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Abstract 24 

A central aim of evolutionary genomics is to identify the relative roles that various 25 

evolutionary forces have played in generating and shaping genetic variation within 26 

and among species. Here we use whole-genome re-sequencing data to characterize 27 

and compare genome-wide patterns of nucleotide polymorphism, site frequency 28 

spectrum and population-scaled recombination rates in three species of Populus: P. 29 

tremula, P. tremuloides and P. trichocarpa. We find that P. tremuloides has the 30 

highest level of genome-wide variation, skewed allele frequencies and population-31 

scaled recombination rates, whereas P. trichocarpa harbors the lowest. Our findings 32 

highlight multiple lines of evidence suggesting that natural selection, both due to 33 

purifying and positive selection, has widely shaped patterns of nucleotide 34 

polymorphism at linked neutral sites in all three species. Differences in effective 35 

population sizes and rates of recombination are largely explaining the disparate 36 

magnitudes and signatures of linked selection we observe among species. The present 37 

work provides the first phylogenetic comparative study at genome-wide scale in forest 38 

trees. This information will also improve our ability to understand how various 39 

evolutionary forces have interacted to influence genome evolution among related 40 

species. 41 

 42 

 43 

 44 

 45 

 46 
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Introduction  48 

A major goal in evolutionary genetics is to understand how genomic variation is 49 

established and maintained within and between species (Nordborg et al. 2005; Begun 50 

et al. 2007), and different evolutionary forces have substantial impacts in shaping 51 

genetic variation throughout the genome (Hellmann et al. 2005). Under the neutral 52 

theory, genetic variation is the manifestation of the balance between mutation and 53 

genetic drift (Kimura 1983). Demographic fluctuations, such as population expansion 54 

and/or bottlenecks, can cause patterns of genome-wide variation deviating from 55 

standard neutral model in various ways (Li and Durbin 2011). It is now clear, 56 

however, that natural selection, via positive selection favoring beneficial mutations 57 

(genetic hitchhiking) and/or purifying selection against deleterious mutations 58 

(background selection), plays an important role in moulding the landscape of 59 

nucleotide polymorphism in many species (Begun and Aquadro 1992; Begun et al. 60 

2007; Cutter and Choi 2010; Mackay et al. 2012).  61 

If natural selection is pervasive across the genome, patterns of genetic 62 

variation at linked neutral sites can be influenced by selection in a number of ways. 63 

First, positive correlations between levels of neutral polymorphism and recombination 64 

rates are expected since linked selection is expected to remove more neutral 65 

polymorphism in low-recombination regions compared to high-recombination regions 66 

and such a pattern is unlikely to be generated by demographic processes alone (Begun 67 

and Aquadro 1992; Kulathinal et al. 2008; McGaugh et al. 2012; Campos et al. 2014; 68 

Charlesworth and Campos 2014). Second, besides influencing the level of neutral 69 

variability, recombination rate can affect the efficacy of selection through the process 70 

known as Hill-Robertson interference (HBI) (Hill and Robertson 1966). If HRI is 71 
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operating, genetic linkage effects in regions of low recombination will reduce the 72 

local effective population size (Ne), and accordingly reduce the efficacy of selection 73 

(Nes), since the effects of selection are determined by the product of Ne and the 74 

selection coefficient on a mutation (s) (Kimura 1983). We would therefore expect 75 

both a reduced fixation of favorable mutations and an increased frequency of 76 

deleterious mutations in these regions (Hill and Robertson 1966; Haddrill et al. 2007; 77 

Campos et al. 2014). Third, signatures and magnitudes of linked selection are 78 

sensitive to the density of functional important sites (e.g. gene density) within specific 79 

genomic regions (Flowers et al. 2012). In accordance with the view that genes 80 

represent the most likely targets of natural selection, regions with a high density of 81 

genes are expected to have undergone stronger effects of linked selection and exhibit 82 

lower levels of neutral polymorphism (Nordborg et al. 2005; Flowers et al. 2012). 83 

Therefore, a positive or negative co-variation of recombination rate and gene density 84 

would act to either obscure or strengthen the signatures of linked selection across the 85 

genome (Cutter and Payseur 2003; Cutter and Choi 2010; Flowers et al. 2012). Lastly, 86 

a distinctive signature of recurrent selective sweeps is the local reduction of linked 87 

neutral polymorphism in regions experiencing frequent adaptive substitutions 88 

(Andolfatto 2007). A substantial number of adaptive substitutions are likely 89 

composed of amino acid substitutions and a negative correlation between neutral 90 

polymorphism and non-synonymous divergence can thus be particularly informative 91 

of the prevalence of selective sweeps (Macpherson et al. 2007). With the advance of 92 

next-generation sequencing technology, sufficient genome-wide data among multiple 93 

related species are becoming available (Luikart et al. 2003; Ellegren 2014). 94 

Phylogenetic comparative approaches will thus place us in a stronger position to 95 
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understand how various evolutionary forces have interacted to shape the 96 

heterogeneous patterns of nucleotide polymorphism across the genome (Hufford et al. 97 

2012; Cutter and Payseur 2013; Lawrie and Petrov 2014). 98 

Thus far, genome-wide comparative studies have largely dealt with 99 

experimental model species, mammals, and cultivated plants of either agricultural or 100 

horticultural interest (Locke et al. 2011; Hufford et al. 2012; Liu et al. 2014). Forest 101 

trees, as a group, are characterized by extensive geographical distributions and are of 102 

high ecological and economic value (Neale and Kremer 2011). Most forest trees have 103 

largely persisted in an undomesticated state and, until quite recently, without 104 

anthropogenic influence (Neale and Kremer 2011). Accordingly, in contrast to crop 105 

and livestock lineages that have been through strong domestication bottlenecks, most 106 

extant populations of forest trees harbor a wealth of genetic variation and they are 107 

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

sculpt patterns of variation throughout the genome (González-Martínez et al. 2006; 109 

Neale and Kremer 2011). Among forest tree species, the genus Populus represents a 110 

particularly attractive choice because of its wide geographic distribution, important 111 

ecological role in a wide variety of habitats, multiple economic uses in wood and 112 

energy products, and relatively small genome size (Eckenwalder 1996; Jansson and 113 

Douglas 2007). Here, we studied three Populus species which differ in morphology, 114 

geographic distribution, population size and phylogenetic relationship (Figure S1) 115 

(Jansson et al. 2010; Wang et al. 2014). P. tremula and P. tremuloides (collectively 116 

‘aspens’) have wide native ranges across Eurasia and North America respectively, are 117 

closely related, and belong to the same section of the genus (section Populus) 118 

(Jansson et al. 2010). In contrast, P. trichocarpa belongs to a different section of the 119 
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genus (section Tacamahaca) that is reproductively isolated from members of the 120 

Populus section (Jansson et al. 2010). The distribution of P. trichocarpa is restricted 121 

to western regions of North America and its distribution range is considerably smaller 122 

than the two aspen species (Dickmann and Kuzovkina 2008). Importantly, P. 123 

trichocarpa also represents the first tree species to have its genome published (Tuskan 124 

et al. 2006) and the genome sequence and annotation have undergone continual 125 

improvement [http://phytozome.jgi.doe.gov]. This enables us to provide important 126 

context for our genome comparisons. The phylogenetic relationship of the three 127 

species ((P. tremula–P. tremuloides) P. trichocarpa) is well established by both 128 

chloroplast and nuclear DNA sequences (Hamzeh and Dayanandan 2004; Wang et al. 129 

