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Abstract: The haloarchaeal diversity of four hypersaline alkaline lakes from the Wadi El-Natrun
depression (Northern Egypt) was investigated using culture-independent polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-DGGE) of 16S rRNA gene phylotypes, which was
combined with remote sensing and geographic information system (GIS) data to highlight the
distribution pattern of the microbial diversity in water and sediment samples. The majority of
archaeal sequences identified in all four lakes belonged to the phyla Euryarchaeota and Crenarchaeota.
Sediment samples from Beida Lake and water samples from El-Hamra Lake showed the highest levels
of archaeal diversity. Sequence similarities ≥ 95% were found between six of the acquired clones and
uncultured Halorhabdus, Euryarchaeota, and archaeon clones. In addition, two clones shared a high
level of sequence similarity (97%) with unclassified archaea, while other nine clones exhibited 96% to
99% sequence similarity with uncultured archaeon clones, and only one clone showed 97% identity
with an uncultured Crenarchaeota. Likewise, 7 DGGE bands presented a sequence similarity of 90
to 98% to Halogranum sp., Halalkalicoccus tibetensis, Halalkalicoccus jeotgali, uncultured Halorubrum,
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Halobacteriaceae sp., or uncultured haloarchaeon. In conclusion, while the variety of alkaliphilic
haloarchaea in the examined soda lakes was restricted, the possibility of uncovering novel species for
biotechnological applications from these extreme habitats remains promising.

Keywords: haloalkaliphilic archaea; soda lakes; DGGE; GIS-integrated remote sensing data; microbial
diversity mapping

1. Introduction

Soda lakes are saline and alkaline water storage reserve basins that have developed
as a result of geological activity. These ecosystems are considered to have existed since
the first geological records of the world. In fact, soda lakes occur all over the world,
with the best-known examples found along the East African rift and western USA [1–3].
Among them, the Wadi El-Natrun is an endorheic depression in the Sahara Desert of
northern Egypt that contains several alkaline lakes, natron-rich salt deposits, salt marshes,
and freshwater marshes. Historically, this valley was part of an old branch of the Nile
River that deteriorated with time [2]. The groundwater of the Pliocene aquifer in Wadi
El-Natrun represents the primary source of reliable water for drinking and agriculture.
However, its quality has been affected by the presence of inland saline water preserved
during the Miocene [3]. In addition, in recent years, there has been an increase in cultivated
areas in the zone that have impacted the properties of the aquifers due to rising water
discharges [1]. However, the valley is still considered a unique aquatic ecosystem, especially
for the presence of hypersaline and alkaline lakes rich in minerals such as sulphate (SO4

2−),
chloride (Cl−), carbonate (CO3

2−), sodium (Na+), and magnesium (Mg2+). Moreover, the
color of these lakes is reddish blue because their water is saturated with natron salt [2,3].

Many studies regarding the geology, hydrogeology, and mineralogy of saline deposits
from Wadi El-Natrun were performed using hyperspectral remote sensing technology to
map the mineral content of these areas [4,5]. Accordingly, the lakes located in the Wadi El-
Natrun depression are thalassic saline aquatic environments characterized by the presence
of Na+ and hydrogen carbonate (HCO3

−) as the major ions. Although the salinity of the
soda lakes from Wadi El-Natrun is lower than that of other saline lakes, the pH of these
environments is moderately alkaline (pH ≈ 8–9) [1–3].

Many saline soda lakes are highly productive and contain different microbial popula-
tions despite being extreme environments [6]. The microbial communities associated with
soda lakes have been investigated in several hypersaline ecosystems, including the Altai
region (Russia) [7,8], Rift Valley (Kenya) [9], Mono Lake (California, USA) [10], and Searles
Lake (California, USA) [11]. However, to date there is still limited information about the
microbial diversity of such attracting environments. Compared to other marine and aquatic
habitats, the microbial diversity found in the alkaline lakes of Wadi El-Natrun is limited
and mostly dominated by the bacterial phyla Firmicutes, Bacteroidetes, and Proteobacteria
(distributed in the classes Alpha and Gamma), and two orders of Archaea (Halobacteriales
and Methanosarcinales) [12]. Several alkaliphilic Halobacteria belonging to the genera
Natronobacterium, Natronococcus, Natronomonas, Natronolimnobius, Natronorubrum, Natrialba,
Natrinema, Natronoarchaeum, Halalkalicoccuswhich, Halorubrum, and Haloterrigena also have
been described in these hypersaline environments, including the extremely saline and
alkaline lakes of Wadi El-Natrun [13–15]. In addition, novel haloarchaea classified as
Halodesulfurarchaeum formicicum sp. nov., Salinarchaeum chitinilyticum sp. nov., Halomarina
rubra sp. nov., and Halococcoides cellulosivorans sp. nov. were recently isolated and classified
from different saline habitats [15–18]. These groups of bacteria are very interesting from
an environmental perspective since microorganisms belonging to the haloarchaea group
possess many unusual features.

