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40 Abstract Despite the considerable attention that has been paid to bacterioplankton over 
recent decades, the dynamic of aquatic bacterial community structure is still 
poorly understood, and long-term studies are particularly lacking. Moreover, 
how the environment governs diversity patterns remains a key issue in aquatic 
microbial ecology. In this study, we used denaturing gradient gel 
electrophoresis of PCR-amplified partial 16S rRNA gene fragments and 
multivariable statistical approaches to explore the patterns of change in the 
free-living bacterial community in the mesotrophic and mono-meromictic Lake 
Bourget (France). A monthly sampling was conducted over two consecutive 
years (2007 and 2008) and at two different depths characterizing the epi- and 
hypolimnion of the lake (2 and 50 m, respectively). Temporal shifts in the 
bacterial community structure followed different patterns according to depth, 
and no seasonal reproducibility was recorded from 1 year to the next. Our 
results showed that the bacterial community structure displayed lower diversity 
at 2 m (22 bands) compared to 50 m (32 bands) and that bacterial community 
structure dynamics followed dissimilar trends between the two depths. At 2 m, 
five shifts in the bacterial community structure occurred, with the temporal scale 
varying between 2 and 8 months whereas, at 50 m, four shifts in the bacterial 
community structure took place at 50 m, with the temporal scale fluctuating 
between 3 and 13 months. More than 60% of the bacterial community structure 
variance was explained by seven variables at 2 m against eight at 50 m. 
Nutrients (PO4-P, NH4-N and NO3-N) and temperature were responsible for 

49.6% of the variance at 2 m whereas these nutrients, with dissolved oxygen 
and chlorophyll a accounting for 59.6% of the variance at 50 m. Grazing by 
ciliates played also a critical role on the bacterial community structure at both 
depths. Our results suggest that the free-living bacterial community structure in 
the epi- and hypolimnion of Lake Bourget is mainly driven by combined, but 
differently weighted, top-down and bottom-up factors at 2 and 50 m. 
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12 Abstract Despite the considerable attention that has been
13 paid to bacterioplankton over recent decades, the dynamic of
14 aquatic bacterial community structure is still poorly under-
15 stood, and long-term studies are particularly lacking. More-
16 over, how the environment governs diversity patterns remains
17 a key issue in aquatic microbial ecology. In this study, we used
18 denaturing gradient gel electrophoresis of PCR-amplified
19 partial 16S rRNA gene fragments and multivariable statistical
20 approaches to explore the patterns of change in the free-living
21 bacterial community in the mesotrophic and mono-
22 meromictic Lake Bourget (France). A monthly sampling
23 was conducted over two consecutive years (2007 and 2008)
24 and at two different depths characterizing the epi- and
25 hypolimnion of the lake (2 and 50 m, respectively). Temporal
26 shifts in the bacterial community structure followed different
27 patterns according to depth, and no seasonal reproducibility
28 was recorded from 1 year to the next. Our results showed that
29 the bacterial community structure displayed lower diversity at
30 2m (22 bands) compared to 50m (32 bands) and that bacterial
31 community structure dynamics followed dissimilar trends
32 between the two depths. At 2 m, five shifts in the bacterial
33 community structure occurred, with the temporal scale
34 varying between 2 and 8 months whereas, at 50 m, four shifts
35 in the bacterial community structure took place at 50 m, with
36 the temporal scale fluctuating between 3 and 13months. More

37than 60% of the bacterial community structure variance was
38explained by seven variables at 2 m against eight at 50 m.
39Nutrients (PO4-P, NH4-N and NO3-N) and temperature were
40responsible for 49.6% of the variance at 2 m whereas these
41nutrients, with dissolved oxygen and chlorophyll a account-
42ing for 59.6% of the variance at 50 m. Grazing by ciliates
43played also a critical role on the bacterial community
44structure at both depths. Our results suggest that the free-
45living bacterial community structure in the epi- and
46hypolimnion of Lake Bourget is mainly driven by combined,
47but differently weighted, top-down and bottom-up factors at
482 and 50 m. 49

50Introduction

51Bacteria represent the most abundant group of planktonic
52organisms in freshwater lakes, and are centrally involved in
53biogeochemical cycling [13]. A large fraction of the
54primary production is processed through bacterial commu-
55nity activity, and on average, bacterial biomass synthesis
56consumes 30% of the photosynthetically derived carbon
57[7]. In lakes, multiple interacting factors and processes
58drive natural microbial communities and it has been shown
59that biotic interactions (i.e. food-web or predator–prey
60dynamics) as well as abiotic factors (resources) play a
61significant role in shaping bacterial communities [22, 28]. It
62has been suggested that bacterial growth is mainly top-
63down (grazer, viruses) controlled in nutrient-poor environ-
64ments and bottom-up (resource) controlled in nutrient-rich
65environments [17]. While several studies have been carried
66out to evaluate the role of bottom-up and top-down
67regulation on biomass or production of the bacterial
68community, still little is known on the relative importance
69and combined effects of these regulating factors.

L. Berdjeb : I. Domaizon : S. Jacquet (*)
INRA, UMR CARRTEL,
75 avenue de Corzent,
74200 Thonon-les-Bains, France
e-mail: jacquet@thonon.inra.fr

