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Abstract
Gene transfer agents (GTAs) are virus-like structures that package and transfer prokaryotic DNA from donor to recipient prokaryotic cells. Here, we describe widespread GTA gene clusters in the highly reduced genomes of bacterial endosymbionts
from microbial eukaryotes (protists). Homologs of the GTA capsid and portal complexes were initially found to be present in
several highly reduced alphaproteobacterial endosymbionts of diplonemid protists (Rickettsiales and Rhodospirillales).
Evidence of GTA expression was found in polyA-enriched metatranscriptomes of the diplonemid hosts and their endosymbionts, but due to biases in the polyA-enrichment methods, levels of GTA expression could not be determined. Examining the
genomes of closely related bacteria revealed that the pattern of retained GTA head/capsid complexes with missing tail components was common across Rickettsiales and Holosporaceae (Rhodospirillales), all obligate symbionts with a wide variety of
eukaryotic hosts. A dN/dS analysis of Rickettsiales and Holosporaceae symbionts revealed that purifying selection is likely the
main driver of GTA evolution in symbionts, suggesting they remain functional, but the ecological function of GTAs in bacterial
symbionts is unknown. In particular, it is unclear how increasing horizontal gene transfer in small, largely clonal endosymbiont populations can explain GTA retention, and, therefore, the structures may have been repurposed in endosymbionts for
host interactions. Either way, their widespread retention and conservation in endosymbionts of diverse eukaryotes suggests
an important role in symbiosis.
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Signiﬁcance
Gene transfer agents (GTAs) provide a mechanism of gene transfer in free-living bacterial populations, but very little is
known about GTAs in bacterial endosymbionts, especially endosymbionts of microbial eukaryotes. A small, subset of
GTA genes is present in some endosymbionts with reduced genomes, but whether or not these GTAs remain functional
is unknown. Here, we provide evidence for functional GTAs in bacterial endosymbionts with extremely reduced genomes and discuss the potential roles of GTAs in symbiosis.
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Introduction

Results and Discussion
Applying DELTA-BLAST (Altschul et al. 1990) and Hidden
Markov Models (Finn et al. 2011) to the reduced genomes
(605–632 kbp) of bacterial endosymbionts from marine microbial eukaryotes called diplonemids (Tashyreva et al.
2018; Prokopchuk et al. 2019; George et al. 2020), we identiﬁed GTA genes in the Holosporaceae (Rhodospirillales)
endosymbionts Cytomitobacter primus, C. indipagum,
and Nesciobacter abundans, as well as in the
Rickettsiaceae (Rickettsiales) endosymbiont Sneabacter namystus (ﬁg. 1; hereafter, bacterial taxa will be referred to
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Interactions between bacteria and bacteriophages over billions of years have resulted in diverse outcomes, including
the repurposing of phage structures by bacteria.
Structures such as the Type VI Secretion Systems and tailocins derived from ancestral bacteriophages (phages) are
used for multiple functions, including interspeciﬁc competition and infection of eukaryotic cells (Leiman et al.
2009; Ghequire and De Mot 2015). Another repurposed
phage-like structure, called a gene transfer agent (GTA),
packages and transfers bacterial DNA from donor to recipient cells within bacterial populations, and serves as an important mode of horizontal gene transfer (HGT)
(McDaniel et al. 2010; Hynes et al. 2012; Lang et al.
2012; Westbye et al. 2017; Sherlock et al. 2019). Like other
methods of genetic recombination in bacteria (e.g., transduction, conjugation, and transformation), GTAs can provide gains of function to recipient bacterial cells, but this
comes with a cost: the donor bacterial cells are lysed during
the release of GTA particles (Fogg et al. 2012; Westbye
et al. 2013). Despite this detrimental aspect, GTAs have
evolved multiple times independently in both Bacteria and
Archaea, and they are common in Alphaproteobacteria
where the best-studied GTA system, Rhodobacter capsulatus (RcGTA), has linked GTA production to cell regulatory
processes (Sherlock et al. 2019).
