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Le modèle du chémostat avec “beaucoup” d’espèces
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INTRODUCTION

Aquatic environments harbor a vast bacterial di -
versity (Giovannoni & Rappé 2000, Sogin et al.
2006). The factors that shape this bacterial diversity
and in turn how the bacterial community contributes
to ecosystem functioning have become a subject of
intense research. The variability in bacterial com-
munity structure on different temporal and spatial
scales has been shown to correlate with changes in

biotic and abiotic environmental factors, indicating
their selective control of bacterial communities
(Ramette 2007, Logue et al. 2012). These studies
have further  provided insight into the co-occurrence
of different phylotypes, suggesting environmentally
driven interactions among bacterial groups (Fuhr -
man et al. 2006, Gilbert et al. 2012). However, the
question of how patterns in phylogenetic diversity
are linked to patterns in functional capabilities
remains unanswered.
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ABSTRACT: Heterotrophic bacterial metabolism is tightly linked to the availability of dissolved
organic matter (DOM), but the relationship between substrate supply and bacterial diversity
remains unresolved. The objective of the present study was to determine how an increase in the
supply of bioavailable DOM affects bacterial metabolism and diversity. We addressed this issue by
growing a natural bacterial community over 5 generations in continuous cultures either on seawa-
ter (dissolved organic carbon concentration equal to 74 µM) or on seawater amended with 13 µM
of diatom-derived DOM. Bacteria markedly responded to the additional DOM supply, as revealed
by 1.6-fold higher bacterial abundances and 10-fold higher cell-specific α- and β-gluco sidase
activities in the +DOM treatment than in the control throughout the experimental period. Analysis
of diversity as determined by tag pyrosequencing of 16S rRNA genes after 3 and 5 bacterial gen-
erations showed that the bacterial communities in the +DOM treatment were more similar to each
other than to communities in the control. Diversity indices such as richness and phylogenetic dis-
tance were higher in the DOM-amended cultures than in the control. Gammaproteobacteria dom-
inated the communities selected in our cultures, representing between 87 and 99% of the se -
quences. The addition of DOM led to a higher relative abundance of several bacterial groups, in
particular Alphaproteobacteria, Bacteroidetes, and Verrucomicrobia, which accounted for up to
14% of the sequences, compared to the control in which they represented <5% of the sequences.
Our results demonstrate that in this experimental context, an increased supply of bioavailable
DOM sustained a higher bacterial diversity.
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A key role of heterotrophic bacteria in the aquatic
environment is the degradation of dissolved organic
matter (DOM). Previous studies have provided some
evidence that bacterial community composition
varies with DOM source, indicating the structuring
effect of DOM (Van Hannen et al. 1999, Covert &
Moran 2001, Kirchman et al. 2004). Different meta-
bolic capabilities to degrade and utilize DOM among
bacterial groups is one of the hypotheses that has
been developed to explain these observations, an
idea that was first supported by results from fluores-
cence in situ hybridization coupled to microauto -
radiography (Cottrell & Kirchman 2000, Teira et al.
2004, Vila-Costa et al. 2007). Single-cell analyses
have de monstrated that polymeric substances are
preferentially degraded by Bacteroidetes (Cottrell &
Kirchman 2000), a finding that was later confirmed
by genomic analyses of several members of this
group (Bauer et al. 2006, Gómez-Pereira et al. 2012).
Metatranscriptomic analyses of bacterial communi-
ties grown on different DOM sources further reveal
taxon-specific expression of genes related to carbon
metabolism (McCarren et al. 2010, Poretsky et al.
2010, Rinta-Kanto et al. 2012). These studies provide
some evidence for a link between resource supply
and bacterial community composition, suggesting
some specialization of bacterial groups over a range
of phylogenetic levels.

If, as suggested by these previous studies, DOM
structures bacterial community composition by favor-
ing the development of certain bacterial groups, the
way bacterial communities come into contact with
DOM might modulate the bacterial response. Aqua -
tic systems receive DOM through different modes
and at variable concentrations. River discharges and
atmospheric deposition provide episodic pulses of
organic matter supply on time scales of hours to days
(Naudin et al. 1997, Jurado et al. 2008), in contrast to
the overall continuous supply of DOM by phyto-
plankton. While an episodic pulse of organic matter
is likely to have short-term consequences predomi-
nantly on the active part of the bacterial community,
DOM that continuously supports bacterial growth
probably affects bacterial diversity over a longer time
scale.

To address the question of how bacterial diversity
is linked to DOM supply, we investigated the
response of a natural bacterial community to the
 sustained input of a small amount of bioavailable
DOM under constant environmental conditions. We
ex pec ted an increase in bulk bacterial abundance
without any changes in bacterial diversity if the
added DOM stimulates all bacterial groups. In con-

trast, distinct diversity patterns between experimen-
tal conditions would be observed if the added DOM
stimulates different bacterial groups. Our results
show an increase in bacterial diversity, including
richness and phylogenetic diversity, in response to
the addition of bio available DOM.

MATERIALS AND METHODS

Experimental design

To explore DOM–bacteria interactions, we de -
signed an experiment using continuous cultures.
Seawater for the continuous cultures was collected
in the NW Mediterranean Sea, 5 nautical miles off
Banyuls-sur-Mer (42° 28’ 300’’ N, 03° 15’ 500’’ E; 95 m
overall depth). For the medium, 300 l of seawater
were collected in September 2009 at 3 m using an
All-PFA Double-Bellows Pump (Asti) connected to
50 m PVC tubing. Seawater was 20 µm filtered and
stored in 1 polycarbonate (PC) carboy in the dark
at room temperature for 6 wk to allow degradation
of the readily bioavailable DOM. One day before
the start of the experiment, the 300 l were sequen-
tially filtered through 0.4 and 0.2 µm filters using a
Sartobran cartridge (150 cm2, Sartorious), and the
filtrate was stored at 4°C in the dark in acid-
washed (10% HCl), Milli-Q water rinsed 20 l poly-
carbonate carboys. For the initial cultures, seawater
(10 l) was collected at the start of the experiment
on 6 November 2009 at the site described above at
5 m. The seawater was 0.8 µm filtered (PC, Nucle-
pore), 2 l of the filtrate were used as initial bac -
terial inoculum, and 8 l were filtered on a 0.2 µm
cartridge (Sterivex, Millipore) and stored at −80°C
for further analyses.

The exudate of the diatom Phaeodactylum tricor-
nutum was used as a source of bioavailable DOM in
one of the 2 experimental conditions. The P. tricornu-
tum cells were grown in low (15 µM) concentrations
of dissolved organic carbon (DOC) artificial seawater
amended with nutrients in Guillard’s F/2 medium.
We did not autoclave the artificial seawater to avoid
potential DOC contamination, and thus, the phyto-
plankton culture was not axenic. As a consequence,
the most labile fraction of the DOM was probably
degraded in the phytoplankton culture, and the exu-
date recovered at the end of the exponential growth
phase was most likely dominated by semi-labile
DOM. The culture was grown at 18°C under continu-
ous light. A total culture volume of 12 l was prepared.
Cell growth was followed by measuring the ab -
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sorbance at 660 nm. The culture was sequentially fil-
tered through a combusted GF/F filter (90 mm dia -
meter, Whatman) and an acid-washed, Milli-Q rinsed
0.2 µm PC filter (90 mm diameter, Nuclepore). The
filtrate was recovered in acid-washed, Milli-Q rinsed
4 l PC carboys and stored at 2°C during the entire
experimental period. The DOC concentration in the
exudate was 151 µM.

The continuous cultures were run under 2 condi-
tions, each conducted in duplicate. In the control,
the initial bacterial community was grown on sea-
water only, while in the +DOM treatment, the bac-
terial community was grown on seawater amended
with DOM from the Phaeodactylum tricornutum
culture. At the start of the experiment, the initial
bac terial community was diluted 1:10 either with
seawater (74 µM DOC concentration) or with a mix -
ture of seawater and phytoplankton-derived DOM
(87 µM final DOC concentration) prepared as
described above. We added 13 µM of phytoplankton
DOC to seawater because in the ocean this bioavail-
able resource makes up a relatively small fraction of
bulk DOM (Benner 2002). The final volume of each
of the bacterial cultures was 6.5 l. To ensure that
organic carbon was the limiting factor for bacterial
growth, nitrogen and phosphorus were added in
excess to both the control and the +DOM treatment.
The final concentrations in the initial cultures were
94 µM for nitrite and nitrate and 11 µM for phos-
phate. The input media for each of the 2 conditions
consisted of either seawater or a mixture of seawater
with phytoplankton-derived DOM. The concentra-
tion of inorganic nutrients was identical in both
types of media (94 µM for nitrite and nitrate and
11 µM for phosphate). We prepared 4 l of each type
of medium every 2 d and kept them in acid-washed
PC carboys at 2°C before use. The 2 replicate cul-
tures were supplied by a single PC carboy contain-
ing the input medium.

The cultures were run in a closed system consisting
of 4 all-glass vessels (15 cm diameter, 50 cm height)
connected to the medium by Teflon tubing. The con-
tinuous supply of input medium and the output of the
cultures were conducted using a peristaltic pump
(Gilson). The cultures were bubbled with filter-
sterilized air (Sartorios). The bacterial cultures were
run as a batch culture until the stationary phase was
reached before starting the inflow of input medium
and the outflow of culture. The dilution rate was
0.27 d−1, resulting in a generation time of 2.6 d. We
selected this dilution rate based on growth rates of
0.3 d−1 determined in situ for coastal Mediterranean
waters (Obernosterer et al. 2010). The continuous

cultures were run in a temperature-controlled room
(18°C) in the dark.

The cultures were sampled daily during the 15 d
experimental period. Samples were taken with glass
syringes (Hamilton) connected with a Luer lock to
Teflon tubes that reached the bottom of the cultures.
This system allowed us to sample without opening
the culture containers. The glass syringes were
extensively rinsed with Milli-Q water prior to sam-
pling. A total of ~100 ml was sampled every day in
each culture, representing <2% of the total volume
of the cultures.

Inorganic nutrients and dissolved
organic carbon

For inorganic nutrients, subsamples (5 ml) were
collected in 20 ml acid-washed polyethylene vials.
Concentrations of nitrate (NO3

−), nitrite (NO2
−) and

phosphate (PO4
3−) were determined immediately

after sampling using the automated colorimetric tech -
nique on a Skalar autoanalyzer following the protocol
of Tréguer & Le Corre (1975). For DOC, triplicate
15 ml subsamples were filtered through 2 precom-
busted GF/F filters (Whatman) and stored after acidi-
fication with orthophosphoric acid (H3PO4, final pH 2)
in precombusted glass vials with Teflon-lined caps in
the dark. DOC analyses were performed by high
temperature catalytic oxidation on a Shimadzu TOC-
V-CSH analyzer (Benner & Strom 1993). The analyti-
cal precision was 1 to 2% (coefficient of variation).

