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ABSTRACT
Many bacterial taxa evolved facultative symbiotic associations with insects and spread through host populations by horizontal 
and maternal transmission. Co-infection at the individual host level may facilitate or constrain the spread of facultative symbi-
onts. Due to insufficiently detailed genotyping, co-infections of maternally transmitted symbionts often remain hidden, limit-
ing our understanding of (co-)infection dynamics. Spiroplasma bacteria exhibit multiple independent origins of symbiosis with 
insects and have poorly understood patterns of transmission and co-infection. Here, we examined these traits of Spiroplasma 
symbiosis using Myrmica ants, a system known for high frequencies of single Spiroplasma infections. Through exhaustive 
genotyping of 75 colonies across seven Myrmica species, we uncovered multiple cryptic co-infections involving two distinct 
Spiroplasma clades that display significantly different infection frequencies in workers. Within Myrmica ruginodis, infection 
heterogeneity was contingent on ant caste and was lower in workers. Remarkably, the sMyr Spiroplasma variant infected four 
Myrmica species and was widespread in queens and workers. We provide phylogenomic and functional genomic support for an 
exceptionally stable symbiosis with maternally acquired sMyr, with a predicted infection persistence of seven million years in the 
Myrmica scabrinodis species group. Our findings reveal that Spiroplasma can display complex infection heterogeneity and evolve 
an evolutionary stable maternally acquired infection within insect hosts.

1   |   Introduction

Heritable bacterial symbionts form an important component of 
the ecology and evolution of their animal host, including many 
insects. In insects, symbioses can be differentiated by whether the 
heritable bacterial infection is essential for the survival and repro-
duction of the host. Many plant- and blood-feeding insect taxa rely 
on obligate bacterial symbionts to survive on an unbalanced sup-
ply of dietary nutrients. These nutritional symbioses are typified 
by co-cladogenesis whereby the host and symbiont co-diversify 
into a contemporary set of genetically divergent lineages or species 

(García-Lozano et al. 2024; Hosokawa et al. 2006, 2012). Although 
not a universal feature, these obligate symbioses can persist for 
10s of millions of years by cladogenic acquisition (García-Lozano 
et al. 2024; McCutcheon et al. 2019; McCutcheon and Moran 2010; 
Tamas et  al.  2002). In contrast, maternally inherited facultative 
symbionts are not essential for their insect hosts. Although facul-
tative maternally transmitted symbionts can reach near-fixation 
frequencies in host populations, these infections are considered to 
be lost on shorter timescales than insect speciation. Here, infection 
loss is balanced by horizontal transmission into related and distant 
host lineages (Sanaei et al. 2021). Maternal transmission efficiency 
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and subsequent proliferation in developing offspring tissues are 
also key determinants of how facultative symbionts spread and per-
sist in host populations. Maternal transmission is often imperfect 
in natural insect populations, predicted to decrease the prevalence 
of infected hosts and infection persistence (Brenninger et al. 2025; 
Hague et al. 2020; Hamm et al. 2014; Hoffmann et al. 1990).

To spread through insect populations, maternally transmitted 
facultative symbionts induce a variety of reproductive pheno-
types, including cytoplasmic incompatibility (CI) and male kill-
ing (MK). CI causes embryonic mortality when infected males 
fertilize uninfected females. Embryonic survival is rescued when 
females are infected, promoting the spread of maternally trans-
mitted symbionts. MK promotes the fitness of infected females in 
multiple ways, including by reduced levels of competition and in-
breeding (Engelstädter and Hurst 2009). CI and MK are associated 
with multiple symbiotic bacteria, including Rickettsia, Wolbachia 
and Spiroplasma (Engelstädter and Hurst  2009; Harumoto and 
Lemaitre 2018; Hurst et al. 2000; Owashi et al. 2024; Pollmann 
et  al.  2022; Shropshire et  al.  2020). For sMel Spiroplasma, the 
spaid gene controls MK (Harumoto and Lemaitre  2018). Spaid 
carries ankyrin repeats and a deubiquitinase domain that disrupt 
the genome-wide transcription and segregation behaviour of the 
male X chromosome (Cheng et  al.  2016; Harumoto et  al.  2016; 
Harumoto and Lemaitre  2018). For Wolbachia, cif genes under-
pin CI and encode for CifA and CifB effectors. To induce CI, CifB 
effectors are essential in infected males. CifA effectors may also 
contribute to CI induction, but are universally essential for CI res-
cue in infected females (Beckmann et al. 2017; LePage et al. 2017). 
Comparative genomics uncovered that other maternally transmit-
ted symbionts also carry cif genes, including Spiroplasma (Amoros 
et  al.  2025). Interestingly, in 2022, CI has been reliably demon-
strated for sDis Spiroplasma, a variant that infects the parasitoid 
wasp Lariophagus distinguendus (Pollmann et al. 2022). However, 
genome analysis of sDis did not reveal clear homologs to cif genes 
(Pollmann et al. 2022). Whether cif genes or an independent ge-
netic basis underpin CI in Spiroplasma remains an open question.

Heritable facultative symbionts can also spread by increasing the 
relative fitness of infected individuals without necessarily alter-
ing host reproduction. An important symbiont-mediated fitness 
benefit is a stronger protection against parasites and pathogens 
(Ballinger and Perlman  2019). In insect hosts, Spiroplasma-
induced protection against parasitic nematodes and wasps is 
controlled by ribosome-inactivating protein effectors (RIPs) 
(Ballinger and Perlman 2017, 2019). Based on genome sequenc-
ing, a previous study has also proposed a protective role of 
Spiroplasma against viral infection in a deep-sea sea cucumber 
host (He et al. 2018).

For some reproductive symbionts such as Wolbachia, surveys 
have shown that individual insects can carry divergent variants, 
here also described as infection heterogeneity (Kondo et al. 2005; 
Miyata et  al.  2024). Empirical and theoretical work shows that 
infection heterogeneity at the individual level may facilitate the 
spread of these variants through their combined effects on host 
fitness and reproduction (Engelstädter et  al.  2004; Frank  1998; 
Kondo et al. 2005; Miyata et al. 2024; Zug and Hammerstein 2018). 
Infection heterogeneity can, however, be constrained by microbe-
microbe competition (Itoh et al. 2019; Worsley et al. 2021). Imperfect 
maternal transmission and subsequent proliferation can create a 

complex suite of polymorphic infection states within a population 
or species, especially if these rates differ between the co-infecting 
variants. Due to a lack of sufficiently detailed genotyping, co-
infections of maternally transmitted symbionts often remain 
hidden, especially for closely related co-infecting variants. This 
limits our understanding of the dynamics of infection heterogene-
ity of facultative symbionts and is pertinent for social insects that 
evolved caste determination. Some studies of social insects have 
indicated that infection frequencies of facultative symbionts may 
vary between reproductive and non-reproductive castes (Treanor 
et al. 2018). These infection patterns may be caused by preferential 
transmission of symbionts towards queens. Alternatively, trans-
mission rates to reproductive and non-reproductive castes could 
be equal, but infection could be constrained in workers due to an 
underdevelopment of reproductive tissues (Treanor et  al.  2018). 
How these transmission biases may impact infection heterogene-
ity across castes remains unresolved.

Spiroplasma are cell wall-less bacteria that belong to a broad 
group of host-associated Mollicutes that includes vertebrate-, 
plant- and invertebrate-associated symbionts. Insect-associated 
Spiroplasma variants have been placed in several phyloge-
netic groups, including the Citri, Poulsonii and Ixodetis clades 
(Ballinger and Perlman  2019). Compared to other facultative 
symbionts, Spiroplasma bacteria display a wide continuum 
in the frequency of horizontal versus maternal transmission. 
Whereas some Spiroplasma lineages are strictly horizontally 
acquired, other lineages independently evolved the ability to be 
maternally transmitted, creating highly variable and unpredict-
able patterns of infection heterogeneity and spread (Moore and 
Ballinger 2023). The Citri clade of Spiroplasma harbours a com-
plicated mixture of variants with varying transmission strate-
gies, raising questions on how long Citri infections might persist 
in an insect host (Bové et al. 2003; Clark et al. 1985; Moore and 
Ballinger 2023; Saillard et al. 1987).