Regarding this, Haloarchaea, the extremely halophilic branch of the Archaea domain, is
a physiologically and morphologically unique group with chemoorganotrophic-aerobic
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metabolism. Members of this class require high salt concentrations to grow, with most
species requiring more than 1.5 M NaCl to survival and to preserve the integrity of their
cells [19–24]. Most Haloarchaea species, including Halobacterium, Halorubrum, Haloarcula,
Haloferax, Halococcus, Halobaculum, and Natrialba spp., grow best at neutral pH [25–27].
Moreover, alkaliphilic halobacteria, such as Natronomonas and Natronobacterium spp., grow
in alkaline-saline environments and require pH ≥ 8.5 to properly develop [21,28]. At
least 51 genera have been characterized among the Halobacteriales showing considerable
eco-physiological diversity [29]. These extremophilic microorganisms are already used
for multiple biotechnological applications such as the production of bacteriorhodopsin,
β-carotene, polyhydroxyalcanoates, polysaccharides, and enzymes, as well as for use in oil
recovery, drug screening, and the biodegradation of toxic compounds [30–32]. Therefore,
Haloarchaea are very attractive organisms for biologists due to their extremophilic nature,
anaerobic lifestyle, salinity, and toxic metals tolerance, as well as for their resistance to high
levels of ultraviolet and ionizing radiation [19–31].

Over the last few years, research has focused on the study of prokaryotic diversity
and community structure in several saline ecosystems from different geographical areas
using techniques such as denaturing gradient gel electrophoresis (DGGE), single-strand-
conformation polymorphism (SSCP), PhyloChip, and 16S rRNA gene amplicon sequencing
libraries [33–40]. These techniques have proven to be successful in evaluating microbial
diversity and identifying new bacterial and archaeal species in complex environmental
niches [24–28,33–40]. The first ecological study on the microbial communities of three
soda lakes located in the Wadi El-Natrun depression based on the analysis of 16S rRNA
sequences was achieved by [12,41]. Likewise, DGGE is a low-cost fingerprinting technology
that also can be used to analyze complex communities, reveal population shifts, and detect
sequence heterogeneities. While bands can be cut off, re-amplified and sequenced, it is
possible to obtain taxonomic information using DGGE profiling [38–40].

In this study, we assessed the archaeal diversity in four hypersaline alkaline lakes of
Wadi El-Natrun by PCR-DGGE and 16S rRNA gene sequence analysis. In addition, distinct
chemical zones (i.e., water and sediment) as well as the microbial diversity of these extreme
habitats were mapped using hyperspectral remote sensing data and GIS.

2. Materials and Methods
2.1. Site Description and Sample Collection

Water and sediment samples (including salt crystals) were collected from four soda
lakes located in the Wadi El-Natrun depression in the Libyan Desert (Northern Egypt) cor-
responding to El-Hamra Lake (30◦23′48.28′′ N, 30◦19′13.39′′ E), Zugm Lake (30◦23.917′ N,
30◦18.383′ E), Beida Lake (30◦25′57′′ N, 30◦14′30′′ E), and El-Fazda Lake (30◦19′43.50′′ N,
30◦24′29.68′′ E) (Figure 1). The samples were collected into sterile glass flasks and stored at
4 ◦C until arrival to the lab for further analysis. The electrical conductivity (EC) and pH
of the water samples were measured using calibrated electrodes (Hanna Instruments Inc.,
Smithfield, RI, USA). The contents of Ca2+, Mg2+, Na+ and K+ were respectively quantified
by flame atomic absorption using a Perkin Elmer 2380 spectrophotometer (Perkin Elmer
Inc., Woodbridge, ON, Canada). The total amount of Cl− and the HCO3

−/CO3
2− ratio

were estimated by traditional argentometric and acid–base titration methods, respectively.
The SO4

2− concentration was estimated using the turbidimetric method, as described
by [42].

