
INTRODUCTION

In aquatic ecosystems, microorganisms play a variety
of important roles at the foundation of the microbial food
webs as prey, predators or parasites, but also as actors in
decomposing organic matter and (re)cycling nutrients.
Among such microorganisms, archaeal contribution to the
microbial loop and the interactions involved between ar-
chaea and other prokaryotes have been partially examined
so that many pieces of information still remain to be ex-
plored and discovered (Braga et al., 2016; Parada and
Fuhrman, 2017; Seyler et al., 2019). For a long time, ar-
chaea were believed to only inhabit extreme environ-
ments. High temperature, salinity and extreme
anaerobiosis conditions were thought to be obligate pre-
requisite for archaeal growth. Therefore, possible links
between archaea and other prokaryotes, typically bacteria,
were not examined because not expected in such habitats
where bacterial growth is improbable or even not possible
(Seyler et al., 2019). For the last two decades, however,
it has been shown that archaea can be found everywhere
(Fuhrman and Davis, 1997; Robertson et al., 2005) in-
cluding pelagic and surface freshwater ecosystems
(Hugoni et al., 2013; Casamayor, 2017). Along the last
two decades, archaea were even reported to be as abun-
dant as bacteria in marine sediments (Wurzbacher et al.,
2017) or dominant in deep ocean prokaryotic communi-
ties (Varela et al., 2008). Archaea, like bacteria, are im-
portant players in biogeochemical cycles, i.e. the carbon
and nitrogen cycles. Moreover, they are the only life
forms to operate some fundamental processes such as
methanogenesis (Cavicchioli, 2011) which is a very im-
portant function of anaerobic lake waters and sediments
(Koizumi et al., 2004; Bomberg et al., 2008). Archaea are
also known to oxidize ammonia (Könneke et al., 2005),
degrade ammonium urea and, like bacteria, to operate the
nitrification process (Alonso-Sáez et al., 2012). 

Operating comparable or same functions may logically

generate a competition between archaea and bacteria.
Therefore, a variety of factors including nutrient availabil-
ity is likely to structure differently these communities
(Berdjeb et al., 2011, 2013). This does not exclude that
they can coexist in a non-limiting environment for growth
with different responses to resource availability and/or pre-
dation pressure by viruses or planktonic grazers (Seyler et
al., 2019). It is noteworthy, however, that archaeal growth
seems to be favored over bacteria in oligotrophic environ-
ments (Vuillemin et al., 2019). Still today, the relationships
between archaea and bacteria remain largely unknown. In
the microbial realm, we can find relationships such as mu-
tualism, amensalism, competition or elimination for ex-
ample through antibiotics secretion. Therefore, the
outcomes of such relations can be described as positive,
neutral or negative (Pacheco and Segrè, 2019). For in-
stance, we can cite the parasitic life style for Pacearchaeota
and Woesearchaeota with bacteria (Ortiz-Alvarez and
Casamayor, 2016). Another contact dependence has also
been reported for two archaea, where Nanoarchaeum eq-
uitans directly depends on Igniococcus hospitalis for its
survival (Hu et al., 2018). This could be explained by the
fact that some archaea have a compact genome (Koonin
and Wolf, 2008) and limited metabolic capabilities (Ortiz-
Alvarez and Casamayor, 2016) so that they could need a
partnership to compensate. Another example is provided
by some nitrogen-fixing archaea, designated as a single
entity which is known to engage an interaction with the
bacterial genus Desulfosarcina (Dekas et al., 2009). 

The aim of this study was to assess, for the first time
using high throughput sequencing, the diversity of both
bacterial and archaeal assemblages in Lake Geneva and
to investigate the potential relationships between these
two communities using co-occurrence network analysis
and functional profile prediction. We tested the hypothesis
that archaea and bacteria may share similar niches and
display significant links for a variety of ecological or bio-
geochemical functions.
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ABSTRACT
The diversity and relationships between Archaea and Bacteria remain poorly examined in lakes. Using universal primers tar-

geting 16S rRNA gene via Hiseq sequencing, we explored archaeal and bacterial diversity, structure and relationships in the largest
natural deep lake in Western Europe, i.e. Lake Geneva. Despite being less diverse than bacteria, archaeal dominant OTUs assigned
to the phylum Thaumarchaeota and Nanoarchaeota displayed significant links with a variety of nitrifying bacteria and other bacteria
as suggested by co-occurrence networks and function profile predictions. We propose that archaeal OTUs are most likely involved
in nitrogen and methanogen cycles, and formed a consortium with other bacteria that also operate these cycles in the deep layers
of the lake. These probable syntrophic or mutualistic associations suggest that dominant archaeal OTUs share with some bacteria
a similar niche for mutual benefits.
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METHODS

Study site

Lake Geneva is a deep and large warm monomictic lake
(surface area: 580 km2; volume: 89 km3; maximum depth:
309.7 m; mean depth: 152.7 m), located in the western part
of the Alps at an altitude of 372 m. Lake Geneva has been
monitored since 1974 as a part of a long-term water quality
and biological monitoring program. Sampling has been
continuously undertaken in the middle of the lake at the
deepest point, referred to as SHL2, once or twice a month.
This scientific survey revealed that the lake has switched
from an oligotrophic to eutrophic state with annual phos-
phorus concentrations reaching 90 μg L–1 in 1979 (An-
neville et al., 2002). Thanks to effective management
measures, Lake Geneva turned back to a mesotrophic state
in the early 2000s with total phosphorus concentrations
about 20 μg L–1 in 2010 (Jacquet et al., 2014). 

