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SUMMARY

Members of the Roseobacter clade are equipped with a tremendous
diversity of metabolic capabilities, which in part explains their
success in so many different marine habitats. Ideas on how this
diversity evolved and is maintained are reviewed, focusing on re-
cent evolutionary studies exploring the timing and mechanisms of
Roseobacter ecological diversification.

INTRODUCTION

The major clades of heterotrophic bacteria inhabiting surface
ocean waters were initially discovered with culture-indepen-

dent 16S rRNA gene surveys (1, 2) and found to include the alp-
haproteobacterial SAR11, Roseobacter, and SAR116 clades and the
gammaproteobacterial SAR86 clade, among others (1–3). Studies
over the next 2 decades revealed enormous genomic and physio-
logical diversity among these major clades, correlating with differ-
ences in genome size, gene repertoire, G�C content, ecological
strategy (free living, patch adapted, or eukaryote associated), and
trophic strategy (heterotrophy, photoheterotrophy, or autotro-
phy). Such diversity is relevant from an ecological perspective be-
cause it determines the roles of these bacterial lineages in oceanic
elemental cycles and their interactions with marine eukaryotes.
However, how this diversity evolved and is maintained in a well-
mixed seawater matrix has only begun to be addressed (4–8). In
efforts to understand the ecology of marine bacteria and predict
their responses in a changing ocean, the history and mechanisms
of genome change are crucial puzzle pieces. In this review, we
focus on the evolutionary processes underlying the ecological
roles of the marine Roseobacter clade.

The Roseobacter clade is found predominantly in marine envi-
ronments, representing up to 20% of bacterial cells in some
coastal ecosystems and 3 to 5% of bacterial cells in open ocean

surface waters (9). In addition to living freely in bulk seawater (10,
11), roseobacters are dominant members of the bacterial commu-
nities associated with phytoplankton (12–17), macroalgae (18,
19), and various marine animals (20–23). Both mutualistic (24,
25) and pathogenic (26–29) life-styles have been suggested. Clade
members are ubiquitous in temperate and polar oceans (30); the
latter include sea ice habitats, in which Roseobacter is a major
bacterial phylotype (31, 32). Roseobacters are also abundant in
coastal sediments (33), deep pelagic ocean (34), and deep-sea sed-
iments (35).

Since the publication of the first Roseobacter genome from Rue-
geria pomeroyi DSS-3 (formerly Silicibacter pomeroyi DSS-3) a de-
cade ago (36), numerous other Roseobacter genome sequencing
projects have been launched. To date, genomes of �50 isolates
and 4 uncultivated single cells have been sequenced. An important
lesson learned through genome analyses is that members of the
Roseobacter clade are equipped with a tremendous diversity of
metabolic capabilities and regulatory circuits (9, 25, 36–39),
which in part explains their success in a variety of marine habitats.
Ideas on how this diversity evolved and is maintained are re-
viewed, focusing on recent evolutionary studies yielding informa-
tion on the timing and mechanisms of ecological diversification.

WHAT DEFINES A ROSEOBACTER?

Members of the Roseobacter clade form a subgroup of the Rhodo-
bacterales that shares �89% identity of 16S rRNA gene sequences
(40). Most of the cultured members have large genomes, high
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G�C content (60% � 4%), and versatile metabolic capabilities.
An interesting exception is a cultured member branching at the
base of the Roseobacter phylogeny, strain HTCC2255, which has a
streamlined genome, low G�C content (37%), and a paucity of
genes for transcriptional regulation, motility, and cell-cell inter-
actions (41). A few uncultured Roseobacter single-cell amplified
genomes (SAGs), although evolutionarily divergent from the
basal HTCC2255 strain, also have streamlined genomes and low
G�C content (39% � 1%) (42).

Despite this broad genomic diversity, roseobacters comprise a
well-supported clade in the Alphaproteobacteria tree. The strong
evolutionary coherence of roseobacters originally discovered by
16S rRNA gene analysis (40) has been validated recently by apply-
ing phylogenomic approaches on concatenated protein data sets
consisting of conserved single-copy orthologous sequences (37,
43). Concern over potential systematic errors in the data set (for
example, due to the extreme differences in G�C content among
Alphaproteobacteria taxa) motivated the use of multiple models
and computational approaches, including a model correcting for
amino acid compositional bias (44), a model integrating hetero-
geneity in the amino acid replacement process across sites of a
protein alignment (45), a model accounting for variation of the
substitution rate at a site across time (46), and a gene partition
model considering heterogeneity among genes based on a gene
partition framework (47). These approaches all give strong sup-
port for a monophyletic clade of roseobacters, as does an analysis
of nearly 200 gene trees for orthologous gene families conserved in
Alphaproteobacteria (H. Luo, P. G. Foster, and M. A. Moran, un-
published data). Therefore, phylogenetic coherence, and not nec-
essarily conserved metabolic capabilities or phenotypic traits, de-
fines a roseobacter.

While the Roseobacter clade itself is strongly supported, the
within-group phylogeny based on the most commonly used ap-
proach of 16S rRNA gene analysis is not (40). One consequence of
this is that the current Roseobacter taxonomy is at odds with the
phylogeny (37, 41–43). For instance, the genera Ruegeria, Roseo-
bacter, Phaeobacter, and Oceanicola are clearly paraphyletic lin-
eages. This noncoherent assignment of scientific names can cause
confusion when interpreting the ecology and evolutionary biology
of the group.

ECOLOGICAL AND EVOLUTIONARY GENOMICS OF
CULTIVATED ROSEOBACTERS

Genome Content

Roseobacter genome content has been addressed in several reviews
and research papers (9, 37, 48, 49), and here we update the current
status by including �15 genome sequences that have recently be-
come publically available. Based on 105 single-copy genes that are
present in all the Roseobacter closed genome sequences (37), the
currently sequenced Roseobacter isolates have at least 91% cover-
age and a median of 100% coverage (42).

An unusual genetic capability characteristic of roseobacters is
the alphaproteobacterial gene transfer agent (GTA), first discov-
ered in Rhodobacter capsulatus (RcGTA) (50). The RcGTA con-
sists of 15 to 17 cotranscribed genes, some of which show homol-
ogy with phage genes (51). While phage particles package
complete phage genomes with occasional inclusion of host bacte-
rial DNA, GTA particles randomly package bacterial DNA only
(52). They have been shown to mediate high rates of gene transfer,

as much as 106-fold higher than estimated transformation and
transduction rates (53). Among marine bacterial lineages, the Ro-
seobacter clade is the only one to carry GTA genes, and our survey
of 52 cultured Roseobacter genomes showed that 46 of them
contain a complete or nearly complete set (Fig. 1). Three clade
members have been experimentally demonstrated to produce
RcGTA-like particles, including Ruegeria pomeroyi, Roseovarius
nubinhibens, and Ruegeria mobilis (53, 54). Diverse Roseobacter-
like GTA genes can be amplified from estuarine waters (161), yet
they are rarely observed in ocean metagenomes where amplifica-
tion is not employed, including the Global Ocean Sampling
(GOS) data set (54). Thus, the abundance and distribution of GTA
genes in marine ecosystems remain unclear, as does their role in
mediating lateral gene transfer (LGT) during Roseobacter evolu-
tion.

