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A large proportion of arthropods carry maternally-inherited endosymbiotic bacteria with which they have developed close relationships. Some
of these endosymbionts are selfish genetic elements and manipulate their hosts” reproduction to their own advantage, for example via cyto-
plasmic incompatibility (CI) or male killing. Here we report that the sexually reproducing collembolan Anurida maritima carries two endosym-
bionts (Wolbachia and Spiroplasma) and provide genome sequences for both bacteria. Phylogenomic analyses indicate that the Wolbachia belong
to the A supergroup and that the Spiroplasma are sister to the Citri-Chrysopicola-Mirum lineage. Anurida maritima is considered a species group
and consists of at least two distinct genetic lineages. We show that both lineages carry both endosymbionts. No homologues of the Spiroplasma
male-killing gene SpAID were observed within our datasets. Homologues of the male-killing associated wmk and the CI inducing cifA and cifB
prophage genes were detected in the Wolbachia genome. Phylogenetic analyses placed the cif genes in the poorly characterized Type V clade. The
cifA and cif B gene sequences of the two Anurida lineages are identical. It therefore seems unlikely that the genetic divergence within the species
group stems from cifA and cifB induced CL. Laboratory controlled genetic crosses and sex ratio studies will be needed to reveal any potential ef-
fect of the two endosymbionts on A. maritima’s reproduction.

ADDITIONAL KEYWORDS: Anurida bisetosa; cytoplasmic incompatibility; Hexapoda; male-killing; Oxford Nanopore sequencing;
Supergroup A.

INTRODUCTION their hosts to reside in otherwise unsuitable niches by providing
essential dietary nutrients (Cornwallis et al., 2021). Other facul-
tative endosymbionts produce toxins that provide host protec-
tion against predators, parasites or fungal pathogens (Brownlie
& Johnson, 2009; Eleftherianos et al., 2013; Ballinger and
Perlman, 2019; Massey and Newton, 2022 ). For example, within
the genus Spiroplasma, which includes species that are extracel-
lular endosymbionts of arthropods, several species produce
ribosome-inactivating proteins (RIPs). RIPs are toxins that per-
manently inhibit normal protein synthesis in invasive organisms
and therefore increase fitness of both endosymbiont and host

Endosymbionts are common in the Hexapoda. A large propor-
tion of taxa within this hyper-diverse subphylum (which in-
cludes Insecta, Collembola, Protura and Diplura) have evolved
long-standing intra- and intercellular relationships with micro-
organisms (Weinert et al., 2015). These relationships can be
obligate, where both host and microbe are fully dependent on
each other, or facultative, where the host does not require the
endosymbiont’s presence for reproduction or survival (Moran et
al., 2009). Both types of interactions have had far reaching eco-

evolutionary consequences and have shaped the diversity of the

group (Moran ef al,, 2009; Sudakaran ef al., 2017). (Ballinger and Perlman, 2017; Ballinger ef al., 2018).
However, not all facultative endosymbionts are benefi-

cial. Various species are considered reproductive parasites
and enhance their own transmission by manipulating the re-
productive biology of their hosts (Stouthamer et al., 1999;
Cordaux et al., 2011). This is also observed within the genus
Spiroplasma, where some species are known to manipulate
host reproduction by killing male offspring of infected females

Some endosymbionts are exclusively transmitted vertically,
via the maternal lineage (Moran and Baumann, 2000). Where
vertical transmission is required, obligate endosymbionts are
safeguarded by their shared dependence. However, facultative
endosymbionts, must promote their own inheritance. To aid
their transmission, facultative endosymbionts may provide cer-
tain fitness benefits to their hosts. They may, for example, allow
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(Williamson et al., 1999; Martin et al., 2020). The plasmid-
encoded SpAID protein is responsible for the male-killing
phenotype of Spiroplasma poulsonii Williamson et al. 1999 and
disturbs X-chromosome dosage compensation in embryos
(Harumoto and Lemaitre, 2018).

Probably the best-known reproductive manipulators belong
to the genus Wolbachia. Members of this intracellular genus in-
fluence host reproduction to increase frequency of infected in-
dividuals over uninfected ones (Stouthamer et al., 1999; Werren
et al., 2008). This is achieved by reducing reproductive success
of uninfected individuals compared to that of infected ones via
mechanisms such as male-killing, parthenogenesis, feminiza-
tion and cytoplasmic incompatibility (CI) (Correa and Ballard,
2016). Of these four mechanisms, CI is the most prevalent
(Stouthamer et al., 1999; Lindsey et al., 2018). In CI, offspring
of an infected male and an uninfected female, or a female in-
fected by a different strain, are non-viable (Werren, 1997). Cl is
controlled by the CI factor genes cifA and cifB. These two adja-
cent prophage genes closely interact to define the CI phenotype,
with cifA reversing cifB induced reproductive sterility (LePage et
al., 2017). Although the exact molecular mechanisms have not
yet been resolved (Wang et al., 2022), laboratory crosses and
transgenic experiments have shown that, unless a female that ex-
presses a matching cifA is involved, male expression of cifA and
cif B causes embryonic death (LePage et al., 2017; Shropshire
et al., 2018). This ‘matching-pair’ requirement is supported by
phylogenetic analyses which have revealed strong congruence
between cifA and cifB gene trees (Martinez et al., 2021). These
analyses have also identified five cif lineages, which have been
named Types I to V (Martinez et al., 2021).

