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Abstract

The effects of grazing pressure and inorganic nutrient availability on the direct
carbon transfer from freshly produced phytoplankton exudates to heterotrophic
bacteria biomass production were studied in Mediterranean coastal waters. The
short-term incorporation of 13C (H13CO3) in phytoplankton and bacterial lipid
biomarkers was measured as well as the total bacterial carbon production (BP),
viral lysis and the microbial community structure under three experimental con-
ditions: (1) High inorganic Nutrient and High Grazing (HN + HG), (2) High
inorganic Nutrient and Low Grazing (HN + LG) and (3) under natural in situ
conditions with Low inorganic Nutrient and High Grazing (LN + HG) during
spring. Under phytoplankton bloom conditions (HN + LG), the bacterial use of
freshly produced phytoplankton exudates as a source of carbon, estimated from
13C enrichment of bacterial lipids, contributed more than half of the total bacte-
rial production. However, under conditions of high grazing pressure on phyto-
plankton with or without the addition of inorganic nutrients (HN + HG and
LN + HG), the 13C enrichment of bacterial lipids was low compared with the
high total bacterial production. BP therefore seems to depend mainly on freshly
produced phytoplankton exudates during the early phase of phytoplankton
bloom period. However, BP seems mainly relying on recycled carbon from viral
lysis and predators under high grazing pressure.

Introduction

Phytoplankton, bacteria and micrograzers are major com-
ponents of the microbial food web and primary sources
of biogenic carbon production in aquatic systems. Phyto-
plankton in the oceans account for slightly < 50% of glo-
bal primary production (Field et al., 1998). Bacteria also
play a crucial role in biogeochemical cycles, owing to
their importance in regulating the decomposition of
organic matter and nutrient cycling (Azam et al., 1983;

Cole et al., 1988). Micrograzers (such as heterotrophic
nanoflagellates and ciliates) are ubiquitous in marine
environments and their importance in marine food webs
is well recognised for transferring energy to the upper
trophic levels and releasing dissolved matter (Azam et al.,
1983). Interactions between these microorganisms
through competition, mutualism or grazing ultimately
influence the carbon production of the ecosystem (Legen-
dre & Rassoulzadegan, 1995). Competition for mineral
nutrients between phytoplankton and bacteria, combined
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with pressure from micrograzers, may drive the species
composition of the phytoplankton and bacterial commu-
nities (Jacobsen et al., 1995; Samuelsson et al., 2002). It
may also affect the functioning of the microbial ecosys-
tem by changing the balance between phytoplankton and
bacteria (Bratbak & Thingstad, 1985) as well as the bacte-
rial degradation of organic matter (Pengerud et al., 1987;
Grossart et al., 2006). The carbon dependence of bacteria
on phytoplankton exudates (direct carbon coupling)
depends on available organic substrates meeting the het-
erotrophic bacterial carbon (C) demand. Direct C cou-
pling could be expected to be weak in coastal marine
waters, including Mediterranean waters, where allochtho-
nous organic C may satisfy the bacterial carbon demand
(Mor!an et al., 2002a,b). This was supported by the few
studies performed in transitional ecosystems showing that
the bacterial carbon demand may occasionally exceed the
dissolved primary production (e.g. Pugnetti et al., 2010).
However, Mor!an et al. (2013) suggested recently that a
larger than expected trophic dependence of bacteria on
phytoplankton can occur in estuarine ecosystems. Never-
theless, carbon sources, other than dissolved organic car-
bon (DOC) freshly produced by phytoplankton or from
terrestrial sources, may also be available for bacteria in
coastal waters. The importance of the release of organic
matter as a consequence of grazing (e.g. sloppy feeding)
and viral lysis must be taken into account in the carbon
budget, as it appears to be a major source of DOC for
bacteria in all marine waters (Wilhelm & Suttle, 1999;
Nagata, 2000). Moreover, the bacterial carbon demand to
meet the bacterial C : N : P stoichiometry is directly
affected by nitrogen and phosphorus availability. We
therefore hypothesised that the direct C coupling between
heterotrophic bacteria and freshly produced phytoplank-
ton exudates in marine coastal productive waters is stron-
ger with high inorganic nutrient availability and reduced
grazing pressure on microorganisms. Under these condi-
tions, the bacterial need for carbon provided by the
freshly produced phytoplankton exudates would increase.
However, heterotrophic bacteria may rely mainly on
organic sources released by grazers in conditions with
reduced inorganic nutrient availability and high grazing
pressure on bacteria and phytoplankton. So far as we are
aware, no experimental study has tried to focus specifi-
cally on the importance of both grazing and nutritional
status on the direct carbon coupling between bacteria and
phytoplankton in coastal waters.

Most of the studies on the direct carbon coupling
between phytoplankton and bacteria compared the dis-
solved primary production rates with the bacterial pro-
duction and respiration rates. This assumes that the
entire bacterial community can easily take up and
assimilate organic matter freshly released by phytoplank-

ton. Such an assumption does not seem to be applicable
to all marine bacterial groups (Sarmento & Gasol,
2012). The degree of direct carbon coupling between
phytoplankton and bacteria can be assessed using a
more direct approach involving the exposure of photo-
synthesising organisms to 13C-labelled substrates. The
isotope can then be traced using specific microbial bio-
markers to link specific environmental microbial pro-
cesses directly with the organisms involved (Boschker
et al., 1998). A number of recent studies have used this
13C-labelling technique to label microbial fatty acids
(FAs) to characterise functional groups of bacteria
involved in specific processes (Knief et al., 2003; Cross-
man et al., 2005; Evershed et al., 2006) and has also
enabled bacteria to be included in food web studies
(Boschker & Middelburg, 2002; Van den Meersche et al.,
2004, 2011). The tightness of the phytoplankton–bacteria
carbon coupling can be assessed using this 13C-labelling
technique. Short-term (4–24 h) enrichment of bacterial
biomarker in 13C is generally attributed to the efficient
growth of heterotrophic bacteria on freshly produced
phytoplankton extracellular carbon exudates (Boschker &
Middelburg, 2002). The cumulative 13C enrichment in
bacterial lipids over several days and weeks probably
includes recycled phytoplankton carbon (algal cell death,
viral lysis and sloppy feeding by mesozooplankton; Van
den Meersche et al., 2011).

In the present study, a short-term 13C tracer experi-
mental field study was carried out in the Mediterranean
coastal lagoon of Thau (South of France) to track the
transfer of carbon from phytoplankton exudates to bacte-
rial communities under three different nutritional and
trophic conditions (1) artificial High inorganic Nutrient
and Low Grazing (HN + LG) and (2) artificial High inor-
ganic Nutrient and High Grazing (HN + HG) and (3)
natural Low inorganic Nutrient and High Grazing
(LN + HG).

Materials and methods

Experimental set-up

The study was conducted in spring from 2 to 11 May
2006 in a Mediterranean lagoon, in the south of France
(Thau lagoon, France: 43°24′N, 03°41′E) using MEDI-
MEER experimental facilities. Two transparent polyethyl-
ene bags of about 1000 L with transmission of 77% of
photosynthetically active radiation (PAR) were used
(Nouguier et al., 2007) as in situ enclosures to simulate
two trophic conditions with high inorganic nutrient con-
centrations. The experimental design is shown in Fig. 1.
The first bag was filled on 2 May with c. 900 L of filtered
(50, 10, 0.45 and 0.2 µm successively) seawater taken
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from the lagoon surface waters adjacent to the MEDI-
MEER pontoon. The second bag was filled with c. 1100 L
of screened (1 mm pore size) surface seawater from the
same location. About 100 L from this second bag was
transferred to the first bag on 3 May to dilute the seawa-
ter 10-fold to reduce the grazing pressure. The water in
each bag was continuously mixed from 10 cm below the
surface water to the bottom of the bag, using a small
pump to ensure a turnover of the whole water mass
within the enclosure every 2 h.

