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We used fingerprinting and cloning-sequencing to study the spatiotemporal dynamics and diversity of
Planctomycetes in two perialpine lakes with contrasting environmental conditions. Planctomycetes, which are
less-abundant bacteria in freshwater ecosystems, appeared to be structured in the same way as the entire
bacterial community in these ecosystems. They were more diversified and displayed fewer temporal variations
in the hypolimnia than in the epilimnia. Like the more-abundant bacterial groups in aquatic systems,
Planctomycetes communities seem to be composed of a very small number of abundant and widespread
operational taxonomic units (OTUs) and a large number of OTUs that are present at low abundance. This
indicates that the concept of “abundant or core” and “rare” bacterial phylotypes could also be applied to
less-abundant freshwater bacterial phyla. The richness and diversity of Planctomycetes were mainly driven by
pH and were similar in both of the lakes studied, whereas the composition of the Planctomycetes community
seemed to be determined by a combination of factors including temperature, pH, and nutrients. The relative
abundances of the dominant OTUs varied over time and were differently associated with abiotic factors. Our
findings demonstrate that less-abundant bacterial phyla, such as Planctomycetes, can display strong spatial and
seasonal variations linked to environmental conditions and suggest that their functional role in the lakes
studied might be attributable mainly to a small number of phylotypes and vary over space and time in the water
column.

Current data indicate that bacterial communities of fresh-
water limnic ecosystems are dominated by Proteobacteria and
Actinobacteria, and to a lesser extent by Bacteroidetes and Cy-
anobacteria (1, 7, 16, 18, 44). In aquatic systems, bacterioplank-
ton communities are structured as a small number of core
species (or “dominant” species), which are abundant and
widely distributed, and a large number of satellite species (or
“rare” species) which are reported to be characterized by a
limited geographical distribution and which generally survive
at low abundances in these ecosystems (18, 29). Many studies
have previously reported temporal and/or spatial differences in
the bacterial community composition in freshwater, and link-
ages with both biotic variables and environmental conditions.
However, much less is known about the dynamics and control-
ling factors affecting lower phylogenetic levels (such as the
operational taxonomic unit [OTU] level). Moreover, most of
these studies in natural environments, whether based on fin-
gerprinting or on cloning-sequencing, have used universal/gen-
eral bacterial primers and thus have mainly targeted bacteria
of the dominant phyla listed above (e.g., 25, 26, 28, 37, 42, 43,
47). Consequently, not much is known about the dynamics of
less-abundant bacterial phyla (which are generally also less
abundant in clone libraries), even though their members make

a considerable contribution to the total richness of bacterio-
plankton.

Planctomycetes represent a separate phylum in the bacterial
domain on the basis of 16S rRNA gene sequences (34, 46) and
are among the less-abundant bacterial phyla, about which little
is known. Members of this phylum have been found in a variety
of environments, including soils (2, 24), freshwaters, brackish
water and seawater, and hot springs (15, 33), and their impli-
cation in the anaerobic oxidation of ammonium (anammox)
(22, 35, 39) has generated scientific interest in them during the
last decade. However, most of the studies available concern
wastewater treatment, soils, and marine ecosystems and inves-
tigate the anammox process or, to a lesser extent, the process-
ing of dissolved organic matter (DOM) in aquatic ecosystems
(e.g., 22, 36, 40). On the other hand, little is known about the
distribution and temporal variations of Planctomycetes phylo-
types within different ecosystems or about the factors and pro-
cesses that may be driving these variations, especially in species
that are not involved in the anammox process and those living
in freshwater ecosystems, and in lakes in particular.

The aims of this study were (i) to compare the structure and
the composition of the Planctomycetes communities of two
perialpine lakes with contrasting environmental conditions, (ii)
to assess the vertical and temporal variations in the composi-
tion of these communities, and (iii) to find out whether the
dynamics of these communities are linked to changes in envi-
ronmental conditions. To do this, we collected samples from
various different depths in the two lakes investigated and used
a Planctomycetes-specific set of PCR primers (27) previously
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validated on several lake samples (32) for both fingerprinting
(denaturing gradient gel electrophoresis [DGGE]) and clon-
ing-sequencing.

(This work is part of the fulfillment of the requirements for
a Ph.D. [Doctorat d’Université] degree by T.P.)

MATERIALS AND METHODS

Study sites and sampling. Triplicate water samples were collected at four
depths (2, 15, and 50 m and the water-sediment interface [WSI]) monthly from
March to August in 2008 from two perialpine lakes, one of which is oligotrophic
(Lake Annecy; 45°54�N, 06°07�E) and the other mesotrophic (Lake Bourget;
45°48�N, 05°49�E). In these two lakes, the 2-, 15-, and 50-m depths are generally
within the epilimnion, metalimnion, and hypolimnion, respectively, during ther-
mal stratification. Temperature, pH, and dissolved oxygen (O2) profiles were
determined in situ prior to sampling by using a multiparameter probe (Seabird).
After collection, the samples were kept in washed, rinsed, and autoclaved
Nalgene flasks and then transported to the laboratory in boxes containing
icepacks. Subsamples were taken and kept under the same conditions for
analyses of nutrients (nitrate � NO3

�, nitrite � NO2
�, ammonium � NH4

�,
total nitrogen � TN, dissolved inorganic phosphorus � DIP, and total phos-
phorus � TP).

