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Abstract Understanding spatial microbial commu-
nity variation is necessary to assess diversity patterns.
In this study, we investigated spatial heterogeneity and
variability of functional and total microbial benthic
community structures in Lake Bourget, France. Com-
munity structure variability was determined vertically
by comparing three sediment layers per core, and
horizontally at the intra-site level (between up to three
cores per sites) and between three sites. Bacterial,
archaeal, methanotrophs and methanogens commu-
nity structures were assessed by genotyping the 16S
rRNA-23S rRNA intergenic spacer, 16S rRNA, pmoA
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and mcrA genes, respectively. The consequence of
pooling DNA extracts before genotyping was tested.
After pooling, the OTU number decreased for all
communities, but it had no effect on structure. At the
core scale, bacterial community structure significantly
differed between the sediment layers, but archaeal,
methanogens and methanotrophs community struc-
tures only differed significantly between the superfi-
cial and deeper layers. Changes in environmental
conditions affected microbial community structures
between sites (sediment carbonates, total carbon
contents, median particle sizes, and water O, satura-
tion), but not intra-site, as no significant changes were
observed at the horizontal scale. These spatial scales
should be considered to understand their importance
for biogeochemical cycle when assessing benthic
microbial community structure and diversity in lakes.

Keywords Spatial distribution - Microbial
diversity - Freshwater sediment - Methanotrophy -
Methanogenesis

Introduction

Microorganisms are involved in the different biogeo-
chemical cycles due to their metabolic activities
(Fenchel et al., 1998; Madsen, 2011). In aquatic
ecosystems, the benthic compartment represents a key
area where microbes play crucial roles in the global
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carbon cycle by releasing CO, and/or CHy into the
atmosphere via decomposing organic material stored
in sediments (Conrad, 1996; Paerl & Steppe, 2003;
Schultz & Urban, 2008). Methanogenesis final prod-
uct, methane, is an important greenhouse gas whose
atmospheric concentration has doubled during the
twentieth century (IPCC, 2007). Sediments are sub-
jected to a strong redox gradient, and they become
rapidly anoxic and favour methanogenesis as the final
step of organic matter mineralization (Chaudhary
et al., 2013). Methane produced in sediment is emitted
to the water column and atmosphere by diffusion or
bubbling, and it can be oxidized to carbon dioxide
under favourable conditions (Krause et al., 2010). The
net amount of methane released into the atmosphere is
the result of the methanogenesis—methanotrophy
activity equilibrium, and freshwater sediments con-
tribute to up to 40-50% of the annual methane
emission (Chaudhary et al., 2013). Archaea are
responsible for methanogenesis under anoxic condi-
tions (Garrity & Holt, 2001), whereas methanotrophy
is generally carried out by bacteria under oxic
conditions (Conrad, 2009), except for the anaerobic
oxidation of methane (AOM), which is carried out by
methanogenic archaea (Reeburgh, 2007; Knittel &
Boetius, 2009; Crowe et al., 2011). Eukaryotes
(amoebae, flagellates and ciliates) also play a key role
in methane turnover and emission at the oxic/anoxic
interface through the grazing of methanotrophic
organisms (Murase & Frenzel, 2007).

Prior to the holistic study of an ecosystem, the
scales of variability in the distribution of targeted
communities must be determined to evaluate how
common the diversity patterns are across space
(Tsertova et al., 2013). Molecular methods targeting
phylogenetic or functional gene markers allow for the
efficient investigation of microorganism diversity. For
instance, methanogens and methanotrophs diversity is
relatively well known, but their distribution in fresh-
water sediment and their controlling environmental
parameters are still under investigation (Deutzmann
et al., 2011; Nolla-Ardévol et al., 2012). The benthic
compartment is very heterogeneous, resulting in
variability and patchiness in microbial community
composition at the horizontal, vertical and even
temporal scales. Moreover, the dynamics of water
column characteristics (e.g. nutrients and organic
matter concentrations) are likely to generate spatial
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and temporal heterogeneities for the sediments (Trolle
et al., 2009).

Understanding the benthic microbial community
structure and distribution, including specific func-
tional communities, in lakes for which this knowledge
is scarce, is an important challenge for sedimentary
systems research. The present study aimed to gain
insight into the spatial heterogeneity of microbial
communities in the superficial sediment (0-20 cm) of
Lake Bourget, considering total (bacteria and archaea)
and functional (methanogens and methanotrophs)
communities. In particular, we focused on potential
horizontal variations in the microbial communities
within sediments by considering 3 sites selected along
a transect gradient from the main lake tributary to the
deepest part of the lake. The specific objectives of this
study were as follows: (i) analyse community structure
heterogeneity at various horizontal scales: the intra-
core scale, site scale and inter-site scale, considering
the vertical distribution of microbial communities
within sediment cores, (ii) investigate co-structuration
between total and functional microbial communities.

