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Summary

The use of inorganic phosphate (Pi) and dissolved
organic phosphorus (DOP) by different bacterial
groups was studied in experimental mesocosms of
P-starved eastern Mediterranean waters in the
absence (control mesocosms) and presence of addi-
tional Pi (P-amended mesocosms). The low Pi turn-
over times in the control mesocosms and the
increase in heterotrophic prokaryotic abundance and
production upon Pi addition confirmed that the bac-
terial community was originally P-limited. The bacte-
rioplankton groups taking up Pi and DOP were
identified by means of microautoradiography com-
bined with catalysed reporter deposition fluores-
cence in situ hybridization. Incubations with leucine
were also performed for comparative purposes. All
the probe-identified groups showed a high percent-
age of cells taking up Pi and DOP in the control,
P-limited, mesocosms throughout the experiment.
However, in response to Pi addition two contrasting
scenarios in Pi use were observed: (i) on day 1 of
the experiment Pi addition caused a clear reduction
in the percentage of SAR11 cells taking up Pi,

whereas Gammaproteobacteria, Roseobacter and
Bacteroidetes showed similar percentages to the
ones in the control mesocosms and (ii) on day 4 of the
experiment, probably when the bacterial community
had fully responded to the P input, all the probe-
identified groups showed low percentages of cells
taking up the substrate as compared with the control
mesocosms. These differences are likely related to
different P requirements among the bacterial groups
and point out to the existence of two contrasting
strategies in P use.

Introduction

Phosphorus (P) limits microbial growth and production in
several areas of the ocean, at least during part of the year
(Cotner et al., 1997; Rivkin and Anderson, 1997; Caron
et al., 2000; Pinhassi et al., 2006). This limitation appears
to be particularly pronounced in the Mediterranean Sea
(Krom et al., 1991; van Wambeke et al., 2002; Thingstad
et al., 2005; Pinhassi et al., 2006), where inorganic phos-
phate (Pi) concentrations are usually in the low nanomolar
range (Krom et al., 2005; Pulido-Villena et al., 2010).

When Pi is depleted, both phytoplankton and bacteria
can meet their phosphorus demand using dissolved
organic compounds (Bentzen et al., 1992), as long as
they are able to split off the phosphate moiety (Lugten-
berg, 1987; Lovdal et al., 2007). Although Pi is the pre-
ferred source of P, previous studies have demonstrated
that the available fraction of the dissolved organic phos-
phorus (DOP) pool is also actively utilized (e.g. Bentzen
et al., 1992; Lovdal et al., 2007; Casey et al., 2009; Mich-
elou et al., 2011).

The contribution of the components of the microbial
community to Pi and DOP uptake has traditionally been
evaluated in size-fractionation studies (Currie and Kalff,
1984; Bentzen et al., 1992; Thingstad et al., 1993; Lovdal
et al., 2007). These studies have indicated that under
P-limiting conditions bacteria are superior competitors for
Pi and DOP uptake, whereas large phytoplankton can
take advantage of sudden pulses of nutrients (e.g. Suttle
et al., 1990; Thingstad et al., 1993; Zohary and Robarts,
1998; Lovdal et al., 2007). Nevertheless, in this approach
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the contribution of heterotrophic bacteria is commonly
estimated as the fraction of radiolabelled substrate taken
up by the plankton fraction that passes through filters with
a pore size � 1 mm, which also includes picocyanobacte-
ria. On the other hand, the fraction 0.6 to 2 mm is fre-
quently attributed to Synechococcus (e.g. Moutin et al.,
2002) but the majority of picoeukaryotes are smaller than
2 mm (Vaulot et al., 1996). Furthermore, the most active
fraction of heterotrophic bacterial biomass is often larger
than 0.6 mm (Thingstad et al., 1996).

The problems of the size fractionation approach have
been circumvented in recent years by flow cytometric
sorting of microbial populations after incubation with
radiolabelled P (Zubkov et al., 2007; Larsen et al., 2008;
Michelou et al., 2011). These studies confirmed that
the heterotrophic component of the bacterioplankton
plays a major role in P cycling, accounting for 45% of
total Pi uptake in north-eastern Atlantic (Zubkov et al.,
2007) and > 90% of total Pi and ATP uptake in north-
western Atlantic (Michelou et al., 2011). However,
whereas this approach allows distinction between differ-
ent picoplankton groups, it still considers heterotrophic
bacteria as a homogeneous black box. In the last few
years single-cell methods like microautoradiography
combined with fluorescence in situ hybridization
(MARFISH) or halogen in situ hybridization-secondary
ion mass spectroscopy (HISH-SIMS) are revealing high
heterogeneity in the uptake of various organic substrates
by different bacterial phylogenetic groups (Cottrell and
Kirchman, 2003; Alonso-Sáez and Gasol, 2007; del
Giorgio and Gasol, 2008; Musat et al., 2008). Likewise,
the number of heterotrophic bacterial cells actively par-
ticipating in the uptake of Pi and organic phosphorus
substrates may vary markedly between phylogenetic
groups, depending on their uptake capacities and their
nutrient quotas.

The eastern Mediterranean is considered one of the
most oligotrophic and P-starved marine systems on earth
(e.g. Tanaka et al., 2007), where P limitation of bacteri-
oplankton has been shown to be a generalized phenom-
enon (van Wambeke et al., 2002; Thingstad et al., 2005),
with few exceptions (Tanaka et al., 2011). This system
was the site for CYCLOPS, a large-scale Pi-addition
experiment, in which the phytoplankton community was
found to be N- and P-co-limited, and the heterotrophic
community P-limited (Krom et al., 2005; Thingstad et al.,
2005). However, many questions remained unanswered
after this experiment: did P equally stimulate all the com-
ponents of the bacterial community? Which phylogenetic
groups contributed to Pi uptake? In phosphate depleted
waters the majority (> 80%) of total dissolved P exists as
DOP (Ammerman et al., 2003; Lomas et al., 2010; Lagh-
dass et al., 2011; Tanaka et al., 2011). Hence, DOP likely
plays an important role in supplying P to satisfy bacterial

cell quotas in this oligotrophic system. But, do all the
bacterioplankton groups use DOP?