Sample analyses. (i) Nutrient analyses. Nutrients were analyzed upon arrival
at the laboratory, using standard colorimetric methods (AFNOR; NF EN 1189,
NF T90-015, and NF EN ISO 26777). In this study, the concentration of dis-
solved inorganic nitrogen (DIN) is the sum of NO3

�, NO2
�, and NH4

� concen-
trations.

(ii) DNA extraction and PCR amplification. Three hundred fifty milliliters of
the water sample from each depth was first filtered through a 2-�m-pore-size
polycarbonate membrane filter (Nuclepore) to eliminate larger eukaryotes. The
bacterioplankton remaining in the filtrate was then collected, by gentle filtration,
on 0.2-�m-pore-size polycarbonate membrane filters (Nuclepore), which were
subsequently stored at �20°C until nucleic acid extraction had been performed.
Nucleic acid extraction was carried out as described by Dorigo et al. (8).

PCR amplifications were performed using the PTC-100 thermal cycler (MJ
Research Inc.). The PCR mixes (50 �l) contained approximately 30 ng of ex-
tracted DNA, 5 �l of 10� Taq reaction buffer (Eurobio), 120 �M each deoxy-
nucleotide, 1 �M Planctomycetales-specific primer pairs, bovine serum albumin
(Sigma, 0.5 mg � ml�1 final concentration), and 1.25 U Taq DNA polymerase
(Eurobluetaq, Eurobio). The specificity to Planctomycetes of the primer set used
here (PLA352F/PLA930R) (Mühling et al. [27]) had previously been tested and
validated on freshwater samples (32). For each PCR, a negative control was
included, and PCR products were verified by agarose gel electrophoresis and
quantified by spectrophotometry. Details of the PCRs can be found in our
previous study (32).

(iii) DGGE. The denaturing gradient gel electrophoresis (DGGE) method was
used to investigate seasonal changes in the major OTUs within the Planctomy-
cetes community. The PCR mixes were as described above, except that primer
PLA352F had a GC clamp (PLA352F-GC-clamp [5�-CGC CCG CCG CGC CCC
GCG CCC GTC CCG CCG CCC CCC G GGCTG CAGTCGAGRATCT-3�]/
PLA920R [5�-TGT GTG AGC CCC CGT CAA-3�]). After incubation at 96°C
for 5 min, a touchdown PCR was performed using 10 cycles consisting of dena-
turing at 96°C for 1 min, annealing at 68°C (the temperature was reduced by 1°C
every cycle until the touchdown temperature of 58°C was reached) for 1 min, and
primer extension at 72°C for 1 min. Twenty further standard cycles were carried
out at an annealing temperature of 58°C, and a final extension step was per-
formed at 72°C for 5 min. The presence of PCR products was determined by
analyzing 7 �l of products on 1% agarose gels.

DGGEs of the PCR products were performed on a 6% (wt/vol) polyacryl-
amide gel with a linear gradient of the denaturant increasing from 50% to 70%
from the top to the bottom of the gel (100% denaturant contains 7 M urea and
40% deionized formamide). Electrophoresis was performed in 1� Tris-acetate
EDTA (TAE) buffer at 60°C at a constant voltage of 120 V for 18 h. Gels were
then stained for 1 h in 1� TAE buffer containing SYBR gold (1:5,000 final
concentration), rinsed with distilled water, and visualized and numerized on a
UV transilluminator (Tex-35 M; Bioblock Scientific). The gel pictures were
analyzed using Gel Compare software. The diversity of the communities revealed
by DGGE was estimated by calculating the Shannon diversity index (referred to
below as H1�), using the number of bands and the relative intensity of each band
(13).

(iv) Cloning and sequencing. For an in-depth study of the seasonal variations
in Planctomycetes composition (i.e., at the OTU level), PCR products from 14

samples (7 from Lake Annecy and 7 from Lake Bourget) were chosen and
sequenced directly, i.e., without any DGGE analysis. These samples were chosen
from both epilimnetic and hypolimnetic samples and were collected in the two
lakes on very closely succeeding dates or at least within the same month. The
chosen samples were from 2 m and WSI for April, 2 m, 50 m, and WSI for June,
and finally 2 m and 50 m for July.

