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Abstract:  
 

Hypersaline environments harbor highly specialized and diverse microbial communities 

shaped by extreme physicochemical conditions. This study investigates the microbial 

diversity of two hypersaline water samples from Algeria: Hajr El Meleh (Salt Rock) 

(S1) and Zahrez-Gharbi (S2). Physicochemical analyses revealed extremely high 

salinities (26.5% and 23.0% NaCl, respectively), near-neutral pH, and elevated 

concentrations of Na⁺, Cl⁻, Mg²⁺, and SO₄²⁻. Using 16S rRNA gene amplicon 

sequencing via the Illumina MiSeq platform, we characterized bacterial and archaeal 

communities at multiple taxonomic levels. Alpha diversity indices (Chao1, Shannon, 

ACE) indicated higher species richness and evenness in S1. Taxonomic profiling 

showed dominance of Firmicutes, Proteobacteria, and Bacteroidota in both sites, with 

sample-specific phyla such as Halobacterota (S2) and Euryarchaeota (S1). At the 

family, genus, and species levels, significant variations were observed: S1 was enriched 

in Salinibacter, Methanobrevibacter smithii, and Finegoldia magna, while S2 was 

characterized by Bacillus, Veillonella, and Campylobacter. The presence of numerous 

unclassified taxa across both samples highlights the potential for novel microbial 

lineages in these extreme habitats. Our findings highlight the patterns of microbial 

community structure and diversity in relation to salinity, ion composition, and 

geological context, contributing to the understanding of extremophile adaptation in 

saline ecosystems. 

                                                                             

1. Introduction 

Hypersaline environments represent some of the 

most extreme ecosystems on Earth, characterized by 

high salt concentrations, strong ionic stress, limited 

water activity, and often nutrient scarcity. Despite 

these harsh conditions, they harbor a wide range of 

halophilic and halotolerant microorganisms both 

bacterial and archaeal that have developed unique 

physiological and molecular adaptations for survival 

http://www.ijcesen.com/
http://dergipark.ulakbim.gov.tr/ijcesen
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(Oren, 2010; Ventosa et al., 2015; DasSarma & 

DasSarma, 2017). These extremophiles are not only 

of ecological interest but also present valuable 

biotechnological potential, such as the production of 

salt-tolerant enzymes, bioactive compounds, and 

compatible solutes (Akpolat et al., 2021).Recent 

advances in next-generation sequencing (NGS) 

technologies, particularly 16S rRNA gene amplicon 

sequencing, have significantly enhanced our 

understanding of microbial diversity in such 

ecosystems by enabling culture-independent 

analysis of complex microbial communities 

(Vavourakis et al., 2016). This has led to the 

discovery of numerous novels or uncultured 

microbial lineages in hypersaline habitats across the 

globe.In North Africa, Algeria hosts a diverse array 

of hypersaline systems such as SebkhaEz-Zemoul, 

Chott Melrhir, and Zahrez lakes that remain 

underexplored microbiologically. Several culture-

based studies have provided important insights into 

their microbial diversity. For instance, Menasria et 

al. (2019) investigated culturable halophilic bacteria 

from Algerian saline habitats, revealing a wealth of 

strains with antimicrobial and enzymatic activities. 

Similarly, Amziane et al. (2013) described 

Virgibacillusnatechei sp. nov., isolated from 

sediment of a southwestern Algerian Salt Lake, 

while Addou et al. (2013) identified Melghirimyces 

thermohalophilus from an Algerian Salt Lake, 

highlighting endemic microbial diversity. 

Archaea, particularly ammonia-oxidizing archaea 

(AOA), play a key role in biogeochemical nitrogen 

cycling across diverse environments, including 

hypersaline and extreme habitats (Park et al., 2010; 

Kim et al., 2016) Their ecological significance has 

been widely demonstrated in both soil and marine 

systems. 

Beyond bacteria, archaeal communities are also a 

key component of hypersaline environments. Quadri 

et al. (2016) isolated and characterized extremely 
halophilic archaea from Algerian Saharan salt pans, 

showing their adaptation and biotechnological 

potential. Comparable research in Tunisia by Ben 

Abdallah et al. (2018) demonstrated the abundance 

and diversity of prokaryotes in Chott El Jerid, an 

ephemeral hypersaline lake, using high-throughput 

sequencing and molecular assays. 
Despite these contributions, many Algerian 

hypersaline systems remain unexplored using 

modern sequencing tools. In this context, the present 

study investigates the microbial diversity of two 
hypersaline environments in central Algeria Hadjer 

El-Melh and Zahrez-Gharbi using Illumina MiSeq-

based 16S rRNA gene amplicon sequencing. By 

combining physicochemical analysis with 

taxonomic profiling at multiple levels (phylum, 

family, genus, and species), this research provides 

new insights into microbial community composition, 

site-specific adaptations, and the potential novelty of 

microbial taxa in Algerian hypersaline lakes. 

