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Abstract

Climate is one of the most important drivers for adaptive evolution in forest trees.
Climatic selection contributes greatly to local adaptation and intraspecific differentia-
tion, but this kind of selection could also have promoted interspecific divergence
through ecological speciation. To test this hypothesis, we examined intra- and interspe-
cific genetic variation at 25 climate-related candidate genes and 12 reference loci in two
closely related pine species, Pinus massoniana Lamb. and Pinus hwangshanensis Hisa,
using population genetic and landscape genetic approaches. These two species occur
in Southeast China but have contrasting ecological preferences in terms of several
environmental variables, notably altitude, although hybrids form where their distribu-
tions overlap. One or more robust tests detected signals of recent and/or ancient selec-
tion at two-thirds (17) of the 25 candidate genes, at varying evolutionary timescales,
but only three of the 12 reference loci. The signals of recent selection were species spe-
cific, but signals of ancient selection were mostly shared by the two species likely
because of the shared evolutionary history. Fsr outlier analysis identified six SNPs in
five climate-related candidate genes under divergent selection between the two species.
In addition, a total of 24 candidate SNPs representing nine candidate genes showed
significant correlation with altitudinal divergence in the two species based on the
covariance matrix of population history derived from reference SNPs. Genetic differen-
tiation between these two species was higher at the candidate genes than at the refer-
ence loci. Moreover, analysis using the isolation-with-migration model indicated that
gene flow between the species has been more restricted for climate-related candidate
genes than the reference loci, in both directions. Taken together, our results suggest
that species-specific and divergent climatic selection at the candidate genes might have
counteracted interspecific gene flow and played a key role in the ecological divergence
of these two closely related pine species.

Keywords: climate change, divergent selection, ecological speciation, gene flow, landscape
genetics, pine, population genetics

Received 21 October 2013; revision received 9 May 2014; accepted 21 May 2014

Introduction

Climate is one of the most important drivers for adap-
tive evolution in forest trees (Aitken et al. 2008; Richard-
son et al. 2009; Sork et al. 2010; Alberto et al. 2013).
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E-mail: liujq@lzu.edu.cn

Climatic selection is known to contribute strongly to
local adaptation and intraspecific differentiation (e.g.
Morgenstern 1996; Savolainen et al. 2007; Olson et al.
2013), but this kind of selection could also have pro-
moted interspecific divergence through ecological speci-
ation (Rundle & Nosil 2005; Schluter 2009; Schluter &
Conte 2009; Keller & Seehausen 2012; Nosil 2012).
Because of the shared evolutionary history, ancient
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climatic selection might be shared between closely
related species. Most recent climatic selection, in turn,
might be species specific, because forest trees often have
the highest fitness in their own environments (i.e. local
adaptation, Savolainen et al. 2007), and different species
often occupy different climate niches (i.e. niche diver-
gence, Hua & Wiens 2013). At the stage of incipient speci-
ation between diverging populations, selection for
adaptive differentiation has also been shown to counter-
act the homogenizing effects of gene flow (Mayr 1963;
Slatkin 1987; Lenormand 2002; Savolainen et al. 2007;
Sousa et al. 2013) by decreasing the survival and repro-
ductive success of maladapted immigrants from nonlocal
diverged populations (Gavrilets & Cruzan 1998). Such
diversifying selective forces might not affect all loci, but
be limited to loci experiencing local selection, whereas
neutral loci would be affected only through linkage dis-
equilibrium with the selected loci (Nosil et al. 2009). Such
selection could give rise to lower estimated migration for
these genes than for reference genes in models assuming
neutrality (Sousa et al. 2013). The effects of the genes
underlying these processes may gradually extend to the
genome through linkage disequilibrium, to form repro-
ductive incompatibility between species (Wu 2001; Wu &
Ting 2004; Feder et al. 2012).

Identifying candidate genes underlying genetic differ-
ences associated with climate variations can help
explain how species have adapted to their past and
present climate conditions and allow us to predict how
they will respond to future climate change (Hoffman &
Sgro 2011; Franks & Hoffmann 2012). Long-term effects
of repeated selection should be detectable by comparing
divergence between species and diversity within spe-
cies, while signals of more recent selection should be
detectable by tests based on Fgr outliers, site frequency
spectrum (SFS) or linkage disequilibrium (LD) analyses
(Nielsen 2005; Hohenlohe et al. 2010). Recent local selec-
tion along environmental gradients can be detected by
examining covariance between allele frequency and cli-
mate variables (e.g. Coop et al. 2010). Patterns of diver-
sity and divergence can be predicted for simple null
models, and estimates for specific genes can be com-
pared to expectations derived from such models (Fisher
1930; Wright 1930; Hedrick 2011). However, as demo-
graphic effects also cause deviations from the null mod-
els, detecting selection requires additional tools, such as
comparing a set of candidate genes potentially related
to the trait of interest to a set of reference genes, likely
not related to the trait (e.g. Chen et al. 2012; Keller et al.
2012; Kujala & Savolainen 2012).

Evidence of climatic adaptation has been widely
detected in forest trees. Correlations have been detected
in diverse tree species between climatic gradients and
variation of genes linked to adaptive traits, for example

© 2014 John Wiley & Sons Ltd

bud set and cold adaptation (Holliday et al. 2010; Ma et al.
2010; Chen et al. 2012; Olson et al. 2013), and growth traits
associated with precipitation, aridity and temperature
(Bower & Aitken 2008; Eckert et al. 2010; Hall et al. 2011;
Keller et al. 2011; Prunier et al. 2011, 2012; Mosca et al.
2012). In addition, selection signals have been detected at
climate-related candidate genes in numerous tree species,
even if particular phenotypes have not been examined
(e.g. Gonzalez-Martinez et al. 2006; Pyhajarvi et al. 2007;
Eckert et al. 2009; Grivet et al. 2009; Wachowiak et al.
2009). However, it is less clear whether climatic adapta-
tion is also an important driver of tree speciation.

This study focuses on a pair of closely related pine spe-
cies, Pinus massoniana and Pinus hwangshanensis. All pre-
vious phylogenetic analyses have placed them in the
same section and subsection of the genus Pinus (Wang
et al. 1999; Gernandt et al. 2005), but they differ with
respect to morphological characteristics and timber anat-
omy (Wu 1980; Xing et al. 1992). They are distributed
across Southeast China and have different elevations
(Xing et al. 1992; Luo et al. 2001). Molecular phylogenetic
analyses including closely related species suggested the
two pine species diverged about 3-5 million years ago,
MYA (Leslie et al. 2012). Pinus massoniana tends to occur
at elevations below 900 m at the base of the mountains,
while P. hwangshanensis is mainly present at altitudes
above 700 m to the treeline (Fu et al. 1999; Luo et al. 2001;
Li et al. 2010a). Spontaneous hybrids are frequently
observed at intermediate altitudes, but they have sub-
stantially lower (<50%) seed germination rates than both
parents (Li ef al. 2010a, 2012a). The two species share
common ancestral polymorphisms in their mitochondrial
DNA, but between-species divergence of the chloroplast
DNA is much higher, indicating ongoing speciation
(Zhou et al. 2010). Such a pair of closely related species
with overlapping distributions offers valuable opportuni-
ties for detecting signals linked to climatic adaptation
and examining interactions between selection and gene
flow during ecological divergence.