PCR products were cloned using an Invitrogen cloning kit (TOPO TA cloning)
according to the manufacturer’s instructions. For each sample, 96 positive clones
(white colonies) were randomly selected, checked by PCR using the M13 com-
mercial primer, and finally sequenced (GATC Biotech). The sequences were
then edited, aligned with Genedoc (K. B. Nicholas and H. B. J. Nicholas,
http://www.nrbsc.org/gfx/genedoc/), and finally checked for chimeras using Bel-
lerophon (17) and the Ribosomal Database Project (RDP) (6). As in many other
studies (e.g., reference 12), OTUs were defined here on the basis of a �98%
sequence identity. The Chao1 and abundance-based coverage estimators of spe-
cies richness were calculated using the software “EstimateS” (http://viceroy.eeb
.uconn.edu/estimates). The diversity of Planctomycetes communities in each of
these directly sequenced samples was estimated from the Shannon diversity
index (H2�), calculated here using the software PAST (http://folk.uio.no
/ohammer/past). Rarefaction curves were also calculated by using PAST soft-
ware. Sequences were subjected to BLAST and the RDP database to determine
the level of identity with other Planctomycetes 16S rRNA gene sequences avail-
able in GenBank. A phylogenetic tree was constructed for the whole data set by
neighbor joining using MEGA4 software (http://www.megasoftware.net). The
bootstrap option was used to run 1,000 replicates.

Statistical analysis. The Mann-Whitney U test was used to compare the mean
values obtained from the two lakes. Nonmetric multidimensional scaling (MDS)
was used to determine the relationships among sample profiles, considered
representative of the Planctomycetes community structure in each sample. This
ordination method is widely used to reveal similarity or dissimilarity among
samples (5). A similarity matrix between densitometric curves of the DGGE
band patterns was calculated based on the Pearson index. Ordination of Pearson
similarities among normalized sample profiles was then performed by MDS. The
degree to which the plot matches the similarity matrix can be judged by exam-
ining the stress values, defined here as Kruskal’s stress formula (21). Stress values
lower than 0.1 indicate good ordination, i.e., with little risk of misinterpreting
patterns (5).

Canonical correspondence analysis (CCA; performed using the XLSTAT soft-
ware package) was used to investigate relationships between Planctomycetes
community composition and environmental variables. In this analysis, the ordi-
nation axes are linear combinations of environmental variables that best explain
microbial diversity composition data (41).

Factors driving the seasonal dynamics of the major Planctomycetes OTUs were
examined using simple or multiple regressions. For multiple tests, Bonferroni’s
correction was applied to avoid type I errors. Data were log10 transformed
(except for temperature, pH, and percentage) to stabilize the variance and to
attain homoscedasticity. The independent variables were the relative abundance
of each of these major OTUs, i.e., the ratio of the number of sequences of the
OTU to the number of Planctomycetes sequences in the sample. These major
OTUs were defined as those that occurred in almost all samples and accounted
for more than 5% of the Planctomycetes sequences in each sample.

RESULTS

Spatial and temporal changes in the environmental vari-
ables. Spatial and temporal changes in environmental condi-
tions in the two lakes during 2008 are shown in Fig. 1. Thermal
stratification in both lakes was apparent from April. Temper-
ature values in the hypolimnion were low and constant during
all the stratification period, while those in the epilimnetic and
metalimnetic waters increased up to August.

The two lakes showed similar ranges of pH (7.6 to 8.5), with
values generally higher in the epilimnion and the metalimnion
than in the hypolimnion. There was a slight decrease in these
values from spring to summer, which was less obvious in Lake
Bourget than in Lake Annecy.

Vertical stratification (with higher values in the upper lay-
ers) was also observed for O2 concentrations in both lakes (see
Fig. S1A and B in the supplemental material). As found for the
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pH, O2 concentrations declined more steeply in the deep wa-
ters in Lake Annecy than in Lake Bourget. The concentration
at the water-sediment interface was generally low; it even ap-
proached 1 mg liter�1 in summer in Lake Bourget.

As expected, nutrient concentrations were lower in Lake
Annecy than in Lake Bourget. TN concentrations ranged from
170 to 570 �g liter�1 (mean � 348 �g liter�1) in Lake Annecy
and from 280 to 870 �g liter�1 (mean � 573 �g liter�1) in
Lake Bourget. The mean TP concentration in Lake Annecy (8
�g liter�1, range 3 to 40 �g liter�1) was less than one-third that
in Lake Bourget (29 �g liter�1, range 12 to 83 �g liter�1).
Overall, DIN concentrations decreased from spring to summer
in both lakes, with higher values being found in hypolimnetic
waters (see Fig. S1C and D in the supplemental material). In

contrast, DIP concentrations showed no temporal pattern,
even though values at the WSI tended to increase from spring
to summer (Fig. S1E and F).

