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Abstract

Bacterial symbionts that manipulate the reproduction of their hosts are important factors in
invertebrate ecology and evolution, and are being leveraged for host biological control.
Infection prevalence restricts which biological control strategies are possible and is thought
to be strongly influenced by the density of symbiont infection within hosts, termed titer. Cur-
rent methods to estimate infection prevalence and symbiont titers are low-throughput,
biased towards sampling infected species, and rarely measure titer. Here we develop a data
mining approach to estimate symbiont infection frequencies within host species and titers
within host tissues. We applied this approach to screen ~32,000 publicly available sequence
samples from the most common symbiont host taxa, discovering 2,083 arthropod and 119
nematode infected samples. From these data, we estimated that Wolbachia infects approxi-
mately 44% of all arthropod and 34% of all nematode species, while other reproductive
manipulators only infect 1-8% of arthropod and nematode species. Although relative titers
within hosts were highly variable within and between arthropod species, a combination of
arthropod host species and Wolbachia strain explained approximately 36% of variation in
Wolbachia titer across the dataset. To explore potential mechanisms for host control of sym-
biont titer, we leveraged population genomic data from the model system Drosophila mela-
nogaster. In this host, we found a number of SNPs associated with titer in candidate genes
potentially relevant to host interactions with Wolbachia. Our study demonstrates that data
mining is a powerful tool to detect bacterial infections and quantify infection intensities, thus
opening an array of previously inaccessible data for further analysis in host-symbiont
evolution.

Introduction

Bacterial symbionts of eukaryotic hosts are ubiquitous in nature, but can be challenging to
detect and quantify. Included among these symbionts are intracellular bacteria, called repro-
ductive manipulators (RM), that alter host reproduction in order to increase their likelihood
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of vertical transmission to the next host generation [1-4]. Many of these reproductive manipu-
lations are positively correlated with within-host symbiont density and have the potential to
drive symbionts, along with infected host genotypes, to high frequencies in host populations
[5-10]. In addition to these frequency-increasing mechanisms, many RM strains are capable
of horizontally transferring from an infected host to an uninfected host, resulting in the spread
of these symbionts among host species [11]. Post-infection, the cellular cost of growing symbi-
onts and the reliability of vertical transmission also impact host infection frequencies [12-14].
Because these bacteria are so intimately woven into their hosts” biologies, infections must be
confirmed with molecular approaches, making population and community-wide assessments
laborious and costly.

The impressive reproductive manipulation abilities of these bacteria have recently been lev-
eraged to control problematic host populations, such as Dengue virus-harboring mosquitoes
[15-19]. RM strains have different impacts on host biology and host reproduction, which can
be used to 1) reduce host population sizes (e.g., through the sterile male technique [20, 21], 2)
drive symbiont infection frequencies to high levels for some other phenotypic benefit (e.g.,
viral inhibition [15, 17-19], or 3) kill or render the host infertile (e.g., in obligate infections
[22]). Importantly, different reproductive manipulator strains can have incompatible rescue
abilities [23-25]. Given that these strategies rely on knowing the infection status of host popu-
lations and the identity of infecting strains, it is necessary to characterize the natural diversity
and distribution of these bacteria among arthropod and nematode hosts.

Quantifying the density of symbiont cells within host tissues, termed titer, has been chal-
lenging historically, despite its importance in understanding the strength of reproductive
manipulation, reliability of vertical transmission, and rate of novel infections. Reliable within-
host symbiont quantification requires a sensitive and calibratable read-out, such as fluores-
cence intensity in imaging data, amplicon counts in gPCR, or read counts in sequencing-
based approaches (e.g., [26]). Thus, the accessible, but binary results of PCR-based detection
assays are suitable for frequency estimation, but not titer. Much of what we know about titer
has been extrapolated from a few well-studied systems [7, 27, 28]. Indeed, a recent study inves-
tigated titer using a bioinformatic approach, but was limited to a single symbiont species [29].
A symbiont must be present at sufficiently high frequencies within a host to promote success-
ful transmission to subsequent host generations [8-10, 30] without being so abundant as to
impose a significant fitness cost on the host [7, 27, 31, 32]. This titer homoeostasis must be bal-
anced against variation induced by the environment and host diet [31]. Given how difficult
titer is to measure and how variable it can be, little is known about the relative abundances of
reproductive manipulators within and among individuals of a host species, or across bacterial
strains and species.

Wolbachia pipientis (Alphaproteobacteria) is one of the best studied reproductive manipu-
lators due to its wide distribution [33-35], presence in model organisms such as D. melanoga-
ster [36], and use in biological control. Estimates of the frequency of Wolbachia infections
amongst arthropod species range from 11% [37] to 76% [38]. The large variation in estimates
is likely an effect of methodological differences including sampling bias and variation in PCR
assay sensitivity. Other reproductive manipulators in the Cardinium (Sphingobacteriia),
Arsenophonus (Gammaproteobacteria), Rickettsia (Alphaproteobacteria), and Spiroplasma
(Mollicutes) genera are reported to occur in 4% to 7% of all species [39]. However, these esti-
mates are even less certain than those for Wolbachia because fewer data are available for these
clades, and little is known about the within-host titer of these symbionts. Undersampling
imposes a barrier to confidently detect low frequency infections because the probability of
sampling an infected individual is positively correlated with the prevalence of the symbiont
and the number of individuals sampled from the host population.
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Whole genome sequencing and bioinformatic approaches offer appealing alternatives to con-
ventional PCR-based survey methods to simultaneously estimate reproductive manipulator infec-
tion rates and within-host titer [29, 37]. These methods are not biased by primer selection, may be
less sensitive to false positives due to contamination, and enable testing of large numbers of sam-
ples [40]. When the genome of an individual is sequenced with Illumina shotgun sequencing, any
potential symbionts are also sequenced. This makes the publicly-available databases a treasure
trove for sampling reproductive manipulators with bioinformatic approaches [29, 37, 41-43]. In
fact, as of 2020 the NCBI Sequence Read Archive (SRA) [44] contained more than 60,000
sequencing runs for samples tagged as Arthropoda alone. Searching, or mining, genomic sequenc-
ing data has been shown to be a cost effective and powerful strategy to detect Wolbachia infections
[37, 41]. However, prior studies only include few reproductive manipulator species [29, 37, 41, 43]
or were focused on a single host species [41]. Indeed, one of the most compelling arguments for
using non-targeted, publicly available data is to mitigate ascertainment biases away from selecting
species already known to harbor reproductive manipulator infections.

Here, we establish and validate a computational pipeline to determine the infection status
of host samples downloaded from the NCBI Sequence Read Archive (SRA) database and esti-
mate the titer of symbionts within positively infected host individuals. We use this approach to
(i) quantify Wolbachia infection frequency and infection titer of hosts, (ii) quantify the infec-
tion frequency and titer of other reproductive manipulator symbiont clades, (iii) compare
infection frequencies and titers (from i and ii) among host groups, and (iv) identify D. melano-
gaster SNPs associated with Wolbachia titer. From this work, we classified 2,083 arthropod
and 119 nematode samples as infected with a reproductive manipulator, including 93 species
with previously unknown infections. We show substantial variation in symbiont titer within
and between arthropod host species which is only partially explained by the combination of
species and strain. We present extensive validation of our methods, including orthogonal in
vivo approaches, which confirm that mining public databases is a highly accurate and sensitive
approach for detecting reproductive manipulator bacterial infections at the genomic level.

Results and discussion
Validation of bacterial detection pipeline

We developed a powerful bioinformatic pipeline to identify reproductive manipulator infec-
tions and infection densities within Illumina sequencing datasets. Briefly, the approach com-
pares sequencing reads from individual samples to a set of 102 reference genomes,
representing the sampled diversity of reproductive manipulator bacterial species, to determine
if a given host is positively infected (Fig 1, see Methods). We extensively characterized the sen-
sitivity and accuracy of this bioinformatic pipeline using previously known Wolbachia infec-
tion statuses of the Drosophila Genetic Reference Panel (DGRP [45, 46]), samples known to
harbor genetically divergent Wolbachia [47], and compared our method to previous studies.

Wolbachia infection status of the DGRP and subsampling efficacy

To estimate the sensitivity and the specificity of our symbiont classification method, we com-
pared our results to a previous extensive survey conducted by [41], which was PCR validated.
We determined the reproductive manipulator infection status of 158 individuals from the Dro-
sophila Genetics Research Panel (DGRP) [46] using our computational pipeline. Subsampling
two million reads from each DGRP sequencing run generated no false positive nor false nega-
tive infection statuses (S1 Table). When sampling all reads instead, we found similar low error
rates (S2 Table). This indicates our approach may be conservative for calling infections when
read numbers are limited.
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Fig 1. A schematic of the computational pipeline used to determine the reproductive manipulator infection status and symbiont
titer of a sequencing run. The pipeline (A) takes in a sample’s unique identification number, then downloads two million reads (includes
symbiont and host genomic reads). Then, (B) reads are aligned to Wolbachia, Arsenophonus, Spiroplasma, Cardinium, and Rickettsia
reference genomes. Also, reads are aligned to a set of 1066 single copy ancestral orthologs obtained from ORTHODB v9 to estimate host
coverage without requiring a reference genome. (C) Summary statistics for sample reads aligned to each reference are computed. If a
sample had between 0.1 and 0.9 breadth of coverage, the full dataset was downloaded and the workflow repeated to prevent false negative
calls. We apply coverage breadth and depth cutoffs to classify infection status as positive, or negative. To estimate symbiont titer, we

compare the depth of coverage of host reads mapped to a set of single copy orthologs, to the coverage of symbiont reads mapped to a
symbiont reference genome. Please see the methods section for more details on the approach for classification and titer computation.

https://doi.org/10.1371/journal.pone.0288261.g001

Effect of divergent reference genomes. Given that there may be unsampled genomic
diversity among reproductive manipulator strains in nature, and this may bias the detection
method, we characterized the method’s sensitivity to detecting divergent Wolbachia strains by
comparing mapping results for a sample among diverse reference genomes (S1 and S2 Figs in
S1 File). In addition to wMel, we used reference Wolbachia strains from host Culex
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quinquefasciatus, Onchocerca ochengi, Brugia malayi, Cimex lectularius, and Pratylenchus pene-
trans from Wolbachia Supergroup B, C, D, F, and L, respectively. When compared to wMel,
these genomes exhibit 5-15% pairwise sequence divergence within alignable regions. Impres-
sively, the method never produces false positives when determining infection status across all
references using two million reads per sequencing run (SI and S2 Tables).

False negative rates are similarly modest for all divergent Wolbachia references, at a maxi-
mum of 0-6% when aligning all reads in all but the most divergent reference genome (S1
Table). Across all arthropod samples, we expect most of the symbionts within these samples to
have the most similarity to Wolbachia from supergroups A and B (wMel and wPip) [48-50].
So, finding that these strains can still be detected when using a nematode Wolbachia strain ref-
erence suggests that the method is very sensitive and the majority of Wolbachia infections
were detected. Accuracy data for each reference genome are available in S1 and S2 Tables.
Taken together, these data indicate that subsampling sequencing read data is a computation-
ally efficient method to determine reproductive manipulator infection statuses of the majority
of host samples (i.e., 97.5% can be accurately classified using a subsample of two million
reads).

Comparison to other methods. A previous study by [37] used a related bioinformatic
pipeline to screen arthropod individuals for Wolbachia infection. The key difference between
our method and theirs is that they selected only three loci (wsp, ftsZ, and groE operon
sequences) rather than complete genomes, and required extremely similar blast hits to catego-
rize samples as positive (98 bp BLAST length matches at > = 98% identity to one or more of
the reference genes and three or more matching sequence reads). They screened 2,545 arthro-
pod sequencing runs, a subset of what we consider here, and found 173 (6.8%) of them were
candidates for a positive Wolbachia infection which composed 11.8% of species tested. Their
estimate ranges on the lower spectrum of Wolbachia frequency estimates. Therefore, we ran
our classifier on sequencing runs that Pascar’s method determined to be uninfected in order to
compare the sensitivity of their method using our whole genome approach.

Of the 2365 runs classified as negative for Wolbachia infection, we found our method classi-
fied 22 sequencing runs as positive (53 Table). Considering the median breadth of coverage
and estimated coverage depth was 0.98 and 11x, respectively, we are confident that these
sequencing runs are strong candidates for positive Wolbachia infection. If we are to consider
these as positive samples, we estimate that the false negative rate of Pascar and Chandler’s
method is 11%. Given that their approach is relatively conservative in identifying positive
infections, it is unsurprising that we find a low proportion of false positives, which at 1.7%, is
similar to our own.