We used multiple complementary approaches to
detect genes that have been targeted by selection over
three different evolutionary timescales: within each spe-
cies (recent selection), between the two species (PM-PH)
and in the shared lineage leading to P. massoniana and
P. hwangshanensis (i.e. ancient selection between these
species and an outgroup, Pinus koraiensis, PM-PK and
PH-PK). Specifically, we aimed to address the following
three questions. (i) Are the same genes targeted by recent
selection within each species, or do different loci contrib-
ute to recent climatic adaptation? (ii) Did climate-related
candidate genes contribute to the species divergence—do
they have higher levels of interspecific genetic differenti-
ation and more restricted gene flow between species than
reference loci, as expected? At the same timescale, do
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climate-related candidate SNPs show signals of diver-
gent selection or significant correlation with altitudinal
divergence between these two species? (iii) Is there evi-
dence of ancient climatic selection in the lineage between
PM-PH and P. koraiensis?

Materials and methods

Plant samples and DNA isolation

We collected samples from 11 and 15 natural sites span-
ning the ranges of Pinus hwangshanensis and Pinus mas-
soniana, respectively (Table S1, Supporting information),
including eight parapatric populations (populations of
the two species present on the same mountain, spanning
different but overlapping altitudinal ranges, see Li et al.
2010a,b), three allopatric populations of P. hwangshanen-
sis and seven allopatric populations of P. massoniana. At
each parapatric site, P. hwangshanensis was sampled at a
higher altitude than P. massoniana (Table S1, Supporting
information). On average, P. massoniana and P. hwang-
shanensis samples were collected at altitudes of 1143 and
606 m, respectively (Table S1, Supporting information).
As gene flow between the two species might complicate
our further analyses, such as selection tests using poly-
morphic information within species, we avoided sam-
pling hybrids by collecting samples from trees located at
least 100 m higher or lower than the margins of the con-
tact zones. Cones were collected from different trees sep-
arated by at least 100 m. Seeds from each mother tree
were kept in individual paper bags and stored at 4 °C in
a dry environment. We randomly selected four individu-
als per site, so in total we sampled 44 and 60 P. hwang-
shanensis and P. massoniana individuals, respectively, and
pooled the samples for most analyses, although the pop-
ulations are somewhat differentiated (Chiang et al. 2006;
Zhou et al. 2010; Ge et al. 2012; Y. Zhou, L. Duvaux, L.
Zhang, O. Savolainen & J. Liu, in preparation). We dis-
cuss the impact of this where relevant. Two individuals
of Pinus koraiensis (subgenus Strobus) from northeast
China (Mohe, Heilongjiang, 53°03'N, 122°22'E) were sam-
pled for use as an outgroup.

Genomic DNA was extracted from haploid megaga-
metophytes of germinated seeds using a QIAGEN
DNeasy Plant Mini Kits (QIAGEN, Inc., Valencia, CA,
USA), with polyvinylpyrrolidone (PVP) added to the
buffer (final concentration, 1%).

Loci studied

We selected a set of 25 candidate genes (Table S2, Sup-
porting information) that had been previously implicated
in climatic adaptation (cold hardiness and/or drought
tolerance) in pines (Gonzalez-Martinez et al. 2006; Eveno

et al. 2008; Wachowiak et al. 2009; Grivet et al. 2011). All
of these genes were first identified by analyses of gene
expression patterns in plants under cold and drought
stress (e.g. Joosen et al. 2006; Lorenz et al. 2006). Simi-
larly, a set of 12 loci (Dvornyk et al. 2002; Brown et al.
2004; Ma et al. 2006; Wachowiak et al. 2011; Ren et al.
2012, Table S2, Supporting information) assumed to be
neutral were selected for use as references.

PCR, sequencing, sequence alignment and annotation

Primers were designed using the PRIMER3 software
(http:/ /frodo.wi.mit.edu/primer3/) and available geno-
mic sequences of conifers. Primer sequences were listed in
Table S2 (Supporting information). Target loci were
amplified using a Gene Amp PCR system 9700 DNA Ther-
mal Cycler (Applied Biosystems, Foster City, CA, USA)
and 25 pL PCR mixtures containing 10 ng haploid tem-
plate DNA, 50 mm Tris-HCI, 1.5 mm MgCl2, 250 mg/mL
bovine serum albumin (BSA), 0.5 mm dNTPs, 2.0 mm of
each primer and 0.75 U of Taq polymerase. The thermal
profile consisted of primary denaturation at 95 °C for
6 min, followed by 32 cycles of 30 s at 95 °C, 45 s at a pri-
mer-specific annealing temperature (Table S2, Supporting
information) and 1 min or 1 min 30 s at72 °C, with a final
extension of 6 min at 72 °C. Amplification products were
then purified using a TIANquick Midi Purification Kit
(Tiangen, Beijing, China). Sequencing reactions were per-
formed with the forward and reverse PCR primers for all
amplicons, using an ABI Prism BigDye Terminator Cycle
Sequencing Kit, version 3.1 and an ABI3130x] Genetic
Analyzer (Applied Biosystems) at Lanzhou University or
ABI3730x] Genetic Analyzer at the Beijing Genome Insti-
tute (BGI). Singletons were verified by resequencing
reamplified fragments from the same megagametophyte.
Only sequences with clear single peaks were retained.

We aligned DNA sequences using MUSCLE (Edgar
2004) implemented in MEGA 5.0 (Tamura ef al. 2011). All
putative polymorphic sites were subsequently con-
firmed by visual inspection of the chromatograms. Cod-
ing and noncoding regions (introns and untranslated
regions) were annotated by BLAST searches of the
National Center for Biotechnology Information database
(http:/ /www.ncbi.nlm.nih.gov/).