Seasonal patterns in the community structure of Planctomy-
cetes, as assessed by DGGE. As previously demonstrated for
the total bacterial community (8), the DGGE banding patterns
in the three replicates performed at each sampling point were
similar (data not shown). For these reasons, and because the
same gel could not be used for all the replicates (72 for each
lake), only one replicate was presented for each sample (Fig.
2A and B). This corresponded to 24 samples for each lake. The
total numbers of DGGE bands found in samples from the two
lakes over the whole study were similar (16 in Lake Annecy
and 17 in Lake Bourget) (Fig. 2A and B), as were the changes

FIG. 1. Temporal variations in temperature (A and B), pH (C and D), total nitrogen (TN) (E and F), and total phosphorus (TP) (G and H)
at the depths studied in Lake Annecy and Lake Bourget, respectively, during the study in 2008.
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in the banding patterns with the season or location in the water
column. At the vertical scale, there was a clear difference in
both lakes between the upper waters (epilimnion and meta-
limnion) and the deeper waters (hypolimnion and WSI), with,
in most cases, an increasing number of DGGE bands from the
top waters to the hypolimnetic layers (from 5 to 8 in Lake
Annecy, and from 7 to 12 in Lake Bourget) (Fig. 2A and B). It
also appeared that the similarity in the community structures
of Planctomycetes between the two hypolimnetic depths under
study (50 m and WSI) was higher (80% of similarity) than that
between epilimnion and metalimnion (50% of similarity). At
the temporal scale, clear changes in the overall banding pat-
terns were observed from spring to summer in epilimnetic
layers, and only a few bands were present throughout the study
in both lakes.

The corresponding MDS ordination obtained for each lake
(by using the 24 samples) from the DGGE gels (Fig. 2C and D)
supported the above results. As indicated by the goodness of fit
(�0.1) of the Kruskal stress values, the distances in the MDS
ordination provide a fairly good reflection of the degree of
similarity in DGGE patterns between samples. Hence, it was
confirmed that the community structure of Planctomycetes var-
ied little over time in the hypolimnetic waters (50 m and WSI)
but exhibited marked temporal changes in the upper layers,
i.e., at 2 m and 15 m (Fig. 2C and D).

Seasonal patterns in Planctomycetes composition, as as-
sessed by cloning-sequencing. The 14 clone libraries (from

both lakes) yielded 1,106 Planctomycetes sequences corre-
sponding to 79 OTUs with �98% sequence identity. The Shan-
non index from the 14 samples (H2�) ranged from 1.05 to 2.69
(Fig. 3A) and was strongly and positively correlated with that
calculated from the DGGE profiles (H1�) (Pearson correla-
tion, r � 0.89, P � 0.001), which was on average 20% lower. As
already suggested by the DGGE results, it appeared that the
diversity of the Planctomycetes community was greater in the
hypolimnion than in the upper waters (Mann-Whitney U test,
P � 0.013 for Annecy and Bourget data combined). Pooled
data also showed that the coefficient of variation of H2� in the
epilimnion was almost double (26%) that in the hypolimnion
(14%). The difference in the Shannon index (H2�) for the two
lakes did not show a consistent trend throughout the study.
Indeed, in four cases out of seven, Lake Bourget had a higher
diversity index than Lake Annecy, while in the other three, the
reverse was found (Fig. 3A). Consequently, the average values
of H2� in the two lakes did not differ (Mann-Whitney U test).
Finally, values of the Chao1 estimator (which was not the same
as the number of Planctomycetes OTUs identified) and the
rarefaction curves (which in most cases did not reach the
asymptote) (Fig. 3B) indicated that, in most cases, we did not
obtain a sufficient number of sequences to identify the full
richness of Planctomycetes OTUs present in the studied sam-
ples. Consequently, the term “richness” is used here with cau-
tion, and the term “diversity” designates the diversity of the
identified sequences.

FIG. 2. DGGE band profiles for samples obtained from March to August at each depth in Lakes Annecy (A) and Bourget (B) and
multidimensional scaling (MDS) plot of the Planctomycetes community structure as determined from PCR-DGGE profiles for Lakes Annecy
(C) and Bourget (D). Capital letters at the tops of the gels in panels A and B indicate months (March to August).
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Among the 79 Planctomycetes OTUs found, 16 were repre-
sented by more than five sequences (�5%) in at least one
sample, and 63 always by fewer than five sequences (�5%).
Twenty-nine OTUs were common to both lakes, while 25
OTUs were found in only one of the lakes. Comparison of the
spatiotemporal changes in OTU composition thus focused on
the 16 OTUs containing more than five sequences (Fig. 4).
Four of them (OTUs 1, 2, 4, and 6) were found in almost all
samples (with the exception of the 2-m depth in June and July)
and were most often dominant, representing between 50% and
85% of the total sequences (Fig. 4). However, while the rela-
tive importance and the dynamics of OTU 1 were very similar
in the two lakes, those of the other three major OTUs varied
between the lakes and over time. For instance, OTUs 2 and 4
were much more abundant in Lake Annecy, the first being
dominant in summer and the second being dominant in April.
In contrast, OTU 6 was more abundant in Lake Bourget (es-
pecially during summer) than in Lake Annecy, where it was
found at relatively constant proportions (3 to 6%) throughout
most of the study.