J. F. Ghiglione
CNRS & UPMC Paris 06,
UMR 7621, LOMIC, Observatoire Océanologique,
66651 Banyuls-sur-mer, France

Microb Ecol
DOI 10.1007/s00248-010-9767-6

JrnlID 248_ArtID 9767_Proof# 1 - 27/10/2010



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

70 Over the past two decades, there has been an impressive
71 expansion of research into the issue of the microbial
72 diversity importance in the functioning of aquatic ecosys-
73 tems. In order to obtain a better understanding of the
74 growth dynamics, spatio-temporal variations, and control-
75 ling factors of the prokaryotic community, it is of great
76 importance to elucidate the temporal dynamics of their
77 structure. Molecular methods (based on fingerprintings,
78 fluorescence in situ hybridization, or cloning/sequencing)
79 have been made available to assess these dynamics, and it
80 is now well accepted that polymerase chain reaction–
81 denaturing gradient gel electrophoresis (PCR-DGGE)
82 which allows the separation of similar-length nucleic acid
83 molecules, typically PCR products using specific bacterial
84 primers, represents (1) an adequate means to characterize
85 the bacterial composition and community structure (particu-
86 larly for the analysis of a great number of samples) and (2)
87 allows a reliable comparison between a variety of samples and
88 ecosystems [11].
89 To date, several investigations dealing with the temporal
90 evolution of the bacterial community structure and compo-
91 sition in lakes have been performed and different trends
92 have been highlighted according to the studied lakes. While
93 some studies describe a pronounced seasonal evolution of
94 the bacterial community composition in lakes [51, 53, 54],
95 others demonstrated a more gradual change and did not find
96 any apparent connection with seasonality [1, 26, 27].
97 However, to the best of our knowledge, and except for
98 Boucher et al. [1], none of the temporal studies published
99 so far have been conducted at different depths and over a
100 period of time longer than a year. Moreover, none of these
101 studies demonstrated a statistically robust relation between
102 the temporal evolution of bacterial community structure and
103 associated limnology ecosystem processes. The role of
104 “top-down” and “bottom-up” control on bacterial commu-
105 nity structure dynamics is frequently proposed in the
106 literature but such complex ecological questions may be
107 addressed with robust statistical analysis as canonical
108 correspondence analysis (CCA). Nevertheless, the use of
109 this direct gradient analyze in combination with molecular
110 fingerprinting is scarce in spite of the power of this method
111 for this purpose [37, 38].
112 Lake Bourget (largest natural French lake) is a mesotrophic
113 deep lake which exhibits clear summer stratification. Previous
114 studies carried out in this lake, have mainly been performed to
115 describe the spatial and temporal variations in the abundance
116 of the bacterial community in relation with other biological
117 compartments [8, 35]. In return, data on the composition and
118 the dynamic structure of this community remained scarce
119 [12]. Moreover, no information has been made available
120 concerning the factors driving this structure yet.
121 Thus, in this study, we conducted a complete survey
122 over a period of 2 years (2007–2008) in Lake Bourget by

123sampling in both the epi- and hypolimnion (2 and 50 m,
124respectively). We examined the temporal evolution of the
125free-living bacterial community structure at these two
126depths by using DGGE of the amplified V3 region of 16S
127rRNA gene. As a first objective, we sought to determine the
128temporal scales at which changes in bacterial community
129structure occur in epi- and hypolimnion in Lake Bourget by
130using multivariate nonparametric statistical methods. Secondly,
131we took a large set of environmental parameters including
132physico-chemical variables and biological parameters to
133investigate “top-down” and “bottom-up” control as potential
134driving forces for temporal shifts in bacterial community
135structure at both depths using multivariate statistical direct
136gradient ordination methods.

137Material and Methods

138Study Site and Sampling Strategy

139Water samples were collected in Lake Bourget, situated in
140the western edge of the Alps (45°44′N; 05°51′W; 231 m
141altitude). It is an elongated and north–south-oriented lake
142(length 18 km; width 3.5 km; area 44×106 m2; volume
1433.5×109 m3; maximum depth 147 m; mean depth 80 m;
144residence time 8.5 years). Lake Bourget is considered as
145mesotrophic and has been characterized by a recurrent
146bloom of the filamentous cyanobacterium Planktothrix
147rubescens since 1998 [19]. More details (including a map
148of this lake with its bathymetry) are available in Jacquet et
149al. [19]. Due to their different and contrasting environmental
150and biological parameters, as revealed by previous works [8,
15135], sampling was carried out at 2 m (located in the upper
152epilimnion) and at 50 m (located in the upper hypolimnion),
153once a month from January 2007 to December 2008. We
154chose these two depths because of their differences and
155contrasting characteristics (physico-chemical and biological
156parameters) which exhibit highly reproducible seasonal
157patterns from 1 year to another [35]. A total of 2 l was
158collected using a Niskin bottle at the reference sampling
159station of the lake (referred to as point B) located above the
160deepest part of the ecosystem. Samples were put into sterile
161polycarbonate bottles and kept in the dark at 4°C until being
162processed immediately on return to the laboratory (i.e. within
163the next 3 h).

164Physico-chemical Variables

165The total organic carbon (TOC) and nutrient concentrations,
166i.e. total nitrogen (TN), dissolved ammonium (NH4-N),
167dissolved nitrates (NO3-N), total phosphorus (TP), and
168orthophosphates (PO4-P) were measured at each sampling
169station and date, according to the standard French protocols

L. Berdjeb et al.
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170 AFNOR (details available at http://www.thonon.inra.chimie.
171 net/page/public/analyses.asp). A conductivity–temperature–
172 depth measuring device (CTD SEABIRD SAB 19 Seacat
173 profiler) and a chlorophyll fluorescence Fluoroprobe (BBE
174 Moaldenke, Germany) were used to obtain vertical profiles
175 of water temperature, conductivity, dissolved oxygen con-
176 centration and chlorophyll a fluorescence.

