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Phaeobacter gallaeciensis, a member of the abundant marine Roseobacter clade, is known to be an
effective colonizer of biotic and abiotic marine surfaces. Production of the antibiotic tropodithietic
acid (TDA) makes P. gallaeciensis a strong antagonist of many bacteria, including fish and mollusc
pathogens. In addition to TDA, several other secondary metabolites are produced, allowing the
mutualistic bacterium to also act as an opportunistic pathogen. Here we provide the manually
annotated genome sequences of the P. gallaeciensis strains DSM 17395 and 2.10, isolated at the
Atlantic coast of north western Spain and near Sydney, Australia, respectively. Despite their
isolation sites from the two different hemispheres, the genome comparison demonstrated a
surprisingly high level of synteny (only 3% nucleotide dissimilarity and 88% and 93% shared genes).
Minor differences in the genomes result from horizontal gene transfer and phage infection.
Comparison of the P. gallaeciensis genomes with those of other roseobacters revealed unique
genomic traits, including the production of iron-scavenging siderophores. Experiments supported
the predicted capacity of both strains to grow on various algal osmolytes. Transposon mutagenesis
was used to expand the current knowledge on the TDA biosynthesis pathway in strain DSM 17395.
This first comparative genomic analysis of finished genomes of two closely related strains
belonging to one species of the Roseobacter clade revealed features that provide competitive

advantages and facilitate surface attachment and interaction with eukaryotic hosts.
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Introduction

Phaeobacter gallaeciensis belongs to the Roseobac-
ter clade (Martens et al., 2006), and members of this
genus are present in various marine habitats in
temperate regions (Pommier et al., 2005). Phaeobac-
ter were found in turbot larva rearings (Hjelm et al.,
2004), cutaneous mucus of seahorses (Balcézar et al.,
2010) and on cephalopods (Grigioni et al., 2000;
Barbieri et al., 2001). In the Chinese Changjiang
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estuary, close relatives of P. gallaeciensis are among
the most abundant bacterial groups (Sekiguchi et al.,
2002). Phaeobacter spp. are effective surface colo-
nizers and antagonistic against other bacteria due to
the antibiotic tropodithietic acid (TDA), which is
produced by several strains affiliated with the
genera Phaeobacter, Ruegeria and Pseudovibiro
(Porsby et al., 2008; Gram et al., 2010). Because of
the competitive success of Phaeobacter spp. against
fish and mollusc pathogens, ongoing research
focuses on these organisms as probiotic agents in
aquaculture (Rao et al., 2007; Porsby et al., 2008;
Prado et al., 2009). Most recently, it was shown
that P. gallaeciensis also produces algicides upon
sensing the lignin-derived breakdown product
p-coumaric acid from a co-cultivated microalga
(Seyedsayamdost et al., 2011). Thus, the mutualistic
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relation between this bacterium and its host can
switch to parasitism. In addition, other secondary
metabolites, like acylated homoserine lactones
(Bruhn et al., 2005; Berger et al., 2011), are produced
by Phaeobacter species and it was shown that
P. gallaeciensis BS107 harbors a hybrid polyketide
synthase/non-ribosomal peptide synthetase (NRPS)
cluster (Martens et al., 2007). However, none of the
above-mentioned traits is unique to Phaeobacter
strains, hence, limiting the knowledge of features
delineating P. gallaeciensis from other roseobacters.

The P. gallaeciensis strains DSM 17395 and 2.10
were isolated from geographically very distant
locations at the Atlantic coast of north western
Spain (strain DSM 17395; scallop larvae hatchery;
Ruiz-Ponte et al., 1998) and Sydney, Australia
(strain 2.10; surface of the alga Ulva lactuca; Rao
et al., 2005). Despite the great distance between
the isolation sites, the organisms are very closely
related and indistinguishable by their 16S rRNA
gene sequence.

For more than 20 years, bacteria affiliated with the
marine Roseobacter clade have been intensively
studied because of their abundance in diverse
marine habitats as well as their physiological and
metabolic versatility. In addition, as part of the
Marine Microbiology Initiative (http://camera.
calit2.net/microgenome/) and other sequencing pro-
jects, the complete genomes of 40 members of this
prominent bacterial cluster were sequenced
(Brinkhoff et al., 2008). Comparative analyses based
on the (mostly unfinished) genomes of these isolates
emphasized the heterogeneity of this bacterial clade
and demonstrated the difficulty to classify and
organize roseobacters in terms of ecological
or biogeochemical functions (Newton et al., 2010).
In contrast, comparative analyses encompassing
more closely related organisms have proven to be a
valuable approach to assess patterns of differentia-
tion and adaptive strategies (Rocap et al., 2003; Pena
et al., 2010; Kalhoefer et al., 2011). Our study thus
focused on the genome comparison of two strains of
the same species to gain insights into the genomic
and phenotypic diversity below the species level
(Schloter et al., 2000).

Here we report the complete genome sequences
and comparative analysis of the manually annotated
genomes of the P. gallaeciensis strains DSM 17395
and 2.10. Differences between the genomes
were examined and Phaeobacter-specific coding
sequences were compared with other Roseobacter
clade members. Additional genomic traits were
deduced from the genomes and tested in vitro. This
study compares, for the first time, two finished
genomes of one species within the Roseobacter
clade and provides insight into intraspecies
diversity and mechanisms leading to genomic
differentiation. A comparison with 35 Roseobacter
genomes further revealed genomic and physiologi-
cal traits that are characteristic for P. gallaeciensis
strains.
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Materials and methods

Genome sequencing, assembly, finishing and
annotation
The genomes of the P. gallaeciensis strains DSM
17395 and 2.10 (DSM 24588) were sequenced as
parts of the Microbial Genome Sequencing Project
(http://camera.calit2.net/microgenome/). Gap clo-
sure and sequence editing were performed using
the Staden software package (Staden, 1996). For
further details see Supplementary Material S1. The
sequences have been deposited in GenBank under the
accession numbers CP002976, CP002977, CP002978,
CP002979 (strain DSM 17395) and CP002972,
CP002973, CP002974, CP002975 (strain 2.10).
Prediction of potential protein coding open read-
ing frames (ORFs) was conducted using YACOP
(Tech and Merkl, 2003). ORF calling was verified
manually and expert annotation was performed
with the ERGO software package (Overbeek et al.,
2003) (Supplementary Material S1).

