as the
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371  outgroup, we expect equal counts of the two site patterns (ABBA and BABA) when
372 incomplete lineage sorting causes the site pattern discordance. If discordance is caused
373 by introgression, one of the site patterns is expected to be more prevalent than the other.
374  We applied two approaches to perform the D-statistic test. First, we used
375  —doAbbababa? implemented in ANGSD v0.917 (Korneliussen et al., 2014) to directly
376  count ABBA and BABA sites and calculate the D statistic without calling genotypes in
377  non-overlapping 10 Kbp and 100 Kbp windows for the whole genome. Then, jackknife
378  bootstrapping was conducted to estimate significance a the chromosome and
379  whole-genome level. Second, based on allele frequencies at each SNP called by GATK,
380  we calculated the D dtatistic in 10 Kbp and 100 Kbp non-overlapping windows across
381 the genome with the python script ABBABABAwindows.py

382  (https://github.com/simonhmartin/genomics_general) (Martin, Davey, & Jiggins, 2014).

383  Following the detection of introgression among individuals at the genome level, we
384 used a modified f-statistic (fy)) (Martin et al., 2014) to estimate the proportion of
385 introgressed sites at the population level using ABBABABAwindows.py

386  (https://github.com/s monhmartin/genomics_general) on non-overlapping 10 Kbp and

387 100 Kbp windows across the genome.

388

389 2.7 Genome-wide scan for regions under positive and balancing selection in aspens
390  To specifically test for the impact of positive and balancing selection on the genomic
391  landscape during speciation of aspens, we first used a composite likelihood ratio (CLR)
392  datistic implemented in SweepFinder2 (DeGiorgio, Huber, Hubisz, Hellmann, &
393  Niesen, 2016) to detect regions subject to recent positive selection or selective sweeps
394  in each of the three aspen species. The ancestral allelic state was defined by assuming

395 that the alleles that were the same as those found in the P. trichocarpa reference
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396  genome was the ancestral alleles. By contrasting the likelihood of the null hypothesis,
397  based on the unfolded site frequency spectrum (SFS) calculated across the genome
398 using —f option, with the likelihood of a model where the SFS has been altered by a
399  recent positive selection event, the CLR statistics was calculated in non-overlapping
400  windows of 10 Kbp. Within each species, windows with CLR values higher than the
401 99" percentile of its distribution were identified as candidate region under selection.

402 Moreover, we identified regions under long-term balancing selection by estimating
403  the summary statistics, f (beta score), which detects the clusters of variants with an
404  excess number of intermediate frequency polymorphisms (Siewert & Voight, 2017).
405  Given that the signals of long-term balancing selection usualy is localized to a narrow
406  genomic region (Gao, Przeworski, & Sella, 2015), we used 1 Kbp windows to calculate
407  pvauesfor each core SNPsin the three aspen species. We used the unfolded version of
408 B, with the ancestral and derived allelic states inferred based on comparisons with the
409  outgroup species P. trichocarpa. To prevent false positives, we filtered out SNPs with a
410  folded frequency lower than 20%, and defined the SNPs with extreme £ scores in the
411  top 1% as significant. Furthermore, only SNPs that are significant in all three species
412 were considered as putative targets of long-term balancing selection. Finally, we binned
413 dgnificant SNPsinto 10 Kbp windows for downstream comparisons.

414 Lastly, to assess the effects of positive and balancing selection on the genomic
415  architecture of speciation, we compared outlier windows that were identified as being
416 under positive or balancing selection with the remaining genomic regions using a
417  variety of population genetic statistics, including genetic diversity, divergence, lineage
418  sorting and introgression within and between the three closely related aspen species.
419  Differences between outlier windows and the genome-wide averages for all these

420  statistics were tested using Wilcoxon ranked-sum tests. To further examine whether any
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421  functional classes of genes were over-represented in these candidate regions, we
422  performed gene ontology (GO) analyses using the R package topGO 2.36.0 (Alexa &
423  Rahnenfuhrer 2009). Fisher’s exact test was used to calculate the statistical significance
424  of enrichment, and GO terms with P-value lower than 0.01 were considered to be
425  dgnificantly enriched.