 

2.  Materials and methods 

Two hypersaline sampling sites were selected from 

geologically and hydrologically distinct 

environments within the Djelfa region of Algeria 

figure 1, both subjected to semi-arid to arid climatic 

conditions (Peel et al., 2007; ONM, n.d.).    

 

A 

B 

 

C 

 

 
Figure 1. Geographic location of the study area in 

central Algeria (A), highlighting Hadjer El-Melh (B)and 

Zahrez-Gharbi (C) regions. (Source Google Earth). 

 

2. 1 Sampling sites 

 

Site 1: Hajr El Meleh (Salt Rock) (Latitude: 

34.6667° N, Longitude: 3.2500° E). This natural salt 

outcrop represents an exposed evaporitic deposit, 

formed through long-term sedimentation and 

mineral crystallization under arid climatic 

conditions (Warren, 2010). The site is characterized 
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by minimal water activity on the surface, with 

hypersaline brines often confined within salt fissures 

or shallow depressions. Its high salinity and mineral 

content make it an extreme environment conducive 

to the growth of specialized halophilic 

microorganisms (Oren, 2002). This site experiences 

a semi-arid continental climate, characterized by hot, 

dry summers and cold winters. Annual precipitation 

is low, averaging less than 300 mm, with most 

rainfall occurring between November and March 

(ONM, n.d.). Summer temperatures can exceed 

38°C, while winter nights may drop below freezing. 

High evaporation rates and persistent sunlight 

contribute to the concentration of salts in the area 

(Warren, 2017). 

Site2 : Zahrez-Gharbi Lake (Latitude : 34.5089° 

N, Longitude : 2.7184° E). Is a large endorheic Salt 

Lake (sebkha) located southwest of Djelfa city. This 

ephemeral water body exhibits pronounced seasonal 

variability, with significant changes in water level 

and salinity driven by high evaporation rates and 

irregular rainfall (Senni et al., 2020). During the dry 

season, the lake may partially or completely 

desiccate, leaving behind salt crusts and 

concentrated brines (Deocampo & Jones, 2014). The 

dynamic physicochemical conditions of Zahrez-

Gharbi support diverse and adaptable microbial 

communities, particularly halotolerant and 

halophilic taxa (Oren, 2002). This region is 

dominated by an arid to semi-arid climate, with 

intense summer heat and high evaporation rates 

exceeding precipitation (Peel et al., 2007; ONM, 

n.d.). Annual rainfall is sparse, typically under 250 

mm, and unevenly distributed. Temperatures in 

summer regularly reach above 40°C, while winter 

temperatures are milder compared to the higher-

altitude Hadjer El-Melh. Wind activity is frequent, 

contributing to dust transport and further influencing 

salinity gradients (Sellam et al., 2019). 

 

2.2.  Samples Collection    

Two water samples were collected from distinct 

hypersaline environments located in the Djelfa 

region, Algeria. The first sample (S1) was taken 

from the Hadjer El-Melh, and the second sample 

(S2) was obtained from the saline water of Zahrez-

Gharbi Lake, characterized by extensive seasonal 

fluctuations and high evaporation rates. Both 

samples were collected on June 10th, 2023. 

To assess the physicochemical characteristics of the 

hypersaline water samples, salinity, pH, and 

electrical conductivity (EC) were measured 

immediately after sample collection. Salinity was 

determined using a handheld refractometer 

(ATAGO S-28E, Japan), which measures sodium 

chloride concentration in the range of 0–28%. The 

instrument was calibrated before use according to 

the manufacturer’s instructions, and measurements 

were performed in triplicate for accuracy. Although 

the S-28E provides NaCl-specific salinity values, it 

was considered appropriate for the hypersaline 

nature of the studied environments. pH and electrical 

conductivity were measured using a portable 

benchtop multiparameter meter (OHAUS 

STARTER 300). The device was calibrated using 

standard buffer solutions (pH 4.0, 7.0, and 10.0) and 

conductivity standards prior to measurement. 

Readings were taken on-site to minimize alterations 

due to storage or temperature shifts. Electrical 

conductivity (EC) was measured using a portable 

benchtop conductivity meter (OHAUS STARTER 

300C). The instrument was calibrated prior to 

measurement using certified conductivity standards 

to ensure accuracy. Measurements were conducted 

on-site to avoid potential changes in salinity or 

temperature during sample transport and storage. All 

measurements were conducted at ambient field 

temperature, and values were recorded in situ to 

reflect the original environmental conditions of each 

sampling site. Samples were collected in sterile, 

acid-washed polyethylene bottles, transported on 

ice, and stored at 4 °C until analysis (Lauber et al., 

2010; Song et al., 2016; Vass et al., 2020). All 

sampling procedures were conducted following 

standard protocols to avoid contamination and 

ensure sample integrity. 
 

