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Abstract

Background The endosymbiotic relationship between Wolbachia bacteria and insects has been of interest for
many years due to their diverse types of host reproductive phenotypic manipulation and potential role in the host'’s
evolutionary history and population dynamics. Even though infection rates are high in Lepidoptera and specifically
in butterflies, and reproductive manipulation is present in these taxa, less attention has been given to understanding
how Wolbachia is acquired and maintained in their natural populations, across and within species having continental
geographical distributions.

Results We used whole genome sequencing data to investigate the phylogenetics, demographic history, and
infection rate dynamics of Wolbachia in four species of the Spicauda genus of skipper butterflies (Lepidoptera:
Hesperiidae), a taxon that presents sympatric and often syntopic distribution, with drastic variability in species
abundance in the Neotropical region. We show that infection is maintained by high turnover rates driven mainly
by pervasive horizontal transmissions, while also presenting novel cases of double infection by distantly related
supergroups of Wolbachia in S. simplicius.

Conclusions Our results suggest that Wolbachia population dynamics is host species-specific, with genetic
cohesiveness across wide geographical distributions. We demonstrate that low coverage whole genome sequencing
data can be used for an exhaustive assessment of Wolbachia infection in natural populations of butterflies, as well

as its dynamics in closely related host species. This ultimately leads to a better understanding of the endosymbiotic
population dynamics of Wolbachia and its effects on the host’s biology and evolution.
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Background

Bacteria of the genus Wolbachia stand as the cause of
one of the largest and longest pandemics in Earth’s his-
tory with endosymbiotic relationships with arthropods
and nematodes [1]. These Gram-negative bacteria are
ubiquitous, present in approximately 20-30% of insect
species in ecological communities [2, 3], and their actual
incidence might encompass at least half of all arthro-
pods on the planet [4]. The success of Wolbachia lies in
its diverse interactions with hosts at the cellular level [5],
which often lead to the manipulation of its hosts’ repro-
ductive phenotypes. These include cytoplasmic incom-
patibility, feminization, parthenogenesis, and male killing
[6-9]. Wolbachia also play a key role in the evolution of
arthropods, as pervasive lateral gene transfer (LGT) from
Wolbachia into host genomes might be responsible for
chromosomal rearrangements or novel gene expression
with beneficial effects on the host fitness [9-11]. There is,
nonetheless, a profound gap in understanding how Wol-
bachia infection and distribution are maintained across
and within species globally. Moreover, the evolutionary
and biogeographical implications for host populations in
widespread species remain unclear.

Wolbachia is acquired and spread across distinct host
populations or species by three main mechanisms: (1)
vertical transmission (cladogenetic), when diverging sis-
ter species acquire Wolbachia from a common ancestor
[1, 12, 13]; (2) horizontal transmission among closely
related host lineages, when Wolbachia infection estab-
lishes via reproductive exchange among populations of
the same or different host species [13, 14]; and (3) hori-
zontal transmission involving interactions with the envi-
ronment (such as parasitoids or plants), implying that
Wolbachia survives outside host cells for some time [1,
15-17]. The prevalence of Wolbachia is further modu-
lated by the rate of infection loss within species [18],
which may occur during the process of speciation [9, 19],
caused by the acquisition of resistance by the host [20],
or by displacement by another Wolbachia strain [21].
Distinguishing between these mechanisms and assessing
their importance in maintaining the widespread distri-
bution of Wolbachia requires studying their evolution-
ary history across populations of co-occurring, closely
related host species [13, 14].

Lepidoptera (butterflies and moths) have emerged as a
model host taxon in the study of Wolbachia endosymbi-
otic relationships [22]. The rates of infection in Lepidop-
tera species are among the highest in arthropods, and,
contrary to other insect orders, Lepidoptera are pre-
dominantly infected with Wolbachia supergroup B rather
than supergroup A [3] (Wolbachia’s major phylogenetic
lineages are taxonomically divided into supergroups
[23]). Although the infection rate at the species level can
be high (e.g., up to ~80% of all Bicyclus butterfly species;
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[24]), Wolbachia incidence at the population level varies
from none to all individuals being infected [25, 26]. Fur-
ther, Lepidoptera present the highest rate, among insects,
of LGT from Wolbachia into their genomes, with impor-
tant evolutionary implications, including the acquisition
of genes with novel functions [10], population adapta-
tion to the environment, sex determination, and the
emergence of neo-W chromosomes [27]. Nonetheless,
the study of the mechanisms involved in the acquisition
and maintenance of Wolbachia in Lepidoptera hosts has
received little attention from the perspective of infec-
tion gains and losses among closely related species whose
populations overlap across biogeographical regions [25].
In this study, we aim to expand this knowledge by study-
ing four butterfly species in a Neotropical genus (Hes-
periidae: Eudaminae: Spicauda) that are sympatric and
syntopic (i.e., they occur concomitantly in the same local-
ities) in different areas of their widespread geographical
distribution.