Wolbachia are divided into various supergroups based on se-
quence divergence and phylogenetic relationships (Lo et al,
2002). Most of the supergroups are restricted to arthropods, with
the exception of Supergroups C, D and L whose members infect
nematodes, and Supergroup F which has been reported to infect
both nematodes and insects (Lefoulon et al., 2016). Of note, the
divergent Supergroup E (Vandekerckhove et al., 1999) is pre-
dominantly found in asexually reproducing Collembola (spring-
tails) and has been associated specifically with parthenogenesis
induction within this order (Ma et al., 2017). For example, in the
absence of Wolbachia the parthenogenetic collembolan Folsomia
candida Willem, 1902 will produce non-viable eggs (Pike and
Kingcombe, 2009; Timmermans and Ellers, 2009).

The collembolan Anurida maritima Guérin-Méneville 1836
is a sexually reproducing species (Dallai et al., 1999) with a
cosmopolitan distribution. It is found in the intertidal zone and
is notable for its endogenously controlled circatidal rhythms of
behaviour (McMeechan et al., 2000). The animals spend a large
amount of their life in large aggregations under rocks and in
crevices. A fraction of animals will leave these aggregates during
low tide to scavenge, but all return 1 hour before high tide to
ensure they are protected from the incoming water (Joosse,
1966). The species consists of divergent lineages (Arbea, 2001;
Timmermans et al., 2022) and some authors consider it to be a
species group (Sun et al., 2018). Others have even suggested the
species should be divided into at least two species (A. maritima
and Anurida bisetosa Bagnall, 1949) (Arbea, 2001). What caused
the lineages to diverge is not known, but the question arises

whether endosymbionts could be involved. A. maritima was
recently reported to be infected by Wolbachia (Gavotte, 2018).
In this paper we report that A. maritima harbours a second bac-
terial endosymbiont (Spiroplasma). We provide full genome
sequences for both bacteria and show they are present in mul-
tiple A. maritima populations. The genome sequences are used
for phylogenomic analyses with two aims: first, to determine
if the Wolbachia endosymbiont of the sexually reproducing A.
maritima clusters with other Collembola-infecting and ‘par-
thenogenesis inducing’ Supergroup E Wolbachia. Second, to get
a better understanding of the Spiroplasma endosymbiont and
its relationship to other insect-infecting and plant-pathogenetic
strains. Finally, we look for endosymbiont genes involved in re-
productive manipulation. If the endosymbionts are reproductive
parasites, they could well have triggered the species group diver-
gence, via CI or other mechanisms.

MATERIAL AND METHODS

OXFORD NANOPORE SEQUENCING

Genomic DNA was extracted from 30 animals (A. maritima)
collected in Wells-next-the-Sea (Norfolk, UK) using a Monarch
Genomic DNA Purification Kit (New England Biolabs, Ipswich,
Massachusetts, USA) following the ‘Genomic DNA Purification
from Insects’ protocol with minor modifications and RNAse
A treatment. The genomic DNA (gDNA) was eluted in S0 yL
Elution Buffer, and quality and quantity assessed using agarose
gel electrophoresis, TapeStation automated electrophoresis
(Genomic DNA Screentape) (Agilent, Waldbronn, Germany),
Nanodrop spectral analysis (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and Qubit fluorometric quantification
(Broad Range Kit) (Thermo Fisher Scientific). Subsequently,
400 ng of gDNA was used to construct a sequencing library
using a Rapid Sequencing Kit (Oxford Nanopore [https://
nanoporetech.com/], Oxford, UK). The library was sequenced
using a MinION and a R9.4.1 flow cell. Base calling of the raw
signal data (FastS format) was performed using Guppy (guppy
basecaller v.5.0.7 + 2332e8d). Sequence quality control was con-
ducted using the NanoPlot 1.28.0 (de Coster et al., 2018) tool.

