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Abstract

Horizontal gene transfer is important in the evolution of bacterial and archaeal genomes. An 

interesting genetic exchange process is carried out by diverse phage-like gene transfer agents 

(GTAs) that are found in a wide range of prokaryotes. Although GTAs resemble phages, they lack 

the hallmark capabilities that define typical phages, and they package random pieces of the 

producing cell’s genome. In this Review, we discuss the defining characteristics of the GTAs that 

have been identified to date, along with potential functions for these agents and the possible 

evolutionary forces that act on the genes involved in their production.

The prevalence of horizontal gene transfer (HGT), in which DNA is exchanged between 

closely or distantly related lineages, has altered the way we think about evolution1,2, having 

profound effects on our views of the evolutionary relationships among living organisms. It 

has caused a shift from a bifurcating ‘tree of life’ view to a ‘net of life’ or ‘web of life’ 

view3–5, in which “highways of gene sharing” (REF. 6) represent major connections, with 

genes (or DNA segments) viewed as “public goods, available for all organisms to integrate 

into their genomes” (REF. 7). HGT occurs within and between all three domains of life, and 

it has been estimated that 0.05–80% of genes in bacterial and archaeal genomes have been 

affected by HGT, depending on the analytical method used and the genome analysed8–10. 

Although HGT is widespread, it is not random: patterns of preferential gene exchange 

among specific groups of organisms that share ancestry or habitat have been 
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observed6,9,11,12. Such patterns are probably a consequence of existing barriers to HGT, 

which have been reviewed in detail elsewhere13,14.

Although we have known about some HGT mechanisms for decades, novel processes that 

expand the existing repertoire of gene exchange methods are continually being identified. 

Transformation was the first mechanism of gene exchange to be discovered15, wherein DNA 

is taken up directly from the environment (reviewed elsewhere16,17). In transduction, DNA 

transfer is mediated by viral particles (BOX 1). In conjugation, which was discovered in the 

1940s18, DNA is transferred from a donor to a recipient cell during cell-to-cell contact; 

conjugation is used in the transfer of plasmids, transposons, integrons, and integrative and 

conjugative elements (ICEs)19–21. There are other modes of gene exchange that do not fit 

well into any of these three canonical mechanisms, including temporary cell fusion followed 

by chromosomal recombination and plasmid exchange22, intercellular connection through 

nanotubes23, and the release of membrane vesicles containing chromosomal, plasmid and 

phage DNA that can then merge with nearby cells24. In addition, a novel mechanism of gene 

transfer that has features of both membrane vesicle trafficking and viral infection was 

recently reported and dubbed serial transduction; in this mechanism, membrane vesicle-like 

particles from sea water containing large fragments of DNA were capable of transducing 

cells, and the recipient cells were then able to produce similar membrane vesicles25.

Box 1

Transduction: phages and transmission of cellular DNA

During phage reproduction, particles are occasionally produced that contain DNA from 

the cellular genome as opposed to, or in addition to, the phage genome. This DNA can 

then be transferred to a subsequent host cell in a process named transduction92. There are 

two classes of transduction: specialized and generalized. In specialized transduction, a 

particular phage packages only a specific region of the host genome. This is exemplified 

by phage λ, which occasionally packages the gal (galactose metabolism) or bio (biotin 

metabolism) genes93,94 that are located adjacent to its integration site in the Escherichia 
coli chromosome. In generalized transduction, a phage packages a nonspecific portion of 

the host genome, as exemplified by E. coli phage P1 (REFS 95,96). Transposable phages, 

such as E. coli phage Mu97, package pieces of host DNA at the ends of the phage 

genome. For phage Mu, this results in ~100 bp of host DNA at one end of the phage 

genome and ~2 kb at the other end98, whereas for a Mu-like phage in Rhodobacter 
capsulatus, RcapMu, the particles contain ~30 bp of host DNA at one end and ~3 kb at 

the other99. The presence of such transposing phages in viral samples used for 

metagenomics would result in cellular genes being detected, as is common86.

Transduction may affect virulence in bacteria100–102. For example, in Vibrio cholerae the 

cholera toxin, a key virulence determinant, is encoded in the genome of the temperate 

phage ΦCTX103. As another example, Staphylococcus aureus pathogenicity islands 

(SaPIs) excise from the chromosome and replicate following induction by an infecting 

phage, and the SaPI DNA is packaged in modified phage particles and transferred to 

other S. aureus cells104,105 and even to species from other genera106.
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Transduction has been documented in natural settings, including freshwater107, 

marine108, plant-associated109, rumen110, milk106 and wastewater111,112 environments. 

The wastewater studies are particularly revealing about the ability of phages to carry host 

genes, as these studies identify diverse bacterial 16S ribosomal DNA sequences in the 

viral component of the waste water111,112. Some phages are thought to carry cellular 

genes because of a selective advantage that is accrued by the phage host, as exemplified 

by the photosynthesis genes that are carried by cyanophages113. Many viral metagenomes 

contain a large proportion of sequences with homologues that are classified as cellular in 

GenBank86, but it is uncertain what proportion of these are homologues of prophage 

genes in bacterial genomes rather than homologues of cellular genes that are packaged by 

the phages. Because a variety of gene transfer agents have been identified in diverse 

prokaryotes, it is possible that some of the cellular DNA found in the viral fraction of 

natural environments is present in gene transfer agent particles28,76,77,114. At the present 

time, however, the reason for the occurrence of such a large number of cellular genes in 

viral metagenomes is not known.