2.2. Molecular Assays
2.2.1. DNA Extraction

Genomic DNA was extracted from 100 mL of filtered water samples (through 0.2 µm
membrane filters) and 1.0 g of sediment or salt crystal samples by using the UltraClean soil
DNA extraction kit (catalog no.12900-10, MoBio Laboratories, Inc., Carlsbad, CA, USA),
following the manufacturer’s instructions. The isolated genomic DNA was then used as a
template for qPCR analyses.
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2.2.2. Quantitative PCR (qPCR)

Archaeal 16S rRNA gene levels in the isolated environmental DNA were quantified
by qPCR using a CFX96 Touch Real-Time PCR detection system (Bio-Rad, Segrate, MI,
Italy). For each sample, reactions were achieved in triplicate (n = 3) within optical tubes
in a final volume of 20 µL containing 2 µL DNA template, 10 µL SYBR Green TMqPCR
Master Mix (Bio-Rad, Segrate, MI, Italy), 7.4 µL DNase-free water, and 0.3 µL of each
primer [40,43]. For quantification of archaeal 16S rRNA gene copies, the specific primers
used for DNA amplification were 0344F (5′′-ACGGGGCGCAGCAGGCGCGA-3′′) and
0025R (5′′-GGACTACVSGGGTATCTAAT-3′′) per reaction.

The cycling settings were as follows: initial denaturation at 95 ◦C for 30 s, followed
by 35 cycles of denaturation (at 95 ◦C for 5 s), annealing (at 60 ◦C for 20 s), and extension
(at 72 ◦C for 20 s). A melting curve was generated at the end of each assay to verify the
specificity of amplicons. Archaeal 16S rRNA gene copy number was reported per gram dry
weight of sediment/salt crystal or mL of water sample, respectively. The PCR protocol was
optimized and verified according to [44].

2.2.3. DGGE Analysis

For DGGE analysis, total archaeal 16S rRNA genes obtained from the environmental
samples were further amplified using nested PCR. All sets of primers used in this study are
summarized in Table 1. The reaction conditions were as formerly described [45–49]. For the
first step, the PCR mixture contained 1.5 µL MgCl2 (1.5 mM), 1 µL bovine serum albumin
(BSA, 10 µg), 0.5 µL dNTP (200 µM each dNTP), 0.5 µL of primers A2F and 1492R (200 nM),
0.25 µL Taq DNA polymerase (1.5 U), 2.5 µL DNA template, and 16.25 µL sterile nanopure
water in 2.5 µL PCR buffer (1 ×). PCR amplifications were completed in a DNA Engine
Dyad Thermal cycler gradient block (MJ Research, Quebec, Canada) using the following
program: 30 reaction cycles, pre-denaturation (95 ◦C, 5 min), denaturation (94 ◦C, 1 min),
annealing (34.5 ◦C, 1 min), extension (72 ◦C, 1 min), and a final extension at 72 ◦C for
10 min. For the nested PCR second round, an identical reaction mixture as described above
was prepared, but using primers SAF-GC and PARCH519R [48]. The amplified DNA was
stored at −20 ◦C.
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Table 1. PCR primers used in this study.

Primer Pair Sequence (5′–3′) a Target of 16S rRNA Gene Binding Position b Reference

1492R GGTTACCTTGTTACGACT T

Archaea 16S rRNA

1492–1510 [50]A2F TTCCGGTTGATCCYGCCGGA

SAF-GC c,d SA1f-CCTAYGGGGCGCAGCAGG
341–358 [51]SA2f-CCTACGGGGCGCAGAGGG

PARCH519R TTA CCG CGG CKG CTG

519–533

[52]

M13R-GC

SAaf-CAGGAAACAGCTATGACG
GGCGGGGCGGGGGCACGGGG
GGCCTACGGGGCGCAGCAGG

[48]SAbf-CAGGAAACAGCTATGACG
GGGGCGGGGCGGGGGCACGG
GGCCTATGGGGCGCAGCAGG

M13F e GTAAAACGACGGCCAG
a D = G, A or T; H = A, T or C; K = G or T; M = A or C; R = A or G; S = G or C; W = A or T; Y = C or T. b Based on
Escherichia coli numbering except for the mcrA, which corresponds to Methanothermobacter marburgensis (CP001710),
and dsrAB and dsrB gene, which correspond with Desulfovibrio vulgaris (CP002297) numbering. c For DGGE,
this primer has the GC-clamp at the 5′ end, CGCCCGCCGCGCGCGGCGGGCGGGGC GGGGGCACGGGGGG.
d Primer SaF-GC is a mixture of primers Sa1F and Sa2F at a molecular ratio of 2:1. e There are multiple versions of
the M13 primers, and sequencing should be carried out with the versions described here.

