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Abstract

Background: Wolbachia is an endosymbiont common to most invertebrates, which can have significant evolu-
tionary implications for its host species by acting as a barrier to gene flow. Despite the importance of Wolbachia,
still little is known about its prevalence and diversification pattern among closely related host species. Wolbachia
strains may phylogenetically coevolve with their hosts, unless horizontal host-switches are particularly common. We
address these issues in the genus Erebia, one of the most diverse Palearctic butterfly genera.

Results: We sequenced the Wolbachia genome from a strain infecting Erebia cassioides and showed that it belongs
to the Wolbachia supergroup B, capable of infecting arthropods from different taxonomic orders. The prevalence of
Wolbachia across 13 closely related Erebia host species based on extensive population-level genetic data revealed
that multiple Wolbachia strains jointly infect all investigated taxa, but with varying prevalence. Finally, the phyloge-
netic relationships of Wolbachia strains are in some cases significantly associated to that of their hosts, especially
among the most closely related Erebia species, demonstrating mixed evidence for phylogenetic coevolution.

Conclusions: Closely related host species can be infected by closely related Wolbachia strains, evidencing some phy-
logenetic coevolution, but the actual pattern of infection more often reflects historical or contemporary geographic
proximity among host species. Multiple processes, including survival in distinct glacial refugia, recent host shifts in
sympatry, and a loss of Wolbachia during postglacial range expansion seem to have jointly shaped the complex inter-
actions between Wolbachia evolution and the diversification of its host among our studied Erebia species.
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Background

Wolbachia is one of the most common endosymbiotic
bacteria that terrestrial arthropods harbor, estimated to
occur in about half of all terrestrial arthropod species
[1]. Wolbachia can affect their hosts in diverse ways, and
may even trigger host diversification and speciation [2,
3]. Wolbachia can for example lead to sex-ratio distor-
tions through male-killing [4, 5] or result in cytoplasmic
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incompatibility, whereby a female can only mate with
uninfected males or males that carry a matching Wol-
bachia strain, contributing to the spread of Wolbachia
[6, 7]. In the latter case, Wolbachia infection can cause
reproductive isolation or intraspecific differentiation by
reducing gene flow between different host populations.
The impact of Wolbachia varies however among host
species and is in most cases not known. The prevalence
of Wolbachia may similarly differ among species, across
a species range or seasonally within a species [1, 8, 9].
The turnover of Wolbachia has been suggested to be
high, because closely related host species can harbor very
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divergent Wolbachia strains and due to differing Wol-
bachia prevalence [3, 10].

Infection by Wolbachia is estimated to be very abun-
dant in Lepidoptera, with more than 160,000 described
species of butterflies and moths, one of the most diverse
groups of arthropods [11]. It may occur in up to 80% of
all studied Lepidoptera taxa but with significant variation
among the taxonomic families investigated so far [10, 12].
As for other groups of arthropods, Wolbachia in Lepidop-
tera has been shown to for example result in feminization
[13], male-killing [14] or cytoplasmic incompatibilities
[15]. However, to which degree Wolbachia may have con-
tributed to the spectacular diversification of Lepidoptera
remains elusive. Divergent Wolbachia infections may
for example act as a barrier to gene flow upon second-
ary contact between closely related host lineages or spe-
cies [16], as has been suggested in some cases [17, 18].
A first step to assess the potential evolutionary implica-
tions of Wolbachia is the quantification of its prevalence
and differentiation among closely related host species.
This would reveal how the divergence among hosts, or
alternatively, their geographic proximity, affects the prob-
ability of sharing the same Wolbachia strains [3]. Here,
we study the prevalence, diversity and relationships
among Wolbachia strains in one of the most species-rich
Palearctic butterfly genera—Erebia.