The remaining 12 OTUs were often present at low levels but
occasionally increased or even became dominant (from 	15%
to up to 60% of the Planctomycetes sequences), mainly when

the four above-mentioned major OTUs had disappeared or
were present at low levels, i.e., in June and July at 2 m (Fig. 4).
For example, OTU 10, which was present at low levels (�2%)
or absent in most cases, increased at 2 m to 53% and 29% in
June and July, respectively, in Lake Annecy and to 16% in July
in Lake Bourget. Similarly, OTU 23 reached 16% of the com-
munity at 2 m in July in Lake Annecy and 58% at 2 m in June
in Lake Bourget (Fig. 4). The finding of 16 OTUs (four “ma-
jor” and 12 “occasional”) by the direct cloning-sequencing
approach seemed to be consistent with the results obtained
using DGGE, which revealed 16 or 17 major bands. Likewise,
the cloning-sequencing results were consistent with those from
DGGE in that the relative abundances of Planctomycetes
OTUs varied considerably over time in the epilimnion and less
in hypolimnetic water.

The result of the phylogenetic analysis of the 79 OTUs is
shown in Fig. 5. Seventy-six of these OTUs were distributed in
all currently known non-anammox Planctomycetes genera. For
simplification, we have assembled these genera in this study to
form four clusters (I to IV) according to our phylogenetic tree.
Thirty-three percent of these OTUs belonged to cluster II,
which comprised the genera Planctomyces and Schlesneria.
Members of this cluster were poorly represented or absent in

FIG. 3. Temporal variations in the Shannon diversity index (H2�) calculated from the 14 clone libraries for each depth studied in Lake Annecy
(gray) and Lake Bourget (black) (A), and rarefaction curves obtained for each sequenced sample in the two lakes (B). For panel (B), in the legend
A stands for Annecy and B for Bourget, and the first number in the parentheses is the number of OTUs counted, while the second is the Chao1
value.
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the epilimnetic layers but well represented in the hypolimnetic
layers of both lakes (Table 1). Thirty-three percent of the
OTUs also belonged to cluster I (which comprised the genera
Pirellula and Blastopirellula), and 30% belonged to cluster IV
(Gemmata and Zavarzinella genera) (Fig. 5). Members of these
clusters (I and IV) accounted for 39% and 46%, respectively,
of the total number of Planctomycetes sequences and were in
general the most abundant in the water columns of both lakes.
Finally, cluster III (which comprised the genera Isosphaera and
Singulisphaera) was represented by only 4% of the 76 OTUs.
Three OTUs (OTUs 38, 45, and 79, represented by 4 se-
quences, 3 sequences, and 1 sequence, respectively) which
were found in both lakes (Fig. 5; Table 1) did not cluster with
the main Planctomycetes genera and appeared to be phyloge-
netically close to “Candidatus Planctomycetes,” which has been
reported to be involved in the anammox process (Fig. 5). Fi-
nally, among the 16 OTUs most often detected, 45% belonged
to cluster I and 33% to cluster IV. Only 17% and 5% of these
16 OTUs belonged to clusters II and III, respectively. None of
these dominant OTUs belonged to the “Anammox cluster.”

Relationships between the dynamics of Planctomycetes and
environmental variables. We analyzed relationships between
environmental conditions and the OTU richness and diversity
(Shannon index), the relative abundance of the four dominant
OTUs (OTUs 1, 2, 4, and 6), and finally the structure (in terms
of OTU composition) of the Planctomycetes communities.
Whether derived from DGGE profiles or from direct cloning-
sequencing, the Shannon diversity index was strongly nega-
tively correlated with pH (r2 � 0.77 and 0.68, respectively, P �
0.001) (Fig. 6A). The OTU richness of the Planctomycetes
community was also inversely related to pH (r2 � 0.72, P �
0.001) (Fig. 6B). OTU 1 and OTU 2 (Gemmata/Zavarzinella)
were inversely related to temperature and pH, respectively.

Temperature accounted for 66% of the variance in the relative
abundance of OTU 1, and pH for 52% of the variance in the
relative abundance of OTU 2 (Fig. 6C and D). In contrast, the
relative abundances of OTUs 4 and 6 (Pirellula/Blastopirellula)
were correlated with nutrients. The DIN/DIP ratio accounted
for 53% of the variance of OTU 4, whereas NO3

� concentra-
tion explained 66% of the variance of OTU 6 (Fig. 6E and F).
It should be noted that when the statistical analyses concerning
these four OTUs were performed using the number of se-
quences instead of their relative abundances, the relationships
were very similar to those given above (data not shown).