Identifying divergent Wolbachia strains. To further confirm the accuracy of our
approach across a broader phylogenetic sampling of Wolbachia strains, we estimated the infec-
tion status for known positive infections of Zootermopsis nevadensis (termite), Ctenocephalides
felis (flea), Folsomia candida (springtail), and Osmia caerulescens (solitary bee) using the
BLAST-based approach. All of the sequencing runs were previously determined to harbor
Wolbachia infections [47] and classified into supergroup H, B, E, and F, respectively. Impor-
tantly, some of these divergent supergroups are not represented in the reference database and
therefore represent the most challenging cases for accurate detection using our pipeline. All
host samples were found to be positive for Wolbachia infection except for a sample from
supergroup H, even after running the pipeline on all the reads from that sample (54 Table).
These results suggest that this method can detect Wolbachia from genetically divergent super-
groups, but may not detect all of Wolbachia’s genomic diversity. Future efforts may mitigate
this challenge by incorporating an increasingly diverse array of reproductive manipulator ref-
erence genomes.
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We note that other reproductive manipulators may also pose other challenges for accurate
quantification beyond the specifics that we encountered in Wolbachia (e.g., Cardinium). How-
ever, in the absence of a high quality validation set and numerous true positives which are
available for Wolbachia, it is challenging to formally evaluate this pipeline’s performance in
the other reproductive manipulators. Nonetheless, the overall robustness and accuracy when
applied to Wolbachia positive and negative controls, and the consistency of frequency and titer
estimates with previous results suggests that there are few significant biases associated with our
approach.

Reproductive manipulators infect arthropod and nematode hosts in the
SRA

Using our bioinformatic classification pipeline, we tested nearly all arthropod and nematode
samples in the SRA database that had been whole genome shotgun sequenced (as of January
22,2020). We found 240 arthropod species and 8 nematode species had samples infected with
a reproductive manipulator out of 1,299 and 128 species tested, respectively (Table 1, S3 and
S4 Figs in S1 File, S5 and S6 Tables, S1-S3 Data). Among these species, we identified 93 arthro-
pod species with previously unreported reproductive manipulator infections (S7 Table).

Wolbachia was the most frequent reproductive manipulator in arthropod samples and spe-
cies (1,978 samples, 179 species, Table 1). We also found numerous arthropod species infected
with other clades of reproductive manipulators (S5 Table). Specifically, Cardinium, Rickettsia,
Spiroplasma, and Arsenophonus infect two, 54, 69, and nine arthropod species in the dataset,
respectively. The substantially lower infection rates for other reproductive manipulators than
for Wolbachia are consistent with prior work [51-53] (S5 Table, S3 Fig in S1 File).

Wolbachia was the sole reproductive manipulator found in nematodes besides an instance
of Cardinium, as expected based on previous work [39, 54]. Almost all nematode species
infected with Wolbachia are filarial worms (S6 Table), which is a result supported by earlier
studies showing that filarial nematodes and Wolbachia are in an obligatory, mutualistic rela-
tionship [55-57]. There was one non-filarial nematode species infected with Wolbachia: Praty-
lenchus penetrans, a plant-parasitic nematode (order Tylenchida). This species has been shown
previously to be infected with Wolbachia [54, 58]. These results, in addition to our validation
experiments, indicate that our approach can accurately detect symbiont infections. Indeed,
our survey does not distinguish between hosts infected with Wolbachia and endoparasites
infected with Wolbachia that may infect hosts. Downstream functional annotation and analy-
sis of endoparasitoids and symbionts would be necessary to determine the source of symbiont
infection. This possibility may possibly explain specific infections, but likely does not explain
the majority of the data.

We analyzed co-infections at two different levels: host species harboring samples infected
with more than one reproductive manipulator clade and single samples infected by more than
one bacterial clade. We found high rates of co-infections of different reproductive manipula-
tors among arthropod host species. Species co-infections occurred in 29 of the 240 arthropod

Table 1. Raw infection counts of Wolbachia, Spiroplasma, Rickettsia, Cardinium and Arsenophonus infecting arthropods and nematodes. The frequency of positive

samples or species is listed in parentheses.

I Samples Species
_ Arthropoda Nematoda Arthropoda Nematoda
Total 27256 5229 1299 128
Infected With Any RM 2083 (0.08) 119 (0.02) 240 (0.18) 8(0.06)
Infected With Wolbachia 1978 (0.07) 119 (0.02) 179 (0.14) 8 (0.06)

https://doi.org/10.1371/journal.pone.0288261.t001
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species that harbored any infection (p < 0.001 permutation test, see Methods, S5 Fig in S1 File,
and S8 Table). The observed rate of co-infection is consistent with previous work that identi-
fied eight out of 44 species were co-infected ([39], p = 0.34, Fisher’s Exact Test). These results
may indicate that a subset of host species are more likely to acquire novel symbionts than oth-
ers or that they are simultaneously permissive to multiple symbiont types. This is supported by
the observation that some host species harbor genetic variation that influences symbiont titer
within host individuals [7, 59]. Alternatively, any direct or indirect mutualism between symbi-
onts might facilitate the build-up of reproductive manipulators within a single species or host
maternal lineage. In contrast, we found no evidence for an excess of individual samples
infected by more than one reproductive manipulator relative to expectations obtained by per-
mutation (p = 0.155, 27 individuals, S6 Fig in S1 File). This may suggest that competition
between mixed strain infections might resolve faster than can be sampled. Indeed it is difficult
to predict the impacts of mixed strains within single individuals, and outcomes (e.g. host life-
span) can vary substantially between symbiont strains and host species [60-63].

Proportion of symbiont-infected arthropod species estimated to be 1-44%

We used a beta-binomial distribution to estimate the total proportion of species infected with
a reproductive manipulator from the raw counts of infected SRA samples and species (see
Methods). This approach accounts for variable sampling intensities (S5 Table) across host taxa
and naturally low infection frequencies in some species [34]. Using this approach, we esti-
mated that 44% (95% CI 29-61%), and 34% (95% CI 5-69%), of arthropod and nematode spe-
cies, respectively, are infected with Wolbachia (Table 2). We note that these values are
consistent with expectations from previous work [33-35, 38, 49, 64-69]. Moreover, because
the SRA has been populated with samples mostly without considering Wolbachia infection sta-
tus, our approach should provide a relatively unbiased estimate of global infection frequency.
Nonetheless, it is possible that other sampling biases, e.g., medical relevance of focal species,
might impact our estimates if medically relevant groups have unusual infection frequencies
relative to an “average” arthropod or nematode. Additionally, metadata errors such as misspe-
cified host species could contribute to both false positive and negative results.

Among the other reproductive manipulators, we estimated Arsenophonus, Rickettsia, and
Spiroplasma infected 1% (95% CI 0-5%), 3% (95% CI 1-8%), and 8% (95% CI 3-15%) of
arthropod species, respectively (Table 2). We were not able to estimate global infection rates of
Cardinium because of the extremely low rate of positive infection in the dataset. Owing to the
fact that we do not have positive and negative controls readily available for each of these other
reproductive manipulator clades, it is difficult to completely rule out infections that failed to
map to the known reference(s) for each group and therefore induce a higher rate of false nega-
tives. However, the results from mapping Wolbachia reads to extremely diverse reference
genomes (e.g., 5-15% divergence) suggests that the rate of false negatives is low, provided the

Table 2. Estimated infection frequencies and confidence intervals from the data for Wolbachia, Spiroplasma, Rickettsia and Arsenophonus infecting arthropods and
nematodes. All species in the dataset were downsampled to a maximum 100 individuals for frequency inference. We used a minimum infection frequency of 0.001 to clas-

sify a species as positively infected (See Methods).

Host Phylum
Arthropods

Nematodes

https://doi.org/10.1371/journal.pone.0288261.t002

Reproductive Manipulator 2.5% CI 97.5% CI Median Mean
Arsenophonus 0.00 0.05 0.01 0.01
Rickettsia 0.01 0.08 0.04 0.04
Spiroplasma 0.03 0.16 0.08 0.08
Wolbachia 0.29 0.62 0.44 0.44
Wolbachia 0.05 0.69 0.33 0.34
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divergence within these other bacterial groups does not exceed the tested values and, as we
note above, our raw frequency estimates are in line with previous work based on other meth-
ods (S4 Table).

Taxonomic distribution of reproductive manipulator infections

The taxonomic distribution of Wolbachia infections spans 11 arthropod orders, out of the 47
tested (Fig 2). Across all of the arthropod species that we studied here, the orders with the
greatest number of species sampled are Hymenoptera, Diptera, Lepidoptera, Coleoptera, and
Hemiptera. These orders had 152, 195, 400, 139, and 91 species sampled, respectively. Posi-
tively infected samples are dispersed widely across the phylogeny, including hosts as distant as
Coleoptera and Araneae. Horizontal transmission among species contributes towards explain-
ing Wolbachia’s large taxonomic distribution, despite only modest sequence level divergence
among Wolbachia strains [50, 70-73].

Wolbachia infection frequencies vary substantially across insect orders. For example, Hemi-
ptera, Hymenoptera, Diptera, and Coleoptera vary by approximately 30%, with 54%, 42%,
63%, 78% of species estimated to be infected, respectively (Table 3). We estimated the lowest

Species Wolbachia| Arsenophonus | Rickettsia | Spiroplasma
Order Samples Positive Positive Positive Positive
Diplura 2 0 0 0 0
Xiphosura 2 0 0 0 0
I_E Amblypygi 1 0 0 0 0
Schizomida 1 0 0 0 0
I-E Ricinulei 1 0 0 0 0
Araneae 10 2(0.2) 0 0 0
Arachnida Pseud?slcorpiones | 1 0 0 0 0
Opiliones 1 0 0 0 0
Scorpiones 7 0 0 1(0.14) 0
Ixodida 3 0 0 0 0
Mesostigmata 2 0 0 0 0
Sarcoptiformes 7 0 0 0 0
) Trombidiformes 4 1(0.25) 0 1(0.25) 0
Chilopoda — Scutigeromorpha 1 0 0 0 0
——— Geophilomorpha 1 0 0 0 0
— Podocopida 3 0 0 0 0
—— Myodocopida 1 0 0 0 0
Crustacea | Anostraca 1 i 0 0 0
| | I_E Notostraca 3 0 0 0 0
Diplostraca 5 0 0 0 0
Decapoda 139 0 0 0 0
Isopoda 5 0 0 0 Q
Amphipoda 3 0 0 0 0
|| Sessilia 1 0 0 0 0
Calanoida 4 0 0 0 0
Siphonostomatoida 3 0 0 0 0
Cyclopoida 2 0 0 0 0
Harpacticoida 3 0 0 0 [i]
Entomobryomorpha | 3 0 0 0 0
Archaeognatha 1 1(1.0) 0 0 0
Zygentoma 1 0 0 0 0
| Odonata 2 1(0.5) 0 0 0
Insecta — " Ephemeroptera 4 0 0 0 0
r—|  Coleoptera 139 29(0.21) 0 | 18(0.13) 2(0.01)
Y~ Hymenoptera 152 27(0.18) | 7(0.05) 3(0.02) 5(0.03)
Diptera 195 39 (0.20) 0 2(0.01) 2(0.01)
[ Plecoptera 5 0 0 0 0
| Lepidoptera 400 46 (0.12) 0 5(0.01) 33 (0.08)
Trichoptera 3 0 0 0 0
Blattodea 3 0 0 0 0
Orthoptera 7 0 0 0 1(0.14)
Phasmatodea 2 1(0.5) 0 0 0
Dermaptera 3 0 0 0 0
Hemiptera 91 31(0.34) 1(0.01) 5 (0.05) 0
Thysanoptera 2 1(0.5) 0 0 0
Psocoptera 3 0 0 0 0
Phthiraptera 68 0 0 3(0.04) 0

Fig 2. Phylogeny of Arthropoda orders tested and number of reproductive manipulator positive species within each order. The frequency of
reproductive manipulator-positive species listed in parentheses. No frequency is listed if there was no infection within an arthropod order. We
used the Tree of Life taxonomic and phylogenetic package and rotl [74], to group host species by their orders. We labeled arthropod clades
containing two or more taxa with subphylum or class.

https://doi.org/10.1371/journal.pone.0288261.9002
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Table 3. Wolbachia global infection frequencies and confidence intervals generated for arthropod orders. All species in the dataset were downsampled to a maximum
100 individuals. Confidence intervals were generated using 1000 bootstrap replicates fitting a beta-binomial model to species infection frequency data among orders. A
minimum infection frequency of 0.001 was used to classify a species as positively infected (See Methods).

Order
Coleoptera
Diptera
Hymenoptera
Hemiptera
Lepidoptera
https://doi.org/10.1371/journal.pone.0288261.t003

Mean Median 2.50% CI 97.50% CI
0.78 0.79 0.53 0.96
0.63 0.64 0.30 0.90
0.42 0.41 0.12 0.77
0.55 0.51 0.17 1.00
0.36 0.35 0.09 0.70

Wolbachia infection frequency for Lepidoptera (36%, 95% CI 9.28-70.4%, Table 3). Lepidop-
tera’s infection frequency, in particular, may be slightly lower than the frequencies found in
other orders of insects (p < 0.08, permutation test).

Comparative study of titer across symbiont taxa

Bacterial symbiont density within a host, or titer, may be important for both host and symbi-
ont fitness, but little is known about the relative abundances of reproductive manipulators
within individuals of a host species, or across bacterial strains and species. Variation in titer
may be a consequence of genetics (including host, symbiont, and combined host-symbiont
genotype interactions) or a result of other biological variation among genetically similar indi-
viduals (e.g., due to temperature and diet [31, 75-77]).

