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Genes with homology to the transduction-like gene transfer agent (GTA) were observed in genome sequences
of three cultured members of the marine Roseobacter clade. A broader search for homologs for this host-
controlled virus-like gene transfer system identified likely GTA systems in cultured Alphaproteobacteria, and
particularly in marine bacterioplankton representatives. Expression of GTA genes and extracellular release of
GTA particles (�50 to 70 nm) was demonstrated experimentally for the Roseobacter clade member Silicibacter
pomeroyi DSS-3, and intraspecific gene transfer was documented. GTA homologs are surprisingly infrequent
in marine metagenomic sequence data, however, and the role of this lateral gene transfer mechanism in ocean
bacterioplankton communities remains unclear.

Genome-wide comparisons among marine bacterioplank-
ton suggest that taxa such as Roseobacter and Vibrio have
diverse metabolic capabilities supported by large and adapt-
able genomes, while “passive oligotrophs,” like Prochloro-
coccus and Pelagibacter, have small but optimized genomes
that potentially make them less adaptable (25). Lateral gene
transfer via conjugation, transduction, and transformation
can confer plasticity on bacterial genomes, but some gene
exchange mechanisms are less available to marine bacterio-
plankton. For example, free DNA is found in low concen-
tration in the pelagic ocean (0.6 to 88 �g liter�1) (14),
possibly too dilute for frequent transformation. Further,
numerically dominant bacteria, such as Prochlorococcus and
Pelagibacter, lack apparent plasmids and transposons (5, 7),
making conjugation an unlikely mechanism of genetic trans-
fer. Transduction, on the other hand, is a mechanism of
genetic exchange that may be ecologically relevant in the
ocean (11), as free viruses are relatively abundant in seawa-
ter (1, 26) and integrated prophages are evident in bacterial
genomes (3, 12, 13, 34).

A novel mode of lateral gene transfer was discovered over
3 decades ago in Rhodobacter capsulatus (basonym, Rhodo-
pseudomonas capsulata) that appeared similar to virus-me-
diated generalized transduction, yet the transducing agent
was not a typical bacteriophage (21). This gene transfer
agent (GTA) particle was lighter than any known phage
(based on sedimentation), was smaller than most phages
with similar morphology, was not inducible by mitomycin C,
and did not form plaques (21, 31). Most importantly, GTA
particles contained small, random pieces of host DNA

rather than a phage genome (39), suggesting that their pri-
mary activity was lateral exchange of host DNA. Genetic
evaluation of the R. capsulatus genes involved in making
GTA particles revealed a cluster of 15 genes (designated
orfg1 to orfg15) (16–18, 20), including homologs of phage
structural genes (capsid, tail, portal, and DNA packaging)
but not of self-replication or host lysis genes (e.g., holin).

The discovery of GTA-like genes in the genomes of three
members of the marine Roseobacter clade (23), as well as other
members of the Alphaproteobacteria (17), motivated a search
for orthologous genes in newly available genome sequences,
particularly those from marine bacterioplankton. In this study,
we describe the abundance of R. capsulatus-like GTA genes in
sequenced bacterial genomes, provide evidence for a func-
tional GTA system in the cultured marine bacterioplankter
Silicibacter pomeroyi DSS-3, and quantify GTA-like genes in
natural marine bacterioplankton communities represented in
metagenomic data sets.

MATERIALS AND METHODS

Identification of R. capsulatus-like GTA orthologs. Amino acid sequences of
R. capsulatus GTA genes (GenBank accession number AF181080) were used
in BLASTp searches (E value � 10�4) against complete and draft bacterial
and archaeal genomes, and potential orthologs were compiled in BioEdit and
aligned with ClustalW (35). A neighbor-joining tree was constructed by align-
ing concatenated sequences for orfg3, orfg5, and orfg12 in MEGA (version
3.1) (15) using a percent accepted mutation matrix-weighting model, 100
bootstrap replications, and pairwise deletion correction for gaps. The phylo-
genetic trees were used to identify sequences evolutionarily related to the
experimentally verified R. capsulatus GTA genes.