A previous study uncovered high frequencies of single in-
fections of Citri Spiroplasma in multiple Myrmica lineages 
(Ballinger et  al.  2018). Using single-locus markers, a trend 
towards co-cladogenesis was suggested but could not be for-
mally demonstrated due to insufficient host information and 
sequence data. Moreover, the timing of the putative cladogenic 
spread of Spiroplasma and the species identity of the Myrmica 
hosts remain unclear. Transcriptomic profiling of a polygynous 
Myrmica ruginodis colony suggested that two Spiroplasma 
variants may be segregating, raising the question of whether 
different queens carry divergent variants or whether there may 
be a co-infection at the individual level (Ballinger et  al.  2018; 
Morandin et  al.  2016). Although previous genome assemblies, 
derived from polygynous Myrmica field colonies, could not be 
attributed to single Spiroplasma variants, candidate RIPs were 
observed, indicating that at least some Myrmica-associated 
variants might mediate protection against parasites. Together, 
these observations identify the Myrmica genus as an interesting 
system to examine infection frequency, heterogeneity and per-
sistence of insect-associated Spiroplasma. In the current study, 
we further dissected Spiroplasma symbiosis in Myrmica ants by 
leveraging Sanger, Oxford Nanopore and Illumina sequencing 
of eggs, workers and queens. We uncovered cryptic infection 
heterogeneity in multiple Myrmica species and unravelled how 
castes may shape infection heterogeneity in Myrmica ruginodis. 
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Exhaustive field sampling uncovered the presence of cryptic 
Ixodetis Spiroplasma in Myrmica queens and workers and un-
covered how Ixodetis variants co-segregate with Citri variants. 
By establishing and genome-sequencing 10 monogynous exper-
imental colonies, we were now able to characterize the toxin 
repertoires of specific Myrmica-associated Spiroplasma variants 
and test for co-cladogenesis of Spiroplasma and Myrmica.

2   |   Material and Methods

2.1   |   16S rRNA Long-Read Amplicon Sequencing 
of Myrmica Queens

From seven Myrmica species, 20 queens were isolated from 
18 field colonies, preserved in ~95% ethanol and stored at 4°C 
until DNA extraction (Table S1). DNA was extracted from the 
Myrmica queens using the Quick-DNA Universal kit (BaseClear, 
the Netherlands) (Figure 1). Full-length 16S rRNA genes were 
amplified and prepared for amplicon sequencing using two PCR 
rounds (Table S2). Pooled DNA was purified with the AMPure 
XP system. Pooled libraries were prepared for the Nanopore 
Flongle cell chemistry R10.4.1 using the SQK-LSK114 kit with 
Amplicon by ligation protocol. Basecalling was performed 
with Dorado 0.8.1 using the super-accurate option. A qual-
ity read threshold of 15 was implemented for the read output. 
Raw reads were demultiplexed and adapters trimmed using a 
custom python script (https://​github.​com/​avier​str/​umipore). 
Consensus sequences for each library were created with ampli-
con_sorter using a 99% threshold of similarity (Vierstraete and 
Braeckman  2022). With the consensus sequence information 
(number of contributing sequences), we denoised each sample 
separately, followed by chimeral removal, OTU-clustering and 
taxonomic classification against the SILVA database (v.138) 
using USEARCH and VSEARCH (Edgar 2010; Quast et al. 2012; 
Rognes et al. 2016). The final OTU table was generated using a 
minimum read number threshold of 50.

2.2   |   Metagenome Sequencing and Assembly From 
Monogynous Colonies

Natural Myrmica colonies are typically polygynous, resulting 
in multiple maternal lineages within a single field colony. We 
therefore established experimental monogynous colonies in the 
laboratory to confirm and further dissect infection heterogene-
ity in Myrmica ants. We sampled a total of 10 new field colonies 
from six Myrmica species and isolated a single queen from each 
field colony. We were unable to locate a new field colony of M. 
schencki. To study co-infection of Citri Spiroplasma in more de-
tail in M. ruginodis and M. sabuleti (Figure 1), three and two field 
colonies were sampled, respectively. For M. rubra, two field col-
onies were sampled, whereas a single field colony was sampled 
for the remaining three Myrmica species (rugulosa, specioides 
and scabrinodis). Each experimental colony was initiated using a 
single queen and was given the label My-1 to My-10 (Supporting 
Information S1). After 4 months, we collected the queen, pupae 
and new callow workers, all belonging to a single maternal lin-
eage. DNA was extracted using the Quick-DNA Universal kit 
(BaseClear, the Netherlands) and was sequenced on a Novaseq 
Illumina platform (Fasteris, Switzerland) (Table  S1). Read 

quality was verified using FastQC v0.11.9 (https://​github.​com/​s-​
andre​ws/​FastQC). Contigs were assembled using Megahit v1.2.9 
(maximum k-mer size = 255 and min contig size = 1000) (Li 
et al. 2015). Reads were mapped against the assembled contigs 
using bowtie2 (Langmead and Salzberg 2012). SAM files were 
sorted and converted to BAM using samtools v1.19.2. To over-
come the challenges of low infection density in the My-10 colony, 
reads were mapped against the Spiroplasma assembly of My-1 
using bowtie2. SAM files were converted to fastq using samtools 
v1.21 and the paired-end files were generated using Bbmap tools 
(https://​github.​com/​BioIn​foToo​ls/​BBMap/​​). A final assembly 
was generated using Megahit v1.2.9 (Li et al. 2015). Using the 
same pipeline as described above, new metagenome assemblies 
were generated from two DNA samples from a previous study 
(from Myrmica scabrinodis and Myrmica vandeli) (Ballinger 
et al. 2018).

2.3   |   Spiroplasma Binning and Classification From 
Monogynous Colonies

The taxonomic composition of the Myrmica microbial commu-
nities was assessed with 16S rRNA and 18S rRNA sequences 
using PhyloFlash v3.4 (Gruber-Vodicka et al.  2020). Using an-
vi'o, metagenome assemblies were further processed by contig 
reformatting, anvi'o database creation and running anvi-get-
sequences-for-hmm-hits to identify rRNA sequence-containing 
contigs (Eren et  al.  2015). Nuclear, mitochondrial and pro-
karyotic contigs were identified using NanoTax.py (https://​
github.​com/​dieca​sfran​co/​Nanotax). Spiroplasma bins were 
recovered from the metagenome assemblies using CONCOCT, 
MaxBin2 v2.2.5, MetaBAT2 v2.12.1 and Metadecoder v.1.0.19 
(Alneberg et  al.  2014; Kang et  al.  2019; Liu et  al.  2022; Wu 
et al. 2016). Optimal binning was identified by contrasting the 
bins using DAS Tool v1.1.0 (Sieber et al. 2018). In parallel, we 
extracted contigs taxonomically classified as Spiroplasma using 
BLASTn searches against NCBI nt database (dated March 2024). 
Completeness and contamination of the Spiroplasma bins was 
assessed with CheckM2 v1.0.2 (--allmodels and --ttable 4) and 
BUSCO v6.0.0 (using the spiroplasma_odb12 dataset) (Chklovski 
et al. 2023; Seppey et al. 2019). Spiroplasma bins were classified 
taxonomically using GTDB-Tk v2.3.2 (Chaumeil et  al.  2022). 
Average nucleotide identity (ANI) was calculated using the 
anvi-compute-genome-similarity script (--program pyANI, op-
tion ANIb) (Eren et  al.  2015). Spiroplasma genomes, includ-
ing public reference genomes, were annotated using prokka 
v.1.14.6 (--gcode 4 and –compliant) (Seemann 2014) (Table S3). 
Orthologous gene families of the focal Spiroplasma genomes 
were classified using OrthoFinder v.2.5.5. Protein sequences 
of single-copy orthologs were aligned with MAFFT v7.520 and 
concatenated (Katoh and Standley 2013). IQ-Tree2 was used to 
generate the phylogenetic tree (-m MFP+MERGE -B 5000 --alrt 
1000) (Minh et al. 2020).

