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Salinization alters microbial methane cycling ‘==
in freshwater sediments
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Abstract

Climate change-induced salinization poses a global threat to freshwater ecosystems and challenges microbial
communities driving crucial biogeochemical processes, particularly methane cycling. This study examined the
impact of salinization and the accompanying sulfate concentration increases on microbial community dynamics
and methane cycling in coastal freshwater lake sediments. We show that sulfate enrichment in sediment profiles
enables the proliferation of distinct sulfate-reducing bacteria (SRB) that reshape microbial niches by competing
with methanogens and promoting sulfate-dependent anaerobic oxidation of methane (AOM). Freshwater SRB
clusters, which compete with some methanogens for substrates but also degrade organic compounds into
methanogenesis precursors, are replaced by the SEEP-SRB groups that form syntrophic relationships with ANME-1
in salinized sediments. As seawater intrudes and reshapes microbial communities, a methane pocket forms that
escapes both aerobic and anaerobic oxidation. Underneath this methane pocket, SRB play a key role in enabling
sulfate-dependent AOM, facilitating methane consumption at higher sediment depths. While all microorganisms
demonstrated some physiological adaptability potential to elevated osmotic stress, SRB exhibited the highest
resilience to increased salinity. These findings highlight how salinization-induced geochemical shifts, particularly
sulfate enrichment, directly affect microbial community assembly and impact methane cycling in coastal freshwater
ecosystems.
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Background

Lakes are significant natural sources of methane, one of
the major greenhouse gasses [1], and together with other
freshwater systems contribute up to 41% of annual global
methane emissions [2]. Methane fluxes in these ecosys-
tems depend on rates of microbial methane production
and consumption, determined by the metabolic activities
of methanogens, aerobic methanotrophs, and anaero-
bic methanotrophs (ANME). Anoxic conditions and the
availability of carbon dioxide, methylated compounds,
hydrogen, and acetate are important for the develop-
ment of methane-producing archaeal communities [3, 4].
In lakes, methane produced in anoxic sediments diffuses
upwards, where it can be oxidized by ANME in anoxic
layers, or by aerobic methanotrophs in the oxic-anoxic
transition zone and above [5-8].

ANME oxidize methane in syntrophy with bacterial
partners using electron acceptors such as sulfate, nitrate,
nitrite, and metal oxides [9, 10]. These syntrophic inter-
actions can involve direct interspecies electron transfer
(DIET) facilitated by pili and multiheme c-type cyto-
chromes (MHC) [11]. In ocean sediments, anaerobic
oxidation of methane (AOM) is primarily carried out
by consortia of ANME and sulfate-reducing bacteria
(SRB). Marine ANME-1 and ANME-2 archaea are com-
monly associated with SEEP-SRB1 or SEEP-SRB2 syn-
trophic partners [12-14]. AOM in freshwater systems,
like wetlands and lake sediments, differs from that in
marine systems. Due to the generally low sulfate levels
in freshwater systems, ANME are usually less abundant
and rely on nitrite-, nitrate-, and metal oxide-reducing
partners [15, 16]. The very shallow sulfate-methane tran-
sition zone (SMTZ) favors methanogenesis close to the
sediment surface [17]. In addition to the geochemical
setting in sediments and syntrophy-driven AOM, other
competitive or mutualistic interactions during anaero-
bic organic matter (OM) degradation affect the micro-
bial methane cycle [18]. For example, SRB can compete
with other anaerobes, including methanogens, for a wide
range of substrates such as alcohols, organic acids, and
hydrogen [19]. In freshwater ecosystems, despite low sul-
fate concentrations, cryptic sulfur cycling can, however,
sustain high sulfate reduction rates, comparable to those
in marine sediments. These hidden processes can con-
tribute significantly to carbon mineralization and miti-
gate methane emissions [20]. The competition dynamics
between SRB and methanogens depend on the availabil-
ity of sulfate and the seasonal variations in the quality and
quantity of OM introduced by sedimentation [21, 22].

The salinization of freshwater resources due to cli-
mate change can occur through several mechanisms. In
coastal regions, rising sea levels drive saltwater intru-
sion into freshwater aquifers, while changes in precipita-
tion patterns and rising temperatures generally increase
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evaporation and salt concentration [23]. Disturbances in
the freshwater-sea interface [24] result in increased ion
concentrations in both water column and sediments.
Many coastal areas are threatened by salinization, which
can affect the principal functions of providing freshwater,
supporting biodiversity, regulating climate, and seques-
tering carbon [25, 26]; but also, the activity of microbial
communities involved in the methane cycle by increas-
ing the availability of alternative electron acceptors [16,
27]. Salinization can affect the establishment of syn-
trophic relationships between ANME and their partners
and requires specific microbial adaptations to increased
osmotic pressure and altered environmental conditions
[28]. Increased salinity has previously been shown to
reduce the diversity and interconnectivity among aero-
bic methanotrophs [29], but also to reduce AOM activ-
ity [30]. Recently, the introduction of brackish water
conditions was found to reduce methane concentrations,
despite no detectable changes in methanotroph abun-
dance or methanogen population structure. However, a
significant increase in SRB abundance was observed [31].
Moreover, nitrate-dependent AOM organisms, e.g. Meth-
anoperedens nitroreducens have demonstrated tolerance
to elevated salinity, by changing syntrophic partners
under different salinity conditions [32]. As salinization of
freshwater systems is a consequence of climate change,
understanding its impact on methane dynamics in
coastal environments is key to predicting future micro-
bial responses and greenhouse gas emissions.

