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 2

Abstract 25 

A central aim of evolutionary genomics is to identify the relative roles that various 26 

evolutionary forces have played in generating and shaping genetic variation within 27 

and among species. Here we used whole-genome re-sequencing data from three 28 

related Populus species to characterize and compare genome-wide patterns of 29 

nucleotide polymorphism, site frequency spectrum, population-scaled recombination 30 

rate and linkage disequilibrium. Our analyses revealed that P. tremuloides has the 31 

highest level of genome-wide variation, skewed allele frequencies and population-32 

scaled recombination rates, whereas P. trichocarpa harbors the lowest. Consistent 33 

with this, linkage disequilibrium decay was fastest in P. tremuloides and slowest in P. 34 

trichocarpa. Pervasive natural selection has been proven to be the primary force 35 

creating significant positive correlations between neutral polymorphism and 36 

recombination rate in all three species. Disparate effective population sizes and 37 

recombination rates among species, on the other hand, drive the distinct magnitudes 38 

and signatures of linked selection and consequent heterogeneous patterns of genomic 39 

variation among them. We find that purifying selection against slightly deleterious 40 

non-synonymous mutations is more effective in regions experiencing high 41 

recombination, which may provide one explanation for a partially positive association 42 

between recombination rate and gene density in these species. Moreover, distinct 43 

signatures of linked selection dependent on gene density are found between genic and 44 

intergenic regions within each species. To our knowledge, the present work is the first 45 

comparative population genomic study among forest tree species and represents an 46 

important step toward dissecting how the interactions of various evolutionary forces 47 

have shaped genomic variation within and among these ecologically and 48 

economically important tree species. 49 
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Author Summary 50 

A fundamental goal of population genetics is to understand how various evolutionary 51 

forces shape the heterogeneity of genomic variation within and among species. Here, 52 

we characterize and compare genome-wide patterns of nucleotide diversity, site 53 

frequency spectra, population-scaled recombination rates and linkage disequilibrium 54 

among three related Populus species: Populus tremula, P. tremuloides and P. 55 

trichocarpa. Pervasive natural selection, mediated by the local recombination 56 

environments, is supposed to be the primary force shaping heterogeneous patterns of 57 

neutral polymorphism throughout the genome. The disparate magnitudes and 58 

signatures of linked selection among the three species, however, likely result from 59 

either different effective population sizes and/or differences in recombination rates 60 

among them. Moreover, we find distinct patterns of selection between genic and 61 

intergenic regions in all three species, indicating these two types of sites may have 62 

undergone independent evolutionary responses to selection in Populus. To our 63 

knowledge, the present work provides the first phylogenetic comparative study of 64 

genome-wide patterns of variation between closely related forest tree species. This 65 

information will also improve our ability to understand how various evolutionary 66 

forces have interacted to influence genome evolution among related species. 67 

 68 

 69 

 70 

 71 

 72 

 73 
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Introduction  75 

A major goal in evolutionary genetics is to understand how genomic variation is 76 

established, maintained and diverge within and between species [1, 2]. Various 77 

evolutionary forces are known to have substantial impacts in shaping genetic variation 78 

and linkage disequilibrium throughout the genome [3]. Under the neutral theory, 79 

genetic variation is the manifestation of the balance between mutation and genetic 80 

drift [4]. Demographic fluctuations, such as population expansion and/or bottlenecks, 81 

can cause patterns of genome-wide variation to deviate from standard neutral model 82 

in various ways [5]. Natural selection, via positive selection favoring beneficial 83 

mutations (genetic hitchhiking) and/or negative selection against deleterious 84 

mutations (background selection), plays an important role in sculpting the landscape 85 

of polymorphism across the genome [2, 6-8]. The signature and magnitude of 86 

apparent selection at linked sites depends heavily on the local environment of 87 

recombination [9, 10]. Linked selection is expected to remove more neutral 88 

polymorphism in low-recombination regions compared to high-recombination regions 89 

[10-12]. In addition to indirectly affecting genetic variation via linked selection, the 90 

rate of recombination can also shape the landscape of genomic features, such as base 91 

composition and gene density [13, 14]. However, there remains much to be learned 92 

about how these various evolutionary forces have shaped the heterogeneous patterns 93 

of genomic polymorphism within and between species [2, 6, 15]. With the advance of 94 

next-generation sequencing technology, sufficient genome-wide data among multiple 95 

related species are becoming available [16, 17]. Phylogenetic comparative approaches 96 

using these data will place us in a stronger position to understand the relative 97 

importance of mutation, genetic drift, natural selection and recombination in 98 

determining patterns of genome evolution [18, 19]. 99 
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Thus far, genome-wide comparative studies have largely dealt with 100 

experimental model species, mammals, and cultivated plants of either agricultural or 101 

horticultural interest [19-21]. Forest trees, as a group, are characterized by extensive 102 

geographical distributions and are of high ecological and economic value [22]. Most 103 

forest trees have largely persisted in an undomesticated state and, until quite recently, 104 

without anthropogenic influence [22]. Accordingly, in contrast to crop and livestock 105 

lineages that have been through strong domestication bottlenecks, most extant 106 

populations of forest trees harbor a wealth of genetic variation and they may be 107 

excellent model systems for dissecting the dominant evolutionary forces that sculpt 108 

patterns of variation throughout the genome [22, 23]. Among forest tree species, the 109 

genus Populus represents a particularly attractive choice because of its wide 110 

geographic distribution, important ecological role in a wide variety of habitats, 111 

multiple economic uses in wood and energy products, and relatively small genome 112 

size [24, 25]. Here, we studied three Populus species which differ in their morphology, 113 

geographic distribution, population size and phylogenetic relationship (S1 Fig) [26, 114 

27]. P. tremula and P. tremuloides (collectively ‘aspens’) have wide native ranges 115 

across Eurasia and North America respectively, and are closely related, belonging to 116 

the same section of the genus Populus (section Populus) [27]. In contrast, P. 117 

trichocarpa belongs to a different section of the genus (section Tacamahaca) that is 118 

reproductively isolated from members of the section Populus [27]. The distribution of 119 

P. trichocarpa is restricted to western North America and it’s range is considerably 120 

smaller than the two aspen species [28]. Importantly, P. trichocarpa also represents 121 

the first tree species to have its genome sequenced [29] and the genome sequence and 122 

annotation have undergone continual improvement [http://phytozome.jgi.doe.gov]. 123 

This enables us to provide important context for our genome comparisons. The 124 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2015. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344


 6

phylogenetic relationship of the three species ((P. tremula–P.tremuloides) P. 125 

trichocarpa) is well established by both chloroplast and nuclear DNA sequences [26, 126 

30].  127 

In this study, we used novel and existing Illumina short read (2 × 100 bp) 128 

datasets to characterize, compare and contrast genome-wide patterns of nucleotide 129 

diversity, recombination rate, and linkage disequilibrium, and to infer contextual 130 

patterns of selection throughout the genomes of all three species. 131 

 132 

Results 133 

We generated whole-genome sequencing data of 24 genomes of P. tremula and 22 134 

genomes of P. tremuloides (S1 Table) with all samples sequenced to relatively high 135 

depth (24.2×-69.2×; S2 Table). We also downloaded 24 genomes from already 136 

published data of P. trichocarpa [31]. After adapter removal and quality trimming, 137 

949.2 Gb of high quality sequence data remained (S2 Table, S2 Fig). Reads from the 138 

three species were mapped to the P. trichocarpa reference genome [29] using BWA-139 

MEM [32], with the mean mapping rate being 89.8% for individuals of P. tremula, 140 

91.1% for individuals of P. tremuloides, and 95.2% for individuals of P. trichcoarpa 141 

(S2 Table). On average, the genome-wide coverage of uniquely mapped reads was 142 

more than 20× for each species (S2 Table). After excluding sites with extreme 143 

coverage, low mapping quality, or those overlapping with annotated repetitive 144 

elements separately in each species (see Materials and Methods), 42.8% of collinear 145 

genomic sequences remained for downstream analyses. Among all retained genomic 146 

regions, 54.9% were located within gene boundaries, which covers 70.1% of all genic 147 

regions predicted from P. trichocarpa assembly, and the remainder (45.1%) was 148 

located in intergenic regions.  149 
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 150 

Negligible population substructure in samples of all three species 151 

Given the great dispersal capabilities of pollen and seed in Populus [24, 25], 152 

population genetic structure appears to be generally weak in most Populus species 153 

[31, 33]. In order to ascertain the population structure within and between species, we 154 

used a model-based clustering algorithm, implemented in ADMIXTURE [34], to 155 

cluster sampled individuals using only 4-fold synonymous single nucleotide 156 

polymorphisms (SNPs) with minor allele frequency greater than 10%. When we 157 

analyzed population structure between species, we found the model exhibits the 158 

lowest cross-validation error when K=3 (S3b Fig), which clearly subdivides the three 159 

species into three distinct clusters (S3a Fig). When we analyzed local population 160 

structure within each species, K=1 minimized the cross-validation error in all species, 161 

implying that extremely weak population structure in the samples of the three Populus 162 

species (S3c-e Fig). Therefore, intra-species population structure likely play a 163 

negligible role in our comparative population genetic analyses among the three 164 

species. 165 

 166 

Patterns of divergence among the three Populus species 167 

We measured pairwise nucleotide divergence (dxy) among pairs of the three species 168 

across the genome in non-overlapping 100 kilobase pairs (Kbp) windows. Between 169 

either of the two aspen species and P. trichocarpa, dxy was significantly higher than 170 

between the two aspen species (Wilcoxon rank sum test, P-value<0.001) (S4 Fig). We 171 

found extremely consistent patterns of divergence between the two aspen species and 172 