Amino acid sequences for all 15 GTA genes (R. capsulatus; AF181080) and
for 6 single-copy bacterial genes (recA, atpD, gyrB, dnaK, rpoB, and tufA of
Escherichia coli K-12; NC_000913) were used to BLAST against unassembled
Global Ocean Sampling (GOS) metagenome sequences (E values � 10�20 for
GTA and single-copy genes) through the Community Cyberinfrastructure for
Advanced Microbial Ecology Research and Analysis webpage (http://camera
.calit2.net/) (29). The numbers of hits for all genes were normalized for gene
size (relative to recA, 1,062 bp), and the numbers of size-normalized hits for
each single-copy gene were averaged per site. The percentage of cells con-
taining GTA genes was then calculated as follows: (number of size-normal-
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FIG. 1. Phylogenetic tree of concatenated amino acid sequences of orfg3 (portal protein), orfg5 (capsid protein), and orfg12 (unknown protein)
homologs constructed with the neighbor-joining algorithm and percent accepted mutation correction for genomic data available as of 1 December 2007.
Accession numbers for each concatenated gene are listed in parentheses; the numbers within squares indicate the numbers of R. capsulatus-like GTA
genes contained within the genome (15 possible); the filled circles indicate marine bacteria, open stars indicate that gene neighborhoods are shown in
Fig. 2, checkmarks indicate organisms for which GTA activity has been experimentally verified, and boldface text indicates members of the Roseobacter
clade. Bootstrap values of �50% are indicated on the nodes. Two nonmarine Rhizobiales, Brucella melitensis 16 M and Brucella suis 1330, contain
GTA-like genes but are omitted from this tree because they lack one of the three concatenated homologs (orfg5 and orfg3, respectively).
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ized GTA hits/average number of size-normalized single-copy gene hits) �
100.

Transmission electron microscopy of S. pomeroyi GTA particles. Bacterial
cells were removed from a dense S. pomeroyi DSS-3 culture (Marine Broth
2216; Difco) by centrifugation (8,000 � g; 10 min). GTA was pelleted from
the medium (35,000 � g; 20 min), and the pellet was resuspended in SM
buffer (10 mM NaCl, 50 mM Tris, 10 mM MgSO4, and 0.1% gelatin). One
drop of GTA suspension was placed on a carbon-coated grid and, after 10
min, stained for 30 seconds with phosphotungstic acid. The S. pomeroyi GTA
particles were then visualized on a Philips/FEI Technai 20 (FEI Co., Eind-
hoven, The Netherlands).

Enumerating S. pomeroyi GTA particles. To assess the temporal patterns of
GTA particle formation, we enumerated GTA particles in S. pomeroyi cultures
using the Sybr gold stain. While GTA particles contain only a few kilobases of
DNA (less than a typical phage genome), Sybr gold proved sufficiently sensitive
for counting in culture medium. We set up experiments by growing S. pomeroyi
DSS-3 cells in 250 ml Marine Broth 2216 at 25°C for 14 days with shaking (200
rpm). Aliquots were prepared for GTA particle enumeration by adding 950 �l of
TM buffer (10 mM Tris, 5 mM MgCl, pH 7.5) to 50 �l of paraformaldehyde-fixed

culture, filtering the mixture through a 0.2-�m-pore-size cellulose membrane
(Gelman), treating the filtrate with DNase I (0.2 U ml�1) and RNase A (10 �g
ml�1) for 1 hour at room temperature, and then filtering the particles onto
0.02-�m-pore-size Al2O3 Anodisc membrane filters (Whatman). To monitor
host cell density variation during the incubation, 1 to 50 �l of fixed sample was
brought up to a final volume of 1 ml with TE buffer (10 mM Tris, 1 mM EDTA,
pH 7.4) and filtered onto a 0.22-�m-pore-size black polycarbonate filter
(Osmonics). Duplicate filters from each culture were stained with 1� Sybr gold
(Molecular Probes, Inc.). Because Sybr gold intercalates into single- or double-
stranded DNA or RNA, it distinguishes nucleic acid-containing particles and
cells from membrane vesicles (30) and other lipid- or protein-containing parti-
cles. Cells and GTA particles were visualized with epifluorescence microscopy
under blue excitation (485 nm) on a Zeiss Axioplan epifluorescence microscope
(Zeiss). At least 200 bacterial cells or GTA particles were counted per sample on
20 randomly chosen fields.

