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Abstract

The plausibility of sympatric speciation is still debated despite increasing evidence, such as host races in insects. This speciation
process may be occurring in the case of the two phenological forms of the obligatorily myrmecophilous Phengaris arion. The main
goal of our research was to study the nature and causes of difference between these forms focusing primarily on the incipient
speciation via host races. Molecular analyses based on highly variable microsatellites together with Wolbachia screening, male
genitalia morphometrics and host ant studies were carried out on four syntopic sample pairs. Our results show that the two
phenological forms of P arion may meet the criteria for host plant races. They coexist in sympatry in certain parts of the species
range which is allowed by the adaptation to the distinct phenology of the host plants. Negative selection acts against the intermediate
individuals which are on the wing in the inappropriate time frame. Thus, disruptive selection affects and produces bimodal
distributions of phenotypes. However, the phenology of food plants is not entirely distinct and fluctuates year by year. Therefore,
the two forms can exchange genes occasionally depending on the length of the time slot when they can meet with each other.
Consequently, the reproductive isolation could not be completed and the existence of the two arion forms may represent only an
incipient stage of sympatric speciation. It is also clear that Wolbachia is likely not a driver of sympatric speciation in this case.

Keywords Spring and summer arion - Microsatellites - Genetic differentiation - Male genitalia morphometrics - Wolbachia

Introduction

Speciation is considered as a more or less continuous process
starting from polymorphisms within species through the emer-
gence of intermediate forms with increasing reproductive iso-
lation up to the formation of new species. However, the exact
route to speciation remains contested in many cases (Turelli
etal. 2001). Traditionally, allopatric speciation is regarded as a
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null model of speciation, which requires only geographical
isolation and time long enough (Futuyma and Mayer 1980).
While the opposite extreme, sympatric speciation is diver-
gence within a single geographical region such that the range
of one nascent species completely overlaps the other
(Fitzpatrick et al. 2008). Gavrilets (2003) pointed out that such
a geographical definition is not precise enough because it does
not specify the population structure of the ancestral popula-
tion. Therefore, evolutionary biologists have redefined sym-
patric speciation non-spatially to require panmixia between a
pair of demes before onset of reproductive isolation (Mallet
etal. 2009). Although sympatric speciation is possible even in
this restricted population genetic sense (Fitzpatrick et al.
2009), it is still thought by many to be rare in its most general
sense.

Substantial indications, however, now exist that sympatric
speciation may have a significant role in the evolution of insects
(Berlocher and Feder 2002; Bolnick and Fitzpatrick 2007,
Coyne 2007; Dres and Mallet 2002; Via 2001). Host-
associated biotypes, including host races in plant-feeding in-
sects, have often been used as evidence for the plausibility of
sympatric speciation representing its incipient stage (Bush
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1969; Feder 1998, Filchak et al. 2000; Tauber and Tauber
1989). Host races are defined as sets of populations that (i)
coexist in sympatry in at least part of their range, (ii) use differ-
ent host taxa and consist of individuals that exhibit ‘host fidel-
ity’, i.e. are associated with a particular host, (iii) are genetically
differentiated at more than one locus, (iv) regularly exchange
genes at a rate of more than ca. 1% per generation and (v) are
spatially and temporally replicable, i.e. are more genetically
differentiated from populations on another host in sympatry
(and at the same time) than at least some geographically distant
populations on the same host (Drés and Mallet 2002).

Sympatric speciation through these intermediates involves
ecologically driven reproductive isolation associated with ad-
aptation to alternative discrete resources and/or niches.
Selection against intermediate phenotypes is the central driv-
ing force for sympatric speciation (Nosil 2012). These inter-
mediates are disadvantageous because they accrue fewer re-
sources as a result of density- and frequency-dependent selec-
tion or they procure fewer mates as a result of preferences for
extreme phenotypes (Turner and Burrows 1995). Disruptive
selection may produce bimodal distributions of phenotypes or
drive the evolution of reproductive isolation for sympatric
taxa which are then maintained usually via assortative mating
(Dieckmann and Doebeli 1999; Turelli et al. 2001).

The existence of different host races together with the pos-
sibility of sympatric speciation has emerged in the case of the
obligatorily myrmecophilous Large Blue Phengaris arion
(Linnaeus, 1758). This species has a very special socially par-
asitic life cycle depending on the dual presence of the specific
initial food plant and host ant species. Females lay their eggs
on flower-buds of their specific initial food plant. Young lar-
vae feed on developing seeds, quickly growing through three
instars but gaining only a few percent of their final weight.
After 2-3 weeks, larvae drop to the ground and wait for for-
aging Myrmica ant workers which adopt them. In the ant nest,
larvae follow a ‘predatory’ strategy, preying on ant brood for
10—11 months (Thomas et al. 1989). The average life span of
imagoes is only a few days (Nowicki et al. 2005; Osvath-
Ferencz et al. 2017).

Previous genetic studies have investigated a wide variety of
P, arion populations concerning the biotope, larval food plant
and host ants of the butterfly (Sielezniew et al. 2015;
Sielezniew and Rutkowski 2012). According to these studies,
the pattern of ecological variation does not influence the cur-
rent genetic structure. Instead of this, it is probably shaped by
landforms and the recent isolation of populations related to
habitat fragmentation but local ant-related ecological special-
izations may be also a potential factor. However, these surveys
did not aim to investigate the temporal dynamics of differen-
tiation related to phenological variation of the target species.

