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Growth is one of the basic attributes of any living organism. Surprisingly, the growth rates of marine
bacterioplankton are only poorly known. Current data suggest that marine bacteria grow relatively slowly,
having generation times of several days. However, some bacterial groups, such as the aerobic anoxygenic
phototrophic (AAP) bacteria, have been shown to grow much faster. Two manipulation experiments, in which
grazing, viruses, and resource competition were reduced, were conducted in the coastal Mediterranean Sea
(Blanes Bay Microbial Observatory). The growth rates of AAP bacteria and of several important phylogenetic
groups (the Bacteroidetes, the alphaproteobacterial groups Roseobacter and SAR11, and the Gammaproteobac-
teria group and its subgroups the Alferomonadaceae and the NOR5/OMG60 clade) were calculated from changes
in cell numbers in the manipulation treatments. In addition, we examined the role that top-down (mortality due
to grazers and viruses) and bottom-up (resource availability) factors play in determining the growth rates of
these groups. Manipulations resulted in an increase of the growth rates of all groups studied, but its extent
differed largely among the individual treatments and among the different groups. Interestingly, higher growth
rates were found for the AAP bacteria (up to 3.71 day~") and for the Alteromonadaceae (up to 5.44 day™"), in
spite of the fact that these bacterial groups represented only a very low percentage of the total prokaryotic
community. In contrast, the SAR11 clade, which was the most abundant group, was the slower grower in all
treatments. OQur results show that, in general, the least abundant groups exhibited the highest rates, whereas
the most abundant groups were those growing more slowly, indicating that some minor groups, such the AAP
bacteria, very likely contribute much more to the recycling of organic matter in the ocean than what their

abundances alone would predict.

The structure of bacterioplankton communities is defined
by the type of organisms and by their relative proportions.
Marine surface waters are typically composed of a few abun-
dant groups, generally members of the Alphaproteobacteria
and Gammaproteobacteria and the phylum Bacteroidetes
(17), and many low-abundant taxa (32). The sizes of the
different populations depend to a large extent on their
growth rates, which can range from organisms that are al-
most inactive or dormant to cells growing very rapidly (12).
In addition to the differences in activity between individual
cells (40), recent evidence suggests that variability among
different bacterioplankton groups also occurs (42, 44, 45).
Since actively growing bacteria are responsible for major
carbon and nutrient transformations in the ocean, determin-
ing the growth rates of individual groups is critical to un-
derstand their ecological roles and specific contributions to
marine biogeochemical cycles.

One of the groups that has been reported to grow at high
rates in the ocean is the aerobic anoxygenic phototrophic
(AAP) bacteria, which are photoheterotrophic organisms con-
taining bacteriochlorophyll @ (BChl a). These bacteria require

* Corresponding author. Mailing address: Departament de Biologia
Marina i Oceanografia, Institut de Ciencies del Mar, CSIC, 08003
Barcelona, Catalunya, Spain. Phone: 34 932309500. Fax: 34 932309555.
E-mail: iferrera@icm.csic.es.

Y Published ahead of print on 1 July 2011.