Materials and methods
Study site and core collection

Lake Bourget is the largest natural lake in France
44.5 km?, 18 km long and 3.4 km wide), with a
maximum depth of 147 m and a watershed area of
560 km?. Its major tributary is the river Leysse
(Jacquet et al., 2012). Sample collection was carried
out in December 2011 at three sampling sites: site 1 (E
5°52'6.77"-N 45°39'46.91”) is 65 m deep and located
within the Leysse river plume, site 2 (E 5°52'11.55"-N
45°40'57.41")is 110 m deep and located outside of the
Leysse river plume and site 3 (E 5°51'37.10"-N
45°44’43.60") is the deepest point of Lake Bourget
(147 m) (Fig. 1). Atsites 1 and 2, three replicate cores
(C1, C2 and C3) were collected using a gravity
multicorer (UWITEC, Mondsee, Austria). At site 3,
due to windy conditions, only one core (Cl) was
sampled using a gravity corer (UWITEC, Mondsee,
Austria). Water column temperature and dissolved
oxygen profiles were carried out using a multiparam-
eter probe (SBE 194, Sea-Bird Electronics Inc.,
Washington, USA).
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Fig. 1 Map showing the location of Lake Bourget and of
sampling sites. Site 1 (E 5°52'6.77"-N 45°39'46.91”) is 65 m
deep, site 2 (E 5°52'11.55"-N 45°40'57.41") is 110 m deep, and
site 3 (E 5°51'37.10"-N 45°44’43.60") is the deepest point of
Lake Bourget (147 m)

Sediment sample characterization

Sediment was sectioned into 1 cm slices at three
depths (0-1 cm, 9-10 cm and 19-20 cm) to select
contrasted redox conditions (Brandl et al., 1993). For
each sediment layers, the centre of the section was
sampled for DNA analysis and stored at —20°C.
Sediment particle size distribution was determined by
laser diffraction on dry sediments (Mastersizer S,
Malvern, United Kingdom) and particles were
grouped by the median particle grain size. The water

content of the sediment was estimated by drying at
60°C for 48 h. Organic matter and carbonate contents
were measured by loss on ignition (Heiri et al., 2001).
Total carbon and total nitrogen were determined using
an elementary analyzer (Flash EA1112, ThermoFisher
Scientific, Waltham, USA, Plateforme Analyses En-
vironnementales, UMR 5553 LECA).

Total and functional microbial community
structures from sedimentary DNA

DNA was extracted from 0.5 g of wet sediment using a
NucleoSpin Soil kit (Macherey—Nagel EURL, Hoerdt,
France), according to the manufacturer’s protocol. For
Lake Bourget sediment, DNA was extracted using
SL1 lysis buffer and additive Enhancer SX buffer. The
extracted DNA was quantified fluorometrically after
staining with bisBenzimide (DNA Quantitation Kit,
Fluorescence Assay, Sigma-Aldrich, St Louis, USA)
using a Plate Chameleon fluorometer (Hidex, Turku,
Finland; excitation: 340 nm, emission: 460 nm).

For core C1 from sites 1, 2 and 3, a total of ten
replicates sub-samples were extracted for each of the
three sediment layers, and the samples were genotyped
to assess total and functional community structure
variability at the inter-site scale (Fig. 2). The repli-
cates from C1 cores were also used to study the
consequence of pooling DNA extracts before ampli-
fication on total and functional community structures
using the following procedure: DNA extracts of each
sediment layer and site were pooled 2 by 2; a total of
36 pools were constituted (Fig. 2). For some samples
(n = 8), there was not sufficient DNA to use for the
pool analyses, preventing the realization of the four
remaining pooled samples. More information on
reproducibility of the genotyping techniques used is
available in the supplementary information.

For cores C2 and C3 (sites 1 and 2 only), five
replicate sub-samples per sediment layer were
extracted and analysed. These samples, together with
five replicates from the cores C1, were used to assess
intra-site heterogeneity by comparing the results
obtained for the 3 different cores originating for the
same site (site 1 and site 2; Fig. 2).

Microbial community structures were assessed using
two fingerprinting methods, providing peak profiles
after capillary electrophoresis (CE) resolution of PCR-
amplified phylogenetic or functional gene markers.
Automated ribosomal intergenic spacer analysis
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(ARISA) is based on the length polymorphism of
intergenic spacer (ITS) sequences between 16S and 23S
rRNA genes. Terminal-restriction fragment length poly-
morphism (T-RFLP) is based on the digestion of the total
(16S rRNA gene) or functional (here mcrA and pmoA
genes) gene marker following PCR amplification with a
fluorescently labelled primer, so only the terminal-
restriction fragment (T-RF) can be CE-resolved. ARISA
was used for bacteria and T-RFLP was used for archaea
(16S rRNA gene), because most archaea do not have
intergenic spacers (Leuko et al., 2007). Functional
microbial community structures were studied using
T-RFLP analyses of two genes: mcrA (methyl coenzyme
M reductase), which is involved in methanogenesis
(Lueders & Friedrich, 2003) and pmoA (particulate
methane monooxygenase), which is involved in methan-
otrophy (Costello & Lidstrom, 1999).