In this study a mesocosm experiment was carried out to
confirm the results obtained during CYCLOPS. This
experiment consisted of three parallel controls and three
P-amended bags as experimental units. We used that
setup to answer the aforementioned questions by charac-
terizing the bacterial community taking up 33P-Pi and
AT-33P (as a model molecule for bioavailable low molecu-
lar weight DOP) using MARFISH. For comparison, we
also studied the uptake of 3H-leucine, which is used as a
universal substrate to estimate bacterial production. To
date there is only one marine study using MARFISH with
33P-Pi as tracer, which showed that there is large variabil-
ity in the uptake of this substrate by different bacterial
groups (Longnecker et al., 2010). Our mesocosm experi-
ment constitutes one step forward because it provides a
unique framework to investigate the effect of Pi addition
on Pi and DOP use by the different components of
the bacterial community in a system likely limited by
P-availability.

Results

Turnover time of phosphate (Pi) and ATP, and
prokaryotic heterotrophic abundance and production

Pi turnover times in the control mesocosms were around
1 h throughout the experiment. On the contrary, the
P-amended mesocosms displayed a pronounced
increase in Pi turnover times (Fig. 1), which went from 1 to
2 h before Pi addition to around 60 h on day 1 and
increased along the experiment reaching values up to two
orders of magnitude higher than in the control meso-
cosms. ATP turnover time in the control mesocosms was
~ 6 h on day 0, decreased to 3 h on day 1 and remained
constant throughout the experiment. In the P-amended
mesocosms the turnover time of ATP increased when
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Fig. 1. Turnover times of phosphate (Pi, circles) and ATP (squares)
in the control (open symbols) and P-amended mesocosms (filled
symbols). Each data point represents the average of two
mesocosms with two independent measurements for each
mesocosm. Error bars represent the standard deviation.
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compared with the control reaching a maximum of 40 h,
which was one order of magnitude lower than the corre-
sponding increase in Pi turnover times (Fig. 1).

Initial prokaryotic abundance was on average
5.9 ¥ 105 cells ml-1. Pi addition caused an increase in
abundance, which reached values threefold higher than in
the control mesocosms at the end of the experiment
(Fig. 2A). Eubacterial cell numbers (estimated by cataly-
sed reporter deposition fluorescence in situ hybridization,
CARDFISH) accounted for ~ 70% of the prokaryotic cell
counts throughout the experiment. Considering the
almost complete coverage of all the bacterial groups with
the EUB338 probe mix (Amann and Fuchs, 2008), and the
low abundance of Archaea in Mediterranean surface
waters (Alonso-Sáez et al. 2007, De Corte et al., 2008)

the remaining cells probably represent a variable contri-
bution of non-nucleoid containing bacteria (Zweifel and
Hagstrom, 1995) or decaying cells still stainable with
DAPI but lacking sufficient RNA (del Giorgio and Gasol,
2008). The increase in prokaryotic abundance was mir-
rored by an increase in prokaryotic heterotrophic produc-
tion, with values 1.5-fold to twofold higher in the
P-amended mesocosms than in the controls (Fig. 2B).

Percentage of total bacterial cells taking up Pi, ATP
and leucine

Based on the Pi turnover time results, three time points
were chosen for MARFISH analyses: day 0, before Pi
addition; day 1, when the most drastic change in Pi turn-
over time was observed in the P-amended mesocosms in
relation to the controls, and day 4, when we expected the
bacterial assemblage to have fully responded to the Pi
input. On average around 60% of the eubacterial cells
took up Pi and ATP in the control mesocosms (Fig. 3),
whereas ~ 50% of the cells took up leucine at the concen-
tration used (0.5 nM). The percentage of cells taking up
Pi in the P-amended mesocosms decreased along the
experiment, reaching a value of 26% on day 4. In contrast,
the percentage of cells taking up ATP dropped to 26% on
day 1 of the experiment but increased back to 40% on day
4. On the other hand, there was no difference in the
percentage of cells taking up leucine in the control and the
P-amended mesocosms (ANOVA test, P = 0.86, Fig. 3).

Community structure

The percent contribution of the different groups to the
prokaryotic assemblage did not change after Pi addition
and remained stable throughout the experiment (Fig. 4).
In this study we did not quantify the abundance of
Alphaproteobacteria but, instead, focused on two relevant
alphaproteobacterial subgroups, SAR11 and Roseo-
bacter, which show contrasting life styles and are present
in significant numbers in diverse marine habitats (Morris
et al., 2002; Buchan et al., 2005). SAR11 cells were the
most abundant, comprising 40% and 48% of the DAPI
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Fig. 2. Time course of (A) prokaryotic abundance estimated by
flow cytometry (circles) and eubacterial cell numbers estimated by
CARDFISH (bars), and (B) prokaryotic heterotrophic production, in
both the control (open symbols) and P-amended mesocosm (filled
symbols).

Fig. 3. Percentage of eubacterial cells
actively taking up phosphate (33P-Pi), AT33P
and 3H-leucine in the control (open bars) and
P-amended mesocosms (filled bars). Each
data point represents the average of two
mesocosms. Error bars represent the
standard deviation.
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counts in the control and P-amended mesocosms respec-
tively. The second most abundant group was the Gam-
maproteobacteria, which accounted for c. 15% of the
DAPI counts in both mesocosms. Then the Bacteroidetes
group, which comprised on average 10% of the DAPI
counts, and Synechococcus and Roseobacter-related
bacteria, which represented around 3% and 2% respec-
tively (Fig. 4). The percentage of cells that hybridized with
the EUB probes that could not be assigned to any of these
groups was negligible.

Percentage of cells within the probe-identified groups
taking up Pi, ATP and leucine

We next investigated the percentage of cells within the
probe-identified groups that were active in the uptake of
Pi, ATP and leucine. In this study cells were scored as
active (MAR+) when they were in contact with at least one
silver grain. Although we are aware that a high number of
active cells does not necessarily imply high uptake rates,
we considered that a group actively participated in the
uptake of a given substrate when a high percentage of
cells were labelled. At the beginning of the experiment,
before Pi addition, all the groups studied were relatively
active (> 40% of the cells) in the uptake of Pi and ATP
(Fig. 5). In contrast, Bacteroidetes and Synechococcus
cells were relatively inactive in the uptake of leucine
(< 15% and < 10% of the cells respectively). The largest
percentage of cells that took up Pi and ATP was found in
the Gammaproteobacteria and Roseobacter groups (over
60% of the cells in these groups were MAR+), and both
these groups and SAR11 were the most active in the
uptake of leucine.

