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ABSTRACT: Surface microlayers (SMLs) play a key role in regulating air−water gas exchange.
Few studies have investigated bacterial diversity in this particular zone in freshwater ecosystems
compared to that of the epilimnetic water layer, using high-throughput sequencing technologies.
The present study examined bacterial community structures in the SML and the epilimnion layers
of an oligotrophic high mountain lake, Lake Pavin, France. These 2 habitats harboured distinct
bacterial communities, with higher temporal variation observed in the structure of the bacterial
community in the SML than in the epilimnion. This arrangement might result from aerosol deposition and/or different levels of solar radiation impacting the lake surface. The presence of typical
freshwater bacterial assemblages (i.e. Alphaproteobacteria LD12 lineage, and Actinobacteria AcI
clade) in the epilimnion was also examined. In contrast, the SML was clearly enriched in Alphaproteobacteria (i.e. Rhodospirillales and Sphingomonadales), Gammaproteobacteria (i.e. Pseudomonadales), and Firmicutes (i.e. Clostridiales). Notably, analyses conducted on indicator species
revealed that Propionibacterium and Acinetobacter were characteristic in the SML, whereas operational taxonomic units in the epilimnion showed greater diversity. SMLs present a specific bacterial community composition that might originate from the surrounding environment, raising questions about the metabolic adaptations of these organisms in this particular environment.
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In aquatic ecosystems, the air−water interface, or
surface microlayer (SML), constitutes a specific environment that differs from the underlying water masses.
The SML is physico-chemically different from the
subsurface (Cunliffe et al. 2011) and is a dynamic system that experiences atmospheric inputs and aerosol
transfers, which contain mineral nutrients (nitrogen,
phosphorus, and iron) and organic carbon that support the growth of freshwater bacteria (MoralesBaquero et al. 2006). The SML constitutes the pri-

mary place for gas exchange between water masses
and the atmosphere (Conrad & Seiler 1988, Asher
2005). The enrichment in organic and inorganic compounds (Maki 1993, Liss & Duce 2005) in the SML
favours the establishment of microbial communities
involved in biogeochemical processes in freshwater
systems, such as nutrient and energy cycling. In addition, SMLs are exposed to UV radiation, which can
cause direct DNA damage or indirect damage through
reactive oxygen species (Cunliffe et al. 2011), therefore representing a specific ecological niche for
adapted bacterial communities.
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Although studies have been conducted on marine
ecosystem SMLs (Agogué et al. 2005, Franklin et al.
2005, Cunliffe et al. 2011), fewer have investigated
freshwater ecosystem SMLs (Kalwasińska et al. 2011,
Vila-Costa et al. 2013, Sarmento et al. 2015). In lacustrine ecosystems, several studies have focused on
microbial diversity in the water column (Auguet et al.
2012, Hugoni et al. 2015), whereas many biological
and chemical processes occur at environment interfaces. Comparisons of the freshwater bacterial community composition between the SML and underlying water layers are still scarce (Cunliffe et al. 2009).
In lacustrine ecosystems, some studies have shown
that microorganisms inhabit this nutrient-rich air−
water interface, including Bacteria (Hervas & Casamayor 2009, Hörtnagl et al. 2010) and Archaea
(Auguet & Casamayor 2008). Hervas & Casamayor
(2009) reported the dominance of Betaproteobacteria
and Actinobacteria, which accounted for > 75% of
bacterial clone libraries from high mountain lakes.
They detected bacterial segregation at the clade
level, with Alphaproteobacteria affiliated with the
Caulobacter-Brevundimonas-like cluster restricted
to the SML, and Alphaproteobacteria from the Rhodopseudomonas-like cluster restricted to the underlying
water. Hörtnagl et al. (2010) reported similar findings
in another high mountain lake, with Betaproteobacteria and Actinobacteria dominating, and showed
enrichment of the betaproteobacterial R-BT subgroup in the SML (Hörtnagl et al. 2010). Moreover,
Archaea account for a non-negligible fraction of the
prokaryotic assemblage; Auguet & Casamayor (2008)
reported abundances ranging from 3 to 37% of the
total DAPI-stained cells in the SML of high mountain
lakes in the Pyrenees. Among Archaea, Thaumarchaeota are involved in a major biogeochemical process;
they are ammonia-oxidizers and thus key players of
the nitrogen cycle (Pester et al. 2011). This highlights
the importance of microbial communities inhabiting
the SML, as they play important roles in nutrient and/
or energy cycling.
Oligotrophic high mountain lakes provide ideal
conditions to study SML community structures because atmospheric loading tends to determine water
characteristics (Catalán et al. 2006, Pulido-Villena et
al. 2008), nutrients (nitrogen or phosphate) are limited,
and the lakes experience weak anthropogenic inputs.
A few studies have investigated SML community
composition in comparison with epilimnetic community composition, using high-throughput sequencing
technologies, and have shown that microbial communities in both SML and epilimnetic waters differed
(Vila-Costa et al. 2013, Sarmento et al. 2015). Vila-

