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INTRODUCTION

Heterotrophic bacteria contribute significantly to the
cycling of matter and energy in marine systems, as
demonstrated by measurements of their bulk abun-
dance, production and respiration, and, more specifi-
cally, of their enzymatic activities (Chrost 1991, Robin-
son 2008, Sherr & Sherr 2008). It is also well
established that marine bacteria are phylogenetically
and phenotypically diverse (Giovannoni & Rappé 2000,
Fuhrman & Hagstrom 2008). How and why specific
bacterial communities dominate in a given environ-

ment, how they contribute to the cycling of nutrients,
and by what parameters they are controlled remain
open and fundamental ecological questions. Temporal
changes in the bacterial community composition occur
on seasonal scales (Fuhrman et al. 2006, Alonso-Saez &
Gasol 2007, Lami et al. 2009), but pronounced shifts in
bacterial diversity can also occur on shorter time
scales, for example, during phytoplankton blooms
(Fandino et al. 2001, Pinhassi et al. 2004, Brussaard et
al. 2005, Alderkamp et al. 2006). Several recent studies
have examined the spatial and temporal variability of
both the presence and the metabolic activity of differ-
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ent bacterial groups (Cottrell & Kirchman 2003,
Alonso-Saez & Gasol 2007, West et al. 2008). However,
little attention has been paid to the changes in bacter-
ial community composition in relation to specific pro-
cesses such as exo-enzymatic activities (Kirchman et
al. 2004, Langenheder et al. 2006). Thus, questions as
to whether the observed shifts in bacterial community
composition reflect changes in bacterial metabolic
functions remain poorly understood.

Phytoplankton blooms dominated by Phaeocystis
globosa (Prymnesiophyceae) are recurrent events in
many marine environments, in particular in the North
Sea (Cadee & Hegeman 2002). This micro-algae,
which is known to occur in a colonial form, is of partic-
ular interest due to its production of dimethylsulfonio-
propionate (DMSP) (Liss et al. 1994) and also its mas-
sive release of organic matter during the decline of the
bloom (Van Boekel et al. 1992). This latter phenome-
non often results in foam accumulation on the coast
(Lancelot 1995, Hubas et al. 2007). In the eastern Eng-
lish Channel, the spring algal community is typically
dominated by P. globosa, with biomasses as high as
500 µg C l–1 (Breton et al. 2000, 2006). A few studies
have thus far investigated the bacterial community
present and active during a P. globosa bloom in the
coastal North Sea (Brussaard et al. 2005, Alderkamp et
al. 2006, Alonso & Pernthaler 2006a,b). Alderkamp et
al. (2006) revealed that Bacteroidetes were an abun-
dant and active group over the course of the bloom.
The Roseobacter clade, one of the major lineages of
Alphaproteobacteria, was observed to dominate
microbial uptake of glucose and leucine before and
during the P. globosa bloom in coastal North Sea
waters (Alonso & Pernthaler 2006a,b). The aim of our
study was to follow shifts in bulk bacterial abundance,
heterotrophic production and exo-enzymatic activities
along with bacterial community composition in rela-
tion to a set of environmental parameters during 3 con-
trasting phases of the P. globosa bloom (growth, senes-
cence and post-bloom phases). We presumed that the
massive input of organic matter supplied by P. globosa
at our coastal site would result in pronounced changes
in the bacterial community composition. Our hypothe-
sis was that shifts in bulk bacterial abundance, com-
munity composition and leucine incorporation would
be relatable to the growth, senescent and post-bloom
phases of the P. globosa spring bloom in a coastal area
of the eastern English Channel.

MATERIALS AND METHODS

Sampling site. Water samples were collected at the
coastal station (50° 40’ 75 N, 1° 31’ 17 E; <25 m water
depth) of the SOMLIT network (Service d’Observation

du Milieu Littoral) in the eastern English Channel. The
eastern English Channel is characterized by its tidal
range, between 3 and 9 m, and a residual circulation
parallel to the coast, with nearshore coastal waters
drifting from the English Channel into the North Sea.
This coastal site is influenced by freshwater run-off
from the Seine estuary. This so-called ‘coastal flow’
(Brylinski et al. 1991) is separated from offshore waters
by a tidally maintained frontal area (Brylinski &
Lagadeuc 1990). Sampling was always carried out at
low tide. Sub-surface sampling (1 m water depth) was
conducted once every 1 or 2 wk from February to mid-
June 2007.

Physico-chemical parameters. Seawater tempera-
ture (T, °C) and salinity (S) were measured using a con-
ductivity–temperature–depth profiling system (CTD
Seabird SBE 25).

Nutrient concentrations were determined from
100 ml samples with an Alliance Integral Futura Auto-
analyser II for nitrate (NO3

–), nitrite (NO2
–) and silicate

[(SiO4)4–] (Mullin & Riley 1955a,b). Phosphate (PO4
3–)

concentration was determined manually according to
Strickland & Parsons (1972) and Aminot & Kerouel
(2004).

