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The structure and dynamics of small eukaryotes (cells with a diameter less than 5 pum) were studied over two
consecutive years in an oligomesotrophic lake (Lake Pavin in France). Water samples were collected at 5 and
30 m below the surface; when the lake was stratified, these depths corresponded to the epilimnion and
hypolimnion. Changes in small-eukaryote structure were analyzed using terminal restriction fragment length
polymorphism (T-RFLP) and cloning and sequencing of the 18S rRNA genes. Terminal restriction fragments
from clones were used to reveal the dominant taxa in T-RFLP profiles of the environmental samples. Spumella-
like cells (Chrysophyceae) did not dominate the small eukaryote community identified by molecular techniques
in lacustrine ecosystems. Small eukaryotes appeared to be dominated by heterotrophic cells, particularly
Cercozoa, which represented nearly half of the identified phylotypes, followed by the Fungi-LKM11 group
(25%), choanoflagellates (10.3%) and Chrysophyceae (8.9%). Bicosoecida, Cryptophyta, and ciliates repre-
sented less than 9% of the community studied. No seasonal reproducibility in temporal evolution of the
small-eukaryote community was observed from 1 year to the next. The T-RFLP patterns were related to
bottom-up (resources) and top-down (grazing) variables using canonical correspondence analysis. The results
showed a strong top-down regulation of small eukaryotes by zooplankton, more exactly, by cladocerans at 5 m
and copepods at 30 m. Among bottom-up factors, temperature had a significant effect at both depths. The
concentrations of nitrogenous nutrients and total phosphorus also had an effect on small-eukaryote dynamics
at 5 m, whereas bacterial abundance and dissolved oxygen played a more important structuring role in the

deeper zone.

Small phototrophic and heterotrophic eukaryotes (<5 pum)
are found throughout the world’s oceans and lakes at concen-
trations between 10% and 10* cells ml ™" in the photic zone (11).
Small eukaryotes are known to be essential components in
marine trophic food webs (20). The small-eukaryote assem-
blage is formed by picoalgae, which participate in primary
production (55), by colorless heterotrophic cells, mostly flagel-
lates, which are considered to be important grazers of prokary-
otic and eukaryotic cells (11) and also play a significant role in
the mineralization of organic matter, and finally by some small
eukaryotes which can be mixotrophs. Despite the ecological
importance of small eukaryotes and the general lack of distinct
morphological features of these small cells, they have only
recently been studied from a molecular perspective (20, 37).
Thanks to these techniques, recent studies, conducted in var-
ious environments, have revealed a surprisingly high diversity
of small eukaryotes and the existence of novel lineages (39).
For example, the genetic diversity of small eukaryotes from
coastal waters showed the dominance of novel alveolates (from
36% to 62% of total sequences obtained in their libraries) and
the importance of novel stramenopiles, which account for up to
10% of sequences (38, 63). Furthermore, Prasinophyceae gen-
erally constituted the most conspicuous photosynthetic group
and have been detected in all clone libraries (21, 38, 49).
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Deep-sea research has shown that novel stramenopiles may
represent up to 23% of sequences and that pigmented organ-
isms are dominant (20, 49). Thus, studies have generally fo-
cused on marine food webs, and freshwater picoplankton
structure and dynamics have received little attention until now
(32, 48).

Although these studies clearly provide better information on
the diversity of the picoplanktonic community composition,
factors involved in the regulation of these communities re-
main very poorly known. Indeed, only a few attempts have
been made to relate the structure of picoplanktonic commu-
nities with biological, chemical, and physical variables in a lake.
Some studies have reported seasonal changes in heterotrophic
nanoflagellate community structure (15) in relation to environ-
mental variables, such as grazing (top down), resources (bot-
tom up), and viruses (25). Organisms such as cladocerans,
especially the Daphnia genus, are well known for their high
grazing pressure on a wide spectrum of particles (29). Other
organisms, including large heterotrophic flagellates, may also
belong to top-down regulation factors, consuming bacteria
preferably (51) but also small eukaryotic algae (43). With re-
gard to bottom-up regulation, picoplanktonic organisms are
characterized by a high surface/volume ratio with a large sur-
face for exchange, which favors nutrient uptake. Studies per-
formed in lakes have shown that the contribution of the pico-
phytoplankton to total phytoplankton biomass decreases with
higher trophic status (2).

The aim of this work was to investigate the dynamics and
diversity of small eukaryotes (<5 wm) over a 2-year study
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period in a lacustrine ecosystem (Lake Pavin). Two depths
were sampled, corresponding to the epilimnion and hypolimnion,
during the thermal stratification period. Changes in small-eu-
karyote community composition (SECC) were assessed using ter-
minal restriction fragment length polymorphism (T-RFLP). Fi-
nally, temporal changes in SECC were related to bottom-up
and top-down variables using canonical correspondence anal-
ysis (CCA), a direct multivariate analysis.

