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Abstract Wolbachia is a common group of intracellular bac-
teria found in arthropods and filarial nematodes. Since the past
decade, they have attracted considerable interest owing to
their various effects on hosts, which range from reproductive
manipulation to mutualism. Moreover, they can influence the
mitochondrial DNA pattern which do not reflect the real evo-
lutionary history of the target species and may be incongruent
with nuclear data. Previously, Wolbachia-manipulated mito-
chondrial DNA (mtDNA) patterns, namely mito-nuclear dis-
cordance and deep mitochondrial splits associated with spe-
cific Wolbachia infections, have been also discovered in the
genus Maculinea. Here, we present a comprehensive study on
Wolbachia infestation and the genetic diversity of all
Maculinea species in the Carpathian Basin. The prevalence
and the pattern of the infestation highly differ among
Maculinea species. Maculinea alcon and Maculinea arion
are infected in 100 %, each of these species with a single
strain, but the infection level of Maculinea nausithous and
Maculinea teleius is much lower, additionally, they are infect-
ed with multiple strains. The genetic diversity of Maculinea
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species proved to be generally low, only M. nausithous
showed geographic pattern based on mitochondrial sequences
and allozymes. In contrast with the previous studies, we could
not detect mito-nuclear discordance or find evidence for
Wolbachia-induced selective sweep. Based on our results,
we cannot hold only Wolbachia responsible for the restricted
genetic diversity of Maculinea in the Carpathian Basin.
Probably several factors shape together the level and pattern
of genetic variability in Maculinea butterflies.

Keywords Mitochondrial DNA - Cytoplasmic
incompatibility - Selective sweep - Wolbachia MLST

Introduction

In the last half century, genetic markers have become widely
used in species delimitation and in the investigation of the
phylogenetic relationships among species due to the develop-
ment of advanced molecular techniques. In the animal king-
dom, mitochondrial DNA (mtDNA) is one of the most popu-
lar markers because of its many ideal properties (Galtier et al.
2009). Although mtDNA is proved to be suitable for
barcoding animal life and highly informative in phylogenetic
and phylogeographic studies, mtDNA patterns do not
always reflect the real evolutionary history of the studied
species and may be incongruent with nuclear data (Dupuis
et al. 2012). Low intraspecific mtDNA variation can make it
impossible to reveal the phylogeography of focal groups of
organisms. Such reduced mtDNA diversity may be caused
by an indirect selective sweep of a favoured mtDNA
variant, e.g. by Wolbachia. These intracellular bacteria
infect a wide variety of arthropods and filarial nematodes
(Werren et al. 2008), and a recent meta-analysis estimated
that more than 65 % of insect species harbour Wolbachia
(Hilgenboecker et al. 2008).
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Usually, Wolbachia are vertically transmitted from mother to
offspring while they can manipulate the host reproduction in
ways that enhance their own transmission chance to future gen-
erations. Accordingly, Wolbachia infections are associated with a
variety of phenotypic effects on the hosts, such as cytoplasmic
incompatibility (CL, the sperm of infected males is incapable to
fertilize the eggs of females which are uninfected or infected with
a different strain), male-killing (MK), feminization of genetic
males and induction of parthenogenesis (PI) (Werren et al.
2008). Regardless of the specific mechanism by which they ma-
nipulate host reproduction, the spread of Wolbachia will be ac-
companied with the concomitant spread of all maternally
inherited organelles, including mitochondria, being present in
the initially infected female (Turelli and Hoffimann 1991, 1995;
Hoffimann et al. 1998). This means that one particular mitotype
(and its mutational derivatives) will hitchhike through the infect-
ed population in association with the selectively driven sweep of
Wolbachia (Turelli and Hoffmann 1991, 1995; Turelli 1994).
Consequently, Wolbachia may be expected to dramatically affect
host mtDNA genome evolution.

Assuming the bacteria are transmitted with very high efficien-
cy between generations, an infected population should have low-
er mtDNA diversity than an uninfected one since each
Wolbachia sweep reduces the effective population size of
mtDNA to one. At the same time, a single population may be
infected with more than one strain which may inflate the mtDNA
variability within a population given the association between the
particular Wolbachia strain and the concomitant host mitotype.

Simultaneously, Wolbachia may affect levels of mtDNA dif-
ferentiation. The mtDNA of infected and uninfected individuals
or the individuals infected with different strains will evolve to be
distinct, because there is little or no flow of mtDNA between
them. Besides, the spread of Wolbachia through a single popula-
tion may increase the mtDNA differentiation between popula-
tions if the bacteria are unable to invade neighbouring popula-
tions. As reported in the satyrine butterfly Coenonympha tullia
(Kodandaramaiah et al. 2013), the two divergent mitochondrial
clades found in North America are associated with two different
Wolbachia strains leading to a ‘two barcodes—one species’ phe-
nomenon. Neither genitalia morphology nor nuclear gene se-
quence supports cryptic species as an explanation, instead selec-
tive sweeps driven by Wolbachia. That is, Wolbachia can make
one species appear as two due to the high intraspecific mtDNA
diversity associated with possession of different bacterial strains.
On the other hand, Wolbachia sweeps can result in minimal
mtDNA differentiation, if there is only a very small amount of
interbreeding and parallel sweeps of mtDNA variants happen in
different populations. The butterfly species pair Acraea encedon
and Acraea encedana bear the same male-killing Wolbachia
strain which homogenizes haplotypes of the two species causing
a ‘one barcode—two species’ phenomenon (Jiggins 2003). While
these species are clearly distinct on morphological and nuclear
DNA grounds, they appear identical on the basis of barcoding
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sequences of the infected individuals. The most likely explana-
tion for this is that rare hybridization events open the door to the
transfer of the male killer and associated mitotype from species to
species.