Sequence analyses and comparative genomics

The BiBag software tool—combining reciprocal
BLAST analyses and global sequence alignments—
was applied to compare the genomes of the two
P. gallaeciensis strains (DSM 17395 and 2.10), as
well as 35 other roseobacters (Supplementary
Material S1). Whole-genome alignments were
performed with the MAUVE software (Darling
et al., 2004) and circular plots were generated with
DNAPIlotter (Carver et al., 2009). Functional classes
were assigned to the ORFs according to the cluster of
orthologous groups classification (Tatusov et al.,
1997). Prediction of horizontally acquired genes was
performed using the programs IslandViewer and
COLOMBO (Waack et al., 2006; Langille and
Brinkman, 2009). Because different results were
obtained with the two programs, predicted alien
genes and genomic islands (GEIs) were manually
checked for elements commonly associated with
GEIs like transposases, integrases, tRNAs and GC-
content deviations. The metabolic pathways were
reconstructed using the Pathway-tools software
(Karp et al, 2002) from the Biocyc Database
collection (Karp et al., 2005). The pathways were
checked and curated manually, if required.

The recently published genome of P. gallaeciensis
ANG1 (Collins and Nyholm, 2011) could not be
included in the analysis of unique gene content as it
is in draft stage (135 contigs). Furthermore, the 16S
rRNA gene of strain ANG1 is more similar to that of
Phaeobacter daeponensis strain TF-218 (99%) than to
those of strains DSM 17395 and 2.10 (97.32%
identity), so that ANG1 is not suitable for strain-level
analysis within the species P. gallaeciensis.

Growth experiments
For growth tests, cells of P. gallaeciensis DSM 17395
and 2.10 were cultivated in salt-water medium
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(Zech et al., 2009). Media were supplemented with
different carbon or nitrogen sources. For details see
Supplementary Material S1.

Transposon Tn5 mutagenesis of P. gallaeciensis DSM
17395

Random insertion libraries were generated using
EZ-Tn5 mutagenesis as described by Berger et al.
(2011). TDA-negative mutants were screened for
reduced pigmentation, which is known to coincide
with loss of antibiotic production. For details see
Supplementary Material S1.

Induction of prophages with mitomycin C and virus
analysis

The Phaeobacter genomes were checked for
prophage-associated regions. A protocol by Chen
et al. (2006) was adapted for induction of prophages
with mitomycin C. Bacterial growth and abundance
of induced phages were monitored by measuring the
optical density or by epifluorescence microscopy.
Phage lysates were concentrated and analyzed with
pulsed field gel electrophoresis. For details see
Supplementary Material S1.

Chrome Azurol S test for siderophore analysis
Secretion of iron-scavenging siderophores was
determined on Chrome Azurol S agar plates,
basically following the protocols by Schwyn and
Neilands (1987), Alexander and Zuberer (1991) and
Carson et al. (1992). For details see Supplementary
Material S1.

Colonization experiments
P gallaeciensis DSM 17395 was labeled with a green
fluorescent protein color tag and co-cultivated with
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macroalgae, microalgae, pieces of driftwood
or crab tissue. Growth and surface colonization
was monitored by epifluorescence microscopy as
described in the Supplementary Material S1.

Results and Discussion

Comparative genome analysis of P. gallaeciensis strains
DSM 17395 and 2.10

The genomes of P. gallaeciensis DSM 17395 and
2.10 have a size of 4227134 and 4160916 bp,
respectively, and are each organized in a circular
chromosome and three plasmids (Table 1). On the
nucleotide level, the genomes differ by only 3% and
the chromosomes and plasmids are highly syntenic
(Figures 1 and 2 and Supplementary Materials S2A
and B). Only two loci at the start and end of the
chromosomes are inverted. Highly similar gene
order and orientation, as well as 94% similarity
on the nucleotide and protein level, were also
reported for two co-habitating strains of the halo-
philic bacterium Salinibacter ruber (Pena et al.,
2010). In contrast, two strains of Alteromonas
macleodii (Ivars-Martinez et al., 2008), isolated
from either the Mediterranean Sea or close to
Hawaii, revealed a low level of synteny, an average
nucleotide identity of only 81.25% and 65% of
shared genes. This comparison shows that the two
Phaeobacter strains have maintained a level of
genomic congruence, similar to what has been seen
in co-habitating strains and higher than that of other
geographically separated strains.

The two P. gallaeciencsis strains share a total
of 3438 coding sequences (Needleman—Wunsch
similarity >30%), accounting for 88% in strain
DSM 17395 and 93% of all predicted genes of strain
2.10. Strain DSM 17395 harbors 437 genes not
present in strain 2.10, whereas 285 genes are unique
in strain 2.10 (Supplementary Material S4). In both

Table 1 General genomic features of P. gallaeciensis strains DSM 17395 and 2.10.

