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Microbial communities inhabiting hypersaline wetlands, well adapted to the

environmental fluctuations due to flooding and desiccation events, play a key role

in the biogeochemical cycles, ensuring ecosystem service. To better understand

the ecosystem functioning, we studied soil microbial communities of Salineta

wetland (NE Spain) in dry and wet seasons in three different landscape stations

representing situations characteristic of ephemeral saline lakes: S1 soil usually

submerged, S2 soil intermittently flooded, and S3 soil with halophytes. Microbial

community composition was determined according to different redox layers by

16S rRNA gene barcoding. We observed reversed redox gradient, negative at the

surface and positive in depth, which was identified by PERMANOVA as the main

factor explaining microbial distribution. The Pseudomonadota, Gemmatimonadota,

Bacteroidota, Desulfobacterota, and Halobacteriota phyla were dominant in all

stations. Linear discriminant analysis effect size (LEfSe) revealed that the upper soil

surface layer was characterized by the predominance of operational taxonomic

units (OTUs) affiliated to strictly or facultative anaerobic halophilic bacteria and

archaea while the subsurface soil layer was dominated by an OTU affiliated to

Roseibaca, an aerobic alkali-tolerant bacterium. In addition, the potential functional

capabilities, inferred by PICRUSt2 analysis, involved in carbon, nitrogen, and sulfur

cycles were similar in all samples, irrespective of the redox stratification, suggesting

functional redundancy. Our findings show microbial community changes according

to water flooding conditions, which represent useful information for biomonitoring

and management of these wetlands whose extreme aridity and salinity conditions

are exposed to irreversible changes due to human activities.

KEYWORDS

ephemeral hypersaline lakes, hypersaline ecosystem, functional redundancy, reverse redox
gradient, archaeal biomarkers

Introduction

Saline lakes are numerous and geographically widespread in inland ecosystems, particularly
in arid and semi-arid areas (Williams, 1996, 2002). Endorheic basins cover approximately one-
tenth of the Earth’s surface (Casamayor et al., 2013). They are rare in Europe (Casamayor
et al., 2013), playing crucial ecosystem services. Particularly, as they are important habitats
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for migrating birds, they are included in biodiversity-protected areas
under the RAMSAR convention (Ramsar Convention Secretariat,
2010). However, they are threatened by human activities and
anthropogenic freshwater inputs (Williams, 2002). Saline lakes
are very dynamic environments, with soil and water salinity and
temperature fluctuations and thus highly responsive to climate
changes (Menéndez-Serra et al., 2021). Among inland saline lakes,
athalassohaline lakes, known for the lack of connections to marine
environments, are characterized by a high content of sulfate,
carbonate, and ionic composition different from that observed in
seawater (Demergasso et al., 2008). The ecology of athalassohaline
lakes is influenced by a high content of “chaotropic” ions such
as Ca2+ and Mg2+ (Oren, 2015), having major effects on the
abundance and growth of microbes (Gasol et al., 2004; Oren, 2013).
Studies on microbial communities in several athalassohaline lakes
revealed the presence of previously unidentified microorganisms,
adapted to salinity fluctuations (Jiang et al., 2006; Demergasso
et al., 2008; Menéndez-Serra et al., 2021). As athalassohaline
lakes vary in ionic composition according to their location,
they exhibit distinct microbial communities more divergent than
that observed for thalassohaline environments (Pagaling et al.,
2009; McGenity and Oren, 2012), representing genomic islands
with limited microbial exchange and own evolution (Pagaling
et al., 2009). Nevertheless, athalassohaline ecosystems represent
specific habitats for halophilic prokaryotes and eukaryotes, most of
them being also polyextremophile able to survive under extreme
conditions of salinity, pH, and UV radiation (McGenity and Oren,
2012). The halophilic microorganisms include various aerobes and
anaerobes covering diverse functional groups, such as heterotrophs,
oxygenic and anoxygenic phototrophs, lithotrophs, methanogens,
and methylotrophs, fermenters, sulfate reducers, and sulfide oxidizers
(Sorokin et al., 2011; Lanzén et al., 2013).

The Salineta at “Saladas de Bujaraloz-Sástago” (Spain), located
in the south of Monegros, one of the most arid areas in Europe,
is a lake of an endorheic complex constituted by a large set
of inland ephemeral saline lakes subjected to temporary flooding
according to seasons (Castañeda and Herrero, 2005; Casamayor et al.,
2013; Menéndez-Serra et al., 2021). Similar microbial communities
have been described among different saline lakes, constituted by
microorganisms with a competitive advantage, characteristic of these
dynamic ephemeral lakes (Casamayor et al., 2013; Menéndez-Serra
et al., 2019, 2021). The saline lakes are vulnerable to diffuse pollution
from agricultural activities surrounding fields and pig farming
(Castañeda et al., 2015). The transfer of pollutants is enhanced
by the loamy-sandy soil texture and the abundance of gypsum
(Castañeda et al., 2015). Chronic accumulation of pollutants is known
to contribute to the disruption of microbial community diversity and
biogeochemical cycle functions (Bordenave et al., 2004; Duran and
Cravo-Laureau, 2016). It is thus of paramount importance to obtain a
characterization of the Salineta wetland prior to the intensification of
the farming activities that will serve as a baseline for the management
of this RAMSAR-protected area.