177 Assessment of the In Situ Microbial Community Dynamics

178 Abundances of virus-like particles (VLP), heterotrophic
179 prokaryotes (mostly bacteria, [8]) and picocyanobacteria
180 were measured by flow cytometry. Briefly, VLP and
181 heterotrophic prokaryotes were fixed with 0.2 μm filtered-
182 glutaraldehyde (0.5% final concentration, grade I, Merck)
183 for 30 min in the dark, until being counted with a
184 FACSCalibur (Becton Dickinson) flow cytometer, using
185 the same protocol as described in Personnic et al. [35] and
186 references therein. To analyze the phytoplankton commu-
187 nity dynamics, samples were processed without adding any
188 fixative or dye [35].
189 P. rubescens abundance was determined following
190 Utermöhl [52] protocol, and by counting 100-μm-length
191 filaments and assuming a mean cell length of 5 μm.
192 Glutaraldehyde (1% final concentration) was used to fix
193 the flagellates. Samples were filtered (pressure <100 mmHg)
194 on black polycarbonate membranes (diameter, 25 mm; pore
195 size, 0.8 μm), then stained with primuline [2] and stored, for
196 at most a few days, at −20°C until analysis. Slides were
197 examined using epifluorescence microscopy under UV light
198 to count the heterotrophic nanoflagellates, and under blue
199 light to count the autotrophic nanoflagellates at a ×1,250
200 magnification.
201 Ciliates were preserved with mercuric bichloride (25%)
202 and identified and counted (within 15 days of sampling)
203 according to the method of Sime-Ngando et al. [47] using
204 an inverted light microscope (Olympus, ×500).

205 Bacterial Community Structure

206 Analysis of the bacterial community structure was assessed
207 using DGGE as described by Dorigo et al. [12]. Bacteria
208 were harvested from approximately 250 ml water onto
209 47 mm diameter, 0.2 μm pore size, polycarbonate white
210 membrane filters (Nuclepore), after a pre-filtration step
211 through 2 μm pore size polycarbonate membrane filters
212 (Nuclepore) to eliminate large eukaryotes and filamentous
213 cyanobacteria. Thus, samples included DNA from free-
214 living heterotrophic bacterioplankton as well as a small
215 fraction of picocyanobacteria. The filters were stored at
216 −80°C until nucleic acid extraction could be carried out, as
217 described in Dorigo et al. [12]. After DNA extraction and
218 quantification according to the absorbance at 260 nm using

219NanoDrop ND-1000 Spectrophotometer (Thermo Scientific),
220DNA extracts of the sampled community were then stored at
221−20°C until PCR amplification. PCR reactions were carried
222out according to the PCR cycle described in Dorigo et al. [12]
223and using the Eubacteria-specific primer 358-GC [32] and
224the universal primer 907rM [40]. PCR products were
225verified by agarose gel electrophoresis (not shown). DGGE
226analysis was performed on PCR fragments, essentially as
227described in Dorigo et al. [12] but by using Ingeny PhorU-2
228(Ingeny International) and a linear gradient of the denaturants
229urea and formamide, which increased from 40% at the top of
230the gel to 80% at the bottom. Digital images of the gels were
231obtained using a Kodak DC290 camera, and were then saved
232for further analysis using the Microsoft Photo Editor
233Software.

234DGGE Pattern Analysis

235The DGGE banding patterns were analyzed using the
236GelCompare II software package (Applied Maths, Kortrijk,
237Belgium) and after digitalization of the DGGE gels. Briefly,
238banding patterns were first standardized with a reference
239pattern included in all gels. Each band was described by its
240position (Y, in pixel on the image file) and its relative
241intensity in the profiles (Pi) which could be described as the
242ratio between the surface of the peak (ni) and the sum of the
243surfaces for all the peaks within the profile (N) [14]. This
244information was used to determine the total number of
245bands for each profile (S) and to calculate the Simpson
246evenness index (λ) according to the formula: l ¼ P

p2i
� �

,
247where pi=ni/N and ni=number of individuals in species i and
248N=total number of individuals in all species.
249A similarity matrix between densitometric curves of the
250band patterns was calculated based on the Bray–Curtis
251index and used to perform moving-window analysis [30] by
252plotting the correlation between the month x and x−1. The
253△t(month) values were calculated as the averages and
254standard deviations for the respective moving-window
255analysis curve data points subtracted from the 100%
256similarity value. The greater the change between the DGGE
257profiles of month x and x−1, the lower the moving-window
258curve data point and the higher the △t(month) values will be.

259Statistical Analysis

260Comparative analysis of DGGE fingerprints was carried out
261with the PRIMER 5 software (PRIMER-E, Ltd., UK).
262Ordination of Bray–Curtis similarities among normalized
263sample profiles was performed by non-metric multidimen-
264sional scaling (MDS). We used this ordination technique to
265determine the relationships among sample profiles as
266representative of the bacterial community structure of each
267sample site. MDS attempts to preserve the ranked order of

The Free-Living Bacterial Community Structure in Lake Bourget
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268 the similarity of any two sample communities as an inverse
269 function of the distance between the points representing
270 those communities on the plot [24]. The degree to which
271 the plot matches the similarity matrix can be judged by
272 examining the stress, defined here as Kruskal’s stress
273 formula [25], with values lower than 0.1 representing good
274 ordination with little risk of pattern misinterpretation [6].
275 The prepared MDS plots were used to visualize the
276 relationship between the bacterial communities, as deter-
277 mined by their DGGE profiles, throughout the sampling
278 period.
279 Additionally, hierarchical agglomerative clustering
280 of Bray–Curtis similarities was performed using the
281 group average method of PRIMER software. To test
282 the null hypothesis, that there was no significant
283 difference between the groups discriminated according
284 to the agglomerative clustering analysis, we conducted
285 an analysis of similarities with the subroutine ANO-
286 SIM of PRIMER. ANOSIM is a nonparametric test
287 designed to perform statistical comparisons of multi-
288 variate data sets in a manner similar to univariate
289 techniques (ANOVA) [6]. Firstly, ANOSIM calculates
290 the R statistic that displays the degree of separation
291 between groups. Complete separation is indicated by R=
292 1, and R=0 suggests no separation. Having determined
293 R, ANOSIM, secondly, assigns samples randomly to
294 different groups to generate a null distribution of R
295 (Monte Carlo test) to test whether within-group samples
296 are more closely related to each other than would be
297 expected by chance.
298 To investigate the relationships between bacterio-
299 plankton community structure and measured environ-
300 mental variables, a CCA was performed using the
301 software package CANOCO, version 4.5 for Windows
302 [50]. CCA is an ordination technique that was originally
303 developed to relate community compositions to known
304 (available) variations in the environment [49]. The
305 obtained ordination axes (based on community structure
306 data) are linear combinations of environmental variables
307 that best explain microbial diversity composition data.
308 We first imported OTUs abundance data from spread-
309 sheets using WCanoImp program within the CANOCO
310 package. We then used CANOCO program to perform
311 CCAwith species scaling on intersample distances so that
312 samples and environmental variables formed a biplot. To
313 statistically evaluate the significance of the first canonical axis
314 and of all canonical axes together, we used Monte Carlo
315 permutation full model test with 199 unrestricted permuta-
316 tions. Finally, to represent biplots we used the program
317 CANODRAW within CANOCO package for Windows.
318 Additionally, Spearman’s rank pairwise correlations between
319 the environmental variables mentioned above helped to
320 determine their significance for further ecological analysis.