As a consequence of these widespread effects, Wolbachia
may interfere with the phylogenetic and phylogeographic
studies of hosts. While Wolbachia influence the mtDNA var-
iability to a large extent, patterns of variation at nuclear genes
should be largely unaffected by the presence of these bacteria
leading to mito-nuclear discordance (Jiggins 2003;
Shoemaker et al. 2003; Kodandaramaiah et al. 2013).

Wolbachia are also present in the social parasitic
Maculinea butterflies (Sielezniew et al. 2012; Patricelli et al.
2013; Ritter et al. 2013; Bereczki et al. 2014). Reduced mito-
chondrial diversity refers to Wolbachia-induced selective
sweeps in Maculinea alcon ([Denis & Schiffermiiller], 1775)
and Maculinea arion (Linnaeus, 1758) (Bereczki et al. 2014;
Patricelli et al. 2013; Sielezniew et al. 2012). In addition, the
possibility of CI also arises in M. arion. In the Carpathian
Basin, this species exists in two phenological forms (‘spring
and summer types’ according to their flight periods) which co-
occur in certain habitats. Bereczki et al. (2011, 2014) revealed
that these forms differentiate neither on the basis of barcoding
gene nor in allozymes but they are clearly distinct morpholog-
ically (based on wing and male genitalia traits), and all indi-
viduals were infected with Wolbachia. Based on the discor-
dance between mitochondrial and morphological results, it
might be assumed that Wolbachia make an effect on the spe-
ciation of M. arion causing a ‘one barcode—two species’ phe-
nomenon (Bereczki et al. 2014). At the same time, inflated
diversity and deep splits in mitochondrial sequences proved to
be in correspondence with different Wolbachia strains in
Maculinea nausithous (Bergstrisser, 1779) and Maculinea
teleius (Bergstrdsser, 1779) (Ritter et al. 2013), i.e.
Wolbachia seems to have an influence on the mitochondrial
DNA pattern of Maculinea hosts in different ways.

Here, we present a comprehensive study on the Wolbachia
infestation and the genetic diversity of all Maculinea species
in the Carpathian Basin. Our main aim is to investigate the
prevalence and infestation patterns of Wolbachia in each spe-
cies and reveal their possible effects on hosts’ genetic diversity
and speciation using mitochondrial and nuclear gene se-
quences as well as allozyme loci. Therefore, our study pro-
vides new information to interpret the genetic patterns of these
long-surveyed butterflies.

Materials and methods

Samples

We sampled all Maculinea species in 18 geographical regions
of the Carpathian Basin from 2001 to 2013 (Fig. 1a, b; Online
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Fig.1 Sampling sites. See the abbreviations in Online Resource 1. a M. alcon and M. arion. The infection rate is 100 % in both species. b M. nausithous
and M. teleius. The infection rate is indicated with the shade of symbols representing populations. Darker symbols show higher infection rate

Resource 1). The identification of the two ecotypes of
M. alcon was carried out based on the initial food plants and
the date of sampling. The ‘spring type’ and ‘summer type’ of
M. arion were also separated phenologically. In certain habi-
tats, two or even three Maculinea species were present.
Images were collected at the end of the egg-laying period
and stored at —80 °C until molecular analyses.

Wolbachia screening and strain identification
DNA was extracted by homogenizing the heads or thoraxes of

butterflies following the protocol in Bereczki et al. (2014).
Altogether 506 individuals were screened (1-11 individuals/
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population) from 18 geographical regions (Online Resource
1) by the amplification of the highly conservative 16S ribo-
somal RNA gene with Wolbachia specific primers W-Spec of
Werren and Windsor (2000). Amplification from 1 pl of DNA
extracts was carried out in 25 pl final reaction volumes con-
taining 5X PCR buffer, 0.2 mM dNTPs, 2 mM MgCl,,
0.5 mg/ml bovine serum albumin, 0.02 units/pl of Tag DNA
polymerase (Phusion Hot Start II High-Fidelity, Thermo
Scientific) and 0.3 pM of each primer. Amplification was
carried out in an ABI Veriti thermal cycler programmed for
the following: initial denaturation for 2 min at 98 °C; 40 cycles
of 15 s at 98 °C, 45 s at 60 °C, 1 min 30 s at 72 °C; final
elongation of 10 min at 72 °C. Amplification procedure was
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Fig. 1 (continued)

repeated twice in M. teleius and M. nausithous since we could
obtain faint bands as a result of the first 40 cycles. We used
positive (surely infected samples) and negative controls (mas-
ter mix without any DNA sample) in each reaction. The suc-
cess of PCRs was checked by running 2 pl of product on 1 %
agarose gels stained with GelRed Nucleic Acid Stain (Biotium
Inc.). The infection rates of the populations were plotted on
geographic maps using QGIS v. 2.6 (2014). PCR products
originating from 70 individuals (Online Resource 2) were se-
quenced by commercial service provider Macrogen Inc.
(Seoul, South Korea). Sequences were edited and revised
manually by Chromas Lite v. 2.01 and aligned by MEGA v.
6 (Tamura et al. 2013). Bayesian phylogenetic relationships
were assessed in MrBayes v. 3.2.2 (Ronquist et al. 2012) as
described below.