Members of the Roseobacter clade have a variety of mechanisms
for obtaining energy. In addition to heterotrophic energy acquisi-
tion through the oxidation of organic matter, genome analysis
indicates that some members are also capable of phototrophy.
Light utilization involving bacteriochlorophyll a synthesized by
aerobic anoxygenic phototrophic (AAP) roseobacters is found in
14 phylogenetically diverse strains (Fig. 1). Light utilization based
on proteorhodopsin is found only in the streamlined strain
HTCC2255 (Fig. 1), and that based on xanthorhodopsin is present
in three strains (Fig. 1). For all phototrophic roseobacters, genes
for carbon fixation are absent, and thus, these processes may pro-
duce energy but do not directly provide fixed carbon; there has
been speculation, however, of heightened anaplerotic pathways
fueled by light (55). Nonobligate chemolithotrophy is also a com-
mon signature in Roseobacter genomes. Twenty-four of the 52
strains have the form I version of carbon monoxide dehydroge-
nase (Fig. 1), and CO oxidation has been demonstrated experi-
mentally for several strains (36, 56). Thirty-six genomes carry the
sox genes that mediate the oxidation of sulfide or thiosulfate (57)
(Fig. 1) and may also provide a source of energy. Among the two
types of dissimilatory nitrate reductases (periplasmic napA and
cytoplasmic narG) and dissimilatory nitrite reductases (nirK and
nirS), about half of the 52 strains contain at least one of these genes
(Fig. 1). The taxonomic distribution of these chemolithotrophic
gene sets does not map coherently to species phylogeny, suggest-
ing that gain and loss of these traits have occurred multiple times
during Roseobacter evolution, consistent with the scenario that
roseobacters have continuously explored new ecological habitats.
A few of these ecologically relevant genetic traits, including com-
plete photosynthetic gene clusters (58), capabilities for produc-
tion of the antibiotic tropodithietic acid (TDA) (59, 60), and type
IV secretion systems (61), are found on plasmids, suggesting that
extrachromosomal DNA could be an important mechanism by
which genes useful for environmental adaptation are transferred
among roseobacters.

Genome Evolution

By using a likelihood-based ancestral genome content reconstruc-
tion method (62), gene families summarizing all protein-coding
genes in 39 Roseobacter genomes and 26 other genomes represent-
ing major lineages in the Alphaproteobacteria were mapped to
their ancestral nodes in the Alphaproteobacteria tree (41). In gen-
eral, early evolution in the Roseobacter clade was predicted to ex-
perience a net genome reduction from a large common ancestral
genome, followed by two episodes of genome innovation and ex-
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FIG 1 Survey of select genes and metabolic pathways in 52 Roseobacter isolate genomes. % complete, estimate of genome completeness; GTA, gene transfer agent;
AAP, aerobic anoxygenic photoheterotrophy; PR, proteorhodopsin; XR, xanthorhodopsin; nasA, assimilatory nitrate reductase; nirB, assimilatory nitrite
reductase; napA, periplasmic dissimilatory nitrate reductase; narG, dissimilatory nitrate reductase; nirS, dissimilatory nitrite reductase; nirK, dissimilatory nitrite
reductase; dmdA, dimethylsulfoniopropionate demethylase; soxB, sulfur oxidation gene; coxL type I, carbon monoxide oxidation; B7, biotin synthase; B1,
thiamine synthase; B12, cobalamin synthase; Type IV Sec, type IV secretion system. Colors indicate four major clades of isolate genomes. The phylogenetic tree
was constructed based on a concatenation of �50 single-copy conserved protein sequences using the RAxML software.
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pansion through lateral gene transfer (41) (Fig. 2). Although other
authors analyzing single-gene trees suggested that roseobacters
might have arisen more anciently (63), molecular dating analysis
based on the currently available genomes and using a relaxed mo-
lecular clock model predicts that the Roseobacter ancestor existed
around 260 million years ago (mya) (Fig. 2). A first predicted
episode of genome expansion shortly after the emergence of this
Roseobacter ancestor shows that it would have coincided with the
rise of two red-plastid-lineage eukaryotic phytoplankton groups,
the dinoflagellates and coccolithophorids, around 250 mya (41)
(Fig. 2).

One explanation for the predicted coincidence of Roseobacter
genome expansion and eukaryotic phytoplankton diversification
is that the eukaryotes provided new ecological habitats for ances-
tral roseobacters (41). Indeed, modern lineages of roseobacters
are abundant and consistent components of the phycosphere
community of these phytoplankton groups (12, 15–17, 64–67).
The predicted occurrence of genes involved in motility and che-
motaxis in the ancestor of the Roseobacter clade would have po-
tentially allowed cells to sense and swim toward phytoplankton
(41), enabled by a cell size of red-plastid-lineage phytoplankton
large enough to be detected by chemotaxis (68); earlier-evolving
phytoplankton groups dominated by the cyanobacteria and green
algal lineages were considerably smaller. Along with relationships
with dinoflagellates and coccolithophorids, some lineages in the
Roseobacter clade have been found to be consistently associated
with marine diatoms (13, 14), another large-celled, red-plastid-
lineage phytoplankton group that diversified somewhat later. This
coincidence of Roseobacter genome innovation with the radiation

of red plastid phytoplankton is consistent with adaptive evolution,
but the underlying population genetic mechanism of genome
change is not clear and will be difficult, if not impossible, to test for
such an ancient event. Genome changes may have been domi-
nated by exaptations (69, 70), in which case changes occurred by
chance prior to roseobacters encountering the environment in
which they proved useful. Alternatively, genome evolution may
have been dominated by positive selection, as has been suggested
for other marine bacterioplankton clades (71), in which case en-
vironmental change was followed by LGT events, which were then
selectively favored.

A second episode of genome innovation during the evolution of
the Roseobacter clade is predicted to have occurred more recently
(Fig. 2), based on elevated LGT rates calculated for several leaf
branches (41). The basal lineage consisting of reduced genomes
related to Roseobacter member strain HTCC2255 appears to have
escaped both of these expansion events and become streamlined
directly from the common ancestor of the clade (41). Thus, not all
extant roseobacters are predicted to be descendants of the ances-
tral lineages that experienced genome innovation.

The evolutionary mechanisms underlying the diversification of
roseobacters can be compared to those driving the evolution of
another dominant surface ocean lineage that shares a common
ancestor in the Alphaproteobacteria, the SAR11 clade. In contrast
to Roseobacter genomes, SAR11 genomes are uniformly small,
have low G�C content (�30%), and harbor limited metabolic
capabilities (72, 73). Ecologically, the roseobacters have been pro-
posed to represent a patch-adapted ecological strategy that takes
advantage of seawater microenvironments with elevated nutrient

FIG 2 Evolutionary time line of the Roseobacter lineage. (Left) The first predicted episode of Roseobacter genome expansion coincided with the radiation of
marine dinoflagellates and coccolithophorids �250 mya. The diversification of diatoms occurred more recently. (Middle) Free-living and particle-associated
roseobacters cooccur in the surface ocean, each with a distinct set of traits. (Right) In a future ocean, greater dominance by phytoplankton lineages with smaller
cell sizes could lead to a decrease in particle-associated roseobacter populations.
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concentrations, while members of the SAR11 clade are considered
to use a free-living planktonic strategy adapted to nutrient-de-
pleted bulk seawater (36, 72, 74). The SAR11 clade may also have
a much longer evolutionary history, inhabiting the ocean for
�800 million years (41). In contrast to roseobacters, there is cur-
rently no evidence for major genome innovations in SAR11, and
genome size changes over the evolution of this group suggests that
it evolved at a lower rate than did the roseobacters (41). The com-
mon ancestor of the SAR11 clade was predicted to have contained
only �2,000 genes (41). For the Roseobacter clade, gene gain ap-
pears biased toward transcriptional regulators, replication/re-
combination/repair genes, and defense mechanism genes; such
traits might be important for roseobacters to compete well with
cooccurring microbial populations on particles and living surfaces
in the marine environment. For SAR11, gene gain is predicted to
have been biased toward genes for cell wall biogenesis and pilus
synthesis (41).