2.4   |   Spread of Spiroplasma and Wolbachia in 
Myrmicini Workers

To study (co-)infection of symbionts in Myrmicini workers, a 
total of 60 Myrmica colonies and three Manica colonies were 
field-sampled across several European countries between 2020 
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and 2024 (Table S1). Both the queen and worker caste were gen-
otyped for Spiroplasma and Wolbachia infection for a total of 16 
Myrmica colonies (Table S1). Workers were isolated from field 
colonies, preserved in ~95% ethanol and stored at 4°C. DNA was 
extracted using the Quick-DNA Universal kit (BaseClear, the 
Netherlands). To resolve the species identity for all field colo-
nies, we followed the morphological keys of Seifert (2007). For a 
subset of 27 Myrmicini colonies, DNA extracts were used to val-
idate our morphological species classification by COI sequenc-
ing (Tables S1 and S2). A maximum-likelihood phylogeny using 
seven reference COI fragments was constructed using IQ-Tree2 
(ModelFinder, ultrafast bootstrapping with 10,000 replica-
tions) (Minh et al. 2020). To estimate the spread of Ixodetis and 
Citri Spiroplasma as well as Wolbachia in Myrmicini workers, 
end-point diagnostic PCR assays were performed on 368 field-
collected workers (Tables  S1 and S2). We tested whether the 
infection frequency of Citri and Ixodetis Spiroplasma differed 
significantly within individual workers of the scabrinodis and 
rubra species groups by performing a McNemar's chi-squared 
test with continuity correction separately for each species group. 
We subsequently tested whether colonies from the rubra species 
group exhibited significantly different infection frequencies of 
Ixodetis Spiroplasma compared to those from the scabrinodis 
species group. Here, a beta-binomial model was fitted using the 
glmmTMB package, with the proportion of Ixodetis-infected 
workers per colony as the response variable and species group 
as a fixed effect. Model diagnostics using the DHARMa pack-
age indicated no violations of model assumptions. Finally, we 
tested whether infection of Citri and Ixodetis Spiroplasma and 
Wolbachia co-occurred more often than expected by chance. 
Pairwise associations between symbionts (Citri–Ixodetis, 
Citri–Wolbachia and Ixodetis–Wolbachia) were evaluated in 
the scabrinodis and rubra species groups using six Fisher's 
exact tests.

Infection frequencies of sRug1 and sRug2 of M. ruginodis work-
ers were quantified by two-way Sanger sequencing of PCR am-
plicons from 51 workers (across 18 field colonies). Sanger trace 
data was investigated at 18 polymorphic sites at the ftsZ locus 
(MACROGEN Europe B.V., Tables S1, S2 and S4). For this sub-
set of 51 workers, we tested whether the infection frequency of 
sRug1 and sRug2 differed significantly within individuals using 
McNemar's chi-squared test with continuity correction. To study 
the tissue specificity of Citri Spiroplasma, adult workers from M. 
ruginodis were dissected. Tissue types (head, mesosoma, gaster 
and legs) were pooled per two to three workers and four samples 
were tested using end-point diagnostic PCR (Table S2). Infection 
heterogeneity was tested for one Sanger-sequenced gaster sam-
ple using 18 polymorphic sites at the ftsZ locus (Table S4).

2.5   |   Acquisition Mode of sMyr Spiroplasma in 
European Myrmica

To experimentally demonstrate maternal transmission of sMyr 
Spiroplasma, 11 eggs of the My-1 M. scabrinodis queen were col-
lected and preserved in ~95% ethanol at −20°C. Egg morphol-
ogy was investigated to ensure no trophic eggs were included. 
Two eggs were surface-sterilized through a 30 s immersion in 
1% bleach, followed by four rounds of washing for 1 min in ster-
ile water. DNA was extracted from individual eggs using the 

Quick-DNA Universal kit with Elution Buffer pre-equilibrated 
to 60°C (BaseClear, the Netherlands). End-point diagnostic PCR 
assays were performed to test for infection of sScab2, sMyr and 
Wolbachia (Tables S1 and S2).

Using the 10 metagenomes of monogynous colonies, circular 
mitochondrial genomes were annotated with MitoZ v3 (–clade 
Arthropoda) (Meng et al. 2019). The 13 mitochondrial nucleo-
tide and protein sequences were aligned using MAFFT v7.520 
(Katoh and Standley 2013). Single-copy orthologs of the 6 sMyr 
isolates and S. melliferum outgroup were identified and aligned 
using OrthoFinder v.2.5.5 and MAFFT v7.520, respectively 
(Katoh and Standley  2013). After alignment concatenation, 
three maximum-likelihood phylogenetic reconstructions were 
generated using IQ-Tree2 (-m MFP+MERGE -B 5000 --alrt 
1000), MrBayes (ModelTest-NG v0.1.7 and 100,000 generations) 
and RaxML v.8.2.12 (-p 35 -x 345 -#500 -m PROTGAMMAWAG).

To generate a time-calibrated nuclear phylogenetic reconstruc-
tion of Myrmica, we used genomic resources of Pogonomyrmex 
barbatus and Acromyrmex echinatior as outgroups (Nygaard 
et  al.  2011; Smith et  al.  2011). Single-copy orthologs were re-
trieved from the genome assemblies using BUSCO with the hy-
menoptera_odb10 database and the augustus_species option set 
to Camponotus floridanus (Seppey et al. 2019) and were aligned 
with MAFFT (Katoh and Standley 2013). We concatenated the 
5887 nuclear genes and performed a phylogenetic analysis with 
IQ-Tree2, using a GTR+I+F+G4 partition model for each gene 
and 1000 ultrafast bootstraps. To generate a time-calibrated 
mitochondrial phylogenetic reconstruction of Myrmica, we 
used the mitochondrion sequences of Acromyrmex octospino-
sus (BK012808.1) and Pogonomyrmex occidentalis (BK012408.1) 
as outgroups. Dated phylogenies from the two trees and corre-
sponding alignments were produced using rapid approximate 
likelihood computation of MCMCtree from the PAML package 
(Yang 2007). Trees were calibrated using data from (Romiguier 
et al. 2022), for the node grouping Myrmica and Pogonomyrmex 
(between −59.4 and −79.6 Myrs) and the node grouping 
Myrmica and Acromyrmex (between −67.4 and −86.8 Myrs). 
We performed two runs of the correlated rates model, HKY85 
substitution model for 30 million generations. We confirmed 
convergence and sufficient effective sample sizes (>> 200) for all 
parameters using Tracer (Rambaut et al. 2018).

2.6   |   Functional Prediction of Spiroplasma 
Transmission and Phenotypes in Myrmica

RIP, OTU, ankyrin and ETX/MTX2 protein domains were iden-
tified in the Spiroplasma genomes from Myrmica using a cu-
rated database (Moore and Ballinger 2023). Specifically, HMM 
profiles were created for each toxin. Using hmmsearch, we 
identified candidate toxins in each Spiroplasma genome using a 
threshold e-value of E-10 (Eddy 2011; Finn et al. 2011). Final sets 
of candidate Spiroplasma toxins were retrieved after domain 
confirmation using InterProScan and HHpred (Hildebrand 
et  al.  2009; Jones et  al.  2014). Protein sequences were aligned 
using MAFFT. Phylogenies were built using IQ-Tree2 (v.2.2.6) 
(-m MFP+MERGE -B 5000 --alrt 1000), RAxML (v.8.2.12) 
(-p 35 -x 345 -#500 -m PROTGAMMAWAG) and MrBayes 
(best model identified via ModelTest-NG v0.1.7 and 100,000 
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generations) (Minh et al. 2020; Ronquist and Huelsenbeck 2003; 
Stamatakis  2014). Our genome-sequenced Spiroplasma and 
Wolbachia variants were also surveyed for cif genes that may 
underlie CI (Supporting Information S1). Our Spiroplasma ge-
nomes were further screened for CRISPR/Cas arrays using 
CRISPRCasFinder v4.2.20 (Couvin et al. 2018). Nucleotide and 
protein sequences were annotated using Interproscan (Jones 
et al. 2014). Prophage regions were identified using PHASTEST 
(Wishart et al. 2023), PhiSpy v.4.2.21 (Akhter et al. 2012) and 
Phigaro v.2.3.0 (Starikova et al. 2020).

