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Abstract

Hypersaline environments are unique ecosystems harboring specialized microbial com-
munities with significant biotechnological potential. This study provides a comprehen-
sive characterization of the taxonomic diversity and functional potential of two Tunisian
salterns, Abbassia (Kerkennah) and Thyna (Sfax), using an integrated approach that com-
bines 16S/18S rRNA gene amplicons (Illumina and full-length Nanopore) with shotgun
metagenomics. Taxonomic profiling revealed a high species richness (S ~ 1250 taxa); how-
ever, the Abbassia site was characterized by extreme taxonomic polarization, with over 95%
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biosynthetic pathways and robust stress-response mechanisms, including ectoine biosyn-
thesis and ppGpp-mediated stringent response, reflecting adaptation to stable hypersaline

conditions. Conversely, Thyna’s microbiome prioritized energy extraction and nutrient
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1. Introduction

Extreme hypersaline environments, characterized by salt concentrations significantly
exceeding those of seawater (>35 g/L), represent some of the most challenging ecosystems
and extreme habitats on Earth [1]. These habitats include saline soils, salt pans, solar
salterns, and sebkhas, where life is continuously shaped by severe environmental filters
such as hypersalinity, limited nutrient availability, high osmotic pressure, intense solar
radiation, and low oxygen solubility. Solar salterns are unique hypersaline ecosystems
characterized by a dynamic salt concentration gradient that progresses from seawater
salinity to salt saturation in the crystallizer ponds [2].

Despite these harsh conditions, hypersaline environments harbor some of the most
remarkable and specialized microbial communities on Earth. Their study provides unique
opportunities to explore microbial adaptation, evolution, and biotechnological potential [3].
Microorganisms inhabiting hypersaline systems have evolved diverse physiological and
molecular mechanisms to survive under osmotic and oxidative stress [4]. Historically,
biological studies of these environments have predominantly focused on the adaptation of
prokaryotes to extreme halophilic conditions [5]. However, these habitats are not limited
to prokaryotic life; they host a complex multi-domain network where micro-eukaryotes,
including halophilic fungi (often termed “black yeasts”) [6] and specialized micro-algae
such as Dunaliella salina, coexist with dense prokaryotic communities such as halophilic
bacteria and archaea [7].

In fact, although prokaryotic populations have dominated hypersaline microbiology
research, the diversity and functional roles of eukaryotic microorganisms remain com-
paratively understudied. While eukaryotic microbes are fundamental drivers of nutrient
cycling and food web regulation in saline ecosystems, their taxonomic resolution remains
constrained by the limitations of traditional sequencing methods [8]. These eukaryotic
organisms are not merely transient inhabitants but active ecological players. For instance,
micro-algae serve as primary producers forming the base of the food web, while halophilic
fungi (e.g., Aspergillus and Penicillium species) act as essential decomposers of organic
matter [9]. To survive salt saturation, these eukaryotes have evolved sophisticated mech-
anisms, such as the intracellular accumulation of glycerol as a compatible solute and the
synthesis of protective carotenoid pigments. Moreover, their metabolic versatility and
resilience to salinity make them valuable sources of novel enzymes, secondary metabo-
lites, and biomolecules of potential industrial and environmental relevance. The advent
of metagenomics and high-throughput sequencing technologies has revolutionized the
study of microbial ecology [10]. While much is known about the taxonomic distribution of
haloarchaea and halophilic bacteria, there is still a significant gap in our understanding
of the inter-domain functional synergies and the full metabolic potential of eukaryotic
communities. In particular, the secondary metabolites produced by these “extremophiles”
to compete or communicate, often encoded by Biosynthetic Gene Clusters (BGCs), represent
a largely untapped resource for biotechnology [11,12].

Unlike traditional culture-dependent methods, metagenomic approaches allow direct
access to the genetic material of all organisms present in a sample, thereby providing an
unbiased and comprehensive view of microbial community structure and function [13]. In
this sense, two complementary strategies are commonly employed: shotgun metagenomics,
which sequences all genomic DNA fragments to reconstruct metabolic pathways and
genomes [14], and amplicon-based metagenomics, which targets specific conserved genes
such as the 16S rRNA and 185 rRNA genes, or the internal transcribed spacer (ITS) region
for taxonomic profiling [15]. The amplicon metagenomic sequencing is also time- and cost-
efficient, allowing the simultaneous analysis of numerous samples without labor-intensive
cloning or cultivation steps [16-18]. In Tunisia, solar salterns represent ecosystems of
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particular ecological and economic importance, yet their microbial eukaryotic diversity
remains largely unexplored [19].

Among these, the Thyna and Abbassia solar salterns are human-controlled, semi-
artificial environments used for the harvesting of salt for human consumption. Salterns
represent ecosystems of particular ecological and economic importance, characterized by
intense evaporation, seasonal salinity fluctuations, and anthropogenic impacts. Life in
industrial solar salterns is governed by poly-extreme stressors, including high osmotic
pressure, fluctuating pH, and limited oxygen availability.

Amplicon-based research frequently suffers from primer mismatch and ribosomal
RNA gene Copy Number (RCN) variations, which can obscure the true abundance of
the archaeal core and result in a notable overrepresentation of particular taxa, such as
members of the phylum, Bacillota [20,21]. This study uses a hybrid multimodal approach
to address these taxonomic distortions, incorporating high-accuracy Oxford Nanopore
Technologies (ONT) long-read scaffold capabilities, which are combined with Illumina short
reads. By switching from a targeted 165/18S rRNA perspective to an untargeted shotgun
metagenomic landscape, this approach enables a strong triangulation of microbial diversity.

Additionally, we offer a unique comparative framework to understand how local
environmental settings and nutrient availability shape the functional and taxonomic as-
sembly of Tunisian hypersaline ecosystems by comparing the more isolated insular system
of Abbassia with the mainland coastal saltern of Thyna, which is likely influenced by
terrestrial organic run-offs.

Despite the ecological importance of Tunisian salterns, a high-resolution integrative
study of their microbial and functional landscapes is still lacking. The present study aims
to fill this gap by employing a multi-platform sequencing approach. We combined the
depth of Illumina shotgun metagenomics with the high taxonomic resolution of full-length
16S rRNA Nanopore sequencing, supplemented by targeted 165 (V3-V4 region) and 185
(V4-V5 region) amplicon sequencing to overcome the limitations of short-read technologies.
Furthermore, we moved beyond descriptive taxonomy by implementing the HUMAnN 3.0
pipeline to profile the functional metabolic pathways. This integrated strategy allowed us
to: (i) characterize the taxonomic ‘dark matter” and resolve the discrepancy between species
richness and dominance in hypersaline niches; (ii) identify specific metabolic adaptations
(e.g., osmolyte biosynthesis and nutrient recycling) that drive community assembly; and
(iii) evaluate the impact of environmental filtering on the microbial plasticity of these
extreme ecosystems.

2. Results and Discussion
2.1. Sample Characteristics

In recent years, the microbial diversity of saline ecosystems has been comprehensively
explored through both culture-dependent techniques and culture-independent approaches,
such as high-throughput sequencing and metagenomics [22,23]. These studies have un-
covered a wealth of novel taxa and provided critical insights into their ecological roles,
physiological traits, and metabolic pathways.

The physico-chemical profiles of the Thyna (Sfax) and Abbassia (Kerkennah) salterns
(Table 1) reveal distinct environmental gradients that drive microbial community assembly.
Although both are hypersaline, Thyna represents a more extreme habitat with a salinity of
170 g/L, compared to 105 g/L at Abbassia. This heightened osmotic pressure at Thyna is
coupled with lower dissolved oxygen levels (3.5 mg/L), likely favoring obligate halophilic
anaerobes. In contrast, the Abbassia site, despite its lower salinity, exhibits higher turbidity
(75 NTU) and oxygenation (5.25 mg/L), suggesting a different trophic state potentially
driven by higher primary productivity. The near-neutral pH and elevated temperatures
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(34-36 °C) at both sites confirm their status as poly-extreme habitats, where microbes must
simultaneously mitigate osmotic, thermal, and oxidative stresses.

Table 1. Physicochemical parameters of the Thyna (Sfax) and Abbassia (Kerkennah) salterns.

Parameter Thyna (Sfax) Saline Saltern Abbassia (Kerkennah) Saltern
Latitude/Longitude 34.7200° N/10.7600° E 34.6833° N/11.1167° E
Temperature (°C) 34 36

pH 8 8.2

Salinity (g/L) 170 105

Dissolved Oxygen (mg/L) 3.5 5.25

Electrical Conductivity (mS/cm) 125 120

Turbidity (NTU) 50 75

2.2. eDNA Extraction Protocols and Quality Control

Soil microbial communities are highly diverse but difficult to characterize due to
challenges in extracting high-quality DNA from complex matrices. To improve DNA
yield and purity, standard protocols of the DNeasy PowerMax Soil Kit, ZymoBIOMICS
96 MagBead DNA Kit (Zymo Research, Irvine, CA, USA), and Quick-DNA Fecal/Soil
Microbe 96 MagBead Kit were optimized. Modifications included increased input material,
enhanced lysis (mechanical and thermal), dialysis to remove inhibitors, and improved
DNA binding and recovery steps. These adjustments resulted in higher DNA yield and
sizes suitable for downstream metagenomic sequencing. Therefore, protocol modifications
were introduced to optimize DNA yield, size, and integrity.

To ensure sufficient biomass for metagenomic sequencing, the initial sample matrix
was doubled compared to the standard DNeasy PowerMax Soil Kit protocol. In addi-
tion, 1300 pL of lysate was loaded onto the MB spin column per round instead of the
manufacturer’s recommended 600 pL, allowing larger volumes to be processed more effi-
ciently, while a double elution step was performed to ensure maximal recovery of bound
nucleic acids.

For the ZymoBIOMICS™ 96 MagBead DNA (Zymo Research, Irvine, CA, USA) as
well as the Quick-DNA™ Fecal/Soil Microbe 96 MagBead kit (Zymo Research, Irvine, CA,
USA), several modifications were introduced to the standard protocols. Before extraction,
the soil samples were subjected to dialysis to reduce inhibitory compounds. In addition,
the amount of starting material was doubled or tripled to maximize DNA recovery. The
number of magnetic beads used during purification was doubled to increase nucleic acid
binding capacity, and samples were mechanically disrupted for one to two hours on a
Vortex Genie to improve microbial cell lysis. Heat treatment of the samples in lysis buffer
was also optimized by raising the incubation temperature from 40 °C to 60 °C, which
promoted more efficient cell disruption. Collectively, these modifications were introduced
to improve both the purity (Table S1), yield (Table S2), and size (Figure S1) of extracted
DNA, thereby ensuring the recovery of high-quality nucleic acids suitable for downstream
metagenomic library preparation and sequencing.

2.3. Taxonomic Profiling of Archaeal Communities

A total of 16,637 reads was generated across both samples, with 16,633 reads suc-
cessfully mapped, reflecting a very high mapping efficiency of over 99.9%. Specifically,
the Thyna (Sfax) saltern contributed 9880 total reads (9877 mapped), while the Abbassia
(Kerkennah) saltern contributed 6757 total reads (6756 mapped), providing a strong and
reliable data set for downstream microbial community analysis. Both samples exhibited
comparable diversity and evenness, with Simpson indices of 0.94 and Shannon indices of
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4.5, indicating rich and balanced archaeal communities. At the phylum level, both samples
were overwhelmingly dominated by Euryarchaeota (99.99%), a hallmark of hypersaline
environments where high osmotic pressure filters out less specialized taxa. At the genus
level, a core community of 18 shared genera (e.g., Haloferax, Halorubrum) suggests a stable
functional backbone for these salterns. However, site-specific niches were clearly defined:
Halorhabdus, exclusively found in Thyna, underscores the extreme hypersalinity (170 g/L)
of this site due to its requirement for near-saturated NaCl. Conversely, the presence of
Haloterrigena and Haloprofundus in only Abbassia suggests an adaptation to the specific
organic matter profile and higher oxygenation (5.25 mg/L) observed in this insular system.
Taxa with low abundance (<1%) were retained in the analysis to capture the ‘rare biosphere’,
which may provide essential metabolic buffering to the ecosystem.