The CCA analysis performed on the relative abundances of
the 16 dominant OTUs revealed that temperature, pH, TN,
TP, and the DIN/DIP ratio explained 76% of the variance of
the composition of these dominant Planctomycetes OTUs, the
first and second canonical axes accounting for 58% and 18% of
this variance, respectively (Fig. 7). Axis 1 was associated with
variations in temperature and pH, whereas axis 2 was mostly
related to variations in pH and nutrient concentrations.

DISCUSSION

This study is to our knowledge the first comprehensive in-
vestigation of spatiotemporal variations in the composition and
structure of Planctomycetes, a less-abundant bacterial phylum,
in aquatic ecosystems.

As with all molecular studies that rely on the amplification of
nucleic acids by means of a PCR, our estimates of the relative
abundances of each OTUs may be somewhat biased, given that
the PCR efficiency is dependent on the initial number of gene
copies (9) and that the PCR can generate chimeras (20) and
heteroduplexes (10). Techniques such as fluorescence in situ
hybridization (FISH) would probably be more effective for this

FIG. 4. Temporal changes in the relative abundance (%) of Planctomycetes OTUs at the depths studied in the two lakes. The 16 OTUs
represented by more than 5 sequences are shown individually, whereas the 63 OTUs represented by fewer than 5 sequences are combined, for each
sample, under the term “others.”
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task. However, FISH probes currently available for the study of
Planctomycetes do not allow analyses at finer phylogenetic lev-
els (e.g., down to the OTU level). Moreover, the number of
lake Planctomycetes sequences available in GenBank is still too
small to make it possible to design such probes. We found that
the DGGE and direct cloning-sequencing results were highly
consistent, suggesting that potential PCR biases did not differ
much from one sample to another during our analyses. Our
results on the relative abundance of OTUs can thus be viewed
as a step toward (i) designing probes for a better estimation of
Planctomycetes abundance at this taxonomic level and (ii) un-
derstanding the dynamics and the functional role of phylotypes
of this bacterial phylum.

The Planctomycetes community in the lakes studied appears
to be structured in a way similar to that of whole bacterial
communities in freshwater ecosystems (16, 18, 44), i.e., it is
composed of a very small number of abundant and widespread
OTUs (in both lakes) and a large number of OTUs that are
present at very low proportions. Indeed, only four OTUs were
detected in almost all samples, and they contained �50% of
the Planctomycetes sequences retrieved, whereas 12 OTUs
were occasionally abundant, and the other 63 (80% of the
OTUs) were always below 5% each in terms of relative abun-
dance. These findings indicate that the concept of “abundant
or core” and “rare” bacterial taxa (18, 29) could also be applied
within less-abundant bacterial phyla in freshwaters. In the Arc-
tic Ocean, less-abundant bacteria, as assessed by pyrosequenc-
ing, have also been found to be composed of “abundant” and
“rare” phylotypes (14). Interestingly, we found that only 16
OTUs in the two Planctomycetes communities of our lakes
displayed seasonal changes in their relative abundances (Fig.
4B). The fact that the relative abundances of some of these
OTUs ranged from 0% (not detected) to more than 50% (e.g.,
OTUs 10 and 23) calls for caution in attempts to draw conclu-
sions about the overall distribution of bacterial phylotypes in
cross-ecosystem studies or more generally in biogeography
studies, when each ecosystem has been sampled only once or
twice. Although our temporal sampling resolution was higher
than the bacterial generation times, the constancy of the abun-
dance of the other 63 OTUs and their scarcity in our 14
samples suggest that they were “rare” phylotypes. Studies in
marine systems, using pyrosequencing, have reported that rare
phylotypes do not exhibit temporal/seasonal changes in their
relative abundances (14, 19). Our findings suggest that the
functional role reported for non-anammox Planctomycetes in
freshwater (e.g., DOM processing) (40) might actually be at-
tributable mainly to a small number of phylotypes.

The richness of Planctomycetes communities in the two lakes
studied was greater than that reported by studies dealing with
entire lacustrine bacterial communities. For example, in a
study concerning several freshwater ecosystems, including
Lakes Annecy and Bourget and using universal primers, Hum-
bert et al. (18) found 183 OTUs among their 1,126 bacterial
sequences, fewer than 1% of which belonged to Planctomyce-
tes. Likewise, only very few Planctomycetes sequences were
found by a metagenomic approach in a sample from Lake
Bourget, although more than 15,000 bacterial sequences were
obtained (7). In our study, 79 OTUs were found among 1,106
Planctomycetes sequences. These results indicate the extent to
which Planctomycetes richness and diversity can be underesti-

FIG. 5. Phylogenetic analysis of the 79 Planctomycetes OTUs ob-
tained from the 14 clone libraries constructed for Lakes Annecy and
Bourget.
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mated when specific molecular tools are not used; they also
indicate that specific primers are, or might be, required to
ascertain the specific and the functional diversity of less-abun-
dant bacterial groups within bacterial communities. It should
be noted that our richness and diversity values might have been
underestimated because samples were prefiltrated on 2-�m
membranes, which could have eliminated particle-attached
Planctomycetes.

