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Abstract :
Thalassohaline ecosystems are hypersaline environments originating from seawater in which sodium
chloride is the most abundant salt and the pH is alkaline. Studies focusing on microbial diversity in
thalassohaline lakes are still scarce compared with those on athalassohaline lakes such as soda lakes
that have no marine origin. In this work, we investigated multiple facets of bacterial, archaeal and
eukaryotic diversity in the thalassohaline Lake Dziani Dzaha using a metabarcoding approach. We
showed that bacterial and archaeal diversity were mainly affected by contrasting physicochemical
conditions retrieved at different depths. While photosynthetic microorganisms were dominant in surface
layers, chemotrophic phyla (Firmicutes or Bacteroidetes) and archaeal methanogens dominated deeper
layers. In contrast, eukaryotic diversity was constant regardless of depth and was affected by
seasonality. A detailed focus on eukaryotic communities showed that this constant diversity profile was
the consequence of the high predominance of Picocystis salinarum, while nondominant eukaryotic
groups displayed seasonal diversity turnover. Altogether, our results provided an extensive description
of the diversity of the three domains of life in an unexplored extreme environment and showed clear
differences in the responses of prokaryotic and eukaryotic communities to environmental conditions.
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Thalassohaline ecosystems are hypersaline environments originating from seawater in which sodium
chloride is the most abundant salt and the pH is alkaline. Studies focusing on microbial diversity in
thalassohaline lakes are still scarce compared with those on athalassohaline lakes such as soda lakes
that have no marine origin. In this work, we investigated multiple facets of bacterial, archaeal and
eukaryotic diversity in the thalassohaline Lake Dziani Dzaha using a metabarcoding approach. We
showed that bacterial and archaeal diversity were mainly affected by contrasting physicochemical
conditions retrieved at different depths. While photosynthetic microorganisms were dominant in
surface layers, chemotrophic phyla (Firmicutes or Bacteroidetes) and archaeal methanogens
dominated deeper layers. In contrast, eukaryotic diversity was constant regardless of depth and was
affected by seasonality. A detailed focus on eukaryotic communities showed that this constant
diversity profile was the consequence of the high predominance of Picocystis salinarum, while
nondominant eukaryotic groups displayed seasonal diversity turnover. Altogether, our results
provided an extensive description of the diversity of the three domains of life in an unexplored
extreme environment and showed clear differences in the responses of prokaryotic and eukaryotic
communities to environmental conditions.

Introduction
Hypersaline environments are widely distributed on Earth, representing a variety of aquatic
ecosystems that include lakes, deep-sea basins, lagoons and solar salterns, in which salt
concentrations are higher than that of seawater (McGenity & Oren, 2012; Ventosa, 2006; Ventosa et
al., 2008). These ecosystems are often also characterized by other extreme environmental
conditions, such as low oxygen concentrations, high or low temperatures and, sometimes, high
alkalinity (Ventosa, 2006). Hypersaline ecosystems are classified into two different types according
to the origin of their water. In thalassohaline ecosystems, the water has a marine origin, and its
chemical composition reflects that of seawater, with sodium chloride as the major salt and
circumneutral to alkaline pH values. In athalassohaline ecosystems such as soda lakes, the origin of
the water is not marine, and its chemical composition results from the dissolution of mineral salt
deposits or from concentration due to evaporation of dissolved elements originating from rock
weathering. The water composition of athalassohaline ecosystems can thus be dominated by
potassium, magnesium, sodium and carbonate ions depending on the surrounding geology,
topography and climatic conditions (Youssef et al., 2012).
Many investigations have been conducted on athalassohaline systems, and soda lakes in
particular, especially in tropical areas where elevated temperature and high incident solar radiation
place soda lakes among the most productive aquatic ecosystems on Earth (Grant, 2006; Grant &
Jones, 2016; Jones et al., 1998; Sorokin et al., 2014). These prodigious rates of photosynthetic
primary production are notably associated with Cyanobacteria from the genera Arthrospira,
Cyanospira, Geitlerinema, Leptolyngbya or Anabaenopsis (Grant & Jones, 2016; Krienitz & Schagerl,
2016); unicellular green algae such as Picocystis salinarum or Dunaliella viridis (Krienitz & Schagerl,
2016); and/or anoxygenic phototrophic bacteria (Ballot et al., 2004; Lewis, Wurtsbaugh, & Paerl,
2011). The rates of primary productivity in such systems can reach up to 10 gC cm-2 day-1, delivering
fixed Carbon to haloalkaliphilic communities, such as aerobic and anaerobic chemoorganotrophic
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bacteria and archaea (Grant et al., 1990; Leboulanger et al., 2017; Melack & Kilham, 1974). The
dominant prokaryotes retrieved from soda lakes have been affiliated with Alphaproteobacteria,
Gammaproteobacteria, Firmicutes and Bacteroidetes (Aguirre-Garrido et al., 2016; Dimitriu et al.,
2008; Sorokin et al., 2014), coexisting with abundant Euryarchaeota (Mesbah et al., 2007;
Ochsenreiter et al., 2002; Vavourakis et al., 2016).
In contrast, continental thalassohaline lakes that are permanently landlocked with hardly
any exchange with the sea have been the focus of a limited number of investigations (MakhdoumiKakhki et al., 2012; Naghoni et al., 2017). Lake Dziani Dzaha (Mayotte) has been recently classified as
a thalassohaline lake and presents several atypical features that make it an excellent model to
examine the genetic structure and dynamics of microbial communities across environmental niches
(Leboulanger et al., 2017, Gérard et al., 2018).
First, the Lake Dziani Dzaha water column is mainly inhabited by microorganisms, as aquatic
metazoans are rare or absent, making it essentially a microbial ecosystem. Furthermore, this crater
lake is characterized by a permanent anoxic zone below ~1.5 m depth and has a deep chemocline at
approximately 14 m, with a narrow depression reaching 18 m deep, below which H2S/HS-, NH4+/NH3
and CH4 concentrations reach values as high as 5, 4 and 1 mM, respectively. Moreover, the
alternation in Mayotte of a rainy (November-April) and a dry period (June-October) modifies the
stratification pattern of the water column. During the rainy period, the upper layer is diluted,
creating a seasonal chemocline at a depth of approximately 2 m, below which a saline, anoxic and
sulfidic zone can be observed. During the dry period, this chemocline disappears, and the density of
the surface layer increases through water evaporation, leading to an unstratified state of the water
column. During this unstratified period, the sulfidic zone is restricted to below the deep chemocline
(i.e., below 14 m), but the water column remains anoxic below a depth of 1.5 m despite mixing.
The aim of this study was to determine the influence of the physicochemical conditions in
the Lake Dziani Dzaha water column on microbial diversity and community assembly. Previous
studies reported that salinity is one of the key environmental factors shaping the composition and
structure of aquatic microbial communities (Canfora et al., 2014; Lozupone & Knight, 2007). Here,
we hypothesized that the distinct environmental niches provided by the spatial and temporal shifts
in the physicochemical characteristics of Lake Dziani Dzaha shape its microbial diversity. To verify
this hypothesis, we used a multiseasonal sampling strategy conducted across two consecutive years
(2014 and 2015) at different depths of the water column (from 0 to 17 m), for which we
characterized both prokaryotic (including Archaea and Bacteria) and eukaryotic diversity using a
metabarcoding approach. This study provided the first description of the spatiotemporal dynamics
of the complete microbial assemblage in a tropical thalassohaline lake.

