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Abstract

In order to assess the factors that determine the dynamics
of bacteria with high nucleic acid content in aquatic
systems, we (i) conducted 24-h in situ dialysis experi-
ments, involving different fractions of plankton and
unfiltered water and (ii) examined empirical relation-
ships between bacteria and both abiotic factors and
protists, in boreal humic freshwaters (reservoir and lakes)
in the James Bay region (Québec, Canada). Bacteria were
subdivided into two subgroups on the basis of their
nucleic acid content assessed by flow cytometry. The
abundance of bacteria with the highest nucleic acid
content and high light scatter (HNA-hs) was significantly
correlated, across sites, to bacterial production, whereas
bacteria with lower nucleic acid content (LNA) and total
bacteria were not. In addition, HNA-hs growth was
higher and more variable than LNA growth, indicating
that HNA-hs were the most dynamic bacteria. Hetero-
trophic nanoflagellate and ciliate biomass represented, on
average, 5 and 13% of bacterial biomass, respectively.
Both in ambient waters and in experiments, ciliates were
significantly and negatively correlated with bacteria,
whereas heterotrophic nanoflagellates, likely under the
grazing pressure from ciliates and metazooplankton, were
not. Among ciliates, Cyclidium glaucoma appeared to
play an important role. Its growth was significantly and
negatively correlated to that of HNA-hs but not to that of
LNA. In ambient waters, the abundance of this species
explained 56% of the variations in HNA-hs abundance
and only 27% of those for LNA. The abundances of total
bacteria and LNA significantly increased with chlorophyll
a, whereas those of HNA-hs did not. In addition, during
the experiments, the estimated potential losses of HNA-
hs significantly increased with the initial abundance of
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C. glaucoma. These results suggest selective removal of
the most dynamic bacteria by C. glaucoma and indicate
that ciliates may play an important role in the dynamics
of active bacteria in natural waters. These findings suggest
the existence, within the aquatic microbial food webs, of
keystone species that are very important in regulating the
activity structure of bacteria.

Introduction

Bacteria are significant components of the planktonic
biomass [50] and are known to play an important role in
biogeochemical processes in pelagic systems [3, 15].
Bacteria, as a whole community, are also the least variable
component of the plankton [9, 11], although they are
among the fast-growing microorganisms in natural wa-
ters. It is now well known that only a fraction of plank-
tonic bacteria is metabolically highly active at a given
time. It has also been shown that the abundance of these
active bacteria is more variable, across systems, than total
bacterial abundance [12, 51]. The development of new
methodologies has allowed us to improve our under-
standing of bacterial communities. It is now known, for
instance, that planktonic bacteria are very complex in
terms of taxonomy, vulnerability to grazers, and physi-
ological activity, among other factors, and that important
temporal changes, with regard to these aspects, occur
within these communities [13, 29, 49], despite the rela-
tive constancy in their total abundance. There is also
evidence that active bacterial cells are responsible for a
large portion of growth and production [34]. However,
the factors that determine the dynamics of active bacteria
in aquatic systems are still not well understood, although
a relatively large number of studies have quantified their
abundance and proportion (references in [46]).
Addressing this question is important for microbial food
web models (e.g., [22, 55]), since they still generally
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consider bacterial communities as homogeneous assem-
blages.

Laboratory experiments have shown that a signifi-
cant number of bacteria that are apparently dormant
may become active following nutrient and/or substrate
addition (e.g., [2, 8]). Comparative studies over wide
ranges of productivity have shown that variations in the
abundance of active bacteria may be related to variations
in water temperature and chlorophyll a [12, 51]. Selec-
tive removal of active cells by protists has also been
suggested as a mechanism that may determine the
abundance of active bacteria in aquatic systems [45]. In
their in situ experimental study in the Mediterranean Sea,
del Giorgio et al. [13] found, for instance, that the
proportion of active bacteria decreased as the grazing
rates of heterotrophic flagellates increased. Some other
studies have indicated that grazing by protists and
Daphnia may regulate the abundance of active bacteria in
aquatic systems [2, 16, 46]. However, most of these
studies have been conducted in laboratory and some
have used relatively high concentrations of grazers (e.g.,
3000 flagellates mL™" and 50 Daphnia galeata L™ [46]),
which are not commonly found in oligotrophic systems.
All the studies referred to above have used the CTC
method to quantify the abundance of active bacteria.
However, this method has been questioned because CTC
may have toxic effects on bacterial metabolism (refer-
ences in [44]).

Since the study of Li et al. [36], it has been suggested
that the nucleic acid content of bacteria can be used as an
index of their activity or that the percentage of bacteria
with high nucleic acid content can be used as the number
of active bacteria [e.g., 23, 34]. One way of examining
this nucleic acid content is to stain bacteria with nucleic
acid dye and analyze the sample by flow cytometry. This
method, which allows the distinction of at least two
bacterial subgroups characterized by high and low
apparent DNA content [36], has increasingly been used
in attempts to quantify the number of active bacteria in
water systems. Several studies indicate that active cells
tend to have higher nucleic acid content [5, 34]. To our
knowledge, only two field studies, both from the Medi-
terranean Sea, have analyzed the relationships between
bacterial physiological subgroups (as assessed by direct
methods) and grazers. These studies have related het-
erotrophic flagellates to CTC-positive bacteria [13] or to
bacteria with different DNA content [53].

The aim of this study was to explore the factors that
determine the abundance of bacteria with high nucleic
acid content (as determined by flow cytometry) in pelagic
environments. This study was conducted in a boreal
humic reservoir and four surrounding lakes. Data on
microbial food webs in such environments are scarce. In
humic aquatic systems, mixotrophic flagellates and, in
some cases, heterotrophic nanoflagellates (HNF) are
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considered key in determining the fate of bacterial pro-
duction [24, 30]. In boreal humic aquatic systems, the
qualitative and functional importance of ciliates has re-
ceived little attention [30, 56]. Given the existing evi-
dence that protist grazers may selectively remove active
bacteria, we hypothesized that the dynamics (abundance
and growth) of bacteria with high nucleic acid content
would be controlled by their dominant protist group. To
test this hypothesis, we (i) carried out in sifu experiments
involving size fractionation of plankton, in order to
examine the relationships between the growth of bacterial
subgroups (with high and low nucleic acid content) and
that of protists, and (ii) analyzed the empirical relation-
ships between the abundance of the subgroups of bacteria
and both the abiotic factors and the abundance of pro-
tists (HNF, mixotrophic flagellates, and ciliates) in
ambient waters.