ITS were amplified using 5'-6-carboxyfluorescein
(FAM)-labelled-S-D-Bact-1522-B—S-20 and L-D-Bact-
132-a-A-18 (Normand et al., 1996) primers with 10 ng
of template DNA and using a previously described
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protocol (Lyautey et al., 2011). Archaeal 16S rRNA
gene was amplified using 5'-6-FAM-labelled-340f and
1000r primers (Gantner et al., 2011) according to the
authors’ protocol, with slight modifications: the MgCl,
concentration in the reaction mix was 1.5 mM and the
hybridization temperature was increased to 60°C and
10 ng of extracted DNA was used as template. Func-
tional genes were amplified using 10 ng of extracted
DNA, using 5'-6-FAM-labelled-A189f and mb661r
primers as described elsewhere (Bourne et al., 2001)
for pmoA except that hybridization temperature was
increased to 61°C, and using 5'-6-FAM-labelled-ME1
and ME2 primers (Hales et al., 1996) for mcrA as
described previously (Roussel et al., 2009): however,
the hybridization temperature was increased to 61°C.
For each targeted gene, a positive control was used to
verify amplification specificity (bacteria: DNA from an
environmental isolate, archaea: Halobacterium salina-
rum (DSMZ 1616) and Sulfolobus solfataricus (DSMZ
3754) strains, methanotrophs: Methylomonas metha-
nica (DSMZ 25384) strain and methanogens: DNA
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from a methanization digester sludge). Amplification
products were quantified on a 1.65% agarose gel using a
MassRuler™ Express LR Forward DNA Ladder (Fer-
mentas, Waltham, USA). For T-RFLP analyses, 50 ng
of amplified DNA was digested with Alul (Promega
Corporation, Madison, USA) for archaea 16S rRNA
gene and Mspl (Promega Corporation, Madison, USA)
for mcrA and pmoA genes, for 4 h at 37°C. Restriction
products and ARISA amplification products were
purified using a AxyPrep PCR Clean-up Kit (Axygen,
Tewksbury, USA) and separated on ABI 3730x]1 DNA
Analyzer (BIOfidal DTAMB, IFR 41, Université
Claude Bernard Lyon 1) using the internal size standard,
GeneScan 1200 LIZ (Applied Biosystems, Waltham,
USA) for bacteria intergenic spacer and mcrA, and Dye
5 ladder, 50-1000 bp (Gel company, San Francisco,
USA), for archaea 16S rRNA gene and pmoA.

Data analysis

Physical and chemical parameters were compared
(between sites and within sites) using Friedman test
for all parameters, except for particle sizes, for which
no data were available for site 3 samples. Site 1 and
site 2 particle sizes data were compared using
Wilcoxon test. All statistical tests were performed
using Statistica software (Version 8.0, Statsoft, Inc.,
Tulsa, USA), and differences were considered signif-
icant at the 5% level.

T-RFLP and ARISA electropherograms were ana-
lysed using Applied Biosystems Peak Scanner software.
Because two microplates per genes were needed to
analyse the entire sample set, the threshold applied to
each microplate was adjusted to minimize plate effects;
internal standard peak heights were compared between
plates, and a correction factor was calculated based on
height differences. The correction factor was applied to
samples that presented a low fluorescence signal, and
the threshold from each well was divided by the
correction factor. Samples with peak heights below
the plate detection threshold were individually and
manually adjusted. Fragments (T-RF or intergenic
spacer) smaller than 160 bp for bacteria, 35 bp for
archaea, 40 bp for mcrA and 50 bp for pmoA were
considered as noise and were excluded from the
analyses. Data were binned (i.e., electrophoretic profiles
alignment) using the interactive binner script (Ramette,
2009) available online (http://www.ecology-research.
com) and implemented using the R programming

language (R Development Core Team, 2014; http://
cran.r-project.org/) with WS =1 for bacteria and
WS = 2forothers, Sh = 1 and an optimal divisor value
of 1/1,000 (total communities) and 1/500 (functional
communities). Peaks were scored as present or absent,
and the data were exported as a presence/absence
matrix. For pooled samples, a theoretical OTU number
was computed from the profiles obtained from individ-
ual samples used in each pool, and then observed versus
theoretic OTU number were compared using Wilcoxon
test.