Particulate organic carbon (POC) was analysed by
filtering (<150 mm Hg) duplicate 50 to 200 ml seawater
samples through pre-combusted (4 to 5 h at 480°C)
glass fibre filters (Whatman GF/F, 25 mm). Analysis
was performed on a NA2100 Frisons CHN analyser
after drying filters at 60°C for 24 h and exposure to HCl
1 N vapours for 5 h.

Samples for dissolved organic carbon (DOC) were
filtered immediately after collection through pre-com-
busted GF/F filters and stored at –20°C in glass vials
previously treated with HCl 10%, washed with MilliQ-
water and pre-combusted at 480°C. Before analysis,
filtrates were acidified to pH < 2 (HCl 6 N) and bub-
bled for 3 min with high-purity air (Suratman et al.
2009) to remove the dissolved inorganic carbon.
Analyses employed a Shimadzu TOC Analyser 5000A
using the high temperature catalytic oxidation (HTCO)
method (Benner & Strom 1993, Cauwet 1994).

Phytoplankton parameters. Chlorophyll a (chl a)
concentrations were estimated from 0.5 to 1 l water
samples following Strickland & Parsons (1972). Sam-
ples were vacuum filtered on Whatman GF/F glass-
fibre filters, which were immediately stored at –20°C
in the dark until processing. Chlorophyll pigments
from ground filters were extracted in 90% acetone
overnight at 4°C. Chl a concentrations in the extracts
were determined following Yentsch & Menzel (1963)
using a 10-AU Turner Designs fluorometer.

Phytoplankton floristic analysis employed fixed sam-
ples (1% Lugol-glutaraldehyde solution in final con-
centration) examined using inverted microscopy
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(Nikon TE2000-S) after sedimentation in 10 ml Hydro-
bios chambers. Diatom carbon biomass was calculated
on the basis of cell concentration and specific biometry
using the size-dependent relationship recommended
by Menden-Deuer & Lessard (2000). Carbon biomass
of the Phaeocystis globosa colony was calculated from
biovolume measurements at × 100 or × 200 magnifica-
tion, as previously described by Breton et al. (2006).
Carbon biomass of P. globosa colonial and flagellate
free-living cells were estimated by counts at × 400
magnification, and by applying carbon conversion fac-
tors of 14.2 and 8 pg C cell–1, respectively (Schoemann
et al. 2005).

Bacterioplankton abundance, production and exo-
enzymatic activities. Sub-samples for bacterial counts
were immediately preserved in borate-buffered 0.2 µm
pre-filtered formalin (3% final concentration) and
stored at 4°C. Bacteria were enumerated by the epiflu-
orescence direct counting method (Leica Leitz DMR;
365 nm) after DAPI staining (4 µg ml–1, final concentra-
tion) following Porter & Feig (1980). A minimum of
500 cells filter–1 was counted in at least 10 randomly
selected fields.

Total bacterial production was estimated from the
rates of 3H-leucine incorporation (Kirchman et al.
1985). Samples of 10 ml (3 replicates and 2 formalin-
killed blanks) were incubated in the dark at in situ
surface temperature for 1.5 h using 20 nM 3H-leucine
as a final saturation concentration. Kinetic experi-
ments were previously run to (1) ensure that the con-
centration of added radiotracer was sufficient to pre-
vent isotope dilution problems and (2) determine the
incubation time for the in situ level of activity. After
incubation, samples were extracted with ice-cold
trichloroacetic acid (TCA; 5% final concentration) at
0°C for 20 min and filtered onto 0.2 µm polycarbonate
filters (Millipore Nucleopore, 25 mm diameter). The
radioactivity associated with the filters was measured
with a liquid scintillation counter (Wallak 14, Perkin
Elmer). Bacterial carbon production (BP; in g C l–1

h–1) was calculated according to Kirchman et al.
(1993).

The potential exoproteolytic and exoglucosidic activ-
ities (EPA and EGA, respectively) were assayed using
fluorogenic substrate analogues (Hoppe 1993) derived
from 7-amino-4-methyl-coumarin (AMC) and 4-
methylumbelliferone (MUF), respectively. Exoprote-
olytic activity (EPA) was assayed as the hydrolysis rate
of leucine-AMC (leu-AMC), whereas exoglucosidic
activity (EGA) was assayed using MUF-β-D-glucopy-
ranoside (MUF-G). After substrate addition (1000 µM
leu-AMC and 1000 µM MUF-G) 4 ml triplicates were
incubated at in situ temperature in the dark for 5 h for
EPA and 8 h for EGA. Controls in duplicates were run
adding 0.4 ml of stopper solutions (sodium dodecyl sul-

phate 10% and formaldehyde 37% for EPA and EGA,
respectively) before substrate addition. Kinetic experi-
ments were carried out to verify the linearity of the
reaction during the incubation periods and to deter-
mine the saturating substrate concentrations during
the sampling period. The EPA was determined as the
rate of AMC, while the EGA was determined as the
rate of MUF production. Fluorescence was measured
using a Hitachi F2500 spectrofluorometer (excitation:
emission of 380:440 nm for AMC and 364:460 nm for
MUF) previously calibrated with standard solutions of
AMC and MUF. Cell-specific exoproteolytic and
exoglucosidic activities (EPAsp and EGAsp, respec-
tively, in amol cell–1 h–1) were calculated as ratios of
exoenzymatic activities and total bacterial abundance.