Coastal Lake Vrana, separated from the Adriatic Sea
by a semipermeable limestone ridge (Supplementary
Fig. 1a), is located in an agriculturally developed region
and serves as a carbon sink, water resource, and bird
sanctuary. The lake has two main canalized tributaries,
one completely isolated from incoming seawater [33].
During summer, reduced inflow, high temperatures, and
limited precipitation lower the water level, causing sea-
water intrusion. This disruption in the precipitation-
evaporation balance leads to ecosystem perturbations,
impacting microbial communities and carbon cycling
[33, 34]. Lake Vrana thus provides an ideal natural labo-
ratory for studying lake salinization. We hypothesized
that lake salinization, through affecting sediment geo-
chemistry, would also directly influence the diversity and
distribution of sulfate-reducing and methane-cycling
microorganisms. By comparing sediments unaffected
and affected by seawater intrusion to improve our under-
standing of methane dynamics in the face of climate
change. We identified striking changes in sediment geo-
chemistry accompanied by shifts in methane-cycling
microbial communities, suggesting that salinization can
alter both methane production and oxidation in freshwa-
ter environments.
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Fig. 1 (a) Map of Lake Vrana containing specific lake zones and annotated sampling campaigns with associated sampling stations. (b) Lake salinity mea-

surements in sediment core profile and surface sediments

Methods

Sampling campaigns

Two sampling campaigns were conducted in Lake Vrana
(Fig. 1a). In September 2020, surface sediment samples
(top~5 cm) were first collected to identify sites with
the strongest microbial community-composition and
salinity contrasts. These were collected with a Van-Veen
grab sampler at twelve stations: inlet (1,2), with highest
OM loading [33, 34], a transect (stations 3-9), and the
salinization-affected cove (stations 10-12) where the
underwater conduit links the lake to the Adriatic Sea
(Salinity ~ 38). Approximately 400 ml of surface sediment
per station was collected and preserved on ice.

In September 2021, based on the findings from the
initial surface sediment analysis and real-time water-
column salinity monitoring, deeper sediment profiles
(40 cm) were collected in triplicate from two locations:
the salinization zone (Jugovir, station 12) and a fresh-
water zone (station 2). Samples were retrieved using a
gravitational corer (UWITEC, USC 6000, Austria) and
transported for geochemistry and microbial community
analysis.

Sample preparation, physicochemical and molecular
analyses

Upon arrival at the laboratory, surface sediment samples
were centrifuged (SL 16 R, Thermo Fisher Scientific, MA,
USA) to extract pore water. A 15 ml pore water aliquot
was filtered (PTFE hydrophilic filter, IsoLab. GmbH,

Eschau, Germany), and analyzed by ion chromatogra-
phy (Dionex DC IC-1000/IC-1100, CA, USA) under fol-
lowing conditions: for anions: 8 mM NaHCOj; and 1mM
Na,CO; eluent, column (Dionex IonPac AS14A, CA,
USA) at room temperature, suppressor current at 43 mA,
and 1.2 ml/min flow rate; for cations: 30 mM methane-
sulfonic acid eluent, column (Dionex IonPac CS16, CA,
USA) at 40 °C, 88 mA suppressor current, and 1.2 ml/
min flow rate. Salinity was measured with a handheld
refractometer (PCE-0100, GmbH, Germany), confirmed
by chloride-based salinity calculation. Sediment profile
samples were sectioned into 2 cm layers, processed in a
nitrogen-flushed glove bag (Captair Pyramid, Erlab, MA,
USA), and transferred to Falcon tubes. After centrifuga-
tion, pore water was used for ion chromatography and
dissolved methane measurements. Headspace dissolved
methane concentrations were determined using a GC-
FID system (Agilent 7890, Santa Clara, CA, USA) and
calculated as described in [35], considering methane sol-
ubility coefficients under different salinities [36].

For DNA extraction, 0.5 g and 0.25 g of homogenized
surface and profile sediment samples, respectively, were
used. DNA extraction was performed with the DNeasy
PowerSoil and PowerSoil Pro kits (Qiagen, Valencia,
CA, USA). qPCR was performed on 12 surface sediment
and 36 sediment profile DNA samples to quantify abun-
dances of pmoA [37], mcrA [38], dsrAB [39], and the V4
region of the 16 S rRNA [40, 41] genes. Triplicate qPCR
reactions were conducted for each sample, including
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standards (10’— 10" gene copies uL~!) and negative con-
trols on a Bio-Rad CFX96 system (Bio-Rad, CA, USA;
detailed methods provided in Supplementary Protocol I).