Here, we use whole genome shotgun SRA datasets to estimate titer from the ratio of symbi-
ont genome complements to host genome complements (see Methods). We used a reference
panel consisting of 137 symbiont references to estimate symbiont genome complements and a
panel of single copy orthologs to estimate host genome complements (S11 Table). We evalu-
ated the accuracy of our approach using in silico and in vivo approaches. First, we found titer
estimates using our bioinformatic approach were reflected in in vivo estimates of wRi and
wMel, which are two of the most commonly studied Wolbachia strains (S7 Fig in S1 File). Sec-
ond, we analyzed our approach’s accuracy to computing host genome coverage in arthropod
samples. We found titer estimates of our approach to be consistent with a reference based
approach (Spearman’s rho = 0.81, S8 Fig in S1 File). Third, we analyzed how titer estimates
changed when choosing a more distant symbiont reference to compute titer. We would expect
symbiont coverage estimates to vary significantly between references if titer estimates were
impacted by the distance to the reference selected. We found our method was robust in esti-
mating stable symbiont genome coverages (S9 Fig in S1 File, S9 Table). Lastly, we compared
our approach to a reference-based approach to estimate titer in DGRP samples and found the
two methods to yield similar results (Spearman’s rho = 0.95, S10 Fig in S1 File). These results
suggest that our in silico approach can yield information about Wolbachia abundance in tissues
that are most relevant to understanding Wolbachia transmission (i.e., the female germline)
and that our method is robust in estimating stable symbiont genome coverages especially from
Wolbachia Supergroups A and B, of which comprise the majority of tested arthropod
infections.

We found significant inter-sample variability in symbiont titer within host species (Fig 3A,
S10 Table). For example, there is a more than 200-fold range in Wolbachia titer across D. mela-
nogaster samples, consistent with previous estimates of titer in another Drosophila species [8].
Similarly, these results are in the range of previous estimates of Wolbachia titer in Aedes
Aegypti [78]. To determine the degree to which host species influence variation in titer, we fit a
linear model to the data. We found that Wolbachia titer in arthropods varied significantly
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between arthropod species (p < 2e-16, LM, Fig 3A), suggesting a strong genetic component
shaping symbiont titer among arthropod species. Indeed, we found that this model can explain
36% of variation in titer. Moreover, we tested for the impact of Wolbachia phylogeny on titer
differences by fitting a linear model with Wolbachia supergroup as a factor. We found that
Wolbachia supergroups A and B explain about 1% of titer variation (p = 0.04). The remaining
63% of titer variation may be explained by within species differences, such as inter-individual
variability and uncontrolled extrinsic factors, such as local diet or habitat. These results there-
fore support the idea that symbiont titer varies considerably both within and between host
species.

Next, we tested for an effect of sample pooling on our results. As SRA metadata is not
always complete, there is no way to be completely sure about the nature of the samples in the
database. To confirm that pooling does not strongly affect estimated titer and therefore bias
our results, we performed a literature search and annotated each sample as pooled or not
pooled when this information could be confidently determined from the source publication
(S11 Table). Then, we excluded samples that we could not categorize. We fit a LM model of
the same form as above but with pooled sequencing status as an additional factor, we found
that this model does not fit significantly better than a LM fitting titer and arthropod host spe-
cies (p = 0.4, likelihood ratio test). This suggests the estimates from the whole SRA are robust,
and that pooling samples does not significantly impact the variation we see in titer across
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Fig 3. Titer variation across species infected with Wolbachia and between diverse reproductive manipulator clades. To increase readability of
both plots, categories were randomly downsampled to show 100 samples. The y-axis is log10 scaled. (A) Titer for Wolbachia positive arthropod
species with at least three samples were plotted from low to high titer and color coded by taxonomic order. (B) Titer for Wolbachia, Rickettsia,
Arsenophonus, Spiroplasma infected samples. We plotted up to three samples for every species infected with Wolbachia to show the range of
Wolbachia across tested arthropod species. Titer variation within host species is significant, and this variation is not due to pooled sequencing
samples. Our results suggest a symbiont and host genetic contribution to shaping within-host infection densities. Asterisks indicate statistically
significant relationships between titer and arthropod species where 0 “*** 0.001 *** 0.01 .

https://doi.org/10.1371/journal.pone.0288261.9003
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arthropod hosts in this dataset. Our approach therefore appears robust to vagaries associated
with aggregating diverse and distinct public datasets for computational analysis.

We hypothesized that Wolbachia titer in arthropod hosts could be significantly different
compared to other reproductive manipulator bacterial titers because Wolbachia is found at
substantially higher frequencies across arthropod species and many studies have reported that
Wolbachia generally elicits smaller fitness effects on its hosts than do Rickettsia, Arsenophonus,
and Spiroplasma [79-84]. Although an expanded model including reproductive manipulator
as an explanatory variable provides a better fit to the data (p = 0.004, likelihood ratio test), this
model explains only an additional 0.5% of the variance in symbiont titer relative to a model
where only host species is included as an explanatory variable (see Methods). No reproductive
manipulator clade significantly differed in contribution to titer variation (p > 0.05, likelihood
ratio test). These results therefore indicate that titer does not systematically differ between
clades of reproductive manipulators (plotted in Fig 3B), contrary to our expectations based on
their infection frequencies and pronounced differences in their phenotypic effects. Finding
that Wolbachia’s titer is relatively consistent with that of other reproductive manipulators sug-
gests that co-evolved symbiont titer may not contribute to its widespread host range.
Although, tissue-specific titers may vary among hosts and partially explain how fitness effects
are mitigated. These results suggest that other co-evolutionary mechanisms, perhaps encoded
by the host genome or regulating bacterial physiology, contribute to Wolbachia’s widespread
taxonomic host distribution and generally decreased virulence relative to other widespread
reproductive manipulator taxa [14, 85-87].

The octomom region is associated with increased titer

The wMel genome contains a region of eight coding genes, referred to as Octomom, that when
amplified in copy number is associated with increased Wolbachia density and virulence to the
host [88]. We estimated the extent to which variation in titer is due to variation in Octomom
copy number within D. melanogaster samples in the dataset (see Methods). Of the D. melano-
gaster samples, we found that 98% of them had two or fewer copies of Octomom (S11 Fig in S1
File). This is consistent with a previous study that found, on average, 1 to 1.5 copies of the
octomom locus [77]. Using a linear model, we found Octomom copy number accounts for
about 1% of the titer variation in D. melanogaster in the dataset. Our titer estimates are consis-
tent with previous studies on Octomom titer [88]. This indicates that our method can find real
genetic components of titer regulation in the wMel strain infecting D. melanogaster. Indeed,
Octomom is certainly not the sole factor controlling symbiont density, and other determinants
such as environmental effects and host genetics are associated with shaping symbiont titers [7,
76]. Nonetheless, these results present useful information on the broad scale dynamics of
Octomom copy numbers across a variety of D. melanogaster samples from different labs, and
provide evidence for low copy numbers of Octomom in D. melanogaster.

Testing association between CI-loci copy number and infection prevalence

Wolbachia can rapidly spread by manipulating the reproductive system of its host, but manip-
ulations are not required by all strains to reach intermediate frequencies [86, 87]. Cytoplasmic
incompatibility (CI) is one of the most well-studied mechanisms of negative reproductive
manipulation in Wolbachia and works by rendering host sperm and egg unable to form viable
offspring [89, 90]. To assess the relationship between Wolbachia infection prevalence among
arthropod hosts and the genetic capacity for CI, we leveraged the variable relative read depth
at CI-inducing loci, cifA and cifB, among samples that were classified as Wolbachia positive,
most closely aligned to wMel, and which had literature evidence for CI. Computing the depth
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of read coverage of cifA and cifB for each of these samples, we found no correlation between
ClI-locus copy number and host species infection frequency (p>0.05, S12 Table). However,
given that the sample sizes for most species in our analysis are relatively modest, our power to
detect an association is limited. Future studies with larger sample sizes will be able to build on
our framework to address the fundamental connection between CI-causing loci and infection
frequencies.

Host genotypes associated with Wolbachia titer

Considering the significant influence Wolbachia strains can have on their hosts’ reproductive out-
comes, it is likely that the host genome experiences strong selective pressures to respond to or con-
trol the bacteria. Indeed, previous work [7] identified a gene in the wasp host, Nasonia vitripennis,
that effectively controls Wolbachia titer and has been under recent positive selection, likely since
the wVIitA strain horizontally transferred into the species. To address this question using our pub-
lic data-sourced method, we used the Drosophila Genetic Reference Panel (DGRP) to perform an
exploratory genome-wide association study (GWAS) of titer in D. melanogaster using the DGRP
GWAS webtool [46]. Although the present analysis is exploratory, there are several noteworthy
results that may suggest mechanisms of host control over Wolbachia titer.

We identified 10 candidate single nucleotide polymorphisms (SNPs) in the D. melanogaster
genome associated with Wolbachia titer (S13 Table). We ran a permutation test on our dataset
and found our FDR is 10%. One of the SNPs most strongly associated with titer variation is
found in a gene associated with the endoplasmic reticulum (ER) membrane (XBPI) [91]. Con-
sistent with this functional prediction, a recent study on a wMel-infected D. melanogaster cell
line found that Wolbachia resides within ER-derived membrane near and within the ER itself
[92]. Modifying this membrane might therefore enable the host to impact Wolbachia titer on
the cellular level. Additionally, another SNP strongly associated with titer variation is found in
a gene associated with actin binding and microtubule transport (CG43901). Recent work has
shown that Wolbachia uses host actin for localization in host tissues [93, 94] and modifications
to actin-binding proteins can clear Wolbachia infections in host individuals [95]. Finally, a
SNP in CG17048 is also strongly associated with Wolbachia titer in the DGRP. This gene’s role
in protein ubiquitination is consistent with previous results from a genome-wide RNAi screen
that found alterations in host proteolysis contribute disproportionately to modifications of
Wolbachia titer in cell culture and developing oocytes [96]. These are therefore appealing can-
didate genes for evaluating the potential of natural host variation to control symbiont
infections.

These titer-associated genetic polymorphisms suggest that the host genome is capable of
evolving to control Wolbachia infections. Future functional work will be necessary to validate
our specific predictions. This present example is necessarily focused on a well-characterized
genetic mapping panel in D. melanogaster due to data availability. However, our results illus-
trate more generally the potential impacts of high throughput data mining for identifying can-
didate host genetic factors that may be involved in controlling the infections within host
tissues. This approach will become a more powerful tool as the data repositories continue to
grow in host population depth and phylogenetic breadth.

Conclusion

Here, we presented a reference-based approach to detect bacterial infections in publically-
available short read data and highlighted the ways it can be used to generate insights into host-
symbiont interactions. Indeed, our work is the first to estimate the global distribution of multi-
ple reproductive manipulators across all sequenced arthropod and nematode hosts using full-
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genome high throughput methods. Moreover, we show that publically-available short read
data can be used to interrogate other biological attributes of host-symbiont associations, such
as titer, and elucidating candidate host genes undergoing natural selection. We found that
symbiont titer, measured as ratio of symbiont symbiont genome complements to host genome
complements, is highly variable among arthropod host species, and that titer can vary 200 fold
between and within host species. Furthermore, our analysis detected novel infections among
the vast phenotypic and genetic diversity of reproductive manipulators. These results could
either be used directly to inform on useful biological control agents to control the spread of
infectious disease or indirectly to inform on the natural infection state of host targets.

While our approach relies on datasets gathered for a wide array of purposes and therefore
requires a level of approximation, we have shown that accurate and robust predictions can be
obtained using this method. Moreover, as publicly available sequence data continues to accu-
mulate at exceptional rates, this framework will become increasingly powerful relative to gath-
ering purpose-built datasets to assay symbiont infection statuses and frequencies. More
generally, our method and related approaches could be used to detect other microbial symbi-
onts, such as medically relevant pathogens, or even viruses, for which a reference genome
sequence is available. Hence, future work will build on this framework of leveraging increas-
ingly vast datasets to conduct direct and precise hypothesis testing of fundamental questions
in host and symbiont ecology and evolution.

Methods
Determining infection status using a BLAST-based approach

Reproductive manipulator reference genome panel. We built a BLAST database using
RefSeq genome assemblies for Arsenophonus, Spiroplasma, Rickettsia, Cardinium, and Wolba-
chia. We included three Arsenophonus, six Wolbachia, 27 Spiroplasma, five Cardinium, and 61
Rickettsia genome assemblies (514 Table). These genomes were selected to span the known
diversity of these bacterial groups. We included comparatively more genomes from Arseno-
phonus, Spiroplasma, Rickettsia, and Cardinium because the genetic diversity in these groups is
much less well characterized compared to Wolbachia and because fewer positive controls are
available. We therefore sought to identify the largest number possible. On average, each
genome assembly was about 1.3 Mb. We used these 102 genome assemblies to build a BLAST
database using the blastdb command from the NCBI blast package (version 2.7.1). We also
included additional Wolbachia reference genomes to estimate symbiont titer, which are listed
in S14 Table, bringing the total number of references to 137.