Among these saline lakes, the Salineta wetland, surrounded by
newly irrigated areas, is characterized by three different landscapes
corresponding to water flooding conditions: usually submerged
soil, intermittently flooded soil, and soil being vegetated with
halophytes. The Salineta hydric regime, depending on the rains
and the shallow water table dynamics (Castañeda and García-Vera,
2008), contributes to the development of contrasting soil surface
microenvironments (Dominguez-Beisiegel et al., 2011), leading to

distinct soil redox conditions. We hypothesized that different
microbial communities inhabit these three different water-related soil
environments corresponding to microbial communities adapted to
the different soil and water characteristics of ephemeral saline lakes.
To test our hypothesis, we characterized the microbial community
composition and inferred the metabolic functional profiles involved
in carbon, nitrogen, and sulfur cycles in the wetland soil at different
depths according to the soil layering observed in both dry (summer)
and wet (winter) periods.

Materials and methods

Site description

The Salineta at “Saladas de Bujaraloz-Sástago” (NE, Spain) is
located in Monegros, one of the most arid regions in Europe, with
a mean annual precipitation of 350 mm and an annual reference
evapotranspiration (ET0) of 1,225 mm (Castañeda and Herrero,
2005). It is included in the RAMSAR convention list for bird
protection and in the Natura, 2000 network. The Monegros endorheic
complex contains more than a hundred seasonal inland saline lakes
whose salinity is linked to climatic aridity and geologic materials.
Salineta, with 23 ha, is one of the northernmost saline lakes of
the complex and has the greatest presence of water (Castañeda
and García-Vera, 2008; Figure 1). The groundwater discharges at
the lakebed coming from two long-standing saline aquifers (salinity
294 ± 34 g/l) whose high salinity is due to the chemical and
lithological characteristics of the sediments. Wetland soils are very
saline and rich in gypsum and carbonates (Menéndez-Serra et al.,
2019).

Sampling

Three different soil stations were selected in the Salineta wetland
based on the habitat maps (Conesa et al., 2011). S1, S2, and S3
corresponded to usually submerged soil, intermittently flooded soil,
and soil covered with halophytes (Figure 1). These stations were
considered representative of water-related soil conditions in these
ephemeral saline lakes. In each sampling station, triplicate cores of
soil surface horizons up to 30–40 cm were sampled by an auger (7 cm
in diameter). For each site, soil layers were identified according to
their color following the Munsell color chart, which relies on different
soil chemical and physical characteristics (Kalev and Toor, 2018).
Soil samples for molecular and chemical analysis were taken within
the three soil layers. Two sampling campaigns, in winter (March
2019, wet period) and summer (September 2019, dry period), were
performed. For station S1, three different soil layers were identified
by their color (L1, greenish black 0–5 cm; L2, olive gray 5–18 cm;
L3, yellowish brown 18–25 cm), while only two layers (L1 and L2)
for stations S2 and S3 were distinguished (Supplementary Figure 1).
Similar vertical layering was collected in both seasons. Thus, 42
samples ([3 stations × layers (3 for S1, 2 for S2 and S3) × 2
seasons] × 3 replicates) were obtained. For each layer, soil samples
were collected with a sterile spatula. After homogenization, the soil
samples were distributed in 2 ml sterile cryotubes frozen in liquid
nitrogen and were conserved at −80◦C for microbial analysis. For
physical–chemical analyses, samples were collected in 25-ml tubes
and stored at−20◦C until use.
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FIGURE 1

Location of the sampling stations (S1, S2, and S3) at Salineta wetland in the orthophotograph of PNOA 2015 (National Geographic Institute of Spain).

Physical–Chemical analysis

Gas emissions (CO2, N2O, and CH4) were measured in situ using
closed chambers placed on top of the soil and gas chromatography
(Agilent 7890B) equipped with a flame ionization detector (FID)
coupled to a methanizer for CO2 determination (Franco-Luesma
et al., 2020). For station S3, in order to limit the effect of plants, the
chambers were placed in a part of the soil surrounded by halophytes
but without plants inside.

Physical–chemical parameters [temperature, pH, salinity,
electrical conductivity (EC), redox potential (ORP), and dissolved
oxygen] were determined in the field with a multiparameter
system (WTW Multi-197i) (Ben Salem et al., 2016). Calcium
carbonate equivalent (CCE), gypsum content, organic matter (OM),
particle-size distribution, and major ions (ammonium, nitrite,
nitrate, fluoride, chloride, bromide, sulfate, bicarbonate, sodium,
potassium, calcium, and magnesium) were determined (Castañeda
et al., 2017). Briefly, the Bernard calcimeter method (reaction
with HCl) was used to determine the CCE, gypsum content was
determined by thermogravimetry, and OM by spectrophotometry
after chromic acid digestion using a UV/V UNICAM 8625
spectrophotometer. Particle-size distribution was assessed by laser

diffraction (Malvern MASTERSIZER 2000). Ion chromatography
Metrohm 861 (Metrohm AG, Herisau, Suisse) was used to determine
the major ions.