Heterotrophic nanoflagellate abundance. To enu-
merate heterotrophic nanoflagellates (HNF), 5 ml sam-
ples were fixed with formaldehyde at a final concen-
tration of 2%. Samples were filtered onto black
Nuclepore filters (pore size: 0.8 µm) then stained with
DAPI (Porter & Feig 1980) within 5 h of sampling and
stored at –20°C until counting. Filters were mounted
on slides, and HNF were enumerated using a LEITZ
DMRB epifluorescence microscope at × 1000. Auto-
trophic and heterotrophic nanoflagellates were distin-
guished based on chlorophyll autofluorescence under
blue light excitation.

FISH and MICRO-FISH experiments. Fluorescence
in situ hybridisation (FISH) with rRNA-targeted
oligonucleotide probes followed Glöckner et al. (1996),
using Cy3-labeled probes. The probes employed were
Eub338-I, -II and -III (target most Bacteria; Amann et
al. 1990, Daims et al. 1999), Pla886 (targets most Planc-
tomycetales; Neef et al. 1998), Arch915 (targets some
Archaea; Stahl & Amann 1991), Alf968 (targets most
Alphaproteobacteria; Amann et al. 1997), Bet42a and
Gam42a (target most Beta- and Gammaproteobacteria,
respectively; Manz et al. 1992), CF319a (targets many
groups belonging to the Bacteroidetes; Manz et al.
1996), Ros537 (targets members of the Roseobacter–
Sulfitobacter–Silicibacter group; Eilers et al. 2001) and
SAR11-441R (targets the SAR11 cluster from Alpha-
proteobacteria; Morris et al. 2002). Unlabeled competi-
tor probes were used for Betaproteobacteria and
Gammaproteobacteria (Manz et al. 1992). A negative
probe (the Eub antisense probe Non338) was used to
determine non-specific binding (Glöckner et al. 1999)
and never exceeded 5% of DAPI counts.

For microautoradiography FISH (MICRO-FISH)
experiments, raw seawater samples (5 ml) were incu-
bated with 3H-leucine (20 nM final concentration, spe-
cific activity 170 Ci mmol–1; Perkin Elmer) at in situ
temperature in the dark for 1.5 h (Lee et al. 1999,
Ouverney & Fuhrman 1999). Paraformaldehyde (PFA,
2% final concentration) was added to controls 15 min
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prior to the addition of the radioactive compound. After
incubation, samples were fixed with PFA (2% final
conc.) and stored at 4°C overnight. Fixed samples were
then filtered onto 0.2 µm pore-size polycarbonate fil-
ters, which were then kept at –20°C until FISH analy-
sis (Glöckner et al. 1996). Following FISH of the bacte-
rial cells, individual cell activity was determined by
microautoradiography as described in Cottrell & Kirch-
man (2003). In a dark room, slides were dipped in a
43°C tempered photographic emulsion (KODAK NTB-
2 diluted to half strength with 43°C pre-warmed
deionised water). The filters were then placed on the
slides, with the cells facing toward the emulsion. The
slides were placed on an ice-cold bar for 15 min to
solidify the emulsion before being transferred to black
boxes at 4°C for 24 h until development. The optimal
exposure time was determined by time series experi-
ments for the dates when bacterial heterotrophic pro-
duction showed the lowest and the highest values,
respectively. Emulsion was developed in a 14°C tem-
pered Dektol developer (Kodak D19) for 2 min, a 14°C
deionised water stop bath for 10 s and a 14°C tempered
fixer (Kodak T-Max) for 6 min. The slides were then
rinsed in water for 6 min, dipped for 2 min in 1% glyc-
erol and dried overnight in a vacuum desiccant cham-
ber in the dark. Filters were peeled away from the
emulsion, and the cells embedded onto the emulsion
were stained with an antifading mounting medium (4:1
mixture of Citifluor and Vectashield) containing 0.5 ng
µl–1 DAPI. Total number of cells (DAPI cells), cells affil-
iated with a specific bacterial group (Cy3 labeled) and
cells that assimilated the radiolabeled compound (with
silver grains) were counted using semi-automated
microscopy (Olympus Provis AX70) and image analy-
sis (ImagePro) as described by Cottrell & Kirchman
(2003). Data were collected from 10 view fields with at
least 500 cells sample–1. The proportion of DAPI cells
that are leucine active were determined as the fraction
of total DAPI-stained cells with silver grains. The com-
position of the active community (percent of leucine-
active cells) was determined as the fraction of cells
with silver grains that are probe positive.