Although some of these mechanisms might owe their existence to functions other than HGT, 

and have been recruited for HGT secondarily, the benefits of HGT probably contribute to 

their maintenance. Here, we review one gene exchange process, that mediated by gene 

transfer agents (GTAs), and discuss the possible origins and roles of these entities in the 

evolution of bacteria and archaea.

GTAs

A GTA is a phage-like entity with the following characteristics: it contains a random piece 

of the genome of the producing cell, and the amount of DNA that it contains is insufficient 

to encode the protein components of the particle itself. Therefore, a GTA particle does not 

necessarily contain any GTA-encoding genes, and it cannot transfer a complete set of 

structural GTA genes to a recipient cell. This is distinct from a generalized transducing 

phage, for which usually only an occasional particle contains host genes, and the fragments 

of packaged DNA are the size of the phage genome.

The production of GTAs by a cell is outlined and contrasted with the production of 

transducing phage particles in FIG. 1. The production of GTAs is not the result of a phage 

infection. Rather, the genes encoding the phage-like structure of the GTA particles are 

contained within the genome of the cell that produces the GTAs. The resultant GTA particles 

contain random pieces of the producing cell’s genome that are smaller than would be 

required to encode the GTA particle itself. Therefore, only the occasional particle will 

contain GTA-encoding genes, and even then they will not contain enough DNA to transfer 

the ability to produce a GTA to another cell. All known GTAs have tailed-phage structures 

and are presumably released into the environment by lysis of the producing cell. Released 

GTA particles may transfer DNA from the producing cell to a recipient cell. By contrast, 

transducing phage particles are produced during the replication of a phage inside a host cell, 

and only the occasional phage particle contains host DNA in place of phage DNA (FIG. 1). 
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The amount of DNA in the transducing particles is equivalent to the normal phage genome 

size.

Four genetically unrelated GTAs have been identified to date: RcGTA in the 

alphaproteobacterium Rhodobacter capsulatus (then called Rhodopseudomonas capsulata), 

Dd1 in the deltaproteobacterium Desulfovibrio desulfuricans, VSH-1 (virus of Serpulina 
hyodysenteriae) in the spirochaete Brachyspira hyodysenteriae (previously known as 

Serpulina hyodysenteriae), and voltae transfer agent (VTA) in the archaeon Methanococcus 
voltae. There are also some apparently functional GTAs that are related to RcGTA in other 

alphaproteobacteria. The various GTAs are discussed in detail below, along with several 

phage-like agents that display some properties of GTAs (BOX 2).

Box 2

Other gene transfer agent-like, but non-gene-transfering, elements

In addition to the gene transfer agent (GTA) particles that have been identified in bacteria 

and archaea, there are several other phage-like elements that package small fragments of 

cellular genomic DNA, but these elements have not been documented to transfer DNA to 

recipient cells.

Phage-like particles, named bacteriophage-like particles (BLPs), are produced by 

multiple species of Bartonella, a genus in the Rhizobiales order (within the class 

Alphaproteobacteria) that appears to lack Rhodobacter capsulatus GTA (RcGTA)-like 

gene homologues28,115. The first BLP observed was associated with Bartonella 
bacilliformis116, and the first BLP to be characterized was from Bartonella henselae (then 

known as Rochalimaea henselae)117. The B. henselae particles contain seemingly random 

14 kb pieces of the host genome, on the basis of the gel banding pattern after restriction 

endonuclease digestion, sequence analysis of cloned DNA from the particles and 

Southern blot hybridization117. Analysis of the DNA from the B. bacilliformis BLPs 

indicated that the genomic origin of the packaged DNA is biased to certain regions118. A 

more recent study used whole-genome microarrays to characterize DNA packaging by 

BLPs produced by Bartonella grahamii115. The 14 kb DNA fragments from the BLPs 

contained sequences from throughout the genome but were biased towards a high-

plasticity region that is amplified within cells by run-off replication initiating at the BLP-

encoding sequences115. Therefore, in respect to DNA packaging, BLPs have properties 

that are intermediate between a GTA and a specialized transducing phage.

Another phage-like particle with some similarities to GTAs is the defective phage PBSX 

of Bacillus subtilis119,120. The 28 kb PBSX gene cluster in the B. subtilis genome 

contains phage head, tail, lysis and lysogeny genes but no replication functions84,121. The 

particles appear to contain random ~13 kb pieces of the B. subtilis genome, but the 

activity of these particles is very different to that of GTAs or the Bartonella BLPs. These 

elements kill B. subtilis cells that do not carry the genes encoding the particles. This 

might be considered analogous to antibiotic or bacteriocin production — that is, a means 

of inhibiting competing cells in the environment — although in this case the producing 

cells presumably lyse to release the particles. Tailed phage particles have never been 

found to be released from cells without lysis, and it is difficult to imagine such a structure 
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escaping from a bacterial or archaeal cell in a non-lytic event. The PBSX phenomenon is 

somewhat similar to the situation for GTAs, as the cell releasing the particles must die but 

the genes required for particle production have nonetheless been maintained in the host 

species.