MATERIALS AND METHODS

Study site and sampling. The study was conducted in an oligomesotrophic lake
located in the Massif Central (France). Lake Pavin is a meromictic lake charac-
terized by a maximum depth of 92 m. Samples were taken monthly from March
to November 2001 and from September to November 2002 and every 2 weeks
from April to August 2002. Sampling was carried out at a permanent station
situated at the deepest zone of the water column. Water samples from 5 and 30 m
below the surface, corresponding to epilimnion and hypolimnion in thermal
stratification period, were collected with a Van Dorn bottle.

Water samples (from 100 to 120 ml) were prefiltered through 5-pm-pore-size
polycarbonate filters (Millipore) at a pressure of <20 mbar in order to eliminate
larger cells. It is well known that whatever the aquatic ecosystem, the prefiltra-
tion process allows the passage of cells larger than their nominal pore sizes and
can lead to the retention of smaller cells if the filters are clogged (20). Using
epifluorescence microscopy after primulin staining (10), we compared the abun-
dance of small eukaryotes (diameter, <5 wm) in the nonfiltered and filtered
fraction in several samples. We found that the filtration step led to a slight
decrease of total abundance (of about 10 to 15%) but no modification of relative
abundance of different morphotypes. The microbial biomass was collected on
0.2-pm-pore-size (pressure, <100 mbar) polycarbonate filters (Millipore) and
stored at —80°C until nucleic acid extraction. Samples were collected and fixed
immediately with a final concentration of 4% formaldehyde for total bacteria and
1% glutaraldehyde for protists. The metazooplankton was fixed in a sucrose/
formaldehyde solution (final concentration, 6% and 4%, respectively) (46).

Biotic and abiotic variable measurements. The water temperature and level of
dissolved oxygen were determined with a multiparameter probe (YSI GRANT
3800). Chemical analyses, namely, ammonium (NH,-N), nitrates (NO5-N), ni-
trites (NO,-N), orthophosphate (PO,-P), and total phosphorus (Pt), were per-
formed using standard methods (1). Chlorophyll a concentrations were obtained
by spectrophotometry (57).

Counts of planktonic organisms. For determining total prokaryotic abun-
dance, 1- to 6-ml samples were filtered onto 0.2-pm black polycarbonate filters
(25 mm; Millipore), stained by 1 pg liter ' (final concentration) of 4,6-di-
amidino-2-phenylindole. Four hundred to eight hundred bacterial cells were
counted under an epifluorescence microscope (45). After being stained with
primulin (final concentration, 200 wg ml~') (10), protists were filtered (5 to 10
ml of samples) onto black polycarbonate membrane of 0.8-wm pore size (Nucle-
pore) and counted by means of epifluorescence microscopy. A total of 200 to 300
cells were counted per filter and were separated in two size classes: under 5 um
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FIG. 1. Isotherms of Lake Pavin in 2001 (a) and 2002 (b).
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(small eukaryotes) and from 5 to 30 wm (large flagellates). Autotrophs were
distinguished from heterotrophs by their difference in color under epifluores-
cence. The metazoan zooplankton was counted under a binocular microscope
(Wild M3 Z) in a Dolfuss chamber. To prevent the plankton from moving about
or drying out, a few drops of 10% alcohol glycerin solution were added. Meta-
zooplankton was made more visible by staining with a few drops of rose Bengal.
If the density of organisms in a sample was too high, a subsample was taken with
a Motoda box (60). Phytoplankton was counted monthly using Utermdohl’s
method (1958) with a Leitz-type inverted microscope (Wild M40).