2.3.  Physicochemical Analysis 

Water samples were filtered through 0.22 µm pore-

size membranes prior to analysis to remove 

suspended particles. The concentrations of major 

cations (Ca²⁺, Fe, K⁺, Mg²⁺, Mn²⁺, Na⁺) and anions 

(Cl⁻, NO₃⁻, PO₄³⁻, SO₄²⁻) were measured using 

inductively coupled plasma–optical emission 

spectrometry (ICP-OES) and ion chromatography 

(IC) at a certified laboratory. Detection limits (BG) 

were defined for each ion based on instrument 

sensitivity. 

2.4.  DNA extraction, 16s rRNA Library 

Preparation and Sequencing 

The microbiome total DNA was extracted using the 

QIAamp DNA Microbiome Kit (Qiagen) according 

to the manufacturer’s protocol. The quality and 

concentration of the extracted DNA were measured 

using a NanoDrop spectrophotometer (ND-1000, 

NanoDrop Technologies, Wilmington, DE, United 

States). The V3–V4 region of the bacterial 16S- 

rRNA gene was amplified by PCR (95◦C for 5 min, 

followed by 25 cycles of 95◦C for 30 s, 50◦C for 30 

s, 72◦C for 40 s, and 72◦C for 7 min) using the 
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primers 338F (51-ACTCCTACGGGAGGCAGCA-

31) and 806R (51-

GGACTACHVGGGTWTCTAAT-31) and a high-

fidelity polymerase.  Indexed adapters were added to 

the ends of the primers. The PCR products were 

mixed with the same volume of 2× loading buffer 

and were subjected to 1.8% agarose gel 

electrophoresis for detection. Samples with a bright 

main band of approximately 450 bp were chosen and 

mixed in equal-density ratios.  Then, the mixture of 

PCR products was purified using a GeneJET Gel 

Extraction Kit (Thermo Fisher Scientific, Waltham, 

MA, United States).  Sequencing libraries were 

generated using NEB Next® Ultra™ DNA Library 

Prep Kit for Illumina (NEB, USA) following 

manufacturer’s recommendations and indexed 

adapters were added. The constructed libraries were 

validated using an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Palo Alto, CA, United 

States) and quantified with a Qubit 2.0 Fluorometer 

(Thermo Fisher). Finally, paired-end sequencing 

was conducted using an Illumina NovaSeq6000 

platform (Illumina, Inc., San Diego, CA, United 
States) with 2x250 bp configuration at CD 
Genomics, Co., Ltd. (NY, USA). The data 

underwent several preprocessing steps prior to 

downstream analysis. Demultiplexing was carried 

out using unique barcodes assigned to each sample, 

followed by removal of primer and barcode 

sequences. Paired-end reads were merged using 

FLASH v1.2.11 (Magoc & Salzberg, 2011), a tool 

that accurately combines overlapping paired reads 

into contiguous sequences (raw tags). Quality 

filtering of raw tags was performed using Fastp, 

removing low-quality sequences to yield high-

quality clean tags for further analysis. 

2.5.  Statistical and Bioinformatics Analyses 

The raw reads were quality filtered under specific 

filtering conditions to obtain high-quality clean tags 

on the basis of the QIIME2 quality control process 

(Wang et al., 2012; Bolyen et al., 2019). Sequences 

that were less than 200 bp in length or that contained 

homopolymers longer than 8 bp were removed. The 

chimera sequences were detected by comparing tags 

with the reference database (SILVA) using the 

UCHIME algorithm (Edgar, 2010) and then 

removed. The effective sequences were then used in 

the final analysis. Sequences were grouped into 

amplicon sequence variant (ASV) using the 

clustering program DADA2 (version 1.26) 

(Callahan et al., 2016) against the SILVA bacterial 

database (Quast et al., 2013) pre-clustered at 97% 

sequence identity. They were then taxonomically 

classified to different levels (phylum, class, order, 

family, genus, and species) using the Ribosomal 

Database Program (RDP) classifier. Alpha diversity 

indices (i.e., ACE, Chao1, Shannon, and Simpson) 

were calculated by QIIME2 from rarefied samples 

using for richness and diversity indices of the 

bacterial community. Beta diversity was calculated 

using unweighted UniFrac and non-metric 

multidimensional scaling (NMDS), after which 

Intra-group and Inter-group beta distance boxplot 

diagrams were generated. A one-way analysis of 

similarity (ANOSIM) was performed to determine 

the differences in bacterial communities among 

groups (Clarke and Gorley, 2006). Linear 

discriminant analysis (LDA) effect size (LefSe) 

analysis was performed to reveal the significant 
ranking of abundant modules in healthy and 

diarrheic samples (Segata et al., 2011).A size-effect 

threshold of 4.0 on the logarithmic LDA score was 

used for discriminative functional biomarkers. 

Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSt) 

(Langille et al., 2013) was used to predict the 

functional gene content in the fecal microbiota based 

on taxonomy obtained from the Greengenes 

reference database1 (DeSantis et al., 2006). 

