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Abstract

Wolbachia is one of the most widespread intracellular endosymbionts infecting a large
proportion of arthropods. However, its infection dynamics remain incompletely understood,
even in well-studied groups such as Lepidoptera, and particularly in studies spanning many
species across multiple genera. Within Lepidoptera, the Eudaminae subfamily offers a
compelling system for studying Wolbachia—insect relationship, in a broader multi-genera
context, since the increasing availability of genomic resources for the group makes its species
well suited to detecting Wolbachia from host whole-genome data. Here, we aimed to detect and
quantify Wolbachia infection across Eudaminae using whole-genome sequencing data from 77
specimens spanning 18 genera, analysed by two approaches: screening assembled contigs for
similarity to Wolbachia proteins, and mapping reads against Wolbachia genomes. The
assembly-based screen flagged 26 samples, while the read-mapping classification identified 20
as infected, with a prevalence of 25.97% infected samples. Supergroup B predominated over
supergroup A, comprising 13 B-only infections, three A-only, and four A+B co-infections, and
detectable infection occurred in seven of the eighteen genera. First, our results compare whole-
genome Wolbachia detection methods showing that while the read-mapping approach is more
stringent and appropriate in cases where there is high data heterogeneity, it is also more
computationally demanding and requires more steps. Thus, both methods are complementary,
and their use should be considered in face of study needs. Additionally, these results provide
the first multi-genera assessment of Wolbachia in Eudaminae, a clade where the symbiont had

not previously been surveyed at this scale.



1. Introduction

1.1. Wolbachia — a widespread endosymbiont, its diversity, and evolution

Wolbachia is an intracellular, maternally inherited bacterium that belongs to the order
Rickettsiales. Wolbachia was first described in mosquitoes, and since then, it has become
known as one of the most widespread endosymbionts, infecting approximately 40-50% of all
terrestrial arthropod species and 20-30% of insect species (Weinert et al., 2015; Duplouy &
Hornett, 2018; Vancaester & Blaxter, 2023).

Its large prevalence is partly attributed to its ability to manipulate host reproduction in
various ways such that it enhances its own transmission through host populations. Several
reproductive manipulation strategies have been documented: cytoplasmic incompatibility
(Kageyama & Traut, 2004; Werren et al., 2008; Shropshire & Bordenstein, 2016), male killing
(Hurst & Majerus, 1993; Dyson et al., 2002), feminisation of genetic males (Hiroki et al., 2002;
Hiroki et a., 2004; Narita et al., 2011), and parthenogenetic induction (Stouthamer & Werren,
1993). Cytoplasmic incompatibility (CI) is the most widespread reproductive manipulation
strategy, resulting in reduced rates of hatched eggs when infected males mate with uninfected
females or females infected with other Wolbachia strains. Moreover, this phenomenon is
reversed when an infected male mates with a similarly infected female (i.e., one having the
same CI strain). The genetic mechanism underlying this phenomenon involves CI factor genes
called cifA/cifB and cidA/cidB, which were described respectively in the wMel and wPip
Wolbachia strains (Beckmann et al., 2017; Le Page et al., 2017) . It is the simultaneous
expression of cif4 and cifB that induces CI by modifying male sperm, while the presence of
cif4 in the egg of a female, infected with the same strain as the male counterpart, is responsible
for rescuing embryonic viability (Shropshire et al., 2018), and, in Cl-infected organisms, the
sex ratio of the host populations is not altered (Engelstidter & Hurst, 2009; Duplouy & Hornett,
2018).

On the other hand, three other types of reproductive manipulation can alter the sex ratio
of populations: male killing (MK), feminisation, and parthenogenesis induction (PI). In male
killing, which is well known in Lepidoptera, male offspring are killed early in development,
producing a female-biased offspring. Male-killing Wolbachia have been documented in
butterflies, most notably in Acraea encedon, where more than 80% of females in Ugandan
populations are infected (Jiggins et al., 2001), and in Hypolimnas bolina, where Samoan
populations presented a sex ratio of 100 females to every male (Dyson et al., 2002; Dyson &

Hurst, 2004). At the molecular level, male killing in Lepidoptera has recently been linked to the
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Wolbachia gene oscar, which interferes with the male sex-determination pathway of the host
(Katsuma et al., 2022). In feminisation, genetic males develop as phenotypic females, also
biasing the sex ratio towards the transmitting sex. In butterflies, this is best characterised in
Eurema mandarina, which carries a feminising Wolbachia strain, wFem (Hiroki et al., 2002;
Narita et al., 2011). Moreover, treating infected larvae with antibiotics produces adults with
intermediate sexual traits, and the effect depends on the timing of treatment, indicating that the
symbiont interacts with its host continuously through development rather than at a single point
(Narita et al., 2007). Lastly, parthenogenesis induction can also produce female-biased
populations, but confirmed cases are restricted to haplodiploid hosts (i.e., those where
unfertilised eggs become males and fertilised eggs females), such as parasitoid wasps, with no

confirmed examples in diplodiploid groups like butterflies (Ma & Schwander, 2017).

Wolbachia can also influence host evolution through lateral gene transfer (LGT), by
which fragments of the bacterial genome become integrated into the host genome. Such
transfers can range from short segments to nearly complete bacterial genomes, and, in some
cases, they contribute to chromosomal rearrangements or novel gene expression with beneficial
effects on host fitness (Nikoh et al., 2008; Werren et al., 2008; Dunning Hotopp et al., 2011; Li
et al., 2022). Lepidoptera in particular show among the highest rates of Wolbachia-derived LGT
of any insect group (L1 et al., 2022), so that bacterial sequence residing in the host genome can
be common feature of their genomic data. Importantly, laterally transferred genes from
Wolbachia can undergo gene erosion or higher substitution rates over time, thus accumulating

more mutations, since their function tends to be lost (Nikoh et al., 2008; Tvedte et al., 2022).

Wolbachia diversity is typically classified into major phylogenetic lineages, referred to
as supergroups. So far, 17 supergroups have been described (A-F, H-Q, and S) (Kaur et al.,
2021). In insects, the dominating supergroups are A and B, while the other supergroups are
mostly associated with various arthropod or nematode groups (Duplouy & Hornett, 2018; Kaur
et al., 2021; Mahmood et al., 2023; Vancaester & Blaxter, 2023), and while most insect clades
are infected by supergroup A strain, butterflies are mostly infected by supergroup B strains
(Vancaester & Blaxter, 2023). Furthermore, within the supergroups, Wolbachia infections can
also be distinguished at the strain level, with a strain representing a specific Wolbachia variant
that may differ from others in the same supergroup, in its genome, and in the phenotypes it
induces in the host. Standardised strain typing has commonly relied on multilocus sequence
typing (MLST), which uses sequence variation across conserved genes to distinguish strains

and compare their relationships across host species (Baldo et al., 2006).
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1.2. Wolbachia vertical and horizontal transfer

It has been suggested that Wolbachia infection in closely related host species is the result
of vertical transmission from a shared ancestor, a process commonly referred to as cladogenetic
transmission or cospeciation (Bandi et al., 1998; Raychoudhury et al., 2009). This view is a
macroevolutionary extension of the actual mechanism by which Wolbachia is transmitted from
one generation through the next, vertically, via maternal inheritance. Thus, under strict vertical
transmission, over broad evolutionary timescales, host and symbiont phylogenies would be
expected to show substantial congruence, reflecting the codivergence between the two lineages
(Werren et al., 2008). Such signatures of codivergence have been documented in filarial
nematodes (Bandi et al., 1998, Lefoulon et al., 2016), in insects in Nasonia wasps

(Raychoudhury et al., 2009) and in Nomada bees (Gerth & Bleidorn, 2016).

Alternatively, Wolbachia can spread across species through horizontal transfer. This
process occurs when unrelated hosts acquire the bacterium via sharing the same food sources
(e.g., hostplants) (Duron et al., 2010; Chrostek & Gerth, 2019), predation and cannibalism (Le
Clec’h et al., 2013), introgression (Turelli et al., 2018; Shastry et al., 2022) or parasitism (Heath
et al., 1999; Huigens et al., 2004). In this scenario, the phylogenies of Wolbachia and their hosts
are uncorrelated, resulting in the loss of signals of codivergence across evolutionary time
(Werren et al., 2008). Interestingly, Wolbachia often transfer preferentially among closely
related species due to host-specialisation (Jiggins et al., 2001; Werren et al., 2008; Russell et
al., 2009) as related hosts are more likely to share similar ecological niches and physical
environments. Therefore, closely related species tend to harbour closely related strains, and the
resulting pattern can resemble codivergence, particularly when taxonomic sampling is limited.
In such cases, horizontal transfer can still be the underlying process of transmission, and, in
fact, this process seems to be the dominant way by which Wolbachia is able to transfer across
species in arthropods. For example, screening genomic data from a total of 368 insect species,
Vancaester and Blaxter (2023) assembled 110 complete Wolbachia genomes from 93 infected
species and found little to no congruence between host and symbiont phylogenies, concluding
that horizontal transmission has been the dominant pattern shaping Wolbachia distribution
across insects. In Lepidoptera, a recent global survey also showed that horizontal transfer is the
main mechanism by which the bacterium can spread within the clade (Yang et al., 2026), a
pattern that has been shown on both macroevolutionary scale (Ahmed et al., 2016), and in
microevolutionary scale among closely related species (Ribeiro et al., 2025). Moreover, in

filiarial nematodes, a group in which cospeciation long persisted as the main paradigm of



Wolbachia transmission (Bandi et al., 1998), frequent losses, symbiont replacement and double-
infections have shifted the field towards a more complex scenario including horizontal transfer
across species as a relevant process (Lefoulon et al., 2016; Lefoulon et al., 2020; Vancaester et

al., 2025).