DNA extraction, PCR amplification, and
sequencing

Microbial communities were extracted by suspending 250 mg
of ground soil (in liquid nitrogen) in 1.2 ml of distilled water.
After mixing for 45 s at 6,000 rpm using Precellys Evolution
homogenizer (Bertin technology, Montigny-le-Bretonneux, France)
and centrifugation for 30 s at 10,000 × g the supernatant was
recovered. This operation was performed six times. A total of
7.2 ml for each sample was filtered using 0.2-µm MicroFunnel
(PALL Corporation, Portsmouth, United Kingdom). DNA was
extracted from the cut filters using PowerSoil DNA Kit (MoBio
Laboratories Inc., Courtaboeuf, France) following the manufacturer’s
instructions with few modifications (Giloteaux et al., 2013). The
region V4–V5 of 16S rRNA was amplified using prokaryotic universal
primers U515-532-GTGYCAGCMGCCGCGGTA and U909-928-
CCCCGYCAATTCMTTT (Wang and Qian, 2009), which match
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80% of the Bacteria domain and the same for Archaea domain
(tested with).1 The primers include the linkers for barcoding provided
by the GenoToul platform. The amplifications were performed in
triplicates (Bourhane et al., 2022). Briefly, the amplifications were
performed in a total volume of 25 µl, using 12.5 µl of AmpliTaq Gold
360 Master Mix, 0.5 µl of each forward and reverse primers (20 µM),
and 5 µl of the DNA extract, as follows: 95◦C for 10 min, 30 cycles of
95◦C for 30 s, 60◦C for 30 s, 72◦C for 40 s, and a final extension step
at 72◦C for 10 min. For each sample, the three PCR products were
pooled and sequenced by Illumina-MiSeq (paired-end 2× 250 bp) at
the GenoToul platform (Toulouse, France). The complete protocol
is available at https://sites.google.com/site/olivierzembwebsite/16s-
sequencing.

Sequence data analysis

Sequence data analysis was performed (Lanzén et al., 2021).
Briefly, the sequences were trimmed as follows: reads were
overlapped using vsearch version 2.7.1 (Rognes et al., 2016),
then primers were removed using cutadapt version 1.15 (Martin,
2011). The remaining sequences were de-replicated and sorted by
abundance using vsearch. Then, they were used to cluster the reads
into operational taxonomic units (OTUs) with a minimum linkage
of one nucleotide using SWARM version 2.2.1 (Mahé et al., 2015).
Abundances of unique sequences across samples were retained and
used to build an OTU contingency table based on SWARM version
2.2.1 output using SLIM (Dufresne et al., 2019). Singleton OTUs were
discarded and then applied reference-based and de novo UCHIME
chimera filtering as implemented in vsearch (Lanzén et al., 2012), with
SilvaMod version 138 as the reference database (Lanzén et al., 2021).2

Then, we applied LULU post-clustering curation with a minimum
97% similarity cutoff point (Frøslev et al., 2017) to correct the
remaining sequencing artifacts and merge OTUs with intra-specific
or intra-genomic differences. Final SWARM OTUs were aligned to
SilvaMod version 138 using blastn version 2.6.0 + and taxonomically
classified using CREST version 3.1.0 (Lanzén et al., 2021). The data
set was deposited in the NCBI Sequence Read Archive (SRA) database
under accession number ID PRJNA763109.

Predicted cross-contaminant reads were removed using a
procedure analogous to UNCROSS (Edgar, 2016) by setting sample-
specific OTU abundances to zero when encountered at an abundance
below 2% of the average OTU abundance across samples. In addition,
in order to compensate for the possible bias introduced by uneven
sequencing depths, OTUs present with a maximum abundance across
samples below 0.01% were discarded (Elbrecht et al., 2018).

The functional predictions of microbial communities involved in
the main biogeochemical cycles were determined using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States, version 2 (PICRUSt2) from the 16S rRNA gene sequences
(Douglas et al., 2020). The recommended maximum NSTI cutoff
point of 2 was implemented by default in PICRUSt2 to prevent
unconsidered interpretation of overly speculative inferences
(Douglas et al., 2020), which excluded 2.2% of OTUs (211 out
of 9,557). These removed OTUs represented 1.1% of the relative
abundance of the microbial community. The Kyoto Encyclopedia

1 https://www.arb-silva.de/search/testprime

2 https://github.com/lanzen/CREST

of Genes and Genomes (KEGG) databases were used for functional
prediction annotation and metabolic pathways analysis. The
weighted nearest sequenced taxon index (NSTI) was calculated to
assess the accuracy of PICRUSt analysis (Langille et al., 2013). The
KOs associated with nitrogen, sulfur, and carbon metabolisms were
identified.

Statistical analysis

Statistical analyses were run in R environments3 using vegan
packages (Oksanen et al., 2019). Alpha diversity indices (including
species richness, Shannon—Wiener, and evenness) of microbial
community were calculated for each sample based on the rarefied
OTU table using the alpha function of the vegan package in R.

Multiple comparison of gas flux was computed by applying
the least significant difference (LSD) test within the “agricolae”
package using the “LSD.test” function for multiple comparisons
after the ANOVA test. Permutational multivariate analysis of
variance (Permanova) was performed to estimate the effect of
physical–chemical parameters on the microbial communities (999
permutations). Microbial community similarity was performed by
non-metric multidimensional scaling (NMDS), based on Bray–Curtis
index, correlating communities with physical–chemical parameters.
The significant environmental variables were fitted to the NMDS as
vectors with the envfit function on the R statistics software.

Linear discriminant analysis effect size (LEfSe) (Segata et al.,
2011) was performed to determine significant seasonal and
spatiotemporal OTUs biomarkers among the most abundant genera.
Briefly, the non-parametric Kruskal–Wallis (KW) sum-rank test
was first applied to detect significant differential taxa abundance
(p < 0.05). Then, the biological consistency was investigated by
performing a Wilcoxon pairwise test (p < 0.05). The linear
discriminant analysis (LDA) threshold was set up to 2 and 1,000
bootstrap interactions. The chordogram profile, performed using
the chordDiagram function, showed the distribution of functions
in each sample. Ternary plot performed using the PAST software
presented the distribution of functions according to the layer depths.
Principal component analysis (PCA) showed the distribution of
samples and the functional genes correlating microbial community
with the environmental factors.