2014).  130 

In this study, we used datasets generated by Next-Generation Sequencing 131 

(NGS) to characterize, compare and contrast genome-wide patterns of nucleotide 132 

diversity, site frequency spectrum, recombination rate, and to infer contextual patterns 133 

of selection throughout the genomes for all three species. 134 

 135 

Materials and Methods  136 

Samples and sequencing 137 

Leaf samples were collected from 24 genotypes of P. tremula and 24 genotypes of P. 138 

tremuloides (Table S1). Genomic DNA was extracted from leaf samples, and paired-139 

end sequencing libraries with insert sizes of 650bp were constructed for all genotypes. 140 

Whole-genome sequencing with a minimum expected depth of 20 × was performed 141 

on the Illumina HiSeq 2000 platform at the Science for Life Laboratory, Stockholm, 142 

Sweden and 2×100-bp paired-end reads were generated for all genotypes. Two 143 
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samples of P. tremuloides failed to yield the expected coverage and were therefore 144 

removed from subsequent analyses. We obtained publicly available short read 145 

Illumina data of 24 P. trichocarpa individuals from NCBI SRA (Table S1). 146 

Individuals were selected to have a similar read depth as the samples of the two aspen 147 

species. The accession numbers of P. trichocarpa samples can be found in Evans et al. 148 

2014. All analyses are thus based on data from 24 P. tremula, 22 P. tremuloides and 149 

24 P. trichocarpa genotypes. 150 

 151 

Raw read filtering, read alignment and post-processing alignment 152 

Prior to read alignment, we used Trimmomatic (Lohse et al. 2012) to remove adapter 153 

sequences from reads. Since the quality of reads always drops towards the end of 154 

reads, we used Trimmomatic to cut off bases from the start and/or end of reads when 155 

the quality values were smaller than 20. If the length of the processed reads was 156 

reduced to below 36 bases after trimming, reads were completely discarded. FastQC 157 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check and 158 

compare the per-base sequence quality between the raw sequence data and the filtered 159 

data. After quality control, all paired-end and orphaned single-end reads from each 160 

sample were mapped to the P. trichocarpa version 3 (v3.0) genome (Tuskan et al. 161 

2006) using the BWA-MEM algorithm with default parameters in bwa-0.7.10 (Li 162 

2013).  163 

Several post-processing steps of alignments were performed to minimize the 164 

number of artifacts in downstream analysis: First, we performed indel realignment 165 

since mismatching bases were usually found in regions with insertions and deletions 166 

(indels) (Wang et al. 2015). The RealignerTargetCreator in GATK (The Genome 167 
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Analysis Toolkit) (DePristo et al. 2011) was first used to find suspicious-looking 168 

intervals that were likely in need of realignment. Then, the IndelRealigner was used to 169 

run the realigner over those intervals. Second, as reads resulting from PCR duplicates 170 

can arise during the sequencing library preparation, we used the MarkDuplicates 171 

methods in the Picard package (http://picard.sourceforge.net) to remove those reads or 172 

read pairs having identical external coordinates and the same insert length. In such 173 

cases only the single read with the highest summed base qualities was kept for 174 

downstream analysis. Third, in order to exclude genotyping errors caused by 175 

paralogous or repetitive DNA sequences where reads were poorly mapped to the 176 

reference genome, or by other genome feature differences between P. trichocarpa and 177 

P. tremula or P. tremuloides, we removed sites with extremely low and extremely 178 

high read depths after investigating the empirical distribution of read coverage. We 179 

filtered out sites with a total coverage less than 100 × or greater than 1200 × across all 180 

samples per species. When reads were mapped to multiple locations in the genome, 181 

they were randomly assigned to one location with a mapping score of zero by BWA-182 

MEM. In order to account for such misalignment effects, we removed those sites if 183 

there were more than 20 mapped reads with mapping score equaling to zero across all 184 

individuals in each species. Lastly, because the short read alignment is generally 185 

unreliable in highly repetitive genomic regions, we filtered out sites that overlapped 186 

with known repeat elements as identified by RepeatMasker (Tarailo-Graovac and 187 

Chen 2009). In the end, the subset of sites that passed all these filtering criteria in the 188 

three Populus species were used in downstream analyses. 189 

 190 

Single nucleotide polymorphism (SNP) and genotype calling 191 
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We implemented two complementary bioinformatics approaches: First, many studies 192 

have pointed out the bias inherent in population genetic estimates using genotype 193 

calling approach from NGS data (Nielsen et al. 2011; Nevado et al. 2014). Single- or 194 

multiple-sample genotype calling can result in a bias in the estimation of site 195 

frequency spectrum (SFS), as the former usually leads to overestimation of rare 196 

variants, whereas the latter often leads to the opposite (Nielsen et al. 2011). 197 

Therefore, in this study we employed a method, implemented in the software package 198 

- Analysis of Next-Generation Sequencing Data (ANGSD v0.602) (Korneliussen et 199 

al. 2014), to estimate the SFS and all population genetic statistics derived from the 200 

SFS without calling genotypes. Second, for those analyses that require accurate SNP 201 

and genotype calls, we performed SNP calling with HaplotypeCaller of the GATK 202 

v3.2.2 (DePristo et al. 2011), which called SNPs and indels simultaneously via local 203 

re-assembly of haplotypes for each individual and created single-sample gVCFs. 204 

GenotypeGVCFs in GATK was then used to merge multi-sample records together, 205 

correct genotype likelihoods, and re-genotype the newly merged record and perform 206 

re-annotation. Several filtering steps were then used to reduce the number of false 207 

positive SNPs and retain high-quality SNPs: (1) We removed all SNPs that 208 

overlapped with sites excluded by all previous filtering criteria. (2) We only retained 209 

bi-allelic SNPs with a distance of more than 5 bp away from any indels. (3) We 210 

treated genotypes with quality score (GQ) lower than 10 as missing and then removed 211 

those SNPs with genotype missing rate higher than 20%. (4) We removed SNPs that 212 

showed significant deviation from Hardy-Weinberg Equilibrium (P<0.001). After all 213 

filtering, 8,502,169 SNPs were detected among the three Populus species and were 214 

used in downstream analyses.  215 
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 216 

Population structure 217 

We used 4-fold synonymous SNPs with minor allele frequency >0.1 to perform 218 

population structure analyses with ADMIXTURE (Alexander et al. 2009). We ran 219 

ADMIXTURE on all the sampled individuals among species and on the samples 220 

within each species separately. The number of genetic clusters (K) was varied from 1 221 

to 6. The most likely number of genetic cluster was selected by minimizing the cross-222 

validation error in ADMIXTURE. 223 

 224 

Diversity and divergence - related summary statistics 225 

For nucleotide diversity and divergence estimates, only the reads with 226 

mapping quality above 30 and the bases with quality score higher than 20 were used 227 

in all downstream analyses with ANGSD (Korneliussen et al. 2014). First, we used 228 

the -doSaf implementation in ANGSD to calculate the site allele frequency likelihood 229 

based on the SAMTools genotype likelihood model (Li et al. 2009). Then, we used 230 

the –realSFS implementation in ANGSD to obtain an optimized folded global SFS 231 

using Expectation Maximization (EM) algorithm for each species. Based on the 232 

global SFS, we used the –doThetas function in ANGSD to estimate the per-site 233 

nucleotide diversity from posterior probability of allele frequency based on a 234 