Enumeration of heterotrophic bacteria

For heterotrophic bacterial abundance, duplicate
subsamples (1.8 ml) were fixed with formaldehyde
(2% final concentration). The samples were incu-
bated at 4°C for 30 min and stored at −80°C until
flow cytometric analysis. Samples were thawed and
stai ned with SYBR Green I (Invitrogen−Molecular
Probes) at 0.025% (v/v) final concentration for 15 min
at room temperature in the dark. Counts were per-
formed with a FACSCalibur flow cytometer (Becton
Dickinson) equipped with an air-cooled argon laser
(488 nm, 15 mW) (Lebaron et al. 2001).

Enzymatic activities

We measured the hydrolysis of the fluorogenic
 substrate analogues 4-methylumbelliferyl-α-D-gluco -
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pyranoside and 4-methylumbelliferyl-β-D-glucopy -
ra noside (MUF-α-Glc and MUF-β-Glc, respectively,
Sigma Aldrich) to estimate potential activity rates
of α- and β-glucosidases (Hoppe 1983). We  followed
a protocol from Van Wambeke et al. (2009) with
some modifications. Triplicate subsamples (380 µl)
of each culture were incubated with MUF-α-Glc
and MUF-β-Glc prepared at 10 mM in methyl cel-
losolve after de termining saturating concentrations.
The final con centration of the substrate was
500 µM. The samples were incubated for 8 h in the
dark at the same temperature as the cultures. For
the 2 enzymes, a blank was prepared each time
using sterile seawater and incubated under the
same conditions as the samples from the cultures.
Incubations were stopped by addition of alkaline
(pH 10.5) glycine-ammonium hydroxide buffer
(0.05 M glycine + 0.2 M NH4OH) (10% final con-
centration). The  samples were stored at −20°C until
analysis. The samples were thawed at +55°C, and
550 µl of borate buffer (pH 10, Sigma-Aldrich) were
added. Fluorescence was determined at 460 nm
under 364 nm excitation on a fluorescence spec-
trophotometer (Hitachi F-2500).

Bacterial diversity

After ~3 bacterial generations (Day 8), samples for
bacterial diversity (200 ml) were collected from the
outflow in autoclaved PC flasks. Bacterial cells were
collected on a 0.2 µm PC filter (47 mm diameter,
Nuclepore), and the filters were stored at −80°C until
further analysis. At the end of the experiment, corre-
sponding to ~5 bacterial generations (Day 15), sam-
ples (1500 to 2300 ml) were collected in autoclaved
PC flasks, concentrated on a 0.2 µm cartridge
(Sterivex, Millipore) and stored at −80°C until further
analysis.

DNA was extracted as described by Laghdass et al.
(2011). Briefly, the bacterial cells collected on the
 filters were lysed using lysis buffer (40 mM EDTA,
50 mM Tris and 0.75 M sucrose) and performing 3
freeze-thaw cycles with liquid nitrogen and a water
bath at 65°C. After denaturation and degradation of
proteins using sodium dodecyl sulfate (1%) and Pro-
teinase K (0.2 mg ml−1), the DNA was purified using
a Qiagen AllPrep DNA/ RNA extraction kit according
to the manufacturer’s in structions. The molecular
size and purity of the DNA were analyzed using
agarose gel electrophoresis (1%). In total, 7 samples
were extracted, and for each sample, a total amount
of 600 ng was sent to the Research and Testing Labo-

ratory (www. research and testing.com) for 454 tag
pyrosequencing.

The bacterial 16S rRNA genes were sequenced
using the FLX-Titanium platform as described by
Wolcott et al. (2009). The regions V2 and V3 of the
16S rRNA gene were amplified using primers target-
ing 410 bp between positions 121 and 531 on the
Esche richia coli reference sequence (Baker et al.
2003). For the 7 samples that were analyzed, a total
number of 88 121 sequences was obtained. The raw
data are deposited in the Euopean Nucleotide
Archive under accession number ERP002553 and can
be accessed at www. ebi. ac. uk/ ena/ data/ view/ ERP 00
2553. All further analyses were conducted using the
Quantitative Insights Into Microbial Ecology (QIIME)
pipeline (http:// qiime.org) (Caporaso et al. 2010).
The se quen ces were quality filtered, and all se -
quences shorter than 200 bp or containing ambigu-
ous bases were eliminated from the data set. Se -
quences were then attributed to each sample
according to their barcode sequence. These opera-
tions led to the removal of ~25% of the sequences
with either bad quality scores or ambiguous barcode
sequences. The sequencing errors were corrected
among the remaining sequen ces using the QIIME
 denoiser algorithm, and barcodes and primers were
removed (Caporaso et al. 2010). Operational taxo -
nomic units (OTUs) were identified using the uclust
picking method and defined at a 97% sequence sim-
ilarity level, and only the most abundant sequence
was  conserved as a  representative. Taxonomy was
assigned using the RDP classifier program (Wang et
al. 2007) with the most recent Greengenes reference
data set released in October 2012. The sequences
were aligned using the PyNast algorithm (DeSantis
et al. 2006, Caporaso et al. 2010). The chimeric se -
quen ces were identified and removed with Chimera -
Slayer (Caporaso et al. 2010).

A phylogenetic tree was constructed using the
FastTree method (Price et al. 2009), and an OTU
table was created. To enable comparisons between
samples, the OTU table was subsampled to ensure an
equal number of sequences in each sample. The
resulting OTU table comprised 3416 sequences per
sample. All further analyses, such as alpha and beta
diversity estimations, were conducted with this OTU
table. Phylogenetic differences between samples
were tested using Andrew Martin’s phylogenetic test
(P-test) (Martin 2002, Eckburg et al. 2005). The clus-
tering of samples was checked for robustness with
jackknife analyses and for significance with an
ANOSIM. All statistics were performed using the
QIIME pipeline.
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RESULTS

Nutrient conditions and bulk bacterial
response in the continuous cultures

The chemical parameters were stable for the 15 d
experimental period. The sum of the concentrations
of NO3

− and NO2
− was 93 ± 2 and 90 ± 3 µM (mean ±

SD, n = 15) in the control and the +DOM treatment,
respectively. The mean concentrations of PO4

3− (11 ±
1 µM) were not different under the 2 conditions (data
not shown). DOC concentrations in the cultures re -
mained stable over time, with mean values of 74 ± 2
and 75 ± 2 µM in the control and the +DOM treat-
ment, respectively (Table 1).

Organic carbon appeared to be the primary limit-
ing factor of bacterial growth in the cultures. Ratios of
DOC:(NO3

− + NO2
−) and DOC:PO4

3− in the cultures
were 0.8 and 7, respectively, throughout the experi-
ment and thus well below the C:N:P ratios of hetero-
trophic bacteria (45:9:1) (Goldman et al. 1987). Con-
centrations of DOC in the input media were 74 ± 3
and 87 ± 7 µM for the control and the +DOM treat-
ment, respectively. The difference in the DOC con-
centrations between the input medium and the
DOM-amended cultures demonstrates that bacteria
rapidly utilized the added DOC. In the control, DOC
utilization was below our limit of detection.

Bacterial abundances increased exponentially in
all cultures during the first 24 h when the system was
maintained as a batch. After the initial growth phase,
bacterial abundances stabilized in 3 out of 4 cultures.

In one of the control cultures, bacterial abundance
decreased over time, and this replicate had to be
 discarded for further analysis. Bacterial abundances
were 3.9 ± 0.9 × 106 and 4.6 ± 0.7 × 106 cells ml−1 in
Replicates 1 and 2 of the +DOM treatment, respec-
tively (mean ± SD, n = 15). The bacterial abundance
in each of the replicate +DOM cultures was signifi-
cantly higher (1.5- and 1.7-fold, respectively; Wil -
coxon test, p < 0.008) than the bacterial abundance
in the control culture (2.6 ± 0.8 × 106 cells ml−1)
(Table 1). This response of hetero trophic bacteria to
the addition of DOM was also reflected in bacterial
enzymatic activities. α- and β-glucosidase activities
were significantly different between conditions
(Wilcoxon test, p < 0.004), with roughly 10-fold
higher cell-specific activities in the +DOM treatment
(Table 1).

Effect of DOM addition on the 
bacterial diversity

We explored bacterial diversity and composition
after 3 and 5 bacterial generations by tag pyrose-
quencing the 16S rRNA gene and clustering the
sequences into OTUs at >97% identity. In total,
507 OTUs were obtained from the clustering of the
sequences, and the total number of OTUs for the ini-
tial community was 254. In the control, the number of
OTUs was 62 and 67 after 3 and 5 generations,
respectively. A higher number of OTUs was ob -
served in the +DOM treatment both after 3 genera-
tions (118 in Replicate 1 and 119 in Replicate 2) and
after 5 generations (80 in Replicate 1 and 109 in Re -
plicate 2). A dendrogram based on a weighted UNI -
FRAC similarity matrix, using the relative abundance
of each OTU and phylogenetic affiliation, illustrates
that time was the major factor in determining the dif-
ferences among the bacterial communities. At each
time point, however, the bacterial communities
grown on the DOM-amended seawater clustered
separately from the bacterial communities grown on
seawater alone (Fig. 1). This clustering was robust, as
confirmed by jackknife analyses and statistical
examination (ANOSIM, p = 0.01).

We further compared the dissimilarity between
replicate communities and also between the commu-
nities in the DOM-amended cultures versus the con-
trol, using the P-test (Martin 2002). At both time
points, the within-treatment  variability between the 2
DOM-amended replicate cultures (7 and 3% after
3 and 5 generations, respectively) was not significant
(P-test; p > 0.08). In contrast, the dissimilarity be tween
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Control +DOM

Input medium
DOC (µM) 74 ± 3 87 ± 7

(n = 4) (n = 4)
Culture
DOC (µM) 74 ± 2 75 ± 2

(n = 10) (n = 10)
Bacterial abundance 2.6 ± 0.8 4.3 ± 0.5
(106 cell ml−1) (n = 15) (n = 15)

α-glucosidase activity 0.13 ± 0.1 1.17 ± 0.2
(amol cell−1 h−1) (n = 8) (n = 8)

β-glucosidase activity 0.18 ± 0.1 1.23 ± 0.2
(amol cell−1 h−1) (n = 8) (n = 8)

Table 1. Basic biogeochemical parameters in the continuous
culture system. Concentrations of dissolved organic carbon
(DOC) are given for the input media and the cultures. Mean
values ± SD of measurements performed during the 15 d
experimental period are given. For the +DOM treatment,
the mean value of the replicate incubations was used at each 

time point
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the DOM-amended cultures and the control
was significant for Replicates 1 and 2 after 3
generations and for Replicate 1 after 5 genera-
tions (p < 0.02). Taken together, our results in-
dicate that at each time point, the differences
in bacterial community structure between the
2 experimental conditions were due to a re-
sponse to the DOM addition. Interestingly, a
dendrogram constructed from an un weighted
UNIFRAC similarity matrix, which does not
consider the relative abundance of each OTU
but considers only its presence or absence and
phylogenetic affiliation, revealed an inverse
pattern in which communities clustered first
according to the experimental condition and
then according to time (data not shown). This
pattern suggests that the presence of OTUs
was mainly determined by the experimental
condition, whereas their abundance was mainly
determined by time. With either analysis, the
data indicate the importance of the DOM addi-
tion in structuring bacterial communities in
these continuous cultures.