Results

Physical–Chemical characterization

Microbial activities were estimated by the production of CO2,
N2O, and CH4 in soil from each station (Supplementary Table 1).
The main difference was observed for CO2 fluxes, with station S3
showing higher CO2 fluxes (ANOVA, p < 0.01) in both seasons.
The three stations showed similar CH4 fluxes in summer, but
they exhibited different CH4 fluxes in winter (ANOVA, p < 0.1)
(Supplementary Table 1). Station S3 differs from stations S1
and S2 in physical–chemical parameters (Supplementary Table 2
and Supplementary Figure 2). Such a difference was expected

3 http://www.rproject.org
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since the sampling stations represent a gradient of surface water
persistence in the wetland. The soil is usually submerged at
S1, intermittently flooded at S2, and covered by halophytes at
S3. Furthermore, considering all physical–chemical parameters,
significantly different characteristics were also observed according to
layers (two-way ANOVA, p < 0.005), except at S1 with layer L3 having
similar physical–chemical characteristics as layer L2 (Supplementary
Table 2). The NMDS showed that layer L1 is linked with higher
ion concentrations and low (ORP, −155 ± 193 mV), while L2 has
higher redox (ORP, 88 ± 118 mV) and soil texture (silt, sand, clay;
Supplementary Figure 2). The differences between L1 and L2 were
further supported by two-way ANOVA (Supplementary Table 2).
Noteworthy, the layers showed distinct ORP with seasonal variability
(Supplementary Table 2), probably related to the difference in soil
temperature observed between winter (9◦C) and summer (28◦C).
However, despite the observed differences, the general trend was that
the negative ORP values of the soil surface (L1) shifted to positive
ORP values in depth (L2 first and then L3).

Microbial community composition

To determine the microbial community organization, the
microbial composition was characterized by 16S rRNA gene
barcoding. A total of 483,501 reads were obtained from 42
samples. The rarefaction curves showed a plateau (Supplementary
Figure 3), indicating that the sequencing effort was sufficient to
assess the prokaryotic diversity, except for the sample S.S1.L2.R3
that has been removed for the analysis because the number of
sequences obtained is low. After trimming, the retained 287,781
sequences were distributed within 1,158 OTUs (Table 1). The
microbial community was composed of 74% of Bacteria (21 main
phyla) and 26% of Archaea (5 main phyla) (Figure 2). The
microbial richness and diversity indices were significantly different
between the samples (ANOVA, p < 0.05, Table 1), showing
that the microbial communities were affected by the conditions
prevailing in the stations according to layers and seasons. In
all stations, Pseudomonadota (15–33%), Gemmatimonadota (6–
16%), Bacteroidota (6–13%), and Desulfobacterota (3–9%) phyla
dominated the Bacteria, while Halobacteriota (18–31%) phylum
dominated the Archaea (Figure 2), representing 93% of the Archaea.
Although the samples showed similar patterns, it is worth noting
that some differences can be observed. Especially, Bacteroidota were
more abundant in layer L1 of stations S2 and S3 in winter, while
Halobacteriota were more abundant in layer L2 of stations S2 and
S3 in summer (Figure 2). In addition, the relative abundance of
Actinobacteriota and Deinococcota decreased with depth and season.
To further characterize the differences, multivariate analyses were
conducted.

Spatiotemporal microbial community
distribution

The comparison of microbial communities by NMDS separated
the layers L1, L2, and L3 in clusters and then according to the stations
(S1, S2, and S3) and seasons (summer and winter) (Figure 3A), which
was consistent with PERMANOVA indicating that the variation
between samples was explained mainly by layers (R2 = 0.2, p < 0.001),

stations, and seasons (Figure 3B). It is likely that the microbial
community organization was driven by environmental factors, with
L1 being controlled by ion concentrations, OM, and total nitrogen,
whereas L2 was mainly influenced by redox (Figure 3A).

Linear discriminant analysis effect size revealed OTUs found
significantly more abundant according to layers (Figure 4A), stations
(Figure 4B), and seasons (Figure 4C), which serve as biomarkers
(Mehrshad et al., 2013). Layer L1 was characterized by seven
OTU biomarkers, which are usually detected in hypersaline
ecosystems, some of them being detected in salt-saturated
ecosystems with pH around 8, conditions prevailing at Salineta
wetland. These OTU biomarkers include five bacterial OTUs
affiliated to the Anaerolineaceae family and the Salinarimonas,
Rhodopirellula, Desulfonatronobacter, and Aliifodinibius genera;
and two archaeal OTUs affiliated to the Halorubellus genus and
Halodesulfurarchaeum formicicum (Figure 4A). Three OTUs related
to Coxiella and Anaerophaga genera and the Balneolaceae family
were the biomarkers for layer L2.

Regarding station biomarkers, only two OTUs were identified
for station S3 that were affiliated with the archaeal Haloplanus and
Halonotius genera (Figure 4B). These biomarkers further support
the specificity of station S3 that differs from stations S1 and
S2 in physical–chemical parameters (Supplementary Table 2 and
Supplementary Figure 2), being covered by halophytes. Seasonal
biomarkers were also identified (Figure 4C), three for winter
(Halanaerobium, Coxiellaceae genus 1, and Candidatus Halobonum)
and two for summer (Halofilum ochraceum and Desulfovibrio),
supporting seasonal fluctuation, probably related to the salinity
variations according to wet and dry periods.