Materials and Methods

Study Sites.  The present study was conducted in the
Reservoir Lagrande 2 (LG 2, now known as Reservoir
Robert Bourassa) and four surrounding lakes (Lakes
Desaulnier, Patukami, Ukaw, and Yasinski) located in the
eastern part of the James Bay region (Québec, Canada)
(Fig. 1). LG2 is a large hydroelectric reservoir that be-
longs to the hydroelectric complex of the Lagrande River
(52°N, 54°N). The relief of this region comprises, from
west to east, a coastal plain (150 km wide with scattered
peat bogs and clay deposits), a hilly central plateau with
numerous lakes, and, at the eastern end, an area of
rougher terrain. The vegetation is a coniferous forest
mainly composed of black spruce or jack pine. The entire
area is underlain by granitic bedrock (Canadian Shield).
The morphometric characteristics of the study sites are
given in Fig. 1 and Table 1. Both the reservoir and lakes
were sampled because this work is part of a compre-
hensive study intended to compare reservoirs with nat-
ural reference lakes, in terms of carbon flow within the
food web.

Sampling.  Samples were collected in mid spring
(~2 weeks after snow melt) and midsummer in 2001, at
two stations in each lake (near the inlet and at the deepest
station) and 10 stations in the reservoir (Fig. 1). Exper-
imental samples were taken and incubated at two addi-
tional stations (station Marina in LG2 and station E in
lake Desaulnier). The experimental stations were chosen
for their accessibility and location near the field labora-
tory. Samples were taken using a seaplane for stations
with a depth >10 m and a boat for the others (Table 1).
Prior to sampling at each station, thermal and light
profiles were determined. Temperature was measured in
situ using either a temperature/O,-meter (YSI 5718 DO
probe) or a multiparameter probe (YSI 6600). Light
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Figure 1. Spatial location of the study sites. The numbers in the reservoir indicate the sampled stations. The dotted arrows indicate the
main flow of waters. The letter M indicates the experimental station in the reservoir (Marina station).

profiles in the water column were measured using a
Li-1400 apparatus equipped with a submersible probe
(Li-193 SA), and the limit of the euphotic zone was
determined as the depth at which 1% of the subsurface
photosynthetically active radiation (PAR, 400 to 700 nm)
penetrated.

All samples were collected with a 8-L Van Dorn
sampler. Samples for examination of empirical relation-

ships between microbial compartments in ambient waters
were taken every 0.5 m in the entire water column for
stations with depths <4 m and in the epilimnion or the
euphotic zone (when the water column was not thermally
stratified) for the other stations. The samples taken at
each station were then pooled, because they were also
used for concurrent measurements of chlorophyll a and
plankton photosynthesis and respiration. Samples for the
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Table 1. Location and characteristics of the sampled stations in Reservoir LG2 and lakes

Water depth

Volume Maximum Sampled at the sampled

Ecosystem (x 10°m?) area (km?) station Location station (m) DOC (WM L)

Lake Desaulnier 86 10.6 A 53°34’10”N, 77°34’ 07”"W 14 749
B 53°38” 40N, 77°3513”"W 1 744
E nd 7 741

Lake Patukami 247.1 42.4 A 54°14" 28”'N, 75°53" 43"W 40.7 452
B 54°14" 30N, 75°51’46”"W 1.6 349

Lake Ukaw 16.3 3.3 A 53°55’35”N, 76°00"44"”W 17 550
B 53°55’52”N, 76°59°43”"W 3.18 623

Lake Yasinski 198 41 A 53°17’10”N, 77°29'07"W 21 904
B 53°17’59”N, 77°26” 50”"W 1 889

Reservoir LG2 19365 2835 318 53°41’13”N, 76° 45" 39”"W 26 408
406 53°43’06”N, 76°10°05°W 26 390
615 53°44’14”N, 77°32'17"W 59 525
610 53°45’09”N, 77°11’50”W 21 479
039 53°40'58”N, 77°14'50"W 23 508
014 53°36"28”N, 77°27'17"W 445 528
336 54°01’35”N, 76°30” 32”"W 36.5 424
604 53°47°20”N, 76°59°02""W 18.5 421
Marina nd 9.4 nd
509 53°32’14”N, 76°38" 57”"W 43.3 511
D24-B nd nd 591

DOC (Dissolved organic carbon) values are average for the two seasons, except for station D24-B, which was sampled only once (in summer). Details on
DOC measurements will be presented elsewhere (Tadonléké et al., in prep.).
Station A: deep station; Station B: shallow station; Station E: experimental site in Lake Desaulnier; station Marina: experimental site in the Reservoir LG2; nd:

not determined.

experiments were taken at the 1-m depth. All the samples
taken for microbial community counts were preserved
after collection, using formaldehyde (final concentration
2 % v/v) for bacteria, glutaraldehyde (final concentration
1% v/v) for plastidic nanoflagellates (ANF) and hetero-
trophic nanoflagellates (HNF), and acidic Lugol’s solu-
tion for ciliates. These samples were stored at ~4°C until
analysis. Bacteria were analyzed within 2 weeks after the
end of each sampling interval. All protists were counted
within 2 months after collection.

Experimental Setup. Five experiments were con-
ducted during our investigation. Two of them were
performed at station E in Lake Desaulnier (one in spring
and one in summer: experiments 1 and 5, respectively)
and the other three at the station Marina of LG2 (two in
spring and one in summer: experiments 2, 3, and 4,
respectively). These experiments were done with size-
fractionated and unfiltered plankton samples, in order to
(i) examine trophic dynamics within the planktonic
communities, especially the grazer effects on bacteria and
(ii) check possible limitation of bacteria by resources.
Lake water was passed through screens of varying pore
size by gentle vacuum (on 1 pum filters and 5 um Nitex
net) or by gravity (20 pm Nitex net) in order to produce
treatments with varying grazer concentrations. Our
treatments were thus <1 pum (grazer-free), <5 um, <20
pum, and unfiltered lake water. In most of these filtrates,
organisms with sizes larger than the filter pore size were
not found. In the other, <1% of these organisms were

found. Three replicate dialysis bags were filled with water
from each treatment. The dialysis bags (Spectra/por 1)
had a cutoff size of 6000—8000 Da and a flat width of 80
mm. They were cut in lengths of ~60 cm to hold 1100-
1200 mL, washed in distilled water, rinsed overnight, and
then soaked for 5 h in Milli-Q water prior to the start of
each experiment. Before the dialysis bags were clamped,
subsamples were collected from the three replicates of
each treatment and preserved, as indicated above, in
order to determine initial concentrations of bacteria,
ANF, HNF, and ciliates. The dialysis bags were tied
randomly on four incubation systems, each designed to
support three bags. Incubations were performed in situ at
the 1 m depth (i.e., where water samples were collected)
for 24 h, and then all dialysis bags were retrieved and
resampled to examine changes in the abundance of the
above-cited microorganisms. The incubations last only 24
h because of the extremely windy conditions, which did
not allow collection of samples by boat at many stations
and also destroyed some of our experiments before 36 h
or even before 24 h of incubation (e.g., in Lake Yasinski).