SEQUENCE ASSEMBLY, CORRECTION AND GENOME
ANNOTATION

The Oxford Nanopore sequencing reads were assembled
using Flye v.2.8.3-b1767 (Kolmogorov et al., 2019) and Canu
v.1.8 (Koren et al., 2017). The Flye assembly used a reduced
coverage (asm-coverage 30) and a genome size of 250 million
bases (setting: 0.25g) to limit memory consumption. The Canu
assembly used the following settings: genomeSize=250m, cor
MhapFilterThreshold=0.0000000002,  corMhapOptions="
-threshold 0.80, --num-hashes 512 --num-min-matches 3
--ordered-sketch-size 1000 --ordered-kmer-size 14 --min-
olap-length 2000 --repeat-idf-scale 50° mhapMemory=30g
mhapBlockSize=500 (see https://canu.readthedocs.io/en/
latest/faq.html). The full Wolbachia genome was extracted
from the Canu assembly and the Spiroplasma genome from
the Flye assembly (see Results). Both genomes were pol-
ished using the medaka consensus programme which is
part of Medaka (Oxford Nanopore Technologies, https://
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github.com/nanoporetech/medaka) using the r941 min_
fast_gS507 model. Further polishing was conducted using
DIAMOND and MEGAN as described by Bagci et al. (2021)
and Homopolish (Huang et al., 2021). DIAMOND was run
in the frameshiftaware alignment mode (Buchfink et al., 2015;
Huson et al., 2018) with a penalty of 15, with range culling
invoked and only retaining the 10% best scoring alignments
(setting: --top 10). Furthermore, the ‘query-gencode’ flag was
used to set the appropriate genetic code (4 for Spiroplasma
and 11 for Wolbachia). The output of DIAMOND was then
processed using MEGAN; it was ‘meganised’ using the daa-
meganiser tool and frame-shift corrected data was exported
in fasta format using the read-extractor tool. This sequence
was then polished using Homopolish, using the R9.4.pkl
model and bacteria msh sketch (Huang et al., 2021). To ob-
tain coverage estimates and manually inspect the assembly, all
reads were realigned to the two genomes using Minimap2 (Li,
2018), using -N 1 to prevent secondary alignments. Samclip
(https://github.com/tseemann/samclip) was used to re-
move all reads that had more than 100 positions clipped and
coverage data was subsequently calculated using Samtools (Li
et al.,2009) depth function, with mean values calculated using
an AWK statement. Mapped reads were used to visually in-
spect the quality of the assembly.

Both genomes were circularized using Geneious Prime
(https://www.geneious.com/prime/) and annotated using
NCBI Prokaryotic Genome Annotation Pipeline (PGAP
v.2022-04-14.build6021) (Tatusova et al., 2016). Completeness
of the genomes was assessed using BUSCO (Simdo et al., 2015)
v.5.2.2 with the Rickettsiales and Entomoplasmatales odb10
datasets for Wolbachia and Spiroplasma, respectively. To compare
completeness statistics and overall genome length with those of
other published genomes, BUSCO was also run on all full length,
‘non-anomalous’ Wolbachia (n = 51) and Entomoplasmatales
(n=63) genomes available in NCBI's ‘Assembly’ database.

PHYLOGENETIC ANALYSES

Phylogenomic analyses were based on the GToTree workflow
(Lee, 2019), which uses HMMER3 (Eddy, 2011), MUSCLE
(Edgar, 2004), TrimAl (Capella-Gutiérrez et al, 2009),
TaxonKit (Shen & Xiong, 2019) and GNU Parallel (Tange,
2021) to extract and align sequences. For these analyses
the PGAP annotations were first extracted from both endo-
symbiont genomes and protein translations obtained using
Geneious Prime. Full genomes of related species were down-
loaded from NCBI’s Reference Sequence Database (RefSeq).
For the analysis involving the Spiroplasma genome all available
full length Entomoplasmatales, Acholeplasma and Phytoplasma
genomes were retrieved using the following search com-
mand: (acholeplasma[ORGN] OR phytoplasma[ ORGN]
OR entomoplasmatalesf ORGN]) AND ‘latest refseq’[filter]
AND ‘complete genome’[filter]. This dataset was supple-
mented by Spiroplasma ixodetis Tully et al. 1995, Spiroplasma
poulsonii and Spiroplasma platyhelix Williamson et al. 1997
(GCA_017847675.1, GCA_017847655.1, GCE_009866525.1,
GCF_012163225.1). The Acholeplasma and Phytoplasma gen-
omes were included as outgroups. For the analysis involving
the Wolbachia genome the reference genomes of Scholz et al.
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(2020) were used, supplemented by the genomes of the endo-
symbionts of Folsomia candida Willem, 1902, Ctenocephalides
felis Bouché, 1835, Cruorifilaria tuberocauda Eberhard,
Morales and Orihel, 1976 and Dipetalonema caudispina Molin,
1858 (GCE 1931755, GCF 12277295, GCE 13365475,
GCF_13365495). The Alphaproteobacteria (117 genes) and
Tenericutes (99 genes) gene-sets were used within GToTree
to extract conserved single copy genes from the Wolbachia and
Mollicutes (Entomoplasmatales, Acholeplasma and Phytoplasma)
genomes, respectively. Both gene retrieval searches used four
parallel jobs (Tange, 2021) and a gene-length filtering cut-off
threshold of 0.40. Potentially duplicated genes and genomes with
less than 50% of the total target genes recovered were removed
from further analyses. The obtained amino acid data matrices
were used for phylogenetic analyses using IQ-TREE (Nguyen et
al., 2015). IQ-TREE was first used to find a suitable partitioning
scheme (-m MF+MERGE) (Kalyaanamoorthy et al., 2017) con-
sidering the top 10% partitioning schemes only (-rcluster 10).
Tree searches were performed using the selected scheme, and
branch support was evaluated using 1000 ultrafast bootstrap rep-
licates and the SH-aLRT test (Guindon et al., 2010). Trees were
visualized using FigTree v.1.4.4 (https: //github.com/rambaut/
figtree/).