Erebia is a genus of cold-adapted butterflies for which
mountainous environments represent diversity hotspots
[19, 20]. The diversification of Erebia has been associ-
ated with differentiation in distinct glacial refugia as a
consequence of the Quaternary glacial cycles [21-23].
While distantly related species often coexist and exploit
different microhabitats following their postglacial range
expansions [19, 24], in several cases closely related spe-
cies or lineages exclude each other by forming very nar-
row secondary contact zones [18, 19]. Despite their broad
Palearctic distribution, relatively little is known about
the diversity and actual impact of Wolbachia in this
host genus. In the case of E. tyndarus and E. cassioides,
the secondary contact zone manifests as a very narrow
genomic cline in the central Alps with only few F1 hybrid
individuals, suggesting selection against interspecific
gene flow in this system [18]. Wolbachia might represent
an important barrier separating the two species, given
that the genomic cline overlaps with changes in Wol-
bachia prevalence: While more than 90% of E. cassioides,
including the putative F1 hybrids, were infected, none of
the studied E. tyndarus specimens carried Wolbachia in
the contact zone [18]. Divergent Wolbachia infections
could therefore be one of the factors that underlie diver-
sification of Erebia. Erebia species may also be infected
by different Wolbachia strains simultaneously, as has
been found for E. aethiops in Siberia [10].
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To further advance our understanding on whether and
how Wolbachia may drive the diversity of Lepidopteran
clades, our aim was to characterize the prevalence and
diversity of Wolbachia infecting Erebia species that often
coexist in close proximity. Using long-read sequencing,
we first assembled and annotated a reference genome
for Wolbachia from the host Erebia cassioides. We then
phylogenetically placed this strain among other, already
sequenced Wolbachia strains that infect arthropods tak-
ing advantage of already existing annotated Wolbachia
reference genomes as well as a larger Multi-Locus
Sequence Typing (MLST) dataset. Next, we analyzed
extensive population genomic data for 13 Erebia species
and lineages, representing a small subset of the more
than a hundred described Erebia species [20, 25], and
assessed the prevalence of Wolbachia among different
host species. Finally, we tested for phylogenetic coevo-
lution of Erebia hosts and their Wolbachia strains, and
placed putative host shifts in a geographic context. Over-
all, our results highlight that various factors shape the
cryptic diversity of Wolbachia in Erebia.

Results

The Wolbachia genome

Our assembled Wolbachia genome was 1,423,447 bps
long and consisted of two contigs of 1,166,489 and
256,958 bps length, respectively, and a GC content of
34.1% (Additional file 2: Table S1). The Rapid Annota-
tion using Subsystem Technology (RAST) annotated
features include 1436 putative protein-coding genes with
36 RNAs elements. A total of 326 genes (23%) could be
assigned to a subsystem, i.e. proteins grouped by a rela-
tionship in function (Additional file 1: Figure S1). The
1436 predicted protein coding genes in our Wolbachia
genome contained 172 complete and single copy BUSCO
groups, no complete and duplicated BUSCOs, 5 frag-
mented BUSCOs, and 44 missing BUSCOs, resulting in a
77.8% BUSCO completeness score, which is comparable
to other Wolbachia assemblies [26].

A total of 184 single copy orthologs were identified
across the 36 Wolbachia strains that we included in our
study. Their coalescent-based species tree was generally
well supported and clustered by the different Wolbachia
supergroups, which corresponded though poorly to
taxonomic orders of the host species (Fig. 1). The newly
sequenced Wolbachia strain from E. cassioides clustered
within the common supergroup B, next to the strain of
the winter moth Operophtera brumata, which shows
similarities to the wPip Wolbachia strain found in the
common house mosquito Culex pipiens [27].

The sequences of all MLST loci that we extracted
from our Wolbachia genome differed from pub-
licly available sequences (Additional file 1: Figure
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$2-S6). Maximum likelihood trees of all five MLST
loci, each including all available alleles recovered from
arthropod hosts plus our newly sequenced genome,
revealed that our assembled Wolbachia genome was
deeply nested within Wolbachia supergroup B, con-
firming the relations among the single copy orthologs
(Fig. 1). The relations among accessions of MLST
loci also corresponded poorly to the taxonomic orders
of the host species, indicative of pervasive host shifts.
The closest related Wolbachia allele was found in spider

mites (Trombidiformes, Acari) for the gene coxA; in
spider mites and other arthropods (genes /hcpA and
fbpA); in Lepidoptera (gatB); or in Lepidoptera and
other arthropods (ftsZ).

