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Abstract

Populus euphratica Oliv. (Euphrates poplar) is one of the natu-
rally distributed poplar species and limited to south and sou-
thwestern Turkey. The species possesses great importance for
both renewable energy resources and persistence of a healthy
river ecosystem. Due to increased habitat destructions and
fragmentation by human activities, the distribution area of this
species has become narrower. Hence, searching for potential
genetic diversity present in species’ genetic resources is of
great importance in terms of its resilience to changing environ-
ment as well as breeding and use. To explore genetic structure
and diversity of Euphrates poplar, natural populations in the
GoOksu and Euphrates river ecosystems were studied with 21
microsatellite DNA loci. Results demonstrated reduced level of
genetic diversity (Ho:0.44, uHe:0.45) and low differentiation
among two river populations (F, = 0.07), suggesting a com-
mon origin. It appears that severe past reductions in populati-
on sizes have resulted in loss of genetic variation in the species.
Native populations of this species in two rivers seemed to be
marginal with continued gene pool shrinkage. Therefore, they
are in great danger of collapsing, mainly because of continued
habitat loss and fragmentation. Genetic data generated with
the current study provide important information which could
be useful for future restoration and conservation studies of the
species.
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Introduction

Populus euphratica Oliv. (Euphrates poplar) is a dioceous, bro-
adleaved, bushy tree which belongs to the section Turanga of
genus Populus in Salicaceae family. This poplar has the ability
to regenerate by root suckers besides seed/seedlings and pro-
pagating via broken branches is rare, if occurs. Clonal growth
by root suckering up to 40 m begins when the plants reach at
an age of 11-15 years (Wiehle et al., 2009). Euphrates poplar is
one of the essential components of riparian ecosystems in arid
areas due to its tolerance to drought, high temperature, high
salt concentration and dust storms. Furthermore, it is well
known for its phreatophytic habit of growth in deserts (Gries et
al., 2005).

The natural distribution range of Euphrates poplar ext-
ends from northern Africa over the Middle East to Central Asia,
northern India and China. The largest stands of Euphrates pop-
lar are found in Kazakhstan and China (Thevs et al., 2008; Wang
etal., 1996). There is also one isolated population with anthro-
pogenic origin in Spain (Fay et al., 1999). This extraordinary
species has latitudinal and altitudinal ranges from 48 to 49°
North in Kazakhstan to 15° North in Yemen, and from 390 m
below sea level in the Dead Sea depression to 4500 m in Kash-
mir (Browicz 1977).

Euphrates poplar, together with other poplar species, is
important for wood and timber production for rural people
since antique ages. It is also used as feeds for animals, wind-
breaks and stabilization of soil in its natural range as an ecosys-
tem service and indicator species for sustainable usage of river
ecosystems. Besides, Euphrates poplar maintains the ecologi-
cal balance of river basins which provide natural habitats for
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many economically and ecologically important species. Since
natural reproduction of the species is problematic due to
groundwater access requirement for survival of seedlings, its
role in desert and river ecosystems needs to be studied tho-
roughly.

Although Euphrates poplar was assessed as Least Concern
in IUCN Red List, the number of populations and individuals of
this species has dropped considerably in recent years to the
point where it should be now considered to be endangered all
over the world (Bruelheide et al., 2004). The number of Euphra-
tes poplar populations is declining by clearance, overharves-
ting and modification of hydrological regimes for energy pro-
duction (Beardmore et al., 2014; Cao et al.,, 2012). In addition,
The Forest Tree Genetic Resources Panel of the Food and Agri-
culture Organization of the United Nations (1995) declared
that Euphrates poplar was one of the threatened boreal spe-
cies.

Euphrates poplar is one of the four native species of pop-
lars in Turkey and possesses great importance for both renewa-
ble energy resources and persistence of a healthy river ecosys-
tem.The populations of the species in Turkey are located at the
margins of the natural range distribution of the species. Alt-
hough a wider natural distribution of the species in Turkey is
reported in the literature (Browicz and Yaltirk 1982; Velioglu
and Akgiil 2016), in our field studies, we found that most of the
populations were deteriorated and some are extinct. Indeed,
the extant habitats of the species are either fragmented or dis-
appeared due to constructed dams and levees which diminish
flooding and lowering groundwater tables. Thus, survival and
establishment of Euphrates poplar seedlings in highly frag-
mented river ecosystems are significantly lowered. While suita-
ble habitats are available in south and southeastern Turkey,
natural populations are marginally located and restricted to
most ecologically suitable habitats only, which are Gksu river
basin in south and Euphrates and Tigris rivers in southeastern
Turkey. The densest stands of this species are spatially disjunct
in the Euphrates and the Goksu river basins which possess
highly fragmented habitats (Browicz and Yaltirnk 1982;
Mamikoglu 2007). Moreover, agricultural activities such as
clearance of riverbanks to extend the land for cultivation have
been further reduced suitable habitats for the species in Goksu
and Euphrates river basins. Though Euphrates river is approxi-
mately 1230 km long in Turkey, Euphrates poplar is restricted
to a smaller section due to presence of five dams along the
river. Especially habitats in the northern tributaries of the river
basin were lost. The extant Euphrates poplar remains as pat-
ches of stands in southern part of Euphrates river across 70 km
range between two dams. The peripheral populations inhabit
near margins of natural range that are often patchily distribut-
ed, subjected to greater isolation, more limited resources and
habitat variability (Brown 1984; Brussard 1984; Eckert et al.,
2008). To be able to assess future sustainability of the marginal
(peripheral) Euphrates poplar populations, it is important to
know how much genetic diversity still remains after habitat
fragmentation and loss. The effects of environmental changes
are likely to be stronger and more rapid in marginal populati-
ons. Thus, the assessment of the genetic variation in these

populations is of great importance for conservation of the
genetic resources of the species and critical to adaptive
management of these populations under future climate
change scenarios which may offer new suitable habitats for
recolonization of species further upstream of the rivers of sou-
th and southwestern Turkey.

Molecular and population genetics studies of Euphrates
poplar are very recent and limited to a few studies (Bruelheide
et al.,, 2004; Eusemann 2010; Eusemann et al., 2009, 2013; Pet-
zold et al., 2013; Rottenberg et al., 2000; Saito et al., 2002; Wang
et al,, 2011a; Wang et al, 2011b; Xu et al., 2013; Zeng et al.,
2018). Recently, new species specific microsatellite loci based
markers (SSR) were developed and tested in genetic variation
studies (Wang et al., 2015; Wu et al., 2008). However, there is no
study investigating genetic diversity and structure of marginal
Euphrates poplar populations in highly fragmented river eco-
systems. Here with this study, magnitude and structuring of
genetic diversity in marginal/peripheral populations were
extensively studied in two highly fragmented river systems
and consequences of habitat fragmentation on genetic diver-
sity were reported.

Materials and Methods

Plant Materials

For DNA extraction and further molecular analysis, young leaf
samples were collected from P. euphratica trees in late Spring
to early Summer. There were five sampling sites in two main
rivers, Goksu and Euphrates, respectively (Table 1, Figure 1).
Goksu river populations were determined to represent
upstream tributaries Gokcay (GRup1) and Ermenek (GRup2),
middle (GRmid) and downstream (GRdown) of the river. Due to
fragmentation and loss of habitats in the river ecosystems, the-
re is only one population available for sampling in the Euphra-
tes river which is located near the Turkey-Syria border (EUPH).
In field, leaf samples were collected from individual trees
(genotypes) at least approximately 200 m apart in order to pre-
vent sampling of ramets from cohorts. The number of trees in
each population varied according to the size of populations
and conditions of habitats in river ecosystems.