The R. capsulatus GTA

The first GTA to be discovered was RcGTA, which was found in the purple photosynthetic 

bacterium R. capsulatus26. Co-culture of strains with different antibiotic resistance 

phenotypes yielded doubly resistant strains, and the mode of genetic exchange was 

determined to be similar to transduction in that it did not require cell–cell contact and was 

resistant to DNase26. However, an estimation of the size of the agent (based on the 

sedimentation rate) showed that it was unusually small compared with known transducing 

phages, and this led to the moniker gene transfer agent26. This was subsequently abbreviated 

to GTA27, and then became RcGTA when sequence analysis revealed that GTAs are present 

in other taxonomic groups28.

A detailed biochemical characterization found that RcGTA particles contain linear double-

stranded DNA of a similar size to the ~5 kb linearized genome of simian virus 40 (SV40)29. 

An alternative to a small transducing phage-like particle could not be ruled out26,27,29 until 

the creation of an overproducer mutant strain enabled purification of sufficient material for 

the phage-like nature of RcGTA particles to be visualized by electron microscopy30 (FIG. 

2a). RcGTA particles resemble a tailed phage, with a head of ~30 nm in diameter and a tail 

of ~50 nm in length30. The overproducer mutant also allowed the RcGTA-packaged DNA to 

be visualized by gel electrophoresis, yielding an ~4 kb band that produces a smear on the gel 

after treatment with a restriction endonuclease and has renaturation kinetics that are similar 

to those of R. capsulatus genomic DNA30. Hybridization of the DNA from RcGTA particles 

to an R. capsulatus whole-genome microarray confirmed that all of the genes in the R. 
capsulatus genome can be packaged within the particles, with no effect of genome position 

on packaging frequency31.

The genes encoding the RcGTA particle were discovered 26 years after the first report of 

GTA-mediated genetic recombination in R. capsulatus32. The particle is encoded in an ~14 

kb cluster of 15–17 apparently co-transcribed genes (FIG. 3a), and it is possible to make a 

plausible evolutionary connection between most of these genes and genuine phage 

genes28,32–34. Each RcGTA particle, which contains ~4 kb of DNA, carries only ~30% of 

the minimal number of base pairs needed to encode its structure. Proteomic analysis of 

RcGTA particles identified proteins that are not encoded in the RcGTA gene cluster35, 

indicating that additional RcGTA genes are located elsewhere in the R. capsulatus genome. 

Genetic experiments indicate that two of these genes, which are located ~670 kb away from 

the RcGTA cluster (FIG. 3a), encode proteins that are not essential for RcGTA activity but 

increase the ability of RcGTA particles to bind to R. capsulatus cells and transfer DNA, and 

are therefore likely to encode tail fibre proteins (A.S.L., unpublished observations). A 

putative endolysin, which is located ~1.2 Mb away from the RcGTA gene cluster, was 

recently found to be required for release of RcGTA particles from cells31.
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Shortly after the discovery of RcGTA, experiments on 33 independent R. capsulatus isolates 

showed that 16 of these isolates produce RcGTA and 25 are capable of receiving genetic 

information via RcGTA36; however, tests of numerous other species for interspecies transfer 

via RcGTA were unsuccessful36. These findings indicate that RcGTA is fairly specific in its 

host range. Four of the isolates that are incapable of transferring DNA36 were found to 

contain RcGTA genes on the basis of a Southern blot37, although two of these RcGTA gene 

clusters yielded banding patterns that were different to those of the other isolates after 

digestion with a restriction enzyme, and therefore contain sequence differences compared 

with the other clusters. This means that even the R. capsulatus isolates that are incapable of 

gene transfer contain RcGTA genes, in agreement with the ubiquitous presence of RcGTA 

genes in members of the order Rhodobacterales.

Early work showed that the production of RcGTA is strongly dependent on the phase of host 

cell growth, with increased production in stationary phase27. This results from increased 

transcription of the RcGTA genes in the late phases of growth32,38 owing to modulation by a 

quorum sensing system39,40. A cellular phosphorelay involving the R. capsulatus response 

regulator CtrA is also involved, as loss of this response regulator causes a complete loss of 

transcription of RcGTA structural genes32,38. However, the exact mechanism of CtrA-

mediated regulation remains to be determined41. The control of RcGTA gene expression by 

cellular systems is consistent with the absence of RcGTA induction by treatment with the 

DNA-damaging agents mitomycin C or ultraviolet light; such induction would indicate that 

transcription of the RcGTA cluster is controlled by a phage repressor protein, which is not 

the case.

GTAs in other alphaproteobacteria

Soon after the RcGTA gene cluster was identified, it became apparent that RcGTA-like 

genes are widespread in alphaproteobacteria. An RcGTA-like gene cluster was first 

identified in another purple photosynthetic bacterium, Rhodopseudomonas palustris37, 

followed by clusters in Rhodobacter sphaeroides, Caulobacter crescentus, Agrobacterium 
tumefaciens and Brucella melitensis42, and then other species as additional complete 

genome sequences became available28,43,44. To date, RcGTA-like genes have been found in 

all taxonomic orders that are represented by complete genome sequences in the class 

Alphaproteobacteria (FIG. 4a), which suggests that a GTA gene cluster was present in the 

last common ancestor of this class and subsequently lost in some lineages (discussed below).

