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Transcriptomic analysis of a marine bacterial
community enriched with dimethylsulfoniopropionate
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Dimethylsulfoniopropionate (DMSP) is an important source of reduced sulfur and carbon for marine
microbial communities, as well as the precursor of the climate-active gas dimethylsulfide (DMS). In
this study, we used metatranscriptomic sequencing to analyze gene expression profiles of a
bacterial assemblage from surface waters at the Bermuda Atlantic Time-series Study (BATS) station
with and without a short-term enrichment of DMSP (25 nM for 30 min). An average of 303 143 reads
were obtained per treatment using 454 pyrosequencing technology, of which 51% were potential
protein-encoding sequences. Transcripts from Gammaproteobacteria and Bacteroidetes increased
in relative abundance on DMSP addition, yet there was little change in the contribution of two
bacterioplankton groups whose cultured members harbor known DMSP degradation genes,
Roseobacter and SAR11. The DMSP addition led to an enrichment of transcripts supporting
heterotrophic activity, and a depletion of those encoding light-related energy generation. Genes for
the degradation of C3 compounds were significantly overrepresented after DMSP addition, likely
reflecting the metabolism of the C3 component of DMSP. Mapping these transcripts to known
biochemical pathways indicated that both acetyl-CoA and succinyl-CoA may be common entry
points of this moiety into the tricarboxylic acid cycle. In a short time frame (30 min) in the extremely
oligotrophic Sargasso Sea, different gene expression patterns suggest the use of DMSP by a
diversity of marine bacterioplankton as both carbon and sulfur sources.
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Introduction

Dimethylsulfoniopropionate (DMSP) is a reduced
organic sulfur compound produced by many
species of phytoplankton in the euphotic zone
of the oceans (Keller et al., 1989). At the global
scale, this compound can supply most of the sulfur
and part of the carbon requirements of marine
microbial communities (Kiene and Linn, 2000a;
Simó et al., 2009). Furthermore, the degradation
product dimethylsulfide (DMS) represents a major

biogenic flux of sulfur from oceans to land through
the atmosphere (Lovelock et al., 1972). Atmospheric
DMS-oxidation products can influence climate
through backscattering of incoming solar radiation,
promoting a cooling effect on the planet (Charlson
et al., 1987; Simó, 2001).

Bacteria are one of the main mediators of the fate
of DMSP in seawater. When DMSP is used as a
sulfur and carbon source, it is demethylated to form
methylmercaptopropionate (MMPA), which can be
demethiolated to methanethiol (MeSH) and used
in amino-acid synthesis. Alternatively, DMSP can
be cleaved to produce DMS and a C3 compound
(Kiene and Linn, 2000b; Todd et al., 2007). Cultured
bacteria that are able to carry out both pathways
have been described (González et al., 1999; Yoch,
2002), and assimilation of the sulfur moiety appears
to be a widespread capability in natural bacterial
communities (Yoch, 2002; Malmstrom et al., 2004a;
Vila-Costa et al., 2007). However, for most bacterial
transformations involved in DMSP degradation, the
identity of the main bacterial groups, and the factors
controlling the biological switch between DMSP
pathways, remain poorly understood.
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Recently, genes encoding the first step of DMSP
degradation have been identified in marine bacterial
isolates. The gene dmdA, identified in Ruegeria
pomeroyi DSS-3, encodes for the demethylation of
DMSP (Howard et al., 2006). Homologs to this gene
are present in up to 58% of cells sampled in the
Global Ocean Sampling (GOS) metagenome. On the
basis of the similarity to homologs in cultured
bacteria, most GOS sequences appear to be harbored
by Alphaproteobacteria, with a small contribution
from oligotrophic Gammaproteobacteria (Howard
et al., 2008). Three genes encoding the first step in
the competing DMS production pathway have also
been identified. dddL encodes a DMSP lyase that
cleaves DMSP to DMS (Curson et al., 2008). In
contrast, dddD encodes an acyl-CoA transferase that
converts DMSP to 3-OH-propionate and DMS
(Todd et al., 2007, 2010). Finally, dddP encodes a
peptidase that converts DMSP to DMS through an
unknown mechanism (Todd et al., 2009). Relative to
the DMSP demethylase gene, the DMSP cleavage
genes are underrepresented in GOS, averaging only
1.4% of cells (0.2% for dddD, 0.6% for dddL, 3.5%
for dddP; Howard et al., 2008; Todd et al., 2009).
These recent molecular studies are paving the way
to an improved understanding of the abundance,
expression and regulation of DMSP-related genes in
seawater.