PICRUSt and LefSe were performed online in the 

Galaxy workflow framework. Alpha diversity 

indexes are presented as the means ± SD. The 

differences in Alpha diversity indexes and top 10 

phyla and genera relative abundances between 

groups were calculated by use of the Independent-

sample t-test (for the normally distributed data) or 

Mann–Whitney U-test (for the non- normally 

distributed data). A P-value < 0.05 was considered 

statistically significant, and P-value < 0.01 

indicating the differences are extremely significant.  

3.  Results  

3.1.  Physicochemical properties 

The physicochemical profiles of the two hypersaline 

water samples Hadjer El-Melh (S1) and Zahrez-

Gharbi (S2) are summarized in Table 1. Both sites 

exhibited extremely high salinity, with S1 reaching 

26.5% NaCl and S2 slightly lower at 23.0% NaCl, 

reflecting the hypersaline nature of the 

environments. The pH values were near neutral, 

measured at 6.89 for S1 and 7.02 for S2. Electrical 

conductivity exceeded the upper measurement range 

of 200 mS/cm for both samples, confirming the high 

ionic strength of the waters. Regarding cationic 

composition, sodium (Na⁺) was the dominant ion, 

with concentrations of 128,000 mg/L in S1 and 

109,000 mg/L in S2. Calcium (Ca²⁺) and magnesium 
(Mg²⁺) also contributed significantly: Ca²⁺ was 

higher in S1 (1002.52 mg/L), while Mg²⁺ was 

markedly elevated in S2 (5450 mg/L). Potassium 
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(K⁺) concentrations were similar in both samples, 

ranging between 720 and 764 mg/L. Iron (Fe) and 

manganese (Mn) were present in low concentrations, 

with Fe being three times more abundant in S1 

(0.124 mg/L) compared to S2 (0.038 mg/L), and Mn 

showing the reverse trend. Among the anions, 

chloride (Cl⁻) was predominant, with values of 

214,151 mg/L in S1 and 173,571 mg/L in S2. Sulfate 

(SO₄²⁻) was higher in S2 (15,276 mg/L) than in S1 

(5585 mg/L), likely due to underlying lithological or 

hydrological differences. Nitrate (NO₃⁻) and 

phosphate (PO₄³⁻) were below the detection 

threshold in both samples, suggesting minimal 

influence from agricultural or anthropogenic 

sources. These data confirm the extreme salinity and 

ionic complexity of both sites, shaped by evaporitic 

geology and climatic aridity, and provide a robust 

basis for interpreting the microbial diversity within 

these environments. 

 
Table 1. Chemical composition of hypersaline water 

samples 

 
*BG: < limite de détection. 

3.2.  Sequencing Quality Statistics 

The Illumina sequencing generated a total of 471134 

and approximately 437000 raw reads for samples 

S01 and S02, respectively (Table 2). After quality 

filtering and chimera removal, 173190 and 141532 

high-quality clean reads were retained. The average 

read lengths were 414 bp for S01 and 378 bp for S02. 

The GC content ranged from 53.33% to 54.95%, 
indicating relatively stable nucleotide composition 

across samples. Quality assessment showed high 

sequencing accuracy, with Q20 values exceeding 

97% and Q30 values above 92% for both samples, 

confirming the reliability of the sequencing data for 

downstream analyses Table 2. To visualize the read 

distribution, a histogram was generated showing the 

length distribution of merged reads. Figure 2 

illustrates the number of sequences 

Table 2. Summary statistics of raw reads and quality-

controlled tags for samples S01 and S02. 

Parameter S01 S02 

Raw Reads (nt) 471134 437000 

Clean Tags (nt) 173190 141532 

Avg Length (nt) 414 378 

GC Content (%) 53.33 54.95 

Q20 (%) 97.83 98.37 

Q30 (%) 92.9 94.16 

nt: nucleotides. 

PE Reads: Paired-end reads from the sequencing 

platform. Clean Tags: Reads retained after quality 

control. Q20 and Q30: Percentage of bases with 

Phred quality scores ≥20 and ≥30, respectively.  

plotted against sequence length for sample S01. A 

dominant peak around 440–460 nt was observed, 

consistent with the expected amplicon length. 

Additional graphs for other samples are available in 

the supplementary results 

 

Figure 2. Length distribution of merged 16S rRNA reads 

the histogram shows the number of reads across 

different sequence lengths after quality filtering and 

merging. A prominent peak is observed around 440–460 

bp, indicating successful amplification of the target 

region. 