The two enclosures were enriched with nitrate and
phosphate on 4 and 5 May with a final enrichment of
about 16 µM NO3 (NaNO3) and about 1 µM PO3

(H3PO4) to sustain significant phytoplankton growth in
both enclosures for several days. The chlorophyll fluores-
cence and the concentrations of nitrate and phosphate in
both enclosures were recorded every day. The experimen-
tal conditions expected were achieved when the chloro-
phyll concentration started to increase substantially
(values > 1 µg Chla L!1), 4 days after adding the inor-
ganic nutrients to give the two conditions: High inorganic
Nutrient and High Grazing (HN + HG) and High inor-
ganic Nutrient and Low Grazing (HN + LG). On 9 May,
80 L samples for 13C enrichment and samples for chemi-
cal and biological characterisation were collected in four
20-L carboys from each enclosure. In addition to these
two artificial conditions, in situ natural surface water
samples (80 L) were also collected in Thau lagoon on 9
May and screened (1 mm pore size) to follow the short-
term dynamics of a plankton community under natural
conditions, Low inorganic Nutrient and High Grazing
(LN + HG) (Fig. 1). On 9 May, seawater samples (20 L)
for chemical and biological characterisation were taken
once for the three sets of conditions as a snapshot of dif-
ferent plankton dynamics, while the remaining seawater
samples (60 L) were used immediately for 13C tracer
experiments as described below.

Nutrient concentrations

Samples for nutrient concentration measurements were
collected in triplicate from the two experimental enclo-
sures before and 4 days after adding the inorganic nutri-
ents. Concentrations of nitrate + nitrite (NO3 + NO2),
nitrite, phosphate (PO4), ammonium (NH4) and dis-
solved organic carbon (DOC) were measured according
to the protocols described in Fouilland et al. (2013).

Particulate primary production rates

The net carbon uptake rates were measured in seawater
samples using 13C stable isotope tracer according to the
protocol described in Fouilland et al. (2013). When using
this standard method (Slawyk et al., 1977), unfixed 13C-
labelled DIC was usually not removed from the filters
prior to POC analysis. The use of acid for removing
unfixed 13C is still controversial, with insignificant final
effect on the 13C : 12C ratio of 13C-enriched organisms
(Bunn et al., 1995).

Abundance of virioplankton, heterotrophic
bacterioplankton and picophytoplankton

For microbial parameter measurements, samples were fixed
with prefiltered (0.02 lm) buffered formaldehyde (2% final
concentration) and stored at !80 °C until analysis.

For the enumeration of virioplankton, the number of
virus-like particles (VLPs) contained in triplicates of 100-
lL samples were determined after filtering on 0.02-lm-
pore-size membranes (Anodisc) and stained with SYBR
Gold, as described by Patel et al. (2007).

After thawing, samples for bacterioplankton and pic-
ophytoplankton abundance measurements were per-
formed using a FACSCalibur flow cytometer (Becton
Dickinson) as described by Pecqueur et al. (2011).

Thau Lagoon
Sampling

Exp enclosure 2 (1000 L)

1100 L screened (1 mm) 
seawater

2 May  
Water collection and filtration 

900 L filtered (0.2 µm)  
seawater

3 May 
Dilution 

100 L

4-5 May
Enrichment

+16 µM NO3
–

+1 µM PO4
3–

HN+ HG conditions

HN+ LG conditions

& 13C-lipid tracking
incubations

LN+ HG conditions

+13C +13C

+13C +13C

+13C +13C

+13C

+13C

+13C

T0 sampling

10 May 
T24

13C-lipid
sampling

9 May 

Thau Lagoon

Exp enclosure 1 (1000 L)
Exp enclosure 1 

Exp enclosure 2 

Fig. 1. Experimental design used for this study with three sets of trophic and nutritional conditions (High inorganic Nutrient and High Grazing:

HN + HG, High inorganic Nutrient and Low Grazing: HN + LG, and Low inorganic Nutrient and High Grazing: LN + HG) and 13C-lipid tracking

incubations to assess the transfer of carbon from phytoplankton to bacterial communities. The full description of the experimental procedure is in

the text.
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Diversity of heterotrophic bacteria and
phytoplankton pigment concentrations

Changes in the bacterial community structure were asse-
ssed by catalysed reporter deposition fluorescent in situ
hybridisation (CARD-FISH). Samples (5 mL) were fixed
with formaldehyde (2% final concentration), filtered
using 0.2-lm polycarbonate filters (Whatman) and kept
at !80 °C until hybridisation according to Pernthaler
et al. (2004). Oligonucleotide probes (Biomers) used
were as follows: EUB 338 I + II + III, ALF968, BET42a,
GAM42a, CF319a, targeting bacteria, alpha-, beta- and
gammaproteobacteria, and the Bacteroidetes phylum,
respectively. The NON338 probe was used as a negative
control. The EUB338 detected on average 64% of the
total number of cells and the NON338 detected < 2% of
total cells.

For phytoplankton pigment analysis, 1–4 L of water
was filtered onto 25-mm glass fibre filters (Whatman GF/
F). Chlorophylls and carotenoids were extracted and anal-
ysed by high-performance liquid chromatography (HPLC;
600E, Waters) using a modified method of Zapata et al.
(2000) as described by Vidussi et al. (2011). Pigments
were used as chemotaxonomic markers of phytoplankton
groups as described by Vidussi et al. (2000) and Pecqueur
et al. (2011).

Plankton diversity and abundance

The main species dominating the phytoplanktonic com-
munity were identified by microscopy.

Heterotrophic flagellate (HF), naked ciliate and tintin-
nid abundances were measured using the protocols
described by Pecqueur et al. (2011).

For mesozooplankton abundance measurement and
identification, samples (60 L) were taken using three 20-L
polycarbonate containers and screened onto a 60-lm
sieve to collect and concentrate zooplankton in neutra-
lised formalin (4% final concentration). Metazooplankton
taxa were identified as described by Rose (1933) and Raz-
ouls et al. (2013), and enumerated using a Leica MZ6
dissecting microscope.

Heterotrophic bacterial production and viral
mortality

The net bacterial production (BP) was estimated from the
DNA synthesis rates measured by (3H-methyl) thymidine
(3H-TdR) incorporation as described by Bouvy et al.
(2011). BP was calculated using a conversion factor of
2 9 1018 cells mol!1 TdR (Bell, 1990) and 20 fgC cell!1

(Lee & Fuhrman, 1987). The lytic phage infection of het-
erotrophic bacterial cells was measured in formalin fixed

water samples using the protocol described by Bouvy
et al. (2011).

13C tracing experiments

The water was collected in three 20-L carboys for each set
of conditions (Fig. 1). After addition of 13C-labelled
sodium bicarbonate (99% of 13C) at a final concentration
of 60 µmol L!1 (13C level was about 3% of total DIC con-
centration) to each carboy, the carboys were incubated for
24 h in the Thau Lagoon surface waters. Samples were
taken from one carboy for each set of conditions twice (at
the beginning and end of the 24-h incubation period), after
which the carboy was removed. Sampled seawater was fil-
tered (3–7 L max) onto 450 °C-precombusted GF/F filters,
immediately (t0) and 24 h (t24) after adding the 13C sub-
strate. Only the particulate fraction collected on the GF/F
filter was analysed for lipid biomarkers. A fraction of small
bacterial cells may not have been retained on the pre-
combusted GF/F filters resulting in potential underestima-
tion of 13C enrichment in bacterial biomass under all the
three experimental conditions.

Lipid extraction and analysis

Filters containing the suspended particles were spiked
with internal standards (5a–androstan–3b–ol and cholan-
ic acid), and extracted by microwave oven with 40 mL of
a mixture with CH2Cl2/MeOH (3 : 1) at 70 °C for
15 min (Tolosa et al., 2008). The neutral and acid lipid
fractions were isolated using the method described by
Tolosa & de Mora (2004). Only data on fatty acids are
shown and discussed in the present study.