Metatranscriptomics, the sequencing of messenger
RNA (mRNA, representing expressed genes) from
the environment, provides an unbiased view of
the functionality of a microbial community as it is
not constrained to targeting a specific phylogenetic
group or metabolic pathway (Poretsky et al., 2005).
To this point, metatranscriptomic analyses have
shown community expression patterns over diel
cycles or under enhanced CO2 concentrations, as
well as identified taxon-specific metabolic pro-
cesses (Frias-Lopez et al., 2008; Gilbert et al., 2008;
Hewson et al., 2009; Poretsky et al., 2009). The
technique is particularly amenable to experimental
manipulations designed to test hypotheses about
complex microbial communities (Gilbert et al., 2008;
Moran, 2008, 2009; Poretsky et al., 2010).

The Bermuda Atlantic Time-series Study (BATS)
site is located in the subtropical gyre of the Atlantic
Ocean, in the northwest corner of the Sargasso Sea.
It is characterized by nutrient-depleted waters in the
euphotic zone broken by upwelling eddies that
increase chlorophyll a (Chla) in the surface during
spring (McGillicuddy, 1998). Three characteristics
make this location ideal for genomic-based DMSP
studies: (1) DMSP dynamics and pools have been
described in previous studies and point to an active
role for bacteria in the cycle (Ledyard and Dacey,
1996; Dacey et al., 1998; Harada et al., 2004); (2) a
high percentage of bacteria assimilate DMSP in this
location (Malmstrom et al., 2004b, 2005); and (3) an
extensive metagenomic database already exists for
this site (Venter et al., 2004; although from a
different date than our study).

In this study, we enriched water from the Sargasso
Sea with low amounts of DMSP (25 nM; fivefold
above ambient) and compared gene expression with
that in a no-addition control. The goals of this study
were to: (1) characterize bacterioplankton transport
and metabolism related to DMSP processing;
(2) identify the main players of DMSP consumption;
and (3) identify, if possible, additional genes
involved in DMSP degradation.

Materials and methods

Sample collection and enrichment
Sampling was carried out at the Bermuda Atlantic
Time-series Study (BATS) station (311 40. 10N, 641
7.90W) at a depth of 10 m using 10-l Niskin bottles on
15 April 2008. A subsample of 2 l of unfiltered water
was collected to measure in situ concentrations of
Chla and total DMSP. To exclude eukaryotes and large
particles, the remaining seawater was prefiltered by
gravity through 3mm pore-size polycarbonate filters
(142 mm, Millipore, Billerica, MA, USA) using an
inlet filtration system attached directly to the Niskin
bottle. Water was dispensed into 20 l polycarbonate
carboys and maintained in a temperature-controlled
room in the dark at in situ temperature for 3 h before
beginning the experiment to allow time for adaptation
to any DMSP released from the cells during filtration.

DMSP was synthesized from DMS and acrylate,
and determined to be 498% pure by 1H nuclear
magnetic resonance analysis. To begin the experi-
ment, DMSP was added to experimental carboys to a
final concentration of 25 nM and control carboys
remained untreated. After 30 min, the bacterial cells
were collected by filtering the water through 0.2mm
pore-size polycarbonate filters (142 mm diameter)
using a peristaltic pump. The duration of the filtration
step was no longer than 20 min to minimize RNA
degradation. Filters were placed in 15 ml RNAse-free
tubes containing 2 ml of Buffer RLT (RNeasy kit,
Qiagen, Valencia, CA, USA) plus 10ml of b-mercap-
toethanol per ml. Tubes were flash-frozen in liquid
nitrogen and stored at �80 1C until further processing.

An additional control carboy was used for DNA
extraction for 16S rRNA community analysis, follow-
ing the same procedure except that no RLT buffer
was added. Filters were placed in sterile plastic
bags (Whirlpak, Nasco, Fort Atkinson, WI, USA),
flash-frozen in liquid nitrogen and extracted later in
the laboratory. Chla, dissolved DMSP (DMSPd)
concentrations and bacterial production were mea-
sured using standard methods as described in the
Supplementary Material.

RNA preparation
Messenger RNA (mRNA) extraction, enrichment,
amplification, and conversion to complementary
DNA was performed as described by Poretsky et al.
(2009) with few modifications (see Supplementary
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Material). Only one replicate from the experimental
and control treatments yielded RNA of sufficient
quality for processing.