At the genus level, 25 genera were identified across both samples (Figure 1), of which
18 were shared between the Thyna and Abbassia salterns including Haloferax, Halovivax,
Halobaculum, Halorussus, Halobacterium, Halomarina, Halolamina, Halorientalis, Natribaculum,
Natronomonas, Natronoarchaeum, Halorubrum, Natrinema, Halobellus, Halalkalicoccus, Halo-
catena, Haloarchaeobius, and Halomicroarcula, presenting relative abundances ranging from
1.01% to 7.45% in the Thyna saltern, and 1.01% to 7.7% in the Abbassia saltern, indicating
that they form the dominant fraction of the archaeal communities in both samples.

e [ Y PR

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
m Haloferax L] L] u Halovivax u Natribaculum w Halorientalis

Haloh:

= Halobium Halorussus

Figure 1. Taxonomic distribution of archaeal genera in the Abbassia (Kerkennah) and Thyna (Sfax)
salterns based on Illumina MiSeq sequencing of the 165 rRNA gene (V3-V4 regions). Taxa with low
abundance (<1%) were excluded.

These genera belong to well-characterized families within the orders Halobacteriales,
Haloferacales, and Natrialbales, which collectively encompass the majority of described
haloarchaeal diversity in hypersaline systems [24-26]. Ecologically, genera such as Haloferax,
Halorubrum, Halolamina, and Natronomonas are abundant in hypersaline soils and sediments,
often correlating with salinity gradients, and contributing substantially to community
structure. Other taxa, including Halovivax and Halobaculum, are also often documented to
be present in saline ecosystems, though typically at lower abundance or in specific niches
such as soil crusts or salt crust layers [24,26].

Certain unique haloarchaeal genera were identified at specific sites; for instance, Halo-
hasta, Haloplanus, and Halorhabdus were only found in Thyna, whereas Halobium, Halomicro-
bium, Haloprofundus, and Haloterrigena were only found in Abbassia. These genera were
present at low relative abundances (Figure 1). Halohasta species are extremophilic archaea
frequently identified in salt-rich environments and contribute to community resilience
through their capacity to withstand high ionic strength, often co-occurring with other
haloarchaea across salterns and saline soils, suggesting niche specialization along salinity
gradients [26]. Haloplanus species are reported to be extreme halophiles characterized
by mesophilic growth and pigmentation. Genomic analyses indicate their capabilities
for broad heterotrophic metabolism and stress tolerance, traits that support survival in
fluctuating salinity and nutrient conditions typical of solar salterns [27]. Members of the
genus Halorhabdus are notable for their extremely high salinity optimum (up to ~27% NaCl)
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and restricted substrate range, reflecting a specialized ecological strategy for growth under
saturated salt conditions. Their morphology and metabolic preferences further underscore
their adaptation to extreme halophily [28]. Halobium comprises extremely halophilic ar-
chaea, which are capable of growing at the high concentrations of NaCl typical of solar
salterns. Their major polar lipids, such as phosphatidylglycerol and sulfated glycolipids,
indicate adaptations to osmotic stress in their membranes [29]. The genus Halomicrobium
belongs to the Haloarculaceae family and is commonly found in hypersaline environments,
which suggests a broad range of metabolic processes that allow for survival under high
salt conditions [30]. Haloprofundus comprises highly salt-tolerant haloarchaea that have
been isolated from saline soils and sediments [31]. These organisms have phenotypic
characteristics that shows adaptation to extreme salt and nutrient-limited conditions, while
Haloterrigena comprises pleomorphic, extremely halophilic archaea that grow optimally at
high NaCl concentrations and moderate temperatures, with genomic features that support
survival in salt-rich habitats [32].

2.4. Taxonomic Profiling of Eukaryotic Communities

The two saline soil samples from the Thyna (Sfax) and Abbassia (Kerkennah) salterns
generated over one million 185 reads each, with 618,889 (48.5%) and 581,854 (50.8%) reads
mapped to OTUs, respectively. Classification of these reads revealed that only 28% of
Thyna’s reads (/357,776 reads) and 51% of Abbassia’s reads (/584,918 reads) could be
assigned to known taxa, indicating a higher proportion of uncharacterized eukaryotes in the
Thyna sample compared to the Abbassia sample. The high percentage of unassigned reads
(up to 72% in Thyna) represents a significant finding. This observation is due to the lack of
representative sequences for extreme hypersaline eukaryotic lineages in public databases
(SILVA /PR2). This can suggest that hypersaline soils in Tunisia are reservoirs for previously
unreported fungal diversity. To our knowledge, no comprehensive metagenomic study has
yet focused on the eukaryotic communities inhabiting these Tunisian hypersaline soils.

Alpha diversity analysis confirmed that both communities are highly diverse and
evenly distributed, with Simpson indices of 0.95 (Thyna) and 0.96 (Abbassia), and Shannon
indices of 5.3 and 6.0, respectively. These results suggest that saline soils harbor complex
microbial communities, with Thyna containing a greater fraction of potentially novel
halotolerant fungi or other extremophilic eukaryotes, while Abbassia exhibits slightly
higher overall diversity, reflecting subtle ecological differences between the sites. For
example, fungi are known to play a crucial role in breaking down complex polymers (such
as lignin or cellulose) [33]. These polymers may be more available in the Thyna sediments
due to the saltern’s proximity to the mainland and potential terrigenous exposure.

At the phylum level, both salterns were dominated by Ascomycota, comprising 69%
and 84% in Thyna and Abbassia, respectively, highlighting the prevalence of this major
fungal lineage in saline environments. Basidiomycota were more abundant in the Thyna
(19%) saltern than in the Abbassia (7.9%) saltern, while Mucoromycota were also higher in
the Thyna (8.7%) saltern compared to the Abbassia (1.8%) saltern. Minor fractions included
Cryptomycota (1% in Thyna) and other unclassified fungi (~1-1.5% in both soils) (Figure 2).
These differences suggest that the Thyna saltern harbors a more phylogenetically diverse
fungal community at the phylum level, whereas the Abbassia saltern is more dominated
by Ascomycota.
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Figure 2. Bar plots representing the relative abundance of fungal communities at the genus level in
the Abbassia and Thyna salterns. Taxonomic profiles were generated using full-length 185 rRNA
(V4-V5) region Illumina sequencing. Genera with a relative abundance of less than 1% were filtered
for clarity.

At the genus level, the soil saltern samples collected from Abbassia and Thyna revealed
a diverse community of microscopic fungi dominated by both yeasts and filamentous
taxa. In Thyna, the most abundant genera included Metschnikowia (14%), Cryptococcus
(14%), Lomentospora (11%), and Lichtheimia (8.6%), whereas Abbassia was dominated by
Metschnikowia (20%) and Cryptococcus (19%), indicating a consistent yeast-rich component
across both saline soils. The presence of genera such as Lomentospora and Lichtheimia,
often associated with nutrient-rich or anthropized environments, further differentiates the
ecological profile of Thyna from the more isolated Abbassia site.

Filamentous genera such as Fusarium, Verticillium, Penicillium, Aspergillus, Col-
letotrichum, Tolypocladium, Reticulascus, Ophiocordyceps, Phialophora, Lomentospora, Lichtheimia,
Apophysomyces, Baudoinia, and Puccinia were detected at lower relative abundances, re-
flecting a heterogeneous assemblage of stress-tolerant fungi. Notably, several OTUs could
only be assigned at higher taxonomic levels (e.g., Piptocephalidaceae, Cephalotrichiella) or
represented novel and poorly characterized fungal lineages, suggesting the presence of
previously unreported diversity in saline soils. These results indicate that saline soils, such
as those at Abbassia and Thyna, harbor a specialized fungal community dominated by
osmotolerant yeasts and filamentous fungi, likely adapted to high salinity and low water
activity. The consistent presence of genera such as Metschnikowia and Cryptococcus, known
for their halotolerance and osmoprotectant production, underscores their ecological rele-
vance in extreme soil environments. The eukaryotic profiling of the Thyna and Abbassia
salterns reveals a remarkably high proportion of unassigned 185 rRNA sequences (up to
72% in Thyna), a phenomenon frequently described as ‘taxonomic dark matter” in extreme
environments [34]. This significant gap in public databases, such as SILVA or PR2, suggests
that Tunisian solar salterns harbor a vast, yet-to-be-characterized reservoir of extremophilic
eukaryotes, specifically adapted to the unique geochemical constraints of the Mediter-
ranean basin [35]. The dominance of Ascomycota (69-84%) across both sites is consistent
with their known plasticity and ability to withstand high osmotic pressure through the
‘High-Osmolarity Glycerol’ (HOG) signaling pathway [36]. Interestingly, the prevalence
of yeast genera such as Metschnikowia and Cryptococcus suggests a specialized ecological
niche. These taxa are recognized for their ability to accumulate polyols and synthesize
thick polysaccharide capsules, which serve as desiccation barriers in hypersaline soils [37].
The higher abundance of Lomentospora and Lichtheimia in Thyna compared to Abbassia may
reflect the influence of terrigenous inputs and anthropogenic proximity. These filamentous
fungi are often saprotrophic, playing a pivotal role in the turnover of complex organic
matter (lignocellulose) that reaches the salterns from the mainland [38]. This functional
specialization, combined with the presence of rare phyla such as Cryptomycota, underscores
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that these salterns are not merely extreme ‘stress zones’, but complex ecosystems where
fungal communities ensure nutrient cycling under near-saturation salinity [39].

These specialized fungal communities not only provide a baseline for exploring novel
halophilic or halotolerant fungi in extreme environments but also serve as a foundation
for exploring novel enzymes and secondary metabolites with potential biotechnologi-
cal applications.

2.5. Taxonomic Profiling of Bacterial Communities

To characterize the bacterial community structure of the two samples, we performed
full-length 165 rRNA gene sequencing (covering the V1-V9 regions). High-resolution data
were obtained using the ONT PromethION 2 Solo platform, complemented by shotgun
metagenomic sequencing performed with both Illumina and Nanopore technologies.

Shotgun metagenomic sequencing using Illumina technology generated 8,004,385 reads
for Abbassia and 15,498,770 reads for Thyna. In contrast, Nanopore-based shotgun se-
quencing yielded 534,369 reads for Abbassia and only 104 reads for Thyna. For 165 rRNA
sequencing using Nanopore technology, 2,139,081 reads were obtained from Abbassia,
while 3,703,450 reads were generated from Thyna.

