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Abstract

This study aims to investigate the morphological and biochemical characteristics of thermophilic bacteria
isolated from thermophilic biotopes in the Al-Jouf region of Saudi Arabia for the first time. Additionally,
the production of thermostable bacterial enzymes (proteases, amylases, cellulases, gelatinases,
and lipases) was investigated. Six main bacterial species were identified via 16S rRNA sequencing
and phylogenetic analysis. Twenty water and soil samples were collected from several thermophilic
sites in the Dumat Al-Jandal and Al-Qurayyat cities. In total, 28 bacterial strains were isolated and
biochemically characterized. Most isolated strains showed high protease and amylase production. 46
and 28% of isolated strains showed the production of cellulase and gelatinase, respectively. However,
lipase production was not observed in any isolated bacteria. Four Bacillus licheniformis and two Bacillus
subtilis strains exhibited high GC content (55%). Our findings suggest thermophilic bacteria as a source
of thermostable enzymes for pharmaceutical and industrial applications.
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INTRODUCTION

The increasing use of enzymes in food,
chemical, and pharmaceutical industries has
created a high demand for novel biocatalysts
with advanced properties. To meet this growing
demand, particularly of biocatalysts, it is crucial
to develop more eco-friendly “green” chemistry
approaches based on the “traditional” organic
synthesis model.? Advances in biotechnology,
particularly in genetic and protein engineering,
have enabled the production of enzymes with
new activities that can adapt to various reaction
conditions and are more favourable for industrial
use.?

Such enzymes generally show good
stability against changes in temperature, pH, and
reaction medium composition as well as high
reaction rates. These parameters are important
for the industrial applications of enzymes.*

Thermophiles (optimal growth above
50°C) and hyperthermophiles (optimal growth
above 80°C) are among the most studied
microorganisms in extreme environments.>® Their
natural biotopes vary and can be terrestrial
(geothermal springs, desert and volcanic soils, oil
drills, and compost) or marine (deep hydrothermal
mountains). Extreme temperature, pH, and anoxic

A Sampling sites

conditions are responsible for the high genomic
and metabolic flexibility of thermophilic microbial
communities colonising these hot environments,
making the exploitation of such microbial proteins
attractive for biotechnological applications.”

Proteases, lipases, and other hydrolases,
such as cellulases, gelatinases, chitinases, and
amylases, affect the stability of active enzymes of
industrial interest at high temperatures.

Saudi Arabia is characterised by a semi-
dry to dry desert climate with hot days and cold
nights and extremely low annual rainfall, except
the Aasir region in the southwestern parts of the
Kingdom that receives an average precipitation of
approximately 300 mm per year. The maximum
temperature can reach 45°C in summer (NCM,
2023). Many hot springs contain hot natural
sulphur water that is spread in several areas
serving as tourist destinations, health retreats, and
wellness centres in the Kingdom.*** Most studies
have focused on hot springs in the southwestern
regions of the Kingdom, such as the Gizan, Al-Lith,
and Tabuk regions,'®* however, the northern
regions of the Kingdom, especially the Al-Jouf
region, remain relatively unexplored.

In this study, we aimed to isolate
thermophilic bacteria from different hot sites (hot
springs, desert soil, lake water, and agricultural

Figure 1. Al Jouf Maps showing the studied sampling sites located at Al Qurayyet and Dumat Al Jandal cities
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soil) in the Al-Jouf region and investigate their
morphological, microscopic, and biochemical
characteristics. Moreover, the ability of the
isolated thermophilic bacteria to produce various
enzymes, such as proteases, amylases, lipases,
cellulases, and gelatinases, was studied. Molecular
identification based on 16S rRNA sequencing was
also performed for the identified six main bacteria.