426

427 3. Results

428 3.1 Phylogenetic relationships, population structure and demographic history

429 The genome alignment resulted in an average depth of 24.6x across al individuals
430  after quality control (Table S1). The PCA results revealed a clear distinction among the
431  four Populus species (Figure $4). Based on the Tracy-Widom test, only the first three
432 components were significant (Table S2). The first principal component (PC1; variance
433  explained=28.79%) separated P. trichocarpa from the three aspen species, while the
434 second component (PC2; variance explained=7.52%) separated P. tremuloides from P.
435 tremula and P. davidiana. Finaly, the third component (PC3, variance
436  explained=5.33%) separated P. tremula and P. davidiana. The clustering and genetic
437  relationships of the four species were also confirmed by the phylogenetic tree
438  constructed based on the entire chloroplast genomes (Figure 1B). Moreover, we
439  measured the number and length of shared IBD haplotypes within and between species
440  (Figure S5, S6; Table S3, $4). Compared to between-species comparisons, we found
441  much more extensively shared IBD haplotypes for within-species comparisons (Figure
442 Sb), although haplotypes shared within P. tremuloides were shorter than the other three
443  gpecies (Figure S6A; Table $4). This is likely owing to the higher recombination rate
444  and more rapid decay of linkage disequilibrium (LD) in P. tremuloides than other

445  gpecies (Wang et al., 2016a). For the between-species comparisons, we did no observe
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446  any haplotype sharing between the three aspen species and P. trichocarpa, confirming
447  the distant relationship between aspens and poplars in the genus Populus (Figure S5,
448  Table S3). Within aspens, P. tremula and P. davidiana shared more and longer
449  haplotypes than ether of them shared with P. tremuloides (Figure S5, S6B; Table S3,
450  $4), which also supports a closer relationship between these two species, asidentified in
451  the chloroplast phylogeny.

452 To investigate the demographic and speciation histories of the four Populus species,
453  we first used MSMC to examine historical fluctuations in the effective population size
454  (Ng) for each species. The results showed that all species experienced a period of
455  population decline during the early Pleistocene cooling (2.5-0.9 million years ago, Mya)
456  (Figure 1C). Compared with the three aspen species, P. trichocar pa experienced a more
457  dramatic population decline during this period (Figure 1C, Figure S7), which likely
458  explain the much lower genetic diversity observed in this species relative to others
459  (Table S5). The two North American species, P. tremuloides and P. trichocarpa,
460  experienced a population expansion from the start of the last ice age (110 thousand
461  years ago, Kya) until the last glacia maximum (LGM, 23-18 Kya) whereas the
462  European species P. tremula remained relatively stable. On the other hand, the eastern
463  Asian species, P. davidiana, showed pattern of population decline during the entire
464  period (Figure 1C, Figure S7). Our results therefore revealed that before the LGM,
465  forest trees distributed in different continents experienced asynchronous demographic
466  responses to Pleistocene climate changes (Bai et al., 2018). During and following the
467  LGM, al four species experienced a population decline followed by a subsequent rapid
468  population expansion (Figure 1C).

469 Because of the distant phylogenetic relationship and low levels of shared

470 polymorphism between P. trichocarpa and the three aspen species (Wang et a., 2016a),
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471  we therefore explicitly focused on inferring the demographic parameters of the
472 speciation history for the three aspens. After evaluating a total of twenty-nine models
473 (Figure S8), the best-supported model (Figure S8; Table S6) suggests that the Eurasian
474 lineage (the common ancestor of P. tremula and P. davidiana) split from the North
475  American lineage (P. tremuloides) a ~ 2.4 Mya (bootstrap range [BF]: 2.1-3.2 Mya),
476  which is in accordance with our earlier estimates on the divergence time between P.
477  tremula and P. tremuloides (Wang, Street, Scofield, & Ingvarsson, 2016b). The
478  European lineage (P. tremula) and the East-Asian lineage (P. davidiana) diverged ~1.7
479  Mya (BP: 1.5-2.1 Mya) (Figure 1D, Table S7). Our results detected low levels of
480  ancient gene flow between P. tremula and P. davidiana, and between P. tremula and P.
481  tremuloides following speciation until around 847 Kya (BP: 539Kya-1.0 Mya) (Figure
482  1D). After this period the species have remained isolated which is also reflected by their
483  current disjunct geographic distributions (Figure 1A). Compared to the Eurasian lineage
484  of aspens, P. tremuloides has experienced a notable population expansion in the recent
485  past (~772 Kya, BP: 440-887 Kya), which is consistent with its genome-wide excess of
486  rarealleles (Figure S2).