To characterize unique and enriched metabolic features of sMyr 
Spiroplasma, two Spiroplasma genome panels were used to 
create anvi'o databases and were annotated using KEGG, COG 
and Pfam (Eren et al. 2015) (Table S3). The first panel consisted 
of variants across the Spiroplasma group, whereas the second 
panel was strictly comprised of Citri representatives. We used the 
anvi-pan-genome script (default parameters) and identified gene 
clusters based on amino acid sequence similarity. Functional 
enrichment was identified using anvi-compute-functional-
enrichment-in-pan, contrasting the six sMyr isolates against 
the rest of the two genome panels (Pfam, KOfam, COG20_
FUNCTION and COG20_PATHWAY). The anvi-display-pan 
script was used to visualize the gene cluster distribution.

3   |   Results

3.1   |   Multiple Cryptic Spiroplasma Co-Infections 
Typify Myrmica

To test for co-infection of Spiroplasma in Myrmica, we first 
characterized the symbiotic community of 20 field-collected 
Myrmica queens (belonging to seven species) using a 16S rRNA 
amplicon long-read sequencing approach. We obtained a total 
of 81,444 reads, ranging in size between 1400 and 1498 bp (av-
erage read length was 1438.7 bp). We detected 12 Operational 
Taxonomic Units (OTUs) across the Myrmica queens (Figure S1, 

Table S5). Taxonomic classification of these OTUs revealed that 
a total of three queens carried Ixodetis Spiroplasma (2/5 of M. 
scabrinodis and 1/1 of M. specioides, Figure  1). This finding 
contrasts with a previous survey that did not detect Ixodetis 
Spiroplasma in Myrmica, a discrepancy that is likely caused 
by the clade-specificity of its diagnostic assay (Figures S2 and 
S3, Table S2) (Ballinger et al. 2018; Haselkorn et al. 2009). OTU 
classification further revealed that two Citri variants infected 
all four M. ruginodis queens. One of two M. sabuleti queens also 
carried two Citri variants. M. scabrinodis and M. rubra carried 
Wolbachia symbionts (5/5 and 4/5 queens were infected, respec-
tively) (Figure 1).

To further study and characterize the genomes of co-infecting 
Spiroplasma variants in Myrmica, we isolated single queens 
from new field colonies and established experimental monog-
ynous colonies. One field colony was sampled for M. scabrin-
odis, M. specioides and M. rugulosa. Two field colonies were 
sampled for M. rubra. As M. ruginodis and M. sabuleti queens 
displayed noteworthy Citri co-infections (Figure  1), we in-
creased our sampling efforts to three and two field colonies, 
respectively. We generated Illumina short-read data at high 
sequencing depth from these experimental monogynous colo-
nies (My-1 to My-10) (Figure 2). Metagenome assembly, curated 
binning and taxon-annotated GC/coverage plots showed that 
nine of the 10 experimental colonies exhibited signatures of 
Spiroplasma infection (Figure 2, Figures S2 and S4, Tables S1 
and S6). The My-7 M. ruginodis colony did not appear to carry 
Spiroplasma, a finding that was consistent with diagnostic 
PCR assays on five additional workers. Leveraging Myrmica 
host, ANI values and phylogenetic placement, we clustered 
certain Spiroplasma isolates to a single variant ID (Figure 2). 
For the nine infected experimental colonies, the size of the 
fragmented Spiroplasma genome assemblies ranged between 
450,834 bp (sRug1 from My-8) and 2,501,504 bp (sSabu2 from 
My-4) (Figure  2, Table  S6). Bin completeness was assessed 
using two approaches and showed that the quality of our frag-
mented Spiroplasma genome assemblies is Iine with reference 

FIGURE 1    |    Citri and Ixodetis Spiroplasma co-infections typify Myrmica queens. For seven Myrmica species, each row represents the relative 
abundance of Spiroplasma and Wolbachia in a single field-collected queen. Queens that are highlighted with an asterisk were isolated from the same 
field colony. Otherwise, each queen was isolated from a unique field colony (Figure S1, Table S1). The 20 queen microbiomes are characterized by 16S 
rRNA long-read amplicon sequencing. OTUs were identified using a 99% threshold of similarity. A total of four Spiroplasma OTUs (including Citri 
and Ixodetis) were identified and were often found co-infecting Myrmica queens.
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6 of 15 Molecular Ecology, 2026

genomes (Table  S6). Binning, ANI analyses, whole-genome- 
and 16S rRNA-based phylogenetic approaches confirmed that 
M. scabrinodis and M. specioides carry Ixodetis Spiroplasma 
(sScab2 and sSpec2, respectively) (Figure  2, Figures  S2 and 
S5, Table  S3). Together, these results show that Ixodetis 
Spiroplasma are cryptic symbionts in Myrmica, undetected in 
previous surveys (Ballinger et al. 2018) (Figure S3).

Consistent with the 16S rRNA amplicon sequence analysis 
(Figure 1), binning, ANI analyses and whole-genome- and 16S 

rRNA-based phylogenetic reconstruction uncovered that the 
My-5 and My-8 M. ruginodis colonies carried a co-infection 
of Citri variants (Figure 2, Figures S2 and S5). These variants 
display an ANI value of ⁓0.86, are polyphyletic and are here-
after referred to as sRug1 and sRug2 (Figure 2, Figures S2 and 
S5). Maximum-likelihood phylogenetic reconstruction of the 
14 Spiroplasma isolates from our monogynous colonies uncov-
ered that a certain variant, hereafter referred to as sMyr, was 
found in four Myrmica species (M. rugulosa, M. specioides, M. 
sabuleti and M. scabrinodis) (Figure 2). To clarify, whereas pre-
vious work described the Spiroplasma variant of M. scabrino-
dis as sScab (Ballinger et al. 2018; Moore and Ballinger 2023), 
we propose the name sMyr considering its spread across mul-
tiple Myrmica species (see also further sections of this study). 
The phylogenetic reconstruction further placed sRug1 with 
sMyr (Figure 2). While metagenome binning revealed that the 
My-3 M. sabuleti colony was infected with a single isolate from 
sMyr, the My-4 M. sabuleti colony carried an additional Citri 
variant, sSabu2 (Figure 2, Figure S2). The phylogenetic analysis 
grouped sRug2 and sSabu2 together (Figure 2). Finally, our anal-
yses also showed that Wolbachia infected the My-1 M. scabrino-
dis colony (Table S7).

3.2   |   Ixodetis Spiroplasma Segregate at Lower 
Frequencies Compared to Citri Spiroplasma in 
Myrmica Workers

To study Spiroplasma (co-)infection in Myrmicini workers, 
we sampled 368 workers from 63 field colonies (Figure  3, 
Table  S1). For 16 field colonies, both the queen and worker 
castes were genotyped for Spiroplasma and Wolbachia infec-
tion (Table S1). Morphological classification revealed that our 
worker panel consisted of six Myrmica species (rubra, rugino-
dis, rugulosa, specioides, sabuleti and scabrinodis). Maximum-
likelihood phylogeny using a COI fragment of 27 field colonies 
was consistent with this species classification (Figure S6). The 
phylogeny further revealed that workers from both the mito-
chondrial A- and B-group of M. scabrinodis were sampled and 

FIGURE 2    |    Distinct variants of Citri Spiroplasma co-infect mon-
ogynous colonies of Myrmica. Phylogeny shows the seven Spiroplasma 
variants that were identified in our panel of Myrmica metagenomes. 
Metagenomes were generated using experimental monogynous colo-
nies (My-1 to My-10). Maximum-likelihood phylogeny was construct-
ed with 27 single-copy orthologs. No support values are depicted when 
the maximum-likelihood approach identified a support value of 100. 
For each Spiroplasma variant with several sequenced genomes, the 
lowest ANI value is provided within squared brackets. Two M. rugin-
odis colonies carried a sRug1 and sRug2 co-infection. sMyr was iden-
tified in five samples of four Myrmica species. We also identified sMyr 
in a metagenome sample from a previous study (Ballinger et al. 2018). 
Figure S2 depicts an ANI heatmap of Myrmica-associated and reference 
Spiroplasma genomes.