P. trichocarpa (Spearman’s ρ = 0.994, P-value<0.001) (S5a Fig), reflecting the 173 

historical divergence of the common ancestor of two aspen species from P. 174 
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trichocarpa and the relatively recent divergence of the two aspen species.  In addition, 175 

we found that the divergence was significantly correlated between the evolutionarily 176 

independent lineages (P. tremula-P. tremuloides) vs. (aspens-P. trichocarpa) (S5b,c 177 

Fig), suggesting that patterns of genome-wide variation of mutation rates and/or 178 

selective constraints are relatively conserved across these three Populus species.    179 

 180 

Polymorphism varies, but is highly correlated, between species 181 

Fig 1 shows genome-wide estimates of nucleotide diversity among all three species 182 

over non-overlapping 100 Kbp windows. We also performed the analyses using 1 183 

megabase pair (Mbp) windows, with the results being nearly identical (S6a Fig). We 184 

found that both aspen species harbor substantial levels of nucleotide diversity 185 

(ΘΠ=0.0133 in P. tremula; ΘΠ=0.0144 in P. tremuloides), approximately two-fold 186 

higher than the diversity in P. trichocarpa (ΘΠ=0.0059) (Table 1; Fig 1; S6a Fig). The 187 

overall nucleotide diversity we observe in P. trichocarpa was a slightly higher than 188 

the value reported in [31]. This is likely due to differences in the methods used 189 

between the two studies. In this study, we utilized the full information of the filtered 190 

data and estimated the population genetic statistics directly from genotype 191 

likelihoods, which takes statistical uncertainty of SNP and genotype calling into 192 

account and should give more accurate estimates [35, 36]. In accordance with the 193 

highly consistent genome-wide distribution of ΘΠ among the three Populus species 194 

(Fig 1), we observed a significantly positive correlation of ΘΠ between each pair of 195 

species across the whole genome (Fig 2a). Such strong correlations of polymorphism 196 

suggest that mutation rates and/or selective constraints are highly conserved among 197 

the species despite the clades represented by genetic sections Populus and 198 

Tacamahaca having diverged for ~4.5 million years [37]. Not surprisingly, we found 199 
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higher correlation of ΘΠ between P. tremula and P. tremuloides (Spearman’s 200 

ρ=0.829, P-value<0.001, Fig 2a), which both belong to section Populus, compared to 201 

the correlation between the two aspen species and P. trichocarpa, which is likely due 202 

to the higher levels of shared ancestral polymorphism between the aspens [26]. 203 

 204 

Table 1. Diversity statistics (median and central 95% range) for various genomic 205 

contexts over 100 Kbp non-overlapping windows across genome 206 

 

Filtered bases 

(Mbp) 

P. tremula P. tremuloides P. trichocarpa 

ΘΠ Tajima's D ΘΠ Tajima's D ΘΠ Tajima's D 

Total 136.47 

0.0133(0.0076-

0.0236) 

 -0.2723(-0.7727-

0.2941) 

0.0144(0.0091-

0.0247) 

-1.1688(-1.6003--

0.4899) 

0.0059(0.0031-

0.0125) 

0.0643(-0.8266-

0.9496) 

0-folda 16.52 

0.0035***(0.001

1-0.0085) 

 -1.0913***(-

2.2240-0.0128) 

0.0044***(0.0018

-0.0091) 

-2.1717***(-2.7932-

-1.2275) 

0.0013***(0.000

3-0.0043) 

-0.4090***(-

1.7625-1.4391) 

4-fold 3.40 

0.0108(0.0035-

0.0207) 

 -0.2220(-1.4676-

0.9667) 

0.0120(0.0044-

0.0214) 

-1.3689(-2.2458--

0.2602) 

0.0040(0.0008-

0.0104) 

0.0084(-1.5663-

1.7753) 

Intronsa 31.89 

0.0096***(0.003

8-0.0182) 

 -0.2669**(-

1.3490-0.7526) 

0.0106***(0.0046

-0.0184) 

-1.4286**(-2.2283--

0.4173 ) 

0.0038**(0.0013

-0.0094) 

 -0.0245*(-1.5429-

1.6489) 

UTR 5'a 4.02 

0.0091***(0.003

3-0.0192) 

 -0.5642***(-

1.7370-0.6994) 

0.0104***(0.0041

-0.0197) 

-1.5829***(-2.3688-

-0.4202) 

0.0038**(0.0007

-0.0102) 

 -0.1040**(-

1.6203-1.6915) 

UTR 3'a 7.19 

0.0108(0.0039-

0.0190) 

 -0.3081**(-

1.4577-0.7662) 

0.0121(0.0050-

0.0204) 

-1.3842*(-2.2319--

0.3766) 

0.0043(0.0012-

0.0101) 

 -0.0033(-1.5265-

1.6444) 

Intergenica 73.46 

0.0184(0.0110-

0.0313) 

 -0.3062**(-

0.8360-0.4298) 

0.0198(0.0130-

0.0326) 

-1.1843(-1.6698--

0.3969) 

0.0088(0.0044-

0.0175) 

0.1042(-0.9211-

1.1131) 

a One-sided paired Mann-Whitney U test in comparison to the 4-fold synonymous 207 

*  P<0.05 208 

** P<0.001 209 

*** P<2.2×10-16 210 

 211 

Fig 1. Genome-wide patterns of polymorphism among three Populus species. 212 

Nucleotide diversity (Θπ) was calculated over 100 Kbp non-overlapping windows in 213 
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P. tremula (orange line), P. tremuloides (blue line) and P. trichocarpa (green line) 214 

along the 19 chromosomes.  215 

 216 

Fig 2. Correlations of polymorphism, Tajima’s D and population recombination 217 

rate between species. Distributions and correlations of (a) pairwise nucleotide 218 

diversity (Θπ), (b) Tajima’s D, (c) population-scaled recombination rate (ρ) between 219 

pairwise comparisons of P. tremula, P. tremuloides and P. trichocarpa, over 100 Kbp 220 

non-overlapping windows. The red to yellow to blue gradient indicates decreased 221 

density of observed events at a given location in the graph. Spearman’s rank 222 

correlation coefficient (ρ) and the P-value are shown in each subplot. (*** P<2.2×10-
223 

16, **P<0.001). The dotted grey line in each subplot indicates simple linear regression 224 

line with intercept being zero and slope being one. 225 

 226 

Along all chromosomes, the distribution of polymorphisms was more variable 227 

(average coefficient of variation (CV) of ΘΠ among three species=0.3362) than was 228 

divergence (average CV of dxy =0.1670) (Fig 1; S4 Fig). As the Populus karyotype 229 

has not been established and thus the locations of centromeres and telomeres remains 230 

unknown, we can only speculate that the genomic regions with long measurement 231 

gaps that failed to pass our quality requirements may represent repetitive regions of 232 

chromosomes located near centromeres, and with distal chromosomal regions being 233 

the approximate locations of telomeres. Fig 1 shows that diversity generally declines 234 

near the supposed locations of centromeres and telomeres in all three Populus species. 235 

Divergence, however, did not show similar patterns of decline in such regions (S4 236 

Fig), potentially indicating that the reduced polymorphism in these regions is most 237 

likely due to a greater influence of selection at linked sites because of reduced 238 
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recombination in these regions (see below) rather than reduced neutral mutation rates 239 

[2].  240 

 241 

Tajima’s D varies, and is weakly correlated, between species 242 

Genome-wide allele frequency distributions can also help elucidate the relative 243 

contributions of different evolutionary dynamics in charactering patterns of 244 

polymorphism. We compared the site frequency spectrum among the three species 245 

based on the Tajima’s D statistic [38], which is the standardized difference between 246 

the average pairwise sequence diversity (ΘΠ) and the number of segregating sites 247 

(ΘW). Under the standard neutral model, the expected value of Tajima’s D is roughly 248 

equal to 0 (ΘΠ = ΘW). Negative Tajima’s D (ΘΠ < ΘW; an excess of rare alleles) 249 

usually results from purifying selection, selective sweeps, or population expansion, 250 

whereas positive Tajima’s D (ΘΠ > ΘW; an excess of common alleles) indicates either 251 

balancing selection or a decrease in population size. We found dramatically different 252 

patterns in the genome-wide distribution of Tajima’s D among the three species (Fig 253 

3). The genome-wide average of Tajima’s D was slightly positive in P. trichocarpa, 254 

whereas P. tremula had negative genome-wide averages of Tajima’s D (Table1; Fig 255 

3; S6c Fig). Compared to P. trichocarpa (average Tajima’s D=0.064) and P. tremula 256 

(average Tajima’s D=-0.272), P. tremuloides (average Tajima’s D=-1.169) showed 257 

substantially more negative values of Tajima’s D along all chromosomes (Fig 3; S6c 258 

Fig), reflecting a large excess of low-frequency polymorphisms across the genome. 259 

As natural selection is usually expected to act on a relatively small number of 260 

genomic regions, the marked genome-wide negative Tajima’s D is most likely to be 261 

explained by a recent substantial expansion in population size in P. tremuloides. The 262 

weakly negative Tajima’s D in P. tremula could also reflect an increase in population 263 
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size although not as great as that experienced by P. tremuloides. The slightly positive 264 