Population genetic analyses

To measure genetic diversity within each species, we
determined the number of segregating sites (S) and
nucleotide diversity statistics (n, Nei 1987; 0,,, Watter-
son 1975) for all sites, silent sites and nonsynonymous
sites, and the number of haplotypes (K) and haplotypic
diversity (Hg, Nei 1987) for all sites. Average within-
population diversity (m,yver) and total diversity (ny) were
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compared in both species. As the divergence between the
two species was low, we estimated F statistics hierarchi-
cally, both between species (Fct) and among populations
within species (Fs). Grouping of populations based on
population structure (Fig. S2, Supporting information)
and biogeographic analyses (Chiang et al. 2006; Zhou
et al. 2010; Ge et al. 2012; Y. Zhou, L. Duvaux, L. Zhang,
O. Savolainen & J. Liu, in preparation) resulted in the
identification of five and seven populations (roughly by
province, Table S1, Supporting information) for P. hwang-
shanensis and P. massoniana, respectively, with 8-12 sam-
pled individuals in each population. We calculated
nucleotide divergence per site for nonsynonymous sites
(K,) and silent sites (K,). We also calculated the ratio of
replacement to silent polymorphism (r,/m,) in each spe-
cies, the ratio of replacement divergence to synonymous
divergence (K,/K) between the two species and between
each species and the outgroup. All statistics were com-
puted for each locus using pNasp v5 (Librado & Rozas
2009). Neighbour-joining (NJ) trees for all the loci exam-
ined were also constructed for all haplotypes of both spe-
cies under the Hasegawa-Kishino-Yano (HKY) mutation
model using Geneious 5.6 (http:/ /www.geneious.com/).

To investigate the effects of selection and population
history on LD, the level of LD was measured as the cor-
relation coefficient +* (Hill & Robertson 1968) using par-
simony-informative sites. Indels and sites with three
nucleotide variants were excluded from the analysis.
Under the mutation-drift-equilibrium model, the decay
of LD with physical distance was estimated using non-
linear regression of r* between polymorphic sites and
the distance (in base pairs) between sites (Hill &
Robertson 1968). The nonlinear least-squares (NLS) esti-
mate of p (p =4N.c, where N, is effective population
size and c is the recombination rate) between adjacent
sites was fitted using the NLS function implemented in
the R 2.15.2 statistical package (R Core Team 2013).

Population structure analysis

To examine genetic structure in each species, we used a
Bayesian clustering approach using STRUCTURE v.2.3.3
(Hubisz et al. 2009), which assigns individuals (with
admixture allowed) to a predetermined number (K) of
clusters. We ran six replicates for each value of K from
1 to 8 (100 000 burn-in cycles followed by 1 000 000
cycles of data collection) and identified the most likely
number of genetic clusters representing the data,
according to the AK statistic (Evanno et al. 2005).

Selection tests

Signals of natural selection were detected from three
different evolutionary timescales: within each species
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(recent selection), between the two species (which
diverged about 3 million years ago, MYA, Table 5) and
in the lineages leading to these two species (i.e. PM-PK
and PH-PK), by comparing them to the outgroup
(which diverged 45-85 MYA, Willyard et al. 2007).

To detect recent selection within species, we com-
pared the patterns of sequence variation to the neutral
equilibrium model using a range of statistics for each
species. The SFS-based statistic the Tajima’s D (Tajima
1989) were computed using pNasp v5 (Librado & Rozas
2009). The site- and haplotype-frequency spectra based
on the compound DHEW tests (Zeng et al. 2007) were
conducted using scripts provided by Dr. Kai Zeng.
Because the two species hybridize, we also estimated the
likelihood that natural selection has occurred at individ-
ual loci using the recently developed maximum fre-
quency of derived mutations (MFDM) test (Li 2011). The
MFDM test compares the size of each basal branch in the
tree and is robust to the effect of admixtures when
migrant detectors (MDs) are employed. As the migrant
lineage is expected to first coalesce with the lineages of
the MDs before coalescing with any others (Li 2011), we
used the three most frequent haplotypes in one species as
MDs in the other to identify the unbalanced trees caused
by interspecific introgression rather than selection. This
analysis was conducted for each locus of each species
and for PM-PH excluding indels. Two loci (ptlim-2 and
erd3) in P. hwangshanensis were excluded from the analy-
sis because of the small sample size.

To examine local adaptation to the seasonal climate
within species and ecological divergence between the
two species driven by climate selection at different alti-
tudes (one of the most important differentiating ecologi-
cal factors between the two species), we tested for
correlations between allele frequencies and altitudes
under a Bayesian generalized linear mixed model (Bay-
ENv, Coop et al. 2010; Gunther & Coop 2013). This
method tests for covariance between the candidate SNPs
frequencies and environmental or geographic variables
(e.g. altitude) that exceed the expected covariance esti-
mated using the reference SNPs. The covariance matrix
of population differences ) captures the pattern of allele
frequency variance among populations as expected
under genetic drift. We conducted BAYENV analyses for
P. massoniana and for the combined data set (PM-PH),
but not for P. hwangshanensis (as too few populations
were sampled). A total of 159 SNPs for P. massoniana and
250 SNPs for PM-PH from the reference loci were used to
characterize the neutral covariance of the population his-
tory, with five runs of a 500 000-step Monte Carlo Mar-
kov Chain (MCMC) in the Bayenv 2.0 program (Gunther
& Coop 2013). The mean covariance matrix over runs
was used as the covariance matrix in the following analy-
ses. We then tested for covariance between altitudes and
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the population-specific allele counts at candidate SNPs
while using the reference SNPs—derived (2 as a covariate
to control for population history. For a given SNP, BAYENV
2.0 compares a null model of covariance of SNP fre-
quency with population history to an alternative model
that includes a covariance of environmental or geo-
graphic variables. A Bayes factor (BF) is calculated as the
ratio of the posterior probabilities under the alternative
and null models. Because linear models are sometimes
sensitive to outliers, the rank-based nonparametric statis-
tic, Spearman’s p, was used to avoid including spurious
correlations. We analysed each SNP individually and
determined the distributions of posterior odds ratio (PO)
for the candidate SNPs (326 for P. massoniana, 634 for the
PM-PH) by 10 runs with 500 000 MCMC steps with dif-
ferent random seeds. The results were averaged across
the 10 runs. The top 5% BFs with the top 5% Spearman’s
p values were then interpreted as showing strong sup-
port for clinal adaptation along the altitude gradients in
P. massoniana or for climatic selection driving or main-
taining ecological divergence in PM-PH, as suggested by
the manual.

To detect SNPs that might be affected by divergent
selection in the two pine species, we used the BAYESCAN
v2.1 program (Foll & Gaggiotti 2008). Loci that have been
under local selection are expected to show a higher Fsr
values than neutral loci (e.g. Beaumont & Nichols 1996;
Foll & Gaggiotti 2008). Briefly, BayeScan tests for signals
of local adaptation in multilocus data by separately mod-
elling a population-specific effect § based on the island
model of demographic history, and a locus-specific effect
o, that is sensitive to the strength of selection and is
retained when the locus-specific component is necessary
to explain the observed pattern of diversity. Bayes factors
and posterior probabilities were calculated to indicate
how much more likely the model with selection is com-
pared to the neutral model. We ran BayescaN v2.1 analy-
ses separately on the reference SNPs and candidate SNPs
under identical run conditions (10 pilot runs with a burn-
in of 50 000 iterations, followed by 100 000 output itera-
tions with a thinning interval of 10, resulting in 10 000
iterations for posterior estimation). To minimize numbers
of false positives, outliers were identified at the 5% signif-
icance level of posterior probability, corrected by the false
discovery rate.