Wolbachia abundance and coevolution

We used genomic sequence data from restriction-site
associated DNA (RAD) sequencing to estimate the
prevalence of Wolbachia infections among different
Erebia host species and to compare the phylogenetic
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Fig. 2 Map of Europe and the Alps depicting all sampled individuals. The two most densely sampled regions are further depicted in detail. Species
are shown in different colors, where closed and open circles depict individuals with or without Wolbachia respectively (see also Additional file 2:
Table S2). The map of Europe was obtained and modified from the U.S. National Parks Service—https://www.nps.gov. All other maps were obtained
and modified from Bing Maps https://www.bing.com. All map data was retrieved via the OpenStreetMap package in R—https://github.com/ifell
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relationship between Wolbachia and its hosts. Individ-
uals from 13 recognized Erebia species or, in the case
of E. euryale, distinct lineages that originate from dif-
ferent glacial refugia (E. euryale ssp. adyte and E. eury-
ale ssp. isarica) were included. Most individuals were

collected from the Alps with a main sampling focus on
Switzerland (Fig. 2). Exceptions were E. vogesiaca that
were sampled in the Vosges (France) and few E. cas-
sioides that were collected in the Apennines (Italy) or
Pyrenees (France, Spain) [28]. Because former studies
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Fig. 3 Prevalence (%) of Wolbachia among 376 Erebia host specimens. Numbers above bars indicate sample size

suggested that populations of E. cassioides from geo-
graphically distinct mountain ridges likely originate
from different glacial refugia [18, 23, 28], we treated
them as separate lineages in the subsequent analyses.

We detected Wolbachia in at least one individual of all
our studied host species and lineages, but the prevalence
varied among taxa (range 14%-100% of the individuals
per species, mean 72.8%, SD 30.2%; Fig. 3; Additional
file 2: Table S2). Overall, out of the 376 genotyped Erebia,
we detected genomic evidence of an infection by Wol-
bachia in 218 (58.0%) individuals. The prevalence was
particularly low in the subspecies isarica of E. euryale
(14%, Fig. 2) as well as in E. tyndarus, confirming earlier
observations [18]. For E. cassioides—the host species of
our sequenced Wolbachia genome—the Wolbachia prev-
alence was high for specimens from the Alps (87.9%).
Prevalence was also high throughout its range for indi-
viduals from the Apennines (75.0%) and Pyrenees (100%),
but sample sizes were limited.

Following the mapping of all RAD sequence reads
against the reference genomes and the subsequent SNP
filtering, a total of 90 and 4,272 polymorphic nucleotide
positions were respectively retained for Wolbachia and
Erebia. Both resulting phylogenetic trees showed reason-
able support (Fig. 4), where especially the phylogenetic
relationships among Erebia hosts were well resolved.

Although the topologies of hosts and Wolbachia strains
differed at all but four nodes (two deep and two shallow
nodes, i.e., 69.3% of the nodes were incongruent; Fig. 4),
the ParaFit test [29] supports a certain level of coevo-
lution by rejecting a random phylogenetic association
between Wolbachia and Erebia (p=0.016). Coevolution
seems to principally occur between closely related hosts,
e.g. between E. euryale ssp. adyte and isarica as well as
between E. bubastis, E. manto and E. vogesiaca, that
each shared the same Wolbachia strain (Fig. 4). The tree
topologies further suggest additional scenarios includ-
ing differentiation in Wolbachia strains due to different
historical contingencies resulting from different glacial
refugia. This seems to be the case for E. cassioides, where
individuals from the Apennines harbored a Wolbachia
strain that was distinct from the one found in the individ-
uals from the Alps and Pyrenees but which also occurs in
E. tyndarus and E. nivalis [18]. Another scenario are host
shifts between the distantly related species, which we
observed between E. gorge and E. cassioides and between
E. nivalis and E. pandrose, which geographically overlap
in the Alps and can share similar Wolbachia strains. By
expanding our phylogenetic analysis to include all 147
Wolbachia genotypes that passed our filtering, we iden-
tified another case of host shift in E. manto, where two
individuals are infected by a strain close to the one found
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in E. tyndarus, E. nivalis and some E. cassioides (Fig. 5;
Additional file 2: Table S2).