Compound-specific isotope analysis

The lipid biomarkers were analysed for their stable car-
bon isotope composition using an HP 5890 GC equipped
with a HP 7673 autoinjector and interfaced through a
combustion furnace with a FINNIGAN MAT Delta C iso-
tope ratio mass spectrometer (GC/C/IRMS). All d13C val-
ues are given as delta relative to the Pee Dee Belemnite
(PDB) standard. Corrections for the isotopic change
introduced in the derivatisation of fatty acids were deter-
mined by derivatisation of standards of known isotopic
composition (C18:0 fatty acid and C18:0 FAME), applying
the equation of Jones et al. (1991).

Calculating excess 13C for the FA biomarkers
and biomass production rates

The incorporation of 13C in fatty acids (FA) was evalu-
ated as the excess (above background) 13C and was
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expressed as specific uptake (i.e. Dd13C in& = d13Csample

– d13Cbackground).
The production rates or carbon uptake rates of each

selected FA were calculated as follows:

Production rate ðlg C L!1 h!1Þ
¼ ðais ! ansÞ=ðaic ! ansÞ % BCC=t; (1)

where ais is the atom% 13C in the compound in the incu-
bated sample, ans is the atom% 13C percent of the com-
pound in the natural sample, aic is the atom% 13C in the
13C-enriched inorganic carbon, BCC is the carbon concen-
tration of the biochemical compound at the end of incuba-
tion (lg C L!1), and t is the duration of incubation
(hours) (Hama et al., 1987). aic is derived from the natural
abundance of 13C in seawater and the amount of 13C bicar-
bonate label added. When enriched seawater is used imme-
diately after the addition of 13C bicarbonate, then aic can be
calculated from the mass balance such that:

aicCse ¼ ansCns þ a13bC13b (2)

where ans is atom% 13C in natural seawater before enrich-
ment, a13b is atom% 13C in NaH13CO3 added (=98%),
C13b is µmol 13C bicarbonate added (1200 µmol), Cns is
µmol ΣCO2 in natural seawater and Cse is total µmol of
ΣCO2 in enriched seawater at the beginning of the exper-
iment (Cse = Cns + C13b).

Cns was approximated from salinity using the equations
described by Strickland & Parsons (1968), which gave Cns

values of 2218, 2206 and 2180 µmol C L!1 for the salini-
ties of 35.6 (HN + HG), 35.4 (HN + LG) and 35.0
(LN + HG). The atom% 13C in natural seawater (ans)
was assumed to be equal to 1.1112% (=13dC of 0.0&).
The production rates of total bacterial and phytoplankton
biomass were estimated from the sum of the production
rate of the bacteria- and phytoplankton-specific FAs and
using the conversion factors as described below.

A simple relationship between branched FAs and bacte-
rial biomass was assumed because branched FAs are
membrane components (largely phospholipids) from
many groups of bacteria (Kaneda, 1991). Nevertheless,
some bacteria do not produce branched FAs and Archae-
bacteria do not use FAs to build their membrane phos-
pholipids. Therefore, the bacterial biomass estimates may
be slightly underestimated. The first step was the conver-
sion from bacteria-specific FAs-C (C14:0iso, C15:0iso,
C15:0anteiso) into total bacterial FAs-C assuming these
bacterial biomarkers account for 14% of total bacterial
FAs (calculated from Boschker et al., 1998). The second
step was the conversion from total bacterial FAs-C to
total bacterial C biomass. Bacteria in the particulate frac-
tion were assumed to be mainly aerobic and conversion
factors of 0.056 (De Kluijver et al., 2010) and 0.073 (Van

den Meersche et al., 2011) gram of carbon FAs per gram
of carbon biomass were both used.

Similarly, the phytoplankton-specific FAs-C (C20:5x3
and C22:6x3) were converted into total phytoplankton
FAs-C assuming that these phytoplankton biomarkers
account for about 15% of total FAs for all phytoplankton
in general (Dalsgaard et al., 2003). The label incorporated
into algae was also obtained by subtracting the bacterial
FAs from the total FAs. The phytoplankton-specific FAs
were then converted into phytoplankton biomass using
conversion factors of 0.035 (Middelburg et al., 2000) and
0.046 (Van den Meersche et al., 2004) gram of carbon
FAs per gram of carbon biomass.

Statistical tests

All the measured variables, except 13C-lipid data, were
analysed by multidimensional scaling analysis (MDS) to
characterise the three different conditions chemically and
biologically. For this purpose, the chemical and biological
variables measured in each condition were divided by the
average of each variable for the three conditions and were
then analysed using SYSTAT with a stress value of 0.01. The
resulting graphical representation showed each variable as
a plot where the relative importance between the three
trophic conditions (LN + HG, HN + HG, HG + LG) can
be visualised and interpreted as the distances between the
points.

Results

Nutritional and trophic conditions

In the two experimental enclosures (HN + LG and
HN + HG, respectively), the initial concentrations of dis-
solved organic carbon DOC (175 ' 12 and 181 ' 4
µmol L!1), ammonium (0.19 ' 0.02 µmol L!1 for both
enclosures), nitrate (0.18 ' 0.03 and 0.16 ' 0.04
µmol L!1) and phosphate (undetectable) measured after
the initial filtration and before inorganic nutrient additions
were similar. The chemical and biological characteristics of
the water sampled just before the 13C tracking incubation
under the three different conditions (HN + LG, HN + HG
and LN + HG) are summarised in Table 1.

A comparison of chemical and biological characteristics
by multidimensional scaling (MDS) analysis between the
three conditions (Fig. 2) showed that the biomass and
activity of primary producers with high inorganic nutri-
ent concentrations and low grazing pressure (HN + LG)
was much higher than in the two other conditions. The
lowest abundance of microzooplankton communities
(heterotrophic flagellates and ciliates) and mesozooplank-
ton was under HN + LG conditions (Table 1). The
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phytoplankton community was dominated by diatoms
(small 10 lm Nitzschia) and by flagellates (mainly pry-
mnesiophytes). The abundance of picoeukaryote cells
(5.2 9 104 cell mL!1) measured was the highest under
HN + LG conditions, confirming the great importance of
autotrophic picoflagellates in the phytoplankton composi-
tion. The bacterial community was dominated by the
Bacteroidetes group (81.8 ' 12.5%) in HN + LG condi-
tions, the other groups being marginal. The highest
particulate C primary production (PP) rate (33
µgC L!1 h!1) and the lowest viral-induced bacterial mor-
tality rate (6%) were also observed in HN + LG condi-
tions. The concentration of DOC measured in HN + LG

(172 µmol L!1) was similar to the initial values measured
before the addition of inorganic nutrient.