Phosphate addition had contrasting effects on the
uptake of the substrates by the different phylogenetic
groups (Fig. 6). Whereas Pi amendment caused a rapid

and significant decrease in the percentage of cells taking
up 33Pi in Synechococcus and SAR11 (ANOVA, P < 0.05),
the percentage of labelled cells in the Roseobacter,
Bacteroidetes and Gammaproteobacteria groups 1 day
after Pi addition was similar in the control and P-amended
mesocosms. However, within 4 days of Pi amendment the
percentage of cells taking up 33Pi in all the groups had
significantly dropped when compared with the control
(ANOVA, P < 0.05, Fig. 6). In contrast to Pi uptake, the
percentage of cells active in the uptake of ATP dropped
significantly in all the probe-identified groups in the
P-amended mesocosms on day 1 (Fig. 6, middle panel)
but on day 4 it increased back considerably in the Gam-
maproteobacteria, Roseobacter and Bacteroidetes.
Nonetheless, the percentage of cells taking up ATP on
day 4 was still significantly lower when compared with the
control in Gammaproteobacteria and SAR11. It is note-
worthy that incubation times with 33Pi and AT-33P in the

Fig. 4. Community composition in the control and P-amended
mesocosms. Data presented as percent contribution of the
probe-identified groups to DAPI counts on day 4 of the experiment.
Very similar community composition was observed on day 0 and
day 1.
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Fig. 5. Percentage of cells actively taking up phosphate (33P-Pi),
AT33P and 3H-leucine (Leu) within each probe-identified group in
the control mesocosms at the beginning of the experiment. Each
data point represents the average of two mesocosms. Error bars
represent the standard deviation.
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P-amended mesocosms were longer than in the controls
(see Experimental procedures) to ensure we could detect
differences in the uptake patterns of different bacterial
groups. Therefore, the non-significant differences that we
observed between the control and the P-treatments could
have been significant if we had kept the same incubation
times in both mesocosms. Pi addition did not have any
significant effect in the percentage of cells within the dif-
ferent bacterial groups that was active in the uptake of
leucine (Fig. 6, lower panel, P > 0.05).

Contribution of each group to cells taking up the
different substrates

SAR11 bacteria represented on average ~ 50% and 45%
of the cells taking up Pi and ATP in the control meso-
cosms, and completely dominated the pool of cells taking
up leucine in both mesocosms (~ 80% of the cells)
(Fig. 7). In the control mesocosms Gammaproteobacteria

were the second highest contributors, accounting for
~ 30% of the cells taking up Pi and ATP, and 15% of the
cells taking up leucine. Bacteroidetes also contributed
substantially to the pool of cells taking up Pi and ATP in
the control mesocosms (~ 16%), but its contribution to the
pool of cells taking up leucine was negligible.

In the P-amended mesocosms, on day 1 of the experi-
ment, Gammaproteobacteria dominated the population
taking up Pi (~ 40%), followed by Bacteroidetes and
SAR11 that showed similar contributions (27%) (Fig. 7). In
contrast, on day 4, even though Gammaproteobacteria
still contributed substantially to the cell pool taking up Pi
(26%), the majority of the cells taking up Pi belonged to
the SAR11 group (60%). The distribution of the percent
contribution of the bacterial groups to the population
actively taking up ATP in the P-amended mesocosms was
similar to the one observed in the control mesocosms, but
with slightly higher contributions of Gammaproteobacteria
(on average 37%) and Bacteroidetes (on average 22%).

Fig. 6. Percentage of cells actively taking up
33P-Pi, AT33P and 3H-leucine within each
probe-identified group in the P-amended
mesocosm plotted against the corresponding
percentage in the control mesocosms. The
diagonal line indicates a 1:1 relationship. The
circle highlights the difference in behaviour of
Gammaproteobacteria, Roseobacter and
Bacteroidetes from SAR11 and
Synechococcus.
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SAR11 represented on average 37% of the ATP-
consuming bacteria in these mesocosms.

Even though the percent contribution of the bacterial
groups to the pool of cells taking up leucine was unaf-
fected by Pi addition, the total abundance of SAR11 cells
taking up leucine did increase in the P-amended meso-
cosms in relation to the control mesocosms (Fig. S1).

Discussion

Turnover times of Pi and ATP, and prokaryotic
heterotrophic abundance and production

To evaluate the P-status of the initial seawater, we first
measured the turnover times of Pi and ATP, which indicate
how fast these substrates are being utilized. Pi turnover
times in the control bags were in the lower range of those
observed in eastern Mediterranean waters (1–28 h,
Tanaka et al., 2007). Zohary and Robarts (1998) estab-
lished that Pi turnover times < 7 h in the eastern Mediter-
ranean were indicative of P-deficiency, suggesting that the
microbial community in our control bags was very likely
P-starved. Indeed, our observed Pi turnover time values
were similar to those measured in the western Mediterra-
nean when both phytoplankton and bacteria were P-limited
(Thingstad et al., 1998) and similar to the values observed
during the CYCLOPS experiment before addition of Pi
(2–4 h) (Fonnes Flaten et al., 2005), when the bacterial
community was P-limited. In these studies P-limitation was
defined as the limitation of the rates of heterotrophic
prokaryotic activity. In our study, the observed increase in
heterotrophic prokaryotic abundance and production in the
P-amended mesocosm supports the hypothesis that the
microbial community was originally limited by P availability.
An increase in heterotrophic prokaryotic production upon
Pi supply was also observed during the CYCLOPS experi-
ment, but in contrast to what we observe here, prokaryotic
numbers were unaffected by the increase in P (Pitta et al.,
2005). In the P-amended mesocosms Pi turnover time
increased, as it has been observed in other studies when Pi
was added (Thingstad et al., 2005; Tanaka et al., 2011) or
when there is an injection of Pi in the system due to winter
mixing (Tanaka et al., 2004) or due to local convective
mixing events, as it occurs in the Rhodes Gyre (Zohary and
Robarts, 1998).

