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Abstract
Comparing gene expression patterns and genetic polymorphisms between populations is of central importance for
understanding the origin and maintenance of biodiversity. Based on population-specific gene expression levels and allele
frequency differences, we sought to identify population divergence (PD) genes across the introgression-resistant genomic
regions of Populus trichocarpa. Genes containing highly diverged loci [i.e., genetic divergence (GD)] or showing expression
divergence (ED) between populations were widely distributed in the genome and substantially enriched in functional
categories related to stress responses, disease resistance, timing of flowering, cell cycle regulation, plant growth, and
development. Nine genomic regions showing evidence of strong positive selection were overlapped with GD genes, which
had significant differences between Oregon (a southernmost peripheral deme) and the other demes. However, we did not find
evidence that genes under positive selection show an enrichment for ED. PD genes and genes under selection pertained to
the same gene classes, such as SERINE/CYSTEINE PROTEASE, ABC TRANSPORTER, GLYCOSYLTRANSFERASE and
other transferases. Our analysis also revealed that GD genes were polymorphic within the species (41.9 ± 3.66 biallelic
variants per gene), as previously reported in herbaceous plants. By contrast, ED genes contained less genetic variants
(10.73 ± 1.14) and were likely highly expressed. In addition, we found that trans- rather than cis-acting variants considerably
contribute to the evolution of >90% PD genes. Overall, this study elucidates that cohorts of PD genes agree with the general
attributes of known speciation genes and GD genes will provide substrates for positive selection to operate on.

Introduction

Understanding how genetic divergence leads to the emer-
gence of new populations or species is of prime evolu-
tionary interest (Seehausen et al. 2014). Gene flow and
natural selection are two crucial processes accounting for
how populations and/or species form (Mallet 2005; Nosil
et al. 2009). By exchanging genetic material between dif-
ferent gene pools, gene flow influences genetic diversity

including structural diversity by generating novel structural
variation. Compared with the mating between individuals
within species, introgression represents a long-term out-
come of gene flow between species through hybridization
and backcrossing. It is adaptive if foreign variants of a
donor species can be maintained in the recipient species by
natural selection (Anderson and Hubricht 1938). As an
important evolutionary force, introgression may provide
adaptive variation for the recipient species (Anderson 1953;
Rieseberg and Wendel 1993) and can substantially alter the
evolutionary trajectory of populations (Rieseberg et al.
1999). Introgressable genomic fragments have the potential
to confer a fitness advantage by introducing foreign alleles
simultaneously at multiple unlinked loci (Abbott et al. 2013;
Mallet 2007). By contrast, introgression-resistant genomic
blocks imply constraints in hybridizing taxa, potentially
leading to reproductive isolation; one well-supported find-
ing is reduced introgression on sex -determining regions
(Barton 1979; 2001; Qvarnstrom and Bailey 2009). More-
over, elevated genomic divergence can occur in the absence
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of recent gene flow through divergent selection (Han et al.
2017; Renaut et al. 2014). It is, therefore, of great interest to
examine how introgression-resistant genomic regions or
genes in particular maintain their integrity and thus con-
tribute to the adaptive divergence of populations and spe-
cies through natural selection (Orr et al. 2004; Wu 2001;
Wu and Ting 2004).

Recent studies of adaptive introgression in plants have
extended to long generation taxa with “porous” species
boundaries such as poplars (Chhatre et al. 2018; Stölting
et al. 2013; Suarez-Gonzalez et al. 2016; 2018b). Populus
hybrids are common in sympatric zones of interfertile
poplar species (DiFazio et al. 2011). Evidence has shown
introgression between two Populus congeners, P. tricho-
carpa and P. balsamifera, in northern British Columbia,
Canada (Geraldes et al. 2014), leading to asymmetric
adaptive introgression of disease resistance (Suarez-Gon-
zalez et al. 2018a; 2018b). Surprisingly, the sex chromo-
some in poplars appears to have experienced rampant
introgression rather than the accumulation of isolation genes
(Stölting et al. 2013), which is at odds with conventional
knowledge on the role of sex chromosomes in speciation
(Qvarnstrom and Bailey 2009). In addition to introgression,
evidence has also revealed strong post-zygotic isolation
(one key mechanism in speciation) due to genetic incom-
patibilities between Populus spp. (Lexer et al. 2010;
Lindtke et al. 2014). Generally speaking, speciation is a
multidimensional process involving a combination of
genetic, geographic, ecological, and demographic factors
(Avise 2000; Nosil et al. 2017). Understanding the con-
tinuous nature of speciation and constraints thereof (Mallet
1995) requires knowledge on the origin of alleles and/or
genes under divergent or incompatibility selection (Ravinet
et al. 2017; Wolf and Ellegren 2017).

Genetic introgression provides material for adaptive
evolution, but it confounds our understanding of population
divergence (PD). In this study, we aim to explore how
divergent populations maintain their differences when
challenged by introgression. We use Populus trichocarpa as
a study system to examine genetic bases of PD in
introgression-resistant regions of the expressed sequences.
An accumulation of genetic divergence underpins the pro-
cess of speciation. Along the speciation continuum, PD can
be viewed as a nascent stage of speciation (Clausen 1951).
In a broad-sense, a portion of population-level divergent
genes likely constitute speciation genes. Here, we defined
PD genes as any genes that exhibit differential gene
expression (expression divergence; ED gene) or coding-
region variation, namely, single nucleotide polymorphism
(SNP) variants associated with allelic difference (genetic
divergence; GD gene) between demes. Note that it has been
demonstrated that differential expression in ED genes is
able to cause adaptive phenotypic changes in animals (e.g.,

refs. (Abzhanov et al. 2006; Chan et al. 2010; McBride
et al. 2014)); as such, they have the potential to beget PD
and speciation (Haerty and Singh 2006). Nonetheless, such
a causative relationship has been reported only in a few
cases [e.g., ref. (Kradolfer et al. 2013) in Arabidopsis and
refs. (Chung et al. 2014; Dion-Côté et al. 2014; Thomae
et al. 2013) in animals]. By unifying gene expression
(RNA-seq) and SNP variants (genotyping) within the
coding-region sequences, this study specifically seeks to
address the following questions:

(1) Based on introgression-resistant loci of the transcrip-
tome, what is the relatedness between demes at the
genetic level? Does population structure inferred from
these loci change compared with that obtained from
genome-wide all SNP variants?

(2) Is phenotypic-level population divergence driven by a
few loci of major effect or many genome-wide
differences (i.e., GD)? Do these divergent populations
also show widespread ED in the genome?

(3) How do changes in genetic variation impact changes
in gene expression? Using SNP variants associated
with variation in gene expression (i.e., regulatory
expression quantitative trait loci [eQTLs]), are there
enriched eQTLs for ED genes? Do cis- or trans-
eQTLs contribute more to the evolution of PD genes?

(4) Given that genes under divergent or balancing
selection between populations, a priori, yield more
inter-population genetic differentiation than neutral
loci, do genomic regions harboring PD genes overlap
with regions that have undergone positive selection?
What are the biological functions for both PD genes
and genes under selection? The answer to this
question helps understand whether or not local
adaptation (adaptive loci under positive selection)
and PD have a common genetic basis.

We underpin the results of PD genes under selection by
examining selective sweeps and searching for PD genes
across the hitherto known introgression-resistant genomic
regions in a large number of individuals from five demes
across the geographical distribution range of P. trichocarpa.