The DGGE was run in a DCode™ Universal Mutation detection system (Bio-Rad
Laboratories, Segrate MI, Italy) catalog number 170-9080 as described by [46]. Briefly, a
6% polyacrylamide gel with a gradient of 30–80% denaturant agent was cast by mixing
solutions of 30% in 80% denaturant agent (100% denaturant agent was a mixture of 7 M
urea and 40% deionized formamide). Five hundred ng of PCR product were loaded for
each sample, and the gels were run at 100 V for 18 h at 60 ◦C in 1 × TAE buffer (40 mM
Tris-HCl pH 7.4, 20 mM sodium acetate, 1 mM EDTA). Then, the gel was stained with
SYBR Gold (Invitrogen) for 30 min and observed under UV light. Gel pictures were
taken with a Gene Genius Bio Imaging System (Syngene). Prominent bands were excised
from the gels, suspended in milli-Q water overnight, and re-amplified by PCR using
the archaeal primers SAf-GC-M13R and PARCH519R according to [48]. Finally, the re-
amplified PCR products were sequenced at MacroGen (http://www.dna.macrogen.com
accessed on 20 February 2022). The sequencing data were analyzed using the Chromas
Lite software package version 2.1.1. (http://www.technelysium.com.au/ accessed on
20 February 2022). A nucleotide BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/
accessed on 20 February 2022) was carried out to obtain evidence on the phylogenetically
closest relatives. The sequences were aligned by ClustalW and used to build the phylogenic
tree [49]. Alignments were edited using BioEdit Sequence Alignment Editor version 7.0.9.0,
and regions of ambiguous alignment were removed. Pairwise similarities of 16S rRNA
sequences were estimated using the MEGA 6.0 phylogeny software.

2.3. Remote Sensing
2.3.1. Image Acquisition

One scene located on path 177 and row 39 of the Landsat-5 Thematic Mapper (TM)
was used to derive the different maps obtained in the present study. The data were acquired
in October 2010. The image consisted of seven spectral bands with a spatial resolution
of 30 m for multispectral bands from 1 to 5, and 7 (visible, near-infrared, and two bands
of shortwave).

2.3.2. Image Processing

The pre-processing of the satellite scene was performed in two steps for the atmo-
spheric correction of the multispectral image by removing noise influence. The first step of
radiometric calibration was assessed by converting each pixel intensity value of the image
(represented by a digital number) to a physical value of reflectance. In the second step,

http://www.dna.macrogen.com
http://www.technelysium.com.au/
http://www.ncbi.nlm.nih.gov/BLAST/
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the quantized pixel values were converted to surface reflectance data using the FLAASH
correction tool in the ENVI software package (version 5.3). Then, the surface reflectance
data were processed using the normalized difference water index (NDWI) to delineate open
water features and separate surface water from land (moisture soil and salts) according to
the following equation [53]:

NDWI = (Green − NIR)/(Green + NIR) (1)

A threshold NDWI value of 30% was used to create the surface water map of the
study area.

2.4. Statistical Analysis

Data were analyzed using Minitab 19 and visualized using GraphPad 8. A p value of
0.05 was considered significant. Tukey test for pairwise and one-way ANOVA comparisons
was used for post hoc analysis of all group interactions. Post hoc analysis results are shown
as letters, with groups that share the same letter being non-significantly different, and
distinct letters expressing significant differences across various groups.

3. Results and Discussion
3.1. Physicochemical Analysis

Wadi EL-Natrun is one of the most prominent geographical features in the northern
Western Desert of Egypt. Both the saline lakes located in Wadi El-Natrun and the ones in
Florida (USA) are the only two worldwide cases of soda lakes used for natural salt produc-
tion [54]. A few types of organisms can live in saltern crystallizer ponds, including rare
eukaryotes and some halophilic prokaryotes [55]. The physicochemical analyses performed
on water and sediment samples collected from the studied lakes showed that these alkaline
hypersaline habitats are suitable for the development of haloalkaliphilic archaea, as re-
ported by [56,57]. As shown in Table 2, the average pH values for all samples tested ranged
from 8.56 ± 0.41 to 9.03 ± 0.38. This relatively high alkalinity is associated with an elevated
content of CO3