Functional distribution

To estimate whether the functional capabilities involved in
the main biogeochemical cycles (nitrogen, sulfur, and carbon) are
affected by taxonomic composition variability, functional profiles
were determined by PICRUSt2, with an NSTI score of 0.32 showing
the accuracy of the prediction analysis. Although predictive, such
an approach is a useful tool to obtain an overview of specific
microbial process dynamics (Menéndez-Serra et al., 2019). Focusing
on nitrogen, sulfur, and carbon metabolisms, the functional profiles
were similar in all samples (Figure 5A and Supplementary Table 3).
Considering the differences observed in the microbial community
(Figure 3A), this observation indicated that the same metabolic
functions are ensured by different microbial communities. Except
for nitrification, the metabolic functions were equally distributed
according to layers (Figure 5B), characterized by different redox
(ANOVA, p < 0.05) suggesting functional redundancy. However, the
PCA based on functional groups (Figure 5C) showed a dispersion
of the microbial communities, confirming the distribution and
differences observed with the phylogenetic analysis (Figures 3A, B).
The distribution is explained by the presence of different KOs for each
functional group (Figure 5D), confirming the functional redundancy.

Metabolic function associations

The correlation analysis between the studied functional
groups (Figure 6A) showed a significant (p < 0.05) and positive
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TABLE 1 Alpha diversity indices of prokaryotic community from the study sites located at the stations S1, S2, and S3 in Salineta wetland in winter (W) and
summer (S) in different layers (L1, L2, and L3).

Indices Stations

S1 S2 S3

L1 L2 L3 L1 L2 L1 L2

Reads W 39126± 6540a 40536± 11948a 43489± 9118a 45297± 18095a 31602± 5187a 39515± 2538a 36334± 8543a

S 34672± 3461a 25392± 19798a 19286± 2748a 29249± 5697a 28812± 8666a 38386± 8977a 31805± 10261a

Trimmed sequences W 211867± 687a 26174± 6874a 27235± 4398a 22464± 2365a 20519± 3214a 22401± 2295a 22319± 4863a

S 21206± 3915a 22380± 275a 12253± 1691a 17889± 2204a 17801± 5638a 22831± 6381a 19911± 6611a

Species richness (R) W 1635± 58ab 1004± 229c 1106± 59c 1919± 69a 1337± 158bc 1878± 71a 1308± 323bc

S 1253± 186ab 1032± 98abc 579± 44b 855± 232b 664± 135b 1706± 283a 848± 240b

Simpson (1-D) W 0.98± 0.004abc 0.97± 0.002c 0.98± 0.004bc 0.98± 0.002a 0.95± 0.057abc 0.99± 0.003ab 0.98± 0.014ab

S 0.98± 0.004a 0.97± 0.002a 0.98± 0.0005a 0.99± 0.0009a 0.99± 0.002a 0.99± 0.0008a 0.99± 0.001a

Shannon (H) W 5.39± 0.11bc 4.77± 0.38d 4.96± 0.01cd 6± 0.09a 5.68± 0.19ab 5.91± 0.11ab 5.81± 0.06ab

S 5.24± 0.34ab 4.98± 0.09ab 5.25± 0.23ab 5.21± 0.29ab 4.63± 0.61b 5.71± 0.06a 5.14± 0.27ab

Pielou Evenness (E) W 0.73± 0.011bc 0.7± 0.03c 0.7± 0.0069c 0.8± 0.01a 0.8± 0.01ab 0.78± 0.01ab 0.81± 0.03a

S 0.73± 0.032a 0.72± 0.003a 0.82± 0.03a 0.77± 0.02a 0.71± 0.11a 0.77± 0.02a 0.77± 0.02a

Mean± SD are presented (n = 3; except for S.S1.L2, n = 2).
The same small letter indicates no significant difference of means compared by ANOVA, p < 0.05.

FIGURE 2

Microbial community composition of the 10 most abundant phyla in different layers (L1, L2, L3 or L1, L2) from each station (S1, S2, S3) at summer (S, dry
period) and winter (W, wet period). Each bar plots represents the mean of three biological replicates (except for S.S1.L2, n = 2). Others represent phyla
with relative abundance <5%.

correlation between the functions involved in the sulfur cycle,
with the functions related to the nitrogen cycle including
denitrification, dissimilatory nitrate reduction to ammonium
(DNRA), and complete ammonium oxidation (COMAMMOX),
but not significantly correlated with nitrogen fixation and
nitrification. Noteworthy, the functions involved in the sulfur
cycle were positively correlated with the functions of the carbon
cycle (Figure 6A). When the methane metabolism functions
(methanogenesis and methanotrophy) were abundant, the sulfate
reduction functions were also abundant. Particularly, the layers
showing the lowest redox at the S1 station exhibited abundant
methane metabolism and sulfate reduction functions, especially
layer L1 at both seasons (Figure 6B). In addition, it is important
to note that these functions were more abundant during the

wet season (winter), showing the effect of flooding on microbial
functions.