MATERIALS AND METHODS

Sampling and physico-chemical characterization

In this study, 20 water and soil samples
were collected from different sites, especially the
Dumat Al-Jandal and Al-Qurayyat cities, of the Al-
Jouf region (29° 30’ 0” N, 39° 30’ 0” E). Samples
were collected in sterile glass containers and
transported to the laboratory for analysis (Table 1).
Additionally, the temperature, pH, and electrical
conductivity (EC) were determined. Temperature
at the site was measured during sampling using a
thermometer. The pH and EC of the water samples
were directly measured using a pH meter (model
WTW inolLab 7110, Germany) and conductivity
meter (model CL 221, India). The soil samples were
homogenised in distilled water (1w/5v), stirred for
2 h, and allowed to settle. Then, the pH and EC of
the supernatants were determined.™

Isolation and characterization of the isolated
thermophilic bacteria

For the isolation of thermophilic bacteria,
10 g of soil or 10 mL of water sample was placed
in a sterile bottle containing 90 mL of physiological
solution (9 g/L NaCl), and the mixture was
vigorously stirred. Serial decimal dilutions were
made and 100uL of the appropriate dilution was
poured in triplicate on the nutrient agar (NA)
medium (Techno Pharmchem, India) and incubated
at45°Cfor 48 h. Individual bacterial colonies from
agar plates were selected and transferred to fresh
NA plates. The strains were then streaked and
transferred repeatedly to different plates to obtain
pure colonies. Morphological characterisation
of the isolated bacteria was performed via
microscopic and macroscopic examinations,
followed by gram staining. The ability of the
isolated bacteria to assimilate substrates was
analysed using the mannitol-motility, Kligler Hajna,
and Simmon’s citrate media (Figure 1).¢

Thermophilic test

Thermophilic tests were performed by
growing the isolated bacteria on NA at various
temperatures (45, 50, 55, 60, 65 and 70°C) for 7
days.

Protease activity

Next, the protease activity of the isolated
bacteria was determined using NA containing
2.5% skimmed milk. The strains were streaked
onto the medium and incubated at 45°C for 48 h.
Transparent zones around the bacterial colonies
confirmed the presence of protease enzyme."’

Amylase activity

Amylase-producing bacteria were
screened using a starch agar medium. Isolated
bacteria were streaked on the medium and
incubated at 45°C for 48 h. After incubation, the
plates were flooded with 1% freshly prepared
iodine solution (2% 1, and 0.2% KI). The results
were considered positive when a clear zone was
formed around the bacterial colony.”’

Cellulase activity

A pure bacterial culture was streaked
on agar medium containing 1% (w/v) of
carboxymethyl-cellulose and incubated at 45°C for
48 h. The plates were further incubated with the
Congo red solution (1% w/v) for 30 min. Then, the
Congo red solution was poured off, and the plates
were flooded with 1 M NaCl for 15 min. Cellulose
degradation was confirmed by the formation of a
clear hydrolysis zone around the bacteria.’®

Lipase activity

Lipase activity of the isolated bacteria
was determined by inoculating the strains in NA
supplemented with 1% Tween 80. After incubation
at 45°C for 48 h, the appearance of a turbid
halo surrounding the colonies confirmed lipase
production.®

Gelatinase activity

Next, gelatinase production was detected
by inoculating the isolated bacteria on NA
supplemented with 1.5% gelatin. The plates
were incubated at 45°C for 48 h, followed by
refrigeration at 4°C for 30 min. Gelatin liquefaction
was taken as a positive result.?
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16S rRNA bacterial identification, GC content, and
phylogenetic analysis