Rarefaction analysis was used to assess sequencing depth and species richness across
samples by subsampling to a uniform depth and plotting observed taxa as a function
of sequencing technology (Figure S2). Results revealed marked differences in species
richness and sequencing depth across the three sequencing approaches. Shotgun Illumina
samples (Thyna and Abbassia) exhibited the highest richness, plateauing at ~1500 and
~1300 species, respectively, indicating sufficient sequencing depth and highly diverse
communities. Nanopore samples showed lower richness: Thyna 165 (~700), Shotgun
Nanopore Abbassia (~500), Abbassia 16S (~50), and Shotgun Nanopore Thyna near zero,
reflecting reduced diversity and possible technical limitations. Overall, Illumina sequencing
captured substantially greater microbial diversity, while Nanopore data sets displayed
lower richness and higher variability. Based on these rarefaction results, the Abbassia
16S and Shotgun Nanopore Thyna data sets were excluded from subsequent analyses to
prevent statistical artifacts and ensure that the ecological interpretations were based only
on robust, high-depth data sets.

Alpha diversity was evaluated across the different selected sequencing approaches
for the Thyna and Abbassia samples using Chaol, Shannon, and Simpson indices after
normalization to account for sequencing depth (Figure 3).

Results revealed marked differences in microbial community structure across
samples and sequencing platforms. Species richness (Chaol) was highest in Shot-
gun_Illumina_Thyna (~1500) and Shotgun_Illumina_Abbassia (~1250), but moderate in
the Thyna 165 Nanopore (~700) and Shotgun_Nanopore_ Abbassia (~500) sequence data.
Shannon diversity, reflecting both richness and evenness, followed a similar trend: Shot-
gun_Illumina_Abbassia (~5.1), Thyna 16S Nanopore (~4.5), Shotgun_Illumina_Thyna
(~4.2), with lower values for Nanopore Abbassia (~2.4), and minimal diversity in other
Nanopore samples. The Simpson index, emphasizing dominance, indicated highly even
communities in Illumina samples and Thyna 165 Nanopore (~1), moderate evenness in
Shotgun_Nanopore_Abbassia (~0.6), low evenness in Abbassia 16S (~0.08), and near-zero
evenness in Shotgun_Nanopore_Thyna. Overall, [llumina-based shotgun sequencing cap-
tured the most diverse and balanced communities, whereas Nanopore data sets exhibited
reduced richness, uneven distributions, and higher dominance effects, highlighting both
biological variation and platform-specific biases.
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Figure 3. Alpha diversity of microbial communities for the Thyna and Abbassia samples derived from
different sequencing approaches. Diversity was assessed using Chaol (species richness), Shannon

(richness and evenness), and Simpson (evenness/dominance) indices.

The abundance distribution of microbial taxa across the different data sets was vi-
sualized using a boxplot of log-transformed values. Raw counts were transformed with
logs (x + 1) to mitigate the influence of highly abundant taxa and stabilize variance, enabling
clearer comparison between data sets. Each box in the plot represents a single sample and
summarizes the range, median, and variability of abundance values across all detected taxa
or operational taxonomic units. This approach provides a concise overview of community
composition and highlights differences in microbial feature distributions among the sample
data sets (Figure 4).

The boxplots reveal differences in community structure between sequencing ap-
proaches and sampling sites. Shotgun Illumina data sets from both Thyna and Abbassia
exhibit higher median abundance and wider variability compared with Nanopore data
sets, reflecting broader coverage of microbial features. In contrast, 165 rRNA Nanopore
data sets show lower median abundances and a greater proportion of low-abundance taxa,
consistent with the targeted nature of amplicon sequencing. These patterns illustrate how
the sequencing method and site-specific microbial composition influence the distribution
of taxonomic abundances and highlight the presence of both dominant and rare taxa across
hypersaline sediments.

The microbial community composition across the two sites with relative abundance
>1% is presented in Figure 5. At the phylum level, microbial communities exhibit a
broadly consistent structure across all samples, with the Pseudomonadota group being
dominant. Its relative abundance is approximately 50% in Shotgun_Illumina_Kerkennah,
67% in Shotgun_Illumina_Thyna, 78% in Shotgun_Nanopore_Abbassia, and 69-70% in
Thyna_16S_Nanopore. The predominance of Pseudomonadota is widely reported in metage-
nomic studies in saline ecosystems, where this phylum is considered a core component
due to its metabolic versatility and adaptability to fluctuating salinity conditions [40,41].
The second most abundant phylum is Actinomycetota, which contributes approximately
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18-20% in Shotgun_Illumina_Abbassia, 15-17% in Shotgun_Illumina_Thyna, 12-15% in
Shotgun_Nanopore_Abbassia, and 20-22% in Thyna_16S_Nanopore. The significant pres-
ence of Actinomycetota is noteworthy, as members of this phylum are renowned for their
ability to produce secondary metabolites and exoenzymes that degrade complex organic
matter, a crucial function in nutrient-limited hypersaline sediments [42]. Similarly, the
Bacillota phylum accounts for approximately 18%, 20%, 10%, and 22% in the same data sets,
respectively. Members of these phyla are commonly reported in hypersaline and fluctu-
ating environments studies due to their ability to form endospores and survive osmotic
stress [43]. Minor phyla, including Bacteroidota and Cyanobacteriota, represent less than
5-8% of the total community.

Abundance Distribution
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Figure 4. Abundance distribution of microbial taxa across different sequence data sets. Boxplots rep-
resent logy (x + 1)-transformed counts, summarizing the median, interquartile range, and variability of
abundances for each data set. Outliers indicate taxa with exceptionally high or low abundance. This
visualization highlights differences in microbial community structure between sequencing methods
(16S rRNA vs. shotgun) and sampling sites (Thyna vs. Abbassia).

At the genus level, clear differences in dominance and diversity are observed within
each site when comparing sequencing technologies. At the Abbassia site, the shotgun
[llumina-based sequence data reveals a relatively even and diverse community, dominated
by Pseudomonas (~14-16%), followed by the Brevundimonas/Bradyrhizobium group (~8-10%)
and Acinetobacter (~6-8%), with additional genera such as Bacillus and Sphingomonas, each
contributing less than 5%.

This pattern is consistent with earlier research showing that these bacterial groups
have been widely reported in natural saline ecosystems [44]. Pseudomonas is ubiquitous
in saline systems due to its metabolic versatility and osmotic stress tolerance [45], while
Bradyrhizobium and Brevundimonas are involved in nutrient cycling in oligotrophic and
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saline conditions [46], while Acinetobacter is frequently detected in brackish and stressed
environments [47]. It is worth noting that the shotgun Nanopore data set is dominated
by a single genus, likely Escherichia/Shigella (~65-70%), with all other genera, including
Pseudomonas and Bacillus, being below 5%. This discrepancy suggests either strong local
environmental selection or a methodological bias, as long-read shotgun approaches can
overrepresent highly abundant taxons.

At the Thyna site, the shotgun Illumina data set shows partial dominance by Pseudormonas
(~25-28%), followed by Burkholderia/ Paraburkholderia (~12-15%) and Bacillus (~10-12%), with
other genera contributing between 3% and 8%. Burkholderia/Paraburkholderia are commonly
enriched in saline and contaminated environments due to their roles in nitrogen cycling and
degradation of complex compounds [48], while Bacillus is well known for its resilience in
fluctuating salinity due to endospore formation [49,50]. In comparison, the 16S Nanopore data
set (Thyna_165_Nanopore) displays a more even distribution, with Pseudomonas (~12-15%),
Bacillus (~10-12%), and Acinetobacter (~8-0%), along with several genera in the 5-10% range.

Overall, comparing genus-level composition within each site across sequencing tech-
nologies reveals that [llumina-based approaches tend to capture greater diversity and even-
ness, while Nanopore data, particularly shotgun, may emphasize dominant taxa. Despite
these differences, recurrent detection of key genera such as Pseudomonas, Bacillus, and Acine-
tobacter across both methods supports their central ecological role in saline environments.
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Figure 5. Phylum (A), genus (B), and species-level (C) distribution of microbial communities in the
Abbassia and Thyna salterns. Comparison of relative abundances (%) across 16S rRNA Nanopore
amplicons and shotgun metagenomics data sets generated using Illumina and Nanopore sequencing
platforms. Only taxa with relative abundance > 1% are shown.
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At the species level, the observed patterns closely mirror those at the genus level but
provide finer ecological resolution, revealing important differences in community structure
across sites that are consistent with dynamics typically reported in saline ecosystems. At the
species level, shotgun metagenomics uniquely allowed for the simultaneous detection of
both bacterial and archaeal members, such as Halorubrum spp. (5%) in Abbassia, providing
a more integrated view of the prokaryotic community than 16S rRNA sequencing alone.
The observed patterns closely mirror those at the genus level but provide finer ecological
resolution. In Abbassia (Kerkennah), the community is relatively diverse and well-balanced,
with several halotolerant and metabolically versatile species distributed across different
taxa. The dominant species include Pseudomonas aeruginosa (10%), Pseudomonas fluorescens
(8%), Bacillus subtilis (10%), Sphingomonas paucimobilis (6%), and members of the Burkholderia
cepacia group (5%).

In contrast, Thyna (Sfax) shows a more selective and uneven structure, with stronger
dominance of a few bacterial groups. The most abundant species include P. aeruginosa
(25%), B. subtilis (15%), and Pseudomonas putida, while other taxa appear at lower abun-
dances. Halotolerant organisms such as Halomonas elongata are present but less prominent.
Additional opportunistic species such as Staphylococcus aureus and Streptomyces spp. occur
in low proportions. This pattern indicates a stronger ecological filtering in Thyna, leading
to reduced diversity and dominance of a few adaptable species.

2.6. Functional Profiling of Microbial Communities

Functional annotation of Illumina-derived data sets was performed using the HU-
MAnNN 3.0 pipeline in conjunction with the MetaCyc database (v29.1), allowing for the
reconstruction and quantification of gene family abundances (Table S3) and metabolic
pathway coverage across samples (Tables 54 and S5). The results revealed that both sites
shared a core set of central metabolic pathways, including glycolysis (Glycolysis, PWY-5484,
and PWY-1042), the pentose phosphate pathway (Nonoxipent-PWY), and components of
the TriCarboxylic Acid (TCA) cycle, indicating conserved basal metabolic functions across
hypersaline environments. Nevertheless, there were clear differences in the number and
location of pathways, which is an indication of different metabolic strategies (S_abundance).
The differential abundance profiles of the top 40 functional pathways across the Abbassia
and Thyna sites are shown in Figure 6.

The Abbassia microbiome was characterized by a significant abundance of anabolic
and biosynthetic pathways (Figure 7). Notably, multiple amino acid biosynthesis path-
ways were present in high abundance, including those for arginine (ARGSYN-PWY and
PWY-5154), lysine (DAPLYSINESYN-PWY and PWY-5097), histidine (HISTSYN-PWY),
tryptophan (TRPSYN-PWY and PWY-6629), and branched-chain amino acids (BRANCHED-
CHAIN-AA-SYN-PWY, VAL-SYN-PWY, and ILEUSYN-PWY). In saline ecosystems, a high
abundance of amino acid biosynthesis pathways is a key adaptation strategy enabling
microbial communities to thrive under nutrient-limited or fluctuating conditions [51].
Additionally, elevated levels of nucleotide biosynthesis pathways were observed, particu-
larly those involved in de novo purine and pyrimidine synthesis (PWY-7220, PWY-7221,
PWY-7222, and PWY-6125/PWY-6126), as well as cofactor and vitamin metabolism, in-
cluding folate transformations (PWY-3841) and coenzyme A biosynthesis (COA-PWY
and PANTOSYN-PWY).

