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Intraspecific diversity of
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indicating an ongoing cryptic
speciation
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Myrmecophilus acervorum, previously considered a parthenogenetic species widely-distributed

in Europe, has been observed to have both sexes in populations inhabiting the central part of the
distribution range. Specimens from those heterosexual populations have been found being infected
with Wolbachia. New mitochondrial data (COl and 16S markers) revealed the well-supported
differentiation of M. acervorum populations inhabiting western Polesie (Poland) and southern Europe.
In turn, analyses of EF1a marker support the hypothesis on the unfinished lineage sorting at the
nuclear DNA level. Interestingly, we found that parthenogenetic populations inhabiting western
Polesie are infected with Wolbachia belonging to supergroup A, while endosymbionts occurring in
sexual populations of M. acervorum observed in Romania belong to supergroup B. Furthermore,

new and potentially diagnostic characteristics in the external structures of the eyes of M. acervorum
were identified. The surface of ommatidia in specimens occurring in southern Europe was smooth. In
contrast, the ommatidia surface of individuals collected in Poland was visibly sculptured. To sum up,
the significant genetic variability found in the present case, and the differentiating morphological
character, are almost certainly effects of cryptic species being present within M. acervorum. This is
indicative of ongoing speciation within the populations of this insect, and of simultaneous unfinished
lineage sorting at the nuclear DNA level.
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The advent of the DNA barcoding concept initiated the widespread application of mitochondrial DNA (mtDNA)
in taxonomic research!. Mitochondrial markers swiftly became integral components in diverse research areas,
including the systematics, phylogeography, population genetics, ecology, and evolutionary biology of animals?.
The versatility of these markers is closely linked to the characteristics of the mitochondrial genome, i.e. its
general uniparental inheritance (Ref.? but see*), high rate of mutagenesis® due to the lack of protective histones
and exposure to the impact of free radicals®, as well as fourfold smaller effective population size compared to the
nuclear genome”®. Consequently, intraspecific variation of mitochondrial DNA may surpass that observed in
nuclear DNA, making analyses based on mitochondrial markers valuable for resolving population divergences
that remain elusive using coding nuclear markers’.

Divergent mtDNA lineages detected within species may be considered as distinct species according to the
value of the genetic distance between them!®. However, not every divergent mitochondrial DNA lineage should
be regarded as a separate species'!"14. The divergence detected at the mitochondrial level is not always supported
by nuclear DNA data'>-'7. Discrepancies between mitochondrial and nuclear DNA patterns of diversity may
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arise from various factors. Analyses based on mitochondrial markers may be more susceptible to false results
owing to the effective amplification of pseudogenes (e.g. NUMTSs) instead of the functional target genes!®. Even
after this factor has been eliminated in laboratory and bioinformatic analyses, mito-nuclear discordance may
persist as a result of biological processes like hybridization and the subsequent introgression of the mitochondrial
genome!>1%1% incomplete lineage sorting of ancestral polymorphisms'®?® or selection acting directly or
indirectly on mitochondrial genes®!. The presence of bacterial endosymbionts can also indirectly influence
genetic diversity at the mitochondrial level, with correlations observed between infection patterns and distinct
phylogenetic clades or specific haplotypes of hosts?>-2>. Furthermore, endosymbiotic bacteria can be associated
with both greater and smaller genetic variation of hosts at the mitochondrial level?*2® or deep divergences in
mitochondrial phylogenies?®*. Therefore, analyses based on mitochondrial markers should incorporate tests for
the presence of endosymbiotic bacteria, e.g. Wolbachia®'.

Wolbachia is a well-known endosymbiotic bacterium, infecting a broad range of insects, crustaceans and
nematode species®>~. It is estimated that approximately 66% of insect species are infected by Wolbachia®. The
bacterium has been identified in species belonging to several major insect orders, including Coleoptera, Diptera,
Hymenoptera, Lepidoptera and Orthoptera®®’.

Orthopterans, one of the largest hemimetabolic insect orders, inhabit diverse terrestrial habitats
worldwide, even the nests of social insects®®. Ant-loving crickets within the genus Myrmecophilus (Orthoptera:
Myrmecophilidae) are commonly associated with various ant species®®*!. The genus currently comprises 63
valid species, with 10 described in Europe. Most of the latter species occur regionally in southern and south-
eastern parts of the continent*?. All Myrmecophilus species are morphologically similar, with subtle diagnostic
characters based mainly on body colour and the number of spurs on the hind leg, and also the male genitalia
and the variability of the female ovipositor’s shape?®~4°. However, species identification based on these diagnostic
characteristics may be challenging, particularly as nymphs lack the full set of characters of adult specimens. Thus,
molecular tools serve as effective means for individual identification, the discovery of potential new species, and
the determination of phylogenetic relationships*’~*°.

Myrmecophilus acervorum (Panzer, 1799) (Fig. 1) is distributed across Europe and inhabits the nests
of approximately 20 host ant species from at least eight genera?-*. Although it is thought to be thelytokous
parthenogenetic species, recent surveys in the central part of its distribution range have revealed the presence of
both sexes*?. Nonetheless, the phylogenetic and phylogeographic relationships among M. acervorum populations

Fig. 1. Adult female of Myrmecophilus acervorum with its host, Lasius platythorax worker ant (specimens
collected 18. August 2021 in Orzechow, West Polesie, Poland) (phot. G. K. Wagner).
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remain enigmatic. Initial attempts to elucidate these relationships using molecular markers identified several
haplotypes of M. acervorum in Europe, with six forming a parthenogenetic clade in populations distributed west
of the Carpathians*2. Additionally, testing all collected samples for Wolbachia infection revealed its presence
only in populations where both sexes were observed.

In the present study, we employ morphological and molecular approaches to assess the diversity of
parthenogenetic M. acervorum occurring in the western Polesie region of Poland and compare the observed
patterns with previous data. All the specimens collected were examined morphologically to identify potentially
diagnostic traits for routine identification. Subtle differences in the external structure of cricket eyes were noted,
appearing to be congruent with interspecific diversity in M. acervorum. At the same time, similar patterns were
revealed for mitochondrial markers (COI and 16S), though not fully detectable for the nuclear marker (EF1a).
Additionally, all specimens were tested for the presence of endosymbiotic Wolbachia. Analyses based on the
Wolbachia 16S gene fragment confirmed infection in all but one of the tested samples, representing the first
report of the presence of Wolbachia in parthenogenetic populations of M. acervorum.

Results

Morphological characteristics

The external structure of the M. acervorum eyes was tested for 20 individuals collected in Poland and 3 specimens
from Romanian populations (Fig. 2). The surface of ommatidia in members of the Romanian population of ant
crickets was smooth (Fig. 3a, b). In contrast, the surface of the ommatidia in the specimens collected in Poland
was visibly sculptured (Fig. 3¢, d). Two types of appendages can be distinguished: larger ones, ranging from a
dozen to over twenty on one ommatidium, and numerous small protuberances (Fig. 3d).