Wolbachia strain identification was carried out in M. alcon
and M. arion according to Wolbachia multilocus sequence typ-
ing (MLST) system (Baldo et al. 2006) by the amplification of
Wolbachia surface protein (WSP) and five conserved gene re-
gions (gatB, coxA, hepA, ftsZ, tbpA) following the PCR proto-
col mentioned above. The latter five genes determine together
the sequence type (ST). WSP typing was achieved in a single
individual each in M. alcon and M. arion. Wolbachia MLST was
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completed altogether in 32 specimens in the two species (Online
Resource 2). After sequencing, we defined the strains using the
reference sequences of Wolbachia MLST database (http://
pubmlst.org/wolbachia/) and searched the identified sequence
types in other organisms in the mentioned database.

Phylogenetic analyses of mitochondrial and nuclear DNA

The same DNA extracts were used to amplify mitochondrial
and nuclear genes as those in Wolbachia studies. We se-
quenced the mitochondrial cytochrome ¢ oxidase subunit I
gene (COI) together with the nuclear gyceraldehyde 3-
phosphate dehydrogenase (GAPDH), malate dehydrogenase
(MDH) and wingless (wg) (Online Resource 2) using com-
mercial service provider Macrogen Inc. These genes
were amplified by specific primers modified at their
5'-end to include the universal sequencing primer
T7promoter (Wahlberg and Wheat 2008). We followed
the above amplification protocol and the guidelines of
the Nymphalidae Systematics Group (http:/nymphalidae.utu.
fi/). After the revision and alignment of sequences, we
estimated the level of genetic diversity by the following
parameters: the number of variable and informative sites (V/
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and PI), haplotype number and diversity (# and HD) (Librado
and Rozas 2009), nucleotide diversity (7) (Nei and Li 1979;
Nei 1987; Tajima 1983) and the number of segregating sites
(fw) (Watterson 1975; Nei 1987). In cases of nuclear genes,
PHASE haplotype reconstruction option was used because of
the presence of ambiguous sites (Stephens et al. 2001;
Stephens and Donnelly 2003). Neutrality tests were per-
formed on all genes to determine the departure from the neu-
tral model of molecular evolution. Under neutrality, both
Tajima’s D and Fu and Li’s D are expected to be zero.
Positive D values indicate an excess of intermediate-
frequency variants and can be due to the operation of
natural selection. On the contrary, a value significantly
less than zero indicates a higher-than-expected number
of low frequency variants and might be the consequence
of a recent selective sweep or processes such as back-
ground selection (Tajima 1989; Aris-Brosou and Excoffier
1996). The parameters of gene diversity and neutrality tests
were calculated using the program DnaSP v. 5.10.01 (Librado
and Rozas 2009).

Based on the concatenated sequences, Bayesian analyses
were carried out using MrBayes 3.2.2 (Ronquist et al. 2012).
The combined data were partitioned by gene and analysed as
independent partitions. Several possible models of molecular
evolution were sampled for each gene (both single and com-
bined data) during the analysis using the model-jumping fea-
ture of MrBayes v. 3.2.2 applying the following sets ‘Iset
applyto=(all) nucmodel=4by4 nst=mixed rates=gamma
covarion=no;’. Two independent MCMC runs each with four
simultaneous chains (one cold and three heated) were run for
10 million generations. The trees were sampled in every 1000
generations. Convergence of the two runs was determined by
the stationary distribution plot of the log likelihood values
against number of generations and confirmed by the average
standard deviation of split frequencies, which were lower than
0.05 in all cases. The first 2,500,000 generations were
discarded as burn-in, and trees were summarized under the
50 % majority rule method.

Haplotype networks were built in R computing environ-
ment (R Development Core Team 2014) with pegas package
v. 0.6 (Paradis 2010) based on the mitochondrial COI se-
quences in M. nausithous and M. teleius. In this analysis,
our samples (55 individuals, see in Online Resource 2:
HG326644, KM517275-KM517328) and the sequences
from GenBank (JX311050-JX311307, Ritter et al.
2013) were used. First, the original alignment was re-
duced to get the maximal overlapping sequences using
MEGA v.6 (Tamura et al. 2013). Then, we deleted those
specimens from the alignment which had ambiguous
sites in their sequences. After this process, 101 specimens
with 984 bp remained in M. nausithous and 158 specimens
with 850 bp in M. teleius. Haplotype networks were created
using the reduced datasets in both species.
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Allozyme studies

Allozyme polymorphism was studied at 11 loci by vertical
polyacrylamide gel electrophoresis altogether in 1266 individ-
uals of four Maculinea species (Online Resource 1). Thoraxes
homogenized in 300 pl of extraction buffer were used to study
Gpdh, Gépgdh, Hk, Idh, Mdh, Pgi, Pgm and Sod. Abdomens
homogenized in 200 ul of extraction buffer were used to an-
alyse Acon, Aox and Est. The extraction buffer, the electro-
phoresis buffer systems and running conditions, together with
the staining solutions, were applied as described in Bereczki
et al. (2005).

Genotypes of the individuals were scored according to their
enzyme pattern. Genotype and allele frequencies were calcu-
lated on the basis of banding patterns. Measures of genetic
variation, i.e. average number of alleles per locus (&,), the
effective number of alleles (V,), Shannon’s information index
(1), average observed heterozygosity (H,) and proportion of
polymorphic loci on the basis of the 95 % criterion (P%) were
calculated for each species using GenAlEx v. 6.41 (Peakall
and Smouse 2000).