After quality filtering and denoising with DADA2 in 

QIIME 2 (Hall & Beiko, 2018), a total of 60,000 

high-quality sequence reads were retained across 

both samples. Sample S01 contributed 

approximately 26,000 reads, while Sample S02 

(Zahrez-Gharbi) yielded around 34,000 reads 

(Figure 3A). Amplicon sequence variants (ASVs) 

were then identified based on 100% sequence 

identity. The resulting feature table revealed that 

most ASVs were of low to moderate abundance, 

while a smaller number were highly dominant across 

the dataset (Figure 3B). These ASVs served as the 

Parameter (unit) Hadjer El-

Melh(S1) 

Zahrez-Gharbi (S2) 

pH 6.89 7.02 

Salinity (% NaCl) 26.5 23.0 

Conductivity (mS/cm) >200 >200 

Ca²⁺ (mg/L) 1002.52 430.64 

Fe (mg/L) 0.124 0.038 

K⁺ (mg/L) 720 764 

Mg²⁺ (mg/L) 322 5450 

Mn²⁺ (mg/L) 0.856 0.026 

Na⁺ (mg/L) 128000 109000 

Chloride Cl⁻ (mg/L) 214151 173571 

Nitrate NO₃⁻ (mg/L) < BG < BG 

Phosphate PO₄³⁻ (mg/L) < BG < BG 

Sulfate SO₄²⁻ (mg/L) 5585 15276 
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basis for downstream taxonomic and diversity 

analyses, offering a high-resolution representation of 

microbial community structure.  

 
Figure 3. (A) Left: Histogram showing sequencing depth 

per sample. Sample S01 (Hadjer El-Melh) yielded 

approximately 26,000 reads, and Sample S02 (Zahrez-

Gharbi) yielded approximately 34,000 reads. (B) Right: 

Histogram showing the distribution of ASV abundance 

(frequency per feature). Most ASVs occurred at low 

frequencies, while a small number of dominant ASVs had 

high read counts, reflecting the typical rank-abundance 

pattern in microbial communities.  

 

3.3. Microbial Community Structure and 

Diversity 

The bar plot shown in the Figure 4 illustrates the 

relative abundance of dominant microbial phyla in 

two hypersaline water samples. Both samples are 

dominated by Firmicutes, Bacteroidota, and 

Proteobacteria, with Actinobacteriota and 

Halanaerobiota also contributing significantly. 

Notably, archaeal phyla such as Halobacterota, 

Euryarchaeota, and Nanoarchaeota are present in 

lower proportions, reflecting archaeal adaptation to 

high-salt conditions.A histogram displaying the 

taxonomic distribution at the phylum level is shown  

 
Figure 4. The taxonomy bar plot distribution of all 

sample in Phylum classification level. Additional 

taxonomic classifications are available in the data 

submitted to NCBI and Zenodo repositories. 

in Figure 5. Each color in the chart represents a 

distinct phylum, with the length of the bars 

indicating their relative abundance in the microbial 

community. For clarity and readability, only the top 

10 most abundant phyla are displayed; phyla with 

lower abundance have been grouped under the label 

“Others.” Taxa that could not be annotated are 

marked as “Unknown.”Based on the taxonomic 

composition and relative abundance of microbial 

communities in each sample, heatmap analyses were 

performed across multiple taxonomic ranks 

(phylum, class, order, family, genus, and species). 

These heatmaps were generated using R language 

tools to visualize abundance patterns and similarity 

relationships.In the heatmap (Figure 4), color 

intensity represents the relative abundance of each 

taxon, with darker shades indicating higher 

abundance. Vertical clustering reflects the similarity 

of taxa based on their distribution patterns across 

samples, where shorter branch lengths indicate more 

closely related abundance profiles. Horizontal 

clustering reflects the similarity of microbial 

community composition between samples, with 

shorter distances implying greater similarity.The 

heatmap at the phylum level is shown in Figure 5, 

highlighting dominant microbial groups and 

allowing a comparative view of taxonomic 
distribution across the two hypersaline 

environments. Alpha diversity represents the within-

sample microbial diversity, measuring species 

richness and evenness. In thisstudy, four 

commonlyused indices werecalculated: 

 Chao1 and ACE: Estimators of species 

richness (the number of unique taxa). 

 Shannon and Simpson: Indices that account 

for both richness and evenness of the 

microbial community. 

 

 
Figure 5. Species abundance Heatmap. Phylum.Plotted 

by sample name on the X-axis. The Y-axis represents the 

genus. The absolute value of the legend represents the 

distance between the raw score and the mean population 

of the standard deviation. The legend is negative when 

the raw score is below the mean. 
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Higher values of Chao1, ACE, and Shannon indices 

indicate greater microbial diversity (Grice et al., 

2009), while lower Simpson index values also reflect 

higher community complexity. Additionally, library 

coverage was used to assess sequencing 

completeness; a higher value suggests a higher 

probability that a given sequence present in the 

environment is captured by the sequencing process, 

reflecting the representativeness of the microbial 

population. 

To ensure a fair comparison, sequence counts were 

normalized across samples during analysis. Alpha 

diversity metrics were calculated at a 97% similarity 

threshold and are presented in Table 3.Sample S1 

(Hadjer El-Melh) exhibited greater microbial 

diversity than Sample S2 (Zahrez-Gharbi), as 

indicated by higher values of the Chao1, ACE, and 

Shannon indices. This suggests a richer and more 

evenly distributed microbial community in this 

environment. 

