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Adaptation of an abundant Roseobacter RCA
organism to pelagic systems revealed by genomic
and transcriptomic analyses
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The RCA (Roseobacter clade affiliated) cluster, with an internal 16S rRNA gene sequence similarity
of 498%, is the largest cluster of the marine Roseobacter clade and most abundant in temperate to
(sub)polar oceans, constituting up to 35% of total bacterioplankton. The genome analysis of the first
described species of the RCA cluster, Planktomarina temperata RCA23, revealed that this
phylogenetic lineage is deeply branching within the Roseobacter clade. It shares not 465.7% of
homologous genes with any other organism of this clade. The genome is the smallest of all closed
genomes of the Roseobacter clade, exhibits various features of genome streamlining and
encompasses genes for aerobic anoxygenic photosynthesis (AAP) and CO oxidation. In order to
assess the biogeochemical significance of the RCA cluster we investigated a phytoplankton spring
bloom in the North Sea. This cluster constituted 5.1% of the total, but 10–31% (mean 18.5%) of the
active bacterioplankton. A metatranscriptomic analysis showed that the genome of P. temperata
RCA23 was transcribed to 94% in the bloom with some variations during day and night. The genome
of P. temperata RCA23 was also retrieved to 84% from metagenomic data sets from a Norwegian
fjord and to 82% from stations of the Global Ocean Sampling expedition in the northwestern Atlantic.
In this region, up to 6.5% of the total reads mapped on the genome of P. temperata RCA23. This
abundant taxon appears to be a major player in ocean biogeochemistry.
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Introduction

Our understanding of the role of abundant indivi-
dual taxa in ocean biogeochemistry is hampered by
the fact that so far very few of such taxa have
been isolated and are available to genomic and
postgenomic analyses (Yooseph et al., 2010). It is
extremely difficult to obtain representative isolates
of the major players and only novel approaches
made this effort more successful (Giovannoni and
Stingl, 2007). However, still today detailed informa-
tion on the role of abundant individual taxa in
oceanic cycling of matter is available only for
Prochlorococcus and for Cand. Pelagibacter ubique
of the SAR11 clade. Pelagibacter ubique of the
SAR11 clade (Giovannoni et al., 2005; Tripp et al.,
2008; Sowell et al., 2009; Thompson et al., 2011).
Isolates of these taxa are available, their genomes

have been sequenced and thus form a basis for
postgenomic studies and relating metagenomic and,
more importantly, metatranscriptomic and metapro-
teomic information to individual taxa.

The Roseobacter and SAR11 clades are the most
prominent subdivisions of Alphaproteobacteria in
the ocean’s near surface waters (Giovannoni and
Stingl, 2005). The RCA (Roseobacter clade affiliated)
cluster with an internal sequence similarity of the
16S rRNA gene of at least 98%, constitutes up to
35% of total bacterioplankton and is most abundant
in temperate to (sub)polar oceans, but absent in
tropical and subtropical regions (Selje et al., 2004;
Giebel et al., 2009; Giebel et al., 2011). It is divided
into a subcluster with sequences from temperate
regions and one with sequences of subpolar and
polar origin (Giebel et al., 2011). Because of the high
abundance and distinct biogeography of the RCA
cluster, there is great interest to elucidate its
functional role and biogeochemical significance.
However, no information on the genomic data and
features of organisms of this important cluster are
yet available because RCA organisms defy isolation
and cultivation greatly.
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An isolate of this cluster, retrieved from the
southern North Sea, became recently available and
was characterized as type species of the first
described species of the genus Planktomarina,
Planktomarina temperata RCA23 (Giebel et al.,
2013). In the North Sea, P. temperata RCA23
represents the most abundant ribotype of the RCA
cluster that comprises persistently between 2% and
20% of total bacterioplankton (Selje et al., 2004;
Giebel et al., 2011; Teeling et al., 2012) and is a
major representative of the Roseobacter clade in the
active bacterioplankton (Wemheuer et al., 2014).
Based on these observations we hypothesized that
the genome of this organism exhibits distinct
features of its adaptation to life in the nutrient-poor
pelagic environment with respect to genome orga-
nization and metabolic potential. Further, we
hypothesized that the genome of P. temperata
RCA23 is well represented in metagenomic and
metatranscriptomic data in the North Sea because of
its high abundance and activity. Therefore, we
sequenced the genome of P. temperata RCA23 to
elucidate its metabolic potential. In addition, we
assessed its significance and functional role during a
phytoplankton spring bloom in the southern North
Sea by applying a metatranscriptomic approach.
Finally, metagenomic data sets of pelagic marine
systems were mined for the presence, abundance
and genomic features of this organism.

Materials and methods

Origin and growth of P. temperata RCA23
P. temperata RCA23 was originally isolated from a
water sample collected in the southern North Sea
(Giebel et al., 2011, 2013). It was grown in liquid
culture of autoclaved sea water amended with marine
broth (40% of peptone and yeast extract; Giebel et al.,
2013) to an optical density of 0.2. Biomass was
harvested by 20min centrifugation (Beckman JA10,
Krefeld, Germany) at 7500 r.p.m. and 4 1C and DNA
was extracted using the MasterPure DNA Purification
Kit (Epicentre, Madison, Wisconsin, USA) according
to the manufacturer’s protocol.