INFECTIONS IN ADDITIONAL POPULATIONS

To investigate the broader prevalence of Spiroplasma and Wolbachia
in the A. maritima species group additional populations were ana-
lysed using PCR. Animals were collected from Lundy (Bristol
Channel, UK), and from Leigh, Maldon and Goldhanger (Essex,
UK). The Lundy and Goldhanger populations have previously been
identified as A. bisetosa and the Maldon and Leigh populations as A.
maritima J. Arbea (personal communication). For each sample loca-
tion, DNA was extracted from 10 pooled individuals using a DNeasy
Blood and Tissue Kit (Qiagen, Hilden, Germany). PCR was per-
formed using PCRBIO Taq Mix Red (PCRBiosystems, London,
UK) in 20 pL reaction volumes, using a final concentration of 0.5 uM
for each primer. To detect the presence of Wolbachia, primers ftsZfl:
S-GITGTCGCAAATACCGATGC-3 and ftsZil: S“CTTAAGTA
AGCTGGTATATC-3" (Werren et al,, 1995) were used. To detect
the presence of Spiroplasma, newly designed primers ITS_3140F:
S-GCATCCACTATATGCTCITTCTAACTI-3’ and ITS 3377R:
S-GATGGATCACCTCCTIITCTATGGA-3’ were used. These pri-
mers target the Internal Transcribed Spacer (ITS) region (which is
present twice in the assembly that we present here; see Results, Table
1). PCR reactions used the following conditions: 94°C for S min, 30
cycles of 94°C for 30 sec, annealing at S0°C for 30 sec, 72°C for 30 sec
and a final extension at 72°C for 10 min. In addition, a publicly avail-
able transcriptome dataset (Misof et al,, 2014), generated from A.
maritima collected on the island of Texel (the Netherlands) was
searched for Wolbachia and Spiroplasma derived sequences using
Blastn (Altschul et al., 1997).

MALE KILLING AND CI GENES

The raw Nanopore sequencing reads and all assembled data
(i.e. Canu and Flye assemblies) were searched for homo-
logues of Spiroplasma RIPs and the plasmid-encoded male-
killing phenotype associated gene SpAID (accession number:
PTQS58132; locus SMSRO_SFP00290) (Harumoto and
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Table 1. Assembly statistics (length, BUSCO metrics and gene
count) for the Wolbachia and Spiroplasma genomes. Both genomes
were assembled into a single contig. The Wolbachia genome
contained one full rRNA set, the Spiroplasma genome contained two

full rRNA sets

Genome Wolbachia Spiroplasma
Accession number CP102058 CP102059
Length (bp) 1375523 801 388
GC% 349 26.7
BUSCO

Complete 357 (98.1%) 272 (81.9%)

Complete and single copy 354 (97.3%) 272 (81.9%)
Complete and duplicated 3(0.8%) 0 (0%)
Fragmented 3(0.8%) 2 (0.6%)
Missing 4(1.1%) 58 (17.5%)
Total searched 364 332