1.3. Whole-genome sequencing and the detection of Wolbachia

Most commonly, Wolbachia infections are identified through PCR amplification of
conserved bacterial loci, including 16S rRNA, fisZ, wsp, and the multilocus sequence typing
(MLST) gene set (Baldo et al., 2006; Simoes et al., 2011). However, the growing availability
of whole-genome sequencing (WGS) data has shifted detection towards bioinformatic
approaches, by which Wolbachia are detected directly from the whole genome sequencing data
of the host. One approach is to assemble host contigs from this data and to “mine” Wolbachia
contigs that are assembled as a byproduct, for instance, by using BLAST (Altschul et al., 1990)
to detect Wolbachia proteins or nucleotide sequences. Such a process requires conservative
filters so that alignments do not represent just potential insertions of the bacterium into the host
genome, but true Wolbachia contigs. For instance, Ribeiro and colleagues (2025) used strict
filters (e.g., e-value < 1x¢™1, bitscore >300, and percent-identity >95%), while percent identity
had to be lowered to >90% to accommodate potential insertions that can erode with time (Nikoh
et al., 2008; Tvedte et al., 2022). Additionally, BUSCO (Simao et al., 2015) can be used to
assess the completeness of these contigs according to a curated database of bacteria orthologues
(e.g., bacteria_odb10), adding another layer of confirmation that the assembled contigs aligned
with BLAST are Wolbachia (Ribeiro et al., 2025). Alternatively, infections can be screened
using taxonomic classifiers such as Kraken 2 and MetaPhlAn 4, which assign sequencing reads
to reference taxa (Wood et al., 2019; Lu et al., 2022; Blanco-Miguez et al., 2023). Potential
infections can then be confirmed by mapping reads against a Wolbachia reference genome using
programs such as Bowtie2 v.2.4.2.(Langmead & Salzberg, 2012) and then assessing mapping
statistics with SAMtools (Danecek et al., 2021). With this, infection assignments can be
evaluated quantitatively through breadth of coverage (i.e., the proportion of the reference
covered), depth of mapped reads, or the number of Wolbachia-mapped reads normalised by

library size to allow comparison across samples (reads per million, RPM).

The use of host genome data to detect Wolbachia has been extended to the mining of
public sequence repositories, where Wolbachia genomes are reconstructed from data originally
generated for other purposes. Scholz and colleagues (2020) screened 31,825 publicly available
sequencing samples from more than 500 likely host species. They identified 1,793 as
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Wolbachia-positive and assembled 1,166 metagenome-assembled genomes (MAGs), raising
the number of host species with an assembled Wolbachia genome from 33 to 55. However, such
short-read MAGs are frequently incomplete or fragmented and tend to collapse repetitive
regions, which are largely present in Wolbachia genomes (Wu et al., 2004; Scholz et al., 2020).
Because of this, they used a conservative quality control in their dataset, retaining 1,005 of the
1,166 genomes after filtering on coverage, core-gene content, genome length, and evidence of

chimeric assembly arising from coinfection (Scholz et al., 2020).

One way of overcoming some of the constraints present when using short-read MAG
assemblies is using long-read sequencing. For instance, long reads can usually span repetitive
regions entirely, resulting in less fragmented assemblies that generate more complete and
circular genomes in comparison to short reads (Vancaester and Blaxter, 2023). This sequencing
strategy has been largely adopted by large sequencing initiatives such as the Earth BioGenome

Project  (https://www.earthbiogenome.org/) and the Darwin Tree of Life

(https://www.darwintreeoflife.org), and it is becoming a standard for comparative genomics

projects and to be used as reference-level genomes, which, for Wolbachia screening, is the best
option when read-mapping approaches are used. For example, one large-scale application of
long-reads assembled genomes was the screening of 368 insect species sequenced by the

Darwin Tree of Life project (https://www.darwintreeoflife.org/data/). Vancaester and Blaxter

(2023) recovered 110 Wolbachia genomes from 93 host species, 77 of them assembled as
complete circular chromosomes and including the first complete genomes from Odonata and
Orthoptera with high accuracy, allowing for identification of co-infecting strains and Wolbachia

regions inserted into the genomes of the hosts (Vancaester & Blaxter, 2023).

Genome data additionally enable analyses that marker genes such as the MLST typing
genes cannot support, including phylogenomic inference from hundreds of single-copy
orthologues, assignment of strains to supergroups, characterisation of prophage WO content,
and direct screening for host-manipulation loci such as the cif gene pairs. This context and the
accumulation of publicly available assemblies can further move the study of Wolbachia from
detection and pattern assessment towards a more mechanistic view of how the bacterium can
infect natural populations, from the molecular perspective to large-scale community and

macroevolutionary level investigation.


https://www.earthbiogenome.org/
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1.4. Wolbachia in Lepidoptera

Lepidoptera are an animal clade including butterflies and moths and is posed as one of
the most important insect models in population genomics, ecology, chemical ecology, and
biogeography. They marked the formal beginning of the study of coevolution in a paper that
described how the coevolutionary relationship between, in this case, butterflies and plants, was
central to macroevolutionary species diversification (Ehrlich and Raven, 1964). Nowadays,
butterflies and moths have become one of the most studied insects in symbiont-insect
relationships, and, especially, with Wolbachia (Duplouy & Hornett, 2018). In Lepidoptera, most
major host reproductive manipulation strategies caused by Wolbachia have been reported,
including male killing, feminisation, and cytoplasmic incompatibility, but not parthenogenesis
(Duplouy & Hornett, 2018). Additionally, while Lepidoptera are mostly infected by supergroup
B, contrary to other insects, double supergroup A+B infections in a host individual have also

been noted (Twort et al., 2022; Vancaester & Blaxter, 2023; Ribeiro et al., 2025).

Lepidoptera possess several genomic features that distinguish them among insects.
Their chromosomes are holocentric (i.e., without centralised centromeres) and highly conserved
in numbers, most species having haploid chromosome numbers of n = 29-31, but with wide
variation ranging from 5 to 223 in known species (Wright et al., 2024). Genome sizes are
modest, ranging from ~200 Mb to ~1,897 Mb, a variation mostly attributed to presence of
repetitive DNA and transposable element content (Liu et al., 2020). Lepidoptera are also
female-heterogametic, with females carrying a Z and a W chromosome and males two Z

chromosomes.

Lepidoptera also represent a suitable system for genomic investigation. Five years ago,
they were already one of the insect orders with the most available genomic resources, including
reference-level genomes (250 at the time) and more scattered assemblies (870 at the time). Now,
with large-scale transnational efforts focusing on the generation of Lepidoptera genomic data

(e.g., Project Psyche https://www.projectpsyche.org/), they have become the eukaryotic order

with the most sequenced reference-level genomes (Wright et al., 2025). In NCBI, a total of
4,800 Lepidoptera genomes are available, 2,429 of which are reference-level, which represents
~46% of all Insecta genomes in NCBI and ~44% of all Insecta reference genomes

(https://www.ncbi.nlm.nih.gov/datasets/genome/; search: Lepidoptera, Insecta; filters:

Reference Genome). Consequently, considering many of these genomes come from natural
population samples, these numbers make Lepidoptera the largest natural resource to investigate

the genomics of the relationship between insect and Wolbachia bacteria.
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Studies have shown that Wolbachia infection dynamics in Lepidoptera are diverse, often
characterised by high turnover, strain specificity, and pervasive horizontal transfer (Ahmed et
al., 2016; Twort et al., 2022; Ribeiro et al., 2025; Yang et al., 2026). Most of what is known,
however, derives primarily from either single-species studies or broad screens with limited
taxonomic depth, so the scale at which infections are gained, lost, and exchanged remains
poorly resolved. The genomic resources available for the order make it possible to address these
questions across multiple phylogenetic scales, from strain diversity within populations to

patterns of transmission among closely related species.

1.5. Hesperiidae and the Eudaminae subfamily

The Hesperiidae, also known as the skipper butterflies, are a diverse family of
Lepidoptera. Although understudied, it has been shown that they present a genome size
variation ranging 293 Mb — 645 Mb (Liu et al., 2020), with haploid chromosome numbers
ranging from n= 16 to n =50, most species presenting n = 31 across 46 analysed species (source

GoaT database https://goat.genomehubs.org/; serach: Hesperiidae, chromosome number).

Within Hesperiidae, Eudaminae is a diverse subfamily comprising approximately 600
recognised species, with most species harboured throughout the Neotropical region, which
ranges from central Mexico to the southern part of South America, but with high species
diversity in other tropical areas such as Asia and Africa (Warren et al., 2009; Li et al., 2019;
Zhang et al., 2023). It is one of the subfamilies with the highest diversification rates among
Lepidoptera (Kawahara et al., 2023), which poses interesting evolutionary questions such as
understanding the mechanisms behind their convergent wing colour patterns. Indeed, the
convergent phenotypes across its phylogeny have posed difficulties for their taxonomy
assessment (Warren et al., 2008; Warren et al., 2009), which have been further disentangled
recently in phylogenomic studies (Li et al., 2019). Many of Eudaminae’s populations occur in
either the same or overlapping geographical areas and have similar diel activities, which means
that their occurrence is sympatric and often syntopic (Devries et al., 2008; Zhang et al., 2023),
increasing the likelihood of interactions among closely related taxa and the opportunities for
horizontal transfer of endosymbionts like Wolbachia. Additionally, recent genomic analyses of
closely related Eudaminae species show that frequent Wolbachia infection is maintained
through a high turnover dynamic that should be the result of pervasive horizontal transmission
(Ribeiro et al., 2025). This demonstrates that Eudaminae is a valuable system for investigating

patterns of infection turnover and modes of acquisition.
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1.6. Overview of the thesis

In this thesis, I have screened for Wolbachia in whole-genome sequencing data from 77
skipper butterfly specimens, representing 18 genera collected across five Neotropical countries:
Peru, Cuba, Panama, Brazil and Jamaica. The data were generated for the sequencing of the
butterfly genomes and are therefore dominated by host-derived reads, so Wolbachia was

detected bioinformatically from the same datasets.