Pi is the preferred source of P for the microbial commu-
nity. When Pi is not sufficient to meet their requirements,
bacteria induce the Pho regulon, a suite of genes that
code for proteins required for scavenging Pi and the use
of DOP compounds, like ATP (Wanner, 1996; Sebastian
and Ammerman, 2009). The turnover times of ATP in the
control mesocosms were longer than the Pi turnover
times (Fig. 1) because ATP needs to be hydrolysed prior
to uptake by the cell (Bengis-Garber and Kushner, 1982;

Lugtenberg, 1987; Sebastian and Ammerman, 2011). Our
values in the control mesocosms were one to two orders
of magnitude lower than other ATP turnover time values
measured also in the summer in the eastern Mediterra-
nean Sea (Tanaka et al., 2011), indicating that ATP was
being rapidly utilized in our system. ATP has been used in
several studies as a model molecule to assess the
dynamics of bioavailable low molecular weight DOP
(Lovdal et al., 2007; Zubkov et al., 2007; Casey et al.,
2009; Michelou et al., 2011) because it is ubiquitously
found in seawater and its uptake is inhibited by a wide
variety of organic P compounds (Azam and Hodson,
1977). In our study, the ratio between the ATP and Pi
turnover rates in the control mesocosms throughout the
experiment indicated that ATP uptake was ~ 30% of Pi
uptake (details not shown), suggesting DOP played a
substantial role in supplying P to satisfy the P require-
ments of the microbial cells in these P-starved waters.

The fact that ATP turnover time in the P-amended meso-
cosms did not increase as much as the turnover time of Pi
(Fig. 1) might seem intriguing, since in the presence of
sufficient Pi we would not expect bacteria to use ATP as a
source of P, which would result in longer ATP turnover
times. However, similar patterns were obtained in a recent
study in the Mediterranean Sea (Tanaka et al., 2011). ATP
is mainly hydrolysed by two types of enzymes: alkaline
phosphatases (APases) and 5′-nucleotidases (5PN)
(Ammerman and Azam, 1991). APases are non-specific
phosphomonoesterases that recognize terminal phos-
phates of many phosphomonoesters and even short poly-
phosphate chains (McComb et al., 1979) whereas 5PN
recognizes the carbon moiety of 5′-nucleotides (Bengis-
Garber and Kushner, 1982). APases are induced upon P
stress (e.g. Ammerman and Azam, 1991; Sebastian and
Ammerman, 2009), but in contrast, 5PN are not regulated
by Pi concentration (Ammerman and Azam, 1985; 1991;
Tamminen, 1989). Therefore, 5PN were probably respon-
sible for most of ATP hydrolysis in the P-amended meso-
cosms, although it is also possible that the concentration of
Pi was not enough to completely shut down APase activity
and both enzymes were contributing to the hydrolysis of
ATP. The reason we observed uptake of the hydrolysed Pi
fromATP in the P-amended mesocosms might be that 5PN
andAPases are membrane bound or periplasmic enzymes
(e.g. Bengis-Garber and Kushner, 1982; Martinez and
Azam, 1993) and therefore the Pi released upon hydrolysis
could be taken up directly without intermediate mixing with
the pool of ambient Pi (Tamminen, 1989; Ammerman and
Azam, 1991; Thingstad et al., 1993).

Single cell analyses

MARFISH has been used in environmental studies in an
attempt to understand the ecophysiological roles that
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microbes play in complex natural systems (e.g. Cottrell
and Kirchman, 2000; Vila-Costa et al., 2007; Salcher
et al., 2011). This technique provides qualitative informa-
tion about the amount of cells in a probe-identified group
that is actively taking up a radiolabelled substrate (e.g. del
Giorgio and Gasol, 2008). Because of the fact that larger
silver grain clusters corresponds to higher uptake per
cell than smaller clusters (Nielsen et al., 2003), some
researchers have quantified the uptake by different bac-
terial groups by measuring the silver grain area around
the cells (e.g. Cottrell and Kirchman, 2003; Sintes and
Herndl, 2006). However, relative grain densities around
organisms depend not only on the cell but also on the
energy of the tracer and the thickness and sensitivity of
the photographic emulsion (Perry, 1964). High energy
isotopes like 33P provide high sensitivity but also the high
energy particles produced during decay of the isotope
travel further through the autoradiographic emulsion and
produce a wide scatter of silver grains, and therefore, less
resolution (Okabe et al., 2004).

Due to difficulties in accurately estimating the silver
grain area when using 33P, in this study cells were scored
as active (MAR+) when they were in contact with at least
one silver grain. Even though the scattering of silver
grains could yield errors in the quantification of MAR+
cells, we obtained very consistent results even when rep-
licates were processed separately, in different hybridiza-
tions and microautoradiography batches. All the bacterial
phylogenetic groups contributed to the uptake of both Pi
and ATP in the P-starved waters of the control meso-
cosms (Fig. 5). Despite the MARFISH approach does not
enable us estimating uptake rates, we can make some
inferences based on our observations and knowledge of P
metabolism. When phytoplankton and bacterial cells are
P-starved, a sudden supply of phosphate results in surge
uptake, followed by lower uptake rates as the internal cell
quotas get filled up (Jansson, 1993; Ducobu et al., 1998).
This observation has been made with cultures but is sup-
ported by field observations. For instance, higher uptake
rates are observed under P stress in aquatic systems (e.g.
Vadstein and Olsen, 1989; Fonnes Flaten et al., 2005)
and Suttle and colleagues (1988) observed that Pi addi-
tion to P-starved waters resulted in rapid Pi uptake, but
the uptake rates gradually declined when followed during
a time course. In our experiment, the percentage of cells
taking up leucine was similar between the P-amended
and the control mesocosms throughout the experiment
(Fig. 6), thereby indicating that the cells were similarly
active. Therefore, we posit that the decrease in the per-
centage of 33P-labelled cells in the P-amended meso-
cosms is mainly due to a reduction in Pi uptake rates
(Fig. 3 and Fig. 6, upper panels). A lower percentage of
labelled cells does not imply that non-labelled cells
stopped completely the uptake of Pi, because in the

P-amended mesocosm the radiolabelled Pi was diluted
more than 300-fold with ambient Pi (Fig. S2).