ECOLOGICAL ASSOCIATIONS BETWEEN ROSEOBACTERS
AND EUKARYOTES

Roseobacter-Phytoplankton Interactions

Roseobacter-phytoplankton interactions are likely to be based on
acquiring organic matter on the bacterial side and obtaining es-
sential vitamins and regenerated inorganic nutrients on the phy-
toplankton side (24). Roseobacters may also function as probionts
that deter algal pathogens (24). As these interactions are poten-
tially relevant for explaining evolutionary relationships between
roseobacters and phytoplankton, we summarize known interac-
tion mechanisms and chemical exchanges. Both genomic and ex-
perimental evidence suggests that some interaction mechanisms
are common to most members of the Roseobacter clade and most
types of eukaryotic phytoplankton, while others are limited to
specific phylotypes of each. General attributes that may be useful
in interactions with eukaryotic organisms include motility and
chemotaxis (49, 75), type IV secretion systems (9, 76), quorum-
sensing systems (77), and probiotic biosynthesis (78).

Among the list of organic compounds released by phytoplank-
ton that have been shown experimentally to be assimilated by
roseobacters is the two-carbon compound glycolate, which is ex-
creted during autotrophic photorespiration (79, 80) and can com-
prise 10 to 50% of the phytoplankton exudate in marine environ-
ments (80–82). Roseobacters are among a select group of marine
bacterial lineages capable of metabolizing this compound (83, 84).
Carbohydrates are also exuded by phytoplankton, with the com-
position possibly varying among lineages. Roseobacter clade mem-
bers not only grow on these carbohydrates (e.g., Planktotalea fri-
sia) but also may grow better on exudates produced by certain
species (85), raising the possibility of an adaptive association of
roseobacters with specific phytoplankton lineages. The organic
sulfur compound dimethylsulfoniopropionate (DMSP) is pro-
duced in abundance by dinoflagellates and coccolithophorids (12,
17, 67), two phytoplankton groups often found associated with
roseobacters in ocean waters (15, 16, 64–66). DMSP acts as a spe-
cific chemical cue that attracts motile and chemotactic bacteria,
including roseobacters (86). The fact that the Roseobacter clade is
only one of two marine bacterial lineages harboring both of the
known pathways for DMSP degradation (the other being the
SAR116 clade) (87) suggests that this compound may be a partic-
ularly important currency in Roseobacter-phytoplankton interac-

tions (75). Finally, polyunsaturated aldehydes (PUAs) produced
mainly by diatoms may selectively inhibit Roseobacter members,
with evidence for poor growth in the presence of PUAs for strains
related to Roseobacter litoralis and Phaeobacter gallaeciensis (88).

Interactions based on the release of metabolites are not a one-
way street, as roseobacters may also release compounds that affect
phytoplankton physiology. A recent study showed that exudates
from the Roseobacter clade member Dinoroseobacter shibae stim-
ulate the metabolism of the diatom Thalassiosira pseudonana, in-
cluding enhanced production of picolinic acid, which can form
metal complexes with limiting trace metals such as iron (89). The
ability to synthesize the soluble vitamins B1 (thiamine), B7 (bio-
tin), and B12 (cobalamin) is often lacking in phytoplankton, with
�50% of �300 eukaryotic phytoplankton species being auxotro-
phic for vitamin B12, �25% being auxotrophic for vitamin B1, and
8% being auxotrophic for vitamin B7 (90). Every one of the 52
Roseobacter genomes has evidence of a functioning vitamin B12

biosynthesis pathway (90) (Fig. 1), even though �60% of marine
bacterial species appear to be unable to make this vitamin. Over
half of the sequenced Roseobacter strains also have genes for bio-
synthesis of vitamins B1 and B7 (Fig. 1). Whether metabolite ex-
changes between marine bacteria and phytoplankton rise to the
level of symbiosis is a matter of debate (91, 92), but species-spe-
cific mutualism is not required for such interactions to have evo-
lutionary consequences.

On the pathogenic side of Roseobacter-phytoplankton interac-
tions, Phaeobacter gallaeciensis has been shown to produce an al-
gicidal compound against senescent Emiliania huxleyi popula-
tions and may help to terminate blooms (27, 28). A similar
pathogenic function was also found for a Roseobacter clade-affili-
ated (RCA) cluster strain, LE17, which demonstrated algicidal ac-
tivity against dinoflagellates (93). A set of genes potentially note-
worthy for interactions with phytoplankton are those of the type
IV secretion system, noticed in one of the first Roseobacter genome
sequences (36) and now known to be present in nearly half of the
strains surveyed (Fig. 1). The roles of these systems in roseobacters
have yet to be deciphered, although studies of other model bacte-
ria (e.g., Agrobacterium) showed that they mediate transfer of
DNA and proteins to eukaryotic cells and thereby modulate phys-
iological processes in the recipient organism (94).

Roseobacter-Coral Interactions

Roseobacters are also known to associate with a variety of marine
macroalgae and animals, including green and red seaweed (18,
19), sponges (95), squid (22), fish larvae (96), sea urchins (21),
and oysters (26, 97). A few of them have been demonstrated to
induce physiological changes in the host, both positive and nega-
tive, including gall disease in the red alga Prionitis lanceolata (98),
juvenile oyster disease (99), infection of the red alga Delisea pul-
chra (100), and inhibition of the settlement of fouling organisms
on the green alga Ulva australis (19). The most extensive research,
however, has focused on associations with corals (101–107), as
roseobacters can account for up to 50% of the coral mucus micro-
biome (108–110). It has been hypothesized that DMSP and dim-
ethylsulfide (DMS) are the two compounds that structure the
community of coral-associated microbes, since isolates from these
populations are enriched with the ability to degrade DMSP/DMS
(111). As is the case for Roseobacter interactions with other eu-
karyotes, it is not yet clear whether a physical association signifies
a specific mutualistic interaction. There is evidence that roseobac-
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ters may play a role in coral reproduction, based on both consis-
tent associations between the bacteria and early developmental
stages of corals (112, 113) as well as increases in Roseobacter abun-
dance after coral mass spawning (114). Roseobacters may also
have a role in coral bleaching by acting as probiotics against patho-
gens (115, 116). Some Roseobacter lineages have been found to be
significantly associated with lesioned corals (106, 117, 118).
Whether interactions with corals are specific or general and
whether the outcomes are beneficial or pathogenic, the associa-
tions are nonetheless likely to have shaped aspects of Roseobacter
evolution.

