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Summary

� Studying the divergence continuum in plants is relevant to fundamental and applied biology

because of the potential to reveal functionally important genetic variation. In this context,

whole-genome sequencing (WGS) provides the necessary rigour for uncovering footprints of

selection.
� We resequenced populations of two divergent phylogeographic lineages of Populus alba

(n = 48), thoroughly characterized by microsatellites (n = 317), and scanned their genomes for

regions of unusually high allelic differentiation and reduced diversity using > 1.7 million single

nucleotide polymorphisms (SNPs) fromWGS. Results were confirmed by Sanger sequencing.
� On average, 9134 high-differentiation (≥ 4 standard deviations) outlier SNPs were uncov-

ered between populations, 848 of which were shared by ≥ three replicate comparisons. Anno-

tation revealed that 545 of these were located in 437 predicted genes. Twelve percent of

differentiation outlier genome regions exhibited significantly reduced genetic diversity. Gene

ontology (GO) searches were successful for 327 high-differentiation genes, and these were

enriched for 63 GO terms.
� Our results provide a snapshot of the roles of ‘hard selective sweeps’ vs divergent selection

of standing genetic variation in distinct postglacial recolonization lineages of P. alba. Thus, this

study adds to our understanding of the mechanisms responsible for the origin of functionally

relevant variation in temperate trees.

Introduction

Current progress in DNA sequencing technologies and computa-
tional biology facilitates fresh insights into genome-wide patterns
of variation in wild species, and into the roles this variation may
play in responses of organisms to environmental change (Anderson
et al., 2011; Orsini et al., 2013). A useful family of concepts for
approaching these issues revolves around the genomics of the
divergence continuum, that is, the continuous gradient from dif-
ferentiation between local populations to complete speciation
(Schluter, 2000; Nosil et al., 2009; Feder et al., 2012).

Recently developed genotyping-by-sequencing approaches
(Hohenlohe et al., 2010; Elshire et al., 2011) and whole-genome
resequencing make it increasingly feasible to study the genomic
architecture of divergence in many groups of animals and plants
(Cao et al., 2011; Ellegren et al., 2012; Jones et al., 2012;
Ellegren, 2013; Renaut et al., 2013). At the same time, new
conceptual developments in population genetics (Hermisson &

Pennings, 2005; Pritchard & Di Rienzo, 2010; Pritchard et al.,
2010), quantitative genetics (Le Corre & Kremer, 2012), and
speciation biology (Smadja & Butlin, 2011; Seehausen et al.,
2014) have started to transform the way we think about the ori-
gin, dynamics, and fate of the genetic variation that forms the
raw material for population divergence.

One set of questions of great current interest to the evolution-
ary genetics of diverging populations relates to the genomic archi-
tecture of differential adaptation, and of spatially varying
selection more generally. Much has been learned about these top-
ics in humans (Manolio et al., 2009; Gibson, 2012), animals
more generally (Barrett & Schluter, 2008; Rubin et al., 2010),
and plants (Fournier-Level et al., 2011; Neale & Kremer, 2011)
in recent years, based on a firm theoretical foundation (Orr,
1998; Barrett & Schluter, 2008; Pritchard et al., 2010) and
enabled by rapid progress in genomics. Recent studies of this
topic suggest complex genomic architectures of adaptation – and
complex histories of the underlying genetic variation – in species
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of animals and plants (Barrett & Schluter, 2008; Manolio et al.,
2009; de Carvalho et al., 2010; Pritchard et al., 2010; Neale &
Kremer, 2011; Gibson, 2012). Understanding these issues is par-
ticularly relevant in temperate forest trees, where the functionally
important, locally selected variation studied by evolutionary
geneticists is potentially of direct relevance to breeding, forest
management, and ecosystem restoration (Eckenwalder, 1996;
Whitham et al., 2006; Neale & Kremer, 2011; Slavov et al.,
2012). Important open research questions in this context revolve
around genomic patterns of differentiation between divergent
conspecific populations, the functional roles of genes or genetic
elements affected by natural selection between populations
(Neale & Kremer, 2011; Slavov et al., 2012; Evans et al., 2014),
and the relative roles of adaptation from new mutations (‘hard
sweeps’) vs standing genetic variation (‘soft sweeps’) during
evolutionary responses to environmental change (Hermisson &
Pennings, 2005; de Carvalho et al., 2010; Pritchard et al., 2010).
The ‘model forest tree’ genus Populus (poplars, aspens, cotton-

woods) represents a prime example for the divergence continuum
present in complexes of ecologically important and geographi-
cally widespread species (Eckenwalder, 1996; Whitham et al.,
2006; Jansson & Douglas, 2007). Genetic differentiation in
Populus has been studied at several stages of the divergence con-
tinuum, ranging from locally adapted populations of the same
species (Ingvarsson, 2005; de Carvalho et al., 2010; Slavov et al.,
2012; Bernhardsson et al., 2013) and taxa originating from recent
(pleistocene) speciation events (Levsen et al., 2012; Wang et al.,
2014) to much older species that appear to have diverged for mil-
lions of yr despite recurrent episodes of gene flow (Lindtke et al.,
2012; St€olting et al., 2013).

Most available evolutionary genetic studies in Populus have not
yet made use of the full power of whole genome scanning for
resolving patterns of population divergence, with notable excep-
tions (Slavov et al., 2012; Evans et al., 2014; McKown et al.,
2014). The most extensive of these studies (Evans et al., 2014)
revealed clear associations between genome-wide patterns of spa-
tially varying selection (inferred from five different types of selec-
tion scans) and the genomic architecture of phenotypic traits
(phenology and growth) assayed in replicated common garden
trials. This type of genomic association, long predicted by theory,
lies at the heart of the population genomic approach of studying
functionally relevant genetic variation (Luikart et al., 2003), and
it motivates the population genomic work reported for Eurasian
species here.