Sequence determination, gene annotation and
phylogenetic analyses
To sequence the genome of P. temperata RCA23 a
pyrosequencing run was performed using a Roche
GS-FLX 454 sequencer (Branford, CT, USA) with
Titanium chemistry. All sequencing steps were
performed according to the manufacturer’s protocols
and recommendations. In total 411 932 reads were
generated and assembled to 78 contigs bigger than
500 bp with a 26-fold coverage. Furthermore, 576
fosmid Sanger-sequences were added to the data set
to identify the contig order. Gap closure and
polishing were carried out using the Staden software
package (Staden, 1996) and PCR-based techniques
on genomic DNA. Open reading frames were

identified using YACOP (Tech and Merkl, 2003)
and GLIMMER (Delcher et al., 2007). The open
reading frame finding was inspected manually with
Artemis and open reading frames were corrected by
checking the GC frame plot, ribosomal binding site
and blast hits against the NCBI nr database.

Orthologous protein sequences were identified
using reciprocal BLASTp-analysis combined with
global alignments based on the Needleman–Wunsch
algorithm. Only hits with e-values o1e� 20 were
considered and additionally filtered, based on
sequence identity cutoffs of the respective global
alignments. A cutoff value of 30% sequence identity
was chosen to identify orthologs. For multilocus
sequence analysis, protein sequences of 162 genes,
for which one ortholog but no paralog was found in
every comparison strain, were concatenated. The
multilocus sequence analysis tree was constructed
using ARB v5.1 (Ludwig et al., 2004) and the
evolutionary history was inferred using the neigh-
bor-joining method and recovered reproducibly
with the maximum-likelihood method (Figure 1).

Study area, sample collection and chlorophyll
The significance of the RCA cluster was investigated
during a phytoplankton spring bloom in the south-
ern North Sea. Samples were collected at 11 stations
at 2m depth between 25 and 31 May 2010 on board
RV Heincke by 4 l Niskin bottles mounted on a CTD
rosette (Sea-Bird, Bellevue, WA, USA). For pyrose-
quencing, metagenomic and metatranscriptomic ana-
lyses, 50 l of sea water were prefiltered through a 10-
mm nylon net and a filter sandwich consisting of a
precombusted glass fiber and 3-mm polycarbonate
filter (47mm diameter). Bacterioplankton was har-
vested from a prefiltered 1-liter sample on a filter
sandwich consisting of a glass fiber and 0.2-mm
polycarbonate filter (47mm). One filter sandwich
was used for RNA extraction. For gene expression
analysis and metagenome sequencing, at least four
filter sandwiches were subjected to RNA and DNA
extraction. Chlorophyll a concentrations were deter-
mined as described (Giebel et al., 2011).

Enumeration of bacteria, CARD-FISH and BrdU-FISH
Bacterial cell numbers were determined by flow
cytometry after staining of subsamples with
SybrGreen I (Sigma-Aldrich, Munich, Germany),
preserved with glutardialdehyde (final concentra-
tion 1%) and stored at � 80 1C until further analysis
as described Giebel et al. (2011). The abundance of
RCA cells was determined by catalyzed reporter
deposition fluorescence in situ hybridization
(CARD-FISH) and the proportion of DNA-synthesizing
RCA cells by incorporation of BrdU (4h incubation)
according to Pernthaler et al. (2002) and applying
an RCA-specific probe set (RCA996, C Beardsley
and I Bakenhus, unpublished data). Cells were
counted via epifluorescence microscopy using
� 1000 magnification and suitable filter sets for
DAPI-stained total cells, Alexa488-stained RCA cells,
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and Cy3-stained (Perkin Elmer, Waltham, MA, USA)
BrdU-positive cells, respectively.

16S rRNA gene amplicons, metagenomics and
transcriptomics
Environmental DNA and RNAwere coextracted and
the composition of the active bacterial community
was assessed by 16S rRNA PCRs as described before
Wemheuer et al. (2014). For metagenomic and
metatranscriptomic analyses DNA and cDNA were
sequenced on an Illumina/Solexa GAIIx system
(San Diego, CA, USA). In total, 54 334 282 paired-
end sequences of 100 bp were generated for the
metagenomic and 78042 122 single-read sequences
of 75–100 bp for the metatranscriptomic data
sets, respectively (Supplementary Table S1). The
sequences were quality trimmed and the Illumina
adapter sequences were removed with Trimmomatic
v0.30 (Bolger et al., 2014) using the following
parameters: adapter:2:40:15 leading:3 trailing:3

slidingwindow:4:15 minlen:50. Reads derived from
ribosomal RNA gene fragments were filtered with
SortMeRNA (Kopylova et al., 2012). The remaining
sequences were mapped with Bowtie 2 (Langmead
and Salzberg, 2012) using the implemented end-to-
end mode, which requires that the entire read align
from one end to the other.