Sample Analyses. ~ Samples for chlorophyll a (Chl
a) determination were passed through GF/C glass fiber
filters and the latter were frozen until analysis. Chl a
collected on filters was extracted in hot ethanol in the
dark and concentrations were measured spectrophoto-
metrically.

A few minutes before bacterial analyses, a working
solution of the nucleic acid dye was prepared by adding
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10 puL of a stock solution of the dye SYBR Green II
(Molecular Probes) to 90 pL of 0.2-pm-filtered Milli-Q
water. The affinity of SYBR Green II for RNA, which is
considered as an indicator of cellular activity, is higher
than for DNA [33]. To determine the abundance and
relative size of bacteria (by flow cytometry), subsamples
of 0.5-1 mL of the formaldehyde-preserved samples were
spiked with 2.5-5 pL of the working solution of dye and
50 pL of a solution of yellow-green 0.92-pm fluorescent
latex beads as an internal standard. The prepared subs-
amples were incubated in the dark at room temperature
for 15 min and then analyzed using a Becton-Dickinson
flow cytometer equipped with a laser emitting at 488 nm.
Samples were run at low speed (~12 puL min~"). For each
subsample ~10,000 events were recorded in log mode. A
plot of green fluorescence measured at 530 £ 30 mn
(FL1) versus 90° light scatter (SSC, a parameter related to
cell size) was used to discriminate and count stained
bacteria (i.e., the total and those delimited as subgroups
based on their fluorescence). To refer to bacterial sub-
groups, we have followed the terminology of Lebaron et
al. [34], i.e., we have used the terms bacteria with high
and low nucleic acid, instead of bacteria with high and
low DNA.

Bacterial biovolumes were estimated using an equa-
tion that links bacterial cell volume to bacterial average
SSC obtained from flow cytometry analyses. This rela-
tionship was determined using 26 samples collected
mainly from ambient oligotrophic waters in spring and
summer of 2002, because we did not prepare samples for
counts of bacteria by microscopy in 2001 (i.e., this
study). For each of the 26 samples, we carried out con-
current measurements of bacterial cell dimensions under
an epifluorescence microscope and bacterial average SSC
normalized to beads, using flow cytometry after staining
of samples with SYBR Green II. These cell dimensions
were taken on bacteria stained with DAPI (4’6 diamidi-
no-2-phenylindole, [39]) and converted into cell biovo-
lume assuming that the forms of bacteria corresponded
to geometric shapes. Filament morphotypes were very
scarce. The obtained cell volumes were then plotted
against the normalized SSC values. This yielded a rela-
tionship (see Results) that was then used to estimate
bacterial cell volume in 2001 (i.e., this study), from
bacterial average SSC (normalized to beads) obtained
with samples of the same year. Bacterial carbon biomass
was estimated according to the carbon-volume relation-
ship described by Norland [37].

Bacterial production in ambient waters was esti-
mated from *H-leucine (Leu) incorporation. One form-
aldehyde-killed control and three replicate subsamples (5
mL) in black glass vials were spiked with 40 nM Leu
(specific activity = 167 Ci mmol ") and incubated for 60
to 90 min. Incubations were done in the dark in a box
containing water from the sampled station, in order to
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maintain the temperatures of the incubated samples close
to those of the original samples. Leu incorporation was
stopped using formaldehyde (2% v/v final concentra-
tion). Labeled bacteria were collected on 0.2-pm poly-
carbonate filters, incubated for 10 min, and rinsed twice
with 5 mL of cold 5% trichloroacetic acid. Filters were
stored at 4°C and analyzed later by liquid scintillation.
Rates of Leu incorporation were converted to carbon
production using the conversion factor of 3.1 kgC mol
Leu™ [31].

For heterotrophic nanoflagellate (HNF) counts, 20 to
30 mL of glutaraldehyde-preserved sample was stained
with DAPI (3 mg L™ final concentration) and filtered
through 0.8-pm pore size polycarbonate filters. Counts
were carried out under both blue and UV light at mag-
nification X 1000, using a Leitz DMR epifluorescence
microscope equipped with a 50-W HBO mercury lamp
and the appropriate exciter/barrier filter set. Plastidic
nanoflagellates (ANF) were counted on the slides pre-
pared for HNF counts. The autofluorescence of Chl a was
used to distinguish ANF and HNF. Analyses were done in
triplicate, and at least 100 cells for ANF (when there were
enough individuals) and 200 cells for HNF were counted
for each replicate.

Duplicate subsamples (200 to 250 mL) of Lugol-
preserved samples were placed in settling chambers for 48
to 60 h for ciliate counts. These counts were done in
duplicate because during the processing of samples after
incubation, water from some replicates was lost. Counts
were done under an inverted microscope with phase
contrast, at magnifications X 200 and x 800. The whole
settling chamber was scanned at low magnification, for
large ciliates. At least 300 ciliates were counted in each
replicate, and species or genera were identified using
several book guides [10, 19, 20]. To confirm our deter-
minations, we also examined samples brought to the
laboratory at Montreal, and stained using the Fernandez-
Galiano’s silver carbonate technique [18, 52]. HNF and
ciliate cell volumes were estimated from the linear
dimensions of cells in preserved samples, assuming their
form corresponded to the nearest geometric shapes.
Carbon content was estimated using the volume to car-
bon conversion factors of 0.22 pgCum ™~ for HNF [7] and
0.2 pgCum > for Lugol’s preserved ciliates [41]. For ANF,
we were not able to estimate cell dimensions in all
samples during counting, as we did for HNF and ciliates.
ANF cell dimensions were taken in only 39% of samples
at the time we were counting. Unfortunately, cell damage
that occurred due to problems in the storage of slides did
not allow us to complete the measurements and to cal-
culate ANF biomass.