Pyrosequencing
Complementary DNA libraries were sequenced with
Roche GS FLX sequencing (Branford, CT, USA),
yielding 606 286 reads (209-bp average length) (Sup-
plementary Table S1). The sequences have been
deposited according to MIMS standards in the
Community Cyberinfrastructure for Advanced Marine
Microbial Ecology Research and Analysis (CAMERA)
database (http://www.camera.calit2.net/index.php)
with the Genome Project ID CAM_PROJ_SargassoSea.

rRNA identification
Exact duplicate reads (10.7% of total reads) were
removed from the libraries. Ribosomal RNA reads
were identified by performing a BLASTn search
against the rRNA Silva database (http://www.
arb-silva.de/) with a cut-off criterion of E-value
p10�5. The rRNA reads accounted for 49% of the
total reads (81.7% with best hits to Bacteria, 10.2%
to Eukarya and 0.2% to Archaea) and were not
considered further.

Complementary DNA sequence annotation
Potential protein-encoding reads were identified by
querying remaining reads with BLASTx against the
RefSeq database (NCBI) with cut-off criteria of
E-value p10�2, amino-acid alignment length X23,
and similarity 440% (established previously with
in silico tests of known genes; see Mou et al., 2008).
Identified proteins were classified on the basis of the
COG (Tatusov et al., 2003) and KEGG (Kanehisa and
Goto, 2000) databases with cut-off criteria of E-value
p0.1, amino-acid alignment length X23, and simi-
larity 440% for both databases (see Mou et al.,
2008). Transcripts with no matches in RefSeq were
BLASTx-queried against the NCBI nr database and
against the CAMERA database of unassembled ORFs
predicted from the GOS reads (Seshadri et al., 2007).
Taxonomic affiliation of identified transcripts was
assigned to the order level using MEGAN (Huson
et al., 2007) with default settings for version 2.0.

Identification of homologs to reference genes
Known query genes related to DMSP and sulfur (S)
metabolism were selected from the literature, using
orthologs in three genomes representing major
marine bacterioplankton groups (Pelagibacter
ubique SAR11, Ruegeria pomeroyi DSS-3 and
Gammaproteobacterium HTCC 2080) whenever
possible (Supplementary Table S2). These DMSP-
and S-related protein sequences were used in
BLASTx analysis of the Sargasso Sea transcripts to
identify reads potentially encoding DMSP-related
functions (cut-off criterion of E-value o10�2). Hits

in the transcript libraries were analyzed by BLASTx
against the RefSeq database (NCBI) and designated
an ortholog if the top hit was to a gene of the correct
function with a cut-off criterion of bit-score 450.
The validity of the annotation criteria was checked
by manual annotation of dmdA hits.

Statistical analysis
Significantly overrepresented functional categories
(COGs, KEGGs or DMSP-related genes) in the
transcript libraries were identified with the statistical
software Xipe at varying confidence levels (Rodri-
guez-Brito et al., 2006). Because sequencing was
restricted to one experimental and one control
carboy, there were no within-treatment analyses of
variability. The program was run with 20 000 resam-
plings for a sample size of 39 000 for COGs, 22 000 for
KEGGs and 1200–4500 (depending on the number of
genes in the library) for DMSP gene categories.

DNA preparation and sequencing
DNA was extracted using PowerMax Soil Mega Prep
DNA Isolation kit (MoBio, Carlsbad, CA, USA).
Partial bacterial 16S ribosomal RNA genes that
included the hypervariable region V6 were ampli-
fied by PCR using a mix of five forward primers
(967F) and four reverse primers (1046R; Sogin et al.,
2006). The reaction was carried out with Ready-To-
Go PCR beads (Amersham Pharmacia, Piscataway,
NJ, USA) with a final concentration of forward and
reverse primer mixtures of 0.1 mM. PCR conditions
were as follows: 5 min at 94 1C, followed by 30
cycles of denaturation at 94 1C for 1 min, annealing
at 55 1C for 1 min, primer extension at 72 1C for
1 min, and a final extension at 72 1C for 10 min. PCR
products were cleaned using the QIAquick PCR
Purification kit (Qiagen) and the Agencourt AMPure
XP kit (Agencourt Bioscience, Beckman Coulter,
Brea, CA, USA). Amplicons were sequenced in a
partial Roche GS FLX run yielding 21 049 reads
(63 bp average length after primer removal). Ampli-
cons were clustered at 99% similarity using the CD-
Hit package (Li and Godzik, 2006). Taxonomic
affiliation of the 99% clusters was determined by
pairwise Smith-Waterman identity calculations of
the reference sequences to members of an in-house
database containing marine 16S rRNA bacterial and
archaeal gene sequences retrieved from the Riboso-
mal Database Project (RDP) and the GOS data-
base (Biers et al., 2009; the reference database is
available at http://www.simo.marsci.uga.edu/public_
db/bioinformatics.htm). A minimum of 90% sequence
identity with an overlap of 80% of the input sequence
length was required for taxonomic assignment.