To compare the RNA-Seq results, the read counts
were normalized to remove biases like the length of the
transcript and the sequencing depth of a sample. We
used the Nucleotide activity Per Kilobase of exon
model per million Mapped reads (NPKM), a derivate of
RPKM (reads per kilo base per million), as a normalized
read count value (Wiegand et al., 2013).

Data deposition
The genome sequence of P. temperata RCA23 has
been deposited at the NCBI GenBank database with
the accession number CP003984. The metagenomic

Figure 1 Neighbor-joining tree based on multilocus sequence analysis (MLSA) of genome-sequenced organisms of the Roseobacter
clade. The tree was constructed using ARB v5.1 and is based on a similar tree of Newton et al. (2010) but includes additional genome
sequences and an extended gene set. Filled circles indicate nodes also recovered reproducibly with maximum-likelihood calculation.
Numbers at the nodes are bootstrap values (only 450% are shown) from 1000 replicates. Subclades of the Roseobacter clade are marked
by different colors. (T) indicates type strains. Escherichia coli K12 MG1655 was used as outgroup.
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and metatranscriptomic data sets have been
deposited at MG-Rast with the accession
numbers: 4548721.3 (Station 3 gDNA), 4550305.3
(Station 3 cDNA), 4548722.3 (Station 9 gDNA),
4550303.3 (Station 9 cDNA), 4548723.3 (Station 13
gDNA) and 4550304.3 (Station 13 cDNA).

Results and discussion

Genomic features of P. temperata RCA23
P. temperata RCA23 is deeply branching within the
Roseobacter clade, not affiliated to any of the known
subclades, as shown by multilocus sequence analy-
sis (Figure 1). The genome of P. temperata RCA23
encompasses 3.29Mbp and carries 3101 genes
of which 3054 encode proteins (Supplementary
Table S2). It is the smallest of all closed and the
third smallest of all genomes of the Roseobacter
clade and carries the second lowest number of genes
of all organisms of this clade (Figure 2a and
Supplementary Table S2). The only organism of
this clade with a significantly smaller genome is

Rhodobacterales bacterium HTCC2255 (Luo et al.,
2013). Further, partial genomes of two other organ-
isms of the Roseobacter clade with estimated
genome sizes of o3Mbp were recently reported
from sequence analyses of single amplified genomes
retrieved from coastal and oceanic surface waters
(Swan et al., 2013; Luo et al., 2014). Members of the
Roseobacter clade with a genome size of o3.8Mbp
are exclusively of pelagic origin (Figure 2a and
Supplementary Table S2). The mean genome sizes of
the pelagic members of this clade is 4.06Mbp and
0.5Mbp smaller than that of members associated to
other organisms, surfaces or sediments (Figure 2b
and Supplementary Table S3). The relatively small
genome of P. temperata RCA23 and other pelagic
members of the Roseobacter clade and the reduction
in genomic traits is consistent with genomic stream-
lining and adaptation to nutrient-poor pelagic
marine ecosystems (see below; Giovannoni et al.,
2005; Luo et al., 2013; Swan et al., 2013). The
genomic difference between both groups of the
Roseobacter clade obviously reflects the divergent
evolutionary history of this clade with genomic

Figure 2 Genomic traits of P. temperata RCA23 in comparison to other organisms of the Roseobacter clade. Relation between genome
size and number of genes (a). Box–Whisker plot of the GC content (b), percentage coding genes (c) and CDS (coding DNA sequences)
count (d) of 14 members of the Roseobacter clade associated to other organisms, surfaces or sediments and of 24 members with a pelagic
life style listed in Supplementary Table S2. Data include 12 closed and 26 draft genomes. Blue circle and þ : P. temperata RCA23. The
boxes show the median (solid line), mean (dashed line), the 25th and 75th percentile and the whiskers the 10th and 90th percentiles.
�: Outlayers. For further details see Supplementary Tables S2 and S3.
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streamlining of at least several pelagic members and
gained genomic content by the associated members
(Luo et al., 2013). The much larger genome size
of P. temperata RCA23 and other pelagic members of
the Roseobacter clade, however, harbour genomes
much larger than highly streamlined marine pelagic
bacteria such as Cand. P. ubique of the SAR11 clade.
This feature points out that, besides streamlining,
distinct aspects of their life history and adaptation
to their niche in the marine pelagic realm were also
important in shaping the evolution of these pelagic
members of the Roseobacter clade (Giovannoni
et al., 2014). These authors have identified a low
number of s-factors as a feature to distinguish
between streamlined and non-streamlined genomes
of bacteria with a more complex life style. The
genome of P. temperata RCA23 harbors six s-factors,
a value much lower than that of other members of
the Roseobacter clade and in the same range as that
of many typical streamlined genomes of a size of
o2Mb (Giovannoni et al., 2014).

