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1 | INTRODUCTION

Xiaohui Liang

Abstract

Salt tolerance genes constitute an important class of loci in plant genomes. Little is
known about the extent to which natural selection in saline environments has acted
upon these loci, and what types of nucleotide diversity such selection has given rise to.
Here, we surveyed genetic diversity in three types of Na*/H* antiporter gene (SOS,
NhaD, and NHX, belonging to the cation/proton antiporter 1 family), which have well-
characterized essential roles in plant salt tolerance. Ten Na*/H" antiporter genes and
16 neutral loci randomly selected as controls were sequenced from 17 accessions of
two closely related members of the genus Populus, Populus euphratica and Populus
pruinosa, section Turanga, which are native to northwest China. The results show that
salt tolerance genes are common targets of natural selection in P. euphratica and
P. pruinosa. Moreover, the patterns of nucleotide variation across the three types of
Na*/H* antiporter gene are distinctly different in these two closely related Populus
species, and gene flow from P. pruinosa to P. euphratica is highly restricted. Our results
suggest that natural selection played an important role in shaping the current distinct
patterns of Na*/H" antiporter genes, resulting in adaptive evolution in P. euphratica

and P. pruinosa.
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salt tolerance-related genes in plants. Positive selection will decrease

nucleotide diversity in proximity to loci under selective pressure and

The ability of an organism to undergo biological adaptation to the en-
vironment is a product of long-term evolution (Darwin, 1859). A pop-
ulation is able to evolve when it contains individuals with heritable
variation in traits facilitating functional diversification and adaptation.
Adaptive evolution has been discussed in detail with respect to genes
involved in human diseases and/or pathogen response pathways
(Manjurano et al., 2015; Tishkoff et al., 2001; Vigano et al., 2012). In
plant genomes, genes related to salt adaptation constitute an import-
ant group of loci. It is still largely unknown whether differences in mu-
tation rates across the genome, consistent with natural selection in

response to environmental stresses, can account for the evolution of

increase the prevalence of low-frequency SNPs, whereas balancing
selection or local adaptation increases both nucleotide diversity and
the prevalence of medium-frequency SNPs (Biswas & Akey, 2006; Fu
& Li, 1993; Morrell, Lundy, & Clegg, 2003; Tajima, 1989). Although the
effects of demographic history on nucleotide diversity and site fre-
guency distributions can mimic the effects of selection, demographic
influences affect the whole genome while selection targets specific
loci. Thus, demographic effects can be estimated using a genomewide
set of reference genes (Akey et al., 2004; Glinka et al., 2003; Wright &
Gaut, 2005). Multilocus scans that detect outliers from neutral expec-
tations are more apt to successfully identify plant genes influenced
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by natural selection, as, for example, was carried out in studies on
drought and/or salt tolerance-related genes in sunflower, wild tomato,
and Pinus pinaster (Eveno et al., 2008; Fischer et al., 2011; Kane &
Rieseberg, 2007), “phenology genes” in balsam poplar (Populus balsam-
ifera, Keller et al., 2011, 2012), and candidate genes for cold hardiness
in coastal Douglas fir (Pseudotsuga menziesii var. menziesii, Eckert et al.,
2009).

Recent advances in genetic analysis and the advent of the ge-
nomic era have permitted the isolation and identification of genes
responsible for salt tolerance pathways. Salt resistance is a quan-
titative character controlled by multiple genes in plants, with a
given plant species typically containing hundreds or thousands of
salt-responsive genes (Brosche et al., 2005; Gong et al., 2005; Ma
et al.,, 2013; Qiu et al,, 2011; Sottosanto, Gelli, & Blumwald, 2004,
Yang et al., 2013). Na*/H* antiporters provide one mechanism for
the removal of sodium from the cytoplasm in order to maintain low
cytoplasmic sodium concentrations in plant cells (Bassil, Ohto, et al.,
2011; Bassil, Tajima, et al., 2011; Fukuda et al., 2004; Shi et al., 2003;
Yokoi et al., 2002). Plant Na*/H" antiporters belong to the monova-
lent cation/proton antiporter 1 (CPA1) superfamily (Brett, Donowitz,
& Rao, 2005). At least three types of Na*/H* antiporter, NHX, NhaD,
and SOS, which differ in subcellular location, have been found in
plants (Barrero-Gil, Rodriguez-Navarro, & Benito, 2007; Blumwald
& Poole, 1985; Shi et al.,, 2000), and it has been suggested that
they play important roles in coping with increased Na* influx and in
compartmentalizing Na* within subcellular compartments under salt
stress (Bassil, Ohto, et al., 2011; Bassil, Tajima, et al., 2011; Fukuda
et al., 2004; Gaxiola et al., 1999; Shi et al., 2003; Yamaguchi et al.,
2003). Plant salt tolerance can be enhanced by over-expression of
Na*/H* antiporters (Apse et al., 1999; Shi et al., 2003), and the ex-
pression profiles of these genes differ between closely related salt-
sensitive and salt-tolerant species (Kant et al., 2006; Zahrana et al.,
2007).

The sister species Populus euphratica Olivier and Populus pruinosa
Schrenk are members of the Populus section Turanga Bunge; they grow
in semi-arid regions of China and are known for their high levels of
stress tolerance (Figure 1). Both species play important roles in the
arid ecosystems of northwest China (Li et al., 2003, 2006). Surveys of
DNA sequence variability in salt tolerance genes from closely related
Populus species distributed in similar high-salinity environments may
contribute to a comprehensive understanding of the genetic basis of

FIGURE 1 Populus euphratica Olivier
(left) and Populus pruinosa Schrenk (right),
distributed in desert area in northwest
China. Photographs by Yuxia Wu
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salt adaptation of Populus and the other plants. For this study, we se-
lected three types of Na*/H* antiporter gene which were identified
in previous studies as being affected by salt stress in P. euphratica (Hu
& Wu, 2014; Ottow et al., 2005; Wu et al., 2007; Ye et al., 2009), and
sequenced almost the complete gene coding regions for ten Na*/H*
antiporter genes in these three classes, and 16 neutral loci randomly
selected as controls, in order to analyze nucleotide diversity in these

two Populus species.