Table 3. Statistics of Alpha diversity indices. 

Parameter S1 S2 

Observed Species 73 50 

ACE 73 50 

Chao1 73 50 

Simpson 0.98 0.967 

Shannon 5.827 5.225 

 

Rarefaction analysis was performed to assess the 

sequencing depth and microbial richness of the 

samples. The rarefaction curve was generated by 

randomly subsampling the sequencing reads and 

plotting the number of observed species (Shannon 

diversity index) against sequencing depth. 

As shown in Figure 6 (top), the curve exhibits a steep 

rise at lower sequencing depths, indicating that 

additional sequencing initially uncovers a large 

number of new taxa. However, as the sequencing 

depth increases, the curve gradually flattens, 

demonstrating that most of the microbial diversity 

has been captured and additional sequencing would 

yield diminishing returns in terms of novel taxa 

detection. This plateau confirms that the sequencing 

depth was sufficient for both samples to provide 

reliable estimates of microbial diversity. Figure 6 

(bottom) shows the number of samples analyzed at 

each sequencing depth, confirming consistent 

sampling across the dataset. The taxonomic profiling 

at the phylum level revealed notable differences in 

microbial community structure between the two 

hypersaline samples (S01 – Hadjer El-Melh, and S02 

– Zahrez-Gharbi) Figure 7. In both samples, the 

dominant phyla belonged to the domain Bacteria. 

Firmicutes 

 
Figure 6. Top: Rarefaction curve based on the Shannon 

diversity index showing the relationship between 

sequencing depth and species richness for both samples. 

Bottom: Sample count across sequencing depths, 

confirming even sampling coverage. 

was the most abundant phylum in both samples, 

particularly in S01 (12,469 reads) compared to S02 

(6,864 reads). Similarly, Proteobacteria and 

Bacteroidota were highly represented in both 

environments, although with different relative 

abundances: Proteobacteria (8,288 in S01 vs. 2,199 

in S02) and Bacteroidota (7,524 in S01 vs. 4,612 in 

S02).Other bacterial phyla such as Actinobacteriota, 

Chloroflexi, and Fusobacteriota were also present in 

both samples, with Actinobacteriota slightly more 

abundant in S02 (4,750) than in S01 (3,640), and 

Chloroflexi showing a higher presence in S01 

(1,111) than in S02 (378). Notably, 

Halanaerobiaeota, Campilobacterota, and unknown 

bacteria were detected exclusively in S02, while 

Verrucomicrobiota, Cyanobacteria, and 

Patescibacteria were only found in S01.In terms of 

archaeal diversity, Euryarchaeota and 

Nanohaloarchaeota were exclusively detected in 

S01, whereas Halobacterota was only observed in 

S02 (773 reads). These findings highlight site-

specific microbial diversity and the potential 

influence of environmental and physicochemical 

conditions on community composition in 

hypersaline ecosystems. 

 

Figure 7. Abundance of microbial phyla identified in 

hypersaline samples S01 (Hadjer El-Melh) and S02 

(Zahrez-Gharbi). 
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Microbial community analysis at the family level 

revealed clear differences in taxonomic profiles 

between the two hypersaline sites. A total of over 40 

bacterial and archaeal families were detected across 

both samples, with several taxa exhibiting site-

specific distribution patterns Figure 8. In both 

samples, Staphylococcaceae, Corynebacteriaceae, 

Prevotellaceae, and Rhodothermaceae were among 

the most dominant families. Notably, 

Corynebacteriaceae was more abundant in S02 

(3,331 reads) than in S01 (1,366 reads), while 

Rhodothermaceae showed higher abundance in S01 

(2,484) than in S02 (866). Some families, such as 

Clostridia_UCG.014, Gitt.GS.136, Moraxellaceae, 

Halomonadaceae, and Lactobacillaceae, were 

exclusively detected in S01, suggesting a strong 

influence of the Hadjer El-Melh environment on 

microbial selection. Conversely, S02 was 

characterized by the exclusive presence of several 

families, including Balneolaceae (1,013 reads), 

Bacillaceae (1,218), Veillonellaceae (995), 

Halobacteroidaceae (1,719), and Micrococcaceae 

(1,256). Additionally, Campylobacteraceae and 

archaeal Haloferacaceae were found only in S02, 

while Methanobacteriaceae and Nanosalinaceae 

were detected only in S01. The occurrence of 

unclassified families such as "Unknown Bacteria", 

"Unknown Proteobacteria", and "Unknown 

Alphaproteobacteria" further indicates the presence 

of uncultured or poorly characterized microbial taxa 

in these extreme hypersaline environments. 