321Results

322Temporal Dynamics of the Physico-chemical
323and Biological Parameters

324A clear seasonal trend was observed at 2 m in the
325temperature with the lowest values in February (5.9°C)
326and the highest during summer (24.3°C in August 2008),
327whereas at 50 m, this parameter remained relatively stable
328along the study period (around 6.17°C, SD=0.26, n=24).
329At 2 m, dissolved oxygen concentration peaked in spring at
330both years. At 50 m, dissolved oxygen concentration was
331near that registered at 2 m and displayed the highest values
332between the end of winter and the early spring. During the
3332 years, TOC concentration remained stable at both depths
334but displayed significant higher values at 2 m than at 50 m
335(test t, p<0.001, n=48). Gradual consumption of dissolved
336NO3-N was observed during spring and summer at 2 m,
337whereas no seasonal variation was remarked at 50 m. Peaks
338of NH4-N (>12 μg l−1) appeared several times in summer
339and spring, at 2 m, followed by a rapid consumption the
340month after (Fig. 1). The highest values of NH4-N
341monitored at 50 m were obtained in January 2007 and
342April 2008. PO4-P and TP concentrations fluctuated
343between 2 and 10 μg l−1 and between 5 and 20 μg l−1,
344respectively (Fig. 1). At 2 m, chlorophyll a concentration
345was generally below 3 μg l−1. At 50 m, this concentration
346was significantly lower than at 2 m (t test, p<0.001, n=48),
347between 0 and 0.5 μg l−1 (Fig. 2). P. rubescens biomass
348was four times higher at 2 m than it was at 50 m, however
349the same seasonal tendency was observed, with the lowest
350values during spring–summer and the highest during
351autumn–winter (Fig. 2). High dynamic in the abundance
352of picocyanobacteria was observed during the 2 years, at
353both depths (Fig. 2), with abundance evolving between
3546.2×102 and 3.8×105 cell ml−1 at 2 m and between 80 to
3558.8×103 cell ml−1 at 50 m. Heterotrophic prokaryote
356abundance varied from 4.1×105 to 6.6×106 cells ml−1 at
3572 m and from 6.5×105 to 2.1×106 cell ml−1 at 50 m
358(Fig. 2). In most cases, VLP abundance remained below
3593.1×108 part ml−1 at 2 m and 7.1 107 part ml−1 at 50 m.
360Heterotrophic nanoflagellates (HNF) and ciliates abundan-
361ces averaged 0.7×103 cells ml−1 and 24.8 cells ml−1

362respectively at 2 m and 2.2×102 cell ml−1 and 9 cell
363ml−1, respectively, at 50 m. Most of the highest abundances
364of HNF and ciliates coincided with that of the heterotrophic
365prokaryotes (Fig. 2).

366Bacterial Community Structure

367At 2 m, a total of 22 individual DGGE bands were detected.
368The number of DGGE bands varied between 6 (June and
369September 2007) and 13 per sample (March 2007, February

L. Berdjeb et al.
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Figure 1 Temporal evolution of chemical characteristics of Lake
Bourget at 2 and 50 m. Dashed lines indicate the periods when the
shifts in the bacterial community structure was observed. Chl a
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370 and December 2008; mean=8, SD=2, n=24; Fig. 3a). The
371 Simpson’s evenness index (λ), estimated by both presence
372 and intensity of DGGE bands, varied between 0.13 (March
373 2007) and 0.3 (January 2007). Seventy-nine percent of the
374 samples presented an evenness index >0.2 (Fig. 3b). We
375 used MDS and hierarchical agglomerative clustering for
376 comparative analysis of DGGE fingerprints. Both analyses
377 showed a recurrent seasonal pattern during the sampling
378 period with four distinct clusters of bacterial communities:
379 January to March 2007 (winter), April to September 2007
380 (spring–summer), October to December 2007 (autumn–
381 winter) and January to August 2008 (winter to summer;
382 Fig. 4). September and October 2008 samples were found
383 in the same cluster than October to December 2007

384samples, as well as November and December 2008 samples
385with April to September 2007 samples (Fig. 4). The MDS
386ordination plot stress value was low (0.08) which corre-
387sponds to a good ordination with no real prospect of a
388misleading interpretation [6]. The nonparametric ANOSIM
389subroutine of PRIMER confirmed the robustness of these
390four clusters (R=0.991, p=0.001). Bray–Curtis similarity
391values varied from 30 to 87.5% (mean=67%±17%, n=24;
392data not shown). According to the moving-window analysis
393(Fig. 3c), the most significant rate of changes in bacterial
394community structure was registered between February and
395May in 2007 (53%) and between August and September in
3962008 (60%). The level of bacterial community dynamics
397between the other months did not exceed 40%, with a
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Figure 2 Temporal evolution of microbial communities in Lake Bourget
at 2 and 50 m. Dashed lines indicate the periods when the shifts in the
bacterial community structure was observed. VLP Virus-like particles, P.
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398 monthly rate of change about 24% (±14%), which
399 represented a medium level of community dynamics
400 (according to Marzorati et al. [30]).
401 The number of individual DGGE bands observed at
402 50 m was higher than that at 2 m with 32 and 22 bands,
403 respectively (Fig. 3a). At 50 m, the number of bands per
404 samples varied from 9 (March and April 2008) to more than
405 20 (September to December 2008). The Simpson’s even-
406 ness index values were in contrast much lower at 50 m,
407 varying between 0.07 (October 2008) and 0.17 (April 2007;
408 Fig. 3b). MDS ordination plots and cluster analysis showed
409 a clear separation between bacterial community structure
410 originated from 2 to 50 m (Fig. 4). At 50 m, only three
411 clusters could be distinguished: January to April 2007

