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Abstract
Background: Extreme ecosystems, such as hot springs, are of great interest as a source of novel
extremophilic biodiversity, enzymes, survival metabolic functions, and biotechno-logical products. In hot
springs, physicochemical factors such as temperature, pH, and mineral content influence microbial
communities. In this study, we aimed to investigate the microbial diversity in the water, spring sediments,
and wet-shore sediments of the Al-Lith hot spring in Saudi Arabia. 

Methods:To assess the microbial diversity and identify potential applications, we conducted
metagenomic analyses. 

Results: The phyla cyanobacteria, Chloroflexi, and protobacteria were dominant in samples collected
from water, spring sediment, and wet-shore sediments, respectively. In all three samples,
Thaumarcheotalwas the most important phylum in the Archaea domain, whereas Mucoromycete was
the most important phylum in the eukaryotic domain. Functional potential analysis of the Kyoto
Encyclopedia of Genes and Genomes database revealed that metabolic activi-ties were the most
prominent, followed by genetic information, environmental information, cellular and human diseases,
and organismal processes. Carbohydrate-active enzymes annotation showed that six main groups of
enzymes were present: glycoside hydrolases, glycosyl transferases, carbohydrate-binding modules,
carbohydrate esterases, polysaccharide lyases, and auxiliary activities. Functional classification of
eggNOG re-vealed unknown functions, followed by amino acid transport and metabolism, energy
production, replication, recombination, repair, and conversion. Conclusion: The microbial diversity in the
Al-Lith hot spring includes a variety of microorganism species that can potentially be used in
biotechnology as a novel source of untapped functional potential for various biotechnological and
environmental applications.

1. Introduction
Thermal springs are natural geological features formed by the expulsion of hot water (with temperatures 
> 36.7°C) from the Earth’s interior [1]. This geothermal heat is primarily attributed to the radioactive
decay of elements present in the Earth’s mantle, which accounts for approximately 45–90% of the heat
that escapes from the Earth [2, 3]. The most important radioactive elements include uranium-235,
potassium-40, thorium-232, and uranium-238 [4]. In addition to hot springs, other geothermally heated
habitats include alkaline, carbonate-containing hot springs, and acidic mud holes [5]. Minerals such as
calcium, chloride, magnesium, sodium, silica, and sulfates are abundant in hot spring water as they
dissolve into the water as it passes through the rocks to the Earth surface. Geothermal groundwater
typically has a chemical composition derived from archaic meteorological characteristics or the
primordial sea [6]. Extensive research has been conducted on hot springs because of their unique
geothermal environments, which are characterized by distinct biogeography and physicochemical
properties. The capacity of hot spring systems to preserve fossils, from microbes to trees and
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macroscopic animals, has fundamentally transformed the comprehension of microbial diversity in hot
springs [7].

Hot springs provide favorable conditions to promote the proliferation of a diverse range of
thermotolerant and thermophilic organisms [8]. Recent study has also reported a high abundance of
Acidithiobacillus, a hyperthermophilic bacteria, in hot springs. Thermophiles are microorganisms that
thrive at temperatures > 50°C, whereas hyperthermophiles thrive at temperature > 80°C [12]. The
abundance of organic substrates was a major contributor to microbial diversity at the study site [11]. The
presence of thermophilic microorganisms in hot springs has a significant potential for bioprospecting,
thermostability, and biomolecular production [10]. Hot springs contain an abundance of valuable
minerals, various chemical compounds, and a diverse range of microorganisms [9]. Hot springs are also
notable for their ability to preserve fossils, ranging from microbes to trees and macroscopic animals,
which has fundamentally transformed our understanding of microbial diversity in hot springs [7]. They
also serve as biodiversity hotspots as they support a diverse array of microorganisms, including archaea,
fungi, algae, bacteria, protozoa, cyanobacteria, and viruses.

Consequently, culture-independent techniques, such as metagenomics and metatranscriptomics, have
been employed [13, 14, 15]. In addition to hot springs, metagenomics has been used to improve our
understanding of microbial environments located in extreme and remote habitats, such as glacial lakes
and hydrothermal vents. Metagenomic analysis from these extreme environments has led to the
discovery of new genes, which can be used to develop biocatalysts that have important uses in society
[16,17,1819]. The genomic and metabolic adaptabilities of microbial communities in these ecosystems
have evolved because of their adaptation to extreme environments. Microorganisms isolated from these
environments display remarkable genomic plasticity and metabolic diversity [20]. The most influential
factors affecting diversity in hot spring environments include water temperature, pH, and chemical
composition. [21, 22, 23].