The GC content of 54% of P. temperata RCA23 is
lower than that of all associated (mean¼ 60.07±
3.58%, N¼ 14) and the fifth lowest of the 24 pelagic
members of the Roseobacter clade included in this
analysis (mean¼ 59.28±6.82%; Supplementary
Tables S2 and S3). However it is substantially higher
than the genomic GC content of many other marine
bacteria, ranging below 40%, such as Rhodobacterales
bacterium HTCC2255 (Supplementary Table S2),
Cand. P. ubique and pelagic bacteria subjected to
single cell genome sequencing (Swan et al., 2013;
Luo et al., 2014). It has been speculated that a
reduced genomic GC content may be an adaptation
to nitrogen limitation in marine systems (Swan
et al., 2013), but clear-cut evidence is still missing,
also because it is still unclear whether pelagic
heterotrophic bacteria are carbon- or nitrogen-
limited. The percentage of coding DNA of
P. temperata RCA23 is very similar to the mean of
all pelagic members of the Roseobacter clade
which, however, is significantly higher than the
mean of the organisms of this clade associated to
other organisms, surfaces or sediment (Figure 2c and
Supplementary Table S3).

The genome of P. temperata RCA23 shares not
465.7% of homologous genes (2009) with other
members of the Roseobacter clade (Supplementary
Tables S2 and S4). It harbors no prophage, which is
consistent with the fact that prophage induction using
mitomycin C and UV light was unsuccessful (H-A
Giebel, unpublished data). Further, the genome
carries no plasmid, no complete GTA (gene transfer
agent) cluster (Supplementary Table S4) and no
CRISPR (clustered regularly interspaced small palin-
dromic repeats). CRISPR are uncommon in the
genomes of most organisms of the Roseobacter clade
and were so far detected in only two members of this
clade, Dinoroseobacter shibae and Maritimibacter
alkaliphilus HTCC2654. The lack of plasmids in the
genome of P. temperata RCA23 and other pelagic

members of this clade with a genome size of o3.5Mb
(Supplementary Table S2) appears to be an adaptation
to the pelagic life style and exhibits another feature of
streamlining not considered yet in other analyses.
In contrast, plasmids are common genomic elements
of all members of the Roseobacter clade associated to
other organisms, surfaces and sediments and consti-
tute between 2% and 33% of the genomic content
(Supplementary Table S2; Pradella et al., 2010).

GTAs have been detected in Alphaproteobacteria
and all genomes of the Roseobacter clade except in
Rhodobacterales bacteria HTCC2083 and HTCC2255
(Zhao et al., 2009; Newton et al., 2010). GTA-related
gene transfer was suggested as a potential adaptation
mechanism of these bacteria to maintain the meta-
bolic flexibility in the dynamic marine environment
(Biers et al., 2008). The fact that the genome of
P. temperata RCA23 encodes only three putative
GTA-related genes (c18030, c18040 and c18050;
Supplementary Table S4) implies that this mode of
gene transfer was discarded during adaptation to
the pelagic life style, presumably because of
little benefits by this type of genetic exchange in
the nutrient-poor pelagic environment. Hence, the
mentioned missing genomic features, the absence of
plasmids and GTA in the genome of P. temperata
RCA23 indicate a less diversified genomic
organization as compared to other organisms of the
Roseobacter clade and suggests reduced genetic
exchange with other members of this clade.

In comparison to typical groups of other
Roseobacter clade organisms (Newton et al., 2010)
10 genomic islands (GIs), harboring 22.6% of all
genes, are present in the genome of P. temperata
RCA23 (Supplementary Figure S1). This bacterium
encodes genes for chemotaxis, possesses a mono-
trichous flagellum and is motile (Table 1; Giebel
et al., 2013). Phylogenetic analysis of the flagella
synthesis cluster present in GI 3 shows that the
flagellar gene sets of the Roseobacter clade are
divided into two distinct groups (Supplementary
Figure S2). The flagella genes of the majority of
the Roseobacter clade organisms fall into group I,
but those of P. temperata RCA23 into group II. This
group contains relatively few sequences of Roseo-
bacter clade members but additionally includes
strains of the SAR116 clade and of Rhodobacter
sphaeroides. The existence of these two groups of
flagella gene clusters obviously reflects the evolu-
tionary history of the Roseobacter clade with
substantial lateral gene transfer (Luo et al., 2013).
GI 5 harbours the genes for the group I CO
dehydrogenase (coxI; Supplementary Table S4).
The existence of the coxI gene cluster enables
members of the Roseobacter clade to oxidize CO
(Cunliffe, 2011).

The genome of P. temperata RCA23 encodes all
basic metabolic functions. Carbohydrates are meta-
bolized via the Entner–Doudoroff pathway that
appears typical for the Roseobacter clade and also
for the SAR11 clade (Giovannoni et al., 2005; Fuerch
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Table 1 Comparison of selected biosynthetic/catabolic genes and pathways of representative members of the Roseobacter clade

