
Citation: Gagnon, J.-C.; Astorg, L.;

Derry, A.M.; Lazar, C.S. Response of

Prokaryotic Communities to

Freshwater Salinization. Appl.

Microbiol. 2022, 2, 330–346.

https://doi.org/10.3390/

applmicrobiol2020025

Academic Editor: Gabriella Caruso

Received: 25 March 2022

Accepted: 13 May 2022

Published: 19 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Response of Prokaryotic Communities to
Freshwater Salinization
Jean-Christophe Gagnon 1,2 , Louis Astorg 1,2, Alison M. Derry 1,2 and Cassandre Sara Lazar 1,2,*

1 Department of Biological Sciences, University of Québec at Montréal, Montréal, QC H3C 3P8, Canada;
gagnon.jean-christophe.2@courrier.uqam.ca (J.-C.G.); astorg.louis@courrier.uqam.ca (L.A.);
derry.alison@uqam.ca (A.M.D.)

2 Interuniversity Research Group in Limnology/Groupe de Recherche Interuniversitaire en Limnologie (GRIL),
Montréal, QC H3C 3P8, Canada

* Correspondence: lazar.cassandre@uqam.ca; Tel.: +1-(514)-987-3000 (ext. 3963)

Abstract: Each year, millions of tons of sodium chloride are dumped on roads, contributing to the
salinization of freshwater environments. Thus, we sought to understand the effect of sodium chloride
(NaCl) on freshwater lake prokaryotic communities, an important and understudied component
of food webs. Using mesocosms with 0.01–2.74 ppt NaCl (0.27–1110.86 mg/L Cl−), we evaluated
the effect generated on the diversity and absolute abundance of prokaryotic populations after three
and six weeks. A positive relationship between Cl− values and absolute bacterial abundance was
found after three weeks. The influence of eukaryotic diversity variation was observed as well.
Significant differentiation of bacterial communities starting at 420 mg/L Cl− was observed after three
weeks, levels lower than the Canadian and US recommendations for acute chloride exposure. The
partial recovery of a “pre-disturbance” community was observed following a drop in salinity at the
threshold level of 420 mg/L Cl−. A gradual transition of dominance from Betaproteobacteria and
Actinobacteria to Bacteroidia and Alphaproteobacteria was observed and is overall similar to the
natural transition observed in estuaries.

Keywords: salinization; freshwater; bacteria; archaea; sodium chloride; eukaryotic diversity; 16S
rRNA gene

1. Introduction

Each year, millions of tons of road salt, mainly composed of sodium chloride (NaCl),
are applied onto roads in northern regions, some of which can enter waterways during
spring melts. Despite the regulations in place [1] to limit the acute (640 mg/L Cl− [2])
or chronic (120 mg/L Cl−) toxicity of chloride on sensitive species (daphnids and am-
phipods [3]), elevated salt application in northern regions increases the prevalence of
freshwater salinization [4,5].

Microbial communities are crucial components of food webs in aquatic ecosystems,
comprising eukaryotes (fungi, algae, protozoans, ciliates, etc.) and prokaryotes (archaea
and bacteria). In conjunction with our study, the research by Astorg et al. [6] uncovered the
effect caused by Cl− at concentrations of 0.27–1400 mg/L Cl− on eukaryotic communities.
Overall, although there was no change in total phytoplankton biomass, a transition from
Cryptophyta and Chlorophyta to Ochrophyta dominance with increasing salinity was
present. Combined with the disappearance of rotifers and zooplankton, these results are
consistent with several studies that affirm the sensitivity of zooplankton to salinity [7–10],
both following sudden and gradual exposure [11], although the development of tolerance
is possible [12,13] and each species has its salinity optimum [14].

The effect of the addition of sodium chloride on prokaryotic community structures
has been widely studied in environments with a natural salinity gradient such as estuar-
ies [15–17]. In these studies, a general transitional trend is observed, with Betaproteobac-
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teria dominating the freshwater parts of estuaries, while Alphaproteobacteria dominate
in salty environments. On the other hand, other groups can be dominant, notably the
Gammaproteobacteria in saline environments, and the Deltaproteobacteria and Epsilon-
proteobacteria in fresh waters. However, the phylum Bacteroidetes has been “found in all
marine and freshwater systems frequently as one of the dominant bacterial groups” [18].
Although other factors such as viral lysis, predatorial grazing, nutrient concentrations,
or hydrological conditions have an influence as well, it is clear that the gradual change
of salinity in these natural salt gradient environments constitutes an essential factor that
drives part of the observed shift in estuarine prokaryotic communities. However, despite
existing studies [19,20], less is known about freshwater bacterial and archaeal communities
exposed to anthropogenic salt sources. The urgency to understand the extent of the possi-
ble consequences is growing as freshwater environments face the freshwater salinization
syndrome [21], which comes with an increase in water salinity and its alkalinization; this
problem has several sources, including agriculture and mining. In recent years, however,
the use of de-icing salt, mainly composed of NaCl, has been shown to be a major contributor
to this phenomenon, particularly at latitudes above 39◦ N [22] and near roads [23].

On a large scale, freshwater salinization could have disastrous repercussions on
freshwater organisms; it could also have a significant economic impact (e.g., reduction
in fishing and ecotourism, increase in the cost of water treatment [2,10,21–23]). In the
long term, a better understanding of the effects it has on the entire freshwater food web
is imperative in order to allow for better environmental monitoring and to anticipate
the possible consequences brought by the disturbances induced by road salt leaching in
freshwater habitats. With the increase in the number of roads [24], we must therefore
demystify the possible consequences that prokaryotic communities could face as they are
an important part of trophic webs, and a shift in community diversity, composition, or
relative and/or absolute abundance could alter primary production [24], which could lead
to a possible cascading effect should NaCl leach into natural freshwater environments—the
first step in the development of the freshwater salinization syndrome.