2 | MATERIALS AND METHODS

2.1 | Plant materials

Leaf tissues from 17 different populations, six of P.pruinosa and
eleven of P. euphratica, were collected from sites covering the full ge-
ographic range of each species in northwest China (Figure 2). For both
species, ten to fifteen individuals were sampled from each population;
the sampled individuals were separated by at least 100 m to minimize
the potential for sampling the same clonal individual. Four to eight
individuals per population were selected randomly for this study. DNA
was extracted from silica gel-dried leaves by a modified CTAB method
(Doyle & Doyle, 1987).

2.2 | Amplification, cloning, and sequencing

For this work, we selected three types of Na*/H"* antiporter gene
on the basis of previous studies that have identified genes affected
by salt stress in P. euphratica (Hu & Wu, 2014; Ottow et al., 2005;
Wu et al.,, 2007; Ye et al., 2009). SOS1 and SOS1B encode plasma
membrane-localized transporters, the six NHX genes belong to the
vacuolar type Na*/H"* antiporter group, and the two NhaD genes are
chloroplast-localized (Barrero-Gil et al., 2007; Blumwald & Poole,
1985; Shi et al., 2000). We constructed primers (Table S1) for these
Na/H antiporter genes using data from the poplar genome database
(http://genome.jgi-psf.org/Poptrl/Poptrl.home.html), making the
assumption that the gene family consisted of the ten members previ-
ously described (Barrero-Gil et al., 2007; Blumwald & Poole, 1985;
Shi et al., 2000).

The sequenced regions of the Na*/H* antiporter loci ranged from

3,890 to 8,858 bases in length and contained complete coding re-

gions (excluding some poor-quality sequences in the case of SOS1B)
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FIGURE 2 Locations of populations sampled and accessions of Populus euphratica and Populus pruinosa used in this study. The geographic
distribution ranges of P. euphratica and P. pruinosa in China are shown in green

for each gene (Figure S1), including a total of 17,812 bp of coding re-
gion and 32,463 bp of noncoding region, resulting in a total length of
50,325 bp and 49,518 bp in P. euphratica and P. pruinosa, respectively,
across all genes. The total numbers of sequenced nonsynonymous,
synonymous, and noncoding sites for all the Na*/H* antiporter genes
are given in Table S2. We directly sequenced most of the genes from
PCR products after treatment with ExoSAP-IT (USB Corp., Cleveland,
OH, USA). Several portions of the genes contained long fragments
with segregating indels that prevented direct sequencing. In these
cases, PCR products were cloned into the pGEM19-T vector (Takara,
China) after preparing the DNA using the recommended protocol for
the AxyPrep DNA Gel Extraction kit (AXYGEN, China), and three to
five clones were sequenced. The 16 reference loci (Table S3) were ran-
domly selected from a set used to develop estimates of nucleotide
diversity in P. balsamifera (Olson et al., 2010). We PCR-amplified and
directly sequenced these reference loci from all 76 sampled individu-
als (Table S4). The 16 reference loci contained 162-639 bp of coding
sequence and ranged in length from 415 to 687 bp per gene, with
a total length of 9,761 bp. Aligned sequences were edited manually
using Aligner v.5.1.0 (Codon Code Corporation, Dedham, MA), with all
posterior probabilities >.8 and all polymorphic and heterozygous sites
visually confirmed. For the ten Na*/H"* antiporter genes and 16 refer-
ence loci, exon and intron boundaries were determined from cDNA se-
quences obtained from the GenBank database or genomic sequences
(Ma et al., 2013; Tuskan et al., 2006).

2.3 | Data analysis

To resolve haplotypes from sequences obtained directly from PCR
products, phase v. 2.1 (Stephens & Scheet, 2005; Stephens, Smith,
& Donnelly, 2001) was used. After excluding insertions/deletions (in-
dels), genetic parameters were estimated using DnaSP v.5.10 (Librado
& Rozas, 2009). We implemented the IMa2 (Hey, 2006, 2010; Hey &
Nielsen, 2004) program using a Markov Chain Monte Carlo (MCMC)
approach to analyze gene flow between the two species. Posterior
probability densities (proportional to likelihoods) of the model pa-
rameters were used to assess significance (Guo et al., 2013). Arlequin

3.1 (Excoffier, Laval, & Schneider, 2005) was used to calculate popu-
lation structure statistics (F¢;). The statistical significance of F¢; for
each locus was calculated by comparing the observed values with the
distribution of F; calculated from 10,000 permutations of sequences
among populations.

The influence of selection on individual salt tolerance genes was
tested using multiple methods. For each species, we separately gen-
erated 10° simulated data sets under the neutral model of Hudson,
Kreitman, and Aguade (1987) to simulate a genomewide pattern of
diversity using diversity estimates from our 16 reference loci. These
data sets were used to assess the probability that diversity estimates
for the salt tolerance genes were consistent with neutral expecta-
tions. The simulated data sets consisted of 80 and 50 chromosomes in
P. euphratica and P. pruinosa, respectively, numbers which reflected
average sample sizes across loci for each species (http:/home.uchi
cago.edu/rhudson1/source/mksamples.html). Absolute nucleotide dif-
ferentiation for each salt tolerance gene was calculated as 7. ¢ = ;- 7,
where &, is the total nucleotide diversity using all the samples from
the two species and rg is the average nucleotide diversity within each
of the species (Charlesworth, 1998; Keller et al., 2012). Statistical sig-
nificance was determined by comparing the observed n; -5 to the
95% confidence interval calculated from the variation among 10* neu-
tral coalescent simulations for each salt tolerance gene using DnaSP
v.5.10 (Librado & Rozas, 2009), and these estimates were based on
the number of segregating sites and assumed no recombination. The
HKA test (Hudson et al., 1987) was applied to evaluate the ratio of si-
lent polymorphisms within species to the divergence between species
across multiple loci. We conducted an HKA test (Hudson et al., 1987)
using the multilocus HKA program available from Jody Hey (https:/
bio.cst.temple.edu/~hey/software/software.htm) to assess whether
differences could be identified across all loci with 10* simulations. We
then used maximum-likelihood HKA (mIHKA) to conduct statistical
tests comparing each salt tolerance locus between species (Wright
& Charlesworth, 2004; http:/wright.eeb.utoronto.ca/programs/). To
compare the model in which selection is hypothesized and the neutral
model at specific loci, the divergence time parameter (T) was set at
15 (Ma et al., 2013; Tuskan et al., 2006) in the mIHKA program with
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10° MCMC cycles. Comparisons were performed by carrying out a
likelihood-ratio test using chi-squared values to determine statistical
significance. The population selection parameters (y = 2NeS, where
Ne is the effective population size and S is the selection parameter)
were determined using the mkprf software described in Bustamante
et al. (2002). We defined sites in the salt tolerance genes and the 16
reference loci as replacement or silent sites, depending on whether
or not each polymorphism altered the amino acid at a given site in
P. euphratica and/or P. pruinosa relative to the amino acid present at
the same site in Populus trichocarpa. mkprf was based on the posterior
distribution of the sample parameters using the Monte Carlo Markov
Chain (MCMC) approach. We ran the simulation for 107 cycles and,
after discarding the first 10% as “burn-in,” we sampled every 10th itera-
tion. We summarized the selection parameters for each salt tolerance
gene and reference locus using the mean and 95% distribution confi-