Spicauda contains nine species with highly similar
external adult morphologies: hindwing tails, brownish
coloration, sometimes with white/transparent marks on
the forewings [28, 29] (Fig. 1). While four species (Spi-
cauda simplicius, Spicauda procne, Spicauda tanna, and
Spicauda teleus) are widespread across the Neotropics,
from southern USA to northern Argentina, local com-
munities vary drastically in species abundance, and, in
some areas, the four species are syntopic [29]. Such char-
acteristics, together with findings that Wolbachia infect
Eudaminae butterflies [22, 30], make Spicauda a suit-
able system to characterize the acquisition and spread of
Wolbachia across biogeographical regions both between
and within closely related species. Here, we use whole-
genome resequencing data of specimens collected from
populations east and west of the Andes (a major geo-
graphical barrier), in Peru and Panama respectively, to
study infection rates, LGT from Wolbachia to the but-
terfly genomes, and the population dynamics histories of
Wolbachia lineages in different host species.

Methods

Sample collection and DNA sequencing

We collected a total of 89 Spicauda specimens from four
focal species (14 S. tanna, 10 S. teleus, 37 S. simplicius,
and 28 S. procne). From these specimens, 28 were col-
lected in Peru (east of the Andes, 20 from Tarapoto, seven
from Pozuzo, and one from Madre de Dios) and 61 were
collected in Panama (all from Gamboa) (Fig. 1, Additional
File 1). Since the three localities in Peru are ecologically
cohesive, we consider Peru and Panama as the only two
distinct populations in our analyses. We used QIAGEN
DNEasy Blood and Tissue DNA isolation kits, following
the manufacturer’s protocol, to extract DNA from one to
three entire legs per butterfly, based on the availability of
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Fig. 1 Sampling localities (left) and dorsal pictures of the focal species of this study (right). Map shows sampling localities in Peru (Tarapoto, Pozuzo,
and Madre de Dios - east of the Andes) and Panama (Gamboa) along with pie charts indicating the proportion of species collected in each locality. The
total number of specimens in each locality is shown next to each pie chart. Number of specimens per species is given in Methods section (see‘Sample

collection and DNA sequencing’)

tissue. The library preparation and whole-genome rese-
quencing for all the Peruvian and part of the Panamanian
samples were performed by Novogene (Cambridge, UK),
and the remaining Panamanian samples were processed
at Lund University, Sweden (library preparation follow-
ing [31]) and sequenced by the National Genomics Infra-
structure, NGI (Stockholm, Sweden). In both cases, the
samples were sequenced using the Illumina NovaSeq
6000 system on a S4 v.1.5, PE 2x150 flowcell, aiming at
~5Gb of data on average per butterfly sample. To gener-
ate a chromosome-level reference genome for this genus,
another S. simplicius specimen collected in Pozuzo
(Peru) was sequenced by the Wellcome Sanger Institute
(UK) using HiFi (PacBio) and Hi-C (Illumina) technolo-
gies (NCBI accession: GCA_949699795.1). The labora-
tory protocols, chromosome-level genome assembly, and
genome annotation are described in [32].

Butterfly and Wolbachia genome assembly
We assessed the quality of Illumina reads before and after
trimming with FastQC v.0.11.9 [33] and MultiQC v.1.20
[34]. We subsequently trimmed adapters and poly-G tails
present in some samples using Fastp v.0.22.0 with default
parameters [35]. We used SPAdes v.3.15.4 [36] to de novo
assemble contigs of all samples using three different
k-mer sizes: 21, 33, and 77. We used Quast v.5.2.0 [37] to
assess basic assembly statistics. In this procedure, if any
of our samples was infected by Wolbachia, then Wolba-
chia contigs would be assembled as a “by-product”.
Alternatively, we also assembled Wolbachia con-
tigs using reads that exclusively mapped to Wolbachia
genomes. To do this, we first used Bowtie2 v.2.4.2 [38]
to map reads against Wolbachia reference genomes of
supergroups A (NCBI accession: NC_002978.6) and B
(NCBI accession: NC_010981.1), since they are the only
two supergroups known to infect butterflies [22]. Then,
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we used SAMtools v1.14.0 [39] to convert SAM files to
BAM, and to sort these BAM files into two files, one con-
taining the reads that mapped to supergroup A and the
other containing reads that mapped to supergroup B. We
used BEDTools2 v.2.30.0 [40] and the command bam-
ToFastq to convert each BAM file into FASTQ format.
Finally, we used SPAdes v.3.15.4 [36] to assemble contigs
for these sets of reads, resulting in de novo assembled
Wolbachia contigs.