Our study is one of the first to assess community changes in the diversity and absolute
abundance of freshwater prokaryotes in a pristine lower Laurentians temperate lake in
response to increasing salinity. Our objectives were to: (1) determine the effect of salinity
on prokaryotic diversity and absolute abundance, in addition to identifying the taxa
affected by it; (2) establish whether a salinity threshold causes a significant differentiation of
prokaryotic communities as well as its relationship to the standards for chloride exposure;
(3) see the possible sources and overall trend of variation of prokaryotic communities
exposed to salinity. Thus, after three and six weeks of exposure, and using mesocosms
comprising different levels of salinity established in a pristine lower Laurentians temperate
lake, we employed 16S rRNA gene sequencing and digital polymerase chain reaction
(dPCR) to assess archaeal and bacterial gene abundance and community diversity shifts
as well as the community structure throughout the salinity gradient. As eukaryotes play
an important role in prokaryotic development, they will be considered as well throughout
this study, based on data from Astorg et al. [6], and it seems clearer to me this way,
and their abundance and diversity will be treated as an explanatory variable in order to
better consider the multiplicity of influences that can lead to changes in the diversity and
structure of prokaryotic communities. This would allow for a more holistic approach in
understanding a potential cascade effect driven by the impact that the introduction of NaCl
could have on food webs, which could indirectly affect prokaryotic communities.

2. Materials and Methods
2.1. Experimental Setup

During spring of 2018, mesocosm bags were placed in a freshwater Laurentian Lake (Lac
Croche, Laurentians Biological Station, Quebec, Canada—45◦59′17.34′′ N/74◦0′20.75′′ W,
Figure S1a), as detailed in Astorg et al. [6]. Installed in June 2018, the mesocosms were
made of polyethylene, with a total volume of 2000 L, and at a depth of 2.5 m. The bags were
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filled with water from Lac Croche that had been filtered using Wisconsin nets in order to ho-
mogenize the addition of zooplankton. A waiting time of 48 h was achieved before adding
NaCl. The addition of salt was carried out across the mesocosms, from 0.01 to 2.74 ppt
NaCl (Figure S1b), or from 10 to 2740 mg/L NaCl, using sodium chloride (99.9% molecular
grade NaCl), which induced chloride levels ranging from 0.265 to 1110.86 mg/L Cl−. In
addition, in the period from 23 June 2018 to 03 August 2018 during which the study took
place, an addition of 0.0193g of monopotassium phosphate (KH2PO4) was carried out twice
(6 July 2018, 20 July 2018) in order to compensate for the incurred loss of nutrients following
possible sedimentation or consumption by organisms.

2.2. Sampling and Physicochemical Measurements

A 1L sample from the salt-free mesocosm was used as the control sample at the start of
the experiment (T0). Each mesocosm was stirred, and 1L was collected from each mesocosm
with the use of autoclaved 1.14L glass bottles (VWR® CAT NO. 10754-820) that were triple-
rinsed beforehand. This was performed after salt addition (T0; 23 June 2018), after three (T3;
13 July 2018) and six weeks (T6; 3 August 2018) of incubation. The threshold of six weeks
of incubation was chosen to limit the “bag” effect in the mesocosms, in which an improper
water mixing or the disappearance of certain species (e.g., saprotrophic decomposers,
nitrate-reducing bacteria) could not ensure proper nutrient recycling and exchange, and to
keep an environment that was more representative of the pelagic communities.

To measure phosphorus levels, 50 mL of water from the mesocosms were collected
using a triple-rinsed syringe, to which a 0.45 µm syringe filter was added. The collected
water was contained in sterilized plastic cap vials. The total phosphorus (TP) measurement
was carried out according to the protocol by Wetzel and Likens [25]. Readings were
performed by spectrophotometry at a wavelength of 890 nm and compared to a standard
curve. Conductivity, salinity, pH, temperature, and dissolved oxygen (DO) were measured
with a YSI multi-parameter probe (model 10102030; Yellow Springs Inc., Yellow Springs,
OH, USA). Chloride (Cl−) concentrations after NaCl addition to the samples collected
were first assessed, followed by a triple bottle rinsing and then kept at 4 ◦C. Analysis was
carried out using Dionex DX-600 Ion Chromatography [26]. Further Cl− concentrations
were extrapolated from the conductivity values measured with the YSI probe, followed by
a regression carried out by linking the conductivity and Cl− (see Astorg et al. [6]).

2.3. Filtration, DNA Extraction, and dPCR

The water samples were filtered with 0.2 µm polyethilsulfone filters (Sartorius, Göttin-
gen, Germany). We used the DNeasy PowerWater® kit (Qiagen, Hilden, Germany) [27] to
extract DNA from the filters. The DNA was stored at−20 ◦C until use. Absolute abundance
based on the copy number of the 16S and 18S rRNA genes contained in each sample was
determined with digital polymerase chain reaction (dPCR) (Applied biosystems by Life
technologies). dPCR was carried out with a QuantStudio™ 3D device [28] using SYBR®

Green dye, adapting the methodology provided by ThermoFisher, Waltham, MA, USA [29],
for a volume of 1 µL DNA sample per chip. We measured the absolute abundance of ar-
chaea, bacteria, and eukaryotes (using DNA recovered from the Astorg et al. [6]). The DNA
samples from the different mesocosms were diluted in bacteria and eukaryotes to different
concentrations (1/25, 1/50) in order to avoid overloading the chips and thus to optimize
their reading. The samples used in the context of the archaeal dPCR were not diluted.
dPCR was performed using the bacterial primer pair B341F (5′-CCTACGGGIGGCIGCA-3′)
and B785R (5′-GACTACHVGGGTATCTAATCC-3′) [30], and the archaeal pair A340F (5′-
CCCTAYGGGGYGCASCAG-3′) and A915R (5′-GTGCTCCCCCGCCAATTCCT-3′) [31]. De-
tails about chip loading mixture, primers, and cycle steps are provided in Tables S1 and S2.