Abbreviations: CO DH, carbon monoxide dehydrogenase; DMSP, dimethylsulphonium propionate; NRPS, non-ribosomal peptide synthase; PKS,
polyketide synthetase; TDA, tropodithietic acid; TMA, trimethylamine. Colored boxes represent the presence of a gene or pathway within a
genome. Data for P. temperata RCA23 were generated in this study; the data for representative members of the Roseobacter clade are taken from
Newton et al. (2010) and colored according to the different subclades in Figure 1.
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et al., 2009). Dimethylsulphonium propionate can
be degraded via the demethylation and the cleavage
pathway (Table 1 and Supplementary Table S4) and
enhances growth of P. temperata RCA23 when
added additionally to the medium (Giebel et al.,
2013). This organism is able to carry out AAP (Giebel
et al., 2013). The organization of the photosynthetic
operon, however, differs from that of other members
of the Roseobacter clade (Supplementary Figure S3
and Supplementary Table S4). In accordance to
many other Roseobacter clade organisms, nitrogen
can only be taken up in reduced form as the genome
harbors no genes encoding enzymes for reducing
nitrate and nitrite, but gene clusters encoding

enzymes for uptake of ammonium, amino acids,
putrescine/spermidine and to utilize urea (Table 1
and Supplementary Table S4). These genomic
features are in line with growth tests of P. temperata
RCA23 (Giebel et al., 2013). Whether oxidized sulfur
compounds can be reduced is unclear because
a putative gene cluster for assimilatory sulfate
reduction exists (c14410-c14360), but lacks the
typical cysH gene known from other organisms of
the Roseobacter clade. Instead a smaller variant
harboring a phosphoadenosine phosphosulfate
reductase domain was found (c14380).

The genome of P. temperata RCA23 encodes 287
transport proteins, a number lower than the mean of

Table 1 (Continued)
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the pelagic members of the Roseobacter clade
(Supplementary Figure S4A and B; Supplementary
Tables S2 and S3). A total of 208 transport proteins
of P. temperata RCA23 belongs to the ATP-binding
cassette (ABC) family (Supplementary Figure S4B
and C; Supplementary Table S2). This number is
lower than the mean of the pelagic members of the
Roseobacter clade, whereas the proportion of ABC
transporters of P. temperata RCA23 (72.5%) is very
close to and the number of ABC transporters per Mb
of P. temperata RCA23 (63.2) identical to the mean
of all pelagic members (Supplementary Table S2).
Interestingly, the other two deeply branching pelagic
members of the Roseobacter clade, Rhodobacterales
bacteria HTCC2255 and HTCC 2150, have the lowest
numbers of ABC transporters per Mb of all roseo-
bacters, 47.6 and 50.2, values close to that of Cand.
P. ubique, 51.1 (Supplementary Table S2). The mean
of the absolute numbers of ABC transporters of the
pelagic members is significantly lower than that of
the associated Roseobacter clade members (Stu-
dent’s t-test; P¼ 0.014; Supplementary Table S3),
presumably a result of the different evolutionary
history of both groups of this clade with respect to
gene acquisition and loss (Luo et al., 2013). A high
proportion of ABC transporters, which exhibit high
substrate affinities, was interpreted as an adaptation
of pelagic bacteria to the nutrient-poor oceanic
environment (Giovannoni et al., 2005; Lauro et al.,
2009). As all members of the Roseobacter clade
exhibit a rather high percentage of ABC transporters,
this feature may not be an adaptation to the nutrient-
poor oceanic environment. It may also reflect the
generally highly dynamic nutrient supply to mem-
bers of this clade, considered as opportunistic
marine bacteria and being able to adapt to a variety
of nutrient conditions (Brinkhoff et al., 2008;
Teeling et al., 2012; Luo et al., 2013). The number
of tripartite ATP-independent periplasmic transpor-
ters of P. temperata RCA23 is lower than the mean of
the pelagic as well as associated members of the
Roseobacter clade (Figure 3d and Supplementary
Table S3). The great majority of tripartite
ATP-independent periplasmic transporters of
P. temperata RCA23 mediates uptake of dicarboxylic
acids (Supplementary Table S4). Physiological tests
showed that P. temperata RCA23 is able to grow on a
large variety of organic substrates including amino
acids, monosaccharides and short-chain fatty acids
(Giebel et al., 2013). This high versatility appears to
reflect the high number of transporter proteins.

Even though quite a few genomic features are
similar to those of other members of the Roseobacter
clade, the genome of P. temperata RCA23 is distinct
in lacking genes encoding the Flp pilus (type IV) for
attachment, the VirB system for discharge of genetic
material and protein, and genes encoding enzymes
for quorum sensing and synthesizing other second-
ary metabolites (Table 1). The only other organism of
the Roseobacter clade also missing the genes
encoding attachment properties is Rhodobacterales

bacterium HTCC2255 (Table 1). In Octadecabacter
arcticus these genes are present but fragmented into
three partial clusters and not arranged homolo-
gously to the other organisms of this clade
(Table 1; Vollmers et al., 2013). The lacking feature
for attachment in P. temperata RCA23 is consistent
with the observation that the RCA cluster has not
been detected in the fraction of particle-associated
bacteria in the North Sea (Giebel et al., 2011) and
that growth on agar plates is weak and unreliable
(Giebel et al., 2013). This lacking attachment ability,
however, is in contrast to the life style of another
RCA cluster isolate, strain LE17, retrieved from
Californian coastal waters that lives associated with
a dinoflagellate (Mayali et al., 2008).