For all communities and pooled samples, profile
similarity was computed using the Jaccard similarity
index, and distances were represented by non-multi-
dimensional scaling (nMDS, Clarke & Warwick,
2001) with R software (Vegan package, Oksanen
et al., 2013). Significant differences between groups
were determined from the nMDS plots, and ANalysis
Of SIMilarity (ANOSIM, R software, Vegan package)
was used to test significant differences between the
following user-defined (a priori) groups: the intra-core
scale between the three studied sediment layers, the
intra-site scale between the three cores collected per
site (site 1 and 2 only) and the inter-site scale between
the three studied sites. ANOSIM was computed from
the Jaccard similarity matrix, and a random permuta-
tion test (10,000 permutations) was applied. The test
was considered significant at P < 0.05 after applica-
tion of the Bonferroni correction (R software, stats
package, p.adjust, http://cran.r-project.org/).

Redundancy analyses (RDA) were used to explore
the relationships between environmental parameters
and community structure variations. RDA was per-
formed using R software (ade4 package, Dray &
Dufour, 2007) with 1,000 Monte Carlo permutation
tests.

Venn diagrams were used to enumerate shared or
unique OTU between layers or sites. Diagrams were
made using the online tool provided at the following
web address: http://bioinfogp.cnb.csic.es/tools/venny/
index.html (Oliveros, 2007).

The relationships between total and functional com-
munity structures were evaluated using the Procrustean
analysis (PROTEST software package—PROcrustean
randomization test: http://labs.eeb.utoronto.ca/jackson/
prol.html). Procrustean analyses superimpose, scale
and rotate one data matrix upon the other until an opti-
mal fit is found (Jackson & Harvey, 1993; Peres-Neto &
Jackson, 2001; Heino et al., 2004). Estimated residuals

@ Springer


http://www.ecology-research.com
http://www.ecology-research.com
http://cran.r-project.org/
http://cran.r-project.org/
http://cran.r-project.org/
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://labs.eeb.utoronto.ca/jackson/pro1.html
http://labs.eeb.utoronto.ca/jackson/pro1.html

164

Hydrobiologia (2015) 751:159-173

between the original values and the derived best-fit
solution give the m12 statistic: alow m12 value indicates
good correspondence between data matrices (Paavola
et al., 2006). The PROTEST permutation procedure
(10,000 permutations) was used to assess the statistical
significance of the Procrustean fit between the two
matrices (Peres-Neto & Jackson, 2001; Paavola et al.,
2006).

Results
Study sites characterization

At the water—sediment interface, the temperatures were
5.8,5.5 and 5.5°C, and the oxygen saturation rates were
63,61 and 0%, at sites 1, 2 and 3, respectively. Based on
the physical-chemical parameters measured in the
sediments (Table 1), no intra-site difference was
observed between cores C1, C2 and C3 collected at site
1 or 2 (Friedman test, P > 0.05 for all tested parame-
ters). At the core scale, water content for site 1
(P = 0.049) and organic matter content for site 2
(P = 0.049) were significantly different between each
layer. Between sites 1, 2 and 3 (as assessed based on
comparing 1 core only per site), the water content
significantly (Friedman test, P = 0.049) increased from
59 &+ 5% (site 1) to 66 + 4% (site 2) to 76 £ 6% (site
3). Particle sizes was significantly different between
sites 1 and 2 (Wilcoxon test, P = 0.021), with a median
grain size of 20 £+ 3 pmatsite 1 and 15 4+ 3 pm at site
2. No significant differences were observed between the
3 sites for the other parameters (organic matter,
carbonates, total nitrogen and total carbon contents,
Friedman test, P > 0.05).

Effect of DNA extracts pooling on OTU number
and structure

The bacterial, archaeal and methanogen OTU numbers
between the pooled and single (non—pooled) samples
were significantly different (Wilcoxon test, P < 0.005),
with mean OTU number (SD) of 45 £+ 4, 10 £ 2 and
4 + 1 OTUs per pools and of 50 £ 3, 12 = 2 and
5+ 1 OTUs per single sample, respectively. For
methanotrophs, no significant difference was observed
(Wilcoxon test, P > 0.05), with 6 £+ 1 OTUs for both
pooled and single samples. The OTUs lost by pooling
exhibited a relative fluorescent intensity (RFI) < 1%
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(representing 91 and 62% of the “lost” OTUs for
bacteria and archaea, respectively). No significant
difference was observed between the community
structures of pooled and single samples for total and
functional communities within each site (see Fig. S1,
ANOSIM, P > 0.05 for all cases).

Intra-site OTU number and structure heterogeneity

Structure and OTU number heterogeneity were
assessed at the site scale within cores (five replicate
samples from 1 cm sediment layers) and between
cores (three cores for sites 1 and 2 only) (Fig. 2). Both
for OTU number (Table S1) and for structure
(Table S2) heterogeneity (as assessed by calculating
CV = SD) was less important within cores compared
to within sites (between cores of the same site) for the
four studied communities (bacteria, archaea, methan-
otrophs and methanogens). No significant difference
was observed within sites (site 1 or 2) for total
(bacterial and archaeal) or functional (methanotrophs
and methanogens) community structures between the
three cores (ANOSIM, 10,000 permutations, P > 0.05
in all cases).