487

488 3.2 General patterns of genome-wide diversity and differentiation

489 We further characterized genome-wide patterns of nucleotide diversity (m),
490  population recombination rate (p) and divergence (Fsr and dyy) for the four Populus
491  species (Figure 2A; Table S5, Table S8-S10). At the species level, © varied markedly
492 between species, ranging from 0.0063 in P. trichocarpa to 0.0148 in P. tremuloides, but
493  the average genomic diversity was very similar across the three aspen species (Table

494  Sb). In contrast to the patterns observed for m, the population-scaled recombination rate,

495  p, was much higher in P. tremuloides (0.0273 bp™) than in the other three species

21


https://doi.org/10.1101/819219
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/819219; this version posted October 30, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

496 (0.0096 bp™-0.0139 bp?) (Table S8). Variation in genetic divergence (Fsr and dyy)
497  among the six species pairs reveals the continuous nature of differentiation along the
498  gpeciation continuum, with P. tremula and P. davidiana showing the lowest levels of
499  divergence and with the highest divergence observed between aspens and P.
500  trichocarpa (Figure 2A, Table S9, S10).

501 At the genome level, patterns of genetic diversity and divergence show high levels
502  of parallelism in all pairwise comparisons. The genome-wide profiles of n (average
503  Spearman’s p =0.71) and p (average Spearman’s p =0.18) were positively correlated in
504  al possible species pairs (Figure 2B, Table S11). We found little evidence for an
505  association between either © or p and the local mutation rate (i, approximated by the
506  four-fold synonymous substitution rate) (Figure 2B, Table S11). Hence, the broad-scale
507  variation in genetic diversity is conserved across the diverging lineages, which likely
508  arise from a common genomic architecture where linked selection has played a mgjor
509  rolein shaping local genomic diversity (Burri, 2017). This is further highlighted by the
510  conserved landscape of recombination rate variation across the genomes of the species
511 and the strong degree of genome synteny that we observed between the genomes of
512 aspens and poplars (Lin et a., 2018). Second, we found that the differentiation
513  landscapes were highly correlated among all species pairs both for the relative (Fsr) and
514  the absolute (dy,) measures of genetic differentiation (Figure 2B, Figure S9, Table S11).
515  The highly similar landscape of differentiation among different species pairs could
516  imply phylogenetically conserved genomic features, e.g. conserved landscapes of
517  functional densities and recombination (Burri, 2017; Vijay et a., 2017). Moreover,
518  dggnificantly negative correlations between Fsr and m were found in all parwise
519  comparisons (Figure 2B, Figure S9, Table S11), which is in line with the observation

520 that Fsr is senditive to intra-specific nucleotide diversity (Charlesworth, 1998). In
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521  contrast, only weak correlations were observed between dy, and n. Because dyy largely
522  reflects diversity in a common ancestor (Cruickshank & Hahn, 2014), a weak
523  correlation between dy, and © implies that ancestral diversity might have little impact on
524  extant diversity in the different Populus species. In addition to extant diversity, dy, was
525  only weakly correlated with Fsr across all comparisons (Figure 3B, Figure S9, Table
526 S11), which further implies that ancestral polymorphisms have had limited contribution
527  tothe genomic divergence of extant species (Cruickshank & Hahn, 2014).

528

529 3.3 Topology weighting reveals phylogenetic discordance and ancient introgression
530 between P. tremula and P. tremuloides

531  Even if the analyses of current population structure and genomic divergence support a
532  clear species relationship for the four Populus species, (((P. tremula, P. davidiana), P.
533  tremuloides), P. trichocarpa), we used a topology weighting approach to explore to
534  what degree the ‘species tree was congruent across the entire genome. Using P.
535  trichocarpa as an outgroup, our results reveal widespread incongruence in loca
536  genedogiesin ether 10 Kbp or 100 Kbp non-overlapping windows across the genome
537  (Figure 3, Figure S10). The most prevalent topology, ((P. tremula, P. davidiana), P.
538  tremuloides), which reflects the likely ‘ species topology’, has an average weighting of
539  54.7% and 76.5% across the genome in 10 Kbp and 100 Kbp windows, respectively. Of
540  the other two topologies, the ((P. tremula, P. tremuloides), P. davidiana) topology was
541  much more common (27.0% and 17.6% for 10 Kbp and 100 Kbp windows) compared
542 to ((P. davidiana, P. tremuloides), P. tremula) (18.3% and 5.9% for 10 Kbp and 100
543  Kbp windows) (Figure 3, Table S12). In general, we observed that larger windows (100

544  Kbp) produced higher rates of monophyly (windows with a weighting of 1) and a
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545  greater fraction of resolved trees compared to the smaller windows (10 Kbp) (Figure
546  S10, Table S13).