Growth Rates of Microorganisms.  Net growth
rates of bacteria, HNF, and ciliates in the experiments
were calculated as changes in their respective abundances
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in the dialysis bags after the 24 h incubation, assuming
exponential growth: p = In(Ny/Ny)/T, where W is the net
growth rates (day™'), T'is the time (in days), and N and
N; the initial and final abundances of each of these
communities. The exponential model was used on the
basis of field-laboratory tests that consisted in examining
changes in the microbial abundance every 6 h for 60 h
incubations (not shown). ANF growth rates were not
calculated because these cells were found in low abun-
dance (<12 cells per slide) in the Marina samples, which
did not allow reliable counts.

Statistical Analyses. Seasonal mean values of the
studied variables were compared using the nonparamet-
ric Wilcoxon rank sum test. With the exception of tem-
perature, percentages, and growth rates, all variables were
logo-transformed for regression analyses, in order to
stabilize the variance. The slopes of the regressions were
compared using analysis of covariance (ANCOVA). The
probability level at which statistical analyses were ac-
cepted as significant was < 0.05.

Results

Temperature and Chlorophyll a Standing Stock. The
temperature of surface waters ranged between 4.1 and
19.7°C, the mean value in summer (15.2°C) being sig-
nificantly higher than that in spring (12°C, P = 0.0053).
All stations with depth >4 m (Table 1) were weakly to
strongly stratified, except for those in lakes Ukaw (both
in spring and summer), Desaulnier (in spring) and Ya-
sinski (in summer). For stratified stations, the limit of the
epilimnion was >6 m, 13 times out of 21.

Chl a concentrations were low and varied across sites
from 0.55 to 2.19 mg m™. The mean value in summer
(1.44 mg m ) was significantly higher than that in spring
(1.19 mg m~>) (P = 0.042), as for water temperature.

Microbial Community Standing Stocks—Bacterial
Production. ~ With respect to bacteria, three subgroups
were found in our samples (Fig. 2A). Here we followed
the terminology of authors who have also reported three
bacterial subgroups in natural samples (e.g., [57]. The
three subgroups were (i) bacteria with the highest nucleic
acid content and high light scatter (HNA-hs); (ii) bac-
teria with high nucleic acid content and low light scatter
(HNA-Is); and (iii) bacteria with low nucleic acid content
(INA). Because clear and ecologically relevant patterns
were found only for HNA-hs among these three sub-
groups, we summed the abundance of HNA-Is and INA
and presented these two bacterial subgroups as one
(LNA, for bacteria with lower nucleic acid content) in
this paper, for the purpose of simplification (however, see
Discussion).
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The relationship used to estimate bacterial average
cell volume in this study is shown in Fig 2B. Values of
these estimated volumes ranged between 0.031 and 0.044
pm’ cell™" (mean = 0.037) for the whole community.
The average cell volumes were higher for HNA-hs
(0.052-0.08 pm’ cell”', mean = 0.067) than for LNA
(0.029-0.04 pum’ cell™!, mean = 0.035). Because the
abundance and the biomass of each of the two bacterial
subgroups (HNA-hs, LNA) exhibited similar relation-
ships with the potential controlling factors under study
(Chl a, temperature, and protists), we will present only
the abundance of these subgroups in the rest of the
article.

Total bacterial abundance varied among sites by a
factor of 4.7, ranging from 0.8 to 3.65 (mean = 1.97) X
10° cells mL ™" (Fig. 3A). About 6% (range 3-11%) of this
total bacterial abundance was from HNA-hs, whose
abundance ranged from 0.35 to 2.5 x 10> cells mL™".
Total bacterial carbon biomass averaged 22 pgCL™" and
ranged across sites from 9 to 42.5 pgCL™" (Fig. 3B).

Rates of bacterial production, as assessed by leucine
incorporation, were low (0.3 to 9.5 ugC L™'d™") aver-
aging 1.62 and 2.1 pugCL™' d™' in spring and summer,
respectively. None of these bacterial variables showed
significantly different seasonal means (P > 0.18).

HNF abundances in this study were at the low end of
values (20—>20,000 HNF mL™") generally reported for
pelagic waters [6]. Our values ranged from 37 to 601
(mean = 145) cells mL™", all samples included, and from
93 to 278 cells mL™" in initial experimental samples (i.e.,
before incubations). HNF carbon biomass varied between
0.24 and 2.31 (mean = 0.97) pgCL™" and represented, on
average, only 5% (1 to 14%) of bacterial carbon biomass.
Both HNF abundance and biomass mean values signifi-
cantly decreased from spring to summer (Fig. 3 C, D).
The HNF assemblages were numerically dominated by <5
pm cells, whose contribution to total HNF abundance
ranged from 55 to 96% (mean = 81%) in all ambient
samples, and from 71 to 83% in experimental samples at
the start of incubations. In terms of biomass, HNF with
size < 5 pm contributed, on average, to 38% (4-79%) of
total HNF. In terms of both abundance and biomass, no
significant difference was found between spring and
summer in the relative contributions of these small HNF
to total HNF (P > 0.31). Most HNF cells resembled
Bicosoecids and Kinetoplastids.

Plastidic nanoflagellates (ANF) were considered in
this study as potential mixotrophs since it is difficult to
distinguish strict autotrophs from mixotrophs by only
visual inspection under an epifluorescence microscope.
ANF abundance was low, ranging from 3.3 to 246
(mean = 89, n = 33) cells mL™". In contrast to HNF,
ANF did not show significant seasonal difference in
abundance (100 and 92 cells mL™" in spring and summer,
respectively, P = 0.36). The community comprised
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Figure 2. (A) Example of cytograms
found during our study (sample from
Lake Ukaw 1 July 2001). FLI: green
fluorescence; SSC: 90° light scatter.
HNA-hs, HNA-Is, and INA represent
bacteria with high nucleic acid content
and high light scatter, bacteria with
high nucleic acid content and low light
scatter, and bacteria with low nucleic
acid content, respectively. The particles
in the spot just below INA were not
considered as bacteria, based on their

0.00 . , .
0.01 0.02 0.03 0.04

Bacterial relative light scatter

mostly Rhodomonas-like and spherical cells. Larger
plastidic flagellates were scarce.