Mitochondrial markers—COl and 16S

Mitochondrial markers were amplified for a subgroup of collected M. acervorum specimens (up to 5 individuals
per sample). As a result, high-quality sequences of the coxI gene fragment were obtained for 83 specimens
(Table 1). In the case of 16S mitochondrial marker, only 50 sequences could be generated. Alignment of COI
sequences (619 bp) included three variable sites and all of them were parsimony informative. In turn, alignment
of 16S sequences (415 bp) included only one variable site, which was not parsimony informative. COI marker
sequences were more variable and four unique sequences were identified, while in the case of 16S only two

Fig. 2. Field work and collections of ant cricket specimens in the laboratory. (A,B) The preferred habitats of
Myrmecophilus acervorum in the study area; (C) selection of material in the field; (D) sampling tray (photos
A,B,D—G. K. Wagner, photo C—B. Staniec).
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Fig. 3. Eyes of Myrmecophilus acervorum specimens collected in Romania (A,B) and Poland (C,D) (phot. G.
K. Wagner).

haplotypes were noted (Table 1). Overall haplotype diversity (Hd) was 0.2421 for COI and 0.0400 for 16S. In
turn, nucleotide diversity (7) was 0.0004 for COI and 0.0001 for 16 S.

Phylogenetic analyses were performed on a combined alignment (1034 bp) in which we identified five
haplotypes (H20-H24; Table 1). Haplotype H20 was common and occurred in all but two of the samples tested
(not observed in samples WW-1 and P-I). Subsequent analyses included sequences determined by lorgu et al.*2
for M. acervorum and further 11 congeneric individuals. The genetic distance among selected Myrmecophilus
species varied between 0.028 and 0.246 (the lowest value of K2P distance was between M. fuscus and M. gallicus
and the highest between M. fuscus and M. manni) (Table 2). In turn, the average intraspecific variation ranged
from 0.006 +0.002 for M. nonveilleri to 0.012+0.002 for M. acervorum. Thus, we additionally calculated the
values of the K2P distance separately for the M. acervorum samples studied by lorgu et al.*? and those collected
in this study (Table 3). In this analysis, the distance between the two M. acervorum subgroups was estimated
at 0.020. Distances within the subgroups were smaller (0.005+0.001 for the samples studied by Iorgu et al.*?
and 0.002+0.001 for the samples collected in this study). We also calculated the K2P distances among all the
concatenated haplotypes (Supplementary Table S1). The highest value (0.028) was recorded between haplotype
H7 and haplotypes H21-H24. In addition, we calculated the K2P genetic distances based only on the barcode
fragment of the coxI mitochondrial gene. The overall K2P distance within M. acervorum was 0.035+0.004, but
after separation into two groups according to their geographic origin, these values were 0.002+0.001 for the
samples collected in the present study and 0.041 +0.005 for the samples collected by Iorgu et al.*2. The genetic
distance between these two groups was 0.035+0.005.
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Mitochondrial markers Nuclear marker
Sample Code | COI 16 S Concatenated | EFla
Zienki 1 Z-1 |Hl@) H1(2) H20(2) H,3(1)
Zienki 2 Z-2  |Hgl@4) Hl(1) H20(1) H3(1)
Zienki 3 Z-3 H.1(4) Hg1(1) H20(1) H,3(1)
Brus 1 B-1  |Hl@4) H1(2) H20(2) Hy2(1), H3(1)
Brus 2 B2 |H.Q) H (1) H20(1) H,2(1)
Brus 3 B-3 HC1(5) H,1(1) H20(1) H,3(1)
Lake Czarne 1 CL-1 H1(4) - - -
Lake Czarne2 | CL-2 | H_1(1) - - -
Lake Czarne 3 WW-1 | H.1(1), H:2(2) | Hgl(1) H21(1) H,3(1)
Lake Czarne4 | WW-2 | H.1(5) H1(2), H2(1) | H20(1), H22(1) | Hyl(1), H2(1)
Wielkopole wp HC1(4) H51(3) H20(3) -
Lancuchow LN H1(1) Hg1(1) H20(1) -
Lowiszow Lw H1(1) H,1(1) H20(1) -
Wolka Wytycka | DB Hcl(Z) HSI(Z) H20(2) -
Pieszowola 1 P-1 H3(2) Hg1(1) H23(1) -
Pieszowola 2 P-2 Hc1(4), H:3(1) | Hgl(3) H20(2), H23(1) | -
Pieszowola 3 P-3 H3(4) Hg1(4) H23(4) -
Orzechéw 1 0-1 |HAE) H(3) H20(1) H2(1), H3(1)
Orzechéw 2 0-2 H1(5) H,1(5) H20(5) H;3(2)
Orzechéow3 | 0-3 | HI(3) H1(2) H20(2) -
Orzechéw 4 0-4 H1(5) H1(5) H20(5) -
Rogézno 1 R-1 H.1(2), He4(2) | Hgl(5) H20(2), H24(2) | H,3(1)
Rogdzno 2 R-2 H1(5) Hg1(3) H20(3) -

Table 1. Haplotypes identified for mitochondrial and nuclear markers.

M. acervorum | M. gallicus | M. fuscus | M. cf. nonveilleri | M. nonveilleri | M. balcanicus | M. manni (outgroup)

M. acervorum 0.012+0.002 | 0.013 0.016 0.013 0.012 0.012 0.017
M. gallicus 0.141 - 0.007 0.013 0.012 0.012 0.018
M. fuscus 0.138 0.028 - 0.019 0.017 0.016 0.023
M. cf. nonveilleri 0.153 0.141 0.182 - 0.006 0.013 0.018
M. nonveilleri 0.143 0.128 0.155 0.035 0.006 +0.002 | 0.012 0.017
M. balcanicus 0.134 0.127 0.132 0.142 0.130 0.007 +0.002 | 0.016
M. manni (outgroup) | 0.225 0.245 0.246 0.239 0.227 0.218 -

Table 2. Genetic distance among Myrmecophilus taxa based on K2P distances for concatenated mitochondrial
markers (COI and 16S). Standard error estimates are shown above the diagonal (bold). Values of the average

intraspecific distance are shown on the diagonal.