To better understand the changes induced
by the DOM addition, we calculated the
Chao1 index for bacterial richness and the
phylogenetic distance. Overall, the rarefaction
curves of the bacterial communities grown in
the continuous cultures reached a pla teau,

indicating that the sampling was deep enough to
cover most of the diversity (Fig. 2). The indices for
bacterial richness and phylogenetic distance were
higher in the DOM-amended cultures than in the
control culture at both time points. Richness de -
creased between the third and fifth generation, but
the DOM-amended cultures were still more diverse
(Fig. 2a). Phylogenetic distance was almost twice as
high in the DOM-amended cultures than in the con-
trol culture, with remarkable steadiness over time
(Fig. 2b). Overall, these indices were lower in the cul-
tures com pared to the inoculum (Chao1: 753; phylo-
genetic distance: 28).

We investigated the OTUs that were potentially
selected by the DOM addition. The identification of
an OTU deemed specific to one experimental condi-
tion was based on its presence in one condition and
its absence from the other. OTUs present in all 3 cul-
tures were considered common. The phylogenetic
diversity of the OTUs specific to the +DOM treatment
was higher than in the control (Fig. 3). Alphaproteo -
bacteria, Bacteroidetes, Verrucomicrobia, and other
groups made up the largest part (50% after 3 and
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94% after 5 generations) of the OTUs specific to the
DOM-amended treatment. In contrast, Gamma pro -
teo bacteria accounted for 99 and 83% of the control-
specific OTUs after 3 and 5 generations, respectively.

Bacterial community composition

As indicated by the clustering of samples (Fig. 1),
the communities selected by our experimental sys-
tem largely differed from the initial community
(Fig. 4, see Table S1 in the Supplement at www. int-
res. com/ articles/suppl/a069p157_supp.pdf). The bac -
terial com munities present in both the control and
the +DOM treatment were dominated by Gamma -
pro teobacteria, belonging mainly to 3 or ders: Alte -
romonadales, Oceanospirillales, and Thio tri cha les
(Fig. 4a, Table S2 in the Supplement). However, their
relative abundance was lower in the DOM-amended
cultures than in the control due to a more pro-
nounced response of other bacterial groups to the
culture conditions. The relative contribution of
Alphaproteobacteria after 3 and 5 generations was 3-
and 2-fold higher in the DOM-amended treatment
than in the control (Fig. 4b, Table S3 in the Supple-
ment). This pattern was observed for the Rhodo -
bacterales, Rhodospirillales, and other groups within
the Alphaproteobacteria. The proportion of se quences
belonging to several other bacterial groups, in partic-
ular Bacteroidetes and Verrucomicrobia, was also
notice ably enhanced in the +DOM treatment
(Fig. 4c,d, Tables S4 & S5 in the Supplement). A max-
imum of 0.1% of the sequences detected in a single
sample could not be properly characterized even to
the phylum level. Overall, the taxonomic affiliation of
the sequences retrieved from our cultures confirms
the higher phylogenetic diversity in the DOM-
amended cultures illustrated in Fig. 2b.

DISCUSSION

Bacterial diversity, including richness and phyloge-
netic diversity, increased in response to an enhanced
supply in bioavailable DOM in our experiment. We
chose continuous cultures to provide insight into how
a sustained input of DOM under C-limited conditions
affects the structure of a natural bacterial  community.
We were successful in maintaining both stable abiotic
conditions and organic carbon as the growth- limiting
factor throughout the experimental period. As a se-
lective tool, continuous cultures set a lower limit for
the growth rate through the dilution rate (Kovárová-

Kovar & Egli 1998), restricting bacterial growth to the
groups that are most responsive or adapted to the cul-
ture con ditions, as reflected by the lower diversity in
the cultures compared to the inoculum. Our result
thus reflects the adaptation of a  bacterial community
after 3 and 5 generation times to a small increase in a
mixture of organic carbon  substrates of varying
bioavailability and chemical composition.

Continuous cultures are technically challenging,
and the large volumes used for each culture in the
present study together with the duration of the exper-
iment made it difficult to set up more than 2 replicate
conditions. The patterns in diversity were repeatable
for the replicate +DOM cultures and for the samples
taken after 3 and 5 generations of each condition, in-
dicating that our conclusions are robust. The observa-
tion that the response to the DOM addition in terms of
bacterial biomass, metabolism, and diversity was the
same over time supports the hypothesis that differ-
ences between the +DOM and the control were real
rather than due to chance. For all these reasons, we
have confidence in the validity of our conclusions, de-
spite the loss of 1 control  replicate.

The surprising finding of the present study is the
increase in diversity, including richness and phylo -
genetic diversity, of the bacterial communities in the
phytoplankton DOM-amended cultures. We con-
sider 2 possible explanations for this observation.
The in crease in bacterial richness could be linked to
the higher DOC concentrations due to the DOM
addition. A previous study using a DNA fingerprint-
ing method found changes in bacterial diversity
with increasing DOC (40 to 540 µM) (Eiler et al.
2003). In the present study, the total concentration
only partly explains our results because the addition
of DOM changed DOC concentrations only slightly
(13 µM added to the original 74 µM). By contrast,
the phytoplankton DOM most likely had a different
chemical composition and bioavailability than the
seawater DOM that had been aged for 6 wk prior to
the start of the experiment. Carbohydrates con-
tribute substantially to DOM from phytoplankton
(Biddanda & Benner 1997, Aluwihare & Repeta
1999). Molecular-level analyses have identified the
same individual sugars in phytoplankton DOM and
surface DOM; however, their relative contributions
and in particular the DOC yields vary greatly
between DOM sources (Biersmith & Benner 1998,
Aluwihare & Repeta 1999). The higher glucosidase
activities are thus likely a res ponse to higher con-
centrations of oligo- and polysaccharides in our
DOM-amended cultures, supporting the idea that
DOM composition was different be tween the condi-
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Fig. 4. Percentage of the total made up by the indicated bacterial groups in the communities present in the continuous cultures
after 3 and 5 generations (3G and 5G, respectively). Bacterial groups belonging to (a) Gammaproteobacteria, (b) Alphapro-
teobacteria, (c) Bacteroidetes, and (d) other groups are shown. For (a) Gammaproteobacteria and (b) Alphaproteobacteria, the
different colors correspond to different orders within these classes. For (c) Bacteroidetes and (d) other groups, different colors
correspond to different phyla and classes. For the +DOM treatment, the mean percentage of the 2 replicates was calculated. 

Note the different scales on the y-axis. Detailed phylogenetic information is given in Tables S2 to S5 in the S upplement
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tions. The compounds present in the phytoplankton
DOM could act as new niches, based on different
chemical composition and higher concentrations,
sustaining growth of bacterial groups that were less
successful in the culture provided with seawater
only. The higher number of OTUs in res ponse to an
increase in bioavailable DOM could be due to a
direct link between the identity and diversity of the
substrates present in the added DOM and functional
properties of the selected bacterial groups.

Independent of treatment, Gammaproteobacteria
represented the majority of bacteria selected by our
experimental system. This result is not surprising
because Gammaproteobacteria, such as Vibrio and
Alteromonas, are frequently observed in high abun-
dances in incubation experiments (Eilers et al. 2000,
Pinhassi & Berman 2003, Nelson & Carlson 2012).
These previous studies and the present one clearly
point to their opportunistic life style, characterized
by rapid growth and their ability to quickly take up
a range of substrates (Lauro et al. 2009). Gamma -
proteobacteria highly expressed transporter genes
linked to broad carbon uptake patterns during an in
situ phytoplankton bloom (Teeling et al. 2012), and
members of this phylum had some of the most
diverse transcriptomes for a variety of metabolic pro-
cesses in a coastal bacterial community (Gifford et al.
2012). The high abundance of Gammaproteobacteria
in our continuous cultures and their low contribution
to the +DOM-specific community indicate that this
group responded to the culture conditions rather
than to the DOM input. This likely reflects their capa-
bility to rapidly adapt to a variety of compounds in
the original seawater DOM and also in the phyto-
plankton DOM.

Rhodobacterales, Rhodospirillales, and Rickettsi -
ales belonging to Alphaproteobacteria, Flavobacteria
belonging to Bacteroidetes, and Verrucomicrobia
responded most to the DOM addition. These bacter-
ial groups have been shown to respond to in situ
phytoplankton blooms and blooms simulated in
mesocosm studies (Pinhassi et al. 2004, Rink et al.
2007, West et al. 2008). Communities specific to a
given diatom culture were mainly composed of
Alpha proteobacteria and Bacteroidetes and to a
lesser extent of Gamma- and Betaproteobacteria
(Schäfer et al. 2002, Grossart et al. 2005). The Roseo -
bacter clade contributed substantially to the overall
carbohydrate uptake during a mesocosm experiment
with phytoplankton DOM, as evidenced by highly
expressed DOC-related transporter genes (Poretsky
et al. 2010). Bacteroidetes and in particular Flavobac-
teria were found to produce specific enzymes, such

as fucosidases and sulfatases, involved in the degra-
dation of polysaccharides produced during an in situ
diatom bloom (Teeling et al. 2012). Using stable iso-
tope probing, Nelson & Carlson (2012) observed that
OTUs belonging to Flavobacteria and Verrucomicro-
bia substantially contributed to the incorporation of a
Synechococcus exudate. These latter studies suggest
a function-related response of bacterial groups to
phytoplankton DOM.

The question of how specific the utilization of DOM
is to a given bacterial group has been addressed in
several previous studies (Malmstrom et al. 2005,
Alonso-Sáez & Gasol 2007, Mou et al. 2008, Gómez-
Consarnau et al. 2012, Sarmento & Gasol 2012).
These studies demonstrated that the potential to uti-
lize a variety of simple, monomeric substrates is
widespread among bacterial groups but that affini-
ties for a given substrate might vary (Alonso-Sáez &
Gasol 2007, Mou et al. 2008, Gómez-Consarnau et al.
2012). Mixed substrate sources of high biological
availability, such as DOM from phytoplankton exu-
dates (Nelson & Carlson 2012, Sarmento & Gasol
2012) or extracellular polymeric substances (Elifantz
et al. 2005), are utilized by a diverse bacterial com-
munity, perhaps reflecting substrate complexity. By
investigating how a natural DOM source selects from
a bacterial community in a constantly C-limited sys-
tem over several generation times, our experiment
complements these previous studies. Our results pro-
vide a first mechanistic insight into this issue, by
investigating the potential adaption of a bacterial
community at both the community and the OTU level
to a natural DOM source.