OTU number estimation and vertical
and horizontal structure of communities

The total and functional community structure was
assessed in the verticality of the sediment (across
layers) and horizontally between sites. For bacteria,
185 distinct OTUs were detected (Table S3),
37 £ 5% were common between the three studied
layers and 12 £ 3% were layer-specific. A total of
12% of the OTUs were common to the three sites,
whereas 58% were site-specific (equally distributed in
the 3 sites; Fig. 3A). For archaea, 63 distinct OTUs
were detected (Table S4). On average, 37 &+ 11% of
the OTUs were shared between the three studied
layers, and 15 + 7% of the OTUs were layer-specific.
Fourteen percent of the OTUs were common to the 3
sites, whereas 66% were site-specific (distributed as
follows: 19% in site 1, 22% in site 3, and 25% in site 2;
Fig. 3B). For methanotrophs, among the 15 distinct
OTUs (Table S5),53 + 12% were shared between the
three studied layers and 12 £ 12% were layer-
specific. Forty percent of the OTU were common to
the three sites, whereas a small number of OTUs were
site-specific  (27% Fig. 3C). For methanogen
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Table 1 Physical and chemical description of Lake Bourget sediment for cores from sites 1, 2, and 3 (cores C1-C3 for sites 1 and 2,

and core C1 for site 3)

Site Layer Core Water content Organic Carbonates Median particle TN (%) TC (%)
(cm) (%) matter (%) (%) size (Lm)
1 0-1 Cl1 60.73 8.24 24.71 17.62 0.24 9.92
c2 62.58 8.51 24.33 18.18 0.25 9.71
C3 62.80 5.45 16.03 16.93 0.25 9.77
Mean + SD  62.03 + 1.14 740 + 1.69 21.69 £ 491 17.58 £ 0.63 0.24 £ 0.01 9.80 £ 0.11
9-10 C1 44.61 7.48 18.50 24.88 0.12 7.59
Cc2 45.98 7.03 21.00 26.04 0.12 7.97
C3 53.13 7.27 22.60 16.34 0.14 8.14
Mean + SD  47.09 £ 4.57 7.26 £ 0.23 20.70 £ 2.07 22.42 £ 5.30 0.13 £ 0.01 7.90 £ 0.28
19-20 Cl 55.93 7.79 22.66 22.61 0.19 9.48
Cc2 57.53 8.84 24.75 21.97 0.20 9.50
C3 59.56 7.84 24.55 18.89 0.21 9.22
Mean + SD 57.68 + 1.82  8.15 + 0.59 23.99 £ 1.15 21.16 &+ 1.99 0.20 £ 0.01 9.40 £ 0.16
2 0-1 C1 70.67 8.56 27.83 18.51 0.33 11.45
Cc2 67.57 10.24 20.23 13.45 0.24 8.54
C3 70.08 9.11 26.99 17.18 0.35 11.32
Mean + SD  69.44 £+ 1.65 9.30 £ 0.86 25.01 £4.17 16.38 + 2.63 0.31 £ 0.06 10.44 + 1.64
9-10 Cl 62.58 7.79 22.99 13.56 0.22 8.97
c2 63.79 8.22 26.79 17.7 0.23 10.03
C3 62.26 8.23 26.03 14.25 0.23 9.69
Mean + SD 62.88 + 0.81 8.08 &+ 0.25 2527 £2.01 15.17 £2.22 0.23 £ 0.01 9.56 £ 0.54
19-20 Cl1 64.02 7.09 27.43 14.47 0.24 10.00
Cc2 59.80 7.98 26.23 11.37 0.16 9.34
C3 65.00 7.52 29.43 17.49 0.20 10.40
Mean & SD 62.94 +2.76 7.53 &£ 0.45 2770 £ 1.62 14.44 £+ 3.06 0.20 £ 0.04 9.92 £ 0.53
3 0-1 Cl1 82.83 9.31 27.49 NA NA NA
9-10 C1 74.33 8.06 23.12 NA 0.25 9.40
19-20 C1 71.50 8.50 28.39 17.03 0.38 10.97

Sediments from the 0—1 cm, 9-10 cm and 19-20 cm layers within cores were characterized for water content (%), organic matter
content [% Dry Weigh (DW)], carbonates content (% DW), median particle size (um), total nitrogen content (TN, % DW), and total

carbon content (TC, % DW)
NA no data available

community, 11 distinct OTUs were detected
(Table S6), 43 + 18% were shared between the three
studied layers and 10 & 10% were layer-specific.
Fifty-five percent of the OTUs were common to the
three sites, and a small number were site-specific (27%
in total; Fig. 3D).