Genes

Protein coding 1397 714

rRNA 3 (1 set) 6 (2 sets)
ncRNA 3 2

Regulatory 0 3

tmRNA 1 1

tRNA 34 28

Total 1438 754

Lemaitre, 2018; Vera-Ponce Leén et al., 2021) using Blastn
(Altschul et al., 1997). This was also done for homologues
of the Wolbachia CI factors A and B (cifA and cifB) and the
WO-phage mediated killing (wmk) gene (accession number:
AE017196.1:611371-612282; WD_0626). For cifA and
cifB, the gene sequences reported by Martinez et al. (2021)
(Supporting Information; Table S2) were used as query
sequences. Homologues of cifA and cifB were recovered (see
Results), which were subsequently extracted from the assem-
bled genomes and aligned to all the complete gene sequences
of Martinez et al. (2021) using TranslatorX (Abascal et
al., 2010), with MAFFT (Katoh et al., 2009) and GBlocks
(Castresana, 2000) selection. Maximum Likelihood tree es-
timation was performed using the web server implementation
of IQ-TREE (Trifinopoulos et al., 2016) and used the GTR+G
model with four rate categories. Branch support was evaluated
using 1000 ultrafast bootstrap replicates and the SH-aLRT
test. Trees were visualized using FigTree v.1.4.4.

To determine whether the Wolbachia endosymbionts of A.
bisetosa carry different cifA and cifB alleles, Long-Range PCR
(LR-PCR) was performed on animals collected in the Lundy
landing bay area, followed by Nanopore sequencing. LR-PCR
was performed on DNA extracted from a pool of 10 individuals.
These PCR reactions used LA Taq (Takara Bio, Kusatsu, Japan)
and the following PCR programme: 98°C for 1 min, 36 cycles
of 98°C for 5 sec, 52°C for 30 sec, 60°C for 15 min and a final
extension at 72°C for 10 min. Two different primer pairs were
used: cifA-cifB_1F S*TACTGAATTCGITACTIITCGTGC-3’
with cifA-cifB_ 1R 5~ AGAACGITCITGAITGGAGG-3" and
cifA-cifB_2F 5-CACCTGITTGAGAATTGAGAACA-3’ with

cifA-cif B 2RS“TGAAGACATGCTCTTAGATGTGG-3’ Both
fragments covered the two genes as a single fragment. The prod-
ucts were then mixed and 80 pL of combined sample purified
using AMPure XP Beads (Beckman Coulter, Brea, USA). Two
hundred nanogrammes of purified product were used for library
preparation using a Rapid Sequencing Kit (Oxford Nanopore).
The library was sequenced on a MinION sequencer using a
flongle adapter. Base calling of the raw signal data was performed
as described above. Nanopore reads were mapped onto the
Wolbachia genome using Minimap2 (Li, 2018).

RESULTS

GENOME DATA, ASSEMBLY AND ANNOTATION

A total of 2 907 319 sequencing reads were obtained with a
mean read length of 2643, a mean Phred quality score of 12.5
and a NSO of 679S. The reads were assembled using Canu and
Flye. Inspection of the assembled data revealed the presence
of a full-length Wolbachia genome in the Canu assembly and a
full-length Spiroplasma genome in the Flye assembly. Partial
Spiroplasma and Wolbachia genomes were present in the Canu
and Flye assemblies, respectively, but only the two full genome
sequences were used for further analyses. Completeness was
assessed using BUSCO, which at this stage was 65.1% for the
Wolbachia genome and 57.2% for the Spiroplasma genome. The
two full genomes were subject to further polishing, which in-
cluded frame-shift correction by DIAMOND and MEGAN. By
adding single Ns (any nucleotide), the MEGAN frame-shift cor-
rected 267 and 85 instances of a missing base in the Wolbachia
and Spiroplasma, genomes respectively. By adding two add-
itional N (any nucleotide), the MEGAN frame-shift corrected
332 and 150 instances of a superfluous base in the Wolbachia
and Spiroplasma genomes, respectively. After these steps the
Wolbachia and Spiroplasma genomes had an estimated BUSCO
completeness of 94% and 82%, respectively.

These genome sequences were subject to a final round of pol-
ishing using Homopolish, which increased the BUSCO com-
pleteness estimate to 98.1% for the Wolbachia genome (Table
1). Unfortunately, the Spiroplasma genome failed this step as
no related genomes with less than 5% divergence were avail-
able. The final Wolbachia and Spiroplasma genomes had a length
of 1 375 523 bp and 801 388 bp, respectively. These lengths
are within the expected range, but the BUSCO metrics are low
compared to other full-length genomes available in the NCBI
‘Assembly’ database (Fig. 1; Supporting Information, Table S1).
Read coverage was highly comparable for both genomes and es-
timated to be 25.0 (SD: 6.1) for the Wolbachia and 25.7 (SD:
9.1) for the Spiroplasma genome.