Costa et al. (2013) reported that Actinobacteria and
Betaproteobacteria dominated under 2 atmospheric
aerosol-loading scenarios and suggested that some
Bacteroidetes and Thaumarchaeota were preferentially retrieved in the SML. Similarly, Sarmento et al.
(2015) showed consistent differences in picoplankton
from the SML and epilimnion abundance, activity,
and single-cell physiology, but did not consider temporal variations in bacterial community composition.
In our study, bacterial community composition was
analysed in an oligotrophic lacustrine ecosystem (Lake
Pavin, France) during spring and summer, in the
air−water interface (SML) and underlying waters (epilimnion), by 16S rRNA gene sequencing. We sampled
Lake Pavin over time, testing whether bacterial communities in the SML temporally differed from those
of corresponding epilimnetic samples.

MATERIALS AND METHODS
Study site, sampling, and environmental parameters
This study was performed at Lake Pavin in the
French Massif Central (45° 55’ N, 2° 54’ E). This lake is
a meromictic, oligomesotrophic freshwater lake, situated at an altitude of 1197 m, with a maximal depth of
92 m. It is fed by atmospheric precipitation and numerous superficial and sub-lacustrian springs (Viollier et
al. 1995). Samples were collected during May, June,
July, and August 2011 in both the epilimnion and
SML at 3 distinct points (replicates). Samples from
the air−water interface were collected using 0.2 µm
pore-size polycarbonate filters (Millipore) laid on the
water surface for 2 min and stored at −80°C until
nucleic acid extraction. Underlying water was collected at 2 m depth using a Van Dorn bottle, and a
subsample of water (300 ml) was pre-filtered through
5 µm pore-size polycarbonate filters (Millipore) and
collected on 0.2 µm pore-size (pressure <10 kPa) polycarbonate filters (Millipore) before storage at −80°C
until nucleic acid extraction. Phosphorus (P-PO4),
nitrate (N -N O3), nitrite (N -N O2), and ammonia (N NH4) contents were analysed using standard American Public Health Association (2005) methods.

DNA extraction and pyrosequencing
The extraction procedure used was previously described by Lefranc et al. (2005). Briefly, for each zone
and each sampling date, 3 filters (replicates) were
used and DNA was extracted by digesting the cells
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with lysozyme (final concentration: 2 µg µl−1) and
Proteinase K (100 µg ml−1). Nucleic acids were then
separated with phenol/chloroform and precipitated
with ethanol. DNA from the 3 filters (replicates) was
pooled and DNA yield was quantified using a Nanodrop spectrophotometer (ND 1000). Amplification of
the V4-V5 region of the 16S rRN A gene was performed using the universal bacterial primers 563F
(5’-AYT GGG YDT AAA GN G-3’; Claesson et al.
2010) and 907R (5’-CCG TCA ATT CMT TTG AGT
TT-3’; Lane 1991). Pyrosequencing was achieved by
the GINA Platform (Clermont-Ferrand, France) using
a Roche 454 GS-FLX system with titanium chemistry.