Materials and Methods
Study site, sampling, and environmental parameters
Lake Dziani Dzaha is a volcanic crater lake situated on the Petite Terre Island of Mayotte situated in
the Comoros archipelago (Western Indian Ocean). Its surface is 0.24 km2 with a mean depth of ~3.5
m except for the eastern part of the lake, which is characterized by a narrow pit reaching a
maximum depth of 18 m. The elevation of the lake surface is close to the average sea level. This lake
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is characterized by notable salinity (ranging from 34 to 71 psu), slight alkalinity (0.23 mol/L) and a
permanent green color due to high primary production (Leboulanger et al., 2017). Four sampling
campaigns were conducted to cover both annual and seasonal variations in environmental
conditions. Two contrasting periods, the stratified period (April, end of the rainy season) and the
unstratified period (October-November, end of the dry season), were sampled over two consecutive
years (2014 and 2015). Water samples were collected along a depth profile (0.5 m, 1 m, 2.5 m, 5 m,
11 m, 15 m and 17 m depth) located above the deepest point of the lake, using a horizontal 1.2-L
Niskin bottle. Water samples were kept in the dark in a coolbox, and processed within 2 hours
following sampling for both chemical and microbiological analyses. Vertical profiles for pH, dissolved
O2, temperature and conductivity were determined using either a MPP350 probe connected to a
Multi 350i data logger (WTW GmbH) or a YSI 6600 probe. The salinity was calculated based on
conductivity. Soluble sulfide levels (ΣS(-II), hereafter referred to H2S/HS-) were determined by
colorimetry in the field lab using an Aqualytic SpectroDirect spectrophotometer and Merck reagent
kits.
DNA extraction and Illumina sequencing
Because of clogging effect, a prefiltration of water subsample (20mL) through 3µm pore-size
polycarbonate filters (Millipore), that was conserved, was necessary before collection on 0.2µm
pore-size polycarbonates filters (Millipore, pressure <10kPa) and storage at -20°C until nucleic acid
extraction. DNA extractions were conducted separately on both 3-µm and 0.2-µm filters, using the
Power Water DNA Isolation Kit (MoBio Laboratories) according to the manufacturer’s
recommendation. The DNA quality was checked by 1% (w/v) agarose gel electrophoresis and
quantified using NanoDrop. The V3-V5 region of the 16S rRNA genes was amplified in triplicate for
Bacteria and Archaea using the universal primers 357F (Schuurman et al., 2004) and 926R (Walters
et al., 2016) and 519F and 915R (Hugoni et al., 2015), respectively. For Eukaryota, the V4 region of
the 18S rRNA genes was amplified in triplicate using the universal primer 515F (Caporaso et al.,
2011) and the eukaryotic primer 951R (Lepère et al., 2016).
PCR mix consisted in 0.5 U of Taq DNA polymerase (Invitrogen), 1X PCR Buffer, 1.5 mM of
MgCl2, 0.8 μM of each primer, 0.2 mM of each dNTP, 8 μg of BSA (New England Biolabs) and 20 ng of
genomic DNA, in a final volume of 30 μl. All amplifications were carried out on a Biorad C1000
thermal cycler (Biorad) using a PCR program for Archaea composed of 10 min at 94°C, 35 cycles of 1
min at 94 °C, 1 min at 58°C, and 1 min 30 sec at 72 °C, followed by 10 min at 72°C. For Bacteria, it
consisted in 3 min at 95°C, 35 cycles of 45 sec at 95 °C, 45 sec at 50°C, and 1 min 30 sec at 72 °C,
followed by 5 min at 72°C. For Eukaryota, it consisted in 10 min at 94°C, 35 cycles of 1 min at 94 °C, 1
min at 55°C, and 1 min 30 sec at 72 °C, followed by 10 min at 72°C. Each primer set contained the
two Illumina overhanging adapter sequences (TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
and GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G) allowing the construction of amplicon
libraries by a two-step PCR.
Additionally, DNA extraction was carried out without any biological matrix and was
considered a negative control to evaluate ambient and kit products contamination. High-throughput
sequencing was achieved after pooling PCR triplicates using HiSeq Rapid Run 300 bp PE technology
on an Illumina HiSeq 2500 system (GATC Biotech, Konstanz, Germany).
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Sequence processing
Bacterial and archaeal 16S rRNA and eukaryotic 18S rRNA paired-end reads from both 3-µm and 0.2µm filters were pooled and further merged with a maximum of 10% mismatches in the overlap
region using FLASH (Magoč & Salzberg, 2011). Denoising procedures consisted in discarding reads
containing ambiguous bases (N) or reads outside the range of expected length (i.e., 450 to 580 bp for
bacterial 16S rRNA genes, 370 to 580 bp for archaeal 16S rRNA genes and 250 to 420 bp for
eukaryotic 18S rRNA genes). After dereplication, sequences were clustered using SWARM (Mahé et
al., 2014) with a local clustering threshold. We removed chimeric sequences using VSEARCH (Rognes
et al., 2016) but also sequences representing less than 0.005% of the total number of sequences
(Bokulich et al., 2013) along with singletons. The eukaryotic dataset was manually curated for
metazoan sequences (data not shown). Taxonomic affiliation was performed with both RDP
Classifier (Wang et al., 2007) and BLASTN+ (Camacho et al., 2009) against the 128 SILVA database
(Pruesse et al., 2007). This procedure was automated in the FROGS pipeline (Escudié et al., 2017).
Contaminant Operational Taxonomic Units (OTUs) identified from the control samples were
removed, and samples were randomly resampled to lowest number of retrieved sequences per
sample, i.e. 124,779, 37,529 and 36,840 sequences for bacteria, archaea and eukaryota, respectively,
to allow comparisons between samples.

Statistical analyses
For each domain of life (Bacteria, Archaea and Eukaryota), we tested the relative importance of
different sources of temporal and spatial variability (year, season and depth) on the composition of
microbial communities using nonparametric permutation-based multivariate analysis of variance
(PERMANOVA, function adonis in R package vegan; Anderson, 2001) on abundance-based BrayCurtis dissimilarity matrices. We also created an ordination of the samples using an NMDS approach
on Bray-Curtis dissimilarity matrices (function metaMDS in R package vegan). We used an additive
diversity-partitioning framework (Belmaker et al., 2008) to decompose the total observed diversity
and express it as the sum of the diversity observable at various scales. In a first step, we
decomposed the total diversity (γ-diversity) into the sum of interseason differences, interdepth
differences and diversity in local communities with: γ-diversity = β-InterSeason + β-InterDepth + αLocalCommunities. The approach is presented in greater detail elsewhere (Escalas et al., 2013, 2017).
This decomposition was performed on diversity estimated using Rao’s quadratic entropy on
presence-absence and abundance data. This method provided diversity estimates expressed in
equivalent number of species (Jost, 2007) and tended to be influenced by highly abundant species
when abundances were taken into account. In a second step, we decomposed the total diversity (γdiversity) along the depth profile and for each season separately into the diversity in local
communities and differences across communities: γ-diversity = β-diversity + α-diversity.

This article is protected by copyright. All rights reserved.