dence intervals.

3 | RESULTS

3.1 | Nucleotide diversity and population
differentiation

Ten Na*/H" antiporter genes were sequenced from a total of 76 in-
dividuals: 52 individuals from eleven P. euphratica populations and 24
individuals from six P. pruinosa populations (Figure 2). After excluding
indels, the aligned Na*/H" antiporter sequence for each locus ranged
in length from 3,890 bp (NHX5) to 8,858 bp (SOS1) (Figure S1 and
Table S2). Statistics on sequence polymorphism for each locus are
presented in Table S2.
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Most salt tolerance genes and all reference loci had higher nucle-
otide diversity in P. pruinosa than in P. euphratica (Tables S2 and S4).
The average nucleotide diversity across all salt tolerance-related genes
was higher in P. pruinosa (6, = 0.0030 + 0.00097) than in P. euphratica
(6,, = 0.0025 + 0.00076; Table S2). The mean synonymous nucleotide
diversity (r;) across the 16 reference loci was 0.0034 for P. euphratica
and 0.0053 for P. pruinosa (Figure 3 and Table S4).

The 16 reference loci exhibited differentiation among P. euphrat-
ica populations (mean F.; = 0.257, range = 0-0.424) but significantly
less differentiation among P. pruinosa populations (mean F¢ = 0.149,
range = 0.024-0.381, Table S4). The F¢; values for salt tolerance
genes among populations within species varied between 0.253 and
0.545 in P. euphratica and between 0.124 and 0.463 in P. pruinosa
(Table S2).

3.2 | Gene flow and introgression

Gene flow between P. euphratica and P. pruinosa was examined using
the IMa2 model, and the marginal posterior density distribution for
migration rates is shown in Figure 4. Estimates of migration parame-
ters were nonzero for both species at reference loci, with m1 = 0.219
(from P. euphratica to P. pruinosa) and m2 = 0.087 (from P. pruinosa to
P. euphratica); the probabilities of the migration rate for both direction
were strongly statistically significant (p <.001). For the salt tolerance
genes, the migration rate was m1 = 0.203 from P. euphratica to P. prui-
nosa whereas the migration rate in the opposite direction was almost
zero (m2 = 0.0003). Thus, salt tolerance gene flow from P. euphratica
to P. pruinosa was greater; gene flow from the opposite direction was
very restricted.
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FIGURE 4 Likelihood distributions for migration rate estimates
under the IMa2 model

TABLE 1 HKA test results for 10 salt tolerance genes in
P. euphratica and P. pruinosa

Species Deviation® df"  puS
P. euphratica 23.8829 9 .00792**
P. pruinosa 16.2086 9 .06265

2Sum of deviations in the chi-square test.
PDegrees of freedom.

‘Chi-square distribution probability.

*p < .05, **p < .01.

3.3 | Site frequency distributions and diversity
vs. divergence

Some salt tolerance genes in both P. euphratica and P. pruinosa ex-
hibited silent site diversity (z;;) that was inconsistent with neutral
expectations (Figure 3). NHX4, NHX2, and NhaD2 in P. euphratica
(Figure 3a,b), NHX2, and NhaD2 in P. pruinosa (Figure 3c,d) exhibited

outlier m; and D values compared to neutral expectations. HKA

sil
tests comparing diversity within both species to divergence from
P. trichocarpa (Tuskan etal., 2006) showed that salt tolerance
genes had significant differences from a neutral model in P. euphra-
tica (x? = 23.88, df =9, p <.01), and near-significant differences in
P. pruinosa (x*> = 16.21, df = 9, p = .06; Table 1). mIHKA tests were
performed to assess whether diversity and divergence for salt toler-
ance loci were consistent with neutral evolution from P. trichocarpa
(Table 2). In P. euphratica, NHX2 and NhaD2 had elevated diversity
compared to divergence, whereas NHX4 and SOS1 showed decreased
diversity. In P. pruinosa, NhaD1 exhibited significant deviation from
neutrality, and NhaD2 exhibited near-significant deviation from
neutrality (p =.065, k = 1.85; Table 2). At the whole-gene level, as
measured by n; ¢, more than half of the salt tolerance genes showed
significant differentiation (SOS1, NHX2, NHX4, NHX6, NhaD1, and
NhaD2) or near-significant differentiation (NHX1 and NHX5) in excess
of the expectations for neutral simulations between P. euphratica and

P. pruinosa (Figure 5). We performed mkprf analysis for the ten salt
tolerance genes in this study and the 16 randomly selected neutral
reference loci, using P. trichocarpa, for which sequence data are pub-
licly available, as the outgroup. We divided the loci that we analyzed
into two classes (salt tolerance genes and reference loci) and obtained
the posterior distribution parameters shown in Figure 6. The results
showed that the salt tolerance genes have different patterns of re-
placement site polymorphism relative to the reference loci in both
species (Figure 6). NhaD2 had a significantly negative selection pa-
rameter, whereas the other salt tolerance genes (with the exception
of SOS1B) had significantly positive selection parameters, in P. eu-
phratica (Figure 6a). Salt tolerance genes had significantly positive se-
lection parameters in P. pruinosa (Figure 6b). The estimated selection
parameters, with mean values of 0.89 and 1.49 in P. euphratica and
P. pruinosa, respectively, were significantly greater than zero in both
species (Figure 6c,d). However, none of the reference loci showed a
significantly negative or positive selection parameter distribution in
either species (Figure 6). We thus found evidence for predominantly
beneficial gene substitutions in salt tolerance genes, but not in refer-

ence loci, in both species.