P. gallaeciensis strain DSM 17395 Chromosome pPGA1_262 pPGA1_78 pPGA1_65
Length (bp) 3821831 261820 78238 65 245
G+ C content (%) 59.84 57.99 62.67 62.72
Number of CDSs 3528 239 61 47
Number of pseudogenes 16

Number of unique® genes 407 48 1 3
rRNAs 4

tRNAs 56 1

P. gallaeciensis strain 2.10 Chromosome pPGA2_239 pPGA2_95 pPGA2_71
Length (bp) 3758273 237765 94494 70384
G+ C content (%) 59.78 58.4 61.1 62.78
Number of CDSs 3396 208 71 49
Number of pseudogenes 4 1

Number of unique® genes 234 19 11 4
rRNAs 4

tRNAs 56 1

Abbreviations: CDSs, coding sequences; rRNA, ribosomal RNA; tRNA, transfer RNA.

“Not present in the other P. gallaeciensis strain.
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strains, unique genes code for different types of
transporters, transcriptional regulators and two-
component signal transduction systems beside
many hypothetical genes. Among the unique
features in strain DSM 17395 are a complete type
IV secretion system (PGA1_c22830-PGA1_c22980)
as well as three genes that are part of the biosyn-
thetic pathway for acetoin and 2,3-butanediol,
indicating the possible production of these com-
pounds by the strain. These compounds can act as
nutrient source as well as plant growth-promoting
molecules (Ryu et al., 2003; Rudrappa et al., 2010),
which might facilitate the interaction with algal
hosts. Genes for the complete multi-peptide
urease (ureA-G; PGA2 c¢31970-c32030) and three
genes probably coding for surface antigens
(PGA2_c18820-PGA2_c18840) are also unique in
strain 2.10.

Plasmid pPGA2 239 of strain 2.10 has a large
insertion (~20kb, see Figure 1 and Supplementary
Material S2B) compared with DSM 17395 through
an integron containing an ABC transporter with
predicted specificity for spermidine/putrescine, a
glutathione-S-transferase and an helix-turn-helix-
type transcriptional regulator. An additional inser-
tion was found on pPGA2_95 of strain 2.10, contain-
ing one integrase and eight proteins of unknown
function with no homologs in the Roseobacter clade.
The only difference in the smallest plasmids is
the presence of a complete NRPS in strain 2.10
(PGA2_71p110), which is located between three
putative transposases and a two-component regula-
tory system. Evidence for mobility of this ‘NRPS
transposon’ is given by its location on the chromo-
some of strain DSM 17395 (PGA1_c28490). This
ORF is similar (E value 3 x 10 ~2°) to a subunit of the
Bacillus subtilis surfactin synthase, thus indicating
a similar function in Phaeobacter. Furthermore,
the NRPS sequence appears to be rare within the
Roseobacter clade, as we could only find ORFs with
weak similarity (<30%) in six other roseobacters.

Prophage 1 GEI |
Phaeobacter gallaeciensis DSM17395

Comparison of the chromosomes of the
Phaeobacter strains illustrates the high level of
genetic uniformity. This is remarkable, given the
large geographic distance of the isolation sites. The
overall synteny of the plasmids of strains 2.10 and
DSM 17395 is striking. They harbor Phaeobacter-
characteristic traits (see below), thus indicating
plasmid-located genes being mediators of adapta-
tion and heredity transmission. This is supported by
recent studies on the plasmids and replication
machineries of P. gallaeciensis and other roseobac-
ters (Petersen, 2011). There, a new replicase (dnaA-
like) on pPGA1_262 was found to be essential for
stable coexistence of this plasmid in the bacterium.
Transformation analyses revealed that the presence
of an incompatible construct resulted in loss of the
262-kb replicon and led to white colonies of strain
DSM 17395, thus indicating that the plasmid is
essential for the production of the characteristic
brown pigment produced by P gallaeciensis
(Petersen et al., 2011).

Several of the strain-specific genes have no
homologs in any database (‘orphan genes’) and are
interesting targets for further research, because they
may account for P gallaeciensis strain-specific
metabolic traits and may also influence the host
specificity (Mira, 2002; Silva et al.,, 2002). Our
survey also suggests strain differentiation in the
regulatory networks of extracytoplasmic function
o factors and small RNAs (Supplementary Materials
S12 and 13).

GEIs, prophages and gene-transfer agents (GTAs)

Many of the unique genes in both strains are located
in GEIs. We found 98 putative alien genes that are
organized in three GEIs in the genome of strain DSM
17395 (Figure 2a) and 126 ORFs in five GEIs in
that of strain 2.10 (Supplementary Material S2A,
circle 4). The GEIs are inserted in the vicinity of
tRNAs and several mobility-related elements, such
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Figure 1 Whole-genome alignment of P. gallaeciensis strains DSM 17395 and 2.10. The progressive MAUVE alignment tool identifies
nucleotide matches, which are depicted as linked boxes with the same color. Inverted regions are identified by boxes below the centre
line. The four replicons are separated by red lines. Non-matching regions that were identified as GEI or prophage are marked and labeled.
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Figure 2 (a) Circular representation of the genome of P. gallaeciensis DSM 17395. Circles (from outside to inside): 1: TRNA cluster (red);
2 and 3: open ORFs on the leading and lagging strand, respectively. ORFs are colored according to the clusters of orthologous group
(COG) categories; 4: regions that were identified as GEI (GEI I-III; purple), as prophages (turquoise) or as GTA (turquoise); 5: transposases
(pink); 6: tRNAs (blue); circles 7—15 represent orthologous ORFs in members of the Roseobacter clade: P. gallaeciensis strain 2.10,
Ruegeria spp. TM1040, Roseobacter litoralis Och149, Sulfitobacter NAS-14.1, Roseovarius nubinhibens ISM, Sagittula stellata E-37,
Octadecabacter arcticus 238, Roseobacter spp. CCS2, Dinoroseobacter shibae DFL 12. The similarity of orthologous genes (based on the
Needleman—Wunsch algorithm) is indicated by differend shades of red, with red bars representing ORFs with best conformity to the
corresponding ORF in strain DSM 17395. Gray bars indicate that no orthologous gene exists in the respective organism and 16: G+ C
content of the chromosome of P. gallaeciensis DSM 17395; dark green: below average, light green: above average. (b) (see next page)
Circular representation of the plasmids of P. gallaeciensis DSM 17395. Circles (from outside to inside): 1 and 2: open ORFs on the leading
and lagging strand, respectively. ORFs that encode functions of interest in this study are colored: red, TDA biosynthesis; brown,
siderophore synthesis; green, cell envelope/outer-membrane synthesis. Circle 3: orthologous ORFs in P. gallaeciensis strain 2.10. The
similarity of orthologous genes (based on the Needleman—Wunsch algorithm) is indicated by different shades of red, with red bars
representing ORFs with best conformity to the corresponding ORF in strain DSM 17395. Gray bars indicate that no orthologous gene
exists in the respective organism. Circle 4: G+ C content of the plasmid: purple, below average and green, above average.
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Figure 2 Continued.