Phylogenetic inference

We assessed the monophyly of Spicauda species and
populations and investigated the evolutionary history
of Wolbachia infecting our butterfly samples. We first
extracted the protein-coding loci from the mitochondrial
genomes of butterflies using MitoFinder v1.4.1 [41] with
the default assembler MEGAHIT [42] and the mitoge-
nome of Cecropterus lyciades (Hesperiidae: Eudaminae;
NCBI accession: GCA_002930495.1) as a reference [43].
We used the MAFFT v.7.520 [44] plug-in in Geneious
Prime 2023.2.1 (www.geneious.com; [45]) with the FFT-
NS-i-x1000 algorithm, to obtain multispecies gene align-
ments, which were thoroughly inspected for errors and
concatenated.

Second, we extracted protein-coding loci from the de
novo assembled nuclear contigs of butterflies with the
‘find_target_contigs’ function in SECAPR v.2.2.3 [46, 47].
A set of 406 butterfly protein-coding loci from the tar-
get capture kit BUTTERFLY 1.0 [48] was used as a ref-
erence (Additional File 2). If multiple contigs matched
a single reference locus, we selected the longest con-
tig as potential homolog by flagging such contigs using
the --keep_paralogs option. We then used MAFFT via
the ‘align_sequences’ function in SECAPR to align the
extracted contigs, and the --keeplength option in MAFFT
to keep only the exonic regions of the reference loci
(Additional File 2). We visually inspected the alignments
for potential errors (misalignments, stop-codons, frame
shifts) using Geneious, and included missing data in the
alignments as “N”. Lastly, we concatenated the 406 align-
ments using the catfasta2phyml.pl script (available at
https://github.com/nylander/catfasta2phyml.git).

To recover the phylogenetic relationships among the
Wolbachia lineages infecting our butterfly samples, we
used two datasets: a set of five legacy multilocus sequence
typing genes (MLST; housekeeping genes gatB, coxA,
hepA, ftsZ, and fbpA) plus the wsp gene used for Wolba-
chia screening, and a set of 210 loci to improve the phy-
logenetic resolution. For the first dataset, we followed the
SECAPR procedure described above to extract the pro-
tein-coding MLST and wsp loci, from the de novo contigs
assembled by SPAdes using the mapped reads to Wolba-
chia reference genomes. As references for the extraction
of such loci, we used different Wolbachia supergroups
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(A, B, D, and F), including the strains wBm, wNo, wPel,
wAu, wHa, wMelPop, wRi, wlrr, wClec-F, wVit, wStri, and
wBoll, from the alignments available in [30]. For the sec-
ond dataset, we used the set of 210 protein-coding loci
available in [49] as references. The process of extraction
of contigs was the same as described above. Due to the
potential presence of paralogs in this phylogenomic data-
set, we selected only those alignments for which average
pairwise identity was higher than 89% (i.e., the percentage
of pairwise residues that are identical in the alignment,
including gap versus non-gap residues, but excluding gap
versus gap residues, as calculated in Geneious). All vetted
alignments are available in the Zenodo repository (https:/
/zenodo.org/records/12703938; Additional File 2).

Finally, we used the maximum likelihood approach
implemented in IQ-TREE 2 v.2.3.5 [50] to infer phylo-
genetic trees from butterfly nuclear and mitochondrial
genes, and from the two sets of Wolbachia loci. For
each of the four concatenated alignments, we first used
PartitionFinder2 v.2.1.1 [51] to assess the best partition
scheme, with the greedy search algorithm [52], and the
RAxML option [53]. In IQ-TREE 2, we used 1,000 ultra-
fast bootstrap iterations [54] with the alrt correction,
bnni optimization, and extended model selection (-m
MEP option, selected models can be found in Zenodo
(Additional File 2). We also ran IQ-TREE 2 for each of
the six MLST Wolbachia loci separately to assess their
contribution to the concatenated Wolbachia phylogeny
using the same parameters as before.

Confirmation of Wolbachia infections

We used a series of confirmation steps to corroborate
the results of the extraction of MLST and wsp from our
samples. First, we used BLAST v.2.10.0 [55] with the
BLASTX option to search for Wolbahcia proteins on the
de novo contigs assembled from the total read data of
each butterfly sample. We searched the assembled contigs
against a database of annotated proteins of Wolbachia
from supergroups A (NCBI accession: NC_002978.6)
and B (NCBI accession: NC_010981.1). The rationale of
using BLASTX was to accurately identify Wolbachia con-
tigs that might have been assembled from the butterfly
samples data, using conservative filters, i.e., percentage
identity>95%, bitscore>300, and e-value<1xe®. The
samples that passed these filtering criteria were consid-
ered infected by Wolbachia, and the contigs identified as
Wolbachia were stored in new FASTA files.