T-RFLP analysis. 18S rRNA genes from environmental samples and clones
obtained from Lake Pavin (32) were amplified with the eukaryote-specific prim-
ers Ek-1F-FAM (CTGGTTGATCCTTGCCAG) and Ek-516r (ACCAGACTT
GCCCTCC) (14). The PCR mixture (50 pl) contained about 10 ng of environ-
mental DNA, 200 uM of each deoxynucleoside triphosphate, 2 mM MgCl,, 10
pmol of each primer, 1.5 U of Tag DNA polymerase (Eurobio), and the PCR
buffer supplied with the enzyme. Reactions were carried out in an automated
thermocycler (PTC 200-cycler; MJ Research) with the following cycle: initial
denaturation at 95°C for 5 min, 30 cycles of denaturation at 95°C for 1 min,
annealing at 59°C for 1 min, and extension at 72°C for 1 min 30 s, and a final
extension at 72°C for 10 min. PCR products were purified using the QiaQuick
PCR purification kit (QIAGEN), visualized on 1% agarose gels, and quantified
(DNA quantitation kit; Sigma). Several PCR products (at least four 50-pl sam-
ples) were pooled, precipitated with ethanol-sodium acetate, and resuspended in
50 wl of sterile water. Enzymatic digestions were performed by incubating 100 ng
of PCR products with 20 U of MsplI or Rsal (Sigma) at 37°C overnight. The
samples were desalted with Microcon columns (Amicon; Millipore). The termi-
nal restriction fragments (T-RFs) were separated on an automated sequencer
(ABI 3700). Terminal restriction fragment sizes between 48 bp and 560 bp with
a peak area of >50 fluorescence units were determined using Genescan analyt-
ical software. Samples were analyzed in triplicate, and a peak was included in the
analysis if it occurred in at least two profiles. To account for small differences in
the running time among samples, we considered fragments from different pro-
files with less than 1 base pair difference to be the same length. The resulting
values were rounded up or down to the nearest integer. A program in Visual
Basic for Excel was developed to automate these procedures. The results were
then expressed either in terms of presence or absence or as a relative percentage
area compared to the total area.

T-RF identification. Environmental DNA extracted from 2 July 2002 was used
to construct the 18S rRNA gene clone library (32). To determine the spatio-
temporal changes in the sequences, we compared T-RFs obtained experimentally
from clones and T-RFs obtained from the environmental DNA. A clone was
present at a given date only if the two T-RFs generated by the two restriction
enzymes (Mspl and Rsal) were also present in the two T-RFLP environmental
profiles.

Statistical analysis. To explain the variation of SECC measured by T-RFLP
and expressed as a percentage of area (>2%), CCA was used. Forward selection
was performed to select the environmental variables that explained a significant
part of changes in SECC (P < 0.05) (59). We tested the following variables:
NH,4-N, NO,-N, NOs-N, PO,-P, Pt, temperature, dissolved oxygen, water clarity,
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FIG. 2. Temporal changes in oxygen (a), nitrogenous nutrient (NH,-N and NO5-N) (b), and PO,-P (c) concentrations at 5-m and 30-m depths.

mg N 17" and mg P 17, mg of N and P per liter.

prokaryotes, chlorophyll a, large pigmented flagellates, large heterotrophic
flagellates, and zooplankton (cladocerans, copepods, and rotifers) abundances.
Furthermore, a variation partitioning analysis was performed (4, 27). The
variation partitioning analysis distinguished between pure top-down and bot-
tom-up effects on SECC and the proportion explained by interactions between
both these effects. These statistics were computed with R software using the
Vegan package for the CCA and related methods (http://cran.r-project.org/).

RESULTS

Physicochemical characteristics of the study site. The strat-
ification period in Lake Pavin was well established from mid-
June to late October 2001 and early May to late September
2002 (Fig. 1). At a 30-m depth, we observed a warming up of
the deep-water layers in September 2002, whereas the temper-
ature had remained stable during the previous year. Dissolved
oxygen varied between 5.76 mg liter ! and 14.37 mg liter "
during the study, with higher values in both the epilimnion and
hypolimnion in 2001 (Fig. 2a). On average, nitrogenous nutri-
ent concentrations were higher in 2001 than in 2002, whereas

the PO,-P concentrations were higher in 2002 (Fig. 2b and c).
The main physicochemical characteristics of the lake are listed
in Table 1.

Biological characteristics of the study site. In contrast to the
dynamics observed in the hypolimnion, total bacterial abun-
dance fluctuated greatly in the euphotic zone, varying from
2.35 X 10° cells ml ™' to 5.94 X 10° cells ml~* (maxima in June
for 2001 and in May for 2002) (Fig. 3a; Table 1).

Total large flagellates (>5 wm) were generally less abundant
at 30 m than at a 5-m depth (Table 1). Microscopic observa-
tions showed that heterotrophic organisms were the most
abundant small eukaryotes (Table 1; Fig. 4a and b), especially
in the hypolimnion, where choanoflagellates and incertae sedis
flagellates accounted for 10.5% (£9.2) and 85.1% (*14.7) of
total small-eukaryote community abundance, respectively.
Mean chlorophyll a values were slightly higher in the hypolim-
nion (1.77 pg liter ') than in the epilimnion (1.27 pg liter ')
(Table 1). The highest values were reached at a 5-m depth



2974 LEPERE ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Environmental parameters measured in lake Pavin in 2001 and 2002¢

Parameter

Value for depth(s)

Sm

30 m Various”

Bacteria (10° cells ml™')

Chl a (pg liter ™)

Zooplankton (ind liter ')

Cladocerans (ind liter ")

Copepods (ind liter ')

Rotifers (ind liter ')

Phytoplankton (10° cells liter—!)