MDS analysis (Fig. 2) revealed that under high inor-
ganic nutrient concentrations and grazing pressure condi-
tions (HN + HG), there was a high abundance of
tintinnid ciliates (3.42 cell mL!1). Diatoms dominated
the phytoplankton community (Ceratoneis closterium or
Nitzchia longissima) under HN + HG with a significant
proportion of various dinoflagellates (Fig. 2). Under these
conditions, there was a high abundance of bacterioplank-
ton (7.7 9 106 cell mL!1), which was dominated by Bac-
teroidetes as in HN + LG conditions. The bacterial
carbon production rate (BP) was three times greater

Table 1. Nutrient concentrations, plankton abundance and diversity, primary production, bacterial production and mortality (mean and standard

deviation) measured under the three conditions: High inorganic Nutrient + Low Grazing (HN + LG), High inorganic Nutrient + High Grazing

(HN + HG), Low inorganic Nutrient + High Grazing (LN + HG). n/a: not available, und: undetectable

HN + LG HN + HG LN + HG

Mean SD Mean SD Mean SD

Dissolved matter (µmol L!1)

NH4 0.06 0.00 0.18 0.02 0.05 0.01

NO2 0.12 0.01 0.13 0.00 und und

NO3 14.97 0.11 9.62 0.04 0.04 0.020

PO4 0.79 0.01 0.57 0.02 und und

DOC 172 3 198 21 191 17

Planktonic abundance

Virus (cell mL!1) 1.0E+08 n/a 1.5E+08 n/a 6.3E+07 n/a

Heterotrophic bacterioplankton (bac, in cell mL!1) 1.7E+06 1.7E+05 7.7E+06 4.1E+05 2.4E+06 4.3E+04
Cyanobacteria (cyano, in cell mL!1) 5.9E+02 5.5E+01 1.8E+04 1.7E+03 5.2E+03 1.4E+02
Picoeukaryote (pico, in cell mL!1) 5.2E+04 2.0E+03 2.2E+04 2.1E+03 4.9E+04 5.4E+04
Heterotrophic flagellates (Flag, in cell mL!1) 4.5E+02 1.3E+02 5.3E+02 3.5E+02 9.7E+02 4.0E+02
Naked ciliates (Cil, in cell mL!1) 0.19 0.09 0.63 0.24 1.32 0.14

Tintinnid (cell mL!1) 0.13 0.05 3.42 0.63 0.04 0.02

Mesozooplankton (Meso, in ind L!1) 6 n/a 42 n/a 87 n/a

Heterotrophic bacterial group (% of total EUB-bacteria)

Alphaproteobacteria 4.10 0.60 2.30 0.30 7.10 1.10

Betaproteobacteria 0.90 0.10 0.10 0.01 0.80 0.10

Gammaaproteobacteria 11.30 1.70 17.40 2.70 63.30 9.70

Bacteroidetes 81.80 12.50 78.60 12.00 19.60 3.00

Phytoplanktonic pigments (µg L!1)

Chlorophyll a (total phytoplankton biomass) 2.97 0.09 1.07 0.01 0.81 0.09

Chlorophyll b (green algae, pGreen Alg) 0.33 0.00 0.11 0.01 0.05 0.00

Alloxanthin (cryptophytes, pCryp) 0.04 0.01 0.03 0.01 0.01 0.01

19′-Butanoyloxyfucoxanthin (pelago-,

prymnesio- and cryptophytes, pPelago)

0.31 0.01 und und und und

Fucoxanthin (diatoms, pDiat) 3.46 0.16 1.29 0.05 1.15 0.15

19′-Hexanoyloxyfucoxanthin (prymnesiophytes, pPrym) 0.94 0.03 0.03 0.00 0.08 0.00

Peridinin (dinoflagellates, pDino) 0.06 0.01 0.10 0.01 0.03 0.01

Zeaxanthin (cyanobacteria, pCyano) 0.03 0.00 0.05 0.00 0.01 0.00

Microbial production and viral infection

Particulate primary C production PP (µg L!1 h!1) 33.53 4.20 9.33 0.65 14.52 2.03

Heterotrophic bacterial C production BP (µg L!1 h!1) 1.21 0.06 3.85 0.09 1.61 0.01

Frequency of visibly infected bact cells (%) 0.9 n/a 3.7 n/a 1.8 n/a

Frequency of infected bact cell (%) 6 n/a 32 n/a 14 n/a

Viral-Induced Bacterial Mortality VIBM (%) 6 n/a 61 n/a 19 n/a

Mean burst size (virus. infected bact cell!1) 30 n/a 41 n/a 30 n/a
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(3.85 µgC L!1 h!1) than for the two other conditions,
accounting for about 40% of PP (Table 1). The highest
viral-induced bacterial mortality (61%) was observed
under HN + HG conditions. The concentration of DOC
was also the highest (198 µmol L!1).

MDS analysis (Fig. 2) showed that under low inorganic
nutrient concentration and high grazing pressure
(LN + HG), there was a high abundance of mesozooplank-
ton (especially appendicularians), naked ciliates and het-
erotrophic flagellates. Diatoms also dominated the
phytoplankton community (similar dominant species as
observed in HN + HG) with a barely significant propor-
tion of other phytoplanktonic groups (Table 1). The
bacterial community was dominated by the Gamma-
proteobacteria group (63.3 ' 9.7%) and the viral-induced
bacterial mortality rate was low (19%) when compared to
HN + HG conditions. The primary and bacterial produc-
tion rates were in the range of values reported for the two
other conditions (Table 1). The concentration of DOC
(191 µmol L!1) measured in LN + HG was close to that
measured in HN + HG conditions.

Lipid biomarker composition and
concentrations

The fatty acid (FA) concentrations (Table 2) measured just
after the addition of 13C (t0) under all the three conditions
were mainly dominated by diatom biomarkers (C16,
C16:1x7, C14, C20:5x3) and autotrophic flagellate
biomarkers (C22:6x3 and C18:5x3). The highest concentra-
tions of bacterial fatty acids (BAFAs) were found with high
inorganic nutrient concentration and grazing pressure
(HN + HG) with bacterial FA biomarkers, such as BrFAs and

monounsaturated FAs (MUFAs) contributing up to 8% and
10% of the total FAs, respectively (Table 2). The initial con-
centrations (t0) of total FAs (Table 2), which is a measure of
the algal and bacterial biomass together with detritus, were
highest with low inorganic nutrient concentration and high
grazing (LN + HG).

Specific 13C uptake

The specific uptake (Dd13C) of the lipid biomarkers for
each experimental condition 24 h after introducing the
13C-labelled substrate is shown in Table 2. Under all
experimental conditions, Dd13C values for biomarker FAs
for diatoms (C14, C16, C16:1x7, C20:5x3) and auto-
trophic flagellates (C18:5x3, C18:2x6, C18:3x3, C18:1x9,
C22:6x3) were generally much higher than those for het-
erotrophic bacteria (i-C14, i-C15, a-C15, C18:1x7) after
24-h incubation.

The highest Dd13C values (Table 2) were measured for
diatoms, autotrophic flagellates and heterotrophic bacteria
with high inorganic nutrient concentrations and low graz-
ing pressure (HN + LG). Generally, Dd13C values for dia-
tom FA biomarkers were higher than for autotrophic
flagellates with high inorganic nutrient concentrations
and grazing pressure (HN + HG). However, similar 13C
enrichment was measured for the two phytoplankton
groups with lower grazing pressure (HN + LG) and low
inorganic nutrient concentrations (LN + HG).

The FA-derived C uptake by phytoplankton and
bacteria

The total biomass production rates based on FA biomar-
kers ranged between 0.14 and 0.78 µgC L!1 h!1 and
between 7.0 and 39.9 µgC L!1 h!1 for the heterotrophic
bacterial and phytoplankton communities, respectively
(Table 3). The lowest total biomass production rates were
measured under high grazing conditions (HN + HG,
LN + HG). The total phytoplankton biomass production
rates based on 13C-FAs (Table 3) were close to the partic-
ulate PP rates measured from 13C-POC (Table 1) with a
difference of 4% on average.

Discussion

Methodological and general considerations

The experimental procedures used in this study allowed
us to investigate the effects of different inorganic nutrient
availability and grazing pressure conditions on the direct
carbon coupling between coastal bacterial and phyto-
plankton communities. It was assumed that the different
initial filtration of the two experimental enclosures did
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and biological variables measured before 13C trace addition under the
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not significantly affect the initial chemical conditions.
This was confirmed by the similar nutrient concentrations
measured just after the initial filtration and before adding
the inorganic nutrients to the two enclosures. Samples for
13C incubation (primary production and C tracking) col-
lected from the three conditions were all incubated in the
Thau Lagoon surface waters, and they may have experi-
enced some light inhibition similar to that found in
stratified hydrodynamic conditions. This may have
affected the primary production and the release of dis-
solved organic matter. However, a positive or negative
effect of photoinhibition on photosynthetic extracellular
release has not been clearly demonstrated (Nagata, 2000).