Intriguingly, small clusters (SCs) of GTA genes have been
detected in the genomes of certain Rickettsiales endosymbionts of animals (Lang and Beatty 2007; Shakya et al.
2017; Christensen and Serbus 2020). Rickettsiales are all
obligate intracellular symbionts, except for one extracellular
symbiont (Castelli et al. 2019), but what the function of
GTAs or gene transfer in general might be in these highly
reduced endosymbionts is unclear. The obligate endosymbionts are thought to reproduce in small, mostly clonal populations within a cell (Russell and Cavanaugh 2017), and
deleterious mutations can accumulate and become ﬁxed
in these small populations through a process known as
Muller’s ratchet (Moran et al. 1996; Naito and Pawlowska
2016). GTAs may slow this process and provide gains of
function through HGT, as suggested for the role of the nonrelated GTA in the facultative intracellular parasite,
Bartonella (Québatte and Dehio 2019). The Bartonella
GTA (BaGTA) is also linked to the regulation of parasite’s
pathogenicity and interactions with eukaryotic hosts
(Québatte and Dehio 2019). Bacteriophage (phage) infection is another mechanism of HGT in obligate endosymbionts, but only a few phages are known to infect
Rickettsiales endosymbionts, including the well-studied
Wolbachia-infecting phage WO (Bordenstein and
Bordenstein 2016).
Despite the unknown function of GTAs in obligate endosymbionts, GTAs are highly conserved in Rickettsiales

endosymbionts of animals, and several species encode a
limited set of GTA genes with terminase and head homologs along with many tail-related components. Some tail
components are partly missing, whereas others appear to
be pseudogenes in some taxa, altogether making the possibility that Rickettsiales GTAs are in the process of being reduced or eliminated impossible to rule out without
additional functional data (Lang and Beatty 2007; Shakya
et al. 2017; Christensen and Serbus 2020). Alternatively,
the tail homologs may be too divergent for standard bioinformatics approaches to detect or the recruitment of nonrelated GTA proteins for tail component functions has
occurred.
The best-studied Rickettsiales are pathogenic symbionts
of animals (Sassera et al. 2006; Pilgrim et al. 2017; Zaila
et al. 2017), but recent work has shown that most of the
diversity of this group are endosymbionts of microbial eukaryotes (Husnik et al. 2021; Giannotti et al. 2022), and
the presence of GTAs in these Rickettsiales, and in other
predominantly endosymbiotic bacterial lineages, has not
been explored. The Rickettsiales symbionts of protists infect
diverse host groups including amoebae (Schulz et al. 2016),
ciliates (Floriano et al. 2018), algae (Yurchenko et al. 2018),
and various ﬂagellates (George et al. 2020). Phage-related
genes are reported from several Rickettsiales endosymbionts of protists (Floriano et al. 2018; Castelli et al.
2019, 2021), and are also found in another endosymbiotic
group of Alphaproteobacteria called Holosporaceae
(Garushyants et al. 2018; Midha et al. 2021; Castelli et al.
2022). Holosporaceae is a subgroup of the order
Rhodospirillales (Muñoz-Gómez et al. 2019), and is also
made up of obligate endosymbionts that infect diverse eukaryotes including animals (Nunan et al. 2013), amoebae
(Schulz et al. 2014), ciliates (Dohra et al. 2014; Castelli
et al. 2022), rhizarians (Muñoz-Gómez et al. 2019), and a
variety of ﬂagellates (George et al. 2020; Midha et al.
2021). Here we show that these phage genes are, in fact,
homologues of GTAs, and report evidence for the expression of and selection on GTA genes across the diversity of
Rickettsiales and Holosporaceae endosymbionts of
eukaryotes.