M. acervorum M. acervorum M. cf. M. manni
(Iorgu et al. (2023)) | (this study) M. gallicus | M. fuscus | nonveilleri | M. nonveilleri | M. balcanicus | (outgroup)

ja‘f_' (‘;C(fg)o)’ um (lorguet | g 605 1 0.001 0.004 0.013 0.016 0.014 0.013 0.013 0.017

M. acervorum (this study) | 0.020 0.002+0.001 | 0.013 0.016 0.013 0.013 0.012 0.016

M. gallicus 0.140 0.145 - 0.007 0.013 0.012 0.012 0.018

M. fuscus 0.137 0.1408 0.028 - 0.019 0.017 0.016 0.023

M. cf. nonveilleri 0.153 0.153 0.141 0.182 - 0.006 0.012 0.017

M. nonveilleri 0.143 0.143 0.128 0.155 0.035 0.006+0.002 | 0.012 0.017

M. balcanicus 0.135 0.132 0.127 0.132 0.142 0.130 0.007 +0.002 | 0.016

M. manni (outgroup) 0.225 0.226 0.245 0.246 0.239 0.227 0.218 -

Table 3. Genetic distance among Myrmecophilus taxa based on K2P distances for concatenated mitochondrial
markers (COI and 16S), after the separation of Myrmecophilus acervorum subgroups. Standard error estimates
are shown above the diagonal (bold). Values of the average intraspecific distance are shown on the diagonal.
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Additionally, we used concatenated haplotypes as an input data for a sequences-based species delineation
attempt according to the protocol described by lorgu et al.** (Supplementary Table S2). At the 3% value of the
barcode gap, we determined six initial and seven recursive partitions. The obtained pattern of separation was
similar to previously determined, i.e. the distinctiveness of M. balcanicus, M. gallicus, and M. nonveilleri was
supported, as well as internal split within M. nonveilleri. Interestingly, we also observed the clear separation
within M. acervorum and as a result we determined three separate inner groups, including: (1) haplotypes H1-
H6, H8, and H10 determined by lorgu et al.*? for M. acervorum samples collected in Romania, Hungary, Bulgaria,
and Germany; (2) haplotype H7 determined for M. acervorum sample collected in Pobit Kamak (Bulgaria); and
(3) haplotypes H20-H24 determined for samples collected in western Polesie (Poland).

The phylogenetic trees constructed for the concatenated data according to the BI and ML approaches had
similar topologies with high branch support. The topology was congruent with that previously determined
by lorgu et al.*? and revealed well-supported groups (Fig. 4). Additionally, two well-separated clades were
observed within M. acervorum. These clades grouped haplotypes determined for the previously studied samples
and those identified for the samples collected in this study. The populations of M. acervorum from Poland are
most probably parthenogenetic*!. Males were only historically recorded in Poland, but in a different region
(the Pomeranian Lakeland in northern Poland)®!. Samples collected from parthenogenetic populations of M.
acervorum occurring in Germany (with haplotypes H1-H3 and H8-H10) were also included in the previous
study. However, this feature was not reflected in the pattern of clade separation (Fig. 4).

Median-joining network (Fig. 5) was determined for dataset of concatenated mitochondrial sequences. Thus,
two haplotypes determined previously for samples collected from parthenogenetic populations occurring in
Germany (i.e. haplotypes H8 and H9) were not included in this analysis. In turn, haplotypes H1 and H10 had the
same sequence (marked with an asterisk in Fig. 5). The topology of determined network revealed the presence
of two well-separated haplogroups (Fig. 5). The pattern of this separation was congruent with that previously
observed in the ML tree topology, and the M. acervorum reproductive system (sexual vs. parthenogenetic) was
not the grouping factor.

Nuclear marker—EF1a

This nuclear marker was successfully amplified for 15 individuals of M. acervorum collected from 11 sampling
sites (Table 1). Analysis of sequence variation (483 bp) revealed 3 unique variants marked as H;1-H3. Sequence
H3 was common and occurred in all but two of the samples (was not found in Brus 2 and Lake Czarne 4; Table 1).
Further analyses included sequences determined by Hsu et al.** for another 7 congeners, as well as sequences
determined for two specimens collected in Romania and previously analysed by Iorgu et al.*? (specimen MA4.1
from Lepsa and specimen MA59 from Magura Baita).

The genetic distance among the Myrmecophilus species varied between 0.024 and 0.417 (Table 4), and the
average intraspecific variation ranged from 0.001 +0.001 (M. antilucanus) to 0.009 +0.004 (M. mayaealberti).
The intraspecific distance calculated for M. acervorum was 0.004+0.002 and the pairwise K2P distance
calculated for this species was from 0.002 to 0.006. The highest value was noted for Hg1-Hp2, Hp1-Hi4, and
Hg2-H5 haplotype pairs (Supplementary Table $3). The value calculated for two M. acervorum subgroups (this
study vs. previous study) was 0.005 +0.003.

The maximum-likelihood phylogeny reconstructed on the nuclear marker showed well-supported groups
but a weak structure within M. acervorum (Fig. 6). The pattern of separation revealed at the mitochondrial level
was not fully supported by nuclear data.

Wolbachia prevalence in the samples of Myrmecophilus acervorum

A positive sign of Wolbachia infection was present in all but one of the M. acervorum samples tested (in 101 out
of 141 individuals tested collected in 22 out of 23 samples). Only in the sample collected at Lowiszéw (LW), the
endosymbiont was not detected (Table 5).

Four high-quality PCR products were sequenced and 561 bp long reads were obtained. Among them, two
haplotypes were identified (H,, 1 was observed at Zienki 3, Brus 3, and Lake Czarne 1; haplotype H,,2 was
observed only at Lake Czarne 1). These haplotypes were analysed with sequences obtained from the GenBank,
revealing a high percentage of identity with the previously determined 16 S haplotypes of known Wolbachia
endosymbionts infecting other insects (Supplementary Table S4).

The identified 16S haplotypes differed from a single haplotype determined previously for Wolbachia infecting
sexual populations of M. acervorum. The values of the p-distance determined for H,,1-H,,2 and H,,1-H,,3
pairs were 0.016 and 0.018, respectively (Supplementary Table S5). Similar values of the genetic distance were
also found e.g. between haplotypes belonging to supergroups A and E (e.g. 0.011 for KT319093-AJ575104 pair)
or between haplotypes representing supergroups C and J (0.014 for AJ010276- AJ548802 pair) (Supplementary
Table S5). The ML tree topology revealed that Wolbachia haplotypes H,,2 and H,,3 determined for bacteria
infecting parthenogenetic populations of M. acervorum occurring in western Polesie grouped together with
sequences identified for Wolbachia belonging to supergroup A (Fig. 7). In turn, haplotype H,,1 determined
previously for endosymbionts identified in sexual populations of M. acervorum was found within clade including
sequences of Wolbachia belonging to supergroup B (Fig. 7).