Discussion

While comparative studies between Wolbachia and their
hosts suggest widespread horizontal transmission among
arthropods, the factors that have shaped the current
prevalence and diversity of Wolbachia often remain a
conundrum [30]. Here, we first characterized the genome
of Wolbachia infecting Erebia cassioides (Fig. 1; Addi-
tional file 1: Figure S1) and then assessed the occurrence

and diversity of Wolbachia at an intermediate phyloge-
netic level, namely among several host species and gla-
cial lineages across the genus Erebia. With a comparison
among annotated Wolbachia genomes (Fig. 1) and all
available Multi-Locus Sequence Typing (MLST) loci
from arthropod hosts (Additional file 1: Figures S2-S6),
we confirmed former studies, i.e. that Wolbachia strains
often occur independently of the broader taxonomic
relationship of their host species, consistent with preva-
lent horizontal transmissions events [30, 31]. Compar-
ing whole genomes, our newly sequenced Wolbachia
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strain was close to the strain found in the moth Operoph-
tera brumata (order Lepidoptera, Fig. 1), while the next
closest strain is wPip, found in mosquitoes of the genus
Culex (Additional file 2: Table S1). Addressing this ques-
tion using MLST loci, we found Wolbachia from E. cas-
sioides to be most closely related to Wolbachia strains
found in other but very distantly related butterfly host
species rather than in the few previously genotyped Ere-
bia specimens (Additional file 1: Figures S3-S5). Interest-
ingly, for three MLST loci the closest lineage we found
was in spider mites (Acari: Trombidiformes; Additional
file 1: Figures S2-S6). This result might implicate that
mites cause Wolbachia host switches in Lepidoptera, as
mites are common parasites for Lepidoptera [32] and
have been suggested to act as potential vectors for Wol-
bachia in other arthropod lineages [33]. However, cur-
rently only non-parasitic mites have been genotyped
for Wolbachia. Both analyses suggest that our newly
sequenced Wolbachia genome belongs to the super-
group B (Fig. 1; Additional file 1: Figures S2—S6), which is
widespread among Lepidoptera and has previously been
identified in three Erebia species from Siberia [10]. Wol-
bachia of supergroup B can affect their hosts in various
ways [31] but their potential impact in Erebia need fur-
ther investigation.

Wolbachia has been shown to be abundant among
butterfly hosts [12] but only few comparative studies
on closely related species within a genus and/or within
a close geographic range exist (e.g. [3, 10, 12]). Turno-
vers in Wolbachia infections from uninfected to infected

and vice versa are common among host taxa, where
infected species may lose Wolbachia slightly more often
than uninfected species acquire it, which has been sug-
gested to represent a state of epidemiological equilibrium
[3]. Intraspecific fluctuations in Wolbachia prevalence
may also occur, e.g. through a loss during range expan-
sions due to stochastic processes such as drift or founder
effects [34, 35], the loss of cytoplasmic incompatibility
in Wolbachia [36] or due to environmental factors [35,
37]. Similarly, novel strains may also be acquired in the
newly colonized ranges [34, 35]. Most studies on Wol-
bachia diversity use MLST loci for which an extensive
reference database for a set of standard genes exist [38].
For our broader survey of Wolbachia in Erebia, we relied
on a dataset generated by restriction-site associated DNA
(RAD) sequencing. RAD sequencing is commonly used
for population genetic studies of host species [39]. While
our approach allows us to also confidently identify the
infection status of a host specimen, the resulting data is
not compatible with traditional MLST genotyping, as the
RAD loci did not overlap with the MLST loci.