DNA Extraction

For the DNA extraction, leaf samples were first ground with
mortar and pestle using liquid nitrogen (-196°C). From the
powder obtained, ~0.1g was used for DNA extraction. Total
DNA extraction was performed according to Doyle (1991)
CTAB extraction protocol with minor modifications. Visual con-
firmation of total DNA was done with agarose gel electropho-
resis and concentration and purity of the obtained DNA samp-
les were measured using NanoDrop 2000/2000c
Spectrophotometer (Thermo Scientific).

PCR Ampilification of Microsatellite Loci

For the population genetics study, first a panel of thirty-two
microsatellite loci (SSR loci) were used to check the amplifica-
tion success of the corresponding primers. Among those,



twenty-two of the loci were successfully amplified. The repeat
motif, primers and their reference, and expected product size
for each locus are given in Supplementary Table 1S. The micro-
satellite loci used in this study are all from Populus origin, but
only markers encoded with “Pe” prefix are species-specific mar-
kers. WPMS and PMGC are cross-species markers which were
developed in Populus nigra L. and Populus trichocarpa Torr &
Gray., respectively.

In order to perform microsatellite genotyping for the indi-
viduals, forward primer of each pair SSR locus was modified to
incorporate a fluorescent dye prior to amplification (Supple-
mentary materials, Table 2S). The Polymerase chain reaction
conditions for the loci are given in Table 3S of the Supplemen-
tary materials. In PCR reactions 5x HOT FIREPol® Blend Master
Mix Ready to Load (Solis BioDyne, Tartu, Estonia), which inclu-
ded 15mM MgCl,, was used. The presence of products was veri-
fied by running 3 % agarose gel electrophoresis. Capillary elec-
trophoresis was done in BM Laboratory Systems Facilities,
Ankara. Assay procedure for fragment analysis was done with
the Applied Biosystems 3730 XL DNA Analyzer (Applied Biosys-
tems, Foster City, CA, USA) using The GeneScan ROX labelled
400HD as standard size marker. Base callings were manually
checked in Peak Scanner 2.0 software (Applied Biosystems)
and allele sizes were recorded for each individual per locus to
obtain SSR genotypes.

Table 1
Details of the populations studied in two rivers
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Data Analysis

Detection of Duplicated Sampling of Clones

The data obtained from the fragment analysis of 22 microsatel-
lite loci were analyzed with GenClone 2.0 software (Arnaud-
Haond and Belkhir 2007) in order to discriminate distinct mul-
tilocus genotypes (MLGs) and to determine any duplicated
sampling among genotypes of populations from both Goksu
and Euphrates rivers.

Null allele presence

For the null allele presence, Brookfield’s (1996) estimator
method implemented with Genepop 4.2 software (Raymond
and Rousset 1995) was first used to detect null allele frequenci-
es foreach locus in each population. But Dabrowski et al. (2014)
suggested that the null allele detection may be improved
further by combining results of several methods. Thus, subse-
quent analyses were done with MICRO-CHECKER 2.2.3 (Van
Oosterhout et al., 2004) to check scoring errors and allele drop-
outs in addition to presence of null alleles.

SSR Loci Polymorphism and Genetic Diversity
Parameters

Genetic diversity parameters were assessed by calculating
number of alleles (Na) and mean effective number of alleles
(Ne), observed (Ho) and unbiased expected (uHe) heterozygo-
sity using GenAlEx 6.503 (Peakall and Smouse 2012). In additi-
on to number of alleles and mean effective number of alleles,
allelic richness (Ar) was computed by FSTAT version 2.9.3.2
(Goudet 1995). Polymorphism information content (PIC) of
each locus was calculated by Cervus version 3.0.7 (Kalinowski
et al., 2007). In addition, proportion of polymorphic loci (% P),
the probability of identity (PI), private alleles and their frequen-
cies for each population were estimated with GenAlEx 6.503
(Peakall and Smouse 2012). Genepop 4.2 (Raymond and Rous-
set 1995; Rousset 2008) was used to asses F statistics for each

Euphrates
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River Population ID Altitude Range  Number of Individuals
GRup1 250-288m 46
GRup2 331-359m 23
Goksu
GRmid 86-112m 39
GRdown 30-92m 32
Euphrates EUPH 33-351Tm 20
Goksu
Antalya GRupl
(]
GRmid
'\[—\‘BE/GRdown
Mediterranean Sea ’/
Figure 1
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Sampling sites of Populus euphratica populations on Turkey map



locus among populations and to implement exact tests for tes-
ting the Hardy-Weinberg deviations. A Markov chain (MC)
algorithm with default parameters was used to estimate wit-
hout bias the exact p-value of this test (Dememorization num-
ber:1000, Number of batches:100, Number of iterations per
batch:1000; Guo and Thompson 1992). Gene flow was estima-
ted from F_ obtained from GenAlEx 6.503 (Nm= 0.25 (1-F.)/
F.; Peakall and Smouse 2012). To test for any experienced
population reductions in effective size of populations, Garza-
Williamson Index (Garza and Williamson 2001) was calculated
for all loci and populations with the software Arlequin version
3.5.1.2 (Excoffier and Lischer 2010). To partition total variation
into between rivers, among populations within river and
within populations, the analysis of molecular variance (AMO-
VA) was carried out for all loci as implemented in Arlequin ver-
sion 3.5.1.2 (Excoffier and Lischer 2010). Mantel test was emplo-
yed with the package adegenet (Jombart 2008) to identify any
correlation between geographic and genetic (F,) distances.

Population Genetic Structure

To demonstrate the genetic differences over multilocus micro-
satellite genotypes, the pairwise F; values were used to gene-
rate a principal coordinate analysis (PCoA) based on the covari-
ance matrix with data standardization as implemented in
GenAlEx 6.503 (Peakall and Smouse 2012). To identify the
genetic structure of populations, a Bayesian iterative algorithm
was used to assign individuals to clusters as implemented in
STRUCTURE v2.3.4 (Pritchard et al.,, 2000). Admixture model
was assumed and run settings were as follows: a burn-in of
50,000 and 250,000 Markov chain Monte Carlo iterations, pos-
sible cluster numbers (K) tested from K=1 to K=10 over ten
simulation runs. Correlation in allele frequencies was allowed
while the remaining parameters were set to the default values.
The Structure Harvester (Earl and vonHoldt 2012), a web-based
tool, was used to assess the most likely value of K (true K or
genetic groups) from STRUCTURE run results by implementing
Evanno method (Evanno et al,, 2005). In addition, the distribu-
tion of the log-likelihoods was examined for the value with the
highest probability and lowest variance. Multiple runs for the
true K value were analyzed with the CLUMPP software (Jakobs-
son and Rosenberg 2007) to identify the best alignment to the
replicate results of the cluster analysis. The graphical display of
population structures was realized with the Pophelper soft-
ware (Francis 2016).

Since model based approaches like STRUCTURE determi-
ne clusters by sorting individuals into assigned populations
which are in Hardy-Weinberg equilibrium, Discriminant Analy-
sis of Principal Components [DAPC (Jombart et al., 2010)] was
also carried out to see the population structure as implemen-
ted with adegenet software (Jombart 2008).