2.4. Sequencing and Sequence Processing

The 16S rRNA gene sequencing was carried out with the same primers as those used for
dPCR at the Center of Excellence in Research on Orphan Diseases platform (Department of
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Biological Sciences, UQAM) using Illumin Miseq. The raw sequence data were deposited in
the NCBI Sequence Read Archive, accession numbers SAMN17917512–SAMN17917568. All
analyses using the 18S rRNA gene diversity were based on data available in Astorg et al. [6].
The sequences obtained were analyzed using the mothur software (v.1.44.3, Schloss, Ann
Arbor, MI, USA [32]) and were classified using the SILVA database v.138 (Glöckner, Bremen,
Germany). Archaeal classification was further implemented, with reference sequences from
Liu et al. [33] and Zhou et al. [34]. The sequences were grouped into operational taxonomic
units (OTU) by grouping sequences with more than 97% similarity. When needed, the OTU
tables were rarefied to 19,582 reads for the bacterial 16S rRNA gene datasets. Archaeal 16S
rRNA gene reads were too low for rarefaction and subsequent statistical analyses.

2.5. Statistical Analyses

Statistical analyses were run using RStudio [35]. The α diversity indices (Shannon H)
were obtained with the raw OTU tables, using the phyloseq package (Bioconductor v3.12,
Buffalo, NY, USA [36]) with its plot_richness function. The values were used as a dependent
variable in the linear regressions, with Cl− values as the independent variable, in order
to see how much variance could be explained by salinity in diversity variation. To test
for differences in the salinity gradient between 3- and 6-weeks of exposure, in absolute
abundance numbers and α diversity indices, we carried out the Mann-Whitney-Wilcoxon
tests using the wilcox.test function in R. Spearman correlations between class/order relative
abundances on the 500 most abundant taxa and Cl− concentrations were performed using
the Phylosmith function [37], with rarefied and Hellinger transformed OTU tables, to see
the relationship between major taxa and salinity.

We used distance-based redundancy analysis (db-RDA) to determine which variables
had a significant impact on bacterial community composition (ß diversity). The bacterial
OTU table was Hellinger-transformed and used to calculate a Bray-Curtis dissimilarity
distance matrix. The explanatory variables included the environmental parameters (total
phosphorus, salinity, pH, temperature, dissolved oxygen, and chloride) as well as the
absolute abundance numbers of eukaryotes, archaea, and bacteria, and the eukaryotic
community composition. Indeed, not only abiotic factors influence bacterial community
composition, but also biotic factors such as the absolute abundance of other microbes
present, or the eukaryotes present, which can act as predators or positively interact with
the bacterial community. For this analysis, the eukaryotic community composition was
represented using the scores of the first 2 axes of a principal Coordinates Analysis (PCoA,
phyloseq package) ordination using 18S rRNA gene datasets available in Astorg et al. [6].
Non-normal variables were Box-Cox-transformed to approach a normal distribution. The
db-RDA was applied to the distance matrix and the set of explanatory variables using the
capscale function of the vegan package in R, and the significance of explanatory variables
was assessed with the anova function in R using 200 permutations. The unique and shared
contributions of each significant explanatory variable to bacterial community composition
was determined using variance partitioning with the varpart function of the vegan package
in R.

We used the linkage tree analysis (LINKTREE) of the PRIMER v.6 software package
(Clarke & Gorley, Plymouth, UK, GB [38]) to correlate thresholds of explanatory variables
with bacterial community composition (ß diversity) partitioned into groups (or clusters),
based on a Bray-Curtis dissimilarity distance matrix. We used the explanatory variables that
were shown to be significant after the db-RDA, and the Hellinger-transformed OTU table.
Differences between the 2 groups formed at each division were quantified with ANOSIM R
statistics [39]. R provided a measure of the degree of separation of 2 sample groups and
that were variable at each step of the partition sequence; because R is a linear function of
the average rank dissimilarity between sample groups, the original rank dissimilarities
during the first ranking step of the entire dataset were plotted on the y-axis using a %
scale (B%) [40]. The normalized bacterial OTU table was used to produce a PCoA (phyloseq
package) in order to view structural differences between samples. Bray–Curtis was used as
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a dissimilarity index, and the clusters created within the LINKTREE analysis were shown
for better visualization.

To test whether bacterial community composition varied significantly according to
the exposure time (3 or 6 weeks) and the sample clusters that were determined with the
LINKTREE analysis, we ran permutational multivariate analyses (PERMANOVA) on the
rarefied OTU tables in R, using the adonis function of the vegan package [41].

We determined which community was a source of the bacterial communities exposed
to the salinity gradient after 6 weeks (T6) using fast expectation-maximization for microbial
source tracking (FEAST [42]) in R, and based on the raw OTU tables without transformation.
For each bag, the sample from T6 was treated as a sink, and the corresponding sample
at T3 as well as the T0 sample (initial lake water used to prepare the mesocosms) were
considered as a source. Finally, we identified which OTUs differed significantly between
the clusters identified in the LINKTREE analysis by using a similarity percentage analysis
(SIMPER) with a Bray–Curtis matrix, combined with a Kruskal–Wallis test (α = 0.05). The
SIMPER analysis and the Kruskal–Wallis tests were produced using the Simperpretty and
Rkrusk functions [43] of the vegan package.

3. Results

All the temperature, conductivity, salinity, pH, and DO values established using the
YSI probe in the mesocosms at T0 as well as the Cl− values measured for that sampling
time are presented in Table S3. The temperature values, pH, Cl−, TP, DO, absolute bacterial,
archaeal, and eukaryotic abundances as well as bacterial, archaeal, and eukaryotic diversity
indices for T0 are available in Table S3, while values for T3 and T6 are made available in
Table S4. The values for the two main axes of the eukaryotic PCoA, representing eukaryotic
beta diversity and further used within the frame of the db-RDA and LINKTREE, are
available in Table S5.