Sequencing and bioinformatics analysis

The V4 hypervariable region of the 16 S rRNA gene of
bacteria and archaea was amplified using 515 F [40]
and 806R [41] primers as described previously [42], and
sequenced on the Illumina MiSeq (V3 chemistry, 600
cycles) at the Joint Microbiome Facility, Medical Univer-
sity of Vienna and University of Vienna (project ID JME-
2103-15). Further details on amplicon data processing are
in Supplementary protocol I1.

Based on qPCR, amplicon sequencing results and phys-
icochemical properties, fourteen sediment profile sam-
ples were selected for metagenomic sequencing (project
ID JMF-2211-11), including samples located above,
within, and below the unconventional SMTZ - charac-
terized by incomplete sulfate depletion, non-continuous
methane accumulation, and a distinct subsurface meth-
ane peak (Fig. 2c). Metagenomic read sets were trimmed,
quality filtered, and normalized before de novo assembly
using MEGAHIT (v. 1.2.9 [43]), and binning into metage-
nome-assembled genomes (MAGs) using MetaBAT2
[44]. MAGs were refined, dereplicated, and assessed for
quality, with subsequent taxonomy assignment using
GTDB-Tk (v. 2.1.1 [45]). Functional annotation focused
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on genes related to osmoregulation, multi-heme cyto-
chromes, pili, and key metabolic pathways for methano-
genesis, methanotrophy, and sulfate reduction. Detailed
metagenome data analysis information including net-
work analysis of MAGs is provided in Supplementary
protocol III.

Statistical analysis

Statistical analysis of qPCR results was performed in R (v.
4.3.1 [46]). ANOVA test with a post-hoc Tukey test was
applied for normally distributed datasets, and Kruskal-
Wallis, and Wilcoxon test for non-normally distributed
datasets, to test for significance in differences of gene
copy numbers and in environmental parameters between
specific geographic locations (inlet, transect, cove) of
surface sediments. Sediment profile qPCR results were
reported as relative abundances (functional gene copy
numbers normalized to total 16 S rRNA gene copy num-
bers), while surface sediment results also included gene
ratios.

Representative reads related to methanogens, aero-
bic methanotrophs, ANME, and SRB were subsampled
based on assigned taxonomy from the 16 S rRNA gene
datasets. Alpha diversity (Shannon index [47] and spe-
cies richness) was calculated on rarefied datasets. PER-
MANOVA was used to explore correlations between
microbial communities and physicochemical parameters
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Fig. 2 (a) Depth profiles of sulfate and methane concentrations in sediments. The SMTZ is highlighted. (b) Relative abundances of functional gene copy
numbers involved in the methane cycle, retrieved from sediment profiles at freshwater and salinization stations, normalized by the 16 S rRNA gene copy
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using Bray—Curtis dissimilarity matrices [48]. Princi-
pal Coordinates Analysis (PCoA) was applied to assess
microbial community dissimilarities across sediment
profiles for each selected functional group, with signifi-
cant physicochemical parameters overlaid as vectors on
the PCoA plots. Differential abundance analysis was per-
formed on ASV level, on the 16 S rRNA gene amplicon
data from sediment profiles using DESeq2 [49]. Log fold
changes were computed for centered log-ratio clr trans-
formed relative abundance data from freshwater samples
relative to salinized sediments, and a Benjamini-Hoch-
berg adjusted p-value threshold was set at 0.05. After
calculation of differential abundance, all significantly
differentially abundant ASVs belonging to the same sul-
fate-reducing or methane-cycling taxa at genus, family,
or order level were clustered to compute mean log fold
change values for the respective taxon. ASVs with read
count number less than a 100 in at least one sample, and
with a total relative abundance below 0.5% across the
entire community were excluded prior to clustering and
averaging. Differential MAG abundance was assessed
using a Wilcoxon rank-sum test on clr transformed abun-
dance data between the salinization and freshwater sites.
P-values were adjusted for multiple comparisons with the
Benjamini-Hochberg method, and significance was set at
a threshold of 0.05.

Results

Geochemical characterization of lake sediments

Surface sediment pore water salinity significantly var-
ied between the cove and the rest of the lake (ANOVA,
Tukey, p<0.001). Salinity and sulfate concentrations
peaked in the cove, with station 12 exhibiting the high-
est values (Fig. 1b, Supplementary Fig. Slc). The sali-
nization sediment profile, at all depths, had higher
salinity (26.3—4.7%o) than the freshwater sediment pro-
file (2.5-1.7%o, Fig. 1b). Sulfate concentrations were on
average four times higher in the salinization profile and
decreased with depth in both profiles (Fig. 2a). While sul-
fate was depleted at ~ 10 cm depth in the freshwater pro-
file, elevated sulfate concentrations remained throughout
the salinization sediment profile with a minimum of ~2
mmol L™! at 10-20 cm (Fig. 2a). Freshwater methane
concentrations sharply increased from the surface to
4—6 cm depth, likely reflecting an upward diffusion gra-
dient, and thereafter fluctuated at high concentrations
(~20 mmol L', Fig. 2a). Methane concentrations were
lower in the salinization profile, peaking at 6—8 cm sedi-
ment depth (14.8 mmol L'), thereafter, decreasing with
depth (Fig. 2a). Notably, no “classical” SMTZ formed,
where sulfate is depleted with depth and methane is
accumulating. Instead, sulfate remained present through-
out the salinization profile (Fig. 2a).
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Spatial and depth distribution and diversity of methane
cycling microorganisms in lake sediments