7451

organic substrates for their metabolism and growth but can
derive a portion of their energy requirements using light, an
ability that could provide an ecological advantage (28). Data
from the Atlantic Ocean and the Baltic Sea show that AAP
bacteria can grow at rates much higher than those of the total
community (26, 27). In spite of their high growth rate, AAP
cells typically account for less than 10% of the total bacterial
abundance (9, 30, 38). A possible explanation for this paradox
is the large cell size of AAP bacteria (25, 38), which may make
them more vulnerable to flagellate attack (34). However, the
role that grazing and other factors such as viral attack or
resource availability plays in constraining the growth of this
functional group as well as that of other bacterial groups re-
mains largely unexplored. In fact, there are very few reports in
which the growth rates of specific bacterial groups have been
estimated (see references 22 and 39 for freshwaters and refer-
ences 7, 42, 44, and 45 for the ocean). Furthermore, in most of
these reports, growth rates were calculated only in either di-
lution or grazer-free experiments, a strategy that allows the
estimation of the gross but not the net growth rates of the
individual groups. In addition, reports from marine systems
published to date have focused mainly on an understanding of
the link between growth and resource availability, typically
known as bottom-up control, and less attention has been given
to studying top-down processes, i.e., the effect of grazing and
viral lysis.
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In previous studies, we established that the microbial com-
munity structure at the Blanes Bay Microbial Observatory
(BBMO) (Northwest Mediterranean) is dominated by the Al
phaproteobacteria, particularly by the SAR11 clade; the Gam-
maproteobacteria; and the Bacteroidetes (1). Bulk community
growth rates at this coastal site, based on the [*H]leucine
incorporation method, are on average low (6-year monthly
growth rate of 0.17 = 0.05 day ' [average * standard error] [2;
J. M. Gasol, unpublished data]), which is consistent with data
from other reports of similar oligotrophic environments (13).
In contrast, based on BChl a diel changes, the AAP community
was found to grow at rates of 1.15 to 1.42 day ' (E. Hojerova
et al., unpublished results). To understand such differences, we
designed manipulation experiments with Blanes Bay seawater
and measured the net and gross growth rates of AAP bacteria
compared to those of several phylogenetic groups of bacteria.
Additionally, we examined the roles that top-down and bot-
tom-up control processes play in constraining the growth of
these bacterioplankton groups.

MATERIALS AND METHODS

Sample collection and basic data. Samples were collected from the Blanes Bay
Microbial Observatory (BBMO) (41°40'N, 2°48'E), which is a shallow (~20-m)
coastal site about 1 km offshore on the Mediterranean coast, approximately 70
km north of Barcelona, Spain. Two experiments were performed, starting on 9
June 2009 (experiment 1) and 7 July 2009 (experiment 2). Samples (~50 liters)
were sieved through a 200-wm mesh and transported to the laboratory within 2 h.
Water temperature and salinity were measured in situ with a CTD (conductivity,
temperature, and depth) probe, and light penetration was estimated by using a
Secchi disk (36). Underwater profiles of photosynthetically active radiation
(PAR) at the sampling site were measured with a multichannel filter radiometer
(PUV-2500; Biospherical Instruments Inc.). The concentration of inorganic nu-
trients was determined spectrophotometrically by using an Alliance Evolution 1T
autoanalyzer according to standard procedures (19). The chlorophyll a (Chl a)
concentration was measured from acetone extracts by fluorometry, and the
abundances of heterotrophic bacteria and photosynthetic phytoplankton were
measured by flow cytometry as described elsewhere (1).

Experimental setup. Seawater was subjected to four experimental treatments:
(i) whole unfiltered seawater (control [CT]), (ii) seawater prefiltered with a 1-um
filter to remove large predators while maintaining most bacteria (predator re-
duced [PR]), (iii) a 1:4 dilution of whole seawater with 0.2-um-filtered seawater
to reduce both predators and resource competition among bacteria (diluted
[DL]), and (iv) a 1:4 dilution of whole seawater with seawater filtered through a
30-kDa VivaFlow cartridge to reduce viruses, predators, and resource competi-
tion (virus reduced [VR]). The samples were subjected to these manipulations
and distributed into 2-liter Nalgene bottles that were incubated in duplicate for
3 days in a large water bath (200 liters) with circulating seawater to maintain the
temperature close to in situ conditions. The water bath was maintained under
natural light conditions (15-h-9-h light-dark cycles), except for the exclusion of
UV using two layers of an Ultraphan URUYV Farblos filter and a net that reduced
in situ light intensity to roughly mimic the light conditions of a water depth of
3 m, with the transparency measured in situ at the sampling time. PAR radiation
was monitored with a radiometer placed inside the incubation water bath. Sam-
ples were collected regularly during 3 days for the enumeration of total pro-
karyotes and AAP bacteria, measurements of leucine incorporation, BChl a
measurements, and fluorescence in situ hybridization (FISH).

