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ABSTRACT Anatolian populations inhabit the southern latitudinal margin of species distribution
ranges and therefore may be considered as “rear edge” populations. The genetic structures of such
populations have critical importance in species responses to climatic change and are essential for
long-term conservation genetics. Here, the genetic structure of Chorthippus parallelus (Zetterstedt)
(Orthoptera: Acrididae: Gomphocerinae) populations in one of the main southern glacial refugium
is investigated. Ten populations of C. parallelus from Anatolia have been studied by investigating
single-copy nuclear DNA (Cpnl-1) fragment using polymerase chain reaction-single strand confor-
mational polymorphism methods. The level of allelic number was high (total of 20 alleles in the locus,
of which 11 were unique), but the level of gene ßow among populations seemed to be low (FIS �
0.090). However, most populations were genetically diverse (HE � 0.5, A � 6.211, and ne � 5.774).
The level of genetic differentiation among populations was high (FST � 0.330). No statistically
signiÞcant correlation between genetic diversity and spatial distribution was observed. The analysis
of molecular variation analysis indicated that a large proportion of genetic variation was due to
differentiation among individuals within populations. Genetic drift was a more likely cause of dif-
ferentiation among populations rather than geographical distance. These results suggest that a pres-
ence of a “stable rear edge” population in contrary to the center-periphery model.
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One of the major impacts on current biological diver-
sity is the last glacial ages (Taberlet et al. 1998, Hewitt
1999, Schmitt 2007).CurrentEuropean fauna is largely
formed by successive range contractions and expan-
sions, and extinction and recolonization events due to
cooling and warming periods (Hewitt 1996, Taberlet
et al. 1998). Many species of Europe have originated
from stock populations that took refuge at southern
refugia during the glacial period (Taberlet et al. 1998,
Rokas et al. 2003, Schmitt 2007). Five refugia that
signiÞcantly contributed to the recent diversity of
Europe are Iberia, Italy, Greece, the Balkans, and
Turkey (Cooper et al. 1995; Flanagan et al. 1999; He-
witt 1996, 1999, 2000, 2001; Ibrahim et al. 2002; Hampe
et al. 2003; Çõplak 2003, 2004, 2008; Dubey et al. 2006,
2007; Heuertz et al. 2006; Atkinson et al. 2007; Schmitt
2007).

Refugial populations of glacial may be considered as
“rear edge” because they are placed at the most south-
ern edge of species range and are ancestral in nature
(Hampe and Petit 2005). These refugia, which provide
suitable habitats during both warm and cold periods,

are proved to be important for the long-term survival
of species (Taberlet and Cheddadi 2002, Michaux et al.
2004, Babik et al. 2005). Such successful species in the
edge may play a key role in predicting range distri-
bution of species in response to rapid climatic change
(Safriel et al. 1994, Hewitt 2000, Parmesan 2006).
Moreover, as such populations have experienced high
magnitude oscillations, contemporary events are as-
sumed to play a relatively minor role in contradicting
the model of center-periphery (Pamilo and Savol-
ainen 1999, Eckstein et al. 2006).

Rear edge populations are small and isolated pop-
ulations and therefore within population genetic di-
versity is expected to be low. In contrast, genetic
differentiations among populations are expected to be
high because of reduced rates of gene ßow (Lammi et
al. 1999, Hutchison and Templeton 1999, Petit et al.
2003, Chang et al. 2004, Eckstein et al. 2006). However,
there is now considerable evidence that genetic di-
versity in the edge of species is shaped by both its
spatial and demographical structure (Lesica and Al-
lendorf 1992, 1995; Petit et al. 1998; Huang et al. 2005)
and by accumulated historical events (Vucetich and
Waite 2003, Schmitt and Hewitt 2004). In this regard,
stable rear edge populations are important in certain
aspects of conservation and a broad evaluation of their
current genetic structure is necessary.
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Anatolia is an important biodiversity hotspot in the
Mediterranean Basin due to being a crossroad be-
tween Palearctic and Ethiopia, its tectonic evolution
during the Tertiary and Quaternary and being an im-
portant refugium throughout the Quaternary ice ages
(Cooper et al. 1995; Hewitt 1996; Taberlet et al. 1998;
Flanagan et al. 1999; Çõplak 2003, 2004, 2008; Rokas et
al. 2003). In addition to its experienced historical
events, Anatolia also harbors various topographies and
habitats, allowing differentiation of adjacent popula-
tions, and therefore possesses many characteristics of
a typical “stable edge” population. Such populations
have higher genetic diversity and differentiation and
therefore deserve high conservation priority.
Chorthippus parallelus (Zetterstedt) (Orthoptera:

Acrididae: Gomphocerinae) is widely distributed
throughout whole west Palaearctic and used in un-
derstanding patterns of post colonization and extent of

genetic diversity (Reynolds 1980; Lunt et al. 1998;
Hewitt 1999, 2000, 2004). It is an alpine species with
fragmented population and low rate of dispersal and
therefore an ideal organism for detecting effects of
past and current evolutionary events in genetic struc-
turing. Here, the genetic structure of ten populations
of Anatolia are investigated by studying a highly vari-
able and thus informative anonymous nuclear DNA
fragment (Cooper et al. 1995, Cooper and Hewitt 1993,
Hewitt 1999) to explore the impact of past and current
events on the genetic formation.