In surface sediments, normalized pmoA and mcrA gene
abundances ranged from 0.3 to 2.7% and 0.1-1.9%,
respectively, with both being lowest in the cove (Fig. S2a,
S2b). The inlet had the highest pmoA abundance and the
lowest mcrA/pmoA ratio (Supplementary Fig. S2d). The
pmoA and mcrA gene abundances positively correlated
across the transect (Supplementary Table Sla), while
dsrAB abundance increased from inlets to the cove (Sup-
plementary Fig. S2c). The mcrA/dsrAB ratio was highest
at the inlet but lowest in the cove (Supplementary Fig.
S2e). 16 S rRNA gene-based community composition
and diversity of methanotrophs and SRB varied spatially,
with increasing dissimilarity from inlet to cove (Supple-
mentary Results; Supplementary Table S3, Supplemen-
tary Fig. S4).

In sediment depth profiles, pmoA gene abundances
were significantly higher throughout the freshwater pro-
file compared to the salinization profile (Fig. 2b). Relative
mcrA gene abundances were also higher in freshwater,
increasing continuously with depth, whereas in the sali-
nization profile, mcrA was nearly absent in the top 10 cm
before stabilizing at higher abundance at greater depths
(Fig. 2b). dsrAB gene abundance was higher in the sali-
nization profile. A robust positive correlation between
dsrAB and mcrA gene abundances and a negative corre-
lation between dsrAB and methane concentrations were
observed in the salinization profile (Fig. 2b, Table S1b),
while there were no such correlations in the freshwater
profile.

In surface sediments of the inlet, ANME propor-
tions decreased, while bacterial aerobic methanotrophs
increased (1-4) (Supplementary Figs. S2, S4). Metha-
nogen composition remained stable across the transect
(Supplementary Fig. S4), whereas SRB composition was
more spatially homogeneous, except for SEEP— SRBI,
which increased toward the cove and peaked at the sali-
nization station (station 12, Supplementary Fig. S4).

Methanogenic communities were similar across the
freshwater profile, but distinct with depth in the salini-
zation profile (Supplementary Fig. S6b). Methanotrophic
communities in the salinization profile are separated
into upper (up to 6 cm) and deeper (10-36 cm) layers,
while in the freshwater profile, only the deepest samples
clustered separately (Supplementary Fig. S6b). The SRB
exhibited higher dissimilarity between profiles in the
deeper sediment layers, which clustered separately from
the surface communities of both profiles (Supplemen-
tary Fig. S6b). The 16 S rRNA gene-based diversity and
community composition of all three functional groups
significantly correlated with dissolved methane concen-
trations (PERMANOVA, p<0.05), and each functional
group differed significantly between the two profiles
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(PERMANOVA, p<0.05). Methanogen alpha diversity
increased with depth in both sediment profiles (Supple-
mentary Fig. S6a), despite lower relative abundances
in the salinization profile (mean 2.0% vs. 3.4% in fresh-
water). Methanogen community composition differed
significantly in deeper sediment layers. Methanomicro-
biales dominated the salinization, and Methanosarcina-
les and Methanomicrobiales prevailed in the freshwater
profile (Fig. 2c). Methanotroph and SRB alpha diver-
sity peaked in upper layers (up to 6 cm), followed by a
pronounced decline with depth in the salinization pro-
file (Supplementary Fig. S6). There, SRB had an overall
higher relative abundance up to 10-12 cm, decreasing
below, accompanied by the occurrence of groups exclu-
sively present in deeper zones of salinization (14—16 cm,
26—-28 cm), such as Desulfomonadales and Desulfomacu-
lales (Supplementary Fig. S7). The SRB displayed a com-
paratively homogeneous community composition and
abundance distribution in the freshwater profile, except
for the lower relative abundance of the Desulfobacterales
in deepest samples (26—28, 34—36 cm). Aerobic metha-
notrophs were less abundant and completely replaced by
ANME-1 at sediment depths>10 c¢m in the salinization
profile (Fig. 2c). In the freshwater profile, aerobic metha-
notrophs were abundant at all depths, with ANME-1 only
showing increased relative abundances in the deepest
layers (>26 cm) (Fig. 2c). The distinct spatial distributions
along the sediment profiles were confirmed by differen-
tial abundance analysis, with 10 sulfate-reducing and
methane-cycling taxa, including all ANME clades, being
statistically significantly less abundant in freshwater sedi-
ments (Fig. 3a). In contrast, 18 taxa were significantly
more abundant in freshwater sediments (Fig. 3a), com-
prising mostly methanogens and aerobic methanotrophs,
and 2 SRB-lineages (Desulfomonile, Desulfobacca).