maximum likelihood approach (Kim et al. 2011). Two standard estimates of 235 

nucleotide diversity, the average pairwise nucleotide diversity (Θπ) (Tajima 1989) and 236 

the proportion of segregating sites (ΘW) (Watterson 1975), and one neutrality statistic 237 

test Tajima’s D (Tajima 1989) were summarized along all 19 chromosomes using 238 

non-overlapping sliding windows of 100 kilobases (Kbp) and 1 megabases (Mbp). 239 
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Windows with less than 10% of covered sites left from previous quality filtering steps 240 

were excluded. In the end, 3340 100-Kbp and 343 1-Mbp windows, with an average 241 

of 50,538 and 455,910 covered bases per window, were respectively included.  242 

All these statistics were also calculated for each type of functional element (0-243 

fold non-synonymous, 4-fold synonymous, intron, 3’ UTR, 5’ UTR, and intergenic 244 

sites) over non-overlapping 100-Kbp and 1-Mbp windows in all three Populus 245 

species. The category of gene models followed the gene annotation of P. trichocarpa 246 

version 3.0 (Tuskan et al. 2006). For protein-coding genes, we only included genes 247 

with at least 90% of covered sites left from previous filtering steps to ensure that the 248 

three species have the same gene structures. For regions overlapped by different 249 

transcripts in each gene, we classified each site according to the following hierarchy 250 

(from highest to lowest): Coding regions (CDS), 3’UTR, 5’UTR, Intron. Thus, if a 251 

site resides in a 3’UTR in one transcript and CDS for another, the site was classified 252 

as CDS. We used the transcript with the highest content of protein-coding sites to 253 

categorize synonymous and non-synonymous sites within each gene. A respective of 254 

16.52 Mbp, 3.4 Mbp, 7.19 Mbp, 4.02 Mbp, 31.89 Mbp and 73.46 Mbp were 255 

partitioned into 0-fold non-synonymous (where all DNA sequence changes lead to 256 

protein sequence changes), 4-fold synonymous (where all DNA sequence changes 257 

lead to the same protein sequences), 3’UTR, 5’UTR, intron, and intergenic categories.  258 

 259 

Linkage disequilibrium (LD) and population-scaled recombination rate (ρ) 260 

A total of 1,409,377 SNPs, 1,263,661 SNPs and 710,332 SNPs with minor allele 261 

frequency higher than 10% were used for the analysis of LD and ρ in P. tremula, P. 262 

tremuloides and P. trichocarpa, respectively. To estimate and compare the rate of LD 263 
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decay among the three Populus species, we firstly used PLINK 1.9 (Purcell et al. 264 

2007) to randomly thin the number of SNPs to 100,000 in each species. We then 265 

calculated the squared correlation coefficients (r2) between all pairs of SNPs that were 266 

within a distance of 50 Kbp using PLINK 1.9. The decay of LD against physical 267 

distance was estimated using nonlinear regression of pairwise r2 vs. the physical 268 

distance between sites in base pairs (Remington et al. 2001).  269 

We estimated the population-scaled recombination rate ρ using the Interval 270 

program of LDhat 2.2 (McVean et al. 2004) with 1,000,000 MCMC iterations 271 

sampling every 2,000 iterations and a block penalty parameter of five. The first 272 

100,000 iterations of the MCMC iterations were discarded as a burn-in. We then 273 

calculated the scaled value of ρ in each 100-Kbp and 1-Mbp window by averaging 274 

over all SNPs in that window. Only windows with more than 10,000 (in 100 Kbp 275 

windows) and 100,000 sites (in 1 Mbp windows) and 100 SNPs left from previous 276 

filtering steps were used for the estimation of ρ. 277 

 278 

Estimating the distribution of fitness effects of new amino acid mutations (DFE) 279 

and the proportion of adaptive amino acid substitutions (α) 280 

We generated the folded SFS in each species for a class of selected sites (0-fold non-281 

synonymous sites) and a class of putatively neutral reference sites (4-fold 282 

synonymous sites) from SNPs data using a custom Perl script. We employed a 283 

maximum likelihood (ML) approach as implemented in the program DFE-alpha 284 

(Keightley and Eyre-Walker 2007; Eyre-Walker and Keightley 2009) to fit a 285 

demographic model with a step of population size change to the neutral SFS. Fitness 286 

effects of new deleterious mutations at the selected site class were sampled from a 287 
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gamma distribution after incorporating the estimated parameters for the demographic 288 

model. This method assumes that fitness effects of new mutations at neutral sites are 289 

zero and unconditionally deleterious at selected sites since it assumes that 290 

advantageous mutations are too rare to contribute to polymorphism (Keightley and 291 

Eyre-Walker 2007). We report the proportion of amino acid mutations falling into 292 

different effective strengths of selection (Nes) range: 0-1, 1-10, >10, respectively.  293 

 From the estimated DFE, the proportion (α) and the relative rate (ω) of 294 

adaptive substitution at 0-fold non-synonymous sites were estimated using the method 295 

of Eyre-Walker and Keightley (2009). This method explicitly account for past 296 

changes in population size and the presence of slightly deleterious mutations. Among 297 

the total of 8,502,169 SNPs detected by GATK, on average less than 1% were shared 298 

between either of the two aspen species and P. trichocarpa (Figure S2). We therefore 299 

used the aspen species and P. trichocarpa as each other’s outgroup species to 300 

calculate between-species nucleotide divergence at 4-fold synonymous and 0-fold 301 

non-synonymous sites since it is unlikely to be influenced by shared ancestral 302 

polymorphisms. Jukes-Cantor multiple hits correction was applied to the divergence 303 

estimates (Jukes and Cantor 1969). For the parameters of Nes, α and ω, we generated 304 

200 bootstrap replicates by resampling randomly across all SNPs in each site class 305 

using R (R Develpment Core Team 2014). We excluded the top and bottom 2.5% of 306 

bootstrap replicates and used the remainder to represent the 95% confidence intervals 307 

for each parameter.  308 

 309 
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Genomic correlates of diversity 310 

In order to examine the factors influencing levels of neutral polymorphism in all three 311 

Populus species, we firstly assume that the 4-fold synonymous sites in genic regions 312 

were selectively neutral as every possible mutation at 4-fold degenerate sites is 313 

synonymous. In the following we refer to the pairwise nucleotide diversity at 4-fold 314 

synonymous sites (θ4-fold) as “neutral polymorphism”. As a comparison to genic 315 

region, we also estimated levels of nucleotide diversity at intergenic sites (θIntergenic). 316 