547 Interestingly, in contrast to all other chromosomes where all three topologies were
548  observed, chromosome 19, which is known to harbor the sex determination region in
549  Populus (Yin et al., 2008), showed only a single monophyletic grouping of the ‘ species
550  topology’ (Figure 3). Such a pattern is consistent with the expectation that lineage
551  sorting is faster on sex chromosomes compared to autosomes because of its smaller
552  effective population size (Meisel & Connallon, 2013; Vicoso & Charlesworth, 2006).
553  Overdl, both incomplete lineage sorting (ILS) and introgression can result in
554  discordance between the local topology and the species tree for recently diverged
555  gpecies. Given that ILS is expected to generate equal frequencies of the alternative
556  topologies (Durand et al., 2011; Mailund et al., 2014), the more frequent topology of
557  ((P. tremula, P. tremuloides), P. davidiana) is likely explained by the occurrence of
558 introgression between P. tremula and P. tremuloides. We therefore compared the
559  distribution of the branch lengths separating each pair of aspen species among all
560  topology types. Compared to the expectation that species with recent introgression tend
561  to be separated by short branches (Fontaine et a., 2015; Martin & Van Belleghem,
562  2017), the branch distances between P. tremula and P. tremuloides were not obviously
563  different from other species-pairs across topology comparisons (Figure S11). This
564  pattern is most likely caused by ancient hybridization between these two species where
565  genetic drift has eradicated most signatures of gene flow after an ancient introgression
566  event (Schumer, Cui, Powell, Rosenthal, & Andolfatto, 2016).

567 To further investigate patterns of ancient introgression between P. tremula and P.
568  tremuloides, we calculated two statistics associated with the ABBA-BABA test across

569  the genome. The D-statistic is used to test for ancient gene flow by comparing the
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570  imbalance of ABBAs and BABAS, and the fg-statistic is used to estimate the fraction of
571 the genome shared through ancient introgression. For the D-statistics, we also
572 implemented two different approaches, which differed in whether the called genotypes
573  wasrelied or not. We find that the estimates of the two approaches are highly correlated
574  with each other (Figure S12), suggesting that this statistic is robust to identify
575  introgression regardless of which type of data is used. Genome-wide estimates of the
576  D-statistic and f-statistic showed a general pattern of positive values over 10 Kbp and
577 100 Kbp non-overlapping windows (Table S14), confirming that P. tremuloides has a
578  closer genetic relationship with P. tremula than with P. davidiana. Thus, the significant
579  asymmetry in genetic relationship together with the excess of shared sequence
580  polymorphism between P. tremula and P. tremuloides (Figure S13) all provide evidence
581  for historical gene flow between the currently allopatric Eurasian and North American
582  aspen species.

583

584 3.4 Long-term effects of selection in shaping patterns of diversity, divergence,
585 incomplete lineage sorting (1LS) and levels of introgression in Populus species
586  To evaluate the impact of natural selection on genetic diversity, divergence, ILS and
587  gene flow in the context of speciation, we examined the correlations between these
588  genetic parameters and factors affecting the extent and efficiency of selection. First,
589  regions with a high density of potential targets for selection are expected to experience
590  stronger linked selection simply because selection occurs more often in such regions
591  (Al-Shahrour et al., 2010; Flowers et a., 2011). We therefore examined the relationship
592  between intraspecific diversity, species divergence and the density of functiona
593  elements, defined as the proportion of protein-coding sites within a 10 Kbp or 100 Kbp

594  window (coding density). We hypothesized that if selection contributes to the reduction
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595  of diversity at linked neutra sites, its effect is expected to be more pronounced in
596  regions with greater content of functional elements (Ravinet et a., 2017). Consistent
597  with this prediction, we observed a significantly negative relationship between © and
598  functional content (Figure 4A). This correlation was robust to the presence of
599  confounding factors such as GC content, recombination rate and the choice of window
600  size(Table S15).