A total of 1438 genes were predicted for the Wolbachia
genome (1397 protein coding genes, three rRNA genes,
three non coding RNAs (ncRNAs), one transfer messenger
RNA (tmRNA) and 34 tRNAs covering all 20 amino acids)
(Table 1). Two CI factor homologues (cifA and cifB) were not
detected correctly and were added manually. A total of 754 genes
were predicted for the Spiroplasma genome [714 protein coding
genes, three regulatory RNAs, two ncRNAs, six rRNA genes (i.e.
two complete sets), one tmRNA and 28 tRNAs covering all 20
amino acids].
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Figure 1. GC percentage (blue) and completeness (BUSCO metric; brown) of Wolbachia and Entomoplasmatales genomes plotted against their
respective length. Data on the endosymbionts of A. maritima (red) are plotted together with data on 51 full length Wolbachia (left) and 63 full
length Entomoplasmatales (right) genomes available in NCBI's ‘Assembly’ database. Accession numbers are given in the Supporting Information

(Table S1).

PHYLOGENOMIC ANALYSES

Wolbachia

A total of 48 Wolbachia genomes were selected for
phylogenomic analyses, targeting 117 genes using the GToTree
Alphaproteobacteria HMM source file. Out of these 117 genes,
seven were missing from all the included Wolbachia genomes.
Out of the remaining 110 genes, 106 (96%) were found in
the genome sequence of the Wolbachia endosymbiont of A.
maritima. Four genomes for which fewer than 50% of the tar-
gets were retrieved were excluded. The final data matrix con-
sisted of 44 taxa, had a gene completeness of 87% and a length
of 21 240 amino acids. The full partition model (i.e. one par-
tition per gene for a total of 110 partitions) was merged into
an optimal partition scheme consisting of three partitions
(Supporting Information, Table S2), each with its own rate
of evolution, and was used for phylogenetic tree reconstruc-
tion. The phylogenetic tree was rooted on the endosymbiont
of the nematode Pratylenchus penetrans Cobb, 1917, which has
been reported as the earliest diverging Wolbachia (Brown et al.,
2016). The endosymbiont of the collembolan Folsomia candida
was the first to branch off (Supergroup E), followed by that of
Ctenocephalides felis. Members of the C + D + F supergroups
clustered together with high support, with each of these super-
groups recovered as monophyletic. The A and B supergroups
were both recovered and strongly supported. The endosym-
biont of A. maritima was found at the most basal position in
the A supergroup (Fig. 2).

Spiroplasma
For Spiroplasma, a total of 83 genomes were included for
phylogenetic analysis, from which 99 genes were extracted
using GToTree and the Tenericutes HMM source file. Of the
99 genes, 98 (99%) were recovered from the Spiroplasma

genome sequence. This is a higher percentage than expected
from the BUSCO analyses, which suggested a genome com-
pleteness of 82% only. The final data matrix contained all
83 species, had a gene completeness of 93% and a length of
19 519 amino acids. A partition scheme with nine partitions
was deemed best fitting (Supporting Information, Table S2).
The obtained topology was rooted using Acholeplasma and
Phytoplasma as outgroups. The genus Spiroplasma is a para-
phyletic genus (Gasparich ef al., 2004), and was recovered as
such: the Mycoides-Entomoplasmatacea clade was sister to the
Spiroplasma Apis clade. These two clades were then sister to
the Spiroplasma Citri-Chrysopicola-Mirum (CCM) clade. The
Spiroplasma endosymbiont of A. maritima occupied the most
basal position in this latter clade (Fig. 3). The Ixodites clade
was the most basal ingroup lineage.

BROADER PREVALENCE OF ENDOSYMBIONTS AND THE
WOLBACHIA CIFA CIFB PHYLOGENY

To get a better understanding of the prevalence of the Wolbachia
and Spiroplasma infections in the A. maritima species group,
additional populations were screened using PCR (Fig. 4A).
All included populations were shown to harbour both bac-
terial species. In addition, sequence similarity searches con-
firmed Wolbachia and Spiroplasma sequences to be present in
a publicly available transcriptome dataset (Misof et al., 2014)
generated from animals sampled on the island of Texel (the
Netherlands), indicating this population is infected by both
endosymbionts too. The populations sampled represent two di-
vergent lineages within the A. maritima species group: Lundy
and Goldhanger populations have previously been identified as
A. bisetosa, Wells-next-the-Sea and Maldon populations have
previously been identified as A. maritima J. Arbea (personal
communication). To determine if these endosymbionts play a
role in the divergence observed, we searched for genes known
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Figure 2. Maximum Likelihood phylogenetic tree showing the relationship among 44 Wolbachia endosymbionts, with host names and
GenBank accession codes as taxon labels. Supergroups are indicated with letters A to F. The Wolbachia endosymbiont of A. maritima clusters
with Supergroup A Wolbachia and is highlighted in bold. Numbers indicate support values (left: SH-aLRT test; right: ultrafast bootstrap).
Values are given in bold if one of the two support values is lower than 80. An asterisk is used when both support values are 100.