2− and HCO3
− (Table 2). In addition, the average concentrations of Ca2+

and Mg2+ were comparatively low. According to the classification proposed by [58], all of
the studied lakes can be classified as brines due to the predominance of Cl− over SO4

2−

and the ratio of Ca2+ to Na+ (Table 2). Brines are important sources of common salt (NaCl),
Ca2+, Mg2+, K+, and other materials, making them very attractive for mineral extraction.
Alternatively, a visual examination of sediment samples taken from the investigated soda
lakes revealed the existence of thin pink layers of purple photosynthetic bacteria and red
halophilic archaea, as well as dense black layers of decomposed organic debris and sulfide
minerals. The same outcomes were previously detailed by [12].

Table 2. Physicochemical analysis of water and sediment samples collected from soda lakes of Wadi
El-Natrun.

Sample
ID pH EC (dSm−1) Na+ K+ Ca2+ Mg2+ CO3

2− HCO3
− Cl− SO4

2−

H 9.03 ± 0.38 a 151.3 ± 2.5 c 24.24 ± 1.14 b 0.110 ± 0.010 a 0.10 ± 0.01 c 0.48 ± 0.04 c 10.80 ± 0.54 b 7.75 ± 0.28 b 26.18 ± 1.20 bc 6.00 ± 0.24 b

Z 8.89 ± 0.44 a 188.3 ± 3.8 b 31.42 ± 1.11 a 0.057 ± 0.003 c 0.23 ± 0.01 b 0.72 ± 0.05 a 21.30 ± 0.11 a 13.95 ± 1.10 a 28.95 ± 1.20 b 5.48 ± 0.35 bc

B 8.70 ± 0.31 a 137.4 ± 2.7 d 21.96 ± 1.20 b 0.076 ± 0.005 b 0.32 ± 0.01 a 0.42 ± 0.03 c 9.33 ± 0.46 c 6.60 ± 0.24 bc 24.65 ± 1.10 c 5.04 ± 0.25 c

F * N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
HS 8.58 ± 0.28 a 100.8 ± 2.1 f 16.01 ± 1.10 c 0.105 ± 0.010 a 0.21 ± 0.03 b 0.12 ± 0.01 d 5.12 ± 0.25 d 5.27 ± 0.16 d 18.75 ± 0.90 d 2.28 ± 0.11 e

BS 8.64 ± 0.33 a 141.5 ± 3.3 d 23.17 ± 1.28 b 0.066 ± 0.005 bc 0.11 ± 0.01 c 0.18 ± 0.01 d 3.31 ± 0.16 e 1.46 ± 0.27 e 32.30 ± 1.30 a 3.72 ± 0.18 d

ZS 8.68 ± 0.43 a 197.7 ± 4.9 a 29.95 ± 1.40 a 0.031 ± 0.002 d 0.16 ± 0.01 b 0.63 ± 0.03 b 11.6 ± 0.58 b 6.10 ± 0.31 cd 26.60 ± 1.33 bc 2.10 ± 0.11 e

FS 8.56 ±0.41 a 119.2 ± 2.9 e 18.46 ± 1.21 c 0.038 ± 0.002 d 0.20 ± 0.02 b 0.60 ± 0.03 b 0.32 ± 0.15 f 0.84 ± 0.05 e 26.52 ± 1.21 bc 8.12 ± 0.51 a

H, water sample from El-Hamra Lake; Z, water sample from Zugm Lake; B, water sample from Beida Lake; F *,
no water sample could be collected from El-Fazda Lake during the sampling campaign; HS, sediment sample
from El-Hamra Lake; BS, sediment sample from Beida Lake; ZS, sediment sample from Zugm Lake; FS, sediment
sample from El-Fazda Lake; N.D., not determined. Different letters in the same column indicate significant
statistical difference (p<0.05); e.g., “b” and “c” are statistically different from each other but not from “bc”.
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3.2. PCR-DGGE Analysis