Populus alba is a highly variable and patchily distributed taxon
with a wide range of abiotic and biotic tolerances; it thrives in
habitats as diverse as the deserts of northern Africa, European
flood plain forests, and central Asian regions with highly conti-
nental climates and severe winter frosts (Dickmann & Kuzovkin-
a, 2008). P. alba is known to hybridize occasionally with its
related congener Populus tremula, but recent population genomic
work indicates much stronger isolating barriers than previously
assumed (Lexer et al., 2010; Lindtke et al., 2012, 2014). In line
with its widespread, mosaic-like geographic distribution, signifi-
cant nuclear genetic differentiation (e.g. in terms of FST) has been
detected among local populations of P. alba, translating into

estimates of only a few migrants per generation (Lexer et al.,
2005; Castiglione et al., 2010; Lindtke et al., 2012).

In this study, we use thoroughly validated whole-genome
sequence data to address the genomic architecture of differentia-
tion at a well-defined early stage of the divergence continuum
present in this Eurasian Populus species, namely between phylog-
eographic lineages representing different postglacial recoloniza-
tion routes of P. alba in Europe (Hewitt, 2000; Fussi et al.,
2010). We address three main questions of current interest to the
evolutionary genetics of diverging populations in wild, perennial
plants:
� What is the genomic architecture of population divergence at
an early stage of the divergence continuum present in the ‘model
forest tree’ Populus, that is, between well defined, distinct phylog-
eographic lineages?
� Is adaptation in these widespread forest trees more likely to
occur from new mutations arising in large panmictic populations,
or from standing genetic variation maintained by neutral pro-
cesses in periods of glacial isolation?
� Which functional classes of genes are enriched among those
affected by locally varying selection, and what might be the selec-
tive agents responsible for the unusually great allele frequency dif-
ferences in these genes?

Materials and Methods

Characterization of P. alba populations with nuclear micro-
satellites

Two distinct recolonization lineages of P. alba L. in central
Europe were identified in previous phylogeographic research
based on plastid DNA (Fussi et al., 2010). They comprise a
southeastern recolonization route roughly following the Danube
river valley upstream from Romania via Croatia, Serbia, and
other countries into Hungary, and a southern route originating
on the Italian peninsula. These two routes essentially follow
major recolonization routes predicted by Hewitt (2000), Petit
et al. (2003), and others. Populations of the two P. alba lin-
eages are significantly differentiated for phenotypic (leaf and
petiole) traits that appear to be under strong genetic control
(several major quantitative trait loci detected; Lindtke et al.,
2013), and at least one of these (leaf size) is known to be
linked with growth traits in poplar (Rae et al., 2004). The pop-
ulations are also differentiated for phytochemical defence traits
(C. Caseys et al., unpublished). The two lineages of P. alba
meet at the northeastern end of the Alps in Austria, where a
mixture of plastid DNA haplotypes from both lineages is found
(Fussi et al., 2010). The goal of the present study was to
explore genomic differentiation between these two phylogeo-
graphic lineages, that is, across the intraspecific Austrian admix-
ture zone (Fig. 1).

Population-level whole-genome resequencing represents a
considerable investment in terms of sequencing effort and
computation time, and thus we thoroughly characterized all
study material with codominant nuclear genetic markers before
sequencing. Microsatellite marker data for central European

2

ht
tp

://
do

c.
re

ro
.c

h



populations of P. alba were available from previous studies
(Lexer et al., 2010; Lindtke et al., 2012) and were comprehen-
sively reanalyzed here. The dataset comprised 317 individuals,
including 47 trees from the Ticino river drainage system in
northern Italy (ITA), 173 from the Danube valley in north-
eastern Austria (AUT), and 97 from the Tisza river drainage
in eastern Hungary (HUN) (Fig. 1). Characterization of these
populations was based on 43 robust, polymorphic markers
genotyped across all three localities with < 3% missing data;
Supporting Information Table S1). The markers and genotyp-
ing procedures are described in detail in Lexer et al. (2010)
and Lindtke et al. (2012).

We applied multivariate statistics and model-based analyses of
migration rates to the nuclear microsatellite loci to complement
the available plastid DNA data (Fussi et al., 2010) for these local-
ities. A principal coordinate analysis (PCoA) based on individual-
level marker data was carried out using GenAlEx v6.5 (Peakall &
Smouse, 2012) and the results were visualized in R 3.0.2 (R Core
Team, 2013). Mutation-scaled migration parameters between
populations were estimated using the coalescent theory and maxi-
mum-likelihood based approach implemented in Migrate v3.3.2
(Beerli & Felsenstein, 2001). Parameter estimation was based on
a Brownian motion microsatellite data model, and genetic diver-
gence between populations (FST) was used to obtain initial start
values for the estimation of theta and migration rates. Migrate
was run with 10 short chains (one heated) and a single long chain
for 50 000 generations, discarding the first 10 000 generations as
a burn-in.

Whole-genome sequencing (WGS) and single nucleotide
polymorphism (SNP) detection

To represent the two phylogeographic lineages of interest, two
subpopulation replicates from northern Italy (Ticino river val-
ley) and two from eastern Hungary (Tisza river valley) were
selected for pooled WGS (pool-seq WGS) using individual bar-
code tags (= identifier molecules) for each subpopulation repli-
cate. The two subpopulation replicates for each locality were
selected to be separated by 30–40 km of linear distance along
their respective river valleys and were thus labeled Italy
‘upstream’ (sequencing pool A) and ‘downstream’ (pool B), and
likewise for Hungary (sequencing pools C and D, respectively).
Twelve individuals of P. alba previously characterized with mi-
crosatellites (Lexer et al., 2010; Lindtke et al., 2012) and geno-
typing-by-sequencing markers (Lindtke et al., 2014) were
chosen to represent each subpopulation replicate. The
sequenced individuals were selected based on their geographic
coordinates (minimum distance 50 m) and admixture coeffi-
cients (Q) from previous marker studies, which indicated they
were free from signs of introgression from the related congener
P. tremula. At distances of > 50 m, central European popula-
tions of P. alba are essentially panmictic and exhibit extremely
weak spatial genetic structure (van Loo et al., 2008). Our sam-
pling design was chosen so as to yield sample sizes of n = 24 per
population (northern Italy and eastern Hungary) upon combin-
ing data of subpopulation replicates for each locality, and to be
able to check the robustness of the results at the individual

(a)

(b)Fig. 1 Sampling locations and migration
estimates for populations from two different
central European phylogeographic lineages
of Populus alba. (a) P. alba sampling sites,
Italy (Ita, green), Austria (Aus, red), and
Hungary (Hun, blue), with mutation-scaled
migration parameter (M) estimates from
Migrate for neighboring populations based
on allelic data for codominant microsatellite
loci. (b) Principal coordinate analysis (PCoA)
of microsatellite data in Italian (green),
Austrian (red), and Hungarian (blue)
populations. The fraction of total variation
explained by each principal coordinate axis is
indicated.
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subpopulation (n = 12) level. Sample sizes of this magnitude
have previously been shown to yield useful and reliable results
in pool-seq WGS (Rubin et al., 2010).