Results

Environmental parameters
Seawater temperature was 21.2 1C, salinity was 36.7
and Chla concentration was 0.028 mg l�1 in the initial
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whole water. The total DMSP concentration was
18.3±1.2 nM, with over 80% of this also detected in
the o3-mm size fraction (15.4±4.7 nM), indicating
that most DMSP producers were pico- and nano-
eukaryotes. Dissolved DMSP concentration was
4.9±1.8 nM at the initial time point, and remained
constant in the control treatment until RNA was
collected (5.4±2.3 nM). The 25 nM addition of DMSP
to the experimental treatment resulted in elevated
DMSPd concentrations, measured as 27.8±1.6 nM

just before RNA collection. Bacterial production was
1.2±0.2 nM leucine per day in the initial o3 mm size
fraction, 1.0±0.2 nM per day in the control treat-
ment after a 3 h incubation, and 1.1±0.2 nM per day
in the experimental treatment after a 3 h incubation.
Bacterial production incubations were longer than
gene expression incubations (3 h vs 30 min) to
allow for detectable radioisotope uptake in this
oligotrophic environment.

Overall patterns in gene expression
An average of 303 143 sequence reads were obtained
per library, with a mean length of 209 bp (Supple-
mentary Table S1). Our methodology yielded
51% potential protein-encoding sequences, of
which approximately half (B24% of the total
sequences) had similarity to protein sequences in
the NCBI RefSeq database (see materials and
methods section for BLAST criteria). An average of
15% of the total reads could be assigned to a COG
category and 22% to a KEGG pathway. Sequences
unidentified in RefSeq but with similarity to
sequences in the GOS metagenome accounted for
9% of total reads (Supplementary Table S1). An
average of 17% of sequences remained unidentified,
possibly representing unknown genes, poorly
conserved regions of known genes (Poretsky et al.,
2010) or small RNAs with regulatory functions (Shi
et al., 2009).

In general, functional assignments of transcripts
in control versus experimental treatments indicated
that bacterioplankton activity was stimulated within
30 min of DMSP addition. COG and KEGGs cate-
gories related to transcription and translation were
significantly enriched in the transcript pool after
DMSP addition according to a resampling-based
statistical comparison (98% confidence level;
Rodriguez-Brito et al., 2006) (Figure 1, Supplemen-
tary Tables S3, S4). Bacterial production measure-
ments based on 3H-leucine uptake did not yet show
statistically higher rates of protein synthesis follow-
ing DMSP amendment (see above), and there was no
indication of increases in mRNAs directing DNA
replication or cell division (Figure 1, Supplemen-
tary Tables S3, S4). These results are in accordance
with models for shifts up in bacterial activity, in
which RNA is the first macromolecule pool to
respond in advance of increased protein synthesis
and cell division (Ingraham et al., 1983; Chin-Leo
and Kirchman, 1990).

DMSP addition also resulted in an enrichment of
transcripts related to both propanoate metabolism
and the tricarboxylic acid cycle. These may repre-
sent a common set of genes used for the degradation
of the 3-carbon (C3) moiety of DMSP (Figure 2,
Supplementary Figure S1, and Supplementary Table
S5). A gearing-up of metabolism in response to DMSP
was also suggested by enrichment of the COG cate-
gory for energy production (functional category C)
(Figure 1), as well as genes related to adenosine
triphosphate synthesis, amino-acid metabolism and
lipid metabolism (Figure 3, Supplementary Table S4).

Transcript categories that were depleted after
DMSP addition included bacterial and archaeal
genes mediating photo-dependent metabolisms
such as photosynthesis and proteorhodopsin-based
energy acquisition (Supplementary Tables S3, S4,
Figure 3). Also depleted were transcripts for
chaperone-related activities (Figure 1, Supplemen-
tary Tables S3, S4), with 10 of the 18 individual
significantly underrepresented COGs corresponding
to proteases and chaperones (functional category O;
Supplementary Table S4). DMSP addition reduced
the relative abundance of ABC transporter
sequences in the community transcriptome (Supple-
mentary Tables S3, S4) as well as expressed genes
related to cell motility (Figure 1, Supplementary
Table S3, COG functional category N in Supplemen-
tary Table S4). These differences are consistent with
the hypothesis that bacterioplankton were limited
by the availability of labile carbon, with solar
radiation providing more of the cells’ energy and
protein recycling having a more important role in
cellular activity before the addition of DMSP.
Because transcript dynamics are evaluated as a
percent of the total community transcriptome, data
indicate a difference in the relative, not absolute,
abundance of any given transcript category in
response to DMSPd addition.