Ciliate abundance fluctuated between 1500 and
10,600 (mean = 5394) cells L™!, whereas ciliate carbon
biomass varied from 0.48 to 5.47 (mean = 2.38) ],thL_1
(Fig. 3 E, F). Ciliate biomass averaged 13% (2-43%) of

very small relative size. (B) Illustration
of the relationship used to estimate
bacterial cell volume. The numbers in
brackets are standard error of estimates
(see text for details).

0.05

total bacterial biomass and exceeded HNF biomass in all
but two samples. These two samples excluded, HNF
biomass represented from 8 to 93% (mean = 40%) of
ciliate biomass. As for HNF, the mean values of both the
abundance and the biomass of ciliates significantly de-
creased from spring to summer (Fig. 3 E, F). Ciliate
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communities comprised mostly cells with sizes <20 pm,
whose contributions to total ciliate abundance and bio-
mass were 82% (46-98%) and 52% (12-91%), respec-
tively.

Eight of the encountered ciliate species accounted, at
least once, for 10% of either the abundance or the bio-
mass of total ciliates (Table 2). Mesodinium acarus was,
on average, the most abundant species. In terms of bio-
mass, the large oligotrich Strombidium viride had the
highest mean contribution. The species composition of
<20-pum ciliates (which were dominant) in the experi-
mental samples prior to incubations is shown in Fig 4.
Mesodinium acarus and Urotricha globosa were numeri-
cally dominant during the first experiment, whereas
Cyclidium glaucoma, Cyclidium heptatricum, and Stro-

bilidium humile were the major contributors to the
abundance of ciliates <20 pum, in the four other experi-
ments (Fig. 4).

Microbial Growth in the Dialysis Bags. Through-
out the experiments, bacterial net growth rates were
higher for HNA-hs than for LNA in almost all treatments
(Fig. 5A—E). In unfiltered treatments for example, HNA-
hs net growth ranged from 0.13 to 0.24 d~' while LNA
net growth rates varied from 0.032 to 0.065 d”'. The
responses of HNA-hs and LNA to removal of grazers
were clearly different. LNA net growth rates varied little
across treatments, in contrast to HNA-hs net growth
rates, which were highest in the <1-pum treatment and
strongly decreased as the size of the prescreening mesh
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Table 2. Dimensions, abundance, and importance (relative, to total ciliate abundance and biomass) of the most abundant ciliate

species found in the study sites

Range of the

% of

maximum length Abundance % of total total ciliate
Taxonomic group Species (um) (cells L") ciliate abundance biomass
Haptorid Mesodinium acarus 12-20 1122 22 10
(97-5483) (3-96) (1-50)
Oligotrich Strobilidium humile 10-14 845 14 4
(97-1883) (3-25) (3-25)
Strobilidium sp. (spherical) 14-20 574 13 10
(80-2440) (2-41) (1-33)
Strombidium viride® 35-52 356 7 20
(4-2386) (<1-17) (1-80)
Scuticociliate Cyclidium hepatatrichum® 14-18 720 14 14
(44-2413) (1-70) (1-68)
Cyclidium glaucoma® 11-14 488 8 9
(29-2308) (1-39) (1-50)
Prostomatid Urotricha furcata 9-14 343 7 5
(36-1281) (<1-24) (1-21)
Urotricha globosa 16-18 338 6 5
(49-1145) (1-19) (1-16)

For the absolute abundance and relative contribution, mean values are given on the first line, whereas the range of values is given on the second.

*>Not found at all sampled sites.

used increased, the minimum value being found in the
<20-pum treatment. Compared to those in the <20-pum
treatments, bacterial net growth rates in the unfiltered
treatments tended to increase.

HNF net growth rates varied from 0.12 to 0.6 d
across treatments and from 0.19 to 0.25 d”' in unfiltered
treatments. HNF net growth rates were highest in treat-
ments where organisms with size >5 pm were removed,
and minimal in the unfiltered treatments (the first three
experiments) or in the <20 pm treatment (the last two
experiments) (Fig. 6).

Table 3 shows the responses of five ciliates, in terms
of growth, after the removal of > 20 pum organisms
during the experiments. C. glaucoma and, to a lesser

10000 -
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2000 -

Abundance of Ciliates < 20 um (cells L™")

extent, C. heptatrichum were less affected by the removal
of > 20-pm organisms, since their growth rates in the
<20-pm treatments were most of the time comparable to
those in the unfiltered treatments. Removal of >20-um
grazers resulted, in most cases, in a strong increase in the
growth rates of the three other ciliates in the < 20 pm
treatments, in comparison to the unfiltered treatments.
This increase was more marked for Strobilidium sp.,
which was found in low number in initial samples (Fig. 4,

Table 3).

Relationships between Variables. To test our
hypothesis (see Introduction) we examined the rela-

O other

O Urotricha sp.2

o Urotricha sp.1

O Urolricha globosa
B Mesodinium acarus
m Strobilidium humile

@ Cyclidium heptatrichum . ) .
Figure 4. Species composition of the

<20 pm ciliates in the experimental
samples prior to the 24-h in situ
incubations. The numbers on top of
histograms indicate the relative
contribution of ciliates <20 pm to total
ciliate abundance.

m Cyclidium glaucoma
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tionships of bacterial abundances with bacterial produc-
tion and with the potential controlling factors under
study (i.e., temperature, Chl a, ANF, HNF, and ciliates).
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Figure 5. Across-treatment variations
in the growth rates of bacteria during
the experiments. The bars on points are
standard errors for the three replicates.
The error bar is not visible when
smaller than the diameter of the point.