Results

Accepted Article

Physico-chemical characteristics of the water column
This study was conducted in the pit zone of the lake, characterized by the maximum depth
registered (18 m). Except for the surface layer ranging from 0 to 2 m, the water column was
completely anoxic all year long (Figure 1). This zone was characterized by a deep chemocline located
at 14 m, which isolated the deepest water layer from the rest of the water column. During the
stratified period, a second seasonal chemocline was observed at a depth of approximately 2 m that
separated the intermediate water layer from the surface layer. The physicochemical structure of the
water column thus alternated seasonally between two layers during the unstratified period versus
three layers during the stratified period.

The establishment of the seasonal chemocline at a depth of approximately 2 m was due to
the increase in rainfall at the beginning of the rainy season that diluted the upper layer of the water
column, reducing its salinity (34 and 45 psu in Apr. 2014 and Apr. 2015, respectively), resulting in
haline stratification (Figure 1). Below this halocline, the salinity increased up to approximately 65 psu
in the intermediate layer, the temperature stabilized to approximately 30.2°C, and H2S/HSconcentrations reached 5900 and 2500 µM in 2014 and 2015, respectively.

In its unstratified state (corresponding to the dry season), the water column was
homogeneous with respect to H2S/HS- with low concentrations (mean 187 µM). The water had a
mean salinity of 64.2 psu from the surface to the deep chemocline (14 m), while temperature varied
in the first 2 m (average value of 31.6°C, from 31 to 30.2°C in 2014 and from 32.7 to 30.3°C in 2015),
and O2 disappeared within the first 2 m. Hence, despite mixing, the water column remained anoxic
below a depth of 1.5 m.

The deepest layer of the lake (below the deep chemocline) was characterized by slight drops
in temperature and pH (up to 0.5°C and 0.35 pH units, respectively) and by an increase in salinity (up
to 8 psu).

Microbial community structure in Lake Dziani Dzaha
This work investigated changes in the microbial community diversity of the three domains of
life from the pelagic ecosystem in Lake Dziani Dzaha across time (year and season) and space (water
column depth). Rarefaction curves indicated that most of the diversity was captured in the present
work (Supplementary Figure 1). The relative importance of these two dimensions on microbial
dynamics differed among the considered domains (Bacteria, Archaea and Eukaryota).
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Depth, and thus vertical physicochemical gradients, was the main factor influencing the
composition of prokaryotic communities (this factor is here considered independently), notably for
Bacteria, for which it explained 47% of variation in community composition (Table 1). For Archaea,
the influences of season and year on community composition were closer to the effect of depth (15,
12 and 21% of variation, respectively, factors considered independently, Table 1). In contrast, the
composition of eukaryotic microbial communities was mostly influenced by the season and to a
lesser extent by year and depth (35, 12 and 6% of variation, respectively, Table 1). Differences in the
relative importance of time and space effects on microbial community composition are presented in
Figure 2.

When considering all samples together, the richness in the normalized datasets consisted in
242 bacterial, 109 archaeal and 87 eukaryotic OTUs. When pooling the three domains together, the
total microbial richness ranged from 221 to 359 OTUs per sample, with an average of 301 ± 37 OTUs.
We used a diversity-partitioning approach to explore the multiple facets of microbial diversity across
multiple scales. We estimated the total microbial diversity (i.e., γ-diversity) associated with each
domain of life using Rao’s quadratic entropy (Table 2). When using presence-absence data, we found
that bacterial communities exhibited the highest γ-diversity in the system (Supplementary Figure 2),
with 230.6 OTUs, followed by Archaea with 97.9 OTUs and Eukaryota with 41.9 OTUs. When using
relative abundance data, archaeal communities were the most diverse (γ-diversity = 8.9), followed by
bacterial (γ-diversity = 3.7) and eukaryotic (γ-diversity = 1.4) communities.

An additive decomposition of γ-diversity was used to determine whether the total observed
diversity derived from the average diversity within communities (i.e., αLocalCommunities) or from the
differences between communities across seasons (i.e., βInterSeason) and depths (i.e., βInterDepth) (Figs. 3.A
and B). Overall, local communities represented most of the total diversity (αLocalCommunities > 76.5% on
average). When using presence-absence data, β-diversity (βInterSeason + βInterDepth) represented a higher
proportion of γ-diversity in eukaryotic communities (36.6%), while it contributed a smaller
proportion in archaeal (20.2%) and bacterial (14.6%) communities. When using abundance data, we
observed higher contributions of β-diversity to γ-diversity for Archaea (34.9%) and Bacteria (31.6%),
while the value for Eukaryota dropped to 3%. Further, differences along the depth profile (βInterDepth)
contributed more to the total diversity than interseason differences (βInterSeason), with 20.4 and 3.1%
of γDiversity, respectively.

The present work showed that the diversity distribution along the depth profile differed
greatly between the three domains of life (Figs. 3.C and D). The bacterial diversity increased with
depth, from very low values near the surface (0 to 2.5 m) to a sharp increase at the bottom of the
water column (15 to 17 m). Thus, the distribution of abundance between OTUs in these communities
was more balanced as the depth increased. The decomposition of diversity revealed a very low
degree of differentiation between communities at the top of the water column, while deeper
communities tended to be more variable across season. In contrast, archaeal communities exhibited
maximum diversity in the first meter and a sharp drop in diversity below this depth. This reverse
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pattern corresponded to the increasing dominance of a smaller number of archaeal taxa with
increasing depth. For archaeal communities, we observed higher β-diversity in the upper layers, but
there was always a certain degree of differentiation from a given depth across time (year and
season). Eukaryotic communities showed a very low and constant diversity along the depth profile
(due to the hyperdominance of Picocystis OTUs). The proportion of eukaryotic β-diversity observed
was strikingly lower than that for the other domains, and furthermore, this low proportion was
observed at all depths.
Sampling seasons also have a differential impact on the estimated diversity of the three domains of
life (Figure 3D). Bacterial communities appeared to be more diverse during the stratified period, with
γ-diversity estimates more than twofold higher in this season. This was notably due to more
dissimilar communities, with β-diversity representing 36.7% of γ-diversity during the stratified period
compared to only 15.5% during the unstratified period. The diversity of archaeal and eukaryotic
communities was more stable across seasons, and these communities exhibited smaller changes in
their composition, notably for eukaryotic organisms where β-diversity represented less than 3% of γdiversity.