Methods

Plant material and sample collection

Branch cuttings from naturally growing trees of Populus
trichocarpa Torr. & A. Gray located in 29 drainages
(topographic units separated by watershed barriers)
extending 14° in latitude (45.6 to 59.6°N) spanning the
species’ geographic distribution range (44 to 60°N, −121 to

Transcriptome-wide analysis of introgression-resistant regions reveals genetic divergence genes under. . . 443



−138°W) in the Pacific Northwest were collected by British
Columbia Ministry of Forests, Lands and Natural Resource
Operations (Xie et al. 2009). Cuttings were rooted and
outplanted at Surrey, British Columbia, Canada (49.19°N,
−122.85°W, 134 masl) in 2000. In spring 2008, cuttings
were collected from the Surrey site and used to establish a
randomized, replicated common garden at the University of
British Columbia Research Totem Field (49.26°N,
−123.25°W, 82 masl) (McKown et al. 2013). Each of the
403 genotypes was replicated by 4–20 clonal ramets and
these genotypes were grouped into 139 provenances within
29 drainages (Xie et al. 2009; 2012). Of these genotypes,
182 individuals were SNP-genotyped and RNA-sequenced
and each individual was represented by 2–4 clonal repli-
cations. Samples of both xylem and leaves were collected
at noontime over three consecutive days. Xylem samples
were scraped from the glutinous layer underneath bark at
~30 cm position from the tree base and leaf samples were
taken from fully uncurled leaves at the top of the canopy.
Based on population structure generated by genome-wide
genetic markers (Geraldes et al. 2014), we grouped these
genotypes into five demes (or populations): North (wild
sourced hybrids with P. balsamifera, isolated from the
southern demes via physical barriers), North-South (located
at the North and South separating transect), South (species
core growth region with many pure P. trichocarpa indivi-
duals identified (Suarez-Gonzalez et al. 2018a), thus
representing central populations), South-Oregon (in the
South-to-Oregon transition), and Oregon (southernmost
sampling at the species trailing edge representing marginal
populations).

Variants detection and SNP genotyping

DNA was extracted from P. trichocarpa mature leaves and
three different sample sets were used to call single
nucleotide polymorphisms (SNPs). Genotypes were
sequenced at an expected coverage ranging from 15× to 30×
using the Illumina HiSeq2000 platform (Michael Smith
Genome Sciences, Vancouver, BC). Short reads from the
sequencing libraries were independently aligned to the
P. trichocarpa genome v. 3.0 using Burrows-Wheeler
Aligner v. 0.6.1-r104 with default parameters. Mate pair
metadata and marked duplicate molecules were corrected
using the FixMateInformation and MarkDuplicates methods
in the Picard package (http://picard.sourceforge.net). Reads
present in areas surrounding InDels were re-aligned using
the IndelRealigner module in Genome Analysis Toolkit
(GATK) v. 1.5-25-gf46f7d0. Subsequently, SNPs and
small indels were independently called using the Uni-
fiedGenotyper method from GATK. The SNPs were then
filtered to exclude variants within 3 bp of any identified
variants, having a mapping quality <5, and a variant quality

<30. Each SNP was annotated using SNPeff (Cingolani
et al. 2012) with the P. trichocarpa genome v. 3.0.

RNA-seq in stem xylem and leaves

Transcriptomic data were obtained from a population-wide
RNA-sequencing using the P. trichocarpa provenances
described above. Total RNA was extracted with a Purelink
kit (Invitrogen, USA) and cleaned with a RNeasy Plant
Mini Kit (Qiagen, Germany). Quantity and quality were
checked with a 2100 BioAnalizer (Agilent, USA). Samples
with RIN ≥ 9 were treated with a Nextera DNA library
preparation kit (Illumina, USA) to generate 75-nt pair-end
reads on the Illumina HiSeq2000 platform. Short reads were
trimmed off adaptor sequences and checked for quality
using Trimmomatic v.0.32 (Bolger et al. 2014) (minimum
quality 20 over 4-bp sliding window, minimum length of
50 bp) before alignment to the P. trichocarpa genome v. 3.0
using TopHat v.2.0.8 (Trapnell et al. 2012) (mean inner
distance 300 bp with 20-bp standard deviation between
reads). Reads mapped to multiple loci of the genome were
given a mapping quality of zero. The RNA-seq data, pre-
sented as fragments per kilobase of transcript per Million
mapped reads (FPKM), were calculated using Cufflinks v.
2.1.1 (Trapnell et al. 2012). A total of 26,741 and 27,986
primary annotated gene transcripts was yielded in the xylem
and leaf RNA-seq data, respectively. After excluding genes
over swathes of introgressed genome regions [information
from ref. (Suarez-Gonzalez et al. 2018a)], we used 26,328
and 27,548 genes in the xylem and leaf transcriptomic data,
respectively, for all subsequent analyses.

Population stratification, genetic estimates, and
individual genetic relationship

Population structure was estimated using PLINK v. 1.90
(Purcell et al. 2007) based on 172,408 SNPs distributed in
the introgression-resistant transcriptomic regions across 19
chromosomes. The maximum cluster size parameter was set
to 5 (--mc 5). Linkage disequilibrium (LD) for each deme
and individual inbreeding coefficients (F) were calculated
also using PLINK v. 1.90 through the “--r2” and “--het”
command option, respectively (Purcell et al. 2007). To
characterize population differentiation between demes and
genetic diversity across the introgression-resistant tran-
scriptomic regions of each deme, population genetic para-
meters (Nei’s nucleotide diversity (π), Tajima’s D, and
Hudson’s FST) were calculated in a 1-bp sliding window
with a step size of 1 bp on PopGenome v. 2.2.4 (Pfeifer
et al. 2014). Further, we constructed a species phylogenetic
tree using a coalescent model, implemented by SNAPP v.
1.4.2 (Bryant et al. 2012), a package of the Bayesian soft-
ware BEAST v. 2.5.2 (Bouckaert et al. 2019). Owing to the
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computational demands of analyzing the entire dataset, we
reduced the number of individuals in the South deme by
choosing all pure individuals and at least one individual
from each drainage with priority given to those with the
least missing data. After this selection step, every deme had
a balanced number of individuals (ca. 14 individuals per
deme) and a total of 65 individuals was retained. Based on
biallelic SNPs within genes (N= 122,672), we only used
those with no missing data (N= 15,411) for analysis. The
starting mutation rate parameters were calculated directly
from the sequence alignment (u= 1.213, v= 0.851). The
default value 10 was used for the “coalescent rate” para-
meter and the value of the parameter was sampled (esti-
mated in the Markov chain Monte Carlo [MCMC]). The
priors for ancestral population sizes were chosen to be a
relatively broad gamma distribution with parameters α= 2
and β= 200. A Yule tree prior with λ= 0.01 and a gamma
prior for θ (α= 11.75, β= 109.73) were used. Three sepa-
rate MCMC runs of 106 generations were performed,
sampling every 103 generations. We assessed convergence
using Tracer v. 1.7.1 (Rambaut et al. 2018) and used
LogCombiner to combine the runs after removing 10% of
the trees as a burn-in. The MCMC traces for each run were
shown in Supplementary Fig. S7. The BEAST tree topology
was visualized as a cloudogram with Densitree v. 2.2.5
(Bouckaert 2010).

Detection of genetic loci of genomic population
divergence

We identified highly differentiated genomic loci for each
deme using a Hidden Markov Model (HMM) approach
(Hofer et al. 2012; Marques et al. 2016; Soria-Carrasco et al.
2014). In brief, the HMM is based on three hidden states,
that is, genomic background (assumedly neutral under a
hierarchical island model), regions of exceptionally low
divergence, and regions of exceptionally high divergence.
We used highly diverged regions as loci of PD. The most
likely state of each SNP was inferred from the HMM, based
on observed Hudson’s FST values for each deme. We opti-
mized parameters of the HMM from 1000 random initial
parameters using the Baum-Welch algorithm (Baum et al.
1970) implemented in the R package HiddenMarkov
v.1.8.11. The best HMM parameter was used to reconstruct
the most likely states using the Viterbi algorithm (Viterbi
1967). R script to perform the HMM was available at https://
github.com/marqueda/HMM-detection-of-genomic-islands.

Expression level population divergence based on
QST and fold-change

To test population differentiation in gene expression, we
estimated levels of gene expression divergence based on

QST—the quantitative genetic equivalent of FST (Leinonen
et al. 2013; McKay and Latta 2002). QST was estimated
following the method of (Spitze 1993). The additive var-
iance components between (σ2between) and within (σ2within)
populations for each gene were obtained through nested
analysis of variance (i.e., drainages nested within demes)
using the MCMC approach in the R package MCMCglmm
v.2.29 (Hadfield 2010). In a Bayesian framework, each
model employed resampling strategies across individuals
within population. Specifically, we used inverse Wishart
priors and an MCMC of 50,000 iterations with a burn-in of
10%. QST was calculated as σ2between= σ2between þ 2σ2within

� �
.