3.1. Archaeal Absolute Abundance and 16S rRNA Gene Diversity

The recovered number of archaeal sequences was extremely low for half of the sam-
ples (below 100 reads); therefore, we could not carry out any statistical analyses on the
archaeal 16S rRNA gene datasets. Absolute abundance numbers were low (from 229 to
4824 gene copies/L) and were not significantly different between weeks 3 and 6 (Mann–
Whitney–Wilcoxon, p = 0.16). Regressions carried out on archaeal absolute abundance
and Cl− (Figure S2a) were not significant (p = 0.9050 for T3 and p = 0.1316 for T6), while
the regression carried out between archaeal absolute abundance and eukaryotic diversity
(Figure S3a) resulted in an R2 of 0.0024 (p = 1.015 × 10−5) for T3 and 0.0293 (p = 0.02291)
for T6. Regression carried out on archaeal diversity and Cl− are available in Figure S2b,
resulting in an R2 of 0.4273 (p = 0.0063) after 3 weeks (T3) and 0.3495 (p = 0.0006) after
6 weeks (T6), while the regression carried out between archaeal diversity and eukaryotic
diversity (Figure S3b) resulted in an R2 of 0.4203 (p = 0.9435) for T3 and 0.3448 (p = 0.76665)
for T6.

The T0 sample (lake water used to fill the mesocosms) was the only sample containing
a high number of reads (25,085), and it was dominated by Woesearchaeota subgroups 5a,
5b, and 8, unclassified Woesearchaeota, Methanoregula, and Micrarchaeales (Figure S4a).
The low absolute abundances and gene reads recovered in the subsequent mesocosm
experiences highlight a high sensitivity of the archaea to the addition of salt and/or
incubation. For the mesocosms exposed to the salt gradient after 3 weeks, we have results
for samples S0 (132 reads) and S05 (351). The sample which was not amended with salt (S0)
showed a shift to a dominance by the Woesearchaeota subgroup 24, and sample S05 was
dominated by the Rice Cluster I and the Woesearchaeota subgroup 24. For the mesocosms
exposed to the salt gradient after 6 weeks, we show results for samples S03 (214), S05
(171), S11 (348), S13 (643), S15 (233), and S20 (305), highlighting a higher number of reads
recovered after 6 weeks of exposure and in mesocosms with a higher amount of salt than
week 3. Samples S03–S13 were dominated by candidatus Nitrosotalea, whereas sample
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S15 was dominated by Woesearchaeota subgroup 8, and sample S20 was dominated by
Bathyarchaeota subgroup 6, Woesearchaeota subgroup 5a and 5b, and Methanoregula.

3.2. Bacterial Absolute Abundance, Alpha Diversity Indices, and 16S rRNA Gene Diversity

Bacterial absolute abundance values varied from 4.38 × 107 to 7.03 × 108 gene
copies/L, 4 orders of magnitude higher than that for the archaea (Table S4). Further-
more, the absolute abundances were not significantly different between weeks 3 and 6
(Mann–Whitney–Wilcoxon, p = 0.094). Regressions for bacterial absolute abundances and
Cl− (Figure 1a) resulted in an R2 of 0.6376 (p = 0.00085) at T3 and 0.1013 (p = 4.27 × 10−5) at
T6, showing that Cl− explained 63.8% of the variance in absolute abundance after 3 weeks,
and 10.1% of the variance after 6 weeks. Regressions for bacterial absolute abundances
and eukaryotic diversity (Figure S5a) had an R2 of 0.2063 (p = 0.0085) at T3 and 0.0012
(p = 4.277 × 10−5) at T6, showing that eukaryotic diversity indices further explained 20.6%
of the variance after 3 weeks and 0.12% after 6 weeks.
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Figure 1. (a) Regression of bacterial absolute abundance and chloride (Cl−) in mesocosms at T3 and
T6. (b) Regression of bacterial diversity (Shannon’s H) and Cl− in mesocosms after three (T3) and six
weeks (T6) of exposure.

Alpha diversity indices (Table S4) were not significantly different between weeks 3
and 6 (p = 0.86), showing that longer exposure time to an exogenous input of salinity did
not significantly change the diversity or abundance of bacteria after 3 weeks of exposure.
The regression between bacterial diversity and Cl− (Figure 1b) showed an R2 of 0.1661
(p = 0.00642) and 0.1664 (p = 0.0066) at T3 and T6, respectively, showing that Cl− explained
16.6% of the variance in diversity after 3 weeks and 16.6% after 6 weeks. Bacterial diversity
and eukaryotic diversity (Figure S5b) showed that eukaryotic diversity further explained
14.6% (p = 0.0177) of the variance after 3 weeks and 31.9% (p = 0.00247) after 6 weeks.

In the T0 sample, the community composition (Figure S6) was dominated by Acti-
nobacteria and Gammaproteobacteria, as well as by a noticeable percentage of the relative
abundance of Alphaproteobacteria and Bacteroidia. Throughout the salinity gradient, both
at T3 and T6, Actinobacteria were part of the dominant taxa in samples S0, S03, S05, and
S08 but were scarcer at higher salinity, while Alphaproteobacteria were shown to gradually
increase throughout the gradient, becoming the dominant taxa in samples S11, S13, S15, and
S20, both for the T3 and the T6 samples. Other taxa, such as Bacteroidia and Gammapro-
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teobacteria, showed inconsistent variation throughout the samples. Bacteroidia became
more dominant in samples S15, S18, and S20 of T6 but were also very present in samples S0
and S05 of the same sampling time. For T3, however, their relative abundance followed a
similar pattern in all samples, which were similar to the values in T0. Gammaproteobacteria
presented positive variations through the salinity gradient, but the most abundant order,
Burkholderiales, was seen to have a decreasing relative abundance along the gradient, thus
representing a transition of the dominant order within this class.