 

Figure 8. Abundance of microbial families in 

hypersaline samples S01 (Hadjer El-Melh) and S02 

(Zahrez-Gharbi). Shared families include 

Staphylococcaceae, Corynebacteriaceae, and 

Rhodothermaceae, while several taxa exhibit site-

specific patterns. Archaeal families and unclassified 

groups highlight the distinct and complex microbial 

communities shaped by each environment. 

A genus-level comparative analysis figure 9 

revealed significant variations in microbial 

community composition between the two 

hypersaline samples (S01: Hadjer El-Melh and S02: 

Zahrez-Gharbi). Among the top 20 most abundant 

genera, Corynebacterium, Staphylococcus, 

Porphyromonas, and Alloprevotella were commonly 

abundant in both samples. However, notable 

differences were observed: Salinibacter, 

Clostridia_UCG.014, and Finegoldia were 

dominant in S01 but absent in S02, while 

Campylobacter, Bacillus, and Veillonella were 

specifically enriched in S02. These genera-level 

shifts highlight the ecological uniqueness of each 

hypersaline environment and reflect adaptation to 

localized physicochemical conditions 

 

Figure 9. Relative abundances of the top 20 most 

dominant microbial genera in hypersaline samples S01 

(blue) and S02 (orange). Each point corresponds to the 

abundance of a specific genus. Shared genera such as 

Staphylococcus and Corynebacterium are prominent in 

both samples, while others exhibit sample-specific 

patterns, reflecting site-dependent microbial 

composition. 

At the species level (Figure 10), the microbial 

communities of samples S01 and S02 displayed both 

overlapping and sample-specific taxa. A total of 35 

distinct species were identified, with 21 species 

exclusive to S01, 9 unique to S02, and only 5 species 

shared between both sites. Staphylococcus carnosus 

was the most dominant species in both samples, 

showing higher abundance in S02 (2245 reads) 

compared to S01 (1908 reads). Similarly, 

Porphyromonas and Corynebacterium (unclassified 

at the species level) were present in both samples but 

exhibited greater abundance in S02. In contrast, S01 

harbored several exclusive and highly abundant 
species, including Salinibacter (2484), Finegoldia 

magna (929), and Clostridia_UCG.014 (uncultured 

Lactococcus) (1672), all absent from S02. Zahrez-

Gharbi (S02), on the other hand, contained site-

specific taxa such as Bacillus (1218), 

Campylobacter (unidentified; 1345), Veillonella 

(995), and Orenia (1719), which were completely 

absent in S01. Several unidentified or uncultured 

taxa were detected in both samples, including 

Corynebacterium, Comamonadaceae, and 

Halomonadaceae, indicating the presence of 

potentially novel or uncharacterized microbial 

lineages. These findings reflect strong 

environmental filtering and highlight site-specific 

microbial adaptation to the physicochemical 

characteristics of each hypersaline habitat. 
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Fig. 10. Bar chart showing the abundance of the 15 most 

dominant microbial species detected in hypersaline 

samples S01 (orange) and S02 (dark orange). 

 

While Staphylococcus carnosus and 

Corynebacterium were highly abundant in both 

samples, most species exhibited strong site-specific 

patterns. Salinibacter, Clostridia_UCG.014 

(uncultured Lactococcus), and Alloprevotella were 

dominant in S01, whereas Orenia, Bacillus, and 

Campylobacter were uniquely abundant in S02. This 

distribution highlights the influence of 

environmental selection and microbial niche 

specialization within these saline ecosystems. 

 

4. Discussion: 

The extreme salinities observed (26.5% and 23.0% 

NaCl) and high ionic strengths in both Hadjer El-

Melh (S1) and Zahrez-Gharbi (S2) are typical of 

saturated brines, conditions known to favor highly 

specialized halophiles and limit overall diversity 

(Ventosa et al., 1998, 2015). The dominance of Na⁺ 

and Cl⁻, along with comparative differences in Mg²⁺ 
and SO₄²⁻ concentrations, likely shapes the specific 

microbial communities found at each site (Oren, 

2010). Our taxonomic profiling across hierarchical 

levels—phylum to species—revealed substantial 

shifts between the two samples. Notably, 

Salinibacter (Bacteroidetes) was highly abundant in 

S1 but absent from S2. This aligns with its known 

ecology as a model extreme halophile that thrives in 

≥20% salt environments alongside haloarchaea 

(Antón et al., 2002; Ventosa et al., 2015). Similarly, 

the detection of Methanobrevibacter smithii and 

other archaeal taxa in S1 reflects archaeal adaptation 

to high salinity conditions (García-Maldonado et al., 

2023) The presence of Halobacterota in S2 further 

supports the role of lithology and salinity gradients 

in determining archaeal community composition. 