There might be considerable heterogeneity in the actual
‘stress’ different bacteria experience under the same envi-
ronmental conditions, depending on their different cellular
quotas, nutrient acquisition capacities and metabolism.
Our results show that the percentage of cells taking
up 33Pi in Gammaproteobacteria, Roseobacter and
Bacteroidetes in the P-amended mesocosm 1 day after Pi
addition was similar to the ones observed in the control
mesocosms, whereas the percentages in SAR11 and
Synechococcus had considerably decreased. This obser-
vation suggests that Gammaproteobacteria, Roseobacter
and Bacteroidetes cells by day 1 had not yet completely
replenished their P quotas. However, on day 4 of the
experiment the percentage of cells taking up 33Pi in these
groups decreased to values similar to the ones observed
in SAR11 and Synechococcus, suggesting that all the
groups had by then filled up their internal cell quotas. Fast
accumulation of particulate phosphorus in the bacterial
size fraction due to luxury consumption (i.e. Pi uptake in
excess of the immediate requirement for growth) upon a
Pi pulse is a recurrent phenomenon in P-starved waters
(Thingstad et al., 1993; 1996; 2005). Indeed, culture
studies have shown that one of the components of the
Pho-regulon is the enzyme polyphosphate kinase (Ppk)
(Geissdorfer et al., 1998; Jahid et al., 2006), which cataly-
ses the formation of polyphosphates (PolyP) in P-starved
cells in response to a sudden Pi supply. Despite their
potential importance for survival in P-depleted systems,
studies about the role of PolyP in oligotrophic marine
environments are scarce, and limited only to Cyanobac-
teria (Orchard et al., 2010) or to in silico studies (Temper-
ton et al., 2011). By searching for the ppk gene in the
genomes of marine cultured representatives, we investi-
gated whether the different probe-identified groups in this
study are potentially able to accumulate phosphorus
inside the cells. We found that most of the cultured rep-
resentatives in the Gammaproteobacteria, Roseobacter,
Bacteroidetes and Synechococcus lineages are poten-
tially able to form PolyP (Table S1). In contrast, only one
out of the five isolates of SAR11 sequenced to date pos-
sesses this enzyme, indicating that this group likely plays
a limited role in PolyP accumulation. Using staining pro-
cedures (see Experimental procedures) we confirmed
that Synechococcus and some heterotrophic bacterial
cells accumulated PolyP in the P-amended mesocosms,
while PolyP formation did not occur in the control meso-
cosms (Fig. 8 and Fig. S3). We found that the percentage
of PolyP-accumulating heterotrophic bacterial cells in the
P-amended mesocosms increased from day 2 to day 3,
whereas the percentage of Synechococcus cells contain-
ing PolyP was already notably high on day 2 and
remained constant on day 3 (Fig. 8). Although unfortu-
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nately we do not have data for day 1 and 4 of the experi-
ment, these results are consistent with our hypothesis that
Synechococcus cells had replenished their P quota by
day 1. Flow cytometric sorting of microbial populations
has shown that Synechococcus cells display per cell
phosphate uptake rates higher than heterotrophic bacte-
ria (Zubkov et al., 2007; Michelou et al., 2011), which may
explain why they replenished their P quotas faster. On the
other hand, the increase in heterotrophic prokaryotes con-
taining PolyP granules is likely due to gradual PolyP accu-
mulation in Gammaproteobacterial, Bacteroidetes and
Roseobacter cells.

Our results support the notion of the occurrence of two
contrasting ecological lifestyle strategies in heterotrophic
bacteria, as it has been hitherto suggested: the oligotro-
phs and the opportunitrophs or copiotrophs (which are
able to exploit temporally variable resources) (e.g. Polz
et al., 2006; Lauro et al., 2009). Most of the phosphorus
demands in the bacterial cells are allocated to the synthe-
sis of phospholipids or nucleic acids (Van Mooy et al.,
2006), being the synthesis of RNA the largest biochemical
sink for Pi in the ocean (Bossard and Karl; 1986 Van Mooy
and Devol, 2008). The strict oligotroph SAR11, which
dominates P-depleted environments, have gone through
a genome streamlining process that greatly reduces their
P demands (Giovannoni et al., 2005). Likewise, picocy-
anobacteria like Synechococcus and Prochlorococcus
are able to synthesize non-phosphorus membrane lipids
under P-stress conditions, which can spare them between
5–43% of their cellular P requirements (Van Mooy et al.,
2009). Furthermore, RNA synthesis is related to growth
rate (Kemp et al., 1993) and SAR11 are slow growers
(Yokokawa and Nagata, 2005; Teira et al., 2009; Ferrera

et al., 2011), resulting in further lower P requirements. In
contrast, the opportunitrophs Gammaproteobacteria and
Roseobacter frequently display growth rates well above
the average community growth (Yokokawa and Nagata,
2005; Teira et al., 2009; Ferrera et al., 2011), and these
high growth rates are reflected in a high P demand. Strik-
ingly, cells belonging to the fast growers NOR5/OM60
clade, which represented around 40% of the Gammapro-
teobacteria in our experiment (data not shown), were
elongated in the control mesocosms and upon P addition
cells returned to coccoid or rod-shaped morphologies
(Fig. S4). Enlargement of cells under P starvation condi-
tions has been attributed to inhibition of DNA synthesis
and, as a consequence, of cell division (Seeger and
Jerez, 1993), suggesting that this clade may be strongly
affected by P availability.

SAR11 bacteria dominated the population of cells taking
up Pi, ATP and leucine in the control mesocosms, but
in the P-amended mesocosms Gammaproteobacteria
increased considerably their relative contribution and
even dominated the pool of cells taking up Pi on day 1 of
the experiment (Fig. 7). Large number of cells taking up a
substrate does not imply a higher contribution to the total
uptake rate, because the least abundant species may
contribute the most to substrate uptake if they have high
per cell rates (Musat et al., 2008). Nevertheless, gam-
maproteobacterial cells in all cases showed many per
cell-associated silver grains (Fig. S5). Because silver
grain area is proportional to uptake rate (e.g. Sintes and
Herndl, 2006), Gammaproteobacteria seem to have
higher per cell rates than the rest of the groups consid-
ered. As Gammaproteobacteria was the second most
abundant group in both mesocosms throughout the

Fig. 7. Contribution of each analysed
bacterial phylogenetic group to the
population of cells taking up 33P-Pi, AT33P
and 3H-leucine in both the control and
P-amended mesocosms. Percentages were
calculated relative to the total number of cells
identified by the different probes. Asterisks
highlight those samples in the P-amended
mesocosms where the percent contribution
was notably different from the ones observed
in the rest of the samples.
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experiment, they likely played a major role in Pi and ATP
uptake in our system.