Arthropod and nematode SRA dataset. We downloaded all Arthropoda sequencing read
data from the NCBI Sequence Read Archive (SRA) database [44]. We filtered samples under
the Arthropoda and Nematoda taxonomy for those sequenced on Illumina sequencing plat-
forms. We filtered nominally for whole genome shotgun libraries, but for completeness we fur-
ther removed samples that were marked as “reduced representation”, “chipseq”, and other
terms that preclude a fully random, shotgun library approach. In total, we tested 27,256 arthro-
pod and 5,229 nematode samples for reproductive manipulator infections. We consolidated all
subspecies into a single species which resulted in a total of 1,299 arthropod and 128 nematode
species. SRA metadata for samples we classified can be found in S15 and S16 Tables. Note,
multiple sequencing runs may belong to one biosample.

Downloading reads from arthropod and nematode samples. First, we used fastq-dump
2.9.0 from the SRA Toolkit to download all reads from each sequencing run associated with each
sample. For example, if a sample was sequenced in three runs, we would use six million reads to
classify the infection status of that sample. An example of our command line is shown below.
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$ fastq-dump—~fasta—split-files -I—stdout -X 1000000 ERR1882042.sra > ERR1882042.
fasta

Computing summary statistics. Next, we aligned these reads to the set of reproductive
manipulator genomes using blastn (version 2.7.1). We computed three summary statistics to
help describe the similarity between sample reads and reproductive manipulator reference
genomes. These statistics were: 1) the breadth of coverage, 2) the variance coefficient, and 3)
the estimated depth of coverage, and are described below. To calculate these statistics, we first
divided each reference genome into non-overlapping 5kb bins, and we placed reads into bins
based on their reference match start position. If a read aligned to multiple places in a reference
genome, only the match with the lowest e-score was considered.

We computed all summary statistics for each reference independently. First, we computed
the breadth of coverage as the proportion of 5kb bins with at least one read. Second, the vari-
ance coefficient was computed as the mean variance of the number of binned reads across 5kb
bins, normalized by the total number of reads in all bins. Lastly, we estimated the depth of cov-
erage by using the total base pair length of significant BLAST hits generated from our pipeline,
the total number of possible reads in a sequencing run, and the number of reads sampled
using our pipeline. Specifically, we used the fraction of BLAST base pair matches within the
number of sampled reads to solve for the expected number of symbiont base pair matches
given the total number of reads available in a biosample. We divided the expected length by
the symbiont reference length to compute the estimated symbiont depth of coverage within a
biosample.

Criteria for positive infection. In order to classify a host sample as infected or uninfected
with a reproductive manipulator, we analyzed local alignments between host DNA sequence
data and reproductive manipulator reference genomes. We binned each reference genome
into 5kb segments and computed the proportion of bins with a significant hit (breadth of cov-
erage). We also computed the variance of BLAST hits across each bin and estimated the cover-
age of the reproductive manipulator genome. We determined a sample to be a candidate for a
positive infection if it had a 90% breadth of coverage and >1x estimated coverage on a repro-
ductive manipulator reference genome. If a sample had between 0.1 and 0.9 breadth of cover-
age, the full dataset was downloaded and the workflow repeated to update predicted infection
statuses. This two-step procedure allowed us to substantially decrease runtimes, because 97%
of samples can be categorized using just 2 million read pairs, and to avoid false negatives asso-
ciated with low sequence coverage positive infections.

Validation of bacterial detection pipeline

Wolbachia infection status of the DGRP. We determined the reproductive manipulator
infection status of 158 individuals from the Drosophila Genetics Research Panel (DGRP) [46]
using our computational pipeline. Two samples within the DGRP were removed from our
dataset because they contained conflicting PCR and WGS classifications. These two samples
were classified positive for Wolbachia from PCR analysis, but were classified negative using
a previous WGS analysis [41]. This conflicting infection status could have been caused by
PCR sample contamination and subsequent false amplification of a Wolbachia-specific frag-
ment. Similarly, low-level contamination during library preparations could result in false
positives using our bioinformatic approach. However, this would have to be a significant
amount of contamination, as fewer PCR cycles are run with general [llumina primers in
most Illumina library preparation protocols. We removed these two samples from our data-
set, thereby only using samples where WGS and PCR classifications were concordant in pre-
vious studies.
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Beta-binomial estimation of reproductive manipulator frequency

Beta-binomial rationale. Our study aims to directly sample and determine the infection
statuses of more animals of any study to date. However, there is an inherent sampling bias in
any study that tries to estimate the frequency of reproductive manipulators within species
where infection might occur at intermediate or low frequencies. For example, the probability
of sampling one individual from a population with high infection frequency (i.e. many individ-
uals are infected) is higher than sampling an infected individual from a population with low
infection frequency. The probability, then, of classifying a population as infected is dependent
on the number of individuals tested and the frequencies of infection within each species. To
evaluate and correct for this ascertainment bias, we use a beta-binomial distribution to esti-
mate the total proportion of reproductive manipulator infected species.

Beta-binomial and double inflated beta-binomial distributions have been used to fit Wolba-
chia infections previously [34, 35]. We fit both models to real and simulated data to determine
which model best describes our data. We simulated a dataset where alpha = 0.07, beta = 0.5,
phi = 0, gamma = 0, where the success of drawing a given count of infected individuals is a
function of the beta-binomial distribution with parameters independently drawn for each spe-
cies, and the number of individuals drawn is defined by n, the number of individuals samples
in our real dataset. Using the likelihood models described in [35], we found the double inflated
beta binomial model did not fit significantly better to real or simulated data than the beta-
binomial. Thus, we chose the simpler two-parameter beta-binomial model to model our data.
The beta-binomial model considers N random variables, X;, which are all binomially distrib-
uted (i.e., infected vs. not-infected), but each with different parameters q; and nj, so that
X;~Bin(q;, nj) (S12 Fig in S1 File). Using the approach developed in [34], we determined (1)
moment estimators u and s, (2) beta distribution parameters o and o, and (3) the global infec-
tion rate x. After we fit a beta distribution to the data, we took the integral from c to 1, where ¢
is the minimum infection rate of a species to be considered positively infected. For example, a
value of 0.001 means a species would be classified as being positively infected if one individual
in 1000 is classified as positive. Indeed, low frequency infections in species would be hard to
detect with much precision yet can impact frequency estimates using the beta-binomial distri-
bution. We estimated global infection frequencies using different ¢ thresholds (S17 Table). For
consistency with previous work, we set ¢ to equal 0.001 (as in [34]). Additionally, see sections
below for downsampling results, which aimed to reduce sampling intensity bias.

Mitigating sampling bias by downsampling. We tested whether pruning our dataset was
necessary to estimate the global infection frequency of reproductive manipulators in arthro-
pods and nematodes. Since the beta-binomial model is positively influenced by the number of
species, and number of individuals sampled per species in the dataset, Hilgenboecker tested a
variety of downsampling methods in order to mitigate the influence of a non-uniform sample
set would have on their global estimates [34]. In addition, Hilgenboecker gathered their infec-
tion status data from studies measuring the prevalence of Wolbachia. The authors state that
curating a sample set from these studies almost certainly introduced bias towards finding Wol-
bachia in a sample, as the studies focused on species known, or at least suspected, to have Wol-
bachia. Our method contrasts with this sampling approach, and implements a more random
strategy to sampling arthropod and nematode species. Although there is still a sampling bias to
what species are sequenced (i.e. medically relevant, model systems), our approach does not
specifically bias toward species that are thought to harbor reproductive manipulators (S18
Table).

To test the effect of non-uniform sample size distribution among host species, we fit beta-
binomial models to downsampled datasets. To downsample, we chose a maximum threshold
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(nj_max) in which all species would be downsampled to have a maximum of nj_max individu-
als. To downsample individuals within a species to nj_max, we randomly chose individuals
without replacement from within the species. Confidence intervals were computed via 1000
bootstraps replicates.

With the full dataset, the Wolbachia global infection frequency 95% confidence interval is
estimated to be between 0.2 and 0.7 (S13 Fig in S1 File). Estimates of Wolbachia global infec-
tion frequency decreased as datasets were downsampled. Moreover, we see the 95% confidence
interval become tighter around the mean as we downsample the original dataset (512 Fig in S1
File). These results taken together suggest that the beta-binomial model is influenced by the
few large sample sizes in the dataset and varying global infection frequencies can be produced
depending on the data set used. Nonetheless, we see a stable global infection frequency of Wol-
bachia around 0.4 when species are downsampled to 100 individuals. Therefore, we computed
global infection frequencies using a dataset downsampled to 100 individuals per species.

Estimating symbiont titer. We used DNA reads to estimate the ratio of symbiont genome
complements to host genome complements, hereafter referred to as titer. We estimated the
number of symbiont genomes by BLAST-ing sequencing reads to a Wolbachia reference data-
base and estimating depth of read coverage (see subsection “Computing summary statistics”
above). We used a set of single copy orthologous proteins from arthropods using OrthoDBv9
to estimate the density of host cells in a sample. This set contained 1066 proteins, from 133 tax-
onomic groups spanning Arthropoda, which amounted to a total 312,654 amino acids of refer-
ence sequence [97]. We used a tblastn based approach to locally align host nucleotide reads to
the arthropod orthologous protein sequences. Because not all arthropod single copy ortholog
proteins might be present in the host sample, or because there might be regions of the protein
that are divergent from the host sample, we used the average of maximum depth across ortho-
logous proteins that have reads mapping to them as an estimate of host titer. We corrected for
the ploidy difference between host (diploid) and symbionts (haploid) by halving the computed
host coverage to result in a titer estimation (symbiont haploid: host pseudo haploid).

We confirmed that our tblastn approach is consistent with a whole genome reference-based
alignment approach when computing host genome coverage. For reference based alignments,
we chose samples from ten different arthropod clades representing arthropod diversity of
which there was a known host reference genome. We used BWA-MEM to align sample reads
to the reference genome and computed average depth of coverage across all sites using sam-
tools depth. We then compared the depth of coverage computed from the reference-based
approach to our ortholog tblastn. These results corresponded well to the results from our
ortholog approach, so we continued with the previously described workflow.

Furthermore, titer estimates might be impacted by the distance to the reference selected.
We would expect symbiont coverage estimates to vary significantly between references if titer
estimates were impacted by the distance to the reference selected. We investigated potential
reference bias within our titer estimation by varying the symbiont reference selected. For each
positively infected Spiroplasma, Rickettsia, and Arsenophonus samples in Fig 3, we compared
the first and second symbiont reference genomes with the highest depth of coverage. We did
this for all 132 Spiroplasma, Rickettsia, and Arsenophonus samples in Fig 3 and found no major
differences in depth of coverage between the two references (S9 Fig in S1 File). For Wolbachia,
we similarly compared the first and second Wolbachia reference genomes with the highest
depth of coverage, and also aligned the sample to the Wolbachia reference genome to test the
accuracy of our method. We computed a depth ratio between the estimated depth of coverage
from our BLASTn approach with a reference based approach and found no significant differ-
ence among this ratio between the closest and second closest Wolbachia reference (S9 Table).
This suggests that our method is robust in estimating stable symbiont genome coverages
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especially from Wolbachia Supergroups A and B, of which comprise the majority of tested
arthropod infections.

Drosophila oocyte sampling, imaging, and analysis. We obtained Drosophila melanoga-
ster and Drosophila simulans fly stocks infected with the wMel and wRi strains of Wolbachia
from William Sullivan’s Lab at UCSC. Stage 9/10a oocytes were dissected from these flies,
stained and mounted on glass slides, and imaged with a SP5 Leica confocal microscope. We
analyzed the fluorescence due to Wolbachia as described in [26].

Markers and balancers. The D. melanogaster stocks used were carrying the markers and
balancers w[1]; Sp/Cyo, Sb/Tm6, Hu or the germline double driver: P{GAL4-Nos.NGT}40; P
{GAL4::VP16-Nos.UTR}MVDI1. These stocks were infected with the wMel strain of Wolba-
chia. The D. simulans stock used was w[-] and was infected with the wRi strain endogenous to
D. simulans populations in North America.

Collection. Flies were collected shortly after eclosion and transferred to new white food
for three to five days. We dissected the ovaries of approximately 10 flies of each species in
1xPBS, and “fluffed” the ovarioles with pins to separate them. The ovaries were fixed in formal-
dehyde and heptane, RNAse A treated, and stained with propidium iodide, as described in
[26].

Imaging and analysis. We mounted the stained oocytes on glass slides and imaged them
with a SP5 Leica confocal microscope using a 63x objective. We imaged oocytes through their
middle planes, taking optical sections every 0.38 um, the Nyquist value. For analysis, we picked
comparable planes approximately halfway through the oocyte for all imaged oocytes, and cre-
ated 3D brightest point projections from three slices, representing the diameter of one Wolba-
chia cell (~1 pm), in Image]. We analyzed these images for fluorescence due to Wolbachia by
manually removing fluorescence due to host cell nuclei, thresholding the image to eliminate
background noise, and measuring the fluorescence contained within the entire oocyte cyst as
described in [26]. We calculated the corrected total cell fluorescence (CTCF) for each cyst with
the following formula: CTCF = Integrated Density—Area of selected cell X Mean fluorescence
of background readings. Results were plotted with the vioplot package in R.