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without the Candidatus preﬁx). All endosymbionts of diplonemids encoded genes related to the GTA capsid and portal
complex, but only the Rickettsiaceae endosymbiont, S. namystus, encoded identiﬁable tail-related homologs. A single GTA cluster was syntenic across the Holosporaceae
endosymbiont genomes, whereas several GTA clusters
were encoded throughout the S. namystus genome (ﬁg. 1),
a pattern common in Rickettsiaceae endosymbionts of
animals (Lang and Beatty 2007; Shakya et al. 2017;
Christensen and Serbus 2020). The large terminase in
the Holosporaceae endosymbionts was not encoded
near the main GTA cluster which is generally uncommon,
but singlet homologs of GTA terminases have been observed in the genomes of Rickettsiales endosymbionts
and free-living Rhodospirillales (Christensen and Serbus
2020).
The retention of the capsid–portal structure without
other tail components like the tail tube suggests that the
GTA structure is either reduced in the diplonemid endosymbionts or that the tail-related proteins are highly divergent
and remain undetected (e.g., unknown genes downstream
of the adapter may be tail genes, but have no detectable
similarity, ﬁg. 1). A third possibility is the recruitment of unrelated phage genes to ﬁll the functional role of lost GTA
components. However, no other phage-related genes
were identiﬁed in the diplonemid endosymbiont genomes.
Next, we estimated the proportion of diplonemid endosymbiont genomes with GTA genes in culture conditions by
mapping genomic sequence reads to the endosymbiont
genomes and calculating the coverage of GTA genes
and housekeeping genes (e.g., recA, dnaE, and polA).
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The majority of GTA genes had similar coverage as the
housekeeping genes, suggesting that a large proportion
of the endosymbiont populations carry GTA genes
(supplementary ﬁg. S1 and table S1, Supplementary
Material online).
Metatranscriptomics of the bacterial endosymbionts and
their diplonemid hosts revealed evidence of GTA expression
in the reduced endosymbionts. Publicly available (Kaur et al.
2020; Prokopchuk et al. 2022) and sequenced metatranscriptomic reads were mapped to the endosymbiont genomes, and the total RNA-seq reads mapped to each
genome are reported in the Supplementary Material online
along with the genes with highest transcript abundance
(supplementary table S2, Supplementary Material online).
Transcripts for the majority of GTA genes were identiﬁed
in C. primus, C. indipagum, and S. namystus, and additional
tail components including the distal tail, hub, and megatron transcripts were present in S. namystus (ﬁg. 2A).
These data only conﬁrm the expression of GTAs in diplonemid endosymbionts and not the levels of GTA expression
due to biases in the metatranscriptomic methods
used to target eukaryotic RNA and enrich eukaryotic transcripts with polyA tails (Picelli et al. 2014). Despite this potential bias, only slight positive correlations between
GC-content and transcript abundance of protein-coding
genes were found in two out of ﬁve transcriptomes
(supplementary ﬁg. S2, Supplementary Material online),
and the GC-content and transcript abundance of intergenic
regions was only weakly correlated in the N. abundans
transcriptome (supplementary ﬁg. S3, Supplementary
Material online). All other transcriptomes showed no
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FIG. 1.—Gene transfer agent homologs in bacterial endosymbionts of diplonemids. GTA gene clusters encoded by four bacterial endosymbionts of diplonemids. All GTA clusters are downstream of the potential cell cycle gene, ybgF, in the Rhodospirillales endosymbionts. Multiple GTA clusters are encoded
throughout the Sneabacter namystus (Rickettsiales) genome. Colors in the legend correspond to genes and GTA structural components. Missing or undetected components in the GTA structure are shown in white with black outlines.
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signiﬁcant relationships (supplementary ﬁgs. S2 and S3,
Supplementary Material online).
To look for additional evidence of GTA expression in endosymbionts of diplonemids, transmission electron microscopy (TEM) imaging of over 850 endosymbiont cells from
three different diplonemid hosts (ﬁg. 2) was conducted.