Enumeration of total prokaryotes and AAP bacteria by epifluorescence mi-
croscopy. Subsamples were collected daily, fixed with 2% formaldehyde, and
filtered on a 0.2-pwm polycarbonate filter. Cells were stained with 4’,6-diamidino-
2-phenylindole (DAPI) and counted by using an Olympus BX51TF fluorescence
microscope as described previously (30). Briefly, three fluorescence images were
captured for each frame. First, total DAPI-stained bacteria were recorded in the
blue part of the spectrum; Chl a autofluorescence was then recorded in the red
part of the spectrum; and finally, both BChl a- and Chl a-containing organisms
were recorded in the infrared part of the spectrum (>850 nm). For each sample,
at least 8 frames (400 to 600 DAPI-stained cells) were recorded and analyzed
semimanually with AnalySiS software (Soft Imaging Systems) to distinguish
between heterotrophic bacteria, picocyanobacteria, and AAP bacteria. To obtain
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net AAP bacterial counts, the contribution of Chl a-containing organisms to the
infrared image was subtracted.

Bacterial biomass production. Bacterial biomass production was estimated by
using the [*H]leucine incorporation method (24), modified as described previ-
ously by Smith and Azam (41). Leucine incorporation was measured twice a day
by incubating three replicates plus one trichloroacetic acid-killed control for each
treatment in the dark with [*H]leucine (40 nM final concentration) for 2 h at
an in situ temperature. Activity was converted to bacterial production using
the theoretical conversion factor of 1.55 kg C mol ™! Leu, which is similar to
the average empirical conversion factor measured throughout a year in our
study site (3).

Bacteriochlorophyll a turnover. The measurement of bacteriochlorophyll a
turnover allows a simple assessment of mortality rates (loss term) of AAP
bacteria from diel changes of the BChl a concentration (26, 27). Changes in
pigment concentrations in the incubation mixtures were monitored by using
infrared kinetic fluorometry, as described previously (26), at least 4 times a day,
usually starting about 1 h after sunrise and finishing before dusk. BChl a turnover
was computed by single exponential decay fitting.

CARD-FISH. For the determination of bacterial community composition,
samples were fixed in paraformaldehyde (2% final concentration), and catalyzed
reporter deposition FISH (CARD-FISH) was performed as described previously
by Pernthaler et al. (33). Samples were hybridized with the following probes: a
mixture of Eub338-1, -1, and -III (4, 10) for Eubacteria; CF319a (4) for Bacte-
roidetes; Gam42a (4) for Gammaproteobacteria; Alt1413 (14) for Alteromon-
adaceae; NORS-730 (14) for NOR5/OM60; Ros537 (14) for Roseobacter; and
SAR11-441R (31) for SAR11 (for details, see reference 1).

Calculation of specific growth rates. Growth rates of the individual bacterial
groups were calculated based on the time course measurements of cell abun-
dances. Growth rates were calculated as p = In[(P,,/B,) + 1]/At, where P,, is the
change in cell abundance after Az, B, is the cell abundance at time zero, and Ar
is the difference between the final time and time zero (35). To minimize the
potential effects of prolonged incubation, the growth rates presented here were
calculated considering only the first 18 h of incubation in experiment 1 and the
first 20 h in experiment 2. Additionally, we used bacterial production data
derived from leucine incorporation to estimate bulk community growth rates, as
described previously by Kirchman (23), using 12 fg C per cell as a conversion
factor (18).

RESULTS

To estimate the effects of top-down and bottom-up controls
on different bacterioplankton groups, we conducted two ma-
nipulation experiments in which the growth rates of individual
groups were determined in a control treatment and when the
pressure of grazers, resource competition, and viruses was
largely reduced. The initial seawater sample for both experi-
ments was collected from the Blanes Bay Microbial Observa-
tory in the coastal Northwestern Mediterranean Sea. Most
bacterial predators were removed by filtering the water
through a 1-pm filter (PR treatment), resource competition
was reduced by diluting the original sample 1:4 with seawater
filtered with a 0.2-pm filter (DL treatment), and lysis by viruses
was reduced by diluting the original sample 1:4 with virus-free
seawater (VR treatment)(see Materials and Methods for de-
tails). Abundances of picoeukaryotes and Synechococcus were
measured in the initial incubation mixtures to check whether
the filtration and dilution treatments had reduced cell numbers
as expected. Numbers of Synechococcus and picoeukaryotes
were reduced about one-half in the PR treatment and about
25% in the DL and VR treatments, as theoretically expected
(data not shown).