GTA gene expression. S. pomeroyi DSS-3 cultures were incubated in the dark
at 30°C with shaking (200 rpm) until they reached stationary phase (1/2 YTSS
medium [2.5 g yeast extract, 4 g tryptone, 20 g Sigma sea salts per liter]). Aliquots
were periodically collected for RNA extraction and immediately mixed with 1/10

FIG. 2. Gene neighborhoods of R. capsulatus-like GTA genes in R. capsulatus and one representative bacterium from each clade shown in Fig.
1. The checkmarks indicate organisms for which GTA activity has been experimentally verified. The numbers within the arrows indicate R.
capsulatus-like GTA gene homologs as defined by BLASTp matches having E values of 10�4 or lower. The R. capsulatus gene orientation and order
were taken from Lang et al. (20). Complete genome sequences are available at NCBI (http://www.ncbi.nlm.nih.gov).

FIG. 3. Transmission electron micrograph of GTA-like particles filtered from S. pomeroyi DSS-3 cultures. The long filamentous structures are
most likely flagellar filaments (8). Bars � 50 nm.
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(vol/vol) cold stop solution (95% ethanol, 5% phenol). After centrifugation, the
pellet was stored at �80°C until RNA extraction (RNaqueous kit; Ambion) and
subsequent DNA removal (Turbo DNA-free; Ambion). We designed primers
SPg3f (GCTATGAGACGCACCCGATG) and SPg3r (AACAGCAGTTGCCC
GAACAG) with online software (Primer3 [http://frodo.wi.mit.edu/cgi-bin
/primer3/primer3_www.cgi]) to amplify a 97-bp product from the S. pomeroyi
portal protein orfg3 (SPO2264; YP_167489). Primer SPg3r was used for reverse
transcription (Omniscript; Qiagen).

Quantitative PCR was performed in 25-�l reaction mixtures in a 96-well
plate using 1 �l cDNA, 300 nM (final concentration) of each primer, and 12.5
�l iQ Sybr green Supermix (Bio-Rad). Samples were run in duplicate on an
iCycler (Bio-Rad) with the following conditions: 3 min at 95°C and 40 cycles
of 95°C for 30 s and 60°C for 30 s, followed by melting-curve analysis. A
duplicate eight-point standard curve was run in parallel using cloned PCR
products from the same strain (Topo TA cloning kit; Invitrogen). The cloned
plasmids were extracted with a GenElute Plasmid Mini Prep kit (Sigma),
linearized using HindIII (Roche), and quantified (NanoDrop). Tenfold dilu-
tions of linearized plasmid were used for the standard curve. The initial

transcript copy number for each reaction was calculated by using 660 g mol�1

as the average molecular mass of 1 base pair.
Gene transfer experiments. Two spontaneous S. pomeroyi antibiotic-resistant

mutants (Rifr
75, with rifampin resistance of �75 �g ml�1; Strepr

50, with strep-
tomycin resistance of �50 �g ml�1) were generated and incubated individually
and in mixed culture in liquid medium (1/2 YTSS medium) for 8 days in the dark
at 30°C without shaking. Every 24 h, aliquots were removed and plated on 1/2
YTSS amended with rifampin alone (75 �g ml�1), streptomycin alone (50 �g
ml�1), and both rifampin and streptomycin. Colony numbers on agar plates
containing both antibiotics were compared for mutants grown individually versus
in mixed cultures to estimate the rates of lateral gene transfer, after subtraction
of any spontaneous double mutants.

To assess the requirement for cell-to-cell contact, wild-type (WT) S. pomeroyi
DSS-3 and a kanamycin-resistant strain (Kanr

150, with kanamycin resistance of
�150 �g ml�1) (isolate 41-H6 [9]) were grown in 1/2 YTSS medium with shaking
at 200 rpm for 5 days at 30°C. The cultures were centrifuged (4,500 � g; 10 min),
and the supernatant was filtered twice (0.22-�m-pore-size polycarbonate mem-
brane filter) to remove bacterial cells. The filtrate from WT or Kanr

150 cells was

A

B

FIG. 4. Production of GTA particles in S. pomeroyi DSS-3 cultures. (A) Detection of GTA production by epifluorescence microscopy.
(B) Expression of an S. pomeroyi DSS-3 GTA gene (orfg3; portal) (n � 4 	 standard deviation [SD]) as a function of the cell number (n � 2 	
SD). The dotted line indicates the transition between log growth phase and stationary phase.
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added to WT cells (collected by centrifugation at 4,500 � g for 10 min) or to
culture medium without any cells. The cultures were shaken at 200 rpm in the
dark at 30°C for 1 h before an aliquot was plated on Marine Broth 2216 plates
amended with 150 �g ml�1 kanamycin.