Allele frequencies were used to estimate Cavalli-Sforza
and Edwards (1967) chord distances, and a UPGMA dendro-
gram (Sneath and Sokal 1973) was constructed on the basis of
the distance matrix using Past v. 2.17 (Hammer et al. 2001). In
the case of M. alcon, a principal component analysis (PCA)
was conducted using the allele frequency data of the individ-
uals to investigate the basis of the differentiation between the
two types using different food plants (‘cruciata and
pneumonanthe types’). PCA was performed using Past v.
2.17 (Hammer et al. 2001).

The population genetic structure was also analysed by
Bayesian-clustering method (Pritchard et al. 2000). Here, we
estimated the most probable number of genetically dif-
ferentiated groups (K) in our populations and assigned
the individuals to these groups. Structure v. 2.3.4 was
run to carry out these analyses with initial burn in 100,
000 and running length 500,000. In the evaluation of
the results, AK was computed which indicates the
change in log probability between successive K values
(Evanno et al. 2005). Structure Harvester Web v. 0.6.93
(Earl and vonHoldt 2012) was used to compute the AK
values.

Results

Wolbachia infection

The prevalence of Wolbachia was 100 % both in M. alcon and
M. arion irrespective of phenology or differential food plant

usage while the infection level was 36.2 % in M. nausithous
and 14.4 % in M. teleius (Online Resource 1; Fig. 1a, b). In
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Wolbachia infestation of the latter two species, we could not
detect any geographical pattern (Fig. 1b).

All M. alcon individuals were infected with a single
Wolbachia strain which belonged to supergroup B (Table 1;
Fig. 2). The WSP allele no. 575 and the sequence type (ST)
no. 235 were identified in M. alcon. Similarly, all M. arion
individuals were infected with only one strain which belonged
to supergroup A (Table 1; Fig. 2). A new WSP allele was
identified from this species and submitted to the Wolbachia
MLST database (no. 685). The sequence type (ST) no. 403
was found in M. arion.

M. nausithous harboured various 16S rRNA sequences be-
longing to both Wolbachia supergroups A and B (Fig. 2;
Table 2). Additionally, highly divergent sequences occurred
even in a single population of this species. Similarly,
M. teleius contained different 16S rRNA sequences belonging
to both supergroups A and B (Fig. 2; Table 2). The parameters
of 16S rRNA gene diversity were proved to be higher in
M. teleius than in M. nausithous (Table 2). Additionally, neu-
trality tests indicated significantly positive departure from the
neutral model of molecular evolution.

The genetic diversity of Maculinea species
Mitochondrial DNA

The final COI alignment from the Carpathian Basin contained
110 sequences (Table 2, Online Resource 2) with a total length
of 1369 bases out of which 60 (4.4 %) sites were variable and
45 (3.3 %) were parsimony informative. The highest number
of these sites was detectable in M. nausithous. In total, 29
unique haplotypes were observed out of which 11 were in-
cluded in M. teleius. At the same time, M. alcon
‘pneumonanthe type’ involved only one mitotype similarly

Table 1  Wolbachia multilocus sequence typing in M. alcon and
M. arion
M.alcon M. arion
WSP (465/513 bp) 575 685 (new allele)
gatB (369 bp) 9 14
coxA (402 bp) 144 203
hcpA (444 bp) 91 238
ftsZ (435 bp) 36 185
fbpA (429 bp) 221 394
ST 235 403

Genes: WSP wolbachia surface protein, gatB aspartyl/glutamyl-
tRNA(GIn) amidotransferase, subunit B, cox4 cytochrome c oxidase,
subunit I, icpA conserved hypothetical protein, NCBI COG0217, fisZ
cell division protein, fbpA fructose-bisphosphate aldolase. The length of
sequences is in parentheses. ST sequence type based on five conserved
gene regions
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Fig. 2 The result of the Bayesian inference analysis with posterior P>
probability values based on Wolbachia 16S ribosomal RNA gene
sequences obtained from different Maculinea species. ALct M. alcon
‘cruciata type’, ALpt M. alcon ‘pneumonanthe type’, ARsp M. arion
‘spring type’, ARsu M. arion ‘summer type’, NA M. nausithous, TE M.
teleius. See the abbreviations in Online Resource 1 and 2

to M. arion ‘spring type’ which also included only a single
mitochondrial haplotype. Nucleotide diversity and the number
of segregating sites were very low and varied from 0 to
0.00476 and from 0 to 0.00671, respectively (Table 2). The
highest measures were found in M. nausithous. Neutrality
tests showed negative D values almost in all cases, but signif-
icant deviation from the neutral model of molecular evolution
was experienced only in M. nausithous where Fu and Li’s D
was positive (Table 2).

Based on the mitochondrial COI sequences, not all
Maculinea species differentiated from each other with high
statistical support (Fig. 3a). Interestingly, the split of
M. nausithous and M. teleius was practically without statisti-
cal support (posterior probability 0.55). In M. nausithous,
strong geographical pattern was recognized. The differentia-
tion of the three large regions (Western Hungarian,
Transylvanian and Eastern Carpathian) was highly pro-
nounced. Additionally, the populations of the Eastern
Carpathian clade also diverged geographically, but reduced
mitochondrial diversity was experienced in the other two re-
gions (Western Hungarian and Transylvanian). At the same
time, the resolution of COI sequences in the other three
Maculinea species proved to be very low. M. nausithous and
M. teleius specimens infected with Wolbachia did not form
separate clades.