3.3. Correlation between Bacterial Taxa Relative Abundances and Chloride Levels

The Spearman correlation performed between the values of Cl− and the 500 most
abundant bacterial taxa, at the class (Figure S7a) and order (Figure S7b) levels, presents
a very strong significant and positive relationship (p ≤ 0.001) with Alphaproteobacteria,
but a very strong significant negative relationship (p ≤ 0.001) with Gammaproteobac-
teria, Oligoflexia, and Proteobacteria unclassified. Planctomycetes and Actinobacteria
showed a significative strong negative relationship (p ≤ 0.01), while Verrucomicrobiae,
Thermoleophilia, the SL56 Marine group, and bacteria (Unclassified) showed a significant
(p ≤ 0.05) negative relationship to the Cl− values. The tests were significant for samples
after 3 weeks, but not for samples after 6 weeks.

3.4. Correlation between Bacterial Beta Diversity and Abiotic Factors

The db-RDA (Figure 2a) indicated that salinity and eukaryotic community composi-
tion were strongly and significantly correlated with the bacterial community composition
(p = 0.001, Table S6), and that the TP (p = 0.012), temperature (p = 0.017), and absolute abun-
dance of eukaryotes (p = 0.044) were also significantly correlated with bacterial community
composition. We used variance partitioning to evaluate the unique and shared contribu-
tions of salinity, eukaryotic community composition, and absolute abundance of eukaryotes
to bacterial community composition (Figure 2b). Taken together, these factors explained
29.4% of the overall variation, with eukaryotic community composition describing it the
best (12%), while salinity explained 5.6%, and absolute abundance of eukaryotes explained
2.1%. Salinity and eukaryotic community composition had shared components explaining
9.8% of the mesocosm bacterial population variation.

The clustering of samples with the LINKTREE analysis (Figure 3) highlighted a total of
seven nodes, which were the regrouped into four clusters (K1, K2, K3, and K4) for further
analysis. Node G divided the highest salinity samples at week 3 (T3S15, T3S18, T3S20)
and week 6 (T6S15, T6S18, T6S20), which was explained by lower temperatures at week 3
compared to week 6, higher total phosphorus concentrations at week 3, higher eukaryotic
absolute abundances at week 3, and differences in eukaryotic community composition.
This division was then taken to create cluster K4 and K3. Node A divided the samples
between S0–S13 and S15–S20 and was explained by differences in the eukaryotic community
composition and higher salinity for samples S15–S20. Node B divided the samples into
mid-salinity (T3S11, T3S13, and T6S13) and low salinity (T0, T3S0, T3S05, T3S08, T6S0,
T6S03, T6S05, T6S08, and T6S11) and was explained by salinity. Samples T3S11, T3S13, and
T6S13 were grouped together to create cluster K2. Nodes C, D, E, and F further divided
the samples within the K1 cluster (T0, T3S0, T3S03, T3S05, T3S08, T6S0, T6S03, T6S05,
T6S08, and T6S11), which was the group exposed to the lowest salinity. Node C divided
the samples from week 3 and week 6 and was explained by lower temperatures at week
3 as compared to week 6. Node D isolated samples T3S08 from samples T0, T3S0, and
T3S05 and was explained by salinity, temperature, and eukaryotic community composition
differences. Node E further isolated sample T0 from samples T3S0, T3S03, and T3S05
and was explained by a lower temperature at T0 and eukaryotic community composition
differences. Finally, node F divided samples T6S0, T6S03, T6S05, T6S08, and T6S11 and
was explained by salinity differences. Nodes D, E, and F showed that bacterial community
composition in mesocosms exposed to low salinity were closer to the initial freshwater lake
community at week 3 than week 6 and is explained mostly by differences in temperature
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and eukaryotic community composition. A visualization of the dissimilarity (Bray–Curtis)
between the bacterial communities by samples and the clustering realized following the
Linktree analysis is provided within the framework of a PCoA (Figure S8), with the first
axis explaining 33.18% of the variation, while the second axis accounted for 15.36% of
the variation.
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Figure 2. (a) Correlation between the bacterial mesocosm community composition and explanatory
factors using distance-based redundancy analysis (db-RDA). T3, 3-week exposure to the salinity
gradient; T6, 6-week exposure; TP, total phosphorus; Sal, salinity; Temp, temperature; DO, dissolved
oxygen; Abarc, absolute abundance of archaea; Abbac, absolute abundance of bacteria; Abeuk,
absolute abundance of eukaryotes; EukA1, eukaryotic community composition represented by the
first axis of a PCoA; EukA2, eukaryotic community composition represented by the second axis
of a principal coordinates analysis (PCoA). (b) Variance partitioning analysis separating variation
in the bacterial mesocosm community composition between 3 explanatory variables: salinity (Sal),
eukaryotic community composition represented by the first axis of a PCoA (EukA1), and absolute
abundance of eukaryotes (Abeuk). Values represent the portion of variation explained by the
explanatory variables.
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Salinity groups (based on the four groups defined in the LINKTREE analysis) ex-
plained half of the variation in the bacterial mesocosms (PERMANOVA; R2 = 0.49, p = 0.001),
whereas exposure time explained an additional 11% of the variation (R2 = 0.11, p = 0.002)
(Table S7), indicating that most of the variation occurring in the mesocosms was due to
the addition of salt, and that bacterial populations in each salinity group had distinct
community structures.

3.5. Microbial Source Tracking

In order to establish the contribution made by the bacterial communities present in the
initial water sample (T0) and after three weeks (T3) to those present after six weeks (T6), a
fast expectation–maximization microbial source tracking analysis (FEAST) was performed
(Figure 4). In mesocosms S0–S13 of T6, a contribution varying between 2.63% and 48.13%
was made by the bacterial communities coming from T0, and between 6.98% and 48.55%
coming from the communities after three weeks, thus leaving between 33.72% and 68.74%
of community contribution associated with an unknown source. For samples S15–S20, little
or no (<1%) contribution from T0 communities was observed, and only 2.78–13.88% could
be related to the T3 communities, thus leaving between 86.12% and 97.06% having come
from an unknown source.
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Figure 4. Bacterial source tracking of bacterial samples from week 6, carried out using fast expectation–
maximization microbial source tracking analysis (FEAST). The source samples are the initial freshwa-
ter lake sample used to set up the mesocosms (T0), and the samples for each bag at week 3 (T3).

