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Abstract. Cynips quercusfolii is an oak gall wasp species distributed across the western Palearctic region. In this study, C.
quercusfolii adults were used to investigate the possible effects of past climatic fluctuations and topography on the genetic
structure of this species in Turkey. For this, the partial mitochondrial DNA (mtDNA) cytochrome b gene (cyt b) and nuclear DNA
(nDNA) ITS2 region of 294 individuals from 38 populations covering the distribution of this species in Turkey were sequenced.
The sequences generated 125 mtDNA haplotypes and 30 nDNA alleles. High variation was revealed in Turkish populations of
C. quercusfolii (h = 0.7328 and 11 = 0.0102 for cyt b, and h = 0.5865 and 1 = 0.0058 for ITS2). Demographic analyses and high
haplotype versus low nucleotide diversity indicated that C. quercusfolii populations might have undergone a series of expansions
and contractions in the past. Phylogenetic analyses showed that this species is structured geographically between east and west
due to a major physical barrier, the Anatolian Diagonal. Furthermore, divergence times of the lineages implied that deep splits oc-
curred before the Pleistocene, while intermediate to shallow splits were associated with climatic changes during the Pleistocene.
We conclude that ongoing geological events and associated climatic cycles were responsible for the current population genetic

structure of this species in Turkey.

INTRODUCTION

Turkey is one of the most interesting places in the world
due not only to the richness of species but also their high
genetic diversity (Giir, 2016) and has attracted a great deal
of attention because of its geographic location and com-
plicated geological history (Okay, 2008). The Turkish
landmass, composed of an Asian (Anatolia) and Europe-
an part (Thrace), was formed after the collision of three
main plates, and subsequent geological events resulted
in the final formation of Turkey, which began in the late
Tertiary (Bozkurt, 2001). Ongoing orogenesis including
a series of transgressions and regressions created several
mountain ranges that later acted as natural barriers to the
distribution of many taxa, and thus contributed to Anato-
lia’s richness (Okay, 2008; Sekercioglu et al., 2011). The
mountain ranges in Anatolia are the Taurus mountains
located in the south, separating the Mediterranean region
from the inner steppe environments, and the northern
and western Anatolian mountains, separating the western
Black Sea coast from central Anatolia (Demirsoy, 2002).
An additional mountain range, the Anatolian Diagonal,
running from northeastern Turkey to south-eastern Anato-
lia, is the most effective physical barrier dividing eastern
Anatolia from the western part (Davis, 1971). Turkey is
located at the junction of three phytogeographical regions:
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the Mediterranean in the south and western part of Anato-
lia, the Euro-Siberian in the northern part of Turkey and the
Irano-Turanian region covering eastern, south-eastern and
central Anatolia (Zohary, 1973). It has been suggested that
this mountain belt creates altitudinal differences on both
sides that are associated with different ecological condi-
tions, supporting distinct floristic and faunistic elements in
Turkey by dividing the Irano-Turanian region into eastern
and western parts (Ekim & Giiner, 1986; Giir, 2016).

The active tectonic history of the Turkish landmass to-
gether with its neighbouring area was accompanied by
cyclical changes in climate (Demirsoy, 2002). Recurrent
events in the Late Miocene/Pliocene and the following
Quaternary fluctuations greatly influenced species and the
lineage distribution of many taxa in Turkey (Kaya & Ci-
plak, 2016). It is known that during the glacial periods spe-
cies in the more northern latitudes moved to more suitable
habitats in the south, and, conversely, taxa expanded their
ranges towards the north when environmental conditions
became more favourable (Hewitt, 2000). Likewise, species
distributed in northern Europe moved to lower latitudes
and survived in southern refugia (Hewitt, 2000). In addi-
tion to the Balkans, the Iberian Peninsula, Italy and Turkey
acted as a refuge area in the Western Palearctic, allowing
species to escape from the adverse effects of the recurrent
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cycles (Hewitt, 1999; Provan & Bennet, 2008). Despite the
fact that Anatolia was not covered by ice sheets, taxa dis-
tributed in Turkey also reacted to the climatic oscillations
(Challis et al., 2007; Giindiiz et al., 2007; Ciplak, 2008;
Bellati et al., 2011). In recent years, it has been shown that
at the end of the Last Glacial Maximum eastern localities,
including the Iranian and Turkish populations, provided
a genetic source for European populations (Dubey et al.,
2007; Stone et al., 2007; Sekercioglu et al., 2011). Conse-
quently, high genetic diversities of Turkish populations is
currently recorded for a variety of animal taxa, including
oak gall wasps. Thus Anatolia is referred to as the “cradle
of the oak gall wasps” (Rokas et al., 2003).

Cynips quercusfolii Linnaeus, 1758 (Hymenoptera:
Cynipidae) is a heterogonous species of gall wasp with a
widespread distribution across the Western Palearctic re-
gion, including Turkey (Melika, 2006). This species has
a cyclically parthenogenetic lifecycle with alternation be-
tween a sexual spring generation and an asexual summer
generation each year. Asexual generation galls are formed
on the leaves of white oaks in the section Quercus. In the
present study, we used sequence data of the partial mito-
chondrial DNA (mtDNA) cytochrome b gene (cyt b) and
complete nuclear DNA (nDNA) ITS2 gene region to assess
the genetic diversity of this species in Turkey. By sampling
this species in a large area of Turkey and sequencing an
mtDNA gene and non-coding nDNA region, we attempt to
shed light on different periods of this species in the past.
Within this context, we first aim to explore if there are any
discontinuities in the genetic structure of this species in
Turkey that can be explained by geographic barriers such
as the Anatolian Diagonal as is suggested for other taxa.
Secondly, we attempt to determine if past geographic and
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climatic fluctuations left any imprints on the genetic struc-
ture of this species.