Amongst these significantly differentially abundant
sulfate-reducing and methane-cycling microorgan-
isms, nine clades accounted for a relative abundance of
more than 0.5% across the sediment profiles, and were
thus inspected in more detail. Three out of 5 detected
ANME-1 were enriched in the salinisation profile
(Fig. 3b). These were accompanied by three enriched
SEEP-SRB1 ASVs, which were relatively more abundant
at depths of the SMTZ in salinized sediments, and two
Desulfatiglans-affiliated ASVs found to be more abun-
dant below the SMTZ in salinized sediments. In the
freshwater sediment profile, two ASVs related with aer-
obic methanotrophs and two ASVs affiliated with the
methanogens Methanoregula and Methanosaeta were
significantly more abundant than in the salinisation pro-
file. Within the freshwater profile. as expected, metha-
notroph ASV relative abundances were declining with
depth, while the methanogen ASVs increased in relative
abundance with depth (Fig. 3b).
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Comparative genomic insights into microbial communities
between the freshwater and salinization-impacted
sediment profile

To investigate genomic adaptations to salinization,
metagenomes were sequenced from 14 samples, rep-
resenting 7 different depths of each sediment profile.
Assembly and binning of the metagenomic data yielded
221 MAGs with completeness>50% and contamina-
tion<10% (Table S4.). Among these, we recovered 38
SRB MAGs containing dsrAB genes (Desulfobacterota
phylum), including 6 Syntrophales MAGs lacking genes
for dissimilatory sulfate reduction other than dsrAB.
Notably, 13 SRB were uniquely present in the salinization,
predominantly in deeper layers (marked with (*), Supple-
mentary Fig. S8.), which were already observed to host a
clearly distinct SRB community based on 16 S rRNA gene
amplicon data (Fig. 2c., Fig. S7. in detail). Methanotrophs
were represented by 6 MAGs carrying mcrA genes, all
belonging to the ANME-1 (ANME-1-THS, QENHOI,
and JACGMNO1 genera), and 2 aerobic methanotroph
MAGs encoding pmoA (Methylobacter_01, Methylococ-
caceae_01) (Supplementary Fig. S9). ANME-1 MAGs
were most abundant in deeper layers of the salinization
(Fig. S9), while aerobic methanotrophs were prevalent in
the freshwater profile (Supplementary Fig. S9). Metha-
nogens, identified by the presence of mcrA genes, were
represented by 12 MAGs in five orders, predominantly in
the deeper layers of the freshwater profile. The complete
methanogenesis pathway was only present in the Metha-
notrichaceae_01 MAG (93.59% genome completeness;
Supplementary Fig. S10).

In total, 24% of the MAGs were differentially abundant
between the salinization and freshwater sediment profile
with 7% connected to the salinization (Fig. 4a, c). There
were no differences in the genome size of site-specific
MAGs, while MAGs most abundant in the deepest lay-
ers of the salinization profile had the smallest genomes
within that profile. Likewise, there were no differences in
the salinization-induced distribution of genes for differ-
ent osmoregulation strategies in differentially abundant
MAGs (Fig. 4a, ¢).

Genes related to osmoregulation were further explored
in the above-described selected MAGs (Fig. 4c.) to assess
if the methane and sulfur cycling microorganisms dis-
play specific adaptations to increased salinity. We exam-
ined the following osmoadaptation mechanisms: efflux
pumps, transport systems, osmoprotectant biosynthe-
sis, porin synthesis, protein secretion, and genes encod-
ing cell stress response. The gene encoding aquaporin
Z (aqpZ), enhancing and regulating water transfer from
and into the cell, was present in half of the recovered
SRB MAGs. However, it was not more frequent in MAGs
overrepresented in the salinization profile. Accumulat-
ing osmolytes or compatible solutes is another way to
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Differentially abundant taxa (Freshwater relative to Salinization)
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osmoregulation gene content

regulate cellular osmolarity at elevated salinity. Proline
biosynthesis genes were present in nearly all SRB MAGs.
Trehalose biosynthesis genes were also prevalent, occur-
ring in MAGs abundant in both sediment profiles (Sup-
plementary Fig. S8). Genes related to glycine-betaine
synthesis were present in nine SRB MAGs. Ectoine bio-
synthesis genes were only present in the Syntrophobac-
teria_01 MAG. Amongst the methanotrophs, all ANME
MAGs contained the CHDH gene involved in glycine-
betaine biosynthesis and a complete pathway for proline
synthesis. The ANME-1_02 MAG additionally contained