Elevated investment in nucleotide synthesis is typically linked to increased cellular
replication and turnover, reflecting dynamic microbial growth under favorable or com-
petitive conditions [52]. The enrichment of pathways related to cofactor and vitamin
metabolism, such as folate conversions and coenzyme, emphasizes the significance of
metabolic adaptability and redox equilibrium within this ecosystem. These cofactors are
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essential for a wide range of enzymatic reactions, suggesting that a robust biochemical
network is maintained by the microbiome to support diverse metabolic functions [53]. Path-
ways involved in heme biosynthesis (HEME-BIOSYNTHESIS-II and HEMESYN2-PWY)
and lipid metabolism, including fatty acid S-oxidation (FAO-PWY and PWY-5136), were
also significantly enriched.
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Figure 6. Differential abundance of the top 40 functional pathways (Z-Score) across the Abbassia and
Thyna microbial communities.

Notably, the Abbassia microbiome showed a distinctive enrichment of stress-adaptive
and protective pathways, such as ectoine biosynthesis (P101-PWY) and ppGpp metabolism
(PPGPPMET-PWY). Ectoine is a well-known compatible solute that stabilizes proteins
and membranes under high salinity. This indicates that the microbial communities in
Abbassia actively mitigate osmotic stress [54]. Similarly, ppGpp metabolism reflects the
activation of the stringent response, a global regulatory mechanism that enables bacteria
to survive under conditions of limited nutrients and environmental stress by reallocating
cellular resources [55]. Secondly, the enrichment of multiple membrane and cell envelope
biosynthesis pathways suggests structural adaptation of the cell envelope. Examples of
these pathways include phospholipid biosynthesis, peptidoglycan formation, colanic acid
production, and O-antigen biosynthesis. In saline conditions, it is critical that membrane
integrity and fluidity are maintained, enhancing resistance against ionic stress, and dehy-
dration is likely to be contributed to by these pathways [56]. Membrane remodeling and
energy production under fluctuating environmental conditions are further supported by
the presence of fatty acid metabolism (B-oxidation and cis-vaccenate biosynthesis) [57].
Another key aspect is the overrepresentation of amino acid and sulfur metabolism, includ-
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ing SULFATE-CYS-PWY and multiple methionine biosynthesis pathways. This indicates
a strong reliance on inorganic sulfate assimilation to sustain the production of sulfur-
containing amino acids, which are essential for protein synthesis and redox homeostasis. In
saline ecosystems where organic sulfur is often limited, this metabolic flexibility provides a

significant ecological advantage [58].
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The Abbassia communities also show enrichment in central carbon metabolism and
energy pathways, such as variations in the TCA cycle, the Rubisco shunt, and B-oxidation.
These pathways suggest metabolic versatility, allowing microorganisms to exploit diverse
carbon sources and maintain energy production under stress conditions [59]. The detection
of photosynthesis-related pathways and tetrapyrrole/heme biosynthesis further indicates
the presence of phototrophic or photo-assisted metabolisms, which can be advantageous in
shallow, high-salinity coastal environments. Finally, the abundance of pathways related
to nucleotide biosynthesis, tRNA charging, and cofactor production (e.g., NAD salvage,
flavin biosynthesis, folate transformations) reflects a high level of cellular activity and
turnover, suggesting that, despite harsh conditions, Abbassia supports metabolically active
and dynamically adapting microbial populations.

With regard to taxonomic composition, the community is dominated by a Pseudomon-
adota/ Gammaproteobacteria-like lineage (60%), indicating the prevalence of metabolically
versatile marine heterotrophs and opportunistic degraders that can rapidly respond to or-
ganic substrates [60]. A substantial secondary contribution is observed from Actinomycetota-
related groups (25%), which are commonly associated with the decomposition of organic
matter and the production of secondary metabolites, suggesting their active participation
in carbon cycling processes [61]. Additionally, a distinct archaeal fraction, represented by
Halobacteria (15%), reflects adaptation to saline or hypersaline environmental conditions,
which are typical of marine-influenced ecosystems [24]. Minor contributions from taxa
such as Cyanobacteria indicate the presence of phototrophic or background environmental
microorganisms, though these do not dominate the community structure [62]. The observed
taxonomic structure is consistent with the functional pathway profile, which is enriched in
pathways related to energy metabolism, biosynthetic processes, and nucleotide turnover.

By contrast, the Thyna microbiome showed a functional profile that was character-
ized by pathways associated with catabolism and the generation of energy (Figure 7).
Fermentation pathways were particularly prominent, including mixed acid fermentation
(FERMENTATION-PWY), pyruvate fermentation to acetate and lactate (P41-PWY and
PWY-5100), and alternative fermentative routes, such as iso-butanol production (PWY-7111).
There was also an increased abundance of pathways involved in carbohydrate metabolism,
including glycolysis (GLYCOLYSIS), gluconeogenesis (PWY66-399), sucrose degradation
(PWY-5384), and glycogen turnover (GLYCOCAT-PWY, PWY-5941). A striking feature of
the Thyna functional profile was the strong enrichment of the glyoxylate cycle. This is
also known as the glyoxylate bypass (GLYOXYLATE-BYPASS; PWY-5690). This suggests
an adaptive strategy. This strategy is for the conservation and utilization of simple car-
bon substrates. These are used under nutrient-limited or stress conditions. Additionally,
Thyna samples exhibited a higher representation of nucleotide degradation and salvage
pathways, including purine and pyrimidine turnover (PWY0-1296, PWY-6608, PWY-7199,
and SALVADEHYPOX-PWY), indicating a reliance on recycling mechanisms rather than
de novo synthesis. Several pathways related to nitrogen metabolism, such as assimilatory
nitrate reduction (PWY-5675), were also detected predominantly in Thyna, consistent with
the presence of nitrifying taxa identified in the taxonomic analysis.

Site-specific enrichment was characterized by the strong presence of fermentation-
based energy pathways, including FERMENTATION-PWY (mixed acid fermentation),
P41-PWY (pyruvate fermentation to acetate and (S)-lactate I), and PWY-7111 (pyruvate
fermentation to iso-butanol). The presence of these pathways indicates that microbial
communities depend significantly on anaerobic or microaerophilic metabolism, a process
that involves the phosphorylation of substrates to produce energy [63]. Indeed, carbon
storage and mobilization are also significant processes, as demonstrated by GLYCOCAT-
PWY (glycogen degradation I) and PWY-5941 (glycogen degradation II), coupled with
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PWY66-399 (gluconeogenesis III). A dynamic carbon buffering system is reflected in these
pathways, allowing microorganisms to alternate between storage and utilization depending
on environmental conditions. The presence of PWY-7238 (sucrose biosynthesis II) and
PWY-5384 (sucrose degradation IV) further suggests the active turnover of plant-derived
carbohydrates, which is consistent with the coastal input of organic matter [64].

Metabolism of nitrogen and nucleotides is also highly represented. The ASPASN-PWY
pathway (superpathway of L-aspartate and L-asparagine biosynthesis) supports amino
acid synthesis under variable nutrient conditions. Meanwhile, PWY-5675 (nitrate reduction
V—assimilatory) demonstrates the ability of community members to utilize nitrate as a
source of nitrogen [65]. Meanwhile, multiple nucleotide recycling and synthesis pathways,
such as PWY-6545 (pyrimidine deoxyribonucleotides de novo biosynthesis III), PWY-7184
(pyrimidine deoxyribonucleotides de novo biosynthesis I), PWY-0166 (superpathway of
pyrimidine deoxyribonucleotides de novo biosynthesis), PWY-7199 (pyrimidine deoxyri-
bonucleosides salvage), and PWY-66389 (phytol degradation), indicate strong nucleotide
turnover and salvage metabolism, which is typical of environments where microbial growth
fluctuates with resource availability.

Another important component is lipid metabolism, with pathways such as PWY-5989
(stearate biosynthesis II), FASYN-ELONG-PWY (fatty acid elongation—saturated), PWY-
6282 (palmitoleate biosynthesis I), and PWY-7664 (oleate biosynthesis I[V—anaerobic). To-
gether, these pathways suggest the capacity for membrane remodeling, enabling adaptation
to changing salinity and redox conditions. However, they lack the strong osmoprotective
specialization observed in Abbassia [66].

Thyna microbial communities exhibit nitrogen recycling and central metabolic flex-
ibility. PWY-7371 (1,4-dihydroxy-6-naphthoate biosynthesis II), PWY-6608 (guanosine
nucleotide degradation III), SALVADEHYPOX-PWY (adenosine nucleotide degradation
II), and PWY-6282 (phytol degradation) all contribute to the efficient reuse of organic com-
pounds. The presence of PWY-4984 (the urea cycle) also supports the detoxification and
recycling of nitrogen, which is likely to be important in fluctuating organic loads [67]. Fi-
nally, pathways such as PWY(-1477 (ethanolamine utilization) and PWY-7199 (pyrimidine
deoxyribonucleoside salvage) demonstrate the capacity to utilize various anthropogenic or
degradation-derived substrates, emphasizing the concept of a heterotrophic, opportunistic
microbial community [68].

The microbial community in Thyna is dominated by Pseudomonadota (55%), followed by
Actinomycetota (25%) and methanogenic Methanobacteriota (20%), reflecting a metabolically
stratified ecosystem combining aerobic, facultative, and strictly anaerobic processes. The
prevalence of Pseudomonadota-associated genera such as Pseudomonas and Acinetobacter is
consistent with their well-documented metabolic versatility and ability to thrive under
fluctuating redox conditions, supporting pathways involved in glycolysis, gluconeogenesis,
and fermentation (e.g., pyruvate-to-acetate and mixed-acid fermentation). These taxa are
widely recognized for their roles in degrading organic matter and adapting to energy
metabolism in marine and coastal environments [69,70].

The substantial contribution of Actinomycetota further supports this interpretation, as
members of this phylum, including Streptomyces, are key decomposers of complex organic
substrates and producers of secondary metabolites, contributing to carbon turnover and
nutrient recycling [71].

The relatively high abundance of methanogenic archaea (Methanobacteriota) observed
correlates with the presence of the methanogenesis and hydrogenotrophic pathways. These
pathways suggest the existence of anoxic microenvironments where terminal carbon miner-
alization occurs via methane production. In fact, methanogens such as Methanobacterium
are known to utilize H, and CO; as substrates, playing a central role in anaerobic carbon
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cycling and linking fermentative bacterial processes to final energy-yielding steps [72,73].
The prevalence of methanogenic Methanobacteriota and fermentation pathways in Thyna is
consistent with the lower dissolved oxygen levels (3.5 mg/L) recorded at this site, favoring
the development of anoxic micro-niches. The coexistence of fermentative bacteria and
methanogenic archaea suggests a syntrophic relationship, in which bacterial degradation
products (e.g., acetate, Hy, and CO,) fuel archaeal methanogenesis, a well-established
mechanism in anoxic sediments and wastewater-influenced environments [74].

Taken together, Abbassia is dominated by biosynthetic and anabolic processes, in-
dicative of a growth-oriented and metabolically self-sufficient community. In contrast, the
Thyna microbial community exhibits a metabolism centered on energy extraction, fermen-
tation, and nutrient recycling, reflecting a more dynamic and environmentally responsive
ecosystem. These findings provide strong evidence that environmental conditions shape
not only taxonomic composition but also the functional potential of microbial communities
in hypersaline sediments.