Small eukaryotes (10° cells liter ')
PF of <5 pum (10° cells liter ')
HF of <5 pm (10° cells liter ')

Large eukaryotes (10° cells liter 1)
PF of >5 pum (10° cells liter ")
HF of >5 pm (10° cells liter 1)

NO;-N (mg N liter ')

NH,-N (mg N liter ')

PO,-P (mg P liter ')

Oxygen (mg liter™ 1)

Temp (°C)

Water clarity (m)

3.82 (2.35-5.94)
1.27 (ND-2.46)

1.28 (ND-5.57)
3.02 (0.43-8.02)
1.10 (ND-2.78)
2.00 (0.40-7.84)
7.32 (ND-41,31)
2.71 (ND-10.11)
4.60 (ND-41.20)
0.05 (ND-0.06)
0.03 (ND-0.17)
0.02 (ND-0.12)
9.88 (7.08-14.37)
11.76 (2.60-21.00)

1.15 (0.53-2.95)
1.77 (ND-3.79)
25 (2-86)
1 (ND-3)
3 (ND-16)
21 (1-69)

2.70 (0.46-6.48)
0.10 (ND-1.30)
2.60 (0.6-7.80)
1.61 (0.22-7.28)
0.62 (ND-2.93)
0.95 (0.21-5.70)
0.26 (ND-3.97)
0.04 (ND-0.18)
0.02 (ND-0.12)
7.83 (5.76-10.29)
453 (3.30-6.00)
6.93 (4.25-10)

“ Values are means (minimum-maximum). HF, heterotrophic flagellates; PF, pigmented flagellates; ND, not detected; ind, individuals; Chl a, chlorophyll a.

> Water column: 0 to 30 m.

during the spring period in 2001 and 2002 (Fig. 3b), which was
dominated by diatoms. Autotrophic organisms of the summer
period consisted of Cyanobacteria and Chlorophyceae in 2001
and only Cyanobacteria in 2002 (Fig. 5). Large pigmented
flagellates (>5 wm) represented on average 64.5% of the total
abundance of flagellates (mean abundance, 2.7 X 10° cells
liter ') (Table. 1). The greatest abundance was observed at the
end of the summer in 2001 and in spring in 2002. Small pig-
mented eukaryotes (<5 wm)were mainly represented by Chryso-
phyceae (37.6% [mean] * 35.6%) and Cryptophyta (32.0%
[mean] = 28.5%).

Metazoan zooplankton abundance reached its peak in spring
(mean, 52 individuals liter ") (Fig. 6). In terms of abundance,
this community was dominated by rotifers, mainly represented
by Polyarthra spp. (40.0%) and Kellicotia spp. (40.0%) through-
out the study period. Fifty-three percent of copepods were at
the nauplii stage. Cladocerans were represented by two genera:
Daphnia spp. and Ceriodaphnia spp.

Structure and dynamics of the small-eukaryote community.
Terminal restriction fragments obtained by enzymatic diges-
tion by Mspl and Rsal allowed us to track changes in the
SECC. The mean number of T-RFs obtained was lower for
Rsal (101 T-RFs) than for Mspl (128 T-RFs), regardless of
depth. Thus, Mspl seems to be more discriminative in terms of
diversity. For this reason, we have presented only data ob-
tained with this enzyme. A total of 357 T-RFs were detected
for both years. The mean number of T-RFs varied slightly with
depth, but in contrast, the numbers of T-RFs fluctuated
strongly during the study, from 30 to 161 at 5 m and from 99 to
157 at a 30-m depth (Fig. 7). Most of the T-RFs occurred in
both years of the study. Only 5.4% of the T-RFs were specific
to 2001 and 4.4% to 2002. Of a total of 357 T-RFs detected,
only 94 had a relative area higher than 2% and were thus
considered dominant. For example, all the operational taxo-
nomic units (OTUs) detected on 27 November 2002 at 30 m
had an area which represented less than 2% of the total area.

On average, eight T-RFs represented 67% of the total area.
Among the 94 dominant T-RFs, 28 were phylogenetically iden-
tified using both restriction enzymes (Table 2). On average,
these T-RFs represented 66% of the area determined by the
dominant T-RFs at both depths studied. T-RFs 49, 236, 239,
291, and 398 were therefore associated with clones P1.24 (Cil-
iophora), P1.25 (Cryptophyta), P34.43 (Fungi), P1.39 (cho-
anoflagellates) and P1.18 (Cercozoa), respectively. However,
some dominant T-RFs, such as 295, which were found on most
sampling dates, could not be identified.