Discussion

Knowledge of the biology, ecology and also the morphological and genetic diversity of the myrmecophilous
cricket M. acervorum remains limited. Our analyses indicated three unusual phenomena observed in populations
inhabiting Lasius nests located in western Polesie (Poland) compared to previously tested samples collected
in southern Europe: (i) the presence of potentially diagnostic characteristics in the external structures of M.
acervorum eyes differentiating these two groups of samples, (ii) genetic distinctiveness identified between given
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Fig. 4. Maximum likelihood tree constructed with the concatenated COI and 16S mitochondrial markers
of Myrmecophilus acervorum and selected species belonging to the same genus. The numbers at the nodes
indicate bootstrap (values < 50 are not shown) and posterior probabilities values.

groups of samples determined at the mitochondrial level with subtle support by data determined at the nuclear
level, and (iii) the presence of endosymbiotic Wolbachia bacteria infecting the parthenogenetic populations of
M. acervorum in western Polesie.

Morphological characteristics
The taxonomic diagnostics of insects is based on their external morphology. For this reason, ever since the early
development of the systematics of these arthropods, the classic ways to identify their systematic position were
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Fig. 5. Median-joining network of Myrmecophilus acervorum, based on concatenated sequences of COI
and 16S mitochondrial markers. The circle size reflects haplotype frequency (for the haplotypes determined
in this study). The black circles represent intermediate haplotypes not encountered in the sampling. The
small perpendicular lines represent mutational steps. Haplotypes H1 and H10 had the same sequence. Thus,
haplotype H1 is marked with an asterisk.

M. quadrispinus | M. hebardi M. antil; M. mayaealberti | M. albicinctus | M. dub M. americanus | M. acervorum | G. orientalis

M. quadrispinus | 0.002 + 0.001 0.020 0.020 0.021 0.038 0.021 0.040 0.031 0.043
M. hebardi 0.169 0.005 +0.002 | 0.019 0.007 0.039 0.009 0.038 0.032 0.045
M. antilucanus | 0.158 0.144 0.001 +0.001 0.019 0.038 0.020 0.039 0.031 0.043
M. mayaealberti | 0.177 0.024 0.147 0.009 + 0.004 0.038 0.009 0.037 0.032 0.044
M. albicinctus 0.398 0.394 0.393 0.391 0.002 +0.002 | 0.038 0.011 0.037 0.038
M. dubius 0.184 0.036 0.148 0.037 0.399 - 0.038 0.032 0.044
M. americanus | 0.417 0.392 0.399 0.388 0.047 0.396 - 0.036 0.040
M. acervorum 0.325 0.321 0.322 0.319 0.391 0.314 0.374 0.004 +0.002 | 0.041
G. orientalis 0.502 0.513 0.504 0.507 0.412 0.521 0.419 0.495 -

Table 4. Genetic distance among Myrmecophilus taxa and Gryllotalpa orientalis (outgroup) based on K2P
distances for the EFla nuclear marker. Standard error estimates are shown above the diagonal (bold), values of
the average intraspecific distance are shown on the diagonal.

constructed on the basis of selected morphological characters®*->%. Nowadays, morphological analysis remains
a relevant approach in studies on integrative taxonomy and systematics of insects, including Orthoptera®->’.
Important diagnostic characters in members of the genus Myrmecophilus include the coloration, the number,
size and shape of spines on the tibia and the hindleg pretarsus, the body chaetotaxy and the appearance of the
female subgenital plate?246:58,

Comparative analysis of the morphological structure of 23 specimens of M. acervorum from Poland (20) and
Romania (3) generally revealed subtle differences in a few key structures, e.g. the structure of the components
of the female’s ovipositor, the structure of the spines on the tibia and the hindleg pretarsus, and the chaetotaxy
of the insect’s body. However, since only a small number of specimens from Romania were studied, the data
obtained to date cannot be binding, which suggests the need for further analyses based on a much larger sample
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Fig. 6. Maximum likelihood tree constructed with the EFla nuclear marker of Myrmecophilus acervorum and
selected species belonging to the same genus. The numbers at the nodes indicate bootstrap (values < 50 are not
shown) and posterior probabilities values.

of research material. In contrast, distinct differences were found in the eye structure. The appearance of the eyes
in the Romanian specimens corresponds with a character described by Panzer (1799) in the original description
of the species M. acervorum (then Blatta acervorum): oculi parvi subprominuli nitidi, which should be translated
as “inconspicuous, shining eyes”. In the Polish specimens, the eyes are matt and covered with a distinctive
microstructure with characteristic tubercules. The contemporary literature makes no mention of this character,
and what references there are to the structure of the eyes concern solely their presence in a partially reduced
form® and sometimes their coloration®.

Patterns of the genetic diversity at the mitochondrial and nuclear levels

Molecular markers (e.g. mitochondrial fragments) have been frequently applied in studies on orthopteran
taxonomy to resolve problems arising from observed phenotypic plasticity, the lack of descriptions of immature
stages, and cryptic species complexes®’. Some molecular markers are considered to be neutral, i.e. their variants
confer no fitness advantage (e.g. microsatellites). In the past, also mtDNA was considered as a source of neutral
markers. However, performed studies showed that mtDNA is not always neutrally evolving®!. More recently,
genome-wide analyses depicted that most nucleotide sites experience fluctuating selection with mean selection
coefficients near zero®2. However, combining mtDNA and nuclear markers, as well as a better understanding
their properties, can improve the power of molecular data.

DNA barcoding is one of the most emblematic contemporary techniques for molecular taxonomy. This
approach involves analyses of the genetic distance among sequences of the 5’ end-region of the mitochondrial
gene cytochrome ¢ oxidase subunit I with diagnosing and delimiting species®. According to this concept,
distinct species can be identified based on the difference between the maximum intraspecific and the minimum
interspecific genetic distance, i.e. the barcode gap®*. The majority of genera within the order Orthoptera exhibit
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Sample Code | Number of individuals screened | Number of positive results/Wolbachia prevalence [%]
Zienki 1 Z-1 2 1/50
Zienki 2 Z-2 2 2/100
Zienki 3 Z-3 8 6/75
Brus 1 B-1 3 3/100
Brus 2 B-2 2 1/50
Brus 3 B-3 9 7178
Lake Czarne 1 | CL-1 4 3/75
Lake Czarne2 | CL-2 1 1/100
Lake Czarne3 | WW-1 | 3 3/100
Lake Czarne 4 | WW-2 | 14 13/93
Wielkopole WP 20 18/90
Lancuchéw LN 1 1/100
Lowiszow w 1 -/0
Wolka Wytycka | DB 2 2/100
Pieszowola 1 P-1 2 1/50
Pieszowola 2 p-2 10 6/60
Pieszowola 3 P-3 6 4/67
Orzechéw 1 O-1 3 2/67
Orzechéw 2 0-2 5 3/60
Orzechow 3 0-3 4 3/75
Orzechéw 4 0-4 10 4/40
Rogozno 1 R-1 19 12/63
Rogozno 2 R-2 10 5/50