Then, we ran a BUSCO v.5.5.0 search [56] using the set
of identified Wolbachia contigs to assess their complete-
ness with the bacteria_odb10 as the reference dataset. In
addition, we followed the procedure proposed in [57] to
assess the evenness of coverage of two Wolbachia refer-
ence genomes by our sequencing reads. For this, we first
mapped all the reads using Bowtie2 v.2.4.2 [38] with the
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‘very semsitive local algorithm, against a reference of
combined Wolbachia genomes belonging to supergroups
A and B (same NCBI accessions as used for the Wolba-
cia genome assemblies). We used SAMtools v.1.14 [39]
to convert SAM files to BAM and to sort the resulting
BAM files. Then, we extracted only the mapped reads
using the bamToFastq command in BEDTools v.2.30.0
[40] for a subsequent re-mapping step (using Bowtie2
v.2.4.2), with the same combined Wolbachia genomes
reference. Finally, we used SAMtools v.1.14 [39] to calcu-
late the evenness of coverage of the Wolbachia reference
genomes.

Demographic history of Wolbachia infecting Spicauda

We inferred the effective population size dynamics of
the Wolbachia supergroups infecting S. simplicius and S.
procne using the Bayesian skyline plot (BSP) method [58]
implemented in BEAST v.2.7.6 [59]. We concatenated
the MLST and wsp genes into three datasets, i.e., super-
groups A and B infecting S. simplicius, and supergroup
B infecting S. procne. Because the BSP method assumes
the population is panmictic [60], we removed the phylo-
genetically highly divergent sample BC007 (Wolbachia
supergroup B infecting S. simplicius) from the analyses.
For each dataset, we used the substitution model esti-
mated by Bayesian information criterion values in jMod-
elTest v.2.1.10 [61], a single strict molecular clock, and
a single tree model with five groups of coalescent inter-
vals and the piecewise-constant skyline analysis. We ran
four independent analyses for each dataset, consisting
of 100 million generations and sampling frequency of
10,000. We applied a burn-in of 25% and combined the
posterior estimates of the four independent analyses
using LogCombiner (part of the BEAST2 package). In
Tracer v.1.7.1 [62], we confirmed convergence of inde-
pendent runs and that the effective sample sizes (ESS)
were above 200, before performing a Bayesian Skyline
analysis under the stepwise (constant) model.

Potential lateral gene transfers from Wolbachia into S.
simplicius

Since we detected a presumably pseudogenized Wolba-
chia fbpA gene (as judged by the presence of in-frame
stop codons - Additional File 2) in some S. simplicius
specimens, we screened the chromosome-level genome
assembly of Spicauda simplicius [32] for signatures of
LGTs from Wolbachia. For this, we used BLAST v.2.10.0
[55] for the coding sequences (CDS) from Wolbachia
supergroup B (wPip; NC_010981) as BLASTN queries,
because our phylogenetic analyses revealed that the fbpA
pseudogenes clustered within Wolbachia supergroup
B lineages. The reference genome assembly of S. simpli-
cius [31] was used as the BLASTN database. Because
genes originating through LGT might be to some extent
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degraded, we relaxed our BLASTN filtering criteria to
incorporate the matches having percentage identity
higher than 90%. Additionally, we ran IQ-TREE 2 exclu-
sively for the fbpA gene, but in this case including the
specimens containing the presumably pseudogenized
sequences, although keeping only the conserved part of
these sequences (Additional File 2).

Results

Butterfly and Wolbachia genome assembly

Our sequencing of the butterfly samples resulted in high
quality reads and an average of ~11 Gb of data per sam-
ple (read quality statistics can be found in Zenodo; Addi-
tional File 2). The genome assembly process resulted in
an average of 295,243 de novo contigs per sample, with
an average N, of 1,979 bp (Additional File 3). We also
retrieved Wolbachia contigs after mapping the reads
against Wolbachia reference genomes for the butterfly
species S. simplicius and S. procne, but not for S. tanna
and S. teleus. The average total length of assemblies for
single-infected specimens (i.e., reads only mapped to
one reference genome) was 1,144,358 bp, with the larg-
est contig being 129,752 bp long (average contig size,
55,215 bp) (Additional File 3). Twelve specimens of S.
simplicius were potentially double-infected (i.e., reads
mapped to both reference genomes) and presented an
average total assembly length of 473,803 bp, and contigs
were smaller than those from single-infected specimens
(largest contig=27,727 bp, average contig size, 10,043 bp)
(Additional File 3).