genes encoding aquaporins, as well as the dnaK and
groEL genes (Supplementary Fig. S9). The methanogen
MAG Methanofastidiosum_01 contained the highest
number of genes involved in osmoregulation via osmo-
protectant generation, despite occurring predominantly
in the freshwater profile (Supplementary Fig. S9). Aero-
bic methanotroph MAGs contained the least diverse set
of genes associated with adaptation to high osmolarity
(Fig. S9). No clear relation was observed between MAG
relative abundance in the two profiles and increased
osmoregulation-related gene diversity (Fig. 4a, c).
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In ANME and SRB MAGs, genes encoding MHC and
pili, indicative of the potential for extracellular e-transfer
important in syntrophic partnerships, were also exam-
ined. The grcA gene encoding menaquinone reductase,
associated with sulfate respiration and extracellular
e-transfer, was found in Desulfobacterales and Desulfati-
glandales orders (Desulfatiglandales_04, Desulfobacte-
ria_01 and 02) (Supplementary Fig. S8). All SRB MAGs
contained heme-binding motifs (CX, 5CH), with 8
predicted as extracellular in bins Desulfomonilia_01
(quantity: 1, genus MWEIO1), Desulfobacteria_02 (quan-
tity: 2, genus C00003060), Desulfatiglandales_04 (quan-
tity: 2, genus B33-G16), and Dissulfuribacterales_02
(quantity: 3, genus UBA3076) (Table S5). Type IV pilus
genes (pilABC) were present in all SRB MAGs, except
those affiliated with Desulfobacterales and Dissulfuribac-
terales. These genes were also identified in some ANME,
methanogen, and aerobic methanotroph MAGs (Supple-
mentary Fig. S9), with the QENHO01 MAG ANME-1_02
having the highest number. In the same ANME-1 02
MAG, the most MHC gene copies were detected, and it
was the only ANME MAG with heme-binding motifs,
but no clear cellular localization predictions (Supplemen-
tary Table S5). There were no hydrogenases detected in
methanogen, methanotroph, and SRB MAGs with a 50%
identity cut-off.

We further performed a co-occurrence network anal-
ysis to investigate interactions between the recovered
MAGs. The network contained 98 nodes and 202 edges,
with only 5% correlations confirmed with both network
inference approaches (Fig. 4b.). The network contained
five site-specific clusters with the biggest belonging to
the freshwater cluster and two smallest belonging to the
salinization cluster. The only MAG in the network per-
forming AOM was ANME-1-03, which co-occurred with
Anaerolinae-06 and Acimidimicrobiia-04, while being in
the same salinization cluster as Desulfobacterota-07 and
Methanoregulaceae-04 MAG.

Discussion

Changes in sediment geochemistry induced by salinization
affect microbial communities involved in methane cycling

Geochemical analysis of surface sediments and sedi-
ment profiles highlights stark biogeochemical differences
between freshwater and salinized sediments of Lake
Vrana. Salinization leads to elevated sulfate concentra-
tions both above and below a methane pocket which
forms near the surface of salinized sediments (Fig. 2).
The geochemical and microbiological profile around
this pocket resembles an SMTZ, uncommon in freshwa-
ter [50] but typical in marine environments [21]. Unlike
conventional SMTZ dynamics, where sulfate depletes
with increasing methane at depth, our study shows a
peak in methane concentration followed by its depletion,
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while sulfate levels remain relatively unchanged and
even again increase with depth (Fig. 2a). Previous studies
linked brackish water with reduced methane emissions
from coastal fens [31] and peatlands [51] by lowering
the SMTZ depth via salinization. Our findings suggest
a unique impact of salinization on methane dynamics,
diverging from patterns observed in permanently saline
sediments [52]. Uncertainties remain regarding sulfate
and methane profile variability, including the impact of
the frequency of salinization events and sulfate diffu-
sion fluxes. The non-steady state profiles observed in the
salinized zone suggest two-directional sulfate diffusion
within these sediments: downward diffusion from the
salinized water column and upward or lateral diffusion
through deeper sediment layers due to density differ-
ences between fresh and saline waters (Fig. 2a). This par-
ticular geochemical setting promotes sulfate-dependent
AOM and reshapes methane dynamics.