Recently, there has been a rise in the production and diversity of thermostable enzymes, driven by
advancements in the methods used to extract these enzymes from heat-loving eukaryotes, bacteria, and
archaea found in various environments,(24) such as thermophilic and hyperthermophilic enzymes, also
known as thermozymes, that are resistant to extreme conditions. Thermostability of proteins is
determined by their intrinsic characteristics and is directly related to their molecular structure, resulting
in increased rigidity and resistance to unfolding. Furthermore, extrinsic factors, such as solutes, metal
binding, and molecular chaperones, contribute to protein stabilization [25]. The enzymes from bacteria
and archaea have evolved and developed structural and functional characteristics that exhibit at
temperatures higher than 70°C, it is highly thermostable and optimally active [26]. Several industrial
sectors such as the sugar, paper, and fruit industries rely heavily on these enzymes for processing,
manufacturing, and production of food, lactose-free milk products, animal feed products, and laundry
detergent products [27]. Although mesophilic enzymes are not suitable for high-temperature and
extreme pH conditions, thermophilic proteins are distinguished by their shorter amino acid lengths
compared to proteins found in non-thermophilic organisms. Moreover, thermophilic microorganisms
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have been shown to be essential for the production and characterization of all enzymes obtained from
hydrolysis because of their ability to resist proteolytic and denaturing agents such as salts, organic
solvents, high temperatures, and metal ions. Therefore, these microorganisms can be used in filtration
processes to remove heavy metals from waste.[28]

Geothermal ecosystems are influenced by the microbiomes of hot springs, which can be both beneficial
and harmful. Although most microorganisms are symbiotic, a minority are pathogenic. Biological and
environmental factors such as the composition of organic substrates, nutrients, and water chemistry
influence the diversity and abundance of microorganisms. Thermophilic bacteria have been studied for
decades owing to their biotechnological potential [29]. In recent years, several molecular biology
techniques have been developed that allow for the identification and characterization of microorganisms
at the species and subspecies levels, including rep-PCR profiling and 16S rRNA sequencing [30, 31, 32,
29, 33]. A notable example is the use of the Taq DNA polymerase for amplification. The hot springs at
Yellowstone National Park are the source of Taq polymerase extracted from the bacterium Thermus
aquaticus [34]. In addition to exopolysaccharides, thermophiles produce thermostable enzymes such as
amylases, proteases, cellulases, xylanases, and lipases [35, 36, 37, 38]. In the present study, we aimed to
evaluate the potential applications of several thermophilic microorganisms in the Al-Lith region of SA.
The comprehensive data expected to be generated during the study can provide profound in-sights into
the intricacies of thermophilic microbial diversity.

The present study explores the diversity of thermophilic microorganisms and their potential applications
in the Al-Lith region of SA. The investigation aims to acquire comprehensive data, thereby providing
profound insights into the intricacies of thermophilic microorganism diversity. This study holds
significant promise for advancing biotechnological applications and making substantial contributions to
the thermozymes industry, thereby aligning with the strategic objectives outlined in Saudi Vision 2030.

2. Materials and Methods

2.1. Study site
The Wadi Al-Lith is one of the most significant landmarks in the region and is considered one of the
largest valleys in the Tihamah area of Hijaz in SA. The source of Wadi Al-Lith is located in the village of
Al-Tifalan. Originating from the Sarawat Mountains, located south of Taif, Wadi Al-Lith flows westward
towards the coastal plain. Its meandering course supplies water to wells and agricultural lands,
eventually emptying into the Red Sea near the city of Al-Lith. The total length of Wadi Al-Lith is
approximately 100 km, with an average gradient of 14 m/km.