MATERIALS AND METHODS

Sampling, laboratory work and data preparation

Asexual generation galls that develop in early summer and ma-
ture in autumn are easily recognized and can be found throughout
this species distribution. Therefore, we collected only asexual
generation galls in the summers of 2010-2014 from 38 localities
covering the distribution range of C. quercusfolii in Turkey, and
a total of 294 female adults were reared from these galls. The
collection sites along with their coordinates and the sample size
for each population are given in Fig. 1 and Table 1, respectively.
Two conspecifics, C. divisa Hartig (1840), and C. longiventris
Hartig (1840) were also collected and used as outgroups in all the
phylogenetic analyses.

Total genomic DNA was extracted from specimens using the
DNeasy Tissue Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. CB-J-10933 (CB1) 5'-TATG-
TACTACCATGAGGACAAATATC-3" and CB-N-11367(CB2)
5-ATTACACCTCCTAATTTATTAGGAAT-3" primers were
used to amplify a 433 bp fragment of the cyr b gene (Simons
et al., 1994). All PCR reactions were carried out following the
protocols described in Stone et al. (2007). Cas5p8sFt 5'-AT-
GAACATCGACATTTCGAACGCATAT-3" and Cas28sBld
5"-TTCTTTTCCTCCGCTTAGTAATATGCTTAA-3" (Ji et al,
2003) primers spanning 5.8S and 28S were used for amplifying
the ITS2 region using the protocols in Mutun & Atay (2015). In-
terestingly, the ITS2 primer pair that was successfully used in
other oak gall wasp studies (Mutun & Atay, 2015; Mutun, 2016)
produced background noise in the C. quercusfolii sequences.
Therefore, we cloned PCR products (InsTAclone PCR Cloning
Kit, Thermo Fisher Scientific, Waltham, MA, USA, cat. K1213-
14) and purified (NucleoSpin® Gel and PCR Clean-up, Mach-
erey-Nagel, Diiren, Germany, cat. 740609.50) the samples. We
sequenced cloned products and designed the following internal
primers: MutITSintf 5'-GTTCGTCGCGTCTCTG -3 and Mu-

Fig. 1. Map of Turkey showing the locations of the sites where samples of C. quercusfolii were collected and the approximate location
of the Anatolian Diagonal. Blue dots indicate populations east of the Anatolian Diagonal and red dots populations distributed west of the

Diagonal. Population abbreviations are shown in Table 1.
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Table 1. Names of sampling sites with abbreviations and coordinates, num-
ber of sequenced individuals and number of detected haplotypes/alleles.
Haplotype (h) and nucleotide (17) diversity for each population are shown in
the upper and the lower part of the cyt b and ITS2 columns.
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tITSintr 5"-CCGTCCATAATGGCCAC-3'. This primer pair was
later used specifically to amplify the C. quercusfolii ITS2 region
successfully. All PCR reactions were carried out in 35 pl volumes
containing 8.75 ul of 5X buffer, 1.75 ul of MgCl, (25 mM), 0.7
pl of ANTPs (10 mM), 0.35 pl of template DNA, 0.35 pl of Tag
polymerase (Vivantis, Subang Jaya, Malaysia) and 0.44 pl of
each primer (20 pmol). Temperature rates, times and cycles were
set as follows: 3 min at 94°C for the first denaturation, 28 cycles
of 30 s at 94°C for denaturation, 30 s at 52°C for annealing, 30
s at 72°C for elongation and 5 min at 72°C for final extension.
Amplified products of both mtDNA and nDNA regions were sent
to a company (MACROGEN, South Korea), which supplied the
sequences in the form of chromatograms.

All ¢yt b and ITS2 sequences were checked, aligned, and
trimmed using the program BioEdit 7.2.5 (Hall, 1999). Similar
sequences were collapsed into ¢yt b haplotypes and ITS2 alleles
using GenAIEx 6.5 (Peakall & Smouse, 2006, 2012). Mitochon-
drial DNA sequences were analysed to ensure that the sequences
were genuine and not numts (pseudogenes). Our tests showed
that there were neither stop codons nor non-sense mutations after
translating the ¢yt b sequences into amino acids using the program
DnaSP 5.10.1 (Librado & Rozas, 2009). All haplotypes/alleles
were deposited in GenBank (Accession number: MG650475-
MG650599 and MG661529-MG661558 for the ¢yt b haplotypes
and the ITS2 alleles, respectively).

Genetic diversity estimation and population structure

The number of polymorphic sites (S), nucleotide (7) and haplo-
type/allele (k) diversity (Nei, 1987), the number of substitutions
and pairwise nucleotide differences (k) (Tajima, 1983), and popu-
lation differences were calculated using the programs Arlequin
3.5.2.2 (Excoffier & Lischer, 2010) and DnaSP 5.10.1 (Librado &
Rozas, 2009). For estimating the genetic diversity of C. quercus-
folii, only those localities with sample sizes larger than two were
considered for further evaluation. To test if there was a corre-
lation between the geographic distribution of haplotypes/alleles
and genetic diversity, we performed AMOVA using Arlequin
3.5.2.2 (Excoffier & Lischer, 2010) at three different hierarchi-
cal levels: among groups, among populations within groups and
within each population. We grouped the populations into eastern
versus western groups relative to the location of the Anatolian
Diagonal as shown in Fig. 1. Furthermore, we conducted a spatial
autocorrelation analysis using the program GenAlIEx 6.5 (Peakall
& Smouse, 2006, 2012) for both the cyt b gene and ITS2 region
for distance classes of 100 and 150 km with 95% confidence in-
tervals. Spatial autocorrelation analysis is a useful technique for
detecting the relationship between population pairwise genetic
similarity and geographic distances across the study area (Sokal
et al., 1997) and has previously been applied to species of oak
gall wasps, including C. quercusfolii (Stone & Sunnucks, 1993;
Stone et al., 2002). The analysis produces a correlogram with a
spatial autocorrelation coefficient (), where the value of r is sig-
nificantly greater than zero for geographically close samples and
decreases with increasing geographic distance between samples
isolated by distance. The distance between samples at which r is
no longer significantly different from zero is an approximation
of the distance at which the population structure can be revealed.
The significance of r was tested by bootstrapping 95% confi-
dence intervals (Cls) for » by resampling 1000 times (Peakall et
al., 2003).