In order to distinguish between genomic features of
copiotrophic and oligotrophic bacteria Lauro et al.
(2009) compared Photobacterium angustum S14
(copiotrophic; genome size 5.10Mbp), and Sphingo-
pyxis alaskensis RB 2256 (oligotrophic; genome size
3.37Mbp). These authors found that categories of
clusters of orthologous groups (COG) for motility (N),
transcription (K), defense mechanisms (V) and signal
transduction (T) constitute lower and COG categories
for lipid transport and metabolism (I) and secondary
metabolites, biosynthesis, transport and catabolism
(Q) higher fractions in the oligotrophic as compared
to the copiotrophic bacterium. The fractions of COG
categories K, V and T in the genome of P. temperata
RCA23 constitute even smaller fractions and COG
categories I and Q higher fractions than in S.
alaskensis (Supplementary Table S5), confirming the
finding by Lauro et al. (2009) and emphasizing that
P. temperata RCA23 is a truly oligotrophic bacterium
in these respects. Interestingly, COG category I (lipid
transport and metabolism) of the pelagic members of
the Roseobacter clade constitutes a significantly
higher fraction relative to the associated members
(Supplementary Table S5) and P. temperata RCA23
has the third highest fraction of this COG category of
all pelagic roseobacters (Supplementary Table S5).
Genes affiliated to this COG category include short-
chain fatty acid dehydrogenases, hydratases, dehy-
dratases and acetyltransferases (Supplementary Table
S4). The COG category of cell motility (N) of
P. temperata RCA23 has a fraction not as low as that
of S. alaskensis, suggesting that this feature is of
adaptive significance for the life style of P. temperata
RCA23 in the pelagic environment. The respective
means of the associated and pelagic groups of the
Roseobacter clade do not exhibit such a clear-cut
difference between these COG categories and thus
may reflect that members of this clade in general are
more adapted to nutrient-poor environments than
P. angustum (Supplementary Table S5).

Occurrence of the RCA cluster and P. temperata RCA23
in the North Sea
In order to assess the significance of the RCA cluster
and P. temperata RCA23 among the active microbial
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players in the southern North Sea, we investigated
bacterioplankton abundance, composition and
activity in and outside a diatom-dominated phyto-
plankton spring bloom in the German Bight
(Figure 3). The RCA cluster dominated the Roseo-
bacter clade by 490% (Wemheuer et al., 2014),
constituted 3.0–6.5% (mean¼ 5.1±1.2%) of total
bacterioplankton and the active bacterioplankton
community to even higher proportions, to 10–31.3%
(mean¼ 18.5±7.7%), as determined by the cDNA
derived from the 16S rRNA (Figure 3c; Wemheuer
et al., 2014). Between 11.9% and 49.6%
(mean¼ 34.0±10.7%) of the RCA cells were actively
dividing as determined by incorporation of bromo-
deoxyuridine (BrdU; Figure 3c).

One sample collected outside (station 3) and two
samples collected inside the bloom, during day
(1100 hours; station 13) and at night (0330 hours;
station 9), were subjected to a metagenomic
and metatranscriptomic analysis. The genome of
P. temperata RCA23 was retrieved from the meta-
genomes to 496% and accounted for 7.8–15.4% of
total reads (Table 2; Figure 4). It was also retrieved
from the metatranscriptomes, to 17.3% outside and
to at least 93.4% inside the bloom (Table 2;
Figure 4). Inside the bloom it accounted for 6.7%
of total metatranscriptomic reads during night and
for 8% during day (Table 2). These data, in line
with the other above-mentioned data, show that
P. temperata RCA23 was an abundant and in the

bloom also highly active member of the bacterio-
plankton in the southern North Sea.

For comparison and to validate our genome
mapping approach, we carried out similar genomic
mappings in the metagenomes and transcriptomes
for organisms of the SAR11 clade and SAR92
cluster, phylogenetic lineages also abundant at these
stations (Wemheuer et al., 2014). The genomes of
Cand. P. ubique HTCC1062 of the SAR11 clade and
of the Gammaproteobacterium HTCC2207 of the
SAR92 cluster were retrieved to 92.7% and 44.6% in
the metagenome outside the bloom, and to 50.2%
and 95.6% inside the bloom, with some differences
between day and night (Table 2). Both genomes
accounted for not 41.7% of total metagenomic
reads. The genome of Cand. P. ubique HTCC1062
had already been retrieved to 96% from metage-
nomic data of a North Sea phytoplankton spring
bloom, but only from the pooled data of all
combined samples (Teeling et al., 2012). We
retrieved the genomes of Cand. P. ubique HTCC1062
and of Gammaproteobacterium HTCC2207 also from
metatranscriptomic reads, in the bloom sample
collected during the day to 40.9% and 89.1%,
respectively, and at night to 42.6% and 34.1%,
respectively. These data show little variations
between day and night for the transcriptome of
Cand. P. ubique HTCC1062, but a much lower
fraction of the genome of HTCC2207 transcribed at
night. The transcriptomic reads of both organisms

Figure 3 (a) Bathymetry of the southern North Sea (German Bight) and sampling stations in May 2010. Arrows indicate stations where
the samples for the metagenomic and transcriptomic analyses were collected. (b) Chlorophyll a, bacterial abundance, salinity and
temperature at 2m depth. (c) Percentages of the RCA cluster as detected by CARD-FISH with an RCA-specific probe, of DNA-synthesizing
RCA cells (BrdU positive) and of active RCA (cDNA). Samples in (b) and (c) are ordered as inside and outside the bloom except station 1,
which was a separate bloom in the southernmost area. *: Missing data.
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accounted for not 41.2% of total metatranscrip-
tomic reads, indicating that these organisms were far
less abundant and active than P. temperata RCA23.