In summary, based on the Pi turnover time results and
the observed increase in prokaryotic heterotrophic abun-
dance and production upon Pi addition, heterotrophic bac-
teria were originally P limited in this study. All the bacterial
groups actively utilized DOP under P limiting conditions,
but the percentage of cells taking up DOP decreased
considerably under higher Pi concentrations. The patterns
of Pi utilization in the control and P-amended mesocosms
among the bacterial groups supports the coexistence of
two ecological life strategies, the oligotrophs like SAR11,
which are frugal in their P requirements, and opportuni-
trophs like Gammaproteobacteria and Roseobacter,
which have high P requirements and are able to accumu-
late phosphate inside the cell. Different P requirements
are probably reflected into different degrees of in situ P
stress. Further analyses with molecular markers of P
stress are on the way to elucidate the degree of hetero-
geneity in the levels of stress of the different bacterial
groups.

Experimental procedures

Mesocosms set-up and sampling

Water was collected in September 2009 from the eastern
Mediterranean Sea offshore Crete, aboard the R/V Philia,
from a site 170 m deep and about 5 nautical miles north of
Heraklion (35°24.957′N, 25°14.441′E). Surface water was
pumped into high density polyethylene tanks of 1 m3 using a

submersible water pump. All equipment used had been aged
for at least 1 week with tap water, washed with HCL (10%)
and rinsed three times with deionized water. Once filled, the
tanks were taken to the Heraklion harbour and transported by
truck to the Hellenic Centre for Marine Research facilities,
15 km east of Heraklion, on the north coast of Crete. The
water was gravity poured into six mesocosms (polyethylene
bags, 1.32 m diameter) of 3 m3 each, which were incubated
in a large land-based tank (350 m3) with running water that
controlled temperature. Water was allowed to sit overnight.
The following day, time zero was sampled and immediately
afterwards three of the bags were amended with 100 nM
PO4

3- (final concentration, P-amended bags), and the other
three were left as a control (Control bags). All the bags were
continuously mixed by light air bubbling. Samples were taken
daily. For MARFISH, and Pi and ATP uptake, samples were
taken only from two bags of each treatment, in order to be
able to process a higher amount of replicates and time points.

33PO4
3- and AT33P uptake measurements

H3
33PO4 (40–158 Ci mg-1; Perkin Elmer) was diluted in dis-

tilled water and 15 ml of aliquot was added to duplicate 9 ml of
subsample to give final concentrations ranging between 25
and 108 pM. Adenosine 5′-[g-33P]triphosphate (AT33P; Perkin
Elmer) was diluted in distilled water, and 3 ml were added to
9 ml of subsample to give a final concentration of 100 pM.
Duplicate killed controls were included with each set of
samples. Killed controls were amended with paraformalde-
hyde (2% final concentration) 30 min before the addition of
the isotopic tracer. Incubations were done in 15 ml Falcon
tubes at room temperature and subdued light. The duration of
each incubation varied depending on the expected turnover
time, ranging from 20 min to 2 h. Incubations were terminated
by the addition of paraformaldehyde (2% final concentration)
and filtered, within 30 min, onto a 0.2 mm polycarbonate filter,
which was placed on top of a Whatman (GF/C) glass fibre
filter saturated with 100 mmol l-1 KH2PO4. To stop incuba-
tions, fixation was chosen over cold-chase addition of cold
PO4

3- and ATP to be consistent with the methodology
employed during the MARFISH analyses (see below).
However, phosphate turnover time estimations using the tra-
ditional cold-chase method were also performed to facilitate
comparison with previous studies (see P. Pitta, J.C. Nejst-
gaard, T.M. Tsagaraki, J. Egge, C. Frangoulis, A. Lagaria, I.
Magiopoulos, S. Psarra, R.A. Sandaa, E.F. Skjoldal, T.
Tanaka, R. Thyrhaug, S. Zervoudaki and T.F. Thingstad, in
preparation). Fixation has an experimental limitation, which is
that some of the accumulated 33P could leak out of fixed cells
after the cell membranes become compromised. Talarmin
and colleagues (2011) recently reported that up to 40% of the
33Pi label is lost from fixed heterotrophic bacterial cells imme-
diately after fixation and Casey and colleagues (2009) esti-
mated that ~ 25% and ~ 13% of the isotope in Pi and ATP
incubations respectively, could leak out from the cells within
24 h. To minimize this leakage, samples were filtered within
1 h after stopping the incubation. After filtration, the filters
were rinsed twice with sterile Milli-Q water and transferred to
scintillation vials with 1 ml of Ultima Gold scintillation cocktail.
Aliquots (50 ml) from the subsamples incubated with 33PO4

3-

and AT33P were transferred directly to scintillation vials and

%
 o

f 
h
e
te

ro
tr

o
p
h
ic

 p
ro

k
a
ry

o
te

s

c
o
n
ta

in
in

g
 P

o
ly

P
 

0

25

50

75

100

Control day 2 day 3

0

5

10

15
A

B

%
 o

f S
yn

ec
ho

co
cc

us
c
o
n
ta

in
in

g
 P

o
ly

P

P-amended

Fig. 8. Polyphosphate (PolyP) staining results.
A. Percentage of heterotrophic prokaryotes containing PolyP
granules.
B. Percentage of Synechococcus cells with PolyP.
Control data represent the average percentage of PolyP-containing
cells on day 2 and day 3 in the control mesocosms. Error bars
represent the standard deviation.
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mixed with 1 ml of scintillation cocktail to measure the total
added radioactivity. Samples were radioassayed in a Packard
Tri-Carb 4000 scintillation counter. Turnover times were cal-
culated using the equation T = t/[-ln (1 - R)], where
t = incubation time and R = consumed fraction of added
tracer (Thingstad et al., 1993). Killed controls were sub-
tracted prior to the calculations.