Bacterial diversity in aquatic systems is maintained
by several bottom-up and top-down factors. Resource
competition is common in the oligotrophic ocean, and
access to bioavailable organic carbon often limits
bacterial growth (Kirchman & Rich 1997, Church et
al. 2000, Van Wambeke et al. 2002). We wanted to
test the idea of a DOM-stimulated modification of
bacterial diversity using an experimental approach
that focu ses on DOM–bacteria interaction, while
maintaining most other potential driving factors con-
stant. The increase in diversity we observed in our
experiment might be counteracted in the environ-
ment by factors such as top-down control, inorganic
nutrient limitation, or a combination of these or other
factors. Whether the results from our experiment per-
formed with a bacterial community from the NW
Mediterranean Sea are valid for other marine envi-
ronments and the extent to which different sources of
DOM contribute to the maintenance of bacterial
diversity should be the focus of future research.
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Summary

Dissolved organic matter (DOM) and heterotrophic
bacteria are highly diverse components of the ocean
system, and their interactions are key in regulating
the biogeochemical cycles of major elements. How
chemical and phylogenetic diversity are linked
remains largely unexplored to date. To investigate
interactions between bacterial diversity and DOM, we
followed the response of natural bacterial communi-
ties to two sources of phytoplankton-derived DOM
over six bacterial generation times in continuous cul-
tures. Analyses of total hydrolysable neutral sugars
and amino acids, and ultrahigh resolution mass spec-
trometry revealed large differences in the chemical
composition of the two DOM sources. According to
454 pyrosequences of 16S ribosomal ribonucleic acid

genes, diatom-derived DOM sustained higher levels
of bacterial richness, evenness and phylogenetic
diversity than cyanobacteria-derived DOM. These dis-
tinct community structures were, however, not asso-
ciated with specific taxa. Grazing pressure affected
bacterial community composition without changing
the overall pattern of bacterial diversity levels set by
DOM. Our results demonstrate that resource compo-
sition can shape several facets of bacterial diversity
without influencing the phylogenetic composition of
bacterial communities, suggesting functional redun-
dancy at different taxonomic levels for the degrada-
tion of phytoplankton-derived DOM.

Introduction

The bacteria-mediated transformation of dissolved
organic matter (DOM) is a major flow of carbon and
energy in aquatic environments. This process is depend-
ent on the biological availability of DOM, which varies
with source and chemical composition (Nagata, 2008).
Molecular level analyses have identified amino acids,
amino sugars and neutral sugars as molecules that sub-
stantially contribute to the bioreactive DOM pool with
turnover times of minutes to weeks (Benner, 2002). The
question of whether bacterial community composition
matters for the degradation of DOM has received much
attention over the past years. Substrate preferences and
metabolic capacities were revealed for some phylotypes
within the diverse bacterial community that processes
DOM (Fuhrman and Hagström, 2008; Moran, 2008).
Whether functional traits requested for DOM degradation
are specific to bacterial phylotypes and how this affects
the link between the composition and diversity of DOM
and bacterial communities remain largely unresolved.

Phytoplankton is the dominant source of bioreactive
DOM in ocean surface waters (Hedges, 1992). Changes
in bacterial activity and diversity in response to phyto-
plankton blooms were reported previously, and these
changes were often related to modifications in the DOM
supply (Fandino et al., 2001; Arrieta and Herndl, 2002;
West et al., 2008; Tada et al., 2011). An idea that emerged
from these observations is that shifts in bacterial diversity
are a required first step to optimize the degradation of
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DOM as its composition changes. These DOM-induced
shifts in bacterial diversity imply that bacterial groups with
specific metabolic traits are selected for as resources
change. Metabolic preferences and substrate affinities
have been shown to vary among bacterial groups (Cottrell
and Kirchman, 2000; Elifantz et al., 2005; Alonso-Sáez
and Gasol, 2007). Further, recent experimental and in situ
transcriptomic studies suggest resource partitioning
between different members of the microbial community
(McCarren et al., 2010; Poretsky et al., 2010; Rinta-Kanto
et al., 2012; Teeling et al., 2012).

Bacterial utilization of different DOM sources is,
however, not always associated to bacterial diversity pat-
terns. Modifications in DOM supply only slightly affected
the structure of bacterial communities in some studies
(Kirchman et al., 2004; Rooney-Varga et al., 2005; Rink
et al., 2007), indicating that broad bacterial groups are
capable of regulating their activities to use a range of
substrates, with no or little changes in community struc-
ture. The lack of a change implies that these bacterial
groups behave as generalists with functional redundancy
among the bacterial taxa making up the group and are
capable of degrading many components in the DOM pool
(Fernández et al., 1999; Langenheder et al., 2005; Mou
et al., 2008). Given the variability of the responses
observed in these previous studies, the question on the
extent to which DOM can act as a driver of bacterial
diversity is still open.

In the present study, we addressed the question of
whether chemically distinct DOM pools select for bacterial
communities that differ in their structure and phylogenetic
composition. Using a continuous culture approach, we
supplied the different DOM sources at equal dissolved
organic carbon (DOC) concentrations over several gen-
eration times and simultaneously examined chemical
characteristics of the DOM and the taxonomic composi-
tion of the bacterial community. These data allowed us to
explore whether resource composition is a shaping force
on the structure and phylogeny of the bacterial communi-
ties selected in the cultures. Our results indicate no
phylogenetic response of bacterial groups to either DOM
source, but the communities selected by each DOM
source presented distinct structural patterns in richness,
evenness and phylogenetic diversity.

Results

Concentration of DOC and inorganic nutrients in the
continuous cultures

The continuous cultures were supplied with two input
media that had almost identical bulk DOC concentrations
(75 ± 2 μM for the diatom DOM and 73 ± 3 μM for the
cyanobacterial DOM, Table S1).To establish C-limitation,
inorganic nutrients were added in excess to each input

medium (192 μM for NO3
− + NO2

−, 20 μM for NH4
+and

24 μM for PO4
3−). Concentrations of NO3

− + NO2
− and

PO4
3− as well as DOC did not differ between the input

media and the cultures, and they remained stable during
the 15 days of the experiment (Table S1). Ratios of DOC:
(NO3

− + NO2
−) and DOC: PO4

3− in the cultures were
0.4 and 3, respectively, throughout the experiment, well
below the C:N:P ratios of heterotrophic bacteria (45:9:1)
(Goldman et al., 1987), indicating bacteria were limited by
carbon availability rather than inorganic nutrients in these
incubations.

Chemical characterization of the two DOM sources

To obtain insights into the chemical composition of the two
DOM sources, we analysed total hydrolysable neutral
sugars (THNS) and amino acids (THAA). Concentrations
and C-normalized yields of both biochemical groups were
higher in the diatom DOM than in the cyanobacterial DOM
(Table 1). THNS and THAA made up 13% and 18%,
respectively, of the DOC pool in the diatom DOM, and
5.6% and 3.5%, respectively, in the cyanobacterial DOM.
This pattern was maintained in the input media after
mixing each DOM source with aged seawater (Table 1).
Relative concentrations (mol%) of individual neutral
sugars and amino acids varied greatly between the two
media (Fig. 1A and B). In the diatom DOM medium, the
relative concentrations of individual sugars were similar,
ranging between 10 and 20 mol% (Fig. 1A). By contrast,
fucose dominated the THNS pool (56 mol%) in the
cyanobacterial DOM medium, whereas the relative con-
centration of the remaining six sugars was much smaller
(5–15 mol%). The two DOM sources also differed in
amino acid compositions (Fig. 1B). Sixteen amino acids
could be detected in our samples. Glycine was the most
abundant amino acid in the two media, but its relative
concentration was much higher in the cyanobacterial
DOM medium (27 mol%) than in the diatom DOM medium
(16%). The cyanobacterial DOM medium was also more

Table 1. Chemical characteristics of the DOM sources, obtained by
filtration of a diatom and a cyanobacterial culture, and the input
media, obtained after mixing each DOM source with aged seawater.
Concentrations of total hydrolysable neutral sugar-C and total hydro-
lysable amino acid-C and the respective C-yields are given.

Neutral sugars Amino acids

(μM C) (% DOC) (μM C) (% DOC)

DOM source
Diatom 17 13 25 18
Cyanobacteria 4.4 5.6 2.7 3.5

Input medium
Diatom DOM 2.7 3.6 4.2 5.6
Cyanobacteria

DOM
1.6 2.1 1.7 2.3

2 M. Landa et al.
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enriched in γ-aminobutyric acid and β-alanine, the two
non-protein amino acids analysed. In contrast, glutamic
acid, alanine, aspartic acid, threonine and leucine were
more abundant in the diatom DOM medium. A degrada-
tion index (DI), calculated based on the amino acid com-
position of the DOM sources (Dauwe et al., 1999; Davis
et al., 2009), was higher in the diatom DOM (2.80) than in
the cyanobacterial DOM (-0.02), indicating a more
advanced degradation state in the latter. Our results indi-
cate a higher evenness of amino acids and neutral sugars
following hydrolysis in the diatom DOM, suggesting a
higher diversity of the polymers in this DOM source.

In addition, we determined molecular formulae of com-
pounds in the extracted fraction of each DOM source,
accounting for 8% of the total DOM, by ultrahigh resolution
mass spectrometry [Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS)]. A total of 580
compounds were found exclusively in the diatom DOM,
968 compounds were found only in the cyanobacterial
DOM and 1032 molecular formulae were common in both
samples. As for THNS and THAA, the FT-ICR MS results
indicate differences in the composition of the two DOM
sources (Fig. 1C). The diatom DOM was characterized by
higher H/C and lower O/C ratios than the cyanobacterial
DOM, resulting in the latter in a shift in the van Krevelen
diagram towards an area characteristically occupied by
carboxyl-rich alicyclic compounds. Compounds found
exclusively in the diatom DOM had an overall higher
molecular weight (461 versus 438 Da in cyanobacterial
DOM) and were richer in sulphur and phosphorus,
but diatom DOM had fewer nitrogen compounds than
cyanobacterial DOM (Fig. S2). The average distance
between each molecular formula in van Krevelen space
was computed for both DOM sources (Kim et al., 2003).
For cyanobacterial DOM, the average distance was
0.2184 ± 0.0001, whereas the average distance for diatom
DOM was 0.2512 ± 0.0001. Therefore, cyanobacterial
DOM displayed a higher number of compounds, yet
compounds in diatom DOM were ∼ 15% more chemically
different to each other than the compounds in cyano-
bacterial DOM.