ECOLOGICAL AND EVOLUTIONARY GENOMICS OF
UNCULTIVATED ROSEOBACTERS

Genome Analyses

Many major Roseobacter lineages, including those that are most
numerically dominant in the ocean, do not yet have cultivated
members. Metagenomic data sets are valuable resources for study-
ing these uncultivated roseobacters, as long as the taxonomic clas-
sification of metagenomic reads is unequivocal. Unfortunately,
the widely applied approach to metagenomic analysis of using
BLAST best hits can produce an unacceptable level of false-posi-
tive results due both to uncorrected genetic distances of similarity
scores and the biased taxonomic composition of the database
(119). De novo genome assembly from deeply sequenced meta-
genomes is one way around this problem, and indeed, a near-
complete Roseobacter genome closely related to strain HTCC2255
was assembled from a sample from coastal seawater near Seattle,
WA (120). When roseobacters are not dominant or when the se-
quencing depth of a metagenome is shallow, however, an alternate
approach uses the computed patterns in dN, the number of non-
synonymous (amino-acid-changing) substitutions per nonsyn-
onymous site. A two-step bioinformatics procedure first assigns
metagenomic gene fragments to a clade based on the values of dN

computed between the metagenomic gene fragment and its or-
thologs in cultured members and then uses the paired-end read of
these conservatively assigned metagenomic sequences as a homol-
ogy-independent survey of biological function (43). Applied to
the �7 million Sanger reads in the 2007 GOS metagenomic data
set, the method identified �3,000 unambiguous Roseobacter reads
exhibiting several systematic differences in genome content com-
pared to their cultured counterparts. The metagenomic Roseobac-

ter data set had fewer genes for signal transduction and cell surface
modifications but more genes for Sec-like protein secretion sys-
tems (43). Interestingly, these gene functions have been suggested
to be signatures for distinguishing patch-adapted from free-living
ecological strategies in marine bacteria (121, 122). One conclusion
arising from the analysis of metagenomic data is that genomic
analyses focusing on cultured roseobacters is biasing our view of
the lineage’s ecology (43).

Another approach to understanding Roseobacter biology with-
out the bias of cultivation is the use of single-cell genome sequenc-
ing. Recently, four SAGs of uncultivated roseobacters were ob-
tained from surface waters of the North Pacific, South Atlantic,
and Gulf of Maine (123). Phylogenomic analyses showed that 3 of
the SAGs comprise a novel clade (the SAG-O19 clade) in which no
cultured representatives have been found. Moreover, this clade
appears to represent up to 35% of the Roseobacter sequences in
samples from surface ocean waters in the GOS (42). These SAGs
have low G�C content (39% � 1%) and a reduced percentage of
noncoding DNA (7.5% � 0.4%) and are predicted to have stream-
lined genomes (2.6 to 3.5 Mbp). These characteristics are consis-
tent with those of the oceanic roseobacters identified by the dN
pipeline, and they show the same systematic divergences from
cultured strains (42) (Fig. 3).

Evolution of an Enigmatic Roseobacter Lineage

As the SAG-O19 clade represents an abundant extant lineage with
low G�C content, it may be informative to consider how the
evolutionary forces affecting this clade compare to mechanisms
invoked for other G�C-poor bacterial genomes. In a situation
where synonymous (silent) nucleotide sites are saturated with
substitutions, as is the case for the three SAG-O19 clade members,
an alternate population genetic approach based on the ratio of
radical to conservative nonsynonymous nucleotide substitution
rates (dR/dC ratio) can be used instead, based on classification of
amino acids according to physicochemical properties such as
charge (positive/negative/neutral) (124, 125). By using this ap-
proach, a higher mean dR/dC ratio was found for �500 ortholo-
gous genes in the uncultivated SAG-O19 clade than in other Ro-
seobacter lineages. Theory predicts that such inflated dR/dC ratios
occur when purifying selection is not efficient and thus argues that
genetic drift may have played a prominent role during the evolu-
tion of the SAG-O19 clade (42). Such an interpretation might be

FIG 3 Comparison of characteristics of cultured Roseobacter genomes, single-cell Roseobacter genomes, and Roseobacter sequences in the GOS metagenome.
(Left) Distribution of G�C content. The arrow represents the mean value for the SAG genomes. (Right) Estimated average genome size plotted against the
fraction of noncoding DNA.
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problematic if the selective pressure to decrease G�C content
and, hence, nitrogen (N) usage in the proteome (126) interferes
with the selective pressure for conservation of amino acid physi-
cochemical properties. In other words, the fitness cost of radical
changes could be balanced by the benefit of using less N in both
genomes and proteomes (127). However, two observations that
cast doubt on the idea that low G�C content is under particularly
strong selection in marine bacteria are that freshwater relatives of
the low-G�C-content SAR11 clade similarly have low-G�C-con-
tent genomes, even though N is not limiting in freshwater envi-
ronments (128), and that both low-G�C- and high-G�C-con-
tent lineages coexist in many major marine clades, including not
only the roseobacters but also the SAR116 lineage and several
marine Gammaproteobacteria groups.

Based on recent studies showing that mutational bias from G/C
to A/T is universal among bacterial genomes (129–132), one ex-
planation for the observed paucity in G�C-rich codons in ge-
nomes of the SAG-O19 clade is that an inefficiency of purifying
selection under such a mutational bias would accelerate the re-
placement of G�C-rich codons. Thus, although counter to the
more established theory that selection has been the exclusive force
driving the evolution of surface ocean bacterial populations (8,
133), there are also reasonable arguments in favor of the ineffi-
ciency of purifying selection playing a role, at least in the evolution
of SAG-O19 genome composition. Regardless of the mechanism,
it is clear that different evolutionary processes have been at work
in the SAG-O19 clade compared to its cultured Roseobacter rela-
tives.

Inclusion of Uncultured Roseobacters in Phylogenomic
Analyses

With the availability of genomic sequences of single cells, uncul-
tivated bacterial and archaeal lineages have been regularly placed
in phylogenetic trees along with their cultured relatives (134, 135).
However, when the three uncultivated genomes in the SAG-O19
clade (SCGC AAA015-O19, SCGC AAA298-K06, and SCGC
AAA300-J04) are included in phylogenetic trees based on stan-
dard approaches, such as multiprotein concatenation using max-
imum likelihood (134, 135), the branching order of several major
clades is no longer supported (42). The substantially different
G�C contents of the 3 SAGs compared to those of most isolates
(39% � 1% versus 60% � 4%) may be one cause of this problem,
a phenomenon known as nonstationarity (136–140). Indeed, pos-
terior predictive simulation assessing the fit of homogeneous ver-
sus heterogeneous models to each data set (i.e., models that do not
account for compositional heterogeneity in G�C content versus
those that do) showed that half of the orthologs used for tree
building significantly violated the composition-homogeneous as-
sumption. Since many standard phylogenetic programs cannot
account for compositional heterogeneity, the node-discrete com-
position heterogeneity (NDCH) and node-discrete rate matrix
heterogeneity (NDRH) models that allow for variation in G�C
contents and rate matrices across branches were used instead (44).
These models resolved the 3 SAGs into a well-supported clade
while maintaining the evolutionary relationships of cultured lin-
eages identified previously (42). An understanding of the evolu-
tionary history of the marine Roseobacter clade requires the inclu-
sion of the uncultured members, even if they pose computational
challenges, particularly given the genomic evidence that they rep-
resent very different organisms and life history strategies. It can be

envisioned that this nonstationary phylogenetic model will be-
come increasingly useful as additional SAGs fill in our under-
standing of Roseobacter diversity and ecology.