Prokaryotic abundance

Samples for prokaryotic abundance determination (2 ml)
were fixed with a 0.2 mm filtered 25% glutaraldehyde solution,
to give a final concentration of 0.5%. After fixation (20 min,
4°C), the samples were fast frozen in liquid nitrogen and
finally stored in -80°C. Once in the laboratory, the samples
were thawed at room temperature, stained with SYBRGreen
I (final dilution: 4 ¥ 10-4 of the commercial dilution) and incu-
bated for 10 min in the dark. Prokaryotic abundance was
determined on a daily basis with a Becton-Dickinson FACS-
Calibur flow cytometer using Milli-Q water as sheath fluid.
Abundances were calculated from the measured flow rate.
Flow cytometry data were acquired with the CellQuest
and analysed with the Paint-A-Gate software packages
(Becton-Dickinson).

Prokaryotic heterotrophic production

Prokaryotic heterotrophic production was determined in all
mesocosms every day by uptake of tritium-labelled leucine
(Kirchman et al., 1985) using the centrifugation procedure.
Triplicate samples and one prefixed control sample were
incubated with 3H-Leucine (4.27 TBq mmol-1, Perkin Elmer,
Boston, USA) at a final concentration of 60 nM. Incubation
was performed in the dark at in situ temperature for 1 h and
stopped with 5% TCA, final concentration. The samples were
then centrifuged at 16 000 g for 10 min before removal of the
supernatant. Then the samples were washed twice by adding
5% TCA, vortexed, centrifuged and the supernatant removed.
Counting cocktail (Ecoscint A, National Diagnostics, Atlanta,
USA) was added and the uptake of radioactive leucine mea-
sured by liquid scintillation counting. Conversion of leucine
to carbon units was done with the theoretical factor
1.5 kg C mol Leu-1.

MAR-(CARD)-FISH

Incubations for microautoradiography were similar to those to
measure bulk uptake rates. Samples (30 ml) were spiked
with H3

33PO4, AT33P and 3H-leucine (Perkin Elmer) to yield
25–108 pM, 100 pM and 0.5 nM respectively. The samples
were incubated for 1 h (H3

33PO4) and 3 h (AT33P) in the
control mesocosms and 4 h (H3

33PO4, AT33P) in the
P-amended mesocosms. Incubations with 3H-leucine always
lasted 2.5 h. Because of the expected decrease in the uptake
of Pi and ATP in the P-amended mesocosms due to substrate
dilution with ambient phosphate, longer incubations were
carried out to ensure detection. Uptake of Pi and ATP is well
described by the theoretical equation R(t) = (1 - e-t/T) (e.g.
Thingstad et al., 1993), where R(t) is the fraction of added
label consumed after incubation time t and T is the turnover

time. This equation follows an asymptotic curve, and incuba-
tion times were always chosen so that the uptake of the
substrate was well in the linear phase, but long enough to be
able to appreciate differences between phylogenetic groups.
One replicate (for each substrate and treatment) was killed
with formaldehyde before the addition of the radiolabelled
substrates and was used as a control. At the end of the
incubation, samples were fixed with paraformaldehyde,
allowed to sit in the dark for at least 1 h, and then portions of
10 ml were filtered onto three different 0.2 mm polycarbonate
filters. Filters were washed twice with sterile Milli-Q water and
frozen at -80°C until processing in the lab. Filters were then
hybridized following the CARDFISH protocol (Pernthaler
et al., 2002) to identify the different bacterial groups. After
thawing, the filters were dipped in 0.1% agarose, dried at
37°C, and then dehydrated with 95% ethanol. This allowed
attachment of the cells to the filters. Then, cell walls were
permeabilized with lysozyme (1 h) and achromopeptidase
(30 min) at 37°C. Filters were cut into multiple pieces and
hybridized with one of six horseradish peroxidase (HRP)-
labelled probes: EUB338 I-II and –III (targets most Eubacte-
ria, Daims et al., 1999), GAM42a together with its unlabelled
competitor probe (targets most Gammaproteobacteria, Manz
et al., 1992), CF319a (targets many members of the
Bacteroidetes group, Manz et al., 1996), ROS537 (targets
members of the Alphaproteobacteria Roseobacter-
Sulfitobacter-Silicibacter group, Eilers et al., 2000), SYN405
(targets Synechococcus, West et al., 2001), SAR11-441R
(targets the Alphaproteobacteria SAR11, Morris et al., 2002).
Specific hybridization conditions were established by addition
of formamide to the hybridization buffers (45% formamide for
the SAR11 probe, 60% for the SYN405 probe, 55% for the
other probes). Hybridization was performed overnight at
35°C. For amplification, we used tyramide labelled with Alexa
488. After processing, a small portion of the filter was cut and
stained with DAPI (final concentration 1 mg ml-1) to quantify
the abundance of the different phylogenetic groups in relation
to total prokaryotic counts. The rest of the filter was glued
onto a glass slide and subsequently processed for microau-
toradiography as described in detail in Alonso-Sáez and
Gasol (2007), which is a modification of the protocol
described by Alonso and Pernthaler (2005). Exposure times
were determined empirically for each compound by following
changes in number of cells taking up the substrate over time.
Optimal exposure times were selected once the number of
cells taking up the substrate reached a plateau but accumu-
lation of silver grains still allowed visualization of the cells
associated to them. Cells were counted in an Olympus BX61
epifluorescence microscope. Cells touching or overlapping
silver grains after developing of the emulsion were consid-
ered as active cells or MAR+ cells. For abundance of probe-
positive cells, between 500 and 1000 DAPI-positive cells
were counted manually in a minimum of 10 fields. Killed
controls were evaluated with the probe EUB338 I-II and –III.
The proportion of labelled cells in the killed controls was 6%
for H3

33PO4, 4% for AT33P and 2% for 3H-leucine. This propor-
tion was not subtracted from the percent of cells taking up the
substrates in the live incubations. Even though Synechococ-
cus is not a heterotroph we included it in our analyses
because it had been hypothesized to be the major player in Pi
uptake in eastern Mediterranean (Moutin et al., 2002).
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Polyphosphate staining