Inferences about the demography of the populations

Analysing population demographic structure may allow us to
unravel signatures of historical events (Avise, 2000). Therefore,
we applied mismatch distribution analysis using pairwise differ-
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ences between haplotypes/alleles using DnaSP 5.10.1 (Librado
& Rozas, 2009). In mismatch distribution analysis, expanding
populations have a unimodal profile, whereas populations at
demographic equilibrium have a bimodal or multimodal profile
(Rogers & Harpending, 1992). We also calculated the ragged-
ness index (HRag) (Harpending, 1994) and the sum of squared
deviations (SDD) (Schneider & Excoffier, 1999) to compare
the observed sample distribution with the expected probability
distribution using a model of population expansion. Moreover,
we used Tajima’s D (Tajima, 1989) and Fu’s F (Fu, 1997) tests
implemented in Arlequin 3.5.2.2 (Excoffier & Lischer, 2010) to
check for deviations from neutrality. While Tajima’s D (Tajima,
1989) uses the frequency information for segregating sites, Fu’s
F; uses the distribution of haplotypes/alleles (Fu, 1997). We con-
ducted all analyses using different grouping schemes: all popula-
tions (no grouping), all populations divided into eastern versus
western groups, and each population individually.

Phylogenetic and phylogeographic analyses

Maximum parsimony (MP), maximum likelihood (ML) and
Bayesian analyses were used to reveal phylogenetic relationships
among haplotypes/alleles using PAUP*4.0b10 (Swofford, 2002),
and MrBayes 3.2.6 (Ronquist & Huelsenbeck, 2003). We per-
formed MP analysis using the TBR branch-swapping algorithm
with 1000 replicates of random addition of taxa under the heu-
ristic search options and 1000 bootstrap replicates employed to
assess support for branches (Swofford, 2002). In reconstructing
the ML tree, the model best fitting our datasets was determined
using JModeltest 2 (Guindon & Gascuel, 2003; Darriba et al.,
2012) and the Akaike information criterion (AIC) (Akaike, 1974;
Posada & Buckley, 2004). HKY + I + T (-In = 1959.4363) and
GTR + I (-In = 497.2462) were the best fitting models for cyz
b and the ITS2 region, respectively. BEAST version 1.5.2 was
used to estimate divergence times of ¢yt b lineages and their con-
fidence intervals using a Bayesian Markov Chain Monte Carlo
(MCMC) coalescent method (Drummond et al., 2012) by apply-
ing the HKY model with I and I" following the uncorrelated re-
laxed lognormal clock (Drummond & Suchard, 2010). A 1.19%
sequence divergence per lineage (2.39% pairwise) per million
years mutation rate was used for age calibration (Papadopoulou et
al., 2010). Both the most recent common ancestors (MRCAs) and
most ancient common ancestors (MACAs) calculation and opera-
tor optimizations were (Hayward & Stone, 2006) performed with
BEAUTI v1.8.0. The BEAST analysis was run for 100 million
generations sampling every 1000 and the convergence to station-
ary and the effective sample size (ESS) of the model parameters
were checked using TRACER v1.6.0. The maximum clade cred-
ibility tree was built with TREEANNOTATOR v1.8.4, discarding
the initial 25% of samples as burn-in. FIG-TREE version 1.3.1
(Rambaut, 2009) was used to visualize the results. An unrooted
95% probability level network analysis was constructed using the
program HapStar version 0.5 (C) (Teacher & Griffiths, 2011). The
pairwise distance matrix between haplotypes/alleles computed by
Arlequin was used for building a minimum spanning tree. The re-
sulting svg file was transferred to Inkscape 0.91 (www.inkscape.
org) to visualize the network.

RESULTS

Genetic diversity

All sequences of the ¢yt b gene produced 125 haplo-
types. The haplotypes along with their frequencies are
shown in Table S1. Nucleotide frequencies were 32.93%,
43.26%, 13.01% and 10.80% for A, T, C and G, respec-
tively. The transition/transversion rate ratios were k1 =
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15.811 (purines) and k2 = 27.729 (pyrimidines), and the
overall transition/transversion ratio bias was R = 8.629.
Eighteen amino acids (12.5%) showed substitutions when
all cyt b sequences were translated into amino acids. Most
of the amino acid replacements were observed at the third
codon position (37 substitutions, 39.7%), followed by the
first codon position (15 substitutions, 16.1%) and then the
second (3 substitutions, 3.2%). Pairwise differences be-
tween haplotypes ranged from 0.2% (1 bp) to 7.5% (30
bp). Most C. quercusfolii populations showed a high level
of genetic diversity, where the average haplotype (%) and
nucleotide diversity () for the cyt b gene were i = 0.7328
+0.0955, and © = 0.0102 + 0.0068, respectively (Table 1).
On the other hand, the ITS2 region produced 30 distinct
sequences; all alleles and their frequencies are given in
Table S2. Nucleotide frequencies were 28.61%, 30.75%,
18.14% and 22.49% for A, T, C and G, respectively. The
transition/transversion bias was R = 1.461. Pairwise com-
parisons of alleles ranged between 0.4% (1 bp) and 4.7%
(10 bp). The average allelic diversity (&) of C. quercusfolii
was = 0.5865 £ 0.1402 and the nucleotide diversity was
7=0.0058 + 0.0088.