To examine longer term selection, we used the
multilocus Hudson—-Kreitman—-Aguade test (HKA, Hud-
son et al. 1987) to assess the fit of the data to the neutral
equilibrium model between these two species and
between each species and the outgroup, using the pro-
gram HKA (http://genfaculty.rutgers.edu/hey/soft-
ware#HKA) with 10 000 simulations. The MLHKA test
(maximum-likelihood HKA test, Wright & Charlesworth
2004), an extension of the HKA test, was then used to

identify genes or groups of genes that likely have been
subject to selection by comparing the neutral model and
the model with hypothesized selection at specific loci
(Wright & Charlesworth 2004). The selection parameter K
measures the degree of diversity within species com-
pared to divergence between species. K <« 1 suggests
selective sweeps, reflected in the increase of divergence
relative to polymorphism, while K » 1 suggests balanc-
ing selection, maintaining nucleotide variation (Wright &
Charlesworth 2004). K estimates were calculated for all
loci with different seed numbers and starting values for
the divergence time parameter (T) in the MLHKA
program (http:/ /labs.eeb.utoronto.ca/wright/Stephen_L
_Wright/Programs.html) with 1 000 000 MCMC cycles.

Finally, to detect selection in the PM-PH, PM-PK and
PH-PK lineages, we conducted McDonald—Kreitman
(McDonald & Kreitman 1991) and McDonald—Kreitman
Poisson Random Field (MKPRF, Bustamante et al. 2002)
tests. The MK test (McDonald & Kreitman 1991) is
based on a comparison of synonymous (or silent) and
nonsynonymous (replacement) variation within species
and divergence between species. The population selec-
tion coefficient (y = 2N,S, where N, is the effective pop-
ulation size and S is the selection coefficient) was also
estimated using the counts of fixed and polymorphic
SNPs in the MKPRF software (Bustamante ef al. 2002).
The MKPRF is based on a hierarchical Bayesian model
that can describe not only the strength and direction of
selection at an individual locus, but also an overall
trend for selection across a group of loci. MKPRF
obtains samples from the posterior distribution of the
parameters using a MCMC. Ten independent chains
were run for 10 000 ‘burn-in’ iterations and then sam-
pled every 10 iterations for a total of 100 000 samples
for each chain. The Gelman Rubin statistic (based on
the variation between chains) for each parameter in all
cases was close to 1.0, indicating that the chains con-
verged well. We summarized the selection coefficients
for each locus using the mean and 95% credible interval
for both candidate genes and reference loci.

Isolation-with-migration analyses

To estimate migration rates and splitting times for candi-
date genes and reference loci, we used the isolation-with-
migration (IM) model (Nielsen & Wakeley 2001; Hey &
Nielsen 2004; Hey 2010). The mutation rate per site per
year (u = K/2T) was estimated based on divergence (K)
across reference loci and divergence time (T) of 45-85
million years ago (MYA, Willyard et al. 2007) between
these two species (subgenus Pinus) and the outgroup
P. koraiensis (subgenus Strobus). Repeated preliminary
runs with different seeds were conducted with 100 000
steps and 50 000 burn-in steps in the A2 program (Hey
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2010) to capture the prior estimates. Subsequently, long
runs with 5 000 000 steps and 500 000 burn-in steps were
conducted twice for both candidate genes and reference
loci. We recorded peaks in the posterior distributions
and the 95% highest posterior density (HPD) interval for
the parameters. Similar posterior distributions were
obtained from each simulation, and average values of the
demographic parameters were finally calculated.

Results

Genetic similarity between P. massoniana and
P. hwangshanensis

The overall estimate of silent divergence (K = 0.013)
was low, indicating that divergence between the two
species and adaptation to different habitats occurred
recently. In accordance with the weak divergence, the
taxa shared about 50% of the segregating sites, and only
five fixed sites were observed at the candidate genes
(Table 1). In addition, the two species shared at least
one haplotype at most locus, except at four candidate
genes (aqua-MIP, dhnl, GI and Glu; Table S4 and Fig.
53, Supporting informations).

Table 1 Summary statistics for nucleotide variation within and
between Pinus massoniana and Pinus hwangshanensis

P. massoniana P. hwangshanensis

Candidate Reference  Candidate Reference
L 16 888 7262 16 888 7262
SNPs 321 (234) 159 (137) 480 (348) 202 (185)
(silent)
0., 0.0045 0.0041 0.0069 0.0059
Hy 0.64 0.58 0.77 0.80

PM-PH (candidate genes) PM-PH (reference loci)

SS 118 36
S1 214 78
S2 273 114
SF 5 0
K, 0.013 0.012

L, total analysed length in base pairs; SNPs (silent), single
nucleotide polymorphisms for total and (silent sites); 6,,, Watt-
erson’s nucleotide diversity (Watterson 1975); Hg, haplotype
diversity; SS, segregating sites shared by PM and PH; S1,
exclusive segregating sites in P. massoniana; S2, exclusive segre-
gating sites in P. hwangshanensis; SF, fixed segregating sites
between PM and PH; K, silent nucleotide divergence.
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Effective population size, nucleotide diversity and
linkage disequilibrium

The length of the 37 sequenced loci varied from 304 to
1246 bp, amounting to a total of 16 888 bp and 7262 bp
for all candidate genes and reference loci, respectively
(Table 1). Pinus massoniana has a wider geographic dis-
tribution than Pinus hwangshanensis (Zhou et al. 2010),
but it exhibited much lower silent nucleotide diversity
(P =0.025, Fig. 1a and Table S3, Supporting informa-
tion). The average within-population estimates of nucleo-
tide diversity were similar to the species-wide estimates
for both species (mayer = 0.0030, ny = 0.0039 in P. massoni-
ana and T,ye, = 0.0054, np = 0.0058 in P. hwangshanensis,
Table S3, Supporting information).

The extent of LD is also expected to be related to
effective population size (and possibly to selection). The
short sequences and relatively low samples sizes gave
rise to very large confidence intervals of p (4Ncc). The
point estimate of recombination parameter p for refer-
ence loci of P. hwangshanensis (0.0196) was about four
times higher than that of P. massoniana (0.0048). The
higher estimate for P. hwangshanensis was consistent
with the higher 06 (4N,p) estimate for P. hwangshanensis
and thus possibly higher effective population size in
P. hwangshanensis (Table 2). LD within genes decayed
within about 200 bp, as in many other outcrossing
coniferous species (Pyhajarvi et al. 2007; Chen et al.
2009; Li et al. 2010b, 2012b; Kujala & Savolainen 2012;
Fig. S1, Supporting information).