To overcome the overestimation of QST, we only considered
the genes with significant heritability. We calculated
repeatability as an assumed upper bound estimate of broad-
sense heritability (H2) of gene expression from the variance
estimates based on σ2G= σ2G þ σ2E

� �
, where σ2Gis the genetic

component of the variance estimated as the expression
variance between genotypes for a given gene (i.e., variance
among individual means) and σ2E is the environmental
component of the variance estimated as the expression
variance within genotypes for a given gene (i.e., the mean
variance among replicates). Point estimates of H2 were
obtained using the repeatability function in the R package
heritability v.1.2 (Kruijer et al. 2015). The significance of
H2 was estimated by using an empirical null model where
heritabilities were based on random genotype assignments.
For each gene, 1000 permutations were performed and
empirical P-values were calculated using empPvals function
in the R package q-value v.2.18.0 (Bass et al. 2015).

Further, differential gene expression between demes was
calculated using a quasi-likelihood negative binomial gen-
eralized log-linear model (glmQLFit), implemented in the R
package edgeR v. 3.28.1 (Robinson et al. 2010). In each
case of paired comparisons, genes with a false-discovery
rate (FDR) corrected for multiple testing using the method
of Benjamini and Hochberg below 0.05 and a fold‐change
>1.2 were considered significantly differentially expressed.

Transcriptome-wide scan for selective sweeps

Genome-wide scans can identify differentiated loci between
populations/species that may have promoted population/
species divergence. Most of the available approaches for
selection analysis are more sensitive to signatures of strong
positive selection, namely, hard-selective sweeps. We used
likelihood-, LD-, and FST-based approaches to detect SNPs
under selection across the regions of the introgression-
resistant transcriptome. We first scanned for target loci of
recent positive selection using SweepFinder2 v. 1.0
(DeGiorgio et al. 2016; Nielsen et al. 2005). This software
program implements the test for sweeps based on
local deviations of the folded site frequency spectrum.
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The spacing parameter -g was set to 10 kb and the program
was run for each of the five demes. The composite like-
lihood ratio (CLR) was estimated for each SNP and the top
100 peak-sweep signals with a CLR higher than the
introgression-resistant transcriptome-wide ca. 97% quantile
were used to define sweep candidates. Consequently, sig-
nificance cutoffs of 26.71, 10.65, 21.63, 16.93, and 15.03
were used for North, North-South, South, South-Oregon,
and Oregon demes, respectively. Second, we computed the
ω statistic (LD-based) for selective sweeps at 10-kb inter-
vals using OmegaPlus v. 2.3.0 (Alachiotis et al. 2012). The
minwin and maxwin parameters were set to 100 and 1000,
respectively. Similarly, the top 100 highest ω statistic values
were used to select sweep candidates, which equaled to use
the statistic thresholds of 10.65, 6.84, 13.79, 87, and 17.58
for the aforementioned five demes, respectively. The last
approach we used was based on the expected distribution of
FST (Chi-square distribution if no selection or neutral loci)
implemented via OutFLANK v. 0.2 (Whitlock and Lotter-
hos 2015). We used the entire SNP data and generated the
FST distributions after removal of the loci within the top and
bottom 5% of the distribution, with an expected hetero-
zygosity <0.01, or an FDR (q-value) >0.05. The overlap
regions of the three methods showing significant selection
were deemed confident-selective sweep regions. Genes
within (or adjacent to) these regions were deemed genes
under selection.

Multiple factor analysis

We used a multidimensional exploratory approach—multi-
ple factor analysis (MFA)—to jointly analyze the structure
emerging from one genomic and two transcriptomic data
(stem xylem and leaves). A priori, the MFA is a PCA
applied to each group of variables in merged data tables (i.e.,
each data table composed of a group of different variables
but the same set of individuals across data tables). Then each
variable is weighted by the first eigenvalue of the matrix of
variance-covariance associated with the group it belongs to
(details in Supplementary Note S1; refs. (de Tayrac et al.
2009; Pagès 2002)). The rationale of the scaling is to balance
the influence from each of the groups of variables and thus
the first component of each group has the same inertia. After
the global analysis for the whole data, MFA provides a
balanced representation of each individual by using the
whole data table and a partial representation of each indi-
vidual by using each of the groups of variables. The corre-
sponding graphical displays (individual factor map and
variables representation) can be read as in PCA. MFA also
permits looking for specific and common structures from
each variables group through a representation of each matrix
of variables (groups representation). By integrating biolo-
gical information as supplementary groups of variables, we

are able to identify the biological processes that best reflect
the molecular underpinnings (e.g., allelic frequency of
genetic variants, differential gene expression) characterizing
the differences between clusters for individuals. It is worth
noting that these supplementary groups of variables do not
participate in the construction of the dimensions (axes) of the
MFA. The interpretation of the results is made through the
projection of biological processes onto the dimensions from
MFA (Supplementary Note S1). We used the Lg measure
(akin to the multiple correlation coefficient R2 with limits
between 0 and 1) to represent and compare the groups. We
performed an MFA using the R package FactoMineR v. 2.3
(Lȇ et al. 2008).

Finally, to test for whether PD genes had different gene
expression or allele frequencies between two main deme
clusters identified by Dims of the MFA, we calculated
maximal information coefficients (MIC) using the R
package minerva v. 1.5.8 (Albanese et al. 2013). This test
is similar to permutation test to establish statistical sig-
nificance by using resampling strategies, but has the merit
of identifying both linear and nonlinear dependencies
between variables. For each allele frequency- or
expression-deme test, a null distribution of MIC values
was created by using 500,000 bootstrapped MIC tests
with randomly associated data points. P-values were
calculated by determining the proportion of null MIC
values that were higher than the actual counterparts; small
P-values indicate less likely to get the true MIC value
than expected by chance. We corrected P-values using the
Benjamini–Hochberg procedure (Benjamini and Hoch-
berg 1995) and calculated an FDR using the R package
q-values v. 2.18.0 (Bass et al. 2015). Both adjusted
P-values and q-values < 0.05 were considered statistically
significant.

eQTL mapping

To test whether the expression of ED genes has associated
SNPs, eQTL association mapping was performed using the
R package MatrixEQTL v. 2.3 (Shabalin 2012). The
population structure (i.e., all individuals stratified into five
demes) was used as a covariate in the linear regression
model implemented by MatrixEQTL. We performed the
testing of the model based on t-statistic and significance
threshold was set at P < 1e-6 and q-values < 0.05. cis-
eQTLs typically arise due to variation in cis-regulatory
elements, whereas trans-eQTLs mostly occur because of
polymorphism on trans-regulatory factors located far away
from the target genes (Rockman and Kruglyak 2006). We
determined an eQTL as cis (e.g., promoters, enhancers and
changes in homolog expression) if gene-SNP pairs are
within the distance of 1Mbp; all eQTLs that did not meet
this criterion were defined as trans (e.g., transcriptional
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factors and chromatin modifiers). Note that in this study, we
considered only SNP variants in coding and regulatory
regions (i.e., genes ± 800 bp), so all the cis-/ trans-eQTLs
identified were within genes and their near up-/down-
streams.

Functional annotation and GO enrichment

Gene ontology (GO) enrichment for ED genes was cal-
culated using the R package topGO v. 2.36.0 (Alexa and
Rahnenführer 2010). Mapping Populus trichocarpa gene
identifiers to GO terms was accomplished by searching
the GO database (http://geneontology.org/), which was
used to customize GO annotations for subsequent use.
These GOs were visualized using REVIGO (Supek et al.
2011). Of the 400 ED genes (i.e., top 100 most con-
tributable to each of Dim 1, 2, 4, and 6 of the MFA), 46
had GO terms, and using top 10% ED genes based on
contribution ratios in the MFA (see Supplementary Fig.
S16), 6 were used to predefine interesting genes (para-
meter “geneSectionFun”). The parameter nodeSize was
set to 5 to prune GO terms with fewer than five annotated

genes. The weight algorithm with Fisher’s exact test was
used to rank most important GOs in the enrichment
analysis.