412(winter to spring), May to July 2007 (summer) and August
4132007 to August 2008 (1 year). The last cluster could be
414separated into two sub-clusters including samples from
415August 2007 to January 2008 (summer to winter) and
416samples from February 2008 to August 2008 (winter to
417summer; Fig. 4). Samples from September to November
4182008 were found to be similar to the May to July 2007
419cluster, but formed a separate sub-cluster (Fig. 4). Bray–
420Curtis similarity values among samples ranged from 36 to
42185%, with a mean value of 64.5%±18% (data not shown).
422Moving-window analysis revealed that the bacterial com-
423munity structure at 50 m shifted over time with a monthly
424rate of change up to 28%±10%. The most significant
425change in the bacterial community structure (more than
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426 40%) were observed between April and May in 2007,
427 January and February in 2008 and August and September
428 2008 (Fig. 3c).

429 Bacterial Community Structure in Relation
430 to Environmental Variables at 2 m

431 The transition between the four bacterial groups observed at
432 2 m depth was concomitant with changes in several
433 physico-chemical and biological variables. Transition from
434 winter to spring–summer 2007 clusters (March–April) took
435 place alongside a marked increase in both TOC and NH4-N
436 (by factor 1.3 and 3 respectively), a peak in oxygen
437 (14 mg l−1) and a decrease in NO3-N (Fig. 1). At this
438 period, the heterotrophic prokaryote abundance doubled in
439 parallel with an important decrease in P. rubescens and a
440 clear peak in VLP (Fig. 2). Transition from spring–summer
441 to autumn 2007 clusters (September and October) occurred
442 when surface waters became nutrient limited (Fig. 1). This
443 period was also marked by an increase in both P. rubescens
444 and bacterial grazer abundances, especially for HNF cells
445 that reached the highest value of the 2 years (3.5×103 cell
446 ml−1; Fig. 2). Transition from autumn 2007 to winter–
447 spring–summer 2007–2008 clusters (December 2007 and
448 January 2008) took place during NH4-N depleted period
449 and low abundance of heterotrophic prokaryotes (Fig. 2)
450 but an increase in chlorophyll a concentration (by factor 3;

451Fig. 1). During this period, marked decrease in the
452abundance of P. rubescens was observed after a peak in
453November. Changes in bacterial community from August to
454September 2008 occurred in a period of limited nutrients
455(both NO3-N and NH4-N) and during a rapid decrease of
456TP concentrations (by factor 2.8; Fig. 1). Changes in
457bacterial community structure from October to November
4582008 took place under limit detection of NH4-N and PO4-P
459but during elevated chlorophyll a (around 6 μg l−1) and P.
460rubescens, as well as important VLP and ciliates abundan-
461ces (Fig. 2). During this period, the abundance of
462cyanobacteria decreased after a peak in September.
463The complex influence of physico-chemical and biolog-
464ical parameters on changes in bacterial community structure
465was statistically demonstrated by using direct multivariate
466gradient analyses. We first performed CCA using both
467physico-chemical parameters and predator counts as con-
468strained variables of the temporal changes of bacterial
469community structure at 2 m. A strong Spearman’s rank
470pairwise correlation between NO3-N and TN (R2=0.92, p<
4710.01), between PO4-P and TP (R2=0.72, p<0.001), allowed
472us to use NO3-N as a proxy of TN and TP as a proxy of
473PO4-P. Temperature, NO3-N, NH4-N and TP coupled with
474HNF, ciliates and VLP counts variables explain 61.2% of
475the temporal bacterial community structure variance, as
476indicated by the sum of all canonical eigenvalues (Table 1).
477The cumulative percentage of variance of the species–
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Dimension 1 

Figure 4 Multidimensional scaling (MDS) plot of the bacterial community structure composition as determined from PCR-DGGE profiles based on
Bray–Curtis similarity index for Lake Bourget at 2 and 50 m, between 2007 and 2008. Stress value: 0.08
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478 environment relationship indicates that the first and second
479 canonical axes accounted for 44.3% and 18.6% of this
480 variance respectively (Fig. 5). Consequent axes accounted
481 for less than 13% of the variance each, and are not
482 considered further here. The first canonical axis is highly
483 negatively correlated with HNF, ciliates, temperature (ca.,
484 less than −0.5) and to a lesser extent with VLP (ca., −0.2)

485positively correlated with NO3-N, TP (ca., >0.8) and to a
486lesser extent with NH4-N (ca., 0.2). The first axis clearly
487organizes the temporal evolution of the samples from 2007
488whereas the temporal evolution of 2008 samples were more
489spread out along the second canonical axis (Fig. 5).
490Other CCAwere performed to investigate more precisely
491the relative contribution of nutrients or predators to the

t1.1 Table 1 Summary of results from canonical correspondence analyses of the bacterioplankton community structure data when constrained by
physico-chemical, physico-chemical and predators variables at 2 m and 50 m

t1.2 Environmental variables 2 m 50 m

t1.3 Physico-chemical Nutrients Physico-chemical
and predators

Physico-chemical Physico-chemical
and predators

t1.4 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2

t1.5 Total inertia 0.518 1.530 1.530 1.296 1.296

t1.6 Sum of all canonical eigenvalues 0.469 0.393 0.612 0.462 0.596

t1.7 Eigenvalues 0.260 0.084 0.256 0.079 0.271 0.114 0.221 0.109 0.274 0.125

t1.8 Species–environment correlations 0.805 0.835 0.805 0.801 0.834 0.695 0.837 0.881 0.896 0.904

t1.9 Cumulative percentage variance of

t1.10 Species data 17.0 22.5 16.7 21.9 17.7 25.2 17.0 25.4 21.1 30.7

t1.11 Species–environment relation 55.5 73.3 65.2 85.2 44.3 62.9 47.8 71.3 45.9 66.8