2.2. Sample collection
Samples water, spring Sediment and wet-shore sediment were collected on June 26, 2022, from the Ain
Al-Hara hot spring (20°27’43.9"N & 40°28’16.1"E), located in Gomaigh within the province of Al-Lith, in the
western part of the SA (Fig. 1). Portable thermometers and pH meters were used to measure the
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temperature and pH of the sample collection sites (Table 1). Ain Al-Hara hot spring is acidic (pH 4), and
the temperature of the source water exceeds 80°C. Ain Al-Hara is located 165 m above sea level.
Following collection, samples were transported to the laboratory under cool and sterile conditions at 4°C
and stored at -20°C.

Table 1
Details of Ain Al-Hara water, sediment, and wet shore sediment samples.

Samples Samples
Code

Sample quantity
and size

Number of
samples

Temp
(oC)

pH Depth
(cm)

Water W 20 L filled in sterile
bottles

1 55 8.5 All
levels

Spring
Sediment

SS Filled in 50 ml
sterile falcon tube

1 62 8.5 18

Wet shore
Sediment

SW 1 37 8.3 100

2.3. DNA Extraction and Shotgun Sequencing
Using the Ph-Ch method, genomic DNA was extracted from water, sediment, and wet-shore sediment
samples. Under vacuum, the water samples were filtered through 0.22 µm membrane filters (cellulose
ester, Millipore, Billerica, MA, USA) and stored at-20°C. DNA was extracted from membrane filters, soil,
and sediment, as described previously [39]. The quantity and integrity of the isolated DNA were
determined using a 1% agarose gel electrophoresis and NanoDrop 2000™ (Thermo Fisher Scientific™).

2.4. Taxonomic profiling and functional annotation
The Illumina sequencing platform was pre-processed using Readfq (V8), resulting in clean data for
analysis. The following steps were followed for this process: a) Low-quality reads exceeding a certain
proportion (default length of 40 base pair) of low-quality bases were removed. B) Reads with N bases
exceeding a certain threshold (default length, 10 bp) were discarded. In addition, reads that overlapped
with adapters beyond a certain length (default of 15 bp) were eliminated. To filter out the reads
originating from the hosts, clean data were subjected to BLAST against the host database. Bowtie2
software (version 2.2.4) was used with the following parameter settings: end-to-end, sensitive, I 200, and
× 400 [40], [41].

For assembly analysis, MEGAHIT software (v1.0.4-beta) was used with --presets meta-large parameter
settings (--end-to-end, --sensitive, -I 200, -× 400). Scaftigs without N were obtained by breaking the
scaffolds at the N junction [42–44].

ORF prediction for the scaftigs of each sample was performed using MetaGeneMark (version 3.5) and
default parameters. Predictions shorter than 100 nt were filtered [45], [46], [40], [41], [47], [48], [42], [44],
[49], [50], [51]. CD-HIT software (V4.5.8) was used to eliminate redundancy and obtain the non-redundant
initial gene catalogue with parameter settings of c 0.95, G 0, aS 0.9, g 1, d 0 [52], [53], [54], and [50].
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Using Bowtie2 (Bowtie2.2.4), the clean data of each sample were aligned to the initial gene catalogue
with the following parameter settings: --end-to-end, --sensitive, -I 200, and-x 400. Genes with reads ≤ 2
were filtered out of each sample to form the final gene catalogue (Unigenes) [42], [51], [54]. Gene
abundance in each sample was calculated based on the number of aligned reads and the length of each
gene [41], [49], [50], [55], [56], [57]. In addition to basic information statistics, core pan gene analysis,
correlation analyses between samples, and Venn diagrams of gene numbers were constructed for each
sample based on gene abundance.

DIAMOND software (V0.9.9.110) was used to align unigene sequences with those of bacteria, fungi,
archaea, and viruses from the NCBI NR database (Version 2018-01-02), with the parameters blastp, e 1e-
5. The result with a minimum evaluative value of 10 was selected for the alignment. An LCA algorithm in
the MEGAN software was used to determine the species annotations [47], [59].

The abundance of each sample at each taxonomic level (kingdom, phylum, class, order, family, genus,
and species) was estimated using LCA annotations and gene abundance tables. In a sample, the
abundance of a species is equal to the sum of the abundances of annotated genes [40], [41], [49]. The
number of genes of a species in a sample equals the number of genes with non-zero abundance among
those annotated as belonging to that species. Based on the abundance tables at each taxonomic level,
Krona analysis, relative abundance overview, and abundance clustering heatmaps were performed (60).