P. arion has two phenological forms whose coexistence has
been recorded in certain parts of the species range, such as the
Carpathian Basin (Bereczki et al. 2011, 2014, 2015). The fast-
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flying, smaller-sized and dark violet-blue form (referred to as
‘spring arion’ hereafter) flies from mid-May to mid-June and
prefers short-grass dry swards with cushions of early
flowering Thymus species, which serve as initial food plants.
The slower, larger and light silvery blue form (referred to as
‘summer arion’) is on the wing from the end of June to mid-
August and mostly occurs at xerothermic oak forest fringes,
on woodland clearings and in fen-like habitats in hilly areas.
Females oviposit among flower-buds of late-flowering
Thymus species and/or Origanum vulgare L.

Although previous studies have found significant morpho-
logical differences between the two arion forms both in wing
and genitalia, they could not show any genetic isolation be-
tween them based on either the investigated mitochondrial and
nuclear gene regions or allozyme loci (Bereczki et al. 2011,
2014, 2015). Nevertheless, the authors raised the possibility
that the analysed markers were not suitable for the detection of
the divergence between the forms because of their fairly low
variability. They hypothesised that all extant differences be-
tween the spring and the summer arion are attributable to (1)
different host-ant use, (2) incipient speciation, (3) cytoplasmic
incompatibility induced by Wolbachia, or a combination of
these factors.

Intracellular bacteria belonging to the genus Wolbachia
have attracted considerable interest in the past decade primar-
ily because of their vast abundance and fascinating effects on
their hosts, which range from reproductive manipulation to
mutualism (Werren et al. 2008). They are usually vertically
transmitted from mother to offspring manipulating the host
reproduction in ways that enhance their transmission to future
generations. Accordingly, Wolbachia infections are associated
with a variety of phenotypic effects on the hosts, such as
cytoplasmatic incompatibility (CI) when the sperm of infected
males is incapable of fertilizing the eggs of females which are
uninfected or infected with a different strain (Hoffmann and
Turelli 1997; Werren et al. 2008). The induction of CI between
diverging populations could drive the evolution of new spe-
cies. Therefore, Wolbachia may have an important role in
accelerating the evolution of their hosts (Werren 1997).
However, numerous studies also exhibit a positive correlation
between bacterial titer and CI highlighting the importance of
Wolbachia density for CI expression (Bourtzis et al. 1996;
Boyle et al. 1993; Breeuwer and Werren 1993; Calvitti et al.
2015; Tkeda et al. 2003; Veneti et al. 2003). Beyond maternal
transmission Wolbachia can also spread horizontally between
phylogenetically distant but ecologically linked species (Hurst
et al. 1992; Van Meer et al. 1999; Werren et al. 1995; Zhou
etal. 1998). There are well-known examples when predacious
species bear the same Wolbachia strain as their prey (Hoy and
Jeyaprakash 2005; Kittayapong et al. 2003; Le Clec’h et al.
2013). This transmission route could have importance in
P. arion as its caterpillars feed on the larvae of the host ants.
Multiple host ant use provides the butterfly an opportunity to
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obtain a variety of bacterial strains which may induce CI be-
tween the competing strains driving ultimately to speciation in
their butterfly host.

Here, we study the nature and causes of difference between
the two phenological forms of P. arion focusing primarily on
incipient speciation via host races. Therefore, we aimed (i) to
estimate the level of genetic differentiation and gene-flow be-
tween the two forms of P. arion on the basis of highly variable
microsatellites, (ii) to reveal whether differences in external
genital traits also emerge between sympatric populations of
the different forms systematically, (iii) to gather information
on possible differences in host ant use of spring and summer
arion and (iv) to estimate the intracellular Wolbachia infesta-
tion both in butterflies and their ant hosts.

Materials and methods
Samples

We sampled four syntopic pairs of the two P. arion forms in
the Aggtelek Karst region of NE Hungary (Fig. 1), namely on
the Korlat hill (TKo and NKo), Zabanyik (TZa and NZa),
Perkupa (TPk and NPk) and Szin (TSi and NSi). The letter
‘T’ in the sample codes refers to spring arion, the letter ‘N’
indicates summer arion. Altogether, 138 adults were collected
out of which 68 were spring and 70 were summer arion (see
Suppl. Table S1 for more details). The two arion forms were
differentiated based on the date of collection and their external
characters. Imagoes were collected with a butterfly net and
stored as dried material until molecular analyses.