Sampling strategy 

During the TRANSLEM project, we collected water
samples at three sites, including the reference station
SHL2. These sites referred to as pt2, pt4 (SHL2) and pt6
(Supplementary Fig. S1), separated from each other by
approximately 14 km, were sampled at four different dates
and seasons: February 20 (TL1), June 4 (TL2), August 7
(TL3) and November 20 (TL4) 2014, and at three differ-
ent depths, i.e. 2, 15 and 200 m. It is noteworthy that pt2
could not be sampled on June 4 due to bad weather con-
ditions. A filtration system was set on the boat and a vol-
ume of 300 mL of each water sample was filtered through
5 (to select all prokaryotes and avoid clogging of the 2-
µm filter), 2 and 0.2 µm polycarbonate 47 mm filters
(Merck Millipore, Burlington, MA, USA). Samples were
then kept at -20°C until DNA extraction. 

Descriptors such as temperature, pH, conductivity,
chlorophyll a and dissolved oxygen concentrations of the
water column were measured using a multiparametric
probe (Sea & Sun Technology GmbH, Trappenkamp,
Germany). Transparency was measured using a normal-
ized 25 cm diameter Secchi disk. Total organic carbon
(TOC), total nitrogen (TN), dissolved ammonium (NH4-
N), dissolved nitrates (NO3-N), total phosphorus (TP) and
orthophosphates (PO4-P) were measured only at pt4, at
the different depths and dates, according to the standard
French protocols AFNOR. 

DNA extraction

The filters were subjected to DNA extraction using a
homemade protocol with GenEluteTM-LPA (Sigma-
Aldrich, St. Louis, MO, USA) solution. The protocol
started with a lysis step in Eppendorf tubes by adding

300 µL of TE buffer (TRIS 1M – pH 8, EDTA 0.5M – pH
8) and 200 µL of a lysis solution (TRIS 1M – pH 8, EDTA
0.5 M – pH 8 and sucrose 0.7 M). Next, a thermic shock
was carried out by first placing the tubes at -80°C for 15
min and then thawed into a block heater at 55°C for 2 min.
After, 50 µL of a 10% sodium dodecyl sulfate (SDS) and
10 µL of proteinase K (20 mg mL–1) were added to the so-
lution. The solution was incubated at 37°C for 1 h with
gentle stirring and placed again in the block heater at 55°C
for 20 min. After a quick centrifugation step (13,000 rpm
at 4°C for 3 min), the supernatant was collected. Then, 50
µL of sodium acetate (3 M – pH 5.2) and 1 µL of GenE-
luteTM-LPA (Sigma-Aldrich, 25 µg µL–1) were added.
One volume of isopropanol was then added and the tubes
were centrifuged for 10 min at 12,000 g and 4°C. The su-
pernatant was discarded and 2 washing rounds using
ethanol (80%) were carried to purify the DNA. The re-
maining ethanol was evaporated using a Speed-Vac for 20
min. Finally, 30 µL of TE were added and tubes were left
for 1 h at 37°C. DNA concentration was measured using
a NanoDrop 1000 spectrophotometer. The amount of
DNA extracted from 5 µm size filters ranged between
4.25 and 138.09 ng µL–1 with an average of 45.37 ng µL–

1. For the 2 µm filters, the minimum, maximum and mean
concentrations were 6.71, 166.77, and 59.75 ng µL–1, re-
spectively. For the 0.2 µm filters such minimal, maximal
and mean concentrations were 2.93, 215.18 and 66.89 ng
µL–1 respectively. Afterwards, all tubes were stored at -
20°C until analysis. 

PCR and sequencing

Total DNA extracts were set at 25 ng µL–1. Total DNA
extracted from the 5 and 2 µm filters were pooled since
we had low amplification when considering only 2 µm
filters. 0.2 µm filter was considered as it is. The PCR am-
plification of 16S rRNA gene fragments was performed
using universal set of primers. The primers, namely for-
ward primer 515F (GTGYCAGCMGCCGCGGTA)
(Wang and Qian, 2009) and reverse primer 909R (CCC-
CGYCAATTCMTTTRAGT) (Wang et al., 2018) had
tags attached to them. It is noteworthy here that we
checked, using TesPrime (not shown), that this set of
primers had a good coverage toward prokaryotes. The
final number of samples was 66 and a PCR replicate was
made for each sample giving a total of 132 samples. Each
sample was identified with a different tag. PCR mixture
volume was 30 µL and consisted of (final concentration):
1x buffer, 0.5 mM dNTP, 1.5 mM MgCl2, 0.5 mg mL–1

bovine serum albumin (BSA) and 0.75 U Biotaq DNA
polymerase (Bioline). In a second step, a unique combi-
nation of tagged primers (forward and reverse) was added
to each sample. Finally, 1 µL of template DNA (25 ng µL–