To align the unigenes with those in the functional databases, DIAMOND software (V 0.9.9) was used
with the following parameters: blastp, -e 1e-5 [51], [61]. Three functional databases exist: KEGG (Version
2018-01-01), eggNOG (version 4.5), and CAZy (version 201801) [62], [63], [64]. The selection of the best
blast-hit results was then analyzed [61], [51], and [65]. The relative abundances at different functional
levels were calculated based on the alignment results [40], [51], [54]. Using the functional annotation and
gene abundance tables, we derived gene number tables for each sample at each taxonomic level.
Among the genes annotated with a particular function, the number of genes with non-zero abundance
equals the number of genes with that function in the sample.

Annotated gene statistics, relative abundance overviews, and abundance clustering heat maps were
generated from the abundance tables for each taxonomic level, combined with PCA and NMDS analysis
for dimension reduction, ANOSIM analysis of inter-and intra-group differences based on functional
abundance, metabolic pathway comparisons, and Metastat and LEfSe analyses of inter-group functional
differences.

3. Results
Statistical analysis of raw data, including the total number of reads (sum of reads 1 and 2), base pairs
(bp), GC content (%), and ratios of bases with Phred quality scores exceeding 20 and 30 (Q20 (%) and
Q30 (%)), are summarized in Table 2 for all three samples. These samples were subjected to paired-end
sequencing of the shotgun metagenome using an Illumina sequencing platform, which resulted in
37,738.5 raw reads. Each of these sequences had a length of 350 bp and the average number of reads
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across the samples was 12,579.5 reads. The raw data displayed GC content for the 3 samples W, SS, and
SW of 52.99%, 59.64%, and 58.46%. In contrast, Q20 and Q30 values were notably high, exceeding 96%
and 91%, respectively. The Cont. samples exhibited the highest values and percentages across most of
the analyzed parameters, except for the GC content, which was 52.99% for water, 59.64% for SS,
and 58.46% for SW.

Table 2. Summary of sequencing, assembly, and pre-processing statistics.

Data Sample ID W SS SW

Raw Data Total raw reads 12,844.95 12,422.66 12,470.89

Clean Data 12,771.96 12,304.18 12,426.44

GC (%) 52.99 59.64 58.46

Q20 96.88 96.81 96.69

Q30 91.92 92.03 91.68

Effective (%) 99.432 99.046 99.644

Assembly Data total len. (bp) 360,180,406 205,231,866 636,385,578

Num. 259,165 124,012 542,578

Average len. (bp) 1,389.77 1,654.94 1,172.89

N50 Len.(bp) 1,802 2,463 1,272

Max len.(bp) 357,393 373,944 236,462.00

3.1. Results of Assembly (by MEGAHIT)

MEGAHIT software was used to generate the assembled data (Table 2) by merging the raw paired-end
sequences. A total of 1,201,797,850 sequences were assembled, with an average of 400,599,283.33
reads observed across the three metagenome samples. Sample SS displayed lower assembly metrics,
with 205,231,866 assembled samples, which is a relatively smaller dataset than the other samples.
Conversely, the SW sample exhibited the highest number of read bases, totaling 636,385,578 bp, and the
number of reads in the W sample was 360,180,406 bp.

3.2. PreProcessing and Clustering (by Bowtie2 Software)

Following assembly, Bowtie2 software was used to perform the pre-processing raw reads in Table 2,
which included trimming, filtering, and clustering of sequencing reads. Table 2 presents the results
indicating the number of clean reads in the study samples. Clean reads for W, SS, and SW were obtained
after preprocessing 12,771.96, 12,304.18, and 12,426.44, with an average of 12,500.86 reads. 
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3.4. Taxonomic profiling and functional annotation

Microbial communities were revealed by Krona analysis in the Al-Lith hot spring (Figure 2). These results
represent three different samples from the Al-Lith hot springs. Water samples (W) were highly abundant
in bacteria (90%), whereas Eukaryotes and Archaea accounted for 0.1% and 0.8%, respectively. The
percentage of unclassified microbes was 0.3%, whereas that of unknown microorganisms was 9%. In the
spring sediment sample (SS), bacteria were highly abundant at 90%, whereas Eukaryotes and Archaea
accounted for 0.02% and 1%, respectively. The percentage of unclassified microbes was 0.3%, whereas
that of unknown microorganisms was 9%. Wet shore sediment (SW) bacteria exhibited a high level of
abundance, reaching 84%, whereas Eukaryotes and Archaea accounted for 0.06% and 2%, respectively.
The percentage of unclassified microbes was 0.4%, whereas that of unknown microorganisms was 14%.