Bioinformatic analyses
All the pyrosequencing data were checked against
the following quality criteria: (1) no ambiguous base:
N s, (2) quality score ≥23 according to the PAN GEA
process (Giongo et al. 2010), (3) a minimum sequence
length of 200 bp, and (4) no sequencing error in the
forward primer. The putative chimeras and homopolymers were detected using Uchime (Edgar et al.
2011) and the perl script homopolymer_count.pl (http://
alrlab.research.pdx.edu/aquificales/pyrosequencing.
html).
The remaining sequences were clustered at a 97%
similarity threshold (Kim et al. 2011) with Usearch
(Edgar 2010). The seed operational taxonomic units
(OTUs) were affiliated by similarity and phylogeny
from reference sequences (https://github.com/panam
meb/). These bacterial references were extracted from
the SSURef SILVA 119 database (Pruesse et al. 2007)
according to the following criteria: length >1200 bp,
quality score > 75%, and a pintail value > 50. In addition, the taxonomy of this reference database was
modified to take into account typical freshwater lineages defined previously (Newton et al. 2011). After a
comparison of the OTUs with the reference sequences
by a similarity approach (Usearch tool), trees including
OTUs with their closest references were built with
FastTree (Price et al. 2010). This process was implemented in the pipeline PANAM (Phylogenetic Analysis of Next-generation AMplicons, https://github.com/
panammeb/; Taib et al. 2013). To compare samples
among each other, the number of sequences was resampled down to 2700 sequences for each sample
(normalization process corresponding to the less
abundant sample). The pyrosequencing data reported
in this paper have been deposited in the MG-RAST
database (http://metagenomics.anl.gov/mgmain.html?
mgpage=project&project=mgp18808).
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Statistical analyses of sequencing data
Community structure was analysed using a squareroot transformed matrix of OTU relative abundance
to minimize the impact of highly dominant OTUs and
then subject to statistical analyses to compare the
structure of the bacterial communities between both
layers of Lake Pavin. The dynamics of the bacterial
communities were primarily analysed by non-metric
multidimensional scaling (N MDS). A stress value
was calculated to measure the difference between
the ranks on the ordination configuration and the
ranks in the original similarity matrix for each repetition. An acceptable stress value should be below 0.1.
An ANOSIM and a PERMANOVA were conducted to
test the differences in overall bacterial community
composition between the SML and epilimnion and to
further confirm the results observed in the N MDS
plot. All analyses were based on similarity matrices
calculated with the Bray-Curtis similarity index.
To explain the temporal variation of bacterial community structure in both layers, a canonical correspondence analysis (CCA) was performed linking community composition (inferred bacterial groups presenting
>10 OTUs) and environmental variables (phosphate,
nitrite, nitrate, and ammonia concentrations). This
analysis was performed with the VEGAN package
(http://cran.r-project.org/web/packages/vegan/index.
html) in R software. Finally, indicator species (Dufrene
& Legendre 1997) were identified using the INDICSPECIES package in R.

RESULTS AND DISCUSSION
Changes in bacterial community structures were
evaluated in both the SML and epilimnion of Lake
Pavin during spring and summer (from May to August
2011) by 16S rRN A gene 454 pyrosequencing. SML
community sampling remains challenging, as many
sampling procedures exist for SML collection, and
these methods may impact the estimates of microbial
diversity (Agogué et al. 2004). In the present study,
SML sampling was conducted with polycarbonate
membranes that allowed collection of a very thin layer
(ranging from 10 to 50 µm) that is highly dependent
on the adsorption of microbes to membranes. To
avoid sampling biases, 3 polycarbonate filters from
each sampling date and each location were pooled
(SML and epilimnion) prior to DNA extraction to obtain a ‘composite’ sample representative for the layer
considered. Some other techniques use mesh screens
(Auguet & Casamayor 2008, Hörtnagl et al. 2010) or
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Table 1. Number of OTUs and sequences retrieved in the epilimnion and surface microlayer. Diversity and richness indices
were also calculated. Dates are yyyy/mm/dd

2011/05/10
E1
No. of OTUs
No. of normalized
sequences
Chao index
Shannon index
Evenness index