Materials and Methods

DNA Analysis. The specimens were collected from
June to August between 2005 and 2008 from 10 local-
ities in Anatolia (see Fig. 1 and Table 1 for locality
information). Materials were stored in 99% ethanol at

Fig. 1. The locality information of sampling sites.

Table 1. Locality information of C. parallelus populations from Anatolia

Pop Na Latitude Longitude Altitude (m) Locality Information

Pop.1 (Ada.Dev.) 14 038� 11�194� 035� 57� 319� 1,789 Adana-Develi (09.07.2005)
Pop.2 (Erz.Kel.) 7 040� 17� 12� 039� 43� 05� 2,370 Erzincan-Kelkit (28.07.2005)
Pop.3 (Ant.Sak.) 8 036� 49� 820� 030� 17� 611� 1,802 Antalya-Saklõkent (20.08.2006)
Pop.4 (Mal.Arg.) 11 039� 01� 01� 038� 21� 63� 1,500 Malatya-Arguvan (03.07.2008)
Pop.5 (Kon.Bey.) 12 037� 35� 513� 031� 28� 913� 1,135 Konya-Beysȩhir (02.06.2008)
Pop.6 (Ard.Pos.) 6 041� 29� 198� 042� 43� 101� 2,524 Ardahan-Posof (31.07.2008)
Pop.7 (Siv.Yil.) 13 039� 53� 35� 036� 33� 23� 1,385 Sivas-Yõldõzeli (24.07.2008)
Pop.8 (Siv.Ser.) 14 040� 05� 20� 037� 43� 25� 1,558 Sivas-SȩreÞye (25.07.2008)
Pop.9 (Erz.Isp) 20 040� 18� 05� 041� 10� 08� 1,500 Erzurum-İspir (28.07.2008)
Pop.10 (Kay.Sar.) 11 038� 48� 36� 036� 24� 55� 1,508 Kayseri-Sa̧rkõsļa (29.07.2005)

aNumber of individuals for each population.
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�20�C. The genomic DNA was isolated from the hind
leg of the specimens using the method described by
Walsh et al. (1991), with slight alterations. A 410-bp
fragment of the noncoding single copy nuclear DNA
(Cpnl-1), deÞned by Cooper and Hewitt (1993), was
ampliÞed by polymerase chain reaction (PCR). A
newly designed primer was used as follows: CpnlF1,
5�-CACGGAAGTACAACGTTTGTGTAATC-3� and
CpnlR1, 5�-CTTACATCCCCGTCCCTGTTCGT-3�.
The 50-�l reaction volume included 0.5 U of Taq poly-
merase (MBI Fermentas, Hanover, MD), 5 �l of 10�
reaction buffer (100 mM Tris-HCl, pH 8.8, 500 mM
KCl, and 0.8% Nonidet P-40), 10 pmol of each of the
primers (Iontek, Istanbul, Turkey), 0.2 mM of each of
the four dNTPs (MBI Fermentas), 1.5 mM MgCl2, and
2 �l of DNA template (	25Ð50 ng of DNA). PCR
ampliÞcations were performed in a DNA Engine PTC-
200 thermal cycler (MJ Research, Watertown, MA)
under the following ampliÞcation conditions: 2 min at
94�C, followed by 35 cycles of 45 s at 94�C, 1 min at
57.5�C, and 30 s at 72�C. Reactions were terminated
with a 5-min Þnal extension step at 72�C. AmpliÞcation
products were analyzed by 2% (wt:vol) agarose gel
electrophoresis. The ampliÞedCpnl-1 fragments were
subjected to single strand conformational polymor-
phism (SSCP; Orita et al. 1989) analysis. AmpliÞcation
products of each population were denatured in gel
loading buffer (0.1% bromophenol blue, 0.1% xylene
cyanole, 10 mM EDTA, and 80% formamide) by heat-
ing at 95�C for 7 min and immediately cooled in ice
before loading to the SSCP gel. Samples were loaded
to a nondenaturing polyacrylamide gel (17 cm by 16
cm by 0.4 mm) and containing 6.5% acyrlamide:bisac-
rylamide (29:1), 10% glycerol, 1� Tris borate-EDTA
(TBE) set to electrophoresis (Scie-Plas, Cambridge,
United Kingdom). Gels were run for 22Ð26 h at 100Ð
150 mA in 1� TBE running buffer at a constant tem-
perature set to 4�C controlled by a refrigerator system
(LTD6, Grant, Cambridge, United Kingdom). Gels
were stained according to the method described by
Qu et al. (2005). Patterns exhibiting the same migra-
tion distance were scored as the same allele after a
manually initial screen of individuals of each popula-
tion. Then, these alleles were rearranged so they were
grouped according to deÞned alleles and rerun on the
new gel to compare with the other population indi-
viduals.
Data Analysis. To describe the genetic structure of