The archaeal phylogenetic diversity was studied by PCR-DGGE of 16S rRNA gene
fragments (Figure 2). As can be appraised in Figure 3, the archaeal DGGE profiles were
complex and presented an average of 134 bands, often comprising of 17 to 19 more intensely
stained bands. The number of DGGE bands, considered indicative of the total species
richness, did not vary considerably between all of the analyzed samples, and this result
matched with the values calculated for different diversity indexes (Table 3) [59,60].
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found in other alkaline lakes. For example, in a study conducted by [61], the authors re-
ported the presence of 10 to 20 bands in the DGGE profiles obtained for water samples 
from the Faro saline lake, a meromictic lagoon located to the northeast of Sicily (Messina, 
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Figure 2. 16S rRNA PCR-amplification products of DNA extracted from water and sediment/salt
crystal samples from soda lakes in Wadi El-Natrun. Lane –ve: without DNA (control); Lane M: 1 kb
DNA ladder; Lanes HS1 and HS2: sediment and salt crystals from El-Hamra Lake, respectively; Lane
ZS: sediment from Zugm Lake; Lane BS: salt crystals from Beida Lake; Lane FS: sediment sample
from El-Fazda Lake; Lanes HW, ZW and BW: water samples from El-Hamra, Zugm, and Beida
lakes, respectively.

In general, our results agreed with previous studies regarding the microbial diversity
found in other alkaline lakes. For example, in a study conducted by [61], the authors reported
the presence of 10 to 20 bands in the DGGE profiles obtained for water samples from the
Faro saline lake, a meromictic lagoon located to the northeast of Sicily (Messina, Italy). In
another related work, [62] analyzed the prokaryotic diversity in water samples collected from
the Aran-Bidgol lake, a thalassohaline lake in Iran. In such work, the DGGE patterns of the
archaeal diversity showed ~15 intensively stained bands. Most of the archaeal sequences
analyzed were related to Haloquadratum walsbyi (40%), followed by Halorubrum sp. (25%),
Halonotius sp. (12.5%), Halorhabdus sp. (12.5%), and Haladaptatus sp. (10%).

Table 3. Diversity and richness indices for archaeal clone libraries.

Data Type
Sediment Samples Water Samples

El-Hamra Zugm Beida El-Fazda El-Hamra Zugm Beida El-Fazda

S 17 16 20 12 18 16 14 N.D.

N 706 600 1270 608 1286 1235 977 N.D.

Shannon (S) 2.65 2.70 2.75 2.24 2.67 2.65 2.48 N.D.

Margalef’s index 2.43 2.34 2.65 1.46 2.37 2.10 1.80 N.D.

Evenness index (e) 0.156 0.169 0.130 0.094 0.153 0.165 0.170 N.D.

S, total number of species (bands). N, total number of individuals (relative band intensity) N.D., not determined.
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Figure 3. Archaeal 16S rRNA gene targeted PCR-DGGE analysis of sediment/salt crystal and water
samples from soda lakes of Wadi El-Natrun. Lane M: molecular weight marker (Kbp); Lane HS:
sediment sample of Hamra Lake; Lane HS2: salt crystals of Hamra Lake; Lane ZS: salt crystals of
Zugm Lake; Lane BS: salt crystals of El-Beida Lake; Lane FS: sediment of Fazda Lake; Lane HW:
water sample of Hamra Lake; Lane ZW: water of Zugm Lake; and Lane BW: water of El-Beida Lake.

On the other hand, several studies have demonstrated that the microbial community in many
hypersaline environments is dominated by halophilic archaea [6,7,9,10,12,15,26,33–36,47,56,61,62].
As can be seen in Table 4, our results show that 9 out of 15 phylotypes (bands B, C, K,
Q, R, V, HS2A, HS2D, and FSA) were vaguely linked to uncultured clones (≤95%). In
addition, two other bands (C and N) were associated with uncultured clones of Halorubdus
and Halorubrum with similarities of 93% and 97%, respectively. Five other bands (B, J, K,
L, and HS2C) were associated with Halogranum, Halalkalicoccus, and Natronorubrum, with
similarities of 94%, 95%, and 98%, respectively (Table 4). In addition, the phylogenetic tree
depicted in Figure 4 shows that the archaeal community is small, in agreement with other
studies assessing the diversity of halophilic archaea in related saline environments [61–67].
However, it is noteworthy that most clones found in our study exhibited low sequence
similarity with formerly recognized species (Table 4), suggesting the presence of new
archaeal phylotypes in the soda lakes of Wadi El-Natrun.



Fermentation 2022, 8, 365 9 of 17

Table 4. Blast results of archaeal 16S rRNA sequences obtained from DGGE analysis.