Tajima’s D in P. trichocarpa, however, implies that it may have experienced a recent 265 

population contraction as was also suggested by [39]. In contrast to the significantly 266 

positive correlations of nucleotide diversity among the three species, the much weaker 267 

correlations seen for Tajima’s D (Fig 2b) could be ascribed to either the different 268 

demographic histories of these species, or result from different targets of divergent 269 

selection due to different environmental conditions experienced by the species since 270 

their divergence [37].  271 

 272 

Fig 3. Genome-wide patterns of allele frequency distribution among three 273 

Populus species. Tajima’s D was calculated over 100 Kbp non-overlapping windows 274 

in P. tremula (orange line), P. tremuloides (blue line) and P. trichocarpa (green line) 275 

along the 19 chromosomes.  276 

 277 

Little confounding effects of population structure, biased sampling schemes and 278 

hybridization  279 

The observed variation of intra-species population genetic patterns could also be 280 

caused by other factors, such as population sub-structure, biased sampling schemes 281 

and/or hybridization [40, 41]. We found no obvious population sub-structure in 282 

samples among all three species (S3 Fig) and thus expect that any effect of population 283 

structure is negligible in structuring polymorphisms in these three species. Biased 284 

sampling schemes could lead to biased estimates of genome-wide diversity and allele 285 

frequency spectrum as the samples of P. tremula and P. trichocarpa were all collected 286 

from continuous local populations whereas those of P. tremuloides were collected 287 

from two discrete populations (S1 Fig).  The lack of population substructure suggests 288 
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that bias is unlikely, but to be sure we tested this by calculating ΘΠ and Tajima’s D 289 

separately for the two local P. tremuloides populations (Alberta and Wisconsin).  We 290 

observed remarkably similar values of ΘΠ in both local population samples and the 291 

pooled samples (S7a Fig), confirming that structured sampling in this species does not 292 

affect our results. Values of Tajima’s D were slightly skewed toward more negative 293 

for the pooled samples compared with single sampling localities (S7b Fig), likely 294 

reflecting low sharing of low-frequency polymorphisms between these localities 295 

which is consistent with widespread population expansion. This seems unlikely to 296 

influence the comparison of the overall patterns of genetic variation among the 297 

species. An additional possibility is that the excess of rare alleles we observed in P. 298 

tremuloides could be derived from one or few “outlier” individuals that are 299 

misidentified or are recent inter-specific hybrids. To assess this possibility we 300 

calculated the number of singletons contributed by each individual in the dataset. We 301 

found an overall higher number of singletons in individuals of P. tremuloides relative 302 

to the other two species, which was expected from patterns of Tajima’s D, but there 303 

were no outlier individuals in P. tremuloides that contribute disproportionally large 304 

numbers of singletons (S8 Fig). Together these results indicate that the genome-wide 305 

excess of rare variants we observed in P. tremuloides is a species-wide pattern rather 306 

than being population or individual specific.  307 

 308 

Patterns of polymorphism and divergence vary by genomic contexts 309 

We compared patterns of nucleotide diversity and divergence across different 310 

genomic contexts and in all comparisons levels of nucleotide diversity and divergence 311 

were highest for intergenic sites, followed by 4-fold synonymous sites, 3’UTRs, 312 

5’UTRs, introns and were lowest at 0-fold non-synonymous sites (Table 1; S3 Table; 313 
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S9 Fig; S11 Fig). The extremely high levels of diversity and divergence in intergenic 314 

regions could arise due artifacts of mapping errors in repetitive sequences [42]. 315 

However, we applied the same strict filtering steps in both genic and intergenic 316 

regions, making this error bias less likely. Therefore, the markedly higher levels of 317 

diversity and divergence in intergenic regions probably result from a higher mutation 318 

rate, a relaxed selective constraint or both [2]. If we assume that the mutation rate of 319 

intergenic regions does not differ from that in genic regions, we could infer that there 320 

is strong selective constraint on all genic features throughout the genomes. 321 

Nevertheless, the relative contribution of alternative factors to the higher divergence 322 

rate in intergenic regions requires further investigation.  323 

Within genic regions, 3’ UTRs showed only slightly lower levels of 324 

divergence and similar levels of diversity and allele frequency distribution compared 325 

to 4-fold synonymous sites (Table 1; S3 Table). This suggests that the large majority 326 

of sites in 3’ UTRs are effectively neutral or are subject to purifying selection to an 327 

extent comparable to 4-fold synonymous sites. We found a slight, but significant, 328 

reduction in diversity, Tajima’s D and divergence in introns and 5’ UTRs, consistent 329 

with the notion that introns and 5’UTRs have undergone stronger selective constraint 330 

than 4-fold synonymous sites (Table 1; S3 Table). Finally, both diversity and 331 

divergence at 0-fold non-synonymous sites was nearly three times lower than 4-fold 332 

synonymous sites. In accordance with this, we found significantly lower Tajima’s D 333 

at 0-fold non-synonymous sites compared to 4-fold synonymous sites (P<0.001, 334 

Mann-Whitney U test) (Table 1), indicating that a large majority of amino acid 335 

substitutions are under strong purifying selection [43]. 336 

 337 

Linkage Disequilibrium (LD) and Recombination 338 
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Populus species are predominantly outcrossing and thus the expectation is thus that 339 

LD decays rapidly and that the rates of scaled recombination are high [44]. However, 340 

a recent genome-wide analysis in P. trichocarpa has revealed more extensive LD 341 

across the genome that was expected base on earlier studies [45]. We found that the 342 

average LD (r2) between pairs of SNPs fell to lower than 0.2 within approximately 6-343 

7 Kbp in P. trichocarpa (Fig 4), which is consistent with values previously reported in 344 

this species [45]. In P. tremula, mean r2 dropped below 0.2 within about 5 Kbp, which 345 

is substantially greater than reported in earlier studies that were based on a small 346 

number of candidate gene fragments [44]. Finally, LD decayed considerably more 347 

rapidly in P. tremuloides compared to the other two species, with mean r2 dropping 348 

below 0.2 within ~2-3 Kbp (Fig 4).  349 

 350 

Fig 4. Decay of linkage disequilibrium (LD). The decay of LD (estimated as r2) 351 

with physical distance in P. tremula (orange line), P. tremuloides (blue line) and P. 352 

trichocarpa (green line).  353 

 354 

We also estimated population-scaled recombination rates (ρ) in each species. 355 

There was considerable large-scale variation in recombination rates throughout the 356 

genomes of all three species, with ρ in P. tremuloides consistently being higher than 357 

in the other two species (Fig 5). In accordance with the genome-wide patterns of 358 

diversity, we also found patterns of decreasing ρ near the putative locations of 359 

centromeres and telomeres in all three species (Fig 5). When we measured the average 360 

r2 over 100 Kbp non-overlapping windows across the genome, we found population 361 

recombination rates were significantly correlated with the extent of LD (mean 362 

pairwise r2) in all species (S12 Fig). The mean ρ computed from 100 Kbp windows in 363 
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P. tremuloides was 8.42 Kbp-1 (standard deviation of 4.71 Kbp-1), and the mean ρ in 364 

P. tremula was 3.23 Kbp-1 (standard deviation: 1.66 Kbp-1). The genome-wide 365 

average ρ in P. trichocarpa was 2.19 Kbp-1 (standard deviation: 1.11 Kbp-1), which is 366 

consistent with the previously reported ρ value estimated from exome re-sequencing 367 

data [39]. Concordant ρ values for all three species were also observed in 1Mbp 368 

windows (S6d Fig). In comparison to the extremely high correlation of diversity and 369 

low correlation of allele frequency spectrum among the three Populus species (Fig 370 

2a,b), we found an intermediate correlation in recombination rates between species, 371 

suggesting that the overall recombination environment is only partially conserved 372 

among the three species (Fig 2c).  373 

 374 

Fig 5. Genome-wide patterns of population-scaled recombination rate among 375 

three Populus species. Population-scaled recombination rate (ρ) was averaged over 376 

100 Kbp non-overlapping windows in P. tremula (orange line), P. tremuloides (blue 377 

line) and P. trichocarpa (green line) along the 19 chromosomes. 378 

 379 

For populations under drift-mutation-recombination equilibrium, ρ = 4Nec 380 

(where Ne is the effective population size and c is the recombination rate) and θW = 381 

4Neμ (where Ne is the effective population size and μ is the mutation rate). In order to 382 

compare the relative contribution of recombination (c) and mutation (μ) in shaping 383 

genomic variation, we measured the ratio of population recombination rate to the 384 

nucleotide diversity (ρ/θW) across the genome (S13 Fig). The mean c/μ in P. 385 

tremuloides and P. trichocarpa was 0.39 and 0.38 respectively, indicating that 386 

mutations occur approximately two to three times more frequently than recombination 387 

events. On the other hand, the average value of c/μ in P. tremula was 0.22, implying 388 
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that recombination is less important than mutation in generating diversity in P. 389 

tremula compared to the other two Populus species.  390 

  391 

Neutral polymorphism, not divergence, is positively correlated with 392 

recombination rate 393 

If natural selection is pervasive across the genome, positive correlations between 394 

levels of neutral polymorphisms and recombination rates are expected since 395 

demography alone is unlikely to generate these patterns [8]. If selection is the primary 396 

force driving the association of neutral polymorphism and recombination rate, the 397 

association should be stronger in genic regions of the genome than in intergenic 398 

regions since genes are more likely to be targets of selection. In order to examine 399 

these correlations, we first assumed that 4-fold synonymous sites in genic regions 400 

represent selectively neutral sites, as every possible mutation in 4-fold degenerate 401 

sites is synonymous. In the following we refer to the pairwise nucleotide diversity at 402 