The mitochondrial haplotype network which included also
the sequences of Ritter et al. (2013) showed five main haplo-
type groups in M. nausithous (Online Resource 5a). The cen-
tral group involved mostly Asian individuals and specimens
from Poland and Bulgaria. The Hungarian, Slovenian and
Transylvanian individuals as well as the majority of Croatian
specimens formed a distinct haplotype group in the
Carpathian Basin. The Western European individuals consti-
tuted two independent groups separated from each other by
numerous mutation steps. One of these groups involved the
majority of Western German specimens and certain French
individuals (Western Europe 2 in Online Resource 5a) linked
to the so-called Wolbachia clade although they were differen-
tiated from it by numerous mutations, and Ritter et al. (2013)
could not detect current infection in this group. Wolbachia
clade included mostly but not exclusively infected individuals
from Croatia, Russia and the Eastern Carpathian region of
Romania but none of the specimens from Hungary and
Slovenia despite the fact that these populations are mostly
infected with Wolbachia (Fig. 1b). In the case of M. teleius,
there is a central haplotype group which contained the
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Table 2 The parameters of DNA variability

Mitochondrial Nuclear (1680 bp) Wolbachia
COI (1369 bp) GAPDH (663 bp) MDH (648 bp) wg (369 bp) 16S rRNA (382 bp)

Maculinea alcon
N 27 30 38 38 20
V/PI 4/1 171 5/2 1/1 0/0
/HD 5/0.442 2/0.129 6/0.471 2/0.102 1/0.000
™ 0.00039 0.00019 0.00088 0.00028 0.00000
Oy 0.00076 0.00038 0.00183 0.00065 0.00000
Tajima’s D —1.27896 —0.76373 —1.34375 —0.82551 -
Fuand Li’s D —1.90894 0.59448 -1.63150 0.56879 -

M. alcon cruciata type
N 20 20 26 26 6
VPl 4/1 1/1 2/1 1/0 0/0
h/HD 5/0.558 2/0.189 3/0.280 2/0.077 1/0.000
™ 0.00051 0.00029 0.00045 0.00021 0.00000
Ow 0.00082 0.00043 0.00081 0.00071 0.00000
Tajima’s D —1.11111 —0.59155 —0.95988 —1.15559 -
Fuand Li’s D —1.69308 0.64952 —0.68907 —1.63377 -

M. alcon pneumonanthe type
N 7 10 12 12 14
VPl 0/0 0/0 4/2 1/0 0/0
h/HD 1/0.000 1/0.000 5/0.758 2/0.167 1/0.000
b 0.00000 0.00000 0.00173 0.00045 0.00000
Oy 0.00000 0.00000 0.00204 0.00090 0.00000
Tajima’s D - - —0.53993 —1.14053 -
Fuand Li’s D - - —0.45895 —1.32974 -

Maculinea arion
N 25 18 14 18 16
V/P1 6/2 3/1 4/1 4/3 0/0
h/HD 5/0.477 3/0.307 5/0.505 5/0.673 1/0.000
™ 0.00059 0.00065 0.00122 0.00271 0.00000
Ow 0.00116 0.00132 0.00194 0.00315 0.00000
Tajima’s D —1.47260 —1.40138 —1.22200 —0.42024 -
Fuand Li’s D —1.74111 —1.19315 —1.41428 0.21103 -

M. arion spring type
N 9 4 4 4 4
V/P1 0/0 0/0 0/0 2/0 0/0
h/HD 1/0.000 1/0.000 1/0.000 2/0.500 1/0.000
™ 0.00000 0.00000 0.00000 0.00271 0.00000
Oy 0.00000 0.00000 0.00000 0.00296 0.00000
Tajima’s D - - - —0.70990 -
Fuand Li’s D - - - —0.70990 -

M. arion summer type
N 16 14 10 14 12
V/P1 6/2 3/1 4/1 4/2 0/0
h/HD 5/0.667 3/0.385 5/0.667 5/0.725 1/0.000
™ 0.00087 0.00083 0.00164 0.00283 0.00000
Ow 0.00132 0.00142 0.00218 0.00341 0.00000
Tajima’s D —-1.16710 —1.27826 —0.94297 —0.56007 -
Fuand Li’s D —1.36562 —1.03687 —1.12706 —0.55476 -
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Table 2 (continued)

Mitochondrial Nuclear (1680 bp) Wolbachia
COI (1369 bp) GAPDH (663 bp) MDH (648 bp) wg (369 bp) 16S rRNA (382 bp)