The physicochemical and biological parameters of the orig-
inal seawater samples in the two experiments are listed in
Table 1. The Chl a concentration, inorganic nutrient concen-
tration, and bacterial and picophytoplankton abundances were
higher in experiment 1 (June) than in experiment 2 (July). The
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TABLE 1. Physicochemical and biological parameters of initial
sample in both experiments

Value for expt:

Variable
1 2

Temp (°C) 16.5 21
Secchi disk (m) 13 18
PAR subsurface (wmol photons m ™2 s~ ') 557 561
Chlorophyll a (ug liter ') 0.3 0.18
[PO4] (pM) 0.069 0.038
[NH,] (nM) 0.478 0.385
[NO,] (nM) 0.022 0.001
[NOs] (pM) 0.113 0.086
[Si] (pM) 1.464 0.556
Bacterial activity (pmol Leu h™"' liter ") 295 133
Bacterial abundance (10 cells ml™") 1.140 765
Synechococcus abundance (10° cells ml™") 29.0 18.8
Picoeukaryote abundance (10° cells ml~") 4.74 1.49
Avg abundance (%) * SD*

Eubacteria 877 72*5

Bacteroidetes 17+3 12+1

Gammaproteobacteria 12+3 10+1

Alteromonadaceae 2+1 1+1

NORS5/OM60 3+2 3+1

SARI11 33+£5 45+ 5

Roseobacter 6+2 42

AAP bacteria 5*1 7*1

@ In situ contributions to the bacterial abundances of the different bacterio-
plankton groups are represented as percentages of DAPI-positive cells.

level of bacterial heterotrophic production in the original sea-
water was over 2-fold higher in June than in July. Based on
infrared epifluorescence microscopy counts, aerobic anoxy-
genic phototrophic (AAP) bacteria accounted for 5% of the
total DAPI counts in experiment 1 and 7% in experiment 2. In
terms of phylogenetic groups, both samples were dominated by
the alphaproteobacterial group SARI11, followed by the Bac-
teroidetes and the Gammaproteobacteria. Roseobacter, the
NORS5/OMG60 clade, and Alteromonadaceae were found in low
abundances. In general, the percentages of the different phy-
logenetic groups were similar between the two starting sam-
ples, except for the SAR11 group, which accounted for 45% of
the total prokaryotic community in experiment 2, whereas it
represented 33% in experiment 1 (Table 1).

Effect of manipulations on abundances of total bacteria and
AAP bacteria. The manipulation of top-down and bottom-up
factors caused more than a 2-fold increase in the total bacterial
abundance during the first 2 days of incubation in experiment
1 and during the first day in experiment 2 (Fig. 1, top). There
was also an increase in bacterial abundance in the controls,
especially in experiment 1, but that increase was lower than
that for the other treatments. Interestingly, the removal of
predators led to a very rapid growth of AAP bacteria during
the first day of incubation (Fig. 1, middle), and their relative
abundances changed from the initial 5% to 18% in experiment
1 and from 7% to 15% in experiment 2. A reduction in re-
source competition (DL treatment) also promoted an increase
in the percentages of AAP bacteria up to 15% and 17% in both
experiments. For the VR treatment, the percentages of AAP
bacteria increased up to 17% and 11% in each experiment,
respectively. There was a minor increase in the abundance of
AAP bacteria in the control treatment of experiment 1 and
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almost no change in experiment 2. In addition to absolute
counts of AAP bacteria, we monitored BChl a signals through-
out the experiments and found that, in general, the day-to-day
accumulation of the pigment measured shortly after sunrise
followed the same trends as those of AAP bacterial abundance
(Fig. 1, bottom).

Effect of manipulations on bacterial biomass production.
Despite the differences in the initial characteristics of the sam-
ple, similar changes in bacterial biomass production were ob-
served in both experiments (Fig. 2). Both prefiltration and
dilution treatments resulted in an immediate increase in leu-
cine uptake rates within the first day of incubation. Diluting
seawater had greater effects on bacterial production than did
the removal of predators by filtration. In particular, the great-
est increase was observed when samples were diluted with
virus-depleted seawater. There was also a small increase of
leucine uptake rates in the controls that could be explained by
the “bottle effects” of the incubation (water in the controls was
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FIG. 1. Changes in abundances of total prokaryotes (top), aerobic
anoxygenic phototrophic (AAP) bacteria (middle), and bacteriochlo-
rophyll a signals (lower) during incubations in the two experiments.
CT, control; PR, predator reduced; DL, diluted; VR, virus reduced.