Anatolian populations, genetic diversity parameters,
Þxation index (Weir and Cockerham 1984), and ge-
netic differentiation values were investigated in both
within and among populations. Genetic diversity of
populations was estimated as a value of observed and
expected heterozygosities (HO and HE; Nei 1978) us-
ing GENEPOP version 3.2 (Raymond and Rousset
1995), and expected average number of alleles at the
size of the smallest population (allelic richness [A]),
which was estimated by rarefaction, by using FSTAT
2.9.3 (Goudet 2001). The effective number of alleles
(ne), which also deÞnes allelic diversity (Gregorius
1978) of a population at a gene locus, was calculated
by method of Kimura and Crow (1964). Deviations

from HardyÐWeinberg expectation for each popula-
tion were investigated by tests for heterozygote excess
and deÞciency, and by calculating inbreeding coefÞ-
cients (FIS, Weir and Cockerham 1984). The conÞ-
dence to measurements of expectation was estimated
by exact P value in GENEPOP 3.2 by applying 1,000
batches of 1,000 iterations in each case. F-statistics
values were calculated by applying the method of
Weir and Cockerham (1984).

The factors that affect genetic diversity of popula-
tions were tested by regressing each measurement of
within-population genetic variation (dependent vari-
ables: HE, A, HO, ne, FIS). The latitudinal and longi-
tudinal information were also included in all analyses
as continuous independent variables to account for
possible latitudinal or longitudinal patterns.

The pairwise genetic differentiation of populations
(pairwise FST) also was quantiÞed by the method of
Weir and Cockerham (1984). SigniÞcance of pairwise
FST differentiation was estimated by computing proba-
bilities of homogeneity of allele frequencies among pop-
ulations using the exact chi-square test of GENEPOP 3.2
by choosing the option genic differentiation. Principal
component analysis (PCA) was used to construct a
visual illustration of differentiation among populations
by using the program GenAlEx 6.3 (Peakall and
Smouse 2006).

A hierarchical analysis of molecular variation
(AMOVA) was performed by the Arlequin 3.0 (Ex-
cofÞer et al. 2005). The hierarchical test explores the
partitioning of molecular variation among populations
and within populations across study region. SigniÞ-
cance levels indicated by AMOVA were obtained
from 10,000 random permutations. The relative im-
portance of gene ßow and genetic drift in formation of
genetic structure, and departures from equilibrium
were tested by regressing population genetic dis-
tances values against geographical distances (Hutchi-
son and Templeton 1999). The Mantel test (10,000
permutations) was performed to investigate the rela-
tionship between genetic distances and Euclidean
geographic distances (Peakall and Smouse 2006).
Geographical distances between populations were
generated from their latitudinal and longitudinal lo-
cations by using online geographical distance calcu-
lator at http://www.movable-type.co.uk/scripts/Lat-
Long.html. A spatial autocorrelation analysis was
performed by choosing multiple populations and mul-
tiple distance class in GenAlEx version 6.3. Standard
errors of estimates of autocorrelation coefÞcients
were obtained by bootstrapping.

Results

Genetic Diversity Within and Among Populations.
SSCP analysis revealed the presence of 20 alleles in 116
samples of 10 populations (Table 2). Eleven alleles are
unique for the whole Anatolian population and others
are shared at least by two subpopulations. The Siv.Ser.
population possessed the highest number of unique
alleles (Þve). The Ant.Sak. and Erz.Isp. populations
possessed the lowest number of alleles (two). Allele
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A1 was the most frequently found allele, present in
43.5% of individuals and also observed in eight of the
10 populations. The most common allele A1 was ab-
sent only in the Erz.Isp. and Ard.Pos. populations.
A, ne, and heterozigosity values of Cpnl-1 as mean

and for each population are presented in Table 3. Most
populations were genetically diverse (expected het-
erozygosity �0.5), with a mean value of 0.606, except
the Erz.Isp. population (0.142) (Table 3). Observed
heterozygosities of Cpnl-1 region varied from 0.15
(Erz.Isp. population) to 1.00 (Ard.Pos. population).
The values of A in the Anatolian populations ranged
from 1.668 (Erz.Isp.) to 5.952 (Siv.Ser.), with a mean
value of 6.211. The evaluation of effective number of
alleles for populations revealed that ne was highest in
the Siv.Ser. population (3.531) and lowest in the
Erz.Isp. population (1.161). The populations were
generally well in accordance with HardyÐWeinberg
equilibrium. In total, 10 tests (one locus � 10 popu-
lations) were carried out. One population (the Siv.Ser.
population, P � 0.0001) signiÞcantly deviated from
expectations after the signiÞcance test (derived from
0.05/10). This population had the highest number of
alleles and a negative value of FIS (Table 3). Therefore
a heterozygote excess test was applied and found to be
not signiÞcant (P � 0.05). In addition, four popula-
tions with a positive value of FIS were subjected to
heterozygote deÞciency test and no evidence for het-
erozygote deÞciency was detected (P � 0.05).