Beyond conservation of RcGTA-like gene clusters, there is evidence of GTA production in 

several members of the Rhodobacterales. Ruegeria pomeroyi (previously known as 

Silicibacter pomeroyi) contains a complete RcGTA-like gene cluster and is capable of gene 

transfer that is attributed to this cluster43. Tail-less particles varying in size from 50 nm to 70 

nm have been observed in this species43, and the R. pomeroyi genome seems to be free of 

other prophage sequences43. Two other marine Rhodobacterales species, Roseovarius 
nubinhibens and Ruegeria mobilis, have also been shown to produce particles classified as 

GTAs45. When these particles were added to natural microbial communities, the transfer 

rates of antibiotic resistance markers were remarkable — as much as 106-fold higher than 

previous estimates of transformation and transduction rates in natural environments45. 
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Equally striking was the finding that the gene transfer events occurred between bacteria in 

different phyla, and it appears that none of the recipients recovered was an 

alphaproteobacterium. In addition, the rates of transfer to heterologous recipients were 

higher than those observed for transfer to the original, marker-less GTA donor in laboratory 

culture experiments45. The R. nubinhibens GTAs were reported to be tail-less particles with 

an ~50 nm diameter, in contrast to R. mobilis particles, which have heads of ~25 nm in 

diameter and tails of ~40 nm in length45. As was the case in the work on R. pomeroyi 
GTAs43, no biochemical or genetic analysis was carried out for the R. nubinhibens GTA 

particles, nor was there a demonstration that GTA genes are required for the observed 

effects. Such experiments are needed to validate the proposed role of GTAs in the 

extraordinarily high frequencies of gene transfer reported.

The presence of GTA capsid proteins has been confirmed in multiple lineages within the 

order Rhodobacterales, from a range of geographically separated marine environments46. 

The possibility of widespread conservation of GTA production in this particular group of 

bacteria is especially interesting because roseobacters (within the order Rhodobacterales) 

appear to account for >25% of the total bacterial and archaeal community in some marine 

environments47. Therefore, GTAs could make up a sizable portion of the viral community in 

places where the abundance of Rhodobacterales members is high.

The D. desulfuricans GTA

The GTA of D. desulfuricans, Dd1, resembles a tailed phage48, in this case a podovirus (a 

capsid with a very short tail; FIG. 2b). Dd1 transfers multiple types of marker, and 

purification of the DNA from Dd1 particles showed it to be a 13.6 kb double-stranded DNA 

that produces a smear after treatment with a restriction endonuclease. Like RcGTA, Dd1 is 

not induced after treatment with the DNA-damaging agent mitomycin C.

There are several possible prophage regions in the genome of D. desulfuricans subsp. 

desulfuricans str. ATCC 27774, the strain that produces Dd1. One of these regions, ORFs 

Ddes_0706–Ddes_0726 (encompassing ~17.8 kb), contains several genes that are predicted 

to encode homologues of structural phage proteins, and of podoviral proteins in particular. 

This is the only prophage region in this genome in which we can identify multiple clear 

homologues of podoviral proteins, and it is possible that this cluster encodes Dd1.

The B. hyodysenteriae GTA

B. hyodysenteriae GTA particles have a head diameter of 45 nm and a tail length of 64 nm49 

(FIG. 2c), and contain 7.5 kb of linear double-stranded DNA50. The element is named 

VSH-1, and the packaged DNA is a random collection of fragments from the genome of the 

producing cell50. VSH-1 mediates the transfer of many markers between B. hyodysenteriae 
cells50–53. Although mitomycin C is required to observe the particles49,50, DNA fragments 

matching those packaged by VSH-1 have been found in B. hyodysenteriae that has not been 

treated with mitomycin C54,55, and co-culture experiments have confirmed that VSH-1 can 

be produced in the absence of an exogenous inducer52,53. Two important differences 

between VSH-1 and other GTAs are the fact that VSH-1 production can be induced with 
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mitomycin C and the fact that detectable cell lysis is associated with particle release49 

(discussed further below).

The genes in the B. hyodysenteriae genome that are needed for production of VSH-1 (REFS 

56,57) (FIG. 3b) include a gene that is similar to a putative phage endolysin and is located 

next to the region encoding the VSH-1 structure. The protein encoded by this gene degrades 

B. hyodysenteriae peptidoglycan56, and a putative holin-encoding gene has also been 

identified close by56. One of the proteins associated with VSH-1 did not correspond to any 

of the genes that were originally mapped56, and subsequent work identified a separate 

cluster of three contiguous VSH-1 tail genes located a short distance away57 (FIG. 3b).

Transcription studies and an analysis of putative regulatory sequences indicate that the two 

VSH-1 gene clusters are co-regulated57. The larger ‘head–tail–lysis’ gene cluster appears to 

be transcribed from a single promoter, because transcripts spanning neighbouring sequences 

have been identified for all of the genes in this cluster, although the mRNA sizes indicate 

that post-initiation processes affect the final mRNA structures58. Quantitative measurements 

of gene copy number after the induction of VSH-1 production do not reveal any bias for 

packaging of VSH-1 genes relative to non-VSH-1 genes58, although VSH-1-specific 

transcription increases by >200-fold after induction57.

Particles that are similar in size and shape to VSH-1 have been observed in other studies of 

B. hyodysenteriae and other species of Brachyspira49,59–61. VSH-1 gene distribution, using 

the current VSH-1-encoding region56,57 (FIG. 3b), appears to be limited to members of the 

Brachyspira genus (FIG. 4b), with gene organization varying among species62.