Additional regression analyses were performed with
ambient water data to test empirical relationships be-
tween protists and both temperature and Chl g, and

Figure 6. Across-treatment variations
in the growth rates of heterotrophic
nanoflagellates. The numbers on top of
histograms indicate the number of the
experiment. Error bars as in Fig. 5.
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Table 3. Growth rates (d!, mean of two replicates) of selected ciliate species during the experiments in the < 20-um and the

nonfiltered (NF) treatments

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5
Species <20 wm NF <20 um NF <20 wm NF <20 um NF <20 wm NF
Cycidium glaucoma 0.11 0.11 0.3 0.26 0.41 0.23 0.42 0.35 0.2 0.15
Cycidium heptatrichum 0.13 0.12 0.11 0.15 0.32 0.17 0.34 0.26 0.35 0.15
Strobilidium humile nd nd -0.13 0.39 0.31 0.17 0.51 0.15 0.43 0.16
Strobilidium sp. nd nd nd nd 0.36 nc 0.35 nc 0.61 nc
Mesodinium acarus 0.5 0.21 0.2 0.18 nd nd -0.22 nd 0.3 0.11

nd: Not determined or species found in low number in the samples; nc: no obvious change.

within protists for evidence of potential interactions
(Table 4).

Temperature was significantly and positively corre-
lated to bacteria in ambient waters, the slopes and the
regression coefficients for HNA-hs being similar to those
of total bacteria and LNA (ANCOVA, F < 3; P > 0.24).
Chl a was not correlated to HNA-hs, but was significantly
and positively correlated to LNA and total bacteria.
Interestingly, the proportion of HNA-hs varied inversely
with Chl a (Fig. 7A, Table 4). These results indicate that
there were differential increases in HNA-hs versus LNA
abundance with increase in Chl a, and suggest that the
influence of potential controlling factors other than
temperature and substrates from phytoplankton was
greater on HNA-hs than on LNA. BP was significantly
and positively correlated to HNA-hs but not to LNA
(P = 0.08) and total bacteria (P = 0.1) (Fig. 7B, C, Ta-
ble 4).

Protist (i.e., ANF, HNF, and ciliates) abundances in
ambient waters were not correlated to either temperature
or Chl a (P > 0.19). Similarly, neither ANF nor HNF

abundance was significantly correlated to bacterial
abundance (P > 0.15). Likewise, HNF growth was not
correlated to bacterial growth during the experiments (P
> 0.74), thus confirming the lack of coupling between
these two compartments observed in ambient waters.

In contrast to ANF and HNF, total ciliate abundance
was significantly and negatively correlated, across sites, to
HNA-hs, LNA, and total bacterial abundance; no signif-
icant difference was found between the slopes of these
three regressions (ANCOVA, F < 1; P > 0.89) (Table 4).
When individual ciliate species were considered, Cycli-
dium glaucoma showed significant negative relationships
with bacterial abundances across sites (Fig. 8A, B). Al-
though the slopes of the regressions of the abundance of
this species against HNA-hs, LNA, and total bacteria were
similar, the r* for HNA-hs (0.56) was approximately
double those found for LNA and total bacteria (<0.32).
Interestingly, the growth rates of HNA-hs in the experi-
ments also decreased significantly as the growth rates of
C. glaucoma increased, whereas there was no relationship
at all with LNA (Fig. 8C, D, Table 4). No other ciliate

Table 4. Relationship between variables; SEE (in brackets) is the standard error of estimates

Type of data Y X Slope (SEE) Intercept (SEE) s p n
Ambient water HNA-hs Temperature 0.023 (0.007) 4.72 (0.098) 0.252 0.0025 34
LNA 0.019 (0.006) 5.97 (0.087) 0.241 0.003 34
BactA 0.019 (0.006) 6.01 (0.086) 0.234 0.0038 34
HNA-hs Chl a 0.32 (0.23) 5 (0.037) 0.057 0.172 34
LNA 0.609 (0.181) 6.18 (0.028) 0.26 0.0023 34
Bact A 0.585 (0.17) 6.22 (0.028) 0.25 0.0026 34
% HNA-hs —-2.1 (0.795) 8.88 (1.09) 0.183 0.012 34
BP (all data) HNA-hs 1.09 (0.365) —5.47 (1.84) 0.219 0.0052 34
BP (Lakes) 1.89 (0.44) —9.76 (2.28) 0.62 0.0013 13
BP(LG2) 1.81 (0.54) -8.9 (2.76) 0.378 0.0039 20
HNA-hs Ciliate abundance —-0.521 (0.130) 6.94 (0.47) 0.363 0.0004 30*
LNA —0.42 (0.121) 7.76 (0.44) 0.303 0.002 30°
Bact A —-0.467 (0.127) 7.94 (0.469) 0.323 0.001 30°
HNF Abundance 0.355 (0.134) 2.95 (0.28) 0.19 0.013 33
HNA-hs C. glaucoma —0.234 (0.042) 5.59 (0.105) 0.564 0.001 25
LNA —0.166 (0.057) 6.63 (0.139) 0.27 0.008 25
Bact A —-0.195 (0.057) 6.71 (0.14) 0.31 0.003 25
Experimental HNA-hs C. glaucoma —0.449 (0.106) 0.26 (0.029) 0.554 0.0009 16
LNA —0.173 (0.09) 0.074 (0.024) 0.207 0.076 16

Note that the relationship between Chl a and the percentage of HNA-hs (% HNA-hs) was tested with nontransformed data.
Bact A: total bacterial abundance; BP: bacterial production; other acronyms as in the text; n: number of samples.
*Three outliers were not included in the regressions.
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parameters.
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exhibited such significant relationships (in both ambient
and experimental samples) with bacteria. Within the
protist communities under study, ciliate abundance sig-
nificantly increased, across sites, as HNF abundance in-
creased (Table 4), whereas ciliate and HNF biomasses
were not correlated at all (P = 0.16). Neither HNF nor
ciliates were significantly correlated to ANF (P > 0.21).

Discussion

The aim of this study was to investigate factors that
determine the dynamics of heterotrophic bacteria, espe-
cially bacteria with high nucleic acid content, in pelagic
systems. Most studies that have assessed factors con-
trolling bacterial communities have considered the latter
and their main grazers (protists) as homogenous
assemblages. In this study, we related the different bac-
terial subgroups (based on their nucleic acid content, an
index of their activity) to the potential controlling factors
(temperature, Chl a, and protists) and took into account
the diversity within protist groups when possible. Our
results showed that ciliates rather than heterotrophic
flagellates played a major role in the dynamics of bacteria
in the studied sites. Among ciliates, Cyclidium glaucoma
appeared to be very important, as it controlled the
abundance of bacteria with the highest nucleic acid
content, likely the most active. To our knowledge, this is
the first study showing that an individual species within
natural protist communities may play an important role
in regulating the activity structure of bacterial commu-
nities in aquatic systems.