1) was added. A negative control was included and the
PCR program was as follows: 95°C – 2 min, 30 x (94°C
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– 30 sec, 58°C – 30 sec, 72°C – 30 sec), with a final ex-
tension step at 72°C for 5 min. Agarose gel analysis was
performed to check the PCR products. When samples
showed a non-specific band (approximately 550 pb) close
to the target band (approximately 450 pb), the target bands
were then captured using Pippin prep system (sage sci-
ence) following the manufacturer’s instructions. These
captured DNA were checked with TapeStation (Agilent
2200) system for size and quality assessment following
the manufacturer’s instructions. All amplified DNA were
quantified using the Quant-iT PicoGreen ds DNA Reagent
kit (Invitrogen) and fluorescence was read using the plate
reader Fluoroskan Ascent FL. All DNA samples were then
pooled as one equimolar tube. DNA was then purified
using the Clean PCR kit (CleanNA) according to the man-
ufacturer’s instructions to remove dNTP and dimers.
Again, the pool was quantified using PicoGreen. Then,
the pool tube containing the 132 different tagged DNA
was sent to the GATC-Eurofins platform for DNA se-
quencing using Illumina HiSeq paired end technology to
get 2 x 250 bp amplicons.

Bioinformatics pipeline

Two paired fastq files, referred to as R1 (forward se-
quences) and R2 (reverse sequences), were received from
the sequencing platform. Files were processed using the
pipeline developed by Frederic Mahé which combines
Vsearch (Rognes et al., 2016), Cutadapt (Martin, 2011)
and Swarm (Mahé et al., 2015) and reported at
https://github.com/frederic-mahe/swarm/wiki/Fred’s-
metabarcoding-pipeline. All default parameters of the
pipeline were left unchanged except when mentioned.
Briefly, the pipeline started with merging reads of R1 and
R2 files using Vsearch. Next, Cutadapt was used to de-
multiplex the sequences according to a list of tags. Here,
each sequence was assigned to its sample in an individual
file by its tag. Primers were also removed and sequences
containing ambiguous bases were discarded. In each file,
sequences were dereplicated using Vsearch. All files were
then assembled as one file and dereplicated in the process.
The Swarm algorithm was then used to cluster the se-
quences. The “d” parameter (i.e. the number of different
nucleotides between sequences) was changed from 1 to
13 in order to be close to the identity threshold of 97%
which describes same species. For the calculation, we
took into account the median length of sequences, which
is 377 bp. Next, de novo chimera detection was applied
to representative sequences of each cluster using Vsearch.
Using Stampa (Sequence Taxonomic Assignment by Mas-
sive Pairwise Alignments), the representative sequences
were taxonomically assigned to a reference database
downloaded from arb-SILVA (release number 132; (Quast
et al., 2013)) and prepared as required. The final OTU
table was built using the python script provided in the

pipeline. Then, multiple filtering was carried out on the
OTUs table and these steps were named “default”, “strin-
gent”, and “shared”. In the “default” step, the OTU table
was filtered by removing chimera, low quality sequences
(<0.0002) and OTUs with less than 3 reads in a sample,
unless they were present in 2 or more samples. After ex-
amining the data, we applied the “stringent” filter. It con-
sisted of keeping OTUs with 10 or more reads present in
2 or more samples, removing OTUs with an identity score
lower than 90% to arb-SILVA and discarding unassigned
OTUs. Finally, we applied the last filter, “shared”, where
we kept OTUs that are common between the PCR repli-
cates. On the other hand, we intended to study microor-
ganisms attached to particles, i.e. those captured on the 2
µm filter vs the free-living part collected between 2 and
0.2 µm. However, due to technical issues, we chose to as-
sociate reads of all filters (5+2 µm and 0.2 µm), providing
prokaryotes of all size. At the end, after applying all the
aforementioned filters and association, only 33 out of 132
samples were analyzed.

Statistical analysis

Statistical analyses and plots were performed using R,
version 3.5.0 (R Core Team, 2019) with the ggplot2 pack-
age (Wickham et al., 2018). The OTU table was trans-
formed to relative abundance using the “decostand”
function from the vegan package (Oksanen et al., 2019).
Thus, all statistical analysis was performed using relative
abundance. Alpha diversity indices (i.e. Shannon, Pielou,
Chao1) were calculated with the OTUtable package (Linz,
2018). Simpson and inverse Simpson were computed
using the vegan package (Oksanen et al., 2019). The in-
dexes comparison for each condition (Site, Month, and
Depth) was performed using ANOVA or Kruskal-Wallis
test according to the data distribution after initial testing
with Shapiro and Bartlett test. When the p-value of
ANOVA or Kruskal-Wallis test was inferior to 0.05
(alpha), a Tukey HSD or a Dunn test with Bonferroni cor-
rection (Alexis Dinno, 2017) were performed. An NMDS
to illustrate beta diversity was computed using the
“metaMDS” function from vegan and also the goeveg
package (Goral and Schellenberg, 2017). Also, Adonis
and Anosim (Oksanen et al., 2019) tests were performed
to analyse whether the groups observed were significantly
different. Moreover, a Simper test (Oksanen et al., 2019)
was performed to assess the contribution of each OTU to
the observed dissimilarity between samples. Regarding
environmental variables, they were only available for pt4.
OTUs of pt4 were extracted and if an OTU had no read
in that site, the OTU was removed from the final OTUs
table. The raw data was transformed as log(1 + x) in order
to stabilize variances, and converted to relative abundance
in order to perform a CCA following the online tutorial
of Umer Zeeshan Ijaz (Torondel et al., 2016) found at
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http://userweb.eng.gla.ac.uk/umer.ijaz/bioinformatics/eco
logical.html. Redundant environmental variables were re-
moved after calculating a variance inflation factor (VIF).
Any environmental variable with VIF superior to 10 were
deleted. Co-occurrence network analysis was performed
on all sites for OTUs and phylum-class clusters following
Ju Feng’s R and python scripts (Ju et al., 2014; Ju and
Zhang, 2015; Hu et al., 2017) found at https://github.com/
RichieJu520/Co-occurrence_Network_Analysis. Only
positive interactions between community members were
considered. The Spearman correlation and p-value cutoffs
were set to 0.9 and 0.01 in the script. As for the C-score
of the network, it was performed with the R package
EcoSimR (Gotelli et al., 2015) based on a presence/ab-
sence OTU matrix. The visualization and customization
of the network was done with Gephi software (Bastian et
al., 2009). Finally, we used the computational method
called pangenome-based functional profiles (PanFP) (Jun
et al., 2015) to infer functional profiles for bacterial and
archaeal classes. The software can be found at
(https://github.com/srjun/PanFP). Generated KOs where
then analyzed using KEGG website (https://www.
genome.jp/kegg/ko.html) (Kanehisa et al., 2016). Pair-
wise intersection of KOs between archaea and bacteria
were obtained from the website Molbiotools (http://www.
molbiotools.com/listcompare.html). At last, the total
shared KOs were calculated using the dedicated Bioinfor-
matics and Evolutionary Genomics website tool, available
at http://bioinformatics.psb.ugent.be/webtools/Venn/. 