Then, we tabulated several other genomic features within each 100 Kbp and 1 Mbp 317 

window that may correlate with patterns of polymorphism. First, we summarized 318 

population-scaled recombination rate (ρ) as described above for each species. Second, 319 

we tabulated GC content as the fraction of bases where the reference sequence (P. 320 

trichocarpa v3.0) was a G or a C. Third, we measured the gene density as the number 321 

of functional genes within each window according to the gene annotation of P. 322 

trichocarpa version 3.0. Any portion of a gene that fell within a window was counted 323 

as a full gene. Fourth, we accounted for the variation of mutation rate by calculating 324 

the number of fixed differences per neutral site (either 4-fold synonymous sites or 325 

intergenic sites) between aspen and P. trichocarpa within each window, which was 326 

performed in the ngsTools (Fumagalli et al. 2014). The reason why we used 327 

divergence between aspen and P. trichocarpa to measure mutation rate is because 328 

they are distantly related (Wang et al. 2014), and the estimate of divergence are 329 

unlikely to be influenced by shared ancestral polymorphisms between species as 330 

shown above. Fifth, we tabulated the number of covered bases in each window as 331 

those left from all previous filtering criteria. 332 
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We used Spearman’s rank-order correlation test to examine pairwise 333 

correlations between the variables of interest. In order to account for the 334 

autocorrelation between variables, we further calculated partial correlations between 335 

the variables of interest by removing the confounding effects of other variables (Kim 336 

and Soojin 2007). All statistical tests were performed using R version 3.2.0 unless 337 

stated otherwise. 338 

 339 

Data Availability 340 

All newly generated Illumina reads of 24 P. tremula and 22 P. tremuloides from this 341 

study have been submitted to the Short Read Archive (SRA) at NCBI. All accession 342 

IDs can be found in Table S1.  343 

 344 

Results 345 

We generated whole-genome sequencing data for 24 P. tremula and 22 P. tremuloides 346 

(Table S1) with all samples sequenced to relatively high depth (24.2×-69.2×; Table 347 

S2). We also downloaded whole-genome re-sequencing data for 24 samples of P. 348 

trichocarpa from the NCBI Short Read Archive (Evans et al. 2014). After adapter 349 

removal and quality trimming, 949.2 Gb of high quality sequence data remained 350 

(Figure S3; Table S2). The mean mapping rate of reads to the P. trichocarpa 351 

reference genome were 89.8% for P. tremula, 91.1% for P. tremuloides, and 95.2% 352 

for P. trichocarpa (Table S2). On average, the genome-wide coverage of uniquely 353 

mapped reads was more than 20 × for each species (Table S2). After excluding sites 354 

with extreme coverage, low mapping quality, or those overlapping with annotated 355 

repetitive elements (see Materials and Methods), 42.8% of collinear genomic 356 
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sequences remained for downstream analyses. 54.9% of these sites were found within 357 

gene boundaries, covering 70.1% of all genic regions predicted from the P. 358 

trichocarpa assembly. The remainder sites (45.1%) were located in intergenic regions.  359 

 360 

Genome-wide patterns of polymorphism, site frequency spectrum and 361 

recombination among the three Populus species 362 

When analyzing population structure between species, we found the model exhibited 363 

the lowest cross-validation error when the number of ancestral populations (K) = 3 364 

(Figure S4b), which clearly subdivided the three species into three distinct clusters 365 

(Figure S4a). When we analyzed population structure within each species separately, 366 

we found that the cross-validation error increased linearly with increasing K, with 367 

K=1 minimizing the cross-validation error for all three species (Figure S4c-e). Our 368 

results are slightly different from several earlier studies that have documented 369 

population subdivision in these species (De Carvalho et al. 2010; Evans et al. 2014) 370 

but it is likely due to the small sample sizes used in this study (22-24 individuals). In 371 

addition, it could also be caused by the low power of model-based approaches in 372 

detecting population structure when it is very weak (Alexander et al. 2009). More 373 

generally, population structure is expected to be weak in Populus given the great 374 

dispersal capabilities of both pollen and seeds (Eckenwalder 1996; Jansson and 375 

Douglas 2007).  376 

The two aspen species harbor substantial levels of nucleotide diversity across 377 

the genome (ΘΠ=0.0133 in P. tremula; ΘΠ=0.0144 in P. tremuloides), approximately 378 

two to three-fold higher than diversity in P. trichocarpa (ΘΠ=0.0059) (Figure 1; Table 379 

S3). Among various genomic contexts, we found the levels of nucleotide diversity 380 
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were highest at intergenic sites, followed by 4-fold synonymous sites, 3’UTRs, 381 

5’UTRs, introns and were lowest at 0-fold non-synonymous sites (Figure S5; Table 382 

S3). In accordance with the view that the large majority of amino acid mutations are 383 

selected against (Larracuente et al. 2008), we found significantly lower Tajima’s D at 384 

0-fold non-synonymous sites compared to 4-fold synonymous sites (P<0.001, Mann-385 

Whitney U test) (Figure S6; Table S3). In addition, we observed significantly positive 386 

correlations of ΘΠ between each pair of the three species across the whole genome 387 

(Figure 2a). The overall nucleotide diversity estimated in P. trichocarpa was slightly 388 

higher than the value reported in Evans et al. 2014 (ΘΠ=0.0041), but this likely only 389 

reflects differences between the methods used in the two studies. In this study, we 390 

utilized the full information of the filtered data and estimated the population genetic 391 

statistics directly from genotype likelihoods, which take statistical uncertainty of SNP 392 

and genotype calling into account and should give more accurate estimates (Kim et al. 393 

2011; Nielsen et al. 2011).  394 

Compared to patterns of polymorphism, we observed much weaker 395 

correlations of the site frequency spectrum, summarized using the Tajima’s D statistic 396 

(Tajima 1989), between species (Figure 2b). P. tremuloides (average Tajima’s D=-397 

1.169) showed substantially greater negative values of Tajima’s D along all 398 

chromosomes compared to both P. trichocarpa (average Tajima’s D=0.064) and P. 399 

tremula (average Tajima’s D=-0.272) (Figure S7; Table S3), reflecting a large excess 400 

of low-frequency polymorphisms segregating in this species. Furthermore, the three 401 

Populus species showed different extents of genome-wide LD decay (Figure S8), with 402 

LD decaying fastest in P. tremuloides and slowest in P. trichocarpa (Figure S8). This 403 

reflects the rank order of their population-scaled recombination rates (ρ=4Nec) 404 
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(Figure S9), for which the mean ρ over 100 Kbp non-overlapping windows was 405 

highest in P. tremuloides (8.42 Kbp-1), followed by P. tremula (3.23 Kbp-1), and 406 

lowest in P. trichocarpa (2.19 Kbp-1). Intermediate correlations of recombination 407 

rates were observed between species (Figure 2c). In addition, concordant values of 408 

ΘΠ, Tajima’s D and ρ for all three species were also observed in 1 Mbp windows 409 

(Figure S10). For populations under drift-mutation-recombination equilibrium, ρ = 410 

4Nec (where Ne is the effective population size and c is the recombination rate) and θW 411 

= 4Neμ (where Ne is the effective population size and μ is the mutation rate). In order 412 

to compare the relative contribution of recombination (c) and mutation (μ) in shaping 413 

genomic variation, we measured the ratio of population recombination rate to the 414 

nucleotide diversity (ρ/θW) across the genome (Figure S11). The mean c/μ in P. 415 

tremula, P. tremuloides and P. trichocarpa was 0.22, 0.39 and 0.38 respectively. 416 

 417 

Distribution of fitness effects and proportion of adaptive amino acid substitutions 418 

We quantified the efficacy of both purifying and positive selection using the 419 

information of polymorphism and divergence among the three species. The estimated 420 

distribution of fitness effects of new 0-fold non-synonymous mutations indicate that 421 

the majority of new amino acid mutations were strongly deleterious (Nes>10) and 422 

likely to be under strong levels of purifying selection in all three species (Figure 3; 423 