Phylogenetic inference

We retrieved an average of 379 butterfly nuclear genes
per sample from the BUTTERFLY 1.0 reference of 406
protein coding loci (average missing data of approxi-
mately 6.65% of all target genes), and the concatenated
butterfly alignment was 236,864 bp long. For the mito-
chondrial genome, we recovered all Spicauda mitochon-
drial protein-coding genes, except for ATP8, which was
not identified in any of the samples. The concatenated
mitochondrial alignment consisted of 12 coding loci
containing 10,911 bp. Both nuclear and mitochondrial
butterfly datasets supported the same tree topology, in
which S. tanna and S. teleus are sister species, S. procne
is sister to both, and S. simplicius is sister to all of them
(Fig. 2 - nuclear tree; Additional File 4 Fig. S1 - mito-
chonderial tree). All species were monophyletic regardless
of its population of origin.

Since the MLST and wsp markers are commonly used
to identify Wolbachia infection, we used these markers
as a first line of identification of the supergroups infect-
ing our samples. The rationale is that if a specimen was
infected, we would be able to extract most of the MLST
and wsp loci from Wolbachia contigs assembled along the
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Fig. 2 Phylogenetic trees inferred with IQ-TREE 2 using sets of butterfly nuclear (left) and Wolbachia (right) loci. The colors at the tips of the butterfly
nuclear tree (406 protein coding loci) represent the species and the specimen’s population of origin (Peru or Panama), and only the branches supported
by ultrafast bootstrap value of 100 are shown. The Wolbachia tree (108 protein coding loci) shows that S. procne is mainly infected by Wolbachia super-
group B while S. simplicius is mostly infected by supergroup A. Some specimens of S. simplicius are also infected by Wolbachia supergroup B. The colored
rectangles highlight the two distinct Wolbachia supergroups infecting the studied specimens. We show only the ultrafast bootstrap support for the
relationships among the supergroups infecting our specimens. Asterisks identify double-infected individuals of S. simplicius and the colored lines in the
tanglegram represent the different Wolbachia supergroups infecting our studied butterflies. Both tree files with complete information can be found in

the Zenodo repository (Additional File 2)

butterfly contigs. We found that 33 out of 37 (~89.2%)
S. simplicius specimens, and all 28 S. procne specimens
were infected with Wolbachia (Additional File 5). None
of the S. tanna and S. teleus were infected, as also sug-
gested by the lack of Wolbachia reads after mapping to
reference Wolbachia genomes.

After applying a restrictive pairwise identity filter to the
210 Wolbachia loci, we obtained a total of 108 genes that
were used for a phylogenomic analysis. We corroborated
our findings based on the MLST and wsp loci, in that
the Wolbachia identified in S. procne clustered within
the Wolbachia supergroup B, while those from S. sim-
Pplicius were closely related to the supergroup A (Fig. 2).
Moreover, our phylogenetic analyses showed that 12 S.

simplicius specimens contained markers of both Wolba-
chia supergroups A and B, suggesting a double infection
in those individuals. The same 12 specimens contained
sufficient number of reads to assemble both supergroup
A and supergroup B contigs. This analysis also showed
that the Wolbachia supergroup B infecting S. simplicius
and S. procne belonged to two highly divergent lineages
(Fig. 2). Lastly, the only disagreement with the phyloge-
netic tree obtained with the MLST and wsp loci (Addi-
tional File 6 Fig. S2), was the position of the supergroup
B Wolbachia lineage found in the sample BC007, a dou-
ble-infected S. simplicius. This lineage is highly diver-
gent from other Wolbachia found in double-infected S.
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simplicius specimens. All phylogenetic tree files can be
found in the Zenodo repository (Additional File 2).

Confirmation of Wolbachia infection

The genome-wide data facilitated the identification of
contigs that contained genes from Wolbachia super-
groups A and B. The results of the BLASTX search using
a strict filter in terms of bitscore, percentage identity
and e-value against Wolbachia proteins confirmed the
results obtained with the MLST markers, in which 33
out 37 (~89.2%) S. simplicius and all 28 specimens of S.
procne were infected, whilst S. tanna and S. teleus were
not, regardless of the sampled population. All BLASTX
results in TSV files (before filtering) are provided in
Zenodo (Additional File 2).

The BUSCO analysis against the bacterial reference
database showed high levels of completeness (on aver-
age, ~74% - Additional File 7) of the identified Wol-
bachia contigs, which were also evenly covered with
sequencing reads (Additional File 8). The samples BC019,
BC020 (both from S. simplicius), BC043, BC044, BC045,
and BC046 (from S. procne), even though identified as
infected, presented a much lower percentage of com-
plete BUSCOs, with an average of 13.31%. This might be
explained by the lower number of raw reads in these sam-
ples compared to the others (Additional File 1), which
was also reflected in the lower read coverage in Wolba-
chia genomes (Additional File 8).