Maculinea nausithous

N 32 26 26 26 25

V/PI 37/37 5/1 1/1 0/0 24/14

h/HD 8/0.817 6/0.412 2/0.443 1/0.000 6/0.641

™ 0.00476 0.00078 0.00068 0.00000 0.00775

Oy 0.00671 0.00198 0.00040 0.00000 0.01293

Tajima’s D —-1.05174 -1.70919 1.12990 - —1.29057

Fuand Li’s D 1.78939%* —2.24127 0.61208 - 1.72242%%*
Maculinea teleius

N 26 26 34 34 9

V/PI 13/5 1/0 2/1 1/0 19/18

h/HD 11/0.735 2/0.077 3/0.169 2/0.059 6/0.784

™ 0.00137 0.00012 0.00027 0.00016 0.02009

O 0.00257 0.00040 0.00075 0.00066 0.01301

Tajima’s D —1.78318 —1.15559 —1.27659 —1.13783 2.09187*

Fuand Li’s D —-1.53360 -1.63377 —0.77789 —1.72294 1.54015%%*
Total

N 110 100 112 116 70

V/PI 60/45 29/23 23/18 13/11 43/32

h/HD 29/0.910 13/0.803 16/0.829 10/0.770 10/0.650

b 0.03350 0.01298 0.00821 0.00972 0.01627

O 0.01866 0.00845 0.00670 0.00661 0.01241

Tajima’s D 1.99896 1.62704 0.65680 1.24070 0.89898

Fuand Li’s D 1.48974 —0.11654 —0.25446 0.28246 1.89932%*

Neutrality tests—Tajima’s D, and Fu and Li’s D

N the number of sequences, /' the number of variable sites, P/ the number of parsimony informative sites, 4 the number of haplotypes, HD haplotype
(gene) diversity, 7 nucleotide diversity (per site), 6, theta (per site) from the number of variable sites

Significance: *p<0.05; **p<0.02

majority of individuals both from Europe and Asia (Online
Resource 5b). Certain individuals from various geographical
regions were separated from this central group by one or two
mutation steps (and three in a single case). Only the Chinese
and the majority of Japanese specimens differed from the cen-
tral set of haplotypes by numerous mutations. A Wolbachia-
dominated clade which involved Asian specimens was also
recognizable in this species although several infected individ-
uals can be found in the central group as well.

Nuclear DNA

Altogether 1680 bases were studied from three different gene
regions (GAPDH, MDH and wingless) in 58 individuals
(Table 2, Online Resource 2). In general, the diversity of these
DNA fragments was lower than that of mitochondrial se-
quences. The highest variability was detected in M. arion
and the lowest in M. feleius. Neutrality tests did not indicate
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significant departure from the neutral model in any of the
species.

Based on the concatenated nuclear sequences, all
Maculinea species differed from each other perfectly
(Fig. 3b). Some pattern was experienced only in
M. nausithous but it did not correspond with geographical
regions. The infected individuals clustered into separate
clades neither in this case. The resolution of the differ-
ent nuclear regions did not differ from each other con-
siderably although wingless gene seemed to be the less suit-
able for the reconstruction of phylogeography (Online
Resource 3a, b, ¢).

Allozymes
The allozyme variability of Maculinea species was generally

low. M. arion exhibited the highest level of polymorphism
while M. teleius did the lowest level (Table 3).
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All Maculinea species clearly differed from each other
based on allozyme loci as well (Fig. 4a). Allozymes showed
highly homogeneous pattern in M. arion and M. teleius
(Online Resource 4). At the same time, both the dendrogram
and the Bayesian analysis of the genetic structure indicated
strong differentiation among the large geographical regions in
M. nausithous similarly to mitochondrial sequences (Fig. 4a,
Online Resource 4). The pattern emerging in M. alcon
corresponded with different food plant usage but this corre-
spondence was not entirely clear (certain ‘pneumonanthe type’
populations, i.e. ALpt-Dra and ALpt-Gyk clustered into the
‘cruciata type’ populations, see in Fig. 4a). Simultanecously,
principal component analysis clearly showed that the ‘cruciata
and pneumonanthe type’ populations were separated along the
first axis which explained 46.9 % of the total variance, and the
locus esterase showed the largest loading in this axis (Fig. 4b).

Discussion

In this paper, we provide a comprehensive view about
Wolbachia infection and the genetic diversity of Maculinea
butterflies in the Carpathian Basin. The prevalence and the
pattern of the infestation highly differ among Maculinea spe-
cies. M. alcon and M. arion are infected in 100 %, each of
these species with a single strain. Similarly, Sielezniew et al.
(2012) reported a 100 % prevalence of a single strain in the
Polish and Lithuanian populations of M. alcon.
Simultaneously, all studied individuals in the Polish and
Italian populations of M. arion proved to be infected with
one strain (Sielezniew et al. 2012; Patricelli et al. 2013). The
Wolbachia 16S tRNA gene sequences were identical in all
studied European populations in M. alcon and in M. arion,
separately, but the two types of strains harboured by these
species did not mix with each other in any particular case
probably because there is cytoplasmic incompatibility be-
tween them. Interestingly, 19 populations of Euphydryas
aurinia in the UK (Smee 2011) proved to be also infected in
100 % with the same strain as M. alcon in our study.
Nevertheless, the phenotype of this Wolbachia strain has
remained unknown in both host species.

The establishment of the Wolbachia’s effects on the hosts
strongly requires experimental confirmation since one partic-
ular strain may cause the same (Dyson et al. 2002) or different
(Fujii et al. 2001) reproductive alterations in different hosts.
Namely, the phenotype seems to be dependent on interactions
between the bacteria and the genomic make-up of the individ-
ual host. Without any experimental confirmation, we can only
hypothesize the potential phenotypes of the strains based on
the infection rate and the genetic diversity of host species. The
infestation pattern, i.e. 100 % prevalence of a single strain
each in M. alcon and M. arion refers to the perfect vertical
transmission of Wolbachia in these hosts. Vertically
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Fig. 3 a The result of the Bayesian inference analysis with posterior P>
probability values based on mitochondrial COI sequences; b consensus
phylogeny from the Bayesian inference analysis with posterior
probability values based on the combined dataset of three nuclear
regions (GAPDH, MDH and wg). ALct M. alcon ‘cruciata type’, ALpt
M. alcon ‘pneumonanthe type’, ARsp M. arion ‘spring type’, ARsu M.
arion ‘summer type’, NA M. nausithous, TE M. teleius. The infected
individuals are indicated with . See the abbreviations in Online
Resource 1 and 2

transmitted endosymbionts are generally considered to be
evolved towards mutualism because their evolutionary fate
is closely linked to that of their hosts (Fine 1975; Yamamura
1993; Zug and Hammerstein 2014). Probably these particular
strains were able to overcome these hosts’ immune system and
rule out the other strains competitively through cytoplasmic
incompatibility.