Abundance and Proportion of Bacteria with High Nucleic
Acid Content. ~ On the basis of their nucleic acid con-
tent, three bacterial subgroups were found in our sam-
ples. Flow cytometry analyses of raw and 0.7 pm (GF/F)-
filtered samples in red and orange versus green fluores-
cence during our study (data not shown), as well as
correlations between the subgroups and bacterial pro-
duction (Table 4) confirmed that neither autotrophic
picoeucaryotes nor picocyanobacteria were among the
three subgroups that we observed. Other studies, mainly
in marine waters, have reported the presence of more
than two bacterial subgroups (e.g., [57]. The delimitation
of the regions separating bacterial subgroups is some-
times subjective. Other authors who found three sub-
groups of bacteria have considered the two groups with
higher green fluorescence as one group of bacteria (i.e.,
those with high nucleic acid content). When we did that
in the present study (i.e., HNA-hs + HNA-Is, Fig. 2A), we
obtained percentage (22 to 48%) of bacteria with high
nucleic acid content comparable to those found for what
most authors consider as high-DNA bacteria [14, 34, 53].
However, we did not find any significant relationship
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between this group and bacterial production, total ciliate,
and C. glaucoma abundances or growth, as we did find
for HNA-hs alone. Thus, including HNA-Is in the LNA
group in the present study does not mean that they really
belong to this group. As stated earlier, this was done for
the purpose of simplification, because clear patterns were
observed only for HNA-hs.

Our results indicated that HNA-hs were the most
dynamic members of bacterial communities. HNA-hs net
growth rates were, indeed, higher and more variable in
the experiments than LNA net growth rates (Fig. 5A-E).
In addition, HNA-hs were significantly correlated with
bacterial production in ambient waters, whereas LNA
and total bacteria were not (Table 4). These results are
consistent with other reports, mainly from marine wa-
ters, indicating that bacteria with high nucleic acid con-
tent are those that are actively growing [5, 23, 36]. In the
Mediterranean Sea, Vaqué et al. [53] also found that
bacteria with high DNA content were significantly cor-
related to bacterial production whereas bacteria with low
DNA content were not. Using radioactive labeling fol-
lowed by flow cytometry sorting of planktonic bacterial
cells, Lebaron et al. [34] showed that bacteria with high
nucleic acid content were responsible for most of the

Growth rates of C. glaucoma (d™1)

0.2 0.4 0.6  (open circle) and the corresponding
point in (B) (open square) were not

included in the regressions.

bacterial production. On the basis of the above results, we
consider that HNA-hs were likely the most active bacteria
in our samples.

Although HNA-hs appeared to be the most active
bacteria in our samples, their growth rates were low, even
after removal of bacterial grazers (i.e., in the < 1-um
treatment, Fig. 5 A-E). The measured bacterial growth
rates were comparable to those often reported in the
most unproductive water systems (e.g., [42]). These re-
sults indicate that bacterial communities were resource-
limited during our study. Rates of leucine incorporation
by bacteria support this contention, as they were low and
similar to those reported for other humic lakes where P-
limitation of bacteria has been demonstrated (e.g., [24]).

Major Role of Ciliates in the Dynamics of Bacteria in
the Study Sites. ~ Phytoplankton is known to generally
fuel bacterioplankton with organic matter through exu-
dates [1]. Positive relationships have therefore been
found between these two compartments [4, 9]. Since
bacteria with the highest nucleic acid content and high
light scatter (HNA-hs) seemed to be the most active
bacteria in this study, a significant correlation to Chl a
was expected, as was found for LNA and total bacteria
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Table 5. Comparison of various estimates of bacterial production during the experiments

Estimated bacterial

Experiment and production (ugCL™" d™) Change in Growth rate X
site Leucine incorporation abundance” initial biomass
Exp 1 (Desaulnier) 0.776 (A) 1.217 0.701
0.494 (B)
Exp 2 (Marina) 0.834 0.916 0.533
Exp 3 (Marina) 0.353 0.949 0.551
Exp 4 (Marina) 1.303 1.184 0.687
Exp 5 (Desaulnier) 0.41 (A) 1.647 0.961
0.81 (B)

Note that leucine incorporation measurements were not carried out at the experimental site (E) at Lake Desaulnier; values are from stations A and B, where

measurements were done the day of the experiment.

?Calculated using the cell to carbon conversion factor of 20 fgC cell™' [35].

Stations A and B as in Table 1.

(Table 4). However, this was not the case, and the %
HNA-hs even varied inversely with Chl a (Fig. 7A, Ta-
ble 4). The question is, what determined these patterns
observed between HNA-hs and Chl a? Factors such as
allochthonous organic carbon of terrestrial origin (espe-
cially in unproductive lakes), cell lysis, and grazing may
play a significant role in the uncoupling of bacteria with
phytoplankton. In this study, dissolved organic carbon
(DOC) concentrations were positively correlated with
Chl a (P = 0.019), but not with HNA-hs (P = 0.9). These
results suggest that allochthonous DOC was not a major
factor responsible for the uncoupling between HNA-hs
and Chl a. The rates of infection of bacterial cells by
viruses are affected by bacterial production [21]. As
HNA-hs seemed to be the most active bacteria in our
study, it is conceivable that they were more affected by
viral lysis than less active bacteria. However, we do not
know to what extent such a process might have affected
the HNA-hs—Chl a relationship in our study. The impacts
of viral infection on active versus less active components
of bacterial communities are still poorly known and need
to be investigated.

Our results strongly suggest that grazing by ciliates
was a major factor responsible for the observed lack of
coupling between HNA-hs and Chl 4, and that grazing
losses due to ciliate bacterivory were higher for HNA-hs
than for LNA. The lowest growth of HNA-hs were always
found in the <20-um treatment, which comprised, in
many cases, an important proportion of the bacterivor-
ous scuticociliates (Figs. 4, 5, Table 2). More impor-
tantly, the growth of C. glaucoma was significantly and
negatively related to the growth of HNA-hs but not to
that of LNA. These experimental results support the data
from ambient waters (across sites), which showed that
variations in the abundance of C. glaucoma explained
56% of the variations in HNA-hs abundance and only
27% of the variations in LNA abundance (Fig. 8 A-D,
Table 4). Whereas in the field many other organisms
might have reduced, through interactions, the grazing
pressure from C. glaucoma or also have cropped on

bacteria as suggested by the significant and negative
relationships found between total ciliate abundance and
bacteria in ambient waters, removal of >20 pum in the
experiments might have enhanced the grazing pressure
from this ciliate species. This may help explain why in
ambient waters, the slope of the regression of C. glaucoma
with HNA-hs was similar to that with LNA (Table 4).
The uncoupling between Chl a and HNA-hs in this study,
therefore, seems to be a consequence of selective removal
of these active bacteria. These results and interpretation
are consistent with the model of Pace and Cole [38],
which indicates that enhanced grazing on bacteria
uncouples them from resources.