3.6. Significantly Different OTUs between Bacterial Sample Groups

The results of the SIMPER and Kruskal–Wallis analyses carried out on the clusters
were identified in the LINKTREE analysis (Table S8). These cluster are K1(T0, T3S0, T3S03,
T3S05, T3S08, T6S0, T6S03, T6S05, T6S08, T6S11), K2 (T3S11, T3S13, T6S13), K3 (3S15,
T3S18, T3S20), and K4 (T6S15, T6S18, T6S20). The difference in transitional contributors
between the four clusters constitutes an indicator of the difference in the mesocosmal
community composition as well as their relative abundance. Between cluster K1 and K2,
three OTUs associated with Actinobacteria (Frankiales, Micrococcales, Corynebacteriales)
were shown to differ significantly, but only two of them remained (Frankiales, Micrococ-
cales) after correction for false discovery rate (fdr). Between clusters K1 and K3, five OTUs
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associated with Actinobacteria were identified (two Frankiales, two Micrococcales). Two
others belonged to the Burkholderiales, and one to Bacteroidia (Flavobacteriales), and
two belonged to Alphaproteobacteria (Azospirillales, Ferrovibrionales). Another OTU
associated with Gammaproteobacteria (Pseudomonadales) showed a significant differ-
entiation that did not stand after fdr correction. Finally, between K1 and K4, five OTUs
associated with Actinobacteria (Micrococcales, Corynebacteriales, three Frankiales), two
with Alphaproteobacteria (Rhizobiales, Ferrovibrionales), one with Burkholderiales, and
one with Bacteroidia (Cytophagales) were identified as significantly differing between
the clusters.

4. Discussion

Our study sought to determine the effect of sodium chloride introduction on fresh-
water prokaryotic communities. Although microbial community transitions in estuaries
are well studied, few of them focus on pristine freshwater environments affected by salin-
ization, particularly at concentrations approaching both Canadian and American chronic
and acute chloride exposure regulations. We analyzed the effect generated by the sodium
chloride gradient on the absolute abundance, diversity, and structure of archaeal and bacte-
rial communities. To do this, the concentration of Cl− rather than NaCl was considered
in order to produce results that are in line with the literature and to better consider the
mobility of Cl− [44]. We also chose to include the effect of absolute abundance, the α- and
ß-diversities of eukaryotic communities on the prokaryotic communities, as they can be
potential predators of prokaryotes and have an impact on their activities [45,46].

4.1. Direct and Indirect Effect of Salinity on Prokaryotic Communities

For the archaea, the values of Cl− explained a very low rate of change in absolute
abundance, both after three and six weeks. No significant difference was observed between
week 3 and week 6. However, the high absolute abundance observed at the initial time
(T0) as compared to the salt-supplemented mesocosms suggests a strong sensitivity to
salinization and/or to incubation, as well as the preference of some archaeal taxa for
halophily, thermophilia, or a methanogenic lifestyle [47].

Although the absence of archaeal taxa in some samples suggests an overestimation of
diversity values, thus making it impossible to rule on the effect of Cl− on archaeal diversity,
the analysis of relative abundance nevertheless makes it possible to observe overall trends
across the gradient. Among these, it is possible to see the persistence of Nanoarchaeota,
present both at T0 and in multiple samples having undergone salt supplementation, even
in samples with higher salinity. These organisms—known for their small size and their
favoritism for interspecies association [48], or even for their parasitic/ectoparasitic way of
life [49]—have been found in several places in the world, and a study by Leoni et al. [50]
demonstrated their presence at salinities of up to 145 ppt. It is therefore not surprising
to find these organisms at various salinities, even higher ones. Another group present
across the gradient, that of the Woesearchaeota, was dominant at very low salinity but also
seemed to become more important at higher salinity, while the Bathyarchaeota group was
found almost exclusively at the highest salinity samples. Therefore, the Bathyarchaeota
has once again contributed to “maintaining the stability and adaptability of the archaeal
community” [47], but their global distribution has been linked to total organic carbon
(TOC) rather than salinity, according to a study by Yu et al. [51]. On the other hand, the
Crenarchaeota, represented by the Nitrosotalea, particularly stood out at lower salinity
in T6, where their relative abundance revealed them to be a major taxon. Nevertheless,
the presence of these autotrophic ammonia oxidizers is surprising since they would not
normally be able to grow in a neutral pH environment [52], whereas the samples taking
their presence into account presented a varying pH of between 6.82 and 7.75.

Despite the significative relationship between salinity and bacterial diversity after
three and six weeks, very little variability in the diversity indices was observed after both
exposure times, with Cl− concentrations explaining 16.6% of the variance of the diversity.
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Such an effect could be mediated by a variety of factors, including the transition of commu-
nities to adapted/acclimatized species. However, as values are proximal and no significant
differentiation is present between the sampling times, it could be hypothesized that ma-
jor succession could have taken place soon after the introduction of NaCl in freshwater
(weeks 0–3). Other variables, such as fluctuation in predation pressure and association with
eukaryotic species, could have an influence.

An indication of such an effect is shown by the moderate but significant relation of
eukaryotic diversity with bacterial diversity after six weeks. However, other factors can
induce variations, including viruses, which are known to be a main driver of variation in
prokaryotic diversity [45,53].

As for bacterial abundance, our results established that the Cl− levels significantly
explained 63% of the variation in bacterial abundance after three weeks. After six weeks,
this relationship was significant as well, but it only explained 10% of the variation. Despite
there being no significant difference in bacterial abundance between T3 and T6, the observ-
able growth seen through the salinity gradient at both sampling times was indicative of an
effect produced by the introduction of NaCl on bacteria into fresh water. Other dynamics
can be hypothesized, including the development of taxa adapted to individual mesocosmal
conditions over a longer period of time or the development of a top-down system, both of
which would promote the general bacterial abundance growth observed throughout the
salinity gradient after a 6-week period.