Results

Introgression-resistant transcriptome-wide genetic
diversity and population-level genetic divergence

Based on genome-wide markers (Supplementary Fig. S1),
the population stratification indicated that the individuals
can be divided into five demes, that is, North, North-South,
South, South-Oregon, and Oregon (inset of Fig. 1a). Using
SNP markers within the transcribed sequences along
the introgression-resistant genomic regions (track “g” of
Fig. 2a), multidimensional scale (MDS) plot showed that
Oregon was a genetically distinct deme with a contrasting
population structure (Fig. 1a). Inbreeding coefficient (F) in
Oregon and North-South was significantly different to each
of the other demes (all P < 0.05 based on Wilcoxon test;
Supplementary Fig. S6a) and these two demes had the

Fig. 1 Introgression-resistant transcriptome-wide portrait of
population divergence at genetic and expression levels. Color
coding for each deme is the same throughout this study. a Multi-
dimensional scaling (MDS) plot based on pairwise identity-by-state
distance for the introgression-resistant transcriptome. An inset graph
shows drainages colored by deme based on Supplementary Fig. S1.
b Linkage disequilibrium (LD) difference between demes. LD decays
quickly within 10–15 kb for all demes but South-Oregon. All the four
demes but South-Oregon have similar LD decay patterns. A horizontal

dashed line marks r2 dropping to 0.2. c, d nucleotide diversity (π) and
Tajima’s D for each deme (shown by chromosome in Supplementary
Figs. S3 and S4, respectively). Average values displayed in boxes of
the two plots. *** for significance at P < 0.0001 by Wilcoxon test.
e BEAST phylogenetic tree for the transcriptome along the
introgression-resistant regions. f Percentage of differentially expressed
(DE) genes between demes were based on fold-changes > 2 and FDR
< 5% using edgeR. Top-left and bottom-right triangle matrix for leaves
and xylem data, respectively.
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highest and lowest average F values, respectively (Supple-
mentary Fig. S6a). Overall LD decay was ca. 10–15 kb in
all but South-Oregon deme, where Oregon decayed most
quickly (Fig. 1b). Such strikingly fast and slow LD decays
in Oregon and South-Oregon, respectively, across chro-
mosomes (Fig. 1b) were concordant with that in most of
each chromosome (Supplementary Fig. S2). We addition-
ally note that estimate of r2 between SNP markers con-
siderably increased when the pairwise distance increased to
250–500 kb. This increase was mainly due to 106 highly
correlated SNP marker pairs (r2 > 0.45), which were found
to be within 18 genes distributed in seven chromosomes
(track “h” of Fig. 2a and Supplementary Table S1), sug-
gesting that the nine gene pairs are highly correlated
through genetic linkage, despite no clear functional con-
nection (Supplementary Table S1).

Nucleotide diversity (π) was significantly different
between demes (all P < 0.05 by Wilcoxon test; Fig. 1c and
Supplementary Fig. S3) and lowest in Oregon (0.0026)
relative to the other demes (0.0028 on average) (Fig. 1c and
Supplementary Fig. S3). Tajima’s D was significantly dif-
ferent in the paired comparisons between demes (all P <
0.05 by Wilcoxon test; Fig. 1d and Supplementary Fig. S4)
and the South deme had the highest Tajima’s D (0.708 vs.
0.281 for an average over the other demes; Fig. 1d and

Supplementary Fig. S4). By contrast, the lowest and highest
Hudson’s FST values were found in South and Oregon,
respectively (all P < 0.05 by Wilcoxon text; Supplementary
Figs. S5 and S6b).

Furthermore, we applied a phylogenomic method, the
Bayesian SNPP, to unveil individual relationships (Fig. 1e).
The result showed that each of the five demes was an
independent “clade” and there was a close relationship
between Oregon and South-Oregon individuals (Fig. 1e).

Population-level expression divergence

Results of transcriptomic analysis showed that stem xylem
gene expression was overall higher than leaf counterparts
(tracks “b–c” of Fig. 2a). There were 81.5% and 95% genes
expressed in xylem and leaves, respectively, that had sig-
nificantly higher heritability (H2) than expected by chance
(P < 0.05 based on permutation tests) (Supplementary Fig.
S8a). This indicates that the expression of a large proportion
of genes is under considerable genetic control. Point esti-
mates of QST (s.d.) were 0.069 (0.27) and 0.009 (0.15) for
xylem and leaf gene expression, respectively (Supplemen-
tary Fig. S8b). Based on xylem data, QST had relatively
strong positive correlations with median expression (Pear-
son’s r= 0.32, df= 11,630, P < 2.2e-16) and expression

Fig. 2 Integrated results of transcriptomes, selective scans, and
selected SNPs. In graph (a), tracks from outside to inside are:
a Chromosome ideogram for the P. trichocarpa genes (construction
detailed in Supplementary Note S2). b and c Gene expression in stem
xylem and leaves, respectively. d–f Results of selective sweeps aver-
aged over the demes using three approaches, namely, SweepFinder2,
OmegaPlus, and OutFLANK, respectively. Significant loci shown in

red. g Introgressed genomic regions from a previous study (see the
Methods section). h Link ribbons showing the genes (Supplementary
Table S2) with r2 > 0.45 and pairwise distances between 250 and
500 kb. Graph (b) delineates the distribution of SNPs within genes ±
800 bp (N= 172,408 SNPs) across the transcribed introgression-
resistant regions.
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variance (r= 0.11, df= 11,630, P < 2.2e-16). Similarly,
QST based on leaf data was positively correlated with
median expression (r= 0.124, df= 21,140, P < 2.2e-16)
and expression variance (r= 0.066, df= 21,140, P < 2.2e-
16). This indicates that genes showing expression level
population divergence are more likely to be highly
expressed and such a relationship is more pronounced in
xylem than in leaves. For the significant genes in xylem, H2

ranged from 0.12 to 1.0 with a mean (s.d.) of 0.42 (0.2) and
8006 genes (31%) had H2 > 0.5. There was a weak negative
correlation between H2 and median expression-level
(Pearson’s r=−0.076, df= 26,135, P < 2.2e-16) and
expression variance (Pearson’s r=−0.018, df= 26,135,
P= 0.003). In leaves, H2 ranged from 0.12 to 1.0 with a
mean (s.d.) of 0.53 (0.17) and 18,654 genes (58%) had
H2 > 0.5. There was a weak non-significant positive corre-
lation of H2 with median expression (Pearson’s r= 0.003,
df= 31,956, P= 0.578) and a negative correlation with
expression variance (Pearson’s r=−0.006, df= 31,956,
P= 0.258). This indicates that highly expressed genes in
xylem are under less strong genetic control than genes
expressed at low or intermediate levels.

With respect to differentially expressed (DE) genes
between demes, xylem had more DE genes than leaves
(lower triangle vs. upper triangle matrix of Fig. 1f), con-
cordant with the QST results (Supplementary Fig. S8b).
North and North-South had few DE genes in both xylem
and leaves (<2.5%; Fig. 1f and Supplementary Fig. S9);
however, these two demes had high DE genes relative to the
other demes in xylem (averagely ca. 25.5%; Fig. 1f and
Supplementary Fig. S9). In leaves, South-Oregon had the
highest DE genes relative to North-South (15.3%; Fig. 1f
and Supplementary Fig. S9); South-Oregon was different
from all the other demes in gene expression of both xylem
and leaves (Supplementary Fig. S6c, d).

Level of population divergence and selective
sweeps

We investigated how introgression-resistant genes/loci have
been impacted by natural selection in each deme. We first
characterized levels and heterogeneity of deme divergence
across these regions using Hudson’s FST for each deme,
based on a Hidden Markov model (HMM) approach. Of
172,131 SNPs used, 19.69%, 36.01%, 14.85%, 24.19%,
and 23.16% had significantly high genetic divergence at α
= 0.05 for North, North-South, South, South-Oregon, and
Oregon, respectively. This result particularly highlighted
the substantial difference between North-South and the
other demes. Distribution of genetic differentiation and
specific loci were showcased in Supplementary Fig. S10
and on the top of each stacked panel in Supplementary Fig.
S11, respectively. Moreover, these genetic loci were

overlapped with candidate regions under positive selection
based on three approaches, that is, SweepFinder2, Omega-
Plus, and OutFLANK (Supplementary Fig. S11). Con-
sistently, regions with low density of genetic divergence
SNPs had few positive selection loci detected (Supple-
mentary Fig. S11). While composite likelihood ratios (CLR)
from SweepFinder2 were significantly different in South-
Oregon relative to the other demes (P < 0.05 by Duncan’s
test; Supplementary Table S2a), ω statistics from Omega-
Plus showed that each deme was significantly different to
the other demes (all P < 0.05 by Duncan’s test; Supple-
mentary Table S2b).