Expression of known DMSP-related genes
DMSP-related genes were selected from the litera-
ture and queried against both transcriptomes using
BLAST. As few bacterial genes known to be directly
involved in DMSP degradation have been identified
(DMSP demethylation, DMS production and DMS
oxidation gene categories; Supplementary Table S2),
other genes identified in the genome of model
organism Ruegeria pomeroyi DSS-3 (Moran et al.,
2004), upregulated in a microarray study of DMSP
degradation by R. pomeroyi (Gifford et al., in
preparation), potentially involved in DMSP metabo-
lite degradation (MeSH incorporation; Kiene et al.,
1999), and from related metabolisms (inorganic
S-oxidation, assimilatory sulfate reduction, methane-
sulfonic acid monooxygenase, glycine betaine degra-
dation) were also included (Supplementary Table
S2). The DMSP-related query genes were grouped
into categories based on their possible role in DMSP
processing (Figure 3).
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The DMSP-related transcripts identified by the
BLAST analysis were significantly enriched in
the experimental transcriptome compared with the
control (the combination of all gene categories shown

in Figure 3). The subset of DMSP-related transcripts
linked to the degradation of the C3 moiety of
DMSP through acrylate or propanoate (Figure 3)
was individually significant (Xipe analysis; P¼ 0.05).

Figure 1 Relative abundance of Sargasso Sea bacterioplankton transcripts in the most abundant COG functional categories.

Figure 2 Possible degradation pathways of the C3 moiety of DMSP, on the basis of the KEGG pathway 00640. Gray filled rectangles
indicate enzymes for which transcripts were enriched after DMSP addition. White rectangles with black frames indicate enzymes for
which transcripts were depleted after DMSP addition. Statistical significance (Po0.05) is indicated with an asterisk. A possible major
route of degradation of the C3 moiety from propanoate to acetyl-CoA is highlighted in black, based on high numbers of transcripts for
most steps.
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Taxonomic analysis
Transcripts that binned to Gamma-proteobacteria
and Bacteroidetes genes were enriched in the
DMSP treatment compared with the non-amended
control (Supplementary Figure S2), yet several taxa
with known links to DMSP metabolism, such as
Roseobacter and SAR11 (Moran et al., 2004; Howard
et al., 2008; Tripp et al., 2008), were not. Transcripts
from photosynthetic bacteria Synechoccocus and
Prochloroccocus were underrepresented in the
DMSP transcriptome, although their capacity to
assimilate DMSP-S in seawater has been shown in
previous studies (Malmstrom et al., 2005; Vila-Costa
et al., 2006) (Supplementary Figure S2). This
decrease is consistent with the general depletion
of transcript categories mediating photosynthesis
after addition of DMSP (Supplementary Table S3).

For KEGG pathways and DMSP-related transcript
categories significantly enriched after DMSP addition,
the same taxonomic pattern was observed. Gamma-
proteobacteria- and Bacteroidetes-like transcripts were
commonly mapped to propanoate and tricarbo-
xylic acid cycle KEGG pathways (Supplementary

Figure S3). The transcripts with homology to DMSP-
related genes (Figure 3) were assigned to a wide range
of taxonomic groups. Rhodobacterales-like transcripts
and those from other Alphaproteobacteria groups
accounted for the greatest fraction of the DMSP-related
transcript pools, consistent with the phylogeny of
the previously identified DMSP genes in isolates
(Supplementary Table S2).

Community composition assessed by taxonomic
assignments of PCR amplicons of the V6 region of
16S rRNA genes from community DNA showed a
dominance of members of the SAR11 taxon (B35%
of sequences). Although abundant in 16S rRNA
amplicon libraries (assuming no major biases in PCR
amplifications), this group appears to have low
per-cell levels of gene expression and did not show
a rapid transcriptional response (that is, within the
30 min incubation) to DMSP addition (Figure 4).
This finding is consistent with previous marine
metatranscrioptomic studies (Hewson et al., 2009;
Poretsky et al., 2009, 2010) and suggests that SAR11
members may not exhibit substantial transcriptional
responses to substrate supply, at least on short time
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frames. Gammaproteobacteria and Alphaproteo-
bacteria other than SAR11 and Roseobacters were
the next most abundant groups in the 16S rRNA
library (B20% each), dominated by SAR86 (7%)
and SAR116 (8%). Roseobacter-like sequences
accounted for less than 5% of 16S rRNA amplicons
but more than 10% of the transcripts for both
treatments (Figure 4), suggesting higher per-cell
levels of gene expression relative to the average cell.
Similarly, Bacteriodetes-like sequences accounted
for 6% of the 16S rRNA amplicons and up to 11% of
the transcripts, with higher per-cell expression after
DMSP addition (Figure 4).