Strong variations in dominant T-RFs were recorded in en-
vironmental T-RFLP profiles. A few T-RFs had a relative area
higher than 2% only at some dates, such as T-RFs 283 (8
March 2001 at 5 m), 202 (17 April 2001 at 5 m), and P1.25 (24
October 2001 at 30 m). Other T-RFs, such as P1.18, were regu-
larly detected during both years and at both depths. Otherwise,
some T-RFs were detected at one particular depth, such as T-RFs
202 in the epilimnion and 199 in the deeper zone.

Like the counts conducted by epifluorescence microscopy,
the T-RFs identified showed that heterotrophic organisms
dominated the small-eukaryote community, especially in the
hypolimnion. Cercozoa, represented by genera Cercomonas
spp. (48% of total identified area) and Heteromita globosa
(6%), accounted for almost half of the organisms identified in
both study years and at both depths (Fig. 7). At 30 m, Cercozoa
seemed to be dominant, particularly during the period of ther-
mal stratification. The second-largest group, at both depths,
was Fungi-LKM11 (average, 25% of areas identified). More-
over, when the Fungi-LKMI11 association was present on a
given date, then Cercozoa were rare or absent, and the inverse.
For example, at 30 m, from 3 August 2001 to 6 November 2001,
Fungi (P34.43) and LKM11 (P34.42) dropped from 41.2% to
4.5% of total identified areas, whereas Cercozoa increased
from 0% to 38.4% (Fig. 7b). At 5 m, Cercozoa seemed to be
associated with the presence of diatoms (Fig. 5), whereas the
fungi-LKM11 group was observed in situations where the phy-
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toplankton community was dominated by Chlorophyceae (Fig.
5 and 7a). Cryptophyta (2.8% of identified areas) were only
occasionally detected in the epilimnion, on 10 May 2001, 24
April 2002, 31 July 2002, and 28 August 2002 (Fig. 7a). Im-
portant clades at 5 m, such as Chrysophyceae (average, 8.9% of
areas identified) and choanoflagellates (10.3%), were observed
only in very small numbers at 30 m. Cafeteria roenbergensis,
belonging to the lineage of Bicosoecida, was present in both
zones sampled in 2001 but at different periods. In 2002, this
taxon was detected mainly in the epilimnion.
Small-eukaryote community composition in relation to en-
vironmental variables. The T-RFLP patterns of the different
samples were analyzed in relation to physical, chemical, and
biological data from the lake. A partial CCA was performed to
explain the relationship between SECC and explanatory vari-
ables. This direct multivariate analysis revealed several signif-
icant relationships (P < 0.05) between explanatory variables
and SECC (Table 3). The variation partitioning analysis was
performed with variables that independently explained a sig-
nificant amount of the variations in CCA. Pure top-down and
pure bottom-up values represented 8.2% and 19.8% in epilim-
nion and 22.1% and 21.8% of the total inertia in hypolimnion.

These results showed that top-down and bottom-up factors
were of the same order of magnitude of importance in the
hypolimnion, whereas in the euphotic zone, resources had a
higher impact on SECC.

Among bottom-up factors, temperature appeared to signif-
icantly control the composition of small eukaryotes at both
depths. Nutrients also played a significant role in the epilim-
nion, whereas the dissolved-oxygen concentration and water
temperature appeared to have a greater effect on SECC in the
hypolimnion. Moreover, bacteria (11.2%) were significantly
involved in the regulation of SECC in the hypolimnion (Table 3).
For example, the dynamics of Cafeteria roenbergensis (P34.6)
(Fig. 7) was associated with the dynamics of bacterial abun-
dance in the epilimnion (Fig. 3a), since this organism appeared
shortly after an increase in bacterial density, which decreased
thereafter.

With regard to top-down regulation factors, the results of
this study show that zooplankton seemed to be the main factor
associated with variations in SECC at both depths studied.
Among the zooplankton community, cladocerans were the
most important regulatory factor in the epilimnion. Thus, the
peak abundance of these organisms coincided simultaneously
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FIG. 4. Temporal changes in abundances of heterotrophic small eukaryotes (a) and pigmented small eukaryotes (b) at 5-m and 30-m depths.
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with the shift in small-eukaryote structure on 8 August 2002
(Fig. 7a). In contrast, according to the statistical analysis,
SECC in the hypolimnion appeared to depend mainly on the
abundance of copepods. However, other predators, including
large flagellates and rotifers, also played a role in this zone.