3. Materials and Methods
3.1. Site Description and Sample Collection

Sediment samples were collected from two industrial solar salterns located in the
Sfax Governorate, Tunisia: Abbassia (Kerkennah Island; 34.6833° N, 11.1167° E), which is
characterized by high evaporation rates and limited anthropogenic impact, whereas Thyna
(Sfax; GPS coordinates: 34.7200° N, 10.7600° E) is subject to seasonal fluctuations and
urban proximity. Both sites are engineered systems designed for industrial salt production
through a series of evaporation pans. Sampling was conducted in July, during the peak of
the dry season, to capture the microbial communities under maximum hypersaline and
thermal stress. At each site, surface sediments (top 5 cm) were collected from the bottom of
the saline ponds using sterile spatulas. To minimize the impact of micro-scale sediment
heterogeneity and capture a representative average of each site’s microbial signature, a
pooled composite sampling strategy was employed for the metagenomic analysis. The
collected sediments were immediately preserved in DNA/RNA Shield (Zymo Research,
Irvine, CA, USA) to stabilize nucleic acids, transported to the laboratory on ice within 4
h, and immediately frozen at —80 °C until DNA extraction. Environmental parameters
of the overlying brine and the sediment interface were recorded (Table 1). The physico-
chemical parameters measured at the time of sampling served as environmental metadata
for subsequent correlation with microbial diversity and functional profiles.

The pH was determined using a METTLER TOLEDO SevenEasy™ S20 pH meter.
Salinity was measured gravimetrically by drying 10 mL of the interstitial brine at 105 °C
until reaching a constant weight. Water temperature was recorded in situ using an AcuRite
8” Analog Thermometer (AcuRite/Chaney Instrument Co., Lake Geneva, WI, USA).

3.2. Environmental DNA Extraction, Quality Assessment, and Quantification

To optimize the recovery of high-quality metagenomic DNA suitable for both short-
read (Illumina) and long-read (Nanopore) sequencing, an initial optimization phase was
conducted comparing three extraction methods: the DNeasy PowerMax Soil Kit (Qiagen,
Hilden, Germany), the ZymoBIOMICS™ 96 MagBead DNA Kit (Zymo Research, Irvine,
CA, USA), and the Quick-DNA Fecal/Soil Microbe 96 MagBead Kit (Zymo Research, Irvine,
CA, USA). Based on superior performance in terms of DNA yield and purity, the Zymo-
BIOMICS™ 96 MagBead DNA Kit (Zymo Research, Irvine, CA, USA) was selected as the
standardized method for all samples analyzed in this study. For each site, a composite
sediment sample (formed by physically mixing multiple cores) was used for environmental
DNA (eDNA) extraction. The manufacturer’s protocol was followed with minor modifica-
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tions, including additional washing steps to account for the high salinity of the matrix and
ensure the removal of potential PCR inhibitors. This standardized approach was applied
consistently across all sites to eliminate potential kit-specific extraction biases. For each kit,
extraction blanks (reagents only, no sediment material) were processed for every batch of
samples to monitor for any ‘kitome” or reagent-derived DNA. No additional chemical clean-
ing steps were required before library preparation, as the optimized extraction successfully
removed inhibitory humic substances and salts.

The concentration and purity of the extracted eDNA were initially assessed using
an Implen™ Nanophotometer™ N60/N50 (Implen GmbH, Munich, Germany). The ob-
tained Apgo/ Aggp ratios ranged between 1.8 and 2.0, while Apgy/Ayzg ratios were above 1.5,
confirming high-quality nucleic acids.

Precise quantification was subsequently performed using a Quantus™ Fluorometer
(Promega, Madison, WI, USA) with the QuantiFluor® dsDNA System.

To ensure the structural integrity required for long-read metagenomics, DNA size
distribution and degradation levels were rigorously evaluated using the 5300 Fragment
Analyzer system (Agilent Technologies, Lawrence, KS, USA). The Agilent DNF-464-FR HS
LRG Fragment 50 kb and DNF-492-FR Large Fragment kits were utilized to confirm the
presence of high-molecular-weight DNA fragments.

3.3. lllumina Library Preparation and Bioinformatic Analysis of 16S (Bacteria/Archaea) and 185
(Eukaryotes) Amplicons

The archaeal and bacterial (16S rRNA gene, V3-V4 region), as well as the eukaryotic
(185 rRNA gene, V4-V5 region) hypervariable regions were amplified from the sediment
eDNA samples using a nested PCR approach. Locus-specific primers, incorporating Illu-
mina overhang adapter sequences, were utilized to ensure compatibility with subsequent
indexing (Table 2).

Table 2. Oligonucleotides used as PCR primers to amplify the V3-V4 and V4-V5 hypervariable
regions of the archaeal and bacterial 165 rRNA genes, and the eukaryotic 185 rRNA genes.

Primer . . , ’ .
Name Oligonucleotide Sequence (5" — 3') Target Region
Arc340F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCCTACGGGGYGCASCAG Archaeal 16S (V3-V4)

Arc806R GTICTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACVSGGGTATCTAAT Archaeal 165 (V3-V4)

16S_fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG Bacterial 16S (V3-V4)

16S_rev GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC Bacterial 165 (V3-V4)

18S_fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCAGCCGCGGTAATTCC Eukaryotic 185 (V4-V5)

18S_rev  GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCCGTGTTGAGTCAAATTAAGC  Eukaryotic 185 (V4-V5)

Note: The underlined nucleotides are the Illumina overhang adapter sequences.

The first round of PCR was performed in a total volume of 25 pL, containing 2.5 puL of
template DNA (~5ng/pL), 5 uL of each forward and reverse primer (1 uM), and 12.5 pL of
2x KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA, USA). To maximize
the amplification yield from these complex hypersaline sediment matrices, the thermal
cycling was increased to 40 cycles (95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s).
Amplification success and fragment size distribution were verified using the 5300 Fragment
Analyzer system (Agilent Technologies, Lawrence, KS, USA) with the Agilent DNF-474 HS
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NGS Fragment Kit. DNA concentrations were quantified using a Quantus™ Fluorometer
(Promega, Madison, WI, USA).

No-Template Controls (NTC) using nuclease-free water were included in each PCR
run to detect any potential cross-contamination or primer-dimer formation during the
40-cycle amplification.

The PCR products were purified using AMPure XP beads (Beckman Coulter, Brea, CA,
USA) to remove primer dimers and non-specific products.

Subsequent indexing PCR, purification using AMPure XP beads (Beckman Coulter,
Brea, CA, USA), and library pooling were performed according to the Illumina MiSeq™
Library Preparation Guide. The final libraries were sequenced on the Illumina MiSeq
platform using v3 chemistry (2 x 300 bp paired-end reads).

The Mothur software (v.1.30.2) was used for sequence processing and analysis [75].
Reads were quality-filtered, trimmed, and screened for chimeras using the UCHIME algo-
rithm implemented in Mothur, and detected chimeric sequences were removed. Sequences
were then clustered into operational taxonomic units (OTUs) at 97% similarity (0.03 cutoff).
For eukaryotic 18S sequences, OTUs were classified using the SILVA v132 eukaryotic 185
database [20], using the naive Bayesian classifier implemented in Mothur (classify.seqs
command) with a bootstrap confidence threshold of 80%. Archaeal sequences were as-
signed using the non-redundant v138 training set SILVA archaeal and bacterial-specific
database to ensure accurate taxonomic resolution [20]. Alpha diversity metrics, includ-
ing Good’s coverage, Shannon, and Simpson indices, were calculated using Mothur to
assess community richness, evenness, and sampling depth for both fungal, bacterial, and
archaeal communities.

3.4. Nanopore Bacterial 165 rRNA Library Preparation, Sequencing, and Data Analysis

To resolve the taxonomic ambiguities often encountered with short-read sequences,
the full-length 16S rRNA gene (~1500 bp) was amplified and sequenced. Libraries were pre-
pared using the 165 Barcoding Kit 24 V14 (SQK-165114.24) (ONT, Oxford, UK) following the
manufacturer’s protocol. Briefly, 165 rRNA genes were amplified using barcoded primers
(27F and 1492R equivalents) and LongAmp Taq 2x Master Mix (NEB). The thermal cycling
conditions included an initial denaturation at 95 °C for 1 min, 25 cycles of denaturation
(95 °C, 20 s), annealing (55 °C, 30 s), and extension (65 °C, 2 min), followed by a final
extension at 65 °C for 5 min. Amplicons were purified with AMPure XP beads (0.6 x ratio)
and quantified using a Quantus™ Fluorometer (Promega). The pooled library (50 fmol)
was loaded onto a PromethION Flow Cell (R10.4.1), and the sequencing was performed on
a PromethION 2 (P2) Solo device supplied by Oxford Nanopore Technologies (Oxford, UK).

165 rRNA reads were quality filtered, converted to FASTA format, and aligned against
the SILVA ribosomal RNA database (release 138.1) using a similarity-based approach
implemented in BLAST (version 6.24.20). Taxonomic assignment was then performed using
a Lowest Common Ancestor (LCA) algorithm in MEGAN software version 6.24.20 [76],
which assigns each OTU to the most specific taxonomic level supported by the sequence
data while avoiding over-classification. Assignments were accepted at >97% sequence
identity for genus-level and >99% for species-level classification.

3.5. Shotgun Library Preparation, lllumina and Nanopore Sequencing, Taxonomic Profiling, and
Functional Annotation

To resolve the functional potential of the microbial communities found in the hyper-
saline sediments, a hybrid shotgun metagenomic approach was employed, combining the
high-accuracy short reads of Illumina with the long-read scaffolds of Oxford Nanopore.
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3.5.1. lllumina Library Preparation and NextSeq Sequencing

Metagenomic libraries were prepared using the Illumina DNA Prep Kit (Illumina,
San Diego, CA, USA) following the manufacturer’s instructions. This protocol utilizes
On-Bead Tagmentation, where bead-linked transposomes simultaneously fragment and tag
the metagenomic DNA with adapter sequences. The tagmented DNA was then amplified
via a limited-cycle PCR to add dual index adapters. Library quality and fragment size were
verified using the 5300 Fragment Analyzer. Sequencing was performed on the Illumina
NextSeq™ 500 platform (2 x 150 bp), providing the high-depth coverage required for
precise quantitative profiling and error correction of long-read assemblies.

Raw sequencing reads were assessed for quality using FastQC http://www.bioinformatics.
babraham.ac.uk/projects/fastqc: (accessed on 12 February 2026), including the evaluation of
base quality scores, GC content, sequence duplication, and adapter contamination. Illumina
reads were then trimmed and filtered with fastp https://github.com/opengene/fastp:
(accessed on 12 February 2026) [77], to remove low-quality bases and adapters.

3.5.2. Nanopore Native Library Preparation and PromethION Sequencing

Long-read libraries were prepared using the Native Barcoding Kit 24 V14 (SQK-
NBD114.24) (ONT, Oxford, UK). This PCR-free method was chosen to avoid amplification
bias and to maintain the original representation of the hypersaline microbial community.
The workflow followed the manufacturer’s instructions. The final library was sequenced
on a PromethION Flow Cell (R10.4.1) using the PromethION 2 (P2) Solo.

Raw Nanopore reads were assessed for quality using FastQC, and no stringent trim-
ming or filtering was applied to preserve read length and coverage. Only reads meeting
basic quality criteria were retained for downstream analyses, without subsampling, to
maintain an accurate quantitative representation of microbial abundance. This method al-
lowed for the retrieval of long genomic fragments, facilitating the identification of complex
metabolic gene clusters.