Sequence data

Paired end fastq files, tags list, unfiltered bacterial and
archaeal OTU tables can be found at Zenodo repository
website following this link: http://doi.org/10.5281/zen-
odo.3678385 

RESULTS

The sequencing results along with the details regard-
ing archaeal and bacterial reads and OTUs can be found
in the Supplementary Material 1 and Supplementary Fig-
ures S2-S8.

Archaeal diversity and distribution

The archaeal reads and OTUs represented 9% and 4%
of the dataset, respectively. OTU 2, assigned to Ni-
trososphaeria (Thaumarchaeota), constituted 97.4% of ar-
chaeal reads and was the second OTU to hold the highest
number of reads among bacterial and archaeal OTUs.
Overall, 5 phyla and 7 classes were detected after taxo-
nomic assignment. Furthermore, Thaumarchaeota was
dominant in all samples (Supplementary Fig. S4) fol-
lowed by Nanoarchaeaeota, mostly present in all samples

and characterized by a lower number of reads. Archaeal
richness illustrated with the Chao1 index (Supplementary
Fig. S5) was similar to bacteria, and the highest values for
this index were obtained at 200 m depth (p=1.859–05).
Evenness (Pielou index) was significantly different be-
tween seasons (p=0.01758), especially between winter
(February) and summer (August), but not between depths
(Supplementary Table S1). Archaeal diversity calculated
with Shannon, Simpson and InvSimpson indices (Fig. 1A
and Supplementary Table S1) also revealed significant
differences between depths (p=0.006761), especially be-
tween near surface and deep waters (p=0.0028). Similarly,
depth was a factor explaining the difference in OTUs
composition among samples as showed by the NMDS
(Fig. 2A), Anosim (p=0.001) and Adonis (p=0.003) (Sup-
plementary Table S2). Undoubtedly, one OTU contributed
significantly to the beta diversity between treatments, i.e.
OTU 2 (Thaumarchaeota, Nitrososphaeria), in particular
regarding depth (p=0.006761) since it drove respectively
more than 45%, 47% and 40% of the difference between
2 and 15 m, 2 and 200 m and 15 and 200 m for the entire
community (Supplementary Table S3). Finally, the CCA
(Fig. 3) performed on SHL2 OTUs revealed that these 77
OTUs were positively correlated to total phosphorus, es-
pecially at 200 m, and also to conductivity, total nitrogen
and ammoniacal nitrogen. In contrast, archaeal OTUs
were negatively correlated to chlorophyll a, dissolved
oxygen and total organic carbon. 

Bacterial diversity and distribution

Forty-one bacterial phyla and 110 classes were as-
signed according to the pipeline. Alphaproteobacteria
(Proteobacteria) yielded the highest number of OTUs (i.e.
411) (Supplementary Fig. S6) and Actinobacteria the
highest number of reads, i.e. 8,948,606 (Supplementary
Fig. S7). Actinobacteria, Bacteroidetes, Chloroflexi,
Cyanobacteria, Planctomycetes and Proteobacteria were
highly present in all samples (Fig. 4). Samples at 200 m
contained a higher phylum diversity than any other sam-
ple. Indeed, when looking at the richness and diversity in-
dices performed on the OTUs, the results showed a
significant difference according to depth, while no signif-
icant diversity shifts were observed for sites or seasons
(Supplementary Table S4). Samples at 200 m displayed
higher and significant values for all indices (Chao1 p-
value=7.710–10, Pielou p-value=4.706–6, Shannon p-
value=4.322–08, Simpson p-value=4.757–08 and
InvSimpson p-value=2.335–05) compared to the two other
depths (2 and 15 m) (Fig. 1-B and Supplementary Fig.
S8). All investigated sites were not significantly different
in OTUs composition (Fig. 2-B) which was affected
mainly by depth (Anosim and Adonis p-value were re-
spectively 0.001 and 0.001) and by season (Anosim and
Adonis p-value were 0.006 and 0.011, respectively) (Sup-
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plementary Table S5). The Simper test (Supplementary
Table S6) indicated that OTUs 4 and 5, assigned to the
class Anaerolineae (Chloroflexi) and Oxyphotobacteria
(Cyanobacteria) respectively, drove significantly the beta
diversity. Indeed, OTU 4 contributed (p=1.714–05) to the
disparity between surface and depth (up to 11%), as well
as between 15 and 200 m depth (up to 12%). In addition,
the average dissimilarity between 2 and 200 m was 65%
and it was about 62% between 15 m and 200 m. OTU 5
contributed significantly (p=0.0003058) to the disparity
between February and the 3 other months (June 14%, Au-
gust 14% and November 15%). The CCA (Fig. 5) that was
performed on 1964 OTUs found at pt2, revealed that the
variance is drawn in all directions. On one hand, total
phosphorus revealed to be well linked to the OTUs pres-
ent at 200 m. On the other hand, total nitrogen, chloro-
phyll a, conductivity and dissolved oxygen were linked
to bacterial OTUs present at 2 and 15 m. 