Discussion

The ephemeral saline lake of Salineta wetland is driven by the
hydric regime (Castañeda and García-Vera, 2008) that results in three
different landscapes (Dominguez-Beisiegel et al., 2011) observable
according to the water flooding conditions: usually submerged soil
(station S1), intermittently flooded soil (station S2), and soil being
vegetated with halophytes (station S3). The microbial activities,
estimated by gas fluxes (CO2, N2O, and CH4), were different in the
three stations, being particularly observable in winter for methane
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FIGURE 3

Comparison of microbial communities. (A) Non-metric multidimensional scale (NMDS) at OTU level in different layers (L1, L2, L3 or L1, L2) from each
station (S1, S2, S3) at summer (S, dry period) and winter (W, wet period). The significant environmental variables are represented by vectors.
(B) PERMANOVA partitioning (R2 value, p < 0.001) according to layers, stations, seasons, and their interactions. Three biological replicates (except for
S.S1.L2, n = 2) were analyzed per sample.

fluxes. It has been shown that the production of greenhouse gases is
affected by flooding and variations in salinity (Ringeval et al., 2010;
Kroeger et al., 2017), which relies on the control of microbial activities
by the dynamics of redox gradients (Reddy and DeLaune, 2008),
suggesting that the flooding conditions affect the microbial activities
in Salineta wetland. Consistently, we observed physical–chemical
differences between the three landscapes, particularly according to
ORP, but the more stricky observation was the stratification of the soil
exhibiting significantly different physical–chemical characteristics
according to layers. Especially, ORP negative values were observed
at the soil surface shifting to positive ORP values with depth, despite
the seasonal variations. Such observation constitutes a distinctive
feature of the Salineta wetland in comparison to other subaqueous
ecosystems where the ORP decreases with depth, such as in marine
sediments (Kristensen, 2000). The seasonal presence of different types
of salt crusts, the physical and chemical characteristics of soil and
water, and the hydric regime of the Salineta wetland (Castañeda
and García-Vera, 2008) as well as the OM content (Schultz, 2000)
may explain the observed reversed redox gradient in the soil profile,
which affects the microbial community assemblages. Future studies
will benefit from the fine-scale determination of oxygen and sulfide
micro-profiles to better characterize redox gradients in the soil.

The microbial community characterization by 16S rRNA gene
meta-barcoding analysis revealed that above 26% of the sequences
belonged to Archaea. Although the inherent biases of the sequencing
approach for the quantification, it is important to note that Archaea
have been found in similar proportion in hypersaline ecosystems,
such as the Karak Salt Mine, Pakistan (Cycil et al., 2020), and

ocean waters (Karner et al., 2001). Archaea often make the main
component of the microbial community in hypersaline systems
(Andrei et al., 2012). They have also been found abundant in
many extreme ecosystems (Kan et al., 2006; Bruneel et al., 2008)
and hydrocarbon-polluted sediments (Stauffert et al., 2014) where
they play an important role in biogeochemical cycles influencing
the emission of greenhouse gases (Offre et al., 2013). It has been
demonstrated that the Archaea proportion reflects the influence of
the differences in environmental parameters (Wang et al., 2020).
The alpha diversity indices were significantly different between
the samples (ANOVA, p < 0.05, Table 1), indicating that the
microbial communities were affected by the conditions prevailing
in the stations according to layers and seasons. The dominant
Bacteria (Pseudomonadota, Gemmatimonadota, Bacteroidota, and
Desulfobacterota) and Archaea (Halobacteriota) phyla observed in
Salineta wetland include genera usually found dominant in sediment
from hypersaline and saline lakes (Dong et al., 2006; Menéndez-Serra
et al., 2019), microbial mats (Kirk Harris et al., 2013; Bolhuis et al.,
2014; Mazière et al., 2021), and salt mines (Cycil et al., 2020).

The Pseudomonadota phylum was dominated by
Thiohalorhabdus (4%), Acidithiobacillaceae group RCP1-48 (4%),
and Wenzhouxiangella (2%) genera (representing, respectively, 8,
8, and 4% of the phylum) that have been found in hypersaline
ecosystems (Sorokin et al., 2008; Caton and Schneegurt, 2012;
Zhang et al., 2020). Members of the Thiohalorhabdus and
Acidithiobacillaceae group RCP1-48 are known to play an important
role in sulfur and iron compounds oxidation (Sorokin et al., 2008;
Arce-Rodríguez et al., 2020), while Wenzhouxiangella, described
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FIGURE 4

Linear discriminant analysis effect size (LEfSe) identifying microbial genera specifically more abundant according to (A) layers (L1 and L2), (B) stations (S1,
S2, and S3), and (C) seasons (summer and winter, dry and wet periods, respectively).

as a predator of Gram-positive bacteria cells, exhibit proteolytic
activity (Sorokin et al., 2020). The aerobic anoxygenic phototroph
Gemmatimonas genus dominating the Gemmatimonadota (0.01,
0.1% of the phylum) has been detected in gypsum-rich soil (Yuan
et al., 2021). Its ability to grow under micro-oxic conditions (Zeng
et al., 2015) provides advantages to survive in intermittently flooded
soil (Yuan et al., 2021), such as in the Salineta wetland. In addition,
members of the Gemmatimonas genus have been found in the
rhizosphere of alkali vegetation (Yue et al., 2020; Borsodi et al.,
2021) playing a key role in vegetated saline soil, as OM-decomposing
and polyphosphate-accumulating bacterium (Mau et al., 2015).
The Bacteroidota was dominated by the Gillisia genus (1.4%,
representing 7.7% of the phylum), in which members have been
detected in cold saline (Dorador et al., 2009; Maida et al., 2014)
and athalassohaline (Montoya et al., 2013) environments. The
pangenome of the Gillisia genus reveals the presence of genes
involved in the adaptation to cold and high salinity (Maida et al.,
2014). The Geothermobacter (2.3%) and Desulfovermiculus (2.2%)
were the dominant genera of the Desulfobacterota, representing,
respectively, 19.1 and 18.1% of the phylum. The Geothermobacter
genus, iron-reducing bacterium (Gomez-Saez et al., 2017), and the
Desulfovermiculus, sulfate-reducing bacterium (Nigro et al., 2020)
are usually found in hypersaline environments where they play a key
role in iron and sulfur cycling. The archaeal phylum Halobacteriota
was dominated by Halapricum (6.1%), Halorubrum (3.6%), and
Natronomonas (2.2%) genera (representing, respectively, 12, 7, and
4.3% of the phylum), isolated in hypersaline ecosystems where