Data shown represent averages * standard deviations for two repli-
cated bottles.
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FIG. 2. Bacterial heterotrophic production measured as the rate of leucine incorporation during incubations in the two experiments. Data
shown represent averages * standard deviations for two replicated bottles.

neither filtered nor treated by any means). After the increase
on the first day, leucine incorporation rates decreased toward
the end of the incubation in all treatments (Fig. 2).

Effect of manipulations on bacteriochlorophyll a turnover
rates. Diel changes in BChl a concentrations were used to
calculate mortality rates for AAP bacteria as demonstrated in
previous work (26, 27). The method is based on the fact that
BChl a pigment synthesis in AAP bacteria is naturally inhibited
by light (21, 26, 46), and therefore, the mortality of AAP
bacteria results in a decrease of the BChl a concentration
during daylight that is proportional to the rate of mortality for
AAP bacteria. The validity of this method relies on two main
assumptions: that pigment synthesis is fully inhibited by light
and that pigment loss is due to cell mortality only (26). The
incomplete inhibition of BChl a synthesis (i.e., due to low-light
conditions) would result in underestimated mortality rates,
whereas an unspecific pigment loss (such as photobleaching)
would cause an overestimation of real values.

We estimated the mortality rates of AAP bacteria by mea-
suring turnover rates in the control treatment. BChl a decay
rates were measured during day 2 of experiment 1 (water
samples were placed in the incubators on day 1 at around
4 p.m.). Unfortunately, we could not measure BChl a turnover
rates in experiment 2 since BChl a synthesis was not fully
inhibited, probably due to low-light conditions (overcast). The
average PAR during the light hours of the 3-day incubation in
experiment 1 was 600 wmol photons m~ 2 s~ !, whereas during
experiment 2, it was 360 pwmol photons m~ 2 s~ '. Furthermore,
the variability in irradiance was much greater during experi-
ment 2 because of alternating sunny skies and overcast and
rainy weather conditions. The BChl a signal in the control
treatment of experiment 1 decayed at a rate of 1.60 = 0.04
day~! (mean of 2 replicates = standard deviation). The ma-
nipulation of top-down and bottom-up controls resulted in a
reduction of the decay rate in all treatments (Fig. 3). The
removal of grazers by filtration (PR treatment) reduced the
rate of decay to 1.01 = 0.18 day~* (~37% reduction), whereas
the dilution treatments reduced the decay rates to 0.97 = 0.18
day™! (DL) and to 1.16 = 0.18 day ' (VR), which were ap-
proximately 39% and 27% reductions compared to the control
rate, respectively.

Effect of manipulations on growth rates. Growth rates mea-
sured for the control treatment are considered net growth
rates, since predators and viruses were present in the sample
and would represent in situ growth rates. Using changes in
abundance over time in the control treatment, we estimated
that the total prokaryotic community (as estimated from DAPI
counts) grew at net rates of 0.66 + 0.07 day* and 0.24 + 0.03
day~' in each experiment, respectively. The whole bacterial
community (FISH-determined Eubacteria-positive [Eub*] cells)
grew at about the same rate as the total prokaryotes (0.72 *
0.05 and 0.44 = 0.10 day '), which is consistent with the fact
that the percentage of cells hybridized with the Eubacteria
probe was very high (87% * 7% and 72% * 5% of total DAPI
counts in each experiment). In addition, we calculated the
growth rate of the whole community using leucine incorpora-
tion rates and standard conversion factors. In experiment 1,
the growth rate in the control experiment derived from bacte-
rial production data was 1.82 day !, and in experiment 2, it was
1.22 day™!, which are higher than the growth rates based on
changes in cell abundance. However, using production data,
growth estimates should be close to gross growth rates, since
the loss is minimized by short sample incubation times (1 to
2 h), and therefore, the mortality that occurs on a longer
temporal scale is not taken into account. Aerobic anoxygenic
phototrophic bacteria displayed different growth rates between
experiments: in June, they were growing at a rate of 1.62 =