To determine the extent of genetic variation within
and between populations forCpnl-1 region,F-statistics
were obtained. The statistic FIT refers to the inbreed-
ing coefÞcient of the total population that corre-
sponded to 0.391, showing a small average deÞciency
of heterozygote proportion. The FIS statistic of 10
subpopulations was 0.090. The FST index measures the
genetic differentiation in populations. Their value of

0.330 indicated a pronounced genetic differentiation
among the populations. Multiple regressions tests re-
vealed that the effects of geographic location param-
eters on genetic diversity were similar and there were
no statistically signiÞcant regressions (Table 4).
Genetic Differentiation. Pairwise FST estimates

based on Cpnl-1 SSCP allele frequencies indicated dif-
ferentiation among populations (Table 5; Fig. 2). Esti-
mates of FST values ranged from –0.052 to 0.730, indicat-
ing from minimum to marked level of population
differentiation. Pairwise comparisons of the 10 popula-
tions showed that the differentiation is mostly due to the
Erz.Isp. population, which was signiÞcantly differenti-
ated from other populations with a signiÞcant P value
(0.000). The estimated FST values between the Erz.Kel.,
Ant.Sak., Kay.Sar., and Kon.Bey. populations were of the
lowest level, indicating that these populations were not
signiÞcantlydifferentiated(P�0.05).Thesepopulations
alsowereclusteredtogetherinthePCA(Fig.2).TheÞrst
twoaxesof thePCAexplained66.26%of thetotalgenetic
variation. The proportion of genetic variation which de-
rived from differences among populations was lower
(34.25%) than that of within population differences
(65.75%) (Table 6A). These results were statistically
signiÞcant (P value of 0.000) and consistent with FST
results. An analysis excluding Erz.Isp. population, which
contributed to the genetic differentiation in a signiÞcant
proportion, revealed that the highest level of variation
was within populations (78.33%; P 
 0.001) and the
lowest among populations (21.67%; P 
 0.001) (Table
6B).
Geographical Distance and Genetic Differentia-
tion.The AMOVA analyses for investigation of relations
between the proportion of variation among populations
and geographical distribution patterns such as geograph-
ical distance and longitudinal/latitudinal gradients re-
vealed no correlations (P� 0.05). Genetic distance and

Table 2. Distribution of alleles in each population with number of individuals displaying each alleles (A1–A20), total number of alleles,
and number of unique alleles

Pop A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 A20 Tot. Uniq.

Ada.Dev. 9 - - - - - - - - 2 - 5 1 - - - - - 11 - 5 1
Erz.Kel. 5 7 1 - - - - - - - - - - 1 - - - - - - 4 0
Ant.Sak. 5 11 - - - - - - - - - - - - - - - - - - 2 0
Mal.Arg. 14 - - - - - - - - - - 2 2 - - - - - 4 - 4 0
Kon.Bey. 11 5 - - - - - - - - 3 - - - - - - - 1 3 5 2
Ard.Pos. - - - 5 - - 1 1 - - - 5 - - - - - - - - 4 2
Siv.Yil. 11 2 10 - - - - - 1 - - - - 2 - - - - - - 5 1
Siv.Ser. 1 - 2 1 14 2 - - - - - - - - 1 1 2 2 - - 9 5
Erz.Isp - - 37 - - 3 - - - - - - - - - - - - - - 2 0
Kay.Sar. 12 8 1 1 - - - - - - - - - - - - - - - - 4 0

Table 3. Values of genetic diversity and fixation index in Anatolian populations of C. parallelusa

Pop Ada.Dev. Erz.Kel. Ant.Sak. Mal.Arg. Kon.Bey. Ard.Pos. Siv.Yil. Siv.Ser. Erz.Isp. Kay.Sar. cMean

Genetic diversity HE 0.736 0.642 0.535 0.572 0.742 0.666 0.695 0.750 0.142 0.581 0.606
HO 0.571 0.857 0.375 0.545 0.500 1.000 0.461 0.571 0.150 0.818 0.584
A 4.065 3.714 2.000 3.582 4.326 4.000 3.901 5.952 1.668 3.091 6.211
ne 3.379 2.578 1.969 2.200 3.072 2.769 2.939 3.531 1.161 2.304 5.774

Fixation index FIS 0.224 �0.333 0.300 0.048 0.327 �0.500 0.336 0.238 �0.056 �0.406 0.090

aHE, expected heterozygosity; HO, observed heterozygosity; A, allelic richness; ne, effective number of populations; and FIS, a measure of
heterozygote deÞciency or inbreeding within populations.
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geographicaldistanceamongpopulationswascorrelated
positively across the distribution range (R2 � 0.0666,P�
0.0001; Fig. 3A). Mantel tests between genetic and geo-
graphic distances among pairs of populations rejected
the null hypothesis, suggesting regional equilibrium be-
tweengeneßowandgeneticdrift forall thestudyregion.
The scatterplots suggested that gene ßow was relatively
less important than genetic drift for the regional distri-
butionofgeneticvariability.However, thisoutcomemay
have resulted fromtheErz.Isp.population.AMantel test
after exclusion of this population revealed a moderate
but signiÞcant differentiation (R2 � 0.0154, P � 0.004;
Fig. 3C). The spatial genetic autocorrelation analysis for
all C. parallelus populations displayed positive and sig-
niÞcant genetic correlation value (r� 0.411, P� 0.001)
only for the seventh distance class (1,200 km) (Fig. 3B).
A similar result also was observed after exclusion of
Erz.Isp. population (Fig. 3D). The highest relatedness of
seventh distance class particularly resulted from popu-
lations which were located at the northeastern edge of
the distribution range. These small and isolated popula-
tions seemed to be more effected by genetic drift and
thus display higher relatedness than expected. The pop-
ulations corresponding to 0Ð200-km distance classes
were more similar to one another than expected,
whereaspopulationscorrespondingto200Ð1,000-kmdis-
tance classes were less similar than that of random ex-
pectation.