as transposases or integrases, and their G+C
content deviates clearly from the mean value.
Several genes in the GEIs encode for transport
systems as well as enzymes with regulatory func-
tions. In GEI II of strain DSM 17395, a two-
component system was found, which probably
regulates the expression of the adjacent NRPS gene.
The third island of strain DSM 17395 encodes a
complete type I restriction-modification system
(RMS) (PGA1_c30690-_c30710), probably protecting
the cell from invasion of foreign DNA. RMSs may
also cause cell death through restriction of genomic
DNA or are involved in genomic rearrangements
(Kobayashi, 2001). Such RMS genes are also located
in GEII of strain 2.10, and a putative anti-restriction
protein (PGA2_c11710; ArdA-like) in GEI III might
modulate the activity of the type I RMS (Nekrasov
et al., 2007). Other genes found in GEIs are likely
involved in cell envelope synthesis (rfbFGH;
PGA2_c18820-_c18840; GEI IV), resistance to heavy
metals (PGA2_c08910-PGA2_c08950; GEI II) and
metabolism of amino acids and amines (most genes
located in GEI V; for example, PGA2_c23460-
PGA2_c23500).
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Two complete prophages are encoded in the
genome of strain DSM 17395 (Supplementary
Material S5). Inducible prophages have been found
in several marine bacteria (Williamson et al., 2002;
Mobberley et al., 2008) and are known to influence
structure, biomass and genetic diversity of marine
bacterial communities (Fuhrman, 1999). The gen-
ome of P. gallaeciensis DSM 17395 encodes an
additional prophage-like element, which strongly
resembles a so-called GTA (Supplementary Material S5),
a virus-like particle that mediates transfer of geno-
mic DNA between prokaryotes without negative
effects on the host cell (Lang and Beatty, 2001).
Comparative genome analysis revealed that GTA-
like structures are widespread among genomes of
organisms affiliated with the Rhodobacterales (Lang
and Beatty, 2007). The GTA cluster has a length of
~15kb (18 ORFSs), is identically organized in the
two Phaeobacter strains and exhibits a high simi-
larity to GTAs of other Rhodobacterales species, for
example, Silicibacter spp. TM1040 or Rhodobacter
capsulatus (Lang and Beatty, 2007). The other two
prophages of strain DSM 17395 consist of 48 ORFs
(prophage 1; ~33.8kb) and 39 ORFs (prophage 2;



~39kb), respectively. Prophage 1 shares similarity
with prophage 3 present in the genome of
Silicibacter spp. TM1040. Several characteristic
ORFs are present in both prophage genomes, namely
structural elements like tail-, head- and baseplate-
assembly proteins (Supplementary Materials S5 and
S6). The coding sequences of prophage 1 are located
upstream of a tRNA'™, a common integration site
for bacteriophages (Cheetham and Katz, 1995). The
flanking regions are identical in strain DSM 17395
and 2.10, thus indicating a non-disruptive integra-
tion of the prophage. The same applies to prophage 2,
where the ORF encoding the phage integrase
(PGA1_c22580) is located next to a tRNACHY,
Except for the GTA-like locus, no other complete
prophage was found in the genome of P. gallaecien-
sis 2.10. To confirm these differences in prophage
content for strains DSM 17395 and 2.10, we treated
cultures of both with mitomycin C. As expected
from the genomic data, no induction of prophages
was observed for strain 2.10 (data not shown).
Shortly after exposure to mitomycin C, strain DSM
17395 was inhibited in growth for a period of
approximately 8 h (Figure 3). The number of virus-
like particles in the non-induced control steadily
increased from 10° to 10® per ml within 14h and
remained at that level. Virus-like particle numbers
in the mitomycin-C-treated culture increased
rapidly from 10° to a maximum of 10° per ml within
20h post induction during which time the bacterial
growth also nearly stayed stagnant. Presence of the
free-living forms of both prophages in the lysate was
confirmed by PCR with primers targeting the
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terminases and subsequent sequencing of the PCR
products (data not shown). Pulsed field gel electro-
phoresis analysis of the lysates showed two bands of
approximately 35 and 70kb (Figure 3). The 35-kb
band corresponds well to the predicted genome size
of prophage 1, whereas the 70-kb band exceeds the
expected size of prophage 2. The difference in size
might be due to a concomitant excision of host
genomic DNA and could include parts of the 62-kb
upstream of prophage 2, which are unique in strain
DSM 17395 compared with strain 2.10 (Figure 2a).

Together, these data show clear differences in the
active prophage profile of strains DSM 17395 and
2.10, which might define their abilities to exchange
genetic material via generalized transduction. The
lack of the two prophages might also explain the
lower number of unique genes in strain 2.10
compared with strain DSM 17395.