Microbial functional guild distribution varied notably
with salinity. The absence of aerobic methanotrophs in
salinized sediments, particularly at depths greater than
12 cm (Fig. 2b, 2), aligns with a prior study [29] report-
ing a decline in aerobic methanotrophs due to higher
salinity. However, the observed changes in the distribu-
tion of aerobic methanotrophs are likely not driven only
by salinity but also by the spatial heterogeneity of OM
quality and quantity, as well as different sedimentation
rates (~2.5 mm/yr) between inlet (6.4 mm/yr) and cove
sites [53]. The occurrence of sulfate-dependent AOM
and ANME-SRB syntrophy [54] in salinized sediments
(Fig. 2b, ¢, and 3a), in particular at depths where metha-
nogen populations are declining (Fig. 2c), is a novel find-
ing from our study. While mcrA gene copy numbers may
in parts reflect presence of dormant methanogens and
can’t directly be linked to activity, the negative correla-
tion between mcrA gene abundance and methane con-
centrations in the salinized zone points to an increase
in ANME, rather than methanogens (Supplementary
Table S1b), contributing to this pattern. Future studies
using qRT-PCR could confirm the active portion of the
methanogenic population. Yet, while sulfate-dependent
AOM contributes to methane oxidation throughout
the entire anoxic salinized sediment, the lack of aerobic
methanotrophs at shallow depths possibly allows a frac-
tion of methane to escape oxidation. At the lake inlets,
allochthonous OM input from tributaries [34] and the
low sulfate concentrations create favorable conditions for
methanogenesis at shallow depths [55, 56], resulting in
sediment oversaturation with methane. Aerobic metha-
notrophs are abundant in the freshwater sediment pro-
file, with only a slight decrease in abundance with depth
(Fig. 2b, c). Their abundance at higher sediment depths
does not necessarily reflect an active aerobic methano-
trophic community, as oxygen penetration in sediments
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of eutrophic lakes rarely excites the top few micrometers
[57]. It is possibly a reflection of biomass burial due to
high sedimentation rates at inlets [53]. Similar observa-
tions of aerobic methanotrophs in anoxic layers, even in
lakes with lower sedimentation rates (2.8 cm/yr) have
also been reported [58, 59], and activity of aerobic meth-
anotrophs in anoxic lake waters has recently been shown
[60 and references within]. While the exact reasons for
the high abundance of aerobic methanotrophs in deeper
sediment layers at the inlet warrant further investigation,
the sedimentary methane profile (Fig. 2a) shows that
methane production exceeded methane consumption in
these layers.

Similarly, both methanogen and SRB communities
exhibited spatial heterogeneity between sediment pro-
files. While some SRB engage in syntrophic partner-
ships with ANME or methanogens, others compete with
methanogens [18, 59]. In the salinized zone, methanogen
abundance peaked at 14—16 cm, coinciding with a lev-
eling off of sulfate concentration, SRB abundance, and
salinity. A decrease in sulfate concentration and SRB
relative abundance, particularly the Sva0081 group, was
observed (Supplementary Fig. S7). These shifts are likely
driven by changes in sulfate concentration and OM avail-
ability [60], shaping distinct SRB communities. The SEEP-
SRB1 group, associated with ANME syntrophy in marine
environments [61], was abundant in the salinized zone,
but surprisingly did not co-vary with ANME populations
(Supplementary Fig. S7). In the freshwater zone, enriched
with organics and nutrients [34], SRB abundance was
low and remained stable, while methanogen abundance
increased with depth. Hydrogenotrophic (Methanoregu-
laceae) [62], methylotrophic (Methanomassilicoccales,
Candidatus Methanomethylicus, Methanofastidiosum),
and acetoclastic methanogens (Methanosaeta and Meth-
anosarcina) [63] were all present throughout the freshwa-
ter profile, with no significant shifts with depth (Fig. 2a,
Supplementary Fig. S7). However, acetoclastic methano-
gens were less abundant in the saline sediments, likely
due to competition with the acetate-utilizing Sva0081
group [64] (Supplementary Fig. S7).

Co-occurrence network and genomic potential analysis
reveal interactions between sedimentary microorganisms
during salinization

Co-occurrence network analysis was used to gain insights
into microbe-microbe interactions [65] and revealed five
clusters of interacting MAGs structured around metha-
nogen, methanotroph, and SRB interactions within the
broader microbial community. The largest cluster con-
tained freshwater sediment-derived MAGs from taxa
known to be involved in OM decomposition, which
aligns with the OM-rich environment of this zone. Here,
syntrophic SRB, affiliated with Syntrophobacteraceae in
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the shallow freshwater subcluster and Syntrophales in
the deeper freshwater subcluster, were prevalent. The
positive co-occurrence of various Syntrophales MAGs,
known to oxidize fatty acids, with Methanoregula and
Methanothrix MAGs suggest the occurrence of C2-C4
syntrophic metabolism between SRB and methanogens
as suggested for bioreactors [66], or potential DIET as
recently hypothesized for freshwater lake sediments [67].

The geochemical zonation of freshwater sediments
with low sulfate concentrations in shallow layers and
higher environmental adaptability of SRB compared to
methanogens shapes the microbial community structure.
In particular, the competition for hydrogen and acetate in
the shallow freshwater subcluster helps define the sepa-
ration of SRB in the shallow freshwater zone and metha-
nogens in the deeper subcluster. Both clusters contain
heterotrophic OM degraders such as Anaerolineaceae,
Spirochaetota, and Bacteroidales [68, 69]. The only MAG
affiliated with MOB was found in the surface freshwater
subcluster, likely due to its sensitivity to osmotic pressure
(Supplementary Fig. S9). MAGs from deeper saline layers
exhibited co-occurrence of anoxic metabolisms, includ-
ing halophilic anoxic Sedimentisphaerales, Anaerolineae,
Desulfobacterota, ANME-1, and Methanoregulaceae,
which support the oxidation of a range of complex to
simple carbon compounds under saline conditions [70,
71]. Their separation from MAGs of the surface layer-
salinized subcluster (Fig. 4b) highlights the clear com-
munity shift above and below the methane pocket in
salinized sediment.