Gene Flow and Effective Population Size

The historic gene flow and Effective population sizes (Ne) were
investigated with Migrate-n software (Beerli and Felsenstein
1999; Beerli 2006; Beerli and Palczewski 2010) implemented in
CIPRES Science Gateway V 3.3 (Miller et al., 2010). by calcula-
ting the parameters 6 and M. The parameter 0 is the
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mutation-scaled population size [equals to 4 x Ne x 1 (N popu-
lation size and p is the mutation rate for the microsatellite data
per locus and generation)] and M is the mutation-scaled immi-
gration rate from one population to other [equals to immigra-
tion rate divided by the mutation rate per locus and generati-
on]. Coalescent-theory based Bayesian inference method and
the Brownian motion model were chosen, starting 0 values
estimated from F . with static heating scheme with 4 chains
(starting temperatures of 1.0, 1.5, 3.0, and 100000), a constant
mutation rate was assumed. Estimation parameters were as
follows: 1 long chain, 50 000 recorded steps, an increment of
100 and 10 000 discarded trees as initial burn-in. We adopted
mutation rate of 102 per gamete per generation in poplars, as
suggested by Lexer et al. (2005) and Wang et al. (2011b).

Demographic History

To elucidate population history of P. euphratica populations
from the two rivers, six alternative scenarios were tested using
the Approximate Bayesian Computations (ABC) procedure
(Beaumont et al., 2002) implemented in DIYABC v.2.1.0 (Cornu-
etetal, 2014). Detailed information on parameter settings are
given in Supplementary materials (Table 4S). Direct and logis-
tic regression approaches were applied to estimate the poste-
rior probability of the best supported scenario. We adopted 20
years to represent generation time as suggested by Zeng et al.
(2018).

Results

SSR Loci Diversity

The data searched for any possible duplicated clones in samp-
les by comparing multilocus genotypes (MLGs) and indicated
that there was no clonal duplication. Among the studied loci,
there was one locus (Pe17) with slightly high null allele fre-
quencies in all studied populations. This null allele possessing
locus Pe17, which may have had large allelic dropouts, was dis-
carded from further analysis (Table 5S and 6S in Supplementa-
ry materials).

Genetic diversity parameters of the studied microsatellite
loci were provided in Table 2. Among the analyzed twenty-one
loci, two of them were monomorphic for the studied populati-
ons. The rest of them were polymorphic having a mean of 3.50
alleles per locus. The least variable ones were WPMS7 and Pe13
loci with 2 alleles. The most variable one was Pe2 locus, display-
ing ten alleles. Probability of identity (Pl) is demonstrating that
two individuals drawn at random from a population will have
the same genotype at multiple loci (Waits et al. 2001). In the
present study, WPMS10 and WPMS15 loci showed high Pl valu-
es, but the rest of the loci had sufficiently low Pl values. Eleven
loci were highly informative (PIC>0.5). Allelic richness (Ar) ran-
ged from 1.41 in PMGC14 to 7.36 in Popeu13 locus. The mean
observed and unbiased expected levels of heterozygosity
were 0.44 and 0.45, respectively (Table 2).
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Table 2
Genetic diversity parameters of the 21 microsatellite loci

Locus N Na Ne Ar PI PIC Ho uHe Fs Fs(Nm)
WPMS5 32 2.8+0.20 227+0.25 3.00 0308 0530 0.43+0.03 0.54+0.06 023 0.08(2.46)
WPMS7 32 1.8+0.20 1.54£0.16 2.00 0564 0297 0.150.15 032+0.09 0.71 0.07(2.14)
WPMS10 32 1.8+037 1.06:0.04 1.80 0.901 0.049 0.05+0.04 0.06+0.04 022 0.03(5.31)
WPMS12 29.2 3032 1.43£0.08 2.90 053 0259 0212006 0.300.04 0.28 0.0012.02
WPMS14 32 4.2+0.20 249:022 412 0238 0601 0.65+0.08 0.59+0.05 -0.07 0.11(1.65)
WPMS15 32 24+0.24 1.28+0.18 2.55 0743 0172 023013 0.18+0.09 -0.24 0.28(0.68)
WPMS18 32 320 233015 2.99 0276 0514 0.53+0.10 0.57+0.02 0.03 0.02(7.65)
WPMS20 31.8 Monomorphic

PMGC14 32 1.4+0.24 1.04+0.03 141 0937 0025 0.02+0.01 0.04+0.02 048 0.03(5.97)
PMGC2163 32 24+0.24 1741004 256 0414 0354 0.55:0.06 043001 -0.29 0.01(8:63)
PMGC2889 31.8 5.6+0.24 3.71+0.25 5.40 0115 0728 0.730.05 0.74+0.02 0.00 0.04(4.10)
PMGC93 32 42037 279021 443 0200 0614 0.630.06 0.64+0.03 0.07 0.02(7.70)
Pe2 316 6+0.63 402056 6.54 0117 0720 0.79+0.03 0.75+0.03 -0.05 0.04(4.33)
Pes 32 4.8+0.20 240£026 481 0240 0545 0712007 0.58+0.04 -0.24 0.04(5.45)
Pe6 32 3+0 2.64+0.15 3.00 0.221 0.572 0.65+0.09 0.63+0.03 -0.11 0.03(6.18)
Pe7 32 Monomorphic

Pe8 318 3.8+0.20 1.7340.19 3.84 0416 0409 0.4320.05 0.40+0.06 -0.10 0.19(1.01)
Pe13 318 2+0 1.87£0.07 2.00 0400 0368 0.46+0.06 0.47+0.02 0.07 0.04(6.11)
Pel4 32 5+0.55 3244027 537 0.151 0.685 0.68+0.06 0.69+0.03 0.00 0.06(3.06)
Pels 308 6.4+0.40 3.88+0.43 643 0117 0740 0.75:0.02 0.74+0.03 -0.01 0.05(3.31)
Popeul3 308 7.8+0.49 393068 7.36 0117 0701 0.48+0.10 0.73£0.05 034 0.03(4.35)
Mean 31.69 3.50+0.19 22620.11 - - 0.44+0.03 0.45+0.03 0.03 0.06(4.39)

N:Sample size, Na:mean allele number, Ne: effective number of alleles, Ar:allelic richness, PI: Probability of Identity, PIC:polymorphism information content,
Ho:observed heterozygosity, uHe:unbiased expected heterozygosity, F: inbreeding coefficient, F :genetic differentiation, Nm: number of migrants

Genetic Diversity and Structure of Populations
The genetic diversity parameters for each studied population
were presented in Table 3. The mean number of alleles per
locus (Na) ranged between 3 (GRup2) and 3.81 (GRmid) with a
mean value of 3.50. Effective number of alleles varied between
2.10 (GRup2) and 2.53 (EUPH) with a mean of 2.26. There were
no private alleles for GRdown population as expected due to
river flow direction. On the other hand, the highest number of
private alleles were detected in EUPH population. Average per-
centage of polymorphic loci among populations was 84.76 %,
with highest value observed in EUPH population. Observed
heterozygosity (Ho) was lower than unbiased expected hetero-
zygosity for all populations except EUPH (Ho:0.50, uHe:0.49) in
which there was slight excess of heterozygosity. Differentiati-
on among populations was low (F=0.075). Additionally, com-
parative results on genetic diversity and population differenti-
ation from P. euphratica and other arid region poplars were
provided in Table 4. Considering any possible link between
genetic and geographic distance, Mantel test indicated there is
no correlation between geographic and genetic distances of
the studied populations (p=0.056). Calculated Garza and Wil-
liamson M values ranged between 0.363 (EUPH) and 0.394
(GRup1) (Table 3), which are much smaller than the critical
value 0.68, indicating past reductions in the sizes of all popula-
tions in the study.