Genome Streamlining in the Roseobacter Clade

Genome streamlining is a well-known process in obligate intracel-
lular bacteria. For these taxa, the primary mechanism of gene loss
is thought to be relaxation of purifying selection on genes for
which host proteins perform the same biological function, render-
ing mutations selectively neutral (141). Additionally, obligate in-
tracellular bacteria are assumed to have small effective population
sizes as a result of frequent population bottlenecks, leading to
fixation of slightly deleterious mutations through genetic drift
(142, 143). Genome streamlining is also recognized as a prevalent
feature among diverse lineages of free-living planktonic marine
bacteria (123). A few prominent examples are the alphaproteo-
bacterial SAR11 clade (72), the gammaproteobacterial SAR86
clade (144), and the cyanobacterial Prochlorococcus clade (145,
146). The primary evolutionary mechanisms of streamlining pro-
posed for marine bacteria is selection for metabolic efficiency (72,
147). Secondarily, these bacteria also typically have reduced cell
sizes and thus can maximize surface-to-volume ratios to facilitate
nutrient acquisition (72, 121). However, the current theory can-
not explain why bacteria with average-sized genomes cooccur
with bacteria with streamlined genomes in oligotrophic seawater
and even represent dominant groups in some ocean habitats. This
“paradox of genome streamlining” has been perplexing (73).

Although the marine Roseobacter clade was initially thought to
contain mainly members with large genomes, both metagenomic
approaches and single-cell genome sequencing indicate that for
many oceanic roseobacters, this is not the case (42). Genome
streamlining is predicted to have occurred during the evolution of
the basal lineage of the clade, represented by isolate HTCC2255,
with a nearly complete genome of 2.54 Mb, and a highly related
single-cell genome, with �80% coverage and an estimated ge-
nome size of 2.64 Mb. Ancestral genome content reconstruction
and COG functional category analysis showed that HTCC2255
shares some similarities in genetic architecture with the common
ancestor of the SAR11 clade, both of which are more similar in
gene content to the extant SAR11 genomes than to extant Roseo-
bacter genomes (41). This convergent evolution of genetic
makeup suggests that the basal HTCC2255 clade is consistent with
a free-living planktonic strategy. In the predicted streamlining
from the Roseobacter common ancestor that led directly to the
HTCC2255 clade, genes that were lost were biased toward func-
tions involving cell-cell interactions, transcriptional regulation,
and motility (41). While these biological functions are likely es-
sential for cells living on surfaces or switching between free-living
and surface-associated strategies, they may become dispensable
and expensive to maintain when cells grow singly in bulk seawater.
One explanation for functionally biased gene loss could be ineffi-
ciency of purifying selection due to restriction of habitats (popu-
lation bottleneck) or exploration of new habitats (founder effect),
resulting in the preferential loss of nonessential genes. While com-
parisons of ancestor-descendant genome contents have yielded
useful information regarding the evolutionary mechanism giving
rise to the basal HTCC2255 clade, a fuller resolution of the evolu-
tionary path of this basal lineage during the past 260 million years
is lacking.

In the case of the SAG-O19 clade, all three genome sequences
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were only partially recovered during single-cell sequencing, yet
several independent lines of evidence support genome streamlin-
ing. First of all, genome size estimates based on single-copy genes
suggest that SAG-O19 clade members are smaller than most cul-
tured roseobacters (see above). Second, nonobligate endosymbi-
otic bacterial genome reduction often occurs with a reduction in
the percentage of noncoding DNA (72), a feature which is also
observed for these SAGs (Fig. 3). Finally, gene content character-
istics attributed to streamlined marine bacterial genomes are
found in the SAG-O19 clade, including an underrepresentation of
genes involved in transcriptional regulation and replication/re-
combination/repair (41, 121, 122) relative to roseobacters with
larger genomes. Since a substantial part of the SAG genomes was
not sequenced (45 to 77%), it is more challenging to reconstruct
the evolutionary path giving rise to this clade. If inefficiency of
purifying selection drove the evolution of the HTCC2255 clade, as
suggested above, it is plausible that it also played an important role
in genome streamlining of this clade. Interestingly, the Roseobac-
ter R11 lineage that has been observed to live endosymbiotically
with the marine macroalga Delisea pulchra has not undergone
genome reduction, having a genome size of 3.93 Mb (42). This is
expected, however, since as the bacterium is facultative symbiont,
it must maintain a genome repertoire sufficient for independent
living.

A New Look at Population Size

There are two ways of conceptualizing the population size of or-
ganisms: census population size (Nc), which is a headcount of a
population and has significance from the ecological standpoint,
and effective population size (Ne), which determines the capabil-
ity for environmental adaptation and has relevance from an evo-
lutionary viewpoint. The widely used GOS metagenomic data
from ocean surface waters, which provide taxonomic information
free of the biases inherent in PCR-amplified 16S rRNA gene sur-
veys, suggest a lower Nc for roseobacters (4% of surface ocean
bacteria) than for the SAR11 clade (31%) and several other bacte-
rial taxa (SAR86, 6%; Bacteroidetes, 6%; Actinobacteria, 8%) (148).
However, the genomes sequenced in the GOS were primarily from
small bacteria (i.e., those falling in the size range of 0.2 to 0.8 �m
in diameter) at the expense of larger and particle- or host-associ-
ated cells, instituting a bias that may affect estimates of census
population size. To better address the Nc of the Roseobacter clade,
we analyzed new marine metagenomic data from the Southern
Ocean (149) and Monterey Bay (A. Z. Worden, unpublished
data), in which both free-living (0.1- to 0.8-�m) and particle-
associated (0.8- to 3.0-�m) communities were sequenced. Based
on queries of �2,000 orthologous gene families, the metagenomic
data sets showed that roseobacters accounted for a higher percent-
age of the genomes in particle-associated communities than in
free-living communities by �2-fold overall (Fig. 4), with 11 of 13
Southern Ocean samples and 3 of 4 Monterey Bay samples follow-
ing this pattern (P � 0.001 by �2 test). Thus, calculation of the
census population size of the Roseobacter clade may be a sizeable
underestimate in cases where sampling protocols systematically
exclude larger and particle-associated cells.