Detection was based on complementary approaches: (1) one derived from the assembly
of butterfly contigs, the “mining” of Wolbachia contigs (present in the assembly as a byproduct
of infection), identified with a combination of protein detection with BLASTX (Altschul et al.,
1990) and BUSCO (Simao et al., 2015); (2) the second, using a read-mapping approach that
mainly consists of mapping total sequenced reads (i.e., reads, containing both host and
Wolbachia ) to a Wolbachia reference genome, filtering Wolbachia reads and re-mapping them
to obtain mapping statistics such as mapping coverage (i.e., distribution of reads across the
reference) and mean depth. Most of my interpretation of results, however, is based on the read-
mapping approach since in the assembly-based screen, a single matching contig is enough to
flag a sample, and hit counts are too variable to set a meaningful cutoff, so it can only distinguish
presence from absence. The read-mapping approach, by contrast, measures breadth of coverage
across complete chromosome-level references, which supports a defensible threshold and
reduces false positives. Lastly, strain exploration is read-mapping based, used as a primary
description in Eudaminae, and depends on the reference set used. Thus, they are not intended

as a formal strain characterisation.

The aims are to: (1) curate raw short-read data and assemble de novo contigs; (i1) classify
contigs of Wolbachia origin by sequence similarity; and (iii) confirm infections through

orthologue completeness and read mapping against published references using BUSCO.

2. Materials and methods

2.1. Sample collection, DNA extraction and Illumina sequencing

Members of the research group collected most specimens with the assistance of external
collaborators across the Neotropical region. Samples were collected in five countries: Peru (n
= 35), Cuba (n = 22), Panama (n = 16), Brazil (n = 3) and Jamaica (n = 1), resulting in
taxonomically varied dataset, comprising representatives of 18 distinct genera. A small subset

of specimens could not be taxonomically assigned with strong confidence at the time of
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sampling, but these were retained for downstream analyses and are further discussed in Section

2.2. All species and their corresponding sample code are in Table S1.

Genomic DNA extraction was also performed by other team members in the laboratory
prior to the present study. To extract the DNA, one to three legs were used per sample, following
the manufacturer’s protocols of QIAGEN DNEasy Blood and Tissue DNA isolation kit.
Subsequently, the extracted DNA was sent to Novogene, UK, for library preparation and
[llumina sequencing, which was performed on a llumina NovaSeq 6000 system on an S4 v1.5,
PE 2x150 flowcell, aiming for approximately 5Gb of sequencing data per butterfly sample on

average.

2.2. Quality Control (QC), de novo genome assembly, and taxonomic investigation

All following scripts and the raw reports that are too large for the thesis text are provided

in a GitHub repository, hereafter referred to as Supplementary Material M1.

We performed an initial quality assessment of the raw Illumina reads using FastQC
v.0.11.9 (Andrews, 2010) and aggregated its results using MultiQC v.1.20 (Ewels et al., 2016).
Based on these QC reports, we identified sequencing artefacts, including commonly seen
adapter contamination, duplication and poly-G tails. We used FastP v.0.22.0 (Chen et al., 2018)
for read trimming and filtering, the default parameters being sufficient in most cases. Still,
persistent adapter content contamination required custom adapter removal via the --
adapter_fasta option, in combination with an adapter FASTA file. To reduce the PCR duplicates
and overrepresented sequences, we performed deduplication using the clumpify.sh utility in the
BBMap suite v.35.85 (Bushnell, 2014). The duplicate removal was carried out with the optical
duplicate detection and spatial adjacency enabled. Finally, to confirm the cleaning was

successful, we reassessed the reads with FastQC and MultiQC (Supplementary Material M1).

We assembled the clean reads into contiguous sequences (contigs) with SPAdes v.3.15.4
(Bankevich et al., 2012), without a reference genome (i.e., de novo assembly), optimised
through multiple A-mer sizes (21, 33 and 77). The resulting contigs were then used as input for

other downstream analyses.

To validate species identity for specimens of uncertain taxonomy, mitochondrial
genome assembly was performed and barcode sequences obtained (i.e., the COI or coxl).
Firstly, we retrieved reference mitochondrial genomes in GenBank format from NCBI (NCBI
Accession NC_ 024649 — Lobocla bifasciatus, and NCBI Accession NC 030602 — Achalarus

lyciades) and used them for reference mitochondrial assemblies with MitoFinder v.1.4.2 (Allio
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et al., 2020). The barcode sequence for these specimens was then retrieved manually and we
inferred the species identity with the Barcode of Life Data Systems (BOLD systems) using the
default ‘Animal Library — Public’ databse (Ratnasingham et al., 2024). BOLD reports that
allowed us to identify these specimens and the output from MitoFinder v.1.4.2 from which
barcodes were manually extracted are deposited in the Supplementary Material (Supplementary

Material M1).

2.3. Wolbachia identification: assembly-based and read-mapping approaches

As the whole-genome sequencing data from the butterfly specimens contained mainly
host-derived reads, the detection of Wolbachia required a workflow able to identify bacterial
signal within the host genomic dataset and subsequently evaluate whether the signal was
consistent. Therefore, the analysis combined two main complementary approaches: (1) one
meant to provide a first screening of potentially infected samples, based on the presence of
Wolbachia contigs generated as a byproduct during the de novo assembly of total read data from
the host samples (as described in section 2.2); (2) the second one meant to assess the same
samples based on mapping total reads against Wolbachia reference genomes, filtering
Wolbachia-only reads, remapping the filtered Wolbachia reads against the same reference
genomes and finally obtaining mapping statistics. The associated and specific tools

accompanying these approaches are described below.

In the first approach, to identify potential Wolbachia contigs and initially screen infected
samples, the assembled de novo contigs were searched with BLASTX v.2.10.0 (Altschul et al.,
1990) against a Wolbachia reference protein database that contained representatives of
supergroup A (NCBI Accession: GCF_000008025.1, wMel from Drosophila melanogaster) and
supergroup B (NCBI Accession: GCF_000073005.1, wPip from Culex quinquefasciatus). Two
references were sufficient at this stage, as this approach aimed to detect the presence of
Wolbachia-associated sequence rather than to assign it to a supergroup. Since Wolbachia
proteins are conserved across supergroups, protein-level hits reliably establish presence but
cannot distinguish supergroups, and, additionally, the translated search was specifically used,
as protein-level similarity can detect bacterial coding sequences even when nucleotide-level
similarity is reduced. To filter contigs that could reliably be associated with Wolbachia, we
filtered the BLASTX tables based on three strict criteria: e-value (1xe'?), bitscore (>300), and
percent identity (>95%). Then, to evaluate whether conserved bacterial orthologues were
recovered from these putative Wolbachia contigs, we assessed them with BUSCO v.5.2.2

(Simao et al., 2015), using the built-in bacteria _odbl0 reference set. In our study, BUSCO
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assessed whether these contigs contained conserved bacterial genes and how completely a
bacterial contig was recovered, complementing the Wolbachia-level identification obtained
with BLASTX. BUSCO was also discussed in the context of LGT, and it helped characterise
some intermediate samples according to the second, read-mapping approach (see Discussion
section 4.3). Lastly, since our aim at this stage was to detect Wolbachia presence rather than to
recover insertions, we retained a strict percent-identity threshold (>95%) rather than relaxing

it, accepting that this may exclude more divergent or degraded sequences.

In the second approach, we used read-mapping to assess samples independently of the
assembly-based screening. Since the first approach identifies Wolbachia sequences from the
assembled contigs, mapping complements it by evaluating the total read data against complete,
chromosome-level, reference genomes of Wolbachia, quantifying the breadth of coverage and
the relative number of reads supporting it. For this, we first selected a total of 12 reference
Wolbachia genomes based on the work by Twort and colleagues (2022), which mostly represent
supergroups A and B, the only ones known to infect butterflies, and supergroups C, F, and D,
increasing the exploratory power of the analysis (used reference genomes are in Table S2).
Additionally, each reference genome comes from a different and identified Wolbachia strain
and we acknowledge that more Wolbachia genomes are available in Twort and colleagues
(2022), but these were excluded either because they were suppressed from NCBI or because
they do not contain a fully assembled chromosome, but fragmented contigs or scaffolds. The
references were then transformed into an appropriate database with Bowtie2 v.2.4.2.
(Langmead & Salzberg, 2012) and the mapping was performed with the same program,
resulting in SAM files. After converting SAM files to BAM and sorting the BAM files, we used
BEDTools v.2.26.0 (Quinlan & Hall, 2010) to convert them to FASTQ format, obtaining mostly
Wolbachia-filtered reads. We then remapped these reads against the same set of 12 reference
Wolbachia genomes, consequently removing alignments not supported as proper pairs and

producing a BAM containing only Wolbachia-derived reads.

We then used the mapped BAM files to obtain the breadth of coverage and mean depth
of every sample against each reference with SAMtools v.1.14 (Danecek et al., 2021). However,
mean depth was not used as an infection metric, as it is directly comparable across samples only
when sequencing effort is equal, which was not the case in the present study. We thus
established two criteria regarding the obtained metrics to identify infection in our samples. The
primary criterion was the actual breadth of coverage (i.e., the proportion of the reference

genome covered by reads), for which a conservative threshold was applied at 70% breadth. This
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choice reflected the distribution of values across samples, the limitations of the source material
(collection preservation, locality, depth of sequencing, and suboptimal tissue — leg), and the fact
that breadth directly reflects how complete a Wolbachia genome is represented across the reads.
As a second criterion, we normalised the number of Wolbachia-mapping reads by the total
number of cleaned reads in the corresponding library, expressed as reads per million (RPM), to
make read abundance comparable across samples in place of mean depth. The total number of
reads per specimen was determined from the cleaned paired-end FASTQ files before any
Wolbachia-specific filtering. For each sample, read counts were obtained separately from the
R1 and R2 files using seqkit stats, and the two values were summed to calculate the total number
of reads. These totals were subsequently used as the denominator for reads-per-million (RPM)

normalisation. The formula used was:
(N Wolbachia reads + N total cleaned reads) x 10°

Importantly, since RPM is an abundance measure spanning several orders of magnitude,
proportional (fold) differences are more informative than absolute differences and, thus, a logio
transformation was applied (Table S3; Figure S1). Finally, in our study, samples falling below
the 70% breadth threshold were designated as uninfected, which denotes the absence of a
sufficiently strong and genome-wide signal rather than concluding absence of Wolbachia. Every
script used, including program parameters, is provided in Supplementary Material MI.
Additionally, a table containing the mapping metrics for all samples, including number of

mapped reads, across the 12 references, is included in Supplementary Material M1.