Microbial community composition in Lake Dziani Dzaha
The taxonomic composition of the microbial assemblages from the three domains of life was
investigated according to seven different depths for both stratified and unstratified periods in 2014
and 2015.
During the stratified period, the bacterial assemblage was dominated by Cyanobacteria
affiliated with Arthrospira fusiformis from a depth of 0.5 m to 2.5 m, representing on average 48.1%
of the total eukaryotic and prokaryotic sequences in 2014 and 2015 (Figure 4). In this surface layer,
Eukaryota affiliated with Picocystis salinarum (15.5% of total sequences) and Archaea affiliated with
Woesearchaeota (13.7% of total sequences from 0. 5 m to 1 m) were also present. The number of P.
salinarum sequences was constant through the whole water column, while A. fusiformis and
Woesearchaeota sequence numbers decreased drastically with depth (dropping to 5.2% and 2.9% of
total sequences, respectively, in the deeper layers, i.e., 15 and 17 m). Other microorganisms such as
Bacteroidia within Bacteroidetes, Clostridia within Firmicutes or Methanomicrobia and WSA2 within
Euryarchaeota increased with depth, ranging from 0.5 to 18.9%, 0.3 to 34.5%, 1.7 to 4.9% and 1 to
7.2%, respectively, based on the average sequences for the three domains of life in 2014 and 2015.
In contrast, during the unstratified period, A. fusiformis clearly dominated the total
assemblage from the surface to a depth of 11 m, with abundances representing 48% of the total
sequences on average, followed by P. salinarum (13.9% of total sequences) and Woesearchaeota
(representing 12.6% of total sequences). Other phyla were less represented in this 0 to 11 m zone,
such as Euryarchaeota WSA2_WCHA1-57 and an Euryarchaeota unknown class, Bacteroidia,
Clostridia, Alphaproteobacteria and eukaryotic Jakobida. In deeper waters (close to 15 and 17 m), a
shift was observed, characterized by a decrease in A. fusiformis associated with an increase in
Clostridia and Bacteroidia and in Euryarchaeota affiliated with WSA2 and Methanomicrobia (Figure
4).
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A detailed analysis of nondominant Eukaryota (i.e., non-P. salinarum sequences) revealed
the presence of contrasting phyla during the two seasons (Figure 5). During the stratified period, for
both years, the nondominant eukaryotic assemblage was dominated by ciliates (Ciliophora) mainly
assigned to the Intramacronucleata subphylum, from the surface to a depth of 2.5 m. Additionally,
this class represented one-third of the eukaryotic sequences at a depth of 17 m in 2015. Several
groups, such as fungal ascomycetes, increased in relative abundance with depth in 2014, shifting
from 0.22% of sequences in the surface layer to 1.44% in the bottom layer. Other groups, such as
Blastocystae within Stramenopiles, followed the opposite trend and decreased in relative abundance
with depth (from 1.00 to 0% of sequences from the surface a depth of to 17 m in 2014). During the
unstratified period, different groups were observed, with an unknown group of Jakobida (i.e.
flagellate) being the dominant class, representing between 16.48 and 0.18% of eukaryotic sequences
from the surface to a depth of 17 m in 2014 and between 7.07 and 3.45% in 2015. Interestingly, an
unknown group in the Ancyromonadida class codominated the nondominant eukaryotic assemblage
with Jakobida in 2015, accounting for 10.62 to 16.23% of eukaryotic sequences.