A hierarchical analysis of molecular variance (AMOVA) of
the populations in two rivers showed that only 11.73 % of the
variation was account for the differences between rivers. 1.87

% of the variation was attributed to differences among popula-
tions within rivers and 86.40% of total variation was within
populations (Table 5).

Overall differences among populations were further
explored with PCoA analysis based on pairwise F. The results
pointed out that the first principal component clearly discrimi-
nated the populations of two rivers and explained 64.57 % of
the total variance while the second principal component exp-
lained 19.40 % of the variation among populations within the
rivers (Figure 2).

Genetic structure patterns of populations were assessed
with prior information about the localities of individuals using
STRUCTURE v2.3.4 software (Figure 3c). The delta-K method of
Evanno et al. (2005) indicated the presence of three genetic
groups (K values) (Figure 3a). In order to identify the mostly
likely biologically meaningful value of K, we also considered
the K of the highest probability maintaining a small variance,
which is K= 5 (the second highest peak in delta-K plot) (Figure
3b). There are conflicting ideas about the cluster analysis with
STRUCTURE, especially on estimating the number of genetic
groups (K value) because the Bayesian iterative algorithm that
the program uses makes assumptions while assigning genoty-
pes to clusters. Thus, the population differentiation was further
investigated with a DAPC analysis, implemented in R (Figure 4),
which identified the number of clusters (K) to be 5 in a multiva-
riate analysis.
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Genetic diversity parameters of Populus euphratica populations

Number
of Private
Population Na Ne %P alleles G-W index (M) Ho uHe F, Fe
GRup!1 3.52+0.42 221021 85.71% 2 0.394+0.133 0.410.07 0.44+0.06 0.087:£0.08***
GRup2 3+0.33 2.10£0.22 80.95% 1 0.383+0.165 0.40+0.07 0.42+0.06 0.021:+0.08***
GRmid 3.81+0.50 2.29+0.23 85.71% 3 0.387+0.126 0.43+0.07 0.460.06 0.049:£0.07%**
GRdown - —
3.38+0.42 2.15+0.22 80.95% 0.375+0.126 0.430.07 0.43+0.06 0.006£0.07** &
o
EUPH 3.76+0.46 2.53+0.34 90.48% 9 0.363+0.135 0.50+0.07 049+0.06  -0.037+0.08%** s
N~
Mean 3.50+0.19 226+0.11  84.76%%1.78% - - 0.44+0.03 0.45+0.03 0.025+0.03 2

Na: mean allele number, Ne: effective number of alleles, % P: Percentage of Polymorphic loci, G-W: Garza-Williamson, Ho: observed heterozygosity,
uHe: unbiased expected heterozygosity, F ;: inbreeding coefficient, F,: genetic differentiation, HWE deviations ***: p<0,001,**: p<0,01,*: p<0,05,

a: F; over all populations

Table 4

Comparison of genetic diversity and genetic differentiation for representative arid region Populus species (Studies

with microsatellite markers in literature)

Publication Species Loci number Sample size Diversity and Differentiation
Ho:0.44, He: 0.45
This stud P. euphrati 21 loci 160 indiv.
is study euphratica oci indiv. FST: 0,075
| 145 indiv. Ho:0.498, He:0.596
8 loci
Eusemann et al.,2009a P.euphratica : 158 indiv. Ho:0.40, He:0.55
No commonb
133 indiv. Ho:0.460, He:0.56
X 7 loci o Dest: 0.014
Eusemann et al.,2013 P. euphratica 1701 indiv.
No commonb GST: 0.005
. 8 loci - Ho:0.932, He:0.839
Wang et al.,2011a P. euphratica . 170 indiv.
6 in common FST:0.093
. 8 loci Lo Ho0:0.935, He:0.746
P. euphratica . 200 indiv.
5in common GST:0.625
Wang et al.2011b
. 8 loci Lo Ho:0.64, He:0.65
P. pruinosa . 200 indiv.
5in common GST:0.492
8 loci Ho:0.534, He:0.528
Wiehle et al.,2016 P. laurifolia X od 600 indiv. ° ©
2in common FST:0.137
) 17 loci L Ho:0.538, He:0.558
P.euphratica . 552 indiv.
4 in common FST:0.062
Zeng et al. 2018 .
X 17 loci Lo Ho:0.484, He:0.560
P. pruinosa . 102 indiv.
4 in common FST:0.009

a: No F; result is given, b: No common loci with current study

Gene flow and Demographic History of Populati-
ons
For the gene flow and effective population size, 6 (4N _u, where
Ne = effective population size and y =mutation rate) and M
(4Nm = 6xM) were used in calculation. M parameter gives
information on how much more migration is relative to mutati-
on to bring new variants into a population. The results were
presented in Table 6.

In DIYABC analysis, comparison of the posterior probabili-
ties (obtained from both direct approach and logistic

regression, Supplementary Materials Figure 2S) of the six
scenarios indicated that Scenario 2 was the best explanatory
scenario among all (Figure 5, see all scenarios in Supplementa-
ry Materials, Figure 1S). According to Scenario 2, P. euphratica
populations had an initial effective population size of 7410
(NA). The Euphrates and Goksu river populations diverged
approximately 16720 years ago and all populations had experi-
enced both past and recent bottleneck events (Table 7).



Table 5

Hierarchical partitioning of genetic variation using AMO-
VA [twenty-one microsatellite loci, two groups/regions
(The Goksu river and the Euphrates river)]

Source of variation Sum of squares  Variance components Percentage
(Va, Vb, Vc) of variation

Among rivers 53.227 0.63541 11.73

Among populations  34.741 0.10132 1.87

within rivers

Within Populations  1458.036 467866 86.40

Total 1546.004 5.41539

Fixation indices

Fo 0.136***

Fo 0.021%#*

F 0.117%**

(***p<0,001, **:p<0,01, *:p<0,05)

Principal Coordinates (PCoA) based on Pairwise Fst
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Figure 2

Principal coordinate analysis based on population pair-
wise F . values
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Discussion

The results obtained in this study are unique and precious in
that it is the first population genetics study conducted with
marginally located, disjunct and fragmented Euphrates poplar
populations. Analysis of microsatellite data revealed the mag-
nitude and structure of genetic diversity which the species
possess will provide fundamental information for future use,
conservation and breeding of the species.

Among the analyzed 21 microsatellite loci, only WPMS 20
and Pe7 were monomorphic for the studied populations
though these loci were reported to be polymorphic in litera-
ture with high number of alleles. The reason of monomor-
phism could stem from reduced effective sizes of the studied
populations due to fragmentation. Moreover, based on the
geographical region that the sampling was done, there could
be primer binding site mutations in flanking sequences of the
repeat regions which can prevent amplification. The WPMS10,
WPMS15 and PMGC14 loci had high Pl values together with
low PIC meaning that they are not sufficiently informative for
analyzing the genetic diversity if they are used one by one. The
resolution of rest of the loci was high with sufficiently low PI
values. This was also in accordance with their PIC values indica-
ting acceptable discrimination power. Some authors argued
that allelic richness may indicate populations’long-term poten-
tial more effectively than heterozygosity does (Allendorf 1986;
Petit et al, 1998). Among the polymorphic loci, WPMS14,
PMGC2889, PMGC93, Pe2, Pe5, Pe14, Pe15 and Popeu13 had
high Ar values (>3.0). In fact, species-specific microsatellites
loci had higher Ar values than cross-species microsatellite loci.
Consequently, those aforementioned loci were the most infor-
mative that they could be considered as choice of markers in
future Euphrates poplar population genetic studies.