Unique genes in P. gallaeciensis compared with other
Roseobacter clade genomes

The two Phaeobacter genomes possess 74 ortholo-
gous genes that are not present in other Roseobacter
clade organisms using a 30% similarity cut-off
based on a Needleman—Wunsch alignment (Supple-
mentary Material S7). The majority of these genes
have no functional annotation; however, two
functions can potentially be used as unique chemo-
taxonomic markers for the species. These two gene
markers were not found in the ANG1 draft genome,
further supporting their potential uniqueness to
P. gallaeciensis. The first refers to two copies of a

a4s 1.2E+09
Bacteria +mitomycin C
4 | —— Bacteria control
== VLP counts + mitomycin C X
+ 1.0E+09
35 =X~ VLP counts / control \*\
3] 1 8.0E+08
E 25 2
=4 -~
3 1 6.0E+08 5
8 1 >
1.5 + 4.0E+08
mitomycin C
added
1]
1 2.0E+08
0.5
X
/x —x—x" g
0 . — . , , . 0.0E+00
0 5 10 15 20 25 30 35

time [h]

Figure 3

Induction of prophages in P. gallaeciensis DSM 17395. (a) Growth of P. gallaeciensis DSM 17395 and virus-like particle (VLP)

counts in bacterial cultures treated with mitomycin C (0.5pgml ') and untreated controls. Bacterial growth was determined by

measuring the optical density at 600nm The VLP yield was also

monitored (by fluorescence microscopy) in a mitomycin-treated and

control culture. (b) Pulsed field gel electrophoresis of prophage DNA isolated from the induced viral lysate. Lane 1: size marker (A, low
range size marker; New England Biolabs, Ipswich, MA, USA) and lane 2: prophage DNA.
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chromosomally encoded p-alanine-poly(phospho-
ribitol) ligase (dItA), which is involved in biosynth-
esis of p-alanyl-lipoteichoic acid. This compound is
a well-known constituent in the cell wall of Gram-
positive bacteria (Neuhaus and Baddiley, 2003) and
has been reported to have a role in surface attach-
ment of Staphylococcus aureus (Gross et al., 2001).
Teichoic acid was also found in the Gram-
negative bacterium Sulfitobacter brevis KMM
6006 (Gorshkova et al., 2007), which belongs to the
Roseobacter clade, too. The dItA genes are part of a
larger cluster of 19 Phaeobacter unique genes
(PGA1_c13610-PGA1_¢13830 in DSM  17395).
PFAM (protein family) motifs were identified in
several of the proteins that are present in the dlt
operon of Gram-positive bacteria (Glaser, 1995).
Presence of these gene clusters in the two Phaeo-
bacter strains indicates an uncommon cell envelope
composition.

The second unique genomic feature is a cluster for
biosynthesis and transport of an iron-chelating
siderophore, located on the plasmids pPGA1 78
and pPGA2_95 (Figure 4, Supplementary Material
S7). A Chrome Azurol S assay showed that both
Phaeobacter strains excrete siderophores under

iron-limiting conditions, whereas Roseobacter
QA Phaeobacter gallaeciensis DSM17395
Q N\ O Q
00'56 Qorg\ Q’b% QQ%% pr Qob"\ S
»\%Q ,\%Q ,\Q;Q AR ,\%Q ,\%Q »\%Q

s P s N s
?c,?“ QO\» ?c,?“ QOP* QO\’*

—> ~~:>mmmﬂ)>s

denitrificans, which lacks the gene cluster, shows no
excretion (Figure 4). The organization of the gene
cluster is identical to that of the asbABCDEF
petrobactin biosynthesis locus of Bacillus anthracis
and Marinobacter aquaeoeli VT8 (Pfleger et al.,
2007; Homann et al., 2009). The only difference is
that asbC and asbD are fused in P. gallaeciensis
(Figure 4). Consequently, the siderophore produced
by P. gallaeciensis might be related to petrobactin.
Upstream of the biosynthetic enzymes, the genes
PGA1_78p00510, 78p00520 and 78p00530 encode
two RND-type multidrug exporter and a putative
outer-membrane protein similar to proteins mediat-
ing export of the pyoverin siderophores (Poole et al.,
1993). In addition, two systems for the import
of Fe®"-siderophore complexes were found in the
Phaeobacter genomes. One system is located on the
chromosome (PGA1 ¢25890-PGA1 ¢25980) and
comprises an ABC transporter and an energy-
transducing system composed of TonB and ExbBD,
which are typical for a ferric enterobactin transport
system (Shea and McIntosh, 1991). The other system
is plasmid-encoded and located adjacent to the
siderophore biosynthesis cluster (PGA1_78p00360-
PGA1_78p00390, Figure 4). The genes in this cluster
resemble those of the B. anthracis fatBCD/fhuC

SESS

asbA asbB

asbC asbD  asbE asbF

members of Bacillus cereus sensu lato group

A. fischeri

P. gallaeciensis str. 2.10

P. gallaeciensis DSM17395

Figure 4 Siderophore biosynthesis gene cluster and determination of siderophore production in P. gallaeciensis. (a) The P. gallaeciensis
plasmid-encoded siderophore biosynthesis cluster and the syntenic petrobactin synthesis cluster asbABCDEF of the Bacillus cereus
group. Homology between genes of the organisms is indicated by shaded or hatched areas. The gene cluster is identical in both
Phaeobacter strains (b) Chrome Azurol S (CAS) assay for the determination of siderophore production. The strains were grown on iron-
depleted medium and overlaid with the blue CAS solution. Excreted siderophores remove iron from the CAS complex and the color

changes from blue to orange.
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cluster for petrobactin uptake (Hotta et al., 2010).
The presence of several siderophore transport
systems might confer an advantage, as iron-side-
rophore complexes produced by other organisms
can be acquired without the need for energy-
consuming siderophore synthesis by the organism
itself. It has also been shown that some marine
bacteria produce siderophores facilitating iron
uptake of the algal host (Soria-Dengg et al., 2001;
Amin et al., 2009), which may also apply to
P. gallaeciensis.