From an evolutionary perspective, it is the Ne that determines
whether a deleterious mutation can be effectively purged from the
population and whether a favorable mutation can be effectively
spread, two major ways in which populations adapt to a changing
environment (150). In a population with a low Ne value, there is a

greater chance that deleterious mutations drift to fixation while
favorable mutations drift to loss, both of which reduce fitness.
Calculation of the absolute values of Ne requires knowledge of the
mutation rate for a given population, but this has not yet been
measured for any marine bacterial population (151). Streamlined
marine bacteria that grow slowly and do not form colonies on
solid media pose a particular challenge for approaches that rely on
direct measurements of the mutation rate for the calculation of Ne

(151).
Alternatively, population genetic theory provides a method for

comparing the relative values of Ne based on the expectation that
a population with a reduced Ne will have an increasing number of
slightly deleterious mutations that drift to fixation (152). Since
nonsynonymous mutations are more likely to be slightly deleteri-
ous, it is expected that the ratio (	) of the number of nonsynony-
mous substitutions per nonsynonymous site (dN) to the number
of synonymous substitutions per synonymous site (dS) is greater
in populations with a lower Ne value (153). Applying this ap-
proach to surface ocean bacteria, comparisons of 	 were made for
�400 orthologous genes among cooccurring Alphaproteobacteria
populations. Roseobacter lineages exhibited a range of relative Ne

values, including some populations whose substitution patterns
produced higher calculated Ne values than those for SAR11 pop-
ulations (151). The apparent mismatch between Ne and Nc is ac-
counted for to some extent by the undersampling of lineages that
have larger cells and/or are associated with particulate material
(Fig. 4). Other possible factors include variability in the fraction of
cells that are inactive and the population history of the lineages
(e.g., population bottlenecks) (154).

Overall, neither census population size nor life history strategy
is a good predictor of effective population sizes, and direct mea-
sures of Ne are ultimately necessary to understand the ability of
Roseobacter populations to adapt to a changing ocean. Under the
neutral theory model, the nucleotide diversity at synonymous sites
in a bacterial population equals twice the product of its effective
population size and spontaneous mutation rate (per generation).
Thus, one way to directly estimate the absolute value of Ne is to
determine the mutation rate through a mutation accumulation
experiment in which multiple parallel cell lines are bottlenecked to
a single cell regularly over several thousand generations, as has
been done for a few model bacteria (155) but not for any that are
marine. Roseobacter lineages can serve as model organisms for
this experiment, since many grow readily on solid media and are
amenable to experimental evolution studies.

CONCLUDING REMARKS

Although the Roseobacter clade is among the most frequently sam-
pled of surface ocean bacterial lineages, it is perhaps one of the
least known due to the enormous diversity of clade members with
regard to habitats and metabolic capabilities. Over 2 decades of
research on this lineage have established its importance in global
carbon and sulfur cycles. Many of the attributed biogeochemical
functions appear to be linked to the ability of group members to
physically associate with phytoplankton, corals, and other eu-
karyotes and affect eukaryote function as mutualists, probionts,
and pathogens. How climate change may diminish or strengthen
the abundance and activity of Roseobacter lineages is currently
unknown.

Following the emergence of the Roseobacter ancestor, esti-
mated to have appeared about 260 mya based on analysis of cur-
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FIG 4 Roseobacter sequences in metagenomic data sets, calculated as a percentage of free-living (0.1 to 0.8 �m) (green bars) and particle-associated (0.8 to 3.0
�m) (blue bars) reads in DNA from the Southern Ocean (13 stations [Stn.]) and Monterey Bay, CA (4 stations). Asterisks indicate significant differences between
size fractions (P � 0.05). Data were obtained by analyzing 2,235 orthologous gene families shared by at least 20 of the 40 Roseobacter isolate genomes.
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rently available genomes, some lineages are surmised to have ex-
perienced adaptive genome expansion through LGT. The
radiation is predicted to have coincided in time with the emer-
gence of dinoflagellates and coccolithophorids, and these phyto-
plankton groups may have provided new habitats and new roles in
oceanic elemental cycles. In addition to eukaryotic phytoplank-
ton, a number of other marine eukaryotic organisms are associ-
ated with bacterial communities in which roseobacters dominate,
although it remains unknown whether, when, and how these eu-
karyotes may have imprinted on the evolution of roseobacters.
Addressing this question will require the availability of more Ro-
seobacter genome sequences associated with specific eukaryotes
and an improved understanding of the biology and ecology un-
derlying Roseobacter-eukaryote interactions.

A few Roseobacter lineages adopted a free-living planktonic
strategy or are evolving toward one. Representing the most abun-
dant Roseobacter lineages among the free-living ocean bacteria,
these groups appear to have experienced an evolutionary stage in
which effective population sizes were reduced compared to those
of other Roseobacter lineages. Their evolutionary modifications,
such as reductions in genome size and G�C content, may there-
fore have occurred under relaxed selective constraints. Because of
their distinct gene repertoire, these planktonic roseobacters are
postulated to play roles in marine elemental transformations that
differ from those of their eukaryote-associated relatives.

Molecular evolutionary approaches promise to generate in-
sights into the history and mechanisms underlying the ecological
divergence of dominant surface ocean bacterioplankton (41–43,
151, 156–159), with the caveat that different evolutionary ap-
proaches will have different time scales of resolution. We are just
starting to appreciate the evolutionary patterns of the Roseobacter
clade as a whole, and we still have limited knowledge of how the
tremendous ecological diversity of individual members evolved.
Previous genomic sequencing projects have focused on sampling
taxa that diverged anciently, enabling the reconstruction of a
nearly complete evolutionary history of roseobacters. Future
studies will also obtain genomes of closely related lineages within
species, which are required to understand the ecological and evo-
lutionary factors driving ongoing speciation processes. In fact,
investigation of strain-level genomic variation has already started
for marine Vibrio lineages associated with various microscale eco-
logical niches, and significant insights regarding how microbes
diversify in the seemingly well-mixed ocean have been obtained
(5, 7, 160). Two current constraints on the evolutionary analysis of
the Roseobacter lineage are the limited number of genome se-
quences available for each specific ecological niche and the biases
associated with focusing on readily cultured representatives. It is
anticipated that Roseobacter isolates and single cells isolated from
samples from various ocean habitats will continue to be sequenced
and, along with metagenomic data sets, will fill crucial gaps in our
understanding of the evolutionary ecology of this important ma-
rine bacterioplankton clade.

ACKNOWLEDGMENTS

We thank A. Z. Worden for providing the unpublished Monterey Bay
metagenomic data set and C. English for assistance with graphics.

This research was funded in part by the Gordon and Betty Moore
Foundation through grant GBMF538.01 and the National Science Foun-
dation through grant OCE-1259562.

REFERENCES
1. Giovannoni SJ, Britschgi TB, Moyer CL, Field KG. 1990. Genetic

diversity in Sargasso Sea bacterioplankton. Nature 345:60 – 63. http://dx
.doi.org/10.1038/345060a0.

2. Rappé MS, Vergin K, Giovannoni SJ. 2000. Phylogenetic comparisons
of a coastal bacterioplankton community with its counterparts in open
ocean and freshwater systems. FEMS Microbiol. Ecol. 33:219 –232. http:
//dx.doi.org/10.1111/j.1574-6941.2000.tb00744.x.

3. Suzuki MT, Béjà O, Taylor LT, DeLong EF. 2001. Phylogenetic analysis
of ribosomal RNA operons from uncultivated coastal marine bacterio-
plankton. Environ. Microbiol. 3:323–331. http://dx.doi.org/10.1046/j
.1462-2920.2001.00198.x.

4. Shapiro BJ, Polz MF. 2014. Ordering microbial diversity into ecologi-
cally and genetically cohesive units. Trends Microbiol. 22:235–247. http:
//dx.doi.org/10.1016/j.tim.2014.02.006.

5. Cordero OX, Polz MF. 2014. Explaining microbial genomic diversity in
light of evolutionary ecology. Nat. Rev. Microbiol. 12:263–273. http://dx
.doi.org/10.1038/nrmicro3218.