to affect host reproduction. For Spiroplasma we focused on
SpAID, and for Wolbachia on wmk and cifA and cifB. No SpAID
homologues were detected in the raw and assembled datasets. A
wmk homologue that showed 73.7% nucleotide sequence iden-
tity and 70.6% amino acid sequence identity to wmk of wMel
(WD_0626) was found in the Wolbachia genome. In addition,
sequences with high similarity to the cifA and cifB genes of
Acromyrmex echinatior Forel, 1899 were recovered. As in other
Wolbachia genomes, cifA is located directly upstream of cifB and
the genes are coded on the same strand. Phylogenetic analyses
confirmed a close relationship of both genes to the Type V cifA
and cifB genes of A. echinatior (Fig. 4B).

High coverage Nanopore resequencing of a Skb region
covering the cifA-cifB (Fig. 4C) region from the divergent A.
bisetosa lineage revealed two variants: a single polymorphic,
non-synonymous site (P32L) in cifA and a single polymorphic
site five bp after the stop codon of cifB. However, inspection
of the whole genome shotgun reads derived from A. maritima
from Wells-next-the-Sea revealed these sites to be polymorphic
in the endosymbiont of the other lineage too. As these analyses
were performed on pooled specimens, it remains currently un-
clear whether this variation is observed within or between in-
dividuals.

DISCUSSION

Here we report that the sexually reproducing collembolan
A. maritima carries bacterial endosymbionts of the genera
Wolbachia and Spiroplasma, and provide full length genome
sequences for both microbes. It is, to our knowledge, the first
reported Spiroplasma infection in the Order Collembola.
Collembola have been reported to be infected by Wolbachia, and
our phylogenomic analyses confirm the observation of Gavotte
(2018) that the Wolbachia endosymbiont of A. maritima is in
Supergroup A. This makes it unique in belonging to a super-
group that has not yet been reported for any other species of
Collembola. At present, the nature of the host-microbe inter-
actions remains unknown. However, the fact that all screened
field populations were shown to be infected, indicates that the
relationships are close and potentially biologically relevant.

The presented Spiroplasma and Wolbachia genomes are
within the expected size range and are of acceptable com-
pleteness. Genome quality improved after every polishing
step. This was specifically the case for the Wolbachia genome
which went from 65.1% (unpolished), to 98.1% BUSCO com-
pleteness. Unfortunately, Homopolish could not be applied
on the Spiroplasma assembly as there are currently no closely
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Figure 3. Maximum Likelihood phylogenetic tree showing the relationship among 83 full length Entomoplasmatales, Achoplasma and
Phytoplasma genomes. Taxon labels give species and strain name and GenBank accession codes. Four different Spiroplasma clades are
highlighted in red (Ixodites), blue (Citri-Chrysopicola-Mirum), green (Mycoides-Entomoplasmatacea) and pink (Apis). The endosymbiont of
A. maritima groups with the Citri-Chrysopicola-Mirum clade and is highlighted in bold. Numbers indicate support values (left: SH-aLRT test;
right: ultrafast bootstrap). Values are not shown if one of the two support values is lower than 80. An asterisk is used when both support values
are 100.

related genomes (< 5% divergence) available. Although, the final
BUSCO metrics for this latter genome were much lower (81.9%
completeness), 98 out of the 99 included loci were retrieved by
GToTree (i.e. 99%). Combined, these results suggest that the
Spiroplasma genome is probably largely complete too, but that
sequence errors remain and further polishing is needed.

Wolbachia

The two genomes were used for phylogenomic analyses, placing
A. maritima’s Wolbachia endosymbiont at the base of the A super-
group. All except one species of Collembola-infecting Wolbachia
belong to Supergroup E (Ma et al., 2017); a supergroup that
has been implicated to induce thelytokous parthenogenesis

in infected species (Ma et al., 2017; Konecka & Olszanowski,
2021) [but see Konecka et al. (2019)]. The prevailing pheno-
type of Supergroup A Wolbachia is CI and indeed homologues of
genes known to induce CI were detected in A. maritima’s endo-
symbiont. Only a single pair of these homologues (cifA and cifB)
was observed, with the two genes tandemly arranged and in the
expected orientation. Both homologues were free of internal
stop codons. They showed the highest similarity to cif genes of
the leaf-cutter ant A. echinatior endosymbiont and phylogen-
etic analysis placed them in the Type V clade. This divergent
clade is the most recent addition to the cif gene tree and remains
the least studied of the five recognized types (Martinez et al.,
2021). It has, however, for at least one species (the Wolbachia of
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Figure 4. Field populations of A. maritima analysed for cifA and cif B homologues. A, the geographic location of English and Dutch field
populations investigated for Wolbachia and Spiroplasma infections. B, Maximum Likelihood phylogenetic trees depicting relationships among
cifA (left) and cif B (right) homologues. The five clades (I-V) are sensu Martinez et al. (2021). The cifA and cif B homologues of the Wolbachia
endosymbiont of A. maritima cluster with clade V. Taxon labels and support values are provided in the Supporting Information (Fig. S1).