Statistical analyses. The relative abundance and
activities of the major bacterial groups were compared:
(1) within a date/among groups and (2) within a
group/among dates, using an analysis of variance
(ANOVA) test followed by the Newman-Keuls (SNK) a
posteriori test on a log-normalized data set. The homo-
geneity of the variance was verified on a log-normal-
ized data set (Bartlett test, p < 0.05). The comparison
between the relative contribution of Roseobacter and
SAR11 to bacterial abundance and activity was done
using a unilateral Student’s t-test on log-normalized
data. A regression analysis was conducted of the rela-
tive contribution of a bacterial group to DAPI-stained

cells and to leucine-active cells for each bacterial
group. Only the significant regressions are shown.
The slopes of the significant regressions were com-
pared amongst themselves and with the slope 1:1
using a Student’s t-test. Spearman correlations were
performed to identify statistically significant relations
between the targeted bacterial groups and biotic and
abiotic parameters. A cluster analysis was applied to
analyze the variability in the abundance and activity of
major bacterial groups among samples (Bray-Curtis
similarity measure and group average). The similarity
among samples was calculated based on the relative
abundance of each bacterial group and the relative
contribution of each bacterial group to leucine incorpo-
ration. An analysis of similarities (ANOSIM) was con-
ducted on the percent of DAPI cells and the percent of
leucine-active cells of each targeted bacterial group.
Samples were grouped according to the 3 periods of
the Phaeocystis globosa bloom (growth, senescence
and post-bloom). ANOSIM provides a way to test
whether the differences observed among the bacterial
between the 3 periods were significant. The data
analyses were performed with XLSTAT Pro (Ver.
2006), SYSTAT 10 and PRIMER 6.

RESULTS

Physicochemical parameters

Surface water temperature gradually increased from
8.3°C on 19 February to 15.7°C on 14 June 2007
(Table 1). Surface water salinity averaged (±SD) 33.7 ±
0.4, and low values (<33.50) coincided with heavy rain-
fall (13 March, 11 April and 9 May; Table 1). Concen-
trations of inorganic nutrients were highest in March
before the onset of the phytoplankton bloom [37.23 µM
for NO3

– + NO2
–, 14.34 µM for (SiO4)4–, and 0.67 µM for

PO4
3–] and they dropped dramatically over the course

of the study period (Table 1). DOC and POC concen-
trations increased from 176 to 444 µM, and from 15 to
140 µM, respectively, from mid-March to early May.
Concentrations of DOC remained elevated until the
end of May (319 µM), while the concentration of POC
rapidly decreased and reached 23 µM by the end of
May (Table 1).

Phytoplankton bloom succession

Diatoms and Phaeocystis globosa alternated in dom-
inance, representing 4.2 to 99.1% and 0.0 to 99.7% of
the phytoplankton biomass, respectively. They domi-
nated the phytoplankton biomass by an average (±SD)
of 94.3 ± 13.4% (n = 12, range: 54.5 to 99.9%). Other
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phytoplankton groups present such as Cryptophyceae
were a minor portion of the phytoplankton biomass,
accounting for from 0.0 to 12.1% (mean ± SD: 1.8 ±
4.1%, n = 12). The phytoplankton bloom started by
mid-March and was initially dominated by diatoms
(biomass range: 22.7 to 264.5 µg C l–1; Fig. 1a). P. glo-
bosa biomass (biomass range: 0.1 to 717.4 µg C l–1)
started to increase in early April (Fig. 1a) and domi-
nated the bloom until the end of May. One exception
was 9 May, when the P. globosa biomass equalled that
of diatoms (221.1 µg C l–1; Fig. 1a). This sudden
decrease in P. globosa biomass coincided with a peak
in ciliate biomass (105.2 µg C l–1; J. D. Grattepanche
unpubl. data). Concentrations of chl a steadily
increased from mid-March (1.9 µg chl a l–1) to the
beginning of May (20.3 µg chl a l–1) and rapidly
decreased thereafter (Fig. 1a). The percentage of P.
globosa cells considered colonial is indicative of the
growth and senescent bloom phases (Rousseau et al.
2007). In the present study, the growth phase of the
bloom lasted from mid-March to mid-April, and the
duration of the senescent phase was from mid-April to
the end of May (Fig. 1b).