Regarding the community structure, significant dif-
ferences were observed between total and functional
communities between the three sites (Fig. 4, ANOSIM,
10,000 permutations, P < 0.001, R = 0.86; P < 0.001,
R=046; P <0005, R=038 and P <0.03,
R = 0.29 for bacteria, archaea, methanotrophs and

methanogens, respectively). For bacteria, the commu-
nity structure was significantly different between the
three layers (ANOSIM, 10,000 permutations,
P < 0.001, R = 0.82). For archaea, methanotrophs
and methanogens, the community structures within the
cores were only significantly different in the surface
layer versus deeper layers (9-10 and 19-20 cm) (ANO-
SIM, 10,000 permutations, P < 0.001, R = 0.18;
P <0.005,R = 0.32;and P < 0.01, R = 0.27, respec-
tively). For all of the combinations tested (functional
versus functional, total versus total or total versus
functional), significant levels of concordance were
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Fig. 3 Repartition of A
shared or unique OTU

between sites (Venn

diagram, Oliveros, 2007) for

each microbial community:

bacteria (A), archaea (B),
methanotrophs (C) and

methanogens (D)

observed between microbial community structures
(Procrustean analysis, two-dimensional representations
not shown, P < 0.001 in all cases, Table 2).

Relationship between environmental parameters
and community structures

The relationships between environmental parameters
(from the water at the sediment interface and from
sediment samples, as listed in Table 3) and microbial
communities were explored by RDA. For the bacterial
community structure, every parameter except the sed-
iment organic matter content significantly explained the
observed changes between sites (P < 0.001, Table 3).
For archaea, only the median particle sizes and water O,
saturation could explain changes in the community
structure (P < 0.001, Table 3). For both methanogens
and methanotrophs, the carbonate, total carbon contents,
and median particle sizes, were significantly related
with community structures (Table 3). The methanogens
community structure was also significantly related to
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water O, saturation and sediment organic matter
content.

Discussion

The main objective of this study was to investigate the
spatial heterogeneity and variability of total and func-
tional benthic microbial communities in a lacustrine
environment using genotyping approaches (ARISA and
T-RFLP). These approaches are widely used to charac-
terize microbial community structure spatial and tem-
poral changes (Schwarz et al., 2007; Deutzmann et al.,
2011; Barbier et al., 2012), and T-RFLP can theoreti-
cally be used to affiliate T-RFs size and microbial taxa
(TRiFLe software, Junier et al., 2008). Using this
software, half of the detected T-RFs in the present work
were related to the Methanomicrobiales, Methanosarci-
nales, Methanococcales and Methanobacteriales orders
for methanogens, and the Methylococcaceae, Methylo-
cystaceae and Methylacidiphilaceae families for
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methanotrophs. These results are in accordance with
other freshwater sediment-related literature, which
recovered the same taxa (Borrel et al., 2011). However,
further investigations (i.e., cloning and sequencing) are
required here to identify the remaining T-RFs. Geno-
typing is a rapid and inexpensive tool for the analysis of
a large number of samples. However, compared to next
generation sequencing (NGS) techniques, the low
resolution of genotyping prevents the detection of the
rare biosphere (Gilbert et al., 2009; Bienhold et al.,
2012; Jacob et al., 2013), but it still allows for the
comparison of ecological trends (Gobet et al., 2014).
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Consequently, this approach is perfectly suited to assess
microbial community heterogeneity at different spatial
scales.

At the site scale, the total and functional community
structure heterogeneities increased from the intra- to
the inter-core (i.e., intra-site) scale, confirming previ-
ous observations (Bowen et al., 2012; Jacob et al.,
2013; TSertova et al., 2013). At the micro-scale
(sample replicates within 1-cm sediment layers), the
occurrence of comparable physical and chemical
conditions likely explains the observed similarity
between community structures, especially because
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Table 2 Procrustean analysis results between community 1
and 2 as indicated

Community 1 Community 2 mi2 P

Bacteria Archaea 0.596 <0.001
Bacteria Methanotrophs 0.517 <0.001
Bacteria Methanogens 0.843 <0.001
Archaea Methanotrophs 0.693 <0.001
Archaea Methanogens 0.876 <0.001
Methanotrophs Methanogens 0.897 <0.001

The statistical significance of the test for 10,000 permutations
is indicated by the P value, and m/2 is a statistic indicator for
the level of correspondence between the data matrixes
(Jackson, 1995; Peres-Neto & Jackson, 2001)

genotyping approaches allowed for the detection of
only intermediate to dominant populations. Pooling
DNA extracts prior to genotyping total or functional
microbial communities significantly decreased the
observed OTU number, likely due to both method
sensitivity and dilution effect, which both mask rare
OTUs (Bowen et al., 2012; Gobet et al. 2014). The
parallel analysis of several replicates was more
powerful for analysing microbial community structure
and OTU number, improving the richness estimation
(Canning-Clode et al., 2008), and this approach will be
considered for future works. For benthic microbial
communities, ecological niche diversification occurs
at the millimeter scale (Priscu et al., 1998; Nam et al.,
2008), and it locally controls benthic prokaryotic
communities (Bertics & Ziebis, 2009). As expected,
niche differentiation was more important for microbial
community structures vertically (in depth within
cores) than horizontally (between the same layers of
cores collected at a same site). Several authors have