FIGURE 3    |    Citri and Ixodetis Spiroplasma display variable infection frequencies in Myrmica workers. Mitochondrial phylogeny shows (co-)
infection patterns of Citri and Ixodetis Spiroplasma across six Myrmica species and Manica rubida. Number of sampled workers and colonies are 
delineated, with colony number within brackets. For M. ruginodis workers, the infection frequencies of sRug1 and sRug2 are further outlined. Sanger 
trace data showed that the infection of both Citri variants is not fixed, generating four infection states in M. ruginodis workers. Infection frequency 
of sRug1 is significantly higher in workers compared to sRug2.

 1365294x, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.70341, W
iley O

nline L
ibrary on [09/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7 of 15Molecular Ecology, 2026

were hereafter analysed together (Figure 3, Figure S6) (Ebsen 
et al. 2019).

Within our Myrmica worker panel, Citri Spiroplasma reached 
near-fixation frequencies, ranging between 0.947 and 1.000. In 
contrast, using a newly developed diagnostic assay (Figure S3), 
our survey revealed that Ixodetis Spiroplasma exhibited lower 
and more variable infection frequencies across Myrmica species 
(Figure  3). Whereas M. rugulosa did not show signs of infec-
tion, Ixodetis Spiroplasma displayed an infection frequency be-
tween 0.045 and 0.324 in the other Myrmica species (Figure 3). 
Myrmica workers from both the scabrinodis and rubra species 
groups showed a significantly higher infection frequency of Citri 
Spiroplasma compared to Ixodetis, as indicated by McNemar's 
chi-squared tests (scabrinodis species group: χ2 = 122.01, df = 1, 
p < 0.001; rubra species group: χ2 = 165.01, df = 1, p < 0.001). 
However, colonies of the scabrinodis and rubra species groups 
did not significantly differ in the infection frequency of Ixodetis 
Spiroplasma (χ2 = 2.28, df = 1, p = 0.131). Wolbachia symbionts 
were identified in M. scabrinodis, M. sabuleti and M. rubra, 
with infection frequencies ranging between 0.268 and 0.779 
(Figure  S7). We found no evidence that Citri and Ixodetis 
Spiroplasma and Wolbachia co-occurred at the individual 
worker level more often than expected by chance (all six p-
values > 0.18). The statistical analysis of co-infection was likely 
constrained by the low variability in Citri Spiroplasma infec-
tion, which was present in nearly all Myrmica workers. As an 
outgroup, morphological and molecular classification showed 
that we collected 20 Manica rubida workers. None of the M. 
rubida workers carried Spiroplasma or Wolbachia symbionts 
(Figure 3, Figure S7).

3.3   |   Infection Frequency of sRug2 is Contingent 
on Ant Caste

Two Citri variants, sRug1 and sRug2, were observed in queens 
and colonies of M. ruginodis (Figures 1 and 2). Here, four ad-
ditional field-collected M. ruginodis queens were Sanger gen-
otyped and were infected with sRug1 and sRug2 (Table  S1, 
Figure  S8). To study the infection frequency of sRug1 and 
sRug2 in individual M. ruginodis workers, we genotyped the 
Citri infection profile of 51 field-collected workers by Sanger 
sequencing. These genotyping efforts showed that four infec-
tion states exist in M. ruginodis workers, albeit at divergent 
frequencies. Whereas ⁓96% of infected workers carried sRug1, 
only ⁓47% were infected with sRug2 (Figure  3, Figure  S8). 
Infected M. ruginodis workers were significantly more likely 
to carry sRug1 than sRug2 ( χ2 = 19.862, df = 1, p < 0.001). 
Together, our results suggest that the Citri co-infection is 
widespread in M. ruginodis queens (10/11 tested positive) and 
that sRug2 exhibited an infection bias towards M. ruginodis 
queens (Table S1). To study the tissue specificity of sRug1 and 
sRug2, head, mesosoma, gaster and legs were dissected from 
pooled M. ruginodis samples. All four gaster samples tested 
positive. Sanger sequencing of a pooled gaster sample revealed 
a single infection of sRug1. For both the mesosoma and head, 
two samples tested positive for Citri infection. None of the leg 
samples were positive.

3.4   |   Evidence for Cladogenic Acquisition of sMyr 
Spiroplasma Across Four Myrmica Species

Infection of sMyr in four European Myrmica species can be 
explained by three potential transmission routes: horizontal 
non-sexual transmission across host species, interspecific hy-
bridization followed by introgression, or by cladogenic acqui-
sition. A prerequisite for cladogenic acquisition is the ability 
of sMyr to maternally transmit. We experimentally verified 
maternal transmission by genotyping 11 eggs of the My-1 M. 
scabrinodis queen that was infected with sMyr and sScab2 
Spiroplasma and Wolbachia (Figure 2). All eggs, including two 
samples that were surface-sterilized, tested positive for sMyr 
and Wolbachia. Only three eggs appeared to carry sScab2 and 
were not surface-sterilized (Table  S1). These results indicate 
that sMyr Spiroplasma and Wolbachia have a (near-)perfect ma-
ternal transmission efficiency in M. scabrinodis.

To further investigate the transmission route(s) of sMyr, we 
generated new draft Spiroplasma genomes from a M. scabrin-
odis and a M. vandeli metagenome sample from a previous 
study (Ballinger et al. 2018). Characterization of mtDNA re-
vealed that two mitochondria were segregating in the M. van-
deli sample, suggesting that the field-collected workers were 
derived from different M. vandeli queens, a likely scenario 
considering that Myrmica colonies are typically polygynous 
(Supporting Information S1). No strong evidence was collected 
for multiple mitochondria in the M. scabrinodis sample and 
metagenome binning generated a single draft Spiroplasma 
genome (Figure  4A, Figure  S2). Circular mitochondrial  
genomes were recovered from the Myrmica host species (size 
ranged between 15,451 and 15,678 bp for the monogynous col-
ony panel).

Using three different maximum-likelihood approaches and 258 
single-copy orthologs, the topologies of the six sMyr isolates and 
Myrmica mitochondria were recurrently congruent (Figure 4A). 
Phylogenetic congruence between sMyr and Myrmica mitochon-
dria persisted after removing the sMyr genome isolated from the 
previously sequenced M. scabrinodis field colony (Figure  S9A) 
(Ballinger et  al.  2018). This phylogenetic congruence suggests 
joint maternal transmission of sMyr and mitochondria, argu-
ing against horizontal non-sexual transmission between these 
Myrmica species of the scabrinodis group. To test for recent inter-
specific introgression of mitochondria across these four Myrmica 
species, we contrasted the topologies and estimated divergence 
times of nDNA and mtDNA (Figure 4B, Figure S9B). The age of 
the most recent common ancestor (MRCA) of the four Myrmica 
species was roughly equal for nDNA and mtDNA, dating to 7.40 
and 6.58 MYA, respectively (Figure 4B, Figure S9B). Topologies 
were identical, except that the nDNA topology shows that M. spe-
cioides and M. rugulosa are sister lineages, suggestive of some 
level of interspecific hybridisation while retaining both ancestral 
mtDNA variants (Figure 4B, Figure S9B). Together, our results 
currently favour cladogenic acquisition of sMyr Spiroplasma. 
However, the high similarity between the sMyr variants (low-
est ANI value was ~0.94) raises questions about the interpreta-
tion of these results as cladogenic acquisition (Figures 2 and 4, 
Figure S2), considerations that are discussed in more detail later.
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8 of 15 Molecular Ecology, 2026