Relations between archaea and bacteria
To assess possible interactions between bacteria and

archaea we used two different and complementary ap-
proaches performed on the OTUs tables: a co-occurrence
network analysis to determine significant connections be-
tween microbes and a functional profile prediction analy-
sis to go further. 

The co-occurrence network (made of 260 and 24
nodes and 1230 and 33 undirected edges, for bacteria and
archaea respectively) revealed connections among and be-
tween bacterial and archaeal OTUs. We only reported here
strong (correlations ≥0.9) and significant (p<0.01) links.
The C-score test with sim9 algorithm confirmed that the
network was non-random. Indeed, the observed C-score
(10.523) was higher than the mean value (c-score
mean=10.321, p<0.001) expected under the null model.
On one hand, the archaeal OTU 2 assigned to the genus
Nitrosopumilus (Thaumarchaeota, Nitrososphaeria, Ni-
trosopumilales, Nitrosopumilaceae) was linked to 8 bac-
terial OTUs. These OTUs were identified as
Anaerolineaceae (Chloroflexi, Anaerolineae, Anaerolin-
eales, OTU 4), BSV26 (Bacteroidetes, Ignavibacteria,
Kryptoniales, OTU 10), CL500-3 (Planctomycetes, Phy-
cisphaerae, Phycisphaerales, Phycisphaeraceae, OTU
19), Nitrospira (Nitrospirae, Nitrospira, Nitrospirales, Ni-
trospiraceae, OTU 25), IMCC26256 (Actinobacteria,
Acidimicrobiia, OTU 46), SAR11 clade (Proteobacteria,
Alphaproteobacteria, OTU 124), Elsterales (Proteobacte-
ria, Alphaproteobacteria, OTU 135), and Methy-
lomonaceae (Proteobacteria, Gammaproteobacteria,
Methylococcales, OTU 149). On the other hand, OTU 67
identified as the archaeal class Woesearchaeia (Nanoar-
chaeaeota) was linked to 4 bacterial OTUs (Fig. 6). These

Fig. 1. Boxplot diagram comparing alpha diversity indices for archaea (A) and bacteria (B) (only significant results for indices are
shown). For archaea, significant differences (p<0.01) are detected among the depth and season (TL1: February; TL2: June; TL3: August;
TL4: November) variables. For bacteria, significant differences (p<0.01) are detected among depths. N, number of samples; a, b, sig-
nificant differences. 
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OTUs are identified as BSV26 (Bacteroidetes, Ignavibac-
teria, Kryptoniales, OTU 10), Peribacteria (Patescibacte-
ria, Gracilibacteria, OTU 188), P2-11E (Chloroflexi, OTU
417) and KD4-96 (Chloroflexi, OTU 587). At the class
level (Supplementary Fig. S9), Nitrososphaeria (Thau-
marchaeota) was only linked to Anaerolinae (Chlo-
roflexi). The Woesearchaeia (Nanoarchaeaeota) class
maintained 3 links which were P2-11E (Chloroflexi),
KD4-96 (Chloroflexi) and Gracilibacteria (Patescibacte-
ria) and a new link with JG30.KF.CM66 (Chloroflexi) ap-
peared. The C-score test also confirmed that this network
is non-random with observed C-score (5.1653) being
higher than the mean value (c-score mean=4.4757,
p<0.001) expected under the null model.

The prediction of functional profiles from lineages
(phylum – class) that are involved in the co-occurrence net-
work were only possible for Thaumarchaeota - Ni-
trososphaeria and its associated bacteria i.e. Chloroflexi –
Anaerolineae; Bacteroidetes – Ignavibacteria; Plancto-
mycetes – Phycisphaerae; Nitrospirae – Nitrospira; Acti-
nobacteria – Acidimicrobiia; Proteobacteria –
Alphaproteobacteria; Proteobacteria – Gammaproteobac-
teria (Supplementary Fig. S10). No functional profiles were
found by the software for Nanoarchaeaeota – Woe-
searchaeia. Nitrososphaeria had the minimum number of
functional orthologs (KO=736), and Gammaproteobacteria
the highest (i.e. 5217). Overall, the archaeal class Ni-
trososphaeria had less KOs involved in metabolic path-
ways, enzymes, carbon, sulfur and pyruvate metabolism,

but methane and nitrogen metabolism. Moreover, we cal-
culated the shared number of KOs among all these class
and found a value of 186. When looking at the pairwise in-
tersections (Supplementary Fig. S11) Nitrososphaeria had
the less shared KOs with Alpha and Gammaproteobacteria
(Jaccard index=0.1231 and 0.0989, respectively), while
most KOs were shared among Alpha and Gammapro-
teobacteria (Jaccard index=0.6833). This result showed that
some pathways may be lacking in Nitrososphaeria. 