4 | DISCUSSION

4.1 | Salt tolerance genes are common targets of
natural selection in P. euphratica and P. pruinosa

The genes responsible for salt tolerance have been extensively
studied in many plants, especially in the model plant Arabidopsis
thaliana (Apse etal., 1999; Bassil, Ohto, etal., 2011; Bassil,
Tajima, et al., 2011; Qiu et al.,, 2002; Shi et al., 2000; Yamaguchi
et al., 2003, 2005). An analysis of nucleotide polymorphism and
divergence in the salt tolerance-related genes in 20 ecotypes of
A. thaliana provided little evidence for any recent effect of posi-
tive selection (Puerma & Montserrat, 2013). In the present study,
several genes related to salt tolerance appear to have been recent
targets of positive selection in P. euphratica and P. pruinosa accord-
ing to the results of the mkprf analyses. However, most salt toler-
ance genes in both P. euphratica and P. pruinosa exhibited silent site
diversity (n ) which were consistent with neutral expectations, the
exceptions being NhaD2 in P. euphratica and NHX2 in P. pruinosa.
A positive value for the selection parameter y indicated an excess
of nonsynonymous substitutions in nine of the 10 Na*/H* anti-
porter genes in P. euphratica and eight of the 10 Na*/H" antiporter
genes in P. pruinosa. An excess of nonsynonymous substitutions is
a strong indicator of positive selection, which has been used to de-
tect, for example, sex-biased adaptive evolution in Drosophila mela-
nogaster (Proschel, Zhang, & Parsch, 2006) and disease response
genes in loblolly pine (Ersoz et al., 2010). Meanwhile, HKA tests
showed significant differences from a neutral model in P. euphra-
tica (p < .01), and near-significant differences in P. pruinosa (p = .06)
for the 10 Na*/H* antiporter genes. A comparison of nucleotide
polymorphisms and divergence indicates that salt tolerance genes
are more frequently targets of natural selection than are reference
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Likelihood-ratio

Populus pruinosa Species Description InL? statistics p° K®
P. euphratica Neutral (all -90.5620
k=1)
SOs1 -87.9450 5.2340 .022* 0.43
SOS1B -90.6341 -0.1442 #NUM 1.15
NHX1 -90.3898 0.3444 557 1.27
NHX2 -88.5555 4.0130 .045* 1.78
NHX3 -90.0357 1.0526 .305 1.46
NHX4 -87.7454 5.6332 .018* 0.35
NHX5 -90.7698 -0.4156 #NUM 1.10
NHX6 -91.4150 -1.7060 #NUM 0.67
NhaD1 -90.6519 -0.1798 #NUM 1.04
NhaD2 -87.8897 5.3446 .021* 2.04
P. pruinosa Neutral (all -83.8881
k=1)
SOS1 -83.6798 0.4166 519 0.75
SOS1B -83.0617 1.6528 199 0.59
NHX1 -83.7073 0.3616 .548 1.24
NHX2 -83.6987 0.3788 .538 1.31
NHX3 -82.6406 2.4950 114 1.63
NHX4 -83.8798 0.0166 .897 1.07
NHX5 -83.6745 0.4272 513 1.27
NHX6 -84.2675 -0.7588 #NUM 1.06
NhaD1 -79.5194 8.7374 .003** 0.32
NhaD2 -82.1915 3.3932 .065 1.86

*The likelihood value of the model.
The possibility of the chi-square distribution.
“The selection parameter for the gene.

*p < .05, **p < .01.

loci in P. euphratica and P. pruinosa. In northwest China, natural
populations of P. euphratica and P. pruinosa are distributed only
in desert regions, where there is little precipitation and higher salt
habitats occur, and conditions are consequently hostile to plants.
Comparative studies have indicated that these species can with-
stand salt stress better than any other poplar species tested, on the

0.015 ~

0.010 *
FIGURE 5 Coalescent analysis of
nucleotide differentiation between Populus
euphratica and Populus pruinosa. Shaded
bars denote 95% confidence intervals
around the simulated distribution from the
neutral model. Diamonds are observed
values of differentiation, with observed
values falling outside of the simulated
distributions depicted by solid diamonds

0.005 -

Differentiation (m_ 6)

0.000 A

basis of growth, photosynthetic performance, and survival under
salt stress (Chen et al., 2003; Hukin et al., 2005; Wang et al., 2007).
Our results showed that salt tolerance genes have undergone
greater divergence between the two species than the 16 reference
loci, indicating that adaptive evolution of these genes has taken
place in both P. euphratica and P. pruinosa.

*

e

(*p < .05, **p < .01, ***p < .001)

SOS81 SOS1B NHX1

NHX2 NHX3 NHX4 NHX5 NHX6 NhaD1 NhaD2
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FIGURE 6 Means of the posterior distributions of the selection parameters (y = 2N_s) from a hierarchical Bayesian mkprf analysis. Selection
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4.2 | Genetic signatures indicate differences in
selective pressure acting on salt tolerance genes
between P. euphratica and P. pruinosa

Population genomic signatures of selection can include decreased
polymorphism within populations, elevated differentiation among
populations (F¢;), and linkage disequilibrium resulting in neutral ex-
pectations failing to be met (Beaumont, 2005; Keller et al., 2012;
Tang, Thornton, & Stoneking, 2007). The mean synonymous nucleo-
tide diversity values across the 16 regions we sampled in P. euphra-
=0.0033) and P. pruinosa (n_, = 0.0053) largely fall within
the ranges found across other Populus species based on estimates
. = 0.0029, Gilchrist et al., 2006),
i = 0.0045, Olson etal. 2010), and P.tremula
& = 0.0125, Ingvarsson, 2008). Mean nucleotide diversity across
the ten salt tolerance genes in P. euphratica (6, = 0.0025) and P. pru-

tica (mg sil
from multiple loci, P. trichocarpa (r
P. balsamifera (x

(m

inosa indicated that the latter had much higher nucleotide diver-
sity, with an average value of ,, = 0.0030. When we compared the