6. Cordero OX, Ventouras L-A, DeLong EF, Polz MF. 2012. Public good
dynamics drive evolution of iron acquisition strategies in natural bacte-
rioplankton populations. Proc. Natl. Acad. Sci. U. S. A. 109:20059 –
20064. http://dx.doi.org/10.1073/pnas.1213344109.

7. Shapiro J, Friedman J, Cordero O, Preheim S, Timberlake S, Szabó G,
Polz M, Alm E. 2012. Population genomics of early events in the eco-
logical differentiation of bacteria. Science 336:48 –51. http://dx.doi.org
/10.1126/science.1218198.

8. Giovannoni SJ, Cameron Thrash J, Temperton B. 2014. Implications of
streamlining theory for microbial ecology. ISME J. 8:1553–1565. http:
//dx.doi.org/10.1038/ismej.2014.60.

9. Moran MA, Belas R, Schell MA, Gonzalez JM, Sun F, Sun S, Binder
BJ, Edmonds J, Ye W, Orcutt B, Howard EC, Meile C, Palefsky W,
Goesmann A, Ren Q, Paulsen I, Ulrich LE, Thompson LS, Saunders
E, Buchan A. 2007. Ecological genomics of marine roseobacters.
Appl. Environ. Microbiol. 73:4559 – 4569. http://dx.doi.org/10.1128
/AEM.02580-06.

10. Suzuki MT, Preston CM, Chavez FP, DeLong EF. 2001. Quantitative
mapping of bacterioplankton populations in seawater: field tests across
an upwelling plume in Monterey Bay. Aquat. Microb. Ecol. 24:117–127.
http://dx.doi.org/10.3354/ame024117.

11. Gonzalez J, Moran M. 1997. Numerical dominance of a group of marine
bacteria in the alpha-subclass of the class Proteobacteria in coastal sea-
water. Appl. Environ. Microbiol. 63:4237– 4242.

12. González JM, Simó R, Massana R, Covert JS, Casamayor EO, Pedrós-
Alió C, Moran MA. 2000. Bacterial community structure associated
with a dimethylsulfoniopropionate-producing North Atlantic algal
bloom. Appl. Environ. Microbiol. 66:4237– 4246. http://dx.doi.org/10
.1128/AEM.66.10.4237-4246.2000.

13. Grossart H-P, Levold F, Allgaier M, Simon M, Brinkhoff T. 2005.
Marine diatom species harbour distinct bacterial communities. Envi-
ron. Microbiol. 7:860 – 873. http://dx.doi.org/10.1111/j.1462-2920
.2005.00759.x.

14. Amin SA, Parker MS, Armbrust EV. 2012. Interactions between dia-
toms and bacteria. Microbiol. Mol. Biol. Rev. 76:667– 684. http://dx.doi
.org/10.1128/MMBR.00007-12.

15. Alavi M, Miller T, Erlandson K, Schneider R, Belas R. 2001. Bacterial
community associated with Pfiesteria-like dinoflagellate cultures. Envi-
ron. Microbiol. 3:380 –396. http://dx.doi.org/10.1046/j.1462-2920.2001
.00207.x.

16. Jasti S, Sieracki ME, Poulton NJ, Giewat MW, Rooney-Varga JN. 2005.
Phylogenetic diversity and specificity of bacteria closely associated with
Alexandrium spp. and other phytoplankton. Appl. Environ. Microbiol.
71:3483–3494. http://dx.doi.org/10.1128/AEM.71.7.3483-3494.2005.

17. Zubkov MV, Fuchs BM, Archer SD, Kiene RP, Amann R, Burkill PH.
2001. Linking the composition of bacterioplankton to rapid turnover of
dissolved dimethylsulphoniopropionate in an algal bloom in the North
Sea. Environ. Microbiol. 3:304 –311. http://dx.doi.org/10.1046/j.1462
-2920.2001.00196.x.

18. Ashen JB, Goff LJ. 2000. Molecular and ecological evidence for species
specificity and coevolution in a group of marine algal-bacterial symbio-
ses. Appl. Environ. Microbiol. 66:3024 –3030. http://dx.doi.org/10.1128
/AEM.66.7.3024-3030.2000.

19. Rao D, Webb JS, Holmström C, Case R, Low A, Steinberg P, Kjelle-

Luo and Moran

582 mmbr.asm.org Microbiology and Molecular Biology Reviews

http://dx.doi.org/10.1038/345060a0
http://dx.doi.org/10.1038/345060a0
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00744.x
http://dx.doi.org/10.1111/j.1574-6941.2000.tb00744.x
http://dx.doi.org/10.1046/j.1462-2920.2001.00198.x
http://dx.doi.org/10.1046/j.1462-2920.2001.00198.x
http://dx.doi.org/10.1016/j.tim.2014.02.006
http://dx.doi.org/10.1016/j.tim.2014.02.006
http://dx.doi.org/10.1038/nrmicro3218
http://dx.doi.org/10.1038/nrmicro3218
http://dx.doi.org/10.1073/pnas.1213344109
http://dx.doi.org/10.1126/science.1218198
http://dx.doi.org/10.1126/science.1218198
http://dx.doi.org/10.1038/ismej.2014.60
http://dx.doi.org/10.1038/ismej.2014.60
http://dx.doi.org/10.1128/AEM.02580-06
http://dx.doi.org/10.1128/AEM.02580-06
http://dx.doi.org/10.3354/ame024117
http://dx.doi.org/10.1128/AEM.66.10.4237-4246.2000
http://dx.doi.org/10.1128/AEM.66.10.4237-4246.2000
http://dx.doi.org/10.1111/j.1462-2920.2005.00759.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00759.x
http://dx.doi.org/10.1128/MMBR.00007-12
http://dx.doi.org/10.1128/MMBR.00007-12
http://dx.doi.org/10.1046/j.1462-2920.2001.00207.x
http://dx.doi.org/10.1046/j.1462-2920.2001.00207.x
http://dx.doi.org/10.1128/AEM.71.7.3483-3494.2005
http://dx.doi.org/10.1046/j.1462-2920.2001.00196.x
http://dx.doi.org/10.1046/j.1462-2920.2001.00196.x
http://dx.doi.org/10.1128/AEM.66.7.3024-3030.2000
http://dx.doi.org/10.1128/AEM.66.7.3024-3030.2000
http://mmbr.asm.org


berg S. 2007. Low densities of epiphytic bacteria from the marine alga
Ulva australis inhibit settlement of fouling organisms. Appl. Environ.
Microbiol. 73:7844 –7852. http://dx.doi.org/10.1128/AEM.01543-07.

20. Apprill A, Marlow HQ, Martindale MQ, Rappe MS. 2009. The onset of
microbial associations in the coral Pocillopora meandrina. ISME J.
3:685– 699. http://dx.doi.org/10.1038/ismej.2009.3.

21. Becker PT, Gillan DC, Eeckhaut I. 2009. Characterization of the bac-
terial community associated with body wall lesions of Tripneustes gratilla
(Echinoidea) using culture-independent methods. J. Invertebr. Pathol.
100:127–130. http://dx.doi.org/10.1016/j.jip.2008.11.002.