All the incubations for primary production rates and C
tracking were performed under similar in situ light and
temperature conditions. The effect of photoinhibition
during the incubation period, if any, will have affected all
the results similarly, with no consequence on the signifi-
cant difference observed between the three nutritional
and grazing conditions.

The addition of nitrate and phosphate combined with
dilution by seawater (HN + LG) led to the growth of
both diatoms and autotrophic flagellates helped by the
low abundance of their potential predators (ciliates and
mesozooplankton). With the same level of inorganic
nutrient addition but without dilution by seawater

Table 2. Selected lipid biomarker concentrations (ng L!1) and specific uptakes (Dd13C in &) measured during the first 24-h incubation period

with the 13C-labelled substrate under the three conditions: High inorganic Nutrient + Low Grazing (HN + LG), High inorganic Nutrient + High

Grazing (HN + HG), Low inorganic Nutrient + High Grazing (LN + HG). Difference (expressed in%) between lipid concentrations measured

between T24 and T0 is set in brackets. und: undetectable

HN + LG HN + HG LN + HG

Lipid concentrations
Specific

uptake

Lipid concentrations

Specific uptake

Lipid concentrations
Specific

uptaket0 t0+24 h t0 t0+24 h t0 t0+24 h

Diatoms

C14 3175 13286 (+318) 1657 2355 5608 (+138) 875 7109 13564 (+91) 1120

C16:4 1235 3218 (+161) 1313 533 1697 (+218) 880 692 970 (+40) 358

C16:1x7 2504 11575 (+362) 1715 2968 6191 (+109) 798 7035 13235 (+88) 1047

C16 3067 12766 (+316) 1670 4656 6582 (+41) 654 7166 13513 (+89) 1228

C20:5x3 2352 5736 (+144) 1428 1861 4834 (+161) 856 2085 4181 (+100) 581

C18:4x3 1808 5450 (+201) 1674 693 1509 (+118) 922 1107 1895 (+71) 939

Autotrophic flagellates

C18:5x3 1104 3180 (+188) 1412 361 471 (+31) 577 589 1113 (+89) 878

C18:2x6 722 1962 (+172) 1661 606 660 (+9 522 661 1331 (+101) 1202

C18:3x3 863 2384 (+176) 1533 404 535 (+32) 825 796 1718 (+116) 1256

C18:1x9 477 973 (+104) 1434 971 759 (!22) 381 556 897 (+61) 1002

C18 383 585 (+53) 903 957 632 (!34) 200 600 820 (+37) 983

C22:6x3 1447 3662 (+153) 1234 1154 1692 (+47) 432 2811 5038 (+79) 418

Heterotrophic bacteria

i -C14 281 486 (+73) 249 267 268 (+0) 84 129 193 (+50) und

i -C15 253 449 (+78) 586 576 554 (!4) 104 345 472 (+37) 251

a -C15 123 225 (+82) 400 350 342 (!2) 91 166 255 (+54) 216

C15 159 451 (+184) 1334 260 326 (+26) 396 323 528 (+64) 641

i -C17 27 44 (+64) und 66 64 (!3) und 41 68 (+64) und

a -C17 33 66 (+98) und 69 66 (!5) und 51 116 (+129) und

C17:0cyclo 37 64 (+74) und 57 77 (+35) und 46 51 (+12) und

C17 52 83 (+61) und 100 90 (!9) und 83 139 (+68) und

C18:1x7 1270 1748 (+38) 613 2352 1850 (!21) 131 1053 1647 (+56) 409

SAFAs* 7361 28293 (+284) 9055 14254 (+57) 15629 29144 (+86)
BrFAs† 953 1790 (+88) 1864 1966 (+5) 1266 2111 (+67)
MUFAs‡ 4446 14868 (+234) 6579 9253 (+41) 9166 16684 (+82)
PUFAs§ 10759 28192 (+162) 6386 12904 (+102) 9843 18219 (+85)
BAFAs¶ 2481 4097 (+65) 4664 4329 (!7) 2800 4551 (+63)
Total FAs 23520 73144 (+211) 23883 38378 (+61) 35905 66159 (+84)

*Saturated FAs (n-C12-C26).
†Branched FAs (i-C13, a -C13, i -C14, methylC14:1, i -C15, a -C15, methylC16:2, i-C17, a -C17, C17:0cyclo).
‡Monounsaturated FAs (C14:1, C16:1x7, C18:1x9, C18:1x7, C20:1, C22:1, C24:1).
§Polyunsaturated FAs (C16:2, C16:3, C16:4, C18:4x3, C18:5, C18:2x6, C18:3x3, C20:4, C20:5, C20:4, C20:3, C22:4, C22:6, C22:5).
¶Bacterial FAs (BrFAs, n -C13, n -C15, n -C17, n -C19, n -C21, C18:1x7).

FEMS Microbiol Ecol && (2013) 1–13ª 2013 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

8 E. Fouilland et al.



(HN + HG), the heterotrophic bacterial community grew,
probably helped by the high availability of dissolved
organic carbon (DOC) owing to the high grazing pressure
on the phytoplankton community (high abundance of
tintinnid ciliates). This is supported by the high ratio of
total FAs to chlorophyll a reported under high grazing
conditions (both HN + HG and LN + HG), strongly sug-
gesting a high proportion of nonphytoplankton lipids, for
example detritus and faunal material. The plankton com-
munity sampled in Thau Lagoon surface waters with low
inorganic nutrient availability (LN + HG) also had a high
abundance of predators on phytoplankton and bacteria
(heterotrophic flagellates, naked ciliates and mesozoo-
plankton such as appendicularians) relatively to the abun-
dance of their prey, suggesting a strong grazing control
on these two communities.

The effect of both inorganic nutrient availability and
grazing pressure on the source of the carbon used for
bacterial production was investigated for the first time by
tracking the short-term transfer (24 h) of carbon from
phytoplankton to the bacterial community using 13C bio-
markers. Incorporation of 13C by bacteria over a short
time scale (first 24 h after 13C-labelled bicarbonate was
added) is attributed to the bacterial growth using extra-
cellular carbon exudates freshly produced by the phyto-
plankton community (Boschker & Middelburg, 2002).
After several days, the 13C enrichment in bacterial bio-
markers may come from recycled phytoplankton biomass
through cell death, viral lysis and sloppy feeding by meso-
zooplankton, as suggested by Van den Meersche et al.
(2011). In the present study, a 24-h incubation with 13C-
labelled bicarbonate was used as a good compromise
between ensuring that the levels of 13C enrichment in lip-
ids was high enough to provide significant quantitative

detection and short enough to ensure that there was little
13C recycling of phytoplankton biomass through lysis or
grazing. We also assumed a constant bacterial incorpora-
tion rate of labelled 13C over the whole 24-h incubation
period. The lowest bacterial 13C enrichments (Table 2)
were found under High Nutrient and High Grazing
(HN + HG) conditions where the highest bacterial pro-
duction rate was measured (3.85 µgC L!1 h!1). This sup-
ports the assumption that the transfer of labelled fixed
carbon to bacteria through the action of grazers or lysis
over the 24-h incubation was unlikely. All the results are
shown in Fig. 3.