The effects of Wolbachia on these hosts’ gene diversity
seem to be variable in the different European regions. The
Polish and Lithuanian populations of M. alcon have a com-
plete lack of mitochondrial sequence variation. Moreover,
barcoding gene sequences proved to be identical from
Western Europe to Kazakhstan and Kyrgyzstan (Sielezniew
et al. 2012). The Polish populations of M. arion also have
restricted mtDNA variation. However, mitochondrial haplo-
type diversity varies according to geographical regions in
Italy. Generally, Italian populations share variable mitochon-
drial haplotypes apart from some Northern and Central Italian
populations which have reduced diversity (Patricelli et al.
2013). In both species, the nuclear elongation factor 1« char-
acterized by low substitution rate showed higher variability
than the mitochondrial sequences whose evolutionary speed
is commonly known to be high. On the contrary, in the
Carpathian Basin, nuclear variation based on 1680 bases from
three different gene regions (GAPDH, MDH and wingless)
was lower even than the restricted mitochondrial diversity,
thus the nuclear data were uninformative to reconstruct the
phylogeography of these species. In addition, neutrality tests
did not result in significantly negative values in any of these
species. Therefore, we could not find evidence for Wolbachia-
induced selective sweeps which arose in the previous studies
in spite of the presence of a single strain and the highly re-
duced mitochondrial variation.

Additionally, it seems that not Wolbachia are responsible
for the controversial patterns of mitochondrial and morpho-
logical variability of the different forms of M. arion. The re-
sults of the present study do not support the ‘one barcode—two
species’ hypothesis. On the one hand, the allozymes do not
show differentiation between the phenological forms.
Although allozyme diversity of Maculinea species is general-
ly low compared with other lycaenids (Schmitt et al. 2003;
Schmitt and Hewitt 2004; Aagaard et al. 2002), it is suitable
for species separation in this genus (Pecsenye et al. 2007). On
the other hand, although these forms harbour the same strain,
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Fig. 3 (continued)
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Table 3 The parameters of

allozyme variability based on 11 N Na Ne 1 H, P%

toct Maculinea alcon 22.019 1.699 1.320 0.268 0.139 45.932
M. alcon cruciata type 23.063 1.776 1.331 0.281 0.143 48.252
M. alcon pneumonanthe type 19.758 1.530 1.294 0.241 0.128 40.907
Maculinea arion 15.397 1.959 1.379 0.350 0.199 60.333
M. arion spring type 16.500 2.023 1.349 0.346 0.210 61.365
M. arion summer type 14.766 1.922 1.396 0.353 0.193 59.743
Maculinea nausithous 17.936 1.786 1.333 0.281 0.148 45.988
Maculinea teleius 24.376 1.745 1.151 0.202 0.097 63.638
Total 20.295 1.780 1.293 0.270 0.142 52.790

N sample size, N, average number of alleles per locus, N, the number of effective alleles=1/(Sum 7%), /
Shannon’s information index=—1x Sum (7% Ln (p1)), H, observed heterozygosity=No. of Hets/N, P%=percent-

age of polymorphic loci

we could not detect mito-nuclear discordance and significant
deviation from the neutral model of molecular evolution. One
further possibility to explain the differentiation between the
‘spring and summer types’ of M. arion is their differential host
ant usage, but we do not possess any data about it in the
Carpathian Basin. Thus, there is an urgent need of information
about host ants on this geographic scale. The two forms of
M. alcon seem to differentiate only based on their initial host
plant usage since the ‘cruciata and pneumonanthe type’ pop-
ulations show a strong trend to differ on the basis of esterase
locus which is known to be related to adaptation to host plants.
In Colias butterflies, esterase D allozymes co-vary with food
plant use, suggesting a role in detoxifying plants’ chemical
defences (Burns 1975).

The infection level of M. nausithous and M. teleius is much
lower than in M. alcon and M. arion. On the one hand, this
means lower infection rate in both species. On the other hand,
probably fewer Wolbachia are present in one individual be-
cause we could amplify the highly conservative 16S rRNA
gene only in double PCRs. Additionally, these hosts—even in
a single population of M. nausithous—are infected with mul-
tiple strains belonging to supergroup A or B. This infestation
pattern refers to incomplete vertical transmission of
Wolbachia in these host species and extensive horizontal
transfer in/between them. Although several potential horizon-
tal transfer routes can exist in all Maculinea species, e.g. trans-
fer by Myrmica host ants being in regular physical contact
with caterpillars (ant workers feed them by regurgitation or
caterpillars feed on the ant brood) or transfer by parasitoids (in
certain cases, the host’s immune system may neutralize the
parasitoid larva, see Davies and Vinson 1986; Hu et al.
2003), the lifecycle of M. teleius and M. nausithous is closely
related to each other in many respects. Females in both species
lay their eggs on Sanguisorba officinalis. Besides, they can
use the same host ants and even the same ant nest may harbour
M. teleius and M. nausithous individuals since they often oc-
cur in the same habitat (Tartally 2008). Additionally,
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caterpillars can be parasitized by the same wasp species, e.g.
Neotypus melanocephalus which infects the young larvae on
the food plant (Shaw et al. 2009). Namely, extensive horizon-
tal transfer routes can exist to mediate Wolbachia in both spe-
cies (and between them) which corresponds with the presum-
ably incomplete vertical transmission. In the conventional
view, horizontal transmission favours parasitism (Anderson
and May 1982), but we also need experimental studies to
identify the phenotype of Wolbachia in these hosts.