Microsatellite studies

DNA was extracted from the proximal part of the abdomen
following the protocol in Bereczki et al. (2014). Microsatellite
polymorphism was studied at 9 loci, namely Macu8, Macull,
Macul5, Macud4, Macu45, Macari05, Macaril 6, Macaril 9
and Macari22 characterised by Ugelvig et al. (2011, 2012)
and Zeisset et al. (2005). During amplification, we used fluo-
rescent dye-labelled primers described by the authors men-
tioned above, and PCR reagents and conditions described in
Récz et al. (2015). After amplification, microsatellite products
were multiplexed in two reactions (multiplex 1 with the loci
Macull, 15, 44, 45, Macaril 6 and multiplex 2 with the other
four loci) and fragment analysis was carried out on an ABI
3130 Genetic Analyser in the Molecular Taxonomy
Laboratory of the Hungarian Natural History Museum
(Budapest, Hungary). Allele sizes were estimated using Peak
Scanner software (Thermo Fisher Scientific, Waltham, MA,
USA). Micro-Checker 2.2.3 (Van Oosterhout et al. 2004) was
used for calculating null allele frequency by Monte Carlo sim-
ulation of expected homozygote frequencies and heterozygote
allele size differences.

Parameters of polymorphism, including the average num-
ber of alleles per locus (Na), the effective numbers of alleles
(N,), allelic richness (AR), Shannon’s information index (I),
proportion of polymorphic loci on the basis of the 95% crite-
rion (P%), observed heterozygosity (H,), expected heterozy-
gosity (H.) and Wright-index for heterozygote deficiency
(F1s) values were calculated for both forms using GenAlEx
6.502 (Smouse et al. 2015) and Fstat 2.9.3.2 (Goudet 1995).

Genetic differentiation between the two types of P. arion
was analysed using Fst values (Weir 1996; Wright 1978). On
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Fig. 1 Syntopic sampling sites of spring and summer arion in the Aggtelek Karst region of Hungary
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the one hand, pairwise Fgr values were calculated among
populations using the ‘hierfstat’ package (Goudet 2005) in
the R computing environment (R Core Team 2018). Based
on the obtained Fg1 matrix, we constructed an unrooted neigh-
bour joining (NJ) tree using the ‘ape’ package (Paradis et al.
2004). On the other hand, we computed Fgt values per locus
between the syntopic sample pairs by Fstat 2.9.3.2 (Goudet
1995).

Analysis of molecular variance (AMOVA) was performed
using Arlequin 3.5.1.2 (Excoffier and Lischer 2010). In the
computation of hierarchical AMOVA, the samples were
grouped according to their phenology (spring vs. summer
type) or their geographical origin (i.e. locality). In this analy-
sis, the total genetic variation was partitioned into four com-
ponents: between groups, between phenology within locality
or between locality within phenology (depending on the
grouping), between samples within a group and within
samples.

The genetic structure of the populations was analysed using
Bayesian-clustering method (Pritchard et al. 2000). Here, we
estimated the most probable number of genetically differenti-
ated groups (K) in our populations and assigned the individ-
uals to these groups. Structure 2.3.4 was run to carry out these
analyses using default settings with an initial burn in of
100,000 steps and running length of 500,000 steps. 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 0.6.93 (Earl
and Von Holdt 2012) was used to compute the AK values.

The number of effective migrants (V,,) was also estimated
between samples by Barton and Slatkin’s method (Barton and
Slatkin 1986), which based on private alleles, using Genepop
on the web (Raymond 1995; Rousset 2008).

Wolbachia studies

The same DNA extracts used for microsatellite studies were
screened for Wolbachia. Each specimen was screened by the
amplification of the highly conservative 16S ribosomal RNA
gene with Wolbachia specific W-Spec primers developed by
Werren and Windsor (2000). The amplification procedure de-
scribed in Racz et al. (2015) was followed. We used positive
(confirmed infected samples) and negative controls (master
mix without any DNA sample) in each reaction. The success
of PCRs, i.e. Wolbachia presence, was checked by running
2 ul of product on 1% agarose gels stained with GelRed
Nucleic Acid Stain (Biotium Inc., Fremont, CA, U.S.A)).
Wolbachia strain identification was carried out by the am-
plification of Wolbachia surface protein (WSP) (Baldo et al.
2006). WSP typing was completed in 41 individuals (Suppl.
Table S1). After sequencing, we identified the strains in the
Wolbachia MLST database (http://pubmlst.org/wolbachia/).
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The relative abundance of Wolbachia was quantified using
real-time quantitative PCR (RT-QPCR) technology.
Wolbachia copy number was determined by measuring 16S
rRNA gene level using the W-Spec primers of Werren and
Windsor (2000). To calculate the relative abundance of
Wolbachia, the copy number of the host-specific histone 3
(H3) gene was measured from the same DNA extract (using
H3 primers from Talavera et al. (2013)). Measurements were
made with a Quantstudio 12K Flex instrument (Thermo
Fisher Scientific, Waltham, MA, USA). The 10-pl reaction
mixture contained 5 pl of SYBR Green I Master mix
(Roche Life Science, Penzberg, Germany), 0.2 ul of 10 uM
primer mixture of forward and reverse primers and 4.8 pl of
DNA extract (10 ng/ul). Run profile was as follows: 95 °C for
10 min, followed by 40 cycles of amplification (95 °C for 15 s,
60 °C for 30 s). Specificity of the used primer pairs was
checked by the melting curve analysis of the amplified
products.

The differences in Wolbachia quantity were tested between
the two forms and we also completed pairwise comparisons
by sampling sites. As the dataset does not follow normal dis-
tribution, we performed a Kolmogorov-Smirnov test using
PAST 2.17 (Hammer et al. 2001).