B. hyodysenteriae is a spirochaete pathogen that causes swine dysentery. It has been 

suggested that VSH-1 plays a part in the genomic and population structures and the 

pathogenic properties of Brachyspira spp.63,64, and VSH-1 does transfer virulence and 

antibiotic resistance genes between cells50–53. VSH-1 is induced by treatment of 

Brachyspira spp. with hydrogen peroxide58 and the antibiotics carbadox and 

metronidazole53 (antibiotics that are commonly used in the swine industry53). VSH-1-like 

GTAs are likely to be produced by spirochaetes that infect humans49,59,60,65, indicating that 

these elements could affect the virulence of human pathogens.

The M. voltae GTA

GTAs are not restricted to the bacterial domain, as VTA was discovered as a mediator of 

genetic exchange in the archaeon M. voltae66. VTA particles contain 4.4 kb of double-

stranded DNA that appears to be randomly packaged from the genome of the producing cell, 

although there is some evidence for partial enrichment of one genomic region66. The 

particles have a tailed phage structure, with a head of 40 nm in diameter and a tail of 61 nm 

in length67 (FIG. 2d). Tailed phages are uncommon in archaea68. One region of the M. 
voltae genome, over a span of ~12 genes (ORFs Mvol_0401–Mvol_0414), contains several 

matches to bacteriophage sequences, and siphoviruses in particular. This region was 

previously named Mvol-Pro1 and hypothesized to encode the VTA structure69.
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Transfer of packaged DNA into recipient cells

Because most GTAs are tailed phage-like particles, it is likely that GTAs bind to recipient 

cells via specific tail–receptor interactions, but the receptor has not been identified for any of 

the GTAs. There are several possible fates for the packaged DNA after release into the 

cytoplasm, including degradation by cellular nucleases, which would block gene transfer. To 

be maintained in the cell and in its progeny, the DNA needs to be incorporated into the host 

cell genome by recombination, as discussed below.

DNA recombinase A (RecA)-type homologous recombination is thought to be needed for a 

recipient cell to integrate DNA from an RcGTA particle70. Furthermore, when RcGTA is 

used to replace a chromosomal allele with a marked disruption of a cloned gene, the marker 

is invariably integrated at the expected location. One study demonstrated that eight of 33 

tested R. capsulatus strains were incapable of receiving a gene via RcGTA36. This study 

assessed the transfer of rifampicin resistance, which occurs through mutations in rpoB 
(encoding DNA-directed RNA polymerase subunit-β), a gene that should not vary greatly 

among strains. It is therefore unlikely that the failure of transfer was caused by inadequate 

sequence similarity between the donor and recipient genes. Instead, the results may reflect 

strain-to-strain variation in the restriction–modification systems that degrade incoming 

DNA.

The frequency of homologous recombination between incoming DNA and a chromosome 

decreases as identity between the two DNA regions decreases. For illegitimate 

recombination, in which the incoming DNA is not homologous to the recipient DNA, the 

frequency is expected to be orders of magnitude lower than the frequency for homologous 

sequences, especially for linear fragments as opposed to circular molecules, as reviewed 

elsewhere14. In silico analyses of gene transfer patterns indicate that HGT is much more 

frequent between closely related organisms than between distantly related ones9,11,71. This 

is consistent with the idea that GTAs have played an important part in creating such HGT 

patterns, as GTA-mediated HGT requires specific interactions between the host and the GTA 

particle for successful attachment and injection of the DNA72, as well as DNA sequence 

similarity to facilitate incorporation of a transferred allele by homologous recombination14.

Origins of GTAs

There are indisputable connections between the known GTAs and tailed phages, including 

structural similarities with established phage morphotypes (siphoviruses and podoviruses) 

for all four GTAs, and conservation of gene organization and sequence similarity for phages 

and the two genetically characterized GTAs (RcGTA and VSH-1). Broadly outlined, three 

evolutionary scenarios can explain the shared evolutionary connections between GTAs and 

phages: GTAs descended from phages multiple independent times; GTAs came first and 

subsequently gave rise to ‘selfish’ tailed phages; or extinct, or undiscovered, elements led 

independently to GTAs and phages. In the following sections, we discuss the evidence 

relating to past evolutionary events that led to GTAs.
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Relationships between GTAs and phages

The RcGTA and VSH-1 gene clusters have overall synteny with the gene organization for 

double-stranded-DNA tailed phages28,32,57, although there appear to have been 

rearrangements resulting in non-contiguous tail and tail fibre genes (FIG. 3). Unlike RcGTA 

genes in the order Rhodobacterales, VSH-1 genes are present in only one genus of the order 

Spirochaetales (the genus Brachyspira) (FIG. 4), and the order of VSH-1 genes in different 

Brachyspira spp. is not conserved62. This might reflect a more recent origin of VSH-1 in this 

genus relative to RcGTA in alphaproteobacteria. Indeed, assuming that GTAs arose from 

phages, the induction of VSH-1 by DNA-damaging agents and the large-scale lysis of host 

cells on VSH-1 induction indicate that this GTA is still under a phage-like control, as 

opposed to the apparently purely cellular control of RcGTA production. Although the 

composition and arrangement of VTA and Dd1 gene clusters has not been confirmed, we 

note that the putative sets of genes (from inspection of the genome sequences; see above) 

resemble variants of phage head–tail gene clusters.

Several RcGTA genes show clear evolutionary relationships to genuine phage sequences, as 

was initially most obvious for the DNA packaging and head assembly region (FIG. 3, genes 

2–5)28,32. More recently, phages ΦJL001 and RDJLΦ1, which infect marine Rhizobiales str. 