Geographic distribution of genetic diversity

The geographic distribution of genetic diversity across
the sampling area of C. quercusfolii both for the cyt b gene
and the ITS2 region was investigated using AMOVA with
a statistical significance of 20,000 permutations. The Bon-
ferroni method was used for correcting the P values in
multiple comparisons. In the cyt b dataset, we detected the
highest level of genetic variation at the within-population
level (38.01%), followed by among populations within
groups level (35.75%) (Table 2A). However, 26.24% of
the variation was shared among groups in the scheme of
eastern (ART, BIN, BIT, ELA, ERI, ERZ, GUM, MAL,
MUS, TUN and VAN) versus western populations (all the
remaining localities). The genetic differentiation between
the groups was F ;.= 0.61, P < 0.001. On the other hand,
the ITS2 dataset indicated that 71.21% of the genetic vari-
ation was within populations and 15.05% was shared be-
tween populations. Among the groups, variation was low-
est (13.75%) when the same grouping scheme was used
(Table 2B). The genetic differentiation between the two
groups was relatively low (= 0.28, P <0.001).

Table 2. AMOVA analysis of C. quercusfolii. A — analysis of the
cyt b data; grouping includes Isparta and all other populations.
B — analysis of the ITS2 data; each population was treated as a
single group.

o Sum of Variance  Percentage

Source variation  d.f. o
squares components of variation

A)
Among groups 1 254.541 1.65249 26.24
Among pops. 36 705.589 2.25169 35.75
Within pops. 256 612.778 2.39367 38.01
Total 293 1532.908 6.29784
B)
Among groups 1 16.910 0.12905 13.75
Among pops. 36 62.917 0.14124 15.05
Within pops. 256 171.123 0.66845 71.21
Total 293 250.949 0.93873
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Fig. 2. The BEAST tree of cyt b haplotypes. Node ages (tMRCA) are shown in the interior part of each related node and posterior prob-

ability values are also on the branches.

Spatial genetic autocorrelation analyses of both cyt b and

ITS2 datasets conducted across the study area for distance
classes of 100 and 150 km with 95% confidence intervals
are shown in Figs S1 and S2. Distance class correlograms
for both regions showed positive and significant values (P
< 0.001), but significantly negative values were obtained

for distances beyond the x-axis intercept 523.4 km for cyt
b and 555.7 km for the ITS2 data. These results indicate
that Turkish populations of C. quercusfolii geographically
separated by a distance of less than 100 km are genetically
similar to each other, which is higher than expected by
chance, while the genetic differentiation between popula-
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Fig. 3. Results of the network analysis of the cyt b haplotypes using Hapstar 0.7. Colour coded populations are shown in the circles. Size

of the circles is proportional to the frequency of the haplotype.

tions separated by more than ca. 500 km is higher than ex-
pected by chance.

Phylogenetic analyses and estimation of lineage
divergence

In the cyt b haplotypes, there were 53 parsimony inform-
ative characters, while the remaining characters were un-
informative. Three different approaches were employed to
analyse the evolutionary relationships among C. quercus-
folii cyt b haplotypes and ITS2 alleles. Since all analyses
produced mostly similar tree topologies with some differ-
ences in bootstrap/posterior probability values for the cyt
b gene dataset, here we present only the BEAST tree in
Fig. 2. Except for the presence of a small separate basal
clade (the B1 subclade) composed of five haplotypes in the
BI tree, all the trees produced two main clades: the first
clade (Clade A), composed of a mixture of haplotypes rep-
resenting eastern, central, northern and western Turkey,
and the second clade (Clade B), of which H117 sampled
from a central population (Sivas) was the most basal hap-
lotype. Clade B was bifurcated into two subclades: Bl
and B2 +B3. Subclade Bl has an eastern basal haplotype
(H25) sampled from the Bitlis population and four other
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haplotypes representing northern and western localities.
Subclade B2 is dominated mainly by haplotypes from east-
ern populations and it is more structured with deeper to
intermediate-shallow splits. However, subclade B3 is dom-
inated by haplotypes from the western and north-western
localities with fewer intermediate and more shallow splits.

Application of the molecular clock to the cyt b dataset
indicate that the ingroup haplotypes diverged from the
outgroup haplotypes near 9.49 MYA (95% HPD interval
3.3886—11.9024). After diversification of C. quercusfolii
from the other species of Cynips, its haplotypes were di-
vided into two sister clades (Clade A+ B) around 6.6 MYA.
Subsequent to the first divergence of lineages, a series of
splitting events in Clade A took place between 3.23 MYA
and 0.17 MYA. On the other hand, Clade B, comprising
H117 from Sivas at the basal part, diverged from the rest
of the haplotypes around 5.05 MYA. The separation of the
haplotypes grouped under Clade B into B1 and B2+B3
seems to have occurred around 4.34 MYA. Subclade B2,
which is dominated by haplotypes from eastern popu-
lations, and B3, composed of haplotypes from western
populations, diverged from each other around 3.71 MYA.
Ongoing diversification events resulted in more substruc-
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Fig. 4. Bayesian consensus tree of ITS2 alleles with branch poste-
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tures that seemed to start around 2.91 MYA and continued
through 0.13 MYA in subclade B2, and at 1.6 MYA to 0.09
MYA in subclade B3. Further splitting events continued
with more recent diversifications between the lineages of
C. quercusfolii.

Network analysis conducted for resolving possible re-
ticulations and evolutionary relationships of C. quercus-
folii haplotypes (Fig. 3) supported in most part the general
pattern observed in the phylogenetic trees. The star-shaped
haplotype group shown by A in the network was concord-
ant with Clade A in the phylogenetic trees. The other hap-
lotype group that formed B1 in the BEAST tree was found
scattered between subclades B2 and B3 in this network.
The rest of the haplotypes formed two haplogroups: B2

A9

\

A27
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and B3. The B2 haplogroup was dominated by haplotypes
from the eastern populations, while the B3 haplogroup
comprised haplotypes mostly from western, central and
north-western Turkey.