16 reference loci between these two species, nucleotide diversity

was still lower in P.euphratica (6, =0.0025) than in P. pruinosa
(6,, = 0.0034). These results are consistent with our recent study
of CpDNA in these two species, which indicated that total gene
diversity (H;) in P. euphratica is H; = 0.447, lower than the P. prui-
nosa value of H; = 0.590 (Wang et al., 2011). These results are also
consistent with those of another of our recent studies, which were
inferred from six NHX type Na*/H"* antiporter gene fragments (Guo
et al.,, 2013) and other candidate nuclear loci (Wang et al., 2014)
from these two species. Variation at particular loci resulting from
different environmental selection pressures will accentuate levels
of population differentiation and thus result in higher F¢; values
(Biswas & Akey, 2006; Keller et al., 2012). Our previous study using
the same set of populations showed that demographic effects were
not as a cause of the haplotype structure in P. euphratica (Wang
et al.,, 2014). Of the two species, salt tolerance genes showed a
higher level of genetic differentiation among populations in P. eu-
phratica (Fs; = 0.407) than in P. pruinosa (Fg; = 0.223). In addition,
most salt tolerance genes exhibited genetic signatures indicating dif-
ferent degrees of selection, relative to the neutral model, between
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P. euphratica and P. pruinosa. Although results from our previous
study showed that these two desert poplar species underwent spe-
ciation about 0.66-1.37 million years ago, during a period when de-
serts were widespread and glaciations oscillations were occurring
frequently in central Asia (Wang et al., 2014), the lower nucleotide
diversity and higher F¢; value in P. euphratica compared with P. prui-
nosa is striking, and most salt tolerance genes show significantly dif-
ferent genetic signatures, revealing that natural selection has been

acting differentially on these sibling species.

4.3 | Countervailing selection acting on gene flow
from P. pruinosa to P. euphratica

Complicating factors, such as gene flow, mutation, natural selection,
and adaptation, provide the impetus for the gradual process of evo-
lution (Lenormand, 2002; Morjan & Rieseberg, 2004). Gene flow is
considered to delay the progress of speciation by homogenizing the
genetic components and making the mechanisms that give rise to new
species more complex (Lenormand, 2002; Slatkin, 1987). As P. euphra-
tica has a wider geographic distribution than that of P. pruinosa, the
lower nucleotide diversity in the former compared to the latter spe-
cies is somewhat surprising. P. pruinosa has an earlier flowering time
making the pollen flow from P. euphratica to P. pruinosa unrealistic
(Guo et al., 2013). One possible factor to be considered is unbalanced
gene flow between the two species, for the 16 reference loci, with
more introgression taking place from P. euphratica to P. pruinosa. We
found that gene flow between P. pruinosa and P. euphratica was asym-
metric. These results were consistent with our previous study using
SSR markers and other neutral genes (Guo et al., 2013; Wang et al.,
2011, 2014). Interestingly, our findings showed that gene flow from
P. pruinosa to P. euphratica for salt tolerance genes was completely
blocked. Antagonism between gene flow and natural selection has
been found in the case of the alleles of the gene encoding the bA sub-
unit in yellow-billed pintails living at different altitudes (McCracken
et al., 2009). Observations from completed whole-genome sequences
for plants have shown that a high proportion of diversity has resulted
from lineage-specific adaptive evolution (Ma etal., 2013; Tuskan
et al., 2006). Our results indicated that salt tolerance alleles that are
transferred from P. pruinosa to P. euphratica may confer lower fitness
and thus be quickly eliminated from P. euphratica, resulting in gene
flow being completely prevented; in the meantime, gene flow is still
occurring at unlinked reference loci. Our results showed that the gene
introgression of salt tolerance genes from P. pruinosa into P. euphra-
tica has been eliminated, implying that the natural selection has been
one of the evolutionary forces driving the divergence of these two
Populus species.

Na*/H* antiporters are essential for cellular salt and pH ho-
meostasis throughout the plant kingdom. We detected distinct pat-
terns of natural selection in salt tolerance genes, patterns which
may have favored population fitness in saline regions where P. eu-
phratica was located. These different patterns may have not only
triggered speciation between P. euphratica and P. pruinosa, but also
helped the two species to maintain their genetic distinctness and
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respective geographic distributions. It will therefore be informative
to determine whether the genetic differentiation between these
two Populus species, in particular with respect to the traits underly-
ing their adaptation to extreme environments, is due to variation in
a small number of key genes with large effects or to more complex
genetic variation.

ACKNOWLEDGMENTS

We are grateful for Matthew S. Olson for helping in the data analy-
sis and the anonymous reviewers for comments that improved the
paper. This work was supported by grants from NSFC (31370396,
30800865), the Program for New Century Excellent Talents in
the Ministry of Education in China (NCET-09-0446), and lzujbky-
2012-k22 to Yuxia Wu.

CONFLICT OF INTEREST

None declared.

DATA ACCESSIBILITY

The sequences of each locus reported here were deposited in
GenBank under accession numbers KX132138-KX132807 and
KX156957-KX158184.

REFERENCES

Akey, J. M., Eberle, M. A, Rieder, M. J,, Carlson, C. S., Shriver, M. D,
Nickerson, D. A., & Kruglyak, L. (2004). Population history and nat-
ural selection shape patterns of genetic variation in 132 genes. PLoS
Biology, 2, €286.

Apse, M. P, Aharon, G. S., Sneddon, W. A., & Blumwald, E. (1999). Salt tol-
erance conferred by overexpression of a vacuolar Na*/H* antiport in
Arabidopsis. Science, 285, 1256-1258.

Barrero-Gil, J., Rodriguez-Navarro, A., & Benito, B. (2007). Cloning of the
PpNHAD1 transporter of Physcomitrella patens, a chloroplast trans-
porter highly conserved in photosynthetic eukaryotic organisms.
Journal of Experimental Botany, 58, 2839-2849.

Bassil, E., Ohto, M., Esumi, T., Tajima, H., Zhu, Z., Cagnac, O., ... Blumwaldet,
E. (2011). The Arabidopsis intracellular Na*/H* Antiporters NHX5 and
NHXé6 are endosome associated and necessary for plant growth and
development. Plant Cell, 23, 224-239.