Discussion
The present work constitutes the first characterization of prokaryotic and eukaryotic microbial
assemblages in a tropical thalassohaline lake using high-throughput Illumina sequencing.
Our study provided new insights into the biodiversity of microbial communities at three
different scales by including the diversity (i) of local communities (α-diversity), (ii) between
communities (β-diversity) and (iii) of the whole system (γ-diversity). We showed that the
contribution of α-LocalCommunities to γ-diversity was important (approximately 76.5%), outweighing
that of β-InterSeason and β-InterDepth, thus supporting the idea of consistently high diversity across
local microbial communities (OTU richness = 301 ± 37 OTUs on average). However, β-diversity
represented a variable part of γ-diversity depending on the domain of life and the type of matrix
considered (i.e., presence-absence versus abundance matrix).
While the results were relatively similar for Archaea and Bacteria, there was a striking
difference in the contribution of β-InterDepth to γ-diversity in eukaryotic communities with
presence-absence (32.2%, Table 2) versus abundance data (2.1%). This finding reflected the fact that,
although the list of detected OTUs might change between depths, the abundance distribution across
these OTUs at each depth was skewed toward a single OTU (P. salinarum), such that the eukaryote
communities could almost be considered as composed of a single OTU, which was not the case for
prokaryotes (cf. low γ-diversity estimates for Eukaryota in Figs. 3B, C and D). To gain insights into the
eukaryotic diversity in a community almost entirely consisting in P. salinarum, we decided to focus
on the nondominant eukaryotic members and observed a seasonal turnover with clear shifts in
eukaryotic classes. Approximately 200 protists have been described in hypersaline ecosystems,
mainly based on cultivation methods (Hauer & Rogerson, 2005), and investigations into their
diversity, ecology and community complexity through the use of molecular techniques are recent
(Edgcomb et al., 2009; Stock et al., 2012). Nonetheless, microbial Eukaryota are an essential
component of microbial food webs and thus play a central role in local ecosystem functioning and
global biogeochemical cycles (Edgcomb & Bernhard, 2013). Previous work conducted on hypersaline
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environments reported protistan species turnover due to saline boundaries (Casamayor et al., 2002;
Filker et al., 2017). The present work clearly showed the dominance of the autotrophic green algae
P. salinarum but also the seasonal turnover of nondominant heterotrophic eukaryotes such as
ciliates (i.e., Ciliophora) and flagellates (e.g., Jakobida, Stramenopiles). Previous studies have shown
that eukaryotes could be active in the anoxic zone of the non-saline lake Pavin (Lepère et al., 2016)
where ciliates, fungi and Haptophyceae were the dominant phylotypes; but also in hypersaline
environments, with phylotypes related to fungi, ciliates, stramenopiles, flagellates and jakobids
being detected through 18S rRNA transcript analysis in the deep hypersaline anoxic Thetis and
Atalante basins (Alexander et al., 2008; Stoeck et al., 2010).
Jakobids have been studied primarily because of their evolutionary importance and their
uncertain phylogenetic placement among eukaryotes (Archibald et al., 2017). This group has been
detected in different oxygen-poor, sulfide-rich and hypersaline ecosystems (Stock et al., 2009;
Weber et al., 2014), exhibiting H2S/HS- concentrations (0 to 100 µM) close to those retrieved in Lake
Dziani Dzaha during the unstratified period (67-328 µM H2S/HS- above the deep chemocline). When
H2S/HS- concentrations increased during the stratified period (up to 5900 µM), jakobids were almost
absent from the eukaryotic assemblage, suggesting that high H2S/HS- concentrations are toxic to
those microorganisms.
Ciliates are widely distributed in aqueous ecosystems on Earth and mostly occurred above
the chemoclines during the stratified period in Lake Dziani Dzaha (their detection at 17 m below the
deep chemocline in 2014 is considered to be an artifact due to sediment resuspension during
sampling). Those microorganisms are considered the top predators in microbial food webs where
metazoans are absent (Archibald et al., 2017). In a given habitat, ciliate assemblages could be
specific to certain biotic and abiotic characteristics of the environment, driven primarily by H2S/HStoxicity or resource availability (Bick & World Health Organization, 1972; Lynn, 2008). In the present
case, we hypothesized that ciliate and flagellate shifts occurring seasonally could be related to prey
shifts in the water column and/or differences in salinity tolerance.
In prokaryotic communities, changes in the identity of detected species were relatively small
when compared to the total diversity (i.e., β-diversity represented 20.2% and 14.6% of γ-diversity
with presence-absence data in Archaea and Bacteria, respectively). However, the distribution of
abundances among the OTUs varied greatly according to depth and season (e.g., the contribution of
β-diversity was 34.9% and 31.6% for Archaea and Bacteria, respectively). Overall, this pattern
suggested that while eukaryotic communities were relatively more variable in their composition,
prokaryotic communities were more dynamic in terms of changes in OTU abundance across seasons
and depths. Those results were confirmed by the comparison of community composition along the
depth profile during the two seasons (Figure 4). Moreover, the diversity decomposition according to
season revealed higher γ-diversity during the stratified period, especially for Bacteria, which is in
accordance with the presence of environmental clines generating different ecological niches and
ultimately allowing greater community differentiation. Overall, the structure and composition of
microbial assemblages were highly influenced by the sampling year, the season and depth
considered, and the physicochemical structure of the water column. During the stratified period,
prokaryotic and eukaryotic community composition differed between the surface (0.5 to 1 m) and
mid-water column (2.5 to 11 m), suggesting an impact of the seasonal chemocline at 2 m. Moreover,
a shift in bacterial community structure was also reported at the deep chemocline situated at a
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depth of 14 m. During the unstratified period, the community composition was homogeneous along
the water column (because of water convection), shifting only below the deep chemocline.
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As observed in soda lakes, photosynthetic organisms dominated the microbial assemblage
(Grant & Jones, 2016; Krienitz & Schagerl, 2016), particularly in the upper layer. In Lake Dziani Dzaha,
the photosynthetic communities were dominated by Cyanobacteria from the Arthrospira genus (also
named Spirulina) and Eukaryota from the Picocystis genus. Arthrospira consisted in alkaliphilic
filamentous Cyanobacteria, which form dense masses seasonally or permanently (Ballot et al., 2004;
Sili et al., 2012). Interestingly, a recent characterization using a polyphasic approach of strains
isolated from Lake Dziani Dzaha reported that the unusual straight morphotype of Arthrospira
strains was affiliated with Arthrospira fusiformis and Picocystis strains with Picocystis salinarum
(Cellamare et al., 2018). P. salinarum and A. fusiformis are highly productive primary producers that
are often reported as numerically abundant in microbial communities of saline habitats, such as
soda lakes of the East African Rift Valley (Krienitz et al., 2012) or Mono Lake, USA (Hollibaugh et al.,
2001). A recent study conducted on bioreactors inoculated with alkaline sediments fed by
Arthrospira biomass showed that the produced organic matter was hydrolyzed mainly by the
Bacteroidetes ML635J-40 aquatic group, while methane was biologically produced (via the
hydrogenotrophic pathway) by an archaeal community dominated by Methanocalculus (NollaArdèvol et al., 2015). This microbial consortium is highly relevant in the case of Lake Dziani Dzaha,
where Methanomicrobia is strongly dominated by the genus Methanocalculus. In addition, the
enrichment of Methanocalculus with depth is concomitant to the enrichment of Bacteroidetes
affiliated with the Bacteroidia_ML635J-40 aquatic group. This group has been formerly identified in
soda lakes and alkaline environments, such as Mono Lake in United States (Humayoun et al., 2003),
Magadi Lake in Africa (Baumgarte, 2003) and the Lonar crater lake in India (Wani et al., 2006). Our
results showed that multidomain metabarcoding is an interesting approach to unravel previously
known relationships between domains of life.
In addition, sulfur cycle-related organisms were retrieved in the water column of Lake Dziani
Dzaha. Firmicutes represented an important fraction of the relative abundance (i.e., number of
sequences) in the lake, whereas Deltaproteobacteria were far less represented and could be
considered almost absent. Previous studies demonstrated potential competition occurring between
methanogenic and sulfidogenic microorganisms (Visser et al., 1996). Under natural conditions, and
in the presence of nonlimited levels of sulfate, methanogens are generally poor competitors when
compared with sulfate-reducers, especially in marine sediments, while methanogens tend to be the
dominant scavengers of hydrogen and acetate in low-sulfate environments (Raskin et al., 1996). In
Lake Dziani Dzaha, sulfate concentrations were relatively low in the surface layers (2.5 mM), that is,
above the 2-m-depth seasonal chemocline during the stratified period and above the 14-m-depth
deep chemocline during unstratified periods. Additionally, sulfate was not detected below these two
chemoclines, and H2S/HS- was present instead. The low to null sulfate concentrations could explain
the low occurrence of sulfate-reducing microorganisms, such as Deltaproteobacteria. The fact that
higher concentrations of H2S sometimes occurred below both chemoclines than the sulfate
concentration in surface waters might be due to the production of H2S by fermentative pathways
performed by heterotrophic microorganisms using R-SH-enriched organic matter or alternative
processes involved in the sulfur cycle, such as the reduction of elemental sulfur.
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Thalassohaline lakes are extreme environments where highly adapted microbial
communities flourish. Understanding their microbial ecology is key to providing insights into
ecosystem functioning, resilience and stability. The present work is the first to assess, with an indepth metabarcoding approach of the three domains of life, how total microbial diversity is
impacted by seasonal and interannual variations across a vertical gradient of the water column in a
thalassohaline lake. By decomposing biodiversity at a fine scale in Lake Dziani Dzaha, we highlighted
that the richness and diversity of Bacteria, Archaea and Eukaryota are differentially impacted by the
physicochemical structure of the water column. Eukaryotic communities were relatively more
variable in their composition than prokaryotic communities, which were more dynamic in terms of
changes in OTU abundance across seasons and depths. The eukaryotic turnover observed in this lake
and its comparison to the prokaryotic patterns could be of great importance for understanding this
ecosystem’s trophic network. Finally, we identified some microbial classes, or even taxa, that could
be related to biogeochemical processes occurring in Lake Dziani Dzaha; these findings will need to be
confirmed experimentally in the future.

Acknowledgments
The field permit was granted by the Conservatoire du Littoral et des Rivages Lacustres, Antenne
Océan Indien, due to the fact that lake Dziani Dzaha is currently a protected water body with free
public access but restricted activities, under the control of the French agency for littoral ecosystems
conservation (http://www.conservatoire-du-littoral.fr/). We thank D. Abrouk, J. Mallet, J. Drieu La
Rochelle and A. Dubost for their help with molecular analyses, M. Bruto, D. Melayah, L. FraissinetTachet and V. Grossi for helpful discussions on the manuscript. The authors wish to thank the Air
Austral Airline Company, and Alexandra and Laurent at the “Les Couleurs” Guest House in Mayotte
for their valuable assistance and support. This work was granted by the Total Corporate Foundation
(project DZAHA, grant number C001493) and the French National Research Agency (project DZIANI,
ANR-13-BS06-0001).

This article is protected by copyright. All rights reserved.