601 Moreover, if natural selection was acting on the ancestral polymorphisms prior to
602  the divergence of the two descendant lineages, it could also have an effect on the
603  genetic divergence between species (Munch et al., 2016; Scaly et al., 2012). We
604  therefore examined the relationship between interspecies divergence (both Fsr and dyy)
605 and coding density, and observed negative relationships for both Fsr and dyy (Figure
606 4B, C), especialy between species with longer divergence times (e.g. aspens and P.
607  trichocarpa) (Table S17, Table S19). Indeed, if a region experiences natural selection
608  during divergence, it should show lower m within species and higher Fsr between
609  species because Fsr is sensitive to intra-specific genetic variation (Cruickshank &
610  Hahn, 2014). Accordingly, a positive correlation between coding density and Fsr is
611 predicted. The opposite pattern we observe here indicates that long-term natura
612 selection, most likely due to background selection in functional regions, has
613  continuously contributed to the reduced ancestral polymorphism and genetic divergence
614  in regions with greater functional content (Phung et a., 2016). In fact, because of the
615 accumulation of the large amount of new mutations since speciation, ancestral
616  polymorphism may only account for a small amount of the overall average divergence
617  between distantly related species (Edwards & Beerli, 2000). However, the variance of
618  ancestral polymorphism, largely affected by natural selection in ancestral populations,

619  can on the other hand make a substantial contribution to the variability of genome-wide
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620  patterns of divergence between species (McVicker, Gordon, Davis, & Green, 20009;
621  Phunget a., 2016).

622 To further explore the role of natural selection during the divergence of the three
623  aspen species, we examined the extent of ILS across the genome, which can aid to infer
624  evolutionary process in ancestral populations (Mailund et a., 2014; Pease & Hahn,
625  2013). The pattern of ILS aong the genome offers information about the local
626  differences in the ancestral effective population size of the aspen ancestor (Pamilo &
627 Nei, 1988). Both purifying and positive selection in the ancestral population are
628  expected to reduce ancestral population size in regions targeted by selection, resulting in
629  increased rates for lineages to coalesce and leaving less available for ILS (Duthelil,
630  Munch, Nam, Mailund, & Schierup, 2015; Munch et al., 2016; Prufer et a., 2012;
631  Scally et a., 2012). In agreement with this, we found that the fraction of ILS decreases
632  with increasing coding density (Figure 4D), and this relationship remained even after
633  correcting for the confounding variables (Table S21). Within coding exons, ILS is ~19 %
634  lower and the suppression of ILS extends several thousand bps away from coding genes
635  (Figure S14). Similarly, the proportion of the topology reflecting the true species tree
636  increases with coding density (Figure 4E; Table S21).

637 In addition, given that the level of admixture estimated by fy between P. tremula
638 and P. tremuloides show considerable heterogeneity across the genome (Figure S15),
639 we examined whether selection may have played a role in shaping genome-wide
640  patterns of introgression. We estimated the relationship between fq and coding density
641 and found a significantly negative correlation (Figure 4F; Table S21), indicating that
642  there is greater selection against introgressed aleles in regions enriched for genes
643  (Harris & Nielsen, 2016). The occurrence of this pattern is not likely an artefact of

644  reduced power, as regions with a high density of functionally important elements are
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645  expected to have experienced stronger long-term selection and exhibit lower levels of
646  ILS. Accordingly, our power to detect introgression is expected to be elevated close to
647  these regions (Sankararaman et al., 2014; Sankararaman, Mallick, Patterson, & Reich,
648  2016). Taken together, it is clear that natural selection has had a strong impact on
649  patterns of phylogenetic discordance across the genome among closely related aspen
650  species. However, it is not yet clear to what extent this heterogeneity might be due to
651  incomplete lineage sorting of ancestral polymorphisms or due to ancient introgression.
652  More explicit experimental designs in future studies are needed to tease apart these
653  different processes and explore how natural selection and hybridization act in
654 combination to shape the genome-wide phylogenetic heterogeneity among recently
655  diverged species.