RESULTS AND DISCUSSION

R. capsulatus-like GTA genes in cultured bacteria. Organisms
meeting the following criteria were classified as positive for GTA
genes: possession of homologs to at least 8 of the 15 R. capsulatus-
like GTA structural genes, colocalization of GTA-like genes in
the genome, and conservation of GTA gene order and transcript
orientation. Similar to recent findings (19), GTA-like genes were
found exclusively in members of the Alphaproteobacteria (Fig. 1).
Fifty-five of 102 sequenced Alphaproteobacteria genomes (54%)
contained GTA-like genes (Fig. 1 and 2), including members of
the Rhodobacterales, Caulobacterales, Parvularculales, Rhodospiril-
lales, Rhizobiales, and Sphingomonadales. Marine bacteria ac-
count for the majority of bacteria with complete or nearly com-
plete suites of R. capsulatus-like GTA genes (34 of 55; 62%), even
though marine bacteria make up only 34% of available alphapro-
teobacterial genome sequences (http://img.jgi.doe.gov/cgi-bin/pub
/main.cgi).

All but 1 of the 22 available genome sequences in the marine
Roseobacter clade have a GTA-like gene cluster (Fig. 1), with
the draft genome sequence of Rhodobacterales bacterium
HTCC2255 the only exception. Further, GTA genes are among
the core genes previously identified for the Roseobacter clade
(SPO2250 to SPO2266) (supplemental file 3 from reference
23). In contrast, GTA-like genes are not harbored by Pelagi-
bacter ubique HTCC1062 and HTCC1002, cultured members
of the ecologically dominant marine alphaproteobacterial
SAR11 clade, nor are they found in other nonmarine members
of the Rickettsiales based on our three criteria (however, see
reference 17). GTA transduction, if similar to viral transduc-
tion, is likely to be most efficient for bacteria associated with
particle surfaces, biofilms, and other high-cell-density habitats
(28, 36, 38), which is typical of many marine roseobacters (2)
but not of P. ubique. Further, the 15 genes required for assem-
bling and releasing GTA particles may be ecologically costly
for an organism such as P. ubique, whose small genome (1.3
Mb) is thought to represent the minimal set of genes necessary
for survival in the ocean (7). The fact that one sequenced
Roseobacter isolate does not contain any of the 15 GTA genes
(Rhodobacterales bacterium HTCC2255) may simply reflect
the incomplete sequencing of this genome. However, the con-
ditions of isolation (4), along with its small genome size (�2.3
Mb) and poor growth under laboratory conditions, suggest that
HTCC2255 may represent an oligotrophic member of the
Roseobacter group for which GTA genes are not typical.

GTA-like systems have been identified in two other bacteria,
but they do not appear homologous to the R. capsulatus sys-
tem. Brachyspira hyodysenteriae (phylum Spirochaetes) pro-
duces GTA-like particles called VSH-1 (10, 22, 33), but the
genes encoding VSH-1 are not R. capsulatus GTA homologs
(22). Similarly, GTA-like particles described in Desulfovibrio
desulfuricans (27) (class Deltaproteobacteria) are not homolo-
gous to R. capsulatus GTA genes.

S. pomeroyi produces GTA particles. Since GTA genes are
nearly ubiquitous within Roseobacter clade members, we chose

S. pomeroyi DSS-3 for our experimental studies. S. pomeroyi
contains 13 out of 15 R. capsulatus GTA genes yet lacks any
integrated prophages that could complicate the interpretation
of experimental results.

S. pomeroyi produces GTA particles that are small (�50 to
70 nm), similar to R. capsulatus GTA particles (39) (Fig. 3).
Unlike R. capsulatus GTA particles, however, S. pomeroyi
GTA particles do not appear to have tails. In active culture, the
GTA particles were �2 orders of magnitude less abundant
than S. pomeroyi cells, but particle abundance was correlated
with cell numbers (Fig. 4A). In contrast, R. capsulatus GTA
particle production occurs primarily during the transition be-
tween log and stationary phases (32).