3.5   |   Genomic Support for Stable Maternal 
Transmission as the Main Acquisition Mode 
of sMyr

To further study sMyr Spiroplasma symbiosis in Myrmica, we 
identified absent and enriched metabolic features encoded by 
sMyr genomes by performing metabolic enrichment analyses 
using two different genome reference panels (Tables  S8–S15). 
The first reference panel consisted of genomes sampled across 
the Spiroplasma group, whereas the second panel was strictly 

comprised of Citri representatives. Using single-copy orthologs, 
a phylogenomic reconstruction of sMyr and the Citri-specific 
panel confirmed our previous observations that sRug1 appears 
as a related lineage of sMyr (Figures S2, S5 and S10). Using a p-
value threshold of 0.05 and the genus-wide reference panel, be-
tween 6 and 86 terms were significantly enriched in Spiroplasma 
genomes compared to sMyr. With the COG20_PATHWAY 
analysis, a number of biosynthetic pathways were identified, 
including lipoate and pyridoxal phosphate biosynthesis. Pfam 
enrichment identified a significant absence of the thiamine 

FIGURE 4    |    Phylogenomic evidence for a seven-million-year infection of sMyr Spiroplasma in Myrmica ants. Panel (A) shows the congruent 
phylogeny of mitochondria and sMyr within four Myrmica species. sMyr phylogeny was rooted with S. melliferum, whereas Myrmica phylogeny was 
rooted with a M. hunteri mitochondrion. No support values are depicted when all three maximum-likelihood approaches identified a support value 
of 100. Values from IQ-Tree2, MrBayes and RaxML are shown without brackets, within round brackets, and within squared brackets. The M. scabrin-
odis lineage without a My-ID is derived from a previous study (Figure S9) (Ballinger et al. 2018). Panel (B) shows the time-calibrated mitochondrial 
phylogeny of the focal Myrmica species using A. octospinosus and P. occidentalis as outgroups. Age of the MRCA of the sMyr-infected Myrmica spe-
cies group is estimated based on the mitochondrial and nuclear sequence data (Figure S9). Panel (C) shows the toxin repertoire of the 14 genome-
sequenced Myrmica-associated Spiroplasma isolates. Maximum-likelihood phylogeny was constructed with 27 single-copy orthologs.
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9 of 15Molecular Ecology, 2026

biosynthesis protein (ThiI, PF02568) in sMyr (Table  S8). This 
apparent metabolic reduction of sMyr in thiamine biosynthesis 
was also observed in the enrichment analyses using the Citri-
specific reference panel (Table S12). KEGG annotations however 
revealed that thiamine, lipoate and pyridoxal phosphate biosyn-
thesis are typically not complete in Spiroplasma genomes, sug-
gesting that a reduced biosynthetic ability is not a unique feature 
of sMyr. Consistent with previous work on the Citri clade, the 
CRISPR-CAS system was enriched in the genus-wide genome 
panel compared to sMyr (Table S8) (Gerth et al. 2021).

Using the genus-wide reference panel, enrichment analyses fur-
ther identified between 2 and 43 terms that have a significant 
enrichment in sMyr compared to other Spiroplasma genomes 
(with a p-value threshold of 0.05). Of note, Pfam enrichment un-
covered OTU-like cysteine protease and ankyrin repeats as sig-
nificant features of sMyr Spiroplasma (PF02338 and PF13637, 
respectively). Ankyrin repeats were also enriched in sMyr using 
the Citri-specific reference panel (Table S12). Interestingly, pre-
vious work uncovered a strong association between these pro-
tein domains and maternal transmission in Spiroplasma (Moore 
and Ballinger 2023). spaid of sMel Spiroplasma controls MK and 
encodes ankyrin repeats and an OTU deubiquitinase domain 
(Harumoto and Lemaitre 2018). Subsequent HMMER searches 
confirmed that three sMyr isolates (from the My-1, My-3 and 
My-10 colonies) and sSpec2 encode an OTU-containing protein 
(Figure 4C, Figure S11). Previous work also uncovered a link be-
tween the RIP domain and maternal transmission (Moore and 
Ballinger 2023). RIPs mediate protection against parasitic wasps 
and nematodes in insects (Ballinger and Perlman  2017, 2019). 
Although both Pfam and HMMER searches uncovered RIP do-
mains in all sMyr variants (PF00161), no significant enrichment 
was observed. A total of 14 candidate RIPs were identified in 
Myrmica-associated Spiroplasma (Figure S11), a finding that is 
consistent with previous work (Ballinger et al. 2018; Moore and 
Ballinger 2023). Three sMyr isolates (from the My-1, My-3 and 
My-9 colonies) encoded for two adjacent candidate RIP genes 
(Figure S11), with sMyr from the My-3 colony coding for a third 
candidate RIP paralog (Figure S11). The other two sMyr isolates 
from the My-4 and My-10 colony encoded two and one candidate 
RIP, respectively. In addition, sSabu2, sSpec2 and sRub also en-
coded for a single candidate RIP. Consistent with previous stud-
ies, a great phylogenetic diversity of candidate RIPs was found in 
Spiroplasma of Myrmica (Figure S11). An additional association 
between maternal transmission in Spiroplasma and protein do-
mains was found for ETX/MTX2 toxins (Moar et al. 2017; Moore 
and Ballinger 2023; Palma et al. 2014) (Figure 4C). Of note, none 
of these toxin domains were uncovered in sRug2 Spiroplasma 
(Figure  4C). Finally, several Pfam terms related to prophages 
were significantly enriched in sMyr using the genus-wide ref-
erence panel (e.g., PF04883 and PF06488) (Table S8). These en-
richment results support the negative association of CRISPR/
Cas systems and prophage proliferation in Citri Spiroplasma 
(Gerth et al. 2021).

To better understand whether CI may promote the spread of 
Spiroplasma and Wolbachia in Myrmica ants, we surveyed our 
genome-sequenced variants for the presence of cif genes. No 
functional cifA;B gene pairs were identified in our 14 Myrmica-
associated Spiroplasma genomes. Using our survey thresholds, 
a single apparent functional cif pair was identified in the genome 

of the Wolbachia variant that infects the My-1 M. scabrinodis col-
ony. Maximum-likelihood phylogeny places this cif pair within 
Type I, a group of enzymes with a functionally validated role in 
CI (Figure S12) (LePage et al. 2017; Martinez et al. 2021).

4   |   Discussion

Infections of facultative maternally transmitted symbionts typ-
ically do not persist on the same timescale as insect speciation. 
Loss of infection is expected to be compensated by horizontal 
(non-maternal) transmission across host species, especially for 
Spiroplasma, a symbiont with an intra/extracellular lifestyle 
(Herren et al. 2013; Sanaei et al. 2021). As a result, phylogenies 
of Spiroplasma and mitochondria of insect hosts are not congru-
ent (Haselkorn et al. 2009). Here, we uncover strong congruence 
between Myrmica mitochondria and sMyr Spiroplasma across 
six samples of four species (scabrinodis, sabuleti, specioides and 
rugulosa). This phylogenomic pattern is consistent with the pre-
viously suggested trend of co-cladogenesis between Spiroplasma 
and Myrmica (Ballinger et al. 2018) and now presents evidence 
that sMyr Spiroplasma colonized an ancestral host of the 
scabrinodis species group seven million years ago.