656 In addition to the local density of functional elements, recombination rates can also
657  interact with natural selection to influence the genomic distribution of genetic diversity
658  and divergence (Figure 4). High recombination can rapidly decouple linked loci and
659  restrict the effect of selection on linked neutral sites (Begun & Aquadro, 1992; Cutter &
660  Payseur, 2013). We found that = and Fsr showed positive and negative correlations,
661  respectively, with local recombination rates (Figure 4A-C; Table S16, S18, S20). In
662  contrast to the predicted pattern of speciation with gene flow where reduced dyy is
663  expected in regions of high recombination (Nachman & Payseur, 2012), we did not find
664 any relationship between d,, and recombination rate. These observations are in
665  accordance with the expectation that linked selection is prevalent and has genome-wide
666  effectsin shaping patterns of genetic diversity and divergence at linked sites in Populus
667  (Nachman & Payseur, 2012; Wang et a., 2016b). On the other hand, we found that the
668 incidence of ILS increases with the recombination rate (Figure 4D), which was still

669  observable even after correcting for the confounding variables of coding density and
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670  GC content (Table S22). Given that variation in ILS across the genome approximately
671  reflects variation in ancestral Ne (Degnan & Sdlter, 2005; Pamilo & Nei, 1988), the
672  stronger effects of recurrent natural selection in low-recombination regions aso reduced
673  Neinancestral populations and hence made ILS less likely to occur (Charlesworth et al.,
674  1993; Martin, Davey, Salazar, & Jiggins, 2019; Pease & Hahn, 2013). We did not find
675  obvious correlation between fy and recombination rate (Figure 4F, Table S22), might
676  because barriers to introgression has been sculpted by long-term selection and genetic
677 drift after the ancient gene flow and cannot be predicted by recombination rate
678  estimated from current populations. Overall, al these results suggest that the patterns of
679  diversity, divergence and genealogical relationships among the three closely related
680  aspen species are not randomly distributed along the genome, but instead are strongly
681  structured by the interaction between widespread natural selection and intrinsic genomic
682  features, as well astheir influence on retention of signatures of ancient gene flow.

683

684 3.5The impact of positive and balancing selection on genomic architecture of
685 speciation

686  Although widespread background selection is likely to have had a large effect in
687  shaping the heterogeneous genomic landscape of variation within and between species
688  (Burri, 2017; Charlesworth, 2012), we were interested in assessing whether positive
689  selection or long-term balancing selection have also played important roles in driving
690  these processes. To identify the impact of positive selection, we performed a
691  composite-likelihood based (CLR) test to scan the genomes for signals of positive
692  selection in each of the three aspen species (Figure 5A). For each species, we
693  considered the windows with a CLR value in the top 1 percentile as candidate region

694 under positive selection. In total, we detected 538 outlier windows across the three
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695  species, and only 13 among them were shared by all species (Figure 5B). Our results
696  suggest that most putative sweeps are likely species-specific and may result from
697  relatively recent positive selection that has occurred independently in various lineages
698  after speciation. Compared to genome-wide averages, outlier windows have
699  dignificantly lower nucleotide diversity, lower recombination rates, higher Fsr but
700  smilar dyy (Figure 5C). In addition, the outlier windows show significantly higher
701  average weightings of the ‘ species topology’ (Topo2) and lower levels of ILS compared
702  to genomic background (Figure 5C,D). The ancestral admixture proportion (f4) between
703  P. tremula and P. tremuloides is also significantly reduced in the outlier windows
704  (Figure 5D), suggesting that strong selection in these regions may have contributed to
705  thereproductive barriersisolating closely related species (Martin et al., 2019).

706 To further study how long-term balancing selection may have driven the evolution
707  of the genomic landscape during speciation, we used a summary statistics, £ (beta score),
708  to search for signals of balancing selection across the genome for each aspen species
709  (Siewert & Voight, 2017). As we did for positive selection, we only consider variants
710  with g scores faling in the top 1% as candidate variants. Furthermore, variants
711  simultaneously detected in all three species are considered as potentia targets of
712 long-term balancing selection. With this criteria we identified a total of 519 variants
713  putatively under long-term balancing selection across the three aspen species (Figure
714  6A,B). These variants were unevenly distributed in the genome, and to make them
715  comparable to our previous analyses we clustered them into 32 regions of 10 Kbp
716  windows (Figure 6A). We found significantly higher nucleotide diversity, higher
717  recombination rates, lower Fsr, and higher dyy in the regions under balancing selection
718  compared to the genomic background (Figure 6C). Moreover, we found lower

719  weightings of the ‘ species topology’, higher ILS, and lower f4 in the candidate balancing
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720  selection regions athough the results were not significant, likely due to the small
721 number of windows showing evidence for balancing selection (Figure 6C,D). We
722 therefore infer that long-term balancing selection may not only influence the genomic
723  landscape of diversity and divergence but may aso play a role in shaping the
724  genedogical relationship and barriers to introgression among closely related species
725 (Charlesworth, 2006; Wang et a., 2019).