Total genomic DNA for pool-seq WGS was extracted for all
plants from silica-preserved (lyophilized) leaf tissue using
Qiagen’s DNeasy Plant Mini Kit. DNA concentrations and
purity were determined using a Nanodrop 1000 system
(Thermo Fisher Scientific, Waltham, MA, USA). The four pools
(Italy A, Italy B, Hungary C, and Hungary D) were prepared by
combining equal quantities of DNA for each of the 12 individu-
als per subpopulation replicate. DNA pools (= subpopulation
replicates) were individually barcoded and jointly sequenced on
the SOLiD4 system (Applied Biosystems, Thermo Fisher
Scientific) at the Functional Genomics Center Zurich (FGCZ)
following the manufacturer’s instructions. SOLiD4 sequencing
produced paired-end reads of 50 + 35 bp in length. Our target
sequencing depth was 249 per sequenced pool, based on recom-
mendations from empirical and simulation studies (Rubin et al.,
2012; Rellstab et al., 2013). Reference mapping, quality filter-
ing, and SNP detection from pool-seq WGS data were carried
out as described in Methods S1. We only retained high-quality
bi-allelic SNPs covered by eight to 250 reads in each of the four
subpopulation replicates. The dataset was further quality-filtered
by removing sites with a minimum read count of 3 for the
minor allele to avoid spurious SNP calls (Table S1).

SNP validation by Sanger sequencing

To validate the accuracy of SNP calling and allele frequency
estimates from SOLiD pool-seq WGS (Table S2), a subset of
SNP loci were sequenced using the conventional Sanger method
for each of the 48 individuals used in pool-seq WGS (24 Italian
and 24 Hungarian samples). Five genes were selected for
fluorescent dideoxy Sanger resequencing (Table S3). These
SNP validation genes were selected to maximize the total num-
ber of SNPs within PCR fragments < 1.2 kb in length. Three
of the genes (Potri.014G162900, Potri.007G055500, Po-
tri.014G164400) were selected because they exhibited several
high-differentiation outlier SNPs per gene in pool-seq WGS,
and two genes were picked from putatively neutral regions with-
out such outlier SNPs (Potri.019G002600, Potri.014G068400).
For detailed laboratory protocols for Sanger sequencing, see
Methods S2.

After sequencing, raw data were proofread and manually
edited to retain information on heterozygote allele states using
BioEdit (Hall, 1999). Polymorphism calls from pool-seq WGS
and Sanger sequencing were then validated through Pearson cor-
relations for minor allele frequencies and allele frequency differ-
entials (AFDs) between sequencing methods using R (R Core
Team, 2013) (Table S4). For each Sanger-sequenced gene,
genetic diversity and differentiation between phylogeographic
lineages (Italy vs Hungary) were analyzed using DNASP 5.0
(Librado & Rozas, 2009) after haplotype phasing. Deviations
from neutral equilibrium expectations were tested with Tajima’s
D (Tajima, 1989).

Detection of differentiation and diversity outlier
polymorphisms

Upon successful SNP validation, an outlier approach was applied
to the pool-seq WGS data to identify candidate SNPs or genomic
regions with unusually high degrees of allele frequency differenti-
ation, potentially indicating divergent (=spatially varying) natural
selection between the two P. alba phylogeographic lineages. For
this purpose, AFDs (Shriver et al., 1997; Turner et al., 2010)
were calculated at the level of individual SNPs from pool-seq
WGS, using read counts of each SNP variant to estimate allele
frequencies (Table S5). Throughout this paper, AFDs should not
be mistaken for genetic divergence parameters (e.g. numbers of
polymorphisms within and between populations) used in classical
tests for selection (Hudson et al., 1987). Windowed measures of
AFD and genetic diversity (pooled heterozygosity; Rubin et al.,
2010) were also calculated to allow for the detection of selective
sweep regions, under the assumption of synteny between P. alba
and Populus trichocarpa. The ‘hard sweep’ genetic diversity test
statistic lnRH (logeRH) (Schl€otterer & Dieringer, 2005) was esti-
mated as the ratio of pooled heterozygosity between the Italian
and Hungarian populations at the window level. lnRH measures
the ratio of gene diversity (He) between pairs of populations.
Window sizes in our study were set to 8 kb with a step size of
2 kb, to reflect known linkage disequilibrium (LD) distances in
Populus spp. with similar life-history traits (Slavov et al., 2012).
Only windows with a minimum of 10 SNPs and a maximum of
200 SNPs were used for the analyses. For plotting purposes, we
smoothed over multiple windows to reduce the complexity of
graphical representation (see figure legends).

Outlier analyses were first carried out globally among phyloge-
ographic lineages by comparing the Italian population (sequenc-
ing pools A and B combined) with the Hungarian population
(pools C and D combined). Outlier analyses were then repeated
at the subpopulation level by computing all four pairwise com-
parisons between the Italian and the Hungarian subpopulation
replicates. In each analysis, SNPs were considered unusually
divergent if AFDs were ≥ 4 SDs higher than the genome-wide
average. Polymorphisms that were particularly differentiated at
both the global and the subpopulation scales were considered as
candidate loci potentially affected by divergent (= locally varying)
selection between phylogeographic lineages. Only SNPs detected
in at least three pairwise subpopulation comparisons (including
two independent comparisons) were retained as consistent candi-
date loci for locally varying selection between phylogeographic
lineages. Polymorphisms detected in only one or two compari-
sons were not retained, as they were regarded as being more likely
due to subpopulation-specific adaptation or drift.