3.5.3. Taxonomic Profiling and Functional Annotation

The taxonomic profiling of shotgun metagenomic data was performed using Kraken2
https:/ /github.com/DerrickWood /kraken2: (accessed on 21 February 2026) [78], followed
by abundance re-estimation with Bracken https://github.com /jenniferlu717/Bracken: (ac-
cessed on 23 February 2026) [79]. To ensure accuracy, Bracken parameters were adjusted
for platform-specific read lengths (100 bp for Illumina and 1000 bp for Nanopore). Func-
tional profiling was conducted using the HUMAnNN 3.0 pipeline https:/ /huttenhower.sph.
harvard.edu/humann/: (accessed on 23 February 2026), which integrates the UniRef90
protein database for gene family quantification and the MetaCyc database (version 29.1)
for metabolic pathway reconstruction. To account for variations in sequencing depth
between samples, gene family and pathway abundances were normalized to Copies Per
Million (CPM). All analyses were performed using default parameters, except for the
high-precision alignment mode enabled for long-read integration. Due to low read counts
in the Thyna sample, the shotgun Nanopore data for this site were primarily used for quali-
tative validation of the dominant functional pathways identified by the deeper Illumina
shotgun sequencing.

4. Conclusions

This study provides the first comprehensive, multi-platform metagenomic charac-
terization of the Thyna (Sfax) and Abbassia (Kerkennah) solar salterns in Tunisia. By
integrating full-length 165/18S rRNA sequencing with hybrid shotgun metagenomics
(IIIumina and Nanopore), we highlighted that while both sites share a core extremophilic
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microbiome, their community structures are distinctively shaped by local environmental
filters. The higher salinity at Thyna (170 g/L) fosters a diverse and specialized assembly
of extreme halophiles such as Salinibacter and Abyssalbus, whereas the more moderate
conditions at Abbassia (105 g/L) favor halotolerant taxa such as Salinicoccus and Jeotgalic-
occus. Crucially, our methodological comparison revealed that 165 amplicon sequencing
significantly overrepresents the Bacillota phylum due to ribosomal copy number biases,
whereas shotgun metagenomics provides a more balanced and accurate representation of
the Halobacteriota and Pseudomonadota fractions. In conclusion, our results underscore the
necessity of using untargeted shotgun approaches to mitigate the inherent biases of ampli-
con sequencing in extreme environments. This work offers a valuable first glimpse into
the ‘dark matter’ of Tunisian salterns, serving as a framework for future high-resolution
studies incorporating spatial and temporal replicates to validate the ecological filtering and
resilience patterns observed here.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27114714/s1.

Author Contributions: S.M.: Writing—original draft, Methodology, Investigation, Formal analysis,
Conceptualization. A.N.: Writing—original draft, Software, Formal analysis, Conceptualization. S.C.:
Methodology, Investigation, Conceptualization. H.-L.O.: Writing—review and editing, Formal analy-
sis, Conceptualization. M.L.R.-H.: Writing—review and editing, Formal analysis, Conceptualization.
S.T.: Writing—review and editing, Supervision, Conceptualization. J.L.: Writing—original draft,
Supervision, Funding acquisition, Conceptualization. B.].: Writing—review and editing, Supervision,
Methodology, Funding acquisition, Conceptualization. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was conducted within the European Union’s Horizon Europe Research and In-
novation Program, under HORIZON-Coordination and Support Action (CSA), HORIZON-WIDERA-
2021-ACCESS-03-01, as part of the Twinning Project NGS-4-ECOPROD (Grant Agreement ID:
101079425; from 1 October 2022 to 31 March 2026), titled: “FROM NEXT GENERATION SEQUENC-
ING MICROORGANISMS TOWARDS ECOFRIENDLY BIOTECH BASED PRODUCTS”. The project
is coordinated by Prof. Slim Tounsi (Centre of Biotechnology of Sfax, CBS), in collaboration with
Université Claude Bernard Lyon 1 (UCBL) (Prof. Joel Lachuer, WP3 Leader) and Georg-August-
Universitit Gottingen Stiftung Offentlichen Rechts (UGOE) (Dr. Heiko Liesegang, WP2 Leader).
Furthermore, part of this work was supported by the Federation of European Biochemical Societies
(FEBS) through a short-term fellowship in 2024. Additionally, we gratefully acknowledge the French
Embassy in Tunisia for the financial support provided through the Excellence Scholarship and the
High-Level Scientific Stay (SSHN) fellowship, awarded under the second edition of the Pierre-Simon
de Laplace Programme 2025, organized by the French Institute of Tunisia (IFT). This support, granted
by the French Ministry for Europe and Foreign Affairs (MEAE) via the Cooperation and Cultural
Action Service (SCAC) of the Embassy, enables high-level scientific research stays and promotes
international collaboration.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available within the
manuscript and Supplementary Materials. No additional datasets were generated or deposited.

Acknowledgments: The authors extend their sincere gratitude to Taha-Bilel Chalbi, Marwa Lazreg,
and Monia Mezghani-Abid (LMEBB-CBS) and Nessrine Kchaou-Feki (UPSA-CBS) for their kind
technical assistance. Special thanks are also due to Catherine Legras-Lachuer from the Viroscan 3D
VIROSCANSD, 11 Allée des Acacias 01600, Trévoux, France, for her valuable help and construc-
tive discussion.

Conflicts of Interest: The authors declare no conflict of interest.

https://doi.org/10.3390/ijms27114714


https://www.mdpi.com/article/10.3390/ijms27114714/s1
https://www.mdpi.com/article/10.3390/ijms27114714/s1
https://doi.org/10.3390/ijms27114714

Int. J. Mol. Sci. 2026, 27,4714 23 of 26

References

1.  King, G.M,; Fenchel, T. (Eds.) Chapter 8—Microbial biogeochemistry and extreme environments. In Bacterial Biogeochemistry, 4th
ed.; Academic Press: Boston, MA, USA, 2026; pp. 201-235.

2. Sacco, M.; White, N.; Harrod, C.; Salazar Riquelme, G.; Aguilar, P.; Cubillos, C.; Meredith, K.; Baxter, B.; Oren, A.; Anufriieva,
E.; et al. Salt to conserve: A review on the ecology and preservation of hypersaline ecosystems. Biol. Rev. 2021, 96, 2828-2850.
[CrossRef]

3. Ben Abdallah, M.; Karray, E; Kallel, N.; Armougom, F.; Mhiri, N.; Quéméneur, M.; Cayol, ].-L.; Erauso, G.; Sayadi, S. Abundance
and diversity of prokaryotes in ephemeral hypersaline lake Chott El Jerid using Illumina Miseq sequencing, DGGE and qPCR
assays. Extremophiles 2018, 22, 811-823. [CrossRef]

4. Dildar, T,; Cui, W.; Ikhwanuddin, M.; Ma, H. Aquatic organisms in response to salinity stress: Ecological impacts, adaptive
mechanisms, and resilience strategies. Biology 2025, 14, 667. [CrossRef]

5. Paul, S.; Bag, S.K,; Das, S.; Harvill, E.T.; Dutta, C. Molecular signature of hypersaline adaptation: Insights from genome and
proteome composition of halophilic prokaryotes. Genome Biol. 2008, 9, R70. [CrossRef]

6.  Gostincar, C.; Gunde-Cimerman, N. Black yeasts in hypersaline conditions. Appl. Microbiol. Biotechnol. 2024, 108, 252. [CrossRef]

7. Mishra, A; Jha, B. Isolation and characterization of extracellular polymeric substances from micro-algae Dunaliella salina under
salt stress. Bioresour. Technol. 2009, 100, 3382-3386. [CrossRef]

8.  Shu, W.-S.; Huang, L.-N. Microbial diversity in extreme environments. Nat. Rev. Microb. 2022, 20, 219-235. [CrossRef] [PubMed]

9.  Okafor, N. Ecology of Microorganisms in Saline Waters (Seas and Oceans). In Environmental Microbiology of Aquatic and Waste
Systems; Springer: Berlin/Heidelberg, Germany, 2011; pp. 123-148.

10. Tedersoo, L.; Albertsen, M.; Anslan, S.; Callahan, B. Perspectives and benefits of high-throughput long-read sequencing in
microbial ecology. Appl. Environ. Microb. 2021, 87, e00626-21. [CrossRef]

11. Kumar, A.; Nivetha, R. The prominence of biosynthetic gene clusters in the halophilic bacteria. Geomicrobiol. ]. 2025, 42, 581-589.
[CrossRef]

12.  Sayed, A.M.; Hassan, M.H.; Alhadrami, H.A.; Hassan, H.M.; Goodfellow, M.; Rateb, M.E.]. Extreme environments: Microbiology
leading to specialized metabolites. J. Appl. Microb. 2020, 128, 630-657. [CrossRef] [PubMed]

13. Pérez-Cobas, A.E.; Gomez-Valero, L.; Buchrieser, C. Metagenomic approaches in microbial ecology: An update on whole-genome
and marker gene sequencing analyses. Microb. Genom. 2020, 6, 1-22. [CrossRef]

14. Shuikan, A.M.; Alshuwaykan, R.M.; Arif, L A. The role of metagenomic approaches in the analysis of microbial community
in extreme environment. In Life in Extreme Environments-Diversity, Adaptability and Valuable Resources of Bioactive Molecules;
IntechOpen: London, UK, 2023. [CrossRef]

15. Fariq, A.; Yasmin, A.; Blazier, ].C.; Jannat, S. Identification of bacterial communities in extreme sites of Pakistan using high
throughput barcoded amplicon sequencing. Biodivers. Data |. 2021, 9, €68929. [CrossRef]

16.  Wydro, U.J.W. Soil microbiome study based on DNA extraction: A Review. Water 2022, 14, 3999. [CrossRef]

17.  Gonzélez, A.; Fullaondo, A.; Odriozola, A.J.M. Why Are Long-Read Sequencing Methods Revolutionizing Microbiome Analysis?
Microorganisms 2025, 13, 1861. [CrossRef] [PubMed]

18. Krivonos, D.V,; Fedorov, D.E.; Konanov, D.N.; Vvedensky, A.V.; Sonets, I.V.; Korneenko, E.V.; Speranskaya, A.S.; Ilina, E.N. Pike:
OTU-Level Analysis for Oxford Nanopore Amplicon Metagenomics. Int. . Mol. Sci. 2025, 26, 4168. [CrossRef]

19. Cherif, H.; Neifar, M.; Chouchane, H.; Soussi, A.; Hamdi, C.; Guesmi, A.; Fhoula, I.; Najjari, A.; Ferjani, R.; Mahjoubi, M.; et al.
Extremophile Diversity and Biotechnological Potential from Desert Environments and Saline Systems of Southern Tunisia. In
Extremophiles: From Biology to Biotechnology; Ravi, V., Durvasula, D., Subba Rao, V., Eds.; CRC Press: Boca Raton, FL, USA, 2017;
pp. 33—-64. [CrossRef]

20. Abellan-Schneyder, I.; Matchado, M.S.; Reitmeier, S.; Sommer, A.; Sewald, Z.; Baumbach, J.; List, M.; Neuhaus, K. Primer,
Pipelines, Parameters: Issues in 16S rRNA Gene Sequencing. mSphere 2021, 6, e01202-20. [CrossRef] [PubMed]

21. Hori, Y,; Engel, C.; Kobayashi, T. Regulation of ribosomal RNA gene copy number, transcription and nucleolus organization in
eukaryotes. Nat. Rev. Mol. Cell Biol. 2023, 24, 414-429. [CrossRef]

22. Dindhoria, K.; Manyapu, V.; Ali, A.; Kumar, R. Unveiling the role of emerging metagenomics for the examination of hypersaline
environments. Biotechnol. Genet. Eng. Rev. 2024, 40, 2090-2128. [CrossRef]

23. Han, J.-R; Li, S.; Li, W.-].; Dong, L. Mining microbial and metabolic dark matter in extreme environments: A roadmap for
harnessing the power of multi-omics data. Adv. Biotechnol. 2024, 2, 26. [CrossRef]