DISCUSSION

Methodological aspects. In this study, the water was prefil-
tered through 5-pm-pore-size filters according to the methods
of Diez et al. (20) and Lopez-Garcia et al. (34) in order to take
into account most of the small eukaryotic cells observable by
standard epifluorescence microscopy but usually considered
unidentified Protista and which have been reported to repre-
sent a large proportion of microorganisms in lakes (12, 60). To
study these organisms, we chose T-RFLP (33) as a fingerprint-
ing method. It is considered to have both a high resolving
power and reproducibility (40) and the advantage of being
semiquantitative (7). T-RFLP provides a tentative identifica-
tion of the present species by direct comparison with a data-

base of sequences (36). However, such identification can de-
pend on the presence of the fluorescent sequencing dyes and
on the purine fragment content (30). The number of T-RFs
can nevertheless be biased by the formation of pseudo-T-RFs
(23). We therefore chose to identify the T-RFs from clones
already characterized in the ecosystems studied (16, 54). The
clone library obtained on 2 July 2002 in Lake Pavin (32) al-
lowed us to identify most of the T-RFs considered to be dom-
inant (>2%) for many dates in environmental profiles (Fig. 7).
These results showed a good relation between the two tech-
niques. Moreover, according to our results from both molec-
ular analysis and epifluorescence microscopy counts, hetero-
trophic organisms dominated the small-eukaryote community.
This high proportion of heterotrophs is in agreement with
results from previous studies showing that the pigmented or-
ganisms generally represent only a small proportion of small
eukaryotes in lakes of this area (12, 60). In the epilimnion,
small pigmented eukaryotes represented 5.2% of the areas
identified and were members of the Chrysophyceae and Cryp-
tophyta groups. The presence of Cryptophyta in the smallest
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planktonic fraction is consistent with previous results obtained
from lacustrine ecosystems (28, 56). In the hypolimnion, ac-
cording to microscopic results, pigmented organisms were
present when light penetration was greatest. However, the
presence of pigmented organisms in the epilimnion was appar-
ently underestimated by molecular techniques. This may be
explained by the fact that the library was built on only one date
and did not cover the full diversity of the small-eukaryote com-
munity (32). Furthermore, PCR-based methods are susceptible to
potential biases, and more specifically, these results could be
explained by preferential amplification of templates (3).
Structure and dynamics of the small-eukaryote community.
The average diversity of small eukaryotes as determined by
T-RFLP over both years and at both depths was clearly greater
than that obtained in marine environments with the same tech-
nique. Indeed, the only studies available reported an average
of 14 T-RFs in a hypersaline environment (14) and a maximum
of 25 T-RFs in a marine environment (Mediterranean Sea)
(19). However, the differences observed may have been due to
a difference with the latter study in the computer processing
applied at data integration (19, 20). Despite considerable di-
versity, the small-eukaryote community remains dominated by
a small number of taxa. Thus, eight T-RFs accounted on av-
erage for 67% of the total area. Nanoflagellates (<20 pm) of
the genera Spumella/Monas, which are typical colorless Chry-
sophyceae, have been reported to be generally common in
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freshwaters (5). Microscopic investigations are often ham-
pered by the sparseness of diagnostic characteristics for taxo-
nomic identification, and this is valid in particular for the
small heterotrophic flagellates. In our microscopic investi-
gation, 80% of the small heterotrophs were unidentified cells
or cells of uncertain taxonomy, among which Chrysophyceae
were probably largely represented; Spumella-like cells, in partic-
ular, were observable. Moreover, although the molecular tech-
niques showed that small Chrysophyceae were present (Spumella
elongata, Oikomonas, Paraphysomonas, and Hibberdia), particu-
larly at 5 m, they did not dominate the small-eukaryote popula-
tion. Similar observations were reported by Lefranc et al. (32) and
Richards et al. (48), who also identified this group within small-
eukaryote communities as recurrent but not dominant.

Among the heterotrophic organisms, the dynamics of dom-
inant T-RFs and the clone library showed that Cercozoa are
the most abundant group in Lake Pavin. The Cercozoa group
demonstrates huge morphological, ecological, and genetic di-
versity (31). However, little is known of their very heteroge-
neous morphology, which makes them particularly difficult to
identify by microscopy. Among the organisms identified, Fungi
and the environmental clade LKM11 (61) were abundant at
both depths and were the second most dominant group after
the Cercozoa. LKM11 were strongly associated with Fungi (61)
and were not always separated by T-RFLP (Table 2; Fig. 7).
These results therefore confirm cloning-sequencing results

FIG. 6. Temporal changes in abundance of zooplankton (cladocerans, copepods, and rotifers) (Ind 17, individuals per liter).
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FIG. 7. Seasonal variations, at 5-m (a) and 30-m (b) depths, in number and relative abundance of the various OTUs detected by T-RFLP
analysis of 18S rRNA gene digestion by Mspl, representing more than 2% of the total area (sampling date are expressed as day/month/year). The
numbers at the top of the environmental T-RFLP profile represent the total number of T-RFs detected for each sampling date by the restriction
enzyme Mspl. For example, 156 OTUs were detected on 6/05/02 at 5 m, and 8 OTUs (area, >2%) represented nearly 68% of the total area.
Numbers on the environmental T-RFLP profiles correspond to the lengths of T-RFs in bp (the lengths of the T-RFs corresponding to the clones
are presented in Table 2). On 27/11/02, any T-RFs had an area of >2%.
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TABLE 2. Clones of the Pavin library
T-RF size (bp)*

Clone Division Phylogenetic affiliation species Accession no.