Environmental adaptation of Phaeobacter

P. gallaeciensis is known to be an effective colonizer
of marine surfaces and has the ability to outcompete
other microbiota, possibly due to the production of
TDA (Rao et al., 2006; Porsby et al., 2008). A survey
of the isolation sources of other P. gallaeciensis
strains (16S rRNA gene identity>99%) clearly
reflects a surface-associated lifestyle of these
bacteria (Supplementary Material S8). Thus, the
genomes were analyzed for features supporting this
lifestyle strategy.

Attachment to and interaction with surfaces

The Phaeobacter genomes harbor several genes
sharing similarity with the exo genes of Sinorhizo-
bium meliloti (Supplementary Material S9), which
mediate production of extracellular polysacchar-
ides. Extracellular polysaccharides represent a
major factor contributing to surface attachment

Fucus sp.

Thalassiosira rotula
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(Danhorn and Fuqua, 2007; Vu et al., 2009).
Variation in its composition, as indicated by unique
genes and gene combination, might facilitate host-
specific association of P. gallaeciensis (Skorupska
et al., 2006). Most of these genes are located
on the plasmids of the Phaeobacter strains
(pPGA1_262, pPGA1_65 and pPGA2_239, pPGA2_71)
(Supplementary Material S3). Some homolo-
gous genes occur on plasmids in several other
Roseobacter clade members (Kalhoefer et al., 2011);
however, some genes are P. gallaeciensis unique
(Supplementary Material S7). These include a
glycosyltransferase-like protein (PGA1_65p00370),
putatively involved in polysaccharide biosynthesis,
and two ORFs (PGA1_65p00320 and 65p00330)
related to a type I secretion system, which is known
to export exopolysaccharides in S. meliloti (Moreira
et al., 2000). Moreover, gene clusters were found
that share homology with some rkp genes of
S. meliloti (Supplementary Material S9), which are
required for production and export of capsular
polysaccharides (Kereszt et al., 1998). Similar find-
ings were recently reported for Roseobacter litoralis,
R. denitrificans and several other roseobacters,
where plasmid localization of rfb genes was shown
to correlate with a host-associated lifestyle
(Kalhoefer et al., 2011).

Despite this genomic evidence for a surface-
attached lifestyle (Supplementary Material S13),
colonization of P gallaeciensis has only been
investigated for one natural surface type, the green
alga U. lactuca (Rao et al., 2007). Therefore,
green fluorescent protein (GFP)-labeled cells of

Alexandrium carterea

Crab tissue

Figure 5 Colonization of green fluorescent protein (gfp)-labeled P. gallaeciensis DSM 17395 cells. Fluorescence microscopic images of
gfp-labeled P. gallaeciensis cells proliferating on different surfaces. (a) Tissue sample of the macro alga Fucus spp. (b) Aggregated cells of
the dinoflagellate Alexandrium carterea. (c) Culture of the diatom Thalassiosira rotula. (d) Slice of crab tissue magnification x 1000.
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P. gallaeciensis DSM 17395 were added to a variety
of micro- and macroalgae, crustacean tissue and
driftwood. Growth and colonization, albeit weak,
was observed on Ulva spp., driftwood and Rhodo-
monas baltica. Strongest growth and colonization
was observed on Fucus vesiculosus, Alexandrium
carterea, Thalassiosira rotula and crab tissue
(Figure 5a—c). P. gallaeciensis formed a number of
microcolonies on crab tissue, whereas dense bio-
films were established on the surface of F. vesicu-
losus. Planktonic Phaeobacter cells that were not
attached to a surface exhibited a tendency to form
aggregates. The latter was also found when GFP-
labeled P. gallaeciensis cells grew in co-culture with
T. rotula. Proliferation of P. gallaeciensis cells
seemed to be initiated by damage of the microalgae,
which is consistent with previous observations that
colonization by Phaeobacter spp. is dependent on
the physiological state of T. rotula (Grossart et al.,
2005). Consistent with this is also our observation
that strain DSM 17395 was able to form microcolonies
on autoclaved samples of R. baltica, U. lactuca and
Ulva intestinalis, which released a number of break-
down products and metabolites into the medium that
would facilitate bacterial growth.

Nutrient utilization of P. gallaeciensis

The in vitro tests for growth of P. gallaeciensis on
several carbohydrates and amino acids used as
single-carbon sources (Ruiz-Ponte et al., 1998) are
in general agreement with the genomic predictions
(Supplementary Material S10). Both Phaeobacter
strains grew well with creatine, sarcosine and
taurine and the key enzymes for their degradation
were found in the genomes (Supplementary
Materials S10 and 11). One enzyme in the degrada-
tion pathway of putrescine could not be predicted
from the genome, which was also reported for
R. litoralis (Kalhoefer et al., 2011). However, because
growth was observed on this substance, the missing
reaction is likely to be complemented by a yet
unknown enzyme.

N,N-dimethylglycine was neither used as a carbon
nor as a nitrogen source, even though several ORFs
coding for dimethylglycine dehydrogenases, highly
similar to mitochondrial enzymes, were found in the
genomes. These dehydrogenases might mediate the
decrease of intracellular N,N-dimethylglycine pro-
duced from the degradation of choline and glycine
betaine (Supplementary Material S11). Only weak
growth was observed with choline or glycine betaine
as sole source of carbon (Supplementary Material
S10). Enzymes catalyzing the synthesis of glycine
betaine from choline-O-sulfate and choline were
found in both genomes (betABC). The enzyme
converting glycine betaine to N,N-dimethylglycine
(betaine-homocysteine methyltransferase, BHMT),
however, could not be annotated. Only one ORF
(PGA1 c13370/PGA2 c13310) was found in each of
the Phaeobacter genomes encoding a homocysteine