The fact that at least 93% of the genome of
P. temperata RCA23 were transcribed in the bloom is
remarkable because it reflects that the population of
this abundant organism was highly active and used
basically the entire potential of its metabolic proper-
ties. The largest fraction of the remaining unmapped
regions refers to hypothetical proteins mostly
located in GIs (Figure 4). To the best of our
knowledge this is the first report of such a high
fraction of the genome of an abundant marine
bacterium transcribed and retrieved from a meta-
transcriptome. A similarly high genome coverage in
a metatranscriptome analysis was recently found in
a sediment-derived microbial community degrading
hexadecane under anoxic conditions. The genome
of Smithella spec., largely dominating this commu-
nity, was transcribed to 94% (Embree et al., 2014).
Transcribed genomic fractions of 52–95% have been
reported from pure culture experiments with var-
ious bacteria such as Helicobacter pylori (Sharma
et al., 2010), Bacillus anthracis (Passalacqua et al.,
2009), Bacillus subtilis (Nicolas et al., 2012) and
Prochlorococcus MED4 (Wang et al., 2014). Hence,
the high fraction of the genome of P. temperata
RCA23 transcribed is in line with these reports but
may indicate that the ambient population of this
organism consisted of cells in different metabolic

stages with respect to growth and substrate
utilization.

A more detailed analysis of the transcriptomic
patterns of P. temperata RCA23 shows that tran-
scripts of COG category E (amino-acid transport and
metabolism) exhibited the highest NPKM-
normalized reads of all COG categories, followed
by COG category R (general function) and J
(translation, ribosomal structure and biogenesis)
(Table 3, Supplementary Table S6). The high values
of normalized transcripts of amino-acid and carbo-
hydrate transport and metabolism (categories E
and G) appear to reflect the significance of these
substrates for growth of P. temperata RCA23, and is
consistent with the broad substrate spectrum of this
organism (Giebel et al., 2013). Pronounced differ-
ences between the day and night transcriptome
occurred in COG categories for translation, riboso-
mal structure and biogenesis (category J) and for cell
motility, but not for chemotaxis (both category N),
with higher fractions at night than at day
(Supplementary Table S6). Further, the genes
c29660, c29670 and c29760, encoding the light-
harvesting protein B-870 beta chain PufB and alpha
chain PufA and cytochrome c551, respectively, were
highly overexpressed at night (Supplementary
Figure S5 and Supplementary Table S6). This
observation is in line with the well-known fact that
bacteriochlorophyll a is only produced during night
in AAP bacteria (Wagner-Döbler and Biebl, 2006).

Table 2 Days of sampling, mapped reads, percentage of genomic coverage and percentage of total reads of P. temperata RCA23, Cand.
Pelagibacter ubique HTCC1062 of the SAR11 clade and of Gammaproteobacterium HTCC2207 of the SAR92 cluster of the metagenome
(DNA) and metatranscriptome (RNA) retrieved at stations outside (non-bloom) and inside the phytoplankton spring bloom during day
(1100 hours) and night (0330 hours)

Station Target No. of reads Organism (lineage) Mapped reads Percentage of
genome coverage

Percentage of
total reads

3
Non-bloom DNA 23381812 P. temperata RCA23 1819024 97.1 7.8
26 May 2010 Cand. P. ubique HTCC1062 (SAR11) 407 611 92.7 1.7

HTCC2207 (SAR92) 50 361 44.6 0.2
RNA 2223804 P. temperata RCA23 19435 17.3 0.9

Cand. P. ubique HTCC1062 (SAR11) 16 947 17.9 0.8
HTCC2207 (SAR92) 4021 2.6 0.2

9
bloom, night DNA 12671944 P. temperata RCA23 1783951 96.4 14.1
29 May 2010 Cand. P. ubique HTCC1062 (SAR11) 112 728 89.0 0.9

HTCC2207 (SAR92) 45 926 50.2 0.4
RNA 8101537 P. temperata RCA23 543596 93.4 6.7

Cand. P. ubique HTCC1062 (SAR11) 35 853 42.6 0.4
HTCC2207 (SAR92) 35 853 34.1 0.3

13
bloom, day DNA 16156091 P. temperata RCA23 2480608 96.0 15.4
29 May 2010 Cand. P. ubique HTCC1062 (SAR11) 23 806 66.3 0.1

HTCC2207 (SAR92) 238 054 95.5 1.5
RNA 15349574 P. temperata RCA23 1222858 94.6 8.0

Cand. P. ubique HTCC1062 (SAR11) 27 026 40.9 0.2
HTCC2207 (SAR92) 179 429 89.1 1.2