Polyphosphate (PolyP) granules were stained with DAPI.
This stain is commonly used for DNA detection but it also
interacts with PolyP. When excited at 360 nm DAPI-DNA
fluorescence is blue-white, but DAPI-PolyP emits a typical
green yellow fluorescence signal in organisms that are able
to accumulate high levels of PolyP (Tijssen et al., 1982).
Paraformaldehyde-fixed cells, collected onto 0.2 mm polycar-
bonate filters were stored frozen at -80°C until analyses. For
the staining, filters were submerged in 5 ml of PBS and 50 ml
of DAPI solution (0.5 mg ml-1) were added. After incubating
for 3 min in the dark, filters were washed shortly with distilled
water and dried at room temperature. Cells were counted in
an Olympus BX61 epifluorescence microscope. For the
determination of PolyP-accumulating heterotrophic bacteria,
PolyP granules associated to pigmented picoplankton were
substracted from each frame (see Fig. S3).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Abundance of cells within each probe-identified
group actively incorporating 33P-Pi, AT33P and 3H-leucine in
the control (left panel) and P-amended mesocosms (right
panel).
Fig. S2. Phosphate (Pi) concentration estimated by conven-
tional methods (Strickland and Parsons, 1972) in the control
(open symbols) and P-amended mesocosms (filled symbols).
Pi concentration in the P-amended mesocosms immediately
after Pi addition was not measured, so the theoretical con-
centration (sum of existing Pi + 100 nM added Pi) is plotted
instead. The 33P-Pi added ranged between 25 and 108 pM.
Fig. S3. Epifluorescence microscopy images of (A) DAPI-
stained cells showing the presence of polyphosphates
(yellow granules) on day 3 of the experiment in the
P-amended mesocosm; (B) same field of view showing autof-
luorescence of cyanobacterial cells. Note that heterotrophic
bacterial cells also contain polyphosphate granules. No poly-
phosphate granules were observed in the control mesocosm,
where microbial cells where limited by phosphorus
availability.
Fig. S4. Morphology of NOR5/OM60 cells on day 4 of the
experiment in (A) the control mesocosm, (B) P-amended
mesocosm. NOR5/OM60 cells in the control mesocosm are
elongated probably as a response to phosphorus stress. Four
days after P addition NOR5/OM60 cells had decreased con-
siderably in size. This phenomenon was not observed with
other Gammaproteobacteria like Alteromonadales. Other
elongated non-NOR5/OM60 cells can as well be seen in the
control mesocosms, but we were not able to identify them
with any of the probes used in this study. Abundance of the
NOR5/OM60 clade was determined with the probes NOR5-
730, as described elsewhere (Ferrera et al., 2011).
Fig. S5. Microautoradiogram showing uptake of 33P-
phosphate by Gammaproteobacteria cells in the control
mesocosms. Blue dots represent DAPI-stained bacteria.
Green dots represent gammaproteobacterial cells hybridized
with the CARD-FISH Gam42a probe. Black spots are silver
grains deposited in the photographic emulsion. Cells were
scored as active (MAR+) when they were in contact with at
least one silver grain.
Table S1. Presence of homologues to the ppk gene in
genomes of cultured marine bacteria that belong to the phy-
logenetic groups investigated in this study.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

14 M. Sebastián et al.

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology



 
 
 

 
 
Figure S1. Abundance of cells within each probe-identified group actively incorporating 
33P-Pi, AT33P and 3H-leucine in the control (left panel) and P-amended mesocosms 
(right panel). 
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Figure S2. Phosphate (Pi) concentration estimated by conventional methods 
(Strickland and Parsons, 1972) in the control (open symbols) and P-amended 
mesocosms (filled symbols). Pi concentration in the P-amended mesocosms 
immediately after Pi addition was not measured, so the theoretical concentration 
(sum of existing Pi + 100 nM added Pi) is plotted instead. The 33P-Pi added ranged 
between 25 and 108 pM. 
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Figure S3. Epifluorescence microscopy images of a) DAPI-stained cells showing the presence of 

polyphosphates (yellow granules) on day 3 of the experiment in the P-amended mesocosm; b)  same field of 

view showing autofluorescence of cyanobacterial cells. Note that heterotrophic bacterial cells also contain 

polyphosphate granules. No polyphosphate granules were observed in the control mesocosm, where microbial 

cells where limited by phosphorus availability.
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Figure S4. Morphology of NOR5/OM60 cells on day 4 of the experiment in a) the 
control mesocosm, b) P-amended mesocosm. NOR5/OM60 cells in the control 
mesocosm are elongated probably as a response to phosphorus stress. Four days after P 
addition NOR5/0M60 cells had decreased considerably in size. This phenomenon was 
not observed with other Gammaproteobacteria like Alteromonadales. Other elongated 
non-NOR5/OM60 cells can as well be seen in the control mesocosms, but we were not 
be able to identify them with any of the probes	  used	  in	  this	  study.	  Abundance	  of	  the	  
NOR5/OM60	   clade	   was	   determined	   with	   the	   probes	   NOR5-‐730,	   as	   described	  
elsewhere	  (Ferrera	  et	  al.,	  2011).	  



Figure S5. Microautoradiogram showing uptake of 33P-phosphate by Gammaproteobacteria cells in the 

control mesocosms. Blue dots represent DAPI-stained bacteria. Green dots represent gammaproteobacterial 

cells hybridized with the CARD-FISH Gam42a probe. Black spots are silver grains deposited in the 

photographic emulsion. Cells were scored as active (MAR+) when they were in contact with at least one 

silver grain.



Table S1. Presence of homologs to the ppk gene in genomes of cultured marine 
bacteria that belong to the phylogenetic groups investigated in this study.  

 
* Marine genomes were those in the CAMERA database (http://camera.calit2.net/microgenome) 
** ppk was searched for by hits of the predicted peptides to the corresponding protein family 
(PF02503) 
 
	  

Phylogenetic group # genomes considered* % genomes with ppk gene** 

Gammaproteobacteria 60 87 

Bacteroidetes 19 84 

Rhodobacteraceae  38 76 

Synechococcus 9 100 

SAR11 5 20 
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