4-fold synonymous sites (θ4-fold) as “neutral polymorphism”. We then measured the 4-403 

fold synonymous substitution rate (d4-fold) between either of the two aspen species and 404 

P. trichocarpa and used this to represent “neutral divergence”, which was further 405 

taken as a proxy for the neutral mutation rate [46]. As many other genomic features 406 

may also influence the variation of neutral polymorphism, we also tabulated GC 407 

content, gene density and the number of neutral bases covered by sequencing data for 408 

all three species. All measurements were carried out in non-overlapping windows that 409 

were either 100 Kbp or 1Mbp in size. 410 

We found significantly positive correlations between the level of neutral 411 

polymorphism (θ4-fold) and population recombination rate for the two aspen species 412 

(Table 2), with correlations being stronger in P. tremula compared to P. tremuloides. 413 
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In P. trichocarpa, however, we found either no or weak correlation between diversity 414 

and recombination (Table 2). Compared to 100 Kbp windows, the correlations were 415 

stronger in 1Mbp windows among all species, which most likely results from the 416 

higher signal-to-noise ratio provided by larger genomic regions (Table 2). In the 417 

remainder of this paper we therefore focus our analyses primarily on data generated 418 

using 1Mbp window size. We performed simple linear regression analysis between 419 

recombination rate and diversity, and the recombination rate explained 45.8%, 21.3%, 420 

and 3.9% of the amount of neutral genetic variation in P. tremula, P. tremuloides and 421 

P. trichocarpa, respectively (Fig 6).  422 

 423 

Table 2. Summary of the correlation coefficients (Spearman’s ρ) between levels of 424 

neutral polymorphism, divergence and recombination rate in all three Populus 425 

species. 426 

Dataset Species 
ρ vs. θ4-fold 

ρ vs. d4-fold 
ρ vs. θIntergenic 

ρ vs. dIntergenic 
Pairwise Partiala Pairwise Partialb 

100Kbp P. tremula 0.339***  0.309***  0.043  0.062**  0.142*** -0.077** 

 P. tremuloides 0.310***  0.284***  0.061** -0.037  0.100** -0.029 

 P. trichocarpa 0.011 -0.024  0.053* -0.080** -0.002 -0.015 

1Mbp P. tremula 0.647*** 0.573*** -0.070  0.201**  0.348** -0.209** 

 P. tremuloides 0.400** 0.363** -0.033  0.032  0.320** -0.127* 

 P. trichocarpa 0.227** 0.151* -0.027 -0.072  0.165* -0.120* 

aPartial correlation controls for GC content, gene density, divergence of 4-fold synonymous sites 427 

between aspen and P. trichocarpa, and coverage (the number of 4-fold synonymous bases covered by 428 

sequencing data). 429 

bPartial correlation controls for GC content, gene density, divergence of intergenic sites between aspen 430 

and P. trichocarpa, and coverage (the number of intergenic bases covered by sequencing data). 431 

*  P<0.05 432 
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**  P<0.001 433 

***  P<2.2×10-16 434 

 435 

Fig 6. Correlations between estimates of neutral genetic diversity and divergence 436 

with population recombination rates over 1Mbp non-overlapping windows. 437 

Correlations between estimates of 4-fold synonymous diversity (Θ4-fold) (left panel) 438 

and divergence (d4-fold) (right panel) with population-scaled recombination rate (ρ) 439 

over 1Mbp non-overlapping windows. Linear regression lines are colored according 440 

to species: (a) P. tremula (orange line), (b) P. tremuloides (blue line) and (c) P. 441 

trichocarpa (green line).  442 

 443 

If the relationship between diversity and recombination rate was merely 444 

caused by the mutagenic effect of recombination, similar correlations should also be 445 

observed between divergence and recombination rate. However, no such correlations 446 

were observed in any of the three species (Table 2; Fig 6). The association between 447 

recombination rate and nucleotide diversity, and not with divergence, is thus most 448 

likely caused by the effects of linked natural selection, where the elimination of linked 449 

polymorphisms caused by selection is disproportionally stronger in low-450 

recombination genomic regions relative to regions of high recombination [8-10, 47]. 451 

Moreover, among all three species, the correlations between neutral polymorphism 452 

and recombination rate remained significant even after we performed partial 453 

correlation analyses to control for several possible confounding factors such as GC 454 

content, gene density, divergence at neutral sites, and the number of neutral bases 455 

covered by sequencing data (Table 2).  456 

In accordance with the view that genes represent the most likely targets of 457 

natural selection, the correlations between intergenic diversity and recombination rate 458 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2015. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344


 20

were substantially weaker than those correlations in genic regions (Table 2). Only 7.3% 459 

of intergenic genetic variation in P. tremula could be explained by recombination, 460 

whereas the impact of recombination rate on intergenic diversity in P. tremuloides 461 

and P. trichocarpa was <1% and could be considered negligible (Table 2; S14 Fig). 462 

In addition, we found slightly negative correlation between the divergence and 463 

recombination in intergenic regions (Table 2; S14 Fig). This pattern is likely to be 464 

explained by Hill-Robertson interference where weakly deleterious intergenic 465 

mutations would reach fixation due to ineffective purifying selection in regions of low 466 

recombination [48]. Further investigation is required to support this assertion. Notably, 467 

after controlling for GC content, gene density, divergence and the number of covered 468 

intergenic bases using partial correlation analyses, the correlations between intergenic 469 

diversity and recombination rate become significant in all species, but remained 470 

relatively weak compared to the values for genic regions in the two aspen species 471 

(Table 2).  472 

 473 

Inconsistent effect of gene density on patterns of polymorphism in genic vs. 474 

intergenic regions 475 

Genome-wide signatures of linked selection are not only influenced by the local 476 

environments of recombination rate, but also are sensitive to the density of 477 

functionally important sites within specific genomic regions [14]. Genomic regions 478 

with a high density of genes are therefore expected to have undergone stronger effects 479 

of linked selection and should therefore exhibit lower levels of neutral polymorphism 480 

[1, 14]. However, a positive or negative co-variation of gene density and 481 

recombination rate would either act to obscure or strengthen the genome-wide 482 

signatures of linked selection, respectively [7, 14, 49]. We measured gene density as 483 
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the number of protein-coding genes in each 1Mbp window, which was unsurprisingly 484 

also found to be highly correlated with the proportion of coding bases in each window 485 

(S15 Fig). In all three Populus species, we found significantly positive correlation 486 

between population recombination rate and gene density (Fig 7a). However, rather 487 

than being linear, the relationships between recombination rate and gene density were 488 

found to be curvilinear in all three species, with a significant positive correlation 489 

observed only in regions of lower gene density (gene number smaller than ~85 within 490 

each 1Mbp window) (Table 3). In clear contrast, in high gene density regions (gene 491 

number greater than ~85 within each 1Mbp window) we observed no correlations 492 

between recombination rate and gene density in any of the two aspen species, and 493 

only weak correlation in P. trichocarpa (Table 3; Fig 7a). These correlation patterns 494 

persisted after controlling for the GC content and the number of bases covered by 495 

sequencing data in each window (Table 3).  496 

 497 

Fig 7. Correlations between estimates of population recombination rates, genic 498 

and intergenic genetic diversity with gene density over 1 Mbp non-overlapping 499 

windows. (a) Correlations between gene density and population-scaled recombination 500 

rate (ρ) in P. tremula (left panel), P. tremuloides (middle panel) and P. trichocarpa 501 

(right panel). (b) Correlations between gene density and neutral genetic diversity (Θ4-502 

fold) in P. tremula, P. tremuloides and P. trichocarpa. (c) Correlations between gene 503 

density and intergenic genetic diversity (ΘIntergenic) in P. tremula, P. tremuloides and 504 

P. trichocarpa. Grey points represent the statistics computed over 1Mbp non-505 

overlapping windows. Colored lines denote the lowess curves fit to the two variables 506 

in each species. 507 

 508 
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Table 3. Summary of the correlation coefficients (Spearman’s ρ) between gene 509 

density and population recombination rate, neutral polymorphism in genic and 510 

intergenic regions over 1 Mbp non-overlapping windows in three Populus species. 511 