Identifying previously unreported infections

We searched the literature to identify previously unreported Wolbachia, Spiroplasma, Rickett-
sia, and Arsenophonus infections in the SRA scan dataset. We used Google Scholar, and
searched [species] + [reproductive manipulator name]. If no published results were found, we
also searched the results of [37] who did an SRA scan, albeit smaller than ours. If no infection
was found using both these methods, a species was determined to be a novel infection. Our
method to determine novel infections is not exhaustive, especially if we consider species
nomenclature can change over time. Nonetheless, these candidate novel infections illustrate
the potential impacts of our method.

Co-infection permutation test

To test whether our observations of co-infected species, where one species harbors observa-
tions of two or more reproductive manipulator strains, exceeded what would be expected by
chance, we conducted a permutation test. We also performed a similar test for individual-level
coinfections, where we asked if the number of individuals that were coinfected in our data
exceeded what would be expected by chance. To do this for each species and for each repro-
ductive manipulator we drew a probability, p, from the beta-binomial distribution of each
reproductive manipulator infection frequency. Then, for each species, we drew samples from a
binomial distribution with parameters p and n where n is downsampled to a maximum of 100
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for each species for consistency with our analyses. We counted the number of individuals with
co-infections as well as the number of species with co-infection and reported a p-value based
on how many of the 1000 bootstrap replicates were greater than or equal to our observed
counts (S5 and S6 Figs in S1 File). This approach is preferable to an individual-based permuta-
tion that ignores the frequency of each symbiont within the population because it controls for
the autocorrelation among individuals within a population by requiring that the infection fre-
quency be fixed for each population or species. It is therefore unaffected by differences in sam-
ple sizes among species.

Estimating the biological and methodological contributions to titer
variation

Host/symbiont genetics. We fit several models to determine how much host/symbiont
genetics contributes to variation in titer. We fit Linear Models models to log transformed
arthropod titer data using the glm() functions in R version 3.5.0. Specifically, we fit a LM of the
form: glm(log(titer) ~ arthropod_species). We also compared that model to one including
reproductive manipulator clade (e.g. “Wolbachia”) using a LM of the form: glm(log(titer) ~
arthropod_species + reproductive_manipulator_clade. We used a likelihood ratio test to com-
pare these two model fits using anova(modell, model2, test = “Chisq”).

Pooled sequencing and tissue sampling. Variation in tissues and pre-sequencing treat-
ment of samples could affect symbiont titer levels. Additionally, pooling several individuals for
DNA extractions might also impact mean titer estimates if infections are polymorphic within
species. Considering this bias, we reviewed and aggregated the methods used to sequence sam-
ples in our comparative study of titer among symbiont species (Fig 3, S11 Table). We used the
project accession numbers found in the SRA metadata to trace back to primary literature
describing the origin of each sequencing dataset. We report and retain samples that we could
confidently categorize as pooled on not-pooled. To test for an effect of sequencing strategy, we
fit a LM of the form: glm(log(titer) ~ arthropod_species + pool_status) to samples where
whole adult individuals were sequenced and did not have specific environmental, chemical or
dietary treatment (See “Comparative Study of Titer Across Symbiont Taxa” in Results)

All samples that were positively infected with Arsenophonus appear to be pools of whole
adult individuals based on our literature review. The samples we tested for Arsenophonus were
pooled from about 10 individuals, which means Arsenophonus titer might be greater than what
we present, if Arsenophonus infection frequencies were less than one within host populations.
Given that the titer data shows titer varies with orders of magnitude between symbiont strains
and given that Arsenophonus samples were in small pools, we would expect unpooled Arseno-
phonus samples would fall within the variation of symbiont titer, however additional unpooled
samples are necessary to precisely describe the titer of Arsenophonus within arthropod hosts.

Octomom copy number estimation. We tested the hypothesis that Octomom loci ampli-
fication in the wMel genome increases symbiont titer within a host individual [88]. For infec-
tion-positive D. melanogaster samples in our dataset, we computed the depth of coverage
using bwa-mem and samtools depth in the Octomom region of wMel (488,974-507,200 bp,
ASM802v1). We then randomly divided non-octomom sites into two sets, the depth of cover-
age between the two non-octomom sets of loci were highly correlated (rho = 0.99, Spearman).
We generated two sets of non-octomom sites in order to mitigate interdependence between
computed values and any linkage between sites adjacent to the octomom region. One set was
used to compute symbiont titer and the other was used to compute the octomom copy num-
ber. Host depth of coverage was computed like previously described. We fit a LM to octomom
copy number data in the form GLM(symbiont_titer ~ octomom_copy_number).
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Testing association between CI-loci copy number and infection prevalence

We tested the association between known CI-loci in wMel (cifA and cifB) and host species
infection frequency [89]. We selected samples from the dataset that have evidence for CI-phe-
notype, and generated the highest breadth of coverage when aligned to the wMel reference
genome during classification. We aligned sample reads to wMel reference genome and com-
puted the read coverage genome wide, within the cifA region (617,223-618,647bp), and within
the cifB region (618,702-622,223bp) (S12 Table). We tested for association between CI-loci
copy number and host species infection prevalence using a Spearman’s correlation.

DGRP genotypes associated with Wolbachia titer

We used the DGRP GWAS tool to obtain SNPs associated with Wolbachia titer [46]. The
GWAS was conducted on DGRP flies that were raised in a single lab with tightly controlled
conditions. Manhattan plots and QQplots generated from the GWAS are available in S14 Fig
in S1 File. We obtained an empirical FDR by permuting the strains and titers of our data
matrix, and computing the number of SNPs that would be considered significant given p-
value cut-offs (S19 Table). We chose a p-value cut-off of 3.11E-07 that minimized the FDR.
We computed the empirical FDR computing the number of SNPs identified at or above the p-
value cut off in the permuted and real datasets, and then dividing the permuted by the real
value.

Supporting information

S1 Data. Positive arthropod classification data.
(XLS)

S2 Data. Positive nematode classification data.
(XLS)

S$3 Data. All arthropod classification data.
(TXT)

S1 File.
(DOCX)

§1 Table. DGRP infection classification accuracy.
(XLSX)

S2 Table. DGRP infection classification accuracy.
(XLSX)

S3 Table. Classification of Pascar samples.
(XLSX)

$4 Table. Classification of divergent Wolbachia strains.
(XLSX)

S5 Table. Arthropod SRA scan species infection counts.
(XLSX)

S6 Table. Nematode SRA scan species infection counts.
(XLSX)

S7 Table. Novel infections in arthropod species.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 19/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s011
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

S8 Table. Arthropod species with co-infections.
(XLSX)

S9 Table. Wolbachia titer validation.
(XLSX)

$10 Table. Symbiont titer estimates.
(XLSX)

S11 Table. Pooled status of arthropod samples.
(XLSX)

$12 Table. CI-loci association study.
(XLSX)

S$13 Table. DGRP titer GWAS results.
(XLSX)

$14 Table. Symbiont references metadata.
(XLSX)

S15 Table. Arthropod SRA metadata.
(XLSX)

S$16 Table. Nematode SRA metadata.
(XLSX)

$17 Table. Varying c threshold experiment.
(XLSX)

$18 Table. Infection bias comparison to Hilgenboecker.
(XLSX)

S$19 Table. Permutation results of GWAS SNPs in DGRP associated with titer. Results are
sorted by p-value.
(XLSX)

Acknowledgments

We thank the Corbett-Detig Lab and Sullivan Lab members for helpful feedback on this work.
We thank Dr. John Welch for his feedback on fitting the double inflated beta binomial model
to our data.

Software availability

The pipeline and individual scripts used to classify microbial reproductive manipulator infec-
tions and estimate titer can be accessed through GitHub (www.github.com/pamedina/
prevalence).

Author Contributions
Conceptualization: Paloma Medina, Russell Corbett-Detig.
Data curation: Paloma Medina, Shelbi L. Russell.

Formal analysis: Paloma Medina, Shelbi L. Russell.

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 20/26


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s022
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0288261.s023
http://www.github.com/pamedina/prevalence
http://www.github.com/pamedina/prevalence
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

Investigation: Paloma Medina, Shelbi L. Russell.

Methodology: Paloma Medina.

Project administration: Paloma Medina.

Software: Paloma Medina.

Supervision: Russell Corbett-Detig.

Validation: Paloma Medina.

Visualization: Paloma Medina, Shelbi L. Russell.

Writing - original draft: Paloma Medina, Shelbi L. Russell, Russell Corbett-Detig.

Writing - review & editing: Paloma Medina, Shelbi L. Russell, Russell Corbett-Detig.

References

1.

10.

1.

12

13.

14.

Dedeine F, Vavre F, Fleury F, Loppin B, Hochberg ME, Bouletreau M. Removing symbiotic Wolbachia
bacteria specifically inhibits oogenesis in a parasitic wasp. Proc Natl Acad Sci U S A. 2001; 98: 6247—
6252. https://doi.org/10.1073/pnas.101304298 PMID: 11353833

Stevens L, Giordano R, Fialho RF. Male-Killing, Nematode Infections, Bacteriophage Infection, and Vir-
ulence of Cytoplasmic Bacteria in the GenusWolbachia. Annu Rev Ecol Syst. 2001; 32: 519-545.
https://doi.org/10.1146/annurev.ecolsys.32.081501.114132

Stouthamer R, Breeuwer JA, Hurst GD. Wolbachia pipientis: microbial manipulator of arthropod repro-
duction. Annu Rev Microbiol. 1999; 53: 71-102. https://doi.org/10.1146/annurev.micro.53.1.71 PMID:
10547686

Werren JH. Biology of Wolbachia. Annu Rev Entomol. 1997; 42: 587—-609. https://doi.org/10.1146/
annurev.ento.42.1.587 PMID: 15012323

Cordaux R, Bouchon D, Gréve P. The impact of endosymbionts on the evolution of host sex-determina-
tion mechanisms. Trends Genet. 2011; 27: 332—341. https://doi.org/10.1016/}.tig.2011.05.002 PMID:
21663992

Leclercq S, Theze J, Chebbi MA, Giraud |, Moumen B, Ernenwein L, et al. Birth of a W sex chromosome
by horizontal transfer of. Wolbachia; 2016.

Funkhouser-Jones LJ, van Opstal EJ, Sharma A, Bordenstein SR. The Maternal Effect Gene Wds Con-
trols Wolbachia Titer in Nasonia. Curr Biol. 2018; 28: 1692—1702.e6. https://doi.org/10.1016/j.cub.2018.
04.010 PMID: 29779872

Unckless RL, Boelio LM, Herren JK, Jaenike J. Wolbachia as populations within individual insects:
causes and consequences of density variation in natural populations. Proc Biol Sci. 2009; 276: 2805—
2811. https://doi.org/10.1098/rspb.2009.0287 PMID: 19419989

Jaenike J. Coupled population dynamics of endosymbionts within and between hosts. Oikos. 2009;
118: 353-362. https://doi.org/10.1111/j.1600-0706.2008.17110.x

Anbutsu H, Fukatsu T. Population Dynamics of Male-Killing and Non-Male-Killing Spiroplasmas in Dro-
sophila melanogaster. Applied and Environmental Microbiology. 2003. pp. 1428—1434. https://doi.org/
10.1128/AEM.69.3.1428-1434.2003 PMID: 12620825

Ahmed MZ, Breinholt JW, Kawahara AY. Evidence for common horizontal transmission of Wolbachia
among butterflies and moths. BMC Evolutionary Biology. 2016. https://doi.org/10.1186/s12862-016-
0660-x PMID: 27233666

Kriesner P, Hoffmann AA, Lee SF, Turelli M, Weeks AR. Rapid sequential spread of two Wolbachia var-
iants in Drosophila simulans. PLoS Pathog. 2013; 9: 1003607 . https://doi.org/10.1371/journal.ppat.
1003607 PMID: 24068927

Turelli M, Cooper BS, Richardson KM, Ginsberg PS, Peckenpaugh B, Antelope CX, et al. Rapid Global
Spread of wRi-like Wolbachia across Multiple Drosophila. Curr Biol. 2018; 28: 963-971.e8. https://doi.
org/10.1016/j.cub.2018.02.015 PMID: 29526588

Cooper BS, Ginsberg PS, Turelli M, Matute DR. Wolbachia in the Drosophila yakuba Complex: Perva-
sive Frequency Variation and Weak Cytoplasmic Incompatibility, but No Apparent Effect on Reproduc-
tive Isolation. Genetics. 2017; 205: 333—351. https://doi.org/10.1534/genetics.116.196238 PMID:
27821433