Bassil, E., Tajima, H., Liang, Y. C., Ohto, M., Ushijima, K., Nakano, R., &
Blumwald, E. (2011). The Arabidopsis Na*/H* antiporters NHX1 and
NHX2 control vacuolar pH and K* homeostasis to regulate growth,
flower development, and reproduction. Plant Cell, 23, 3482-3497.

Beaumont, M. A. (2005). Adaptation and speciation: What can Fst tell us?
Trends Ecology Evolution, 20, 435-440.

Biswas, S., & Akey, J. M. (2006). Genomic insights into positive selection.
TRENDS in Genetics, 22, 437-446.

Blumwald, E., & Poole, R. J. (1985). Na*/H* antiport in isolated tonoplast
vesicles from storage tissue of Beta vulgaris. Plant physiology, 78,
163-167.

Brett, C. L., Donowitz, M., & Rao, R. (2005). Evolutionary origins of eu-
karyotic sodium/proton exchangers. American Journal of Physiology-Cell
Physiology, 288, C223-C239.

Brosche, M., Vinocur, B., Alatalo, E. R., Lamminmaki, A., Teichmann, T.,
Ottow, E. A,, ... Kangadjarvi, J. (2005). Gene expression and metabolite


info:ddbj-embl-genbank/KX132138
info:ddbj-embl-genbank/KX132807
info:ddbj-embl-genbank/KX156957
info:ddbj-embl-genbank/KX158184

WU ET AL

&I_Wl LEy_Ecology and Evolution

Open Access,

profiling of Populus euphratica growing in the Negav desert. Genome
Biology, 6, R101.

Bustamante, C. D., Nielsen, R., Sawyer, S. A., Olsen, K. M., Purugganan, M.
D., & Hartl, D. L. (2002). The cost of inbreeding in Arabidopsis. Nature,
416,531-534.

Charlesworth, B. (1998). Measures of divergence between populations
and the effect of forces that reduce variability. Molecular Biology and
Evolution, 15, 538-543.

Chen, S., Li, J., Wang, S., Fritz, E., Huttermann, A., & Altman, A. (2003).
Effects of NaCl on shoot growth, transpiration, ion compartmentation,
and transport in regenerated plants of Populus euphratica and Populus
tomentosa. Canadian Journal of Forest Research, 33, 967-975.

Darwin, C. (1859). On the origin of species by means of natural selection.
London: J. Murray.

Doyle, J. J., & Doyle, J. L. (1987). A rapid DNA isolation procedure from
small quantities of fresh leaf tissues. Phytochemical Bulletin, 19, 11-15.

Eckert, A., Wegrzyn, J. L., Pande, B., Jermstad, K. D., Lee, J. M,, Liechty, J. D.,
... Neale, D. B. (2009). Multilocus patterns of nucleotide diversity and
divergence reveal positive selection at candidate genes related to cold-
hardiness in coastal Douglas Fir (Pseudotsuga menziesii var. menziesii).
Genetics, 183, 289-298.

Ersoz, E. S., Wright, M. H., Gonzalez-Martinez, S. C., Langley, C. H., & Neale,
D. B. (2010). Evolution of disease response genes in loblolly pine:
Insights from candidate genes. PLoS ONE, 5, e14234.

Eveno, E., Collada, C., Guevara, M. A,, Leger, V., Soto, A., Diaz, L., ... Garnier-
Gere, P. H. (2008). Contrasting patterns of selection at Pinus pinaster
Ait. drought stress candidate genes as revealed by genetic differentia-
tion analyses. Molecular Biology and Evolution, 25, 417-437.

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin ver. 3.0: An in-
tegrated software package for population genetics data analysis.
Evolutionary Bioinformatics Online, 1, 47-50.

Fischer, 1., Camus-Kulandaivelu, L., Allal, F, & Stephan, W. (2011).
Adaptation to drought in two wild tomato species: The evolution of the
Asr gene family. New Phytologist, 190, 1032-1044.

Fu, Y. X, & Li, W. H. (1993). Statistical test of neutrality of mutations.
Genetics, 133, 693-709.

Fukuda, A., Nakamura, A., Tagiri, A., Tanaka, H., Miyao, A., Hirochika, H.,
& Tanaka, Y. (2004). Function, intracellular localization and the impor-
tance of salt tolerance of a vacuolar Na*/H" antiporter from rice. Plant
and Cell Physiology, 45, 146-159.

Gaxiola, R. A., Rao, R., Sherman, A., Grisafi, P,, Alper, S. L., & Fink, G. R.
(1999). The Arabidopsis thaliana proton transporters, AtNhx1 and Avp1,
can function in cation detoxification in yeast. Proceedings of the National
Academy of Sciences of the United States of America, 96, 1480-1485.

Gilchrist, E. J., Haughn, G,, Ying, C. C,, Otto, S. P,, Zhuang, J., Cheung, D, ...
Cronk, Q. C. (2006). Use of ecotilling as an efficient SNP discovery tool
to survey genetic variation in wild populations of Populus trichocarpa.
Molecular Ecology, 15, 1367-1378.

Glinka, S., Ometto, L., Mousset, S., Stephan, W., & De Lorenzo, D. (2003).
Demography and natural selection have shaped genetic variation
in Drosophila melanogaster: A multi-locus approach. Genetics, 165,
1269-1278.

Gong, Q. Q, Li, P. H,, Ma, S. S., Rupassara, S. I., & Bohnert, H. J. (2005).
Salinity stress adaptation competence in the extremophile Thellungiella
halophila in comparison with its relative Arabidopsis thaliana. The Plant
Journal, 44, 826-839.

Guo, Y. P, Guo, Q. H., Wang, J., Yan, Y., Wang, G. N,, Lu, Z. Q.,, & Wu, Y. X.
(2013). Interspecific differentiation and gene flow between two des-
ert poplars inferred from six vacuolar Na*/H* exchanger loci. Journal of
Systematics and Evolution, 51, 652-663.

Hey, J. (2006). Recent advances in assessing gene flow between diverging
populations and species. Current Opinion in Genetics & Development, 16,
592-596.