In the ITS2 dataset, out of 395 characters, ten parsimony
informative sites and one uninformative site were detected.
Separate phylogenetic analyses of the ITS2 alleles yielded
mostly polytomous trees with a low resolution (Fig. 4).
Nineteen alleles representing almost all sampled popula-
tions across Turkey formed a polytomy. The existence of
a relatively small clade that consisted of alleles only from
the western part of Turkey was also apparent in the tree.
In addition, the ITS2 network analysis revealed several
star-shaped allele groups indicating evolutionary connec-
tions of alleles located at the periphery to the central allele
through a mutational step or a hypothetical allele (Fig. 5).
The most common allele, A1, shared among 27 popula-
tions, was at the central part of the first star-shaped group
and connected to two other frequent and common alleles
(A3 and A7). Another small allele group with A6 (found
in Bartin, Bolu, and Edirne) at its centre was connected to
A23 and other alleles, all of which were parts of the small
allele group in the phylogenetic tree.

Population demography

The mismatch distribution including all samples gener-
ated a nearly unimodal profile with HRag =0.16676 for the
cyt b dataset, but it was not significantly supported (Fig.
6A). Mismatch distribution analyses conducted on western
versus eastern populations generated a multimodal pro-
file for both east and west groups with a non-significant
HRag value for the cyt b dataset (Fig. 6B—C). Individually
analysed populations indicated that the Balikesir, Cankiri,
Kiitahya and Sivas populations showed either unimodal
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BAL @ Kkas @
BAR @  KAY

BIN KLR
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BoL @ KUT

BRS MAL
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Fig. 5. Results of the network analysis of the nuclear ITS2 allele using Hapstar 0.7. Colour-coded populations are shown in the circles.

Circle sizes are proportional to the frequency of the allele.
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Fig. 6. Mismatch distribution of all pairwise combinations for cyt b haplotypes and A — all populations as a single group, B — western group,
C — eastern group, and for the ITS2 alleles, D — all populations as a single group, E — western group and F — eastern group. The observed
distribution is represented by a red line, and the expected frequencies by a green dotted line.

Table 3. Fu's F¢ and Tajima’s D, Hrag and SSD values calculated for each population. The values above the rows refer to the cyt b and

the below are for the ITS2 region, respectively. (* P < 0.05, ** P <0.01).

Pop. Fu's F¢ Tajima’s D Hrag SSD Pop. Fu's F¢ Tajima’s D Hrag SSD
AFY 2.1165 2.2443 0.1822 0.1010 IZM 6.6069 0.0276 0.4429 0.5372
0.0000 0.0000 0.0000 0.0000 0.8939 0.8820 0.2000 0.0821
ART 0.0000 0.0000 0.0000 0.0000 KAR 1.2189 1.0182 0.1175 0.0709
1.0986 0.0000 0.0000 0.0000 —0.7393 1.1417 0.2617 0.0245
BAL -2.5895 -0.5171 0.0479 0.0029 KAS 0.8098 —-0.6003 0.1616 0.0622
0.3876 -1.1163 0.1506 0.3654 0.0000 0.0000 0.0000 0.0000
BAR 0.0000 0.0000 0.0000 0.0000 KAY 4.4619 0.1864 0.0360 0.1380
0.0000 0.0000 0.0000 0.0000 —0.4224 1.6998 0.3652 0.0466
BIN 1.4041 —-1.7205* 0.1258 0.4260 KLR -3.8244**  -1.2789 0.1081 0.0293
—1.5898* -1.1790 0.8830 0.0015 0.4402 —1.4664 0.1530 0.0407
BIT -0.7583 0.7599 0.0849 0.3704 KON 1.2867 0.2552 0.0661 0.0539
0.0000 0.0000 0.0000 0.0000 —0.1005 2.7513 0.7555 0.1387
BOL -1.5071 -1.4928 0.1397 0.0329 KUT -3.2237 0.1785 0.1116 0.0467
0.5862 —1.4008 0.7200 0.0514 1.6373 —1.2685 0.2261 0.0577
BRS -1.4237 —-0.2483 0.0470 0.0448 MAL 4.4998 0.0000 1.0000 0.4645
0.8670 -1.2298 0.2878 0.2608 0.0000 0.0000 0.0000 0.0000
CAN -0.8305 -0.1297 0.2400 0.0347 MUS -0.1552 -1.4911 1.0000 0.4542
1.4503 2.1972 0.1585 0.1210 -1.4990 0.7695 0.2899 0.0554
CNK -2.9681**  -0.9579 0.0622 0.0053 ORD 2.3025 0.0000 0.0000 0.0000
-1.3873 0.9126 0.0483 0.0177 0.0000 0.0000 0.0000 0.0000
DUZ 0.0000 0.0000 0.0000 0.0000 SAM 0.8918 0.1940 0.1028 0.0671
2.1972 0.0000 0.0000 0.0000 —0.3140 1.9569 0.4380 0.0627
EDI 0.0000 0.0000 0.0000 0.0000 SIN 0.7939 -1.4208 0.0893 0.0280
-1.3898 —0.6540 0.0952 0.0067 -1.1639 —1.4008 0.1827 0.0057
ELA 3.4053 1.2185 0.4700 0.2082 SV -2.4199 0.0280 0.1511 0.0719
1.0404 -0.9725 0.6800 0.3199 —0.8584 -1.1319 0.2400 0.0373
ERI 0.4232 -0.8694 0.2296 0.0753 TOK 0.0000 0.0000 0.0000 0.0000
—1.2626** 0.1759 0.2024 0.0054 0.0000 0.0000 0.0000 0.0000
ERZ 2.6519 -0.6976 0.7500 1.0555 TUN 0.0000 0.0000 0.0000 0.0000
0.5400 1.6329 0.5555 0.0898 0.0000 0.0000 0.0000 0.0000
GIR -2.2481 -0.3703 0.0301 0.0286 VAN 1.6772 0.4999 0.2380 0.1161
-1.2304 0.6273 0.2987 0.0512 —0.3393 -1.1117 0.4000 0.3310
GUM —2.4089 -1.5198 0.1104 0.0373 YLV —-0.8305 -0.1297 0.0962 0.3802
—0.4788 1.5712 0.3338 0.0399 0.0035 1.4631 0.0696 0.0219
ISP 2.1972 -1.7411* 0.7200 0.0577 YOz 0.0000 0.0000 0.0000 0.0000
—0.1561 2.5903 0.6839 0.1208 0.0000 0.0000 0.0000 0.0000
ST -3.3361 0.4175 0.0518 0.1402 ZON 0.0000 0.0000 0.0000 0.0000
1.8374 0.8050 0.2459 0.1134 0.0000 0.0000 0.0000 0.0000
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or nearly unimodal profiles, implying expanding popula-
tions; however, other populations produced multimodal
profiles (Fig. S3). On the other hand, the ITS2 dataset in
all trial schemes including western versus eastern popula-
tion groups produced a unimodal graph with an average of
HRag = 0.21439 supporting overall population expansion
(Fig. 6 D-F). However, the Balikesir, Bursa, Canakkale,
Cankiri, Istanbul, Izmir, Kirklareli, Kiitahya and Yalova
populations generated ragged multimodal or bimodal pro-
files, whereas all other populations produced unimodal
graphs indicating population growth (Fig. S4).