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 21/26


https://doi.org/10.1073/pnas.101304298
http://www.ncbi.nlm.nih.gov/pubmed/11353833
https://doi.org/10.1146/annurev.ecolsys.32.081501.114132
https://doi.org/10.1146/annurev.micro.53.1.71
http://www.ncbi.nlm.nih.gov/pubmed/10547686
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1146/annurev.ento.42.1.587
http://www.ncbi.nlm.nih.gov/pubmed/15012323
https://doi.org/10.1016/j.tig.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21663992
https://doi.org/10.1016/j.cub.2018.04.010
https://doi.org/10.1016/j.cub.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29779872
https://doi.org/10.1098/rspb.2009.0287
http://www.ncbi.nlm.nih.gov/pubmed/19419989
https://doi.org/10.1111/j.1600-0706.2008.17110.x
https://doi.org/10.1128/AEM.69.3.1428-1434.2003
https://doi.org/10.1128/AEM.69.3.1428-1434.2003
http://www.ncbi.nlm.nih.gov/pubmed/12620825
https://doi.org/10.1186/s12862-016-0660-x
https://doi.org/10.1186/s12862-016-0660-x
http://www.ncbi.nlm.nih.gov/pubmed/27233666
https://doi.org/10.1371/journal.ppat.1003607
https://doi.org/10.1371/journal.ppat.1003607
http://www.ncbi.nlm.nih.gov/pubmed/24068927
https://doi.org/10.1016/j.cub.2018.02.015
https://doi.org/10.1016/j.cub.2018.02.015
http://www.ncbi.nlm.nih.gov/pubmed/29526588
https://doi.org/10.1534/genetics.116.196238
http://www.ncbi.nlm.nih.gov/pubmed/27821433
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Moreira LA, Iturbe-Ormaetxe |, Jeffery JA, Lu G, Pyke AT, Hedges LM, et al. A Wolbachia symbiont in
Aedes aegypti limits infection with dengue, Chikungunya, and Plasmodium. Cell. 2009; 139: 1268—
1278. https://doi.org/10.1016/j.cell.2009.11.042 PMID: 20064373

Bian G, Xu Y, Lu P, Xie Y, Xi Z. The endosymbiotic bacterium Wolbachia induces resistance to dengue
virus in Aedes aegypti. PLoS Pathog. 2010; 6: €1000833. https://doi.org/10.1371/journal.ppat. 1000833
PMID: 20368968

Hoffmann AA, Montgomery BL, Popovici J, lturbe-Ormaetxe |, Johnson PH, Muzzi F, et al. Successful
establishment of Wolbachia in Aedes populations to suppress dengue transmission. Nature. 2011; 476:
454-457. https://doi.org/10.1038/nature10356 PMID: 21866160

Walker T, Johnson PH, Moreira LA, lturbe-Ormaetxe |, Frentiu FD, McMeniman CJ, et al. The wMel
Wolbachia strain blocks dengue and invades caged Aedes aegypti populations. Nature. 2011; 476:
450-453. https://doi.org/10.1038/nature10355 PMID: 21866159

Blagrove MSC, Arias-Goeta C, Failloux A-B, Sinkins SP. Wolbachia strain wMel induces cytoplasmic
incompatibility and blocks dengue transmission in Aedes albopictus. Proc Natl Acad Sci U S A. 2012;
109: 255-260. https://doi.org/10.1073/pnas.1112021108 PMID: 22123944

Zabalou S, Riegler M, Theodorakopoulou M, Stauffer C, Savakis C, Bourtzis K. Wolbachia-induced
cytoplasmic incompatibility as a means for insect pest population control. Proc Natl Acad Sci U S A.
2004; 101: 15042—-15045. https://doi.org/10.1073/pnas.0403853101 PMID: 15469918

Nikolouli K, Colinet H, Renault D, Enriquez T, Mouton L, Gibert P, et al. Sterile insect technique and
Wolbachia symbiosis as potential tools for the control of the invasive species Drosophila suzukii. J Pest
Sci. 2018; 91: 489-503. https://doi.org/10.1007/s10340-017-0944-y PMID: 29568248

Taylor MJ, Bandi C, Hoerauf A. Wolbachia bacterial endosymbionts of filarial nematodes. Adv Parasitol.
2005; 60: 245—-284. https://doi.org/10.1016/S0065-308X(05)60004-8 PMID: 16230105

Bourtzis K, Nirgianaki A, Markakis G, Savakis C. Wolbachia infection and cytoplasmic incompatibility in
Drosophila species. Genetics. 1996; 144: 1063—-1073. Available: https://www.ncbi.nlm.nih.gov/
pubmed/8913750 https://doi.org/10.1093/genetics/144.3.1063 PMID: 8913750

Calvitti M, Moretti R, Lampazzi E, Bellini R, Dobson SL. Characterization of a New Aedes albopictus
(Diptera: Culicidae)-Wolbachia pipientis (Rickettsiales: Rickettsiaceae) Symbiotic Association Gener-
ated by Artificial Transfer of the wPip Strain From Culex pipiens (Diptera: Culicidae). Journal of Medical
Entomology. 2010. pp. 179-187. https://doi.org/10.1603/me09140 PMID: 20380298

Bian G, Joshi D, Dong Y, Lu P, Zhou G, Pan X, et al. Wolbachia invades Anopheles stephensi popula-
tions and induces refractoriness to Plasmodium infection. Science. 2013; 340: 748-751. https://doi.org/
10.1126/science.1236192 PMID: 23661760

Russell SL, Lemseffer N, White PM, Sullivan WT. Wolbachia and host germline components compete
for kinesin-mediated transport to the posterior pole of the Drosophila oocyte. PLoS Pathog. 2018; 14:
e1007216. https://doi.org/10.1371/journal.ppat.1007216 PMID: 30110391

Chong RA, Moran NA. Intraspecific genetic variation in hosts affects regulation of obligate heritable
symbionts. Proc Natl Acad Sci U S A. 2016; 113: 13114—13119. https://doi.org/10.1073/pnas.
1610749113 PMID: 27799532

Duron O, Labbé P, Berticat C, Rousset F, Guillot S, Raymond M, et al. High Wolbachia density corre-
lates with cost of infection for insecticide resistant Culex pipiens mosquitoes. Evolution. 2006; 60: 303—
314. Available: https://www.ncbi.nlm.nih.gov/pubmed/16610322 PMID: 16610322

Scholz M, Albanese D, Tuohy K, Donati C, Segata N, Rota-Stabelli O. Large scale genome reconstruc-
tions illuminate Wolbachia evolution. Nat Commun. 2020; 11: 5235. https://doi.org/10.1038/s41467-
020-19016-0 PMID: 33067437

Kageyama D, Anbutsu H, Shimada M, Fukatsu T. Spiroplasma infection causes either early or late
male killing in Drosophila, depending on maternal host age. Naturwissenschaften. 2007; 94: 333-337.
https://doi.org/10.1007/s00114-006-0195-x PMID: 17146686

Serbus LR, Ferreccio A, Zhukova M, McMorris CL, Kiseleva E, Sullivan W. A feedback loop between
Wolbachia and the Drosophila gurken mRNP complex influences Wolbachia titer. J Cell Sci. 2011; 124:
4299-4308. https://doi.org/10.1242/jcs.092510 PMID: 22193955

Mergaert P. Role of antimicrobial peptides in controlling symbiotic bacterial populations. Nat Prod Rep.
2018; 35: 336—356. https://doi.org/10.1039/c7np00056a PMID: 29393944

Werren JH, Windsor D, Guo LR. Distribution of Wolbachia among neotropical arthropods. Proc R Soc
Lond B Biol Sci. 1995; 262: 197—-204. https://doi.org/10.1098/rspb.1995.0196

Hilgenboecker K, Hammerstein P, Schlattmann P, Telschow A, Werren JH. How many species are
infected with Wolbachia?—A statistical analysis of current data. FEMS Microbiol Lett. 2008; 281: 215—
220. https://doi.org/10.1111/j.1574-6968.2008.01110.x PMID: 18312577

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 22/26


https://doi.org/10.1016/j.cell.2009.11.042
http://www.ncbi.nlm.nih.gov/pubmed/20064373
https://doi.org/10.1371/journal.ppat.1000833
http://www.ncbi.nlm.nih.gov/pubmed/20368968
https://doi.org/10.1038/nature10356
http://www.ncbi.nlm.nih.gov/pubmed/21866160
https://doi.org/10.1038/nature10355
http://www.ncbi.nlm.nih.gov/pubmed/21866159
https://doi.org/10.1073/pnas.1112021108
http://www.ncbi.nlm.nih.gov/pubmed/22123944
https://doi.org/10.1073/pnas.0403853101
http://www.ncbi.nlm.nih.gov/pubmed/15469918
https://doi.org/10.1007/s10340-017-0944-y
http://www.ncbi.nlm.nih.gov/pubmed/29568248
https://doi.org/10.1016/S0065-308X%2805%2960004-8
http://www.ncbi.nlm.nih.gov/pubmed/16230105
https://www.ncbi.nlm.nih.gov/pubmed/8913750
https://www.ncbi.nlm.nih.gov/pubmed/8913750
https://doi.org/10.1093/genetics/144.3.1063
http://www.ncbi.nlm.nih.gov/pubmed/8913750
https://doi.org/10.1603/me09140
http://www.ncbi.nlm.nih.gov/pubmed/20380298
https://doi.org/10.1126/science.1236192
https://doi.org/10.1126/science.1236192
http://www.ncbi.nlm.nih.gov/pubmed/23661760
https://doi.org/10.1371/journal.ppat.1007216
http://www.ncbi.nlm.nih.gov/pubmed/30110391
https://doi.org/10.1073/pnas.1610749113
https://doi.org/10.1073/pnas.1610749113
http://www.ncbi.nlm.nih.gov/pubmed/27799532
https://www.ncbi.nlm.nih.gov/pubmed/16610322
http://www.ncbi.nlm.nih.gov/pubmed/16610322
https://doi.org/10.1038/s41467-020-19016-0
https://doi.org/10.1038/s41467-020-19016-0
http://www.ncbi.nlm.nih.gov/pubmed/33067437
https://doi.org/10.1007/s00114-006-0195-x
http://www.ncbi.nlm.nih.gov/pubmed/17146686
https://doi.org/10.1242/jcs.092510
http://www.ncbi.nlm.nih.gov/pubmed/22193955
https://doi.org/10.1039/c7np00056a
http://www.ncbi.nlm.nih.gov/pubmed/29393944
https://doi.org/10.1098/rspb.1995.0196
https://doi.org/10.1111/j.1574-6968.2008.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/18312577
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Weinert LA, Araujo-dnr EV, Ahmed MZ, Welch JJ. The incidence of bacterial endosymbionts in terres-
trial arthropods. Proc Biol Sci. 2015; 282: 20150249. https://doi.org/10.1098/rspb.2015.0249 PMID:
25904667

Zhou W, Rousset F, O’Neil S. Phylogeny and PCR-based classification of Wolbachia strains using wsp
gene sequences. Proc Biol Sci. 1998; 265: 509-515. https://doi.org/10.1098/rspb.1998.0324 PMID:
9569669

Pascar J, Chandler CH. A bioinformatics approach to identifying Wolbachia infections in arthropods.
Peerd. 2018; 6: €5486. https://doi.org/10.7717/peer].5486 PMID: 30202647

Jeyaprakash A, Hoy MA. Long PCR improves Wolbachia DNA amplification: wsp sequences found in
76% of sixty-three arthropod species. Insect Mol Biol. 2000; 9: 393—405. Available: http://onlinelibrary.
wiley.com/doi/ https://doi.org/10.1046/j.1365-2583.2000.00203.x PMID: 10971717

Duron O, Bouchon D, Boutin S, Bellamy L, Zhou L, Engelstadter J, et al. The diversity of reproductive
parasites among arthropods: Wolbachia do not walk alone. BMC Biol. 2008; 6: 27. https://doi.org/10.
1186/1741-7007-6-27 PMID: 18577218

Chrostek E, Gerth M. Is Anopheles gambiae a Natural Host of Wolbachia? MBio. 2019;10. https://doi.
org/10.1128/mBio.00784-19 PMID: 31186318

Richardson MF, Weinert LA, Welch JJ, Linheiro RS, Magwire MM, Jiggins FM, et al. Population geno-
mics of the Wolbachia endosymbiont in Drosophila melanogaster. PLoS Genet. 2012; 8: e1003129.
https://doi.org/10.1371/journal.pgen.1003129 PMID: 23284297

Ghanavi HR, Twort VG, Duplouy A. Exploring bycatch diversity of organisms in whole genome
sequencing of Erebidae moths (Lepidoptera). Sci Rep. 2021; 11: 24499. https://doi.org/10.1038/
$41598-021-03327-3 PMID: 34969947

Twort VG, Blande D, Duplouy A. One’s trash is someone else’s treasure: sequence read archives from
Lepidoptera genomes provide material for genome reconstruction of their endosymbionts. BMC Micro-
biol. 2022; 22: 209. https://doi.org/10.1186/s12866-022-02602-1 PMID: 36042402