To test the bioavailability of the two DOM sources prior
to the continuous culture experiment, we determined the
overall growth rate of a natural bacterial community
growing on the diatom and cyanobacterial DOM media
in batch mode. Growth rates were only slightly higher
in the diatom medium (0.70 ± 0.07 d−1) than in the
cyanobacterial medium (0.56 ± 0.06 d−1) but were lower in
aged seawater alone (0.31 ± 0.04 d−1).

Abundance of heterotrophic bacteria and nanoflagellates

In all continuous cultures, bacterial abundance increased
between day 0 and day 4 and then stabilized at 5.1 ± 0.6

Fig. 1. Chemical characteristics of the input media and the two
DOM sources. Composition (mol%) of total hydrolysable neutral
sugars (A) and amino acids (B) in the diatom DOM medium and
the cyanobacterial DOM medium. van Krevelen diagram showing
ratios of H/C and O/C for compounds specific of diatom DOM and
cyanobacterial DOM in the PPL-extracted fraction (C). Areas
tentatively assigned as carboxylic-rich alicyclic molecules (CRAM),
proteins, lipids, condensed hydrocarbons and amino sugars are
also shown. Abbreviations for neutral sugars as follows: fucose
(Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose
(Glc), mannose (Man) and xylose (Xyl). Abbreviations for amino
acids as follows: glutamic acid (GLU), glycine (GLY), leucine (LEU),
alanine (ALA), aspartic acid (ASP), γ-aminobutyric acid (GABA),
phenylalanine (PHE), lysine (LYS), arginine (ARG), threonine
(THR), serine (SER), valine (VAL), histidine (HIS), ornithine
(ORN), β-alanine (BALA) and isoleucine (ILEU).
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and 4.2 ± 0.7 x 106 cells ml−1 [mean ± standard deviation
(SD), n = 5] in the diatom DOM and the cyanobacterial
DOM cultures, respectively, between day 4 and day 8
(phase 1, Fig. 2A). Bacterial abundances decreased in all
cultures between day 8 and day 11 and then stabilized at
7.5 ± 0.5 × 105 cells ml−1 in the diatom DOM cultures and
at 5.2 ± 0.7 x 105 cells ml−1 in the cyanobacterial DOM
cultures from day 11–15, defined as phase 2. No signifi-
cant differences in bacterial abundance were detectable
between the two treatments during phase 1 or phase 2
(Wilcoxon test, P > 0.05) (Fig. 2A).

Decreases in bacterial abundance at day 8 were
paralleled by increases in heterotrophic nanoflagellates
(HNF) abundance (Fig. 2B). HNF abundance was less
than 100 cells ml−1 in all cultures during phase 1 and
started to increase at day 5, reaching up to 1000 cells ml−1

in the diatom DOM cultures and 5000 cells ml−1 in the
cyanobacterial DOM cultures at day 10. During phase

2 of the experiment, HNF abundance remained stable
(Fig. 2B).

Bacterial diversity

We explored bacterial diversity and composition at the end
of phase 1 (after three bacterial generation times) and at
the end of phase 2 (after six bacterial generation times) by
tag pyrosequencing the 16S ribosomal ribonucleic acid
(rRNA) gene and clustering the sequences into operational
taxonomic units (OTUs) at > 97% identity, leading to a total
of 697 OTUs. Statistical analyses performed on a Bray
Curtis distance matrix indicated that clustering of the rep-
licates was significant at each time point and treatment
[analysis of similarity (ANOSIM), P = 0.01]. This tight clus-
tering of the 16S rRNA genes in the replicates indicates
overall high replication of the two cultures growing on the
same DOM source, and it further suggests that differences

Fig. 2. Abundances of heterotrophic bacteria
(A) and heterotrophic nanoflagellates (B) in
the continuous cultures supplied with diatom
DOM medium and cyanobacterial DOM
medium. Mean values ± SD of biological
replicates are shown for each time point.
Samples for bacterial diversity analyses were
taken after phase 1 (three generation times)
and after phase 2 (six generation times).

4 M. Landa et al.
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in the bacterial communities were due to the treatment at
each time point. We calculated the phylogenetic distance,
Chao1 (a measure of richness), evenness and the
Shannon index (which includes both richness and even-
ness) of the communities in the two treatments (Fig. 3).

All diversity indices were significantly higher for bacte-
rial communities in the diatom DOM cultures than in the
cyanobacterial DOM cultures after three generations (Stu-
dent’s t-test, P < 0.05). After six generations, the indices
remained higher in the diatom DOM cultures, and the
differences were significant for the evenness and

Shannon indices (Student’s t-test, P < 0.05). Consistently
with these results, the number of major OTUs (i.e. OTUs
accounting for > 1% of the total number of sequences)
was higher in the diatom DOM cultures than in the
cyanobacterial DOM cultures at both time points
(Table 2). It is also interesting to note that three out of the
four diversity indices increased in all cultures between the
third and sixth generation time (Fig. 3A, C and D), and
only the Chao1 decreased in the diatom DOM cultures
and remained stable in the cyanobacterial DOM cultures
(Fig. 3B).

Fig. 3. Diversity indices of bacterial communities in the diatom DOM and the cyanobacterial DOM cultures after three (3G) and six
generation times (6G). Mean and SD of biological replicates are given. Asterisk indicates significant differences between treatments
(P < 0.05).
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Bacterial community composition

The phylogenetic diversity in each bacterial commu-
nity was further investigated by comparing the relative
abundance of major phylogenetic groups (Fig 4 and
Tables S3–S5). The communities selected in our cultures
were all dominated by Gammaproteobacteria (between
47% and 88%) and Alphaproteobacteria (between 9%
and 37%) and differed substantially from the bacterial
community in the inoculum (Table S2). There was a
change in the phylogenetic composition of the cultures
between phase 1 and phase 2 due to a substantial
increase in relative abundances of Betaproteobacteria,
Bacteroidetes, and minor groups (Fig. 4). The proportion
of unassigned sequences, which probably belong to
poorly characterized phylogenetic groups, was overall
very low (< 1%) but increased at the end of the experiment
in all cultures (Table S5). The detailed phylogenetic com-
position of the communities is presented in Tables S3–S5.

Overall, the majority of the OTUs dominating in one
culture were also present in at least one of the three other
cultures but with different relative contributions (Fig. S3A

and B). No pattern was found between the relative abun-
dance of any major OTU and the respective treatment. A
phylogenetic test (Martin, 2002) revealed that the commu-
nities selected in the four cultures at each time point were
different, including those growing on the same type of
DOM (P < 0.05). Some phylogenetic groups were
observed only in one treatment, such as Glaciecola and
Thalassomonas that appear specific to the diatom DOM
cultures at the two time points, but with small contribu-
tions to the total community (≤ 1% of total number of
sequences; Tables S3–S5).

To understand the observed differences in the
phylogenetic diversity (Fig. 3A), we calculated the
diversity indices within Gammaproteobacteria, which
accounted for > 47% of total sequences in all cultures at
the two time points. We observed that all diversity indices
determined for Gammaproteobacteria were higher in the
diatom DOM cultures than in the cyanobacterial DOM
cultures (Fig. S4). Similar analyses could not be applied
to other major groups such as the Alphaproteobacteria
because of their low relative abundance in at least one of
the samples.

Table 2. Number of abundant OTUs (> 1% of total number of sequences) in the replicate cultures (R1, R2), in both replicate cultures of one DOM
source (shared – DOM source) and in all cultures (shared – all cultures) after three and six generation times.

Diatom DOM Cyanobacterial DOM Diatom DOM Cyanobacterial DOM

Three generation times Six generation times

R1 R2 R1 R2 R1 R2 R1 R2

Number of OTUs > 1% 19 20 15 14 25 26 12 14
Shared – DOM source 14 6 19 10
Shared – all cultures 5 9
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Discussion

We designed here an experiment that allowed us to
focus on DOM as shaping factor of several facets of
bacterial diversity. Our study demonstrates that
phytoplankton-derived DOM with different chemical com-
position does not affect the phylogenetic composition of
bacterial communities but can sustain different levels of
bacterial diversity. These results suggest that the two
distinct DOM pools did not select for functionally special-
ized OTUs, but the types of substrates present in each of
the DOM sources could have provided a different
number of niches thereby resulting in a structuring effect
on bacterial diversity. These results suggest functional
redundancy for the degradation of phytoplankton-derived
DOM.

Functional redundancy implies that the metabolic capa-
bilities required to access DOM are widespread among
bacterial groups. Our observation supports the hypothesis
suggested by Sarmento and Gasol (2012) about overall
weak interactions between phytoplankton-derived DOM
and bacterial community composition. Using a single cell
approach to track the utilization of several radiolabeled
phytoplankton exudates, these authors demonstrated
that most broad bacterial groups were capable of metabo-
lizing a variety of exudates even though the contribution of
each group to total uptake differed among treatments
(Sarmento and Gasol, 2012). Similarly, addition of
labile monomeric compounds favoured the growth of
a few phylotypes that were not restricted to any single
broad bacterial group (Alonso-Sáez and Gasol, 2007;
Gómez-Consarnau et al., 2012). These previous studies
and the present study lend support to the notion of
overall generalist bacterial behaviour in using labile DOM
as suggested by Mou and colleagues (2008). Our study
further extends this idea to complex pools of substrates
that represent a major source of DOM in the surface
ocean.

In contrast to these experimental studies, successions
of distinct bacterial populations were recently observed
during an in situ phytoplankton bloom in the coastal North
Sea (Teeling et al., 2012) and during mesocosm experi-
ments following the degradation of bioavailable DOM
(McCarren et al. 2010; Dinasquet et al., 2013). The taxon-
specific expression of enzymes indicated that distinct
bacterial communities accounted for the degradation of
phytoplankton-derived DOM during different phases
of the bloom (Teeling et al., 2012). The amount and com-
position of DOM produced by phytoplankton varies with
growth state (Myklestad et al., 1989; Biddanda and
Benner, 1997; Barofsky et al., 2009). Changes in the com-
position of DOM over the course of a bloom could be more
pronounced than differences in the DOM produced by two
phytoplankton species in the same growth phase, with

varying effects on bacterial diversity. In our experiment,
the DOM sources were supplied continuously, maintaining
the composition stable over time. Thus, the DOM used
in the present study does not represent the entire spec-
trum of changes in DOM composition and supply that
probably occur during a phytoplankton bloom or during a
long-term degradation experiment. Further, major inor-
ganic nutrients rapidly decrease with increasing phyto-
plankton biomass and in batch-type incubations (Teeling
et al., 2012). In these cases, the bacterial response is not
exclusively driven by DOM but also by the competitive-
ness among phylotypes in the acquisition of inorganic
nutrients (Sebastián and Gasol, 2013). In the present
study, inorganic nutrients were continuously supplied in
excess to assure that organic carbon limited bacterial
activity. How co-limitation by inorganic nutrients affects
the phylogenetic response remains to be investigated.