With two exceptions, we found the prevalence of Wol-
bachia to be relatively high (>75%) among our studied
Erebia taxa and lineages (Fig. 3). The first exception is
E. tyndarus for which Wolbachia was primarily found
in individuals from its distribution in the eastern Alps
[18], closer to its putative glacial refugium [23]. These
individuals account for most of the observed Wolbachia
infections in our study (Additional file 2: Table S2), indi-
cating that E. tyndarus may have lost Wolbachia during
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postglacial range expansion. The second exception is E.
euryale ssp. isarica, for which similar processes may be at
play, given that the two included E. euryale lineages origi-
nate from distinct glacial refugia [40] and were mainly
sampled at the zones of secondary contact between adyte
and isarica representing their range edges. Further sam-
pling along a transect from the putative glacial refugia
to the zones of secondary contact is however needed to
understand how Wolbachia could have been lost dur-
ing range expansion in these two cases. Importantly, this
reduction or in the case of E. tyndarus the almost com-
plete loss of Wolbachia at the expansion fronts may also
suggest that the potential for horizontal transmission
could be limited despite co-occurring Erebia species [19].
This could for instance reflect differences in micro-habi-
tat use [24] or differences in immunity [41] but requires
further formal testing.

Coevolution has been commonly invoked to shape the
association of Wolbachia and its hosts [42, 43] and is
often inferred by cophylogenetic approaches [29, 44]. For
our studied Erebia host species, we observed phyloge-
netic relationships that are congruent with former stud-
ies, which included more taxa but were based on only few
sequenced genes [20, 25]. In addition to the described
taxa, E. cassioides from distinct mountain ridges were
significantly separated in our phylogeny, which is consist-
ent with formerly described glacial lineages [28]. Com-
paring the phylogenetic relationships of Erebia with that
of their Wolbachia strains, we overall found significant
statistical support for some level of coevolution. The lat-
ter comes from the three closely related species E. manto,
E. bubastis and E. vogesiaca, where the phylogenetic rela-
tionships of the host species are congruent with those
observed among their parasites (Fig. 4). This is striking
as the current geographic distribution of the host taxa
is rather broad, mostly allopatric, and could suggest a
recent diversification from a common ancestor for both
the hosts and Wolbachia in this group [19, 45]. Coevolu-
tion may similarly have occurred in E. euryale, but most
of our sampled individuals were collected at a contact
site between adyte and isarica, where intermediate phe-
notypes exist and thus recent gene flow between the two
lineages occurs [46].

In addition to coevolution between closely related host
taxa, we found evidence for host shifts, i.e., where similar
Wolbachia strains occur in phylogenetically distinct host
species or distinct Wolbachia strains within the same
host species. This is indicated in at least three cases. The
first is for the Wolbachia strain associated with E. gorge
that is most closely related with a strain found in the oth-
erwise very distantly related host E. cassioides. The sec-
ond occurs between E. nivalis and E. pandrose (Fig. 4).
Thirdly, we found two individuals of E. manto that were
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infected by a Wolbachia strain similar to the one found
in members of the tyndarus group (Fig. 5), while other
E. manto that were collected at the same locations were
infected by the strain that commonly infects E. manto,
E. bubastis and E. vogesiaca (Additional file 2: Table S2).
Intraspecific variation in Wolbachia strains has also been
reported for other species [34, 47] including Erebia [10],
and may for example result in a dynamic pattern of Wol-
bachia infections due to different competing strains [47].
How these may manifest in E. manto requires further
investigation by genotyping more host individuals.