Historical population dynamics of Wolbachia infecting S.
procne and S. simplicius

The Wolbachia supergroup A infecting S. simplicius and
the supergroup B infecting S. procne likely had distinct,
species-specific population dynamics. While the Wol-
bachia supergroup A from S. simplicius had a recent
contraction in effective population size (Ne), Wolbachia
supergroup B infecting S. procne presented an approxi-
mately constant population size through time. Moreover,
the supergroup B lineage that also infected the 12 speci-
mens of S. simplicius, showed a demographic history of
gradual expansion, which contrasts with the supergroup
B lineage infecting S. procne. The Ne of the supergroup B
infection in S. simplicius is approximately 20-fold higher
than that of the supergroup B in S. procne and super-
group A in S. simplicius (Fig. 3). These two latter infec-
tions had similar Ne in the present.

Potential lateral gene transfer from Wolbachia to Spicauda
simplicius

We found CDS regions of Wolbachia supergroup B that
matched regions in the chromosome-level assembly of
S. simplicius (BLASTN percentage identity>90% and
query coverage>10%). These included Wolbachia’s thio-
redoxin in S. simplicius chromosome 1, phage terminase
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large subunit in S. simplicius chromosome 7, fructose-
bisphosphate aldolase (fpbA) in S. simplicius chromo-
some 9, a hypothetical Wolbachia protein in S. simplicius
chromosome 12, and phage baseplate assembly protein
V in S. simplicius chromosome 26. One of these putative
Wolbachia genes identified in S. simplicius chromosomes
was the MLST marker fbpA, which was consistently
found containing in-frame stop codons in 23 S. simplicius
samples (Fig. 4 — marked as LGT). The presumably pseu-
dogenized fbpA sequence in these samples was phyloge-
netically closely related to the Wolbachia-derived fbpA
sequence present in some double-infected S. simplicius
specimens (Fig. 4). Some of these specimens form a clade
that has, according to branch lengths, accumulated more
mutations over time than other Wolbachia supergroup B
infecting both S. simplicius and S. procne (Fig. 4).

Discussion

We assessed the evolutionary history and population
dynamics of Wolbachia infecting four closely related spe-
cies of the butterfly genus Spicauda, a typically syntopic
and geographically widely distributed genus in the Neo-
tropics. By using a battery of approaches, from genome
assembly to phylogenetic inference, we identified butter-
fly species infected by different Wolbachia supergroups.
We found that two butterfly species, S. procne and S. sim-
plicius, carried species-specific and divergent lineages of
Wolbachia belonging to supergroups A and B, regardless
of their syntopic occurrence and phylogenetic related-
ness. Moreover, since specimens from the same species
were mainly infected with the same Wolbachia super-
group, regardless of their population of origin (Peru or
Panama), we propose that infection is cohesive and wide-
spread, even across important geographical barriers like
the Andes. Since S. tanna and S. teleus, and their extant
populations in Peru and Panama were not infected by
Wolbachia, we propose that the most recent common
ancestor of both sister butterfly species was likely Wolba-
chia-free. Alternatively, any infection in the past in such
butterfly lineages was lost, reinforcing the idea of high
turnover rates.

Our results suggested that cladogenetic, vertical
transmission among species [15] is an unlikely scenario
because of the high divergence of Wolbachia super-
groups infecting S. simplicius and S. procne. Moreover,
12 specimens of Peruvian and Panamanian S. simplicius
have been simultaneously infected by lineages from Wol-
bachia supergroups A and B, which show contrasting
demographic history patterns: on one hand, supergroup
A infecting these specimens showed recent signs of con-
traction of effective population size, whereas supergroup
B showed recent expansion. Thus, we propose that such
divergence of infecting Wolbachia supergroups and their
distinct infection demographic histories make rampant
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Fig. 3 Bayesian skyline plots showing the historical demography of Wolbachia supergroups A and B infecting Spicauda. A. Recent contraction of Wolba-
chia supergroup A infecting most of S. simplicius specimens. B. Wolbachia supergroup B infecting S. procne shows a mostly constant Ne through time with
a sign of contraction towards the present. C. Recent expansion of Wolbachia supergroup B infecting 12 specimens of S. simplicius. BCO07 specimen was
excluded due to a high divergence from other of the Wolbachia supergroup B infecting S. simplicius

horizontal transmission the main driving mechanism of
Wolbachia acquisition and spread in these closely related
butterfly species.

Wolbachia infection dynamics in Spicauda: acquisition,
rates of infection, and phylogenetic history

High rates of Wolbachia infection are common in but-
terfly species [3, 24], whilst at the population level, Wol-
bachia incidence can vary drastically [25]. In Spicauda,
we found high variation, in which more than 90% of S.
procne and S. simplicius specimens were infected, whilst
S. tanna and S. teleus appeared to be Wolbachia-free.
Importantly, despite potential low-titer systemic infec-
tions in our butterfly samples, a false negative scenario
in S. tanna and S. teleus is unlikely, since sampling effort
and laboratory protocols (i.e., DNA extracted from one
to three legs and short-read sequencing) were compara-
ble for all syntopic Spicauda species in every population.