Band Close Relative in Database (Accession Number) Taxonomic
Description Similarity (%)

B Halogranum sp. SS5-1 (JN196479.1)

Euryarchaeota

94
C Uncultured Halorhabdus sp. clone M3-B02 (KF452246) 93
D Uncultured archaeon clone WN-UWA-55 (DQ432585.1) 96
E Uncultured archaeon clone WN-UWA-55 (DQ432585.1) 97
F Uncultured archaeon clone CBA3919.b1 (JX881146.1) 97
I Uncultured archaeon clone WN-FWA-110 (DQ432514) 99
J Halalkalicoccus tibetensis: JCM 11,890 (AB663349) 98
K Halalkalicoccus jeotgali B3 (NR_102920.1) 95
L Halalkalicoccus jeotgali strain: JCM 14,584 (AB477223) 98
M Uncultured haloarchaeon clone TX4CA_31 (EF690586.1) 97
N Uncultured Halorubrum sp. isolate DGGE gel band JG06 (HQ110063) 97

O Archaeon DSFBPS_UR1C (KC465572) Unclassified
Archaea

97
P Archaeon DSFBPG_5R3A (KC465564) 99

Q Halobacteriaceae archaeon YC93 (JQ237117.1)

Euryarchaeota

90
R Uncultured euryarchaeote clone FR-M-R-S1-B11 (KC661808) 92
S Uncultured haloarchaeon clone TX4CA_24 (EF690579) 98
T Uncultured haloarchaeon clone ZB-A56 (AF505709) 98
U Uncultured archaeon clone ARC182 (JN185055) 97
V Uncultured haloarchaeon clone TX4CA_24 (EF690579) 93

W Uncultured crenarchaeote clone P1A2RS32 (FN666101) Crenarchaeota 97

HS2A Uncultured haloarchaeon clone HPA-18 (AY430113.1)

Euryarchaeota

93
HS2B Uncultured haloarchaeon isolate DGGE gel band ESSA-A1_12 (KF309695) 98
HS2C Natronorubrum aibiense strain G23 (JQ522950) 98
HS2D Uncultured archaeon clone WN-USA-38 (DQ432550) 94
FSA Uncultured archaeon clone WN-USA-38(DQ432550) 94
FSB Uncultured archaeon clone P11_3-7C (KF814487) 98
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Figure 4. Phylogenetic tree showing the relationships of archaeal 16S rRNA gene sequences of excised
DGGE bands to closely related (S ≥ 90%) sequences from the GenBank database.

3.3. Spatial Distribution of Archaeal DNA by GIS and Remote Sensing

Remote sensing and GIS are highly accepted techniques for monitoring lake surfaces
and detection of changes [5,68–70]. In this survey, the obtained map after classification
discriminated the four analyzed lakes into three different areas, namely water (deep and
shallow zones), salts and soil. This classification depends on the reflectance of each of these
features according to a suitable threshold (Figure 5).

It should be note that the water content is different in El-Fazda Lake according to the
season since it dries up in summer and re-fills in winter, mostly affecting the salt content
of the shallow zones. Still, the classification map obtained for the Wadi El- Natrun lakes
agreed with previous studies using similar methods wherein the analyzed areas were
associated with marshlands and sabkhas [5,68,69,71].

On the other hand, Figures 6–8 illustrate the microbial DNA distribution map obtained
with GIS technology according to the type of sample analyzed (i.e., sediment/salt crystals
or water samples) from the four studied soda lakes. As can be appraised in Figure 6, the
total content of DNA (expressed in nanograms) was the lowest for both Beida and Zugm
lakes, with values ranging from 199.3 to 448.2 ng.

The GIS spatial distribution map of DNA (ng/mL) extracted from water samples
analyzed from the soda lakes in Wadi El-Natrun showed that Zugm and El-Hamra lakes
presented the minimum values, ranging from 2.0 to 4.5 ng/mL (Figure 7). On the other
hand, microbial DNA content (ng/mL) of water samples from Beida Lake decreased from
the southern (maximal values ~13.0 ng/mL) to northern areas (Figure 7). It should be noted
that there were no data for El-Fazda lake because it was dry during the sampling campaign
and only contained sediment. Finally, microbial DNA extracted from sediments/salts
crystal expressed as ng/g showed a great dispersion among lakes (Figure 8). The minimum
microbial DNA values were obtained from Beida Lake, and the highest values corresponded
to samples analyzed from El-Hamra Lake, followed by El-Fazda Lake.
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3.4. Spatial Distribution of Archaeal 16S rRNA Gene by GIS