As we have already pointed out, our DGGE and cloning-
sequencing results were consistent, since (i) the number of
major DGGE bands and that of the dominant OTUs amplified
directly from samples were similar, and (ii) the diversity indices
derived from these two methods were strongly correlated.
These DGGE results showed that temporal variations in the
banding patterns of samples from hypolimnetic layers of the
two lakes were lower than those of samples from epilimnetic
layers. We also found greater similarity between the Plancto-
mycetes communities from the hypolimnetic layers than be-
tween communities from the epilimnetic layers of the two lakes
studied. These findings are consistent with those found for the
whole bacterial community in other stratified lakes, by using a
fingerprinting method (8, 37) or a cloning sequencing ap-
proach (30). These findings could be attributable to the vertical
heterogeneity of the habitat and reflect differences in the fac-
tors and processes that drive bacterial communities between
these layers (reference 37 and references therein). Microbial
growth rates, abundances and biomasses, rates of biological
processes, pH levels (which were inversely related to our di-
versity indices), and seasonal nutrient depletions are generally
higher in the epilimnion than in the hypolimnion of lakes, due
in part to higher temperatures in upper waters. This, together
with lower competition for resources, might help explain the
temporal stability of the banding patterns in the hypolimnia
and the fact that the estimate of Planctomycetes diversity was
lower and more variable in epilimnia than in hypolimnia in this

study. The occurrence of members of the Planctomyces/Schle-
sneria cluster, mainly in hypolimnia, suggested that in these two
lakes, species belonging to this cluster are not able to grow
well in a competitive environment and/or are very sensitive
to higher pH. In contrast, members of the Pirellula/Blastopire-
llula and Gemmata/Zavarzinella clusters might be able to oc-
cupy various environmental niches in lakes, as suggested by the
fact that they were well represented in the different strata of
the water columns in this study (Table 1).

As found in this study, Brümmer et al. (3) also reported
seasonal changes in Planctomycetes communities of river bio-
films, assessed by a fingerprinting method, but using a primer
set that was different from ours. Their study revealed the dom-
inance of Pirellula and Planctomyces genera within the Plancto-
mycetes communities. Similar to their results, in our study,
members of the Pirellula/Blastopirellula cluster comprised 45%
of the dominant OTUs. Moreover, the best BLAST hits for our
Planctomycetes sequences were obtained with sequences from
freshwater habitats. These results supported our previous ob-
servations (32) and the hypothesis that freshwater Planctomy-
cetes phylotypes are different from those from soils and marine
ecosystems (3). This also strengthened the contention that
Pirellula members are important contributors to the richness
and abundance of Planctomycetes in freshwaters and might
play a particular functional role in these ecosystems. In con-
trast to Brümmer et al. (3), we found that members of the
Gemmata/Zavarzinella cluster accounted for about half of the
Planctomycetes sequences found during our study.

Many fingerprinting method-based studies of lakes have shown
that changes in bacterial community structure are linked to a
combination of biotic and abiotic processes and factors, includ-
ing temperature, pH, and nutrients (25, 28, 42, 47). However,
this does not tell us anything about the factors that may be
driving the various bacterial phylotypes, since fingerprinting
methods alone do not provide any information about the iden-

TABLE 1. Numbers of Planctomycetes OTUs found during 2008 in different water layers in each lake under studya

Lake Water layer(s) Period and depth

No. of Planctomycetes OTUs

Total
Represented by

fewer than 5
sequences

Cluster I Cluster II Cluster III Cluster IV Anammox

Annecy Epilimnetic April 2 m 10 6 5 1 1 3 0
June 2 m 13 10 8 0 1 4 0
July 2 m 11 8 7 0 1 3 0

Hypolimnetic June 50 m 15 12 3 6 0 5 1
July 50 m 19 15 5 6 1 7 0
April WSI 14 9 7 3 1 3 0
June WSI 22 18 7 6 0 8 1

Bourget Epilimnetic April 2 m 17 13 7 1 2 7 0
June 2 m 5 2 1 0 1 3 0
July 2 m 7 3 5 0 0 2 0

Hypolimnetic June 50 m 21 17 7 6 2 5 1
July 50 m 17 10 6 4 1 4 2
April WSI 22 17 6 8 1 6 1
June WSI 16 14 8 4 0 3 1

a On every occasion, OTUs were distributed among the different clusters defined in our study as follows: cluster I (Pirellula and Blastopirellula genera), cluster II
(Planctomyces and Schlesneria genera), cluster III (Isosphaera and Singulispahera genera), cluster IV (Gemmata and Zavarzinella genera), and the “Anammox cluster.”
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tity of phylotypes. Data about the dynamics of phylotypes are
scarce. Our analysis showed that 76% of the variance of the
structure of the Planctomycetes community at the phylotype
level was explained by a combination of abiotic factors (tem-
perature, pH, and nutrients). In addition, the four dominant
Planctomycetes OTUs (1, 2, 4, and 6) were associated with
temperature, pH, nitrates, and DIN/DIP in different ways.