Mspl Rsal
P34.19 Cryptophyta Chrysochromulina throndsenii AY642708 279 140
P1.25 Cryptophyta Chroomonas sp. AY642699 236 250
P1.31 Cryptophyta Chroomonas sp. AY642716 389 244
P1.30 Cryptophyta Geminigera cryophila AY0642715 369 377
P1.27 Cryptophyta Geminigera cryophila AY642713 384 559
P34.28 Chrysophyceae Oikomonas mutabilis AY642697 245 51
P1.35 Paraphysomonas bandaiensis AY642717 245 554
P34.45 Spumella elongata AY642705 249 552
P34.48 Hibberdia magna AY642709 247 55
P34.6 Bicosoecida Cafeteria roenbergensis AY642710 392 521
P34.38 Ciliophora Glaucoma chattoni AY0642718 205 54
P34.44 Ciliophora Prorodon teres AY642703 387 554
P1.24 Ciliophora Prorodon teres AY642698 49 54
P1.23 Cercozoa Cercomonas sp. AY 642696 250 49
P1.18 Cercozoa Cercomonas sp. AY642694 398 103
P34.13 Cercozoa Cercomonas sp. AY642704 243 103
P34.14 Cercozoa Heteromita globosa AY642693 403 104
P1.39 Choanoflagellates Diaphanoeca grandis AY642707 291 141
P34.27 Fungi Spizellomyces acuminatus AY642695 386 89
P1.36 Fungi Spizellomyces acuminatus AY642706 385 71
P34.43 Fungi Spizellomyces acuminatus AY642701 239 530
P34.42 Environmental sequences Unidentified eukaryote LKM11 AY642700 395 528
P34.11 Environmental sequences Unidentified eukaryote LKM11 AY642711 390 89

“ TRF sizes were obtained using a fluorescent forward primer (1F-FAM) and MspI and Rsal restriction enzymes.

from various ecosystems demonstrating numerous clones be-
longing to both lineages (32). The presence of Fungi would
therefore appear to be a specific feature of lacustrine ecosys-
tems. Indeed, these sequences have been reported as being
either absent or occurring in very low proportions in pelagic

TABLE 3. Results of canonical correspondence analysis”

Value for depth

Parameter
Sm 30 m

Bottom-up factors (%)

Bacteria 11.2

NO,-N 7.2

NO;-N

NH,-N 7.8

PO,-P

Pt 7.6

Temperature 6.3 9.5

Oxygen 9.4

Water clarity 9.5
Top-down factors (%)

Cladocerans 14.4 6.2

Copepods 13.8

Rotifers 8.7

HF of >5 pm 12.4
Total inertia 5.7 3.6
Sum of constrained eigenvalues 39 2.1

“ Percentage of variation in small eukaryote community composition (ex-
pressed by percentage of area) explained by the different environmental variables
(HF, heterotrophic flagellates; Pt, total phosphorus).

marine environments (21, 38, 63). Choanoflagellates were
present in the epilimnion and more or less absent in the hy-
polimnion. This distribution may be explained by several eco-
logical factors. Choanoflagellates are epiphytic organisms that
may depend on both the presence of microalgae (13) and the
quality of available organic materials, since they are geared to
use high-molecular-weight dissolved organic matter and colloi-
dal organic particles (53). Cafeteria roenbergensis, belonging to
the Bicosoecida lineage, was detected at both depths. How-
ever, when it was present at 5 m it was absent at 30 m and vice
versa. This organism has not been identified in abundance in
the clone libraries produced in marine environments (38, 49),
whereas the protist flagellate counts previously conducted in
Lake Pavin showed Bicosoecida as representing 7% of total
abundance (13).