DISCUSSION

The choices we made shaped our observations 

We investigated the genetic diversity of bacteria and
archaea at four months representing the different seasons
of the year 2014. We are aware that the time scale of this
study was relatively short (i.e. four dates) compared to
other studies (Bomberg et al., 2008; Hugoni et al., 2013;
Parada and Fuhrman, 2017) and the relatively low number
of sampled sites, depths and months might not be repre-
sentative to illustrate all the complex diversity of both ar-
chaea and bacteria in Lake Geneva. 

Using Illumina HiSeq, although being very useful to
assess deeply the 16S rRNA-based genetic diversity of
these prokaryotes, an important issue could be the primer
specificity since we noted that the pair of primers target-
ing the V4-V5 region used in our study preferably ampli-
fied Actinobacteria and Thaumarchaeota. The in silico

Fig. 2. NMDS plot illustrating separation of samples based upon differences in archaeal (A; stress value 0.03) and bacterial (B; stress
value 0.05) OTUs structure. Shape and color correspond respectively to different seasons February (TL1), June (TL2), August (TL3)
and November (TL4), and depths (2, 15 and 200 m). For archaea, ellipses indicate 95% confidence intervals of OTUs grouped by dif-
ferent depths. For bacteria, the ellipses could not be generated. 
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results showed that these primers had a good taxonomic
resolution, covering 80.2% and 98.8% of the taxa at 0 and
3 mismatches respectively. It is noteworthy, however, that
the behavior of primer pairs in vitro vs in silico may
greatly differ as demonstrated in a previous study (Ezze-
dine et al., 2020). Ideally, different universal primers
should be tested with the same sequencing technology to
compare the results. 

It is also noteworthy that the taxonomic assignment is
the result of bioinformatics algorithms, a procedure not per-
fect that can result in a variety of bias. Also, the sequence
identity threshold for 16S rRNA OTUs can induce misiden-
tification. As stated in the literature, sequences with 95%
identity are likely to represent a same genus, whereas se-
quences with 97% identity may represent a same species
(Schloss and Handelsman, 2005; Schloss et al., 2009). In
this study, we used OTUs, set the threshold at 96.6% and
chose to analyze the taxonomic assignment to the genus
level, whenever possible. Indeed, the Swarm algorithm was
then used to cluster the sequences. The “d” parameter (i.e.
the number of different nucleotides between sequences)
was changed from 1 to 13 in order to be close to the identity
threshold of 97% which describes same species. For the
calculation, we took into account the median length of the

sequences that was 377 bp. In addition, we chose stringent
cutoff to filter the OTUs tables and considered only shared
OTUs among PCR replicates. 

As we explored relationships between dominant ar-
chaea OTUs and other bacterial OTUs via a co-occur-
rence network analysis, we have to remind here again
that it was constructed using a stringent cutoff (>0.9) in
order to only reveal significant and strong correlations.
In addition, we made the choice by focusing on positive
correlation. The co-occurrence network along with the
detected functional profiles from 16S rRNA (and not
from metagenome) are presented as a suggestion based
on strong statistical analysis. 

Regardless, this study sheds light on both bacterial and
archaeal diversity in Lake Geneva using a high throughput
sequencing approach and highlights, for this large and
deep lake, possible relationships between prokaryotic
communities, known to play a variety of key roles in
aquatic ecosystems. 

Archaeal and bacterial diversity

Our data set was mainly represented by two archaeal
phyla, Thaumarchaeota and Nanoarchaeaeota, while ar-

Fig. 3. CCA illustrating the separation of archaeal OTUs and samples based upon physicochemical descriptors. The CCA was only per-
formed on pt4 site were physicochemical variables were obtained. 12 samples and 77 archaeal OTUs were used in this analysis.
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chaea are generally more diversified in aquatic ecosys-
tems (Kozubal et al., 2013; Evans et al., 2015; Vanwon-
terghem et al., 2016; Eme et al., 2017). Other phyla were
in fact detected, such as Euryarchaeota, Diapherotrites
and Crenarchaeota but they were clearly not dominant and
only found with a low number of reads and OTUs. Also,
the diversity was found to be higher in deep-water (i.e.
200 m). Globally, it has been reported that archaea may
represent less than 10% of the microbial population in
freshwater habitats (Bomberg et al., 2008; Bahram et al.,
2019). Our results are in accordance with these previous
studies since archaea reads represented only 9% of the
whole sequencing data set. This result could be related to
the archaeal genome which is compact with a low number
of ribosomal copies (Koonin and Wolf, 2008; Angly et al.,
2014), that may lead to underestimation of archaeal abun-

dance (Wurzbacher et al., 2017). In addition, the quite
generic primers we used could have played a part in over-
looking the archaeal diversity. As a matter of fact,
(Bahram et al., 2019) proved that employing an adequate
pair of specific primers enabled to get accurate estimate
of archaeal diversity by detecting readily, the Asgard, the
TACK and the DPANN superphyla in a variety of ecosys-
tems. That being said, (Haller et al., 2011) in their study
of bacterial and archaeal communities at different con-
tamination levels, using a cloning-sequencing approach
also in Lake Geneva, reported that Euryarchaeota were
mainly found in contaminated sediments, rich in organic
matter. (Eme et al., 2017) found that ammonia oxidizing
archaea (AOA) Thaumarchaea living in the neighboring
Lake Bourget, another (French) peri-alpine lake, were fa-
vored when ammonia concentrations were the lowest and