Discussion

Metatranscriptomics has no requirement for a pre-
selected diagnostic gene set represented as probes
or primers, and makes no prior assumptions of the
metabolisms present in a community. It therefore
provides a more expansive view of the metabolic
and taxonomic basis for microbial activities com-
pared with prevailing methods such as PCR assays,
microarray approaches and single-cell techniques
that target specific genes, taxa or processes. In this
study, the rapid enrichment of transcripts mediating
degradation of propanoate-like compounds and
tricarboxylic acid cycle activity from Sargasso Sea
bacterioplankton groups not known to harbor
orthologs to DMSP demethylation (Howard et al.,
2008) or cleavage genes (Todd et al., 2007, 2010;
Curson et al., 2008), provides evidence for the
involvement of a greater number of marine taxa in
DMSP degradation. This agrees with previous
findings for DMSP-S assimilation using single-cell
techniques (Vila et al., 2004; Malmstrom et al.,
2004a), and suggests that Bacteroidetes, Betaproteo-
bacteria and other bacterioplankton groups either
have orthologs of known DMSP-degrading genes
that are not being correctly assigned, or have non-
homologous genes with similar functions in DMSP

degradation that have yet to be found. It is worthy to
note that some of the more informative changes in
transcript profiles in this experimental manipula-
tion of a marine bacterioplankton community were
from genes that are shared by several metabolic
pathways and common to many bacteria, not from
those indicative of a specific biogeochemical pro-
cess. Accordingly, these genes are not likely to have
been included in preselected diagnostic gene sets
for use with more targeted methodologies.

An important advantage of the experimental
design was that the 30 min incubation time limited
the possibility for uptake of DMSP metabolites by non-
DMSP-degrading bacteria. For other methodologies
that have been developed to link microbial activities
to specific taxa, such as MAR-FISH (Vila et al., 2004;
Malmstrom et al., 2004a) and stable isotope probing
(Neufeld et al., 2007), longer incubation times are
required. However, the short incubation time may
have biased transcript retrieval against oligotrophic
taxa that respond slowly to changing environ-
mental conditions, such as SAR11 cells that have
few regulatory systems for environmental cues
(Giovannoni et al., 2005). Conversely, some taxa that
responded rapidly to DMSP increases, such as
Bacteroidetes and Gammaproteobacteria, may not
dominate DMSP degradation under typical conditions
(DMSP concentrations o5 nM; Kiene and Slezak,
2006), although they could be important when DMSP
supply is higher, such as during phytoplankton
blooms or in phycospheres.

DMSP is typically considered a preferred source
of sulfur (S) for marine microorganisms (Simó,
2001), as it can be demethylated and then demethio-
lated to MeSH and used to synthesize methionine
and cysteine (Kiene et al., 2000). Although sulfate is
much more abundant than DMSP in seawater (mM

concentrations instead of nM), there are energetic
advantages to taking up S that is already reduced.
Previous studies have shown that DMSP can
satisfy almost all the microbial community sulfur
demands (Kiene and Linn, 2000a; Simó et al., 2002;
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Zubkov et al., 2002), and is particularly important in
oligotrophic environments during periods of high
solar irradiation when it contributes more to S
fluxes (Simó et al., 2009). Accordingly, DMSP-
assimilating cells can account for up to 60% of the
community in the Sargasso Sea (Vila et al., 2004;
Malmstrom et al., 2004a, b). Kiene et al. (1999) hypo-
thesized that the enzyme cystathionine gamma-
synthase (metB) could be responsible for methionine
synthesis from DMSP by O-acyl homoserine based
on studies with cultured roseobacters, with cysteine
subsequently synthesized from methionine. Experi-
mental evidence with isolates of SAR11 that lack
genes for the assimilatory sulfate reduction pathway
agrees that synthesis of methionine followed by
conversion to cysteine might be a common pathway
for DMSP-S assimilation, as cysteine itself was
unable to support SAR11 growth (Tripp et al.,
2008). In contrast, we found that transcripts related
to the cysteine synthesis pathway (cysteine synthase
(COG0031) and O-acetylhomoserine sulfhydrylase
(COG2873, Supplementary Table S4)) were signifi-
cantly enriched after DMSP addition. Simultaneous
increases in gamma-glutamylcysteine synthetase
transcripts (COG2918, Supplementary Table S4)
involved in glutathione synthesis from cysteine
suggests that redox changes in the cell during DMSP
degradation might be an alternate explanation for
the rapid expression signal from the cysteine
synthesis pathway. In any case, the major pathway
used by marine bacteria to synthesize amino acids
from DMSP-S did not clearly emerge from this
analysis.