Lastly, historical contingencies associated with differ-
ent glacial refugia of the host species seem to also account
for the diversity in Wolbachia. In the present dataset, this
is exemplified by the two distinct Wolbachia strains in E.
cassioides—one from Italy that is closely related to the
strain of E. tyndarus and another found in the Western
Alps and the Pyrenees (Fig. 3). This is consistent with two
distinct glacial refugia of the Erebia hosts [18, 23, 28] and
indicates that past demographic history further shapes
the current diversity and occurrence of Wolbachia.

Conclusions

Taken together, our study uncovered part of the hidden
diversity of Wolbachia in Erebia even though we only had
data for a fraction of the potential Erebia host taxa and
biogeographic ranges [20]. Therefore, future broad scale
studies in this genus are likely to advance our knowledge
on the dynamic associations of Wolbachia and its but-
terfly host. The current associations between Wolbachia
and their hosts seem to be a result of different processes,
including phylogenetic coevolution and geographically
restricted host shifts among more distant lineages. We
also show that differentiation in distinct glacial refu-
gia has likely shaped some of the current associations
between Wolbachia and Erebia. Divergent Wolbachia
infections can have profound evolutionary implica-
tions for their hosts, for example by acting as a barrier
to gene flow [16], as has been suggested for E. tyndarus
and E. cassioides [18]. However, the strain that we iden-
tified belongs to the widespread Wolbachia supergroup
B, which can affect its hosts in various ways and cause
reproductive isolation [48]. Given that the evolutionary
implications of Wolbachia are best studied in groups of
closely related taxa [47, 49], Erebia provides an excel-
lent system to assess these. From a technical perspective,
our study shows that genomic markers commonly used
to study the population genetic structure of host species
can also be used to study the prevalence of endoparasitic
infections. Indeed, studies performing whole genome
sequencing in arthropods also sequence the genome
Wolbachia, allowing obtaining a genome-scale perspec-
tive on Wolbachia evolution [30].
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Methods

Wolbachia genome sequencing & analyses

We collected a female specimen of Erebia cassioides
(REINER & HOHENWARTH 1792) in September 2017 in
Grindelwald, Switzerland (46.65995°N, 8.00443°E), which
we flash froze. DNA was extracted from all available tis-
sue, except the abdomen using the Qiagen MagAttract
HMW DNA Kit (Qiagen, Zug, Switzerland) following the
manufacturer’s protocol. We then sequenced its DNA
on a PacBio Sequel platform (Pacific Biosystems, Menlo
Park, CA, USA) using four PacBio SMRT cells. Library
preparation and sequencing followed the manufacturer’s
protocol and was done by the Genomics Facility Basel,
(ETH-Zurich, Basel, Switzerland).

All obtained reads were used for assembly with the
PacBio SMRT-LINK genome assembly pipeline version
7.0.1.66975 [50]. We subsequently polished the assembly
with four runs of arrow (part of the SMRT-LINK pipe-
line), removing haplotigs with the setting purge_haplotigs
[51], followed by two runs of pilon 1.23 [52]. Next, we
identified Wolbachia related contigs by comparing each
contig against the NCBI nucleotide collection on Febru-
ary 23" 2020 using BLAST 42.9.0 [53]. To annotate the
retained Wolbachia contigs, we used the Rapid Annota-
tion using Subsystem Technology (RasT) web service
version 2.0 [54]. We estimated the completeness of our
Wolbachia genome with the Busco pipeline 3.0.2 [55],
which was performed against the proteobacteria_odb9
database containing 221 BUSCO groups of highly con-
served single copy orthologs obtained from 1520 proteo-
bacteria species.