Bacterial stocks and activity

Bacterial abundance increased progressively during
the phytoplankton bloom from 0.5 × 106 cells ml–1 in Feb-
ruary to 1.0 × 106 cells ml–1 in April (Fig. 2a). Bacterial
heterotrophic production slightly increased from 8.1 ng
C l–1 h–1 to values ranging between 26.2 and 62.1 ng C l–1

h–1 in April and early May. Both bacterial abundance and
heterotrophic production were highest at the last sam-
pling date (24 May) during the senescent phase (2.1 × 106

cells ml–1 and 179 ng C l–1 h–1, respectively; Fig. 2a,b). At

the end of May, both bacterial abun-
dance and bacterial heterotrophic pro-
duction rapidly declined to 0.8 × 106

cells ml–1 and 22.5 ng C l–1 h–1, respec-
tively, concurrent with the disappear-
ance of Phaeocystis globosa. The
abundance of HNFs increased with
bacterial abundance during the
growth phase of the bloom (from 1.9 to
13.9 × 103 cells ml–1; Fig. 2a). At the end
of the P. globosa bloom, the highest
HNF abundance (15.5 × 103 cells ml–1)
coincided with low bacterial abundance
and production (Fig. 2a). The percent of
DAPI cells that were leucine active
ranged between 15 and 35% and in-
creased during the course of the bloom
to a maximum value during the late
stage of the senescence period of the P.

globosa bloom (Fig. 2b); the temporal pattern closely fol-
lowed that of bulk leucine incorporation (Fig. 2b), though
the correlation was not significant (Spearman’s r = 0.473,
p = 0.142).

EPAsp and EGAsp increased markedly during the
early stages of the phytoplankton bloom, reaching 239.1
and 37.3 amol cell–1 h–1, respectively (Fig. 2c). During the
senescent phase, EPAsp was very variable and remained
relatively high (>100 amol cell–1 h–1) while EGAsp de-
creased to values between 3.5 and 13.1 amol cell–1 h–1.

Relative abundance of major bacterial groups

Bacteria dominated the heterotrophic prokaryotic
community during the whole study period, accounting
for from 52 to 82% (n = 11) of the DAPI-stained cells
and for from 61 to 96% (n = 10) of the leucine-active
DAPI cells. The relative contribution of Archaea repre-
sented 7 ± 5% (n = 11) and 8 ± 9% (n = 10) of the DAPI-
stained cells and the leucine-active DAPI cells, respec-
tively (data not shown). The sum of the bacterial
groups targeted in the present study (Alpha-, Beta-,
Gammaproteobacteria and Bacteroidetes) represented
73 ± 13% (n = 11) and 89 ± 26% of the DAPI-stained
cells and the leucine-active DAPI cells, respectively.
Preliminary FISH analyses revealed that Planctomyc-
etales accounted for <0.4% of the DAPI-stained cells at
our coastal site in the eastern English Channel, and
thus will not be further discussed in the present study.

Bacteroidetes dominated the bacterial community dur-
ing the entire study period (32 ± 11% of the DAPI-
stained cells, n = 11; Fig. 3a). During the senescent phase
of the Phaeocystis globosa bloom, their relative contribu-
tion was significantly higher than that of the other bacte-
rial groups (ANOVA test for each date of the senescent
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Sampling Temp. S NO3
– + NO2

– (SiO4)4– PO4
3– DOC POC 

date (°C) (µM) (µM) (µM) (µM) (µM)

19 Feb 8.3 34.1 23.07 11.57 0.77 26
13 Mar 9.5 32.7 37.23 14.34 0.67 178 15
27 Mar 8.8 33.4 18.30 3.21 0.21 194 26
2 Apr 9.3 33.7 11.36 2.84 0.09 176 37
11 Apr 10.0 33.4 4.08 1.37 0.14 254 53
17 Apr 10.6 33.9 4.68 2.19 0.06 237 71
2 May 12.6 33.9 5.30 0.84 0.07 243 140
9 May 13.1 33.3 2.84 2.69 0.46 444 103
15 May 13.3 34.0 0.11 1.27 0.06 316 38
24 May 14.0 34.1 0.28 1.42 0.05 400 58
31 May 14.6 34.1 0.51 1.60 0.05 319 23
14 Jun 15.7 34.3 0.51 2.54 0.03 256 29

Table 1. Temperature (Temp.), salinity (S), concentrations of inorganic nutrients
[NO3–, nitrates; NO2–, nitrites; (SiO4)4–, silicate; PO4

3–, phosphate], dissolved
organic carbon (DOC) and particulate organic carbon (POC) during the study 

period in 2007
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phase, except for 15 May, p < 0.001; SNK test, p < 0.001).
The relative contribution of Bacteroidetes significantly
declined after the senescent phase (ANOVA test, p <
0.0001; SNK test, p < 0.001) and contributed to about
20% of the DAPI-stained cells during the post-bloom
phase (Fig. 3a). The relative contribution of Alphapro-
teobacteria did not change significantly during the study
period (ANOVA test, p = 0.607) and accounted for 13 ±
4% (n = 11) of the DAPI-stained cells (Fig. 3a). Within the
Alphaproteobacteria, Roseobacter dominated over
SAR11 (Student’s t = 8.41, p < 0.0001; Fig. 4a). Roseobac-
ter comprised, on average, 12 ± 3% (n = 9) of the DAPI-
stained cells during the course of the bloom, and repre-
sented up to 23% of the DAPI-stained cells following the
senescent phase. The relative contribution of SAR11 var-
ied between 0.1 and 8% of the DAPI-stained cells (3 ±
2%, n = 11; Fig. 4a). The ratio (Roseobacter + SAR11):Al-
phaproteobacteria in percent of DAPI cells ranged from
0.62 to 1.59 (1.18 ± 0.28). Betaproteobacteria had an
overall contribution to the bacterial community similar to
that of Alphaproteobacteria (12 ± 4%, n = 10; Fig. 3a),
but the relative contribution of Betaproteobacteria in-
creased significantly up to 30% during the post-bloom
period (ANOVA test between growth, senescent and
post-bloom phases, p < 0.01; SNK test, p < 0.01). The rel-
ative contribution of Gammaproteobacteria increased