These relationships with nutrients seemed to be consistent with
previous results showing different responses of Planctomycetes
in treatments with nitrogen and phosphorus, either alone or in
combination (40). This suggests that these four OTUs have
different physiological properties and are adapted to different
environmental conditions and also that in these lakes, domi-
nant members of Gemmata/Zavarzinella (here OTUs 1 and 2)

FIG. 6. Statistical relationships between pH and the Shannon diversity indices (A) and the number of OTUs (B); between the relative
abundance of OTU 1 and the temperature (C); between the relative abundance of OTU 2 and the pH (D); between the relative abundance of OTU
4 and the DIN/DIP ratio (E); and between the relative abundance of OTU 6 and the nitrate concentration (F). For panel A, the Shannon diversity
index was based on the DGGE bands (black diamonds: H1�) or on the 14 clone libraries (empty triangles: H2�).
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might be influenced mainly by temperature and pH, while
those of Pirellula/Blastopirellula (here OTUs 4 and 6) are in-
fluenced mainly by nutrients.

Similar to the results reported for soil bacterial communities
across different continents (11), pH best explained both the
richness and the diversity of Planctomycetes in our study. Plancto-
mycetes OTU richness and diversity decreased significantly as
pH increased and were highest at a pH around 7.7 (Fig. 6A and
B). It has been suggested or shown that low and high pH values
can inhibit the growth of certain bacteria within the bacterial
communities (23, 30). Across acid-impacted lakes, with pHs
ranging from 4.5 to 	7.7, positive relationships have been
found between pH and both the richness and the diversity of
bacterioplankton (30). Based on these positive and negative
relationships in the pH range of 4.5 to 8.5 (reference 30 and
this study), we suggest that the overall pattern that has been
observed between pH (ranging from 	3.5 to 	9) and bacterial
diversity and richness in soil ecosystems across the continents,
i.e., a unimodal trend with its highest diversity and richness
around neutral pH (11), also holds for lakes.

Lakes Annecy and Bourget differ in their eutrophication
status, and it was observed that the relative abundance and the
dynamics of many OTUs differed from lake to lake. However,
these two lakes also showed similarities, in particular, in the
estimates of Planctomycetes diversity, the temporal changes in
the DGGE banding patterns, and the persistence of OTU 1
throughout the study. This suggests that both local and more
global factors were driving Planctomycetes dynamics in each
lake.

Finally, we found that three OTUs (comprising eight se-
quences) were phylogenetically close to Planctomycetes re-
ported to be involved in the anammox process (Fig. 5). This
suggests that the primer set PLA352F/PLA920R is able to
detect and amplify freshwater Planctomycetes that might be
involved in the anammox process. So far, as regards aquatic
systems, anammox Planctomycetes sequences have generally

been retrieved from wastewater treatment plants or suboxic
zones (4, 22, 36, 39, 45). Detrital aggregates and certain layers
within the water column of aquatic systems may temporarily
experience a strong oxygen deficiency (31, 38). This may help
to explain the presence of anammox bacteria in oxygenated
freshwater ecosystems. Nevertheless, whether these bacteria
are active and able to perform anammox remains to be inves-
tigated.

To conclude, this study has shown that Planctomycetes, a
less-abundant bacterial phylum (which may be considered by
aquatic microbial ecologists to belong to what is now called the
“rare biosphere”) in freshwater ecosystems, is structured in a
way similar to that of the dominant bacterial communities, i.e.,
comprising core and satellite species. The study also provides
evidence that the Planctomycetes group exhibits marked verti-
cal and seasonal variations in its community composition, in-
cluding at the phylotype level. Moreover, strong relationships
were found between both the diversity and the composition of
this bacterial phylum and environmental factors, including pH,
temperature, and nutrients. These findings suggest that factors
such as dispersal might not be the main drivers of the distri-
bution of dominant Planctomycetes members in these lakes.
They also suggest that the functional role of Planctomycetes
and/or its magnitude varies over time and over the water col-
umn and that the diversity and the richness of these commu-
nities are driven mainly by pH in these lakes.
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3. Brümmer, I. H. M., A. D. M. Felske, and I. Wagner-Döbler. 2004. Diversity
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