Epilimnion
2011/06/06 2011/07/05
E2
E3

2011/08/23
E4

2011/05/10
SML1

Surface microlayer
2011/06/06 2011/07/05 2011/08/23
SML2
SML3
SML4

447
2700

517
2700

453
2700

429
2700

246
2700

500
2700

218
2700

296
2700

742.5
4.929
0.3092

875.5
5.32
0.3955

691.8
5.067
0.3505

638
4.677
0.2505

338.6
4.367
0.3203

863.2
5.057
0.3144

301.8
4.326
0.347

376.7
4.656
0.3556

glass plates (Reinthaler et al. 2008, Wurl et al. 2009),
which present larger sampling zones (20 to 400 µm),
implying that the samples collected may be a mixture
of both the SML and the underlying waters (epilimnion), constituting potential cross-contaminations.
Singletons were removed from the dataset, and the
number of sequences was randomly resampled down
to 2700 sequences to compare samples (Table 1). Resulting rarefaction curves indicated that most of the
diversity was captured in both layers (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/a079
p115_supp.pdf). N o significant difference in microbial diversity (Shannon index) between the SML (4.6
± 0.34) and underlying water (5.0 ± 0.27) was observed (Table 1). Similarly, the number of bacterial
OTUs was not statistically different between the 2
layers (Table 1), in agreement with previous studies
conducted in high mountain lakes (Vila-Costa et al.
2013, Sarmento et al. 2015).
Community composition was analysed based on a
normalized dataset, comprising a total of 1673 OTUs
(21 000 sequences; Table 1). Even with a limited
number of samples, consistent temporal differences
in community composition were observed in NMDS
analysis (Fig. 1). The NMDS bi-dimensional ordination diagram presented a stress value of 0.0871, which
indicates a reliable representation of the original
similarity matrix (Bray-Curtis distance). The ordination diagram showed that the bacterial community
composition in the SML was considerably more variable (i.e. dynamic) than the community structure in
the epilimnion (confirmed with an ANOSIM test, p =
0.029, R = 0.5; and a PERMANOVA test, p = 0.028, R =
0.38). Temporal differences between the SML and
epilimnetic communities might be related to the in
situ stressful environmental conditions experienced
in the SML (i.e. UV exposure, aerosol concentrations;
Agogué et al. 2005, Alonso-Sáez et al. 2006). However, we could not exclude that differences in community composition, with higher variability in the
SML, were due to the different sampling strategies

used for the SML and underlying water compartment. Indeed, selective adsorption properties of a filter could potentially influence the assessment of bacterial communities in the different zones. Temporal
variation of OTU abundance was more important in
the SML than in the epilimnetic water (Fig. 2). For
example, Alpha- and Betaproteobacteria and Bacteroidetes were slightly enriched in the SML in June
compared to the other months, whereas Gammaproteobacteria were enriched in May, suggesting that
contrasting environmental conditions impact community structure. Further work investigating seasonal

Fig. 1. N on-metric multidimensional scaling (N MDS) ordination of bacterial community structure inferred from 16S
rRNA gene counts from main bacterial phyla retrieved in the
epilimnion and surface microlayer (Acidobacteria, Actinobacteria, Alpha- Beta- Gamma- Delta- Epsilonproteobacteria,
Armatimonadetes, BD1-5, Caldiserica, Candidate divisions
OD1, OP11, TM7, Bacteroidetes, Chlamydiae, Chlorobi, Chloroflexi, Cyanobacteria, Deinococcus, Fibrobacteres, Firmicutes, Gemmatimonadetes, Lentisphaerae, Planctomycetes,
Spirochaetae, Verrucomicrobia) on the different sampling
dates. E1 to 4: epilimnion, SML1 to 4: surface microlayer.
See Table 1 for sampling dates
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Fig. 2. Phylogenetic affiliation and abundance of OTUs retrieved in the (A) surface microlayer (SML) and (B) epilimnion (E)
in Lake Pavin, France. For each layer, the same samples were collected on 10 May, 6 June, 5 July, and 23 August 2011. In each
sample, OTUs affiliated with bacterial phyla and/or class were pooled and plotted to visualize temporal variations in bacterial
community structure. E1 to 4: epilimnion, SML1 to 4: surface microlayer. See Table 1 for sampling dates

changes over 1 yr and/or inter-annual changes is now
needed to increase our understanding of changes in
bacterial community composition.
Among the total OTUs, 732 (3923 sequences) were
exclusively retrieved in the epilimnion, and 622 (7581
sequences) were exclusively in the SML, whereas
319 OTUs (10 096 sequences) were found in both layers (i.e. shared; Fig. 3A). The present study supports
a classical view of bacterial community composition
(phyla or class level; Newton et al. 2011) retrieved from
the epilimnion and shared fraction dataset (Fig. 3B),
with Bacteroidetes, Actinobacteria, Betaproteobacteria, and Alphaproteobacteria OTUs dominating (24%,
21%, 19%, and 12% of the OTUs, respectively, in the
shared fraction, and 21%, 22%, 7%, and 17% of the
OTUs, respectively, in the epilimnion). Interestingly,
indicator species from the epilimnion (Table 2) were
mainly affiliated with the previous groups but also