However, studies focusing on other populations across
the Neotropics are necessary to confirm that the lack of
Wolbachia infections is species-specific. If such a pat-
tern holds, either the loss of Wolbachia or the resistance
to the infection might have occurred in the most recent
common ancestor of S. tanna and S. teleus.

On the contrary, Wolbachia is highly prevalent (100%)
in the Panamanian population of S. procne. Even though
our sampling was exhaustive and reflects local butterfly
abundances, we were able to collect only one specimen
of S. procne in Peru, and this specimen was also infected
by the supergroup B lineage characteristic for the sam-
ples from Panama (Fig. 2). Spicauda simplicius, the most
abundant species in both populations, showed a high rate
of Wolbachia infection, with 93.8% of specimens from
Peru and 88.2% from Panama. Almost all specimens in
both populations are infected by a single supergroup A
lineage of Wolbachia, indicating that the infection is
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Fig. 4 Phylogenetic tree based on WolbachiafbpA gene sequences. The tree highlights 23 specimens of S. simplicius that present in-frame stop codons
in the fopA gene (LGT, potential lateral gene transfer into S. simplicius nuclear genome). These specimens are more closely related to the supergroup B
infecting other four S. simplicius specimens that possess a complete fbpA gene (marked with an asterisk in the figure), instead of supergroup B infecting
S. procne. We used IQ-TREE 2, and only ultrafast bootstrap support values over 90 and on nodes highlighting the relationships among the Wolbachia
supergroups infecting our specimens are shown
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genetically cohesive despite the wide geographical dis-
tribution of the host. Nonetheless, 12 (32.4%) specimens
of S. simplicius (9 from Peru and 3 from Panama), were
identified as simultaneously infected by at least two
divergent lineages of Wolbachia supergroup B (Fig. 2),
which were different from the strains infecting S. procne.
Multiple Wolbachia infection by different strains of the
same supergroup has been reported in butterflies [63],
and even up to five different strains in the same indi-
vidual have been reported in other insects [64]. On the
other hand, double infection by two distinct supergroups,
as reported here for S. simplicius, is a much rarer phe-
nomenon. For instance, out of 93 species analyzed with
chromosome-level genomes in [3], only 5 (~5.4%) pre-
sented infection by supergroups A and B concomitantly,
including only two Lepidoptera species. In addition to
identifying new cases of double infection in Lepidoptera,
we show that each infecting Wolbachia supergroup can
have distinct population dynamics and evolutionary his-
tories. Hence, it is possible that this phenomenon is an
important part of the acquisition, spread, and turnover of
Wolbachia in naturally occurring populations.

Our phylogenetic analyses showed that despite the
syntopic occurrence and phylogenetic relatedness of
host species, Wolbachia infection in Spicauda is species-
specific. The supergroup B strain infecting S. procne is
distantly related to the supergroup B infecting S. sim-
Pplicius (Fig. 2). In fact, supergroup B infecting S. procne
is more closely related to the Wolbachia supergroup B
strain infecting Cecropterus dorantes (sample BC090),
which is a more distantly related Eudaminae butterfly
species, than to the supergroup B infecting S. simplicius
(Fig. 2; Additional File 6 Fig. S2). In natural populations
of the closely related butterflies Lycaeides melissa and L.
idas, Wolbachia was acquired via horizontal transmission
facilitated by introgression even when sequence differ-
ences in the infecting strains are small (i.e., one identified
mutation) [25]. Thus, the presence of distantly related
strains of supergroup B infecting S. procne and some
specimens of S. simplicius aligns with the endosymbiont’s
acquisition via horizontal transmission between unre-
lated populations, or by hybridization between different
closely related species.

Lastly, it has been shown that phylogenies based only
on a handful of genes, such as the MLST and wsp mark-
ers, might be less accurate and sometimes discordant
with phylogenomic datasets [65, 66]. On the other hand,
our results showed that both datasets revealed the same
phylogenetic tree topology for Wolbachia, in agreement
with [49]. Since obtaining genomic loci is not feasible
in every study, using only the MLST and wsp mark-
ers is sufficient for Wolbachia screening and for gaining
the first insight into their evolutionary history in host’s
populations.
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Effective population size dynamics of Wolbachia infection
in Spicauda