As part of the rationale of the read-mapping approach, we also intended to provide an
initial description of the supergroups and strains infecting our samples. However, this thesis did
not extensively characterise strains since short Illumina reads, as the ones used to obtain our
genomic datasets, make it challenging to phase haplotypes of closely related strains in read-
mapping analyses (Vancaester & Blaxter, 2023), which can underestimate read-mapping
identifications. Moreover, we did not perform phylogenetic placement based on conserved
single-copy orthologues. This could be limited by inconsistent orthologue recovery across our
samples, since incomplete assemblies and duplicated signals would limit the set of orthologues
shared by all samples. In addition, phylogenetic placement remains dependent on the reference
genomes included, so samples whose closest relatives are not represented in the available
references could be placed without informative resolution. Thus, our initial description can

narrow the identification to the best-supported candidate supergroups and strains based on
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similarity, but it cannot provide a true strain-level characterisation of the infected samples. We
are using the results derived from this mapping as a description that can guide future analyses
in Eudaminae. Lastly, insertions of bacterial sequence into the host genome were not
systematically characterised with any of the methods, although mapping patterns compatible

with such insertions are considered in the context of LGT in Discussion, section 4.3.

3. Results

3.1. Dataset overview and data Quality Control

The dataset comprised 77 skipper butterfly samples collected across five Neotropical
countries: Peru (n = 35), Cuba (n = 22), Panama (n = 16), Brazil (n = 3), and Jamaica (n = 1).
After taxonomic curation, the material represented 18 genera. Following taxonomic
investigation of specimens with uncertain placement, the final genus-level distribution was as
follows: Telegonus (n = 6), Cecropterus (n = 13), Spicauda (n =5), Aguna (n = 3), Chioides (n
= 14), Urbanus (n = 18), Spathilepia (n = 1), Autochton (n = 3), Bungalotis (n = 2), Cogia (n =
1), Dyscophellus (n = 1), Ectomis (n = 2), Entheus (n = 1), Epargyreus (n = 1), Euriphellus (n
= 1), Narcosius (n = 1), Nascus (n = 3), and Porphyrogenes (n=1).

Quality assessment of the raw Illumina reads identified the main sequencing artefacts
as adapter contamination, duplicated reads, and poly-G tails. These were removed by adapter
trimming, quality filtering, and deduplication. Post-filtering quality assessment confirmed
consistently high-quality read sets across the dataset. The MultiQC summary statistics showed
a median read length of 150 bp, a median sequencing output of approximately 33 million reads
per sample, and an average GC content of 36.6%. FastQC and MultiQC reports are provided in
Supplementary Material M 1.

3.2. Assembly-based screening for Wolbachia presence

The initial assembly-based screening identified candidate Wolbachia-associated
sequences in 26 out of the 77 analysed samples (33,76% of the analysed dataset). Within this
method, a specimen was screened as potentially infected when at least one assembled contig
was retained after the applied BLASTX table-filtering criteria (see section 2.3), against the
wMel (supergroup A representative) and wPip (supergroup B representative) protein references.
The number of retained contigs, as counted by the extracted number of contig nodes from a
filtered table, and including the elimination of duplicated hits, varied substantially among the
candidate-positive samples, ranging from one in PMLBSc023 to 1,762 in PMLBSc040 (for

node count extraction script, see Supplementary Material M1, table_filters.sh; the full list of
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extracted node counts is in Supplementary Material M1). This stage was deliberately
permissive, as a single qualifying contig was sufficient for a specimen to be classified as
potentially infected. Therefore, the 26 butterfly specimens in which Wolbachia sequences were
identified by BLASTX represent an initial screen rather than a final estimate of detectable
infection prevalence. Additionally, BUSCO assessment of the candidate Wolbachia contig set
showed uneven recovery of conserved bacterial orthologues among specimens with complete
BUSCO recovery ranging from 0% to approximately 86.3%, with a mean of 58.1% across the
evaluated assemblies (Figure 1). Four samples, namely PMLBSc023, PMLBSc033,
PMLBSc065, and PMLBSc072, contained no complete BUSCOs, whereas 13 assemblies
recovered at least 80% of the expected orthologues. The remaining ones showed intermediate
levels of completeness. BUSCOs’ full completeness assessment per sample is provided in

Supplementary Material M1.

BUSCO Assessment Results
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Figure 1: BUSCO completeness of candidate Wolbachia-associated assemblies identified
by the initial BLASTX screen. Each horizontal bar represents the BUSCO completeness
profile for an individual sample. Blue segments indicate complete BUSCOs (single-copy or
duplicated), yellow segments represent fragmented BUSCOs, and red segments indicate
missing BUSCOs. Completeness ranged from 0% to 86.3%.

3.3. Read-mapping infection detection and classification

Read mapping against the 12 selected Wolbachia reference genomes provided the main
evidence for the final infection classification. Based on the combined evaluation of breadth of

coverage and normalised mapped-read abundance (RPM, and logio RPM), 20 out of the 77
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analysed samples were retained as infected, corresponding to an infection prevalence of
25.97%. Among the infected samples, 3 carried supergroup A only, 13 carried supergroup B
only, and, notably, 4 showed evidence of A+B co-infection (Figure 2; Table 1).

Table 1: Wolbachia infection status of the 20 positive skipper samples identified by the read-mapping
approach. For each sample, the best-supported reference in supergroups A and B is shown with its breadth of
coverage and normalised read abundance (RPM). Reference labels denote closest similarity, not formal strain
identity.

Strain signal  Breadth of

Sample Supergroup (based on coverage RPM Infection logio (RPM)
reference) (%) status
PMLBSc001 A wMel 92.2 1843 A 3.265
B wPip 7.2 135 2.13
PMLBSc002 A wMel 96.2 4722 A+B 3.674
B wNo 88 1550 3.19
PMLBSc003 A wirr 5.4 64 B 1.808
B wPip 80.6 1333 3.125
PMLBSc004 A wirr 3.2 22 B 1.346
B wPip 70.6 498 2.698
PMLBSc005 A wMel 96.1 4940 A+B 3.694
B wNo 88 1710 3.233
PMLBSc011 A wMel 96 5878 A+B 3.769
B wNo 66.5 544 2.736
PMLBSc013 A wirr 3.3 19 B 1.29
B wPip 70.4 466 2.669
PMLBSc020 A wMel 95 8354 A 3.922
B wPip 10.3 304 2.482
PMLBSc036 A wirr 3.6 35 B 1.54
B wPip 79.6 1654 3.219
PMLBSc040 A wMel 96.7 3154 A+B 3.499
B wNo 89.9 1833 3.263
PMLBSc041 A wRi 4.8 12 B 1.072
B wNo 77.7 253 2.403
PMLBSc043 A wRi 6.3 14 B 1.15
B wPip 73.9 264 2421
PMLBSc045 A wMel 93.3 1230 A 3.09
B wPip 6.1 44 1.642
PMLBSc047 A wlrr 3.3 24 B 1.375
B wPip 77 360 2.556
PMLBSc048 A wirr 5.6 48 B 1.677
B wPip 82.9 2306 3.363
PMLBSc061 A wirr 4.9 35 B 1.545
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B wPip 82.3 1550 3.19
PMLBSc068 A wRi 6.8 41 B 1.613
B wPip 76 790 2.898
PMLBSc073 A wRi 7 17 B 1.236
B wPip 77 316 2.5
PMLBSc074 A wRi 6.5 26 B 1.42
B wPip 75.2 475 2.676
PMLBSc075 A wMel 17.2 49 B 1.688
B wPip 78.6 735 2.867

The primary metric used for the infection classification was the breadth of coverage at
the threshold of 70%. When the breadth value per sample was compared across the dataset, 52
samples fell below 6% and the 20 considered infected fell above 70%, while only five occupied
the intermediate range: PMLBSc032 (58.5%), PMLBSc033 (16.0%), PMLBSc042 (66.3%),
PMLBSc065 (31.4%), and PMLBSc072 (13.2%) (Table S3). Notably, despite their intermediate
breadth, all five samples reached logio RPM values within the range of the samples above the
threshold (Table S3), and, additionally, they presented low number or no recovered BUSCO
orthologues at all based on the assembly-based approach. Two extreme cases, samples
PMLBSc031 and PMLBSc046, presented very low breadth of coverage (0.14% and 0.30%,
respectively) but logio RPM also above the gap which separated all samples with breadth higher
than 70%. All of these samples were considered uninfected based on the breadth threshold, and

they are further discussed in Discussion section 4.3.

Additionally, one near-threshold exception, the supergroup B signal in PMLBScO11,
was evaluated separately because it occurred together with an unambiguous supergroup A
infection and was supported by 66.5% breadth and comparatively high normalised abundance.