-
[3,]

ik

FIG. 3. Bacteriochlorophyll a turnover rate measured from diel
changes of pigment concentrations in the different treatments of ex-
periment 1. Error bars represent standard deviations for two replicated
bottles.

o
3

BChl a decay (day™)

o




Vor. 77, 2011 GROWTH RATES OF MARINE BACTERIOPLANKTON 7455
6
Exp.1 cT DL = VR
4 — L -
©
$ e mf o e m ﬁﬁ L
g 6 =
; Exp.2 s
s 4 - - -
o
e e L] A 0 T
ang<gg%¥§ ang<g%8 maog Zg% ang gg@i

FIG. 4. Growth rates of individual groups derived from changes in abundance during the incubations in experiment 1 (top) and experiment 2
(bottom). Error bars represent the standard deviations for two replicated incubations. PRO, total prokaryotes as measured by DAPI staining; EUB,
Eubacteria; AAP, aerobic anoxygenic phototrophic bacteria; GAM, Gammaproteobacteria; ALT, Alteromonadaceae; NORS, NOR5/OM60 clade;

SARI11, SARI11 clade; ROS, Roseobacter; CFB, Bacteroidetes.

0.20 day™' in the control treatment, whereas in July, their
growth rate was 0.32 = 0.09 day .

In addition to measurements of heterotrophic and AAP
bacteria, we determined the growth rates of six distinct phylo-
genetic groups (Fig. 4, CT panels) that were identified by
CARD-FISH. In general, the results were similar in the two
experiments. Bacteroidetes grew at about the same rate as the
total community (0.71 = 0.32 day ' in experiment 1 and
0.48 * 0.20 day ' in experiment 2). As expected, the two
groups analyzed that belong to the Alphaproteobacteria sub-
class presented contrasting behaviors: Roseobacter grew much
faster than SAR11, which displayed the lowest growth rates in
both experiments (~0.07 day '). The maximal growth rates
corresponded to the Gammaproteobacteria (1.05 = 0.30 day '
in experiment 1 and 1.01 = 0.02 day ! in experiment 2) and its
subgroups. In particular, we examined the gammaproteobac-
terial NOR5/OMO60 clade, which includes cultured AAP bac-
terium representatives of the Gammaproteobacteria (16) and
the Alteromonadaceae, which can bloom under certain condi-
tions and, thus, are expected to grow at high rates. Indeed,
both NORS5/OMO60 and Alteromonadaceae presented high
growth rates (1.74 * 0.07 day ! and 2.35 * 0.39 day ! in
experiment 1 and 1.28 + 0.10 day~ ' and 1.39 = 0.21 day ' in
experiment 2, respectively).

Manipulation treatments resulted in increases in the growth
rates of all groups studied; however, the extent of the increase
differed largely among the individual treatments and among
the different groups (Fig. 4, PR, DL, and VR panels). The
growth rates of AAP bacteria increased substantially in all
treatments compared to the controls and grew at maximum
growth rates of 3.71 = 0.38 day ' in the VR treatment in
experiment 1 and 2.38 * 0.07 day ' in the DL treatment in
experiment 2 (Fig. 4). However, again, the Gammaproteobac-
teria and their subgroups were the faster growers in all cases. In
particular, the Alteromonadaceae displayed the highest rates,
growing at rates of up to 3.66 * 0.28 day ' (experiment 1) and
3.97 = 0.03 day ' (experiment 2) when predators were re-
moved, 4.70 = 0.08 and 5.32 = 0.34 day ! as a response to

dilution, and 5.44 = 0.05 and 5.81 = 0.07 day '
depleted treatment.

in the virus-

DISCUSSION

Growth rates of marine bacterioplankton are routinely esti-
mated from radiolabeled substrate uptake rates (23). In the
last few decades, much has been learned about bacterial pro-
duction and growth in the ocean (11, 13, 23), but most of those
studies addressed bacterioplankton as a homogeneous assem-
blage, and only very few studies determined growth rates of
individual bacterial groups. In this work, we measured the
growth rates of aerobic anoxygenic phototrophic bacteria and
of several important phylogenetic groups in the coastal Med-
iterranean Sea and used experimental manipulations to ascer-
tain which are the key factors controlling their growth.