The average and effective number of alleles per locus,
observed and expected heterozygosity were lower as compa-
red to similar previous studies (Eusemann et al., 2009; Wang et
al, 2011a; Wang et al,, 2011b; Xu et al., 2013). Similar low levels
of genetic diversity were also reported in other poplar species
(Du et al., 2012; Lexer et al., 2005; Namroud et al., 2005). Only
one recent study (Zeng et al., 2018) dealing large number of
Euphrates poplar populations found low level of genetic diver-
sity, being similar to current study (H, = 0.538 and H_ = 0.558).
In all studied populations, except for EUPH heterozygote defi-
ciencies were found. Consequently, the results indicate that
the effects of inbreeding and subsequent genetic drift on
genetic diversity are evident in the surviving remnants of
Euphrates poplar following habitat destructions.

Low genetic diversity and increased inbreeding coeffici-
ents (F, values) of the studied populations point out gene pool
shrinkage of Euphrates poplar populations. Considering low
number of alleles observed for the species, Euphrates poplar
populations may have experienced bottleneck(s) in the past
and retained small number of alleles. This has been supported
by low Garza-Williamson index values observed in all populati-
ons. Accordingly, these results were also in agreement with our
DIYABC analyses, which indicated that the best explanatory
scenario includes both past and present bottlenecks. Under
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Historic gene flow and the effective population sizes of the five populations from the Goksu the Euphrates rivers

M (m/p)
GRup1 GRup2 GRmid GRdown EUPH 0 Ne
GRup1 - 5.37 89.43 17.56 5337 1.03 25833
GRup2 37.57 - 239 28.3 55.9 117 291.67
GRmid 51.03 329 - 86.23 16.03 21.97 5491.67
GRdown 24.63 2043 26.5 - 21.23 1.50 375
EUPH 73.23 70.1 48.43 36.57 20.57 5141.67

M: mutation-scaled immigration rate; m: immigration rate; yu: mutation rate; Ne: effective population size; 8:mutation-scaled population size

*Receiving populations presented in rows

Scenario 2 (Warning ! Time is not to scale.)
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Figure 5
Best supported scenario for the demographic history of populations



Table 7

148

Estimates of posterior distributions of parameters obtained from the DIYABC analysis for the best scenario (Scenar-

io 2) for the demographic history of Populus euphratica

Parameter Mean Median Mode 5% 95%
N1 963 823 608 105 2340
N2 877 706 342 97.8 2270
N3 1470 1450 1200 252 2730
N4 1280 1190 803 181 2660
N5 1430 1390 1090 243 2720
t1 1622 1350 776 398 3600
db 4920 4820 2620 740 9380
N1a 3010 2970 2560 1530 4640
N3a 3840 3890 3870 2600 4870
N5a 4140 4210 4230 3100 4910
N2a 2210 1980 1480 752 4420
N4a 3000 2980 2670 1230 4770
r1 0.459 0.451 0.432 0.118 0.839
t2 2920 2020 1502 704 8000
r2 0.483 0.478 0.460 0.0862 0.9
t3 5840 4380 3380 1806 13740
t4 16720 11400 8600 3900 48600
N1b 3530 3570 3450 1080 5760
N5b 4060 4230 5550 1670 5830
NA 7410 8030 9180 2850 9630
Aumic_1 1.27x10-4 1.2x 10-4 1.0x10-4 1.01x10-4 1.74x 10-4
pmic_1 0.206 0.206 0.206 0.130 0.279

Time parameter (t and db) (unit of time: years) was scaled by an assumed generation time of 20 years.
Aumic_1: estimated microsatellite mutation rate; pmic_1: marker parameter of the geometric

distribution of the length in number of repeats of mutation events

the circumstances, it is expected that the rare alleles are lost by
drift more often than common alleles. Bottlenecks can further
increase rate of inbreeding and loss of genetic variation, which
in turn can reduce adaptive potential of populations so that
populations may face high probability of extinction in the
future.

Coalescent-based demographic analyses (DIYABC) of nSSR
data also indicated that the two river populations had diver-
ged 16720 years ago in the late stages of The Last Glacial Peri-
od (LGP), after the Last Glacial maximum (LGM). During the
LGM only high mountainous areas (above 2000m) were glacia-
ted, while the inner part of Anatolia was undercover of desertic
steppe (Atalay 1996). These unglaciated regions could have
increased the distribution range of the drought adapted spe-
cies. In turn, this would have provided opportunity for survival
of Euphrates poplar in inner Anatolia during the LGM. Actually
there were records of a few remnant Euphrates poplar trees in
upper tributaries of Euphrates river, near Keban Dam in Eastern
Anatolia (Toplu 1999). Thus, during Holocene, populations

might have diverged and migrated towards The Goksu and The
Euphrates valleys.

These aforementioned results point out that studied
populations have small effective sample size, spatial isolation
(fragmentations) and peripheral distribution, so that they may
be considered as “marginal populations” in both river systems
(Brown 1984; Brussard 1984; Eckert et al., 2008). Eventually,
they are expected to have reduced genetic diversity within
populations, that is the prevailing situation for all studied
populations (Dixon et al., 2013; Vakkari et al., 2009). Although
there are debates on whether marginal populations worth to
be conserved (Lesica and Allendorf 1995), they could have the
evolutionary potential to withstand the burden of geographi-
cal distribution shifts as a result of climate change. Despite
inbreeding and genetic drift, this is the case for the EUPH
population in our study that it has the potential with high pri-
vate allele number and homogeneous gene pool. Once, there
were populations residing northern part of the Euphrates river,
but these gene pools are now mostly lost. Thus, the marginal



populations of Euphrates poplar have the potential to shift
habitats and colonize northern tributaries of the studied rivers
in future in response to climate change.

In the current study, lack of suitable habitats due to water
shortage and low groundwater table in watershed of the two
rivers could be the main factors for possible past bottlenecks.
This situation forced Euphrates poplar trees reproduce clonally
and resulted in a situation that few genotypes breed constant-
ly, eventually leading to reduction in genetic diversity. If access
of Euphrates poplar seed and seedlings to groundwater are
available, this will promote reproduction by seed and recoloni-
zation of disturbed habitats (Cao et al.,, 2012; Westermann et
al.,, 2008). Especially, in EUPH population, recolonization by
seeds in disturbed habitats will be more effective due to high
number of private alleles since private and rare alleles are cru-
cial to adapt future environmental changes.