The wide spatial distribution and abundance of SRB
underscore their pivotal role in shaping methanogenic
and AOM communities, especially in the salinized zone
(Fig. S8). Our observations align with studies showing
that SRB outcompete methanogens under conditions of
higher sulfate and lower OM availability, as is commonly
observed in marine sediments [58, 72]. However, another
role of certain SRBs in the methane cycle is their ability to
form associations with ANME. The functional genomic
potential of specific SRB taxa, such as SEEP-SRB1 that
encodes large MHC and type IV pili, facilitating extra-
cellular e-transfer [58], indicates their involvement in
AOM. We found several Desulfobacterota MAGs, includ-
ing SEEP-SRB1c and SEEP-SRB2 [73], encoding the type
IV pili synthesis pathway and/or multiple extracellular
MHCs, indicative of the potential for DIET [74]. SEEP-
SRB2 MAGs were abundant in deeper layers of the sali-
nization profile, alongside ANME-1 (Supplementary Fig.
S8, S9), further supporting their involvement in AOM
syntrophy [15, 73]. Lastly, SEEP-SRB1 genomes syn-
trophic with ANME contain MHCs but lack periplasmic
hydrogenase and formate dehydrogenase genes, unlike
those occurring outside the consortia [75] - a distinc-
tion also evident in the genome analysis within our study,
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further confirming their engagement in syntrophy during
salinization.

Genomic potential for osmoregulation mechanisms for
adaptations to increased salinity

Salinization-induced shifts in microbial communities
involved in sulfur and methane cycles, observed at a
depth of 14—16 cm, align with a reported salinity thresh-
old of 5%o [76]. Halophilic and halotolerant microor-
ganisms adapt through mechanisms like aquaporins,
compatible solutes, cell wall modifications, osmosens-
ing mechanisms, signal transduction, ion transport sys-
tems, and stress response pathways [77, 78]. As a result
of long-term salinity pressure, the selection of different
genome sizes of bacteria and archaea has been reported,
with bacteria exhibiting reduced genomes while archaea
contained larger genomes and more salt-resistance genes
[79]. Here, interestingly, microorganisms differentially
abundant in saline versus freshwater sediments did not
show significant differences in genome sizes or genomic
potential for osmoregulation. Many MAGs, independent
of their preference for saline or freshwater sediments,
harbored the genomic potential for adapting to increased
salinity by encoding osmoprotectants such as trehalose,
ectoine, and proline, as well as genes for protecting cel-
lular structures and enzymes from osmotic stress (e.g.,
dnaKk, groEL). Proline synthesis genes were found in all
differentially abundant microorganisms (Fig. 4c.), includ-
ing three functional groups involved in the microbial
methane cycle (Supplementary Fig. S8, S9). Proline does
not only serve osmotic regulation [80] but also plays
essential roles in redox signaling and cell growth [81],
which may explain its prevalence. Notably, the genomic
potential for resilience against higher osmolarity was
shown to be the lowest in aerobic methanotrophs, which
could partially explain their absence in the salinization-
impacted sediments (Supplementary Fig. S9). Likewise,
the SRB exhibited the most extensive array of osmoregu-
latory genes, contributing to their robustness across both
freshwater and salinized zones. However, no correlation
was observed between the presence or copy number of
genes related to osmotic stress resistance and the abun-
dance or distribution patterns of examined MAGs in
salinized versus freshwater sediments. Previous research
has shown that microorganisms often exhibit resilience
to short-term salinity changes in sediments [82]. Rela-
tively moderate differences in sodium and chloride con-
centrations in this study, compared to truly hypersaline
environments [83—85], as well as the transient nature of
salinization, may account for the limited differences in
osmotic stress adaptation potential between the inves-
tigated MAGs. The saline conditions occurring in Lake
Vrana do not seem to be extreme enough to induce a
selection for a distinct genomic potential with respect
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to osmotic stress. Instead, stress caused by seasonal sali-
nization is likely mitigated at the level of differential uti-
lization of the same genomic potential. An analysis of
microbial activity using metatranscriptomics or metapro-
teomics could provide further insights. Metatranscrip-
tomic analysis was attempted but RNA extraction from
the sediment profile samples was not successful.

Conclusions

In conclusion, our findings suggest that while increased
salinity can act as a stressor capable of altering com-
munity structure, it is not the primary driver of shifts
between freshwater and salinized methane-cycling com-
munities in Lake Vrana. Rather, the availability of sulfate
as an electron acceptor creates a niche for SRB, particu-
larly those forming consortia with ANME-1, and the rise
in sulfate concentrations during salinization plays a piv-
otal role in the restructuring of sedimentary microbial
communities. At the genomic level, no significant differ-
ences were observed between freshwater and salinized
genomes with regard to osmoregulation, suggesting that
seasonal salinization is insufficient to induce adaptations
or selection on a genomic level. These insights enhance
our understanding of methane cycle dynamics and the
broader impacts of climate change-induced salinization
on microbial processes and greenhouse gas emissions.
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