Species 

Correlation 

type 

Gene density vs. ρa Gene density vs. θ4-fold
b Gene density vs. θIntergenic

c 

low high low high low high 

P. tremula Pairwise 0.674** -0.112 0.601** -0.180* 0.431** -0.605*** 

 Partial 0.516**  0.263* 0.191*  0.110 0.263* -0.438** 

P.tremuloides Pairwise 0.527**  0.006 0.576** -0.077 0.419** -0.600*** 

 Partial 0.315**  0.048 0.407**  0.280** 0.363** -0.444** 

P.trichocarpa Pairwise 0.609**  0.168* 0.417** -0.033 0.529** -0.513*** 

 Partial 0.477**  0.193* 0.242*  0.263** 0.432** -0.273** 

aPartial correlation controls for GC content and the number of bases covered by the data 512 

bPartial correlation controls for GC content, population recombination rate, divergence of 4-fold 513 

synonymous sites between aspen and P. trichocarpa, and coverage (the number of 4-fold synonymous 514 

bases covered by sequencing data). 515 

cPartial correlation controls for GC content, population recombination rate, divergence of intergenic 516 

sites between aspen and P. trichocarpa, and coverage (the number of intergenic bases covered by 517 

sequencing data). 518 

*  P<0.05 519 

**  P<0.001 520 

***  P<2.2×10-16 521 

 522 

We then examined the correlation between neutral polymorphism and gene 523 

density. Compared to the prediction of lower diversity in regions with higher 524 

functional density [50], we found that the correlation pattern between genic diversity 525 

and gene density was highly consistent with the pattern found in recombination rate, 526 

where significantly positive correlations were found in regions of lower gene density 527 

and either no correlation or weak negative correlations were found in regions of 528 
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higher gene density (Table 3; Fig 7b).  After controlling for potential confounding 529 

variables such as GC content, recombination rate, neutral divergence, and the number 530 

of covered sites in each window, weaker but significant positive correlations between 531 

neutral diversity and gene density remained in all three species in regions of low gene 532 

density (Table 3). Positive associations between neutral diversity and gene density 533 

were also found in high gene-density regions (Table 3).  534 

 Compared with genic regions, different correlation patterns between intergenic 535 

diversity and gene density were found in all three species (Fig 7c). In accordance with 536 

genic regions, we found significantly positive correlation between intergenic diversity 537 

and gene density in regions of lower gene density. However, in regions of higher gene 538 

density, strongly negative correlations between intergenic diversity and gene density 539 

were observed in all three species (Table 3; Fig 7c). Due to the lack of correlation 540 

between intergenic divergence and gene density (S16 Fig), our findings suggest that 541 

the levels of intergenic polymorphism are also largely affected by natural selection, 542 

with the intensity of selection increasing with an increase of gene density. These 543 

correlations remained significant even after controlling for possible confounding 544 

variables (Table 3).  545 

 546 

Lack of correlation between synonymous diversity and non-synonymous 547 

divergence 548 

A distinctive signature of recurrent selective sweeps is the local reduction of linked 549 

neutral polymorphism due to frequent adaptive substitutions [51]. Given amino acid 550 

substitutions compose a substantial number of adaptive substitutions, negative 551 

correlation between neutral polymorphism and non-synonymous divergence can be 552 

particularly informative of the prevalence of selective sweeps [52]. However, in all 553 
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three species, we found either no or weak negative correlations between neutral 554 

polymorphism (θ4-fold) and the rate of non-synonymous substitutions (d0-fold) in both 555 

100 Kbp and 1 Mbp windows (S4 Table). The correlational patterns did not change 556 

after we controlled for GC content, recombination rate, gene density, neutral 557 

divergence rate, and the number of 4-fold synonymous and 0-fold non-synonymous 558 

sites covered by the data (S4 Table). This result contrasts with our previous study 559 

reported from a small number of candidate genes, where we found a significant 560 

negative correlation between polymorphism at synonymous sites and amino acid 561 

divergence in P. tremula [53]. One possible explanation for the different patterns 562 

between these two studies is that they are based on different scales of measurement, 563 

from single genes to 100 Kbp and 1 Mbp windows [52]. Accordingly, additional 564 

future analyses are still needed to examine the relationship between the synonymous 565 

polymorphism and the rate of amino acid evolution on a genic scale. 566 

 567 

The effect of recombination on the efficacy of natural selection 568 

We next characterized the ratio of non-synonymous to synonymous polymorphism 569 

(θ0-fold/θ4-fold) and divergence (d0-fold/d4-fold) for each of the three Populus species in 570 

order to assess whether there is a relationship between the efficacy of natural selection 571 

and the rate of recombination (Table 4). Once GC content, gene density and number 572 

of 4-fold synonymous and 0-fold non-synonymous sites were taken into account, we 573 

found no correlation between recombination rate and d0-fold/d4-fold in all three species 574 

(Table 4). We did not observe any significant correlations between recombination rate 575 

and θ0-fold/θ4-fold in the 1 Mbp windows after controlling for the various confounding 576 

factors (Table 4). However, for 100 Kbp windows, we found significantly negative 577 

correlations between recombination rate and θ0-fold/θ4-fold in P. tremula and P. 578 
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tremuloides, but not in P. trichocarpa. The relative overabundance of non-579 

synonymous polymorphism in regions of low recombination most likely suggests that 580 

the effective elimination of weakly deleterious non-synonymous mutations was 581 

reduced in low recombination regions in the two aspen species [12]. The lack of such 582 

correlation in P. trichocarpa may reflect its lower effective population size and 583 

accordingly weaker efficacy of selection across the genome [54]. In addition, since no 584 

correlation between θ0-fold/θ4-fold and recombination rate was observed at a broad scale 585 

(1 Mbp) in any of the three species, it is likely that interference between weakly 586 

selected mutations is more easier to be detected at fine scales [54], although this 587 

requires further investigation.  588 

 589 

Table 4. Summary of the correlation coefficients (Spearman’s ρ) between 590 

recombination rate and the ratio of non-synonymous to synonymous polymorphism 591 

(θ0-fold/θ4-fold) and divergence (d0-fold/d4-fold). 592 

Dataset Species 
ρ vs. θ0-fold/θ4-fold ρ vs. d0-fold/d4-fold 

Pairwise Partiala Pairwise Partiala 

100Kbp P. tremula -0.057* -0.075** -0.012 -0.005 

 P. tremuloides -0.118** -0.122** -0.003 -0.002 

 P. trichocarpa -0.004 -0.002 -0.026 -0.020 

1Mbp P. tremula -0.063 -0.045  -0.007  0.017 

 P. tremuloides -0.142* -0.092   0.014  0.020 

 P. trichocarpa  0.035 -0.002   0.030  0.036 

aPartial correlation controls for GC content, gene density, and the number of 4-fold synonymous and 0-593 

fold non-synonymous bases covered by sequencing data. 594 

*P<0.05 595 

**P<0.001 596 

 597 
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Discussion 598 

We have characterized and compared genome-wide nucleotide polymorphism, site 599 

frequency spectra, linkage disequilibrium (LD), and population-scaled recombination 600 

rates among three related Populus species. Widespread variation in nucleotide 601 

diversity is found throughout the genomes of all three species and we found 602 

significant genome-wide correlations of diversity among the three Populus species. 603 

This likely results from shared selective constraints and/or patterns of conserved 604 

variation in mutation rate between these related species [55, 56]. Compared to P. 605 

trichocarpa, levels of diversity in P. tremula and P. tremuloides are more than two-606 

fold higher throughout the genome. The higher diversity we find in both aspen species 607 

is likely due to their larger effective population sizes (Ne) because consistent patterns 608 

of interspecific sequence divergence between independent evolutionary lineages (S5 609 

Fig) indicate that mutation rates are likely to be conserved among the three species 610 

[4]. Larger effective population sizes in the two aspen species are also in agreement 611 

with their larger current census population size and substantially more extensive 612 

geographic ranges [24]. Assuming that mutation rates do not differ dramatically 613 

among the three species, we could infer that the effective population size in the two 614 

aspen species are more than twice as large as in P. trichocarpa [4]. However, the 615 

relative importance of mutation rate variation in determining diversity levels across 616 

related species obviously deservs to be studies further, particularly in light of very 617 

recent results indicating that high levels of heterozygosity, as are observed in these 618 

species, can increase local and genome-wide mutation rates [57]. 619 

Compared to the consistent patterns of diversity among species, the much 620 

weaker correlations observed for allele frequency spectrum (Tajima’s D) could either 621 

be ascribed to divergent selective targets to different environments since their 622 
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divergence, or different demographic histories experienced by the three species during 623 

the Quaternary ice ages [39, 44, 58]. In particular, the genome-wide excess of rare 624 

frequency alleles in P. tremuloides is most likely explained by a recent substantial 625 

population expansion that was specific to this species. Many other factors, such as 626 

population structure, an unbalanced sampling scheme, and hybridization, can 627 

influence estimates of genomic variation and may therefore contribute to the different 628 

patterns observed among species [40, 41, 59], but we were able to exclude each of 629 

these. First, in accordance with mating characteristics of the genus where the seed and 630 

pollen are both wind-dispersed, we found little evidence of population structure in any 631 

of the three Populus species in this study. Second, despite a potentially biased 632 

sampling scheme in P. tremuloides, where the samples were collected from two 633 

geographically distinct populations, when we analyzed the genome-wide patterns of 634 

polymorphism separately we found the same patterns as those obtained when 635 

analyzing the populations jointly. Third, with regard to the influence of hybridization, 636 

it should be noted that there are no other species of Populus that occur naturally in the 637 

regions from where the P. tremula samples were collected [60]. For P. tremuloides, 638 

naturally occurring hybridization is only known to occur at very low levels with P. 639 

grandidentata [61]. These two species occur sympatrically in central and eastern 640 

North America, so in our study any possible hybridization in P. tremuloides would be 641 

limited to samples from the Wisconsin population. Although hybridization with other 642 

nearby Populus species is more frequent in P. trichocarpa [41], in this study we only 643 

used individuals of P. trichocarpa that have previously been shown having no 644 

evidence of admixture with other species [31].  645 

The recombination rate and the extent of linkage disequilibrium (LD) are key 646 

factors influencing the feasibility and power of genome-wide association studies [62, 647 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2015. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344


 28

63]. The three Populus species exhibit different patterns in the decay of LD (r2) with 648 

physical distance, with LD decaying fastest in P. tremuloides and slowest in P. 649 

trichocarpa. This reflects the rank order of their population-scaled recombination rate 650 