As opposed to the absence of taxonomic responses,
the diversity of bacterial communities grown on the two
DOM sources differed greatly in our experiment. A few
previous studies specifically addressed the question of
how DOM could affect bacterial diversity, pointing to a
possible link between the chemical composition as well as
the number and the complexity of organic compounds,
and the richness of the responding bacterial community.
According to a DNA fingerprinting approach, the number
of ribotypes varied for bacterial communities grown
on two sources of phytoplankton detritus (van Hannen
et al., 1999). These authors observed lower richness
for bacterial communities grown on cyanobacterial detri-
tus compared with green algal detritus. Another DNA fin-
gerprinting approach indicated differences in ribotype
numbers in soil bacterial communities depending on the
added chemical class, such as carbohydrates, fatty acids,
aromatic molecules or amino acids (Wawrik et al., 2005).
Using a stable isotope probing approach in combination
with 454 pyrosequencing, Nelson and Carlson (2012)
observed that a cyanobacterial exudate was incorporated
by a higher diversity of bacteria compared with glucose
or gluconic acid. The addition of diatom DOM to sea-
water increased bacterial richness (Landa et al., 2013),
whereas single-pulse enrichments with monomeric com-
pounds were not associated with changes in bacterial
richness (Gómez-Consarnau et al., 2012).

How DOM affects richness and other facets of bacterial
diversity is most likely driven by the tools required for the
cleavage of the chemically different substrates, their
uptake and metabolism by bacteria. Compounds that are
readily available, such as labile monomers, could have a
minor direct influence on bacterial community structure. In
this case, competitiveness in terms of substrate affinity
and growth rate is likely the driving factor for the success
of the most rapidly responding groups, and thus for poten-
tial changes in bacterial diversity. By contrast, compounds
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requiring enzymatic machineries at varying levels of com-
plexity could be more selective, favouring bacteria that
possess specific metabolic capabilities. This notion is
supported by recent findings that the genetic potential for
the uptake of simple compounds and the cleavage of
small oligosaccharides is phylogenetically widespread,
whereas the potential for polymer degradation appears
to be restricted to a few taxonomically distinct clades
belonging to all phyla (Berlemont and Martiny, 2013).

In the present study, the diversity of bacterial commu-
nities was lower when grown on cyanobacterial DOM. The
higher relative concentrations of fucose, glycine, non-
protein amino acids, and carboxylic acid-like compounds;
the lower amino acid and neutral sugar carbon yields and
the DI all suggest that the cyanobacterial DOM was more
degraded than the diatom DOM (Cowie and Hedges,
1994; Hedges et al., 1994; Dauwe et al., 1999; Hertkorn
et al., 2006; Davis et al., 2009). These DOM characteris-
tics can be explained by the fact that our cultures were
not axenic and by the longer growth phase of the
cyanobacterial culture. The cyanobacterial DOM therefore
contained most likely a lower amount of simple sub-
strates, therefore providing less substrate niches and sus-
taining a reduced number and variety of bacteria. The
more degraded cyanobacterial DOM also could have con-
tained a larger fraction of molecules that require specific
enzymatic tools. This DOM source could therefore be
considered as more selective in that it sustained a
reduced number of OTUs in our continuous culture where
the residence time limits the interaction between a given
compound and the bacterial community.

The absence of specific responses from broad
phylogenetic groups to DOM source and composition
could be the reflection of resource partitioning taking
place at a finer phylogenetic level (Johnson et al., 2006;
Bhaya et al., 2007; Hunt et al., 2008). Recent studies
have demonstrated that the distribution of genes encod-
ing for enzymes to access abundant biopolymers, such as
glycoside hydrolases (Berlemont and Martiny, 2013),
chitinase and N-acetyl-glucosaminidase (Zimmerman
et al., 2013), clustered according to distinct populations
within phyla of the sequenced genomes investigated. In
the present study, the diversity of Gammaproteobacteria,
the dominant class in our experiment, was higher in the
cultures supplied with diatom DOM than with cyano-
bacterial DOM, even at identical relative abundance in the
two treatments. This could be interpreted as resource
partitioning among closely related OTUs within broad
bacterial groups.

The higher diversity in the diatom DOM-supported
bacterial communities than in the cyanobacterial DOM-
supported communities was maintained despite the
grazing activity after three generation times. Previous
studies demonstrated that grazing pressure can strongly

affect bacterial community structure (Simek et al., 1997),
particularly under different resource conditions (Matz and
Jürgens, 2003; Alonso-Sáez et al., 2009). In the present
study, grazing probably explains the decrease in the rela-
tive abundance of dominant groups and OTUs to the
benefit of others, resulting in an increase in evenness
between the third and sixth generation time. Some of the
differences between treatments observed after three gen-
eration times, such as the significantly higher richness
and phylogenetic diversity in the diatom DOM cultures,
were smaller after the appearance of grazers. That the
Shannon index remained unchanged supports previous
findings by Hahn and Höfle (2001) who suggested that
top-down control maybe less important in controlling bac-
terial diversity in systems where bottom-up control is
strong, which is the case in our experiment where bacteria
were C-limited.

Understanding how the chemical composition of DOM
and the diversity of heterotrophic bacteria affect the
interplay between these two key components of the
marine C cycle is a major challenge. The present study
provides insights to this issue by the concurrent detailed
chemical analyses of DOM and bacterial diversity under
well-defined experimental conditions. Our results suggest
the existence of substrate niches associated to bio-
reactive DOM, thereby affecting levels of bacterial diver-
sity. The exploitation of these niches requires traits
ranging from basic to specific functions, which in turn are
weakly associated to phylogeny. These mechanisms
driving bacterial community structure are likely to occur
also in aquatic systems. With our experimental approach,
we focus on the fraction of DOM that turns over on the
time scales of days and on bacterial groups capable of
maintaining relatively high growth rates. We propose that
a structuring effect similar to that observed for labile to
semi-labile DOM in the present study can be extended to
a larger range of DOM compounds that turn over much
slower and possibly involve slow-growing members of the
bacterial community. The modifications by grazers of the
observed treatment-specific bacterial diversity demon-
strate that the effect of resource composition on bacterial
diversity can potentially be underestimated. This observa-
tion emphasizes the need of experimental approaches to
understand the many complex mechanisms co-occurring
in natural systems.

Experimental procedures

Experimental design

Continuous cultures were chosen to investigate the response
of a natural bacterial community to different DOM sources.
Two growth media, each consisting of a mixture of aged
seawater and DOM originating from a phytoplankton culture,
were inoculated with a natural bacterial community (Fig. S1).
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Bacterial growth was maintained in batch-mode until the sta-
tionary phase, and the cultures were then switched to con-
tinuous culture mode for the entire experimental duration.
The cultures were run in two treatments, defined by input
media with different DOM sources. Duplicate cultures were
performed for each treatment.

Preparation of media for the continuous cultures

Seawater for the input media and for the natural bacterial
community was collected in the NW Mediterranean Sea, 5
nautical miles off Banyuls-sur-Mer (42°28′300 N–03°15′500
E, 95 m overall depth). Roughly 300 l were collected in
January 2010 at 3 m using an All-PFA Double-Bellows Pump
(Asti) (Cole-Parmer, Hills, IL, USA) connected to 50 m poly-
vinyl chloride tubing. Seawater was 20 μm filtered and stored
in one polycarbonate (PC) carboy in the dark at room tem-
perature for 6 weeks to allow degradation of most of the labile
DOM. DOC values decreased from 78 μM at the time of
sampling to 63 μM after 6 weeks. The 300 l were then
sequentially filtered through 0.4 and 0.2 μm filters using
a Sartobran cartridge (Sartorius, Goettingen, Germany)
(150 cm2, Sartorious), and the filtrate was stored at 4°C in the
dark in acid-washed (10% HCl), Milli-Q (Millipore, Billerica,
MA, USA) water-rinsed 20 l PC carboys.

For the preparation of the two initial growth media and the
input media, the seawater was mixed with DOM harvested
either from a diatom culture (Phaeodactylum tricornutum) or
a cyanobacterial culture (Synechococcus sp. 7803). These
strains were obtained from a culture collection at the
Observatoire Océanologique de Banyuls. We used the DOM
from phytoplankton cultures as bioavailable sources for bac-
terial growth, but we did not aim to link the bacterial response
to the taxonomic identity of the phytoplankton species that
provided the DOM. Therefore, no effort was made to maintain
the phytoplankton cultures axenic, and the DOM collected
should be considered as phytoplankton-derived DOM pro-
cessed to some extent by bacteria. For clarity, we refer to the
two DOM sources as ‘diatom DOM’ and ‘cyanobacterial
DOM’ throughout the manuscript.

The phytoplankton cultures were grown in low DOC
(15 μM) artificial seawater (ASW) amended with nutrients
according to the Guillard’s F/2 medium. Absorbance meas-
urements at 660 nm were carried out every day to monitor
culture development. To obtain DOM from the phytoplank-
ton cultures, each culture was sequentially filtered through
a combusted GF/F filter (90 mm diameter, Whatman,
Maidstone, UK) and an acid-washed, Milli-Q-rinsed
0.2 μm PC filter (90 mm diameter, Nuclepore, Whatman,
Maidstone, UK). The filtrate was recovered in acid-washed,
Milli-Q-rinsed 4 l PC carboys and stored at 2°C during the
entire experimental period. DOM was collected in the early
stationary phase, which was reached after 5 days in the
diatom culture and after 3 weeks in the cyanobacterial
culture. Subsamples (20 ml) to determine concentrations of
THNS and THAA were stored in high density polyethylene
bottles at −20°C until analysis (see below). Concentrations
of DOC (see below) were 138 and 78 μM in diatom DOM
and cyanobacterial DOM respectively. Each of the DOM
sources was mixed with seawater to obtain 15 μM
phytoplankton-derived DOC in each treatment. Total DOC

concentrations were 75 and 73 μM in the input media
prepared with diatom DOM and cyanobacterial DOM
respectively.

Continuous cultures

We used a natural bacterial community from seawater (10 l)
collected at 5 m at the site described above the first day of the
experiment (1 March 2010) as inoculum. After an 0.8 μm
filtration (PC, Nuclepore), 2 l were used as initial bacterial
inoculum, and the remaining 8 l were filtered on a 0.2 μm
cartridge (Sterivex, Millipore, Billerica, MA, USA) and stored
at −80°C for further analyses. For the initial bacterial cultures,
the 0.8 μm-filtered inoculum was diluted 1:10 with seawater
amended with either diatom DOM or cyanobacterial DOM.
The final volume of all bacterial cultures was 6 l. To assure
that organic carbon was the limiting factor for bacterial
growth, nitrate, ammonium and phosphate were added to the
initial cultures as well as to the input media. We used large
volume continuous cultures to avoid any possible perturba-
tion of the steady state conditions in the cultures because of
the daily sampling for biological and chemical analyses
(roughly 2% of the total volume). The supply of one culture
over six generation times requires large volumes of fresh
medium limiting our replication to two per treatment.