Table 5. Wolbachia prevalence determined for Myrmecophilus acervorum samples.

interspecific distances from 7 to 15% and intraspecific distances of less than 5%%. In the case of the genus
Myrmecophilus, the interspecific distance based on COI sequences exceed 13%, and intraspecific distances
are less than 1%%2. In the present study, the COI-based genetic distance within M. acervorum was 3.5%. After
data separation based on a tree topology, the genetic distance between the two groups took the same value
(0.035+0.005), while the values within the groups were 0.24% for samples tested by Iorgu et al.*? and 0.2% for
samples tested in the present study. The genetic distance between groups raises further questions about the reasons
for the observed divergence within M. acervorum. Firstly, the value obtained is higher than the interspecific
genetic distance determined for M. fuscus and M. gallicus (2.66%), two morphologically well-supported species.
Thus, taking into account the morphological distinctiveness of the two groups of M. acervorum samples based
on external eye structures, it is possible that the two identified lineages belong to different species. On the
other hand, an alternative explanation should also be considered. Although morphological characteristics of
orthopteran eyes are included in species descriptions®>~%’, the references to microstructures present or absent
on their surface are often unavailable. Thus, we cannot state unequivocally that this trait is diagnostic within
the order Orthoptera or within its genera. However, even if these eye characteristics are not diagnostic, the level
of genetic difference may suggest the existence of cryptic species within M. acervorum. A similar case has been
described for M. nonveilleri. There, two separate lineages were identified, and the distance between them was
estimated at 5.03% on the COI sequences and 3.38% on the concatenated COI and 16S markers. In the present
study, we also analysed concatenated mitochondrial data (COI+16S), and the distance between the two M.
acervorum groups was 2%. However, it is worth noting that the genetic distances among haplotypes belonging to
these two groups were even higher (up to 2.8%).

Observed genetic differences within and among Myrmecophilus species were also confronted with the result
of the preliminary sequence-based delineation test based on concatenated haplotypes. Interestingly, the test
confirmed the clear separation within M. acervorum and the presence of three separate groups including: (1)
haplotypes determined by Iorgu et al.*?> for M. acervorum samples collected in Romania, Hungary, Bulgaria,
and Germany; (2) haplotype H7 determined for M. acervorum sample collected in Pobit Kamak (Bulgaria); and
(3) haplotypes determined for samples collected in the present study in western Polesie (Poland). We suspect
that M. acervorum could be recognized as a complex of cryptic species. Evidences for such phenomena were
identified e.g. for Myrmecophilus species associated with Anoplolepis gracilipes®®. Nevertheless, in the case of
diversity observed in M. acervorum, more samples and specimens collected across its distribution range are
needed to perform detailed analyses.

In turn, the nuclear marker (EF1a) is a conserved protein-coding gene that has previously been reported to be
useful not only in phylogenetic analyses at the intra- and interordinal levels, but also for resolving relationships
among congeneric insect species®®~’?. Moreover, EFla was analysed together with the mitochondrial marker
cytb in order to resolve phylogenetic relationships among Myrmecophilus species associated with Anoplolepis
gracilipes ants in the Indo-Pacific region®”. The intraspecific genetic distance calculated for the nuclear marker
was comparable to values determined for other Myrmecophilus species. Although the haplotypes determined
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Fig. 7. Maximum likelihood tree constructed with the 16S molecular marker of Wolbachia infecting
Myrmecophilus acervorum and other host species. The references of both M. acervorum reproductive system
and corresponding Wolbachia supergroups were added. The numbers at the nodes indicate bootstrap values
based on 1000 replicates. The 16S sequences obtained for Ehrlichia ruminantium and E. chaffeensis were used
as the outgroup.

for specimens collected in Romania and Poland did not form distinct clades, as was earlier the case for
mitochondrial data, the haplotypes identified for specimens collected in western Polesie seem to have originated
from those identified for samples from southern Europe. However, taking into account the low bootstrap values
within the identified clade, our explanation should be treated with caution, pending more detailed analysis.
Nevertheless, we suggest that the observed phylogenetic pattern may be interpreted as a result of the incomplete
sorting of nuclear lineages, potentially indicating an ongoing speciation process. On the other hand, it could also
be an effect of introgression resulting from secondary contact of formerly peripatric or allopatric mitochondrial
lineages. A similar complex pattern of the genetic diversity at both mitochondrial and nuclear levels has been
described for the water louse Asellus aquaticus, widely distributed across Europe, suggesting its possible cryptic
speciation’!. However, in the case of M. acervorum, more samples collected at a wider spatial scale should be
included in any future study to test the proposed hypotheses.

Wolbachia prevalence and its genetic diversity

All 141 individuals of M. acervorum collected in western Polesie (Poland) were tested for Wolbachia infections:
the endosymbiont was found in 101 of them (72%). Wolbachia were identified in all but one of the samples
obtained from parthenogenetic populations of ant crickets (22 out of 23). This result contradicts the recently
published observations described by Iorgu et al.*2, who found Wolbachia only in biparental populations of M.
acervorum. In that group, the endosymbiont was present at a lower frequency (5 out of 30 specimens tested; 17%
of the endosymbiont’s prevalence) than determined here for parthenogenetic populations. A lower frequency in
sexual populations of M. acervorum could be associated with Wolbachia-mediated mechanisms induced in its
host (for instance, endosymbionts causing male-killing are expected to occur at lower frequencies)’? In turn, a
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high Wolbachia prevalence in the parthenogenetic population of M. acervorum tested in the present study may
be strictly related to its vertical transmission via egg cytoplasm’?.

Although our study was focused primarily on testing M. acervorum samples for the presence of Wolbachia,
the results shed light on the genetic diversity of this endosymbiont. A comparative analysis with data deposited
in GenBank confirmed the >99% similarity of Wolbachia found in M. acervorum to endosymbionts infecting
other insects (e.g. the flies Stomoxys calcitrans and Melieria omissa, the moth Schoenobius gigantella or the
hoverfly Microdon myrmicae). Moreover, Wolbachia infecting parthenogenetic populations of M. acervorum
differed significantly from endosymbionts previously identified in sexual populations (1.6% difference between
the sequences H,, 1 (found in sexual populations) and H;,2 (found in parthenogenetic populations), and 1.8%
between the sequences Hy,1 and H,,3 (also found in parthenogenetic populations)). In turn, both Wolbachia
haplotypes identified in the parthenogenetic populations tested in the present study differ from each other to a
lesser extent (0.2%).