In a first step, we established the phylogenetic relation-
ship of our sequenced Wolbachia genome. For this we
downloaded 34 annotated Wolbachia genomes of other
insect hosts as well as one nematode host (Pratylen-
chus penetrans) that were available in March 2020 from
the NCBI Genome Database (www.ncbi.nlm.nih.gov/
genome; Additional file 2: Table S1). The included
genomes covered five of the 16 known Wolbachia super-
groups (i.e. groups A, B, E, F and L; [56]). We identified
all single copy orthologs across all Wolbachia genomes
with ORTHOFINDER [57]. DNA coding sequences of
each ortholog were then aligned with MAFFT Vv.7 [58]
using default settings. After manual inspection of a rep-
resentative set of alignments, we generated maximum-
likelihood gene trees using RAXML 8.2.11 [59] assuming
a GTRCAT substitution model, followed by a thorough
maximum likelihood search using GTRGAMMA. Node
support was computed from 100 bootstrap replicates. To
generate a Wolbachia lineage tree from the gene trees, we
used the coalescent-based species tree software ASTRAL
5.7.3 [60], with 100 bootstrap replicates to compute the
local posterior probability node support.
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In a second step we identified the supergroup iden-
tity of our sequenced Wolbachia genome by extracting
the sequences of five common MLST loci: coxA, fbpA,
ftsZ, gatB and hcpA. For the same loci, we downloaded
on the 17th of April 2021 all (N=767) accessions from
PuBMLST (www.pubmlst.org) that were sequenced from
arthropod hosts for which the host species was identi-
fied to the species level and all five loci were sequenced.
For each MLST locus, we identified unique alleles
(range N: 372—498; Additional file 1: Figures S2-S6) and
used these to generate maximum-likelihood gene trees
with RAXML. From each gene tree, we determined the
set of alleles that was most closely related to the newly
sequenced allele.

Wolbachia abundance & coevolution

We genotyped a total of 237 individuals using single-end
restriction-site associated DNA (RAD) sequencing with
the restriction enzyme Sbfl (Additional file 2: Table S2).
Data for another 139 individuals was moreover avail-
able from two published datasets ([18, 28], Additional
file 2: Table S2). For all newly genotyped individuals,
we extracted DNA from thorax tissue using the Qiagen
DNeasy Blood & Tissue Kit following the manufacturer’s
protocol. Library preparation and sequencing was out-
sourced to Floragenex (Portland, OR, USA).

To estimate the prevalence of Wolbachia among Ere-
bia, we first mapped the reads of each individual against
our newly generated Wolbachia genome assembly with
Bwa MEMm 0.7.17 [61]. To identify individuals that had
mapping reads or not, we genotyped all specimens with
BCFTooLs 1.10.2 [62].

To compare the phylogenetic relationship of Wol-
bachia and their Erebia hosts, we selected for each tax-
onomic group the specimen that had the lowest amount
of missing data. E. eriphyle had to be excluded from the
phylogenetic analyses given the high fraction of missing
data. We filtered the genotypes with VCFTooLs 0.1.16
[63] to include only bi-allelic polymorphic sites with
a minimal depth of six and a minimal genotype qual-
ity of 28, allowing up to 50% of missing data per site.
For the same Erebia host specimens, we aligned all
reads against an Erebia draft assembly and performed
SNP calling as for Wolbachia. Subsequent SNP filtering
was the same, except that we employed a minor allele-
frequency filtering of 0.03 and allowed only 25% miss-
ing data. For each filtered SNP dataset, we constructed
a phylogenetic hypothesis using maximum likelihood,
because the SNP data did not allow reconstructing
individual gene trees. We used RAXML 8.2.11, imple-
menting a GTRGAMMA substitution model and
corrected for ascertainment bias as we only used pol-
ymorphic SNP positions with the Asc_GTRGAMMA
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function. Node support was assessed using 1000 boot-
strap replicates followed by a thorough maximum like-
lihood search. Using the ape package [64] in R 3.5.1
[65], we first compared the resulting phylogenetic trees
with the function comparePhylo. We then tested for
coevolution between Wolbachia and their Erebia hosts
using the ape function ParaFit, which implements a
matrix permutation test of coevolution [29]. The sig-
nificance of this signal was assessed with 1000 permu-
tations. To further assess if multiple Wolbachia strains
may occur within a species, we similarly constructed
a phylogenetic hypothesis comprising data from 147
host individuals that passed the abovementioned filter-
ing (Additional file 2: Table S2) using the same RAXML
parameters.
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