The values of bacterial production as estimated from
leucine incorporation in ambient waters and those esti-
mated during the experiments from changes in bacterial
abundance or from bacterial growth rates and initial
biomass (i.e., prior to incubations) were in the same
order of magnitude (Table 5), suggesting that confine-
ment in dialysis bags did not strongly affect plankton
during our experiments. This has allowed us to further
explore the role of C. glaucoma in the dynamics of HNA-
hs in the studied sites. We estimated the potential grazing
losses (PGL) of HNA-hs as the difference between the net
production of this subgroup in the <l um treatment and
that in the unfiltered treatment (based on its growth and
change in abundance, and calculated as in Table 5), and
tested their relationship with C. glaucoma (Fig. 9). The
reason why a negative PGL value was found for experi-
ment 3 is unclear, even though few small HNF (8-10 per
slide) were observed in the <l um treatment during this
experiment. That PGL values tended to increase with
increase in the initial abundance (prior to incubation) of
C. glaucoma (Fig. 9) supports the idea that this ciliate was
very important in determining the grazing losses of the
most dynamic bacteria during this study, at least at the
experimental sites.

Laboratory studies have indicated that Cyclidium
species selectively ingest medium-to-larger sized particles
or natural bacterioplankton [17, 43, 47]. Species from
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Figure 9. Relationship between the estimated potential grazing
losses of HNA-hs and the abundance of Cyclidium glaucoma in initial
experimental samples (i.e., prior to the in situ incubations).

this genus have also been found to discriminate between
particles of similar sizes, on the basis of their surface
chemistry [17], or to affect mainly bacteria with volume
between 0.04 and 0.1 pm’ and members of the beta-
Proteobacteria and Cytophaga—Flavobacterium groups in
a continuous cultivation system [40]. In this study,
bacteria were natural (i.e., no stained or heat-killed
bacteria were added to samples; such processes may affect
surface chemical properties of prey [16]), and the esti-
mated average volumes of the most dynamic HNA-hs
were within the range given above and larger than those
of LNA. Likely, both bacterial size and activity were
important in determining the observed significant rela-
tionships between C. glaucoma and HNA-hs. Size-selec-
tive grazing by protists (especially HNF) has been used to
explain selective removal of dividing or CTC positive
marine bacterioplankton [13, 45]. Using a growth effi-
ciency of 0.4 and assuming that Lugol fixation reduced
the live cell volume by a maximum value of 30% [26], we
calculated that the carbon demand for the observed
growth of C. glaucoma during the experiments (Table 4)
represented 21%, 98%, 119% and 40% of the estimated
losses of HNA-hs in experiments 1, 2, 4, and 5, respec-
tively. This suggests that C. glaucoma could meet most of
its carbon requirements if it consumed only the lost
HNA-hs. If the different subgroups of bacteria found
during this study were dominated by different phylo-
types, has been found in the Celtic Sea [57], this would
imply that C. glaucoma also had a strong impact on
bacterial taxonomic composition in our study sites. We
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are not aware of any other field and across-site study that
has demonstrated that an individual species within nat-
ural protist communities may regulate the abundance of
the most dynamic (likely the most active) bacteria in
aquatic systems. In most studies of the microbial food
webs, total bacteria are related to the total abundance or
biomass of HNF and/or ciliates. Our data showed that
taking into account the physiological heterogeneity of
bacterial communities and the diversity of their grazers
may provide information that can help improve the
microbial food web models. In the planktonic classical
food chain in freshwaters, the cladocera Daphnia is
considered a keystone species [27]. By analogy, we sug-
gest for the first time that keystone species, which play a
significant role in regulating the structure of bacterial
communities, also exist within the pelagic microbial food
webs.

Minor Role of HNF and ANF in the Bacterial Dynam-
ics.  Ciliates likely outweighed HNF and ANF in
determining bacterial dynamics during this study, as
neither HNF nor ANF were related to bacteria. Although
ciliates have been found to be the main consumers of
bacteria in other pelagic waters (e.g., [48]), HNF are
known as the major bacterivores in most aquatic envi-
ronments [32]. In this study, top-down control and/or
competitive exclusion of HNF by ciliates and possibly
metazooplankton may help explain why HNF apparently
had a minor role in bacterial dynamics. Indeed, HNF and
ciliate were positively correlated both across sites and on
the seasonal scale (Fig. 3 C-F), which suggests the exis-
tence of a prey—predator relationship between these
compartments. The decrease in their standing stocks
from spring to summer (Fig. 3 C-F) coincided with an
overall increase in metazooplankton average biomass
from 13.9 to 24.9 mg m ™~ (dominated by cladocerans; J.
Marty, UQAM, pers. comm.). Finally, our experimental
data showed that HNF growth rates were highest when
organisms > 5 pm were removed, and strongly depressed,
compared to those in the <5 pm treatments, when >20
pm organisms were removed (Fig. 6). These results are
consistent with the well-known negative impacts of cla-
docerans and small oligotrichs (present in this study) on
HNF [27, 28, 54]. On the other hand, recent studies
suggest that thick epilimnion are not favorable for
mixotrophic flagellates [25]. If mixotrophic cells were
present among ANF in this study, their role in the
dynamics of bacteria was perhaps reduced, as most
sampled stations were not stratified or had epilimnion >
6 m.

In summary, our results indicated that the studied
humic lakes and reservoirs were oligotrophic and suggest
that bacteria with the highest nucleic acid content were
the most dynamic and the most active within the bac-
terial communities. These most dynamic members rep-
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resented only a small fraction of the whole bacterial
communities and seemed to be controlled by ciliates,
particularly the bacterivorous scuticociliate Cyclidium
glaucoma. Our results confirm that protists play a role in
the dynamics of active bacteria and suggest the existence,
within the pelagic microbial food web, of keystone spe-
cies that are very important in regulating the structure of
bacteria.
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