Both chemical and high-pressure freezing methods were
applied, along with various staining techniques on several
life stages and strains of endosymbiont-harboring diplonemids. However, no GTA-like particles were observed in the
micrographs. Other structures such as vesicle-like particles
located near the endosymbiont’s outer-membrane surface
were present in Diplonema japonicum, the diplonemid host
of C. primus and N. abundans, but whether the particles
were symbiont- or host-derived is unknown (ﬁg. 2C). The
lack of visible GTA structures may indicate that the GTA expression is relatively low and restricted to speciﬁc conditions of the endosymbionts or hosts. This observation
coincides with free-living bacteria where only 1–3% of
the population expresses GTAs (Fogg et al. 2012; Hynes
et al. 2012), but no other GTA expression data from endosymbionts are available. Alternatively, the lack of observed
GTA structures may be a result of the low-resolution and
high-contrast background of the TEM imaging, and additional high resolution imaging (e.g., Cryo-EM) on enriched

GTA particles isolated from the endosymbionts may be necessary to identify GTAs in diplonemid endosymbionts.
To form a broader picture of GTA evolution in protist
endosymbionts, we searched for similar gene clusters
across the trees of Rickettsiales and the Holosporaceaecontaining Rhodospirillales. GTA gene clusters were found
to be widespread throughout both orders (ﬁg. 3,
supplementary table S3, Supplementary Material online),
as previously observed in Rickettsiales endosymbionts of
animals (Lang and Beatty 2007; Shakya et al. 2017;
Christensen and Serbus 2020). Rickettsiales contains mostly
obligate endosymbionts and one extracellular symbiont,
whereas Rhodospirillales is made up of free-living bacteria,
ectosymbionts, and endosymbionts (Holosporaceae). Both
Rickettsiales and Holosporaceae symbionts infect a wide
range of hosts from unicellular algae and amoebae to ticks
and shrimp. In Rickettsiales, many GTA components were
not identiﬁed, but broad-scale conservation of the capsid/
portal complexes along with the distal tail/hub and megatron components was apparent (ﬁg. 3). Neorickettsia, an
endosymbiont of ﬂukes and mammals, encodes the most
reduced GTA structure, with only the capsid and portal
complex present. GTA genes were previously identiﬁed in
several Rickettsiales endosymbionts of animals, including
Wolbachia, where large species- and strain-level variation
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FIG. 2.—Metatranscriptomes and TEM of diplonemid endosymbionts. (A) Endosymbiont GTA transcripts identiﬁed in polyA-enriched metatranscriptomes
of Diplonema japonicum and Namystinia karyoxenos. Due to biases in polyA-enriched metatranscriptomes, only presence/absence of bacterial transcripts are
shown. (B and C) TEM micrographs of Cytomitobacter primus and Nesciobacter abundans in the cytoplasm of the host, D. japonicum. Scale bar is 0.2 µm; s,
symbiont; m, mitochondria; v, host vacuole. Arrow points to host- or symbiont-derived vesicle.
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FIG. 3.—Distribution of GTA homologs in endosymbionts. All Rickettsiales taxa (red) are obligate endosymbionts, except the ectosymbiont D. vastatrix,
whereas Rhodospirillales (blue) contains free-living bacteria, ectosymbionts (Azospirillum brasilense), and obligate endosymbionts (Holosporaceae).
Diplonemid endosymbionts are in bold. Bacterial genome sizes are indicated by black circles, and icons depict the host of the endosymbionts.
Phylogenetic trees are based on maximum likelihood trees (IQ-TREE) inferred under the GTR + I + G4 model from full-length 16S rRNA gene, and support
values represent 1,000 bootstrap pseudoreplicates (squares indicate bootstrap scores >80; supplementary ﬁgs. S4 and S5, Supplementary Material online).

in GTA gene clusters was observed (Shakya et al. 2017;
Christensen and Serbus 2020).
Within the Holosporaceae endosymbionts, the head and
portal complexes were also highly conserved, and a clade
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containing endosymbionts of amoebae along with an
endosymbiont of rhizarians encoded additional tail stopper
and terminator components (ﬁg. 3, supplementary table
S3, Supplementary Material online). Several head and tail
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present in one questionable prophage region from F. fenggangensis (score = 70) and in incomplete prophage regions
(score < 60) from 12 taxa, but few to no other phage proteins were present in these regions other than the GTA proteins (supplementary table S4, Supplementary Material
online). Therefore, these regions were likely misclassiﬁed
as incomplete prophages, and false positives caused by
the presence of GTAs are common in prophage identiﬁcation methods (Shakya et al. 2017).