24. Najjari, A.; Elshahed, M.S.; Cherif, A.; Youssef, N.H. Patterns and determinants of halophilic archaea (class Halobacteria) diversity
in tunisian endorheic salt lakes and sebkhet systems. Appl. Environ. Microbiol. 2015, 81, 4432-4441. [CrossRef]

25. Youssef, N.H.; Ashlock-Savage, K.N.; Elshahed, M.S. Phylogenetic diversities and community structure of members of the

extremely halophilic Archaea (order Halobacteriales) in multiple saline sediment habitats. Appl. Environ. Microbiol. 2012, 78,
1332-1344. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27114714


https://doi.org/10.1111/brv.12780
https://doi.org/10.1007/s00792-018-1040-9
https://doi.org/10.3390/biology14060667
https://doi.org/10.1186/gb-2008-9-4-r70
https://doi.org/10.1007/s00253-024-13052-2
https://doi.org/10.1016/j.biortech.2009.02.006
https://doi.org/10.1038/s41579-021-00648-y
https://www.ncbi.nlm.nih.gov/pubmed/34754082
https://doi.org/10.1128/AEM.00626-21
https://doi.org/10.1080/01490451.2025.2492676
https://doi.org/10.1111/jam.14386
https://www.ncbi.nlm.nih.gov/pubmed/31310419
https://doi.org/10.1099/mgen.0.000409
https://doi.org/10.5772/intechopen.108050
https://doi.org/10.3897/BDJ.9.e68929
https://doi.org/10.3390/w14243999
https://doi.org/10.3390/microorganisms13081861
https://www.ncbi.nlm.nih.gov/pubmed/40871366
https://doi.org/10.3390/ijms26094168
https://doi.org/10.1201/9781315154695-3
https://doi.org/10.1128/mSphere.01202-20
https://www.ncbi.nlm.nih.gov/pubmed/33627512
https://doi.org/10.1038/s41580-022-00573-9
https://doi.org/10.1080/02648725.2023.2197717
https://doi.org/10.1007/s44307-024-00034-8
https://doi.org/10.1128/AEM.01097-15
https://doi.org/10.1128/AEM.07420-11
https://www.ncbi.nlm.nih.gov/pubmed/22179255
https://doi.org/10.3390/ijms27114714

Int. J. Mol. Sci. 2026, 27,4714 24 of 26

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Azpiazu-Muniozguren, M.; Garcia-Martinez, M.; Zabaleta, A.; Antiguedad, I.; Garaizar, J.; Laorden, L.; Martinez-Malaxetxebarria,
I.; Martinez-Ballesteros, I. Prokaryotic diversity and community distribution in the complex hydrogeological system of the Afiana
Continental Saltern. Microb. Ecol. 2025, 87, 171. [CrossRef]

Kim, Y.B.; Kim, ].Y.; Song, H.S.; Lee, S.H.; Shin, N.-R.; Bae, ].-W.; Myoung, J.; Lee, K.-E.; Cha, I.-T.; Rhee, ].-K.; et al. Haloplanus
rubicundus sp. nov., an extremely halophilic archaeon isolated from solar salt. Syst. Appl. Microbiol. 2020, 43, 126085. [CrossRef]
Waing, M.; Tindall, B.].; Ingvorsen, K. Halorhabdus utahensis gen. nov., sp. nov., an aerobic, extremely halophilic member of the
Archaea from Great Salt Lake, Utah. Int. |. Syst. Evol. Microbiol. 2000, 50, 183-190. [CrossRef]

Mori, K. Halobium . In Bergey’s Manual of Systematics of Archaea and Bacteria; Whitman, W.B., Ed.; Wiley: Hoboken, NJ, USA, 2015;
pp- 1-4.

Oren, A; Elevi, R;; Watanabe, S.; Thara, K.; Corcelli, A. Halomicrobium mukohataei gen. nov., comb. nov., and emended description
of Halomicrobium mukohataei. Int. J. Syst. Evol. Microbiol. 2002, 52, 1831-1835. [CrossRef]

Li, S.Y;; Xin, Y.J.; Bao, C.X.; Hou, J.; Cui, H.L. Haloprofundus salilacus sp. nov., Haloprofundus halobius sp. nov. and Haloprofundus
salinisoli sp. nov.: Three extremely halophilic archaea isolated from salt lake and saline soil. Extrem. Life Under Extrem. Cond. 2021,
26, 6. [CrossRef]

Ding, J.Y.; Chen, S.C.; Lai, M.C; Liao, T.L. Haloterrigena mahii sp. nov., an extremely halophilic archaeon from a solar saltern. Int. J.
Syst. Evol. Microbiol. 2017, 67, 1333-1338. [CrossRef]

Dhakal, R.; Guo, W.; Vieira, R.AM.; Guan, L.; Neves, A.L.A. Advances in lignocellulose-degrading enzyme discovery from
anaerobic rumen fungi. Microorganisms 2025, 13, 2826. [CrossRef] [PubMed]

Chung, D.; Kim, H.; Choi, H.S. Fungi in salterns. J. Mibrobiol. 2019, 57, 717-724. [CrossRef]

Soares, M.A; Li, H.-Y,; Kowalski, K.P; Bergen, M.; Torres, M.S.; White, J.F. Evaluation of the functional roles of fungal endophytes
of Phragmites australis from high saline and low saline habitats. Biol. Invasions 2016, 18, 2689-2702. [CrossRef]

Yaakoub, H.; Sanchez, N.S.; Ongay-Larios, L.; Courdavault, V.; Calenda, A.; Bouchara, J.-P; Coria, R.; Papon, N. The high
osmolarity glycerol (HOG) pathway in fungi. Crit. Rev. Microbiol. 2022, 48, 657-695. [CrossRef]

Lachance, M.A. The biodiversity, ecology, and biogeography of ascomycetous yeasts. In The Ecological Genomics of Fungi; Martin,
F., Ed.; John Wiley & Sons: Hoboken, NJ, USA, 2013; pp. 355-370. [CrossRef]

Leadbeater, D.R. Bioprospecting Halotolerant Lignocellulolytic Enzymes from Salt Marsh Ecosystems. Ph.D. Thesis, University
of York, York, UK, 2018.

Rojas-Jimenez, K.; Rieck, A.; Wurzbacher, C.; Jiirgens, K.; Labrenz, M.; Grossart, H.-P. A salinity threshold separating fungal
communities in the Baltic Sea. Front. Microbiol. 2019, 10, 680. [CrossRef]

Galisteo, C.; Puente-Sanchez, F.; de la Haba, R.R.; Bertilsson, S.; Ventosa, A.; Sdnchez-Porro, C. Uncovering the prokaryotic
diversity of hypersaline soils of Odiel saltmarshes natural area through metagenome-assembled genomes. Microorganisms 2026,
14, 489. [CrossRef]

Berlanga, M.; Blasco, A.; Guerrero, R.; Butturini, A.; Urmeneta, J. Comparative Analysis of Bacterial Diversity and Functional
Potential in Two Athalassohaline Lagoons in the Monegros Desert (NE Spain). Microorganisms 2025, 13, 2224. [CrossRef] [PubMed]
Silva-Solar, S.; Viver, T.; Wang, Y.; Orellana, L.H.; Knittel, K.; Amann, R. Acidimicrobiia, the actinomycetota of coastal marine
sediments: Abundance, taxonomy and genomic potential. Syst. Appl. Microbiol. 2024, 47, 126555. [CrossRef] [PubMed]
Argentino, I.C.; Godoy, M.G.; Seldin, L.; Jurelevicius, D. Distribution of Bacillota in water and sediments from aquatic environments.
Microb. Ecol. 2025, 88, 3. [CrossRef]

Belkin, P.; Nechaeva, Y.; Blinov, S.; Vaganov, S.; Perevoshchikov, R.; Plotnikova, E. Sediment microbial communities of a
technogenic saline-alkaline reservoir. Heliyon 2024, 10, e33640. [CrossRef] [PubMed]

Craig, K.; Johnson, B.R.; Grunden, A. Leveraging Pseudomonas stress response mechanisms for industrial applications. Front.
Microbiol. 2021, 12, 660134. [CrossRef]

Ren, M.; Zhang, Z.; Wang, X.; Zhou, Z.; Chen, D.; Zeng, H.; Zhao, S.; Chen, L.; Hu, Y.; Zhang, C. Diversity and contributions to
nitrogen cycling and carbon fixation of soil salinity shaped microbial communities in Tarim Basin. Front. Microbiol. 2018, 9, 431.
[CrossRef]

Hazen, TH.; Donnenberg, M.S.; Panchalingam, S.; Antonio, M.; Hossain, A.; Mandomando, I.; Ochieng, ].B.; Ramamurthy, T.;
Tamboura, B.; Qureshi, S. Genomic diversity of EPEC associated with clinical presentations of differing severity. Nat. Microbiol.
2016, 1, 15014. [CrossRef]

Méndez, V.; Sepualveda, M.; Izquierdo-Fiallo, K.; Macaya, C.C.; Esparza, T.; Bdez-Matus, X.; Duran, R.E.; Levican, G.; Seeger, M.
Surfing in the storm: How Paraburkholderia xenovorans thrives under stress during biodegradation of toxic aromatic compounds
and other stressors. FEMS Microbiol. Rev. 2025, 49, fuaf021. [CrossRef]

Barzegar, G.; Jorfi, S.; Sanaei, D.; Rezaei, M.; Jokar, R.; Sharifan, H.; Jafari, K.; Biswas, ].K.J.S.R. Bioremediation of diesel-
contaminated saline soil and enhancement of microbial salinity tolerance by a biosurfactant-producing Bacillus subtilis AHV-KH11
and external surfactant application: Bio-toxicity assessment. Sci. Rep. 2025, 15, 20673. [CrossRef]

https://doi.org/10.3390/ijms27114714


https://doi.org/10.1007/s00248-025-02488-2
https://doi.org/10.1016/j.syapm.2020.126085
https://doi.org/10.1099/00207713-50-1-183
https://doi.org/10.1099/00207713-52-5-1831
https://doi.org/10.1007/s00792-021-01255-8
https://doi.org/10.1099/ijsem.0.001811
https://doi.org/10.3390/microorganisms13122826
https://www.ncbi.nlm.nih.gov/pubmed/41472029
https://doi.org/10.1007/s12275-019-9195-3
https://doi.org/10.1007/s10530-016-1160-z
https://doi.org/10.1080/1040841X.2021.2011834
https://doi.org/10.1002/9781118735893.ch16
https://doi.org/10.3389/fmicb.2019.00680
https://doi.org/10.3390/microorganisms14020489
https://doi.org/10.3390/microorganisms13102224
https://www.ncbi.nlm.nih.gov/pubmed/41156684
https://doi.org/10.1016/j.syapm.2024.126555
https://www.ncbi.nlm.nih.gov/pubmed/39342656
https://doi.org/10.1007/s00248-024-02482-0
https://doi.org/10.1016/j.heliyon.2024.e33640
https://www.ncbi.nlm.nih.gov/pubmed/39071596
https://doi.org/10.3389/fmicb.2021.660134
https://doi.org/10.3389/fmicb.2018.00431
https://doi.org/10.1038/nmicrobiol.2015.14
https://doi.org/10.1093/femsre/fuaf021
https://doi.org/10.1038/s41598-025-06954-2
https://doi.org/10.3390/ijms27114714