from 13% at the onset of the bloom to 30% during the
peak of phytoplankton bloom. Their contribution was
significantly higher during the growth phase than during
the senescent and the post-bloom phases (ANOVA test,
p < 0.01; SNK test, p < 0.05). During the latter 2 periods,
Gammaproteobacteria accounted for from 5 to 16% of
the DAPI-stained cells and their contribution did not
change significantly over time (SNK test, p = 0.72).

Relative contribution of major bacterial groups to
leucine incorporation

Bacteroidetes and Gammaproteobacteria dominated
the active bacterial community during the growth
period of Phaeocystis globosa, contributing to 33 ± 9%
(n = 4) and 40 ± 18% (n = 4) of leucine-active cells,
respectively (Fig. 3b). At the end of the P. globosa
growth period, Gammaproteobacteria were the most
important contributors to bacterial biomass production,
accounting for 68% of the leucine-active cells
(ANOVA test, p < 0.01; SNK test, p < 0.01). During the
senescent phase, 36 ± 16% (n = 4) and 29 ± 9% (n = 3)
of the leucine-active cells were Bacteroidetes and
Alphaproteobacteria, respectively (Fig. 3b), dominat-
ing the active community (ANOVA test, p < 0.01; SNK
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test, p < 0.05). One week after the disappearance of
the bloom, Gamma- and Alphaproteobacteria were
responsible for the bulk of leucine incorporation,
accounting for 33 and 43% of the leucine-active cells,
respectively (Fig. 3b). As for abundance, the relative
contribution of Roseobacter to the active community
(26 ± 9% of leucine-active cells, n = 9) was significantly
higher than that of SAR11 (7 ± 7% of leucine-active
cells, n = 9; Fig. 4b) during the study period (Student’s
t = 6.64, p < 0.0001). Following the senescent phase,
Roseobacter made a larger contribution to bulk leucine

incorporation (46% of leucine-active cells). The ratio
(Roseobacter + SAR11):Alphaproteobacteria in percent
of leucine-active cells ranged from 0.62 to 3.33 (1.48 ±
0.82).

Statistical relationships among groups

Regression analysis indicated that 48% of the varia-
tion in the contribution of bacterial groups to leucine
incorporation was explained by the relative abun-
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dance of the targeted bacterial groups (R2 = 0.48; F =
51; p < 0.0001; Fig. 5). Bacteroidetes contributed to
leucine incorporation in proportion to their relative
contribution to abundance (slope comparison with
slope 1:1, Student’s t = 0.38, p < 0.001). In contrast,
Roseobacter and Gammaproteobacteria made a higher
contribution to bulk leucine incorporation than to bulk
abundance (slope comparison with slope 1:1, Student’s
t = 2.52 and 3.41, respectively; p > 0.05; Fig. 5). The
slopes of Alphaproteobacteria and Roseobacter were
equal (slope comparison, Student’s t = 0.01, p <
0.0001), indicating that the relative abundance and
activity of Roseobacter paralleled the temporal pattern
of Alphaproteobacteria (Fig. 5).

Links to environmental and bacterial parameters

The relative contribution of Bacteroidetes to bulk
bacterial abundance was positively correlated with the
EPAsp (Table 2; r = 0.68, p < 0.05) and with the concen-
tration of POC (Table 2; r = 0.65, p < 0.05). In contrast,
the relative contribution of Bacteroidetes to the active
community did not correlate with any bacterial or
environmental variable. The relative contribution of
Gammaproteobacteria to the active community
showed a strong negative relationship with the EGA
(Table 2; r = –0.90, p < 0.01). The relative contribution
of Alphaproteobacteria to the active community was
positively linked to the abundance of HNFs (Table 2;
r = 0.73, p < 0.05), and the relative contribution of
Roseobacter to leucine incorporation showed a positive
relationship with the EPAsp (Table 2; r = 0.86, p < 0.05).

To compare the bacterial communi-
ties in terms of the relative contribu-
tion to abundance and activity of the
major bacterial groups, a cluster
analysis with Bray-Curtis similarity
was applied (Fig. 6). This analysis
indicated that the samples from mid-
March to early April (period of Phaeo-
cystis globosa growth) and the sample
from 24 May (period of P. globosa
senescence) formed a cluster at 87%
similarity (Fig. 6). Bacteroidetes were
dominant at these dates (Fig. 3). Sam-
ples from the end of the growth period
(11 and 17 April), when Gammapro-
teobacteria became more dominant in
both abundance and activity, were
grouped. Although less similar, the
cluster grouping of samples from the
senescent phase and the cluster
grouping of post-bloom bacterial com-
munities showed 76% similarity.