The presence of ammonia-oxidizing archaea (AOA), 

particularly within the Halobacterota phylum 

detected in S2, may indicate nitrification potential in 

hypersaline conditions, despite extreme osmotic 

stress. This observation aligns with the work of Rhee 

and colleagues, who successfully enriched AOA 

from marine and estuarine sediments and 

demonstrated their ecological versatility under 

various salinity and oxygen conditions (Park et al., 

2010). In particular, their studies on hydrogen 

peroxide detoxification mechanisms in 

Thaumarchaeota highlight the biochemical 

adaptations that allow these archaea to persist in 

oxidative environments (Kim et al., 2016). Such 

resilience may explain the dominance of 

Halobacterota in Zahrez-Gharbi, where fluctuating 

ionic and oxidative conditions prevail. These 

insights support the hypothesis that archaeal 

communities in hypersaline ecosystems are not only 

taxonomically diverse but also functionally 

specialized to cope with harsh geochemical 

regimes.Alpha diversity indices (Chao1, ACE, 

Shannon) and rarefaction analyses demonstrated 

greater microbial richness and evenness in S1 

relative to S2. This pattern is consistent with 

diversity trends in hypersaline habitats, where 

moderate salinities (around 20–30%) support 

maximum taxonomic richness, while higher 

salinities suppress it (Ovreås et al., 2003).Distinct 

clustering patterns in heatmaps and classification 

trees underscore marked differences in community 

structure between the two sites. Genera such as 

Clostridia_UCG.014, Salinibacter, and 

Acinetobacter were specific to S1, suggesting 

specialized adaptation to halite rock-hosted niches. 

In contrast, Campylobacter, Bacillus, Orenia, and 
Halobacteraceae appeared only in S2, indicating 
adaptation to sediment or brine-lake conditions with 

different geochemical dynamics.The species-level 

microbial profiles of S01 (Hadjer El-Melh) and S02 

(Zahrez-Gharbi) reflect strong ecological 

differentiation shaped by site-specific 

physicochemical conditions. While shared taxa such 

as Staphylococcus carnosus and Porphyromonas 

were abundant in both environments, most other 

species exhibited distinct site preferences. S01, for 

example, was dominated by Salinibacter, 

Finegoldia magna, and an uncultured Lactococcus 

(Clostridia_UCG.014), which are typical of highly 

saline, possibly anaerobic niches. In contrast, S02 

harbored unique taxa such as Orenia, 

Campylobacter, Bacillus, and Veillonella, 

suggesting a different set of environmental pressures 

or available niches. The detection of multiple 

unclassified or uncultured lineages such as 

unidentified Corynebacterium, Comamonadaceae, 

and Halomonadaceae further underscores the 
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novelty and complexity of microbial life in these 

hypersaline systems. These site-specific community 

structures are consistent with previous studies in 

extreme environments, where salinity, oxygen 

availability, and nutrient gradients are key drivers of 

microbial diversity and specialization (Ventosa et 

al., 2015; Telesh et al., 2013). Our findings 

emphasize the importance of integrating 

geochemical profiling with high-resolution 

sequencing to understand microbial ecology in 

extreme environments. The presence of uncultured 

and novel taxa-like unknown Comamonadaceae and 

Halomonadaceae highlights the untapped microbial 

diversity in hypersaline systems. Future work using 

metagenomics or targeted cultivation may help 

uncover novel adaptive pathways and metabolic 

capabilities, especially among dominant archaeal 

lineages like Methanobrevibacter and 

Halobacterota.Beyond microbial diversity alone, 

these findings hold important implications for 

environmental management. Understanding 

microbial diversity in hypersaline ecosystems is 

essential not only for advancing microbial ecology 

but also for informing sustainable environmental 

management strategies. Microorganisms in such 

extreme habitats contribute to key biogeochemical 

processes, including nitrogen and sulfur cycling, 

which influence water quality and mineral 

precipitation (Oren, 2010; Kim et al., 2016). 

Moreover, profiling microbial communities can 

serve as a bioindicator approach for monitoring 

salinity fluctuations and anthropogenic impacts in 

fragile Salt Lake and Salt Rock systems (Ventosa et 

al., 2015; Park et al., 2010). Integrating microbial 

datasets with geochemical parameters enables data-

driven decision-making in the conservation and 

restoration of saline ecosystems, especially in arid 

regions like central Algeria. 

5. Conclusion 

This study highlights the distinct microbial diversity 

of two hypersaline environments in central Algeria, 

Hadjer El-Melh and Zahrez-Gharbi, shaped by 

extreme salinity and ionic composition. Despite 

harsh conditions, both sites harbored diverse and 

specialized microbial communities with clear 

taxonomic and ecological differences. Hadjer El-

Melh exhibited higher richness and evenness, while 

Zahrez-Gharbi showed a distinct community 

adapted to brine-lake conditions.The presence of 

numerous unclassified taxa in both 

environments underscores the significant 

potential for discovering novel microbial 

lineages. Overall, these findings demonstrate 

that salinity, geochemistry, and habitat type are 

key drivers of microbial community structure in 

hypersaline ecosystems. Future studies using 

advanced omics approaches are needed to 

further explore the functional roles and 

biotechnological potential of these 

extremophiles. 
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