Our results demonstrate that some bacterioplankton groups
such as the AAP bacteria and the Alteromonadaceae are capa-
ble of growing at much higher rates than others (Fig. 4). The
rapid growth of AAP bacteria is consistent with previous ob-
servations that, based on bacteriochlorophyll a decay measure-
ments, suggested that these organisms grow at high rates in the
ocean (27). The estimated growth rates of AAP bacteria in our
experiments with the BChl a decay method and with changes in
cell abundance were within the same range. These results con-
firm that the decay approach is a valid and quick method to
monitor in situ growth rates of AAP bacteria.

As expected from previous reports (14, 15, 44) (Table 2), the
Gammaproteobacteria were also growing at high rates. Despite
being present in very low abundances in the original sample,
both individual gammaproteobacterial groups targeted, the
NORS5/OM60 clade and the Alteromonadaceae, displayed high
growth rates. The ability to grow at such rates may explain why,
despite generally representing a small percentage of marine
bacterioplankton, these groups can be abundant or even dom-
inate microbial communities under certain conditions (1, 5,
43). In contrast, the Betaproteobacteria and Alphaproteobacteria
are typically the fastest growers in freshwater lakes (22) and in
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estuaries (15, 45), respectively. We did not measure the growth
rates of the Betaproteobacteria because they are not usually
present in our study site (1), nor did we study those of the
Alphaproteobacteria, since this broad phylogenetic group in-
cludes subclusters with very different lifestyles and ecological
traits (17). We instead measured the growth rates of two rel-
evant alphaproteobacterial subgroups, SAR11 and Roseobac-
ter, which are present in significant numbers in diverse marine
habitats (8, 31). As expected, they displayed different rates of
- o growth: SAR11 grew at very low rates (~0.07 day ' in both
22"? <7 experiments), in agreement with previous observations from
4 other coastal systems (20, 42), whereas Roseobacter grew at
higher rates (0.90 and 0.30 day ). The Bacteroidetes grew at
rates similar to those of the bulk community and within the
same range as those of previous reports (Table 2). Interest-
ingly, phylogenetic groups that include members of the AAP
bacteria, i.e., Roseobacter and the NOR5/OMG60 clade, dis-

played rates of growth comparable to those measured for the
zZIan AAP bacteria, which may be an indication that the AAP bac-

S terial community in our study site is composed of both gamma-
and alphaproteobacterial phylotypes, as reported previously
for other areas of the Mediterranean Sea (29).

Net growth rates are dependent on the balance between the
gross growth rate, determined largely by nutrient availability
and other physicochemical variables (bottom-up factors), and
the mortality rate, which is dictated by top-down processes
(e.g., grazing and viral lysis). In addition to measuring net
growth rates in the control treatment, we measured growth
rates in treatments in which grazing, viruses, and resource
competition were reduced. By comparing these growth rates,
we can estimate the effects of top-down and bottom-up pro-
cesses. Our estimations, however, indicate their relative effect,
since the measurement of the net effect of top-down and bot-
tom-up factors experimentally suffers from important method-
ological limitations. For example, in the predator-reduced
treatment, grazing pressure was relieved by filtration, but the
incomplete removal of predators, the removal of particle-at-
tached bacteria, or carbon enrichment due to cell lysis during
filtration may affect estimates of the net effect of predators.
Moreover, by dilution, we decreased the competition for the
available resources due to the reduction in bacterial cell num-
bers, but at the same time, we reduced bacterial grazing mor-
tality by decreasing the encounter frequency between predator
and prey. The extent of the reduction of grazing pressure was,
however, different than that in the predator-reduced treat-
ment. Moreover, in the virus-reduced treatment, we removed a
high percentage of lytic viruses, but lysogenic viruses may still
have an impact on the growth of the different bacterioplankton
groups. Despite these methodological limitations, we could
generate an estimation of the relative effect of grazing pressure
by comparing the growth rates of the predator-reduced and the
control treatments. The effect of resource availability was es-
timated by the difference between the dilution and predator-
reduced treatment, and finally, by comparing the virus-de-
pleted treatment with the diluted treatment, we estimated the
mortality induced by viral lysis.