Morphometric analyses

Only males were used for the morphometric survey
(altogether 104 specimens, see Suppl. Table S1). The prepa-
ration of male external genitalia was performed following the
procedure described in Bereczki et al. (2014). Genital slides
were digitised using an Olympus camera on a Wild Heerbrugg
M420 Microscope. Since we found few reliable landmarks on
valvae, we recorded a close curve on it which is basically a
series of equally distributed semi-landmarks around the out-
line of the shape (Fig. 6a) using TpsDig 2.3.1 (Rholf 2015).
For the analysis of the outlines, elliptic Fourier analysis
(Giardina and Kuhl 1977; Kuhl and Giardina 1982) was used.
The algorithm fits Fourier series on x- and y-coordinates as
functions of the curvilinear abscissa using PAST 2.17
(Hammer et al. 2001). The Fourier coefficients were analysed
in the R computing environment (R Core Team 2018).

Measurement error was calculated by the following formu-
1a: ME = Syithin /(Swithin” + Samong_) * 100 (Lessells and Boag
1987) where Swithmz is the within-measurement component of
variance and Sam(,,,g2 is the among-measurement component.
Variance components were calculated using ANOVA (Bailey
and Byrnes 1990; Yezerinac et al. 1992) in the R computing
environment (R Core Team 2018).

Principal component analyses (PCA) were applied on the
Fourier coefficients to reduce the number of variables. The
scores of the PC axes, which could explain more than 1% of
the total variance, were used in a canonical variate analysis
(CVA) and a multivariate analysis of variance (MANOVA)
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(see Dapporto et al. (2009) for more details). Jack-knifed
grouping and Wilks’ lambda were applied to quantify the level
of separation between groups. Wilks’ lambda measures the
discriminatory power of the model. Its value ranges from 0
(perfect discrimination) to 1 (no discrimination). All morpho-
metric analyses were carried out using PAST 2.17 (Hammer
et al. 2001) just like the calculation of genital sizes following
the method of Kuhl and Giardina (1982). The size difference
between the two forms were analysed by nested ANOVA
using the ‘nlme’ package in the R computing environment
(Pinheiro et al. 2017) where the localities of samples were
used as random factor (R Core Team 2018).

Host ant studies

To gather information on possible differences in host ant use
of spring and summer arion, we surveyed the potential host
ants in those four localities where P. arion had been sampled
(Fig. 1). The habitats of the two types of P. arion were partly
separated on two of these sites (Korlat hill and Perkupa), while
their occurrence completely overlapped in the other two local-
ities (Szin and Zabanyik).

Ten pitfall traps per habitat (altogether 60 traps) were set up
to examine the Myrmica species composition. The traps were
placed close to one of the food plants (Thymus sp. or
Origanum vulgare). In this way, Myrmica falling into the traps
could putatively find the dropped P. arion caterpillars and may
be considered as potential host ant species. Traps were oper-
ated for a week.

Additionally, the habitat was scanned for Myrmica nests.
Nests found were carefully opened and five individuals were
collected from each of them which were preserved in ethanol
for identification and Wolbachia screening. Nests were also
checked for P. arion specimens. After excavation, the ground
and vegetation were restored as close to the original condi-
tions as possible.

Myrmica species data from the pitfall traps and from the
nest searching were combined to a single dataset as follows:
species data were counted as presence-absence data per pitfall
trap and per nest and then they were summed in each habitat
patch. In this way, we could get a picture of how many traps
caught the given species and also how many nests of it were
found. The collected Myrmica data was visualised on a single
map by geo-referenced pie charts.

For barcode-based species identification and Wolbachia
screening, DNA was extracted from the whole body of the
Myrmica specimens collected from traps and the excavated
nests following the protocol of Bereczki et al. (2014). We
sequenced the mitochondrial cytochrome ¢ oxidase subunit I
gene (COI) using commercial service provider Macrogen. Inc.
(Seoul, South Korea). This gene was amplified by modified
universal primer pairs HybLCO and HybHCO of Wahlberg
et al. (2008) following the amplification protocol presented in
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Toth et al. (2014). After the revision of sequences, we identi-
fied the specimens at species level using the COI dataset from
Jansen et al. (2010). Wolbachia screening and strain identifi-
cation in Myrmica were carried out in a similar way as in the
case of P. arion.

Results
Microsatellite studies

The Micro-Checker analysis showed signs of null alleles in
only three cases (at the locus Macari22 in the spring arion
sample of Korlat hill, at Macaril9 in the summer type from
the same locality and at Macaril 6 in the spring arion sample
of Perkupa). Since we did not detect systematic evidence for
null alleles at any of the studied microsatellite loci, the whole
dataset was used for the further analyses.

Microsatellite variability proved to be generally very high
(with 122 alleles in total) without remarkable difference be-
tween the spring and summer arion (Table 1). We experienced
significant heterozygote deficiency in three samples (see Fig
values in Table 1).

Genetic differentiation between the two types of P. arion
was pronounced in all of the analyses. The NJ tree based on
pairwise Fst values showed clear separation between the two
phenological forms (Fig. 2). Fsr values per locus indicated
low or moderate (Balloux and Lugon-Moulin 2002), but sig-
nificant differences between the syntopic sample pairs at 2—4
loci (Table 2).