Strong direct C coupling between bacteria and
phytoplankton under early phytoplankton
bloom conditions

The addition of nitrate an phosphate with a reduced
abundance of ciliates and mesozooplankton (HN + LG)

Table 3. Estimated biomass production rate (µgC L!1 h!1) for

heterotrophic bacteria and phytoplankton using a combination of

different conversion factors, for the three conditions: High inorganic

Nutrient + Low Grazing (HN + LG), High inorganic Nutrient + High

Grazing (HN + HG), Low inorganic Nutrient + High Grazing

(LN + HG)

Conversion factors used HN + LG HN + HG LN + HG

Heterotrophic bacteria

Σiso, anteiso = 14% total FAs

0.056 g FAs-C/g C biomass 0.78 0.18 0.29

0.073 g FAs-C/g C biomass 0.60 0.14 0.23

Phytoplankton

C20:5 + C22:6 = 15% total FAs

0.035 g FAs-C/g C biomass 33.4 12.8 12.0

0.046 g FAs-C/g C biomass 25.4 9.8 9.2

Total FA-bacterial FAs uptake

0.035 g FAs-C/g C biomass 39.9 9.2 22.3

0.046 g FAs-C/g C biomass 30.4 7.0 17.0

Diatoms

Inorganic nutrient
availability

Grazing
pressure on

primary
producers

HIGHLOW

LOW

HIGH

Virus 
Infection

Vir
Inf

Bacteroidetes
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Fig. 3. Carbon fluxes estimated for phytoplankton and bacterial

community under the three conditions (High inorganic Nutrient

and High Grazing: HN + HG, High inorganic Nutrient and Low

Grazing: HN + LG, and Low inorganic Nutrient and High Grazing:

LN + HG). The contribution of freshly produced phytoplankton

exudates to total bacterial production is expressed in%. The names

of the dominant groups identified by pigment and CARD-FISH are

shown for the two microbial communities. The phytoplankton and

bacterial stocks are proportional to the phytoplankton pigment

concentrations measured by HPLC and to the bacterioplankton

abundance measured by flow cytometry under the three different

conditions (see M&M section for method details). The fraction of

the bacterial stock infected by viruses is represented within the

bacteria boxes. The rates (µgC L!1 h!1) of phytoplankton uptake

of DIC, bacterial uptake of DOC and phytoplankton carbon

exudates are shown within the corresponding proportional width

arrows.
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helped the growth of some phytoplankton species as
shown by the high concentration of diatoms and auto-
trophic flagellate pigments (i.e. prymnesiophyte pig-
ments). The high ∆d13C values measured for HN + LG
indicated high growth rates of the phytoplankton spe-
cies. This was shown by the 13C incorporation in phy-
toplankton biomarkers, both diatoms and autotrophic
flagellates, being the highest under these conditions.
The heterotrophic bacterial production (BP) and bacte-
rioplankton abundance were the lowest for HN + LG,
and BP accounted for < 4% of the primary production
(PP). Such a low ratio is typical of highly productive
marine waters (reviewed in Fouilland & Mostajir, 2010)
as observed during the phytoplankton bloom develop-
ment in coastal waters where phytoplankton grew expo-
nentially under high nutrient availability (e.g. Ducklow
& Kirchman, 1983). Under such conditions, a high
level of phytoplankton exudates is expected if the exu-
dation of freshly produced metabolites depends on the
rate of total carbon fixation, as recently reported by
L!opez-Sandoval et al. (2013) for diverse marine phyto-
plankton species. A substantial use of phytoplankton
exudates by heterotrophic bacteria was thus expected.
The incorporation of 13C into heterotrophic bacterial
biomarker FAs showed the fastest uptake of newly pro-
duced phytoplankton-derived C by heterotrophic bacte-
ria in HN + LG. The heterotrophic bacterial uptake of
phytoplankton-derived carbon was estimated at about
0.6–0.8 µgC L!1 h!1 when estimated from the bacte-
rial-specific FAs (Table 3) and accounted for more than
half of BP (1.21 µgC L!1 h!1, Table 1). Therefore, the
bacterial use of freshly released phytoplankton carbon
accounted for 50–66% of BP. The remaining fraction
of BP (44–50%) may be explained by the use of other
carbon sources (e.g. phytoplankton biomass recycling or
background DOC from Thau Lagoon). No significant
change in the bulk DOC concentrations was observed
before and after 4 days of incubation with addition of
inorganic nutrients under HN + LG conditions. This
may be due to the low DOC bacterial uptake (about
1 µmol L!1 day!1) measured in HN + LG, representing
< 1% of the bulk DOC concentrations. Even though
the reactive DOC pool may account for a large
fraction of the total DOC during a phytoplankton
bloom, the dynamics of this reactive pool may only
partly explain the total DOC dynamics (Grossart et al.,
2007).

Our results suggest that bacterial C production may be
strongly dependent on freshly produced phytoplankton
exudates during the nutritional and grazing conditions
leading to the phytoplankton bloom in Mediterranean
coastal waters. This is in agreement with some previous
field studies suggesting that heterotrophic bacteria are

closely associated with phytoplankton blooming species
in coastal marine environments (Rooney-Varga et al.,
2005).

Reduced direct carbon coupling between
bacteria and freshly produced phytoplankton
exudates under strong grazing control

Both the highest concentrations of BAFAs and the highest
ratios of branched-C15:n-C15 FAs (a proxy for heterotro-
phic bacterial growth; Najdek et al., 2002) were measured
under high inorganic nutrient and high grazing pressure
(HN + HG). These values were consistent with the high
heterotrophic bacterial biomass and production under
these conditions (BP accounted for 40% of PP). Despite
the very high BP measured under HN + HG conditions,
the heterotrophic bacterial uptake of freshly produced
phytoplankton carbon was estimated at about 0.14–
0.18 µgC L!1 h!1 using heterotrophic bacterial biomar-
kers over 24-h incubation, which accounted for < 5% of
BP. This suggests that most of BP was based on other
sources of carbon such as phytoplankton biomass recycled
through grazing or viral lysis. The viral-induced bacteria
mortality was estimated at 61% of BP under these condi-
tions, which was much higher than for HN + LG and
LN + HG conditions (6% and 19%, respectively). The
high availability of DOC measured under HN + HG con-
ditions supports the hypothesis that the DOC released
from viral lysis and grazing on phytoplankton may have
been the main contribution to BP, supporting the conclu-
sions reached by Wilhelm & Suttle (1999) and Nagata
(2000).

Similarly, the direct carbon coupling between bacteria
and phytoplankton was also weak under low inorganic
nutrient, high grazing conditions (LN + HG), when both
bacteria and phytoplankton were under strong grazing
pressure. The heterotrophic bacterial uptake of freshly pro-
duced phytoplankton exudates was estimated at about
0.23–0.29 µgC L!1 h!1 using lipid biomarkers and
accounted for only 14–18% of BP under LN + HG condi-
tions. Under low inorganic nutrient availability conditions,
there should be a high release of organic carbon by phyto-
plankton owing to a self-induced release mechanism under
stress (Nagata, 2000). Heterotrophic bacteria were there-
fore expected to assimilate the freshly produced DOC
under limited inorganic nutrient conditions for phyto-
plankton, such as previously observed during an experi-
mental postbloom phase (Norrman et al., 1995). However,
our results suggest that heterotrophic bacteria mainly used
other sources of carbon for BP under LN + HG conditions.
Under these conditions, bacterial production appeared to
rely more on organic matter released from strong grazing
pressure on microorganisms (both phytoplankton and
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bacteria), indicating the important role of the microbial C
recycling under such conditions.

Potential role of phytoplankton and bacterial
community composition in determining the
direct carbon coupling

There were some significant differences in phytoplankton
and bacterial community composition between the three
conditions. Although diatoms were the dominant phyto-
planktonic group in all the three conditions, the strongest
direct C coupling between bacteria and phytoplankton
exudates was measured in HN + LG when small diatoms
and autotrophic flagellates (i.e. prymnesiophytes) were
the main components of the phytoplankton community.
This suggests that heterotrophic bacteria may strongly
depend on organic C released by small autotrophic cells.