Hey, J. (2010). Isolation-with-migration models for more than two popula-
tions. Molecular Biology and Evolution, 27, 905-920.

Hey, J., & Nielsen, R. (2004). Multilocus methods for estimating population
sizes, migration rates and divergence time, with applications to the di-
vergence of Drosophila pseudoobscura and D. persimilis. Genetics, 167,
747-760.

Hu, L. H., & Wu, Y. X. (2014). Effect of salt stress on the expression of
NHX-type Na*/H" antiporters in Populus euphratica and P. pruinosa calli.
Sciences in Cold and Arid Regions, 6, 0066-0072.

Hudson, R. R,, Kreitman, M., & Aguade, M. (1987). A test of neutral molecu-
lar evolution based on nucleotide data. Genetics, 116, 153-159.

Hukin, D., Cochard, H., Dreyer, E., Le-Thiec, D., & Bogeat-Triboulot, M. B.
(2005). Cavitation vulnerability in roots and shoots: Does Populus eu-
phratica Oliv., a poplar from arid areas of central Asia, differ from other
poplar species? Journal of Experimental Botany, 56, 2003-2010.

Ingvarsson, P. K. (2008). Multilocus patterns of nucleotide polymor-
phism and the demographic history of Populus tremula. Genetics, 180,
329-340.

Kane, N. C., & Rieseberg, L. H. (2007). Selective sweeps reveal candidate
genes for adaptation to drought and salt tolerance in common sun-
flower, Helianthus annuus. Genetics, 175, 1823-1834.

Kant, S., Kant, P., Raveh, E., & Barak, S. (2006). Evidence that differential
gene expression between the halophyte Thellungiella halophila and
Arabidopsis thaliana is responsible for higher levels of the compatible
osmolyte proline and tight control of Na* uptake in T. halophila. Plant,
Cell & Environment, 29, 120-134.

Keller, S. R., Levsen, N., Ingvarsson, P. K., Olson, M. S., & Tiffin, P. (2011).
Local selection across a latitudinal gradient shapes nucleotide diversity
in balsam poplar, Populus balsamifera L. Genetics, 188, 941-952.

Keller, S. R., Levsen, N., Olson, M. S., & Tiffin, P. (2012). Local adaptation in
the flowering-time gene network of Balsam Poplar, Populus balsamifera
L. Molecular Biology and Evolution, 29, 3143-3152.

Lenormand, T. (2002). Gene flow and the limits to natural selection. Trends
in Ecology & Evolution, 17, 183-189.

Li, Z. J.,, Liu, J. P, Yu, J., & Zhou, Z. L. (2003). An investigation on the char-
acteristics of biology and ecology of Populus euphratica anti Populus
pruinosa (in Chinese). Acta Botanica Boreali-occidentalia Sinica, 23,
1292-1296.

Li, L., Zhang, X. M., Michael, R,, Li, X. M., & He, X. Y. (2006). Responses of
germination and radicle growth of two Populus species to water poten-
tial and salinity (in Chinese). Forest Studies in China, 8, 10-15.

Librado, P., & Rozas, J. (2009). DnaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics, 25, 1451-1452.

Ma, T., Wang, J. Y., Zhou, G. K, Yue, Z,, Hu, Q. J,, Chen, Y., ... Liu, J. Q.
(2013). Genomic insights into salt adaptation in a desert poplar. Nature
Communications, 4, 2797.

Manjurano, A., Sepulveda, N., Nadjm, B., Mtove, G., Wangai, H., Maxwell,
C., ... Clark, T. G. (2015). African glucose-6-phosphate dehydrogenase
alleles associated with protection from severe malaria in heterozygous
females in Tanzania. PLoS Genetics, 11, €1004960.

McCracken, K. G., Bulgarella, M., Johnson, K. P., Kunner, M. K., Ttucco, J.,
Valqui, T. H,, ... Peters, J. L. (2009). Gene flow in the face of countervail-
ing selection: Adaptation to high-altitude hypoxia in the bA hemoglo-
bin subunit of yellow-billed pintails in the Andes. Molecular Biology and
Evolution, 26, 815-827.

Morjan, C. L., & Rieseberg, L. H. (2004). How species evolve collectively:
Implications of gene flow and selection for the spread of advantageous
alleles. Molecular Ecology, 13, 1341-1356.

Morrell, P. L., Lundy, K. E., & Clegg, M. T. (2003). Distinct geographic pat-
terns of genetic diversity are maintained in wild barley (Hordeum vul-
gare ssp. spontaneum) despite migration. Proceedings of the National
Academy of Sciences of the United States of America, 100, 10812-10817.

Olson, M. S., Robertson, A. L., Takebayashi, N., Silim, S., Schroeder, W. R.,
& Tiffin, P. (2010). Nucleotide diversity and linkage disequilibrium in
balsam poplar (Populus balsamifera). New Phytologist, 186, 526-536.

Ottow, E. A, Polle, A., Brosche, M., Kangasja, J., Dibrov, P. C., & Teichmann,
T. (2005). Molecular characterization of PeNhaD1: The first member



WU ET AL

of the NhaD Na*/H* antiporter family of plant origin. Plant Molecular
Biology, 58, 75-88.

Proschel, M., Zhang, Z., & Parsch, J. (2006). Widespread adaptive evolu-
tion of Drosophila genes with sex-biased expression. Genetics, 174,
893-900.

Puerma, E., & Montserrat, A. (2013). Polymorphism at genes involved in
salt tolerance in Arabidopsis thaliana (Brassicaceae). American Journal of
Botany, 100, 384-390.

Qiu, Q.-S., Guo, Y., Dietrich, M. A., Schumaker, K. S., & Zhu, J. K. (2002).
Regulation of SOS1, a plasma membrane Na‘/H* exchanger in
Arabidopsis thaliana, by SOS2 and SOS3. Proceedings of the National
Academy of Sciences of the United States of America, 99, 8436-8441.

Qiu, Q.,,Ma, T., Hu, Q. J,, Liu, B. B,, Wy, Y. X., Zhou, H. H,, ... Liu, J. Q. (2011).
Genome-scale transcriptome analysis of the desert poplar, Populus eu-
phratica. Tree Physiology, 31, 452-461.