Except for Fu’s F (-24.20524, P < 0.02), the neutral-
ity tests calculated for the ¢yt b haplotypes including all
populations were not statistically significant (Tajima’s D
= —0.98102, P > 0.05, and HRag = 0. 0030, P > 0.05).
Separately analysed populations showed that the Cankirt
(-2.9681, P < 0.02) and Kirklareli populations (-3.8244,
P < 0.02) produced negatively significant Fu’s F; values,
whereas other populations did not produce any significant
values. Moreover, Bing6l (Tajima’s D =—1.7205, P <0.05)
and Isparta (Tajima’s D = —1.7411, P < 0.05) generated
significant negative values. Small SSD and HRag values
also supported the goodness of fit between the expected
and the observed distributions for all four populations. On
the other hand, the ITS2 data for all populations produced
a low Harpending’s raggedness index (HRag = 0.01648, P
< 0.001) and negative and significant Fu’s F; (-25.67093,
P < 0.001) suggesting population growth; however, Taji-
ma’s D (2.06816, P> 0.05) was not statistically significant.
Analyses conducted separately for each population showed
that Fu’s I, was only negative and significant for Erzin-
can (Fu’s Iy =-1.26262, P < 0.02) and population growth
was further suggested by the small SSD and HRag values
(Table 3). The neutrality tests also applied to the western
versus eastern population groups indicated population
growth both for the cyt b (Fu’s F,=-24.1938, P < 0.02 for
the western and Fu’s /= —10.5554, p < 0.02 for the eastern
group) and the ITS2 dataset (Fu’s /= —13.8883, P < 0.02
for the western group and Fu’s Fy = —5.6022, P < 0.02 for
the eastern group).

DISCUSSION

Genetic estimations and population demographic
analyses

In the Turkish populations of C. quercusfolii, the high
haplotype number for the cyt b gene is remarkable. Single-
ton and private haplotype (unique to a single population)
numbers were also conspicuously high; there were eight
private haplotypes, and, out of 125 haplotypes, 80 were
singletons with only a single nucleotide substitution in
pairwise comparisons. Singleton number was also high for
the ITS2 alleles, where we found 18 singletons in addition
to one private allele out of the 30 distinct ITS2 sequences.
Furthermore, we detected a lower allele number as com-
pared to the high haplotype number in C. quercusfolii,
which is not unexpected since comparable results are also
reported for other oak gall wasps in Turkey. For instance,
there are 39 private haplotypes and 22 singletons out of 50
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detected haplotypes for the cyt b gene and 8 singleton al-
leles out of 15 ITS2 alleles in Trigonaspis synaspis (Mutun
& Atay, 2015). In another species of oak gall wasp, Andri-
cus curtisii, half of the haplotypes are singletons for ¢yt b
sequences (Mutun, 2016).

Excluding samples from small populations, most of the
C. quercusfolii populations displayed high genetic vari-
ation. Specifically, some eastern populations (e.g., Erzu-
rum, Erzincan and Gilimiigshane) and some of the western
localities (e.g., Istanbul, Bursa, Kiitahya, Balikesir and
Kirklareli) showed high haplotype diversity. The highest
nucleotide diversity was detected in two central Anato-
lian populations, from Konya and Karaman. The current
findings are congruent with the results of other previously
studied oak gall wasp taxa in Turkey (Rokas et al., 2003;
Challis et al., 2007; Mutun, 2010, 2011, 2016; Din¢ &
Mutun, 2011; Mutun & Atay, 2015). Overall, the existence
of high genetic diversity in animal and plant taxa is ex-
plained mainly by the presence of three phytogeographical
regions in Turkey, the effects of the cyclical changes of gla-
cial periods and heterogeneous topography (Bilgin, 2011);
thus, our current data on C. quercusfolii further support this
general conclusion.

Past biogeographical or climatic changes are key factors
governing the contemporary population genetic structure
of a species, and their effects can be traced by employing
several population demographic analyses (Avise, 2000).
In C. quercusfolii, the existence of a high number of both
singletons and private haplotypes/alleles in addition to the
high ratio of one or few substitutions in pairwise com-
parisons of sequences implies recent population growth
(Crandal & Templeton, 1993). Nonetheless, lower nucleo-
tide diversity compared to the higher haplotype diversity
as recorded in C. quercusfolii also suggests rapid popula-
tion expansion from a small population in the past (Avise,
2000; Zhang et al., 2006).