The phylogeny reconstruction including also sequences representing Wolbachia from various supergroups
clearly confirmed a genetic differentiation between endosymbionts infecting populations of M. acervorum
occurring in western Polesie and Romania. Haplotype H,,1 determined previously clustered with sequences
identified for Wolbachia belonging to supergroup B, while newly found haplotypes H,,;2 and H,,3 grouped with
sequences representing supergroup A. These two Wolbachia supergroups are frequently observed in insects’,
also among species representing order Orthoptera”. For example, species belonging to genus Hemiandrus
(Family Anostostomatidae) are infected with supergroup A or B but none of the tested species was identified
to simultaneously harbour bacteria from both supergroups. Thus, we suggest that both groups of M. acervorum
populations (i.e. parthenogenetic from western Polesie and sexual from Pascani, Cosereni and Lepsa sampling
sites in Romania) were independently infected with genetically divergent endosymbionts. Moreover, we cannot
exclude that Wolbachia infecting M. acervorum and belonging to separate supergroups differ in rates of transfer
or induced mechanisms manipulating host’s reproduction. Those characteristics might explain differences in
endosymbiont frequency described above. Interestingly, the parthenogenetic populations belonging to the western
clade determined by Iorgu et al.*> remain uninfected with Wolbachia. The background of this phenomenon
remains unsolved. Thus, more comprehensive analyses are needed to investigate both the genetic diversity of
Wolbachia infecting M. acervorum within its distribution range, as well as endosymbiont transmission among
host’s parthenogenetic and sexual populations (e.g. based on MLST system or phylogenomic approach)”>7¢.

Proposed scenarios inducing observed diversity within Myrmecophilus acervorum
Myrmecophilus acervorum is an Orthopteran highly adapted to co-existence with ants. Inhabiting the distinctive
habitat of an ant’s nest, it possesses a series of adaptive morphological characters, e.g. partially reduced eyes, the
lack of wings and small body size>**°, which account for its poor dispersal abilities. Another important feature of
this species is its reproductive strategy based on thelytokous parthenogenesis, which occurs in populations over
a wide area of its distribution range?. Parthenogenesis enables insects to survive in unpropitious conditions and
facilitates the faster colonization of new terrain”’. Speciation after the transition to parthenogenesis is considered
to be very rare, and so are reversals to sexuality’®.

Parthenogenesis is rare among Orthoptera’%, and known cases relate not only to species living in highly
distinctive habitats, such as cave crickets of the genus Hadenoecus Scudder, 186381, but also to those inhabiting
less specialized niches, such as the flightless bush cricket Poecilimon intermedius Fieber, 1853, which is
associated with grassy habitats®? or grasshopper Saga pedo Pallas, 1771 inhabiting various habitats (preferably
areas with dry summers and mild winters, e.g. grasslands, meadows, pastures, or gorges)®. According to
Kirkendall and Normark®, its inability to fly and its consequent poor dispersal abilities might be recompensed
by parthenogenesis.

It is known that following the last glaciation, parthenogenesis enabled many species to colonize
available terrain faster, which is probably why they are now more widely distributed than their heterosexual
counterparts®>$>86, Myrmecophilus acervorum is by a large margin the most widely distributed member of the
genus in Europe®’, far more than other, heterosexual Myrmecophilus spp. that inhabit only the Balkans and other
regions in southern Europe. This ant cricket is therefore a perfect example of the crucial role of parthenogenetic
reproduction in the effective colonization of new terrain by living organisms. Moreover, there are further
examples of this phenomenon among other orthopterans. The distribution of most members of the genus
Poecilimon Fischer, 1853, with populations in which males are present, is restricted to the southern Balkans,
Turkey and the Caucasus, whereas the parthenogenetic P. intermedius occurs from central Europe all the way
to western China®>®, Likewise, the parthenogenetic Saga pedo Pallas, 1771, is widely distributed in southern
Europe, and also in Russia and China, whereas the ranges of the other heterosexual species from this genus are
limited to the Balkans®.

Analysis of the present-day distribution of M. acervorum in the context of the postglacial migration history
of the European fauna suggests that the Balkan region was probably the centre of occurrence and the refugial
area from which Europe became colonized by M. acervorum. This hypothesis is also supported by data given
by Varga®, who regards the areas to the south and east of the Carpathians as key to the survival and evolution
of autochthonous lineages of poorly mobile species. In this part of Europe, the Carpathians was the only region
during the last glaciation that was not covered by the ice sheet, which enabled the survival of many species of
flora and fauna®®"L.

On the basis of literature data describing the directions of post-glacial migrations of species of flora and fauna
from their glacial refugia in southern Europe®?, one can set up a probable hypothesis regarding the directions of
northwards dispersal of M. acervorum during the post-glacial period and assume that recolonization routes were
generally congruent with the well-known migration corridors. Nevertheless, the exact locations of glacial refugia
of M. acervorum remain unknown and more comprehensive, phylogeographic approach is needed to determine

Scientific Reports |

(2024) 14:23984 | https://doi.org/10.1038/s41598-024-75335-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

them. On the one hand, we may suggest that the glacial refugium was likely located in Carpathian region, where
sexual populations of M. acervorum have been identified*?. In turn, parthenogenetic populations have been
broadly observed across species distribution range (i.e. in Bulgaria, western Romania, Hungary, Germany, and
Poland). Parthenogenetic forms are better colonizers and thus, could efficiently colonize new areas available
during interglacial cycles®***. Postglacial history could support the divergence among populations of M.
acervorum, giving rise to the separate phylogenetic lineages recorded in this study, and which, moreover, differ
in the external structure of the eye. The division at the level of mitochondrial DNA, not explicitly supported by
the results of nuclear marker analysis, could be associated with the dynamics of lineage sorting, which is quicker
in the case of the mitochondrial genome. Furthermore, the possibility cannot be ruled out that the phylogenetic
lineages of M. acervorum identified here are in fact hitherto undescribed cryptic species defined as genetically
distinct units, which on the basis of their evident morphological similarity, are classified as a single species®.
This hypothesis is supported by the result of the sequences-based species delineation but needs more data to be
confirmed.

On the other hand, the observed intraspecific divergence (observed primarily at the mitochondrial level)
could be linked with the presence of Wolbachia infecting M. acervorum. Endosymbionts detected in sexual
populations group with Wolbachia belonging to supergroup B, while those found in parthenogenetic populations
cluster with Wolbachia from supergroup A. The identified diversity could explain the difference in Wolbachia
frequency within sexual and parthenogenetic populations of M. acervorum. We detected a high percentage
of endosymbionts in parthenogenetic populations inhabiting western Polesie. That may suggest that in these
populations Wolbachia is predominantly vertically transmitted, while in sexual populations could induce one of
the well-known mechanisms of manipulation of host’s reproduction. However, Wolbachia has not been found in
parthenogenetic populations from Romania and thus, further studies are needed to explain this phenomenon
(especially in the context of induced parthenogenesis).