With the demographic history analysis of Wolbachia, we
shed light on how the extant prevalence across popula-
tions is maintained. The population dynamics history
of Wolbachia in S. procne is explained by a constant Ne
through time (Fig. 3). However, the supergroup B lineage
infecting S. simplicius seems to be a more recent expand-
ing infection than supergroup A in S. simplicius, which
has signatures of recent contraction in effective popula-
tion size (Ne) after a nearly constant size through time
(Fig. 3). This demographic pattern has been shown in
other butterflies and in Drosophila, wherein infection loss
has been driven by a replacement with a distinct Wolba-
chia strain [15, 25]. Confirming this Wolbachia replace-
ment hypothesis of supergroup A by supergroup B in S.
simplicius, however, would require further investigation
such as estimating competition between supergroups
co-infecting the same host [65], by assessing the titer
infection in double-infected individuals. In our case,
this procedure is not feasible due to the varied nature of
our sequencing approaches, including varying amounts
of tissue per sample and performing library prepara-
tions and Illumina sequencing at different facilities. Our
results, nonetheless, clearly show a more recent infection
of supergroup B in double-infected S. simplicius speci-
mens, with an expansion in Ne. Therefore, we propose
that the prevalence and maintenance of Wolbachia in
closely related species might be driven by high turnover
of new strains and supergroups of Wolbachia, leading to
potentially fast strain replacements or increase in rates of
co-infection by different supergroups.

Lastly, the phylogenetic divergences of the supergroup
B strains infecting S. simplicius and S. procne are shal-
low within species, suggesting that the infection is wide-
spread and phylogenetically cohesive between Peru and
Panama. However, it is important to note that as haplo-
type phasing using short Illumina reads is challenging,
we were not able to detect any closely related strains
within the same Wolbachia supergroups, thus leading to
a potential underestimation of Wolbachia diversity in S.
simplicius and S. procne |3, 30].

Putative lateral gene transfer of Wolbachia genes to S.
simplicius’ genome

Genomic data has allowed for a more robust identifica-
tion of LGT between a prokaryotic donor and a eukary-
otic host [67], and it has been shown that the process is
widespread in insects. Recently, 1,410 laterally trans-
ferred genes have been found in 192 insect species, of
which 533 genes originated from bacteria [10]. Wolba-
chia is a major donor in this scenario and, more impor-
tantly, Lepidoptera is the insect order in which many
cases of LGT have been reported with an average of 16
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genes per analyzed species [10]. Nonetheless, account-
ing for Wolbachia LGT into host genome is not trivial.
We assessed the extent of LGT from Wolbachia to the
genome of S. simplicius using homology-based searches
to identify fragments of bacterial genes in the chromo-
some-level reference genome assembly of the butterfly
host. One of the identified fragments corresponds to the
gene encoding fructose bisphosphate-aldolase (fbpA), an
important enzyme involved in carbohydrate metabolism.
The phylogenetic placement of such a fragment presum-
ably transferred to S. simplicius, suggests that its origin is
traced back to Wolbachia that was closely related to the
extant supergroup B lineages infecting Spicauda (Fig. 4).
Additionally, some of the putative laterally transferred
sequences formed a clade that had a long stem branch,
which could be indicative of either gene erosion or higher
substitution rates due to loss of functionality in the
genome of S. simplicius [11] (Fig. 4). Taken together, this
suggests that S. simplicius might have been ancestrally
infected by a supergroup B lineage, which was likely dis-
tinct from the extant infection in S. procue. Future studies
should focus on identifying LGT more thoroughly across
populations, which was not possible here due to low
sequencing coverage and the lack of reference genomes
for the other Spicauda species. Such studies would shed
light on the role of LGT from endosymbionts in shaping
the evolution of their hosts.

Conclusions

Wolbachia infections of insects are one of the most
important symbiotic relationships between bacteria and
eukaryotes. Its prevalence in butterfly species as well as
its diverse acquisition and spread dynamics at the popu-
lation level have been thoroughly assessed. Moreover, it
is known that reproductive manipulations by Wolbachia
are common in butterflies [22] with potential implica-
tions for host’s evolution [11]. The availability of genomic
data for Lepidopetera [3, 68, 69], and vast literature on
their ecology and distribution makes this order a promi-
nent system to further investigate Wolbachia infection
dynamics in closely related species with wide geographi-
cal distribution. We show that low-coverage whole
genome sequencing data enable the accurate identifica-
tion of Wolbachia infection in insect specimens. More-
over, we show that Wolbachia infections in extant natural
populations of closely related butterfly species are likely
maintained by high turnover rates driven mainly by per-
vasive horizontal transmissions. Our results indicate that
the loss of infection is likely to occur in closely related
species regardless of their sympatric and syntopic occur-
rence as is the case for S. tanna and S. teleus. Also, the
Wolbachia infections we uncovered in S. simplicius and
S. procne seem genetically cohesive within each spe-
cies, even in populations across important geographical
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barriers like the Andes. This may partially be explained
by the high dispersal capabilities of skipper butterflies
[70]. Finally, we show that investigating Wolbachia’s phy-
logenetic history and its demographic dynamics is neces-
sary to understand its pervasive acquisition mechanisms
in natural populations and shed light on how it spreads
regardless of relatedness, distribution, and occurrence of
host species.
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