JL001 (REF. 34) and Roseobacter denitrificans33, respectively, were found to have genes 

with significant similarity to four RcGTA genes that are predicted to encode tail proteins 

(FIG. 3, genes 12–15). In alphaproteobacteria and betaproteobacteria, prophages were 

identified that also contain sequences which are homologous to these four RcGTA genes, 

and the prophage genes have greater sequence identity to each other than to the RcGTA 

genes33. Unfortunately, few genome sequences are available for phages that infect 

alphaproteobacteria (of the ~650 phage sequences present in GenBank in December 2011, 

only seven are for alphaproteobacterium-infecting phages), but perhaps as more genome 

sequences are determined for these phages there will be new insights into the origins of 

RcGTA-like elements.

The connections between RcGTA genes and phage (or prophage) genes indicate that these 

elements have a long and tangled evolutionary history73. Initial speculation on the origins of 

RcGTA30 led to the suggestion that this GTA represents a defective phage or arose from a 

phage progenitor30. However, the notion that GTAs predate phages is not substantiated by 

the current evidence.

For all four documented GTAs, it appears that the DNA packaged by the particles is smaller 

in size than the particle- encoding structural genes (TABLE 1). Only Dd1, which has a 

podoviral structure, packages DNA (13.6 kb) comparable to the known size range packaged 

by phages with the same structure (for example, Mycoplasma phage P1, a podovirus, has a 

genome of ~11.7 kb74). If GTAs evolved from phages, this would indicate that mutations 

occurred which resulted in smaller packaging capacities than those of the hypothetical 

ancestral phages.
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On the antiquity of GTAs

Homologues of the genes encoding the RcGTA structure are found throughout 

alphaproteobacteria as isolated genes, partial gene clusters and complete RcGTA- like gene 

clusters28,43,44 (FIG. 4a). Two analyses have shown that GTA genes form clusters which 

correspond to the established taxonomic alphaproteobacterial orders28,43 (some 

discrepancies observed in these analyses reflect incorrect taxonomic assignments; for 

example, the genera Oceanicaulis and Maricaulis were recently reclassified75). The simplest 

explanation of this distribution of GTA genes is that a single RcGTA-like element was 

present in the last common ancestor of the alphaproteobacteria, and that there was 

subsequent loss in some lineages28. An alternative scenario would require multiple HGT 

events or multiple instances of independent GTA gain and loss. Recent GTA-mediated 

propagation of GTAs between the alphaproteobacterial orders is unlikely owing to the 

limited host range of well-characterized GTAs and their inability to package a complete 

GTA gene cluster. It is conceivable that a GTA ancestor had a greater packaging capacity 

and, therefore, that GTA-mediated transfer of GTA clusters occurred in the past. GTA 

propagation via other HGT mechanisms is not out of the question, and biased gene 

transfer11 cannot be ruled out as the cause of the observed relationships.

An undiscovered widespread distribution for GTAs?

For the four substantiated GTAs, none of the GTA genes (or putative GTA genes, in the case 

of Dd1 and VTA) is recognizably similar to any unrelated GTA gene, on the basis of BLAST 

(basic local alignment search tool) searches. Also, RcGTA, VSH-1 and VTA have sipho-

viral structures, whereas Dd1 has a podoviral structure (TABLE 1). Therefore, it appears that 

these four GTAs arose independently. However, the large amount of cellular and viral 

metagenomic sequence without recognizable similarity to any known genes is indicative of 

our limited ability to uncover structural elements of viral genomes using similarity searches 

alone. It is possible that these GTAs in four distantly related groups of prokaryotes 

(alphaproteobacteria, deltaproteobacteria, spirochaetes and euryarchaeotes) represent only 

the tip of the iceberg of GTA diversity76–78.

Functions of GTAs

The GTAs discussed in this Review were discovered because of their gene transfer activity. 

So, is their production beneficial for the host organisms? Are GTAs maintained mainly for 

DNA repair, or do they confer additional advantages, such as facilitating the spread of novel 

traits through a population or providing DNA for nutrition? It has been speculated that, 

under some conditions, a partial diploid state resulting from GTA-dependent transduction 

enhances cell survival78. Although such questions remain unanswered, we discuss some of 

them below and review intriguing recent suggestions regarding the role of GTAs in 

evolution.

Maintenance of GTAs: gene or kin selection?

The well-documented GTAs all have tailed-phage structures, and there is no plausible 

mechanism other than lysis to explain their release from producing cells. Although the cell 
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releasing the GTA particles may die, the recipient cell (or cells) could benefit from an allele 

acquired by GTA transfer. From an evolutionary standpoint, this is compatible with a 

microbial social behaviour79,80. Are GTAs public goods and a means of altruistic 

cooperation between related microorganisms, such that the host range specificity and 

quorum sensing-mediated regulation of GTAs result in kin discrimination? There are known 

examples of evolutionarily stable cooperation between related microorganisms via the 

production of public goods81. Intercellular homologous recombination in a population of 

cells, facilitated by GTAs, could be beneficial in certain circumstances82. Although this 

possibility requires further exploration, it may explain the maintenance of costly (that is, 

deadly for the donor cell) GTA production: selection on a population level would impose 

purifying selection on the GTA genes in individual genomes (see below).

An alternative possibility is that a special type of gene-level selection, known as selective 

conversion83, acts on GTA gene clusters independently of organism- or population-level 

selection. The mathematical model that was developed to study DNA secretion and 

transformation83, another costly form of genetic exchange, predicts that there are special 

conditions under which such a mode of selection is possible. Whether a similar model fits 

GTA maintenance and production remains to be tested.