With the bacterial phylum probes used in this study,
no significant difference in bacterial community structure
was observed between HN + LG and HN + HG condi-
tions. The Bacteroidetes dominated even though there
was a significant difference in the bacterial carbon depen-
dence on phytoplankton exudates. Our results suggest
that the level of phytoplankton-derived carbon used for
bacterial production may not be sufficient to affect signif-
icantly the composition of the bacterial community.
However, there are some doubts about the specificity of
the probe used (Amann & Fuchs, 2008) and the phylum
level oligonucleotide probes used may not have revealed
the full diversity.

Conclusions

Our results illustrate the effect of both inorganic nutrient
availability and grazing pressure on the direct carbon
coupling between bacteria and freshly produced phyto-
plankton exudates in coastal waters. Strong direct carbon
coupling appears to be a transient event occurring during
phytoplankton blooms. Short-term heterotrophic bacteria
production in coastal waters seems to rely mainly on
organic matter provided by grazing and viral lysis on
phytoplankton and bacteria. This apparently contradicts
some recent observations indicating a larger than
expected direct carbon coupling between bacteria and
phytoplankton in a whole estuarine ecosystem (Mor!an
et al., 2013) based on measurements of dissolved primary
production and bacterial carbon demand. Differences in
the methodology used may explain this discrepancy. If
some labelled phytoplankton biomass recycled through
lysis or grazing was included in our measurements, this
may have led to an overestimation of the bacterial uptake
of freshly produced phytoplankton exudates. This would
not change our main conclusions. Furthermore, our

results are in agreement with previous studies performed
in various geographical areas where the bacterial uptake
of freshly produced phytoplankton exudates, estimated
from size fractionation, represented on average < 40% of
BP (Fouilland & Mostajir, 2010).

The present study highlights that the predation and
viral lysis within the microbial food web plays a greater
role in sustaining the bacterial production in coastal
waters than direct use of carbon from freshly produced
phytoplankton exudates, which is apparently restricted to
the early bloom period.

Acknowledgements

This study was part of the BACPHY project (coordinated
by E. Fouilland, 2006–2007) funded by the CNRS-GDR
2476 R!eseaux Trophiques Aquatiques. This project used
the facilities of the Mediterranean Center of Marine Eco-
system Experimental Research MEDIMEER funded by
UMR 5119 Ecologie des Syst"emes Marins Côtiers, CNRS-
Institute of Ecology and Environment (InEE), University
of Montpellier 2, IFR 129 Armand Sabatier, CNRS-GDR
2476 R!eseaux Trophiques Aquatiques and R!egion Langue-
doc-Roussillon. The International Atomic Energy Agency
(IAEA) is grateful for the support provided to its Environ-
ment Laboratories by the Government of the Principality
of Monaco. The authors also thank the two reviewers for
their constructive comments on the manuscript.

References

Amann R & Fuchs BM (2008) Single-cell identification in
microbial communities by improved fluorescence in situ
hybridization techniques. Nat Rev Microbiol 6: 339–348.

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil LA &
Thingstad F (1983) The ecological role of water-column in
the sea. Mar Ecol Prog Ser 10: 257–263.

Bell RT (1990) An explanation for the variability in the
conversion factor deriving bacterial cell production from
incorporation of (3H)-thymidine. Limnol Oceanogr 35:
910–915.

Boschker HTS & Middelburg JJ (2002) Stable isotopes and
biomarkers in microbial ecology. FEMS Microbiol Ecol 40:
85–95.

Boschker HTS, Nold SC, Wellsbury P, Bos D, de Graaf W, Pel
R, Parkes RJ & Cappenberg TE (1998) Direct linking of
microbial populations to specific biogeochemical processes
by 13C-labelling of biomarkers. Nature 392: 801–805.

Bouvy M, Bettarel Y, Bouvier C et al. (2011) Trophic
interactions between viruses, bacteria and nanoflagellates
under various nutrient conditions and simulated climate
change. Environ Microbiol 13: 1842–1857.

Bratbak G & Thingstad TF (1985) Phytoplankton-bacteria
interactions: an apparent paradox? Analysis of a model

FEMS Microbiol Ecol && (2013) 1–13 ª 2013 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

Bacterial dependence on phytoplankton exudates 11



system with both competition and commensalism. Mar Ecol
Prog Ser 25: 23–30.

Bunn SE, Loneragan NR & Kempster MA (1995) Effects of
acid washing on stable isotope ratios of C and N in
penaeid shrimp and seagrass: implications for food-web
studies using multiple stable isotopes. Limnol Oceanogr 40:
622–625.

Cole JJ, Findlay S & Pace ML (1988) Bacterial production in
fresh and saltwater ecosystems. A cross-system overview.
Mar Ecol Prog Ser 43: 1–10.

Crossman ZM, Ineson P & Evershed RP (2005) The use of 13C
labelling of bacterial lipids in the characterisation of
ambient methane-oxidising bacteria in soils. Org Geochem
36: 769–778.

Dalsgaard J, St John M, Kattner G, M€uller-Navarra D &
Hagen W (2003) Fatty acid trophic markers in the pelagic
marine environment. Adv Mar Biol 46: 225–340.

De Kluijver A, Soetaert K, Schulz KG, Riebesell U, Bellerby
RGJ & Middelburg JJ (2010) Phytoplankton-bacteria
coupling under elevated CO2 levels: a stable isotope labelling
study. Biogeosciences 7: 3783–3797.

Ducklow HW & Kirchman DL (1983) Bacterial dynamics and
distribution during a spring diatom bloom in the Hudson
River plume, U.S.A. J Plankton Res 5: 333–355.

Evershed RP, Crossman ZM, Bull ID, Mottram H, Dungait
JAJ, Maxfield PJ & Brennand EL (2006) 13C-Labelling of
lipids to investigate microbial communities in the
environment. Curr Opin Biotechnol 17: 72–82.

Field CB, Beherenfeld MJ, Randerson JT & Falkowski P (1998)
Primary production of the biosphere: integrating terrestrial
and oceanic components. Science 281: 237–240.

Fouilland E & Mostajir B (2010) Revisited phytoplanktonic
carbon dependency of heterotrophic bacteria in freshwaters,
transitional, coastal and oceanic waters. FEMS Microbiol Ecol
73: 419–429.

Fouilland E, Mostajir B, Torr!eton J-P, Bouvy M, Got P, Le
Floc’h E, Nouguier J, Charri"ere B, Semp!er!e R & Vidussi F
(2013) Microbial C and N production under experimental
conditions combining warming with increased ultraviolet-B
radiation in Mediterranean coastal waters. J Exp Mar Biol
Ecol 439: 47–53.

Grossart H-P, Czub G & Simon M (2006) Algae-bacteria
interactions and their effects on aggregation and organic
matter flux in the sea. Environ Microbiol 8: 1074–1084.

Grossart H-P, Engel A, Arnosti C, De La Rocha CL, Murray
AE & Passow U (2007) Microbial dynamics in autotrophic
and heterotrophic seawater mesocosms. III. Organic matter
fluxes. Aquat Microb Ecol 49: 143–156.

Hama T, Hama J & Handa N (1987) 13C tracer methodology
in microbial ecology with special reference to primary
production processes in aquatic environments. Adv Microb
Ecol 13: 39–83.

Jacobsen A, Egge JK & Heimdal BR (1995) Effects of increased
concentration of nitrate and phosphate during a
springbloom experiment in mesocosm. J Exp Mar Biol Ecol
187: 239–251.

Jones DM, Carter JF, Eglinton G, Jumeau EJ & Fenwick CS
(1991) Determination of d13C values of sedimentary straight
chain and cyclic alcohols by gas chromatography/isotope
ratio mass spectrometry. Biol Mass Spectrom 20: 641–646.

Kaneda T (1991) Iso- and anteiso-fatty acids in bacteria:
biosynthesis, function, and taxonomic significance. Microbiol
Rev 55: 288–302.