in krona (Figure 3) showed the microbial community, at water samples, the bacterial domain was
dominated by the phyla Cyanobacteria (31%), Proteobacteria (26%), Bacteroidetes (11%), Chloroflexi
(5%), Bacteroidetes (6%). and Planctomycetes (1%). At spring sediment sample Chloroflexi (46%),
Armatimonadetes (11%), Proteobacteria (7%), Planctomycetes (7%), Chlorobi (3%), Cyanobacteria (2%),
Acidobacteria (1%). and wetshore sediments Proteobacteria (25%), Chloroflexi (17%), Bacteroidetes
(8%), Verrucomicrobia (8%), Planctomycetes (3%), Cyanobacteria (3%). Distance variations in the
bacterial domain community at the phylum 

level were detected in all three samples. Cyanobacteria were highly dominant in the water samples
(31%), followed by Chloroflexi in the SS (46%) and Proteobacteria in the SW (25%). 

 The results in Krona Figures 4 show that the Archaea domain taxonomy was dominated by the phyla
Thaumarchaeota (63%), Euryarchaeota (13%), Candidatus_Bathyarchaeota (3%),
Candidatus_Woesearchaeota (3%), Crenarchaeota (2%), and Candidatus_Heimdallarchaeota (0.1%). The
spring sediment samples Thaumarchaeota (65%), Euryarchaeota (15%), Candidatus_Bathyarchaeota
(3%), Crenarchaeota (3%), Candidatus_Micrarchaeota (2%), and Candidatus_Diapherotrites (0.1%). and in
wet shore sediment sample Thaumarchaeota (52%), Euryarchaeota (14%), Candidatus_Woesearchaeota
(13%), Candidatus_Bathyarchaeota (1%), Crenarchaeota (0.4%), and Candidatus_Heimdallarchaeota
(0.1%). There were differences in the distances between the three samples in the archaea domain at the
phylum level. Thaumarchaeota was highly dominant in the SS sample (65%), followed by W (63%) and
SW (52%). Candidatus_Korarchaeota was the most abundant in W (0.2%), Candidatus_Diapherotrites
was most abundant in the SS sample (0.4%), and Candidatus_Heimdallarchaeota was most abundant in
the SW sample (0,1%). 

The results in krona (Figure 5) shows that the eukaryotic domain was dominated by the phyla
Mucoromycota (28%), Ascomycota (10%), Basidiomycota (10%), Chytridiomycota (9%), Zoopagomycota
(5%), Microsporidia (3%), Blastocladiomycota (0.9%), and Cryptomycota (0.8%). In the SS sample
Mucoromycota (35%), Ascomycota (19%), Chytridiomycota (13%), Basidiomycota (4%), Zoopagomycota
(4%), Microsporidia (2%), Cryptomycota (0.5%), and Blastocladiomycota (0.4%). In SW sample
Mucoromycota (45%), Ascomycota (22%), Basidiomycota (15%), Microsporidia (6%), Zoopagomycota
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(3%), Chytridiomycota (2%), Blastocladiomycota (0.01%). Distance variations in the eukaryotic domain
community at the phylum level were detected in the three samples. Mucoromycota were highly dominant
in the SW sample (45%), followed by SS (35%) and W (28%). Blastocladiomycota was the most abundant
in the SW (0.1%) and SS (0.4%) samples, and Cryptomycota in the W sample (0,8).

Based on the KEGG database, various analyses were performed to predict the functional groups of the
operating taxonomic units (Figure 6 and 7). The results showed that metabolic activities had the highest
number of matched genes (261802, followed by genetic information processes (80761 matched genes,
environmental information  processes(62003 identified genes, cellular processes (49688 matched
genes, human diseases (27223 matched genes, and organismal system ( 15223 matched genes.

In the determination of carbohydrate enzymes (Figure 8), glycoside hydrolases had the highest number
of matched genes in 19733, followed by glycosyl transferases, which had the number of matched genes
in 19627. Carbohydrate-binding modules matched approximately 9724 genes, carbohydrate esterases
matched approximately 3523 genes, polysaccharide lyases matched approximately 897 genes, and
auxiliary activity matched approximately 475 genes.