Fig. 4. Stacked histogram of bacterial phylum. Phylum abundances are represented by read relative abundance per sample. Phyla with
less than 5% of read relative abundance in a sample are merged and identified as “others”. 
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during winter. For the same lake, other studies reported
that archaea can occupy different ecological niches due
to the influence of different abiotic and biotic factors. In-
deed, archaeal OTUs were shown to be structured by fac-
tors such as ammoniacal nitrogen, total nitrogen and total
phosphorus (Berdjeb et al., 2013; Pollet et al., 2018). At
last, (Parada and Fuhrman, 2017) reported that depth and
seasonality influenced archaeal community composition,
and that archaeal group selected different ecotypes de-
pending on how they fit to environmental conditions at
each depth. Overall, this suggests that archaea have pref-
erential niches and that Thaumarchaea of Lake Geneva
are most probably adapted to thrive at the three sampled
depths and the studied months, compared to other groups.
For instance, OTU 2 that contributed to sample dissimi-
larity also held the highest number of reads for archaea
and the second in the data set. This OTU was assigned to
Candidatus Nitrosopumilus from the family of the Ni-
trosopumilaceae (Thaumarchaeota), a genus reported to
be ubiquitous in marine environments and an important
ammonia oxidizing archaea.

Bacteria were much more diverse than archaea. Acti-
nobacteria, Cyanobacteria, Proteobacteria, Chloroflexi
and Bacteroidetes dominated this community. This result

agrees with previous studies which identified most of
these groups as predominant phyla of freshwater systems
(Glöckner et al., 1999; Debroas et al., 2009; Newton et
al., 2011; Zwirglmaier et al., 2015). As for the archaea,
depth mainly explained the differences found in the bac-
terial diversity and the highest values in bacteria richness
and diversity were also found at 200 m depth (with a dom-
inance of Actinobacteria). No difference in richness, di-
versity and evenness was found among the different
sampling sites. However, the season also played a role
since bacterial OTUs found at 2 and 15 m (but not those
at 200 m) were segregated by months. OTU 5 (Oxypho-
tobacteria) was the most influential OTU to drive the beta
diversity within seasons. OTU 4 (Anaerolineae) was more
present at 200 m and it drove the beta diversity between
2 and 200 m, and 15 and 200 m. Physicochemical descrip-
tors explained 41% of the bacterial OTUs distribution
present at pt4. Total phosphorus explained well the pres-
ence of some OTUs at 200 m, a result reminding the study
of (Berdjeb et al., 2011) who reported that the bacterial
community structure present in the hypo- and epilimion
in two other peri-alpine lakes, Bourget and Annecy, was
affected mainly by bottom-up factors regardless of the
local environmental conditions of these lakes.

Fig. 5. CCA illustrating the separation of bacterial OTUs and samples based upon physicochemical variables. The CCA was only per-
formed on pt4 site were physicochemical variables were obtained. 12 samples and 1,964 bacterial OTUs were used in this analysis.
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Potential relationships between prokaryotes 
A variety of relationships was found between the

prokaryotes, suggesting potential ecological and/or bio-
geochemical interactions. 

The archaeal OTU 2 assigned to the phylum – class;
Thaumarchaeota – Nitrososphaeria co-occurred with 8
bacterial OTUs. Recently, in the release of SILVA SSU
database 138 (December 16, 2019), Nitrososphaeria was
transferred to the Crenarchaeota phylum. However, the
analysis was performed with database 132 and prior to the
release of the new database version, explaining why we
maintained the former classification. The detection of
functional profiles revealed that Nitrososphaeria is less
equipped in term of pathway in comparison to associate
bacteria. This is expected since archaea possesses a com-
pact genome. In addition, only few KOs were common
between Nitrososphaeria and the other bacteria, suggest-
ing that some functions are missing in the archaeal
genome. These results explained probably why Ni-

trososphaeria co-occurred with other bacteria. The ar-
chaeal OTU 2 (i.e. Nitrosopumilus), mentioned above, co-
occurred with the bacterial OTU 25 assigned to Nitrospira
(Nitrospirae). This relationship is coherent with the find-
ing of (Parada and Fuhrman, 2017) who also reported a
correlation between marine Thaumarchaea and ammonia
oxidizing bacteria (AOB) such as Nitrospina, both respon-
sible for nitrification. Archaeal OTU 2 displayed also a
link with the bacterial OTU 19, identified as CL500-3 (i.e.
a Planctomycetes). These bacteria were already reported
to be associated to AOA such as Thaumarchaeota in oxy-
genated hypolimnion of deep freshwater lakes (Okazaki
et al., 2017). Nitrosopumilus is known to operate the
methane cycle and produce methylphosphonic acid
(Carini et al., 2014). Methane-oxidizing archaea (MOA)
and bacteria (MOB) such as α- and γ-proteobacteria (Han-
son and Hanson, 1996; Lüke et al., 2010) can either pro-
duce or consume methane. These microorganisms are
essential for the methane release and rate in the atmos-