Both the DMSP demethylation and cleavage
pathways yield a C3 compound, possibly acrylate
(Kiene and Linn, 2000b), although recent studies
suggest that acryloyl-CoA or 3-OH-propionate can
also be intermediates (Curson et al., 2008; Todd
et al., 2010). Studies of marine and freshwater
isolates have shown that some bacteria can grow
on acrylate by conversion to 3-OH-propionate
(Kiene, 1990; Ansede et al., 1999, 2001; Yoch,
2002). The pattern of transcript enrichment after
DMSP addition suggests that the most common
degradation pathway of the C3 moiety of DMSP is to
acetyl-CoA by malonyl-CoA (Figure 2, see abun-
dances of propanoate-related transcripts in Supple-
mentary Table S5), although this is likely to be
taxon-dependent and possibly temporally variable.
Studies of cultured DMSP-degrading marine strains
suggest that roseobacters degrade C3 compounds
derived from DMSP cleavage to succinyl-CoA
through the methylmalonyl pathway (C Reisch and
S Gifford, personal communication), whereas a
marine gammaproteobacterium strain cleaves DMSP
to acetyl-CoA through 3-OH-propionyl-CoA (Todd
et al., 2010). All these pathways are possible and
may co-occur in seawater. Indeed, the enrichment
pattern of propanoate-related transcripts suggests
substantial metabolic diversity of bacterial DMSP
degraders.

The DMSP-induced depletion of transcripts
mediating phototrophy (photosynthesis and proteo-
rhodopsins; Supplementary Table S3, Figure 3)
concomitant with evidence for gearing-up of hetero-
trophic metabolism (Supplementary Table S3) sug-
gests that the in situ bacterioplankton community
was limited by the availability of labile organics.
Although the ecological role of proteorhodopsins in
seawater is still unclear (Furhman et al., 2008), they
work as light driven pumps that establish a proton
gradient across the cell membrane (Beja et al., 2000).
Among the broad array of suggested ecological
roles of proteorhodopsin (Furhman et al., 2008),
our findings are consistent with it functioning as a
source of energy under oligotrophic conditions,
allowing more efficient bacterial consumption of
the available organic carbon (Gómez-Consarnau
et al., 2007; Furhman et al., 2008). However, we
point out that because our analyses are based on
relative values only (that is, transcript abundance as
a percent of the total), constant per-cell expression
of PR genes in parallel with increased expression of
other genes would deplete PR representation as a
percent of the transcript pool.

DMSP-related transcripts showed a general domi-
nance of sequences binning to Alphaproteobacteria
genomes, particularly roseobacters (Figure 3).
Although in low abundance in this oligotrophic
ecosystem, the group has accounted for a large
proportion of DMSP metabolism in previous studies
in oligotrophic sites (Malmstrom et al., 2004a;
Vila-Costa et al., 2008). SAR11 members were the
most abundant taxon in the bacterial assemblage
based on PCR-amplified 16S rRNA genes (Figure 4),
but were poorly represented in the DMSP-related
transcript pool. As the ability of SAR11 members to
assimilate DMSP has been shown (Malmstrom et al.,
2004b; Tripp et al., 2008), they may have responded
more slowly than other groups to the DMSP
addition, or the concentration used here (25 nM

compared with typical DMSPd concentrations of
3–6 nM; Kiene and Slezak, 2006) might have satu-
rated their transport systems. The fact that DMSP
concentrations were still high in the experimental
treatment at the time of RNA collection for sequen-
cing (28 nM) suggests that bacterioplankton trans-
criptional responses should be ongoing at the
time of sample collection. Transcripts binning to
Gammaproteobacteria and Bacteroidetes genes
increased after DMSP addition (Supplementary
Figure S2), with the same pattern observed for just
that subset of transcripts related to C3 degradation
(Supplementary Figure S2). Gamma-proteobacteria
often account for a large proportion of the DMSP
assimilating bacterial population in seawater (Vila
et al., 2004; Malmstrom et al., 2004a; Vila-Costa
et al., 2007), but Bacteroidetes are thought to prefer
high-molecular-weight organic molecules (Cottrell
and Kirchman, 2000). A ‘bottle effect’ that enhanced
Gammaproteobacterial activity levels above what is
typical for the Sargasso Sea cannot be ruled out, as
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this group is classically considered opportunistic
(Massana et al., 2001). The low concentration of
added DMSP and short incubation time likely
minimized this effect, but in any case does not alter
the finding that Gammaproteobacteria are capable of
responding rapidly to 25 nM DMSP. Synechoccocus
and Prochlococcocus have been shown previously
to compete with heterotrophic bacteria for DMSP
(Malmstrom et al., 2005; Vila-Costa et al., 2006), but
we saw no increase of their transcriptional activity
in the experimental treatment; light was required to
stimulate DMSP uptake in these earlier studies.