S. pomeroyi expressed the orfg3 homolog throughout incu-
bation, with the highest expression per cell occurring during
early log growth and the lowest during late log growth (Fig.
4B). In contrast to previous work with R. capsulatus (32), high
cell densities are not required for GTA gene expression in S.
pomeroyi.

FIG. 5. Transfer of genetic markers between mutant strains of S.
pomeroyi DSS-3. (A) Cultures of DSS-3 spontaneous mutants (Rifr or
Strepr) were grown together or individually and plated on double-antibi-
otic plates. CFU of double mutants when grown together (Rifr � Strepr;
replicates 1 and 2) provide an estimate of GTA-mediated gene transfer,
since spontaneous double mutants in individually grown cultures (Rifr or
Strepr) occur at very low numbers. (B) CFU from Kanr

150 S. pomeroyi
DSS-3 filtrate incubated with WT cells provide evidence for GTA activity.
The values are averages (n � 2 plus standard deviation).
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Evidence of GTA-mediated gene transfer in S. pomeroyi
DSS-3. GTA activity is expected to mediate the transfer of
small, random fragments of the host genome to other (conspe-
cific) cells (21, 32). We tested this by growing two S. pomeroyi
mutants together, each with resistance to a different antibiotic
(Rifr

75 and Strepr
50), and then assaying for the appearance of

double mutants. After 8 days, doubly resistant S. pomeroyi cells
reached �12,000 CFU ml�1 in mixed cultures but only �10
CFU ml�1 in the individual mutant controls (Fig. 5A). Simi-
larly, resistant colonies were evident on plates containing kana-
mycin after WT cells were grown in the presence of Kanr

150

filtrate, confirming that filtrate alone is sufficient for the trans-
fer of kanamycin resistance and cell-to-cell contact is not re-
quired (Fig. 5B). A similar filterable particle conferring genetic
transfer was originally found in R. capsulatus (21, 31, 32), and
a previous study documented that free DNA (outside the pro-
tection of a GTA capsule) was not effective in transfer (21).

Interrogation of the GOS metagenome for GTA homologs.
To determine whether GTA systems are similarly common
among uncultured members of marine alphaproteobacterial
groups, we searched the GOS metagenomic data (29) for GTA
homologs. Very few bacteria (�0.2% average abundance
across the 15 homologs) in surface waters from sites classified
as estuarine (n � 3), coastal (n � 18), or open ocean (n � 14)
contained GTA gene homologs (Fig. 6). Some of these appar-
ent GTA genes are likely to be paralogous viral genes, since

the gene neighborhood and gene order criteria used to identify
GTA-like genes in cultured bacteria could not be applied here.
Therefore, 0.2% is likely an overestimation of GTA abundance
in marine surface ocean bacteria.

Ecological implications. Roseobacters and other alphapro-
teobacterial taxa (marine Sphingomonadales and marine Rhi-
zobiales) (Fig. 1) that contain GTA together make up a signif-
icant proportion of marine bacterioplankton communities (2,
24). Thus, GTA-mediated gene transfer has the potential to be
a major mechanism for gene flow and lineage adaptation in the
ocean. However, the low abundance of GTA genes in the
surface ocean metagenomic data could indicate that most cul-
tured strains of marine alphaproteobacteria that carry GTA
genes are not typical of their uncultured relatives, perhaps
because selection for high-density growth on solid media, used
in most culturing protocols, also preferentially selects for cells
with GTA. Rhodobacterales bacterium HTCC2255, the only
sequenced Roseobacter without GTA homologs, was isolated
from seawater by dilution to extinction, not on solid plates (4).
Alternatively, the bias against larger bacterioplankton cells
during GOS sampling (most sequences are from the 0.1- to
0.8-�m size fraction) (29), may select against larger and aggre-
gate-associated cells that are more likely to harbor GTA ho-
mologs. In a single hypersaline habitat included in the GOS
survey that had a significant signal of GTA-containing taxa
(i.e., 15% of 16S rRNA genes from this site were Rhodobacte-

FIG. 6. Presence of GTA genes in the GOS metagenomic library (29) calculated as percentages of cells carrying homologs for each of the 15
GTAs. The dark-gray bars represent “diagnostic genes” (i.e., genes present in �90% of GTA-containing organisms as listed in Fig. 1). The
light-gray bars represent “nondiagnostic genes” (i.e., those less common in GTA-containing organisms). The mean abundances across all 15
homologs are given in parentheses.
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rales, Sphingomonadales, Caulobacterales, Parvularculales, Rhi-
zobiales, or Rhodospirillales), we estimated that up to 4% of the
cells harbored GTA genes (mean abundance across the 15
homologs) (Fig. 6).