C, orientation of cifA and cifB homologues in the genome of the Wolbachia endosymbiont of A. maritima and positions of primers used for
LR-PCR.
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Laodelphax striatellus Fallen, 1826) been linked to CI induction
(Bing et al., 2020).

Wolbachia infections can have profound evolutionary con-
sequences for their hosts (Hurst and Jiggins, 2005). Wolbachia
has been reported to have caused elevated (mitogenomic) di-
vergence (Kodandaramaiah et al.,, 2013; Ritter et al., 2013)
and has even been implicated in the process of speciation
(Bordenstein, 2003). To determine whether the genetic di-
vergence in the A. maritima species group is linked to the
Wolbachia endosymbionts, we sequenced the S kb cif locus
from the divergent ‘A. bisetosa-lineage’ If the divergence origin-
ated from CI induced genetic barriers, differences among the
cifA and cifB alleles of the Wolbachia of the two host lineages
would be expected. This was not the case; sequencing revealed
the loci to be 100% identical, refuting the notion that diver-
gence within the species group was enhanced by Wolbachia cif
induced CI.

A second gene linked to reproductive manipulation was
observed in the genome of A. maritima’s Wolbachia endo-
symbiont: a homologue of the wmk gene (Perlmutter et al.,
2019). wmk genes have been associated specifically with male
killing. Unfortunately, the phenotypic expression of wmk
and wmk-like genes is complex, with effects being dependent
on gene sequence and host background (Perlmutter et al,
2021). Transgenic expression has shown that small changes
in gene sequence (including synonymous changes) and alter-
native start codon usage can abolish male killing or result in
the death of both sexes (Perlmutter et al., 2021). Hence, al-
though slightly female biased sex ratios have been reported for
A. maritima (Joosse, 1966), it is impossible to ascertain from
the wmk homologue sequence alone whether the Wolbachia
endosymbiont has any male-killing properties. Further sex
ratio studies will be needed to determine whether or not this
is the case.

Spiroplasma
Bacteria of the genus Spiroplasma associate closely with eu-
karyotes and infect a broad range of plants and animals (Harne
et al., 2020). Here we report for the first time an infection in
the Order Collembola. The Spiroplasma endosymbiont of A.
maritima represents a basal lineage of the CCM clade. The CCM
clade is a diverse clade that harbours various plant and animal
pathogens, some of which cause deadly diseases. For example,
Spiroplasma eriocheiris causes tremor disease in Chinese mitten
crabs (Eriocheir sinensis Panning, 1938) (Wang et al., 2004), a
disease from which the animals will eventually die (Liang et al.,
2009). Lethal CCM Spiroplasma have also been found in the
crayfish Procambarus clarkii (Wang et al., 2005), the shrimp
Penaeus vannamei (Nunan et al., 2005) and the honey bee Apis
mellifera (Mouches et al., 1983). The clade also contains the
animal pathogen Spiroplasma mirum, originally isolated from
ticks (Tully ef al., 1982). This species is known to cause cata-
racts in suckling mice (Tully et al., 1982) and has been linked
to the neurodegenerative disease transmissible spongiform en-
cephalopathies (Bastian, 2014) [but see Alexeeva et al. (2006) ].
Within the CCM clade Spiroplasma poulsonii (Williamson et al.,
1999) (an endosymbiont of Drosophila species) kills male em-
bryos via the toxin Spaid. Interestingly, the same endosymbiont
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uses a different class of toxins (RIPs) to provide its Drosophila
host protection against parasites, albeit at a cost to total life-
span (Garcia-Arraez et al., 2019). It currently remains unknown
whether the Spiroplasma endosymbiont has any phenotypic ef-
tects on A. maritima. Although the bacterium does not cause a
deadly disease, it is not unlikely that it has other, less noticeable
effects.

Sex ratio studies and controlled genetic crosses are now
needed to gain a better understanding of Anurida-endosymbiont
interactions and to reveal any phenotype and genome level ef-
fects. However, this will not be easy, as species belonging to the
family Neanuridae are notably difficult to maintain under labora-
tory conditions (Hoskins et al., 2015).
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