Nevertheless, the presence of endosymbionts infecting M. acervorum and belonging to distinct supergroups
is in line with the pattern of host’s genetic divergence. Like mtDNA, transmission of Wolbachia is effected
through the maternal lineage and can be associated with the correlated transmission of the symbiont together
with its associated mitogenome haplotype%. Nonetheless, in the case of M. acervorum, we also discovered a
distinctive morphological character, the state of which differentiates ant cricket populations in accordance with
the separation pattern at the mitochondrial DNA level. To date, no influence on the part of Wolbachia has been
reported on the variability of diagnostic morphological characters, so the alternative hypothesis outlined above
appears to be less probable.

Conclusions

A range of factors are known, e.g. the isolation of particular populations, climatic conditions, phenotypic plasticity
associated with the type of habitat, and genetic drift, which can affect the genetic and morphological diversity
of constantly evolving organisms. But where intraspecific diversity is concerned, particular individuals usually
differ only in the morphometrics of specific body parts®”*® or in their coloration®®. Hence, the significant genetic
variability at the mitochondrial DNA level (COI and 16S) found in the present case, and the differentiating
morphological character (i.e. eye structure), are almost certainly effects of cryptic species being present within
M. acervorum. This, in turn, is indicative of ongoing speciation within the populations of this insect, and of
simultaneous unfinished lineage sorting at the nuclear DNA level. However, the absence of males evidently
limits the effectiveness of a morphological analysis performed solely on the basis of available female specimens
as regards establishing their actual taxonomic status. It is therefore essential to continue this research and to
establish genetic variability in populations of the ant cricket from all parts of its distribution range, based on
both mitochondrial and nuclear markers. In addition, further studies need to focus on detecting and analysing
the genetic variability in Wolbachia bacteria in both heterosexual and parthenogenetic ant cricket populations.
In this way, the hypothesis regarding the independent infection of identified lineages of M. acervorum by
endosymbionts from separate groups can be tested.

Methods

Sample collection

The 141 specimens of M. acervorum from Poland used in this research were collected from May to October
2021 in western Polesie (Table 6). The main habitats of the ant crickets in this area were dry pine forests with
decaying birch trunks lying on the forest floor, colonized by Lasius platythorax or Formica fusca ants (Fig. 2).
Some specimens were found in different habitats (Table 6). Sampling included preliminary screening of selected
nests for the presence of M. acervorum individuals. Once ant-loving crickets were found in a particular nest, a
sample of nest material (about 1 dm?®) was collected and transported to the laboratory. Then, all samples were
separately searched and each M. acervorum specimen found was preserved in the appropriate dilution of ethanol
(i.e. 75% EtOH for analyses of morphology and 99% EtOH for further genetic analyses).

Microscopic methods

Material selection and a general analysis of specimens (20 from Poland and 3 from Romania) were carried out
using an OLYMPUS SZ51 stereoscopic microscope. For the SEM techniques, samples were dried at the critical
point of CO, using an Emitech K850 Critical Point Dryer. The 23 dried specimens were then coated with a
gold layer using an Emitech K550X Sputter Coater, after which the samples were placed directly in the VEGA3
TESCAN SEM chamber for examination and visualization. The SEM parameters were as follows: HV 30.00 kV,
magnification 3.00 kx (Fig. 3a, ¢) and 9.00 kx (Fig. 3b, d). WD 18.68-18.86 mm.
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Sample Code | Sampling date | Coordinates Host Habitat

Zienki 1 Z-1 25.08.2021 N51°30"30.1” E023° 05" 39.5” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Zienki 2 Z-2 25.08.2021 N51°30"30.1” E023° 05" 39.5” | Lasius platythorax | Dry pine forest, decaying trunk of Pinus
Zienki 3 Z-3 01.10.2021 N51°30"34.9” E023° 05" 42.4” | Lasius platythorax | Dry pine forest, decaying trunk of Pinus
Brus 1 B-1 25.08.2021 N51°31'05.8” E023° 03" 01.1” | Formica fusca Dry pine forest, decaying trunk of Betula
Brus 2 B-2 03.09.2021 N51°29"43.6” E023° 16" 12.8” | Formica fusca Dry pine forest, decaying trunk of Betula
Brus 3 B-3 01.10.2021 N51°29"34.0” E023° 16" 14.8” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Lake Czarne1 | CL-1 | 25.08.2021 N51°31706.2” E023° 03" 00.9” | Lasius platythorax | Dry pine forest, decaying trunk of Pinus
Lake Czarne2 | CL-2 | 25.08.2021 N51°31'06.2” E023° 03" 00.9” | Lasius platythorax | Dry pine forest, decaying trunk of Pinus
Lake Czarne 3 | WW-1 | 03.09.2021 N51°31'05.8” E023° 03" 01.1” | Lasius platythorax | Dry pine forest, decaying trunk of Pinus
Lake Czarne4 | WW-2 | 03.09.2021 N51°31705.8” E023° 03" 01.1” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Wielkopole WP 01.10.2021 N51°20"44.4" E023°15"39.8” | Lasius platythorax | Wet birch forest, decaying trunk of Betula
Lancuchéw LN 07.05.2021 N51°15"58.8” E022° 56" 12.9” | Lasius brunneus | Riparian forest, hollow in living Alnus
Lowiszow Lw 14.05.2021 N51°26"31.0” E023° 13" 33.8” | Lasius sp. Mixed forest, decaying trunk of Quercus
Wélka Wytycka | DB 06.07.2021 N51°26"52.6” E023° 11"45.0” | Lasius platythorax | dry pine forest, decaying trunk of Betula
Pieszowola 1 P-1 21.05.2021 N51°29739.0” E023° 10" 11.2” | Lasius brunneus | OAK forest, decaying trunk of Quercus
Pieszowola 2 p-2 23.09.2021 N51°29'55.6” E023° 11703.1” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Pieszowola 3 P-3 23.09.2021 N51°30"11.2” E023° 10" 48.9” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Orzechow 1 O-1 25.08.2021 N51°19'31.3” E023° 18" 37.8” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Orzechow 2 0-2 18.08.2021 N51°19739.5” E023° 18"43.3” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Orzechow 3 0-3 18.08.2021 N51°19739.5” E023° 18"43.3” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Orzechéw 4 0-4 19.08.2021 N51°19739.5” E023° 18"43.3” | Formica fusca Dry pine forest, decaying trunk of Betula
Rogdzno 1 R-1 23.09.2021 N51°23"32.1” E022° 57" 08.7” | Lasius platythorax | Dry pine forest, decaying trunk of Betula
Rogdzno 2 R-2 23.09.2021 N51°23"38.3” E022° 57" 27.7” | Lasius sp. Wet mixed forest, decaying trunk of Quercus

Table 6. Sampling sites of Myrmecophilus acervorum with reference to the host ant species and environmental
conditions in the different localities.