Functional characterization of highly differentiated
candidate genes and polymorphisms

Regions containing outlier SNPs and windows with outlier status
were parsed for the presence of gene sequences. All outlier genes
were gene ontology (GO)-annotated using the Blast2GO-PRO v.
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2.7.1 pipeline under default settings (Conesa et al., 2005) based
on Blastx searches against a local copy of the nr database (as of
June 2014). GO term enrichment analyses were performed on
GOs associated with at least two outlier genes using Fisher’s exact
tests as implemented in the Bioconductor package topGO v2.16
using a minimum node size of five as recommended by Alexa &
Rahnenfuhrer (2010). Fisher’s exact test P-values were corrected
for multiple testing using the Benjamini & Hochberg (1995)
false discovery rate and were retained and ranked when below a
threshold of 15% (Table S6). Polymorphisms located within in-
tergenic regions were checked for potential mutations in cis-regu-
latory elements using the SOGO New PLACE software tool
(Higo et al., 1999).

Results

Characterization of P. alba populations with nuclear micro-
satellites

Multivariate analysis of microsatellite marker data via PCoA indi-
cated clear nuclear genetic differentiation between the northern
Italian and eastern Hungarian populations in the wind-pollinated
forest tree P. alba, and weaker differentiation between both of
these localities and northeastern Austria; Austrian trees over-
lapped genetically with Hungarian and, to a lesser extent, Italian
trees (Fig. 1). Mutation-scaled migration rates (M) estimated by
Migrate were generally low and showed a tendency for asymmet-
ric gene flow from both Italy and Hungary into Austria, as
expected from previously hypothesized patterns and directions of
postglacial recolonization of this species (Fussi et al., 2010).
Thus, the biparentally inherited nuclear microsatellite data were
largely congruent with the presence of two genetically differenti-
ated lineages with admixture in northeastern Austria (Fig. 1), as
previously hypothesized based on maternally transmitted plastid
DNA (Fussi et al., 2010). Based on the congruence between spa-
tial genetic patterns for plastid and nuclear markers, the Italian
and Hungarian populations were regarded as appropriate for a
whole-genome analysis of differentiation between these two intra-
specific phylogeographic lineages.

WGS and SNP detection

Whole-genome resequencing resulted in a total of 596 689 236
paired-end reads of 50 and 35 bp, respectively (SRA accession
number: SRP053219). A total of 49% of the longer 50 bp reads
and 25% of the shorter 35 bp reads were accurately reference-
mapped against the P. trichocarpa reference genome. We detected
a total of 1775 768 SNPs in the studied populations (Table S2),
covering, on average, 23.99, 24.49, 21.29 and 31.69 in pools
A, B, C and D, respectively (Fig. S1). Given a known assembly
size of 378 545 895 base pairs, the average distance among SNP
loci was thus 213 bp.

The density of SNPs varied among chromosomes (Tables S2,
S7). Among all detected SNPs, 66% were located within gene
boundaries (including exons and introns) predicted from the
P. trichocarpa genome assembly, and 41% were located in exonic

regions. This value is higher than expected, as only 29 and 17%
of the genome are composed of genic and exonic regions, respec-
tively. This result probably stems from elevated degrees of diver-
gence between P. alba and P. trichocarpa in intergenic regions
compared with genes, resulting in a lower mapping efficiency in
intergenic regions (Table S2). Thus, our results illustrate the ben-
efits and pitfalls of using a heterologous reference genome in rese-
quencing studies, as observed by others (Schl€otterer et al., 2014).

SNP validation by Sanger sequencing

A total of 89 SNPs predicted by pool-seq WGS were validated
through direct Sanger sequencing of five nuclear loci (Tables S3,
S4). Sanger sequencing yielded a total of 3639 sequenced bases
in, on average, 44 of the 48 studied individuals (range 35–48,
SD = 3.65). Allelic frequencies were significantly correlated
between Sanger sequencing and pool-seq WGS with Pearson’s
r-values of 0.92 (P < 0.001) and 0.41 (P < 0.001) for the Italian
and Hungarian populations, respectively.

The lower correlation in Hungary was traced back to putative
paralogous reads mapped onto gene Potri.014G068400 in that
population. This became apparent from a bias towards interme-
diate allele frequencies for this particular gene in Hungary, and
even more so from information on sequence coverage: mean cov-
erage was significantly higher for this gene in the Hungarian pop-
ulation (108.99) compared with the Italian one (50.39;
t = 8.181, df = 35.98, P < 0.001), and also compared with the
remaining four genes sequenced in this population (53.99;
t = 7.923, P < 0.001). The observed pattern is consistent with
local duplication of gene Potri.014G068400 in the Hungarian
population and mapping of paralogous reads against the same
locus in the P. trichocarpa reference genome. Our results point to
often underappreciated issues of resequencing studies arising
from the dynamic nature and ‘fluidity’ of plant genomes. The
correlation between allelic frequencies from pool-seq WGS and
Sanger sequencing increased substantially for the Hungarian pop-
ulation after exclusion of this gene, resulting in a Pearson’s r of
0.85 (P < 0.001). Correlations were also very high between AFDs
obtained by pool-seq WGS and Sanger sequencing with r-values
of 0.92 (P < 0.001, excluding the Potri.014G068400 gene).

Detection of differentiation and diversity outlier
polymorphisms

On the level of individual SNPs from pool-seq WGS, outlier
analysis on the global phylogeographic scale detected 11 099
highly differentiated SNPs between the Italian and Hungarian
populations at a threshold of ≥ 4 SD compared with genome-
wide expectations. This value is 198 times larger than expected
from a normal distribution of the data at the given 4 SD cut-
off, effectively translating into an expected 0.51% falsely dis-
covered outliers. On average, 9134 high-differentiation outlier
SNPs (range 8490–9833) were detected in pairwise compari-
sons among individual subpopulation replicates of the two lin-
eages (sequencing pools A–D; see the Materials and Methods
section) (Table S5). A total of 848 SNPs were detected as
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high-differentiation outliers in at least three out of four pair-
wise comparisons. All of these were also detected at the global
phylogeographic scale and were thus retained as consistently
strong SNP outliers for further analysis (Table 1).