Discussion

Comparison ofGenetic Structure of Anatolian Pop-
ulations.The population with the most allelic richness,
number of unique and effective allele was the Siv.Ser.

population (Table 3). Although the other populations
were at HardyÐWeinberg equilibrium, this population
also signiÞcantly deviated from the equilibrium. This
result may suggest higher gene ßow among adjacent
populations. The most common allele A1 was not de-
tected in the Erz.Isp. and Ard.Pos. populations. These
are relatively more isolated and smaller populations at
regional level, and thus lost the most common and
probably ancestral allele due to drift and/or selection.
Moreover, the genetic structure of the Erz.Isp. pop-
ulation putatively suggests a founder event followed
by genetic drift resulting in the highest level of ho-
mozygosity and the lowest ne (Table 3). The effect of
random genetic drift in such isolated populations leads
to lower genetic diversity and stronger genetic diver-
gence from main populations (Eckstein et al. 2006).

The inbreeding level in fragmented and isolated
populations is generally determined by population
size and dispersal ability. The level of inbreeding (FIS)
among populations was low (0.090) and this result
conÞrmed that populations were small and isolated.
According to Young et al. (1999) and ScalÞ et al.
(2009), FIS in small populations tends to decrease due
to the loss of rare alleles, whereas in large populations
FIS tends to increase due to population substructuring.
Particularly, selection against homozygote in favor of
slowing down the loss of heterozygosity may play a
very signiÞcant role in small and isolated populations
which often face harsh environmental conditions
(ScalÞ et al. 2009). However, the overall genetic dif-
ferentiation among the Anatolian populations was
considerably high (FST� 0.330) suggesting adaptation
to local conditions. The low genetic differentiation
among a few populations of Anatolia may suggest that

Table 4. Results of multiple regression tests relating five within-population genetic diversity estimates to, geographical latitude,
longitude, distance to the nearest population (Dist1), average distance to all other populations (Dist2), and distance to the most distant
population (Dist3), for the set of 10 Anatolian populations studied

Dependent
variable

Standardized partial regression coefÞcients SigniÞcance of regression

Latitude Longitude Dist1 Dist2 Dist3 R2 F P value

HE 0.043 �0.025 0.004 0.001 �0.001 0.022 0.557 0.733
HO 0.018 0.050 0.003 0.002 �0.002 0.057 0.513 0.759
A 0.096 �0.043 0.001 0.000 0.000 0.011 0.571 0.725
ne 0.554 �0.204 0.003 0.002 �0.003 0.356 0.464 0.789
FIS 0.007 �0.099 0.005 �0.002 0.000 0.107 1.051 0.494

*, P 
 0.05.

Table 5. Pairwise comparisons of the 10 populations showing FST values and significance level based on genic differentiation

Ada.Dev. Erz.Kel. Ant.Sak. Mal.Arg. Kon.Bey. Ard.Pos. Siv.Yil. Siv.Ser. Erz.Isp

Ada.Dev.
Erz.Kel. 0.208**
Ant.Sak. 0.249** �0.050
Mal.Arg. 0.068 0.212** 0.232*
Kon.Bey. 0.116** 0.041 0.057 0.060
Ard.Pos. 0.220* 0.345 0.399* 0.356** 0.279**
Siv.Yil. 0.171*** 0.127 0.194 0.129* 0.090* 0.305**
Siv.Ser. 0.248*** 0.277** 0.334*** 0.318*** 0.241*** 0.263*** 0.244**
Erz.Isp 0.595*** 0.670** 0.728*** 0.688*** 0.608*** 0.697* 0.392*** 0.555***
Kay.Sar. 0.195*** 0.014 0.002 0.115* 0.016 0.368* 0.114 0.311*** 0.668***

*, P 
 0.05; **, P 
 0.01; and ***, P 
 0.001.
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these have been under selection to adapt to relatively
similar conditions (Table 5; Fig. 2). Variability of pair-
wise FST measures of genetic differentiation among
populations was partially explained by distance, be-
cause a signiÞcant (P � 0.0001) increase of differen-
tiation was observed in geographic distance (Fig. 3).

Analyses investigating a historical relationship,
spatial relationship, or both between genetic and
geographic structure indicate a complex pattern of
geographical genetic structuring in the Anatolian C.
parallelus populations. Results of Mantel and spatial
autocorrelation tests suggested that genetic drift
prevailed over gene ßow in geographical range of
the Anatolian populations. Although usually a less
powerful test for assessing Þne-scale genetic struc-
ture, Mantel test is performed as a complement of
spatial autocorrelation analyses (Peakall and
Smouse 2006). Here, the results of Mantel tests
indicated that genetic differentiation was directly
related to isolation by distance (Fig. 3). However,
spatial autocorrelation analysis suggested that ge-
netic structuring was not only related to isolation by
distance but various historical events may have
played signiÞcant roles. This result is supported by
the other analyses (Tables 2 and 3). Genetic dif-

ferentiation among populations tend to increase
with the increase of geographical distance across
the whole Anatolia range of the species, but this
relationship explained only 34.25% (21.67% after
exclusion of the Erz.Isp. population) of the genetic
differentiation among populations. The remaining
proportion of differentiation was attributed to the
variation within population (Table 6).
AGeneticallyDiverseStableRearEdgePopulation.