The cultures were set up in a closed system consisting of
four all-glass vessels (15 cm diameter, 50 cm height) con-
nected to the medium with PTFE tubing (Thermo Scientific,
Waltham, MA, USA). The system was run as a batch until the
stationary phase was reached before starting the inflow of
input medium and the outflow of culture performed by a
peristaltic pump (Gilson, Middleton, WI, USA). Four litres of
medium was prepared every 2 days and kept in acid-washed
PC carboys at 2°C before use. The two replicate cultures
were supplied by a single PC carboy containing the input
medium, prepared in the same proportions of seawater and
diatom DOM or cyanobacterial DOM as the initial cultures,
with identical final concentrations of DOC and inorganic nutri-
ents. The dilution rate was 0.28 d−1, resulting in a generation
time of 2.5 days. We selected this dilution rate based on
growth rates of 0.3 d−1 determined in situ for coastal Mediter-
ranean waters (Obernosterer et al., 2010). The cultures were
bubbled with filter-sterilized air (Sartorious) and run in a
temperature-controlled room (18°C) in the dark.

The cultures were sampled daily during the 15 day experi-
mental period. Samples were taken with glass syringes
(Hamilton, Reno, NV, USA) connected with a luer-lock to
PTFE tubes that reached the bottom of the cultures. This
system allowed us to sample without opening the culture
containers. The glass syringes were extensively rinsed with
Milli-Q water prior to sampling. A total of about 100 ml was
sampled everyday in each culture, representing less than 2%
of the total volume of the cultures.

Inorganic nutrients and DOC

Triplicate 15 ml subsamples for DOC measurements were
filtered through two pre-combusted GF/F filters and stored in
the dark after acidification with orthophosphoric acid (H3PO4,
final pH 2) in pre-combusted glass vials with PTFE-lined
caps. DOC analyses were performed by high-temperature
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catalytic oxidation on a Shimadzu TOC-V-CSH analyser
(Shimadzu Corporation, Kyoto, Japan) (Benner and Strom,
1993). The analytical precision was 1–2% (CV). For inorganic
nutrients, 5 ml subsamples were collected in acid-washed
polyethylene vials. Concentrations of nitrate (NO3

−), nitrite
(NO2

−) and phosphate (PO4
3−) were determined immediately

after sampling using the automated colorimetric technique on
a Skalar autoanalyser (Skalar Analytical B.V., Breda, The
Netherlands) following the protocol of Tréguer and Le Corre
(1975).

Analyses of THAA and THNS

THAA in filtered samples were quantified, after acid hydroly-
sis, by high-performance liquid chromatography using pre-
column derivatization and fluorescence detection (Mopper
and Lindroth, 1982). Aspartic acid and glutamic acid peaks
include the contribution of glutamine and asparagine, respec-
tively, that were deaminated during hydrolysis. Among the 18
amino acids quantified, only 16 with concentrations above
detection limit are shown: glutamic acid, glycine, leucine,
alanine, aspartic acid, γ-aminobutyric acid, phenylalanine,
lysine, arginine, threonine, serine, valine, histidine, ornithine,
β-alanine and isoleucine. A DI was calculated using amino
acid composition according to the method described by
Dauwe and colleagues (1999) adapted to DOM (Peter et al.,
2012).

Seven neutral sugars: fucose, rhamnose, arabinose, galac-
tose, glucose, mannose and xylose were analysed according
to Skoog and Benner (1997) with modifications. Briefly,
samples were hydrolysed in 1.2 mol l−1 sulphuric acid and
neutralized with a self-absorbed ion retardation resin (Kaiser
and Benner, 2000). After desalting with a mixture of cation
and anion exchange resins, neutral sugars were isocratically
separated with 25 mM NaOH on a PA 1 column in a Dionex
500 system (Thermo Scientific) with a pulsed amperometric
detector. Detector settings were analogous to Skoog and
Benner (1997). The concentrations of THNS and THAA in the
input media were calculated using the values measured in
each DOM source and in aged seawater.

Solid-phase extraction and ultrahigh resolution mass
spectrometry by electrospray ionization (ESI)
FT-ICR MS

Ultrahigh resolution mass spectrometry requires DOM
samples at high concentration. Therefore, solid-phase extrac-
tion of the two DOM sources was performed on PPL car-
tridges (Varian) (Agilent, Lake Forest, CA, USA) following the
protocol by Dittmar and colleagues (2008). The phytoplank-
ton cultures were filtered as described above. The < 0.2 μm
filtrates of the diatom (8.53 l) and the cyanobacterial cultures
(5.05 l) were acidified to pH 2, and then each passed over
one pre-treated PPL cartridge (6 ml HPLC-grade methanol)
at a flow rate of 3 ml min−1. The PPL cartridge was then rinsed
with 0.01 N HCl (12 ml) and dried with ultrapure N2. The
extracted DOM was recovered by sequential elution with
each 10 ml methanol (HPLC grade) into combusted 20 ml
glass tubes at a flow rate of < 2 ml min−1. Elutes were dried in
a Genevac Personal Evaporator (Genevac, Ipswich, UK) and

then stored at −20°C in the dark until further analyses. For
blank determination, the same procedure was performed with
ASW. The few organic compounds detected by mass spec-
trometry in the ASW were subtracted from the two phyto-
plankton exudates. To determine the recover efficiency,
100 μl of the final 1 ml extract were diluted with 10 ml of
Milli-Q water, and DOC concentrations were measured with a
Shimadzu TOC-Vcph analyser (Shimadzu Corporation) using
potassium hydrogen phthalate as standard for DOC calibra-
tion curve. For the two DOM sources, the PPL recovery
efficiency was 8% of total DOC.

ESI FT-ICR MS analysis of DOM (in 1:1 water: methanol
solution) was performed in negative mode with an Apollo
electrospray ion (ESI) source of a Bruker Daltonics 12 Tesla
Apex Qe FT-ICR mass spectrometer at the College of Sci-
ences Major Instrumentation Cluster Laboratory, Old Domin-
ion University, Virginia. Samples were internally calibrated
using naturally present fatty acids (Sleighter et al., 2008).
Only m/z values with a signal to noise > 4 were considered.
A molecular formula calculator (Molecular Formula Calc
version 1.0; NHMFL, Tallahassee, FL, USA) generated
formula matches using carbon, hydrogen, oxygen, nitrogen,
sulphur and phosphorus. By using the soft ESI technique, the
DOM compounds were ionized as intact moieties. The
masses of the individual molecules in the complex DOM
cocktail were determined with such accuracy that we were
able to determine the molecular formulae of 1612 compounds
in diatom DOM and 2000 in cyanobacterial DOM. In order to
obtain a measure of the chemical differences between the
molecules in each sample, we computed the average dis-
tance in van Krevelen space between each molecular
formula and all other molecular formulae identified in the
sample as follows:

dist
N

OC OC HC HCj i j i
i

N

j

N

= −( ) + −( )
==
∑∑1

2
2 2

11

where N is the total number of molecular formulae identified
in each sample, OCj and HCj are the normalized ratios of
oxygen to carbon and hydrogen to carbon for a given
molecular formula, and OCi and HCi are the normalized ratios
for all other molecular formulae identified in the sample. The
implicit assumption is that compounds with similar chemical
characteristics will occupy similar regions in the van Krevelen
diagram (Kim et al., 2003), leading to relatively small average
distances, whereas compounds that are more chemically
different to each other will be found farther apart in the
diagram, leading to larger average distances.

Enumeration of heterotrophic bacteria and
heterotrophic nanoflagellates

For heterotrophic bacterial abundance, duplicate subsamples
(1.8 ml) were fixed with formaldehyde (2% final concentra-
tion), kept at 4°C for 30 min and then stored at −80°C until
flow cytometric analysis as described in Lebaron and
colleagues (2001). For the enumeration of HNF, samples
(3.8 ml) were fixed with 1% glutaraldehyde (final concentra-
tion), incubated for 30 min at 4°C and then stored at −80°C
until flow cytometric analyses following the protocol
described in Christaki and colleagues (2011).
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Bacterial diversity sampling and DNA extraction

After about three bacterial generations (day 7), 200 ml
samples were collected from the outflow in autoclaved PC
flasks. Bacterial cells were collected on a 0.2 μm PC filter
(47 mm diameter, Nuclepore), and the filters were stored at
−80°C for bacterial diversity analysis. At the end of the experi-
ment, corresponding to about six bacterial generations (day
15), samples (500–700 ml) were collected in autoclaved PC
flasks, concentrated on a 0.2 μm cartridge and stored at
−80°C until further analysis.

DNA was extracted as described in Laghdass and
colleagues (2011). Briefly, a lysis step was applied to the
filters and cartridges with a lysis buffer (40 mM
ethylenediaminetetraacetic acid, 50 mM Tris, 0.75 M
sucrose) and three freeze-thaw cycles with liquid nitrogen
and a water bath at 65°C. After denaturation and degrada-
tion of proteins using sodium dodecyl sulphate (1%) and
proteinase K (0.2 mg ml−1), DNA was purified using an
AllPrep DNA/RNA extraction kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The molecular
size and the purity of the DNA were analysed by agarose gel
electrophoresis (1 %). In total, nine samples were extracted,
and 600 ng of DNA per sample was sent to the Research
and Testing Laboratory (http://www.researchandtesting.com)
for 454 tag pyrosequencing.

454 sequencing and analysis

The bacterial 16S rRNA genes were sequenced using the
FLX-Titanium platform (Roche, Basel, Switzerland) as
described in Wolcott and colleagues (2009). Sequencing was
performed on regions V2 and V3 of the 16S rRNA gene.
Chosen primers targeted 410 bp between positions 121 and
531 on the Escherichia coli reference sequence (Baker et al.,
2003). For the nine samples that were analysed, a total
number of 88 121 sequences was obtained. All further analy-
ses were conducted using the Quantitative Insights Into
Microbial Ecology (QIIME) pipeline (http://qiime.org)
(Caporaso et al., 2010). The sequences were quality filtered,
and all sequences shorter than 200 bp or containing ambigu-
ous bases were eliminated from the data set. Sequences
were then attributed to each sample according to their
barcode sequence. These operations led to the removal of
about 25% of the sequences with either bad quality scores or
ambiguous barcode sequences. The sequencing errors were
corrected among the remaining sequences using the QIIME
denoiser algorithm, and barcodes and primers were removed
(Caporaso et al., 2010). OTUs were identified using the
uclust picking method and defined at a 97% sequence simi-
larity level, and only the most abundant sequence was con-
served as a representative. These sequence data have been
submitted to the DNA DataBase of Japan/European Molecu-
lar Biology Laboratory/GenBank databases under accession
number ERP002553. Taxonomy was assigned using the
Ribosomal Data Project (RDP) classifier programme (Wang
et al., 2007) with Greengenes reference data set released in
October 2012. The sequences were aligned using the PyNast
algorithm (DeSantis Jr et al., 2006; Caporaso et al., 2010).
The chimeric sequences were identified and removed with
ChimeraSlayer (Haas et al., 2011).