726 Finally, to assess whether there were any specific biological functions that were
727  dgnificantly over-represented on genes located in regions identified as undergoing
728  either positive (506 genes) or long-term balancing selection (32 genes), we performed
729  gene ontology (GO) enrichment analysis. We did not detect over-representation for any
730  functional category among the candidate genes under long-term balancing selection. In
731  contrast, we identified 31 significantly enriched GO categories (Fisher's exact tedt,
732 P<0.01) for genes under positive selection (Table S23). These GO clusters were
733  primarily associated with metabolic processes (DNA, nucleic acid, cellular
734  macromolecule and aromatic compound, molybdopterin confactor), biosynthetic
735  processes (molybdopterin confactor, vitamin B6), cell morphogenesis and gene
736  expression regulation. Together these functional clusters are biologically relevant for
737  plant adaptation, because the biosynthesis of a panoply of diverse natural chemicals
738 serve as important adaptive strategies for sessile long-lived trees to adapt to
739  ever-changing abiotic and biotic environments (Weng, 2014).

740
741 4. Discussion

742 Much of our knowledge of how genomic landscape builds in the speciation process is
743  drawn from studies focusing on two young species pairs with ongoing gene flow. Very

744  few examples of now-allopatric species pairs along the speciation continuum have been
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745  investigated. Here, we focus our research on four widespread Populus species that are
746  dlopatricaly distributed in northern Hemisphere. After characterizing their speciation
747  and demographic histories, we find that species in different continent exhibited
748  idiosyncratic responses to Pleistocene climate changes. In addition, ancient gene flow
749  was detected between extant Eurasian and North American aspen species (P. tremula
750 and P. tremuloides). We also investigated the evolutionary forces that have shaped
751  genome-wide patterns of variations within and between species. Our results have found
752  substantial variation in genetic diversity, divergence, species relationships and the
753  extent of introgression along the genome. Variation in these patterns is predictable and
754  can be largely explained by genome-wide variation in the strength and extent of both
755  recent and ancient selection, which depends on the recombination rate and the loca
756  density of functional sites. Our findings therefore provide evidence of how recurrent
757  selection interacts with genomic features to shape the genomic landscape during species
758  divergence. We further demonstrate that not only background selection, positive and
759  long-term balancing selection also play crucial roles in shaping genomic variation and
760  phylogenetic relationship among the recently diverged aspen species. Overall, this study
761  highlights the striking impacts of natural selection in shaping within- and between-
762  species genomic variation through speciation.

763
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Figurelegends:

Figure 1. Phylogenetic and population genetic analyses of four Populus species. (A)
Sampling locations (black circle) of eight individuals from each of the four Populus
speciesincluded in this study. Species ranges for P. tremula, P. davidiana, P.
tremuloides and P. trichocar pa are indicated by red, green, blue and purple shading,
respectively. (B) Maximum-likelihood phylogenetic tree reconstructed based on
complete chloroplast sequences. Color scheme for the four speciesisthe samein A-C.
(C) Historical effective population size of the four Populus species inferred using
MSMC v2 based on sets of eight haplotypes, with solid lines representing medians and
shading representing + standard deviation calculated across pairs of haplotypes. Y ellow
bar indicates Early Pleistocene cooling; Glacial and interglacial periods of the Late and
Middle Pleistocene are indicated by dark and light grey bars, respectively; black bar
indicates the period of Last Glacial Maximum (LGM). (D) Schematic of demographic
scenarios of the three aspen species modeled using fastsimcoal 2. The ancestra
population is shown in light and dark grey respectively for different ancestral lineages.
P.tremulaisin red, P. davidianaisin green, and P. tremuloidesisin blue. The arrows
indicate the per generation migration rate (m) between species. Estimated divergence
time, effective population size, and gene flow are detailed in Supplementary Table S7.