In general, genetic differentiations among populations
are low in both poplar (Ciftci et al., 2017; Cortan et al., 2016,
Zeng et al., 2018) and willow species (Degirmenci et al., 2019,
Sitzia et al., 2018). This situation is valid for Euphrates poplar
indeed (Wang et al., (2011a); Zeng et al.2018). Our results
showed low differentiation among Goksu river populations
(F,,=0.031) as expected since there is no obvious geographical
barriers to prevent gene flow. When EUPH river population is
considered together with Goksu river populations, genetic dif-
ferentiation increased slightly (F,= 0.075). The results from
Principal Coordinate Analysis based on pairwise F . values
showed that the first principal component, clearly discrimina-
ted EUPH population and explained 64.57 % of the variance.
These results showed clearly that EUPH population is slightly
differentiated from the Goksu river populations. In fact, the stu-
died populations from two rivers have separated from each
other by a long geographical distance. On the contrary to
expectation due to long distance geographic isolation, the
EUPH population did not show substantial genetic differentia-
tion from Goksu river populations, suggesting a common ori-
gin. The historical migration rates (M=m/p) between the popu-
lations were asymmetrical and strikingly high. It could be
possible that the two river populations were of greater in size
in the past and also connected by other extinct populations
that might have acted as bridges for the migrants. Actually, in
literature there were records of populations in the Seyhan
River in Adana province located between the rivers of the cur-
rent study (Toplu 1994). Although there is Southeastern Taurus
mountain range between the two river systems, there was high
historical gene flow between GRmid and EUPH populations as
depicted in Migrate analysis. The Taurus mountains were for-
med during the Alpine orogenic period, which occurred at the
end of the Oligocene (Atalay et al., 2008). However, the popula-
tions seemed to be diverged during Holocene. Thus, the gene
flow was continuous despite of the presence of those moun-
tain ranges.

The results from admixture analysis were in accordance
with the Principal coordinate analysis for the five populations
under consideration. Population clustering showed the pre-
sence of two genetically separated groups (for both K=3 and
K=5). It appears that EUPH population has a homogeneous
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gene pool. The bar graph plot of DAPC for K=5 showed subs-
tantial similarity to the corresponding STRUCTURE plot for
K=5. Thus, the results from the DAPC further supported the
homogeneous gene pool of EUPH population and the pre-
sence of high admixture in Goksu river. Among the Goksu river
populations, individuals from GRup1 and GRmid populations
displayed the highest admixture whereas GRup2 is differentia-
ted with low admixture. The river dynamics in the GRup1 and
GRmid population sites provide a large area suitable for coloni-
zation of the species, that is, the river bed is extending with
meanders in the river which are suitable for germination and
seedling establishment during flooding. Thus, highest intensi-
ty of admixture was observed in those populations. It can be
argued that there are no barriers to gene flow in the Goksu
river basin and Goksu populations form one large metapopula-
tion, which includes groups of populations/subpopulations in
a patchy environment. This is also supported by the studies of
Eusemann et al. (2013) and Wang et al. (2011a). The local popu-
lations/subpopulations persist by patchy colonization, extinc-
tion and recolonization. These repeated founding events may
decrease genetic diversity. Furthermore, the effects of the
founding events could be robust if the founder population is
coming from a single deme.

Conclusion

Great majority of studied SSR markers, especially species speci-
fic ones, were highly informative for analyzing the genetic
diversity in Euphrates poplar.
Studied Euphrates poplar populations in two rivers maintained
a low genetic diversity as compared to previous studies. Euph-
rates poplar populations seemed to have experienced past
bottleneck events which resulted in a gene pool shrinkage and
created “marginal” populations of the species. Further, conti-
nued habitat deteriorations and fragmentations are likely to
contribute greatly to extinction of remnant populations of the
species. On the contrary to expectation due to long distance
geographic isolation, the EUPH population did not show subs-
tantial genetic differentiation from the Goksu river populati-
ons, suggesting a common origin.

The results of present study provide important genetic
data which could be used to restore and conserve genetic
resources of highly degraded extant population of the species.

Acknowledgements

We sincerely thank Sadi Siklar for his contributions to the field
studies. We are also indebted to Abdulbaki Coban, Asiye Ciftci
and Funda Ozdemir Degirmenci for their contributions to the
statistical analysis. We also thank anonymous reviewers for
helpful comments on the manuscript. This study was funded
by The Scientific and Technological Council of Turkey
(TUBITAK), Project #: KBAG 117Z018.



150

References

Allendorf FW (1986) Genetic drift and the loss of alleles versus heterozygosity.
Zoo Biology 5:181-190. https://doi.org/10.1002/z00.1430050212

Arnaud-Haond S, Belkhir K (2007) GENCLONE: A computer program to analyse
genotypic data, test for clonality and describe spatial clonal organization.
Mol Ecol Notes 7(1): 15-17.
https://doi.org/10.1111/j.1471-8286.2006.01522.x

Atalay | (1996) Palaeosols as Indicators of the Climatic Changes during Quater-
nary Period in S Anatolia. Journal of Arid Environments 32: 23-35.
https://doi.org/10.1006/jare.1996.0003

Atalay I, Altunbas S, Khan AA, Coskun M (2018) The Mountain Ecology of the
Taurus Mountains and Its Effects on Nomadism. TUCAUM 30™ International
Geography Symposium, Ankara, pp 623-635

Atalay |, Efe R, Soykan A (2008) Mediterranean Ecosystems of Turkey: Ecology of
Taurus Mountains. In: Efe, Cravins, Oztiirk, Atalay (eds) Environment and
Culture in the Mediterranean Region Part |. Newcastle, UK, Cambridge
Scholars Publishing, pp 3-37. https://doi.org/10.5848/csp.1087.00001

Beerli P (2006) Comparison of Bayesian and maximum-likelihood inference of
population genetic parameters. Bioinformatics 22: 341-345.
https://doi.org/10.1093/bioinformatics/bti803

Beerli P, Felsenstein J (1999) Maximum-Likelihood Estimation of Migration Rates
and Effective Population Numbers in Two Populations Using a Coalescent
Approach. Genetics 152:2763-2773

Beerli P, Palczewski M (2010) Unified Framework to Evaluate Panmixia and Mi-
gration Direction Among Multiple Sampling Locations. Genetics 185(1):313-
326. https://doi.org/10.1534/genetics.109.112532

Beaumont MA, Zhang W, Balding DJ (2002) Approximate Bayesian computation
in population genetics. Genetics 162(4): 2025-2035

Brookfield JFY (1996) A simple new method for estimating null allele frequency
from heterozygote deficiency. Mol Ecol 5: 453-455.
https://doi.org/10.1046/j.1365-294X.1996.00098.x

Browicz K (1977) Chorology of Populus euphratica Oliver. Arboretum Kornickie
22:5-26

Browicz Z, Yaltirik F (1982) Populus L. In: Davis P H (eds) Flora of Turkey and the
East Aegean Islands Volume 7. Edinburgh, University Press, pp 716-720

Brown JH (1984) On the relationship between abundance and distribution of
species. Am Nat 124, 255- 279. https://doi.org/10.1086/284267

Bruelheide H, Manegold M, Jandt U (2004) The genetical structure of Populus eu-
phratica and Alhagi sparsifolia stands in the Taklimakan desert. In: Runge M
and X Zhang (eds) Ecophysiology and Habitat Requirements of Perennial
Plant Species in the Taklimakan Desert. Germany: Shaker Verlag GmbH, pp
153-160

Brussard PF (1984) Geographic patterns and environmental gradients: the cen-
tral-marginal model in Drosophila revisited. Annu Rev Ecol and Syst 15, 25—
64. https://doi.org/10.1146/annurev.es.15.110184.000325

Cao D, Li J, Huang Z, Baskin CC, Baskin JM et al. (2012) Reproductive Characteris-
tics of a Populus euphratica Population and Prospects for Its Restoration in
China. PLOS ONE 7(7): €39121.
https://doi.org/10.1371/journal.pone.0039121

Ciftci A, Karatay H, Kiiciikosmanoglu F, Karahan A, Kaya Z (2017) Genetic differ-
entiation between clone collections and natural populations of European
black poplar (Populus nigra L.) in Turkey. Tree Genet Genom 13:69.
https://doi.org/10.1007/511295-017-1154-8