with cyanobacterial-chloroplast-related sequences,
and Gemmatimonadetes, Gammaproteobacteria, or
Verrucomicrobia phyla. These last phyla that contained indicator species were less represented among
the OTUs, with Cyanobacteria and Verrucomicrobia
representing 10% and 8% of the overall OTUs, respectively, in the shared fraction, and 7% and 10%,
respectively, in the epilimnion. A previous study on
bacterial community composition over 2 consecutive
years conducted in the Lake Pavin epilimnetic layer
showed that Actinobacteria and Betaproteobacteria
were dominant (Boucher et al. 2006), as seen in the
SML of freshwater lakes (Hörtnagl et al. 2010). The
results reported here are congruent with the idea of
freshwater groups that are ubiquitous in epilimnetic
waters. Biogeographic patterns have been shown to
exist in microbial communities, and the spatial distribution of bacterial assemblages in ecosystems is still
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Fig. 3. (A) Number of specific and shared OTUs from surface microlayer (SML) and epilimnion. (B) Comparison of OTU abundance associated with SML or epilimnion and shared OTUs retrieved in both layers. OTUs were screened for their specificity
to each layer and the OTUs affiliated with the same phyla and/or class were pooled to evaluate which ones are specific for
each layer and/or shared

Table 2. Indicator OTUs (with their respective abundance) identified in both layers. In the epilimnion, 32 OTUs were statistically
enriched, while in the surface microlayer, only 4 OTUs were characteristic (p = 0.028)
Affiliation

Surface microlayer
Actinobacteria_Actinobacteria_Propionibacteriales_Propionibacteriaceae_Propionibacterium
Gammaproteobacteria_Pseudomonadales_Moraxellaceae_Acinetobacter
Epilimnion
Actinobacteria_Acidimicrobia_Acidimicrobiales_Acidimicrobiaceae_CL500.29.marine.group
Actinobacteria_AcIV_Iluma.A2
Actinobacteria_Actinobacteria_Frankiales_Sporichthyaceae
Actinobacteria_Actinobacteria_Frankiales_Sporichthyaceae_hgcI.clade
Bacteroidetes_Flavobacteria_Flavobacteriales_Cryomorphaceae_Fluviicola
Bacteroidetes_Flavobacteria_Flavobacteriales_NS9.marine.group
Bacteroidetes_Sphingobacteria_Sphingobacteriales_env.OPS.17
Bacteroidetes_Sphingobacteria_Sphingobacteriales_LiUU.11.161
Cyanobacteria_Chloroplast
Gemmatimonadetes_Gemmatimonadetes_Gemmatimonadales_Gemmatimonadaceae_
Gemmatimonas
Alphaproteobacteria_Caulobacterales_Caulobacteraceae_Caulobacter
Betaproteobacteria_Burkholderiales_BetaI_Lhab
Betaproteobacteria_Burkholderiales_Comamonadaceae_Acidovorax
Betaproteobacteria_Burkholderiales_Comamonadaceae_Chlorochromatium
Gammaproteobacteria_Xanthomonadales_Xanthomonadaceae_Stenotrophomonas
Verrucomicrobia_Sta2.35