Table S4). There was a greater proportion of amino acid mutations under moderate 424 

levels of purifying selection (1<Nes<10) in P. tremuloides (~31%), compared to P. 425 

tremula (~16%) and P. trichocarpa (~10%). In comparison, we found a higher 426 

proportion of weakly deleterious mutations that behave as effectively neutral (Nes<1) 427 
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in P. trichocarpa (~31%) relative to P. tremula (~23%) and P. tremuloides (~16%) 428 

(Figure 3; Table S4).  429 

 Using 4-fold synonymous sites as a neutral reference, we employed an 430 

extension of the McDonald-Kreitman test (Eyre-Walker and Keightley 2009) to 431 

estimate the fraction of adaptive amino acid substitutions (α) and the rate of adaptive 432 

substitution relative to the rate of neutral substitution (ω) in all three species. Both α 433 

and ω were highest in P. tremuloides (α: ~65% [95% CI: 63.6%-65.8%]; ω: ~0.24 434 

[95% CI: 0.231-0.242]), intermediate in P. tremula (α: ~43% [95% CI: 41.9%-435 

43.5%]; ω: ~0.16 [95% CI: 0.151-0.159]) and lowest in P. trichocarpa (α: ~20% 436 

[95% CI: 18.8%-31.1%]; ω: ~0.07 [95% CI: 0.068-0.112]) (Figure 3; Table S4). 437 

 438 

Neutral polymorphism, but not divergence, is positively correlated with 439 

recombination rate 440 

If natural selection (either purifying or positive selection) occurs throughout the 441 

genome at similar rates, they should leave a stronger imprint on patterns of neutral 442 

polymorphism in regions experiencing low recombination (Begun and Aquadro 1992). 443 

In accordance with this expectation, we found significantly positive correlations 444 

between levels of neutral polymorphism (θ4-fold) and population recombination rates in 445 

both aspen species (Table 1), with correlations being stronger in P. tremula than in P. 446 

tremuloides. In P. trichocarpa, however, we found either no or weak correlation 447 

between diversity and recombination rate (Table 1). Compared to 100 Kbp windows, 448 

correlations were stronger for 1 Mbp windows in all species, which most likely results 449 

from the higher signal-to-noise ratio provided by larger genomic windows (Table 1). 450 

In the remainder of this paper we thus focus our analyses primarily on data generated 451 
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with a 1 Mbp window size. When performing simple linear regression analysis 452 

between diversity and recombination rate over 1 Mbp windows, the recombination 453 

rate explained 45.8%, 21.3%, and 3.9% of the amount of neutral genetic variation in P. 454 

tremula, P. tremuloides and P. trichocarpa, respectively (Figure 4). If the positive 455 

relationship between diversity and recombination rate was merely caused by the 456 

mutagenic effect of recombination, similar patterns should also be observed between 457 

divergence and recombination rate (Kulathinal et al. 2008). However, no such 458 

correlations were observed in any of the three species (Table 1; Figure 4). The 459 

correlations between neutral diversity and recombination rate were slightly lower, but 460 

still significant, after using partial correlations to control for possible confounding 461 

factors such as GC content, gene density, divergence at neutral sites, and the number 462 

of neutral bases covered by sequencing data (Table 1).  463 

In accordance with the view that genes represent the most likely targets of 464 

natural selection (Lohmueller et al. 2011), the correlations between intergenic 465 

diversity and recombination rate were substantially weaker than those correlations in 466 

genic regions (Table 1). Only 7.3% of the variation in intergenic nucleotide diversity 467 

in P. tremula could be explained by variation in the recombination rate, whereas the 468 

impact of recombination rate variation on intergenic diversity in P. tremuloides and P. 469 

trichocarpa was negligible (<1% Figure S12; Table 1). However, after using partial 470 

correlation analyses to control for possible confounding factors, the correlations 471 

between intergenic diversity and recombination rate became significant in all species. 472 

Compared to genic regions these correlations were slightly higher in P. trichocarpa, 473 

of similar magnitude in P. tremuloides and weak in P. tremula (Table 1).  474 

 475 
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The effect of recombination on the efficacy of natural selection 476 

We characterized the ratio of non-synonymous to synonymous polymorphism (θ0-477 

fold/θ4-fold) and divergence (d0-fold/d4-fold) to assess whether there was a relationship 478 

between the efficacy of natural selection and the rate of recombination (Table 2). 479 

Once GC content, gene density and the number of 4-fold synonymous and 0-fold non-480 

synonymous sites were taken into account, we found no correlation between 481 

recombination rate and d0-fold/d4-fold in any of the three species (Table 2). We also did 482 

not observe any significant correlations between recombination rate and θ0-fold/θ4-fold 483 

over 1 Mbp windows after controlling for confounding factors (Table 2). However, 484 

when using 100 Kbp windows, we found significantly negative correlations between 485 

recombination rate and θ0-fold/θ4-fold in P. tremula and P. tremuloides, but not in P. 486 

trichocarpa (Table 2).  487 

 488 

Inconsistent effect of gene density on patterns of polymorphism in genic vs. 489 

intergenic regions 490 

We measured gene density as the number of protein-coding genes in each 1 Mbp 491 

window, which in turn was highly correlated with the proportion of coding bases in 492 

each window (Figure S13). For all three species, we found significantly positive 493 

correlations between population recombination rate and gene density (Figure 5a; 494 

Table 3). However, rather than being linear, the relationships between recombination 495 

rate and gene density was curvilinear with a significant positive correlation observed 496 

only in regions of low gene density (gene number smaller than ~85 within each 1Mbp 497 

window) (Table 3). For regions of high gene density (gene number greater than ~85 498 

within each 1Mbp window) we found no correlations between recombination rate and 499 
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gene density in both aspen species, and only a weak, positive correlation in P. 500 

trichocarpa (Figure 5a; Table 3). After controlling for GC content and the number of 501 

bases covered by sequencing data, the correlation became significant in regions of 502 

high gene density for P. tremula, but remained non-significant for P. tremuloides 503 

(Table 3).  504 

We then examined the relationship between neutral polymorphism and gene 505 

density. Compared to the prediction of lower diversity in regions with higher 506 

functional density (Payseur and Nachman 2002), we found that the correlation pattern 507 

between gene density and levels of neutral polymorphism in genic regions (θ4-fold) was 508 

highly consistent with the pattern found in recombination rate, where significantly 509 

positive correlations were found in regions of low gene density and either no or weak 510 

negative correlation was found in regions of high gene density (Figure 5b; Table 3).  511 

After again controlling for potential confounding variables, the positive correlations 512 

remained significant in regions of low gene density among all three species (Table 3), 513 

as well as in high gene-density regions in P. tremuloides and P. trichocarpa (Table 3). 514 

We did not find any significant relationships between neutral divergence and gene 515 

density in any of the three species (Figure S14).  516 

 Compared with genic regions, correlations between intergenic diversity and 517 

gene density followed a different pattern in the three species (Figure 5c). In intergenic 518 

regions nucleotide diversity and gene density were positively correlated in regions of 519 

low gene density but negatively correlated in regions of high gene density (Figure 5c; 520 

Table 3). These correlations remained significant even after controlling for possible 521 

confounding variables (Table 3). No relationship between intergenic divergence and 522 

gene density was found in any species (Figure S14). 523 
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 524 

Negative correlations between synonymous diversity and non-synonymous 525 

divergence at small physical scales  526 

A negative relationship between synonymous diversity and non-synonymous 527 

divergence has been suggested to be a strong evidence of the occurrence of recurrent 528 

selective sweeps (Andolfatto 2007), and such a pattern has previously been observed 529 

in P. tremula using data from a small number of candidate genes (Ingvarsson 2010). 530 