Accordingly, the ANOSIM analysis showed that the
differences between the periods tested (growth, senes-
cence and post-bloom) were not higher than the differ-
ences within each period (R = 0.088, significance level
of sample statistic = 35%). Thus, the periods did not
drastically differ in terms of bacterial community com-
position or percent of leucine-active cells.

DISCUSSION

We observed changes in bulk bacterial parameters
during a spring phytoplankton bloom dominated by
Phaeocystis globosa in the eastern English Channel,
accompanied by shifts in the abundance and the activ-
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Variable 1 Variable 2 n r p

Bacteroidetes POC 11 0.65 0.020
Bacteroidetes EPAsp 9 0.68 0.040
Alphaproteobacteria HNF 9 0.73 0.020
leu-Gammaproteobacteria EGA 8 –0.900 0.002
leu-Roseobacter EPAsp 7 0.86 0.014

Table 2. Results of Spearman correlation analysis. Only sig-
nificant correlations are shown. Bacteroidetes and Alphapro-
teobacteria: the relative contribution to the percent of DAPI
cells of Bacteroidetes and Alphaproteobacteria, respectively;
leu-Gammaproteobacteria and leu-Roseobacter: the relative
contribution to the percent of leucine-active cells of
Gammaproteobacteria and Roseobacter, respectively; POC:
particulate organic carbon: EPAsp: cell-specific exoprote-
olytic activity; HNF: heterotrophic nanoflagellates; EGA: 

exoglucosidic activity
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ity of major bacterial groups. The different bacterial
groups examined revealed contrasting temporal pat-
terns (Figs. 3 & 4), linked to distinct bacterial and envi-
ronmental parameters. Noteworthy was the finding
that the contribution of the different bacterial groups to
leucine incorporation was not always proportional to
their contribution to abundance (Fig. 5). Results of the
ANOSIM analysis indicted that the relative abundance
and leucine incorporation of the bacterial groups did
not change dramatically between consecutive dates.
The senescent phase appeared to be the most variable
one, but the similarity index remained high (up to
76%).

Bacteria belonging to the Bacteroidetes group domi-
nated bacterial abundances and activities during the
growth and senescent phases of the Phaeocystis glo-
bosa bloom (Fig. 3). The relative contribution of Bac-
teroidetes to bulk bacterial abundance was positively
correlated to the EGA and to POC. This suggests that
Bacteroidetes played a significant role in degradation
of complex proteinaceous dissolved and particulate
material. A similar conclusion was drawn in previous
studies (Cottrell & Kirchman 2003, Bauer et al. 2006).
Our results confirm those obtained during a 1 yr study
in the coastal North Sea characterised by a P. globosa
spring bloom (Alderkamp et al. 2006). These authors
observed that Bacteroidetes comprised the most impor-
tant fraction of the total prokaryotic community and
showed the strongest increase in activity during the
senescent stage of the bloom. Bacteroidetes were also
important members in microbial enrichments degrad-
ing Phaeocystis sp. mucopolysaccharides (Janse et al.

2000, Brussaard et al. 2005). These observations sug-
gest that Bacteroidetes likely play a major role in the
degradation of organic matter produced in the P. glo-
bosa spring bloom. The Flavobacteria, which comprise
the most abundant class of planktonic marine Bac-
teroidetes (Kirchman 2002), are reported to be colonis-
ers of aggregates (Simon et al. 2002, Abell & Bowman
2005) and may occupy principally a ‘particle-specialist’
niche (Fandino et al. 2001). The strong positive correla-
tion between Bacteroidetes and POC determined here
suggests that particle-attached Bacteroidetes were
most likely important in the dynamics of the prokary-
otic community during the P. globosa bloom in the east-
ern English Channel. Bacteroidetes participated in
leucine incorporation in proportion to their contribution
to bulk abundance (Fig. 5). However, the lack of corre-
lation between the relative contribution of Bac-
teroidetes to the active community and any of the vari-
ables measured in our study suggests complex
interactions, possibly at a higher phylogenetic resolu-
tion than that considered here.