Cornuet J-M, Pudlo P, Veyssier J, Dehne-Garcia A, Gautier M, Leblois R, Marin J-M,
Estoup A (2014) DIYABC v2. 0: a software to make approximate Bayesian
computation inferences about population history using single nucleotide

polymorphism, DNA sequence and microsatellite data. Bioinformatics
30(8):1187-1189. https://doi.org/10.1093/biocinformatics/btt763

Cortan D, Schroeder H, Sijacic-Nikolic M, Wehenkel C, Fladung M (2016) Genetic
structure of remnant black poplar (Populus nigra L.) populations along big-
gest rivers in Serbia assessed by SSR markers. Silvae Genetica 65(1):12-19.
https://doi.org/10.1515/5g-2016-0002

Dabrowski MJ, Pilot M, Kruczyk M, Zmihorski M, Umer HM, Gliwicz J (2014) Reli-
ability assessment of null allele detection: Inconsistencies between and
within different methods. Mol Ecol Resour 14(2): 361-373.
https://doi.org/10.1111/1755-0998.12177

Degirmenci OF, Kaya Z (2019) Consequences of habitat fragmentation on genet-
ic diversity and structure of Salix alba L. populations in two major river sys-
tems of Turkey. Tree Genet Genomes 15:59.
https://doi.org/10.1007/511295-019-1365-2

Dixon AL, Herlihy CR, Busch JW (2013) Demographic and population-genetic
tests provide mixed support for the abundant centre hypothesis in the en-
demic plant Leavenworthia stylosa. Mol Ecol 22: 1777-1791.
https://doi.org/10.1111/mec.12207

Doyle J (1991) DNA Protocols for Plants. In: Hewitt GM, AWB Johnston and JPW
Young (eds) Molecular Techniques in Taxonomy, NATO ASI Series (Series H:
Cell Biology), vol 57. Berlin, Heidelberg: Springer, pp 283-293.
https://doi.org/10.1007/978-3-642-83962-7 18

Du Q, Wang B, Wei Z, Zhang D, Li B (2012) Genetic diversity and population
structure of Chinese white poplar (Populus tomentosa) revealed by SSR
markers. J Hered 103:853-862. https://doi.org/10.1093/jhered/ess061

Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: A website and program
for visualizing STRUCTURE output and implementing the Evanno method.
Conserv Genet Resour 4(2): 359-361.
https://doi.org/10.1007/512686-011-9548-7

Eckert CG, Samis KE, Lougheed SC (2008) Genetic variation across species’ geo-
graphical ranges: the central-marginal hypothesis and beyond. Mol Ecol 17:
1170-1188. https://doi.org/10.1111/j.1365-294X.2007.03659.x

Eusemann P (2010) Population genetics and reproduction biology of Populus
euphratica OLIV. (Salicaceae) at the Tarim River, Xinjiang Province, NW Chi-
na. Dissertation, University of Greifswald

Eusemann P, Fehrenz S, Schnittler M (2009) Development of two microsatellite
multiplex PCR systems for high throughput genotyping in Populus euphrati-
ca.J Forestry Res 20(3): 195-198.
https://doi.org/10.1007/511676-009-0038-7

Eusemann P, Petzold A, Thevs N, Schnittler M (2013) Growth patterns and genet-
ic structure of Populus euphratica Oliv. (Salicaceae) forests in NW China-Im-
plications for conservation and management. Forest Ecol Manag 297: 27-
36. https://doi.org/10.1016/j.foreco.2013.02.009

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of indi-
viduals using the software STRUCTURE: A simulation study. Mol Ecol 14(8):
2611-2620. https://doi.org/10.1111/j.1365-294X.2005.02553.x

Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Mol Ecol
Resour 10:564-567. https://doi.org/10.1111/j.1755-0998.2010.02847.x

Fay MF, Lledo MD, Kornblum MM, Crespo MB (1999) From the waters of Baby-
lon? Populus euphratica in Spain is clonal and probably introduced. Biodi-
versity and Conservation 8: 769-778.
https://doi.org/10.1023/A:1008842230383

Francis RM (2016) pophelper: An r package and web app to analyse and visual-
ize population structure. Mol Ecol Resour 17(1): 27-32.
https://doi.org/10.1111/1755-0998.12509

Garza JC, Williamson EG (2001) Detection of reduction in population size using
data from microsatellite loci. Mol Ecol 10(2): 305-318.
https://doi.org/10.1046/j.1365-294x.2001.01190.x

Goudet J (1995) FSTAT (Version 1.2): A computer program to calculate F-Statis-
tics. The Journal of Heredity 86(6): 485-486.
https://doi.org/10.1093/oxfordjournals.jhered.a111627

Gries D, Foetzki A, Arndt SK, Bruelheide H, Thomas FM, Zhang X, Runge M (2005)
Production of perennial vegetation in an oasis-desert transition zone in NW
China-allometric estimation and assessment of flooding and use effects.
Plant Ecol 181:23-43. https://doi.org/10.1007/s11258-004-7808-2

Guo S, Thompson E (1992) Performing the exact test of Hardy-Weinberg pro-
portion for multiple alleles. Biometrics 48: 361-372.
https://doi.org/10.2307/2532296

Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and permuta-
tion program for dealing with label switching and multimodality in analysis
of population structure. Bioinformatics 23(14): 1801-1806.
https://doi.org/10.1093/bioinformatics/btm233

Jombart T (2008) adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics 24: 1403-1405.
https://doi.org/10.1093/bioinformatics/btn129




Jombart T, Devillard S, Balloux F (2010) Discriminant analysis of principal com-
ponents: A new method for the analysis of genetically structured popula-
tions. BMC Genet 11:94. https://doi.org/10.1186/1471-2156-11-94

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how the computer pro-
gram CERVUS accommodates genotyping error increases success in pater-
nity assignment. Mol Ecol 16(5):1099-1106.
https://doi.org/10.1111/j.1365-294X.2007.03089.x

Lesica P, Allendorf FW (1995) When are peripheral populations valuable for con-
servation? Conservation Biology, 9, 753~ 760.
https://doi.org/10.1046/j.1523-1739.1995.09040753.x

Lexer C, Fay MF, Joseph A, Nica MS, Heinze B (2005) Barrier to gene fow between
two ecologically divergent Populus species, P. alba (white poplar) and P.

tremula (European aspen) the role of ecology and life history in gene intro-
gression. Mol Ecol 14:1045-1057.
https://doi.org/10.1111/j.1365-294X.2005.02469.x

Luikart G, Cornuet J-M (1998) Empirical evaluation of a test for identifying re-
cently bottlenecked populations from allele frequency data. Conservation
Biology 12:228-237. https://doi.org/10.1111/j.1523-1739.1998.96388.x

Mamikoglu NG (2007) Tiirkiye'nin agaclari ve calilari. istanbul: NTV Press, 728 p,
ISBN 9786052981467 (In Turkish)

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for
inference of large phylogenetic trees. In: Proceedings of the Gateway Com-
puting Environments Workshop (GCE), New Orleans, LA, pp 1-8.
https://doi.org/10.1109/gce.2010.5676129

Namroud MC, Park A, Tremblay F, Bergeron Y (2005) Clonal and spatial genetic
structures of aspen (Populus tremuloides Michx). Mol Ecol 14:2969-2980.
https://doi.org/10.1111/j.1365-294X.2005.02653.x