Evidence for purifying selection acting on GTA genes

Bacterial and archaeal genomes evolve under a strong deletion bias that sees unnecessary 

genes being inactivated through mutation and then lost, as exemplified by rapidly degrading 

regions containing prophages84. If GTAs provide a selective advantage, the GTA genes 

would be under selection against mutations that cause amino acid changes, to prevent 

inactivation of function. For members of the order Rhodobacterales, in which RcGTA-like 

clusters comprise the archetypal ~15 genes in most completely sequenced genomes, analysis 

of the ratio of non-synonymous-to-synonymous amino acid substitutions (dN/dS, or ω) 

shows that the majority of codons in the GTA genes are indeed under purifying selection (as 

indicated by an ω value of <1 in FIG. 5). Although the selection pressure is not as strong as 

for two housekeeping genes, recA and rpoB, which both have an ω value of 0.03 in most of 

their codons, other functionally conserved genes in bacterial genomes have ω values that are 

comparable to those of the RcGTA genes85. Therefore, it appears that there is selective 

pressure for the functional conservation of these GTA genes in members of the order 

Rhodobacterales.

GTAs and ‘cloud’ genes

Among the numerous surprises from metagenomics is the enormous diversity of genes in the 

virosphere that are considered to be non-viral86. In viral metagenomes, 70% of genes do not 

have recognizable homologues in GenBank86, and this vast unknown sequence space has 

been dubbed dark matter, a term that was originally applied to phages87. A recent analysis of 

viral and cellular metagenomic data showed that the viral metagenome contains an 

apparently random collection of cellular genes76. Metabolic and information-processing 

cellular genes exist in phage genomes86 but are a minor component of the viral pan-genome. 

In addition to genes with known functions, a substantial fraction (~29%) of the typical 

bacterial genome consists of poorly conserved ‘accessory’, or ‘cloud’, genes88. These 
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observations led to the hypothesis that the viral metagenome is dominated not by functional 

viruses but by virus-like entities (such as GTAs) that contain cellular genome fragments and, 

as further speculation, that GTAs have a bias towards packaging cloud genes. For the 

currently verified GTAs, no packaging bias has been observed (as discussed above), and we 

would therefore expect cloud genes to appear in GTA particles at the frequency of their 

presence in a donor genome. Whether a GTA metagenome consists predominantly of cloud 

genes owing to post-release selection pressure or to other unknown biases, or whether the 

skewed gene distribution in viral metagenomes is due to technical biases, is a conundrum.

GTAs and the origins of eukaryotes

One important milestone of eukaryogenesis was the symbiosis of a proto-eukaryotic cell 

with an alphaproteobacterium to give rise to mitochondria. However, molecular analyses of 

eukaryotic genomes reveal that many nuclear genes have a complex ancestry and some have 

possible origins in a variety of bacterial and archaeal groups89,90. These puzzling discoveries 

led to an intriguing hypothesis91 based on suggestions that the GTA system in alpha-

proteobacteria is ancient28, and may therefore have been active at the time of this 

alphaproteobacterium– proto-eukaryote symbiosis, and is also capable of delivering 

alphaproteobacterial genes to a wide range of recipients45. Armed with these assumptions, it 

was speculated that rampant GTA transfer activities contributed to the complex evolutionary 

histories of nuclear genes91 because GTA-mediated transfer introduced alphaproteobacterial 

genes into a variety of hosts, including the proto-eukaryotic cell itself, both before and after 

the symbiosis. If the assumptions of this hypothesis hold true, ancient GTA-mediated 

transfers may make deciphering the order of events in past evolutionary phenomena, such as 

eukaryogenesis, even more daunting.

Concluding remarks

Gene transfer between cells is a powerful evolutionary force. One interesting mode of gene 

transfer is carried out by GTAs, which are phage-like elements that package small segments 

of the genome of a GTA-producing cell and transmit these genes throughout the 

environment. For at least one GTA, there is compelling evidence that the production of the 

GTA is a specifically maintained and controlled cellular function. GTAs could also be a 

previously unrecognized important component of the global viral community.

Much remains to be elucidated about even the best understood GTAs. For RcGTA of R. 
capsulatus, several regulatory genes and induction signals remain unknown; it is not clear 

whether we have identified all of the genes that are needed to assemble the complete 

particle; the nature of attachment to a recipient cell is a mystery; the genuine host range, 

restriction barriers aside, is unclear; although plausible evolutionary pathways and forces 

have been suggested, much about this is conjecture; and we have no clear idea how abundant 

RcGTA-like particles are in natural environments. These questions also apply to other GTAs, 

and we look forward to exciting discoveries in the field of GTA research in the near future.
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Figure 1. Comparison of gene transfer agent and transducing phage production
a | The genes encoding the gene transfer agent (GTA) particles are located on the host 

chromosome, and their expression leads to the production of GTA particles (black). GTA 

genes have never been found to excise from the genome as part of GTA production. Random 

DNA segments from the producing cell are packaged in the particles (blue particle heads), 

and only the occasional particle contains GTA genes (red particle head). For all genetically 

characterized GTAs, the amount of DNA packaged is insufficient to encode the phage-like 

structure (as indicated by the small heads). It is presumed that GTAs require lysis (dashed 

line) for release from cells. b | In the production of transducing phages, phage or prophage 

genes within the host genome are expressed, resulting in the production of phage particles 