Selective scan identified 50 loci under strong positive
selection (Supplementary Figs. S11, S12 and tracks “d–f” of
Fig. 2a), whereby 55 genes were deemed under positive
selection (Table 1). Those loci under strong selection
were mainly detected in North and North-South (see the
“Identified Deme” column of Table 1). The biological
functions of these genes under selection chiefly included
SERINE/CYSTEINE PROTEASE (Potri.004G147800,
Potri.006G021600, Potri.006G057400, Potri.008G147600,
Potri.014G120600, and Potri.019G124700), SERINE/THREO-
NINE-PROTEIN KINASE (STK; Potri.004G147800), ABC
TRANSPORTER (Potri.006G126100, Potri.008G012500,
and Potri.015G063400), GLYCOSYLTRANSFERASE
(Potri.006G131000, Potri.011G025700, and Potri.012G094600)
and other transferases (Potri.002G186800, Potri.003G159200,
Potri.003G216900, and Potri.015G101100), hydrolases
(Potri.002G081300, Potri.007G095200, Potri.007G145800,
and Potri.010G253700), epigenetics-related genes such as chro-
matin modification (Potri.004G080900) and methylation
(Potri.005G179700 and Potri.007G146000), and genes related
to RNA and DNA synthesis (Potri.001G055000,
Potri.003G216800, Potri.006G021500, Potri.010G066700, and
Potri.015G041800) (Table 1).

Identification of population divergence genes

To probe genes and/or genetic markers that are able to
distinguish demes, termed PD genes or genetic markers, we
applied a multivariate factor analysis (MFA) to the
introgression-resistant transcriptome and SNPs within the
introgression-resistant transcribed regions. In total, we used
172,408 SNPs, 26,741 and 27,986 genes (RNA-seq)
expressed in stem xylem and leaves, respectively, from 151
individuals. Given the SNP-containing genes (i.e., candi-
date genes for GD), each gene had 31.8 SNPs on average
(Supplementary Fig. S13 and Fig. 2b).

We focused on the first six principal components of the
MFA (13.6% of the total variance; Supplementary Fig.
S14a) for the mean representation of the individuals based
on xylem and leaf transcriptomes and SNPs (Supplementary
Fig. S15). Partial representations associated with each deme
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Table 1 Genes under strong positive selection.

Gene IDs Start End SNP
counta

Functional annotation Strength of
signalb

Identified demes

Potri.001G002200 3141867 3145453 51 Subtilisin-like protease ** South

Potri.001G118500 5946106 5948884 39 Cytochrome P450 family protein ** South-Oregon

Potri.001G055100 10998008 11002709 78 Non-motor microtubule binding protein ** North, South, Oregon

Potri.001G055000 11001507 11002709 23 DNA-directed DNA polymerase ** North, South, Oregon

Potri.001G171200 13990311 13995170 16 Signal peptidase ** North, South, Oregon

Potri.001G356500 35329029 35334293 59 Microtubule-associated family protein ** North, North-South, Oregon

Potri.002G081300 5666674 5679197 144 Nucleoside triphosphate hydrolases
superfamily protein

** North, South, South-Oregon

Potri.002G186800 14677721 14680827 2 S-acyltransferase ***//** North // South-Oregon

Potri.002G186900 14681515 14685081 2 Cysteine protease ***//** North // South-Oregon

Potri.003G159200 15468397 15474260 2 Heparan-α-glucosaminide N-
acetyltransferase-like protein (acetyl-
CoA)

** South

Potri.003G159300 15474611 15476262 9 Cysteine protease ** South

Potri.003G190800 17854754 17857977 38 Basic helix-loop-helix (bHLH)
transcription factor

***//** South, Oregon // North

Potri.003G216900 19575035 19579035 14 Transferases (transferring hexosyl
groups)

** South-Oregon

Potri.003G216800 19580099 19585372 28 mRNA splicing factor ** South-Oregon

Potri.004G080900 6477904 6480527 14 Chromatin/chromatin-binding protein ** North, South

Potri.004G147800 16115686 16133618 109 Serine/threonine-protein kinase (STK) ** North

Potri.005G126100 9523321 9525396 12 Homeobox-leucine zipper family protein ** South-Oregon

Potri.005G179700 19234820 19237755 35 Methylase family protein ** North

Potri.005G182600 19558917 19565542 78 ATP-NAD kinase family protein ** North

Potri.005G183400 19636666 19641073 21 Riboflavin kinase/FAD synthetase
family protein

** North

Potri.006G021500 1464248 1465064 7 60 S ribosomal protein ** Oregon

Potri.006G021600 1466112 1467486 2 Cysteine-rich and transmembrane
domain-containing protein

** Oregon

Potri.006G057400 3970851 3974496 45 Cysteine protease ** South

Potri.006G126100 9967729 9974903 32 ABC transporter family protein ** North-South

Potri.006G126200 9975618 9978304 7 Translin family protein ** North-South

Potri.006G131000 10536480 10540260 25 Glycosyltransferases ** North-South

Potri.006G185200 18905894 18914471 85 Uncharacterized protein ** South-Oregon

Potri.006G230700 23263982 23266243 29 Homeodomain transcription factor ***//** South // North-South, Oregon

Potri.007G146000 96016 99258 81 6,7-dimethyl-8-ribityllumazine synthase ** South-Oregon

Potri.007G145800 106839 112529 59 Poly (ADP-ribose) glycohydrolase
family protein

** South-Oregon

Potri.007G142300 350766 355854 21 ACT domain-containing small subunit
of acetolactate synthase protein

** South-Oregon

Potri.007G095200 3359731 3363434 29 Haloacid dehalogenase-like hydrolase
(HAD) superfamily protein

** North

Potri.008G012500 641084 644008 8 ABC transporter family protein ** South-Oregon

Potri.008G014400 725542 730721 87 Phospholipid-transporting ATPase ** South

Potri.008G055400 3224930 3228139 15 Dehydrogenase family protein ** North, North-South, South,
South-Oregon, Oregon

Potri.008G141100 9294480 9297780 20 Glutamate decarboxylase ** North, North-South, Oregon

Potri.008G147600 9750523 9754332 31 CAAX amino terminal protease family
protein

** North, North-South, Oregon
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were obtained from the consensus between transcriptomes
and SNPs points of view (i.e., transcriptome and allelic
frequency variation; Fig. 3a). Each deme was represented
by four points: the consensus among the three points of
view (SNPs, xylem and leaf transcriptomes) and a point for
each of the three points of view. Each principal component
(or dimension; Dim) partitioned the individuals into
grouped demes (circled in Supplementary Fig. S15c). Spe-
cifically, North and North-South were well separated from
the other demes along the Dim 1; the other Dims partitioned
Oregon and/or South-Oregon from the other demes (Fig. 3a
and Supplementary Fig. S15). Xylem gene expression and
SNPs contributed dominantly to the first six principal
components (Dim 1–6; Supplementary Fig. S14b). This was
concordant with partial representation and groups repre-
sentation (Fig. 3b). Both representation plots consistently
showed that the partition existed (i) on Dim 1 and 2 at the
xylem gene expression-level and (ii) at the SNPs level on

Dim 3-6 (Fig. 3). Although Dim 4 and 6 were specific to
SNPs (Fig. 3), the top 100 elements most contributable to
respective principal components were xylem and leaf
gene expression, respectively (Supplementary Figs. S16
and S17).

We defined the top 100 elements, either DE genes or
genetic markers with different allele frequency, along the
first six principal components as ED genes or GD markers
based on the partition of deme groups in the MFA (shown
in Supplementary Fig. S16). We found that 70.5% of ED
genes had no allelic polymorphism (Supplementary Table
S3). Moreover, the density of SNP variants within ED genes
(10.37 ± 1.14 counts per gene) was significantly lower than
that in GD marker-containing genes, namely, GD genes
(41.9 ± 3.66 counts per gene) (P= 6.47e-13 by t-test;
Supplementary Table S3). This indicates that there may be
few cis-eQTLs within many ED genes per se and that ED
genes may be regulated by trans-eQTLs. Indeed, based on

Table 1 (continued)

Gene IDs Start End SNP
counta

Functional annotation Strength of
signalb

Identified demes

Potri.009G010600 2051063 2055194 48 3’ exoribonuclease domain 1-containing
family protein

** North-South

Potri.009G026000 3796290 3802443 42 Kinesin motor family protein ** South-Oregon

Potri.010G066700 8704689 8707583 69 Translation initiation factor ** North, North-South

Potri.010G180500 16911275 16920830 43 Transporter ** North, South-Oregon

Potri.010G253600 21402241 21404712 49 Mitochondrial substrate carrier family
protein

** Oregon

Potri.010G253700 21405696 21418180 4 Nucleoside triphosphate hydrolases
superfamily protein