Signals of selection at three evolutionary scales

Recent selection within each species was identified as
departures from the standard neutral equilibrium
model using Tajima’s D, DHEW tests and MFDM tests,
which use slightly different aspects of the frequency
spectrum. In P. massoniana, two candidate genes (agp4,
aqua-MIP) were consistently identified by all the tests as
having been subject to positive selection. In addition,
some other loci, including eight candidate genes (a3ip2,
ccoaomt, dhn7, dhn9, GI, Glu, PHYO and Pod) and two
reference loci (c3h and LHCA4), showed departures
from the null model according to at least one of the
more robust tests (the DHEW and/or MFDM test; Table
4 and Table S9, Supporting information). In P. hwang-
shanensis, Tajima’s D was significantly more negative at
candidate genes than at reference loci (P = 0.040,
Fig. 1b), suggesting that candidate genes might have
been influenced by selective sweeps or purifying selec-
tion. Six candidate genes (aqua-MIP, comt, dhnl, dhn7,
Glu and PHYO) and one reference locus (PAL) were
identified as having been subject to selection according
to the robust DHEW and/or MFDM tests (Table 4 and
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Table 2 Descriptive statistics for population nucleotide recombination (4N.c) of candidate genes and reference loci in the two species

Loci

Rm (95% CI)

p (95% CI)

0 (95% CI)

p/0

Pinus massoniana
Candidate genes

Reference loci

Pinus hwangshanensis

Candidate genes

Reference loci

3.16 (0.04 17.46)
1.92 (0.01, 7.21)

3.08 (0.03, 8.74)
2.42 (0.01, 6.82)

0.0455 (0.0003, 0.2941)
0.0048 (0.0001, 0.1238)

0.0613 (0.0005, 0.1175)
0.0196 (0.0022, 0.2497)

0.0045 (0.0008, 0.0107)
0.0041 (0.0009, 0.0184)

0.0069 (0.0018, 0.0165)
0.0059 (0.0011, 0.0142)

10.11
1.17

8.88
3.32

Table S9, Supporting information). Among the genes
detected under recent selection, eight and three were
specific to P. massoniana and P. hwangshanensis, respec-
tively. Four (aqua-MIP, dhn7, Glu and PHYO) were
shared by the two species, but the SNPs at these genes

detected by the MFDM test differed between them
(Table 4 and Table S9, Supporting information).

We used BaYEnV 2.0 (Gunther & Coop 2013) to detect
the locus-specific covariance between altitudes and
candidate SNPs against the reference SNPs derived

© 2014 John Wiley & Sons Ltd
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population-specific covariance in P. massoniana and in
the combined data set (PM-PH). As suggested by the
manual, we used both the Bayes factor and the Spear-
man’s p to evaluate the results. In P. massoniana, we
detected four SNPs from three candidate genes (two of
them from Glu) showing substantial evidence (BF > 3.2,
Jeffreys 1961) of correlation with altitude (Table S8,
Supporting information). In the combined analysis, the
PM-PH, the top 30 BFs (BF > 4.4, substantial evidence
for the alternative hypothesis, Jeffreys 1961) along with
the top 5% Spearman’s p values were interpreted as
showing strong support for ecological divergence along
the altitudinal gradients. Note that these correlations
were detected after taking into account the population
structure derived from the reference loci. We identified
24 candidate SNPs (including four nonsynonymous
SNPs, Table 3) representing nine of the 25 studied can-
didate genes (Table 3), among which altitudinal associa-
tions were especially strong for the Glu gene (putative
glucan-endo-1, 3-beta-glucosidase precursor; nine signif-

Table 3 The top 30 Bayes factors with the top 5% Spearman’s
p values for correlations between allele frequency and altitude
in PM-PH

Bayes
Rank SNPs ID factors ~ Spearman’s p  Annotations
1 Glu_637 17.271**  —0.605** Int.
2 Glu_342 16.853**  —0.611** SS
3 Glu_132 16.722**  0.637** SS
4 Glu_368 15.169**  —0.594* NSS Ala-Val
5 MdhA_432 11.278*  0.671** Int.
6 aqua-MIP 378  9.574* 0.540* Int.
7 Glu_813 8.935* 0.594* Int.
8 Pod_164 8.774*  —0.546* NSS Ala-Ser
9 aqua-MIP 116 7.982* 0.532* NSS Pro-Leu
10 GI_345 6.592* 0.424* SS
11 MdhA_378 6.575%  —0.504* Int.
12 Glu_628 6.538* 0.574* Int.
13 dhnl_996 6.322* 0.440* Int.
14 MdhA_153 6.216*  —0.489* Int.
15 Ip3-1_235 5.934* 0.510* Int.
16 aqua-MIP_167  5.713* 0.428* NSS Pro-Leu
17 dhnl_678 5.599% 0.404 SS
18 Pod_323 5.570*  —0.496* Int
19 Glu_838 5.377%  —0.481* Int
20 PHYO 114 5.356*  —0.420 Int.
21 hlhl_140 4.877* 0.532* Int.
22 MdhA_64 4.767* 0.547* Int.
23 hlhl_230 4.741* 0.533* Int.
24 Glu_948 4.474 —0.407 Int.

Bayes factors: 3.2-10, substantial evidence; 10-100, strong
evidence; Int., Intron; SS, synonymous sites; NSS, Nonsynony-
mous sites.

*P < 0.05; **P < 0.01; two-tailed t-tests.

© 2014 John Wiley & Sons Ltd

icant associations, belonging to two LD groups with
r»>02 and four representing the top four BFs;
Table 3). All these candidate genes with SNPs associ-
ated with altitudinal divergence in PM-PH were found
to have been subject to recent selection within the
species, by at least one robust test (Tables 3 and 4).
Many of these environmental correlations were due to
the fact that the candidate loci were more highly
diverged between species along the altitude than the
reference loci (Fig. 2). The same loci seem to have expe-
rienced selection for altitudinal divergence between the
two species.