(black) and replication of the phage genome (not shown). Packaging of the complete phage 

genome then occurs (orange phage heads), with occasional packaging of non-phage DNA 

(blue phage head). Note that this is an over simplification and some transducing phage 

particles can contain both phage and cellular genomic DNA. Tailed phage structures require 

lysis to be released from cells.
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Figure 2. Electron micrographs of gene transfer agent particles
The estimated sizes of the particles are given in TABLE 1. a | Rhodobacter capsulatus gene 

transfer agents (RcGTAs)30. b | Dd1 particles from Desulfovibrio desulfuricans48. c | Virus 

of Serpulina hyodysenteriae (VSH 1) particles in Brachyspira hyodysenteriae50. d | A voltae 

transfer agent (VTA) particle in Methanococcus voltae67. Parts a,c and d are reproduced, 

with permission, from (respectively) REF. 30 © (1979) Elsevier; REF. 50 © (1997) 

American Society for Microbiology; and REF. 67© (1999) Society for General 

Microbiology. Part b is modified, with permission, from REF. 48 © (1987) US National 

Academy of Sciences.
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Figure 3. Gene transfer agent-encoding gene clusters
The general organizations of genes encoding the two characterized gene transfer agents 

(GTAs). Encoded protein functions are indicated above, according to the literature28,32,57 

and our own analyses (A.S.L., unpublished observations), and ORF locus tags are indicated 

below. GTA encoding regions are in blue, and non-GTA-encoding regions are in green. 

Genes that have not yet been verified as having a role in GTA production are shown in 

white57. Arrows indicate the direction of transcription. a | The Rhodobacter capsulatus GTA 

(RcGTA) gene cluster in R. capsulatus. The archetypal RcGTA ORFs are labelled 1–15 

(REF. 37). b | The virus of Serpulina hyodysenteriae (VSH 1) gene cluster in Brachyspira 
hyodysenteriae. McpB, methyl-accepting chemotaxis protein.

Lang et al. Page 22

Nat Rev Microbiol. Author manuscript; available in PMC 2013 April 15.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



Figure 4. Distribution of gene transfer agent genes in alphaproteobacteria and spirochaetes
a | The presence of gene transfer agent (GTA) genes within the alphaproteo-bacterial orders 

is shown. The number of genomes with a complete set of the archetypal 15 genes (orange), 

with at least one homologue of any of these 15 genes (blue) or lacking any detectable 

homologues (white) is indicated. We cannot exclude the possibility that, in genomes with 

only a few GTA gene homologues, the genes represent true prophages and not GTA genes. 

However, in several closely examined genomes, the evidence is in favour of true GTA gene 

homologues28,43. The BLASTP (protein basic local alignment search tool) similarity 

searches were carried out on 146 alphaproteobacterial genomes listed as complete in the 

GenBank database in October 2011, using Rhodobacter capsulatus GTA (RcGTA) ORFs 1–

15 (see FIG. 3) as queries and retaining matches with E values of <10−4. The phylogenetic 

relationships between orders are based on previous analysis of alphaproteobacteria75. b | The 

distribution of virus of Serpulina hyodysenteriae (VSH 1) genes within the order 

Spirochaetales is represented on a phylogenetic tree. VSH 1 is produced by Brachyspira 
hyodysenteriae (orange). Homologues of the genes encoding VSH 1 are found only within 

other members of the Brachyspira genus (blue), but the organization of these genes is not 

syntenic to that in B. hyodysenteriae62. White indicates genera in the order that do not 

contain known VSH 1 gene homologues. This simplified tree is based on a 16S ribosomal 

RNA gene phylogeny of strains with completed genome sequences, rooted with sequences 
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from alpha-proteobacteria. The number of complete genome sequences within each genus 

available for analysis is indicated.
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Figure 5. Evidence of purifying selection in selected gene transfer agent genes in the 
Rhodobacterales order of the class Alphaproteobacteria
The ratio of non synonymous to synonymous (dN/dS, or ω) codon substitution rates can be 

used as an indication of the selective pressure acting on a protein-coding gene. If a gene (or 

gene segment) is under purifying selection, non-synonymous mutations (that is, mutations 

resulting in a change of the encoded amino acid) will be selected against, resulting in ω < 1. 

In neutrally evolving proteins, synonymous and non-synonymous mutations will be fixed at 

approximately the same rate, resulting in ω = 1. Because different regions of a protein-

coding gene may be under different selective constraints, codons can be divided into two 

categories: those with ω < 1 (yellow; the estimated ω is indicated on the bar) and those with 

ω fixed to 1 (green); the estimated proportion of codons in each category is given on the 

horizontal axis. Using this model (known as the M1a model122), we estimated ω values for 

15 GTA genes in members of the order Rhodobacterales (on the basis of alignments of 

homologues in 48 completed and draft genomes). The majority of the codons in all GTA 

genes are under purifying selection (only some genes are shown; ORF numbers are as given 

in FIG. 3). The M1a model fits significantly better than either a model with ω fixed to 1 

across all codons or a model (M0) in which all codons have the same ω value (data not 

shown). Predictions for the housekeeping genes rpoB (encoding DNA-dependent RNA 

polymerase subunit-β) and recA (encoding DNA recombinase A), which are expected to be 

under strong purifying selection, are shown for comparison.
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