As it is indicated by the significantly positive values of the
neutrality tests in the case of Wolbachia 16S rRNA gene in
these host species, there is likely to be strong selection on
Wolbachia themselves, possibly exerted by host defensive
mechanisms. Wolbachia strains can differ in their ability to
transfect different hosts and not all host species are equally
permissive (Werren et al. 2008). M. teleius and M. nausithous
seem to be more resistant to Wolbachia than M. alcon and
M. arion which is inferred from their much lower infection
rate and the attempted invasion of multiple strains into these
hosts. Probably different strains try to colonize these hosts and
they could compete with each other.

Previously, cryptic speciation has been hypothesized for
M. teleius and M. nausithous, based on deep mitochondrial
split in each of these species (Ugelvig et al. 2011; Pech et al.
2004; Als et al. 2004). Ritter et al. (2013) tested the theory of
cryptic speciation on a comprehensive sample across the
Palaearctic ranges and revealed that deep mitochondrial diver-
gence did not correspond with microsatellite data but was
concordant with Wolbachia infection in both species.
Haplotypes previously attributed to cryptic species were part
of Wolbachia-infected clades thus deep intraspecific diver-
gences found in DNA barcode studies coincide with specific
infection patterns. In contrast with these results, in the
Carpathian Basin, mitochondrial haplotypes of specimens in-
fected with Wolbachia formed separate clades neither in
M. nausithous nor in M. teleius. Although the genetic diversity
was the highest in M. nausithous, the phylogenetic and
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Fig. 4 a UPGMA dendrogram based on allozymes using Cavalli-Sforza
and Edwards’ chord distances. b The results of PCA in M. alcon. Each
symbol represents one sample in the reduced space by variances. The first
two axes explain 66.6 % of the total variance. The ‘cruciata and
pneumonanthe types’ of M. alcon clearly differ along the first axis

allozyme patterns mainly reflect the biogeographical history
of the species since the great part of the variability arises from
the differentiation of the large geographic regions which
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T
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Component 1

determined by the alleles 2 and 3 of esterase locus. ALct M. alcon
‘cruciata type’, ALpt M. alcon ‘pneumonanthe type’, ARsp M. arion
‘spring type’, ARsu M. arion ‘summer type’, NA M. nausithous, TE M.
teleius. See the abbreviations in Online Resource 1

coincides the disjunct distribution of M. nausithous. Namely,
M. nausithous only occurs on the Western and the Eastern
edges of the Carpathian Basin with a large distributional gap
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in the centre where the species is missing. Interestingly, we
could not detect this pattern in the nuclear genome maybe
because of data deficiency (we could not amplify nuclear se-
quences from the Eastern Carpathian clade at all because of
DNA degradation). The structured haplotype network reflects
complex phylogeographical pattern in M. nausithous. Beside
the various Asian haplotypes, the European populations are
also divided to distinct haplogroups which suggest that the
species survived during Pleistocene ice ages within different
European glacial refugia. At the same time, one of the Western
European haplogroups is interposed between the Asian and
Wolbachia-dominated clade. Although, Ritter et al. (2013)
could not detect current infection in this group (Western
Europe 2), it is possible that the pronounced genetic distance
between the two Western European haplogroups is the result
of a historical infection. Therefore, it seems that biogeograph-
ical factors and Wolbachia infestation could shape together the
genetic structure of M. nausithous. Simultaneously, the diver-
sity of M. teleius was very low on the basis of all the studied
genetic marker sets and neutrality tests did not lead to signif-
icantly negative results. The haplotype network that includes
specimens from the whole Palearctic shows the higher diver-
sity of the species in Eastern Asia. This elevated genetic var-
iability refers to isolated refugial areas in this region owing to
the complex topography. Simultaneously, the considerable
differentiation of Wolbachia-dominated clade indicates the ef-
fect of the infestation on the genetic diversity of M. teleius
although further studies need to discover the exact effects of
Wolbachia on this host.

In summary, our research provides a comprehensive
description of the Wolbachia infestation and the genetic
diversity of Maculinea butterflies in the Carpathian
Basin. Based on our results, we cannot hold Wolbachia
responsible for the highly reduced genetic diversity of the
target species exclusively. Probably several factors shape
together the level and pattern of genetic variability in
Maculinea butterflies, e.g. biogeography and/or popula-
tion dynamics. Wolbachia are only one of these factors
but their importance is very high not only in terms of
evolutionary but also conservation biology. A case study
about North American Lycaeides butterfly species empha-
sizes that Wolbachia has to be considered before intro-
ducing individuals from one population to another be-
cause they may cause failure of introduction attempts
due to CI (Nice et al. 2009). Introducing individuals from
a source population infected with Wolbachia to another
population infected with another strain can destroy the
population that we wanted to save originally. Maculinea
species are endangered and their reintroduction has been
also achieved several times (Wynhoff 1998; Andersen
et al. 2014; Thomas et al. 2009). Therefore, we cannot
work out and execute reintroduction action plans respon-
sibly without considering Wolbachia infection.
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