Gammaproteobacteria represented a lower propor-
tion of the bacterial abundance than Bacteroidetes
throughout the study period (<30%; Fig. 3a), but they
significantly contributed to the leucine incorporation
during 2 key periods of the Phaeocystis globosa bloom.
Gammaproteobacteria contributed to 67 and 33% of
the leucine-active cells at the end of the growth period
(mid-April) and after the disappearance of the P. glo-
bosa bloom (end of May), respectively (Fig. 3b). In con-
trast to Bacteroidetes, the relative contribution of
Gammaproteobacteria to the active community was
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negatively correlated to the EGA. The high contribu-
tion of Gammaproteobacteria to bulk abundance and
activity at the end of the P. globosa growth phase,
when exoenzymatic activities were low, leads us to
hypothesize that this group could efficiently metabo-
lize readily available organic matter, either released
from growing phytoplankton cells (Giovannoni &
Rappé 2000) or supplied by another bacterial group
through enzymatic activities. Members of the SAR86
cluster are cosmopolitan members of the Gammapro-
teobacteria, and they are abundant in the free-living
communities of marine bacterioplankton (Acinas et al.
1999). In the coastal North Sea subject to P. globosa
spring blooms, Alderkamp et al. (2006) observed a low
but persistent fraction of SAR86 (range: 0 to 13%)
throughout the season. Despite their low abundance,
SAR86 contributed up to 60% of the bacterial biomass
production during the P. globosa bloom (Alderkamp et
al. 2006), similar to the results obtained in the present
study for Gammaproteobacteria.

Bacteria belonging to the Alphaproteobacteria rep-
resented a small fraction of the bacterial assemblage
over the study period (Fig. 3a), but contributed to 63%
of the active cells after the senescent phase of the
bloom (Fig. 3b). The low contribution of Alphapro-
teobacteria to bulk bacterial abundance despite their
high activity (Fig. 5) suggests that top-down control,
such as grazing, could be important in controlling the
dynamics of this group through the preferential con-
sumption of active cells (Jürgens et al. 1999, Sherr et
al. 2002). The significant positive correlation between
the relative contribution of Alphaproteobacteria to the
active community and the abundance of HNFs sup-
ports this idea. Within the Alphaproteobacteria,
Roseobacter clearly dominated over SAR11 throughout
the study period in terms of both abundance and activ-
ity (Fig. 4). Moreover, the temporal evolution of
Roseobacter in terms of abundance and activity fol-
lowed that of Alphaproteobacteria (Fig. 5). The ratio
(Roseobacter + SAR11):Alphaproteobacteria com-
prised from 0.62 to 1.59 (1.18 ± 0.28) and 0.62 to 3.33
(1.48 ± 0.82) when calculated with the percentage of
DAPI cells and leucine-active cells, respectively. Ratios
of >1 are not surprising, since the alphaproteobacterial
probe is less specific than the Roseobacter and SAR11
probes and does not include all the alphaproteobacter-
ial lineages (Amann & Fuchs 2008). Previous studies
report contrasting seasonal patterns for Roseobacter
and SAR11 (Alonso-Saez & Gasol 2007, Teira et al.
2008). Roseobacter-like bacteria were previously asso-
ciated with high primary production and algal blooms
(Zubkov et al. 2001). The significant correlation we
observed between the relative contribution of
Roseobacter to the active community and the EPAsp
suggests that they are important for protein degrada-

tion. This is in line with previous observations that
Roseobacter are important consumers of amino acids
freshly released from exoproteolytic activities, in par-
ticular during phytoplankton blooms (Alonso-Saez &
Gasol 2007). In addition, Roseobacter members are key
participants in the assimilation of DMSP (Zubkov et al.
2001) produced during Phaeocystis globosa blooms
(Liss et al. 1994). The importance of Roseobacter in the
present study is in accordance with the observations of
Alderkamp et al. (2006); although not abundant, the
Roseobacter clade was the most active group within
the Alphaproteobacteria throughout the spring and
summer seasons.

Betaproteobacteria represented a minor part of the
bacterial community (a mean of 12% during the
Phaeocystis globosa growth phase), except after the
senescent period when the percent of Betaproteobac-
teria increase to 20 and 29% of the DAPI-stained cells
(Fig. 3a). Betaproteobacteria also contributed to a
small portion of the active cells (≤20%), except for one
peak at the end of the P. globosa growth period
(Fig. 3b). Betaproteobacteria are generally abundant
in rivers and freshwater environments (Kirchman et al.
2005), but are also abundant in coastal waters. For
example, Longnecker et al. (2006) reported that a rela-
tive contribution of Betaproteobacteria comprised
between 0 and 20% of the DAPI and leucine-active
cells at the basin station off the coast of Oregon, with a
punctual burst of 40% of leucine-active cells. In the
same study area, members of the OM43 clade of
Betaproteobacteria were found to be among the domi-
nant lineages during a diatom bloom (Morris et al.
2006).

Our results show important temporal changes of
major bacterial groups in the course of a spring phyto-
plankton bloom dominated by Phaeocystis globosa.
The relative contribution of the bacterial groups to
bulk abundance and leucine incorporation did not
reveal any drastic changes between consecutive dates,
but differed with the distinct phases of the phytoplank-
ton bloom. We observed that the relative contributions
of different bacterial groups to bulk abundance and
leucine incorporation were, in part, related to bulk pro-
teolytic and glucosidic activities. This suggests some
specificity of these bacterial groups with respect to
their ecological roles in the environment.
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