reported the predominant role of sediment grain size
on prokaryotic community structures (Hewson et al.,
2007; Jackson & Weeks, 2008). Within cores, micro-
bial community structures differed between layers
according to their distance to the water column-—
sediment interface. This trait was common for bacteria
and archaea (Edlund et al., 2008; Ye et al., 2009;
Shivaji et al., 2011), as well as for methanogens and
methanotrophs (Barbier et al., 2012; Borrel et al.,,
2012). Sediments are vertically stratified by the redox
gradient (Fenchel & Finlay, 1995), controlling micro-
bial metabolism and diversity. Here, we found that the
community structure for bacteria was significantly
different for each studied sediment layer. However,
this was not the case for archaea, methanotrophs or
methanogens. Swan et al. (2010) reported a similar
trend hypothesizing prokaryotic communities that
have different ecological requirements. They also
highlighted that the T-RFs of many Crenarchaeota
sequences are identical to those of the Euryarchaeota,
potentially masking community structure changes.
Different primers were used to amplify the archaeal
16S rRNA gene in the present study, and a resolution
bias cannot be completely excluded from our
approach.

For methane cycling micro-organisms, the commu-
nity structure differences observed between the surface
layer and the deeper layers are consistent with their
ecological requirements. Methanotrophs are divided
into 2 types depending on their morphological, phys-
iological and ecological properties. Both types are
frequently detected in freshwater sediments (Rahalkar
etal., 2009; Biderre-Petit et al., 2011; Deutzmann et al.,
2011). Several studies have suggested that type I
methanotrophs (Methylococcaceae) may be more

Table 3 Redundancy analysis (RDA) performed to estimate environmental effects on spatial variability of community structures

Parameters Bacteria Archaea Methanotrophs Methanogens
Water content 4.45%%* —1.68 1.65 1.40
Organic matter —0.99 —0.66 —0.46 —4.09%**
Carbonates 4.18%%* —1.07 2.06* 2.42%*
Median particles size 8,93k —3.335%%:k% 2.22% 2.18%
Total nitrogen 3.41%%* —-1.29 1.43 1.50

Total carbon —4.39%%* 1.93 —2.15% —3.00%*

O, saturation —6.51%%* 5.80%** —1.04 2.83*

For each community, ¢ values were indicated, bold shown the significance
Significance levels are indicated as *** P < 0.001; ** P < 0.01; * P < 0.05
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adaptable to changing environmental conditions such as
methane and oxygen variations (Auman et al., 2000;
Semrau et al., 2010; Ma et al., 2013). As previously
suggested (Borrel et al., 2011), this might explain the
dominance of type I methanotrophs in freshwater
sediment which is a heterogeneous habitat. Methane
and oxygen availability are important requirement for
methanotrophy but methanotrophs can remain in a
viable state under anaerobic conditions: they were still
able to carry out methane oxidation after 1 month in
anoxic conditions (Roslev & King, 1996). Thus,
detecting methanotrophs when the water column is
stratified and the epilimnion is anaerobic or anoxic at
the water—sediment interface is consistent with their
ecological tolerance toward O, limitation. However,
detecting methanotrophs in the deeper sediment layers
(9-10 and 19-20 cm), where anoxic conditions are
permanent, seems surprising. Further work is needed to
assess methanotrophic viability using RNA-based
approaches (FISH or mRNA work). If they are not
viable, it is possible that the detected DNA was a
lacustrine record of past methanotroph communities, as
previously demonstrated for Cyanobacteria in Lake
Bourget, France (Domaizon et al., 2013, Savichtcheva
et al., 2014), and methanogens in Lake Narlay (France,
Belle et al., 2014). A general paradigm for methanogens
is that they require anoxia, despite recent evidence that
methanogenesis occurs in well-oxygenated lake water
(Grossart et al., 2011, Tang et al, 2014). Two
hypotheses can explain the detection of methanogens
in the first cm of the Lake Bourget sediment column:
(1) the sampling interval (1 cm) exceeded the oxygen
diffusion depth (generally <5 mm, Viollier et al., pers.
comm.), allowing for the presence of a methanogen
community in anoxia, or (ii) the occurrence of meth-
anogens, such as Methanosarcina or Methanocella
allowed for the transcription of catalase genes to
detoxify reactive oxygen species and produce methane,
as previously demonstrated in soils (Angel et al. 2011).