Physico-chemical variables were temperature, nitrate, ammonium and total phosphorus for 2 m samples and nitrate, ammonium, dissolved oxygen
and chlorophyll a for 50 m samples. Predators were ciliates, HNF and viral abundance
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Figure 5 Canonical correspondence analysis of bacterioplankton
community structure from samples from 2 (a) and 50 m (b) using
physico-chemical and biological parameters. Arrows point in the
direction of increasing values of each variable. The length of the
arrows indicates the degree of correlation with the represented axes.
The position of samples relative to arrows is interpreted by projecting

the points on the arrow and indicates the extent to which a sample
bacterial community composition is influenced by the environmental
parameter represented by that arrow. Chl a Chlorophyll a, Temp
temperature, O2 dissolved oxygen, HNF heterotrophic nanoflagellates,
VLP virus-like particles
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492 observed changes in bacterial community structure. A model
493 utilizing only NO3-N, TP, and NH4-N concentrations could
494 statistically explain 39.3% of the variance (sum of all
495 canonical eigenvalues; Table 1). Another model using
496 NO3-N, TP, and NH4-N concentrations together with
497 temperature could statistically explain 46.9% of the variance
498 (Table 1). However, the model considering ciliate, HNF and
499 VLP abundances could not significantly explain the variance
500 of the bacterial community structure (p>0.1). Variation
501 partitioning indicated that 24% of the observed variance in
502 the 16S rRNA data set remained unexplained at 2 m depth.

503 Bacterial Community Structure in Relation
504 to Environmental Variables at 50 m

505 Changes in community structure from January–April 2007
506 cluster to May–July 2007 cluster coincided with NH4-N
507 depletion (undetected), a significant drop both in chloro-
508 phyll a concentration and P. rubescens abundance (Fig. 1)
509 but also in both ciliates and HNF abundance (by factors 4
510 and 3, respectively; Fig. 2). The transition occurring in
511 summer 2007 (July–August) was concomitant with NH4-N
512 depletion and to a decrease in both TP and PO4-P
513 concentrations (by factor 2.4 and 1.4, respectively;
514 Fig. 1). Over this period, the abundance of heterotrophic
515 prokaryotes doubled, ciliates peaked at 16 cell ml−1

516 whereas both HNF and VLP displayed a strong decrease
517 (by factor 3 and 1.2, respectively). Changes in the bacterial
518 community structure from August to September 2008,
519 coincided with high concentration of both TP and NO3-N
520 (14 μg l−1 and 0.8 μg l−1 respectively) but limited NH4-N
521 concentration (2 μg l−1) and an important decrease in PO4-P
522 (by factor 4; Fig. 1). During this period, the abundance of
523 cyanobacteria decreased by factor 5. No significant growth
524 in the abundance of both predators was observed. The last
525 transition in the bacterial community structure was observed
526 at the end of autumn (November–December) and coincided
527 with depleted NH4-N conditions, an increase in the
528 concentration of PO4-P (by factor 9) and a decrease in the
529 concentration of NO3-N (by factor 1.4). The abundances of
530 both heterotrophic prokaryotes and VLP dropped during this
531 period by factors 1.2 and 1.4, respectively.
532 At 50 m, a strong Spearman’s rank pairwise correlation
533 between NO3-N and TN (R2=0.77, p<0.01), between PO4-P
534 and TP (R2=0.62, p<0.01), allowed us to use NO3-N as a
535 proxy of TN and TP as a proxy of PO4-P to perform CCA
536 together with the rest of physico-chemical parameters.
537 Dissolved oxygen, chlorophyll a, NO3-N, NH4-N, and TP
538 coupled with HNF, ciliates and VLP explained 59.6% of the
539 temporal bacterial community structure variance at 50 m, as
540 indicated by the sum of all canonical eigenvalues (Table 1).
541 The cumulative percentage variance of the species–
542 environment relationship indicates that the first and

543second canonical axes account for 47.8% and 23.5% of
544this variance respectively (Fig. 5). Subsequent axes
545accounted for less than 13% of the variance each, and
546are not considered further here. The first canonical axis is
547highly negatively correlated with ciliates (ca. less than
548−0.5) and to a lesser extent with VLP (ca. −0.2) and
549positively correlated with dissolved oxygen (ca. >0.8) and
550to a lesser extent with NH4-N, NO3-N, and HNF (ca. 0.2).
551An additional model using NO3-N, TP, and NH4-N together
552with temperature, dissolved oxygen and chlorophyll a could
553statistically explain 46.9% of the variance (sum of all
554canonical eigenvalues; Table 1). Adding ciliates, HNF and
555VLP abundances could not significantly explain the variance
556of the bacterial community structure (p>0.1). Nevertheless, in
557contrast to 2 m, the model using only NO3-N, TP, and NH4-N
558could not significantly explain the variance of the bacterial
559community structure. Variation partitioning indicated that
56040.4% of the observed variance in the 16S rRNA data set
561remained unexplained at 50 m depth, i.e. almost twice more
562than what we found at 2 m.

563Discussion

564Due to the large set of samples used to characterize major
565shifts inside the bacterioplankton community structure in
566Lake Bourget in 2007 and 2008, genetic fingerprints (DGGE
567in this study) were considered as more adequate tools than
568time-consuming cloning (inventory) approaches. Neverthe-
569less, we are aware that such fingerprinting techniques are
570PCR-based and so may be subjected to potential PCR bias/
571drawbacks such as heteroduplex or chimera formation [23],
572the choice of annealing temperature, the DNA quantity used
573[41]. However, as stressed by Sekigushi et al. [43], the
574effects of bias can be minimized when, as here, relative
575changes are studied within a single environment. In addition,
576it should be kept in mind that DGGE fingerprints reflect the
577microorganism populations that are present at high concen-
578trations. Casamayor et al. [3] reported that the number of
579bands is indeed related to the number of populations that
580account for more than 0.3–0.4% of the total cell counts.
581Thus, results given by DGGE fingerprints certainly do not
582represent the total species richness in the samples but, rather,
583a standardized measure of richness [15].