Here, however, we found either no or very weak negative correlations between neutral 531 

polymorphism (θ4-fold) and the rate of non-synonymous substitutions (d0-fold) in all 532 

three species for both 100 Kbp and 1 Mbp windows, and these correlations did not 533 

change after controlling for possible confounding factors (Table 4). However, the 534 

effects of recurrent selective sweeps on synonymous nucleotide diversity are thought 535 

to be high localized within genes (Andolfatto 2007), and we therefore examined the 536 

association between θ4-fold and d0-fold at smaller physical scales, using data from 537 

20,759 genes that retained more than 90% of bases after all filtering steps. In contrast 538 

to the lack of correlations observed across larger scales (100 Kbp or 1 Mbp), we 539 

found a significantly negative correlation between θ4-fold and d0-fold in all three species 540 

when assessed within genes (Table 4). After accounting for the possible influence of 541 

mutation rate variation among genes by normalizing θ4-fold by neutral divergence rate 542 

(d4-fold), the negative correlations became stronger in all species (Figure S15; Table 4).  543 

 544 

Discussion 545 

 546 

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted January 7, 2016. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

 

24

Genome-wide patterns of nucleotide polymorphism, site frequency spectrum and 547 

recombination  548 

We have characterized and compared genome-wide patterns of nucleotide 549 

polymorphism, site frequency spectra and recombination rates in three species of 550 

Populus: P. tremula, P. tremuloides and P. trichocarpa. Although levels of nucleotide 551 

diversity varied greatly throughout the genome in all three species, we find strong 552 

genome-wide correlations of nucleotide diversity among species. It likely reflects 553 

conserved variation in mutation rates and/or shared selective constraints across the 554 

genomes in these closely related species during the time since their last common 555 

ancestor (Hudson et al. 1987; Charlesworth et al. 1993). Levels of nucleotide 556 

diversity are slightly higher in P. tremuloides than in P. tremula, and the two aspen 557 

species collectively harbor greater than two-fold levels of genome-wide diversity 558 

compared to P. trichocarpa. In accordance with the larger current census population 559 

size and substantially more extensive geographic range (Eckenwalder 1996), the 560 

higher genetic diversity in both aspen species most likely reflects their larger effective 561 

population sizes (Ne) compared to P. trichocarpa. Nevertheless, interspecific variation 562 

in the mutation rate also deserves further study, particularly in light of recent results 563 

showing a feed-forward effect of genome-wide levels of heterozygosity and mutation 564 

rates (Lynch 2015; Yang et al. 2015). Compared to the consistent pattern of 565 

nucleotide diversity between species, the weak correlations in the allele frequency 566 

spectrum (Tajima’s D) likely reflect different demographic histories for the three 567 

species during the Quaternary ice ages (Ingvarsson 2008; Callahan et al. 2013; Zhou 568 

et al. 2014). For instance, the genome-wide excess of rare frequency alleles we 569 
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observe in P. tremuloides is likely explained by a recent, substantial population 570 

expansion that was specific to this species.  571 

In contrast to the mutation rate, recombination rates are only partially 572 

conserved among the three species (Figure 2c). The genome-wide average of the ratio 573 

of recombination to mutation (ρ/θW or c/μ) was similar in P. tremuloides (0.39) and 574 

P. trichocarpa (0.38), but substantially smaller in P. tremula (0.22). If mutation rates 575 

are indeed unchanged between species, as suggested above, the lower estimate of c/μ 576 

in P. tremula indicates considerably lower recombination rates in P. tremula relative 577 

to the other two species. These discrepant results obtained from patterns of 578 

polymorphism and recombination between P. tremula and P. tremuloides likely stems 579 

from different effects of effective population size on nucleotide diversity and linkage 580 

disequilibrium (Tenesa et al. 2007). These effects are known to operate over different 581 

time-scales and are likely therefore differentially affected by temporal variation in the 582 

effective population size (Tenesa et al. 2007; Cutter et al. 2013). The recent 583 

population size expansion that we infer to have taken place in P. tremuloides can thus 584 

also explain why its recombination rate is seemingly higher than in P. tremula, even if 585 

they share similar levels of genome-wide polymorphism. Finally, the c/μ estimates we 586 

have estimated for Populus are in line with recent genome-wide estimates from 587 

several other plant species, such as Medicago truncatula (0.29) (Branca et al. 2011), 588 

Mimulus guttatus (0.8) (Hellsten et al. 2013) and Eucalyptus grandis (0.65) (Silva-589 

Junior and Grattapaglia 2015). 590 

 591 

Pervasive signatures of purifying and positive selection across the Populus genome 592 
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In line with results from most other plant species (Gossmann et al. 2010), a majority 593 

(>50%-60%) of new amino acid altering mutations are subject to strong purifying 594 

selection (defined as Nes>10) in Populus. We find that the efficacy of purifying 595 

selection on weakly deleterious mutations is positively correlated with the inferred Ne, 596 

with purifying selection acting more efficiently in P. tremuloides that has the largest 597 

Ne compared to the other two species. The same pattern is also found for rates of 598 

adaptive evolution, where estimates of the proportion of amino acid substitutions 599 

driven to fixation by positive selection are highest in P. tremuloides (65%), lowest in 600 

P. trichcoarpa (20%) and intermediate in P. tremula (43%). The prevalence of 601 

adaptive evolution in Populus contrasts markedly with the estimates in most plant 602 

species, where little evidence of widespread adaptive evolution is found (Gossmann et 603 

al. 2010). However, Populus is not unique among plants showing high rates of 604 

adaptive evolution, and similar estimates have recently been reported in both Capsella 605 

grandiflora (Slotte et al. 2010; Williamson et al. 2014) and a number of Helianthus 606 

species (Strasburg et al. 2011). Most earlier studies doing such estimation have been 607 

based on subsets of genes rather than genome-wide data, and more estimates from 608 

other plant species would be valuable to assess whether the high rate of adaptive 609 

evolution we find in Populus is widespread or exceptional.  610 

Patterns of genomic variation contain abundant information on the relative 611 

importance of natural selection versus neutral processes in the evolutionary process 612 

(Cutter and Payseur 2013). We find that 0-fold non-synonymous sites exhibit 613 

significantly lower levels of polymorphism compared to 4-fold synonymous sites, and 614 

combined with an excess of rare variants found at 0-fold non-synonymous sites, our 615 

results suggest that the vast majority of amino acid mutations in Populus are under 616 
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purifying selection (Larracuente et al. 2008). In addition, introns and 5’ UTR sites are 617 

also under some degree of selective constraint, although this constraint is much 618 

weaker than what we observe at non-synonymous sites. 3’ UTR sites seem to be 619 

either neutral or at least under comparable extents of selective constraint as 4-fold 620 

synonymous sites are (Andolfatto 2005). In contrast to genic categories, we find 621 

substantially higher levels of polymorphism in intergenic regions in all three species. 622 