The ISME Journal

S-methyltransferase domain (PF02574), which is
required for the enzymatic activity of BHMT
(Garrow, 1996). These ORFs share homology with
the metH gene of Escherichia coli and with the
S. meliloti betaine-homocysteine methyltransferase
gene bmt, which represents a link between
methionine biosynthesis and glycine betaine degra-
dation in this organism (Barra et al., 2006). The
Phaeobacter ORFs have only one-third of the size of
metH and lack the cobalamin binding, the activation
and the pterin-binding domains. Nevertheless, the
vitamin B12-binding domains are encoded in ORFs
(PGA1_c13350/PGA2_c13290) in the vicinity. The
activation domain might be substituted by
PGA1 ¢13360 (PGA2 c13300) that encodes a radical
SAM domain (PF04055), which is thought to
catalyze unusual methylation reactions (Sofia
et al., 2001). Together, these three ORFs might code
for enzymes that substitute both MetH, known from
E. coli, and Bmt from S. meliloti. These genes and
their arrangement are also present in other Roseo-
bacter species and might explain why glycine
betaine and choline are only used to some extent
in the Phaeobacter strains, namely as a byproduct
during the synthesis of methionine.

Both genomes lack enzymes for the utilization of
creatinine, an important and abundant energy-
transfer molecule in eukaryotic tissue. The inability
to use this compound as a carbon source was
experimentally confirmed (Supplementary Material
S10). Nevertheless, creatinine could be used as
N-source due to the unspecific reaction of a cytosine
deaminase (Wyss & Kaddurah-Daouk, 2000), present
in both Phaeobacter genomes (PGA1_c26940/
PGA2_c24980).

TDA biosynthesis in P. gallaeciensis DSM 17395

In order to elucidate the pathways leading to TDA
synthesis in strain DSM 17395, we conducted
transposon insertion mutagenesis and screened for
mutants with reduced pigmentation, which was
shown to correlate with TDA production (Brinkhoff
et al., 2004; Geng et al., 2008; Berger et al., 2011).
Within the framework of this study, we identified 26
genes involved in TDA biosynthesis and pigment
production, of which 18 are essential (Table 2). The
identified genes are located in a cluster on
pPGA1_262, including the well-known key TDA
production genes tdaABCEF (Geng et al., 2008), the
newly discovered paaZ2 and a putative Na-depen-
dent transporter. The remaining 19 genes are
scattered over the chromosome and affiliated with
different pathways of the primary metabolism (for
example, phenylacetate and sulfur metabolism).
A proposed model for the biosynthesis of TDA in
DSM 17395 is presented in Figure 6, combining the
results of this study with those of other publications
(Thiel et al., 2010; Teufel et al., 2011). The Paa
enzymes of the phenylacetyl-CoA pathway produce
compound 8 (Figure 6), which has been proposed as
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Figure 6 Proposed model for the biosynthesis of TDA in P. gallaeciensis DSM 17395. Integrated are the combined results of the
transposon mutagenesis and the genome analysis presented in this study, as well as previously published data. For details, see text and
references therein. Unknown reactions or ambiguities with respect to enzyme functions are indicated by question marks. Chemical
structures: (1) phenylalanine; (2) phenylpyruvate; (3) phenylacetate; (4) phenyacetyl-CoA; (5) ring-1,2-epoxyphenylacetyl-CoA; (6)
2-oxepin-2(3H)-ylideneacetyl-CoA (oxepin-CoA); (7) 3-oxo-5,6-dehydrosuberyl-CoA semialdehyde; (8) 2-hydroxycyclohepta-1,4,6-
triene-1-formyl-CoA; (9) tropolone; (10) tropone and (11) thiotropocin. Gene and protein names: cobA2: uroporphyrinogen-III
C-methyltransferase; cysE: serine acetyltransferase; cysH: phosphoadenosine phosphosulfate reductase; cysl: putative sulfite reductase;
cysK: cysteine synthase; hisC: histidinol-phosphate aminotransferase; ior1: indole pyruvate oxidoreductase (fused); paaA: ring-1,2-
phenylacetyl-CoA epoxidase; paaC: ring-1,2-phenylacetyl-CoA epoxidase; paaD: ring-1,2-phenylacetyl-CoA epoxidase; paaFE: ring-1,2-
phenylacetyl-CoA epoxidase; paaF: 2,3-dehydroadipyl-CoA hydratase; paaG: ring-1,2-epoxyphenylacetyl-CoA isomerase (oxepin-CoA
forming)/postulated 3,4-dehydroadipyl-CoA isomerase; paaH: 3-hydroxyadipyl-CoA dehydrogenase (NAD +); paa/: 3-oxoadipyl-CoA/
3-0x0-5,6-dehydrosuberyl-CoA thiolase; paaK1, paaK2: phenylacetate-CoA ligase; paaZ2: enoyl-CoA hydratase; patB: cystathionine beta-
lyase; sat/cysC: putative bifunctional SAT/APS kinase; serB: phosphoserine phosphatase; serC: phosphoserine aminotransferase; tdaA:
transcriptional regulator, LysR family; tdaB: 8-etherase; tdaC: prephenate dehydratase domain protein; tdaE: acyl-CoA dehydrogenase;

tdaF: putative flavoprotein, HFCD family; thiG: thiazole biosynthesis protein and tyrB: aromatic amino-acid aminotransferase.

a precursor of TDA (Cane et al., 1992; Teufel et al.,
2010; Teufel et al., 2011). Disruption of the genes
paaACDE led to complete loss of TDA production,
which corresponds to data obtained for Silicibacter
spp. TM1040 (Geng et al., 2008).