Int. J. Mol. Sci. 2026, 27,4714 25 of 26

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Mehmood, M.A; Fu, Y.; Zhao, H.; Cheng, |.; Xie, ].; Jiang, D. Enrichment of bacteria involved in the nitrogen cycle and plant
growth promotion in soil by sclerotia of rice sheath blight fungus. Stress Biol. 2022, 2, 32. [CrossRef]

Martinez, G.M.; Pire, C.; Martinez-Espinosa, R.M. Hypersaline environments as natural sources of microbes with potential
applications in biotechnology: The case of solar evaporation systems to produce salt in Alicante County (Spain). Curr. Res. Microb.
Sci. 2022, 3, 100136. [CrossRef]

Diehl, EE; Miettinen, T.P.; Elbashir, R.; Nabel, C.S.; Darnell, A.M.; Do, B.T.; Manalis, S.R.; Lewis, C.A.; Vander Heiden, M.G.
Nucleotide imbalance decouples cell growth from cell proliferation. Nat. Cell Biol. 2022, 24, 1252-1264. [CrossRef] [PubMed]
Daisley, B.A.; Koenig, D.; Engelbrecht, K.; Doney, L.; Hards, K.; Al, K.F; Reid, G.; Burton, J.P. Emerging connections between gut
microbiome bioenergetics and chronic metabolic diseases. Cell Rep. 2021, 37, 110087. [CrossRef] [PubMed]

Czech, L.; Hermann, L.; Stoveken, N.; Richter, A.A.; Hoppner, A.; Smits, S.H.; Heider, J.; Bremer, E. Role of the extremolytes
ectoine and hydroxyectoine as stress protectants and nutrients: Genetics, phylogenomics, biochemistry, and structural analysis.
Gene 2018, 9, 177. [CrossRef] [PubMed]

Irving, S.E.; Choudhury, N.R.; Corrigan, R.M. The stringent response and physiological roles of (pp) pGpp in bacteria. Microbiology
2021, 19, 256-271. [CrossRef]

Mitchell, A.M.; Silhavy, T.J. Envelope stress responses: Balancing damage repair and toxicity. Nat. Rev. Microbiol. 2019, 17,
417-428. [CrossRef]

Poolman, B.; Spitzer, ].J.; Wood, ].M. Bacterial osmosensing: Roles of membrane structure and electrostatics in lipid—protein and
protein—protein interactions. Biochim. Biophys. Acta Biomembr. 2004, 1666, 88-104. [CrossRef]

Li, Q.; Gao, Y.; Yang, A. Sulfur homeostasis in plants. Int. ]. Mol. Sci. 2020, 21, 8926. [CrossRef]

Berg, I.A.; Kockelkorn, D.; Ramos-Vera, W.H.; Say, R.E; Zarzycki, ].; Hiigler, M.; Alber, B.E.; Fuchs, G. Autotrophic carbon fixation
in archaea. Nat. Rev. Microb. 2010, 8, 447—-460. [CrossRef]

Giovannoni, S.J.; Stingl, U. Molecular diversity and ecology of microbial plankton. Nature 2005, 437, 343-348. [CrossRef]

Barka, E.A.; Vatsa, P.; Sanchez, L.; Gaveau-Vaillant, N.; Jacquard, C.; Klenk, H.-P.; Clément, C.; Ouhdouch, Y.; van Wezel, G.P.
Taxonomy, physiology, and natural products of Actinobacteria. Microbiol. Mol. Biol. Rev. 2016, 80, 1-43. Erratum in Microbiol. Mol.
Biol. Rev. 2016, 80, iii. https://doi.org/10.1128 /MMBR.00044-16. [CrossRef] [PubMed]

Hentschke, G.S.; Semedo, M.; Ciancas, J.; Hoepfner, C.; Guzmén, D.; Rivera, D.S.; Vasconcelos, V.M. Cyanobacterial mats and
their associated microbiomes in saline and freshwater lakes from the Bolivian Altiplano. Front. Microbiol. 2025, 16, 1650455.
[CrossRef] [PubMed]

Catalanotti, C.; Yang, W.; Posewitz, M.C.; Grossman, A.R. Fermentation metabolism and its evolution in algae. Front. Plant Sci.
2013, 4, 150. [CrossRef]

Martinez-Espinosa, R.M.; Pire, C. Molecular advances in microbial metabolism. Int. J. Mol. Sci. 2023, 24, 8015. [CrossRef]
Zhang, M.; Zhang, W.,; Jiang, Q.; Zhao, C.; Han, F; Chen, H.; Li, Y,; Zhuge, Y.; Zhou, W. Assimilation overwhelms nitrification in
saline wastewater nitrogen removal: From heterotrophic nitrification and aerobic denitrification strains to microbiomes. Water
Res. 2025, 288, 124694. [CrossRef]

Goszcz, A.; Furtak, K.; Stasiuk, R.; Woéjtowicz, J.; Musialowski, M.; Schiavon, M.; Debiec-Andrzejewska, K. Bacterial
osmoprotectants—A way to survive in saline conditions and potential crop allies. FEMS Microbiol. Rev. 2025, 49, fuaf020.
[CrossRef] [PubMed]

Veres, S.; Elhawat, N.; Rengel, Z.; Alshaal, T. Nitrogen Management in Crop-Soil-Environment Systems: Pathways Toward
Sustainable and Climate-Resilient Agriculture. Int. . Mol. Sci. 2026, 27, 2477. [CrossRef]

Liu, Y.-H.; Gao, L, Jiang, H.-C.; Fang, B.-Z.; Huang, Y.; Li, L.; Li, S.; Abdugheni, R.; Lian, W.-H.; Zhang, J.-Y.; et al. Response of
microbial diversity and function to the degradation of Barkol Saline Lake. Front. Microbiol. 2024, 15, 1358222. [CrossRef]
Torres-Beltran, M.; Herndndez-Guzman, M.; Barcelos, C.; Chong-Robles, J.; Sidén-Cesefia, K.; Garcia-Maldonado, J.Q.; Aguirre-
Macedo, M.L.; Lago-Lestén, A. Alternative carbon and energy metabolisms linked to hydrocarbon degradation are widely
distributed across the different microbial communities from deep-sea sediments of the Gulf of Mexico. Environ. Microbiome 2025,
20, 160. [CrossRef]

Naloka, K.; Kuntaveesuk, A.; Muangchinda, C.; Chavanich, S.; Viyakarn, V.; Chen, B.; Pinyakong, O. Pseudomonas and Pseu-
darthrobacter are the key players in synergistic phenanthrene biodegradation at low temperatures. Sci. Rep. 2024, 14, 11976.
[CrossRef]

Bousselham, M.; Lemriss, S.; Dhiba, D.; Aallam, Y.; Souiri, A.; Abbas, Y.; Saidi, N.; Boukcim, H.; Hamdali, H. Streptomycetaceae
and Promicromonosporaceae: Two actinomycetes families from Moroccan oat soils enhancing solubilization of natural phosphate.
Microorganisms 2022, 10, 1116. [CrossRef]

Enzmann, F.; Mayer, E; Rother, M.; Holtmann, D. Methanogens: Biochemical background and biotechnological applications.
AMB Express 2018, 8, 1. [CrossRef]

Thauer, R.K,; Kaster, A.-K.; Seedorf, H.; Buckel, W.; Hedderich, R. Methanogenic archaea: Ecologically relevant differences in
energy conservation. Nat. Rev. Microbiol. 2008, 6, 579-591. [CrossRef]

https://doi.org/10.3390/ijms27114714


https://doi.org/10.1007/s44154-022-00049-y
https://doi.org/10.1016/j.crmicr.2022.100136
https://doi.org/10.1038/s41556-022-00965-1
https://www.ncbi.nlm.nih.gov/pubmed/35927450
https://doi.org/10.1016/j.celrep.2021.110087
https://www.ncbi.nlm.nih.gov/pubmed/34879270
https://doi.org/10.3390/genes9040177
https://www.ncbi.nlm.nih.gov/pubmed/29565833
https://doi.org/10.1038/s41579-020-00470-y
https://doi.org/10.1038/s41579-019-0199-0
https://doi.org/10.1016/j.bbamem.2004.06.013
https://doi.org/10.3390/ijms21238926
https://doi.org/10.1038/nrmicro2365
https://doi.org/10.1038/nature04158
https://doi.org/10.1128/MMBR.00044-16
https://doi.org/10.1128/MMBR.00019-15
https://www.ncbi.nlm.nih.gov/pubmed/26609051
https://doi.org/10.3389/fmicb.2025.1650455
https://www.ncbi.nlm.nih.gov/pubmed/40771682
https://doi.org/10.3389/fpls.2013.00150
https://doi.org/10.3390/ijms24098015
https://doi.org/10.1016/j.watres.2025.124694
https://doi.org/10.1093/femsre/fuaf020
https://www.ncbi.nlm.nih.gov/pubmed/40378154
https://doi.org/10.3390/ijms27052477
https://doi.org/10.3389/fmicb.2024.1358222
https://doi.org/10.1186/s40793-025-00823-1
https://doi.org/10.1038/s41598-024-62829-y
https://doi.org/10.3390/microorganisms10061116
https://doi.org/10.1186/s13568-017-0531-x
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.3390/ijms27114714

Int. J. Mol. Sci. 2026, 27,4714 26 of 26

74.

75.

76.

77.
78.
79.

Stams, A.J.; Plugge, C.M. Electron transfer in syntrophic communities of anaerobic bacteria and archaea. Nat. Rev. Microbiol. 2009,
7,568-577. [CrossRef]

Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537-7541. [CrossRef]

Bagci, C.; Patz, S.; Huson, D.H. DIAMOND+MEGAN: Fast and Easy Taxonomic and Functional Analysis of Short and Long
Microbiome Sequences. Curr. Protoc. 2021, 1, €59. [CrossRef] [PubMed]

Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018, 34, i884-i890. [CrossRef]
Wood, D.E; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [CrossRef] [PubMed]
Lu, J.; Breitwieser, EP.; Thielen, P; Salzberg, S.L. Bracken: Estimating species abundance in metagenomics data. Peer J. Comput.
Sci. 2017, 3, e104. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27114714


https://doi.org/10.1038/nrmicro2166
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1002/cpz1.59
https://www.ncbi.nlm.nih.gov/pubmed/33656283
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1186/s13059-019-1891-0
https://www.ncbi.nlm.nih.gov/pubmed/31779668
https://doi.org/10.7717/peerj-cs.104
https://www.ncbi.nlm.nih.gov/pubmed/40271438
https://doi.org/10.3390/ijms27114714

	Introduction 
	Results and Discussion 
	Sample Characteristics 
	eDNA Extraction Protocols and Quality Control 
	Taxonomic Profiling of Archaeal Communities 
	Taxonomic Profiling of Eukaryotic Communities 
	Taxonomic Profiling of Bacterial Communities 
	Functional Profiling of Microbial Communities 

	Materials and Methods 
	Site Description and Sample Collection 
	Environmental DNA Extraction, Quality Assessment, and Quantification 
	Illumina Library Preparation and Bioinformatic Analysis of 16S (Bacteria/Archaea) and 18S (Eukaryotes) Amplicons 
	Nanopore Bacterial 16S rRNA Library Preparation, Sequencing, and Data Analysis 
	Shotgun Library Preparation, Illumina and Nanopore Sequencing, Taxonomic Profiling, and Functional Annotation 
	Illumina Library Preparation and NextSeq Sequencing 
	Nanopore Native Library Preparation and PromethION Sequencing 
	Taxonomic Profiling and Functional Annotation 


	Conclusions 
	References