Shi, H., Ishitani, M., Kim, C., & Zhu, J. K. (2000). The Arabidopsis thali-
ana salt tolerance gene SOS1 encodes a putative Na*/H* antiporter.
Proceedings of the National Academy of Sciences of the United States of
America, 97, 6896-6901.

Shi, H., Lee, B. H., Wu, S. J., & Zhu, J. K. (2003). Overexpression of a
plasma membrane Na*/H* antiporter gene improves salt tolerance in
Arabidopsis thaliana. Nature Biotechnology, 21, 81-85.

Slatkin, M. (1987). Gene flow and the geographic structure of natural pop-
ulations. Science, 236, 787-792.

Sottosanto, J. B., Gelli, A., & Blumwald, E. (2004). DNA array analyses of
Arabidopsis thaliana lacking a vacuolar Na*/H* antiporter: Impact of
AtNHX1 on gene expression. The Plant Journal, 40, 752-771.

Stephens, M., & Scheet, P. (2005). Accounting for decay of linkage disequi-
librium in haplotype inference and missing-data imputation. American
Journal of Human Genetics, 76, 449-462.

Stephens, M., Smith, N. J., & Donnelly, P. (2001). A new statistical method
for haplotype reconstruction from population data. American Journal of
Human Genetics, 68, 978-989.

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123, 585-595.

Tang, K., Thornton, K. R., & Stoneking, M. (2007). A new approach for using
genome scans to detect recent positive selection in the human ge-
nome. PLoS Biology, 5, e171.

Tishkoff, S. A., Varkonyi, R., Cahinhinan, N., Abbes, S., Destro-Bisol, G.,
Drousiotou, A, ... Clark, T. G. (2001). Haplotype diversity and linkage
disequilibrium at human G6PD: Recent origin of alleles that confer ma-
larial resistance. Science, 293, 455-462.

Tuskan, G. A., DiFazio, S., Jansson, S., Bohlmann, J., Grigoriev, I., Hellsten,
U., ... Rokhsar, D. (2006). The genome of black cottonwood, Populus
trichocarpa (Torr. & Gray). Science, 313, 1596-1600.

Vigano, S., Perreau, M., Pantaleo, G., & Harari, A. (2012). Positive and neg-
ative regulation of cellular immune responses in physiologic conditions
and diseases. Clinical & Develomental Immunology, 2012(1), 125-130.
doi:10.1155/2012/485781

Wang, R. G., Chen, S. L., Deng, L., Fritz, E., Huttermann, A., & Polle, A.
(2007). Leaf photosynthesis, fluorescence response to salinity and
the relevance to chloroplast salt compartmentation and anti-oxidative
stress in two poplars. Trees, 21, 581-591.

Ecology and Evolution 91
=4 e W1 LEY-

Wang, J., Kallman, T., Liu, J. Q., Guo, Q. H., Wu, Y. X, Lin, K., & Lascoux,
M. (2014). Speciation of two desert poplar species triggered by
Pleistocene climatic oscillations. Heredity, 112, 156-164.

Wang, J., Wu, Y. X,, Ren, G. P,, Guo, Q. H., Liu, J. Q., & Lascoux, M. (2011).
Genetic Differentiation and Delimitation between Ecologically
Diverged Populus euphratica and P. pruinosa. PLoS ONE, 6, €26530.

Wright, S. 1., & Charlesworth, B. (2004). The HKA test revisited: A
maximum-likelihood-ratio test of the standard neutral model. Genetics,
168,1071-1076.

Wright, S. 1., & Gaut, B. S. (2005). Molecular population genetics and the
search for adaptive evolution in plants. Molecular Biology and Evolution,
22,506-519.

Wu, Y. X,, Ding, N., Zhao, X., Zhao, M. G., Chang, Z. Q,, Liu, J. Q., & Zhang,
L. X. (2007). Molecular characterization of PeSOS1: The putative Na*/
H* antiporter of Populus euphratica. Plant Molecular Biology, 65, 1-11.

Yamaguchi, T., Aharon, G. S., Sottosanto, J. B., & Blumwald, E. (2005).
Vacuolar Na*/H* antiporter cation selectivity is regulated by calmod-
ulin from within the vacuole in a Ca?*- and pH-dependent manner.
Proceedings of the National Academy of Sciences of the United States of
America, 102, 16107-16112.

Yamaguchi, T., Apse, M. P., Shi, H., & Blumwald, E. (2003). Topological anal-
ysis of a plant vacuolar Na*/H* antiporter reveals a luminal C terminus
that regulates antiporter cation selectivity. Proceedings of the National
Academy of Sciences of the United States of America, 100, 12510-12515.

Yang, R., Chen, H., Jarvis, D., Beilstein, M., Grimwood, J., Jenkins, J., ... Wang,
X. (2013). The reference genome of the halophytic plant Eutrema sal-
sugineum. Frontiers in Plant Science, 4, 46.

Ye, C. Y., Zhang, H. C., Chen, J. H., Xia, X. L., & Yin, W. L. (2009). Molecular
characterization of putative vacuolar NHX-type Na*/H* exchanger
genes from the salt-resistant tree Populus euphratica. Physiologia
Plantarum, 137, 166-174.

Yokoi, S., Quintero, F. J., Cubero, B., Ruiz, M. T, Bressan, R. A., Hasegawa,
P. M., & Pardo, J. M. (2002). Differential expression and function of
Arabidopsis thaliana NHX Na*/H* antiporters in the salt stress re-
sponse. The Plant Journal, 30, 529-539.

Zahrana, H. H., Marin-Manzanob, M. C., Sanchez-Rayac, A. J., Bedmara, E.
J., Venemab, K., & Rodriguez-Rosales, M. P. (2007). Effect of salt stress
on the expression of NHX-type ion transporters in Medicago intertexta
and Melilotus indicus plants. Physiologia Plantarum, 131, 122-130.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the support-
ing information tab for this article.

How to cite this article: Wu, Y., Meng, K. and Liang, X. (2017),
Distinct patterns of natural selection in Na*/H" antiporter
genes in Populus euphratica and Populus pruinosa. Ecology and
Evolution, 7: 82-91. doi: 10.1002/ece3.2639


https://doi.org/10.1155/2012
https://doi.org/10.1002/ece3.2639