According to the hierarchical AMOVA, the separation be-
tween the two types of P. arion was also evident (see
FrPm02Y in Table 3). In contrast, we did not detect signif-
icant differentiation between the samples when grouping them
according to their geographical origin (see Fer'®*'Y in
Table 3).

The most probable number of genetically differentiat-
ed groups (K) proved to be two in the Structure analysis
(Fig. 3). The two clusters corresponded with the phenol-
ogy of samples, i.e. the spring and the summer arion
clearly differed in this analysis as well. Nevertheless,
we also detected low gene flow between them since there
are spring arion individuals with summer-type genetic
background and vice versa. In parallel with this, the
number of effective migrants (V,,) between the syntopic
sample pairs was 1-2 individuals (Fig. 3) which also
corresponds to low gene flow between them (Waples
and Gaggiotti 2006).

The gene flow was weaker between the spring and summer
arion than between the populations in each type (Fig. 4). The
number of effective migrants (V,,,) was higher in the summer
than in the spring form.
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Table 1 Parameters of microsatellite polymorphism based on 9 loci.
N =sample size; N, =average number of alleles per locus; N, =the
number of effective alleles; AR =allelic richness (N =11); I=
Shannon’s information index; P% = percentage of polymorphic loci on

the basis of the 95% criterion; H, = observed heterozygosity; H.=
expected heterozygosity; Wright-index for heterozygote deficiency
(Fs). The abbreviations are the same as in Table S1. Level of signifi-
cance: *P <0.05

Sample N N. Ne AR 1 P% H, H, Fis
TKo 15.78 6.78 3.85 6.10 1.49 100 0.671 0.682 0.049
TZa 14.56 7.44 533 7.06 1.73 100 0.790 0.761 —0.002
TPk 14.78 7.67 4.55 6.93 1.67 100 0.708 0.745 0.086*
TSi 21.67 7.89 4.52 6.50 1.64 100 0.710 0.732 0.054
spring arion 16.69 7.44 4.56 6.65 1.63 100 0.720 0.730 0.047
NKo 15.00 7.89 5.02 7.04 1.63 100 0.711 0.706 0.027
NZa 15.00 7.56 443 6.83 1.56 100 0.652 0.683 0.081%*
NPk 14.67 8.22 4.85 7.38 1.68 100 0.683 0.717 0.083*
NSi 24.78 9.67 4.60 7.06 1.66 100 0.709 0.700 0.007
summer arion 17.36 833 4.73 7.08 1.63 100 0.689 0.702 0.050
Total 17.03 7.89 4.65 6.86 1.63 100 0.704 0.716 0.048

Wolbachia screening

The prevalence of Wolbachia was 98.6%. While all summer-type
individuals proved to be infected, we could not detect Wolbachia
in two spring-type specimens (see Suppl. Table S1). All infected
samples harboured a single strain (allele No. 685). The PCR
products from Wolbachia screening showed a systematic trend
as only faint bands were observed in the spring-type specimens
referring to the low abundance of the bacterium (Fig. 5a). On the
contrary, strong bands were present in the analysed summer
arion referring to high Wolbachia abundance. When we

summer

0.01

Fig. 2 Unrooted neighbour joining tree based on a pairwise Fsr matrix.
The abbreviations are the same as in Suppl. Table S1. The letter “T” in the
sample codes refers to spring arion, the letter ‘N’ indicates summer arion
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quantified this difference by the RT-Q-PCR method, we detected
significantly smaller amounts of Wolbachia in the spring arion
than in the summer type comparing the two forms to each other
or carrying out pairwise comparisons by sampling sites (Fig. 5b).
The summer type contained 29 times more Wolbachia than the
spring form considering the median of the Wolbachia quantity in
each type of P. arion.

Morphometric analyses

The measurement error was less than 10% in all cases.
Differences in external genital structure between syntopic sample
pairs of P. arion were confirmed. The spring and summer type
differed from each other significantly (Wilks’ A=0.611,

Table 2 Fixation indices (Fsr) indicating the genetic differentiation
between the syntopic population pairs based on 9 microsatellite loci.
The abbreviations are the same as in Table S1. Levels of significance:
*0.001 < P<0.006; **0.0001 < P<0.001 (after Bonferroni’s correction
based on 9 loci)

Locus TKo- TZa- TPk- TSi-
NKo NZa NPk NSi
Macul5 0.1217%* 0.029 0.040%* 0.050%*
Macu45 0.140%* 0.138%* —0.009 0.071
Macaril 6 -0.018 0.000 0.060 —0.005
Macu44 0.018 0.020 0.013 0.016
Macull —0.003 0.095%%* 0.012 0.078%%*
Macaril9 0.049 0.028 0.094** 0.078%%*
Macari22 0.033 -0.012 0.015 0.041
Macu$8 0.059 0.010 —0.007 0.034%%*
Macari05 0.051%%* 0.124%*%* 0.012 -0.010
Total 0.057%%* 0.0527%%* 0.0247%%* 0.0427%%*
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Table3  Fixation indices estimated for the investigated P. arion samples
according to their phenology (spring vs. summer type) or their
geographical origin (i.e. locality). Fis: between individuals within
samples; Fgc: between samples within a group; Fcr: between
phenology within locality or between locality within phenology
(depending on the grouping); Fir: total. CI: confidence interval. Level
of significance: ***P < 0.001