Genetic diversity is generally measured with differ-
ent parameters such as allelic richness, expected
heterozygosity (HE) and effective number of al-
leles. Anatolian populations possess a high level of
allelic richness including 20 alleles of which eleven
are unique (Table 2). A similar result was reported
in a study conducted on the same gene fragment
including several Anatolian populations (Cooper et
al. 1995). In that study, 72 alleles were reported from
350 individuals of 88 Palaearctic populations. Of
these, 22 alleles were found in Anatolia and repre-
sented 18 unique alleles. On the basis of these re-
sults, Cooper et al. (1995) suggested that Anatolian
C. parallelus populations have been under an effec-
tive allopatry for quite some time and have limited
gene ßow with Balkan populations. Occurrence of a
high proportion of unique alleles in Anatolian pop-
ulations suggests possession of a distinct genome
(Hewitt 1996). Studies on several other organisms
also conÞrm the presence of distinct genome in
Anatolian populations (Naydenov et al. 2007, Nieb-
erding et al. 2008). The number of unique alleles is
also considerably higher than other southern refu-
gial regions as well as northern European popula-
tions (Dubey et al. 2007). This allelic richness of
Anatolia is apparently the result of refugial persis-
tence and accumulation of variation in consequence
of several ice ages with different effects (Hewitt
1996, 2001; Dubey et al. 2007).
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Fig. 2. Principle component analysis based on pairwise FST values (overall FST � 0.330).

Table 6. AMOVA results

Source of variation df
Sum of
squares

%
variation

P value

Aa

Among populations 9 33.095 34.25 0.000 � 0.000
Within populations 222 63.112 65.75 0.000 � 0.000
Total 231 96.207

B
Among populations 8 18.064 21.67 0.000 � 0.000
Within populations 183 60.337 78.33 0.000 � 0.000
Total 191 78.401

a A, all populations; B, excluding Erz.Isp. population.

630 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 103, no. 4

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/103/4/625/166343 by guest on 16 M

ay 2023



Because the allelic richness is more sensitive to
contemporary events (Eckert et al. 2008); HE is also
used to estimate level of within population genetic
diversity. The Anatolian populations showed a high
level of within population genetic diversity (HE� 0.5)
except one population (Erz.Isp., Table 3). This pattern
alone with allelic richness can be attributed to Ana-
tolia being a safe haven for the biota during several ice
ages and thus repeated climatic oscillations. These
events may have favored selection on heterozygosity
maintaininggeneticdiversity for adaptation toaltering
conditions. Contrary to expectations, within popula-
tion genetic diversity values of populations did not
support either the center-periphery model or the
range distribution pattern (Table 4). This may be
attributed to sampling error or more likely to refugial
characteristics and evolutionary history of Anatolian
populations. In addition to the within population ge-
netic diversity, Anatolia also displayed important ge-
netic differentiations among populations (Table 5),
probably due to its variable topographic and climatic
conditions. Regions with heterogeneous conditions
trigger the isolation of populations and thus resulting
in divergence even over short geographical distances

(Petit et al. 2003, Médail and Diadema 2009). A similar
pattern was observed in Anatolian populations.

Divergence from homogenous spatial pattern was
seen only in large distance classes (Fig. 3). In addition,
considering that a large proportion of differentiation
was due to within population variation, this deserves
further investigation into their evolutionary history
(Table 6).

In conclusion, the formation of different genetic
structure of populations across the species range is
the subject of longstanding debate. Predictions con-
cerning how genetic diversity and genetic differen-
tiation are affected by the geographical position of
populations are precisely inexplicable with the
widely accepted center-peripheral model. More
complex models are necessary which consider evo-
lutionary history of species. The genetic richness of
Anatolia and its importance as a glacial refugium has
been noticed in several recent studies. King and
Ferris (1998) suggested that Anatolia is an impor-
tant refugium on the base of cpDNA of Alnus glu-
tinosa (L.). A study carried out on Frangula alnus
Mill. revealed that Anatolian populations have high
genetic differentiation and haplotype richness
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Fig. 3. Relationship between genetic distance and geographical distances (A) for the all C. parallelus populations (C)
after exclusion of the Erz.Isp. population. Genetic spatial autocorrelation (B) for the all individuals (D) after exclusion of
the Erz.Isp. individuals. Dashed lines are 95% conÞdence intervals around r � 0. Vertical lines are 95% bootstrapped
conÞdence intervals around each calculated r value. Points denoted with boxes are signiÞcantly (P 
 0.05) different from
r � 0. Distances above the zero-line indicate a spatial structure in which genotypes are more similar than expected from a
random distribution and values below the zero-line indicate greater genetic differences than expected for a random spatial
genetic structure.