584Temporal Scales of Changes in the Epi- and Upper
585Hypolimnion Bacterial Community Structure

586One of the major findings of this study was to observe that
587bacterial community structure of Lake Bourget showed
588pronounced temporal shifts in both epi- (2 m) and upper
589hypolimnion (50 m), but also very long steady-state
590periods. Moreover, we did not find, in both epi- and
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591 hypolimnitic layers, repeatedly seasonal patterns, during
592 our 2-year monthly sampling but rather dramatic changes
593 occurring at given periods (between 49% of Bray–Curtis
594 similarity (SD=8, n=5) at 2 m and 45% of Bray–Curtis
595 similarity (SD=8, n=8) at 50 m. Conflicting dramatic vs.
596 gradual changes on bacterial community structure have
597 been observed in several lakes. Some authors observed a
598 dramatic change in the bacterial community structure over
599 time, especially in the stratified summer period [51, 53, 54],
600 while other studies reported a more gradual change [1, 26,
601 27]. Such apparent discrepancy may be due to the sampling
602 time scale of each study, distinct lake community, sensitivity
603 of the molecular fingerprinting method or due to distinct
604 environmental constraints.
605 Few attempts have been made to assess the inter-annual
606 bacterial structure dynamics in lacustrine ecosystems. To
607 the best of our knowledge, Boucher et al. [1], Nelson [33],
608 Shade et al. [44], Yannarell et al. [54] are among the few
609 who have examined the bacterial community dynamics
610 over several years (between two and six) in freshwater
611 systems. No repeatable pattern from 1 year to another was
612 observed, in only some cases, for bacterial community
613 composition [1, 26]. Our results extend this view since we
614 also observed a clear variability between 2007 and 2008 in
615 Lake Bourget, in both time and space. However, this result
616 contrasted with the clear seasonal reproducibility patterns
617 of the bacterial abundance, reported in this study (Fig. 2)
618 and previously by Personnic et al. [35], suggesting thus that
619 the annual repetition or variation scheme for this parameter
620 is probably more complex than hitherto assumed.
621 Interestingly, we observed very few changes in bacterial
622 community structure for relatively long period of time, ranging
623 from 8 months in the epilimnion to 13 months in the
624 hypolimnion (Fig. 4). A steady state of the bacterial
625 community structure (more than 2 months) was already
626 observed in other lacustrine ecosystems [51, 53] while the
627 expecting bacterial doubling time is generally lower than
628 3 days in lacustrine ecosystems [9]. Boucher et al. [1]
629 concluded to a relative steady state of lacustrian bacterial
630 community structure for relatively long periods of time,
631 during which growth and losses of each population compen-
632 sate each other to reach a stable community structure. This
633 does not mean that the bacterial community may not react
634 rapidly to environmental changes since we found a minimum
635 time scale of less than a month in both epi- and hypolimnion
636 with pronounced changes in community assemblages.

637 Environmental Factors Driving the Bacterial Community
638 Structure

639 In order to determine the relative importance of top-down
640 vs. bottom-up control, Gasol et al. [17] reviewed different
641 empirical and experimental ways in which factors that

642control the abundance, production and growth rate of
643bacterial community in aquatic systems have been consid-
644ered. They concluded that bacterial growth appears to be
645top-down regulated in most nutrient-poor environments and
646bottom-up regulated in the richer ones. However, these
647authors suggested that bacterial community composition
648could be more affected by top-down factors in the richest
649environments. Although various studies have described the
650structure of bacterial communities in various ecosystems,
651few have attempted to determine factors controlling the
652temporal changes. The important finding of this study was
653to statistically demonstrate that a complex array of physico-
654chemical and biological parameters was the driving force
655behind the temporal shifts of the bacterial community
656structure in the mesotrophic Lake Bourget, and these
657variables could explain 61.2% and 59.6% of the temporal
658bacterial community changes at 2 and 50 m, respectively.
659Variation partitioning was used in this study to separate
660top-down from bottom-up effects on the temporal dynamic
661of bacterial community structure. The results of these
662analyses suggest no difference between depths, in Lake
663Bourget. Pure bottom-up-related variation was important
664(46.9% at 2 m vs. 46.2% at 50 m) at 2 and 50 m whereas
665pure top-down-related variation was not observed at both
666depths, which indicate that top-down control was less
667important than bottom-up control in driving the temporal
668changes of the bacterial community structure in the epi- and
669hypolimnion. Jardillier et al. [22] are among the few studies
670which evaluated the relative importance of bottom-up and
671top-down factors in temporal change of bacterial commu-
672nity structure and composition in lacustrine systems. These
673authors found that bottom-up control of the bacterial
674community composition are much stronger than top-down
675control in lakes. Our results are consistent with their results;
676however, the originality of the present study is to unravel
677such question in space (two different depths) and over two
678complete years. We demonstrated the importance of
679bottom-up factors as the main control of the temporal
680dynamics of the bacterial community structure as well as in
681the hypolimnion than in the epilimnion, and to lesser
682extent, the combined action of both top-down and bottom-
683up factors.