In the orthologous groups (OGs) of proteins (Figure 9), genes with unknown functions had the highest
relative abundance of 287292 matched genes, followed by amino acid transport and metabolism, energy
production, replication, recombination, repair, and conversion, whereas RNA processing and
modification, extracellular structures, and nuclear structure had the lowest relative abundance.

4. Discussion
In this study, we described the biodiversity of biological communities found in the Al-Lith hot springs
using modern taxonomic methods that involved studying and classifying the genetic material of living
organisms within their environments.

In environmental research, shotgun metagenomic analysis is useful for identifying microbial
assemblages at specific locations and understanding their interactions and taxonomic classifications.
Microbial assemblages, which are essentially microbial in hot springs, play a significant role in
biogeochemical processes that support hot spring ecosystems. A comprehensive metagenomic
analysis of Al-Lith hot spring samples over time in the present study provides an understanding of
bacterial, archaeal, and eukaryotic communities. The high diversity of this community contributes to its
stability and functionality. However, multiclass pollutants and other ecological factors significantly affect
microbial community abundance.

4.1. Diversity of Microbial Communities in Al-Lith hot spring
In the present study, we used metagenomic sequence analysis to determine the relative abundances of
bacteria, archaea, and eukaryotic taxonomic groups in water, spring sediment, and wet-shore sediment
samples collected from the Al-Lith hot spring, SA. Most of the sequences belonged to the bacterial
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domain. Bacteria were the most dominant taxa of all the three samples. The phylum Cyanobacteria
dominated the water sample (32%), whereas the phylum Chloroflexi (46%) dominated SS. The phylum
Proteobacteria (25%) was dominated by the SW samples. A correlation between cyanobacterial species
and physicochemical variables has previously been reported in the Al-Lith springs [66]. Thaumarchaeota
dominates the Archaea domain taxonomy in water, spring sediments, and wet shore sediments,
accounting for 63%, 65%, and 52%, respectively; these results aligh with those of previous studies [67,
68]. According to [69], Thaumarchaeota is a newly identified phylum. We found that Mucoromycota phyla
were the most dominant in the eukaryotic domain in the water, spring sediment, and wet shore sediment
(28%), (35%), and (45%, respectively).

Proteobacteria is predominant phylum in moderate-temperature thermal springs across various global
locations. This includes Siloam in South Africa, as reported by [70] Tatta Pani in Pakistan;[71], Dusun Tua
in Malaysia; and Sungai Serai, Ayer Hangat,[22] Attri, and Yumthang in India [72, 73]

Identifying previously unknown microorganisms in harsh environments is a novel and important
advancement in our understanding of the microbiome of hot springs. Our findings suggest that new
thermophilic or hyperthermophilic microorganisms may be discovered in other hot springs and
geothermal habitats, potentially offering valuable applications in biotechnology in the future.

4.2. Advanced Analysis Functional Prediction Profiling
Using shotgun metagenomics, we primarily focused on the functional profiles. There was no clear
separation of functional gene structures between the water, spring sediment, and wet shore sediment
metagenomes, as well as between the KEGG, EggNOG, and CAZy datasets. These findings suggested
that metabolic activities, genetic information processes, environmental formation processes, cellular
processes, human diseases, and organismal systems dominated KEGG functional categories. A previous
study found that the expression of metabolic genes is higher [74]. Genes are replicated, transcribed,
translated, folded, sorted, and degenerated in microbes due to the processing of genetic information
[75]. A shotgun metagenomic analysis of the KEGG database predicted that environmental information-
processing genes were the third most prevalent. Evolution and diversity depend heavily on interactions
between organisms and their environments over time [76]. Among the four functional genes, cellular
processes help microbes perform functions such as supporting the body's structure, absorbing nutrients
from food, and converting them into energy [77]. The KEGG pathway and annotation revealed that
pollutants may trigger genes associated with human diseases, such as cancer, metabolic disease,
cardiovascular disease, endocrine substance dependence, and drug resistance.