Leinonen R, Sugawara H, Shumway M, Collaboration INSD. The sequence read archive. Nucleic Acids
Res. 2010; 39: D19-D21. Available: https://academic.oup.com/nar/article-abstract/39/suppl_1/D19/
2505848

Mackay TFC, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D, et al. The Drosophila melanoga-
ster Genetic Reference Panel. Nature. 2012; 482: 173-178. https://doi.org/10.1038/nature10811
PMID: 22318601

Huang W, Massouras A, Inoue Y, Peiffer J, Ramia M, Tarone AM, et al. Natural variation in genome
architecture among 205 Drosophila melanogaster Genetic Reference Panel lines. Genome Res. 2014;
24:1193-1208. https://doi.org/10.1101/gr.171546.113 PMID: 24714809

Gerth M, Gansauge M-T, Weigert A, Bleidorn C. Phylogenomic analyses uncover origin and spread of
the Wolbachia pandemic. Nat Commun. 2014; 5: 5117. https://doi.org/10.1038/ncomms6117 PMID:
25283608

Casiraghi M, Bordenstein SR, Baldo L, Lo N, Beninati T, Wernegreen JJ, et al. Phylogeny of Wolbachia
pipientis based on gltA, groEL and ftsZ gene sequences: clustering of arthropod and nematode symbi-
onts in the F supergroup, and evidence for further diversity in the Wolbachia tree. Microbiology. 2005;
151: 4015-4022. https://doi.org/10.1099/mic.0.28313-0 PMID: 16339946

Werren JH, Windsor DM. Wolbachia infection frequencies in insects: evidence of a global equilibrium?
Proc Biol Sci. 2000; 267: 1277—-1285. https://doi.org/10.1098/rspb.2000.1139 PMID: 10972121

Werren JH, Zhang W, Guo LR. Evolution and phylogeny of Wolbachia: reproductive parasites of arthro-
pods. Proc Biol Sci. 1995; 261: 55—63. https://doi.org/10.1098/rspb.1995.0117 PMID: 7644549

Zchori-Fein E, Perlman SJ. Distribution of the bacterial symbiont Cardinium in arthropods. Mol Ecol.
2004; 13: 2009-2016. https://doi.org/10.1111/j.1365-294X.2004.02203.x PMID: 15189221

Russell JA, Funaro CF, Giraldo YM, Goldman-Huertas B, Suh D, Kronauer DJC, et al. A veritable
menagerie of heritable bacteria from ants, butterflies, and beyond: broad molecular surveys and a sys-
tematic review. PLoS One. 2012; 7: €51027. https://doi.org/10.1371/journal.pone.0051027 PMID:
23284655

Sazama EJ, Ouellette SP, Wesner JS. Bacterial Endosymbionts Are Common Among, but not Neces-
sarily Within, Insect Species. Environ Entomol. 2019. https://doi.org/10.1093/ee/nvy188 PMID:
30629155

Wasala SK, Brown AMV, Kang J, Howe DK, Peetz AB, Zasada IA, et al. Variable Abundance and Distri-
bution of Wolbachia and Cardinium Endosymbionts in Plant-Parasitic Nematode Field Populations.
Front Microbiol. 2019; 10: 964. https://doi.org/10.3389/fmicb.2019.00964 PMID: 31134014

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 23/26


https://doi.org/10.1098/rspb.2015.0249
http://www.ncbi.nlm.nih.gov/pubmed/25904667
https://doi.org/10.1098/rspb.1998.0324
http://www.ncbi.nlm.nih.gov/pubmed/9569669
https://doi.org/10.7717/peerj.5486
http://www.ncbi.nlm.nih.gov/pubmed/30202647
http://onlinelibrary.wiley.com/doi/
http://onlinelibrary.wiley.com/doi/
https://doi.org/10.1046/j.1365-2583.2000.00203.x
http://www.ncbi.nlm.nih.gov/pubmed/10971717
https://doi.org/10.1186/1741-7007-6-27
https://doi.org/10.1186/1741-7007-6-27
http://www.ncbi.nlm.nih.gov/pubmed/18577218
https://doi.org/10.1128/mBio.00784-19
https://doi.org/10.1128/mBio.00784-19
http://www.ncbi.nlm.nih.gov/pubmed/31186318
https://doi.org/10.1371/journal.pgen.1003129
http://www.ncbi.nlm.nih.gov/pubmed/23284297
https://doi.org/10.1038/s41598-021-03327-3
https://doi.org/10.1038/s41598-021-03327-3
http://www.ncbi.nlm.nih.gov/pubmed/34969947
https://doi.org/10.1186/s12866-022-02602-1
http://www.ncbi.nlm.nih.gov/pubmed/36042402
https://academic.oup.com/nar/article-abstract/39/suppl_1/D19/2505848
https://academic.oup.com/nar/article-abstract/39/suppl_1/D19/2505848
https://doi.org/10.1038/nature10811
http://www.ncbi.nlm.nih.gov/pubmed/22318601
https://doi.org/10.1101/gr.171546.113
http://www.ncbi.nlm.nih.gov/pubmed/24714809
https://doi.org/10.1038/ncomms6117
http://www.ncbi.nlm.nih.gov/pubmed/25283608
https://doi.org/10.1099/mic.0.28313-0
http://www.ncbi.nlm.nih.gov/pubmed/16339946
https://doi.org/10.1098/rspb.2000.1139
http://www.ncbi.nlm.nih.gov/pubmed/10972121
https://doi.org/10.1098/rspb.1995.0117
http://www.ncbi.nlm.nih.gov/pubmed/7644549
https://doi.org/10.1111/j.1365-294X.2004.02203.x
http://www.ncbi.nlm.nih.gov/pubmed/15189221
https://doi.org/10.1371/journal.pone.0051027
http://www.ncbi.nlm.nih.gov/pubmed/23284655
https://doi.org/10.1093/ee/nvy188
http://www.ncbi.nlm.nih.gov/pubmed/30629155
https://doi.org/10.3389/fmicb.2019.00964
http://www.ncbi.nlm.nih.gov/pubmed/31134014
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Casiraghi M, Bain O, Guerrero R, Martin C, Pocacqua V, Gardner SL, et al. Mapping the presence of
Wolbachia pipientis on the phylogeny of filarial nematodes: evidence for symbiont loss during evolution.
Int J Parasitol. 2004; 34: 191-2083. https://doi.org/10.1016/j.ijpara.2003.10.004 PMID: 15037105

Bandi C, Anderson TJ, Genchi C, Blaxter ML. Phylogeny of Wolbachia in filarial nematodes. Proc Biol
Sci. 1998; 265: 2407—2413. https://doi.org/10.1098/rspb.1998.0591 PMID: 9921679

Casiraghi M, Anderson TJ, Bandi C, Bazzocchi C, Genchi C. A phylogenetic analysis of filarial nema-
todes: comparison with the phylogeny of Wolbachia endosymbionts. Parasitology. 2001; 122 Pt 1: 93—
103. Available: https://www.ncbi.nlm.nih.gov/pubmed/11197770 https://doi.org/10.1017/
s0031182000007149 PMID: 11197770

Brown AMV, Wasala SK, Howe DK, Peetz AB, Zasada |IA, Denver DR. Genomic evidence for plant-par-
asitic nematodes as the earliest Wolbachia hosts. Sci Rep. 2016; 6: 34955. https://doi.org/10.1038/
srep34955 PMID: 27734894

Login FH, Balmand S, Vallier A, Vincent-Monégat C, Vigneron A, Weiss-Gayet M, et al. Antimicrobial
peptides keep insect endosymbionts under control. Science. 2011; 334: 362—365. https://doi.org/10.
1126/science.1209728 PMID: 22021855

Narita S, Nomura M, Kageyama D. Naturally occurring single and double infection with Wolbachia
strains in the butterfly Eurema hecabe: transmission efficiencies and population density dynamics of
each Wolbachia strain. FEMS Microbiol Ecol. 2007; 61: 235—-245. https://doi.org/10.1111/j.1574-6941.
2007.00333.x PMID: 17506822

Zhao D-X, Chen D-S, Ge C, Gotoh T, Hong X-Y. Multiple infections with Cardinium and two strains of
Wolbachia in the spider mite Tetranychus phaselus Ehara: revealing new forces driving the spread of
Wolbachia. PLoS One. 2013; 8: e54964. https://doi.org/10.1371/journal.pone.0054964 PMID:
23355904

Zheng X, Zhang D, Li Y, Yang C, Wu Y, Liang X, et al. Incompatible and sterile insect techniques com-
bined eliminate mosquitoes. Nature. 2019; 572: 56—61. https://doi.org/10.1038/s41586-019-1407-9
PMID: 31316207

Liang X, Liu J, Bian G, Xi Z. Wolbachia Inter-Strain Competition and Inhibition of Expression of Cyto-
plasmic Incompatibility in Mosquito. Front Microbiol. 2020; 11: 1638. https://doi.org/10.3389/fmicb.
2020.01638 PMID: 32765466

West SA, Cook JM, Werren JH, Godfray HCJ. Wolbachia in two insect host—parasitoid communities.
Mol Ecol. 1998; 7: 1457—1465. Available: https://onlinelibrary.wiley.com/doi/abs/ https://doi.org/10.
1046/j.1365-294x.1998.00467.x PMID: 9819901

Kikuchi Y, Fukatsu T. Diversity of Wolbachia endosymbionts in heteropteran bugs. Appl Environ Micro-
biol. 2003; 69: 6082—-6090. Available: https://www.ncbi.nlm.nih.gov/pubmed/14532065 https://doi.org/
10.1128/AEM.69.10.6082-6090.2003 PMID: 14532065

Nirgianaki A, Banks GK, Frohlich DR, Veneti Z, Braig HR, Miller TA, et al. Wolbachia infections of the
whitefly Bemisia tabaci. Curr Microbiol. 2003; 47: 93—101. Available: https://www.ncbi.nlm.nih.gov/
pubmed/14506854 https://doi.org/10.1007/s00284-002-3969-1 PMID: 14506854

Tagami Y, Miura K. Distribution and prevalence of Wolbachia in Japanese populations of Lepidoptera.
Insect Mol Biol. 2004; 13: 359-364. https://doi.org/10.1111/j.0962-1075.2004.00492.x PMID:
15271207

Gotoh T, Noda H, Hong X-Y. Wolbachia distribution and cytoplasmic incompatibility based on a survey
of 42 spider mite species (Acari: Tetranychidae) in Japan. Heredity. 2003; 91: 208-216. https://doi.org/
10.10838/sj.hdy.6800329 PMID: 12939620

Zug R, Hammerstein P. Still a host of hosts for Wolbachia: analysis of recent data suggests that 40% of
terrestrial arthropod species are infected. PLoS One. 2012; 7: €38544. https://doi.org/10.1371/journal.
pone.0038544 PMID: 22685581

Baldo L, Ayoub NA, Hayashi CY, Russell JA, Stahlhut JK, Werren JH. Insight into the routes of Wolba-
chia invasion: high levels of horizontal transfer in the spider genus Agelenopsis revealed by Wolbachia
strain and mitochondrial DNA diversity. Mol Ecol. 2008; 17: 557-569. https://doi.org/10.1111/j.1365-
294X.2007.03608.x PMID: 18179432

Vavre F, Fleury F, Lepetit D, Fouillet P, Boulétreau M. Phylogenetic evidence for horizontal transmis-
sion of Wolbachia in host-parasitoid associations. Mol Biol Evol. 1999; 16: 1711-1723. https://doi.org/
10.1093/oxfordjournals.molbev.a026084 PMID: 10605113

Ahmed MZ, De Barro PJ, Ren S-X, Greeff JM, Qiu B-L. Evidence for horizontal transmission of second-
ary endosymbionts in the Bemisia tabaci cryptic species complex. PLoS One. 2013; 8: €53084. https://
doi.org/10.1371/journal.pone.0053084 PMID: 23308142

Raychoudhury R, Baldo L, Oliveira DCSG, Werren JH. Modes of acquisition of Wolbachia: horizontal
transfer, hybrid introgression, and codivergence in the Nasonia species complex. Evolution. 2009; 63:
165-183. https://doi.org/10.1111/j.1558-5646.2008.00533.x PMID: 18826448