On the level of genomic windows (window size = 8 kb, step
size = 2 kb; see the Materials and Methods section), analysis of
159 026 sequence windows covered by ≥10 and < 200 SNPs
revealed 519 particularly differentiated outlier windows (AFDs
≥ 4 SD) localized in 252 independent genome regions. This is c.
104 times more than expected from a normal distribution, equiv-
alent to a false discovery rate of 0.96%. Outlier window size was
rather small (median 4 kb, mean 6.2 kb, maximum 18 kb). Out-
lier regions for AFDs were observed on all 19 chromosomes of
the P. alba genome. No window with particularly low genetic dif-
ferentiation between phylogeographic lineages was detected at a
cutoff of 4SD compared with genome-wide expectations (Fig. 2).

Measures of genetic diversity from pool-seq WGS differed
slightly but significantly between the two studied populations,
with higher pooled heterozygosity values (� SD) in Italy
(0.271� 0.051) than in Hungary (0.264� 0.054; t = 32.36;
P < 0.001). The ‘hard sweep’ test statistic lnRH detected 246
outlier windows with reduced diversity in Italy and 171 such
windows in Hungary. Overall, this corresponds to 0.4% of all
genomic windows and to 12% of all outlier windows detected by
our scan for increased allele frequency differentiation (Figs 2, S2;
Table S8). The results are informative regarding our discussion
of hard selective sweeps vs more subtle allele frequency shifts dur-
ing local adaptation in P. alba at this broad spatial scale (see
later).

Individual Sanger sequencing of three highly differentiated
candidate genes (Table 2) and two putatively neutral genes
confirmed the results of pool-seq WGS. First, candidate genes
showed high FST values between the Italian and the Hungarian
lineages (range: 0.32–0.63, Table 2) compared with the puta-
tively neutral controls (0.04 and 0.06), as predicted by pool-seq
WGS. Second, Tajima’s D was highly negative (= excess of low-

frequency variants) for all candidate genes in the Italian popula-
tion (Table 2), whereas it was nonsignificant for the two controls.
This pattern across genes suggests positive selection on the three
candidate genes, rather than population expansion, as the likely
explanation for the differences in allele frequency spectra (Luikart
et al., 2003; Nielsen et al., 2007).

Functional characterization of highly differentiated
polymorphisms and genes

Annotation of the 848 consistently detected high-differentiation
outlier SNPs (see earlier) indicated that 303 (35.7%) were
located in nongenic regions and 545 (64.3%) were located in
437 different gene loci predicted from the P. trichocarpa genome
assembly (22.2% in exons, 35.4% in introns, and 6.7% in
untranslated regions). These candidate genes contained between
one and 10 outlier SNPs (Table S8). Twenty-four of these 437
outlier genes were also outliers in screens for reduced genetic
diversity lnRH, including 21 in Italy and three in Hungary, thus
providing evidence for local hard selective sweeps in coding
regions of P. alba. GO annotations identified molecular func-
tions, biological processes, and/or the cellular components for
19 814 of the genes analyzed in this study, including 327 outlier
genes. Among the 303 SNPs identified in intergenic regions, 89
were located in cis-regulatory elements.

Table 3 lists the top 29 candidate gene loci (genes containing a
minimum of two high-differentiation outlier SNPs with at least
one located in exonic regions), including descriptions of their
likely functions. These top candidate genes were distributed
along 14 of the 19 chromosomes of the Populus v2 assembly and
included six genes with a diversity lnRH footprint of ‘hard selec-
tive sweeps’ (Table 3). GO term enrichment analyses of the 327
outlier genes detected 63 significantly overrepresented GO terms
(58 molecular functions and five biological processes), and several
of these were also overrepresented among differentiation outliers
in recent studies of P. trichocarpa and Arabidopsis lyrata; Tables
S6, S8). All 58 molecular functions were linked to transmem-
brane transport, catalytic activities, metal binding, and nucleotide
binding (Table 4). The five significant biological processes were
linked to ion transport and regulation of anatomical structure
size, including clear candidate genes for adaptation to the diver-
gent soil substrates found in the two studied river drainage sys-
tems (see later).

Discussion

Genomic patterns of differentiation between
phylogeographic lineages in a widespread forest tree:
implications for adaptive evolution

Classical population genetic theory has had a strong focus on
adaptation from new mutations that become fixed by divergent
natural selection in populations colonizing new environments
(Orr, 1998; Barrett & Schluter, 2008). This traditional model
was accompanied by the long-held view that adaptation may
often involve relatively few genes with alleles of large effect

Table 1 Summary of results on genetic differentiation at single nucleotide
polymorphism (SNP) loci between Italian and Hungarian populations of
Populus alba, including comparison of individual SNPs along the genome
(in all windows) with SNPs observed in highly differentiated outlier
windows

All windows Outlier windows

SNPs
N 1775 768 12 244
Mean AFD 0.105 0.246

Differentiation outlier SNPs
N 848 188
Mean outlier AFD 0.714 0.714
% in genic regions 64.3 75.0

Candidate outlier genes
N 437 78
Mean AFD 0.181 0.248

Outlier, ≥ 4 SDs different from genome-wide averages of genetic
differentiation. N, absolute number; AFD, allele frequency differential;
candidate outlier genes include at least one SNP locus with outlier status.
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(reviewed by Orr, 1998). A growing number of human genetics
studies indicates that this view is overly simplistic, as functionally
and adaptively important traits often have a complex basis, entail-
ing either many common genetic variants of small effect and/or a
number of rare variants of large effect (Manolio et al., 2009; Gib-
son, 2012). Similar evidence has started to emerge in plants, and
particularly so in forest trees (reviewed by Neale & Kremer,
2011; Le Corre & Kremer, 2012; Evans et al., 2014; McKown
et al., 2014; Zhou et al., 2014). To date, most studies of these
issues in wild, outcrossing plants were based on limited numbers
of polymorphic markers and genes, typically assayed via SNP

arrays (Neale & Kremer, 2011). In the present study, we brought
> 1.7 million SNPs from population-level genome resequencing
in P. alba to bear on these issues.