Figure 9 shows the distribution and abundance of total Archaea in sediment (Figure 9A)
and water (Figure 9B) samples from Wadi El-Natrun soda lakes determined by qPCR
and reported as 16S rRNA gene copy number per gram of wet sediment or mL of brine,
respectively. The abundance of Archaea was 6.5 × 108 copies/g in sediment samples from
El-Hamra Lake, followed by Beida Lake (5.0 × 107 copies/g), while in sediment samples
from Zugm and El-Fazda lakes, the abundance of archaeal DNA was much lower (2.2 × 108

and 2.3 × 108 copies/g, respectively).
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Figure 8. Spatial distribution by GIS of DNA (ng/g) extracted from sediment/salt crystal samples of
Wadi El-Natrun soda lakes.

On the other hand, 16S rRNA gene copy number per ml of brine was 6.7 × 108

copies/g in El-Hamra Lake, followed by Zugm Lake (4.7 × 108 copies/g) and El-Beida
Lake (4.2 × 108 copies/g). Notably, we observed a strong positive correlation (Pearson’s
r = 0.985) between the content of 16S rRNA gene and the K+ concentration in all of the ana-
lyzed samples. This result may be explained by the fact that halophilic archaea accumulate
molar quantities of KCl (as an osmoprotectant) due to the occurrence of acidic proteomes
in their cytoplasm that only function at high salinity [21,72,73]. In addition, our results also
showed clear differences between the numbers of 16S gene copies in water, sediments, and
salts of the studied lakes.

Fermentation 2022, 8, 365 14 of 18 
 

 

A 
 

 

B 
 

 

Figure 9. DNA copy number distribution of the archaeal 16S rRNA gene (A) per gram of sediment 
and (B) per mL of water from soda lakes of Wadi El-Natrun. 

4. Conclusions 
The distribution of any organism in the environment is restricted to the physico-

chemical characteristics of the sampling site. Soda lakes are rare and extreme ecosystems 
with great potential for bioprospecting aimed at discovering novel enzyme or genes for 
new biotechnological applications. This report provides a first representation of the ar-
chaeal community structure and spatial distribution in four soda lakes located in the Wadi 
El-Natrun valley (northern Egypt) using 16S rRNA PCR-DGGE fingerprinting and com-
bining traditional GIS mapping technology with remote sensing. Using these approaches, 

Figure 9. Cont.



Fermentation 2022, 8, 365 14 of 17

Fermentation 2022, 8, 365 14 of 18 
 

 

A 
 

 

B 
 

 

Figure 9. DNA copy number distribution of the archaeal 16S rRNA gene (A) per gram of sediment 
and (B) per mL of water from soda lakes of Wadi El-Natrun. 

4. Conclusions 
The distribution of any organism in the environment is restricted to the physico-

chemical characteristics of the sampling site. Soda lakes are rare and extreme ecosystems 
with great potential for bioprospecting aimed at discovering novel enzyme or genes for 
new biotechnological applications. This report provides a first representation of the ar-
chaeal community structure and spatial distribution in four soda lakes located in the Wadi 
El-Natrun valley (northern Egypt) using 16S rRNA PCR-DGGE fingerprinting and com-
bining traditional GIS mapping technology with remote sensing. Using these approaches, 

Figure 9. DNA copy number distribution of the archaeal 16S rRNA gene (A) per gram of sediment
and (B) per mL of water from soda lakes of Wadi El-Natrun.

4. Conclusions

The distribution of any organism in the environment is restricted to the physico-
chemical characteristics of the sampling site. Soda lakes are rare and extreme ecosystems
with great potential for bioprospecting aimed at discovering novel enzyme or genes for new
biotechnological applications. This report provides a first representation of the archaeal
community structure and spatial distribution in four soda lakes located in the Wadi El-
Natrun valley (northern Egypt) using 16S rRNA PCR-DGGE fingerprinting and combining
traditional GIS mapping technology with remote sensing. Using these approaches, we
increased the scope and power of the analysis, making possible the mapping of unexplored
areas wherein the diversity of alkaliphilic Haloarchaea are typically low. Our results revealed
that the microbial community inhabiting these alkaline hypersaline environments appears
to be rich in new types of Archaea. Therefore, the data presented here could serve as
a promising starting point for future culture-dependent studies aimed at isolating and
characterizing new archaeal species in order to reveal their ecological roles.
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