Population expansion was also indicated by the uni-
modal profile, non-significant HRag and small SSD val-
ues, and negative statistically significant Fu’s F for the
ITS2 dataset. The unimodal or nearly unimodal profile
recorded for all samples in addition to the east and west
population groups strongly indicate that this species was
widespread in Turkey in the ancient past and expanded its
distribution. Non-significant SSD and HRag values togeth-
er with the unimodal profile in the mismatch distribution
analyses as recorded for C. quercusfolii would be expected
under neutrality in expanding populations (Zhang et al.,
2006). However, the cyt b dataset produced a multimodal
profile, implying that not all the samples from the popu-
lations clearly show population expansion in addition to
western versus eastern groups. Despite the differences in
the mismatch profiles of the ITS2 and the cyt b datasets,
the significant and negative Fu’s /' values support expan-
sion events in the different populations of C. quercusfo-
lii. On the other hand, in our analysis the non-significant
negative Tajima’s D seems to contradict Fu’s F, but the
discrepancy between the two values may be due to their
different statistical power, since Fu’s I is more powerful
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and sensitive to changes in population size than Tajima’s
D (Ramos-Onsins & Rozas, 2002; Jong et al., 2011). Fur-
thermore, the significant and negative Fu’s F; values of
both cyt b and ITS2 datasets for the western versus east-
ern populations implied historical population growth. In
addition, populations individually analysed using the cyt
b data indicated that some localities showed population
growth. For instance, the Kirklareli population located in
the Thrace region of Turkey yielded significantly negative
Fu’s F, and an eastern population, Bingdl, generated a sig-
nificantly negative Tajima’s D value. Studies on another
species of oak gall wasp also indicate that the Kirklareli
population is a hotspot locality and a centre of diversity
for A. caputmedusae (Mutun, 2010). Likewise, the Bingdl
population is crucial for 4. lucidus in providing genetic di-
versity for nearby populations (Mutun, 2011). On the other
hand, the ITS2 data produced negative and significant Fu’s
F, (Fu’s F;=-1.26262, P < 0.02) only for an easterly lo-
cated population, Erzincan, which was also supported by
small SSD and HRag values, implying that this population
underwent population growth in the past. In this study cyt
b and ITS2 data weakly supported each other; however, the
former is used to explain the relatively recent past, while
the latter points to the more ancient past (Zhang & Hewitt,
2003). In general, it seems that historical factors in the past
have imposed their effects on C. quercusfolii populations
in Turkey, resulting in the more ancient population expan-
sion from eastern to western Turkey as suggested by the
ITS2 data and continuing more recent historical expansion
as indicated by the cyt b gene data.

Possible effects of topography and climate

The topographic structure within the distribution of a
species is crucial for the geographic distribution of genetic
diversity at the intraspecific level, and the effects of the ge-
ographic barriers that created the contemporary pattern can
be assessed by employing different analyses (Avise, 2000).
All phylogenetic analyses of the cyt b gene data support
the presence of two main clades in C. quercusfolii. The
first clade (Clade A), with haplotypes from the populations
in eastern, western and central Anatolia, signifies a wide-
spread and ancient distribution of this species in Turkey.
A clear separation of the haplotype groups in the second
clade (Clade B), corresponding to the Anatolian Diagonal,
makes it apparent that the mountain line created a break
between the major lineages of C. quercusfolii. The break
between the eastern and western sides of the mountainous
zone is recorded in the formation of two subclades, B2 and
B3, where B2 dominated in the eastern part of the Anato-
lian belt and B3 in the western part. Network analysis also
supported the same lineage break. Although not as robust
as the results of the ¢yt b gene, the ITS2 dataset also indi-
cate a similar but relatively less prominent separation of
alleles. The difference in the power of resolution of the two
markers is well known, where the cyf b and ITS2 datasets
may shed light on different timescales due to the difference
between the coalescent times as a result of their different
inheritance and mutation patterns (Hoy, 1994; Zhang &
Hewitt, 2003). Moreover, the difference between mtDNA
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and nDNA markers may be due to the loss of phylogenetic
and phylogeographic signals in ITS2 datasets since the ef-
fective population size of nDNA is four times larger than
the mitochondrial DNA population size (Shaw, 2002; Mar-
dulyn et al., 2011).

Our results indicate that the Anatolian Diagonal was ef-
fective in shaping the genetic variation in C. quercusfolii
populations. AMOVA by clustering the populations into
the eastern and the western groups revealed that a small
amount of variation was partitioned between the two
groups in the ITS2 dataset, where genetic variation within
populations was high. On the other hand, genetic diversity
among populations increased while variation within popu-
lations decreased for the cyt b dataset. Nonetheless, spatial
autocorrelation analysis revealed a monotonic decline in
the autocorrelation correlograms of both datasets, indicat-
ing that neighbouring populations are more similar, while
genetic distance increases with geographic distance. As a
general pattern a population can indicate either an island
or a stepping-stone model. In the island model new patches
are colonized by founders originating from a single source,
while in the stepping-stone model migrants invade an
empty and suitable patch from a geographically neighbour-
ing population. Both models predict that genetic diversity
decreases along the colonization route when range expan-
sion occurs; however, this may not always be the case (Le
Corre & Kremer, 1998). In many of the Western Palearctic
species of oak gall wasps, the east, including the Iranian
and Anatolian populations, is regarded as “the cradle of
genetic diversity” and acting as a source for the European
populations may require that the eastern part of the Turkish
C. quercusfolii population is more diverse and an invasion
route is from east to west (Rokas et al., 2003). In this study,
autocorrelograms implying directional migration seem to
support this pattern; however, due to the absence of sam-
ples from either Iranian populations or European localities
it is not possible to draw a firm conclusion. Such a larger
scale study is among our future work plans.