Our genomic data on two genetically (Fig. 1) and phenotypi-
cally (Lindtke et al., 2013) divergent intraspecific lineages of
P. alba from different river drainage systems with divergent soil
properties (see later) and local climates are consistent with the
prediction from earlier population and quantitative genetic work
on forest trees that adaptive divergence has a complex, polygenic
basis: on average, > 9000 high-differentiation outlier SNPs were
detected between subpopulations of the studied intraspecific

Fig. 2 Genomic patterns of diversity and differentiation in populations from two different central European phylogeographic lineages of Populus alba.
Sliding windows (size = 8000 bp, step size = 2000 bp) summarize results for 10–200 single nucleotide polymorphisms per window on four exemplary poplar
linkage groups (LGs) identified by roman numerals. Beige rectangles highlight putative centromere locations (Slavov et al., 2012) on each LG. A Loess
smoother summarizes the region-wide degrees of differentiation (window size 250 kb, sliding by 100 kb). Positive allele frequency differential (AFD)
outliers (≥ 4 SD different from genome-wide expectations) are highlighted in green for the comparison of Italian and Hungarian populations. AFD outlier
windows, which are also of reduced diversity (lnRH ≤�4 SD different from genome-wide expectations) in Italian populations are indicated in red, whereas
those of reduced diversity in Hungary (lnRH ≥ 4 SD) are indicated in blue.

Table 2 Estimates of genetic diversity and differentiation and neutrality tests for three candidate genes and two negative controls individually sequenced
by the Sanger method

Genes Pop. Fragment size

Diversity
Differentiation Neutrality test

# Seq. S Si Pi # Hap. Hd FST Tajima’s D

Candidate genes
Potri.014G162900 Italy 707 48 14 0 0.0018 4 0.233 0.634 �1.841*

Hungary 48 4 0 0.0006 4 0.233 �1.175
Potri.007G055500 Italy 898 46 18 7 0.0019 9 0.561 0.317 �1.838*

Hungary 28 14 2 0.0055 11 0.899 1.273
Potri.014G164400 Italy 903 46 25 11 0.0027 6 0.492 0.428 �1.887*

Hungary 44 14 0 0.0034 14 0.874 �0.13
Putatively neutral genes
Potri.019G002600 Italy 694 46 24 4 0.0092 12 0.86 0.056 0.132

Hungary 48 30 3 0.0092 17 0.792 �0.483
Potri.014G068400 Italy 879 44 8 3 0.0024 11 0.794 0.042 0.39

Hungary 34 15 4 0.0041 21 0.964 �0.26

Significant Tajima’s D-values are presented in bold.
*Significant at P < 0.05; Pop., population; # Seq., number of sequences; S, polymorphic sites; Si, singletons; Pi, nucleotide diversity; # Hap., number of hapl-
otypes; Hd, haplotype diversity.
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lineages using stringent (4 SD) detection thresholds, including
848 SNPs within 437 different genes revealed by replicated con-
trasts (Table 1). These results from single SNPs were comple-
mented by those from window-averaged analyses of
differentiation across the genome (Figs 2, S2). Thus, to the extent
that allele frequency differentiation is informative regarding the
nature of population divergence (Le Corre & Kremer, 2012), our
results are consistent with a polygenic architecture of locally

varying selection (cf. polygenic adaptation) in P. alba at the level
of divergent postglacial recolonization lineages in Europe. Our
study provides an informative ‘snapshot’ of this early stage of the
divergence continuum (Nosil et al., 2009; Feder et al., 2012)
between well-defined postglacial recolonization lineages in a
widespread, ecologically important forest tree.

Our results also allow us to touch on the enigmatic history of
the potentially adaptive genetic variation present between diver-
gent phylogeographic lineages of this widespread forest tree. As
shown by Hermisson & Pennings (2005) and illustrated by Prit-
chard et al. (2010), adaptation is very likely to occur from stand-
ing genetic variation rather than from new mutations when the
mutational target size is large, as is the case for polygenic adapta-
tion. In effect, adaptive population divergence in this case will
make use of moderate allele frequency changes at many loci of
small effect (‘soft selective sweeps’; Hermisson & Pennings,
2005; Pritchard et al., 2010; Messer & Petrov, 2013). It appears
that this subtle genomic signature is more easily identified by
pairwise tests for allelic differentiation than by tests for hard
selective sweeps based on locally reduced diversity in single popu-
lations (Figs 2, S2).

The greater number of differentiation than diversity outliers
under adaptation from standing variation (de Carvalho et al.,
2010; our study) may arise from a variety of biological factors.
Most importantly, selective allele frequency shifts from standing
variation (‘soft sweeps’) are expected to involve multiple old
alleles that may have arisen independently on different genomic
backgrounds (Barrett & Schluter, 2008). This will result in a
much more subtle reduction of local genetic diversity, compared
with expectations for ‘hard sweeps’ starting from new mutations
(Pritchard et al., 2010). Spatially varying selection of this type
can easily lead to shifts in allele frequencies, resulting in greatly
increased differentiation at particular loci, but small or zero net
effects on local diversity (lnRH), for example when alternative
alleles at bi-allelic SNPs are driven to high frequency in different
localities. We acknowledge that the power of the lnRH statistic
to detect selective sweeps (Schl€otterer & Dieringer, 2005) has
been more thoroughly evaluated than that of AFD.

The putative older age of alleles contributing to the standing
genetic variation (Barrett & Schluter, 2008) also represents a
plausible explanation for the limited overlap between single out-
lier SNPs vs entire outlier windows for AFD (Table 1; see the
Results section). The latter point to more recent and/or stronger
local selection, which will affect broader LD regions along chro-
mosomes as a result of processes related to genetic hitchhiking.
Future studies of hard vs soft selective sweeps should make more
explicit use of information on the length of selected haplotypes
(Chen et al., 2010), an approach that would benefit greatly from
the further development of haplotyping methods for pool-seq
data (Schl€otterer et al., 2014).