Phenology Locality

Indices CI Indices CI
Fis 0.045%#* 0.018  0.071  0.045%:#* 0.019 0.070
Fse  0.010%#  0.004 0.015  0.044%*:* 0.031 0.056
Fer  0.031%#  0.021  0.043 -0.020 -0.027 -0.013
Fir 0.084%#x 0,054 0.112  0.069%** 0.041 0.096

P <0.001). The group centroids of the two phenological forms
were clearly separated (Fig. 6b). However, only 74% of the in-
dividuals were correctly classified by a cross-validated method.
The proportion of the correct classification was 78% in the spring
and 70% in the summer type of P. arion. We also detected sig-
nificant size differences between the two forms (nested ANOVA:
fore wing: F'=50.17, df=1, P<0.001) (Fig. 6¢).

Host ant studies

Altogether, 247 Myrmica specimens were found on the sam-
pling sites, out of which 195 were collected from 39 nests and
52 were caught by 23 pitfall traps (Suppl. Table 2a). In total,
four Myrmica species were identified (Fig. 7). The most com-
mon species found on nearly all sites was M. sabuleti Meinert,
1861, which was captured in the largest number in drier habitats
(Zabanyik and Korlat hill). In contrast, M. scabrinodis
Nylander, 1846, was not found in these drier localities but it
was seen in more humid habitats (Perkupa and Szin).
M. schencki Viereck, 1903, was recorded in several habitats
including the drier Korlat hill and the more humid Perkupa
and Szin. M. specioides Bondroit, 1918, was found in very
low numbers in two habitat patches: Perkupa where only

summer arion was caught and the habitat patch of the spring
arion on Korlat hill. This species was found in high number
only in Szin where the most common M. sabuleti did not occur.

A total of 151 Myrmica specimens (61%) were infected
with Wolbachia (Suppl. Table 2a). The infestation rate was
very similar in the case of excavated nests and pitfall traps
(62% and 58%, respectively). In most cases, all workers from
the same nest were infected or uninfected, although certain
nests contained both infected and uninfected specimens
(Suppl. Table 2a). All individuals harboured the same
Wolbachia strain (the allele No. 59). Myrmica species were
different regarding the infestation level (Suppl. Table 2b).
M. specioides and M. sabuleti were highly infected (100%
and 86%, respectively), while M. scabrinodis and
M. schencki had low infection rates (11% and 2%, respective-
ly). However, we have to note that our dataset involved only
few individuals of M. specioides and M. schencki.

We found only a single P. arion prepupa (summer type) in a
M. specioides nest in Szin. Both the prepupa and all ant
workers from this nest (nest ID is 12A, see in Suppl.
Table 2a) were infected with Wolbachia but not with the same
strain.

Discussion

In this paper, we investigated the nature and causes of differ-
ence between the two phenological forms of P arion which
are good candidates for sympatric speciation via host race
formation. For this reason, we studied whether these forms
meet the criteria of host races according to Drés and Mallet
(2002).

(1) Sympatric occurrence
Sympatric speciation requires spatial co-occurrence under

the biogeographical definition (Fitzpatrick et al. 2008). The
existence of the two forms of P. arion is known from several

Fig. 3 Results of the Bayesian- S—
clustering Structure analysis
based on 9 microsatellite loci. 0 |
N, the number of effective e
migrants between the syntopic ©
sample pairs using private alleles. ST
The abbreviations are the same as
in Suppl. Table S1. The letter ‘T” <
in the sample codes refers to c
spring arion, the letter ‘N’ &
indicates summer arion S
g
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TZa

Fig.4 The number of effective migrants (V,,,) between populations. Only
those connections are shown where the number of migrants is greater than
two. Thicker arrows indicate higher number of migrants. The
abbreviations are the same as in Suppl. Table S1. The letter ‘T’ in the
sample codes refers to spring arion, the letter ‘N’ indicates summer arion

European countries, e.g. France (Dupont 2010), Italy
(Patricelli et al. 2013) or Poland (Sielezniew, pers. comm.).
Before our investigations, however, only sporadic data had
been available on the coexistence of the two phenological
forms in the same habitat, e.g. in Romania (Vizauer, pers.
comm.), Russia (Kuznetsov, pers. comm.) and a single locality
of Hungary (Varga, pers. comm.). Owing to the intense sys-
tematic field mapping, we discovered several sites in the
northern part of Hungary, such as the Aggtelek Karst region,

spring

o
Z

summer

Fig. 5 Differences in Wolbachia infestation between the spring and the
summer type of P. arion: a differences between the spring and the
summer-type specimens from Korlat hill in the Wolbachia quantity on
1% agarose gel; b box-plots showing the difference in infestation levels as
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where the two arion types occurred syntopically. These pop-
ulations provide clear evidence of the spatial co-occurrence of
the spring and the summer arion in this part of the species
range giving an opportunity for initial panmixia which is the
prerequisite of sympatric speciation according to the popula-
tion genetic definition (Mallet et al. 2009).