Although an artifact of mapping errors due to a greater fraction of repetitive 623 

sequences in intergenic regions could not be entirely excluded, the markedly increase 624 

in diversity may also reflect either higher mutation rates or relaxed selective 625 

constraint in these regions. Future investigations are required to assess the relative 626 

contribution of these alternative factors (Kimura 1983; Begun et al. 2007). 627 

Apart from strong selective constraints on protein-coding genes, multiple lines 628 

of evidence suggest that genome-wide patterns of polymorphism have been shaped by 629 

widespread natural selection in all three Populus species. First, we find significantly 630 

positive correlations between neutral polymorphism and population-scaled 631 

recombination rate in both genic and intergenic regions, even after controlling for 632 

confounding variables such as GC content, gene density, mutation rate and the 633 

number of covered sites by the data. While such a pattern is indicative of the action of 634 

natural selection, it could be explained by either background selection or selective 635 

sweeps. Both of these selective forces affect neutral sites through linkage, and the 636 

impact of selection on linked neutral diversity is more drastic and extensive in regions 637 

of low recombination (Begun and Aquadro 1992; McGaugh et al. 2012; Slotte 2014). 638 

The differences in the strength of the association between recombination and levels of 639 

neutral polymorphism likely reflect differences in the effective population size 640 
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between species (Cutter and Payseur 2013; Corbett-Detig et al. 2015), as we observe 641 

substantially stronger signatures of linked selection in P. tremula and P. tremuloides 642 

compared to P. trichocarpa, matching the larger Ne inferred for these species. 643 

However, the impact of natural selection at linked sites also depends greatly on the 644 

local environment of recombination (Cutter and Payseur 2013; Slotte 2014), and in 645 

line with this we observe the strongest signatures of linked selection in P. tremula 646 

instead of P. tremuloides, consistent with the lower levels of genome-wide 647 

recombination rates we find in P. tremula. Different magnitudes of linked selection 648 

provide one of the major explanations for the disparate patterns of genomic variation 649 

among even closely related species (Corbett-Detig et al. 2015) and we find that this 650 

also holds true for the three species of Populus we have investigated.  651 

Second, we find slightly negative correlations between recombination rate and 652 

the ratio of non-synonymous- to synonymous- polymorphism, but not divergence, in 653 

P. tremula and P. tremuloides, a pattern that suggests a reduced efficacy of purifying 654 

selection at eliminating weakly deleterious mutations in low recombination regions 655 

(Hill and Robertson 1966; Cutter and Choi 2010). The reduction of the efficacy of 656 

natural selection in regions of low recombination, known as Hill-Robertson 657 

interference, may help to understand patterns of partially positive correlations 658 

between gene density and recombination rate in these species (Gaut et al. 2007). 659 

Given the relaxed efficacy of purifying selection in regions of low recombination 660 

where weakly deleterious mutations are more likely to accumulate at a high rate, 661 

important functional elements are unlikely to cluster in these regions, as has already 662 

been shown in several other plant species (Anderson et al. 2006; Branca et al. 2011; 663 

Flowers et al. 2012) Consistent with this prediction (Haddrill et al. 2007), we find 664 
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positive association between gene density and recombination rate in regions that 665 

experience low rates of recombination. In high-recombination regions where selection 666 

is more effective at eliminating slightly deleterious mutations, the association 667 

becomes much weaker in all three species. However, it remains unclear whether it is 668 

the recombination gradients that drive the functional organization of genomes in 669 

response to selection, or whether it is the gradients of functional genomic elements 670 

that in turn modify the evolution of recombination rates in Populus. 671 

 Third, by examining the relationship of neutral polymorphism, recombination 672 

rate and gene density, we find that levels of neutral polymorphism in genic regions 673 

are primarily driven by local rates of recombination, regardless of the density of 674 

functional genes. In contrast, we observe a more complex pattern in intergenic regions 675 

where levels of intergenic polymorphism are mainly driven by recombination rates in 676 

regions of low gene density, while in regions of high gene density levels of intergenic 677 

diversity are primarily shaped by the density of nearby genes. As we find that gene 678 

density and recombination rates co-vary in all three species, the signatures of linked 679 

selection associated with gene density could thus become obscured by rates of 680 

recombination, especially in regions of low gene density (Flowers et al. 2012). As 681 

shown in most plants studied so far (Nordborg et al. 2005; Slotte 2014), a negative 682 

relationship between gene density and levels of neutral polymorphism is more likely 683 

attributed to more intense purifying selection against deleterious mutations in regions 684 

of greater gene density, and the magnitude of such effects depends on the strength of 685 

purifying selection (Sella et al. 2009). In accordance with this expectation, most new 686 

mutations in genic regions are strongly deleterious and would be eliminated too 687 

quickly to remove large amounts of genetic variation at linked neutral loci. Thus even 688 
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in regions of high gene density, we do not find negative correlations between gene 689 

density and genetic diversity in genic regions. However, background selection due to 690 

deleterious mutations of moderate effect in intergenic regions could account for the 691 

negative association we observe between levels of intergenic polymorphism and gene 692 

density in regions of high gene density. It is apparent that the extent to which natural 693 

selection is acting on noncoding regions of the genome in Populus (e.g. intergenic 694 

regions) will be an interesting avenue for future studies. 695 

 Finally, in all three Populus species we find significantly negative correlations 696 

between levels of synonymous polymorphism and the rate of amino acid substitution 697 

at the scale of single genes. This pattern could be driven by either recurrent selective 698 

sweeps or background selection (Charlesworth et al. 1993; Andolfatto 2007). 699 

However, background selection reduce local Ne due to the removal of weakly 700 

deleterious mutations, and is therefore expected to result in both reduced levels of 701 

nucleotide polymorphism and an increase of the fixation rate of slightly deleterious 702 

mutations (Charlesworth et al. 1993). Background selection is thus expected to affect 703 

the rates of both synonymous and non-synonymous substitutions equally, but when 704 

variation in the rates of synonymous substitution is taken into account, we find a 705 

substantially stronger (rather than weaker) negative correlation between levels of 706 

synonymous polymorphism and the rate of protein evolution. This suggest that the 707 

negative relationship we observe between non-synonymous substitution rate and 708 

levels of variation at synonymous sites is most likely driven by effects of recurrent 709 

selective sweeps in all three species (Andolfatto 2007; Sella et al. 2009). Furthermore, 710 

the physical scale at which these signatures of natural selection are detected carries 711 

valuable information about the strength of positive selection at the genomic level 712 
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(Macpherson et al. 2007). Since the signatures of recurrent selective sweeps are only 713 

detectable on a genic scale, it mostly reflects relatively weak selection on the majority 714 

of adaptive amino acid substitutions and may thus explain why we do not observe the 715 

effects at either 100-Kbp or 1-Mbp scales (Macpherson et al. 2007; Sella et al. 2009). 716 

 717 

Conclusion and perspectives 718 

In summary, our findings highlight multiple lines of evidence suggesting that natural 719 

selection, both due to purifying and positive selection, has shaped patterns of 720 

nucleotide polymorphism at linked neutral sites in all three Populus species. 721 

Compared to the predictions of the Neutral Theory which suggest that adaptations 722 

contribute negligibly to divergence between species (Kimura 1983), we find that 723 

around 20% - 65% of all amino acid substitutions are driven to fixation by adaptive 724 

evolution in Populus. These estimates are in accordance with the results from a 725 

number of other organisms with large effective population sizes, such as Drosophila 726 

(Sella et al. 2009), mammalian (Halligan et al. 2010; Carneiro et al. 2012) and a few 727 

plant species (Slotte et al. 2010; Strasburg et al. 2011), but substantially higher than 728 

in species with relatively small effective population sizes, such as humans and most 729 

other plant species, where little evidence of adaptive evolution has been detected 730 