Fsr outliers implemented in the program BAYESCAN
were used to detect loci under divergent selection
between the two species. The distribution of Fgr across
candidate SNPs was similar to that across reference
SNPs (Fig. 3). BAaYESCAN identified six outliers [aqua-
MIP_116, dhnl_723, GI (239, 345, +* = 1), Glu_716 and
agp4 201] belonging to five candidate genes (all of them
were detected under recent selection within species,
Table S9, Supporting information) at the 5% significance
level (corrected by the false discovery rate, Fig. 3).
However, no outliers at reference loci were detected
(Fig. 3). These six candidate SNPs identified by BAYE-
scaN, except agp4 201 (BF = 0.85), were either signifi-
cantly associated with altitudes or highly linked to the
SNPs associated with altitudes in the BaYENv 2.0 analy-
ses in the PM-PH. All the four candidate genes showed
signals of recent selection within both species har-
boured at least one SNPs under divergent selection
between PM and PH. The hierarchical model of Fgr
(Excoffier et al. 2009) would in principle fit better to our
data (De Mita et al. 2013), but we aimed to detect sig-
nals of divergent selection between the two species here.
Population structure analyses showed that populations
nested within species with small amount of individuals
harboured admixed ancestry (Y. Zhou, L. Duvaux, L.
Zhang, O. Savolainen & J. Liu, in preparation).

Over longer evolutionary timescales, in the PH-PM
comparison, the K,/K; ratio was about three times
higher for the candidate genes than for the reference
loci (0.412 and 0.152, respectively; Table S5, Supporting
information), but such comparisons have low power
between closely related species. The HKA test revealed
significant deviations from the neutral model (P < 0.01,
Table S6, Supporting information). Two of the candidate
genes detected by the MFDM test (dhnl and LEA) have
been subject to balancing selection (K » 1, Table 4)
according to the MLHKA test. Because of recent diver-
gence and the rarity of fixed replacement sites between
the two closely related pines, the MK type tests had
low power.

In the PM-PK and PH-PK comparisons, the K,/Kj
ratio was about four times higher for candidate genes
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Fig. 2 Examples of candidate SNPs showing significant regression in transformed allele frequencies with altitude.

than for reference loci (Fig. 1c, Table S5, Supporting
information), and the HKA test suggested that the
ratios deviated significantly from null expectations in
both cases (P <0.001, Table S6, Supporting informa-
tion). We then examined the specific genes that had

© 2014 John Wiley & Sons Ltd

been subject to selection using the MLHKA test. In the
PM-PK comparison, four candidate genes (ccoaomt, comt,
Ino3 and PHYO) showed significantly lower ratios of
polymorphism within species to divergence between

species (ie. MLHKA’s K <« 1), likely because of
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selective sweeps. For PH-PK, two candidate genes (comt
and PHYO) were suggested to have been influenced by
selective sweeps. In addition, the MLHKA test sug-

gested three candidate genes and one reference locus in
the PM-PK lineage, and three candidate genes and two
reference loci in the PH-PK lineage had been influenced
by balancing selection, of which one locus was shared

£ } by both lineages (Table 4).
o | .
&1 Z giﬁﬂffssﬁ;f }"' In the PM-PK and PH-PK comparisons, the MKPRF
o | test, which jointly analyses multiple loci, detected mul-
| tiple candidate genes with excess polymorphic or fixed
= } replacement sites. Most of them were shared by PM-PK
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S o8 ! and PH-PK as many changes must have occurred dur-
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" } raiensis. None of the reference loci in the two
s o meetct F } comparisons exhibited deviation from the neutral
s L_. i expectations (Fig. 4a, b).
‘ ! We distinguished different kinds of selection by jointly
b 00 2 4 6 & 10 12 14 16 using of the HKA tests, the MK tests and their extensions.
~Log 10 @™ All the candidate loci detected under selection by the
. . . MLHKA test were also detected as undergoing similar
Fig. 3 Fgr outliers detected using BAYESCAN.
64 (a) Fig. 4 Results of McDonald-Kreitman
e Candidate L"’-"_'eﬁ Poisson Random Field (MKPRF) analysis:
- 2 Reference loci means and 95% credible intervals of pos-
terior distributions for selection coeffi-
cients (y) at each examined locus for (a)
24 Pinus massoniana and (b) Pinus hwang-
shanensis, *P < 0.05; **P <0.01 and
5 J@- | l *#P < 0,001,
E 07 [ 1] |
8 + i
Sl
4
=6 T T T T T T T T T T T T T T T T T T T T T T T T T T
£ S 3
¥y Yo b s ad ey Fov oy i oSy
N I R N B RS I - B S B S O
§IsEyes §S IS0 L8Ry s§a w?éw‘f SUSE
£1(b)
o Candidate genes
6 4 o Reference loci
4
2 -
g 14
g 0- ' {,
3 b TTl
=24
C
[=]
-
-6
54 - - G 5
_io_lillwlrllllll‘\l||||||\\||||=|\|[
?3?@‘?2%’\*%:?3‘*;;@*%‘3%5%’% §S'-§~?§§\?\’-§;\?@‘¥
SHTSTTNELs 3§c§€&b*§§§§*E§Q§$QL§~§

© 2014 John Wiley & Sons Ltd



CLIMATIC ADAPTATION AND ECOLOGICAL DIVERGENCE 3515

kind of selection by the MKPREF test in both PM and PH
lineages (the MLHKA and MKPREF tests are not indepen-
dent). Taken together, for both the PM-PK and PH-PK
lineages, we found positive selection or selective sweeps
associated with ccoaomt, comt, Glu, MdhA and PHYO.
Lineage-specific positive selection in the branch leading
to PM was found in Ino3, in the lineage leading to PH at
HIhl and Pod. Balancing selection in both lineages was
detected for dhn2 and dhn7, and lineage-specific balanc-
ing selection was detected at four loci (Table 4 and
Fig. 4).

Intraspecific and interspecific differentiation

We expected that candidate loci may have diverged
before reference loci because of selection for adaptation
to the species’ different habitats. As the divergence
between species was very low (K, = 0.013), we also
used F statistics to describe the differentiation. Between
the two species, interspecific genetic differentiation
(Fcr) was significantly higher for the candidate genes
(Fcr = 0408 4+ 0.239) than for the reference loci
(Fer = 0214 + 0.203, P =0.021, Fig. 1d), even though
the levels of diversity were similar (Fig. 1a). Within
both species, the levels of intraspecific genetic differen-
tiation (Fsr) among populations for candidate genes
were similar to those of reference loci for the two spe-
cies (Fig. 1d). Gene exchange at candidate genes might
be counteracted by local selection against maladapted
immigrants from nonlocal species.

Isolation-with-migration model

Isolation-with-migration model was used to estimate
the divergence time and migration rates. Our repeated
simulation runs using the ma2 program resulted in
unambiguous marginal posterior probability distribu-
tions for the demographic parameters for both sets of
candidate and reference loci. The estimate of the effec-

tive population size (N,) for P. hwangshanensis was
about twice of that for P. massoniana (Table 5), in accor-
dance with higher estimates of genetic diversity and
recombination for P. hwangshanensis. The detected
effective migration rate provided clear evidence for
rejecting the isolation model. Gene flow seems to have
occurred symmetrically in both directions between these
two species (Table 5). In addition, we estimated that the
species diverged about three MYA based on all refer-
ence loci data (Table 5 and Fig. 5). However, estimates
of gene flow in both directions based on the climate-
related candidate gene data were much lower (Table 5
and Fig. 5). The IMa program was originally designed
for analysing neutral makers, but we interpret these
results in the light of later developments by Sousa et al.
(2013), who showed that some patterns of selection may
result in lower migration estimates at the targeted loci.