684Bottom-Up Control

685Our results showed that, even if bacterial community
686structure displayed high dissimilarity between the two
687depths, bottom-up factors explained about the same
688percentage of total variation at the two depths, suggesting
689the same sensitivity of the bacterial community to the
690environmental and biological parameters whatever the
691depth examined in Lake Bourget. The high proportion of
692the bacterial community structure variance (between 30%
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693 and 64%) explained by the environmental parameters have
694 been reported in many studies [1, 34, 55]. At 2 m, 39.3% of
695 the temporal variability was explained by nutrient patterns
696 only, whereas at 50 m, the model testing different
697 combinations of nutrient concentrations alone did not give
698 any significant explanation of the temporal changes in the
699 BCS, which may indicate the complexity of the interactions
700 driving the bacterial community dynamic and structure in
701 the hypolimnion [8] and could also explain the difference in
702 BCS between the two depths observed in this study.
703 The relatively strong relation between bacterial commu-
704 nity structure and temperature is not an unexpected finding
705 in the epilimnion. Several field investigations showed that
706 temperature covaries with the structure and composition of
707 bacterial community in lacustrine systems in temperate
708 regions [29, 44]. Since mechanistic relationships cannot be
709 revealed by statistical relationships alone, it could be
710 possible that difference in temperature about 19°C, such
711 as that between the winter cold water and the summer warm
712 water in Lake Bourget could select different taxa by
713 favoring the growth of some specific phylotypes and thus
714 diversity in relation to species tolerance/optimum [29].
715 Owing to the relative stability of temperature at 50 m
716 (Fig. 1), no such relation was found. We observed, rather at
717 this depth, high statistical relationship between bacterial
718 community structure and the concentration of dissolved
719 oxygen, suggesting that the hypolimnion bacterial commu-
720 nity could be more strongly driven by electron acceptor
721 availability, as previously suggested by Shade et al. [45],
722 inducing probably different metabolic pathways which may,
723 to a large extent, explain the evolution of the bacterial
724 structure [10].
725 The source and composition of organic matter pool in
726 aquatic systems have been shown repeatedly to be related
727 to bacterial community structure and function (e.g., [33]).
728 In Lake Bourget, such relationships seemed to be signifi-
729 cant only at 50 m. In fact, the concentration of Chl a
730 seemed to contribute significantly to explain the variance
731 only at 50 m, which indicate the importance of such
732 autotrophic organic matter source on the bacterial commu-
733 nity in the hypolimnion. As the organic matter is less
734 biodegradable in the hypolimnion than in surface [4], we
735 may suppose that the flow of autotrophic organic matter
736 from surface water to the bottom, as observed in the
737 dynamic evolution of both Chl a (Fig. 1), during the
738 autumn–winter mixing could affect the bacterial community
739 structure, at 50 m. In Lake Bourget, P. rubescens has been
740 dominating the phytoplanktonic biomass since 1996 [19]
741 and because we found a significant correlation between Chl
742 a and P. rubescens abundance (R2=0.53, p<0.001, n=48),
743 we supposed that the autotrophic organic matter mentioned
744 above was mainly represented by these filamentous
745 cyanobacteria.

746Nutrient concentrations may directly influence bacterial
747biomass [5] as well as community structure [22, 39]
748through effects on growth [31]. The low contribution of
749picocyanobacteria to the total number of clones (less than
7501% of the total sequences obtained by PCR-cloning-
751sequencing) previously reported in Lake Bourget [12, 18]
752could probably not explain the statistical relation between
753nutrient elements and BCS. However, a significant rela-
754tionship between BCS and nutrients may also arise from
755co-variation of nutrient concentrations with phytoplankton.
756Since autotrophic organisms such as P. rubescens can take
757up a large fraction of nutrients [19], it may at the same time
758influence the bacterial structure dynamics [31, 34].

759Top-Down Control

760Our study revealed that among the main mortality agents of
761the bacterial community previously identified in Lake
762Bourget (i.e. HNF, ciliates and viruses), ciliates seemed to
763be the principal top-down factors implicated in the dynamic
764evolution of the BCS. This result confirmed the role of
765ciliates in bacterial community structure shifts, previously
766reported by Comte et al. [8] who observed an important
767drop of filamentous Cytophaga–Flavobacteria and an
768increase in β-proteobacteria in summer in Lake Bourget.
769The importance of ciliates in shaping the structure of
770bacterial communities has already been reported in lacustrine
771systems [27, 28, 31]. For instance, Tadonléké et al. [48]
772reported that ciliates may have a greater impact on the more
773active bacterioplanktonic cells by selective grazing, out-
774weighing HNF, and significantly shaping the bacterial
775community structure in fine. The weak correlation between
776HNF and BCS in lacustrine systems compared to ciliates has
777also been reported by Muylaert et al. [31]. According to
778these authors, a relatively small grazing impact of HNF on
779bacteria in lakes studied may explain the absence of a
780relationship with changes in the bacterial community
781composition. Although it has been reported in Lake Bourget
782that HNF are important grazers of bacteria [8] and could be
783responsible together with viral lysis of about 70% of the
784bacterial mortality in this lake [20, 36], we suggest that the
785weak coupling observed here between BCS and HNF/
786viruses could be the result of factors that drive strongly the
787dynamic evolution of these two biological compartments
788[16].

789Conclusion

790Temporal scale variations at which free-living bacterial
791community changes occur is an important query in
792lacustrine microbial ecology. Our results suggest that the
793temporal variation of bacterial community structure was

L. Berdjeb et al.

JrnlID 248_ArtID 9767_Proof# 1 - 27/10/2010



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

794 visible in both epi- and hypolimnion layers but with
795 different time scales and they underline the importance of
796 several years of sampling effort to have a consistent picture
797 of the shifts in bacterial community structure in lake
798 environments. This study identifies important environmen-
799 tal and biological drivers, at different stratum, that should
800 be included in the comprehension of the BCS behavior.
801 These drivers consisted in both bottom-up and top-down
802 factors, including temperature, dissolved oxygen and
803 nutrients (bottom-up) as well as ciliates, HNF and viruses
804 (top-down). The importance of these forces varied accord-
805 ing to periods and depths. Some were secondary to others,
806 but all played a role in shaping the free-living bacterial
807 community structure in Lake Bourget and explained the
808 same percentage (around 60%) of the variance at the two
809 depths, suggesting the same sensitivity of the bacterial
810 community to the environmental and biological parameters
811 in this ecosystem.
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