The justification for retaining this signal is provided in Discussion section 4.3.
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Wolbachia infection prevalence and supergroup composition

Infection status
I Uninfected
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Figure 2: Mapping-based Wolbachia infection prevalence and supergroup composition across the analysed
Eudaminae dataset. Of the 77 analysed samples, 20 were classified as infected and 57 as uninfected under the
conservative mapping-based framework. Among the 20 infected samples, 3 carried supergroup A only, 13 carried
supergroup B only, and 4 showed evidence of A+B co-infection. Percentages in the upper bar are calculated
relative to the complete dataset, whereas percentages in the lower bar are calculated relative to the infected

subset.
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To complement our findings using breadth of coverage, mapped-read abundance was
normalised by library size and expressed on a logarithmic scale, as it spanned several orders of
magnitude. This also contrasted infected and uninfected samples: samples exceeding the 70%
breadth threshold occurred in the higher-RPM part of the distribution, whereas the low-breadth
samples were mostly concentrated at lower RPM values (Figure S1), with a few samples further
discussed in Discussion section 4.3. Across the logio RPM distribution, the largest gap occurred
between PMLBSc025 (RPM 67.7; logio=1.831) and PMLBSc046 (RPM 183.8; logio =2.264),
with no samples falling within this interval of approximately 0.43 log units, and all samples
with breadth higher than 70% falling above logio = 2.264 (Table S3, filtered by ascending logio
RPM values for visualization). Because some samples below the 70% threshold also had a logio
RPM higher than logio = 2.264, the gap is treated in this study as a boundary capable of
distinguishing all samples considered as infected by breadth, but not as a main threshold or as

evidence of two discrete statistical populations.

For the infected samples, the mapping profiles were next interpreted in terms of closest-
reference similarity. Considering that 4 supergroup A strains, 4 supergroup B strains, and
additional supergroup C, D, and F were present in the mapping procedure, supergroup A-
associated signals were consistently most similar to the wMel reference, while supergroup B-
associated signals were most similar to either wPip or wNo. The A+B co-infections combined
a wMel supergroup A signal with a wNo supergroup B signal (Table 1). These assignments
should be interpreted cautiously as the closest supported similarity among the tested references,

rather than as a definitive strain characterisation.

3.4. Distribution across genera

Mapping-supported Wolbachia infections were detected in seven of the eighteen
represented genera: Cecropterus, Chioides, Autochton, Spicauda, Nascus, Telegonus, and
Urbanus (Figure 3). The largest numbers of infected specimens were observed in Cecropterus,
with 6 of 13 specimens, and Chioides, with 5 of 14. All three sampled Autochton specimens
were infected. Infections were also detected in 2 of 3 Nascus specimens and 2 of 5 Spicauda
specimens. Telegonus and Urbanus each contained one infected specimen, corresponding to 1
of 6 and 1 of 18 specimens, respectively. No infections were detected in the remaining eleven
genera. Because the number of specimens differed substantially among genera, these values are

presented descriptively rather than as directly comparable genus-level prevalence estimates.
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Distribution of detectable Wolbachia infection across Eudaminae genera
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Figure 3: Distribution of detectable Wolbachia signal across Eudaminae genera based on the read mapping
approach. Each horizontal bar represents the total number of specimens analysed per genus, partitioned into

uninfected and infected individuals.

4. Discussion

4.1. Conceptual framework and key findings

The study aimed to detect and quantify Wolbachia infections across a dataset of
neotropical Eudaminae butterflies (skippers). As opposed to traditional marker-based screening
approaches, such as the analysis of amplified fragments of the MLST loci, the analysis in this
thesis used host genomic datasets and searched for evidence of Wolbachia-associated sequence
signal within them. The framework of Wolbachia detection used two main approaches: (1)
protein-level similarity of assembled contigs to screen for presence of Wolbachia proteins, and
(2) read mapping against available complete Wolbachia reference genomes for classification.
By using two approaches, this thesis aimed to account for the heterogeneity of the dataset,
which varied in the depth of sequencing of host DNA, and for the use of leg tissue as the source

material, in which Wolbachia densities may be low and infection signal correspondingly weak.

The read-mapping analyses detected Wolbachia signal in 20 of the 77 samples,

corresponding to an overall infection rate of 25.97%, while the assembly based one screened
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26 out of the 77 samples to be potentially infected. Importantly, samples without a detectable
signal cannot be interpreted as definitively uninfected, particularly if low titre infection was
present, since the study’s approach depends on recoverable bacterial signal in the host-derived
WGS data. All 20 read-mapping infected samples were also flagged by the assembly-based
screen, while six additional samples were only flagged by the latter (PMLBSc023,
PMLBSc032, PMLBSc033, PMLBSc042, PMLBSc065, PMLBSc072). Differences between
both approaches, and particular characteristics of these samples is further discussed in sections

4.2 and 4.3.

The detected infection signal was predominantly associated with supergroup B, while
supergroup A was less frequent, in accordance with Wolbachia-Lepidoptera literature and other
Wolbachia-insect broader studies (Duplouy & Hornett, 2018; Vancaester & Blaxter, 2023).
Furthermore, the read-mapping reference comparisons indicated that the supergroup A-
associated signal was consistently wMel, while the supergroup B-associated signal was more
variable, mainly being a wPip signal with a smaller number of wNo cases. The four A+B
samples followed the same supported reference pattern, wMel + wNo. This suggests a pattern
of strong affinity between the identified Wolbachia and specific used references within the

dataset, but not a definitive strain-level characterisation.

Detectable Wolbachia was distributed across seven of the eighteen represented genera,
with the highest numbers observed in Cecropterus and Chioides. This heterogeneous
distribution suggests that infection is not evenly structured across the sampled host taxa.
Nevertheless, since the sampling depth and number of representative samples diftered strongly
among genera, these patterns should be interpreted descriptively rather than as robust genus-

level prevalence estimates.

The butterfly family Hesperiidae, and especially the Eudaminae subfamily are
understudied outside the scope of taxonomic phylogenetics (Li et al., 2019; Toussaint et al.,
2018; Warren et al., 2008; Warren et al., 2009). Recent efforts have, however, substantially
expanded the knowledge about this clade by investigating the evolutionary ecology of defences
against predation (Linke et al., 2022), diversification of wing morphology (Matos-Maravi et al.,
2025) and Wolbachia-Lepidoptera relationship (Ribeiro et al., 2025). Here, for the first time, |
work on a multi-genera scale within this clade and show both an infection assessment and an
initial description of the strains that might be present in these butterflies, providing relevant

information that can be used for future studies in the field.
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4.2. Methodological evaluation of the infection detection approaches

The two complementary detection approaches differed in their intended purpose and
strictness. The main difference between both approaches (i.e., 26 detected with the assembly
based and 20 with the read-mapping) was expected since the assembly-based approach was
deliberately permissive, with a sample considered potentially positive when at least one
assembled contig was retained after the BLASTX filtering criteria were applied. Consequently,
even a small amount of conserved Wolbachia-associated sequence could result in a candidate-
positive classification. In contrast, the mapping-based approach required read support to be
distributed across a substantial proportion of a complete reference genome, therefore producing

a more conservative result.

The complete BUSCO recovery in the 26 candidate-positive samples ranged from 0%
to 86.3% (Figure 1; Supplementary Material M1), further demonstrating the uneven quality of
the bacterial contigs obtained through assembly. The wide range of completeness values is
consistent with substantial variation in effective bacterial coverage, bacterial abundance, and
assembly fragmentation among samples. Additionally, it could be a signal of lateral gene
transfer (LGT), which would yield a similarly fragmented set of recovered orthologues, and
this is further discussed in a broader context in section 4.3. Similar genome-mining studies have
also shown that low effective coverage may produce detectable Wolbachia sequence without
yielding a credible or sufficiently complete bacterial assembly (Twort et al., 2022) and, thus,
the assembly results should therefore be interpreted as a presence screening instead of genome-

level infection calls.

Read mapping was considered more suitable for the final classification because breadth
of coverage evaluates whether the observed signal is randomly distributed across the reference
genome rather than restricted to one or a few conserved regions. Indeed, in the most recent
methodological guideline for Wolbachia detection from host-genome data, different instances
of read-mapping approaches are recommended (Valerio et al., 2023), including other methods
that directly use reads as input such as screening Wolbachia with Kraken2 (Wood et al., 2019;
Lu et al.,, 2022). We did not, however, use Kraken2 in our approaches because our
understanding is that it serves as an initial screening, which was covered by our assembly-based
approach. Read-mapping was additionally important because protein sequences can be
conserved across Wolbachia supergroups and, consequently, the occurrence of BLASTX hits

against both the supergroup A and B protein references could not by itself distinguish a genuine
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A+B co-infection from cross-hits involving homologous proteins. Thus, in our study, the
assembly-based analysis was used to screen for presence, and in turn potential infection,
whereas the assessment of actual infection, infection per genus, closest-reference similarity,

and co-infection was based on the read-mapping results.

Taken together, these differences show that the two approaches are best treated as
complementary rather than a single combined classifier. The overlap between both approaches
in terms of Wolbachia-positive samples showed that the assembly screen recovered every
confidently infected sample while additionally flagging weaker or partial signals that the stricter
breadth of coverage criterion later excluded. Thus, the assembly-based approach is a reliable
and computationally lighter screening method, and it can be sufficient when coverage is high
and uniform across samples, and that the source tissue is more appropriate (e.g., abdomen). The
read-mapping approach is stricter and better suited for heterogeneous data in which sequencing
coverage and bacterial abundance vary, although it requires additional steps and greater
computational effort. Thus, the choice between the two approaches largely depends on the study
design, available tissue, and sequencing depth potential. Finally, we recommend always using
read mapping when recovery of Wolbachia contigs is highly uneven, and BUSCOs show many

samples with high number of fragmented or missing BUSCOs.

4.3. A deeper look into intermediate samples, interpretation of metrics, and LGT in the

context of the approaches used.