No. of affiliated OTUs

Indicator
value

3
1

1.00
1.00

1
1
4
7
1
1
1
1
1
2

1.00
0.993 to 1.00
1.00
0.981 to 1.00
0.996
0.996
0.988
1.00
1.00
1.00

3
1
1
3
3
1

0.968 to 1.00
1
0.957
0.985 to 1.00
1
0.985
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under active debate. Indeed, some authors have suggested that many of the OTUs are commonly retrieved in freshwater ecosystems (Lindström et al.
2005), whereas others have suggested that some species are ecosystem-specific, with a limited geographic
distribution, because they are dependent on the
trophic status or input of allochthonous communities
through rivers or catchment areas (Urbach et al. 2001).
Members of the Bacteroidetes phylum (previously
known as the Cytophaga-Flavobacterium-Bacteroides
group) represent important heterotrophs in aquatic
ecosystems, and they are involved in organic carbon
cycling. These bacteria are commonly retrieved in
freshwater lakes and rivers (McCammon et al. 1998,
Böckelmanna et al. 2000) and in marine systems
(Cottrell & Kirchman 2000, Humphry et al. 2001).
Actinobacteria represent up to 20% of bacterial
OTUs retrieved in both the epilimnion and shared
fractions (Fig. 3). Many previous studies have shown
that Actinobacteria are abundant and ubiquitous in
freshwater ecosystems, accounting for up to 50% of
the bacteria in the epilimnion (Glöckner et al. 2000)
and containing several cosmopolitan freshwater clades
(Newton et al. 2007), with some, like AcI, accounting
for > 50% of DAPI-stained cells from a lacustrine
epilimnion (Newton et al. 2007). This clade has been
previously retrieved in lacustrine ecosystems such as
Lake Baikal or Lake Fuchskuhle (Glöckner et al.
2000), and it is distinct from marine Actinobacteria
clusters (Rappé et al. 1999). Our study showed that,
among Actinobacteria, OTUs affiliated to both the AcI
lineage (including the hcgI clade) and the CL500-29
marine group were always the most abundant ones
(Table S1 in the Supplement) in both epilimnion and
shared fractions. The presence of the CL500-29 marine group was surprising, as it has been retrieved primarily in estuarine and delta ecosystems which were
ecosystems at the interface between marine and
freshwater (Stepanauskas et al. 2003), while Lake
Pavin was exclusively freshwater. Regarding the AcI
lineage, a study has suggested that this lineage is
very active and successful in planktonic assemblages
in mountain lakes (Warnecke et al. 2005). N o AcII
OTU was detected in our work, in accordance with a
previous study that has not found this taxon in freshwater ecosystems (e.g. Lake Redon) (Hervas &
Casamayor 2009). In the same study, the authors did
not detect AcIV OTUs, whereas our study identified
13 OTUs specific to the epilimnion fraction (Table S1
in the Supplement). Moreover, many actinobacterial
strains are pigmented, and it has been proposed that
these pigments, such as proteorhodopsins, are important for acquiring energy from solar radiation (War-
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necke et al. 2005, Sharma et al. 2008). They also may
have a competitive advantage in relieving grazing
pressure because of their relatively small size (Pernthaler et al. 2001, Tarao et al. 2009, N ewton et al.
2011). The great abundance of Betaproteobacteria in
the epilimnion and shared fractions is not surprising,
as they are usually reported as the dominant group in
freshwater lakes (N ewton et al. 2011), based on in
situ hybridization and PCR-dependent methods
(Glöckner et al. 2000, Barberán & Casamayor 2010).
However, a recent study uncovered potential biases
associated with the use of the 907R ‘universal’ primer
(probably related to an underestimate of Epsilonproteobacteria involved in the sulphur-oxidizing process), showing the need for complementary approaches to evaluate the abundance of specific taxa
in bacterial communities (Llorens-Marès et al. 2016).
Many betaproteobacterial members are cultivated in
association with other microorganisms, allowing a
thorough characterization of their metabolic abilities.
Betaproteobacteria are known to respond rapidly to
organic and inorganic nutrient availability (Šimek et
al. 2006, Pérez et al. 2015). It has been suggested that
Betaproteobacteria and Actinobacteria have different temporal niches, with Betaproteobacteria abundant when mixing events occur in the water column
(during June and July in the present study) and more
nutrients are available, whereas Actinobacteria show
less fluctuation in their abundance, suggesting that
these microorganisms are more efficient in consuming less organic carbon (Glöckner et al. 2000), as
reported during August in our study. This was confirmed by a CCA, which showed that Alpha-, Beta-,
and Gammaproteobacteria are linked with the phosphate content in the ecosystem, whereas Actinobacteria and Bacteroidetes are mainly associated with
ammonia and nitrite concentrations (Fig. 4), suggesting that shifts in environmental parameters may
favour the presence of different bacterial groups.
N otably, the bacterial community specific to the
SML consisted not only of lineages classically inhabiting freshwater ecosystems but also of taxa
rarely detected in these ecosystems (Fig. 3B). Alphaproteobacteria were more abundant (26% of the
OTUs) than Betaproteobacteria (15% of the OTUs;
Figs. 2 & 3), in contrast with findings from previous
studies showing that Betaproteobacteria and Actinobacteria dominated in the SML of high mountain
lakes (Hervas & Casamayor 2009, Vila-Costa et al.
2013). Alphaproteobacteria are usually less represented in bacterioplankton in alpine freshwater lakes
than Betaproteobacteria (Glöckner et al. 2000, Zwart
et al. 2002). Alphaproteobacteria have been shown to
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Fig. 4. Canonical correspondence analysis (CCA) plot of main bacterial groups
(represented by >10 OTUs) linked to environmental parameters. E1 to 4:
epilimnion, SML1 to 4: surface microlayer. See Table 1 for sampling dates