Despite the apparent prevalence of soft selective sweeps in the
studied polymorphisms and populations, it is noteworthy that
12% of all genomic outlier windows detected in our study exhib-
ited the local reduction of genetic diversity (lnRH) expected for
classical, hard selective sweeps. This suggests that effective popu-
lation sizes (Ne) and/or mutation rates in this widespread,

Table 3 Twenty-nine genes with multiple outlier single nucleotide
polymorphisms (SNPs) for genetic differentiation between Italian and
Hungarian populations of Populus alba

Outlier genes # out Description

DNA/RNA binding – transcription factors
Potri.014G166300 4 transcriptional adapter ada2-like

isoform x4
Potri.006G221800 3 myb transcription factor r2r3-like

protein
Potri.005G183700 3 phd finger family protein
Potri.014G164400* 2 scarecrow-like transcription

factor pat1-like
Potri.009G093000 2 homeodomain-like protein with

ring fyve phd-type zinc finger isoform 1
Potri.001G101800 2 at-rich interactive domain-containing

protein 2-like
Potri.001G220100 2 la-related protein 1-like
Potri.005G112300 2 proline-rich family protein
Potri.012G086800 2 50s ribosomal protein
Potri.002G017500 2 thioredoxin superfamily protein
Potri.012G082600 2 u3 small nucleolar ribonucleoprotein

mpp10 isoform 2
Ion transport
Potri.001G123700 10 potassium transporter 11 family protein
Potri.007G055500* 3 calcium-transporting atpase plasma

membrane-type-like
Potri.010G045900 3 abc transporter b family member

chloroplastic-like
Response to stress – defence
Potri.013G058100 4 chaperone protein
Potri.014G195900 3 phytochelatin synthase
Potri.017G074000 3 abc transporter b family member 15-like
Potri.003G066400 2 flavonoid 3-monooxygenase-like
Potri.016G050300 2 protein polychome-like
Potri.014G153400 2 aconitate hydratase mitochondrial-like

Structural
Poptr.0005s20630 4 caffeic acid methyltransferase
Potri.010G098800 3 ubx domain-containing protein
Potri.010G153000 3 phragmoplast orienting kinesin 1-like
Potri.014G162900* 2 fasciclin-like arabinogalactan

protein 7 isoform 1
Potri.001G148800 2 pleckstrin homology domain-containing

protein
Other
Potri.013G008500 8 uncharacterized loc101202927
Potri.004G067200 3 upf0415 protein c7orf25 homolog
Potri.004G067400 3 endosomal targeting bro1-like

domain-containing protein isoform 2
Potri.010G170900 2 btb poz domain-containing protein

at3 g19850-like

Candidate genes in bold were located in genomic regions with a significant
reduction of genetic diversity (lnRH) in the Italian population.
*Candidate genes tested for traces of selection using Sanger sequencing;
# out, number of SNP loci with outlier status.
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perennial plant species are sufficiently large to give rise to new
genetic variants that make an important contribution to the
genetic variation used by spatially varying selection (Pritchard
et al., 2010). Our results are consistent with selection acting on
both new mutations and standing variation after the onset of
postglacial recolonization of these river drainages, that is, within
the last few hundreds of tree generations (de Carvalho et al.,
2010; Fussi et al., 2010). We note that a previous study has esti-
mated migration rates and effective population sizes in central
European populations of this species (Lexer et al., 2005), and that
a full demographic analysis based on the joint site frequency
spectrum (SFS) from many sequenced individuals of these
populations is forthcoming (C. Christe et al., unpublished).

At the present time, we cannot exclude with certainty the pos-
sibility that some of the differentially selected variants in P. alba
might stem from local interspecific introgression from the related
congener P. tremula. Nevertheless, we consider it unlikely that
our results are strongly affected by introgression, as these two
parapatric species are isolated by much stronger postzygotic barri-
ers than traditionally thought (Lexer et al., 2010; Lindtke et al.,
2012, 2014). Also, all of our sequenced trees were previously
characterized as pure P. alba based on large numbers of genetic
markers (Lexer et al., 2010; Lindtke et al., 2012, 2014).

Extension of WGS to the related P. tremula might reveal whether
any of the unusually divergent genome regions discovered in this
study have a heterospecific origin.

Functional roles and potential selective agents of highly
differentiated candidate genes

A focused inspection of functional (GO) categories with signifi-
cant enrichment among our spatially varying selection candidate
loci (Table 4) and our top list of highly differentiated candidate
genes (Tables 3, S8) reveals plausible links with the perhaps most
striking environmental difference between the two studied river
drainages, soil substrate texture and nutrient content. The soils of
both river drainages, Ticino in northern Italy and Tisza in eastern
Hungary, are classified as typical flood-plain humaquepts and
dystrodepts according to established soil taxonomy (Soil Survey
Staff, 2010), but the soils at the Tisza are much more loamy and
clayey with high water retention, whereas those at the Ticino
exhibit a strong gravel and sand component with low water reten-
tion and low nutrient availability in terms of cation exchange
capacity (CEC) and pH (European soil portal: http://eu-
soils.jrc.ec.europa.eu/; Solaro, 2006). Notwithstanding the spa-
tial mosaics in soil nutrient availability (CEC and pH) generally
expected in river flood plains, the difference in soil substrate
(loam and clay vs gravel and sand) and nutrient status between
these river drainages represents a plausible potential agent of
selection on genetic variation present in flood plain forest trees at
this spatial scale.