they often represent the dominant archaeal taxa (Tu et al., 2022).
Halorubrum and Natronomonas are known as aerobes (Mora-Ruiz
et al., 2018), while Halapricum is a sulfate-reducing archaeon
(Sorokin et al., 2022). Beside these genera from the dominant
phyla, it is worth noting the presence of Halanaerobium (8.3%,
representing 83.4% of the Halanaerobiaeota) and Truepera (8.5%,
representing 99.8% of the Deinococcota), chemoorganotrophic
strictly anaerobic and aerobic bacteria, respectively (Oren, 2015;
Albuquerque et al., 2018), which are detected in hypersaline
ecosystems (Boidi et al., 2022; Solchaga et al., 2022). Therefore, such
observation indicated that the microbial community inhabiting the
Salineta wetland is characteristic of extreme saline environments.

The comparison of microbial communities from the different
landscapes revealed that layer (depth) was the main factor explaining
the microbial distribution (PERMANOVA: R2 = 0.2, p < 0.001). The
layers were identified according to soil colors, which rely on chemical
and physical characteristics (Kalev and Toor, 2018), particularly the
ORP gradient from low (ORP, −155 ± 193 mV) at the surface to
higher redox (ORP, 88± 118 mV) in the deeper layer. Such microbial
distribution according to depth was in accordance with previous
reports, showing a relationship between microbial community
structure and the variation of physical–chemical parameters with
depth in microbial mats (Fourçans et al., 2004) and marine sediments
(Böer et al., 2009). Furthermore, the microbial biomarkers revealed
by LEfSe were affiliated with five bacterial OTUs (belonging to
the Anaerolineaceae family and the Salinarimonas, Rhodopirellula,
Desulfonatronobacter, and Aliifodinibius genera) and two archaeal
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FIGURE 5

Predicted functional analysis for sulfur, nitrogen, and carbon metabolism inferred from 16S rRNA gene data (PICRUSt2). (A) Chordogram showing the
distribution of functions among samples. (B) Ternary plot showing the distribution of functions among layers. (C,D) Principal component analysis (PCA)
showing the distribution of samples based on the PICRUSt2 predictive functions, and the functional genes, respectively. Winter, W (wet period); Summer,
S (dry period); Stations: S1, S2, S3; Layers: L1, L2, L3.

OTUs (Halorubellus genus and H. formicicum) for the upper layer.
Consistent with low ORP observed at the upper layer L1, these OTUs
are affiliated with taxa detected in hypersaline ecosystems exhibiting
strictly (Anaerolineaceae, Desulfonatronobacter, Aliifodinibius,
H. formicicum) or facultative (Salinarimonas, Rhodopirellula)
anaerobic metabolisms (Cai et al., 2011; Cui et al., 2012; d’Avó
et al., 2013; Sorokin et al., 2015, 2017; Sugihara et al., 2016). They
have also been shown to possess adaptation capacities to sudden
environmental changes (Wecker et al., 2009; Cui et al., 2012) that
might explain their adaptation to the extreme and fluctuating
environmental conditions prevailing at Salineta wetland, especially at
the surface soil layer. Interestingly, members of the Anaerolineaceae
have been found associated with methanogens (Liang et al., 2015),
further supporting that the surface L1 layer was dominated by
anaerobic metabolisms.

For the deeper layers, the biomarkers revealed by LEfSe analysis
correspond to OTUs affiliated with halophilic bacteria found in
hypersaline ecosystems. They include Coxiella, Anaerophaga, and
Balneolaceae for layer L2, exhibiting anaerobic metabolism (Song
et al., 2021; Wu et al., 2022). This finding is in agreement with
the reversed redox gradient observed in the Salineta wetland.
The dominance of Coxiella, a genus of endosymbiont bacteria
pathogenic for humans and animals (Lory, 2014), is surprising,
although the presence of Coxiella has been linked to cyanobacterial
and algal blooms (Li et al., 2011) in agreement with their
lifestyle. Furthermore, members of the Coxiella genus have been
detected in seawater associated with urban wastewater inputs

(Fonti et al., 2021). The farming activities around the Salineta
wetland and the presence of migratory birds represent potential
sources of Coxiella since it has been detected in the feces of livestock
(Mcquiston and Childs, 2002) and wild birds (Ebani and Mancianti,
2022).