Because the classification depended on recoverable bacterial signal from limited source
material, in our study "uninfected" denotes the absence of a sufficiently strong and genome-
wide, as stated in methods. Breadth of coverage was treated as the primary criterion because a
high value requires Wolbachia reads distributed across much of the reference, working as a
conservative metric in the face of sample and source material limitations. RPM was treated as
complementary, since it quantifies the abundance of Wolbachia-mapping reads but cannot
assert how much of the genome they cover. In our study, the two metrics largely agreed, since
the samples at or above 70% breadth (i.e., considered infected) were set apart, in terms of
abundance, from most of those with breadth lower than 70% by a log-scale RPM gap wider
than any separation within the infected group itself (Figure S1; Table S3). Five samples
(PMLBSc032, PMLBSc033, PMLBSc042, PMLBSc065, and PMLBSc072, Table S3),

however, presented intermediate breadth (between 6% and 70%) and are further discussed.
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First, PMLBSc033 was weak on both metrics (breadth = 16.0%; RPM = 38.6; logio =
1.587) and recovered no complete BUSCOs, being directly considered as uninfected. In
contrast, PMLBSc072 had low breadth of coverage (13.2%) but high RPM value (536.5; logio
RPM = 2.730), comparable to several samples exceeding the 70% breadth threshold. Similarly,
PMLBSc065 had an RPM of 186.8 (logio RPM = 2.271) but only moderate breadth of coverage
(31.4%), which remained well below the threshold. The pattern of both samples means that
their reads were concentrated on one or a few fractions of the genome, which can arise from
their accumulation on conserved or repetitive regions. Such an accumulation can, for instance,
result from cross-mapping from another supergroup at their shared conserved regions.
Alternatively, shallow sequencing (such as for PMLBSc072; Table S3) could produce the same
low breadth if Wolbachia is genome-wide but present at low titre or poorly represented in the
leg tissue, so that only its best-represented regions are recovered. The pattern could also
represent fragmented or partial matches belonging to insertions resulting from LGT, which can
deteriorate over time (Nikoh et al., 2008; Tvedte et al., 2022). This would also agree with the
fact that PMLBSc072 did not recover any type of BUSCO orthologues, while PMLBSc065

recovered only a few fragmented.

Additionally, PMLBSc032 and PMLBSc042 covered more than half of the reference
(58.5% and 66.3%), but still below the threshold, with abundances (RPM 230.1 and 187.2
respectively; logio = 2.362 and 2.272 respectively; Table S3) falling at the low end of the
samples with breadth above 70%. However, both had large libraries (71.1 and 111.5 million
reads) and reached the highest breadth and most complete BUSCOs of the five (12 and 24,
Figure 1; Supplementary Material M1). The below threshold breadth is, therefore, unlikely
reflecting insufficient sequencing, cross-mapping or LGT, and more likely representing a true
infection at low titre excluded by the conservative breadth cutoff. Finally, outside the
intermediate range previously discussed, two samples (PMLBSc031 and PMLBSc046),
reached comparable logio RPM values (2.411 and 2.264) on negligible breadth (0.14% and
0.30%). They were classified as uninfected without further consideration, but they still
highlight, as extreme cases, how RPM can reach the range of infected samples with almost no
breadth.

Sample PMLBSc011 represents a similar case, but here our analysis helped to retain
rather than to exclude this intermediate sample. Its supergroup A signal was unambiguous
(96.0% breadth of coverage against wMel; RPM = 5,877.6; logio = 3.769), while its additional
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supergroup B signal fell just below the threshold at 66.5% breadth against wNo (Table 1).
Notably, however, the breadth of the B signal (66.5%) is essentially identical to that of the
excluded PMLBSc042 (66.3%), so breadth alone does not separate the two cases. We then
decided to retain the supergroup B infection of PMLBSc011 based on a combination of
assessments. First, its abundance (RPM = 544; logio = 2.736) is roughly two to three times that
of PMLBSc042, placing it within the range of the confidently infected samples rather than at
its lower end (Table S3). Second, as mentioned previously, a dominant supergroup A infection
is a plausible source of a false B signal when mapping, since the supergroup A can cross-map
onto the conserved regions shared by both supergroups. Consequently, such cross-mapping
would be confined to those regions and be of lower breadth, but the B signal of PMLBSc011
spans two-thirds of the reference, which is inconsistent with the cross-mapping artefact and
more likely indicates a distinct B genome. A near-threshold signal from a single supergroup,
such as that of PMLBSc042, lacks this second signal for comparison, so its breadth stays

ambiguous, and is treated conservatively as below threshold.

Another consideration is related to LGT, since Wolbachia sequences are known to be
integrated into lepidopteran genomes with notable frequency (Li et al., 2022). One consequence
is that samples recovering few or no conserved bacterial orthologues under BUSCO, as in the
intermediate-breadth cases above, could reflect a Wolbachia-derived insertion in the host
genome rather than infection, in cases in which the inserted gene or genes would undergo
accumulation of mutation, fragmentation, and degradation over time (Nikoh et al., 2008; Tvedte
et al., 2022). However, the read-mapping procedure cannot establish an insertion on its own,
because mapping locates reads along a reference genome, but it cannot show whether the
corresponding sequence is within the host genome. Therefore, confirming a genuine transfer
event would require placing the Wolbachia-matching regions in their host genomic context
(Dunning Hotopp et al., 2007), for instance by identifying flanking host genes, which was
beyond the scope of this study.

Lastly, all reported strain-associated signals must be understood as the closest-reference
similarities rather than formal strain identifications. The mapping analysis compared the
samples with a restricted set of 12 available reference genomes (Table S2), meaning that the
highest-supported reference represents the closest genome within that particular reference set
and not necessarily the actual strain infecting the specimen. Furthermore, short-read data limits

the ability to separate or phase closely related genomes when multiple strains are present, while
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fragmented or uneven sequence recovery reduces the number of comparable loci available for
phylogenetic inference (Vancaester & Blaxter, 2023). Thus, a formal phylogenetic placement
was not performed, since, under the present data limitations, constructing a phylogeny would
not resolve incomplete reference representation or short-read phasing and could instead provide
an unjustified impression of precise strain-level assignment. Finally, the mapping results
provide a conservative initial description of supergroup signal and reference affinity that can

guide subsequent targeted genomic analyses.

4.4 Infection prevalence: supergroup assessment

Under the mapping-based classification, detectable Wolbachia infection was identified
in 20 of the 77 analysed specimens, corresponding to an overall prevalence of 25.97% (Figure
2). Published estimates indicate that Wolbachia prevalence can vary substantially among
Lepidoptera taxa, for instance, in Acraea butterflies in which infection frequencies of
approximately 30% have been reported, whereas prevalence of approximately 80% has been
observed in the species of the African Bicyclus (Jiggins et al., 2001; Duplouy & Brattstrom,
2018). On this basis, the prevalence observed in the present dataset falls in the lower end of this
reported range. However, these values should not be treated as directly equivalent, as the studies

differ in host taxonomy, sampling effort per species, tissue source, and detection methodology.

Furthermore, the infected subset showed a clear predominance of the supergroup B-
associated signal. Among the infected specimens, 13 carried only supergroup B, three carried
only supergroup A, and four had detectable signals from both supergroups (co-infection)
(Figure 2). Thus, including the four co-infections, supergroup B was present in 17 out of the 20
infected samples, whereas supergroup A was present in seven, which is consistent with previous
observations about the prevalence of supergroup B over supergroup A in Lepidoptera.
Additionally, the presence of four A+B co-infections also agrees with previous genomic and
marker-based studies showing that multiple Wolbachia lineages can coexist within individual

lepidopteran hosts (Duplouy & Hornett, 2018; Twort et al., 2022; Vancaester & Blaxter, 2023).

4.5 Wolbachia across Eudaminae: distribution and dynamics

Detectable Wolbachia infection was distributed unevenly across the represented
Eudaminae genera. Mapping-supported infections occurred in seven of the eighteen genera:
Cecropterus, Chioides, Autochton, Spicauda, Nascus, Telegonus, and Urbanus (Figure 3). All
three sampled Autochton specimens were infected, as were six of the thirteen Cecropterus, five

of the fourteen Chioides, two of the five Spicauda, and two of the three Nascus. In contrast,

28



only one infection was detected among six 7Telegonus specimens and one among eighteen
Urbanus specimens. No infection was detected in the remaining eleven genera. Importantly, the
genus-level values must be interpreted in relation to the highly uneven sampling structure, as
thirteen of the eighteen genera were represented by three or fewer specimens, and all eleven
genera without a detected infection belonged to this low-sampled group. Consequently, the
absence of detectable signal in these genera cannot be treated as absolute evidence that
Wolbachia is absent from the genus itself. Similarly, the detection of infection in all three
Autochton specimens does not demonstrate that the infection is fixed or consistently prevalent

throughout that genus.

Considerable heterogeneity of Wolbachia presence has also been reported in other
Lepidoptera systems. A broad genomic screen by Twort et al. (2022) detected Wolbachia in only
20 out of 106 surveyed lepidopteran species and found that many identified host-symbiont
associations had not been previously recorded. At a geographical scale, infection frequencies in
North American Lycaeides butterflies among sampled localities ranged from complete absence
to whole-population infection, with several Wolbachia lineages showing different host species
and geographical distributions (Shastry et al., 2022). Similarly, Ahmed and colleagues. (2016)
identified identical or closely related Wolbachia lineages in different butterfly and moth hosts,
together with cases of multiple infection. Overall, these studies show that Wolbachia
distribution in Lepidoptera is rarely uniform across a clade. Infection status can vary between
closely related host species, differ between populations of the same species across localities
(Shastry et al., 2022; Ribeiro et al., 2025), and involve distinct bacterial lineages that each
associate with particular hosts. Ribeiro and colleagues (2025), for instance, examined four
closely related species of the Eudaminae genus Spicauda, showing that the four differed notably
in infection status. In this study, infections were frequent in S. simplicius and S. procne, whereas
no infection was detected in S. tanna or S. teleus, and the infecting Wolbachia lineages were
host-specific with S. simplicius including individuals carrying infections from both supergroups
A and B. Additionally, their phylogenetic and demographic analyses supported frequent
turnover of Wolbachia in Spicauda populations rather than stable inheritance of a single
ancestral infection across the genus. The present multi-genera dataset cannot resolve infection
dynamics at the same population or phylogenetic level, but its heterogeneous distribution
extends the observation of uneven Wolbachia occurrence across a substantially broader

taxonomic representation of Eudaminae.
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Additionally, the ecology of Eudaminae makes opportunities for transfer possible: many
skipper species occur sympatrically or syntopically and overlap in their daily activity and
ecological environments (DeVries et al., 2008; Ribeiro et al., 2025). Such overlap may facilitate
indirect contact through shared host plants or parasites, while inter-specific hybridisation may
provide an additional route among closely related species (Shastry et al., 2022; Twort et al.,
2022). However, eco-evolutionary studies in Eudaminae are still scarce, and all of these
processes would require appropriate assessment to help clarify how Wolbachia is transferred in
the clade. Thus, the present results are only compatible with this hypothesis and do not
demonstrate horizontal transmission, as neither host-symbiont phylogenetic congruence nor

direct ecological transmission routes were tested.