(ρ=4Nec), for which P. tremuloides is the highest (8.42 Kbp-1), followed by P. 651 

tremula (3.23 Kbp-1), and P. trichocarpa is the lowest (2.19 Kbp-1). It is important to 652 

note that differences in ρ among the species cannot simply reflect differences in 653 

species’ Ne, because recombination rate correlations in 100 Kbp windows show that ρ 654 

is only partially (not highly) conserved among these species (Fig 2c) [64]. This 655 

suggests that even with conserved gene function and synteny, associations might be 656 

more easily discovered in one Populus species than another.  657 

The genome-wide ratio of recombination to mutation rate (ρ/θW or c/μ) was 658 

similar between P. tremuloides (0.39) and P. trichocarpa (0.38), but substantially 659 

smaller in P. tremula (0.22). If mutation rate is indeed unchanged between species, 660 

the lower estimate of c/μ in P. tremula indicates a considerably smaller recombination 661 

rate relative to the other species. Nevertheless, these c/μ estimates are of the same 662 

order of magnitude as recent genome-wide estimates of other plant species, such as 663 

Medicago truncatula (0.29) [15], Mimulus guttatus (0.8) [65] and the tree Eucalyptus 664 

grandis (0.65) [66]. However, the discrepant results obtained from patterns of 665 

polymorphism and recombination between P. tremula and P. tremuloides are likely 666 

due to differences in the effective population sizes influencing patterns of nucleotide 667 

diversity and linkage disequilibrium [67]. These processes operate over different 668 

time-scales and are therefore subject to temporal variation in the effective population 669 

size [67, 68]. The recent population size expansion that we infer to have taken place 670 

in P. tremuloides can thus also explain why its recombination rate is higher than P. 671 

tremula, even if they share similar levels of genome-wide polymorphism. 672 
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In addition to the historical patterns of mutation, recombination and 673 

demographic processes, patterns of genomic variation also contain much information 674 

about natural selection [54]. In all three species, as expected we find 0-fold non-675 

synonymous sites exhibit significantly lower levels of polymorphism and divergence 676 

compared to 4-fold synonymous sites. The 0-fold non-synonymous sites are likely 677 

experiencing strong selective constraint, consistent with their excess of ultra-rare 678 

variants as indicated by Tajima’s D [69]. In addition, introns and 5’ UTR sites are 679 

also likely to be under some degree of selective constraint, although much weaker 680 

than non-synonymous sites. The 3’ UTR sites seem to be either neutral or under 681 

comparable extent of selective constraint as 4-fold synonymous sites [70]. In contrast 682 

to all genic categories, we find there are substantially higher levels of polymorphism 683 

and divergence in intergenic regions throughout the genome, reflecting either higher 684 

mutation rates, relaxed selective constraint or both in these regions [2].  685 

Apart from strong selective constraints on protein-coding genes, multiple lines 686 

of evidence indicate that genomic patterns of polymorphism have been primarily 687 

shaped by widespread natural selection in all three Populus species. First, we find 688 

significantly positive correlations between neutral polymorphism and population-689 

scaled recombination rate in both genic and intergenic regions, even after controlling 690 

for the confounding variables such as GC content, gene density, mutation rate and 691 

number of covered sites by the data. Such patterns could be explained by both 692 

background selection and recurrent selective sweeps, where perturbations of linked 693 

selection on neutral genetic variation are more drastic and extensive in regions of low 694 

recombination compared to high recombination regions [8, 9, 71]. An alternative 695 

explanation to natural selection would be that recombination itself has a mutagenic 696 

effect [47]. In this case, the neutral theory predicts that we would also detect a 697 
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correlation between nucleotide divergence and recombination rate [10, 47] but this 698 

relationship was not observed for any of the three species. Thus our findings support 699 

the notion that ubiquitous linked selection, as selective sweeps of adaptive alleles 700 

and/or background selection against deleterious alleles, is the dominant force shaping 701 

the observed associations between recombination and neutral polymorphism in all 702 

three species [72]. In addition, the extent of such associations can also reflect the 703 

magnitude of the impact of linked selection on genomes [54, 73]. Here, we tried to 704 

decipher the factors that may contribute to inconsistent signatures and magnitudes of 705 

linked selection across the three species. First of all, the genome-wide effects of 706 

linked selection ought to be influenced by effective population size (Ne) across 707 

species, where the impact of selection at linked sites should be more severe in larger 708 

populations [73, 74]. As a result, the substantially stronger signatures of linked 709 

selection in P. tremula and P. tremuloides are most likely due to their larger Ne 710 

compared to P. trichocarpa. Furthermore, just as the impact of natural selection at 711 

linked sites depends on the local environment of recombination, we expect that the 712 

disparate patterns of linked selection among species is also likely to be caused by the 713 

various recombination rates across genomes [54, 71]. In particular, compared with P. 714 

tremuloides, the stronger signature of linked selection in P. tremula is supposed to be 715 

primarily driven by its lower average levels of recombination across the genome. 716 

More broadly, the different magnitude of linked selection may provide one of the 717 

major explanations for the disparate patterns of genomic variation across related 718 

species [73].  719 

In addition to the association between recombination and neutral 720 

polymorphism, we find slightly negative correlations between recombination rate and 721 

the ratio of non-synonymous- to synonymous- polymorphism, but not divergence, in 722 
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P. tremula and P. tremuloides after controlling for the confounding variables. This 723 

pattern indicates a potential reduced efficacy of purifying selection at eliminating 724 

weakly deleterious non-synonymous mutations in low recombination regions [7, 48]. 725 

As a consequence, such Hill-Robertson interference (HRI) may help to understand 726 

patterns of partially positive correlations between gene density and recombination rate 727 

among all three species [13]. Given the relaxed efficacy of purifying selection in 728 

regions of low recombination where weakly deleterious mutations are more likely to 729 

accumulate at a high rate, important functional elements should thus not cluster in 730 

these regions, as has already been shown in several other plant species [14, 15, 75] 731 

Consistent with this prediction [76], we find positive association between gene 732 

density and recombination rate in regions that experience low rates of recombination. 733 

In high-recombination regions where selection is more effective at eliminating 734 

slightly deleterious mutations, the association between gene density and 735 

recombination become much weaker in all three species. However, it remains unclear 736 

whether it is the effects of recombination gradients that drive the functional 737 

organization of genomes in response to selection, or it is the gradients of functional 738 

genomic elements that modify the evolution of recombination rates in Populus. 739 

By examining the relationship of neutral polymorphism, recombination rate 740 

and gene density, we find that levels of neutral polymorphism in genic regions are 741 

primarily dominated by local rates of recombination, regardless of the density of 742 

functional genes nearby. This suggests that widespread selection might have 743 

uniformly shaped the patterns of neutral polymorphism in genic regions across the 744 

genome, with variation of genetic diversity primarily relying on the variation of local 745 

recombination rates [7, 49, 71]. However, there is a more complex pattern in 746 

intergenic regions where levels of intergenic polymorphism are mainly dominated by 747 
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recombination rates in regions of lower gene density, while in regions of higher gene 748 

density, levels of intergenic diversity are primarily shaped by the density of genes 749 

nearby. Patterns of polymorphism vary, on both quantitative and qualitative scales, 750 

between genic and intergenic sequences, with the latter exhibiting substantially higher 751 

diversity, divergence and more non-uniformly distributed selective effects compared 752 

with the former [54]. In addition, 84.2% of the intergenic sites included in this study 753 

are located within 5-Kbp upstream/downstream regions of functional genes. This 754 

suggests that many of these intergenic regions may have important functions in gene 755 

regulation, in accordance with the widespread signatures of linked selection as we 756 

found in these regions [77]. In these cases, we could argue that the differences in 757 

neutral mutation rate alone are not sufficient to explain the distinct patterns of genetic 758 

variation between genic and intergenic sites. Various rates, distributions, and selective 759 

coefficients for either adaptive or deleterious mutations, however, may at least in part 760 

drive the distinct patterns of polymorphism and divergence between these different 761 

genomic environments. 762 

In conclusion, we have examined and compared the relative roles of mutation, 763 

population history, recombination and natural selection in forging the landscape 764 

heterogeneity of genomic variation within and among three related Populus species. 765 

We find substantially different magnitudes and signatures of linked selection among 766 

species, with selection effects being strongest in P. tremula and weakest in P. 767 

trichocarpa. Various effective population sizes and genome-wide recombination rates 768 

are likely to be the primary factors causing the disparate genome-wide signatures of 769 

linked selection among species. By analyzing the ratio of non-synonymous- to 770 

synonymous- polymorphism along recombination gradients, we find that purifying 771 

selection at purging slightly deleterious non-synonymous mutations is more effective 772 
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in regions experiencing high recombination. Such selective interaction between 773 

recombination and selection may provide one of the explanations for the co-varying 774 

patterns of gene density and recombination in the Populus species, where functional 775 

genes are more likely to cluster in high-recombination regions. Finally, we find 776 

distinct genomic signatures of selection between genic and intergenic regions. The 777 

recombination rate-dependent effect of selection dominates levels of polymorphism at 778 

genic sites, while patterns of linked selection at intergenic sites are shaped by 779 

interactions between recombination and local gene density. Thus, our study provides a 780 

promising avenue to dissect how interactions of various evolutionary forces are 781 

driving the evolution of genomes for even closely related species. 782 

 783 

Materials and Methods  784 

 785 

Samples and sequencing 786 

Leaf samples were separately collected from 24 genotypes of P. tremula and 24 787 

genotypes of P. tremuloides (S1 Table). Genomic DNA was extracted from leaf 788 

samples, and paired-end sequencing libraries with insert sizes of 650bp were 789 

constructed for all genotypes. Whole-genome sequencing with a minimum expected 790 

depth of 20 × was performed on the Illumina HiSeq 2000 platform, and 2×100-bp 791 

paired-end reads were generated for all genotypes. As two samples of P. tremuloides 792 

failed to obtain the expected coverage, all analyses are based on data from 24 P. 793 

tremula genotypes and 22 P. tremuloides genotypes. All newly generated Illumina 794 

reads from this study have been submitted to the Short Read Archive at NCBI under 795 

accession IDs ranging from XXXXXX-XXXXXX. We obtained publicly available 796 

short read Illumina data for 24 P. trichocarpa individuals from NCBI SRA (S1 Table). 797 
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Individuals were selected to have a similar read depth as the samples of the two aspen 798 

species. The accession numbers of P. trichcoarpa samples can be found in [31]. These 799 

data are paired-end 100bp reads generated on the Illumina HiSeq2000 platform.  800 