Within microbial genomes, the CAZy pathway is a critical genetic sequence encoding a suite of
carbohydrate enzymes. This pathway facilitates the development of a sophisticated enzymatic system
capable of breaking down and utilizing complex carbohydrates, as detailed in [78]. Glycoside hydrolases
were the most common genes. These molecules include glycosyltransferases, carbohydrate-binding
modules, carbohydrate esterases, and polysaccharide lyases. Glycoside hydrolases (GH) are crucial for
the metabolism of polysaccharides such as starch, chitin, cellulose, and xylan [79]. Glycosyltransferase
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enzymes play a crucial role in saccharide synthesis and glycosylation. Enzymes that break down
carbohydrates can be affected by changes in the types of microbes that live in certain community
structures in the Al-Lith hot spring.

The BLAST database uses unsupervised orthologous functional annotation to match the predicted gene
amino acid sequences with eggNOG. The metagenomic findings included amino acid transport and
metabolism, energy production, replication, recombination, repair, conversion, RNA processing, and
nuclear structure. Most functional activities in the collected Al-Lith hot-spring microbiome are unknown.

Using shotgun metagenomic analysis, we discovered a rich diversity of living microorganisms that could
benefit the development of biotechnological applications and the thermozyme industry in the
environment, which is one of the goals of Saudi Vision 2030. The findings of the study provide insights
as instead of relying on microbial cultures, we employed a DNA-based method to classify them based on
the abundance and diversity of living organisms. Furthermore, our findings build on the taxonomic,
structural, and functional genomes of microorganisms in the Al-Lith hot springs.

Abbreviations
The following abbreviations are used in this manuscript:
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3He Helium-3

4He Helium-4  

  Bp

 GC

base pairs

Guanine-cytosine content

CAZy  carbohydrate-active enzymes

DNA    Deoxyribonucleic acid  

EDTA Ethylenediaminetetraacetic acid

eggNOG evolutionary genealogy of genes: Non-supervised Orthologous Groups

gDNA Genomic deoxyribonucleic acid

KEGG Kyoto Encyclopedia of Genes and Genomes

NCBI   National Center for Biotechnology Information, U.S. National

Library of Medicine.

NGS Next-generation sequencing  

ORF open reading frames

PCA Principal component analysis

PCR

Ph-Ch

Rep-PCR

Polymerase chain reaction

Phenol/Chloroform

Repetitive-element PCR

RNA Ribonucleic acid

rRNA Ribosomal RNA gene

RTA Real Time Analysis

SA Saudi Arabia

SAS Saudi Arabia Shield

SDS Sodium dodecyl sulfate

SS Spring sediment

SW Wet shore sediment

W Water

WGS Whole-genome-shotgun
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Figure 1

Location of the Ain Al-Hara hot spring in Gomaigh in the Al-Lith province.
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Figure 2

The Krona chart illustrates the taxonomic hierarchy and percentage composition of the microbiome,
which includes phyla, classes, families, orders, and species. A) Water, B) spring sediments, and C) wet
shore sediments.
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Figure 3

Krona abundance of bacteria domain taxonomic classification in hot-spring A) Water, B) spring
sediments, and C) wet shore sediments.
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Figure 4

Krona abundance of archaea domain taxonomic classification in hot-spring A) Water, B) spring
sediments, and C) wet shore sediments.
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Figure 5

Krona abundance of Eukaryote domain taxonomic classification in hot-spring A) Water, B) spring
sediments, and C) wet shore sediments.
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Figure 6

Relative abundance of the KEGG-level functional categories based on shotgun metagenomics data set
for Water, spring sediment, and wet shore sediment from Al-Lith hot spring. The highest relative
abundance being the metabolism and the lowest organismal systems.
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Figure 7

KEGG-level functional categories from Al-Lith hot spring based on shotgun metagenomic data. In terms
of relative abundance, metabolism is the highest and organisms are the least abundant.

Figure 8
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Based on a shotgun metagenomics data set for water, spring sediment, and wet shore sediment,
functional groups of operating taxonomic units were predicted. Among the genes with the highest
relative abundance were glycoside hydrolases and glycosyl transferases.

Figure 9

EggNOG and orthologous groups (OGs) of proteins at different taxonomic levels; functional categories
based on shotgun metagenomics database for water and spring sediments, and wet shore sediments.
The highest genes are pictured along with RNA processing and modification, extracellular structures, and
nuclear structures.