Taken together, the scattered genus-level distribution, the occurrence of supergroup B-
associated signal in several distinct hosts, and the A+B co-infections described in Section 4.3
are compatible with a dynamic infection system shaped by repeated acquisition, persistence,
and loss, with horizontal transmission being a plausible driver of such dynamics. Previous
studies have inferred frequent horizontal transfer in Lepidoptera from the sharing of closely
related bacterial lineages among different host species and from incongruence between host and

Wolbachia relationships (Ahmed et al., 2016; Shastry et al., 2022; Ribeiro et al., 2025).

Despite these constraints, this study provides the first broad multi-genera assessment of
Wolbachia prevalence in a butterfly subfamily, Eudaminae, extending previous work focused
on four Spicauda species to a dataset comprising 18 genera and 33 distinct species, establishing

an initial map of detectable infections.

4.6 Limitations and future directions

The main limitation of this study is that Wolbachia detection depended on the recovery
of sufficient bacterial signal from host-derived WGS data. As discussed throughout this thesis,
samples classified as uninfected should be interpreted as lacking detectable signal under the
applied framework rather than as being definitively free of Wolbachia. Low-abundance
infections may have remained undetected, particularly because DNA was extracted from leg
tissue and because the samples differed in age, origin, storage conditions, and sequencing
characteristics. Even though the conservative 70% breadth of coverage threshold reduced the
likelihood of fragmented signals being classified as infections, it may also have excluded

genuine low titre or poorly recovered infections. Furthermore, the read-mapping descriptions
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are strongly influenced by the reference dataset used and, consequently, cannot reflect the real

strain identity of the sample.

Uneven sampling across host taxa also limited biological interpretation. Thirteen of the
eighteen genera were represented by three or fewer specimens, preventing robust comparisons
of prevalence among genera. Similarly, the dataset contained specimens from different
geographical localities and collection periods, making it difficult to separate taxonomic,

geographical, and temporal effects on infection distribution.

Future work should therefore prioritise more balanced sampling, with multiple
individuals from each species and genus and repeated sampling across populations and
geographical regions. Targeted validation with PCR amplification of Wolbachia typing genes
on uncertain or low-signal samples could help distinguish genuinely uninfected specimens from
low titre infections. Furthermore, increased sequencing depth, targeted enrichment of
Wolbachia DNA, long-read sequencing, or the usage of more appropriate tissue, such as
abdomens, could also improve genome recovery and enable more reliable separation of co-
infecting strains. Finally, reconstructing both host and Wolbachia phylogenies would allow
infection gains, losses, vertical persistence, and potential horizontal transfers to be tested

directly.

5 Conclusion

The study aimed to detect, quantify, and initially characterise Wolbachia infections
across 77 Neotropical Eudaminae specimens. A whole-genome sequencing-based framework
combined assembly-based screening with conservative read mapping against selected reference
genomes. The assembly screen identified 26 candidate-positive samples, while 20 samples were
retained as infected under the mapping-based classification, corresponding to a detectable
prevalence of 25.97%. Supergroup B predominated over supergroup A, and four samples
showed evidence of A+B co-infection. The detected signals were most similar to wMel, wPip,
or wNo, with all co-infections showing a wMel-like and wNo-like combination. Detectable
infection occurred in seven of the eighteen represented genera, although uneven sampling
limited genus-level comparisons. These observed patterns offer a first reference point for
Wolbachia in the Eudaminae, and the framework applied here provides a reproducible basis on
which future strain-level and phylogenetic analyses can build to resolve how these infections

are acquired and maintained.
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Table S1:

Species and collection locality metadata for all 77 Eudaminae samples.

Sample Order Family Subfamily Tribe Subtribe Genus Species Subspecies  Country Place
PMLBSc001 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Spicauda simplicius Panama Argos
PMLBSc002 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Autochton itylus Peru Pozuzo
PMLBSc003 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus dorantes dorantes Peru Pozuzo
PMLBSc004 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus dorantes dorantes Peru Pozuzo
PMLBSc005 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Autochton itylus Peru Pozuzo
PMLBSc006 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus longipennis Peru Tarapoto
PMLBSc007 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Spicauda teleus Peru Tarapoto
PMLBSc008 Lepidoptera Hesperiidae Eudaminae  Entheini NA Entheus priassus nr Peru Tarapoto
PMLBSc009 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus esmeraldus Peru Tarapoto
PMLBSc010 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus  longipennis Peru Tarapoto
PMLBSc011 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Spicauda simplicius Peru Tarapoto
PMLBSc012 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus velinus Peru Tarapoto
PMLBSc013 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus dorantes dorantes Peru Tarapoto
PMLBSc014 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus  longipennis Peru Tarapoto
PMLBSc015 Lepidoptera Hesperiidae Eudaminae  Oileidini  Typhedanina Cogia undulatus Peru Tarapoto
PMLBSc016 Lepidoptera Hesperiidae Eudaminae Eudamini  Telemiadina Ectomis pervivax nr Peru Tarapoto
PMLBSc017 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Telegonus fulgerator Peru Tarapoto
PMLBSc018 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus  longipennis Peru Tarapoto
PMLBSc019 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus  longipennis Peru Tarapoto
PMLBSc020 Lepidoptera Hesperiidae Eudaminae Phocidini NA Nascus solon Peru Tarapoto
PMLBSc021 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Epargyreus socus nr Peru M. de Dios
PMLBSc022 Lepidoptera Hesperiidae Eudaminae Eudamini  Loboclina Aguna spicata Peru M. de Dios
PMLBSc023 Lepidoptera Hesperiidae Eudaminae Eudamini  Telemiadina Ectomis auginus Peru M. de Dios
PMLBSc024 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Narcosius nazareus Peru M. de Dios
PMLBSc025 Lepidoptera Hesperiidae Eudaminae Phocidini NA Nascus phocus Peru M. de Dios
PMLBSc026 Lepidoptera Hesperiidae Eudaminae Phocidini NA Dyscophellus  erythras nr Peru M. de Dios
PMLBSc027 Lepidoptera Hesperiidae Eudaminae Phocidini NA Bungalotis corentinus Peru M. de Dios
PMLBSc028 Lepidoptera Hesperiidae Eudaminae Phocidini NA Bungalotis midas nr Peru M. de Dios
PMLBSc029 Lepidoptera Hesperiidae Eudaminae Phocidini NA Porphyrogenes ~ omphale Peru M. de Dios
PMLBSc030 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Chioides marmorosa Cuba Mayabeque
PMLBSc031 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba
PMLBSc032 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Cecropterus dorantes santiago Cuba Habana
PMLBSc033 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Cecropterus dorantes dorantes Brazil Sao Paulo
PMLBSc034 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Spicauda simplicius Brazil Bahia
PMLBSc035 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides churchi Jamaica
PMLBSc036 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Telegonus talus Cuba
PMLBSc037 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Urbanus proteus domingo Cuba
PMLBSc038 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Telegonus habana habana Cuba San(tzlsgg de
PMLBSc039 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides marmorosa Cuba Holguin
PMLBSc040 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Autochton itylus Peru Pozuzo
PMLBSc041 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Urbanus pronta nr Peru Tarapoto
PMLBSc042 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Peru Tarapoto
PMLBSc043 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Peru Tarapoto
PMLBSc044 Lepidoptera Hesperiidae Eudaminae Eudamini  Loboclina Aguna aguna sp. Peru Tarapoto
PMLBSc045 Lepidoptera Hesperiidae Eudaminae Phocidini NA Nascus solon Peru M. de Dios
PMLBSc046 Lepidoptera Hesperiidae Eudaminae Phocidini NA Euriphellus euribates Peru M. de Dios
PMLBSc047 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Cecropterus dorantes santiago Cuba
PMLBSc048 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Cecropterus dorantes santiago Cuba
PMLBSc049 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba
PMLBSc050 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba Cienfuegos
PMLBSc051 Lepidoptera Hesperiidae Eudaminae Eudamini  Eudamina Spicauda simplicius Brazil Paraiba
PMLBSc052 Lepidoptera Hesperiidae Eudaminae Eudamini  Loboclina Aguna asander haitiensis Cuba Habana
PMLBSc053 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba Habana
PMLBSc054 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides marmorosa Cuba Artemisa
PMLBSc055 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Telegonus habana habana Cuba Holguin
PMLBSc056 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Telegonus Xagua Xagua Cuba Guantanamo
PMLBSc057 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Telegonus Xagua Xagua Cuba Guantanamo
PMLBSc058 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba
PMLBSc059 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus domingo Cuba
PMLBSc060 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Cuba Holguin
PMLBSc061 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Cecropterus dorantes santiago Cuba Habana
PMLBSc062 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides marmorosa Cuba
PMLBSc063 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
PMLBSc064 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
PMLBSc065 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc066 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc067 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
PMLBSc068 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc069 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
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Table S1: Species and collection locality metadata for all 77 Eudaminae samples.

Sample Order Family Subfamily Tribe Subtribe Genus Species Subspecies  Country Place
PMLBSc070 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
PMLBSc071 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Spathilepia clonius Panama Gamboa
PMLBSc072 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc073 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc074 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc075 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Chioides catillus Panama Gamboa
PMLBSc076 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa
PMLBSc077 Lepidoptera Hesperiidae Eudaminae Eudamini Eudamina Urbanus proteus Panama Gamboa

Table 52: Reference genomes used for the mapping procedure based on referenced used in Twort et al., (2022).