Identifying this wide variety of GTAs allowed us to examine the primary mode of symbiotic GTA evolution, which
provides further evidence for function. Speciﬁcally, we analyzed 20 Rickettsiales and 14 Holosporaceae symbionts for
pairs of sufﬁciently closely related symbionts that would allow dN/dS analyses of all GTA protein domains and ten
housekeeping genes involved in essential cellular processes
(e.g., dnaE, recA, thrS). The majority of pairwise comparisons were found to have saturated dS values, but 4–7 comparisons for each GTA protein domain and housekeeping
gene were informative (ﬁg. 4, supplementary ﬁg. S6,
Supplementary Material online). The dN/dS values for
the GTA domains were all found to be below 1, and
the capsid- and portal-related domains exhibited markedly

FIG. 4.—dN/dS analysis of GTA protein domains from Rickettsiales and Holosporaceae symbionts. Each GTA gene with the analyzed protein domain is
shown above the bar chart, with head-related genes along the top row and tail-related genes in the bottom row. The taxa used in each pairwise comparison
are listed below the bars. The top dashed line is at dN/dS = 1 and the bottom dashed line is at dN/dS = 0.5.
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components have previously been detected in free-living
and ectosymbiotic members of Rhodospirillales (Lang and
Beatty 2007; Shakya et al. 2017; Christensen and
Serbus 2020), and in our analysis, the most complete
GTA gene set was found in two taxa: Azospirillum brasilense, an ectosymbiont of plants, and the free-living
Fodinicurvata fenggangensis. Other free-living members,
such as Acetobacter pasteurianus, had undetected
(divergent) or missing tail components. Therefore, the
reduced GTA structure may have evolved in a free-living
ancestor of Holosporaceae or alternatively, the loss of tail
components has occurred multiple times independently in
Rhodospirillales.
To ensure that the identiﬁed GTA homologs were not
prophage-encoded viral genes, prophage regions were
identiﬁed with PHASTER (PHAge Search Tool Enhanced
Release) and checked for GTA proteins (supplementary
table S4, Supplementary Material online). No GTA proteins
were present in intact prophage regions, and intact prophages were identiﬁed in only three taxa: Wolbachia sp.
that encoded two phage WO regions, F. fenggangensis
that harbored an unknown prophage, and A. brasilense
that encoded the phage Cd (ΦAb-Cd). GTA proteins were
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are generally decreased in endosymbiont populations compared with free-living bacterial populations, due to both reduced genetic transfers (e.g., transduction, conjugation,
and transformation), but also the loss of DNA repair and recombination mechanisms (Dale et al. 2003; McCutcheon
and Moran 2012). GTAs could bring some relief to the ﬁrst
of these limits and, in doing so, provide a mode of genetic recombination to potentially slow Muller’s ratchet, a process by
which deleterious mutations become ﬁxed in small, bacterial
populations (Moran et al. 1996; Naito and Pawlowska 2016),
as well as providing a mode of HGT whereby gains in function
can occur (Québatte and Dehio 2019). In this case, GTAs in
Rickettsiales and Holosporaceae endosymbionts may help alleviate some of the risks of genome reduction and contribute
to the success of these symbiotic groups that infect a large diversity of eukaryotes. However, this is only true if endosymbiont populations mix with genetically distinct populations
where novel genes can be sourced: if host cells are always infected with small clonal populations, then these effects would
be quite limited.
A completely different alternative functional explanation
for the distribution and selection pressures on GTAs in reduced endosymbionts could be that they have been repurposed for non-HGT functions, and one possibility is that
endosymbiotic GTAs are used for eukaryotic host interactions. An example of repurposed phage structures used in
bacterial interactions with eukaryotes can be found in marine bacteria that produce an array of phage tails packaged
with proteins that induce the metamorphosis of a tube
worm (Shikuma et al. 2014; Ericson et al. 2019). This also
shows that eukaryotic-interacting proteins can be packaged inside phage-like structures, and it is possible that
something other than DNA is packaged inside endosymbiotic GTA capsids. Additionally, capsid-like structures called
encapsulins are used as storage compartments for iron and
other elements in bacteria and archaea (McHugh et al.