Increased chloride levels could promote the development of bacterial species that
benefit from higher salinity and conductivity. The Alphaproteobacteria were significantly
positively correlated with the values of Cl−, and the observed relative abundance increase
of this class across the salinity gradient clearly demonstrates that it benefits from these
fluctuations. This effect could, however, be indirect. Bacterial communities may have
benefited from the decrease in eukaryotic diversity, which is closely related to the increase
in Cl− [54–57]. This element would prove to be key in Alphaproteobacteria, represented
mainly by Rhizobiales and Ferrovibrionales, because these can be heavily consumed by
flagellates [58] and can compensate for this phagotrophy by a high cell division. Moreover,
these Gram-negative bacteria could particularly benefit from a loss of eukaryotic diversity
because some grazing organisms can favor the predation of certain species in particular,
according to their size [59], their morphotype [45], but also their composition, by actively
avoiding the consumption of Gram-positive species to the detriment of the Gram-negative
ones. If the observable loss of diversity suggests predation decline, the joint research
carried out by Astorg et al. [6] on the effect generated on eukaryotes showed the clear
disappearance of any potential predators across the salinity gradient, in favor of algae
belonging to the Ochrophyta group. Most rotifers and other zooplankton taxa were absent
from mesocosms at chloride levels higher than 40 mg/L, showing that the benefits brought
about by the absence of predators are, however, only one element of a multifactorial
environment favoring microbial development, of which the presence of salt is certainly a
part when the relative abundances of dominant bacterial taxa are considered.

Conversely, in Actinobacteria, variations were shown to be negatively and significantly
correlated with Cl− values. Lower predation pressure (Gram-positive), amplified by their
small size [60], would therefore imply that this class was mainly affected by the increas-
ing concentrations of salt rather than predation pressure. A final major group strongly
and negatively correlated with Cl− values, and whose relative abundance reflects their
importance, is that of Gammaproteobacteria, mainly represented by the Burkholderiales
(Betaproteobacteria). Under normal circumstances, the predation of Betaproteobacteria can
be thwarted by the production of inedible filaments [58], a strategy necessary to counteract
their low rate of division. By combining the existence of a predation escape method and
their low division rate with the increase in Cl− levels and the decrease in predation, it
seems to be clear that the observable variation of Betaproteobacteria is, at least in part,
generated by NaCl addition and not by predation.
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Furthermore, as eukaryotic species are affected by the salinity and begin to perish, their
decay is mediated by multiple processes, including microbial activity [61]. The involve-
ment of bacterial groups in decomposition processes can contribute to their development,
growth, and community transition as well as their overall absolute abundance [62,63].
Indicators of such processes are firstly put forward within the framework of the db-RDA,
where it is possible to see the involvement of variables such as TP, eukaryotic abundance,
salinity, and eukaryotic beta diversity in the variation of bacterial communities, especially
at higher salinities (708.09–1353.73 mg/L Cl−). Taken together, the salinity, eukaryotic beta
diversity, and eukaryotic absolute abundance explain nearly 30% of the bacterial variance
encountered in the mesocosms, and the eukaryotic beta diversity proved to explain the
highest proportion of variation (12%) on its own.

These same variables are shown to be, in the context of the LINKTREE analysis,
strongly involved in the variations encountered across the gradient, but also between sam-
pling times. Some factors, such as temperature, are involved in the variations encountered
but do not vary across the salinity gradient and therefore only represent evidence of the
existence of a natural transition of microbial communities during seasonal fluctuations [64]
and a demonstration of the incubation time. However, the marked effect of eukaryotic beta
diversity on the subdivisions observed across the samples making up the representation
of the salinity gradient and time shows that this variable constitutes a key element in the
bacterial variation encountered. Although the effect of eukaryotic beta diversity was also
present at low salinity, the inclusion of absolute eukaryotic abundance as an explanatory
variable for differentiation at higher salinity (≥708.09 mg/L Cl−) between T3 and T6 could
be an indicator of the dynamics at play. Many bacterial species develop in association with
phytoplankton, and some can contribute to the degradation of algal polysaccharides [65].
With a eukaryotic abundance loss of up to 90% at higher salinity between the two sampling
times, and with the increased presence of Ochrophyta [6] occupying the higher salinity
mesocosms, it can be hypothesized that active and decaying eukaryotic organisms, together
with salinity, are among the main influencing factors in the establishment of salt-tolerant
bacterial communities.

4.2. Influence of Salinity on Bacterial Community Transition

We sought to determine a threshold salinity concentration from which a signifi-
cant transition of communities is generated. We observed a differentiation generating
four clusters in the LINKTREE analysis, which were also identified within the PCoA of
bacterial communities. The first cluster (K1, T0, T3S0, T3S03, T3S05, T3S08, T6S0, T6S03,
T6S05, T6S08, and T6S11) consists of mesocosms with bacterial communities proximal to T0
(B% ≤ 30.9), and whose Cl− concentrations reach 354.84 mg/L after having been incubated
up to six weeks—concentrations that are greater than the Canadian (120 mg/L Cl−) and
American (230 mg/L Cl−) chronic exposure standards. The proximity of samples up to
354.84 mg/L as compared to the control sample shows that compliance with this stan-
dard would ensure the absence of a significant transition of bacterial communities. The
communities exposed to Cl− concentrations varying from 420.02 to 572.71 mg/L, mainly
for a three-week incubation period, composed a second cluster (K2, T3S11, T3S13, and
T6S13) that showed a very highly significant differentiation from the first, low-salinity
one. Exposure to Cl− concentrations ranging from 708.09 to 1353.73 mg/L led to the
formation of two clusters, one being composed of samples T3S15, T3S18, and T3S20 (K3;
825.45–1353.73 mg/L Cl−), while the second was composed of samples T6S15, T6S18, and
T6S20 (K4; 708.09–1165.94 mg/L Cl−), differing from each other by the duration of exposure
to salinity. Although these two higher salinity clusters do not differ significantly from each
other, it could be hypothesized that a longer residence time of the ions in the medium
would be able to bring such significance. Together, these clusters demonstrate the influence
of salinity, with salinity groups explaining as much as 49% of the variation encountered,
while exposure time explained 11%.
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4.3. Microbial Source Tracking and Overall Procaryotic Transitional Community Trends