Accepted Article

References

Aguirre-Garrido, J. F., Ramírez-Saad, H. C., Toro, N., & Martínez-Abarca, F. (2016). Bacterial Diversity
in the Soda Saline Crater Lake from Isabel Island, Mexico. Microbial Ecology, 71(1), 68–77.
doi:10.1007/s00248-015-0676-6
Alexander, E., Stock, A., Breiner, H.-W., Behnke, A., Bunge, J., Yakimov, M. M., & Stoeck, T. (2008).
Microbial eukaryotes in the hypersaline anoxic L’Atalante deep-sea basin. Environmental
Microbiology, 11(2), 360–381. doi:10.1111/j.1462-2920.2008.01777.x
Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance. Austral
Ecology, 26(1), 32–46. doi:10.1111/j.1442-9993.2001.01070.pp.x
Archibald, J. M., Simpson, A. G. B., & Slamovits, C. H. (Eds.). (2017). Handbook of the Protists (2nd
ed.). Springer International Publishing. Retrieved from
//www.springer.com/gb/book/9783319281476
Ballot, A., Dadheech, P., & Krienitz, L. (2004). Phylogenetic relationship of Arthrospira, Phormidium
and Spirulina strains from Kenyan and Indian waterbodies. Algological Studies, 113, 37–56.
doi:10.1127/1864-1318/2004/0113-0037
Baumgarte, S. (2003). Microbial Diversity of Soda Lake Habitats. Thesis.
Belmaker, J., Ziv, Y., Shashar, N., & Connolly, S. R. (2008). Regional Variation in the Hierarchical
Partitioning of Diversity in Coral-Dwelling Fishes. Ecology, 89(10), 2829–2840.
doi:10.1890/07-1464.1
Bick, H., & World Health Organization (1972). Ciliated protozoa : an illustrated guide to the species
used as biological indicators in freshwater biology. Retrieved from
http://apps.who.int/iris/handle/10665/40066
Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., … Caporaso, J. G.
(2013). Quality-filtering vastly improves diversity estimates from Illumina amplicon
sequencing. Nature Methods, 10(1), 57–59. doi:10.1038/nmeth.2276
Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., & Madden, T. L. (2009).
BLAST+: architecture and applications. BMC Bioinformatics, 10, 421. doi:10.1186/1471-210510-421
Canfora, L., Bacci, G., Pinzari, F., Lo Papa, G., Dazzi, C., & Benedetti, A. (2014). Salinity and bacterial
diversity: to what extent does the concentration of salt affect the bacterial community in a
saline soil? PloS One, 9(9), e106662. doi:10.1371/journal.pone.0106662
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., Turnbaugh, P. J., …
Knight, R. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences
per sample. Proceedings of the National Academy of Sciences of the United States of
America, 108(Suppl 1), 4516–4522. doi:10.1073/pnas.1000080107
Casamayor, E. O., Massana, R., Benlloch, S., Øvreås, L., Díez, B., Goddard, V. J., … Pedrós-Alió, C.
(2002). Changes in archaeal, bacterial and eukaryal assemblages along a salinity gradient by
comparison of genetic fingerprinting methods in a multipond solar saltern. Environmental
Microbiology, 4(6), 338–348.
Cellamare, M., Duval, C., Drelin, Y., Djediat, C., Touibi, N., Agogué, H., … Bernard, C. (2018).
Characterization of new Cyanobacteria from the saline-alkaline crater-lake Dziani Dzaha
(Mayotte, Indian Ocean), a modern analogue of Precambrian environments. FEMS
Microbiology Ecology, In press. doi:10.1093/femsec/fiy108
Dimitriu, P. A., Pinkart, H. C., Peyton, B. M., & Mormile, M. R. (2008). Spatial and temporal patterns
in the microbial diversity of a meromictic soda lake in Washington State. Applied and
Environmental Microbiology, 74(15), 4877–4888. doi:10.1128/AEM.00455-08
Edgcomb, V., Orsi, W., Leslin, C., Epstein, S. S., Bunge, J., Jeon, S., … Stoeck, T. (2009). Protistan
community patterns within the brine and halocline of deep hypersaline anoxic basins in the

This article is protected by copyright. All rights reserved.

Accepted Article

eastern Mediterranean Sea. Extremophiles: Life Under Extreme Conditions, 13(1), 151–167.
doi:10.1007/s00792-008-0206-2
Edgcomb, V. P., & Bernhard, J. M. (2013). Heterotrophic Protists in Hypersaline Microbial Mats and
Deep Hypersaline Basin Water Columns. Life : Open Access Journal, 3(2), 346–362.
doi:10.3390/life3020346
Escalas, A., Bouvier, T., Mouchet, M. A., Leprieur, F., Bouvier, C., Troussellier, M., & Mouillot, D.
(2013). A unifying quantitative framework for exploring the multiple facets of microbial
biodiversity across diverse scales. Environmental Microbiology, 15(10), 2642–2657.
doi:10.1111/1462-2920.12156
Escalas, A., Troussellier, M., Tong, Y., Bouvier, T., Bouvier, C., Mouchet, M. A., … Mouillot, D. (2017).
Functional diversity and redundancy across fish gut, sediment, and water bacterial
communities. Environmental Microbiology, 19(8), 3268–3282. doi:10.1111/1462-2920.13822
Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., … Pascal, G. (2017). FROGS:
Find, Rapidly, OTUs with Galaxy Solution. Bioinformatics, (In press).
doi:10.1093/bioinformatics/btx791
Filker, S., Forster, D., Weinisch, L., Mora‐Ruiz, M., González, B., Farías, M. E., … Stoeck, T. (2017).
Transition boundaries for protistan species turnover in hypersaline waters of different
biogeographic regions. Environmental Microbiology, 19(8), 3186–3200. doi:10.1111/14622920.13805
Gérard, E., De Goeyse, S., Hugoni, M., Agogué, H., Richard, L., Milesi, V., … (2018) Key role of
alphaproteobacteria and cyanobacteria in the formation of stromatolites of Lake Dziani
Dzaha (Mayotte, Western Indian Ocean). Frontiers in Microbiology, 9:796. doi:
10.3389/fmicb.2018.00796
Grant, W. D. (2006). Alkaline environments and biodiversity. In Extremophiles (life under extreme
environmental condition) (Encyclopedia of Life Support Systems (EOLSS)). Oxford, UK:
Gerday C, Glansdorff N. editors.
Grant, W. D., & Jones, B. E. (2016). Bacteria, Archaea and Viruses of Soda Lakes. In Soda Lakes of East
Africa (pp. 97–147). Springer, Cham. doi:10.1007/978-3-319-28622-8_5
Grant, W. D., Mwatha, W. E., & Jones, B. E. (1990). Alkaliphiles: Ecology, diversity and applications.
FEMS Microbiology Letters, 75(2), 255–269. doi:10.1016/0378-1097(90)90536-Y
Hauer, G., & Rogerson, A. (2005). Heterotrophic Protozoa from Hypersaline Environments. In
Adaptation to Life at High Salt Concentrations in Archaea, Bacteria, and Eukarya (pp. 519–
539). Springer, Dordrecht. doi:10.1007/1-4020-3633-7_33
Hollibaugh, J. T., Wong, P. S., Bano, N., Pak, S. K., Prager, E. M., & Orrego, C. (2001). Stratification of
microbial assemblages in Mono Lake, California, and response to a mixing event.
Hydrobiologia, 466(1–3), 45–60. doi:10.1023/A:1014505131859
Hugoni, M., Domaizon, I., Taib, N., Biderre-Petit, C., Agogué, H., Galand, P. E., … Mary, I. (2015).
Temporal dynamics of active Archaea in oxygen-depleted zones of two deep lakes.
Environmental Microbiology Reports, 7(2), 321–329. doi:10.1111/1758-2229.12251
Humayoun, S. B., Bano, N., & Hollibaugh, J. T. (2003). Depth Distribution of Microbial Diversity in
Mono Lake, a Meromictic Soda Lake in California. Applied and Environmental Microbiology,
69(2), 1030–1042. doi:10.1128/AEM.69.2.1030-1042.2003
Jones, B. E., Grant, W. D., Duckworth, A. W., & Owenson, G. G. (1998). Microbial diversity of soda
lakes. Extremophiles: Life Under Extreme Conditions, 2(3), 191–200.
Jost, L. (2007). Partitioning Diversity into Independent Alpha and Beta Components. Ecology, 88(10),
2427–2439. doi:10.1890/06-1736.1
Krienitz, L., Bock, C., Kotut, K., & Luo, W. (2012). Picocystis salinarum (Chlorophyta) in saline lakes
and hot springs of East Africa. Phycologia, 51(1), 22–32. doi:10.2216/11-28.1
Krienitz, L., & Schagerl, M. (2016). Tiny and Tough: Microphytes of East African Soda Lakes. In Soda
Lakes of East Africa (pp. 149–177). Springer, Cham. doi:10.1007/978-3-319-28622-8_6

This article is protected by copyright. All rights reserved.