Consistent with this hypothesis, many of our enriched GO cat-
egories were also identified by population genomic scans of other
taxa with pronounced intraspecific variation in soil substrates and
nutrient content, for example, P. trichocarpa (Evans et al., 2014)
and A. lyrata (Turner et al., 2010) (Table S6). Also, our enriched
GO terms and most highly differentiated selection outlier candi-
date loci (Tables 3, 4) include multiple genes involved in cation
transport, root development, and water stress response. For
example, the most highly divergent candidate gene in our study,
Potri.001G123700, with 10 highly differentiated SNPs
(Table 3), codes for a potassium (K+) transporter from a highly
enriched GO molecular function (transmembrane transporter
activity; Tables 4, S6). A total of six highly differentiated candi-
date genes in this GO category code for K+ uptake permeases, K+

transporters (ATK1), and K+ channels (Table S8). In A. thaliana,
ATK1 is expressed predominantly in root hairs and root endoder-
mis where K+ is taken up from the soil (Cao et al., 1995). This
high-affinity transporter operates at intermediate and low exter-
nal K+ concentrations (Nieves-Cordones et al., 2014). Eleven
additional, highly differentiated candidate genes involved in
transport of ions such as calcium, magnesium, nitrate, phosphate,
ammonium, boron, and sulfur were identified by our study
(Table S8).

In addition to ion uptake and transport, 11 of our highly diffe-
rented candidate genes (Tables 3, S8) were linked to root devel-
opment. The architecture of a plant’s root system is central to
adaptation to the soil substrate, and optimal development of the
primary and lateral roots, including root hairs, is essential for

Table 4 Major gene ontology (GO) terms with significant enrichment
among highly differentiated outlier genes compared with all genes
covered by this whole-genome resequencing effort

Significantly enriched GO
term in outlier genes

Sig. child
terms # genes

# outliers
genes

(a) Molecular function
Transmembrane transporter activity 22 1205 34**
Active transmembrane
transporter activity

7 649 19*

Cation transmembrane
transporter activity

11 568 18**

Potassium ion transmembrane
transporter activity

3 81 6**

Calcium-transporting ATPase activity 0 35 3*
Hydrolase activity, acting on acid
anhydrides, catalyzing transmembrane
movement of substances

5 285 12**

Xenobiotic transporter activity 1 35 3*
Catalytic activity 33 11309 204*
Hydrolase activity, acting on ester bonds 8 1182 29*
Lyase activity 3 437 13*
Oxidoreductase activity, acting on a
heme group of donors

3 10 2*

Binding
Metal cluster binding 1 124 6*
Cyclic nucleotide binding 0 20 3**

(b) Biological process
Ion transport 2 1304 36***
Regulation of anatomical structure size 1 150 9***

Sig. child terms, significantly enriched GO child terms; # genes, total
number of annotated genes; # outlier genes, number of genes containing
outlier (high genetic differentiation) SNP loci. Molecular functions (a) and
biological processes (b) of genes with significantly enriched GO terms.
Significance of Fisher exact tests: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
All false discovery rates are < 0.15.
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exploitation of the soil. Thus, increased allelic differentiation of
these genes is consistent with the hypothesis of spatially varying
selection as a result of the pronounced differences in soil substrate
texture and grain among these river drainages (see earlier).
Among the highly differentiated candidate genes identified, Po-
tri.010G162500 is known to affect root meristem size and
growth (Zhou et al., 2011). Four additional genes in this group
are linked to response and/or transport of auxin, which mediates
root cell elongation, cell cycle progression, and tissue differentia-
tion (Table S8). For example, Potri.005G112300, one of our top
candidates (Table 3), is involved in cell differentiation and elon-
gation in the root tip through the modulation of auxin transport-
ers under limiting conditions (Gonzalez-Mendoza et al., 2013).

Among other functionally interesting groups of genes, our
highly differentiated candidates for spatially varying selection also
include two genes involved in response to water deprivation (Po-
tri.001G229100 and Potri.005G219000). Thus, it would appear
that our replicated WGS scan in P. alba has revealed multiple
spatially varying selection candidate genes with plausible links to
edaphic differences between these river drainages. This includes
many genes for which local adaptation has made use of standing
genetic variation, and several (e.g. Potri.007G055500; Tables 2,
3) for which it has proceeded by classical hard selective sweeps.

Implications for adaptation genomics, breeding, and
applied plant science

Taken at face value, our results suggest that adaptive differentia-
tion at this stage of the divergence continuum in Eurasian
Populus – between divergent postglacial recolonization lineages at
the subcontinental scale – is based on both new mutations and
standing genetic variation, consistent with recent results in the
North American P. trichocarpa (Evans et al., 2014). The relative
prevalence of spatially varying selection from standing variation
implies the potential for rapid evolution of tree populations in
the face of environmental (e.g. climate) change (Barrett & Sch-
luter, 2008). Indeed, common garden trials in the related
P. tremula show that genomic admixture between divergent post-
glacial lineages at a continent-wide scale contributes to variation
for adaptively important quantitative traits (e.g. bud phenology;
de Carvalho et al., 2010). More rigorous tests of the genomic
architecture of adaptive and functional divergence in Eurasian
Populus species should now entail a combination of genome-scale
population genetics, association genetics, and experimental com-
mon gardens (Evans et al., 2014), best including estimation of
the covariance of allelic effects (Le Corre & Kremer, 2012). Pop-
ulations with admixture between adaptively differentiated intra-
specific lineages such as those identified here (Figs 1, 2) may be
useful in this context, as the genomic variation in ancestry
induced by admixture can be utilized in association scans (Buer-
kle & Lexer, 2008). The role of structural variation and copy
number variants (Mills et al., 2011) also deserves special attention
in studies of adaptive divergence in this system, as exemplified by
an apparent structural variation identified by Sanger-based SNP
validation in P. alba in our study (gene Potri.014G068400; see
the Results section). The increased use of homospecific reference

genomes in future WGS efforts is expected to further increase the
fraction of the genome that can be interrogated for polymor-
phisms in Populus and many other plant taxa. Fortunately, the
potential for all these research topics in Populus and other forest
trees is excellent (Neale & Kremer, 2011; Slavov et al., 2012;
Evans et al., 2014; McKown et al., 2014). In Populus spp., the
results may reveal which genome regions are of special interest to
adaptation genomics, breeding for bioenergy feedstock develop-
ment, and restoration efforts in riverine habitats.
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