However, horizontal transmission between closely related and/
or sympatric host species may also generate phylogenetic con-
gruence (De Vienne et al. 2007). As all queens that founded the 
10 experimental colonies were collected within the provinces 
of East and West Flanders (Belgium), geographic distribution 
does not easily explain the infection pattern of sMyr across 
all six Myrmica species. Moreover, the second M. scabrinodis 
sample originated from France and clustered with our My-1 M. 
scabrinodis colony (Ballinger et al. 2018). Horizontal transfer of 
large genomic fragments from symbiont into the host nuclear 
genome could also explain phylogenetic congruence. However, 
our taxon-annotated coverage plots show clear divergent levels 
of coverage between Myrmica and sMyr scaffolds. Moreover, 
six field-collected Myrmica workers apparently lost sMyr infec-
tion. These findings do not support a horizontal genome trans-
fer event. A formal test of cladogenic acquisition of symbionts 
is to verify whether the divergence times of host and symbiont 
align. Here, the high nucleotide similarity between the sMyr 
variants challenges our interpretation of the results, especially 
considering Spiroplasma is a fast evolving symbiont in certain 
host species (Gerth et  al.  2021). There are several constraints 
that currently prevent a reliable estimate of mutation rate and 
divergence time of sMyr in Myrmica ants. Myrmica queens 
are produced seasonally and exhibit reproductive lifespans of 
⁓2 years, creating variable numbers of generations across re-
gions and species (Evans 1996; Pedersen and Boomsma 1999). 
Moreover, presence of co-infecting Spiroplasma variants such 
as sSpec2, sScab2 and sSabu2 as well as potential plasmids in 
the metagenome samples complicate reliable variant calling for 
sMyr, further hindering accurate estimates of mutation rate and 
divergence time (Gerth et  al.  2021). We further acknowledge 
that our interpretation of a cladogenic spread of sMyr would 
benefit from additional species sampling within the scabrinodis 
group. Phylogenetics of Myrmica mitochondria places additional 
species, including Myrmica hellenica, within this sMyr-infected 
species group, highlighting certain host species as interesting 
targets for future Spiroplasma surveys (Ebsen et  al.  2019). In 
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10 of 15 Molecular Ecology, 2026

parallel, future studies should also be directed towards unravel-
ling close relatives of sMyr Spiroplasma that might infect other 
insect genera and species.

Cladogenic acquisition of symbionts has been observed in 
other ant lineages (Cabuslay et  al.  2024; Degnan et  al.  2004; 
Hu et al. 2023; Jackson et al. 2022), including the Camponotus 
and Cardiocondyla genera that acquired Blochmannia and 
Westeberhardia bacteria ⁓40 and 50–75 million years ago, re-
spectively (Degnan et al. 2004; Jackson et al. 2022). Here, the 
exceptional stability of these symbioses is likely facilitated 
by the intracellular localization and nutrient provisioning by 
these bacteria (Degnan et  al.  2004; Jackson et  al.  2022; Klein 
et al. 2016; Moreau et al. 2006; Schröder et al. 1996; Williams 
and Wernegreen 2015). Based on Myrmica dissections and our 
current understanding of Spiroplasma biology, sMyr appears 
to be extracellular and present in the haemolymph (Ballinger 
et al. 2018; Herren et al. 2013), an apparent key difference with 
previously described cases of cladogenic symbiont acquisition in 
ants (Cabuslay et al. 2024; Degnan et al. 2004; Hu et al. 2023; 
Jackson et al. 2022). Infection of extracellular nutritional sym-
bionts has been identified in tortoise and hispine beetles, dat-
ing back to ⁓60 million years ago (García-Lozano et  al.  2024; 
González Porras et  al.  2024). These folivorous beetles evolved 
specialized organs at the foregut-midgut junction to house the 
nutritional symbionts (Fukumori et  al.  2022; González Porras 
et al. 2024). A potential extracellular haemolymph-residing life-
style of sMyr raises questions on how vertical transmission is 
achieved and maintained. In termites, proctodeal trophallaxis 
(exchange of hindgut content between nest mates) allows for a 
stable vertical transmission route of gut bacteria over millions 
of years, resulting in a strong signal of co-speciation in contem-
porary lineages (Arora et al. 2023; Brune and Dietrich 2015). A 
firmicute symbiont commonly infects the hindgut of Diacamma 
ant workers but appears to be absent from the reproductive 
castes (gamergates and males). Here, social interactions are 
also implicated in the spread of the gut-associated symbiont 
(Shimoji et  al.  2021). In Myrmica, trophallaxis and polygyny 
could contribute to the spread and vertical transmission of 
sMyr (Lenoir  1982). Alternatively, sMyr may solely follow an 
ovarial transmission route. In Drosophila melanogaster, sMel 
Spiroplasma enter the germ line by coopting the yolk uptake 
machinery, a transmission route that can lead to host specific-
ity (Herren et al. 2013). Our observation of sMyr-infected eggs 
within an experimental M. scabrinodis colony currently favours 
ovarial transmission.

In contrast to herbivores that rely on nutritional symbionts, 
Myrmica ants do not feed on an imbalanced dietary supply 
of nutrients (Fiedler et  al.  2007). Consistent with the preda-
ceous lifestyle of Myrmica, our genomic analyses suggest that 
infection persistence is not mediated by nutrient provisioning 
by sMyr. Instead, we observe candidate RIP genes in sMyr ge-
nomes that might control protection against parasites (Ballinger 
and Perlman  2017, 2019). Myrmica colonies are commonly at-
tacked by natural enemies, including mites, nematodes and 
fungi (Witek et al. 2014). However, RIP and RIP-like genes are 
highly diverse within Spiroplasma, and functional validation is 
required before reaching a conclusion of a potential role of sMyr 
in Myrmica resistance (Ballinger and Perlman  2019; Moore 
and Ballinger 2023). Alternatively, sMyr spread and persistence 

in Myrmica could be associated with the induction of a repro-
ductive phenotype, such as MK or CI. In three sMyr isolates, 
proteins with an OTU deubiquitinase domain were identified, 
a protein domain often coupled to MK and CI (Harumoto and 
Lemaitre 2018; Martinez et al. 2021). For Spaid toxins of sMel 
Spiroplasma that control MK, this deubiquitinase domain pre-
vents degradation through the ubiquitin-proteasome pathway 
of the fly host (Harumoto  2023). Whereas MK Spiroplasma 
tend to segregate at low frequencies, defensive Spiroplasma 
can reach high infection frequencies in nature, as observed in 
some Drosophila populations (Cockburn et al. 2013; Montenegro 
et al. 2005; Watts et al. 2009). The near-fixation frequencies of 
sMyr would be more consistent with a defensive role. For the 
sMyr-infected Myrmica species group, ~96% of the workers 
tested positive, suggesting that sMyr is not an obligate symbiont 
for Myrmica workers.

sMyr Spiroplasma were not identified in our sampling of M. 
rubra and M. ruginodis, species that are placed outside the 
scabrinodis species group. In M. ruginodis, two variants, sRug1 
and sRug2, were uncovered in queens and workers. However, 
one M. ruginodis queen and derived workers did not carry an 
infection, indicating that sRug1 and sRug2 are not obligate sym-
bionts, at least under laboratory conditions. In workers of M. ru-
ginodis, we observed a significantly lower infection frequency of 
sRug2 compared to sRug1. This could be caused by a preferential 
transmission of sRug2 towards queens. If sRug2 would mediate 
fitness penalties in workers, selection could further strengthen 
this transmission bias (Treanor et al. 2018). The different toxin 
repertoire of sRug1 versus sRug2 genomes could be interpreted 
as a signal of different transmission strategies. Alternatively, 
transmission rates to different castes could be equal but infec-
tion of sRug2 could be constrained in adult workers due to re-
duced development of reproductive tissues (Treanor et al. 2018). 
This would entail that sRug2 is concentrated in ovaries, whereas 
sRug1 would infect other tissues. Dissections of our M. ruginodis 
workers uncovered that various tissues, including head and me-
sosoma, carry a Citri infection. A pooled gaster sample was only 
infected with sRug1, suggesting that the spatial infection pat-
terns may differ between these co-infecting variants. However, 
more dissection and genotyping efforts are required to derive a 
formal conclusion. Future studies should formally test a prefer-
ential versus constrained infection scenario for sRug1 and sRug2 
by tracking infection frequencies through different tissues of 
queens, eggs, larvae and adult workers. Alternatively, sRug2 
could manipulate caste differentiation in M. ruginodis, either 
indirectly by for instance altering larval feeding or directly by 
functioning as a caste-determining locus (Treanor et al. 2018).