Past environmental changes and associated climatic fluc-
tuations leave their imprints in the genomic components of
taxa, which are reflected in their phylogenetic reconstruc-
tion, and that timing of lineage divergences can be esti-
mated through implementing the molecular clock (Hewitt,
2001; Avise, 2004; Weir & Scluter, 2007). It is known that
geological changes are often coupled with climatic oscil-
lations (Gillispie & Roderick, 2014). Orogenesis started
around the early Oligocene and continued through the Late
Miocene, causing the formation of the Taurus mountains
as part of the Alp-Himalayan orogenic belt, resulting in
the uplift of eastern Turkey, while the central part of Ana-
tolia was a lowland area and covered by a large central
Anatolian lake system (Karadenizli, 2011). Around these
times, significant climatic changes from a more wet to a
more arid environment occurred (Fortelius et al., 2002),
with a commonly characterized Messinian aridity crisis at
the end of the Miocene (7.2-5.3 MYA) (Demirsoy, 2002).
In this study, application of the molecular clock to the cy?
b dataset indicates that the separation of the outgroups
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from the ingroup occurred nearly 9.49 MYA (95% HPD
bound 3.38-11.90 MYA), which was in the Tortonian age
(11.6-7.2 MYA) of the Miocene epoch (23-5.3 MYA). The
diversification of C. quercusfolii from the outgroup species
may fit well with the ongoing events in the Late Miocene.
A wide-scale study conducted on a variety of taxa of oak
gall wasps in the Western Palearctic indicate that the genus
Cynips split from other oak gall wasp genera around 6.81
MYA (95% HPD bound 4.5-10.09 MYA) (Stone et al.,
2009). In this study, the diversification of C. quercusfolii
from the outgroups is compatible with the upper bound of
the genus split dating in the Late Miocene. The estimate
of a deeper split in the Turkish ingroup/outgroup taxa re-
corded in the present study may be explained by the exist-
ence of more ancient lineages in Turkey. Thus, our current
findings point to a common pattern in oak gall wasp phy-
logeny in the Western Palearctic and may imply that the
more eastern lineages are more ancient than the European
lineages. As a consequence, the eastern populations might
have acted as source populations for the more western pop-
ulations currently in Europe (Stone et al., 2012; Bunnefeld
et al., 2018).

Ongoing diversification in the ingroup taxon resulted
in the first bifurcation of C. quercusfolii lineages into two
main clades, Clades A and B, around 6.6 MYA, which co-
incides with the Messinian age in Late Miocene. It is well
documented that the changes at this transition induced spe-
ciation events in insects (Ciplak, 2004a) and other animals
(Hrbek et al., 2002; Kornilios et al., 2012). Furthermore,
the Pliocene oscillations around 5.05 MYA seem to struc-
ture Clade B via the split in the basally placed Sivas haplo-
type (H117). About 4.34 MYA, in the Pliocene epoch (early
Zanclean time — split age 5.05 MYA), a major diversifica-
tion event seems to have resulted in the separation of the
B1 subclade. The subsequent split of the haplotypes into an
eastern dominated B2 subclade and western dominated B3
subclade occurred about 3.71 MYA (Late Zanclean). The
separation of subclades B2 and B3 roughly into eastern and
western divisions may be explained by the effect of the
formation of the Anatolian Diagonal during the Miocene/
Pliocene and associated climatic changes on C. guercus-
folii. Similar time frames causing severe splitting events
during the early Pliocene due to major tectonic activities
in addition to climatic fluctuations are used to explain the
diversification in a group of lizards (Kapli et al., 2013).
Orogenesis events associated with the wetter and hotter
climate in Late Pliocene followed by the drier and colder
conditions in Early Pleistocene induced fragmentation of
populations (Bennett, 1990) and resulted in a widespread
extinction of some taxa/populations in the western Palearc-
tic (Hewitt, 2000). Recurrent divergence events during the
pre-Pleistocene and throughout the Pleistocene appear to
have resulted in relatively deep to intermediate splits creat-
ing a well-structured appearance of both the eastern (the
B2 subclade) and western (the B3 subclade) lineages of C.
quercusfolii. In the eastern subclade, splitting began prior
to the Pleistocene (2.91 MYA) and continued during the
interglacial stage between the Riss and the Wiirm (130,000
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YA). On the other hand, in the western subclade splitting
events seem to have started later (ca. 1.6 MYA) than in the
eastern subclade and continued for 90,000 years. In fact,
our findings for C. quercusfolii in the present study are
compatible with the westward range expansion of Andri-
cus coriarius around 1.6 MYA (Challis et al., 2007). The
signatures found in C. quercusfolii also match the timing
of events in A. kollari (Stone et al., 2007). Even though
the sampling of 4. quercustozae was limited to only seven
localities, a clear separation and timing of the split between
the south-western and north-eastern Turkish clades created
by the Anatolian Diagonal also support our current results.
Similar diversification events in other species of animals
(Veith et al., 2003; Ciplak, 2004b, 2008; Giindiiz et al.,
2007; Bellati et al., 2011; Kaya et al., 2014; Ozdemir et
al., 2014) and plants (Ansell et al., 2011) in Turkey have
shown that lineages diverge into more sub lineages with
deep/intermediate to shallow splits. Overall these findings
may provide the robust data necessary to draw the general
conclusion that in the last 10 million years the dynamic
geographic and climatic changes in the Turkish landmass
together with its neighbouring area left strong imprints on
oak gall wasps.
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Table S1. Cyt b haplotypes and their frequencies in C. quercusfolii populations.
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Table S2. ITS2 alleles and their frequencies in C. quercusfolii populations.
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Fig. S1. Correlograms showing spatial genetic correlation coeffi-
cient (r) as a function of geographic distances in the entire study
area based on cyt b dataset. a — 100 km distance class, b — 150
km distance class. Dashed lines indicate upper (U) and lower (L)
boundaries of 95% confidence intervals under the null hypothesis
of no geographic structure is present. 95% bootstrapped confi-
dence intervals are shown for each of the calculated r values.
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Fig. S2. Correlograms showing spatial genetic correlation coeffi-
cient (r) as a function of geographic distances in the entire study
area based on ITS2 dataset. a — 100 km distance class, b — 150
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boundaries of 95% confidence intervals under the null hypothesis
of no geographic structure is present. 95% bootstrapped confi-
dence intervals are shown for each of the calculated r values.
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