22. Barbieri E, Paster BJ, Hughes D, Zurek L, Moser DP, Teske A, Sogin
ML. 2001. Phylogenetic characterization of epibiotic bacteria in the ac-
cessory nidamental gland and egg capsules of the squid Loligo pealei
(Cephalopoda: Loliginidae). Environ. Microbiol. 3:151–167. http://dx
.doi.org/10.1046/j.1462-2920.2001.00172.x.

23. Collins AJ, LaBarre BA, Won BSW, Shah MV, Heng S, Choudhury
MH, Haydar SA, Santiago J, Nyholm SV. 2012. Diversity and parti-
tioning of bacterial populations within the accessory nidamental gland of
the squid Euprymna scolopes. Appl. Environ. Microbiol. 78:4200 – 4208.
http://dx.doi.org/10.1128/AEM.07437-11.

24. Geng H, Belas R. 2010. Molecular mechanisms underlying roseobacter-
phytoplankton symbioses. Curr. Opin. Biotechnol. 21:332–338. http:
//dx.doi.org/10.1016/j.copbio.2010.03.013.

25. Wagner-Dobler I, Ballhausen B, Berger M, Brinkhoff T, Buchholz I,
Bunk B, Cypionka H, Daniel R, Drepper T, Gerdts G, Hahnke S, Han
C, Jahn D, Kalhoefer D, Kiss H, Klenk H-P, Kyrpides N, Liebl W,
Liesegang H, Meincke L, Pati A, Petersen J, Piekarski T, Pommerenke
C, Pradella S, Pukall R, Rabus R, Stackebrandt E, Thole S, Thompson
L, Tielen P, Tomasch J, von Jan M, Wanphrut N, Wichels A, Zech H,
Simon M. 2010. The complete genome sequence of the algal symbiont
Dinoroseobacter shibae: a hitchhiker’s guide to life in the sea. ISME J.
4:61–77. http://dx.doi.org/10.1038/ismej.2009.94.

26. Boettcher KJ, Geaghan KK, Maloy AP, Barber BJ. 2005. Roseovarius
crassostreae sp. nov., a member of the Roseobacter clade and the apparent
cause of juvenile oyster disease (JOD) in cultured Eastern oysters. Int. J.
Syst. Evol. Microbiol. 55:1531–1537. http://dx.doi.org/10.1099/ijs.0
.63620-0.

27. Seyedsayamdost MR, Case RJ, Kolter R, Clardy J. 2011. The Jekyll-
and-Hyde chemistry of Phaeobacter gallaeciensis. Nat. Chem. 3:331–335.
http://dx.doi.org/10.1038/nchem.1002.

28. Seyedsayamdost MR, Carr G, Kolter R, Clardy J. 2011. Roseobacti-
cides: small molecule modulators of an algal-bacterial symbiosis. J. Am.
Chem. Soc. 133:18343–18349. http://dx.doi.org/10.1021/ja207172s.

29. Fernandes N, Case RJ, Longford SR, Seyedsayamdost MR, Steinberg
PD, Kjelleberg S, Thomas T. 2011. Genomes and virulence factors of
novel bacterial pathogens causing bleaching disease in the marine red
alga Delisea pulchra. PLoS One 6:e27387. http://dx.doi.org/10.1371
/journal.pone.0027387.

30. Selje N, Simon M, Brinkhoff T. 2004. A newly discovered Roseobacter
cluster in temperate and polar oceans. Nature 427:445– 448. http://dx
.doi.org/10.1038/nature02272.

31. Brinkmeyer R, Knittel K, Jürgens J, Weyland H, Amann R, Helmke E.
2003. Diversity and structure of bacterial communities in Arctic versus
Antarctic pack ice. Appl. Environ. Microbiol. 69:6610 – 6619. http://dx
.doi.org/10.1128/AEM.69.11.6610-6619.2003.

32. Junge K, Imhoff F, Staley T, Deming W. 2002. Phylogenetic diversity of
numerically important arctic sea-ice bacteria cultured at subzero tem-
perature. Microb. Ecol. 43:315–328. http://dx.doi.org/10.1007/s00248
-001-1026-4.

33. Lenk S, Moraru C, Hahnke S, Arnds J, Richter M, Kube M, Reinhardt
R, Brinkhoff T, Harder J, Amann R, Musmann M. 2012. Roseobacter
clade bacteria are abundant in coastal sediments and encode a novel
combination of sulfur oxidation genes. ISME J. 6:2178 –2187. http://dx
.doi.org/10.1038/ismej.2012.66.

34. Eloe EA, Malfatti F, Gutierrez J, Hardy K, Schmidt WE, Pogliano K,
Pogliano J, Azam F, Bartlett DH. 2011. Isolation and characterization of
a psychropiezophilic alphaproteobacterium. Appl. Environ. Microbiol.
77:8145– 8153. http://dx.doi.org/10.1128/AEM.05204-11.

35. Wang B, Tan T, Shao Z. 2009. Roseovarius pacificus sp. nov., isolated
from deep-sea sediment. Int. J. Syst. Evol. Microbiol. 59:1116 –1121.
http://dx.doi.org/10.1099/ijs.0.002477-0.

36. Moran MA, Buchan A, Gonzalez JM, Heidelberg JF, Whitman WB,
Kiene RP, Henriksen JR, King GM, Belas R, Fuqua C, Brinkac L, Lewis

M, Johri S, Weaver B, Pai G, Eisen JA, Rahe E, Sheldon WM, Ye W,
Miller TR, Carlton J, Rasko DA, Paulsen IT, Ren Q, Daugherty SC,
Deboy RT, Dodson RJ, Durkin AS, Madupu R, Nelson WC, Sullivan
SA, Rosovitz MJ, Haft DH, Selengut J, Ward N. 2004. Genome se-
quence of Silicibacter pomeroyi reveals adaptations to the marine envi-
ronment. Nature 432:910 –913. http://dx.doi.org/10.1038/nature03170.

37. Newton RJ, Griffin LE, Bowles KM, Meile C, Gifford S, Givens CE,
Howard EC, King E, Oakley CA, Reisch CR, Rinta-Kanto JM, Sharma
S, Sun S, Varaljay V, Vila-Costa M, Westrich JR, Moran MA. 2010.
Genome characteristics of a generalist marine bacterial lineage. ISME J.
4:784 –798. http://dx.doi.org/10.1038/ismej.2009.150.

38. Kalhoefer D, Thole S, Voget S, Lehmann R, Liesegang H, Wollher A,
Daniel R, Simon M, Brinkhoff T. 2011. Comparative genome analysis
and genome-guided physiological analysis of Roseobacter litoralis. BMC
Genomics 12:324. http://dx.doi.org/10.1186/1471-2164-12-324.

39. Thole S, Kalhoefer D, Voget S, Berger M, Engelhardt T, Liesegang H,
Wollherr A, Kjelleberg S, Daniel R, Simon M, Thomas T, Brinkhoff T.
2012. Phaeobacter gallaeciensis genomes from globally opposite locations
reveal high similarity of adaptation to surface life. ISME J. 6:2229 –2244.
http://dx.doi.org/10.1038/ismej.2012.62.

40. Buchan A, Gonzalez JM, Moran MA. 2005. Overview of the marine
Roseobacter lineage. Appl. Environ. Microbiol. 71:5665–5677. http://dx
.doi.org/10.1128/AEM.71.10.5665-5677.2005.
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