** Oregon

Potri.011G025700 183700 185107 12 Glycosyltransferase ** North

Potri.012G094600 10600026 10605044 68 Glycosyltransferase ** North

Potri.014G029900 2447231 2450074 34 Plant glycogenin-like starch initiation
protein 3

** North-South

Potri.014G120600 8570755 8576922 88 Serine protease ** Oregon

Potri.015G011100 835101 840238 55 RNA-binding KH domain-containing
protein RCF3

** North-South, South, South-
Oregon

Potri.015G041800 4277224 4281706 87 mRNA splicing factor ** North-South, South

Potri.015G063400 8733776 8740555 58 ABC transporter family protein ** North-South

Potri.015G100000 11845610 11847309 32 Short-chain dehydrogenase/reductase
family protein

** North-South

Potri.015G101100 11918128 11920564 25 Glutamate 1-semialdehyde
aminotransferase family protein

** North-South

Potri.015G101200 11920637 11923918 16 Membrane-anchored ubiquitin-fold
protein

** North-South

Potri.018G100600 11787308 11797453 9 5’-nucleotidase domain-containing
protein

** South-Oregon

Potri.019G124700 15310770 15311636 20 Cysteine protease inhibitor ** North-South

Gene IDs in bold are ED or GD genes (see Supplementary Table S3). One locus under selection could correspond to several genes. Thus, more
genes are listed than the total loci (N= 50) identified under selection.
aTotal number of SNPs within a given gene.
bSelection strength: *** for significance based on all three selective scan approaches; ** for significance only in two selective scan approaches.
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our eQTL discovery, we found that trans-eQTLs were
significantly more abundant than cis-eQTLs in ED genes
(averagely 50 vs. 0.3 counts per gene and P < 2.2e-16 by
t-test; Fig. 4a). In particular, trans-eQTLs for ED genes
from Dim 1 were highly enriched than for those from the
other Dims (182 vs. 6 ± 3 counts per gene; Supplementary
Table S3), whereas the number of cis-eQTLs was similarly
low in all ED genes from different Dims (0.26 ± 0.23 counts
per gene; Supplementary Table S3). The pattern of more
trans- than cis-eQTLs in ED genes was also found in all
genes from both xylem and leaves (37 vs. 6 counts per gene
and P < 2.2e-16 by t-test; Fig. 4a and Supplementary Fig.
S18). Abundant trans-eQTLs for ED suggest that cross-
talks among genes in their signaling network may be crucial
to gene expression and regulation. Expression patterns of
ED genes classified via a hierarchical clustering (Fig. 4b)
were in line with the partition of the demes (Fig. 3a and
Supplementary Fig. S15c), in which Dim 4 accounting for

the separation of South-Oregon and Oregon from the demes
contained many highly expressed genes (average
log2FPKM ≈ 6.39 vs. 4.14 ± 0.98 for the other three Dims;
Fig. 4b). Maximal information coefficients (MIC) tests
showed that all the 100 ED genes from Dim 1 were sta-
tistically significant (adjusted P < 0.05 and q-value < 0.05;
Fig. 4c and Supplementary Table S3), but not all for ED
genes from Dim 2, 4, and 6 (Fig. 4c and Supplementary
Table S3). This agreed with the clustering, which showed
that Dim 1 had the lowest height (dissimilarity) of the
dendrogram between broken-line demarcated deme(s) vs.
the others (Fig. 4b). Moreover, we found the ED genes were
not enriched in specific gene ontology (GO) terms (all P ≥
0.05; Supplementary Table S4), and the two leading GO
biological processes were involved in the regulation of
transcription and cellular metabolic process (Fig. 4d).
Nonetheless, there were functional differences for ED genes
from Dim 1 vs. Dim 2, 4, and 6 (Supplementary Fig. S21).

Fig. 3 Partial representation of mean individuals for each deme
and groups representation based on the first six principal com-
ponents (Dim 1–6) of the MFA. In a, the balanced representation of
each deme is the barycenter of the points summarizing partial points of
view linked through colored lines. The projection of partial repre-
sentations for leaf gene expression and SNPs of the five demes onto
Dim 1 are very close, which means that leaf gene expression and SNPs
define similar structures for demes on Dim 1; but this projection for
xylem gene expression of the five demes is not the case: North (N) and
North-South (N_S) are negative (coordinate close to −2) while the
other demes (S, S_O, and O for South, South-Oregon, and Oregon,
respectively) are positive (close to 1). Dim 1 is, therefore, specific to

the xylem gene expression point of view that differentiates North and
North-South from the other demes. On the Dim 2, the mean South-
Oregon individuals from the partial xylem gene expression repre-
sentation is positive (around 2 in the coordinate) while such a repre-
sentation for the other demes is negative (0 to −0.5). Dim 2 is also
specific to the xylem gene expression allowing to distinguish South-
Oregon from the other demes. This is confirmed by analyzing the
groups representation in b: only xylem gene expression has a coor-
dinate value close to 1 (max. value) on Dim 1 and 2. Likewise, Dim
3–6 are specific to SNPs, which provide a partition of Oregon (and
South-Oregon) with the other demes.
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Compared to the former (Supplementary Fig. S21a), the
latter (Supplementary Fig. S21b) had more GO biological
processes such as aromatic and cyclic compound
metabolisms.

Clustering the GD markers, which partitioned Oregon
from the other demes, consistently showcased that all the
individuals of Oregon were clustered in one group (Sup-
plementary Fig. S19). These markers were within loci of PD
and some of them were in regions under strong positive
selection (Fig. 5a). Moreover, all GD loci under selection
were statistically significant at α= 0.05 (Fig. 5b). However,
clustering the expression of GD genes from Dim 3 and 5
(Supplementary Fig. S20) demonstrated no clear separation
of Oregon from the other demes as shown in the MFA
(Fig. 3a).

Biological functions of population divergence genes

Overall, there were some common biological functions
of ED genes, such as abiotic and biotic stress responses (e.g.,
NAC-domain-containing protein, protease, WRKY), flower-
ing timing control (e.g., FLC), regulators of cell cycle,
plant growth and development (Table 2). Of the 400

candidate ED genes, 19 encoded SERINE/THREONINE-
PROTEIN KINASE, 15 were RIBOSOMAL PROTEINS,
and 12 were transporters (e.g., ABC TRANSPORTER) (Sup-
plementary Table S3). We also identified genes involved
in the biosynthesis of essential amino acid, such as
histidine (Potri.008G137900 and Potri.012G102800),
intracellular protein-protein interactions such as
F-BOX PROTEIN (Potri.002G248300, Potri.003G112000,
Potri.004G157000, Potri.006G212600, and Potri.017G090300)
and ankyrin repeat-containing protein (Potri.009G070700),
epigenetics such as chromatin modification (Potri.002G243400
and Potri.010G174900), methylation (Potri.001G264800,
Potri.001G342300, Potri.005G170800, and Potri.006G120200),
and sugar-transferring enzyme such as GLYCOSYL-
TRANSFERASE (Potri.006G238900) (Supplementary Table
S3). Moreover, we found that only ca. 12% of the ED genes
were transcription factors, such as bHLH (Potri.007G112800,
Potri.010G130000, Potri.013G001300, Potri.013G025900,
and Potri.015G105200), MYB (Potri.011G122900), and
WRKY (Potri.011G087900) (Supplementary Table S3), in
line with the assumption that the genetic bases of many
evolved changes are mutations within the cis-acting reg-
ulatory elements of genes (Britten and Davidson 1971;

Fig. 4 eQTL, clustering, and GO enrichment of ED genes. a cis-
and trans-eQTLs identified in all genes (N= 26,328 and 27,548 for
xylem and leaves, respectively) and ED genes. b Heatmap of the
expression of ED genes based on Dim 1, 2, 4, and 6 of the MFA.
Ward’s method for maximum distance used for clustering. c Adjusted
P-value based on the MIC test against fold-change in gene expression
for two-group stratified demes on each Dim shown in a. Red dots are
ED genes of each Dim and horizontal dashed lines represent

significance at α= 0.05. d Top five GO terms identified by the weight
algorithm for down-weighting genes in the GO enrichment. Boxes
indicate the five most important terms, where filled color represents the
relative significance with dark red and light yellow for most and least
significant, respectively. No color ellipses for the rest of relatively less
important GO terms. Black arrows indicate is-a relationships. Note that
all P-values > 0.05 suggest no significant difference among the GO
terms for candidate ED genes.
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Stern 2000). These transcription factors were found to have
roles in the regulation of gene expression in response to
abiotic stress (Schluttenhofer and Yuan 2015; Yamaguchi-
Shinozaki and Shinozaki 2005). In addition, many ED
genes separating North and North-South from the other
demes (i.e., Dim 1) had functions in stress responses and
disease resistance; by contrast, regulators of plant growth
and cell cycle abounded in ED genes differentiating Oregon
and/or South-Oregon from the other demes (i.e., Dim 2, 4,
and 6) (Supplementary Table S3).