It has been suggested that GTA evolved from a prophage that
was present before the divergence of Proteobacteria (19). Since
viral transduction is important for the homogenization of genes
within host populations (6), GTA activity may similarly facilitate
gene homogenization among bacteria, particularly since GTA
particles contain only host genome (21, 39). The extent to which
GTAs can operate across taxonomic boundaries is not yet clear,
however, as this and previous studies (21, 32, 37) have demon-
strated enhanced gene transfer only between strains of the same
species. While the importance of GTA activity in the ocean re-
mains to be determined, it could provide a mechanism for main-
taining adaptable genomes with diverse metabolic capabilities in
marine alphaproteobacterial taxa.

ACKNOWLEDGMENTS

We thank C. Reisch, J. Morgan, and S. Sun for experimental assis-
tance; J. Fuhrman, C. Suttle, F. Rohwer, and E. Howard for helpful
discussions; and J. Shields and J. Wu for advice on preparing trans-
mission electron micrographs.

This research was supported by grants from the Gordon and Betty
Moore Foundation and the National Science Foundation (MCB-
0702125 to M.A.M.; MCB-0446001 to R.B.; and MCB-0132070, MCB-
0238515, and MCB-0537041 to F.C.).

REFERENCES

1. Bergh, O., K. Y. Borsheim, G. Bratbak, and M. Heldal. 1989. High abun-
dance of viruses found in aquatic environments. Nature 340:467–468.

2. Buchan, A., J. M. Gonzalez, and M. A. Moran. 2005. Overview of the marine
Roseobacter lineage. Appl. Environ. Microbiol. 71:5665–5677.

3. Chen, F., K. Wang, J. Stewart, and R. Belas. 2006. Induction of multiple
prophages from a marine bacterium: a genomic approach. Appl. Environ.
Microbiol. 72:4995–5001.

4. Connon, S. A., and S. J. Giovannoni. 2002. High-throughput methods for
culturing microorganisms in very-low-nutrient media yield diverse new ma-
rine isolates. Appl. Environ. Microbiol. 68:3878–3885.

5. Dufresne, A., M. Salanoubat, F. Partensky, F. Artiguenave, I. M. Axmann, V.
Barbe, S. Duprat, M. Y. Galperin, E. V. Koonin, F. Le Gall, K. S. Makarova,
M. Ostrowski, S. Oztas, C. Robert, I. B. Rogozin, D. J. Scanlan, N. T. de
Marsac, J. Weissenbach, P. Wincker, Y. I. Wolf, and W. R. Hess. 2003.
Genome sequence of the cyanobacterium Prochlorococcus marinus SS120, a
nearly minimal oxyphototrophic genome. Proc. Natl. Acad. Sci. USA 100:
10020–10025.

6. Fuhrman, J. A. 1999. Marine viruses and their biogeochemical and ecolog-
ical effects. Nature 399:541–548.

7. Giovannoni, S. J., H. J. Tripp, S. Givan, M. Podar, K. L. Vergin, D. Baptista,
L. Bibbs, J. Eads, T. H. Richardson, M. Noordewier, M. S. Rappe, J. M.
Short, J. C. Carrington, and E. J. Mathur. 2005. Genome streamlining in a
cosmopolitan oceanic bacterium. Science 309:1242–1245.

8. Gonzalez, J. M., J. S. Covert, W. B. Whitman, J. R. Henriksen, F. Mayer, B.
Scharf, R. Schmitt, A. Buchan, J. A. Fuhrman, R. P. Kiene, and M. A.
Moran. 2003. Silicibacter pomeroyi sp. nov. and Roseovarius nubinhibens sp.
nov., dimethylsulfoniopropionate-demethylating bacteria from marine envi-
ronments. Int. J. Syst. Evol. Microbiol. 53:1261–1269.