 801 

Raw read filtering, read alignment and post-processing alignment 802 

Prior to read alignment, we used Trimmomatic [78] to remove adapter sequences 803 

from reads. Since the quality of reads always drops towards the end of reads, we used 804 

Trimmomatic to cut bases off the start and end of each read when the quality values 805 

dropped below 20. If the length of the processed reads was reduced to below 36 bases 806 

after trimming, reads were completely discarded. FastQC 807 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check and 808 

compare the per base sequence quality of the raw sequence data and the filtered data. 809 

After quality control, all paired-end and orphaned single-end reads of each sample 810 

were mapped to the P. trichocarpa version 3 (v3.0) genome [29] using the BWA-811 

MEM algorithm with default parameters in bwa-0.7.10 [32].  812 

Several post-processing steps of alignments were performed in order to 813 

minimize the number of artifacts in downstream analysis: First, indel realignment was 814 

performed as sequence reads are often mapped with mismatching bases in regions 815 

with insertions and deletions (indels). The RealignerTargetCreator in GATK (The 816 

Genome Analysis Toolkit) [79] was first used to find suspicious-looking intervals 817 

which were likely in need of realignment. Then, the IndelRealigner was used to run 818 

the realigner over those intervals. Second, as reads resulting from PCR duplicates can 819 

arise during the sequencing library preparation, we used the MarkDuplicates methods 820 

in the Picard package (http://picard.sourceforge.net) to remove those reads or read 821 

pairs having identical external coordinates and the same insert length. In such cases 822 
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only the single read with the highest summed base qualities was kept for downstream 823 

analysis. Third, in order to exclude genotyping errors caused by paralogous or 824 

repetitive DNA sequences where reads were poorly mapped to the reference genome, 825 

or by other genome feature differences between P. trichocarpa and P. tremula or P. 826 

tremuloides, we removed sites with extremely low or high read depths. After 827 

investigating the empirical distribution of read coverage, we filtered out sites with a 828 

total coverage less than 100X or greater than 1200X across all samples per species. 829 

When reads were mapped to multiple locations in the genome, they were randomly 830 

assigned to one location with a mapping score of zero by BWA-MEM. In order to 831 

account for such misalignment effects for each species, we removed those sites if 832 

there were more than 20 mapped reads with mapping score equal to zero across all 833 

individuals. Lastly, because the short read alignment is generally unreliable in highly 834 

repetitive genomic regions, we filtered out sites that overlapped with known repeat 835 

elements as identified by RepeatMasker [80]. In the end, the subset of sites that 836 

passed all these filtering criteria in the three Populus species were used in all 837 

following analyses. 838 

 839 

SNP and genotype calling 840 

We implemented two complementary bioinformatics approaches in downstream 841 

analyses:  842 

(i) Population genetic inferences that rely on the site frequency spectrum (SFS). 843 

Recently, many studies pointed out the bias introduced in population genetic estimates 844 

by inaccurate genotype calls from NGS data [35, 81]. Either the single-sample 845 

genotype calling (calling genotypes for each individual separately and then merging 846 

them later) or the multi-sample genotype calling (jointly calling genotypes for all 847 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 8, 2015. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344


 36

individuals) can result in a bias in the estimation of SFS, as the former method usually 848 

leads to overestimation of rare variants, whereas the latter often leads to the opposite 849 

[35]. Therefore, all the population genetic statistics that based on the SFS in this study 850 

were estimated directly and jointly from filtered sites and individuals without calling 851 

genotypes, as implemented in the software package Analysis of Next-Generation 852 

Sequencing Data (ANGSD v0.602) [82].  853 

(ii) Analyses based on accurate SNP and genotype calls. We performed SNP calling 854 

with HaplotypeCaller of the GATK v3.2.2 [79], which called SNPs and indels 855 

simultaneously via local re-assembly of haplotypes for each individual and created 856 

single-sample gVCFs. GenotypeGVCFs in GATK was then used to merge multi-857 

sample records together, correct genotype likelihoods, and re-genotype the newly 858 

merged record and perform re-annotation. Several filtering steps were then used to 859 

reduce the number of false positive SNPs and retain high-quality SNPs: (1) we 860 

removed all SNPs that were overlapped with sites excluded by the previous filtering 861 

criteria. (2) only biallelic SNPs with a distance of more than 5bp away from indels 862 

were retained for further analysis. (3) Genotypes were accepted for each SNP and 863 

each individual only if the genotype quality score (GQ) was ≥10, otherwise that 864 

specific genotype was treated as missing data. (4) SNPs with missing rate higher than 865 

20% were removed from downstream analysis. (5) SNPs that showed significant 866 

deviation from Hardy-Weinberg Equilibrium (P<0.001) were removed from further 867 

downstream analysis.  868 

 869 

Population structure 870 

We used only 4-fold synonymous SNPs with minor allele frequency >0.1 to perform 871 

population structure analyses with ADMIXTURE [34]. We ran ADMIXTURE 872 
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separately on all the sampled individuals among species and on the samples within 873 

each species, varying the number of genetic clusters K from 1 to 6. The most likely 874 

number of genetic cluster was selected by minimizing the cross-validation error in 875 

ADMIXTURE. 876 

 877 

Diversity and divergence - related summary statistics 878 

For nucleotide diversity and divergence estimates, only the reads with mapping 879 

quality above 30 and the bases with quality score higher than 20 were used in all of 880 

the following analyses with ANGSD [82] and ngsTools [83]. To infer the global SFS, 881 

we firstly used the -doSaf implementation in ANGSD to calculate the site allele 882 

frequency likelihood based on the SAMTools genotype likelihood model [84]. Then, 883 

we used the –realSFS implementation in ANGSD to obtain an optimized folded 884 

global SFS using Expectation Maximization (EM) algorithm for each species. Based 885 

on the global SFS, we used the –doThetas function in ANGSD to estimate the per-site 886 

nucleotide diversity from posterior probability of allele frequency based on a 887 

maximum likelihood approach [36]. Two standard estimates of nucleotide diversity, 888 

the average pairwise nucleotide diversity (Θπ) [38] and the proportion of segregating 889 

sites (ΘW) [85], and one neutrality statistic test Tajima’s D [38] were then 890 

summarized along all 19 chromosomes using non-overlapping sliding windows of 100 891 

Kbp and 1 Mbp. Windows with less than 10% covered sites left after previous quality 892 

filtering steps were excluded. Accordingly, 3340 100-Kbp and 343 1-Mbp windows, 893 

with an average of 50,538 and 455,910 covered bases per window, were respectively 894 

included for downstream analyses. Based on posterior probabilities of sample allele 895 

frequencies at each site, we further used the ngsTools [83] to calculate pairwise 896 
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nucleotide divergence, dxy, between pairs of species over all non-overlapping 100-897 

Kbp and 1-Mbp windows. 898 

All these statistics were also calculated for each type of functional element (0-899 

fold non-synonymous, 4-fold synonymous, intron, 3’ UTRs, 5’ UTR, and intergenic 900 

sites) over the non-overlapping 100-Kbp and 1-Mbp windows in all three Populus 901 

species. The category of gene models we used followed the gene annotation of P. 902 

trichocarpa version 3.0 [29]. For protein-coding genes, we only included genes with 903 

at least 90% covered sites left from previous filtering steps to ensure that the three 904 

species have same gene structures. We also excluded genes overlapping with other 905 

genes. For the remaining genes, we selected the transcript with the highest content of 906 

protein-coding sites. For regions overlapped by different transcripts in each gene, we 907 

classified each site according to the following hierarchy (from highest to lowest): 908 

Coding regions (CDS), 3’UTR, 5’UTR, Intron. Thus, if a site resides in a 3’UTR in 909 

one transcript and CDS for another, the site was classified as CDS. In the end, a 910 

respective of 16.52, 3.4, 7.19, 4.02, 31.89, 73.46 megabases (Mbp) were partitioned 911 

into 0-fold non-synonymous (where all DNA sequence changes lead to protein 912 

sequence changes), 4-fold synonymous (where all DNA sequence changes lead to the 913 

same protein sequences), 3’UTR, 5’UTR, intron, and intergenic categories. Windows 914 

were not used if there were less than 100 sites left for any of the functional elements. 915 

 916 

Linkage disequilibrium (LD) and population-scaled recombination rate (ρ) 917 

A total of 1,409,377 SNPs, 1,263,661 SNPs and 710,332 SNPs with minor allele 918 

frequency higher than 10% were used for the analysis of LD and ρ in P. tremula, P. 919 

tremuloides and P. trichocarpa, respectively. To estimate and compare the rate of LD 920 

decay in the three Populus species, we firstly used PLINK 1.9 [86] to randomly thin 921 
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the number of SNPs to 100,000 in each species. Then we calculated the squared 922 

correlation coefficients (r2) between all pairs of SNPs within 50 Kbp windows using 923 