Through GD markers from Dim 3 and 5, we identified
their corresponding genes, namely, GD genes. The function
of these genes chiefly comprised CYSTEINE SYNTHASE
(Potri.013G127800), ASPARTATE or SERINE PROTEASE
(Potri.006G232400 and Potri.019G131100), HEAT
SHOCK TRANSCRIPTION FACTOR in stress resistance
(Potri.006G226800 and Potri.015G141100), sugar-
transferring enzyme such as GLYCOSYLTRANSFERASE
(Potri.001G136800, Potri.005G255000, and Potri.016G042100),
RIBOSOMAL PROTEIN (Potri.001G415400 and
Potri.016G019000), INTRACELLULAR PROTEIN-PROTEIN
INTERACTIONS (Potri.014G149400), and TRANSPORTER
(Potri.010G194300 and Potri.011G150600) (Supplementary

Table S3). Notably, many transporters have been found
to be related to stress responses such as Na+/K+ or Na+/
Ca2+ transporter in salt tolerance (Ren et al. 2005; Wang
et al. 2012).

By overlapping PD genes with the genes under selection,
we found that nine GD genes but no ED gene were under
positive selection (genes highlighted in bold in Table 1 and
in red in Supplementary Table S3). These overlapped genes
were mainly identified in Dim 3 of the MFA, which can
distinguish Oregon from the other demes (Figs. 3 and
Supplementary Fig. S14c). The biological functions of these
overlapped genes were involved primarily in proteases,
disease resistance (e.g., STK of nucleotide binding sites
and leucine-rich repeats (NBS-LRR) proteins), transferases
and transporters (possibly related with stress response), and
mRNA splicing (Table 1).

Characteristics of divergence genes between pure
and hybrid individuals

Based on a whole-genome local ancestry analysis (Suarez-
Gonzalez et al. 2018b), individuals from North and North-
South were highly introgressed by P. balsamifera (Fig. 6a).

Fig. 5 Merge of loci showing strong positive selection and PD with
those distinct in Oregon. a Loci identified by Dim 3 and 5 of the
MFA distinguish Oregon from the other demes. Red asterisks indicate
loci under strong positive selection only for Oregon and/or South-
Oregon (more detail in Table 1). Regions with very low π and high FST

in Oregon relative to the other demes (Supplementary Figs. S3 and S5)

shaded in light gray in chr01, 02, and 15. Loci showing PD across
demes or in Oregon based on the HMM are marked at the top (in
black) or bottom (in gray) of each panel, respectively. PD genes were
also marked in black dots. b P-values were calculated using the MIC
test for allele frequencies between Oregon and the other demes. The
horizontal red line marks the significance at α= 0.05.
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According to this analysis for the 151 individuals used in
this study, 22 pure P. trichocarpa individuals were identi-
fied and they were originated from either North or South
demes (Fig. 6b). By comparing pure and hybrid individuals
(N= 22 vs. 129) based on the transcriptomic and SNP data
using MIC tests, we identified statistically differentially
expressed genes and genetic markers (Supplementary Fig.

S22), similar to ED and GD genes identified between
demes, respectively. However, different to between-deme ED
genes, these divergence genes were overall expressed at a low
level (FPKM= 0.68 ± 0.42) but had similar functions as
between-deme PD genes (Table 2), such as disease resistance
(Potri.017G104800), SERINE/THREONINE-PROTEIN
KINASE (Potri.007G128400 and Potri.019G120300), sugar-

Fig. 6 Local ancestry analysis and comparisons of gene expression
(mean ± SE) and allele frequency between pure and hybrid indi-
viduals. a The ancestry assignment is based on a whole-genome local
ancestry analysis for these individuals. b According to the ancestry
analysis, 22 pure P. trichocarpa individuals (N= 151) were identified,
in which 10 and 12 individuals were originated from North and South

demes, respectively. c, d Using the MIC test, we probed 10 genes with
significant differential expression (adjusted P < 0.05 and absolute fold-
change > 2) and six genes each with ≥10 SNPs having significant
difference in allele frequency (P < 0.05). See Supplementary Fig. S22
for details. Gene functions are briefly described beneath each panel.
Allele frequency ⊂ {0, 1, 2}.
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transferase (GLYCOSYLTRANSFERASE: Potri.007G140700
and Potri.016G052500), transporter (Potri.014G078000), phy-
tohormone signal transduction (Potri.004G117700 and
Potri.010G165700), and methylation (Potri.015G039000) (Fig.
6c). Moreover, one “GD” gene with biological function in
transferase was overlapped with an identified between-deme
GD gene (Potri.003G216900; Fig. 6d and highlighted in yel-
low in Supplementary Table S3).

Discussion

Understanding the emergence and maintenance of new
populations or species has long fascinated ecologists and
evolutionary biologists and is a major endeavor for the evo-
lutionary biology community. In this study, we identified PD
genes that contribute to the differentiation between demes of
Populus trichocarpa. As accumulation of these genes, phe-
notypes may change and the process of evolution would drive
PD and have the potential to beget new populations and/or
species. Our findings highlight that ED genes allowed to
separate North and North-South from the other demes likely
due to their physical barriers (Xie et al. 2009) and that both
GD and ED genes enabled to distinguish Oregon and/or
South-Oregon from the other demes likely due to reproduc-
tive barriers caused by their significantly different flowering
timing (Liu, Ingvarsson and El-Kassaby, unpubl. Work). PD
genes are widespread in the genome and have functions in
stress responses and disease resistance, flowering timing, cell
cycle regulation, plant growth and development (Table 2).
Nine GD genes were found to be under strong positive
selection (Table 1). While GD genes exhibited high intras-
pecific polymorphisms (Supplementary Table S3), consistent
with findings from herbaceous plant species (Bomblies and
Weigel 2007; Christie and Macnair 1987; Sweigart et al.
2007), ED genes harbored less polymorphic sites within the
species and were likely highly expressed. In contrast to evi-
dence accrued to show that cis-regulatory changes contribute
to the response to positive selection and to ED [e.g., (de
Meaux 2018; Wray 2007) but see (Bell et al. 2013)], we did
not discover ED genes under positive selection and found that
most of these PD genes (>90%) were trans-eQTLs rather
than cis-eQTLs (Supplementary Table S3). Finally, it is
worth noting that our consideration only in genes ±800 bp
regions excluded the possibility of probing eQTLs in introns
and intergenic sequences, although this does not undermine
the finding of much more trans-eQTLs than cis-QTLs.

Oregon, a southernmost deme, likely under the
strongest selection

Patterns in genomic diversity could be caused by recent
adaptation through selective sweeps and divergent selection

could act to favor population-specific alleles. A selective
sweep caused by divergent selection between habitats is
expected to entrain excess differentiation (e.g., high FST)
between populations at and around the site under selection,
as well as reduced diversity in the population experiencing
selective sweep and strongly negative Tajima’s D upon
completion of the sweep. Moreover, genomic regions under
strong positive selection are expected to have lower diver-
sity and high LD. Here, we reported that South had the
lowest portion of loci showing population differentiation
based on the HMM. Consistently, we found that South had
the lowest Hudson’s FST (Supplementary Fig. S6b), the
highest nucleotide diversity π (Fig. 1c), very positive Taji-
ma’s D (Figs. 1d and Supplementary Fig. S4), and moderate
LD decay (Fig. 1b). The geographical region where the
South deme is located corresponds the place where this
species preferably grows (DeBell 1990), indicating that
South has likely been exposed to the environment with the
least selective pressures. By contrast, Oregon likely repre-
sents the deme that has the highest Hudson’s FST (Supple-
mentary Figs. S6b and S5), the lowest nucleotide diversity
(Fig. 1c), more loci with negative Tajima’s D (Fig. 1d), and
the quickest LD decay, making Oregon considerably dif-
ferent from the other demes in population structure and
individual clustering (Fig. 1a, b, e). Altogether, we infer that
South and Oregon may have undergone the weakest and
strongest divergent selection, respectively. Nonetheless, we
cannot rule out the possibility that population demographic
histories (e.g., bottlenecks) could result in such patterns of
π, Tajima’s D, and LD decay. Indeed, we have found that
North and South demes have undergone more recent bot-
tlenecks than Oregon (Liu, Ingvarsson and El-Kassaby,
unpubl. Work). We therefore cannot assertively claim
that the Oregon deme has undergone the most intensive
selection.