2014), and the reduced GTAs could potentially serve as
storage compartments. Determining between these very
different functions will require direct experimental data
on symbiont GTAs, including their expression in endosymbiont populations and in varying host–symbiont interactions, and direct evidence for what is packaged in GTA
capsids; all intriguing but technically difﬁcult problems in
these complex systems.

Supplementary Material
Supplementary data are available at Genome Biology and
Evolution online.
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lower dN/dS values (0.04–0.60) than the tail-related domains (0.20–0.90, P < 0.001; ﬁg. 4, supplementary ﬁg. S6
and table S5, Supplementary Material online). The housekeeping genes had the lowest dN/dS values (0.02–0.42)
compared with the head- or tail-related genes (P = 0.002
and P < 0.001, respectively), showing strong purifying selection on these essential genes (supplementary ﬁgs. S6,
S7 and table S5, Supplementary Material online). Overall,
GTA domains showed varying degrees of selection pressure, with stronger purifying selection on the head-related
domains (e.g., terminase, prohead protease, portal, and
capsid) than the tail domains (e.g., tail tube, hub domains,
and phage tail 3 domain of the megatron; supplementary
ﬁg. S7, Supplementary Material online). Extremely low
dN/dS values (0.02–0.1) were mostly found in
Holosporaceae symbiont comparisons, but additional
Holosporaceae comparisons—not possible now due to
saturated dS values—will help determine whether
Holosporaceae GTAs have stronger purifying selection
compared with Rickettsiales GTAs. The higher dN/dS values
of the Rickettsiales tail structures compared with the
Rickettsiales capsid/portal components may represent
a relaxation of selection pressure which would allow the
pseudogenization and eventual loss of tail-related genes,
a common pattern observed in Rickettsiales and
Holosporacaeae symbionts (ﬁg. 3). However, the lower
dN/dS values of some tail-related domains (e.g., the megatron TIM barrel domain) demonstrate that purifying selection still plays a role in the evolution of symbiotic GTA tail
structures and capsid complexes.
Previous dN/dS analyses on GTA genes in free-living bacteria, speciﬁcally Rhodobacterales, showed purifying selection (dN/dS = 0.06–0.08) acting upon the majority of
GTA genes, including tail components (Lang et al. 2012).
This may explain the conservation of tail and other
GTA-related genes in Rhodobacterales, whereas the higher
dN/dS values (0.20–0.90) of tail genes in Rickettsiales suggest a relaxation of selection in endosymbionts compared
to free-living bacteria. Rhodobacterales, along with other
closely related orders of Alphaproteobacteria, encode large
clusters (LCs) of GTA genes, and evidence has been found
for slower evolution of LCs compared with SCs of GTA
genes present in Rickettsiales endosymbionts of animals
and free-living Rhodospirillales (Hynes et al. 2016; Shakya
et al. 2017). Altogether, the evidence points toward differences in the evolution of LCs and SCs, as well as endosymbiotic verses free-living GTAs.
The widespread conservation of GTAs in the reduced
genomes of bacterial symbionts brings into question the
potential functions of GTAs in symbiosis. The obvious possibility is that endosymbiont GTAs retain the same function
found in their free-living relatives: packaging and transferring DNA from donor to recipient bacterial cells (Lang et al.
2017; Bárdy et al. 2020). Rates of genetic recombination
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Data Availability
Metatranscriptomic data produced in this study have been
deposited in the NCBI Sequence Read Archive (SRA) database under the BioProject ID PRJNA813724 (BioSamples:
SAMN26517683, SAMN26517684, SAMN26517685)
and will be publicly released at acceptance. Previously published metatranscriptomic data are also available on the
SRA database and can be accessed with SRX5472374
and SRX11449858. All other data underlying this article
are available in supplementary tables S3 and S5,
Supplementary Material online.
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