Our sampling strategy was designed to ensure
maximal reproducibility at the site scale (i.e, using a
multicorer instead of carrying out three successive
corings), whereas the three sampling sites were chosen
due to their contrasting environmental characteristics.
Site 1 is located within the plume of the main tributary
of Lake Bourget. With a depth of 65 m, the deeper part
of the water column is not subjected to seasonal
hypoxia. Within this area, the sediment was gas-rich
(Chapron et al., 2005), as determined using a seismic

reflection survey, suggesting the possible presence of
dissolved methane in the interstitial water. Site 3 is
located in the deepest part of the lake (depth of
147 m), and the deeper layers of the water column
frequently undergo hypoxia (Jenny et al., 2013; INRA
database Observatory on lakes—SOERE OLA http://
wwwo.inra.fr/soere-ola). On the sampling date, the
water—sediment interface of site 3 was located within
the hypolimnion and was anoxic for almost 4 months
(Jacquet et al. 2012). Located between sites 1 and 3,
site 2 represents intermediate environmental condi-
tions, as it is outside of the river plume and is char-
acterized by intermediate depth. Despite these
contrasting conditions, none of the physical and
chemical descriptors, except sediment water content
and oxygen concentration at the water—sediment
interface, could be differentiated between the three
sites. However, the four community structures patterns
assessed in the present work differed significantly
between sites. RDA analysis demonstrated that com-
munity structure variations could be explained by the
following environmental conditions: median particle
sizes for the four studied communities; carbonate and
total carbon contents for all communities but archaea;
water oxygen saturation for all communities but met-
hanotrophs; total nitrogen and water contents for
bacteria only, and organic matter content for metha-
nogens only. Bacteria and methanotrophs community
structures exhibited stronger site discrimination than
archaea and methanogens, which is consistent with
previous reports suggesting that archaeal and bacterial
microorganisms respond differently to environmental
conditions (Liu et al., 2009; Ye et al., 2009). In lake
sediment, archaeal communities are frequently domi-
nated by methanogens, as demonstrated on Lake
Soyang (Korea, Go et al., 2000), on Lake Kinneret
(Israel, Schwarz et al., 2007) or on Lake Pavin
(France, Borrel et al., 2012). Other uncultured Eur-
yarchaeota are also present in freshwater sediment
such as Marine Benthic Group-D (MBG-D), Rice
Cluster V (RC V) or the Lake Dagow Sediments
(LDS) (Chan et al., 2005; Conrad et al., 2007; Ye et al.,
2009; Conrad et al., 2010; Bhattarai et al., 2012; Borrel
et al., 2012). Creanarchaeotal/Thaumarchaeota lin-
eages are also detected, such as Miscellaneous Cren-
archaeotal Group (MCG), MBG-B (Conrad et al.,
2010; Schubert et al., 2011; Borrel et al., 2012) for
example. Bacterial community diversity and structure
are correlated with pH, sediment organic matter,
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carbon and nitrogen contents (Hollister et al., 2010),
sediment pore water salinity (Swan et al., 2010), and
water quality at the sediment water interface (Liu
et al., 2009). Water chemistry (for pore water or at the
sediment interface) was not assessed in the present
work but it is likely that epi- and hypolimnetic waters
were characterized by different concentrations of C
and N forms. Both organic matter and carbon quantity
and quality were previously related to changes in
microbial community structure and function (Doch-
erty et al.,, 2006). Here, the sampling site location
(within/outside the river plume or in the deepest area)
is probably responsible for the variability in the
organic matter origin (allochthonous or autochtho-
nous), explaining the community structure differ-
Interestingly, the water content was
significantly different between the three studied sites,
and it was previously described as a controlling factor
for benthic microbial communities (Wu et al., 2008;
Roske et al., 2012). In sediment, the water content is
correlated to porosity (Avnimelech et al., 2001) and it
was suggested that its relationship with microbial
community structure was a function of its influence on
sediment oxygen concentrations, via diffusion mech-
anisms (Hollister et al. 2010), this would only be rel-
evant for the few top millimeters of the sediment when
the water column is oxygenated in this study.

€nces.

Conclusion

The present work demonstrates that total and func-
tional microbial community structures can be differ-
entiated according to local environmental conditions
(i.e., redox conditions), global environmental condi-
tions (i.e., Lake Bourget stratification at sampling
time), and geographical position within the lake
relatively to major tributaries. Micro-scale heteroge-
neity did not affect the community structure within the
same core, and it moderately affected heterogeneity
between cores collected within a same sampling site.
Pooling DNA extracts ahead of genotyping decreased
the observed OTU number, suggesting that the inde-
pendent characterization of 2-3 replicates would
provide better insights into microbial communities.
Total (bacteria and archaea) and functional (metha-
nogens and methanotrophs) communities were con-
trolled by environmental parameters, and bacteria
seemed to be more prone to exhibit different

@ Springer

community structures in relation to depth within the
sediment. In view of our results, analysing only one
core per site seems sufficient to horizontally charac-
terize microbial benthic community structures, but the
vertical (depth-related) structure of functional com-
munities requires detailed investigations within each
core. The assessment of functional community struc-
ture and diversity in lakes should integrate all of these
spatial scales and lake temporal dynamics to gain a
better understanding of the microbial contribution to
biogeochemical cycles.
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