By combining three DNA sequencing technologies, we un-
covered intricate Spiroplasma co-infections in Myrmica that 
were not detected in previous work (Ballinger et  al.  2018). A 
total of seven variants across the Citri and Ixodetis clade were 
identified, a likely underestimate of the total variant diversity 
in Myrmica. Additional variants may (co-)segregate in other 
Myrmica species, such as M. schenki. Our sampling of Manica 
colonies suggests that these cryptic co-infection patterns are 
restricted to the Myrmica genus. Our results are consistent 
with previous work that shows that insect taxa can carry inde-
pendently acquired facultative symbionts with variable infec-
tion frequencies (Goryacheva et al. 2018; Haselkorn et al. 2009; 
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Moore and Ballinger 2023; Sanaei et al. 2021). Co-infection at 
the individual level may drive the spread of symbionts in host 
species through their combined effects on host reproduction 
(Engelstädter et al. 2004; Frank 1998; Miyata et al. 2024; Zug 
and Hammerstein  2018). Wolbachia of M. scabrinodis encode 
for an apparent functional Type I cif pair and may mediate 
CI in this insect host, facilitating the spread of co-infecting 
sMyr. Co-infections may also allow for recombination between 
Spiroplasma variants, resulting in an exchange of genes that 
underlie reproductive phenotypes, further driving the spread 
of symbionts in Myrmica hosts. Alternatively, co-infected hosts 
may have a greater fitness compared to the single infected ones, 
generating single infections by segregational loss. However, 
analyses of our current infection frequency data of Myrmica 
workers do not suggest reciprocal positive effects of co-infection 
on infection frequency.

To conclude, we reveal that Spiroplasma can display a complex 
continuum of infection heterogeneity that varies across castes 
in social insects and suggest that Spiroplasma can exhibit a 
cladogenic spread within insect hosts.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Citri and Ixodetis 
Spiroplasma co-infection typifies Myrmica queens. For seven Myrmica 
species, each row represents a queen microbiome, characterized by 16S 
rRNA amplicon ONT sequencing. OTUs were identified using a 99% 
threshold of similarity. A total of four Spiroplasma OTUs (including 
Citri and Ixodetis) were identified and were often found co-infecting 
Myrmica queens. Figure S2: ANI heatmap for the Myrmica-associated 
and reference Spiroplasma variants. For our 14 Myrmica-associated 
Spiroplasma variants, My-ID is provided within brackets. The sMyr 
isolate from a previous study is indicated by scabri within brackets 
(Ballinger et al. 2018). Figure S3: End-point diagnostic PCR assay using 
ftsZ primers does not amplify the locus of Ixodetis Spiroplasma. The 
commonly used ftsZ primer pair is indicated by ftsZ_F2 and ftsZ_R2. 
The custom designed ftsZ primer pair is indicated by sIxo_F and sIxo_R. 
sMyr are Citri Spiroplasma variants, whereas sScab2 and sSpec2 are 
Ixodetis Spiroplasma variants. Position numbering is based on the com-
plete ftsZ coding sequence of sScab2 Spiroplasma. A black background 
with white font indicates polymorphic sites between the Ixodetis and 
Citri primers. Figure S4: Complex Spiroplasma co-infection patterns 
in Myrmica are confirmed by the taxon-annotated GC/coverage plots 
of our monogynous colonies. Metagenome profiles of the 10 experimen-
tal monogynous Myrmica colonies, labelled My-1 to My-10 (followed 
by species name). Spiroplasma contigs are colour coded, with Myrmica 
contigs depicted in light grey. My-7 M. ruginodis did not appear to be 
infected with Spiroplasma. Five Myrmica colonies carried multiple 
Spiroplasma variants (My-8, My-5, My-9, My-4 and My-1) (Figure  2). 
Figure S5: Phylogeny of 16S rRNA sequences from metagenomes sup-
ports Spiroplasma co-infection in Myrmica. Phylogenetic trees showing 
the distance among 16S rRNA sequences recovered by (A) anvi-get-
sequences-for-hmm-hits using the Ribosomal rRNA model and (B) by 
mapping reads and SPADES assembly included in PhyloFlash. Both 
maximum-likelihood trees were generated using IQ-Tree2. Ultrafast 
bootstrap values of 100 are not shown. Figure S6: mtDNA phylogeny 
is consistent with our morphological species classification. Maximum-
likelihood phylogeny using COI fragments identified six Myrmica 
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species in our collection of workers (a subset of 27 colonies), supporting 
our morphological classification. Tree was generated with IQ-Tree2. All 
support values higher than 85 are shown. Accessions of reference COI 
sequences are underlined. Figure S7: Wolbachia infection frequency 
varies across Myrmica colonies and species. Mitochondrial phylogeny 
shows Wolbachia infection patterns across six Myrmica species and 
Manica rubida. Number of sampled workers and colonies are delineated, 
with colony number within brackets. Figure S8: Sanger trace data at 
the ftsZ locus differentiate sRug1 and sRug2 in M. ruginodis. Variant 
identity was formally assessed by detecting heterozygosity/homozygos-
ity at 18 variable positions (Table S4). Here, trace data are plotted for 
three exemplar workers that differ in infection state (sRug1 infected, co-
infection and sRug2 infected). Trace data are colour coded with orange 
and purple to indicate peaks corresponding to sRug1 and sRug2, respec-
tively. Black indicates non-variable positions at the ftsZ locus. Figure 
S9: Phylogenomic evidence for a seven-million-year infection of sMyr 
Spiroplasma in Myrmica ants. Panel A shows the congruent phylogeny 
of mitochondria and sMyr within four Myrmica species. sMyr phylog-
eny was rooted with S. melliferum (CP029202), whereas Myrmica phy-
logeny was rooted with a mitochondrion from M. hunteri (BK012650). 
No support values are depicted when all three maximum-likelihood 
approaches identified a support value of 100. Values from IQ-Tree2, Mr. 
Bayes and RaxML are shown without brackets, within round brackets 
and within squared brackets. This phylogenetic reconstruction does not 
include the M. scabrinodis sample from Ballinger et al. 2018. Panel B 
shows the time-calibrated nuclear phylogeny of the four sMyr-infected 
Myrmica species using P. barbatus and A. echinatior as outgroups. Age 
of the MRCA of the sMyr-infected Myrmica species group is estimated 
based on the nuclear sequence data. Figure S10: Phylogenomic recon-
struction identifies sRug1 and sMyr as closely related Citri lineages. The 
maximum-likelihood phylogeny is midpoint-rooted and constructed 
using 31 single-copy orthologs. For each Spiroplasma isolate, the host 
is described within brackets. No support values are depicted when the 
maximum-likelihood analysis identified a support value of 100. These 
results are consistent with our ANI analyses (Figure S2) and 16S rRNA 
phylogenies (Figure S5). This panel of Citri representatives was further 
used to identify absent and enriched metabolic features of sMyr. Figure 
S11: Spiroplasma of Myrmica encode for OTU-containing and candi-
date RIP proteins. Panels A and B show a maximum-likelihood phylog-
eny of OTU-containing and candidate RIP proteins, respectively. OTU 
phylogeny was midpoint rooted and RIP phylogeny was rooted with 
E. coli Shiga toxin subunit A. Proteins of sMyr isolates are shown in 
green, whereas proteins of sSpec2, sScab2, sSabu2 and sRub are shown 
in bold. My-ID is delineated within brackets. Figure S12: Wolbachia of 
the My-1 M. scabrinodis colony carry a Type I cif operon. A maximum-
likelihood phylogeny of concatenated CifA and CifB protein sequences 
is depicted. The tree is midpoint rooted. Ultrafast bootstrap values were 
estimated from 10,000 replicates. No support values are depicted when 
the maximum-likelihood analysis identified a support value of 100. 
Phylogeny places the cif pair encoded by Wolbachia of My-1 within Type 
I (indicated with an arrow). This phylogeny uses the nomenclature of 
Martinez et al. 2021. Later studies have adopted other nomenclatures 
(e.g., Amoros et  al.  2025). Data S1: mec70341-sup-0002-Tables.xlsx. 
Data S2: mec70341-sup-0003-Supinfo01.pdf.
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