A phylogenetic tree was constructed using the FastTree
method (Price et al., 2009), and an OTU table was created.
To enable comparisons between samples, the OTU table was
subsampled to ensure an equal number of sequences in
each sample. The resulting OTU table comprised 3416
sequences per sample. All further analyses such as alpha
diversity estimations were conducted with this OTU table.
Indices such as Chao1 (Chao, 1987), phylogenetic distance
(Faith and Baker, 2007), Shannon (Hill, 1973) and equitability
(E = H/log2*S, where H stands for Shannon’s entropy and S
stands for the total number of OTUs) were calculated. Differ-
ences in alpha diversity between treatments were tested
statistically using the Student’s t-test. Phylogenetic differ-
ences between samples were tested using Andrew Martin’s
phylogenetic test (Martin, 2002; Eckburg et al., 2005). The
clustering of samples was checked for robustness with jack-
knife analyses and for significance with an ANOSIM. All
analyses were performed using the QIIME pipeline.
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Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1. Schematic illustration of the experimental set up.
The grey-shaded boxes represent the continuous cultures
inoculated at the beginning of the experiment with a natural
bacterial community, and then supplied with the respective
medium. A detailed description of the experiment is provided
in the Section ‘Experimental procedures’.
Fig. S2 van Krevelen diagrams showing compounds
detected exclusively in the diatom DOM and exclusively in
the cyanobacterial DOM, and their chemical characteristics.
m/z – averaged molecular weight.
Fig S3. A. Heat map representing major OTUs (> 1%) for the
bacterial communities in each culture after three generation
times. Relative abundance of OTUs is presented as follows:
Dark blue – dominant OTU; middle blue – OTUs with relative
abundances higher than 5%; light blue – OTUs with relative
abundances higher than 1%; Grey – OTUs with relative abun-
dances less than 1%; Dark – OTUs absent from culture. The
relative abundance of the dominant OTU was 22% (diatom
DOM, R1), 21% (diatom DOM, R2), 46% (cyanobacterial
DOM, R1) and 35% (cyanobacterial DOM, R2). The OTU
numbers marked in red were also dominant after six genera-
tion times.

B. Heat map representing major OTUs (> 1%) for the bacterial
communities in each culture after six generation times. Rela-
tive abundance of OTUs is presented as follows: Dark blue –
dominant OTU; middle blue – OTUs with relative abundances
higher than 5%; light blue – OTUs with relative abundances
higher than 1%; Grey – OTUs with relative abundances less
than 1%; Dark – OTUs absent from culture. The relative
abundance of the dominant OTU was 11% (diatom DOM, R1),
9% (diatom DOM, R2), 37% (cyanobacterial DOM, R1) and
25% (cyanobacterial DOM, R2). The OTU numbers marked in
red were dominant after three generation times.
Fig. S4. Rarefaction curves of diversity indices determined
for Gammaproteobacteria after three (left panels) and six
(right panels) generation times.
Table S1. Concentrations of dissolved organic carbon
(DOC), nitrate + nitrite (NO3

−+NO2
−) and phosphate (PO4

3−) in
the input media and the cultures during the experimental
period. Mean values ± SD are given. Nitrogen was also
added in the form of NH4

+ (20 μM final concentration) to the
two input media. For each time point, the average value of the
two replicate cultures for each treatment was used to calcu-
late the mean value. n = number of time points for which
chemical analyses were done.
Table S2. Phylogenetic characterization of the inoculum.
Numbers correspond to the relative contribution of each
group to the total community. Phylogenetic affiliation was
done using the RDP classifier against the Greengenes data-
base. ‘Other’ refers to pooled assemblages of groups with
low sequence numbers and to non-assigned sequences.
Table S3. Percent sequences belonging to phylogenetic
groups within Gammaproteobacteria after three and six gen-
eration times in diatom and cyanobacterial DOM cultures.
Numbers correspond to mean value of the replicates ± SD.
Phylogenetic affiliation was done using the RDP classifier
against the Greengenes database. ‘Other’ refers to pooled
assemblages of groups with low sequence numbers and to
non-assigned sequences.
Table S4. Percent sequences belonging to phylogenetic
group within proteobacteria (except Gammaproteobacteria,
see Table S3) after three and six generation times in diatom
and cyanobacterial DOM cultures. Numbers correspond to
mean value of the replicates ± SD. Phylogenetic affiliation
was done using the RDP classifier against the Greengenes
database. ‘Other’ refers to pooled assemblages of groups
with low sequence numbers and to non-assigned sequences.
Table S5. Percent sequences belonging to other phylo-
genetic groups after three and six generation times in diatom
and cyanobacterial DOM cultures. Numbers correspond to
mean value of the replicates ± SD. Phylogenetic affiliation
was done using the RDP classifier against the Greengenes
database. ‘Other’ refers to pooled assemblages of groups
with low sequence numbers and to non-assigned sequences.
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Figure S3a :  
Heatmap representing major OTUs (>1%) for the bacterial communities in each culture after 
3 generation times. Relative abundance of OTUs is presented as follows: Dark blue – 
dominant OTU; middle blue – OTUs with relative abundances higher than 5%; light blue – 
OTUs with relative abundances higher than 1%; Grey - OTUs with relative abundances less 
than 1%; Dark – OTUs absent from culture. The relative abundance of the dominant OTU 
was 22% (Diatom DOM, R1) ; 21% (Diatom DOM, R2) ; 46% (Cyanobacterial DOM, R1) 
and 35% (Cyanobacterial DOM, R2). The OTU numbers marked in red were also dominant 
after 6 generation times. 
 
 

  

OTU number Diatom DOM, R1 Diatom DOM, R2 Cyanobacterial 
DOM, R1 

Cyanobacterial 
DOM, R2 Taxonomy 

225         Bacteriovoracaceae (!) 

772         Methylophaga (") 

2290         Methylophaga (") 

278         Oleibacter (") 

296         Piscirickettsiaceae (") 

3211         Oceanospirillaceae (") 

1289         Alcanivorax (") 

1208         Piscirickettsiaceae (") 

299         Alteromonadaceae (") 

347         (") 

126         Phaeobacter (#) 

1521         Oceanospirillaceae (") 

1154         Alteromonadaceae (") 

2279         Oleiphilaceae (") 

3318         Piscirickettsiaceae (") 

912         Thalassobius (#) 

1310         Rhodobacteraceae (#) 

127         Rhodobacteraceae (#) 

844         Phaeobacter (#) 

929         Oceanospirillaceae (") 

2039         Piscirickettsiaceae (") 

2434         Phaeobacter (#) 

219         Alteromonadaceae (") 

220         Alcanivorax (") 

2583         Alcanivorax (") 

1286         Alteromonas (") 

3129         Piscirickettsiaceae (") 

859         Piscirickettsiaceae (") 

434         Piscirickettsiaceae (") 

2974         Oceanospirillaceae (") 

2291         Vibriofortis (!) 



Figure S3b :  
Heatmap representing major OTUs (>1%) for the bacterial communities in each culture after 
6 generation times. Relative abundance of OTUs is presented as follows: Dark blue – 
dominant OTU; middle blue – OTUs with relative abundances higher than 5%; light blue – 
OTUs with relative abundances higher than 1%; Grey - OTUs with relative abundances less 
than 1%; Dark – OTUs absent from culture. The relative abundance of the dominant OTU 
was 11% (Diatom DOM, R1) ; 9% (Diatom DOM, R2) ; 37% (Cyanobacterial DOM, R1) and 
25% (Cyanobacterial DOM, R2). The OTU numbers marked in red were dominant after 3 
generation times. 
 
 

 
  

OTU number Diatom DOM, R1 Diatom DOM, R2 Cyanobacterial 
DOM, R1 

Cyanobacterial 
DOM, R2 Taxonomy 

772         Methylophaga (!) 

2290         Methylophaga (!) 

278         Oleibacter (!) 

347         (!) 

225         Bacteriovoracaceae (") 

632         Methylophilaceae (#) 

299         Alteromonadaceae (!) 

2718         Sinobacteraceae (!) 

844         Phaeobacter ($) 

2630         Chromatiales (!) 

2417         Hyphomonadaceae ($) 

2544         Oceanospirillales (!) 

2909         Methylophilaceae (#) 

1208         Piscirickettsiaceae (!) 

699         Alteromonadales (!) 

2072         Alteromonadaceae (!) 

1316         Cryomorphaceae (CFB) 

2100         Pelagibacteraceae ($) 

126         Phaeobacter ($) 

1154         Alteromonadaceae (!) 

564         ($) 

1289         Alcanivorax (!) 

912         Thalassobius ($) 

127         Rhodobacteraceae ($) 

1310         Rhodobacteraceae ($) 

2770         Rhodobacteraceae ($) 

220         Alcanivorax (!) 

1173         Alteromonadales (!) 

923         Methylophilaceae (#) 

1260         Alteromonadaceae (!) 

3453         ($) 

1403         Saprospiraceae (CFB) 

859         Piscirickettsiaceae (!) 



Figure S4 

Rarefaction curves of diversity indices determined for Gammaproteobacteria after 3 (left 
panels) and 6 (right panels) generation times. 
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Table S2. Phylogenetic characterization of the inoculum. Numbers correspond to the relative contribution of 
each group to the total community. Phylogenetic affiliation was done using the RDP classifier against the 
Greengenes database. ‘Other’refers to pooled assemblages of groups with low sequence numbers and to non-
assigned sequences.  
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Table S3. Percent sequences belonging to phylogenetic groups within Gammaproteobacteria after 3 and 6 
generations in diatom- and cyanobacterial DOM cultures. Numbers correspond to mean value of the replicates ± SD. 
Phylogenetic affiliation was done using the RDP classifier against the Greengenes database. ‘Other’refers to pooled 
assemblages of groups with low sequence numbers and to non-assigned sequences. 
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Percent sequences belonging to phylogenetic group within Proteobacteria (except 
Gammaproteobacteria, see Table S3) after 3 and 6 generations in diatom- and cyanobacterial DOM cultures. 
Numbers correspond to mean value  of the replicates ± SD. Phylogenetic affiliation was done using the RDP 
classifier against the Greengenes database. ‘Other’ refers to pooled assemblages of groups with low 

sequence numbers and to non-assigned sequences. 
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Table S5. Percent sequences belonging to other phylogenetic groups after 3 and 6 generations in diatom- and 
cyanobacterial DOM cultures. Numbers correspond to mean value  of the replicates ± SD. Phylogenetic affiliation 
was done using the RDP classifier against the Greengenes database. ‘Other’refers to pooled assemblages of groups 
with low sequence numbers and to non-assigned sequences.  
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