9. Howard, E. C., J. R. Henriksen, A. Buchan, C. R. Reisch, H. Buergmann, R.
Welsh, W. Y. Ye, J. M. Gonzalez, K. Mace, S. B. Joye, R. P. Kiene, W. B.
Whitman, and M. A. Moran. 2006. Bacterial taxa that limit sulfur flux from
the ocean. Science 314:649–652.

10. Humphrey, S. B., T. B. Stanton, N. S. Jensen, and R. L. Zuerner. 1997.
Purification and characterization of VSH-1, a generalized transducing bac-
teriophage of Serpulina hyodysenteriae. J. Bacteriol. 179:323–329.

11. Jiang, S. C., and J. H. Paul. 1998. Gene transfer by transduction in the
marine environment. Appl. Environ. Microbiol. 64:2780–2787.

12. Jiang, S. C., and J. H. Paul. 1996. Occurrence of lysogenic bacteria in marine
microbial communities as determined by prophage induction. Mar. Ecol.
Prog. Ser. 142:27–38.

13. Jiang, S. C., and J. H. Paul. 1998. Significance of lysogeny in the marine
environment: studies with isolates and a model of lysogenic phage produc-
tion. Microb. Ecol. 35:235–243.

14. Karl, D. M., and M. D. Bailiff. 1989. The measurement and distribution of
dissolved nucleic-acids in aquatic environments. Limnol. Oceanogr. 34:543–558.

15. Kumar, S., K. Tamura, and M. Nei. 2004. MEGA3: integrated software for
molecular evolutionary genetics analysis and sequence alignment. Brief.
Bioinform. 5:150–163.

16. Lang, A. S., and J. T. Beatty. 2002. A bacterial signal transduction system
controls genetic exchange and motility. J. Bacteriol. 184:913–918.

17. Lang, A. S., and J. T. Beatty. 2001. The gene transfer agent of Rhodobacter
capsulatus and “constitutive transduction” in prokaryotes. Arch. Microbiol.
175:241–249.

18. Lang, A. S., and J. T. Beatty. 2000. Genetic analysis of a bacterial genetic
exchange element: the gene transfer agent of Rhodobacter capsulatus. Proc.
Natl. Acad. Sci. USA 97:859–864.

19. Lang, A. S., and J. T. Beatty. 2007. Importance of widespread gene transfer
agent genes in 
-proteobacteria. Trends Microbiol. 15:54–62.

20. Lang, A. S., T. A. Taylor, and J. T. Beatty. 2002. Evolutionary implications of
phylogenetic analyses of the gene transfer agent (GTA) of Rhodobacter
capsulatus. J. Mol. Evol. 55:534–543.

21. Marrs, B. 1974. Genetic recombination in Rhodopseudomonas capsulata.
Proc. Natl. Acad. Sci. USA 71:971–973.

22. Matson, E. G., M. G. Thompson, S. B. Humphrey, R. L. Zuerner, and T. B.
Stanton. 2005. Identification of genes of VSH-1, a prophage-like gene trans-
fer agent of Brachyspira hyodysentetiae. J. Bacteriol. 187:5885–5892.

23. Moran, M. A., R. Belas, M. A. Schell, J. M. Gonzalez, F. Sun, S. Sun, B. J.
Binder, J. Edmonds, W. Ye, B. Orcutt, E. C. Howard, C. Meile, W. Palefsky,
A. Goesmann, Q. Ren, I. Paulsen, L. E. Ulrich, L. S. Thompson, E. Saunders,
and A. Buchan. 2007. Ecological genomics of marine roseobacters. Appl.
Environ. Microbiol. 73:4559–4569.

24. Moran, M. A., A. Buchan, J. M. Gonzalez, J. F. Heidelberg, W. B. Whitman,
R. P. Kiene, J. R. Henriksen, G. M. King, R. Belas, C. Fuqua, L. Brinkac, M.
Lewis, S. Johri, B. Weaver, G. Pai, J. A. Eisen, E. Rahe, W. M. Sheldon, W. Y.
Ye, T. R. Miller, J. Carlton, D. A. Rasko, I. T. Paulsen, Q. H. Ren, S. C.
Daugherty, R. T. Deboy, R. J. Dodson, A. S. Durkin, R. Madupu, W. C.
Nelson, S. A. Sullivan, M. J. Rosovitz, D. H. Haft, J. Selengut, and N. Ward.
2004. Genome sequence of Silicibacter pomeroyi reveals adaptations to the
marine environment. Nature 432:910–913.