In general, we found that reductions of mortality and of
resource competition had different effects on the growth rates
of the individual bacterioplankton groups (Fig. 5). Differences
between experiments may be explained by the different initial
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FIG. 5. Relative effects of top-down and bottom-up controls on the
growth rates of the different groups. Differences in growth rates
(day ") between control (CT) and predator-reduced (PR) treatments
indicate the effects of grazing, those between diluted (DL) and pred-
ator-reduced treatments indicate bottom-up control, and those be-
tween virus-reduced (VR) and diluted treatments indicate the effect of
viruses. See Materials and Methods for details.
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conditions, since organism abundances and nutrient availabil-
ity were different (Table 1). In particular, growth rates of the
total prokaryotic (DAPI counts) and bacterial (FISH-deter-
mined Eub™ cells) community increased when reducing mor-
tality and competition for resources, which indicates that both
top-down and bottom-up factors interact in controlling the
community. However, we found some differences in the effects
of grazing and viruses between experiments. Whereas in June,
both viruses and grazers seemed to have similar effects on the
growth of prokaryotic and bacterial communities, in July, the
impact of grazers was stronger than that of viruses (Fig. 5). A
2-year study of bacterioplankton mortality in Blanes Bay (6)
found that, in general, protists are the main cause of mortality,
but during some periods, viruses can equal protists as agents of
mortality. Our observations confirm that both forms of top-
down processes may be important in controlling the microbial
community in our study site.

In contrast, grazing had a much stronger effect than other
factors on the growth of AAP bacteria, supporting the hypoth-
esis that their large size would make them more vulnerable to
flagellate attack than other bacteria (27). Likewise, Bacte-
roidetes and NORS/OM60 appeared to be more affected by
predation than by other factors. The Alteromonadaceae, which
were reported previously to be subjected to higher grazing
pressure than other groups (5), responded positively to the
reduction of grazers but also to the reduction of viruses and to
resource availability. The alphaproteobacterial groups Roseo-
bacter and SARI11 displayed different responses between ex-
periments. The growth rate of Roseobacter increased signifi-
cantly in June, when we reduced grazers and resource
competition, whereas in July, the increase was mostly when
grazing was reduced. In both cases, mortality due to viruses did
not seem to be key in controlling the growth of Roseobacter
populations. In contrast, viruses played an important role in
controlling SAR11 growth, at least in one experiment, al-
though SARI11 growth also increased when grazing was re-
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duced. Despite the fact that the reported growth rates for
SARI11 tend to be low (e.g., see references 37 and 42), we
found that their turnover rates can be in some cases up to 1.82
day~!, which is much higher than the values previously re-
ported.

We found that growth rates did not correlate with abun-
dance under any conditions. The AAP bacterial community
was growing at average rates of 1.6 day ™~ in spite of accounting
only for 5 to 7% of the total prokaryote abundance (Table 1).
Besides the AAP bacteria, Alteromonadaceae, NOR5/OM60,
and Roseobacter, which were also present in low abundances,
were growing at high rates. The Bacteroidetes, which on aver-
age constitute ca. 11% of the bacterial community at the study
site (1), presented intermediate growth rates. The slower
grower in all treatments was the SAR11 group, which, how-
ever, dominates Mediterranean surface waters and seems to be
the most abundant bacterial group in the world’s oceans. Thus,
the least abundant groups present were those that showed high
growth rates, whereas contrarily, the most abundant groups
showed lower growth rates. However, AAP bacteria and other
fast-growing groups were subjected to high grazing pressure.
This process might in part be responsible for the low popula-
tion densities of these groups typically found in the marine
environment.

In conclusion, our results indicate that some minor groups,
such as the AAP bacteria, among others, are actively growing
and therefore may play a much more important role in the
recycling of organic matter in the ocean than what their abun-
dances alone would predict. In oligotrophic systems, however,
bacteria seem to maximize carbon utilization rather than bac-
terial growth efficiency (BGE) (11), and therefore, slow grow-
ers may also have a significant impact on marine biogeochemi-
cal cycles by having a particularly small BGE. Nevertheless,
very little is known about intrinsic BGEs of different bacterio-
plankton groups, and further studies would be necessary to
determine their real contribution to carbon processing in the
ocean.
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