Discussion

We compared intra- and interspecific genetic variation
at 25 climate-related candidate genes and 12 presumed
reference loci in two closely related pine species with
overlapping distributions but different altitudinal pref-
erences. We found that 17 of the 25 climate-related can-
didate genes were subject to positive or negative
selection according to one or more of the robust tests in
the two species at three different evolutionary time-
scales. Signals indicating ancient selection were mostly
shared, but signals indicating recent selection were spe-
cies specific. BAYESCAN detected six SNPs from candidate
genes (but none from reference genes) under divergent
selection between the two species. In addition, a total of
24 SNPs from nine candidate genes showed significant
covariance with altitudinal divergence between the two
species beyond the population structure derived from
the reference SNPs. Genetic differentiation between the
two species was significantly higher in the climate-
related candidate genes than in the reference loci. Our

Table 5 Maximum-likelihood estimates (MLE) and 95% highest posterior density (HPD) intervals of demographic parameters from
pairwise IMa2 multilocus analyses for candidate genes and reference loci

Value 9‘1 92 GA my > 2 my > 1 T N‘l N2 NA T (year) M] Mz
Reference loci
HiPt 1.745 3135 0.875 1.538 0.884 1.105 58 167 104 500 29167 2946 667  1.342 1.385
Mean 1.796  3.213 1.130 1.602 1.039 1.117 59 867 107 100 37667 2978 667 1437  1.669
HPD95Lo 1.235 2335 0.015 0.686 0.317 0.560 41 167 77 833 500 1492000 0423 0.370
HPD95Hi 2385 4145 2345  2.558 1.879 2.150 79 500 138 167 78167 5733333 3.060 3.894
Climate-related candidate genes
HiPt 3.685 5855 2625 0.406 0.264 1.357 122 833 195 167 87500 3618667 0.75 0.77
Mean 3709 5902 2710 0.422 0.274 1.400 123 633 196 733 90333 3733333 0.78 0.81
HPD95Lo  3.125  5.025 1.715  0.276 0.164 1.058 104 167 167 500 57167 2821333 043 0.41
HPD95Hi 4315 6.805 3.755  0.579 0.391 1.769 143 833 226 833 125 167 4 717 333 1.25 1.33
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Fig. 5 Marginal posterior distributions of (a) divergence time
(T) and (b) gene flow (m), under the IM model between Pinus
massoniana and Pinus hwangshanensis for candidate genes and
reference loci.

further simulations, based on an IM model, suggested
that levels of migration between the two species have
been lower for the climate-related candidate genes than
for the reference loci in both directions. The findings
indicate that the observed genetic pattern is probably
due to climatic adaptation driving ecological divergence
between the two species. Species-specific climatic selec-
tion within each species and divergent climatic selection
between the two species might restrict interspecific gene
flow by preventing the spread of locally adapted alleles
to the other species, playing an important role in initiat-
ing speciation of the closely related pines. Further, as
these loci were more diverged than the reference loci,
climatic selection may still be ongoing.

Selection at climate-related candidate genes

The estimated K,/K; ratios between the two pine spe-
cies, and between them and the outgroup, were signifi-
cantly lower for the reference loci than for the

candidate genes (Fig. 1c), suggesting that more relaxed
purifying selection or positive selection has acted on the
latter.

Eight climate-related candidate genes were identified
as having been subject to ancient and/or recent selec-
tion by at least two tests at various evolutionary time-
scales. These were PHYO, GI, dhnl, dhn7, ccoaomt, agp4,
aqua-MIP and Glu. All these eight genes have been
found to be highly correlated with the climatic adapta-
tion of plants, and evidence of selection acting on them
has been previously detected in population genetic
analyses of other tree or herbaceous species. First,
PHYO (phytochrome A, PHYA in Arabidopsis thaliana)
homologues in model plants have been found to be
involved in growth responses to temperature variations,
although this gene is particularly important in the
photoperiodic pathway (Howe et al. 1996; Smith 2000;
Garcia-Gil et al. 2003). Population genetic variation at
homologous loci has been found to be correlated with
the bud set and cold tolerance of several forest trees
(Chen et al. 2012; Holliday et al. 2012). Recently, positive
selection was found to be strongly acting at PHYA in a
northern population in the perennial Arabidopsis lyrata
(Toivainen et al. 2014). Second, another photoperiod-
related gene, the Gigantea (GI) has been found to be
subject to selection in spruce populations collected from
locations with different temperature regimes (Chen
et al. 2012). Third, the dehydrin genes (dhnl and dhn7 in
the present study) have been found to be highly
expressed in response to any type of stress that causes
dehydration at the cellular level, including cold,
drought and salinity (Close 1997; Yakovlev et al. 2008;
Velasco-Conde et al. 2012). Selection signals have been
detected for members of this gene family in numerous
widely distributed conifer species (Cato et al. 2006;
Eveno et al. 2008; Grivet et al. 2009; Palme et al. 2009;
Wachowiak ef al. 2009; Kujala & Savolainen 2012).
Fourth, agp4 homologues play important roles in cell
wall formation, while aqua-MIP and ccoaomt genes puta-
tively participate in controlling the water content of
cells (Cruz et al. 1992; Dubos et al. 2003). Homologues
of agp4, aqua-MIP and ccoaomt have been found to be
subject to selection in several pine species (Gonzalez-
Martinez et al. 2006; Eveno et al. 2008; Grivet et al.
2009). Finally, nine SNPs at Glu (putative glucan-endo-
1, 3-beta-glucosidase precursor) showed significant
covariance with altitude. Glu is upregulated under
osmotic stress in plants (Dubos et al. 2003) and partici-
pates in control of osmotic balance during dehydration
mediated by adjustments of sugar metabolism (Eveno
et al. 2008). Genome-wide association analyses in Medi-
cago truncatula also showed that allele frequency at Glu
was significantly correlated with climatic gradients
(Yoder et al. 2014).
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Three of the 12 reference genes (with no previous
record of selection) showed signs of selection in this
study (LHCA4, c3h and PAL, Table 4). Both PAL
(Fukasawa-Akada ef al. 1996) and c3h (Wei et al. 2006)
are reportedly upregulated under cold treatment in
herbs and may have played important roles during cold
adaptation of the two pines studied here. As our refer-
ence sequences were from coding areas, we were more
likely to detect some selection than if we had chosen
noncoding reference sequences (e.g. Ometto ef al. 2006).
Further functional evidence is needed to confirm sus-
pected roles of these genes in the focal species and their
relation to climatic adaptation (see Pavlidis et al. 2012b).
Some selection at the reference genes would make our
comparisons between the two groups conservative
(Hahn 2008).