25. Polz, M. F., D. E. Hunt, S. P. Preheim, and D. M. Weinreich. 2006. Patterns
and mechanisms of genetic and phenotypic differentiation in marine mi-
crobes. Phil. Trans. R. Soc. B 361:2009–2021.

26. Proctor, L. M., and J. A. Fuhrman. 1990. Viral mortality of marine bacteria
and cyanobacteria. Nature 343:60–62.

27. Rapp, B. J., and J. D. Wall. 1987. Genetic transfer in Desulfovibrio desulfu-
ricans. Proc. Natl. Acad. Sci. USA 84:9128–9130.

28. Ripp, S., and R. V. Miller. 1995. Effects of suspended particulates on the
frequency of transduction among Pseudomonas aeruginosa in a freshwater
environment. Appl. Environ. Microbiol. 61:1214–1219.

29. Rusch, D. B., A. L. Halpern, G. Sutton, K. B. Heidelberg, S. Williamson, S.
Yooseph, D. Y. Wu, J. A. Eisen, J. M. Hoffman, K. Remington, K. Beeson, B.
Tran, H. Smith, H. Baden-Tillson, C. Stewart, J. Thorpe, J. Freeman, C.
Andrews-Pfannkoch, J. E. Venter, K. Li, S. Kravitz, J. F. Heidelberg, T.
Utterback, Y. H. Rogers, L. I. Falcon, V. Souza, G. Bonilla-Rosso, L. E.
Eguiarte, D. M. Karl, S. Sathyendranath, T. Platt, E. Bermingham, V.
Gallardo, G. Tamayo-Castillo, M. R. Ferrari, R. L. Strausberg, K. Nealson,
R. Friedman, M. Frazier, and J. C. Venter. 2007. The Sorcerer II Global
Ocean Sampling expedition: Northwest Atlantic through eastern tropical
Pacific. PloS Biol. 5:398–431.

30. Schooling, S. R., and T. J. Beveridge. 2006. Membrane vesicles: an over-
looked component of the matrices of biofilms. J. Bacteriol. 188:5945–5957.

31. Solioz, M., and B. Marrs. 1977. Gene transfer agent of Rhodopseudomonas
capsulata—purification and characterization of its nucleic acid. Arch. Bio-
chem. Biophys. 181:300–307.

32. Solioz, M., H. C. Yen, and B. Marrs. 1975. Release and uptake of gene
transfer agent by Rhodopseudomonas capsulata. J. Bacteriol. 123:651–657.

33. Stanton, T. B., M. G. Thompson, S. B. Humphrey, and R. L. Zuerner. 2003.
Detection of bacteriophage VSH-1 svp38 gene in Brachyspira spirochetes.
FEMS Microbiol. Lett. 224:225–229.

34. Sullivan, M. B., M. L. Coleman, P. Weigele, F. Rohwer, and S. W. Chisholm.
2005. Three Prochlorococcus cyanophage genomes: signature features and
ecological interpretations. PloS Biol. 3:790–806.

35. Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. Clustal-W—im-
proving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673–4680.

36. Vettori, C., G. Stotzky, M. Yoder, and E. Gallori. 1999. Interaction between
bacteriophage PBS1 and clay minerals and transduction of Bacillus subtilis by
clay-phage complexes. Environ. Microbiol. 1:347–355.

37. Wall, J. D., P. F. Weaver, and H. Gest. 1975. Gene transfer agents, bacte-
riophages, and bacteriocins of Rhodopseudomonas capsulata. Arch. Micro-
biol. 105:217–224.

38. Weinbauer, M. G. 2004. Ecology of prokaryotic viruses. FEMS Microbiol.
Rev. 28:127–181.

39. Yen, H. C., N. T. Hu, and B. L. Marrs. 1979. Characterization of the gene
transfer agent made by an over-producer mutant of Rhodopseudomonas
capsulata. J. Mol. Biol. 131:157–168.

VOL. 74, 2008 GTA GENES IN MARINE BACTERIOPLANKTON 2939