Host Assembly Contig Chromosome

Strain Accession Host classification Supergroup level Ls0 RefSeq

wPip  GCF_000073005.1  Luex Diptera B Chromosome 1 NC 0109811
— guinguefasciatus —
- Drvasophila . Complete . -

7 T
whiel GCF_000008025.1 melanogaster Diptera A Cenome 1 NC_002978.6
wNo  GCF 000376585.1  Drosophila simulans Diptera B L{‘E;"S:f: 1 NC_021084.1

. _— Dvosophila simulans . Complete .
7
whii  OCF 000022285.1 Riverside Diptera A CGenome 1 NC 0124161
. Cmchocerca ) . Complete .
WVol  GeF 000530755.1 volvulus Nemnatocn c Genome 1 N2 Hoklbs.1
WCle  op googagals. — Cimex lectularius  Hemiptera F ﬁ:‘;ﬁ: 1 NZ_APO13028.1
_ GCF_001439985.1 Trichogramma Hymenoptera B Chromosome 2 NZ_CM003641.1
wlpre — prefiostim —
wOo  GCF 000306885.1  Onchocera ochengi  Nematoda C L{‘E;"S:f: 1 NC_018267.1
wha  GCF 0003766051  Drosophila simulans ~ Diptera A L{‘E:';f: 1 NC_021089.1
- ] ) Complete .
wBm  GCF 0000083851 Brugia malayi Mematoda D Genoie 1 NC 0068331

"’""ﬁ”"‘ GCF 0041712851 Aedes albapictus Diptera B ﬁ:‘;ﬂe 1 NZ_CP031221.1

wir  GCF 0097327551  Haematobia irritans Dipiera A L{‘E:';f: 1 NZ_CPO37426.1
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Table S3: Read-mapping metrics for all 77 specimens, ranked by ascending logio RPM. Columns give maximum
breadth of coverage across the 12 Wolbachia references, whether it met the 70% threshold, Wolbachia-mapping
and total reads, RPM, logio RPM, and the logio RPM difference from the sample below. *Largest interval in the
ranking, marking the operational abundance boundary discussed in the text.

Max. breadth  Breadth of

Sample of coverage coverage > m?}l)olg)l?gc:i:ds Total raw reads Max. RPM logio RPM Alogio
(%) 70%

PMLBSc059 0.0774 No 123 133,014,386 0.92 -0.036
PMLBSc009 0.0815 No 70 65,854,034 1.06 0.025 0.062
PMLBSc017 0.1290 No 68 58,811,898 1.16 0.064 0.039
PMLBSc037 0.0074 No 112 80,192,102 1.40 0.146 0.082
PMLBSc049 0.1863 No 248 171,372,740 1.45 0.161 0.015
PMLBSc058 0.0466 No 206 130,020,734 1.58 0.199 0.037
PMLBSc052 0.1446 No 274 165,898,470 1.65 0.217 0.019
PMLBSc012 0.2409 No 94 52,368,134 1.79 0.253 0.035
PMLBSc053 0.0272 No 250 137,227,690 1.82 0.260 0.007
PMLBSc060 0.1446 No 238 120,092,554 1.98 0.297 0.037
PMLBSc030 0.0602 No 155 78,082,280 1.99 0.299 0.002
PMLBSc050 0.1176 No 257 123,024,260 2.09 0.320 0.021
PMLBSc062 0.0295 No 292 131,478,782 222 0.346 0.026
PMLBSc044 0.2931 No 313 136,427,994 2.29 0.360 0.013
PMLBSc007 0.1146 No 152 62,457,486 243 0.386 0.026
PMLBSc054 0.0560 No 367 138,140,708 2.66 0.425 0.039
PMLBSc051 0.1313 No 350 130,229,386 2.69 0.430 0.005
PMLBSc034 0.0823 No 198 72,154,496 2.74 0.438 0.008
PMLBSc014 0.0809 No 145 49,261,644 2.94 0.468 0.031
PMLBSc021 0.0363 No 211 69,997,494 3.01 0.479 0.010
PMLBSc067 0.5811 No 132 41,024,934 3.22 0.508 0.029
PMLBSc022 0.0718 No 192 56,827,908 3.38 0.529 0.021
PMLBSc039 0.0294 No 170 49,886,214 3.41 0.533 0.004
PMLBSc063 0.1192 No 136 33,901,540 4.01 0.603 0.070
PMLBSc035 0.1010 No 217 52,738,364 4.11 0.614 0.011
PMLBSc066 0.9766 No 144 34,768,724 4.14 0.617 0.003
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Max. breadth

Breadth of

Sample of coverage coverage > m?}l)oli?l?gc:i:ds Total raw reads Max. RPM logio RPM Alogio
(%) 70%

PMLBSc064 0.4005 No 158 37,151,884 4.25 0.628 0.011
PMLBSc006 0.0489 No 268 62,527,514 4.29 0.632 0.004
PMLBSc018 0.0456 No 311 65,968,058 4.71 0.673 0.041
PMLBSc057 0.0235 No 266 53,616,450 4.96 0.695 0.022
PMLBSc015 0.0709 No 280 53,503,218 5.23 0.719 0.023
PMLBSc055 0.0626 No 253 47,894,330 5.28 0.723 0.004
PMLBSc010 0.1686 No 268 49,685,684 5.39 0.732 0.009
PMLBSc038 0.0523 No 381 58,012,528 6.57 0.818 0.086
PMLBSc019 0.2548 No 446 63,005,162 7.08 0.850 0.032
PMLBSc070 0.1938 No 719 92,047,590 7.81 0.893 0.043
PMLBSc016 0.0820 No 459 57,520,352 7.98 0.902 0.009
PMLBSc027 0.0590 No 705 74,128,556 9.51 0.978 0.076
PMLBSc069 0.5918 No 1,408 145,122,928 9.70 0.987 0.009
PMLBSc023 5.8355 No 716 66,229,834 10.81 1.034 0.047
PMLBSc008 0.0183 No 732 67,129,602 10.90 1.037 0.004
PMLBSc026 0.1021 No 618 46,520,488 13.28 1.123 0.086
PMLBSc028 0.1814 No 781 49,085,722 15.91 1.202 0.078
PMLBSc056 0.2748 No 879 53,769,742 16.35 1.214 0.012
PMLBSc076 0.5294 No 3,032 178,566,806 16.98 1.230 0.016
PMLBSc029 0.0748 No 909 49,185,216 18.48 1.267 0.037
PMLBSc071 0.2084 No 2,756 116,382,448 23.68 1.374 0.108
PMLBSc077 1.5890 No 4,553 184,412,694 24.69 1.393 0.018
PMLBSc033 16.0236 No 2,471 63,972,186 38.63 1.587 0.194
PMLBSc024 0.3061 No 3,002 49,747,446 60.34 1.781 0.194
PMLBSc025 0.0475 No 3,226 47,653,264 67.70 1.831 0.050
PMLBSc046 0.3015 No 9,415 51,220,216 183.81 2.264 0.434*
PMLBSc065 31.3502 No 6,084 32,568,196 186.81 2.271 0.007
PMLBSc042 66.2510 No 20,863 111,451,990 187.19 2272 0.001
PMLBSc032 58.5415 No 16,357 71,076,658 230.13 2.362 0.090
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Max. breadth

Breadth of

Sample of coverage coverage > m?}l)olg)l?gc:i:ds Total raw reads Max. RPM logio RPM Alogio
(%) 70%

PMLBSc041 77.7011 Yes 30,620 121,201,382 252.64 2.403 0.041
PMLBSc031 0.1431 No 15,332 59,458,212 257.86 2.411 0.009
PMLBSc043 73.8764 Yes 32,272 122,413,994 263.63 2.421 0.010
PMLBSc073 76.9949 Yes 74,076 234,447,822 315.96 2.500 0.079
PMLBSc047 77.0494 Yes 64,682 179,750,308 359.84 2.556 0.056
PMLBSc013 70.4134 Yes 27,201 58,345,776 466.20 2.669 0.112
PMLBSc074 75.2141 Yes 61,351 129,271,956 474.59 2.676 0.008
PMLBSc004 70.5796 Yes 26,737 53,645,348 498.40 2.698 0.021
PMLBSc072 13.2021 No 3,121 5,817,224 536.51 2.730 0.032
PMLBSc075 78.6387 Yes 93,474 127,090,904 735.49 2.867 0.137
PMLBSc068 75.9773 Yes 41,315 52,285,374 790.18 2.898 0.031
PMLBSc045 93.2664 Yes 148,961 121,059,546 1230.48 3.090 0.192
PMLBSc003 80.5972 Yes 98,553 73,907,502 1333.46 3.125 0.035
PMLBSc061 82.2965 Yes 199,299 128,614,534 1549.58 3.190 0.065
PMLBSc036 79.5608 Yes 114,052 68,952,498 1654.07 3.219 0.028
PMLBSc001 92.1785 Yes 90,797 49,277,328 1842.57 3.265 0.047
PMLBSc048 82.9002 Yes 356,479 154,605,870 2305.73 3.363 0.097
PMLBSc040 96.6946 Yes 381,252 120,880,352 3153.96 3.499 0.136
PMLBSc002 96.2165 Yes 298,889 63,301,992 4721.64 3.674 0.175
PMLBSc005 96.0565 Yes 316,117 63,986,652 4940.36 3.694 0.020
PMLBSc011 96.0228 Yes 439,075 74,703,074 5877.60 3.769 0.075
PMLBSc020 94.9610 Yes 506,605 60,641,386 8354.11 3.922 0.153
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Samples ranked by maximum RPM (n = 77)

Figure S1: Distribution of maximum normalised Wolbachia-mapping read abundance across the 77
analysed samples. Samples are ranked by maximum reads per million total reads (RPM), with RPM
displayed on a logarithmic scale. Coloured points indicate whether the maximum breadth of coverage was

above or below the 70% operational threshold. The colours represent the primary breadth criterion rather
than final infection status.
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