Peakall R, Smouse PE (2012) GenALEx 6.5: Genetic analysis in Excel. Population
genetic software for teaching and research-an update. Bioinformatics
28(19): 2537-2539. https://doi.org/10.1093/bioinformatics/bts460

Petit R, El Mousadik A, Pons O (1998) Identifying populations for conservation
on the basis of genetic markers. Conserv Biol 12:844-855.
https://doi.org/10.1046/j.1523-1739.1998.96489.x

Petzold A, Pfeiffer J, Jansen F, Eusemann P, Schnittler M (2013) Sex ratios and
clonal growth in dioecious Populus euphratica Oliv., Xinjiang Prov., Western
China. Trees 27: 729-744. https://doi.org/10.1007/500468-012-0828-y

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure
using multilocus genotype data. Genetics 155:945-959.
https://doi.org/10.1111/j.1471-8286.2007.01758.x

Raymond M, Rousset F (1995) Genepop (Version-1.2) - Population-Genetics
Software for Exact Tests and Ecumenicism. J Hered 86: 248-249.
https://doi.org/10.1093/oxfordjournals.jhered.a111573

Rottenberg A, Nevo E, Zohary D (2000) Genetic variability in sexually dimorphic
and monomorphic populations of Populus euphratica (Salicaceae). Can J
Forest Res 30: 482-486. https://doi.org/10.1139/x99-230

Rousset F (2008) GENEPOP'007: A complete re-implementation of the GENEPOP
software for Windows and Linux. Mol Ecol Res 8(1):103-106.
https://doi.org/10.1111/j.1471-8286.2007.01931.x

Saito Y, Shiraishi S, Tanimoto T, Yin L, Watanabe S, Ide Y (2002) Genetic diversity
of Populus euphratica populations in northwestern China determined by
RAPD DNA analysis. New Forests 23(2): 97-103.
https://doi.org/10.1023/A:1015605928414

Sitzia T, Barcaccia G, Lucchin M (2018) Genetic diversity and stand structure of
neigh- boring white willow (Salix alba L.) populations along fragmented ri-

parian corridors: a case study. Silvae Genetica 67: 79-88.
https://doi.org/10.2478/59-2018-0011

Smulders MJM, van Der Schoot J, Arens P, Vosman B (2001) Trinucleotide repeat
microsatellite markers for black poplar (Populus nigra L.). Molec Ecol Notes
1(3): 188-90. https://doi.org/10.1046/j.1471-8278.2001.00071.x

The Forest Tree Genetic Resources Panel of the Food and Agriculture Organiza-
tion of the United Nations and the Canadian Forest Service (1995) Report of
the International Boreal Forest Genetic Resources Workshop 3-21 [online]
Available at <http://www.cfs.nrcan.gc.ca/pubwarehouse/pdfs/10268 e.
pdf.> [cited 6/ 20/2019]

The International Populus Genome Consortium (2017) Poplar SSR list [online]
Available at: <http://www.ornl.gov/sci/ipgc/ssr_resource.htm> [cited
12/25/2017]

151

Thevs N, Zerbe S, Schnittler M, Abdusalih N, Succow M (2008) Structure, repro-
duction, and flood-induced dynamics of riparian Tugai forests at the Tarim
River in Xinjiang, NW China. Forestry 81:45-57.
https://doi.org/10.1093/forestry/cpm043

Toplu F (1994) Turkiye'de Kavak Gen Kaynaklarinin Korunmasi Danisman Raporu
GCP/INT/539/ITA. Forestry and Food Security in Mediterranean and Near
East Regions (In Turkish)

Toplu F (1999) Firat Kavagi (Populus euphratica Olivier), GDA Orm. Ars. Enst Miid.,
Cesitli Yay. Serisi No:1. Elazig, Cag Ofset Press, pp 59 (In Turkish)

Vakkari P, Rusanen M, Karkkainen K (2009) High genetic differentiation in mar-
ginal populations of European white elm (Ulmus laevis). Silva Fenn 43: 185-
196. https://doi.org/10.14214/sf.205

van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004) MICRO-CHECKER:
Software for identifying and correcting genotyping errors in microsatellite
data. Mol Ecol Notes 4: 535-538.
https://doi.org/10.1111/j.1471-8286.2004.00684.x

Velioglu E, Akgiil S (2016) Poplars and Willows in Turkey: Country Progress Re-
port of the National Poplar Commision Poplar and Fast Growing Forest
Trees Research Institute (2012-2015). KOCAELI

Waits LP, Luikart G, Taberlet P (2001) Estimating the probability of identity
among genotypes in natural populations: cautions and guidelines. Mol Ecol
10(1):249-56 https://doi.org/10:249-256. 10.1046/j.1365-294x.2001.01185.x

Wang S, Chen B, Li H (1996) Euphrates poplar forest, 1st edn. Beijing: China Envi-
ronmental Science Press.

Wang C, Liu LX, Liu YG (2015) Development and characterization of 20 polymor-
phic microsatellite markers from RAPD product in Populus euphratica. Con-
serv Genet Resour 7(3): 669-671.
https://doi.org/10.1007/512686-015-0473-z

Wang J, Li Z, Guo Q, Ren G, Wu Y (2011a) Genetic variation within and between
populations of a desert poplar (Populus euphratica) revealed by SSR mark-
ers. Ann For Sci 68: 1143-1149. https://doi.org/10.1007/s13595-011-0119-6

Wang J, Wu Y, Ren G, Guo Q, Liu J, Lascoux M (2011b) Genetic differentiation and
delimitation between ecologically diverged Populus euphratica and P. pru-
inosa. PLoS ONE 6(10): 1-10. https://doi.org/10.1371/journal.pone.0026530

Westermann J, Zerbe S, Eckstein D (2008) Age structure and growth of degraded
Populus euphratica floodplain forests in north-west China and perspectives
for their recovery. J Integr Plant Biol 50:536-546.
https://doi.org/10.1111/j.1744-7909.2007.00626.x

Wiehle M, Eusemann P, Thevs N, Schnittleret M (2009) Root suckering patterns in
Populus euphratica (Euphrates poplar, Salicaceae). Trees 23: 991-1001.
https://doi.org/10.1007/500468-009-0341-0

Wiehle M, Vornam B, Wesche K, Goenster S, Buerkert A (2016) Population struc-
ture and genetic diversity of Populus laurifolia in fragmented riparian gal-
lery forests of the Mongolian Altai Mountains. Flora 224:112-122.
https://doi.org/10.1016/j.flora.2016.07.004

WuY, Wang J, Liu J (2008) Development and characterization of microsatellite
markers in Populus euphratica (Populaceae). Mol Ecol Resour 8(5): 1142-
1144. https://doi.org/10.1111/j.1755-0998.2008.02202.x

Xu H, Yea M, Li J (2009) The ecological characteristics of the riparian vegetation
affected by river overflowing disturbance in the lower Tarim River. Environ
Geol 58:1749-1755. https://doi.org/10.1007/500254-008-1674-5

Xu F, Feng S, Wu R, Du FK (2013) Two highly validated SSR multiplexes (8-plex)
for Euphrates’ poplar, Populus euphratica (Salicaceae). Mol Ecol Resour 13:
144-153. https://doi.org/10.1111/1755-0998.12030

Zeng YF, Zhang JG, Abuduhamiti B, Wang WT, Jia ZQ (2018) Phylogeographic
patterns of the desert poplar in Northwest China shaped by both geology
and climatic oscillations. BMC Evol Biol 18:75.
https://doi.org/10.1186/512862-018-1194-1