Insights into population divergence genes

Using both transcriptomic and SNP data, the MFA yielded a
shortlist of candidate PD genes (Supplementary Table S3).
Given the assumption that some PD genes have the
potential to emerge as speciation genes, reproductive iso-
lation as a crucial mechanism, leading to speciation is
related possibly with PD. Reproductive isolation is typically
categorized according to the timing of isolation (pre- vs.
post-zygotic isolation). Prezygotic isolation prevents the
formation of hybrids via hybrid incompatibility or sexual
isolation, while post-zygotic isolation renders hybrids sterile
or inviable due to reduced viability or fitness of hybrids
such as outbreeding depression (Orr and Presgraves 2000;
Ridley 2004). Noteworthy candidate ED genes had biolo-
gical functions associated with reproductive isolation. For
example, many genes were involved in stress responses and
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disease resistance, flowering timing, regulation of cell cycle
(e.g., cell division), plant growth and development
(Table 2). Hybrid necrosis is a well-known reproduction
isolation mechanism, caused by the spontaneous activation
of plant defenses associated with leaf necrosis, stunted
growth and reduced fertility in hybrids (Bomblies et al.
2007). Some causal genes of hybrid necrosis have been
identified in previous studies and confirmed in this study
(Supplementary Table S3), such as disease resistance genes
(e.g., LEUCINE-RICH REPEAT PROTEINS (LRR))
(Bomblies et al. 2007; Dixon et al. 1996; Kruger et al. 2002)
and their interacting factors [e.g., STRUBBELIG RECEP-
TOR FAMILY (SRF) kinase (Alcázar et al. 2010)], and cell
cycle-related genes (Mizuno et al. 2011; Świadek et al.
2017). Moreover, changes in a CASEIN KINASE (serine/
threonine-selective enzyme) sequence in Oryza sativa cul-
tivars led to hybrid necrosis (Yamamoto et al. 2010).
Reciprocal silencing of duplicated histidine synthesis genes
(HISTIDINE KINASE) in Arabidopsis caused arrested
embryo development, resulting in seed abortion (Bikard
et al. 2009). Mutations of a flowering repressor, FLOW-
ERING LOCUS C, caused delayed flowering in Arabidopsis
allopolyploids (Wang et al. 2006), leading to reproductive
isolating barriers (Lowry et al. 2008). Our data also suggest
that epigenetic mechanisms are a possible cause for hybrid
incompatibilities such as changes in DNA methylation via
METHYLTRANSFERASE (Supplementary Table S3). This
is accordant with a finding of lethality in Arabidopsis due to
hypermethylation in a histidine biosynthesis gene (Blevins
et al. 2017). We additionally singled out GLYCOSYL-
TRANSFERASE (a sugar-transferring enzyme) as a candi-
date PD gene (Supplementary Table S3), which had been
found to be a target of rapid evolution and interspecific
differentiation in Populus spp. (Caseys et al. 2015).

Based on candidate GD markers, we found their corre-
sponding genes, namely, GD genes (Dim 3 and 5 in Sup-
plementary Table S3). Interestingly, a portion of GD genes
had the same function as ED genes, such as HEAT SHOCK
TRANSCRIPTION FACTOR in stress response, SERINE
PROTEASE in disease resistance, and GLYCOSYL-
TRANSFERASE (Supplementary Table S3). Moreover,
there were GD markers in CYTOCHROME P450 MONO-
OXYGENASE, a gene that is important for the biosynthesis
of defense molecules in plants (Durst and Benveniste 1993).
In addition, there were other genes also found to be asso-
ciated with reproductive isolation, including CYSTEINE/
ASPARTATE PROTEASE, RIBOSOMAL PROTEIN, and
INTRACELLULAR PROTEIN-PROTEIN INTERACTIONS
(Table S3). Specifically, mutated cysteine protease in
tomato led to hybrid necrosis (Kruger et al. 2002; Rooney
et al. 2005) and changes in an aspartate protease protein
sequence in Oryza sativa cultivars led to hybrid female
sterility (Chen et al. 2008). Reciprocal silencing of

duplicated nuclear-encoded mitochondrial ribosomal pro-
teins in rice led to hybrid male sterility (Yamagata et al.
2010). Amino acid substitution of a protein-protein inter-
action protein in Oryza sativa resulted in hybrid male
sterility (Long et al. 2008).

In addition, we found that lots of ED genes contained
few variant sites (i.e., no SNPs; Supplementary Table S3),
which points to the character of gene expression evolution
when populations (or species) diverge and split. It has been
suggested that gene expression evolution is under a com-
bination of stabilizing selection and neutral evolution (Gilad
2012; Romero et al. 2012), which correspond to expression
patterns showing small or large expression variance within
and between species (or populations), respectively (White-
head and Crawford 2006). Our results indicate that neutral
evolution likely affects patterns of many DE genes between
demes of P. trichocarpa. Moreover, many trans-eQTLs
discovered in ED genes (Supplementary Table S3) suggest
the important role of trans-regulation effects in ED.
Nonetheless, trans-eQTLs are likely to be selected against
due to great deleterious pleiotropic effects (Metzger et al.
2016; Wittkopp 2005; Wittkopp et al. 2004).

Genes under positive selection overlapped with
genetic divergence genes

To date, few cases have documented whether there are
shared genetic bases of local adaptation and PD or specia-
tion; only one notable example in Mimulus demonstrated
genetically linked loci for local adaptation to copper mine
soils and hybrid lethality (Wright et al. 2013). A single
adaptive allele sweeps through population, namely, hard
sweep, potentially resulting in differential gene expression
and/or allele frequency between demes. By aligning the PD
genes and loci under positive selection along the
introgression-resistant transcribed regions, we found that 50
genetic markers were under strong positive selection, which
were located in 55 genes (Table 1 and Supplementary Fig.
S3). These genes have functions in, for example, disease
resistance (e.g., proteases, STK) (Table 1 and Supplementary
Fig. S3). In addition to positive selection by fixing beneficial
alleles, balancing selection also helps maintain advantageous
genetic variation within genes involved in disease resistance
or host-pathogen interactions in populations or species of
both plants (Karasov et al. 2014; Roux et al. 2013; Wang
et al. 2020) and animals (Klein et al. 2007; Leffler et al.
2013). Several recent studies further indicate that genes
under balancing selection are important for local adaptation
(Ma et al. 2018; Wang et al. 2020), also as evidenced by the
relatedness between the distribution of divergent alleles and
niche diversification (Wu et al. 2017). Our finding addi-
tionally suggests that genes under positive selection play an
important role in PD and thus local adaptation as well.
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Conclusion

Gene flow is able to foster the merger of different gene
pools between interfertile species. Analyses of PD genes—
genes that contribute to adaptive divergence of populations
(e.g., reproductive isolation)—can offer clues regarding the
ecological settings, evolutionary/selective forces, molecular
mechanisms that drive the divergence of populations and/or
species. By excluding introgressable transcriptomic regions,
we identified candidate ED and GD genes in introgression-
resistant regions between demes of Populus trichocarpa.
Biological functions of PD genes point to their involvement
in stress responses, disease resistance, timing of flowering,
cell cycle regulation, plant growth and development. We
found that no ED but GD genes showed evidence of sig-
nificant positive selection, suggesting that GD genes evolve
as a product of local adaptation to the environment.
Moreover, GD genes were polymorphic, contrasting with
less genetic variants in ED genes. ED genes are overall
more likely to be highly expressed, especially in xylem
compared to in leaves. In addition, we found that trans-
regulatory changes rather than cis-acting variants sub-
stantially contribute to the evolution of PD genes. Collec-
tively, this work demonstrates the molecular underpinnings
of PD and provide evolutionary insights into adaptive
divergence through the evolution of genes and expression
regulations thereof.
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