Knief C, Altendorf K & Lipski A (2003) Linking autotrophic
activity in environmental samples with specific bacterial taxa
by detection of 13C-labelled fatty acids. Environ Microbiol 5:
1155–1167.

Lee S & Fuhrman JA (1987) Relationships between biovolume
and biomass of naturally derived marine bacterioplankton.
Appl Environ Microbiol 53: 1298–1303.

Legendre L & Rassoulzadegan F (1995) Plankton and nutrient
dynamics in marine waters. Ophelia 41: 153–172.

L!opez-Sandoval D, Rodr!ıguez-Ramos Cerme~no P & Mara~n!on
E (2013) Exudation or organic carbon by marine
phytoplankton: dependence on taxon and cell size. Mar Ecol
Prog Ser 477: 53–60.

Middelburg JJ, Barranguet C, Boschker HTS, Herman PMJ,
Moens T & Heip CHR (2000) The fate of intertidal
microphytobenthos carbon: an in situ 13C-labelling study.
Limnol Oceanogr 45: 1224–1234.

Mor!an XAG, Estrada M, Gasol JM & Pedr!os-Ali!o C (2002a)
Dissolved primary production and the strength of
phytoplankton-bacterioplankton coupling in contrasting
marine regions. Microb Ecol 44: 217–223.

Mor!an XAG, Gasol JM, Pedr!os-Ali!o C & Estrada M (2002b)
Partitioning of phytoplankton organic carbon production
and bacterial production along a coastal-offshore gradient in
the NE Atlantic during different hydrographic regimes.
Aquat Microb Ecol 29: 239–252.

Mor!an XAG, Ducklow HW & Erickson M (2013) Carbon
fluxes through estuarine bacteria reflect coupling with
phytoplankton. Mar Ecol Prog Ser 489: 75–85.

Nagata T (2000) Production mechanisms of dissolved organic
matter. Microbial Ecology of the Oceans (Kirchman DL, ed.),
pp. 121–152. Wiley-Liss, New York, NY.

Najdek M, Debobbis D, Miokovic D & Ivancic I (2002) Fatty
acid and phytoplankton compositions of different types of
mucilaginous aggregates in the northern Adriatic. J Plankton
Res 24: 429–441.

Norrman B, Zweifel UL, Hopkinson CS Jr & Fry B (1995)
Production and utilization of dissolved organic carbon
during an experimental diatom bloom. Limnol Oceanogr 40:
898–907.

Nouguier J, Mostajir B, Le Floc’h E & Vidussi F (2007) An
automatically operated system for simultaning global change
temperature and ultraviolet-B radiation increases: application
to the study of aquatic system responses in mesocosm
experiments. Limnol Oceanogr Methods 5: 269–279.

Patel A, Noble RT, Steele JA, Schwalbach MS, Hewson I &
Furhman JA (2007) Virus and prokaryote enumeration
from planktonic aquatic environments by epifluorescence
microscopy with SYBR Green I. Nat Protoc 2: 269–276.

FEMS Microbiol Ecol && (2013) 1–13ª 2013 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

12 E. Fouilland et al.



Pecqueur D, Vidussi F, Fouilland E, Le Floc’h E, Mas S,
Roques C, Salles C, Tournoud M-G & Mostajir B (2011)
Dynamics of microbial planktonic food web components
during a river flash flood in a Mediterranean coastal lagoon.
Hydrobiologia 673: 13–27.

Pengerud B, Skjoldal EF & Thingstad TF (1987) The reciprocal
interaction between degradation of glucose and ecosystem
structure. Studies in mixed chemostat cultures of marine
bacteria, algae, and bacterivorous nanoflagellates. Mar Ecol
Prog Ser 35: 111–117.

Pernthaler A, Pernthaler J, Amann RI (2004) Sensitive
multi-color fluorescence in situ hybridization for the
identification of environmental microorganisms. Molecular
Microbial Ecology Manual, 2nd edn, Vol. 3 (Kowalchuk
GA, de Bruijn FJ, Head IM, Akkermans AD & van Elsas
JD eds), pp. 711–726. Kluwer Academic publishers, the
Netherlands.

Pugnetti A, Del Negro P, Giani M, Acri F, Aubry FB, Bianchi
F, Berto D & Valeri A (2010)
Phytoplankton-bacterioplankton interactions and carbon
fluxes through microbial communities in a microtidal
lagoon. FEMS Microbiol Ecol 72: 153–164.

Razouls C, de Bov!ee F, Kouwenberg J & Desreumaux N
(2013) Diversity and Geographic Distribution of Marine
Planktonic Copepods. Available at http://copepodes.
obs-banyuls.fr/en

Rooney-Varga JN, Giewat MW, Savin MC, Sood S, Legresley
M & Martin JL (2005) Links between phytoplankton and
bacterial community dynamics in a coastal marine
environment. Microb Ecol 49: 163–175.

Rose M (1933) Faune de France. Office central de Faunistique,
Paris.

Samuelsson K, Berglund J, Haecky P & Andersson A (2002)
Structural changes in an aquatic microbial food web
caused by inorganic nutrient addition. Aquat Microb Ecol 29:
29–38.

Sarmento H & Gasol JM (2012) Use of phytoplankton-derived
dissolved organic carbon by different types of
bacterioplankton. Environ Microbiol 14: 2348–2360.

Slawyk G, Collos Y & Auclair J-C (1977) The use of the 13C
and 15N isotopes for the simultaneous measurement of
carbon and nitrogen turnover rates in marine
phytoplankton. Limnol Oceanogr 22: 925–932.

Strickland JDH & Parsons TR (1968) A practical handbook of
seawater analysis. Fish Res Board Can 167: 71–75.

Tolosa I & de Mora S (2004) Isolation of neutral and acidic
lipid biomarker classes for compound-specific-carbon
isotope analysis by means of solvent extraction and
normal-phase high-performance liquid chromatography.
J Chromatogr A 1045: 71–84.

Tolosa I, Miquel JC, Gasser B, Raimbault P, Goyet C & Claustre
H (2008) Distribution of lipid biomarkers and carbon isotope
fractionation in contrasting trophic environments of the
South East Pacific. Biogeosciences 5: 949–968.

Van den Meersche K, Middelburg JJ, Soetaert K, van Rijswik
P, Boscher HTS & Heip CHR (2004) Carbon -nitrogen
coupling and algal-bacterial interaction during an
experimental bloom: modeling a 13C tracer experiment.
Limnol Oceanogr 49: 862–878.

Van den Meersche K, Soetaert K & Middelburg JJ (2011)
Plankton dynamics in an estuarine plume: a mesocosm 13C
and 15N tracer study. Mar Ecol Prog Ser 429: 29–43.

Vidussi F, Marty J-C & Chiaverini J (2000) Phytoplankton
pigment variations during the transition from spring bloom
to oligotrophy in the northwestern Mediterranean sea.
Deep-Sea Res I 47: 423–445.

Vidussi F, Mostajir B, Fouilland E, Le Floc’h E, Nouguier J,
Roques C, Got P, Thibault-Botha D, Bouvier T &
Troussellier M (2011) Effects of experimental warming
and increased ultraviolet B radiation on the Mediterranean
plankton food web. Limnol Oceanogr 56: 206–218.

Wilhelm SW & Suttle CA (1999) Viruses and nutrient cycles
in the Sea. Bioscience 49: 781–788.

Zapata M, Rodr!ıguez F & Garrido JL (2000) Separation of
chlorophylls and carotenoids from marine phytoplankton: a
new HPLC method using a reversed phase C8 column and
pyridine-containing mobile phases. Mar Ecol Prog Ser 195:
29–45.

FEMS Microbiol Ecol && (2013) 1–13 ª 2013 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved

Bacterial dependence on phytoplankton exudates 13