July 2010 KORKMAZ ET AL.: GENETIC STRUCTURE OF C. parallelus 631

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/103/4/625/166343 by guest on 16 M

ay 2023



(Hampe et al. 2003). Investigations on genetic di-
versity of 23 populations of Triticum urartu Tuma-
nian ex Gandilyan, conÞrmed that Anatolian popu-
lations possess high genetic variation and high
frequency of rare alleles (Moghaddam et al. 2000).
Rokas et al. (2003) pointed out the potential role of
Anatolia as a Pleistocene refugium in a study on the
oak gallwasp Andricus quercustozae (Bosc). They
concluded that genetic diversity is greatest in the
Turkish refugia and European populations may have
been derived from Anatolian populations. Michaux
et al. (2004) conÞrmed the importance of Anatolia
as a glacial refugium for Palearctic mammals in a
study investigating genetic structure of Apodemus
flavicollis (Melchior). Heuertz et al. (2006) inves-
tigated range-wide phylogeographic variation in
three European ash species (Fraxinus sp., Oleaceae)
by using cpDNA microsatellites and found that Ana-
tolia was the glacial refuge for Fraxinus angustifolia
Vahl and that Anatolian populations possess six
unique haplotypes and are much more polymorphic
and less differentiated than those in the rest of the
range.

Here, we conclude that the genetic structure ofC.
parallelus in Anatolia is not in accordance with the
center-periphery model that predicts low genetic
diversity in peripheral population (Tables 2 and 3)

(Lesica and Allendorf 1995, Durka 1999, Hutchison
and Templeton 1999, Lammi et al. 1999, Eckstein et
al. 2006). The accumulation of high genetic diversity
in Anatolian populations can be attributed to its
evolutionary history. The spatial genetic history and
actual demographic structure of populations in such
regions is more complicated than the rapidly colo-
nizing populations at northern margins of distribu-
tion ranges (Hewitt 2001). The Anatolian popula-
tion, in this respect, represent a “stable rear edge”
population as it possesses a high level of A, ne, and
HE (Table 3), and genetic differentiation among its
subpopulations. On the basis of our results, we sug-
gest that North Eastern population of distribution
range, namely, Erz.Isp. and Ard.Pos. populations,
have high conservation priority.
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We are grateful to Battal Çõplak (Akdeniz University) and
his research group for providing most of the material studied.
M.S. students Hasret Öztürk and Sibel Kõzõldağ helped with
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Köhler. 2006. Genetic structure among and within pe-
ripheral and central populations of three endangered
ßoodplain violets. Mol. Ecol. 15: 2367Ð2379.

Excoffier, L., G. Laval, and S. Schneider. 2005. Arlequin
version 3.0: an integrated software package for population
genetics data analysis. Evol. Bioinform. Online 1: 47Ð50.

Flanagan, N. S., P. L. Mason, J. Gosalvez, and G. M. Hewitt.
1999. Chromosomal differentiation through an alpine
hybrid zone in the grasshopper Chorthippus parallelus. J.
Evol. Biol. 12: 577Ð585.

Goudet, J. 2001. FSTAT, a program to estimate and test
gene diversities and Þxation indices (version 2.9.3).
(http://www.unil.ch/izea/softwares/fstat.html).

Gregorius, H. R. 1978. The concept of genetic diversity and
its formal relationship to heterozygosity and genetic dis-
tance. Math. Biosci. 41: 253Ð271.

Hampe, A., J. Arroyo, P. Jordano, and R. J. Petit. 2003.
Rangewide phylogeography of a bird-dispersed Eurasian

shrub: contrasting Mediterranean and temperate glacial
refugia. Mol Ecol. 12: 3415Ð3426.

Hampe, A., and R. J. Petit. 2005. Conserving biodiversity
under climate change: the rear edge matters. Ecol. Lett.
8: 461Ð467.

Heuertz, M., S. Carnevale, S. Fıneschı, F. Sebastianı, J. F.
Hausman, L. Paule, and G. G. Vendramın. 2006. Chlo-
roplast DNA phylogeography of European ashes, Fraxi-
nus sp. (Oleaceae): roles of hybridization and life history
traits. Mol. Ecol. 15: 2131Ð2140.

Hewitt, G. M. 1996. Some genetic consequence of ice ages,
and their role in diverging and speciation. Biol. J. Linn.
Soc. 58: 247Ð276.

Hewitt, G. M. 1999. Post-glacial re-colonization of Euro-
pean biota. Biol. J. Linn. Soc. 68: 87Ð112.

Hewitt, G. M. 2000. The genetic legacy of the Quaternary
ice ages. Nature 405: 907Ð913.

Hewitt, G. M. 2001. Speciation, hybrid zones and phylo-
geographyÐor seeing genes in space and time. Mol. Ecol.
10: 537Ð549.

Hewitt, G. M. 2004. Genetic consequences of climatic os-
cillations in the Quaternary. Philos. Trans. R. Soc. Lond.
B 359: 183Ð195.

Huang, Z., N. Liu, and T. Zhou. 2005. A comparative study
of genetic diversity of peripheral and central populations
of chukar partridge from northwestern China. Biochem.
Genet. 43: 613Ð621.

Hutchison, D. W., and A. R. Templeton. 1999. Correlation
of pairwise genetic and geographic distance measures:
inferring the relative inßuences of gene ßow and drift on
the distribution of genetic variability. Evolution 53: 1898Ð
1914.