Figure 2. Genome-wide landscape of genetic diversity and divergence within and
between species. (A) Chromosomal landscape of (a) the density of coding sequences
(CD); (b) nuclectide diversity (r); (c) recombination rate (p); (d) the relative measure of
genetic divergence (Fsr) and (€) the absolute measure of genetic divergence (dyy). (B)
Distribution of correlation coefficients (Spearman’s p) shown as violin plots for
population summary statistics characterizing genomic features (neutral mutation rate 1)
and variation within (w, p) and between species (Fsr, dxy) calculated at 100 Kbp
windows. Subscripts ‘i, j’ symbolize al possible combinations of correlations between
two speciesi=1...(n-1) and j=(i+1)...n for within-species measures; Capital letters‘l, J
symbolize inter-species statistics. Correlations exclude pseudo-replicated species
comparisons. Detailed information can be found in Supplementary Table S11.

Figure 3. Heter ogeneous distribution of phylogeniesin three aspen species.
Chromoplots for 19 chromosomes show the distribution of three possible rooted
phylogenetic relationships inferred from 100 Kbp genomic regions for P. tremula (P.
tra), P. davidiana (P. dav) and P. tremuloides (P. trs), with P. trichocarpa as outgroup
species. The colored vertical bars represent the windows with complete monophyly of
the three alternative topologies as shown in the lower right, where the proportion of the
three topologiesin 100 Kbp and 10 Kbp (in parenthesis) across the genome are also
shown. Across all chromosomes, the D statistic generally tends toward positive values,
indicating ancient introgression between P. tra and P. trs may have been occurring
across the genome.

Figure 4. Widespread impact of linked selection. Relationship between
recombination rate (blue), coding density (red) and (A) genetic diversity, (B) Fsr, (C)
dyy, (D) incomplete lineage sorting (ILS), (E) weighting of the ‘species’ tree ([P. tra, P.
dav], P. trs)) and (F) the estimated admixture proportion (fg) between P. traand P. trs.
Quantile binning is for visualization. The points and error bars indicate the means and
1.96xstandard errors. Statistical tests were performed on the unbinned data and detailed
correlation coefficients are shown in supplementary Table S15-Table S22.
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Figureb. I dentification of positive selection. (A) Positive selection analysis by
SweepFinder2 reveals windows that are candidates for being under positive selectionin
the three aspen species: P. tremula (P. tra), P. davidiana (P. dav) and P. tremuloides (P.
trs). Horizonal red line indicates the cut-off of composite likelihood ratio (CLR)
statistics. (B) The Venn diagram represents shared and unique selected windows
detected in the three species. (C) Comparison of genetic diversity, recombination rate,
Fsr, dxy, and average weightings of the ‘species’ topology between candidate regions
under positive selection (red boxes) and genomic background (grey boxes). (D)
Comparison of incomplete lineage sorting (ILS) and the estimated admixture proportion
(f4)) between candidate regions under positive selection (red boxes) and genomic
background (grey boxes). Asterisks designate significant differences between candidate
positive selected regions and the rest of genomic regions by Mann-Whitney U-test (**
Not significant; " P value<0.01; =~ P value<0.001; P value <le-4).

Figure6. | dentification of long-term balancing selection. (A) Signals of balancing
selection across all chromosomes in the three aspen species: P. tremula (P. tra), P.
davidiana (P. dav) and P. tremuloides (P. trs). Horizonal red line indicates the cut-off
of the g statistics. Only the signals detected in al three aspen species (red dots) were
considered as being under long-term balancing selection. (B) The Venn diagram
represents shared and unique selected SNPs detected in the three species. (C)
Comparison of genetic diversity, recombination rate, Fsr, dyy,, and average weightings
of the ‘species’ topology between candidate regions under long-term balancing
selection (red boxes) and genomic background (grey boxes). (D) Comparison of
incomplete lineage sorting (ILS) and the estimated admixture proportion (fg)) between
candidate regions under long-term balancing selection (red boxes) and genomic
background (grey boxes). Asterisks designate significant differences between candidate
balancing selected regions and the rest of genomic regions by Mann-Whitney U-test (™*
Not significant; ~ P value<0.01; ~ P value<0.001; " P value <le-4).
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