Fig. 6. Co-occurrence network between bacteria and archaea OTUs. Only OTUs that passed the cutoff (correlation coefficient ≥0.9 and
p<0.01) are illustrated. Only positive relationships are shown. Red and salmon color are the connections from the archaeal OTU 2 to
its associate bacteria. While blue color represents the connections between archaeal OTU 67 and its associate bacteria. The purple color
indicates that both archaeal OTU shared a connection with a bacterial OTU. 
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phere. Therefore, the occurrence between the archaeal
OTU 2 and the bacterial OTU 4 assigned to Anaerolin-
eaceae (Chloroflexi) makes sense, with the possibility that
Anaerolineaceae provide organic acid such as acetate to
other microorganisms like acetoclastic methanogens.
Moreover, Anaerolineaceae could form a syntrophic co-
operation with some archaea involved in methanogenic
degradation of alkanes (Lüke et al., 2010; Liang et al.,
2015). Similarly, we observed MOB co-occurrence
through OTU 149 assigned to the Methylomonaceae
(Gammaproteobacteria). Furthermore, a mutualistic inter-
action might be occurring between archaea OTU 2 and
bacteria OTU 124 assigned to SAR11 clade (Alphapro-
teobacteria). (Parada and Fuhrman, 2017) A link between
some Thaumarchaea and SAR groups such as SAR406
and SAR86 was also found in the ocean. In fact, Nitrosop-
umilus produce methylphosphonic acid (MPn), which is
decomposed by phosphate-starved microorganisms such
as SAR11 clade (chemoheterotrophic bacteria) that pro-
duce CH4 from MPn when Pi (inorganic phosphate)
starved (Carini et al., 2014). This was also suggested by
the functional profile where Nitrososphaeria, Alpha and
Gammaproteobacteria shared 526 to 536 from 736 KOs
pointing out that the bacterial class lack some pathways
that can be compensated with an interaction with Ni-
trososphaeria. Finally, the co-occurrence with OTU 10 as-
signed to BSV26 (Kryptoniales) and OTU 46 identified
as IMCC26256 (Acidimicrobiia) could be ecologically
relevant since these two OTUs were originally isolated
together from extremely acidic environments or geother-
mal sites were archaea blossom (Ludwig et al., 2012; Hu
et al., 2017). 

The second most important archaeal OTU (i.e. OTU
67) showed important relationships with bacterial OTUs
10, 188, 417 and 587. OTU 67 was assigned to the class
Woesearchaeia of the phylum Nanoarchaeaeota. Woe-
searchaeota are widely spread in diverse environments
and (Liu et al., 2018) reported a syntrophic relationship
between Woesearchaeota and other methanogenic ar-
chaea. This syntrophic and/or mutualistic partnership
emerged from deficiencies in metabolic pathways within
the Woesearchaeota class. (Liu et al., 2018)also suspected
that Woesearchaeota develop a partnership with some bac-
terial methanogens, proposing a Woesearchaeota-
methanogens consortium, likely to influence methane
formation. However, these authors lacked reliable bacte-
rial data to analyze collectively these microorganisms and
prove this assumption. Our results support their finding.
A relationship also existed with Chloroflexi OTU 417
(P2-11E), 587 (KD4-96) and to JG30.KF.CM66 (Supple-
mentary Fig. S9). In fact, Chloroflexi possess a wide di-
versity of metabolisms (e.g. aerobic respiration,
denitrification and phototrophy), and ecological roles, but
are best known as photoheterotrophs (Ward et al., 2018).

They are reported to be dominant and abundant in
methanogenic reactors (Bovio et al., 2019). Recently,
(Ward et al., 2019) reported that within the Chloroflexi
phylum some of them such as OHK40 are capable of
methane oxidation (photomethanotrophy). We cannot pin-
point the exact need or relationship between OTU 67 and
the other bacterial OTUs but a syntrophic or/and a mutu-
alistic link is very probable between them. This could ex-
plain the abundance of Chloroflexi observed at 200 m
(Fig. 1) where oxygen concertation was found to be lower
than at the surface (i.e. 7 vs 9-10 mg L–1). Indeed, if some
Chloroflexi OTUs can produce methane they are likely to
occur in less oxic layers since methanogenesis is not fa-
vored where oxygen is abundant (Carini et al., 2014), and,
as pointed out by (Mayr et al., 2019), MOB can occupy
different niches according to oxygen and methane con-
centration. At last, the co-occurrence observed with OTU
188 assigned to Peribacteria (Gracilibacteria) also make
sense since the latter lack some pathways and is predicted
to be either a symbiont or closely dependent on other
community members for key building blocks (Sieber et
al., 2019). 

CONCLUSIONS

In parallel to studies dealing with physiology, biodi-
versity, biological indication and assessment, assessing
interactions between microorganisms in pelagic commu-
nities are of great ecological interest but still remain
poorly documented in lakes. Using Illumina HiSeq com-
bined with 16S metabarcoding via universal primer, co-
occurrence networks and functional profile predictions,
we showed that Lake Geneva is booming with connec-
tions, and our results suggest that some OTUs co-occur
for scavenging or sharing similar ecological niches for
mutual benefits. Sequencing different functional genes
and conducting experiments with isolated organisms
could help to better understand the relationship between
key “species” and biotic interactions sustaining the mi-
crobial ecosystem functioning. 
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