Accepted Article

Leboulanger, C., Agogué, H., Bernard, C., Bouvy, M., Carré, C., Cellamare, M., … Sarazin, G. (2017).
Microbial Diversity and Cyanobacterial Production in Dziani Dzaha Crater Lake, a Unique
Tropical Thalassohaline Environment. PloS One, 12(1), e0168879.
doi:10.1371/journal.pone.0168879
Lepère, C., Domaizon, I., Hugoni, M., Vellet, A., Debroas, D. (2016). Diversity and Dynamics of Active
Small Microbial Eukaryotes in the Anoxic Zone of a Freshwater Meromictic Lake (Pavin,
France). Frontiers in Microbiology, 7 : 130. doi: 10.3389/fmicb.2016.00130
Lewis, W. M., Wurtsbaugh, W. A., & Paerl, H. W. (2011). Rationale for control of anthropogenic
nitrogen and phosphorus to reduce eutrophication of inland waters. Environmental Science
& Technology, 45(24), 10300–10305. doi:10.1021/es202401p
Lozupone, C. A., & Knight, R. (2007). Global patterns in bacterial diversity. Proceedings of the
National Academy of Sciences of the United States of America, 104(27), 11436–11440.
doi:10.1073/pnas.0611525104
Lynn, D. (2008). The Ciliated Protozoa: Characterization, Classification, and Guide to the Literature
(3rd ed.). Springer Netherlands. Retrieved from
//www.springer.com/us/book/9781402082382
Magoč, T., & Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics, 27(21), 2957–2963. doi:10.1093/bioinformatics/btr507
Mahé, F., Rognes, T., Quince, C., Vargas, C. de, & Dunthorn, M. (2014). Swarm: robust and fast
clustering method for amplicon-based studies. PeerJ, 2, e593.
Makhdoumi-Kakhki, A., Amoozegar, M. A., Kazemi, B., Pašić, L., & Ventosa, A. (2012). Prokaryotic
diversity in Aran-Bidgol salt lake, the largest hypersaline playa in Iran. Microbes and
Environments, 27(1), 87–93.
McGenity, T. J., & Oren, A. (2012). Hypersaline environments. In Life at Extremes: Environments,
Organisms and Strategies for Survival (pp. 402–437). Retrieved from
http://repository.essex.ac.uk/5930/
Melack, J. M., & Kilham, P. (1974). Photosynthetic rates of phytoplankton in East African alkaline,
saline lakes1. Limnology and Oceanography, 19(5), 743–755. doi:10.4319/lo.1974.19.5.0743
Mesbah, N. M., Abou-El-Ela, S. H., & Wiegel, J. (2007). Novel and unexpected prokaryotic diversity in
water and sediments of the alkaline, hypersaline lakes of the Wadi An Natrun, Egypt.
Microbial Ecology, 54(4), 598–617. doi:10.1007/s00248-006-9193-y
Naghoni, A., Emtiazi, G., Amoozegar, M. A., Cretoiu, M. S., Stal, L. J., Etemadifar, Z., … Bolhuis, H.
(2017). Microbial diversity in the hypersaline Lake Meyghan, Iran. Scientific Reports, 7(1),
11522. doi:10.1038/s41598-017-11585-3
Nolla-Ardèvol, V., Strous, M., & Tegetmeyer, H. E. (2015). Anaerobic digestion of the microalga
Spirulina at extreme alkaline conditions: biogas production, metagenome, and
metatranscriptome. Frontiers in Microbiology, 6, 597. doi:10.3389/fmicb.2015.00597
Ochsenreiter, T., Pfeifer, F., & Schleper, C. (2002). Diversity of Archaea in hypersaline environments
characterized by molecular-phylogenetic and cultivation studies. Extremophiles: Life Under
Extreme Conditions, 6(4), 267–274. doi:10.1007/s00792-001-0253-4
Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., & Glöckner, F. O. (2007). SILVA:
a comprehensive online resource for quality checked and aligned ribosomal RNA sequence
data compatible with ARB. Nucleic Acids Research, 35(21), 7188–7196.
doi:10.1093/nar/gkm864
Raskin, L., Rittmann, B. E., & Stahl, D. A. (1996). Competition and coexistence of sulfate-reducing and
methanogenic populations in anaerobic biofilms. Applied and Environmental Microbiology,
62(10), 3847–3857.
Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: a versatile open source
tool for metagenomics. PeerJ, 4, e2584. doi:10.7717/peerj.2584
Schuurman, T., de Boer, R. F., Kooistra-Smid, A. M. D., & van Zwet, A. A. (2004). Prospective Study of
Use of PCR Amplification and Sequencing of 16S Ribosomal DNA from Cerebrospinal Fluid for

This article is protected by copyright. All rights reserved.