Linear discriminant analysis effect size also identified Haloplanus
and Halonotius as microbial biomarkers for the halophytes vegetated
soil (station S3). Haloplanus and Halonotius are extremely halophilic
archaea, members of which have been isolated from various
hypersaline environments (Elevi Bardavid et al., 2007; Burns
et al., 2010; Cui et al., 2010). It is likely that the OTUs
identified as biomarkers for station S3’s own metabolism well
adapted to the environmental fluctuation, including variations
in salinity, temperature, and UV radiation (Youssef et al.,
2012). Finally, LEfSe revealed different biomarkers according to
seasons, reflecting probably the variations of not only salinity
according to wet and dry periods but also temperature and sun
irradiance. The biomarkers taxa have been detected in hypersaline
ecosystems: Candidatus, Halobonum, and Halanaerobium, archaeon
and sulfidogenic bacterium, respectively (Abdeljabbar et al., 2013;
Ugalde et al., 2013) for winter (wet period), and Desulfurivibrio,
sulfidogenic bacterium (Sorokin et al., 2008) for summer (dry
period). The dominance of sulfidogenic bacteria in both seasons is in
agreement with the fact that the microbial sulfur cycle is among the
most active in alkaline hypersaline lakes (Sorokin et al., 2011). The
fact that different taxa ensure similar functions according to seasons
suggests functional redundancy.
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FIGURE 6

Functional group correlations and distributions. (A) Pearson’s correlations between sulfur, nitrogen, and carbon metabolisms. Blue, positive correlations;
red, negative correlations. (B) Correlation between methane and dissimilatory sulfate reduction metabolisms. Labels indicate sample names: seasons,
summer (S, dry period) and winter (W, wet period); stations (S1, S2, S3); layers (L1, L2, L3).

The PICRUSt2 functional capabilities of microbial communities
inferred from 16S rRNA gene meta-barcoding data revealed similar
functional patterns, irrespective of the layer, the landscape type,
or the season. Consistently, the functional distribution within the
microbial community assessed by PCA was explained by the presence
of different KOs for each functional group. Such observations suggest
functional redundancy; however, further analyses are requested to

understand the adaptation strategies for maintaining biogeochemical
cycle functioning. Future research will benefit from functional
untargeted metagenomic analyses to understand microbial functions
in the Salineta hypersaline wetland. Functional redundancy was
observed in many ecosystems (Staley et al., 2016; Louca et al., 2018),
allowing the microbial community to cope with fluctuating
environmental conditions (Stauffert et al., 2014; Terrisse et al., 2017).
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Sulfur cycle functions were positively correlated with nitrogen
cycle functions (denitrification, DNRA, and COMAMMOX) but
not significantly correlated with nitrogen fixation and nitrification.
Nitrogen and sulfur cycles are important for ecosystem functioning,
and they are coupled in aquatic sediment (Zhu et al., 2018). Our
results suggest that the sulfur cycle affects the nitrogen metabolism,
some reactions involved in nitrogen species transformation, but not
the overall nitrogen cycle functioning. The functions involved in the
sulfur cycle were also positively correlated with the functions of the
carbon cycle involved in carbon fixation and methane metabolism.
Noteworthy, methane metabolism functions (methanogenesis and
methanotrophy) were abundant on the surface layer exhibiting the
lowest ORP, particularly in the usually submerged soil (station S1).
In general, the microorganisms involved in methane metabolisms
are described in depth layers with negative redox (Jørgensen, 1982;
Kristensen, 2000), competing for carbon sources or establishing
syntrophic interactions (Schink and Stams, 2006). Our results suggest
that in the reverse redox gradient, methanogens and sulfate reducers
are present at the upper layer of the soil, being more abundant
during the wet season (winter) showing the effect of flooding on
microbial functions. The coexistence of methanogens and sulfate
reducers has been described in various ecosystems, such as saline
coastal areas (Egger et al., 2016), salt marshes (Parkes et al., 2012),
and athalassohaline lakes (Montoya et al., 2011). It has been shown
that methanogenesis and sulfate reduction can be coupled even
at elevated sulfate concentrations, the competition for a common
substrate controlling the activities (Sela-Adler et al., 2017). However,
factors favoring sulfate reduction, such as increasing salinity (Huang
et al., 2020), resulting in decreasing methane fluxes (McGenity,
2010; Marton et al., 2012). In contrast, the input of freshwater from
flooding events reducing salinity favors methane fluxes (McGenity,
2010) and greenhouse gas emissions (Helton et al., 2018). It is likely
that climate change with more frequent rainfalls accompanied by
heavy flooding events as well as human activities such as intensive
agriculture involving important irrigation threatens the equilibrium
of ephemeral saline lakes by modifying particularly redox gradient,
which, in turn, affects greenhouse gas emissions. Thus, the Salineta
wetland represents an adequate model to study the effects of climate
change on saline wetlands that would provide information on
microbial community modifications and their ecosystem services.

Conclusion

The three sampling stations in the Salineta wetland, within
a gradient of water presence (S1 soil usually submerged, S2 soil
intermittently flooded, and S3 covered by halophytes), were all
characterized by reversed redox gradient in the soil profile (increasing
from surface to subsurface soil layer). Thus, the soil layers were the
main drivers explaining microbial diversity distribution. Although
they exhibited different taxonomic microbial communities, the
predictive functional analysis revealed similar functions involved in
the main biogeochemical cycles (nitrogen, sulfur, and carbon) in all
the soil layers, suggesting functional redundancy. It is likely that
the microbial communities inhabiting the Salineta wetland are well
adapted to the extreme environmental conditions, characterized by
high salinity, high radiance, and seasonal drying. The functioning
in this highly dynamic ecosystem is ensured by the redundancy
of the biogeochemical cycle functions. Our study provides the first

microbial inventory of the Salineta wetland, which is threatened
by the direct input of agrochemicals and freshwater from the
surrounding irrigated areas. As a consequence, the water change to
less saline and polluted may modify the environmental parameters
including the redox gradient, which, in turn, affect microbial
communities dramatically disturbing the ecosystem. The information
from our results is then useful to monitor and manage such an
extreme wetland exposed to human activities.
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