(i) Host fidelity

P. arion depends on the dual presence of the specific initial
food plant and host ant species. Food plants are selected for
oviposition by females on the basis of their bud phenology, i.e.
they prefer to lay their eggs on slightly immature buds, thereby
ensuring that her brood has enough food for the next two weeks
before ants are adopting them (Patricelli et al. 2011). Based on
previous botanical surveys (Virok et al. 2016), several different
Thymus species occur in P, arion habitats of the studied sites. For
example, Thymus pulegoides L. and T. pannonicus All. flower
more or less in the flight period of the spring arion. At this time,
Origanum vulgare has only vegetative parts as it starts to flower
only in July. Therefore, it is not available for the ovipositing
females of spring arion. That is, on our sampling sites the phe-
nology of the host plants is usually distinct which is followed by
the flight period of P. arion, i.e. there are two more or less sep-
arated flight peaks adjusted to the flowering peaks of the food
plants. This is what makes the coexistence of the different phe-
nological forms of P. arion possible. The time slot between the
appearances of the two arion types varies year by year together
with the degree of the overlap between the flowering periods of
different host plants (T6th & Bereczki, pers. obs.). This overlap-
ping phenology, however, hinders the two arion forms to sepa-
rate entirely. Where there is only one flowering peak of the food
plant(s), only a single arion form could occur, for example, if

2.254
2.00 1
1.754
1.50 1
1.254
1.00
0.754
0.50 1
0.25 4
0.00

syl

TKo
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TZa |
NZa
TPk |~
TSi
NSi

spring

b

measured by RT-Q-PCR between the spring and summer arion in four
syntopic population pairs from the Aggtelek Karst region (Hungary). The
abbreviations are the same as in Suppl. Table S1. The letter ‘T’ in the
sample codes refers to spring arion, the letter ‘N’ indicates summer arion
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Fig. 6 Morphometric studies: a
morphometric measurements —
close curve on valva of male
genitalia; b the results of
morphometric analyses: the CVA
scatterplots represent the group
centroids of the samples; ¢ box
plots indicating the distribution of
the centroid size. The
abbreviations are the same as in
Suppl. Table S1. The letter ‘T’ in
the sample codes refers to spring
arion, the letter ‘N’ indicates
summer arion
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only early flowering Thymus are present in the habitat. That
means, the fidelity to a particular host is primarily expressed as
the adaptation to the phenology of food plants.

This kind of temporal adaptation to food plant phenology is
well exemplified in the two forms of Phengaris alcon ([Denis
& Schiffermiiller], 1775) exploiting different initial food
plants (Gentiana cruciata L. vs. G. pneumonanthe L.) and
host ant species accompanied by differential habitat use and
phenology. Although their food plants usually grow in differ-
ent habitats, they co-occur in a few sites where the flowering
time of the two Gentiana species is usually separated tempo-
rally, but it varies year by year and overlapping phenology
occasionally occurs. In such cases, butterflies lay their eggs
on both food plants. A previous study on the different forms of
P. alcon in the same habitat (Rascruci, Transylvania) has
shown that the degree of genetic differentiation between them
fluctuated year by year as Fst values decreased more than by
half from 2007 to 2011 (Bereczki et al. 2018). These dynamics
could be the result of varying phenology driven by weather
conditions of each year. Larger overlap in the flight period of
the two forms could result in a higher level of gene flow.

The host ant specificity of P. arion is less well-known
than that of other European Phengaris species (Hayes
2015; Settele et al. 2005; Tartally et al. 2019), because it

l(?ﬂﬁ

is very difficult to find P. arion caterpillars in Myrmica
nests (Sielezniew et al. 2010a, b). Only two host ant data
are known from the Carpathian Basin (Tartally et al. 2017):
a spring arion pupa was recorded in a M. scabrinodis nest
and a summer arion prepupa with M. specioides. The latter
one was recorded in the sampling area of the present study.
That means, we do not have enough information on the
possible difference in host ant use between the spring and
summer arion but we can outline some hypothesis on the
potential host ants in general. A strong P. arion population
cannot be maintained by a rare Myrmica species with few
nests in the habitat. Therefore, the main host or hosts must
have reasonably high nest density. Not surprisingly, we
detected varying Myrmica species composition on our
sampling sites as the studied P. arion populations occurred
in different habitat types and the different Myrmica species
have distinct ecological needs (e.g. Elmes et al. (1998)). It
is also evident that if the potential host ant species are
completely different between the habitats, the host ants
actually used are also likely to be different. Thus, our data
provide a strong indication for the use of multiple host ants
across the study area similarly to the Polish populations
(Sielezniew et al. 2010a, b; Sielezniew and Stankiewicz
2008).
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Fig. 7 Myrmica species
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(iii)) Genetic differentiation, (iv) gene flow and (v) spatial
and temporal replicability

Previous studies investigating the genetic differentiation
between the two arion forms based on mitochondrial and
nuclear sequences as well as allozymes have emphasised the
need of the application of more variable genetic markers
(Bereczki et al. 2011, 2014, 2015). In our study, we applied
highly variable microsatellites and we could detect clear dif-
ferentiation between the two arion forms for the first time.
Pairwise Fgt values demonstrated significant genetic differ-
ences between the syntopic sample pairs at more than one
locus. The genetic differentiation was higher between the
two forms of P. arion than between the locations in each form
as reflected by the Fgt values based NJ tree. Although the
number of effective migrants showed only low gene flow
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between the studied sites, the hierarchical AMOVA could
not detect significant differentiation between the localities.
These results call our attention that the question of spatial
replicability should be also tested in larger geographical con-
text, where gene flow between the populations is more
restricted.