(Eyre-Walker and Keightley 2009; Gossmann et al. 2010). Given that all three 731 

Populus species share similar life-cycle characteristics, such as outcrossing mating 732 

system, relatively large Ne and limited population subdivision, future studies from 733 

other long-lived forest trees are needed to investigate whether these are characteristics 734 

more generally influencing genome-wide patterns of selection in plants (Hough et al. 735 

2013). Furthermore, differences in Ne and rates of recombination among the three 736 

.CC-BY-NC-ND 4.0 International licensea
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 

The copyright holder for this preprint (which was notthis version posted January 7, 2016. ; https://doi.org/10.1101/026344doi: bioRxiv preprint 

https://doi.org/10.1101/026344
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

 

32

Populus species are largely explaining differences in the magnitude of linked 737 

selection we observe between them.  738 

 Our analyses suggest  pervasive adaptive evolution in all three species of 739 

Populus and although alternative hypotheses such as demographic effects could lead 740 

to spurious evidence of natural selection (Fay et al. 2001), the presence of linked 741 

selection could also bias inferences of demographic history (Slotte 2014). Due to the 742 

pervasive effects of linked selection we have documented in these species, our 743 

findings suggest that more attention should be paid to the process of choosing neutral 744 

sites for demographic inferences. Alternatively, new methods that allow for the joint 745 

estimation of demography and selection from genome-wide data are urgently needed. 746 
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Tables 1013 

Table 1. Summary of the correlation coefficients (Spearman’s rank correlation 1014 

coefficient) between levels of neutral polymorphism (Θ), divergence (d) and 1015 

recombination rate (ρ) in genic and intergenic regions among all three Populus 1016 

species. 1017 

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 1018 

between aspen and P. trichocarpa, and coverage (the number of 4-fold synonymous bases covered by 1019 

sequencing data). 1020 

bPartial correlation controls for GC content, gene density, divergence of intergenic sites between aspen 1021 

and P. trichocarpa, and coverage (the number of intergenic bases covered by sequencing data). 1022 

*  P<0.05 1023 

**  P<0.001 1024 

***  P<2.2×10-16 1025 

 1026 

 1027 
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Table 2. Summary of the correlation coefficients (Spearman’s rank correlation 1028 

coefficient) between recombination rate (ρ) and the ratio of non-synonymous to 1029 

synonymous polymorphism (θ0-fold/θ4-fold) and divergence (d0-fold/d4-fold). 1030 

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 0-1031 

fold non-synonymous bases covered by sequencing data. 1032 

*P<0.05 1033 

**P<0.001 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 
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Table 3. Summary of the correlation coefficients (Spearman’s rank correlation 1045 

coefficient) between gene density and population recombination rate (ρ), neutral 1046 

polymorphism in genic (Θ4-fold) and intergenic regions (Θintergenic) over 1 Mbp non-1047 

overlapping windows in three Populus species. 1048 

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 1049 

bPartial correlation controls for GC content, population recombination rate, divergence of 4-fold 1050 

synonymous sites between aspen and P. trichocarpa, and coverage (the number of 4-fold synonymous 1051 

bases covered by sequencing data). 1052 

cPartial correlation controls for GC content, population recombination rate, divergence of intergenic 1053 

sites between aspen and P. trichocarpa, and coverage (the number of intergenic bases covered by 1054 

sequencing data). 1055 

*  P<0.05 1056 

**  P<0.001 1057 

***  P<2.2×10-16 1058 

 1059 

 1060 

 1061 

 1062 

 1063 
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Table 4. Summary of the correlation coefficients (Spearman’s rank correlation 1064 

coefficient) between levels of synonymous diversity (Θ4-fold) and non-synonymous 1065 

divergence (d0-fold) at different physical scales in three Populus species. 1066 

 1067 

aPartial means partial correlation controls for GC content, gene density, population recombination rate, 1068 

divergence of 4-fold synonymous sites between aspen and P. trichocarpa, the number of 4-fold 1069 

synonymous bases and 0-fold non-synonymous bases covered by sequencing data. 1070 

bPartial means correlation between d0-fold and θ4-fold/ d4-fold. 1071 

*  P<0.05 1072 

**  P<0.001 1073 

***  P<2.2×10-16 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 

Dataset Species 

d0-fold vs. θ4-fold 

Pairwise Partial 

100 Kbpa P. tremula -0.029 -0.032 

 P. tremuloides -0.021 -0.025 

 P. trichocarpa -0.053* -0.051* 

1 Mbpa P. tremula -0.049  0.043 

 P. tremuloides -0.069 -0.008 

 P. trichocarpa -0.086 -0.006 

Single-genesb P. tremula -0.087*** -0.185*** 

 P. tremuloides -0.087*** -0.192*** 

 P. trichocarpa -0.148*** -0.218*** 
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Figure legends 1080 

 1081 

Figure 1. Genome-wide patterns of polymorphism among three Populus species. 1082 

Nucleotide diversity (Θπ) was calculated over 100 Kbp non-overlapping windows in 1083 

P. tremula (orange line), P. tremuloides (blue line) and P. trichocarpa (green line) 1084 

along the 19 chromosomes.  1085 

 1086 

Figure 2. Distribution and correlations of (a) polymorphism (Θπ), (b) Tajima’s D 1087 

and (c) population-scaled recombination rate (ρ) between pairwise comparisons 1088 

of P. tremula, P. tremuloides and P. trichocarpa over 100 Kbp non-overlapping 1089 

windows. The red to yellow to blue gradient indicates decreased density of observed 1090 

events at a given location in the graph. Spearman’s rank correlation coefficient (rho) 1091 

and the P-value are shown in each subplot. (*** P<2.2×10-16, **P<0.001). The dotted 1092 

grey line in each subplot indicates simple linear regression line with intercept being 1093 

zero and slope being one. 1094 

 1095 

Figure 3. Estimates of purifying and positive selection at 0-fold non-synonymous 1096 

sites in three Populus species. (a) The distribution of fitness effects of new amino 1097 

acid mutations (DFE), (b) the proportion of adaptive substitution (α), and (c) the rate 1098 

of adaptive non-synonymous to synonymous substitutions (ω) in P. tremula (orange 1099 

bar), P. tremuloides (blue bar) and P. trichocarpa (green bar). Error bars represent 95% 1100 

bootstrap confidence intervals. 1101 

 1102 
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Figure 4. Correlations of estimates between neutral genetic diversity (Θ4-fold) (left 1103 

panel), neutral genetic divergence (d4-fold) (right panel) and population-scaled 1104 

recombination rates (ρ) over 1Mbp non-overlapping windows. Linear regression 1105 

lines are colored according to species: (a) P. tremula (orange line), (b) P. tremuloides 1106 

(blue line) and (c) P. trichocarpa (green line).  1107 

 1108 

Figure 5. Correlations of estimates between (a) population-scaled recombination 1109 

rates (ρ), (b) genic genetic diversity (Θ4-fold), (c) intergenic genetic diversity 1110 

(ΘIntergenic) and gene density over 1 Mbp non-overlapping windows in P. tremula 1111 

(left panel), P. tremuloides (middle panel) and P. trichocarpa (right panel). Grey 1112 

points represent the statistics computed over 1Mbp non-overlapping windows. 1113 

Colored lines denote the lowess curves fit to the analyzed two variables in each 1114 

species. 1115 

 1116 
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