As environmental variations are inherent to aquatic habitats, those disturbances can
influence the transition of microbial communities [66,67]; a microbial source tracking
analysis showed that salinity would greatly influence the resulting composition of such
transitions. At lower salinity (0.265–455.585 mg/L Cl−), a reasonable contribution (>30%)
is made by native communities (T0) and three-week salt-exposed communities (T3) in the
community’s composition after a six-week incubation. However, the communities exposed
to 511.2 mg/L Cl− or more (T6S15, T6S18, T6S20) are devoid of native communities in
their composition (>85% unknown source). Thus, past this threshold, salinized freshwater
environments would be highly dependent on the presence of “seed banks” [68,69] in
maintaining bacterial diversity and in the transition to halotolerant homologs that may
play a role in potential eukaryotic association and decay, as previously mentioned.

An element that should be noted in our overall results is the inclusion of the S11 sample
after six weeks of incubation in the first cluster (K1), but also its placement within the
LINKTREE and the important contribution made by native communities in its composition
(FEAST), suggesting altogether that a partial recovery to “pre-disturbance” communities
is not impossible at such salinities, an effect encountered as well by Hu et al. [70] in an
extreme salinization–desalinization experiment.

Studies carried out on estuaries [15–17] highlight the transition within these sys-
tems. Among these, the gradual transition of dominance of Alphaproteobacteria and
Gammaproteobacteria at the expense of Actinobacteria and Betaproteobacteria was seen.
Unexpectedly, a similar transition of these major groups could be observed in our lake
samples and constitute the drivers for significant differentiation between the low and
high salinity clusters, as demonstrated by the SIMPER/Kruskal–Wallis analysis. In the
differentiation that occurs along the salinity gradient and between clusters, the relative
abundance of Actinobacteria has proven to be a key player. As stated above, they were
negatively correlated with Cl− values and were noticeably present within the framework
of the aforementioned Simper/Kruskal–Wallis analysis. As samples collected are but a
part of the total community within the mesocosm, there is no doubt that more species can
be affected by NaCl introduction, in our study and in the natural habitat, and that the
observed effect throughout the salinity gradient could potentially increase with time and
with increasing salinity. While the bacterial transition in estuaries is majorly driven by
hydrologic conditions [16] and the spring–neap tidal cycle [71], the implication of nutrient
supply variations is nonetheless intrinsic to those notions. As freshwater lakes tend to have
a longer residence time, and that a link between microbial development, salinity, time, and
potentially eukaryotic decay was present in our study, the implication of nutrient fluctua-
tions in community changes could represent a good research path to really understand the
effect of the freshwater salinization syndrome on microbial communities. Considering the
increase in Alphaproteobacteria at higher salinity, with Rhizobiales as the main members,
and that the latter may be associated with an increase in nutrients with the potential to
induce acidification and hypoxia in oceanic environments [72], carrying out a longer-term
study could also be appropriate to better consider the issues encountered in understanding
the effect of salinity on microbial communities in lake environments.

5. Conclusions

Overall, no clear linearity between the introduction of NaCl and prokaryotic diversity
was present in our study after three and six weeks. However, a positive relationship
appears to be present between NaCl and absolute bacterial abundance after three weeks.
An increase in abundance was seen and amplified over time. Salinity clearly plays an
important role in the observed bacterial abundance increase, and so do other potential
factors such as loss of eukaryotic diversity and the potentially associated decomposition.
While our results show the effect of salinity on prokaryotic organisms, they also raise the
existence of multifactorial dynamics. Some taxa may potentially be directly affected by
salinity levels (i.e., Actinobacteria, Burkholderiales), while others (i.e., Alphaproteobacteria,
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Rhizobiales, Ferrovibrionales) could benefit from the loss of predation brought about by
the loss of eukaryotic diversity. However, the increase in Ochrophyta, as demonstrated
by the joint study by Astorg et al. [6], also leaves room for potential associations between
prokaryotes and phytoplanktons, active or decaying; the variance explained by eukaryotic
beta diversity on bacterial community variations suggests the same.

Furthermore, we were also able to observe that a significant transition in bacterial
communities was present from a threshold of 420.02 mg/L Cl−, a level higher than the
Canadian (120 mg/L Cl−) and American (230 mg/L Cl−) recommendations in terms of
chronic exposure, and also higher than the sensitivity threshold of other organisms (i.e.,
zooplankton). Thus, compliance with the standards in place would be able to ensure the
sustainability of freshwater prokaryotic communities. While other transition thresholds
were present, those operated at higher salinity suggest that they would not be possible
without the presence of seed banks. Conversely, we did observe a partial recovery of “pre-
disturbance” freshwater bacterial communities during a drop in salinity, which could only
have been possible through “native” communities capable of resilience. Finally, a transition
of dominance by Actinobacteria and Betaproteobacteria towards Alphaproteobacteria and
Gammaproteobacteria could be observed during our study, which is in part similar to the
results obtained in the context of studies carried out in estuaries. Although these results
hint at a possible long-term effect, consideration of nutrient variations in further studies
may be essential to better understand the effect of freshwater salinization on microbial
communities. Overall, our results, combined with those of Astorg et al. [6] and derived
from the same mesocosm experiment, suggest that eukaryotic communities would therefore
be more sensitive to salt intrusion in freshwater environments. As a result, these would be
better indicators of the salinization of fresh waters, particularly in view of the multiplicity
of taxa substituting native prokaryote communities and the transitional tolerance threshold
associated with theprocaryotes as compared to eukaryotes. Understanding all the effects
caused by the intrusion of NaCl on trophic webs could, in the long term, make it possible
to recognize the warning signs of larger-scale freshwater salinization and its drastic effects,
both ecologic and economic.
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