The genetic difference has been also confirmed by male
genitalia morphometrics, i.e. the spring and summer arion
differed from each other significantly based on external gen-
ital traits. Good agreement has been revealed between the
outcome of the molecular studies and that of male genitalia
morphometrics in numerous other analyses (Cesaroni et al.
1989, 1994; Garnier et al. 2004). Moreover, strong phyloge-
netic signal was detected in the shape of valva in the genus
Phengaris (Bereczki et al. 2017). This suggests that selective
pressures controlling genital structures are relatively
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homogeneous across taxa and the patterns of divergence in
genital morphology may reflect overall genetic divergence
rather than differential adaptive responses. Consequently, the
quantitative traits of male genitalia may be good estimators of
the overall divergence among populations and closely related
species.

Nevertheless, the two forms exchange genes as it was in-
dicated by the Structure analysis and the number of effective
migrants. The level of gene flow probably depends on the
phenology of the different food plants changing year by year
which affects the probability of the meeting of the spring- and
summer-type individuals. Moreover, the different microcli-
mate could result in slight shifts in phenology between the
different habitats which also influences the length of the time
period when the two forms could meet. The number of effec-
tive migrants proved to be higher in the summer than in the
spring form which is probably due to the longer flight period
of the summer arion.

Knowing the level of gene flow between the two
arion forms it is not surprising that both of them bear
the same Wolbachia strain which was also found on a
larger geographical scale in the Carpathian Basin
(Bereczki et al. 2015) as well as in Poland and Italy
(Patricelli et al. 2013). The infestation pattern, i.e. the
nearly 100% prevalence of a single strain is presumably
related to the vertical transmission of Wolbachia in this
host. In parallel, we detected the presence of another
strain in the infected Myrmica specimens, even in the
M. specioides nest where P. arion prepupa was found.
That means, we could not demonstrate horizontal transfer
between P arion and its ant hosts. Instead, we found
high maternal transmission rate in these ant species as
it is the case in P. arion. Vertically transmitted endosym-
bionts are generally considered to be evolved towards
mutualism because their evolutionary fate is closely
linked to that of their hosts (Forsine and Fine 1975;
Yamamura 1993; Zug and Hammerstein 2015).
Nevertheless, the phenotype of these Wolbachia strains
has remained unknown. Anyway, this infestation pattern,
i.e. the presence of a single strain in the two arion forms
suggests that Wolbachia does not have any effect on the
evolutionary processes in P. arion.

At the same time, the quantity of this intracellular bacteri-
um is significantly different between the two arion forms
which is probably due to environmental factors, as it could
not be linked to the genetic background (microsatellite cluster)
but to the flight time.

Several studies have demonstrated that temperature affects
the Wolbachia density within the host cells although the out-
come of these surveys is controversial. The individuals of the
wasp Leptopilina heterotoma reared at 26 °C harboured ap-
proximately twice as many Wolbachia than males which de-
veloped at 18 °C (Mouton et al. 2006), while the eggs of
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Drosophila bifasciata from females maintained at 18 °C
harboured more bacteria than eggs from females maintained
at 26 °C (Hurst et al. 2000). Similarly, the density of
Wolbachia in embryos was lower after exposure to 25 °C than
in individuals exposed to 19 °C in D. simulans (Clancy and
Hoffmann 1998). These surveys clearly show that the re-
sponse of Wolbachia density to environmental conditions re-
sults from complex genotype-by-genotype-by-environment
interactions (Thomas and Blanford 2003), i.e. the effect of
temperature will act both directly on the two partners and on
their interaction. Since the phenology of the two arion forms
are partly distinct they may be subject to various environmen-
tal factors which could affect the abundance of Wolbachia in
their cells. Nevertheless, further studies are needed to reveal
the cause of the difference in Wolbachia quantity between the
spring and the summer type of P. arion.

Conclusions

Our results show that the two phenological forms of
P arion seem to meet all criteria of host plant races,
although spatial replicability should be tested on a larger
geographical scale. The sympatric occurrence of the
spring and the summer arion is made possible by the
adaptation to the distinct phenology of the host plants.
Negative selection acts against the intermediate individ-
uals which are on the wing in the inappropriate time
frame. That is, disruptive selection affects and produces
bimodal distributions of phenotypes. However, the phe-
nology of food plants is not entirely distinct and fluctuates
year by year. Therefore, the two forms can exchange
genes occasionally depending on the length of the time
slot when they can meet with each other. That is, the
reproductive isolation is incomplete thus the existence of
the two arion forms may represent only an incipient stage
of sympatric speciation. It is also clear that Wolbachia is
likely not a driver of sympatric speciation in this case.
The evolutionary processes in P. arion, however, cannot
be fully understood without further knowledge of its
phylogeographical pattern.
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