Ibrahim,K.M., S. J.Cooper, andG.M.Hewitt. 2002. Testing
for recombination in a short nuclear DNA sequence of
the European meadow grasshopper, Chorthippus paral-
lelus. Mol. Ecol. 11: 583Ð590.

Kimura, M., and J. F. Crow. 1964. The numbers of alleles
that can be maintained in a Þnite population. Genetics 49:
725Ð738.

King, R. A., and C. Ferris. 1998. Chloroplast DNA phylo-
geography of Alnus glutinosa (L.) Gaertn. Mol. Ecol. 7:
1151Ð1161.

Lammi, A., P. Siikamaki, and K. Mustajarvi. 1999. Genetic
diversity, population size, and Þtness in central and pe-
ripheral populations of a rare plant Lychnis viscaria.Con-
serv. Biol. 13: 1069Ð1078.

Lesica, P., and F.W. Allendorf. 1992. Are small populations
of plants worth preserving? Conserv. Biol. 6: 135Ð139.

Lesica, P., and F. W. Allendorf. 1995. When are peripheral
populations valuable for conservation? Conserv. Biol. 9:
753Ð760.

Lunt,D.H.,G.M.Hewitt, andK.M. Ibrahim. 1998. MtDNA
phylogeography and postÐglacial patterns of subdivision
in the meadow grasshopper, Chorthippus parallelus. He-
redity 80: 633Ð641.

Médail, F., and K. Diadema. 2009. Glacial refugia inßuence
plant diversity patterns in the Mediterranean basin. J. Bio-
geogr. 36: 1333Ð1345.

Michaux, J. R., R. Libois, E. Paradis, and M. G. Filippuccic.
2004. Phylogeographic history of the yellow-necked
Þeldmouse (Apodemus flavicollis) in Europe and in the
Near and Middle East. Mol. Phylogenet. Evol. 32: 788Ð
792.

Moghaddam,M., B. Ehdaie, and J.G.Waines. 2000. Genetic
diversity in populations of wild diploid wheat Triticum
urartu Tum. ex. Gandil. revealed by isozyme markers.
Genet. Resours. Crop Evol. 47: 323Ð334.

July 2010 KORKMAZ ET AL.: GENETIC STRUCTURE OF C. parallelus 633

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/article/103/4/625/166343 by guest on 16 M

ay 2023



Naydenov, K., S. Senneville, J. Beaulieu, F. Tremblay, and J.
Bousquet. 2007. Glacial vicariance in Eurasia: mitochon-
drial DNA evidence from Scots pine for a complex
heritage involving genetically distinct refugia at mid-
northern latitudes and in Asia Minor. BMC Evol. Biol. 7:
233Ð244.

Nei, M. 1978. Estimation of average heterozygosity and ge-
netic distance from a small number of individuals. Ge-
netics 89: 583Ð590.

Nieberding, C. M., M. C. Durette-Desset, A. Vanderpoorten,
J. C. Casanova, A. Ribas, V. Deffontaine, C. Feliu, S.
Morand, R. Libois, and J. R. Michaux. 2008. Geography
and host biogeography matter for understanding the phy-
logeography of a parasite. Mol. Phylogenet. Evol. 47:
538Ð554.

Orita, M., H. Iwahana, H. Kanazawa, K. Hayashi, and T.
Sekiya. 1989. Detection of polymorphisms of human
DNA by gel electrophoresis as singleÐstrand conforma-
tion polymorphisms. Proc. Natl. Acad. Sci. U.S.A. 86:
2766Ð2770.

Pamilo, P., and O. Savolainen. 1999. Post-glacial coloniza-
tion, drift, local selection and conservation value of pop-
ulations: a northern perspective. Hereditas 130: 229Ð238.

Parmesan, C. 2006. Ecological and evolutionary responses
to recent climate change. Annu. Rev. Ecol. Evol. Syst. 37:
637Ð639.

Peakall, R., and P. E. Smouse. 2006. GENALEX 6: genetic
analysis in Excel. Population genetic software for teach-
ing and research. Mol. Ecol. Notes 6: 288Ð295.

Petit, R. J., A. E. Mousadik, and O. Poas. 1998. Identifying
populations for conservation on the basis of genetic mark-
ers. Conserv. Biol. 12: 844Ð855.

Petit, R. J., I. Aguinagalde, J. L. de Beaulieu, C. Bittkau, S.
Brewer,R.Cheddadi, R.Ennos, S. Fineschi,D.Grivet,M.
Lascoux, et al. 2003. Glacial refugia: hotspots but not
melting pots of genetic diversity. Science (Wash., D.C.)
300: 1563Ð1565.

Qu, L., X. Li, and G. Wu. 2005. EfÞcient and sensitive
method of DNA silver staining in polyacrylamide gels.
Electrophoresis 26: 99Ð101.

Raymond,M., andF.Rousset. 1995. GenePop, (version 1.2):
population genetics software for exact tests and ecumeni-
cism. J. Hered. 86: 248Ð249.

Reynolds, W. J. 1980. A re-examination of the characters
separating Chorthippus montanus and C. parallelus (Or-
thoptera: Acrididae). J. Nat. Hist. 14: 283Ð303.

Rokas, A., R. J. Atkinson, L.M.I.Webster, G. Csóka, andG. N.
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