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 24/26


https://doi.org/10.1016/j.ijpara.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15037105
https://doi.org/10.1098/rspb.1998.0591
http://www.ncbi.nlm.nih.gov/pubmed/9921679
https://www.ncbi.nlm.nih.gov/pubmed/11197770
https://doi.org/10.1017/s0031182000007149
https://doi.org/10.1017/s0031182000007149
http://www.ncbi.nlm.nih.gov/pubmed/11197770
https://doi.org/10.1038/srep34955
https://doi.org/10.1038/srep34955
http://www.ncbi.nlm.nih.gov/pubmed/27734894
https://doi.org/10.1126/science.1209728
https://doi.org/10.1126/science.1209728
http://www.ncbi.nlm.nih.gov/pubmed/22021855
https://doi.org/10.1111/j.1574-6941.2007.00333.x
https://doi.org/10.1111/j.1574-6941.2007.00333.x
http://www.ncbi.nlm.nih.gov/pubmed/17506822
https://doi.org/10.1371/journal.pone.0054964
http://www.ncbi.nlm.nih.gov/pubmed/23355904
https://doi.org/10.1038/s41586-019-1407-9
http://www.ncbi.nlm.nih.gov/pubmed/31316207
https://doi.org/10.3389/fmicb.2020.01638
https://doi.org/10.3389/fmicb.2020.01638
http://www.ncbi.nlm.nih.gov/pubmed/32765466
https://onlinelibrary.wiley.com/doi/abs/
https://doi.org/10.1046/j.1365-294x.1998.00467.x
https://doi.org/10.1046/j.1365-294x.1998.00467.x
http://www.ncbi.nlm.nih.gov/pubmed/9819901
https://www.ncbi.nlm.nih.gov/pubmed/14532065
https://doi.org/10.1128/AEM.69.10.6082-6090.2003
https://doi.org/10.1128/AEM.69.10.6082-6090.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532065
https://www.ncbi.nlm.nih.gov/pubmed/14506854
https://www.ncbi.nlm.nih.gov/pubmed/14506854
https://doi.org/10.1007/s00284-002-3969-1
http://www.ncbi.nlm.nih.gov/pubmed/14506854
https://doi.org/10.1111/j.0962-1075.2004.00492.x
http://www.ncbi.nlm.nih.gov/pubmed/15271207
https://doi.org/10.1038/sj.hdy.6800329
https://doi.org/10.1038/sj.hdy.6800329
http://www.ncbi.nlm.nih.gov/pubmed/12939620
https://doi.org/10.1371/journal.pone.0038544
https://doi.org/10.1371/journal.pone.0038544
http://www.ncbi.nlm.nih.gov/pubmed/22685581
https://doi.org/10.1111/j.1365-294X.2007.03608.x
https://doi.org/10.1111/j.1365-294X.2007.03608.x
http://www.ncbi.nlm.nih.gov/pubmed/18179432
https://doi.org/10.1093/oxfordjournals.molbev.a026084
https://doi.org/10.1093/oxfordjournals.molbev.a026084
http://www.ncbi.nlm.nih.gov/pubmed/10605113
https://doi.org/10.1371/journal.pone.0053084
https://doi.org/10.1371/journal.pone.0053084
http://www.ncbi.nlm.nih.gov/pubmed/23308142
https://doi.org/10.1111/j.1558-5646.2008.00533.x
http://www.ncbi.nlm.nih.gov/pubmed/18826448
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE

Variable abundance and distribution of microbial symbionts within and among diverse host species

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

Michonneau F, Brown JW, Winter DJ. rotl: an R package to interact with the Open Tree of Life data. Fitz-
john R, editor. Methods Ecol Evol. 2016; 7: 1476—1481. https://doi.org/10.1111/2041-210X.12593

Mouton L, Henri H, Bouletreau M, Vavre F. Effect of temperature on Wolbachia density and impact on
cytoplasmic incompatibility. Parasitology. 2006; 132: 49-56. https://doi.org/10.1017/
S0031182005008723 PMID: 16393353

Serbus LR, White PM, Silva JP, Rabe A, Teixeira L, Albertson R, et al. The impact of host diet on Wol-
bachia titer in Drosophila. PLoS Pathog. 2015; 11: e1004777. https://doi.org/10.1371/journal.ppat.
1004777 PMID: 25826386

Rohrscheib CE, Frentiu FD, Horn E, Ritchie FK, van Swinderen B, Weible MW 2nd, et al. Intensity of
Mutualism Breakdown Is Determined by Temperature Not Amplification of Wolbachia Genes. PLoS
Pathog. 2016; 12: e1005888. https://doi.org/10.1371/journal.ppat. 1005888 PMID: 27661080

Crawford JE, Clarke DW, Criswell V, Desnoyer M, Cornel D, Deegan B, et al. Efficient production of
male Wolbachia-infected Aedes aegypti mosquitoes enables large-scale suppression of wild popula-
tions. Nat Biotechnol. 2020; 38: 482—492. https://doi.org/10.1038/s41587-020-0471-x PMID: 32265562

Hurst GDD, Frost CL. Reproductive parasitism: maternally inherited symbionts in a biparental world.
Cold Spring Harb Perspect Biol. 2015;7. https://doi.org/10.1101/cshperspect.a017699 PMID:
25934011

Correa CC, Ballard JWO. Wolbachia Associations with Insects: Winning or Losing Against a Master
Manipulator. Front Ecol Evol. 2016; 3: 506. https://doi.org/10.3389/fevo.2015.00153

Harumoto T, Anbutsu H, Lemaitre B, Fukatsu T. Male-killing symbiont damages host’s dosage-compen-
sated sex chromosome to induce embryonic apoptosis. Nat Commun. 2016; 7: 12781. https://doi.org/
10.1038/ncomms12781 PMID: 27650264

Hayashi M, Watanabe M, Yukuhiro F, Nomura M, Kageyama D. A Nightmare for Males? A Maternally
Transmitted Male-Killing Bacterium and Strong Female Bias in a Green Lacewing Population. PLoS
One. 2016; 11: e0155794. https://doi.org/10.1371/journal.pone.0155794 PMID: 27304213

Parratt SR, Frost CL, Schenkel MA, Rice A, Hurst GDD, King KC. Superparasitism Drives Heritable
Symbiont Epidemiology and Host Sex Ratio in a Wasp. PLoS Pathog. 2016; 12: €1005629. https://doi.
org/10.1371/journal.ppat.1005629 PMID: 27322651

Pang R, Chen M, Yue L, Xing K, Li T, Kang K, et al. A distinct strain of Arsenophonus symbiont
decreases insecticide resistance in its insect host. PLoS Genet. 2018; 14: e1007725. https://doi.org/10.
1371/journal.pgen.1007725 PMID: 30332402

Hoffmann AA, Turelli M. Cytoplasmic incompatibility in insects. 1997. Available: https://agris.fao.org/
agris-search/search.do?recordlD=GB1999004306

Hamm CA, Begun DJ, Vo A, Smith CCR, Saelao P, Shaver AO, et al. Wolbachia do not live by repro-
ductive manipulation alone: infection polymorphism in Drosophila suzukii and D. subpulchrella. Mol
Ecol. 2014; 23: 4871-4885. https://doi.org/10.1111/mec.12901 PMID: 25156506

Cattel J, Kaur R, Gibert P, Martinez J, Fraimout A, Jiggins F, et al. Wolbachia in European Populations
of the Invasive Pest Drosophila suzukii: Regional Variation in Infection Frequencies. PLoS One. 2016;
11: e0147766. https://doi.org/10.1371/journal.pone.0147766 PMID: 26809119

Chrostek E, Teixeira L. Mutualism breakdown by amplification of Wolbachia genes. PLoS Biol. 2015;
13: €1002065. https://doi.org/10.1371/journal.pbio.1002065 PMID: 25668031

LePage DP, Metcalf JA, Bordenstein SR, On J, Perimutter JI, Shropshire JD, et al. Prophage WO
genes recapitulate and enhance Wolbachia-induced cytoplasmic incompatibility. Nature. 2017; 543:
243-247. https://doi.org/10.1038/nature21391 PMID: 28241146

Beckmann JF, Ronau JA, Hochstrasser M. A Wolbachia deubiquitylating enzyme induces cytoplasmic
incompatibility. Nat Microbiol. 2017; 2: 17007. https://doi.org/10.1038/nmicrobiol.2017.7 PMID:
28248294

Ryoo HD, Li J, Kang M-J. Drosophila XBP1 expression reporter marks cells under endoplasmic reticu-
lum stress and with high protein secretory load. PLoS One. 2013; 8: e75774. https://doi.org/10.1371/
journal.pone.0075774 PMID: 24098723

Fattouh N, Cazevieille C, Landmann F. Wolbachia endosymbionts subvert the endoplasmic reticulum
to acquire host membranes without triggering ER stress. PLoS Negl Trop Dis. 2019; 13: e0007218.
https://doi.org/10.1371/journal.pntd.0007218 PMID: 30893296

Landmann F, Bain O, Martin C, Uni S, Taylor MJ, Sullivan W. Both asymmetric mitotic segregation and
cell-to-cell invasion are required for stable germline transmission of Wolbachia in filarial nematodes.
Biology Open. 2012. pp. 536—547. https://doi.org/10.1242/bi0.2012737 PMID: 23213446

Sheehan KB, Martin M, Lesser CF, Isberg RR, Newton ILG. Identification and Characterization of a
Candidate Wolbachia pipientis Type IV Effector That Interacts with the Actin Cytoskeleton. MBio.
2016;7. https://doi.org/10.1128/mBio.00622-16 PMID: 27381293

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 25/26


https://doi.org/10.1111/2041-210X.12593
https://doi.org/10.1017/S0031182005008723
https://doi.org/10.1017/S0031182005008723
http://www.ncbi.nlm.nih.gov/pubmed/16393353
https://doi.org/10.1371/journal.ppat.1004777
https://doi.org/10.1371/journal.ppat.1004777
http://www.ncbi.nlm.nih.gov/pubmed/25826386
https://doi.org/10.1371/journal.ppat.1005888
http://www.ncbi.nlm.nih.gov/pubmed/27661080
https://doi.org/10.1038/s41587-020-0471-x
http://www.ncbi.nlm.nih.gov/pubmed/32265562
https://doi.org/10.1101/cshperspect.a017699
http://www.ncbi.nlm.nih.gov/pubmed/25934011
https://doi.org/10.3389/fevo.2015.00153
https://doi.org/10.1038/ncomms12781
https://doi.org/10.1038/ncomms12781
http://www.ncbi.nlm.nih.gov/pubmed/27650264
https://doi.org/10.1371/journal.pone.0155794
http://www.ncbi.nlm.nih.gov/pubmed/27304213
https://doi.org/10.1371/journal.ppat.1005629
https://doi.org/10.1371/journal.ppat.1005629
http://www.ncbi.nlm.nih.gov/pubmed/27322651
https://doi.org/10.1371/journal.pgen.1007725
https://doi.org/10.1371/journal.pgen.1007725
http://www.ncbi.nlm.nih.gov/pubmed/30332402
https://agris.fao.org/agris-search/search.do?recordID=GB1999004306
https://agris.fao.org/agris-search/search.do?recordID=GB1999004306
https://doi.org/10.1111/mec.12901
http://www.ncbi.nlm.nih.gov/pubmed/25156506
https://doi.org/10.1371/journal.pone.0147766
http://www.ncbi.nlm.nih.gov/pubmed/26809119
https://doi.org/10.1371/journal.pbio.1002065
http://www.ncbi.nlm.nih.gov/pubmed/25668031
https://doi.org/10.1038/nature21391
http://www.ncbi.nlm.nih.gov/pubmed/28241146
https://doi.org/10.1038/nmicrobiol.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28248294
https://doi.org/10.1371/journal.pone.0075774
https://doi.org/10.1371/journal.pone.0075774
http://www.ncbi.nlm.nih.gov/pubmed/24098723
https://doi.org/10.1371/journal.pntd.0007218
http://www.ncbi.nlm.nih.gov/pubmed/30893296
https://doi.org/10.1242/bio.2012737
http://www.ncbi.nlm.nih.gov/pubmed/23213446
https://doi.org/10.1128/mBio.00622-16
http://www.ncbi.nlm.nih.gov/pubmed/27381293
https://doi.org/10.1371/journal.pone.0288261

PLOS ONE Variable abundance and distribution of microbial symbionts within and among diverse host species

95. Newton ILG, Savytskyy O, Sheehan KB. Wolbachia utilize host actin for efficient maternal transmission
in Drosophila melanogaster. PLoS Pathog. 2015; 11: e1004798. https://doi.org/10.1371/journal.ppat.
1004798 PMID: 25906062

96. White PM, Serbus LR, Debec A, Codina A, Bray W, Guichet A, et al. Reliance of Wolbachia on High
Rates of Host Proteolysis Revealed by a Genome-Wide RNAi Screen of Drosophila Cells. Genetics.
2017; 205: 1473-1488. https://doi.org/10.1534/genetics.116.198903 PMID: 28159754

97. Zdobnov EM, Tegenfeldt F, Kuznetsov D, Waterhouse RM, Simao FA, loannidis P, et al. OrthoDB v9.1:
cataloging evolutionary and functional annotations for animal, fungal, plant, archaeal, bacterial and viral
orthologs. Nucleic Acids Res. 2017; 45: D744-D749. https://doi.org/10.1093/nar/gkw1119 PMID:
27899580

PLOS ONE | https://doi.org/10.1371/journal.pone.0288261 July 11, 2023 26/26


https://doi.org/10.1371/journal.ppat.1004798
https://doi.org/10.1371/journal.ppat.1004798
http://www.ncbi.nlm.nih.gov/pubmed/25906062
https://doi.org/10.1534/genetics.116.198903
http://www.ncbi.nlm.nih.gov/pubmed/28159754
https://doi.org/10.1093/nar/gkw1119
http://www.ncbi.nlm.nih.gov/pubmed/27899580
https://doi.org/10.1371/journal.pone.0288261