GOS02-13 DNA 1083836 P. temperata RCA23 12254 81.9 1.1
Norwegian fjord DNA 863687 P. temperata RCA23 54895 83.9 6.4

RNA 256537 4176 23.7 1.6

For exact locations of the stations see Figure 3a.
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Genes encoding small heat-shock protein IbpA
(c1240, c20690), RNA polymerase s-32 factors
RpoH1 and RpoH2 (c9960, c21310), chaperonin
GroEL (c20740), GroS (c20750) and chaperone
protein DnaK (c30090) were also highly overex-
pressed at night. The small heat-shock protein DnaK
and chaperonin GroS, GroEL are important in
preventing stress-induced aggregation of various
proteins in the cytosol of bacteria (Mogk et al.,
2003; Stolyar et al., 2007; Ting et al., 2010). Hence, P.
temperata RCA23 obviously undergoes some stress
during night. So far we have no clue about a more
specific type of stress that upregulates the transcrip-
tion of these genes during night.

As a conclusion from this analysis the population
of P. temperata RCA23 undergoes intense metabolic
reconstruction during night including protein
synthesis and stress response, but also enhances
the synthesis of flagella proteins. This intense
metabolic reconstruction may be a result of the
different modes of energy conservation of this AAP

bacterium during day and night. It has been shown
that Roseobacter litoralis, another AAP bacterium of
the Roseobacter clade, changes its proteome drasti-
cally, mainly by downregulating protein synthesis,
when shifted from dark to light conditions (Zong
and Zhao, 2012). Hence the mode of energy
conservation appears to have a pronounced effect
on the global regulation of metabolic networks in
AAP bacteria of the Roseobacter clade, and pre-
sumably beyond, with implications of their diurnal
participation in turnover of organic matter in marine
ecosystems.

Global and biogeochemical significance of the RCA
cluster and P. temperata RCA23
Because of the known global distribution of the RCA
cluster (Selje et al., 2004) we examined publicly
available metagenomic data sets for the presence
of genomic features of P. temperata RCA23. The
photosynthetic operon was present in an

Figure 4 Circular plot of metagenome and transcriptome read mappings onto the genome of P. temperata RCA23. Read counts from the
Bowtie 2 mappings are shown. From innermost to outer circle: GC content, CDS counts, stations 3, 9 and 13 (DNA and cDNA),
unmappable regions and genomic islands.
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environmental bacterial artificial chromosome
clone derived from Californian coastal waters
(Supplementary Figure S3; Béjà et al., 2002; Yutin
and Béjà, 2005) and in metagenomic data sets from a
Norwegian fjord, the western English Channel, the
western coastal Atlantic visited during the Global
Ocean Sampling expedition (GOS), and in the eastern
(Monterey Bay) and southwestern Pacific in Austra-
lian waters (Rusch et al., 2007; Yutin et al., 2007;
Gilbert et al., 2008, 2010; Thomas et al., 2010; Rich
et al., 2011).

The genome of P. temperata RCA23 was retrieved
from metagenomic and metatranscriptomic data
of a Norwegian fjord to 83.9% and 23.7%, respec-
tively (Gilbert et al., 2008; Table 2). At the
GOS stations, the genome of P. temperata RCA23
was retrieved from the metagenomic data to
81.9% (Table 2) and accounted for 0.7% to 6.5% of
the mapped reads (Supplementary Figure S6B).
This finding, together with the observation that the
structure of the photosynthetic operon of the
AAP bacteria at these stations was similar to
that of P. temperata RCA23 (see above), is consistent
with the assumption that this organism constituted
largely the AAP communities at these stations. In
the GOS and the Norwegian fjord data sets, 80% and
81%, respectively, of the genes of P. temperata
RCA23 showed a coverage of X80%. In contrast,
62.5% of the genes of the GIs were not mapped or
showed a low coverage (Supplementary Table S7).

Conclusion

This study, on the basis of the sequenced genome of
P. temperata RCA23 and the North Sea metagenome

and metatranscriptome, sheds new light on the
significance of the RCA cluster for biogeochemical
processes in marine pelagic systems, considering
the high abundances of this organism and the entire
RCA cluster in temperate to polar oceans (Selje
et al., 2004; West et al., 2008; Giebel et al., 2009,
2011; Wemheuer et al., 2014). It appears to carry out
a life style well adapted to the nutrient- and energy-
poor marine pelagic realm. The entire population of
this organism, and possibly even single cells,
simultaneously transcribe almost the entire genome
during phytoplankton bloom situations and convert
complementary energy by harvesting light. This
versatile physiology together with the wealth of
high-affinity transporter proteins, despite the
absence of distinct genomic and metabolic traits
typical for the Roseobacter clade, and a streamlined
genome relative to other Roseobacter clade organ-
isms, helps to explain the success of this abundant
taxon in temperate and presumably also (sub)polar
marine systems. Our findings illustrate how impor-
tant it is to dissect the role of individual taxa for
better understanding their participation in proces-
sing organic and inorganic matter in pelagic marine
systems.
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