The data set shows some overall evidence of devia-
tion from the SNE, which can influence some SFS-based
tests (Garrigan et al. 2010), but the DHEW (Zeng et al.
2007) and MFDM (Li 2011) tests provide more robust
evidence. As gene flow between the pair of species also
influences the detection of recent selection, we used the
MFDM test and its migrant detection capacity to elimi-
nate this effect (Li 2011). In the tests for ancient selec-
tion, we expect that gene flow between the species
would slow down or prevent the process of fixation of
mutations. In this sense, we would expect our tests for
positive selection to be conservative. For the selection
tests, we combined the data across populations. When
populations are differentiated, this might lower the
probability of detecting selection in MK tests, because
balanced polymorphism possible due to local adapta-
tion would reduce the level of divergence to polymor-
phism. However, the multilocus MKPRF approach is
much more powerful than the individual locus-based
MK test (Eilertson et al. 2012). Further, HKA tests can
be sensitive to population subdivision (Ingvarsson
2004). The HKA test also may also be influenced by
recent bottlenecks, which may contribute to excess of
polymorphisms at some loci (Wright & Charlesworth
2004). However, Tajima’s D did not deviate significantly
from the null hypothesis at reference loci in these two
species (Fig. 1b). In addition, demographic histories of
the two pines were effectively modelled by approximate
Bayesian computation (ABC), suggesting that neither
the bottleneck model nor the expansion model had a
higher probability than the SNE (Y. Zhou, L. Duvaux,
L. Zhang, O. Savolainen & ]J. Liu, in preparation).

More than half of the climate-related candidate genes
were found to be subject to positive or balancing selec-
tion. This is consistent with expectations as climatic
selection is likely to affect conifer populations fre-
quently and strongly, for several reasons. First, conifers
often have large current and historical population sizes
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and thus may be subject to efficient selection (y = 2N.s,
e.g., Gossmann et al. 2010; in eukaryotes). Second, many
conifers have been repeatedly affected by rounds of
climate change. Third, unlike annual plants, the seeds
of forest trees often colonize new sites substantial dis-
tances from their parent populations, thus exposing
them to greater environmental selective pressures. Fur-
thermore, current methods may not efficiently detect
selection based on polygenic traits (Pavlidis et al.
2012a), which are involved in much climatic adaptation
(Howe et al. 2003; Savolainen 2011; Savolainen et al.
2011; Alberto et al. 2013; Yoder et al. 2014), and selection
may have often acted on standing variation instead of
new mutations. It should be more difficult to detect
effects of selection in such cases (Hermisson & Pennings
2005; Savolainen et al. 2013).

Ecological divergence with gene flow

Intraspecific gene flow is important for the cohesion of
species, and the rapid spread of advantageous alleles
among populations (together with associated hitchhik-
ing events) may be more important than the slower
homogenizing spread of neutral alleles (Slatkin 1976;
Rieseberg & Burke 2001; Rieseberg et al. 2003; Morjan &
Rieseberg 2004). Consequently, intraspecific genetic dif-
ferentiation (Fsy) among populations is generally lower
at major loci underlying selected phenotypic traits than
at neutral loci (Morjan & Rieseberg 2004). However, we
also found elevated interspecific genetic differentiation
(Fcr) and clearer species boundaries in phylogenetic
trees (Fig. S3, Supporting information) associated with
climate-related candidate genes. This analysis is subject
to false positives due to the hierarchical population
structure (Excoffier et al. 2009), but we expect that the
comparison of candidate and reference genes protects
against this problem. We found clear evidence that dif-
ferent loci or SNPs have been targeted by selection in
the two focal pine species. In particular, we identified
six outliers from five candidate genes showing signifi-
cantly higher than expected interspecific differentiation
(Fig. 3). This is consistent with the hypothesis that
divergent selection drives genetic differentiation by tar-
geting specific loci, and hitchhiking loci (Fisher 1930;
Barton 2000), eventually leading to the formation of
reproductive barriers between closely related species
linked by interspecific gene flow, that is, ecological
speciation (Schluter 2000; Rundle & Nosil 2005).

Genes may act as ‘leaders” or ‘followers” during spe-
ciation (Schwander and Leimar 2011). The leading
genes are often related to ‘magic’ traits, that is, traits
that are subject to divergent selection and contribute to
reproductive isolation, such as ecologically important
traits in plants (Servedio et al. 2011). According to Wu's
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genic view of speciation (Wu 2001), interspecific flow of
genes associated with magic traits (‘leaders’) is
restricted first, while the flow of other genes (‘follow-
ers’) initially persists. However, the gene flow of follow-
ers may gradually decline as a result of linkage to the
leaders (divergent hitchhiking) and eventually cease
throughout the whole genome (Wu 2001; Wu & Ting
2004; Feder et al. 2012). Our comparisons of interspecific
divergence between sets of loci clearly support these
predictions, as we observed weaker migration at cli-
mate-related candidate genes than at reference loci
(Table 5 and Fig. 5). Thus, selection for climatic adapta-
tion may have counteracted interspecific gene flow,
thereby promoting divergence led by genes underlying
related traits (Feder et al. 2012).

Five SNPs, from four candidate genes, were fixed
between the species (Table 1). Population genetic analy-
sis suggested that all these four genes with fixed sites
were under recent divergent selection within species
and divergent selection between species (Table 4), but
few of them showed signals of ancient selection, as
expected (Table 4 and Fig. 4). We also found that the
five fixed SNPs were either associated with altitude or
closely linked to SNPs showing significant altitudinal
associations (Table 3). Thus, local selection for ecologi-
cal traits such as altitudinal preference and divergence
between the two pines might have occurred simulta-
neously. This hypothesis is consistent with suggestions
that most extant conifers, especially those of the North-
ern Hemisphere, originated during the climatic oscilla-
tions following the late Neogene. Analyses of marine-
core records have shown that the global climate was
drier, cooler and more variable during this period; thus,
the climatic oscillations between about 3.0 and 2.5 MYA
mark the onset of the Northern Hemisphere glaciation
(Raymo 1994; Tiedemann et al. 1994; Zachos et al. 2001).
This period also coincides with the estimated ages of
the two closely related pines (between 2.5 and
4.0 MYA, Table 5) and other coniferous species of the
Northern Hemisphere, which generally split from clo-
sely related species at estimated times ranging between
3.0 and 5.0 MYA (Leslie et al. 2012; Mao et al. 2012).
Our findings indicate that climate changes at that time
may have played an important role in initiating specia-
tion of the closely related pines we examined by exert-
ing strong divergent selective pressures on key genes
associated with related traits.
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