Diverse bacterioplankton taxa in the oligotrophic
Sargasso Sea responded to a DMSP addition in a
very short time frame (30 min), suggesting the use of
DMSP by a large number of marine bacteria as either
C or S sources, or both. The C3 moiety of DMSP is
degraded by the community through propanoate-
like compounds, and enters the tricarboxylic acid
cycle by a number of pathways. The response
to DMSP addition in downstream pathways by
Bacteroidetes and phylogenetic groups other than
Gamma- and Alpha-proteobacteria suggests that
there are important DMSP degradation genes yet to
be identified. Although this study highlighted the
activities of the most rapidly responding sector of
the bacterial community, a metatranscriptomic time
series over hours to days could capture the activity
of more slowly responding cells. This functional
metagenomics approach to bacterial DMSP degrada-
tion represents a first view of the diversity of the
metabolisms operating during DMSP degradation in
the open ocean.
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Kiene RP, Linn LJ, González JM, Moran MA, Bruton JA.
(1999). Dimethylsulfoniopropionate and methanethiol
are important precursors of methionine and protein-
sulfur in marine bacterioplankton. Appl Environ
Microbiol 65: 4549–4558.

Kiene RP, Slezak D. (2006). Low dissolved DMSP
concentrations in seawater revealed by small-volume
gravity filtration and dialysis sampling. Limnol
Oceanogr Meth 4: 80–95.

Ledyard KM, Dacey JWH. (1996). Microbial cycling of
DMSP and DMS in coastal and oligotrophic seawater.
Limnol Oceanogr 41: 33–40.

Li W, Godzik A. (2006). Cd-hit: a fast program for
clustering and comparing large sets of protein or
nucleotide sequences. Bioinformatics 22: 1658–1659.

Lovelock JE, Maggs RJ, Rasmussen RA. (1972). Atmo-
spheric dimethyl sulfide and the natural sulfur cycle.
Nature 237: 452–453.

Malmstrom RR, Kiene RP, Cottrell M, Kirchman DL.
(2004b). Contribution of SAR11 bacteria to C, N, and
S cycling in the North Atlantic Ocean. Appl Environ
Mircobiol 70: 4129–4135.

Malmstrom RR, Kiene RP, Kirchman DL. (2004a). Identifica-
tion and enumeration of bacteria assimilating dimethyl-
sulfoniopropionate (DMSP) in the North Atlantic and
Gulf of Mexico. Limnol Oceanogr 49: 597–606.

Malmstrom RR, Kiene RP, Vila M, Kirchman DL. (2005).
Dimethylsulfoniopropionate (DMSP) assimilation by
Synechococcus in the Gulf of Mexico and Northwest
Atlantic Ocean. Limnol Oceanogr 50: 1924–1931.

Massana R, Pedros-Alio C, Casamayor EO, Gasol JM.
(2001). Changes in marine bacterioplankton phylo-
genetic composition during incubations designed to
measure biogeochemically significant parameters.
Limnol Oceanogr 46: 1181–1188.

McGillicuddy DJ. (1998). Influence of mesoscale eddies
on new production in the Sargasso Sea. Nature 394:
263–266.

Moran MA. (2008). Marine prokaryotic genomics and
metagenomics. In: Kirchman DL (ed). Microbial
Ecology of the Oceans. Wiley: NY.

Moran MA. (2009). Crystal ball—2009. Environ Microbiol
Rep 1: 3–26.

Moran MA, Buchan A, Gonzalez JM, Heidelberg JF,
Whitman WB, Kiene RP et al. (2004). Genome
sequence of Silicibacter pomeroyi reveals adaptations
to the marine environment. Nature 432: 910–913.

Mou X, Sun S, Edwards RA, Hodson RE, Moran MA.
(2008). Bacterial carbon processing by generalist
species in the coastal ocean. Nature 451: 708–711.
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