be more resistant to predation, and
particularly to microeukaryote grazing, and it has been suggested that
in low-nutrient environments, such as
oligotrophic lakes, they might be
favoured because of their ability to
compete for resources (N ewton et al.
2011). This could explain the dominance of this phylum in the SML of
Lake Pavin, which is an oligotrophic
ecosystem barely impacted by anthropogenic inputs and surrounding
leaching. Among the Alphaproteobacteria, the most represented OTUs
were affiliated with Rhizobiales,
Rhodospirillales, and Sphingomonadales (Table S1 in the Supplement;
Fig. 5). Among the Rhodospirillales, 51
OTUs were affiliated with the genus
Acidocella, which was first isolated
from a naturally acidic shallow lake
with high heavy-metal content in
Mexico and has been retrieved in acid
mine drainage environments with
high heavy-metal levels (Johnson et
al. 2001, Hallberg et al. 2006). Among
the Sphingomonadales OTUs, the
GOBB3-C201 freshwater cluster consisted of 21 OTUs in the SML of Lake
Pavin. This group was first retrieved in
Crater Lake, Oregon, USA (Page et al.

Fig. 5. Rank-abundance curve of specific OTUs retrieved in the surface microlayer
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2004) and is typically associated with lacustrine or
riverine ecosystems (Likens 2010), suggesting the
presence of freshwater-specific OTUs clusters. The
present study showed a clear enrichment in Gammaproteobacteria and Firmicutes OTUs in the SML
dataset (15% and 10% of the OTUs, respectively;
Fig. 3). Gammaproteobacteria are rarely detected in
lakes and are usually found in marine ecosystems
and saline lakes (Wu et al. 2006). Gammaproteobacteria might come from the surrounding environment through aerosol deposition. The great abundance of Gammaproteobacteria in the SML fraction
can be explained by their resistance to sunlight and
particularly to UV radiation exposure (Alonso-Sáez
et al. 2006, Santos et al. 2012). These results indicated the presence of specific bacteria that might
be adapted to multi-stress conditions related to
the SML. A previous study showed that among the
Gammaproteobacteria, strains isolated from UV
exposure experiments were related to Pseudomonas
in the SML, whereas in underlying water masses,
strains belonged to Acinetobacter or Psychrobacter
(Santos et al. 2012). This is congruent with our study,
which showed that the most abundant gammaproteobacterial OTUs were affiliated with Pseudomonas, Acinetobacter, and Haemophilus (Table S1 in
the Supplement). In our work, Acinetobacter constituted an indicator species in the SML (Table 2), suggesting its importance in this zone. Recently, Hervas
& Casamayor (2009) proposed that Acinetobacter
members could be indicators of airborne transport in
dust from the Sahara; however, in the present study,
we have no information on aerosol deposition in Lake
Pavin. Haemophilus are mostly commensals of the
upper respiratory tract of birds and mammals, and
their presence in the SML can be explained by the
presence of animal excreta. Interestingly, among
Firmicutes, the most abundant OTUs in our study
were affiliated with Clostridiales, which are among
the most abundant bacterial families in the mammalian gut and are strictly anaerobic (Lopetuso et al.
2013). Moreover, those Bacteria have a resistant
stage, spores, that protect them in unfavourable environmental conditions. Their presence might reflect
the existence of dead cells, and further studies based
on an analysis of 16S rRN A transcript abundance
would be useful to understand their role in the SML
of Lake Pavin. The present study also showed that
3 OTUs related to Propionibacterium (Actinobacteria) were enriched in the SML (Table 2). However,
Propionibacterium is a commensal group from
human skin, and we could not exclude crosscontamination.
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The results presented here depicted the SML of a
high mountain lake as a distinct microhabitat that
seems to favour colonization by specific bacterial
groups. The abundance of Gammaproteobacteria and
Firmicutes raises many questions about their origins,
as some taxa are believed to be specific to marine
waters. Our results lead to several questions about
the colonization success of bacteria inhabiting the
SML and which factors control their abundance and
activity in lacustrine ecosystems.
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