Forces regulating the dynamics of SECC. Seasonal cycles in
temperate lakes are driven by the basic physical parameters of
light, temperature, and wind, which control the dynamics of all
biota via nutrient upwelling and primary production. In Lake
Pavin, temperature was a significant explanatory factor in
SECC variations at both depths. Water clarity and oxygenation
appeared to influence the small-eukaryote composition only
in the hypolimnion. For example, Delaney (17) showed that
growth rates of Paraphysomonas spp. (heterotrophic flagel-
lates) were temperature dependent, decreasing sixfold be-
tween 15°C and 0°C. Although we observed the same taxo-
nomic groups in both 2001 and 2002, no clear seasonal
reproducibility between years was identified, suggesting that
the physical characteristics of the lake (e.g., stratification of the
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water column) were not the main factors controlling SECC
variation. Some seasonal variations in heterotrophic nanoflagel-
late composition had previously been reported (15), but stud-
ies were mostly conducted over a single year; thus, it is difficult
to conclude whether there is a real seasonal reproducibility.
Our results showed that SECC variations in the euphotic zone
were controlled mainly by bottom-up effects (availability of
inorganic resources and prey), and nutrients seemed to be the
main factor associated with these variations. More especially,
nitrogenous nutrients and total phosphorus play a significant
role. Using a cross-factorial experimental design to test re-
source and predation effects on microbial community compo-
sition, we also observed that nutrient levels (NO5-N, NH,-N,
and PO,-P) had a significant impact on the epilimnetic small-
eukaryote structure (unpublished data). In the hypolimnion,
the SECC is significantly related to the prokaryotic abundance,
and there is a relationship between bacterial density and the
dynamics of bacterivorous Cafeteria roenbergensis (24). The
prey-predator-type interactions existing between bacteria and
flagellates are now well known. Thus, the main bacterivores in
aquatic ecosystems are typically small heterotrophic flagellates,
generally <5-um-size cells (58) or, in some cases, bacterial
grazers belonging to potentially mixotrophic species (22).
Moreover, by taking into account the fact that bacterivory can
be selective (e.g., see reference 26), heterotrophic eukaryote
diversity could therefore be linked to prokaryote diversity,
which varies in the deepest zone of this ecosystem (6).
Bacterial abundance had been considered to be a bottom-up
factor, especially for small heterotrophic flagellates, but for
Fungi-LKM11, phytoplankton may represent resources, since
they were identified when chlorophyll a concentrations were
highest. Organisms belonging to the clade LKM11 seem to be
associated with the decomposition of detritus composed of
algae and cyanobacteria (61). Moreover, the fungi found in this
ecosystem were affiliated with the Chytrids lineage (32), whose
members are known to be parasites of green algae (35) and
diatoms (9), which may also be regulated by Cercozoa (49). In
the epilimnion, Cercozoa were present when diatoms devel-
oped, whereas fungi were associated with Chlorophyceae (Fig.
7a; Fig. 5). Furthermore, we observed at both depths that when
Fungi-LKM11 were present, Cercozoa were either absent or
present at low densities and vice versa. Different hypotheses
can explain why these small eukaryotes were not associated
within picoplankton assemblages: (i) they may compete for the
same host, diatoms, with the Cercozoa proving more efficient
parasites; (ii) Fungi may preferentially parasitize Chloro-
phyceae, whereas Cercozoa could be associated with diatoms.
Finally, changes in small-eukaryote structure were also
linked to metazooplankton abundance and structure in both
the epilimnion and the hypolimnion. Cladocerans intervened
in an important way (14.4%; Table 3) in the epilimnion. Clado-
cerans are able to consume particles of about 0.5 pm (8) and
therefore exert an important impact on the structure of the
microbial trophic food web (29). Most of them are considered
to be poorly selective, although some studies have reported
that some species belonging to the genus Bosmina show taste
selectivity (18). In the hypolimnion, the CCA combined with
variation partitioning showed that top-down (predation) fac-
tors due to copepods and to a lesser extent rotifers were just as
important as bottom-up factors (resources). Rotifers are
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known to preferentially graze particles belonging to the size
class 1 to 5 pm (50), with a preference for autotrophic, mix-
otrophic, or heterotrophic flagellates without protection (44),
whereas nauplii stages, which represented a large proportion
of the copepods in the present study, are able to graze particles
of 4 to 5 pm in diameter (41, 42, 62). Moreover, copepods
appear to demonstrate much more prey selectivity than clado-
cerans in terms of both size and the nature of the particles
digested (44). Thus, copepods that consisted essentially of cy-
clopoids in Lake Pavin had a predatory impact on small eu-
karyotes preferentially in zones where heterotrophs are pre-
dominant, while the less-selective cladocerans may have a
larger impact in the euphotic zone, where there is a higher
density of indigestible particles. In the hypolimnion, the re-
sults of the CCA also showed a regulatory effect of large
heterotrophic flagellates, which can consume small eu-
karyotes in pelagic microbial food webs (47, 52) and may
play a role in controlling the diversity in the small-eukaryote
community composition.
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