Accepted Article

Diagnosis of Bacterial Meningitis in a Clinical Setting. Journal of Clinical Microbiology, 42(2),
734–740. doi:10.1128/JCM.42.2.734-740.2004
Sili, C., Torzillo, G., & Vonshak, A. (2012). Arthrospira (Spirulina). In Ecology of Cyanobacteria II (pp.
677–705). Springer, Dordrecht. doi:10.1007/978-94-007-3855-3_25
Sorokin, D. Y., Berben, T., Melton, E. D., Overmars, L., Vavourakis, C. D., & Muyzer, G. (2014).
Microbial diversity and biogeochemical cycling in soda lakes. Extremophiles, 18(5), 791–809.
doi:10.1007/s00792-014-0670-9
Stock, A., Breiner, H.-W., Pachiadaki, M., Edgcomb, V., Filker, S., La Cono, V., … Stoeck, T. (2012).
Microbial eukaryote life in the new hypersaline deep-sea basin Thetis. Extremophiles: Life
Under Extreme Conditions, 16(1), 21–34. doi:10.1007/s00792-011-0401-4
Stock, A., Jürgens, K., Bunge, J., & Stoeck, T. (2009). Protistan diversity in suboxic and anoxic waters
of the Gotland Deep (Baltic Sea) as revealed by 18S rRNA clone libraries. Aquatic Microbial
Ecology, 55(3), 267–284. doi:10.3354/ame01301
Stoeck, T., Bass, D., Nebel, M., Christen, R., Jones, M. D. M., Breiner, H.-W., & Richards, T. A. (2010).
Multiple marker parallel tag environmental DNA sequencing reveals a highly complex
eukaryotic community in marine anoxic water. Molecular Ecology, 19 Suppl 1, 21–31.
doi:10.1111/j.1365-294X.2009.04480.x
Vavourakis, C. D., Ghai, R., Rodriguez-Valera, F., Sorokin, D. Y., Tringe, S. G., Hugenholtz, P., &
Muyzer, G. (2016). Metagenomic Insights into the Uncultured Diversity and Physiology of
Microbes in Four Hypersaline Soda Lake Brines. Frontiers in Microbiology, 7, 211.
doi:10.3389/fmicb.2016.00211
Ventosa, A. (2006, April). Unusual micro-organisms from unusual habitats: hypersaline
environments. doi:10.1017/CBO9780511754913.015
Ventosa, A., Mellado, E., Sanchez-Porro, C., & Marquez, M. C. (2008). Halophilic and Halotolerant
Micro-Organisms from Soils. In Microbiology of Extreme Soils (pp. 87–115). Springer, Berlin,
Heidelberg. doi:10.1007/978-3-540-74231-9_5
Visser, A., Hulshoff Pol, L. W., & Lettinga, G. (1996). Competition of methanogenic and sulfidogenic
bacteria. Water Science and Technology, 33(3), 99–110. doi:10.1016/0273-1223(96)00324-1
Walters, W., Hyde, E. R., Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada, A., … Knight, R.
(2016). Improved Bacterial 16S rRNA Gene (V4 and V4-5) and Fungal Internal Transcribed
Spacer Marker Gene Primers for Microbial Community Surveys. MSystems, 1(1), e00009-15.
doi:10.1128/mSystems.00009-15
Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Applied and Environmental
Microbiology, 73(16), 5261–5267. doi:10.1128/AEM.00062-07
Wani, A. A., Surakasi, V. P., Siddharth, J., Raghavan, R. G., Patole, M. S., Ranade, D., & Shouche, Y. S.
(2006). Molecular analyses of microbial diversity associated with the Lonar soda lake in
India: an impact crater in a basalt area. Research in Microbiology, 157(10), 928–937.
doi:10.1016/j.resmic.2006.08.005
Weber, F., Anderson, R., Foissner, W., Mylnikov, A. P., & Jürgens, K. (2014). Morphological and
molecular approaches reveal highly stratified protist communities along Baltic Sea pelagic
redox gradients. Aquatic Microbial Ecology, 73(1), 1–16. doi:10.3354/ame01702
Youssef, N. H., Ashlock-Savage, K. N., & Elshahed, M. S. (2012). Phylogenetic diversities and
community structure of members of the extremely halophilic Archaea (order
Halobacteriales) in multiple saline sediment habitats. Applied and Environmental
Microbiology, 78(5), 1332–1344. doi:10.1128/AEM.07420-11

Data accessibility
The sequence data generated in this study were deposited on the European Nucleotide Archive
(ENA) browser (http://www.ebi.ac.uk/ena/data/) under accession number: PRJEB24947.

This article is protected by copyright. All rights reserved.

Author Contributions

Accepted Article

CB, DJ, CL, MB, MA, HA designed research
MH, CB, DJ, GS, CL, MB, PG, FV, MA, HA performed research
MH, AE, CB, SN, DJ, GS, MT, HA analyzed data
MH, AE, MA, HA, MT wrote the paper

Figures and Tables Legends
Figure 1. Vertical profiles of environmental parameters recorded during 4 sampling
campaigns
Salinity (psu), temperature (°C), pH, O2 (%) and H2S/HS- (µM) profiles were recorded during
the stratified and the unstratified periods in 2014 and 2015.

Figure 2. Differences in microbial community structure
NMDS ordination performed on Bray-Curtis dissimilarity matrices. The legend is presented
in the bottom right corner of the panel. Circle size indicates the depth. Blue circles represent
the stratified periods, and orange circles represent the unstratified periods. Black-surrounded
circles represent 2014, while unsurrounded circles represent 2015.

Figure 3. Additive decomposition of microbial diversity
Decomposition of total diversity (γ-Diversity) estimated using Rao’s quadratic entropy into
local community diversity (α-LocalCommunities) and differences between communities (βInterSeason and β-InterDepth). This was done with presence-absence data (A) and using
OTU relative abundances (B). Decomposition of total diversity (γ-Diversity) estimated using
Rao’s quadratic entropy on abundance data into local community diversity (α) and
differences between communities (β), along the depth profile (C) and between seasons (D).

Figure 4. Relative abundance (% of sequences) of bacterial, archaeal and eukaryotic
phyla
Data were collected in (A) 2014 and (B) 2015 during both stratified and unstratified periods.
In the legend at the right of the panel, Archaea are indicated as A_, Bacteria as B_, and
Eukaryota as E_.
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Figure 5. Relative abundance (% of sequences) of eukaryotic phyla, except Picocystis
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Data were collected in (A) 2014 and (B) 2015 during both stratified and unstratified periods.
The detection of ciliates at a depth of 17 m below the deep chemocline is considered an
artifact due to sediment resuspension during sampling.

Supplementary Figure 1. Rarefaction curves
Rarefaction curves for each sample were calculated for bacterial, archaeal and eukaryotic
datasets pooled.

Supplementary Figure 2. Additive decomposition of microbial diversity
Decomposition of total diversity (γ-Diversity) estimated using Rao’s quadratic entropy on
presence-absence data into local community diversity (α) and differences between
communities (β) along the depth profile (A) and between seasons (B).

Table 1. Effects of environmental factors on microbial community composition
Differences between groups were tested by using PERMANOVA analysis of Bray-Curtis
dissimilarity matrices.

Table 2. Additive decomposition of microbial diversity
γ-Diversity was estimated using Rao’s quadratic entropy, and decomposition was performed
according to Escalas et al. (2017). The number in parenthesis corresponds to the percentage
of the γ-Diversity represented by each component.
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Factor
Year
Season
Depth
Year:Season
Year:Depth
Season:Depth
Year:Season:Depth
Residuals

Bacteria
F.value
R2
p.value
4.99
0.07
0.020
6.65
0.09
0.009
35.67
0.47
0.001
1.89
0.03
0.150
3.96
0.05
0.038
2.14
0.03
0.130
0.31
0.00
0.773
NA
0.26
NA

Presence-absence
Bacteria
Archaea
Eukaryota
Abundance
Bacteria
Archaea
Eukaryota

Archaea
F.value
R2
p.value
6.62
0.12
0.004
7.80
0.15
0.001
11.00
0.21
0.001
3.31
0.06
0.020
1.96
0.04
0.114
1.63
0.03
0.164
0.68
0.01
0.605
NA
0.38
NA

Eukaryota
F.value
R2
p.value
8.77
0.12
0.001
25.19
0.35
0.001
4.51
0.06
0.006
4.87
0.07
0.004
1.71
0.02
0.151
3.64
0.05
0.018
3.10
0.04
0.030
NA
0.28
NA

γ-diversity

α-LocalComm.

β-InterSeason

β-InterDepth

230.6
97.9
41.9

196.9 (85.4)
78.1 (79.8)
26.6 (63.4)

3.4 (1.5)
1.3 (1.3)
1.8 (4.4)

30.3 (13.1)
18.5 (18.9)
13.5 (32.2)

3.7
8.9
1.4

2.5 (68.4)
5.8 (65.0)
1.4 (97.0)

0.1 (3.0)
0.7 (7.6)
0.01 (0.9)

1.1 (28.6)
2.4 (27.3)
0.03 (2.1)
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