The first enzyme of the phenylacetyl-CoA path-
way paaK1 (phenylacetyl-CoA ligase) was shown to
be non-essential for TDA production and this part of
the pathway is probably substituted by conversion
of phenylalanine via phenylpyruvate to phenylace-
tyl-CoA through the enzymatic action of either TyrB
or HisC and lor1 (Berger et al., 2012). Interruption of
the plasmid-encoded paaZ2 gene, whose product
mediates ring cleavage (Teufel et al, 2011), led
to reduced TDA production. The remaining TDA
synthesis is likely a result of partial complementa-
tion by the chromosomal PaaZ1 enzyme.
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Phenylacetyl-CoA as precursor for TDA biosynth-
esis and tropolone as an intermediate product in
the TDA synthesis were both recently proposed as
precursor of the newly discovered roseobacticides
(Seyedsayamdost et al., 2011), which would link
the synthesis of these secondary metabolites in
P. gallaeciensis. The exact mechanism for the
addition of sulfur to the TDA precursor has not
been elucidated yet. Nevertheless, the assimilatory
sulfate reduction pathway is essential for TDA
biosynthesis, shown for Silicibacter spp. TM1040
by Geng et al. (2008) and confirmed for strain DSM
17395 in our analysis as a result of interruption of
the sulfite reductase (cysl) and of the bifunctional
SAT/APS kinase (sat/cysC) (Figure 6).

The enzyme PatB (cystathionine -lyase) converts
cystathionine into homocysteine in B. subtilis



(Auger et al., 2005) and was found to be essential for
TDA synthesis in strain DSM 17395. Thus, we
postulate that homocysteine acts as a source of
sulfur atoms for TDA. In support of this, the
essential tdaF gene most probably encodes a
homo-oligomeric flavin-containing cysteine decar-
boxylase, which catalyzes the oxidative decarbox-
ylation of cysteine residues for several substrates
(Majer et al., 2002). Therefore, TdaF could provide a
reactive, sulfur-containing precursor for the final
steps of TDA synthesis (Figure 6). Disruption of the
cobA2 gene, involved in the synthesis of siroheme,
also led to a phenotype deficient in TDA production
and we propose that siroheme or a derivative acts as
prosthetic group of the essential sulfite reductase.
P. gallaeciensis harbors two copies of genes coding
for uroporphyrinogen-III methyltransferases (cobA1;
PGA1 c08070 and cobA2; PGA1 c20740) with
cobA1 being co-located with genes involved in
vitamin B12 synthesis and cobA2 clustered with
genes for siroheme synthesis. In addition, siroheme
is known to act as prosthetic group of the sulfite
reductase Cysl (Murphy and Siegel, 1973). One
TDA-negative mutant had an insertion in the thiG
gene of the de novo synthesis pathway of thiamine
(vitamin B1, Table 2). ThiG catalyzes formation of
the thiazole phosphate ring (Park et al., 2003). The
P. gallaeciensis thiG mutant was unable to grow on
mineral medium without thiamine, whereas addi-
tion of thiamine restored growth but not production
of TDA. It is therefore unlikely that thiamine acts as
a direct cofactor in TDA synthesis, but it is possible
that an intermediate of the thiamine synthesis is
involved in TDA synthesis.

In the present study, we also identified six genes
involved in the regulation of TDA synthesis. Among
those is tdaA, which was shown to regulate the
expression of tdaBEF and paaZ2 (Berger et al.,
2011). The gene coding for the regulatory protein
IorR (PGA1_c04480) is located adjacent to ior1 and
was shown to be essential for the transcription of
ior1 and the phenylalanine catabolism (Berger et al.,
2012). The regulator PgaR (PGA1_c03880) is part of
the PgaRI quorum-sensing system, which is essen-
tial for the transcription of tdaA (Berger et al., 2011).
Taken as a whole, our analysis confirmed previous
results from other TDA-producing organisms and
revealed further genes, which have previously been
unknown to be involved in TDA metabolism.

Conclusions

The P. gallaeciensis strains analyzed in this study
were isolated from different habitats (fish aquacul-
ture and macroalgal thallus) at almost opposite
locations of the globe (distance: ~ 18000 km). How-
ever, their genomes exhibit a high level of synteny
and genetic conformity. The first comparative
analysis of two finished genomes of organisms of
the Roseobacter clade, which goes beyond the
species level, gives an insight into the core and
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flexible genome of the strains. Only subtle differ-
ences in the genetic equipment—mostly mediated
by lateral gene transfer and prophages—point to
strain-specific features for coping with individual
environmental conditions. Several genomic traits
seem to be more common among roseobacters, for
example, TDA biosynthesis or quorum sensing.
Only two genomic features likely delineate
P gallaeciensis from other roseobacters. Although
these findings support the ‘mix and match’ hypoth-
esis (Moran et al., 2007) for the heterogeneity of
genomic content of roseobacters, they also underline
the importance of intra-species comparisons to
detect genomic traits that could result in strain-
level specificity.

Our survey also suggests strain differentiation due
to changes in the regulatory network. The genome
analyses support a surface-associated lifestyle of the
two strains, which includes mechanisms to defend
themselves against both, the host’s innate immune
response and other, competing bacteria. Several of
these Phaeobacter-characteristic features, such as
the biosynthesis of TDA, siderophore and extracel-
lular polysaccharide production, are encoded on the
plasmids, underlining the importance of mobile
genetic elements in organisms of the Roseobacter
clade. Association with eukaryotes is furthermore
supported by the ability to grow on host-derived
substances. Although a variety of biotic and abiotic
surfaces is colonized by P gallaeciensis, some
exceptions imply that some degree of host specifi-
city exists. The type of microbe—host interaction of
P gallaeciensis may be mutualistic as well as
pathogenic, as suggested by Seyedsayamdost et al.
(2011). The latter is supported by several virulence-
associated features like the type IV secretion system
or siderophore production and was also stated for
other marine bacteria (Thomas et al., 2008). The
apparently highly defined habitat specificity of the
two strains has selected for a very similar genomic
design despite the great geographic distance.
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