PLINK 1.9. The decay of LD against physical distance was estimated using nonlinear 924 

regression of pairwise r2 vs. the physical distance between sites in base pairs [87]. 925 

Furthermore, we estimated the population-scaled recombination rate ρ using the 926 

Interval program of LDhat 2.2 [88] with 1,000,000 MCMC iterations sampling every 927 

2,000 iterations and a block penalty parameter of five. The first 100,000 iterations of 928 

the MCMC iterations were discarded as a burn-in. We then calculated the scaled value 929 

of ρ in each 100-Kbp and 1-Mbp window as the average across SNPs in that window. 930 

In order to evaluate the extent of correlation between the estimated ρ and the pattern 931 

of LD, we also calculated the scaled r2 by averaging r2 over all pairwise SNPs in each 932 

100 Kbp and 1 Mbp window. Only windows with more than 10,000 (in 100 Kbp 933 

windows) and 100,000 bases (in 1 Mbp windows) and 100 SNPs left after previous 934 

filtering steps were used for the estimation of ρ and r2. 935 

 936 

Genomic correlates of diversity 937 

Within each non-overlapping 100 Kbp or 1 Mbp window, levels of neutral 938 

polymorphism in genic and intergenic regions were tabulated as the pairwise 939 

nucleotide diversity (Θπ) at 4-fold synonymous and intergenic sites respectively. In 940 

order to examine the factors influencing levels of neutral polymorphism in all three 941 

Populus species, we further tabulated several genomic features within each window. 942 

First, we summarized population-scaled recombination rate (ρ) as described above for 943 

each species. Second, we tabulated GC content as the fraction of bases where the 944 

reference sequence (P. trichocarpa v3.0) was a G or a C. Third, we measured the 945 

gene density as the number of functional genes within each window according to the 946 
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gene annotation of P. trichocarpa version 3.0. Fourth, we accounted for the variation 947 

of mutation rate by calculating the number of fixed differences between aspen and P. 948 

trichocarpa per neutral site (either 4-fold synonymous site or intergenic site) within 949 

each window. The reason why we used divergence between aspen and P. trichocarpa 950 

to measure mutation rate is because they are distantly related [26], and thus the 951 

estimate of divergence are unlikely to be influenced by shared ancestral 952 

polymorphisms between species. Fifth, we tabulated the number of covered bases in 953 

each window as those met the filtering criteria described above. 954 

We used Spearman’s rank-order correlation tests to examine pairwise 955 

correlations between the variables as described above. In order to account for the 956 

autocorrelation between many of these variables, we calculated partial correlations 957 

between the interested variables [89], which simultaneously remove the confounding 958 

effects of other variables. All statistical tests were performed using R version 3.2.0 959 

unless stated otherwise. 960 
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Supporting Information 1213 

 1214 

S1 Fig. Sampling localities (details in S1 Table, black star symbols) and 1215 

distributions of P. tremula (orange areas), P. tremuloides (blue areas) and P. 1216 

trichocarpa (green areas). 1217 

 1218 

S2 Fig. Comparison of per-base sequence quality between raw and filtered 1219 

sequence data. Per-base sequence quality comparison between raw paired-end 1220 

sequence data (forward reads: top left and reverse reads: top right), and filtered 1221 

sequence data with both forward (bottom left) and reverse (bottom middle) reads left 1222 

or only single-end (bottom right) reads left. The x-axis of the BoxWhisker plot shows 1223 

the position in read, and the y-axis shows the quality scores. The higher the score the 1224 

better the base call. The background of the plot divides the y axis into very good 1225 

quality calls (green), calls of reasonable quality (orange), and calls of poor quality 1226 

(red). The central red line is the median quality value, the yellow box represents the 1227 

inter-quartile of quality, the upper and lower whiskers represent the 10% and 90% 1228 

points, the blue line represents the mean quality. (a) Sample SwAsp009 of Populus 1229 

tremula. (b) Sample Alb16-1 of P. tremuloides. (c) Sample GW-9772 (accession 1230 

number in SRA: SRR1571518) of P. trichocarpa. 1231 

 1232 

S3 Fig. Population structure within and between species. (a) Genetic structure of 1233 

three Populus inferred using ADMIXTURE when it identifies three genetic clusters in 1234 

the dataset. (b) The cross-validation error when K varies from 1 to 6 across the three 1235 

species. (c,d,e) The cross-validation error when K varies from 1 to 6 separately in 1236 

samples of P. tremula, P. tremuloides, P. trichocarpa.  1237 
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 1238 

S4 Fig. Genome-wide patterns of divergence among three Populus species. Mean 1239 

pairwise divergence (dxy) between pairs of three Populus species was calculated over 1240 

100 Kbp non-overlapping windows along the 19 chromosomes. P. tremula-1241 

P.tremuloies: red, P. tremula-P. trichocarpa: light purple, P. tremuloides-1242 

P.trichocarpa: purple. 1243 

 1244 

S5 Fig. Correlations of divergence between independent pairs of the three 1245 

Populus species. Spearman’s correlations of pairwise nucleotide divergence (dxy) 1246 

between dxy(P. tremula-P. trichocarpa) and dxy(P. tremulodies-P. trichocarpa) (a); between dxy(P. tremula-P. 1247 

tremuloides) and dxy(P. tremula-P. trichocarpa) (b); and between dxy(P. tremula-P. tremuloides) and dxy(P. 1248 

tremuloides-P. trichocarpa) (c). All datasets are based on 100 Kbp non-overlapping windows 1249 

across the genome. 1250 

 1251 

S6 Fig. The distributions of estimates of (a) pairwise sequence diversity (ΘΠ), (b) 1252 

the number of segregating sites (ΘW), (c) Tajima’s D and (d) population-scaled 1253 

recombination rate (ρ) over 1Mbp non-overlapping windows in P. tremula 1254 

(orange), P. tremuloides (blue) and P. trichocarpa (green). 1255 

 1256 

S7 Fig. Estimates of (a) pairwise sequence diversity (ΘΠ) and (b) Tajima’s D in 1257 

samples of Alberta (light blue), Wisconsin (light green) and all samples of P. 1258 

tremuloides (blue) over 100 Kbp non-overlapping windows. 1259 

 1260 

S8 Fig. Number of singletons in samples of (a) P. tremula, (b) P. tremuloides, and 1261 

(c) P. trichocarpa.  1262 
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 1263 

S9 Fig. The distributions of estimates of pairwise sequence diversity (ΘΠ) in P. 1264 

tremula (orange), P. tremuloides (blue) and P. trichocarpa (green) over 1 Mbp 1265 

non-overlapping windows in different site categories. 1266 

 1267 

S10 Fig. The distributions of estimates of Tajima’s D in P. tremula (orange), P. 1268 

tremuloides (blue) and P. trichocarpa (green) over 1 Mbp non-overlapping 1269 

windows in different site categories. 1270 

 1271 

S11 Fig. The distributions of estimates of nucleotide divergence (dxy) between 1272 

pairs of the three Populus species over 1 Mbp non-overlapping windows in 1273 

different site categories. 1274 

 1275 

S12 Fig. Relationship between population-scaled recombination rate and linkage 1276 

disequilibrium. Scatter plots display correlations between population-scaled 1277 

population rates (ρ) and linkage disequilibrium (r2) over 100 Kbp non-overlapping 1278 

windows in (a) P. tremula, (b) P. tremuloides, and (c) P. trichocarpa. The red to 1279 

yellow to blue gradient indicates decreased density of observed events at a give 1280 

location in the graph.  1281 

 1282 

S13 Fig. Distributions of the ratio of population-scaled recombination rate to 1283 

nucleotide diversity (ρ/θW) over 100 Kbp non-overlapping windows in P. tremula 1284 

(orange line), P. tremuloides (blue line) and P. trichocarpa (green line). 1285 

 1286 
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S14 Fig. Correlations between estimates of intergenic genetic diversity (ΘIntergenic) 1287 

(left panel) and divergence (dIntergenic) (right panel) with population-scaled 1288 

recombination rate (ρ) over 1 Mbp non-overlapping windows. Linear regression 1289 

lines are colored according to species: (a) P. tremula (orange line), (b) P. tremuloides 1290 

(blue line) and (c) P. trichocarpa (green line).  1291 

 1292 

S15 Fig. Relationship between gene number and the proportion of coding bases 1293 

within 1 Mbp non-overlapping windows.  1294 

 1295 

S16 Fig. Correlations between estimates of genic and intergenic genetic 1296 

divergence with gene density over 1 Mbp non-overlapping windows. Correlations 1297 

between estimates of genetic divergence at 4-fold synonymous sites (d4-fold) (left 1298 

panel) and intergenic sites (dIntergenic) (right panel) with gene density over 1Mbp non-1299 

overlapping windows. Linear regression lines are colored according to species: (a) P. 1300 

tremula (orange line), (b) P. tremuloides (blue line) and (c) P. trichocarpa (green 1301 

line).  1302 

 1303 

S1 Table. Samples used in this study. 1304 

 1305 

S2 Table. Summary statistics of Illumina re-sequencing data per sample. 1306 

 1307 

S3 Table. Pairwise divergence (dxy) (median and central 95% range) between P. 1308 

tremula, P. tremuloides and P. trichocarpa for various genomic contexts over 100 1309 

Kbp non-overlapping windows across genomes. 1310 

 1311 
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S4 Table. Summary of the correlation coefficients (Spearman’s ρ) between levels 1312 

of synonymous diversity and non-synonymous divergence. 1313 
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