DNA extraction and amplification of selected molecular markers of Myrmecophilus
acervorum

Genomic DNA was extracted from 141 collected specimens using the Sherlock AX kit (A&A Biotechnology,
Gdansk, Poland) according to the manufacturer’s protocol. Genetic material was extracted from whole body of
all the specimens collected.

Both mitochondrial (COI and 16S) and nuclear (EF1a) markers were chosen to examine the genetic diversity
of M. acervorum (for up to 5 specimens per sample). Selected mitochondrial markers were previously examined
in M. acervorum samples collected in south-eastern and western Europe??. Thus, for further comparative
analyses of sequence data, we applied the PCR protocols in our study. The COI fragment was amplified using the
LCO-1490 (5-GGTCAACAAATCATAAAGATATTGG-3’) and HCO-2189 (5-TAAACTTCAGGGTGACCAA
AAAATCA-3’) primer pair!®. In turn, the 16S fragment was amplified using 16Sar-Dr (5-CGCCTGTTTAAC
AAAAACAT-3’) and 16Sbr (5- CCGGTCTGAACTCAAGATCACGT-3’) primers!®"1%2, The nuclear marker
(EFla) was amplified using the EF-alpha-1 F (5-ATCGAGAGGTTCGAGAARGARGC-3’) and EF-alpha-1R
(5-CCAYCCCTTRAACCANGGCAT-3’) primer pair’®. PCR reactions were performed in a 20 pL volume
containing 0.8x JumpStart RED Taq ReadyMix (1 U of JumpStart RED Tuq DNA polymerase, 4 mM Tris-HCI, 20
mM KCl, 0.6 mM MgCl,, 0.08 mM of ANTP; Sigma-Aldrich, Germany), 0.4 uM of forward and reverse primers
and ~ 100 ng of DNA. The volume was made up to 20 pL with autoclaved water. The amplification of these
molecular markers involved the same conditions — 5 min at 94 °C; 35 cycles of 1 min at 94 °C, 1 min at 46.9 °C
(COI and 16S) or 52.9 °C (EF1a), 1 min at 72 °C; a final extension at 72 °C for 5 min. All molecular markers were
amplified for the same individuals.

The amplified fragments were separated by 1% agarose gel electrophoresis in a 1x SB buffer and visualized
with SimplySafe™ (ethidium bromide replacement; EURx, Poland) in UV light. All PCR products were purified
by Eppic Fast (A&A Biotechnology, Poland) treatment according to the relevant protocols and sequenced using
the BigDye™ terminator cycle sequencing method. All the newly obtained sequences were deposited in the
GenBank database (accession nos.: PP896881-PP896884 for COI, PP886506-PP886507 for 16 S, PP915641-
PP915645 for EFla).

Testing for Wolbachia infections

The M. acervorum samples were tested for Wolbachia infections. All 141 specimens were screened using primers
specific for the Wolbachia 16S fragment (WF: 5-CGGGGGAAAATTTATTGCT-3" and WR: 5- AGCTGTA
ATACAGAAAGGAAA-3)'%. Amplifications were performed with a total volume of 25 pl using DreamTaq
Hot Start Green PCR Master Mix (Thermo Scientific, UK), in accordance with the manufacturer’s instructions.
Amplifications were performed with positive and negative controls. For the positive control, the DNA template
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isolated from D. melanogaster individuals infected with the wMel Wolbachia strain was used, while the negative
control was undertaken without the DNA template.

The amplified fragments were separated by 1% agarose gel electrophoresis in a 1x SB buffer and visualized
with SimplySafe™ (ethidium bromide replacement; EURx, Poland) in UV light. Selected good-quality products
were purified by Eppic Fast (A&A Biotechnology, Poland) treatment according to the relevant protocols and
sequenced using the BigDye™ terminator cycle sequencing method. All the newly obtained sequences were
deposited in the GenBank database (accession nos.: PP897406-PP897407).

Bioinformatic analyses

The BLAST application (Altschul et al. 1990) was used to compare the sequences with those deposited in the
NCBI database. Alignments were prepared using GENEIOUs PRIME 2023.2.1 (https://www.geneious.com)
with CLusTaL OMEGA algorithm!%. Mitochondrial sequences were analysed separately and as a concatenated
alignment. Haplotypes were determined using DNASP v.6.12.031%,

In MEeGA X'%, we estimated pairwise genetic distances using the Kimura 2-parameter (K2P) nucleotide
substitution model with 1,000 bootstrap replicates. Reconstructions of phylogenetic relationships among the
identified haplotypes and genotypes with a median-joining algorithm (MJ'?’) were performed in PoPART
1.7 software'%. The best-fit models for nucleotide substitution (for mitochondrial and nuclear data) were
estimated using JMODELTEST 2.1.10'%° with both the Akaike and Bayesian information criterions (AIC and BIC,
respectively).

Phylogenetic analyses were generated using the maximum likelihood (ML) and Bayesian inference (BI)
methods. ML analyses were performed in RAXML-v.8 software!!? implemented online on the CIPRES Science
Gateway'!!, using 1,000 bootstrap resampling and other parameters as default. In turn, MRBAYES v.3.2.7'12 was
used for BI analyses. The Markov Chain Monte Carlo (MCMC) search was run with four chains for 10 million
generations with a sampling frequency of 1/1000 trees, with a burn-in of 10%. The DNA sequence-based species
delineation approach was applied on concatenated sequences of COI and 16S, as described by Iorgu et al.*2.
Mentioned analysis was performed using ABGD web platform!".

In turn, maximum likelihood reconstruction of Wolbachia phylogeny based on 16S rRNA gene sequences
were performed in MEGA X software!% with 1,000 bootstrap replicates. Additional 16S sequences determined
for Wolbachia belonging to various supergroups, as well as sequences identified for Ehrlichia ruminantium and
E. chaffeensis (served as the outgroup), were added to the analysis''*. Final phylogenetic trees were edited in
FIGTREE v.1.4.2. (http://tree.bio.ed.ac.uk/software/figtree/).

Data availability

The data underlying this article are available in the article and in its online supplementary material, as well as
in the GenBank Nucleotide Database and can be accessed with accession numbers PP896881-PP896884 for
COI, PP886506-PP886507 for 16S, PP915641-PP915645 for EF1a of Myrmecophilus acervorum, and PP897406-
PP897407 for 16S of Wolbachia infecting selected ant cricket species.
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