The six main isolated strains were
molecularly identified via 16S rRNA sequencing.
DNA was extracted from the bacterial strains using
the QlAamp DNA Mini kit (Qiagen, Germany),
with some modifications of the manufacturer’s
guidelines. Briefly, 200uL of the bacterial cell
suspension was incubated with 200uL of lysis
buffer and 20uL of proteinase K at 56°C for 10
min. After incubation, 200uL of 100% ethanol was
injected into the lysate. The samples were washed
and centrifuged at 13000 rpm for 10 min. Nucleic
acid was eluted with 100uL of elution buffer
provided in the kit. For 16S rDNA amplification,
the universal primer (AGAGTTTGATCMTGGCTCAG)
and reverse primer (TACGGYTACCTTGTTACGACTT)
were used in a 25-pL reaction containing 12.5pL
of the Emerald Amp Max PCR Master Mix (Takara,
Japan), in addition to 1uL of each primer of 20
pmol concentration, 5.5ulL of water, and 5uL of
DNA template. The reaction was conducted in an
Applied Biosystems 2720 thermal cycler. The PCR
program was as follows: primary denaturation
at 94°C for 5 min, 35 amplification cycles of
denaturation at 94°C for 0.5 min, annealing at
56°C for 1 min, extension at 72°C for 1.2 min, and
extension at 72°C for 12 min.

Next, PCR products were separated via
electrophoresis on 1% agarose gel (Applichem,
Germany, GmbH) in 1x TBE buffer at room
temperature with 5V/cm gradients. Each gel

slot contained a 20uL load of the product. A
Gelpilot100 bp plus ladder (Qiagen) was used to
ascertain the fragment sizes. A gel documentation
system (Alpha Innotech, Biometra) was used to
photograph the gels, and computer software was
used to analyse the data. A Single PCR product of
1500 bp was obtained. Purified PCR products were
sequenced using the ABI 3730xI DNA Sequencer
(Hitachi, Tokyo, Japan). The identified 16S rDNA
nucleotide sequences were deposited on the
European Nucleotide Archive, which assigned
accession numbers to all the identified strains.
The ratio of guanine and cytosine was
determined for the 16S rDNAs of the six main
bacteria in addition to 12 similar sequences
(thermophilic and non-thermophilic bacteria)
collected from the GenBank database using
the ACUA software.? Phylogenetic analyses of
the sequences of our isolates was performed,
and they were aligned with the sequences of
high similarity from GenBank using the MUSCLE
Multiple Sequence Alignment Program with the
ClustalX version 2.0 software.?? The similarity
search program, BLASTn, was used to identify the
homologous sequences from the National Center
of Biotechnology Information (NCBI) nucleotide
database, confirming species-level similarity with
the isolate query sequence. The percentage of
replicate trees is shown, in which related taxa
were grouped together in the bootstrap test along
the branches. The phylogenetic tree was plotted
at a scale using branch lengths measured in the

Table 1. Samples collection and references of isolated bacteria

Sample location Samples References of isolated bacteria
Number Quality

Doumat Al-Jandal location

Lake 2 Water W1; W2

Agricultural soil 3 Soil DS1-; DS1-2; DS2-1; DS2-2; DS3

Salt marshes soil 3 Salt soil SP1-1; SP1-2; SP2-1; SP2-2;
SP2-3; SP2-4; SP3-1; SP3-2

Desert soil 3 Hot soil SS1; SS2; SS3-1; SS3-2

Al-Qurayyat location

Salt marshes soil 2 Salt soil WH1

Ain Hawas 2 Hot soil KWG1; KWG2; KWG3

Ain Hawas 3 Hot springs GWG1; GWG2; GWG3

Ain Kaaf 1 Hot springs SKS1

Ain Garqgar 1 Hot springs SGS1

Total 20 28
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same units, with evolutionary distances used
for phylogenetic tree inference. Furthermore,
evolutionary distances were computed using the
maximum composite likelihood method* and
expressed in units of the base substitution number
for each site. The selected secondary structures for
each isolate were downloaded in the Vienna file
format from the Mfold server.?*

Statistical analyses

The results are expressed as the mean
t standard deviation. Data were analysed using
one-way analysis of variance followed by a Student
t-test with the IBM SPSS 20 software. Statistical
significance was set at p < 0.05. All analyses were
conducted in triplicate.

RESULTS AND DISCUSSION

Physico-chemical characterization of the samples

The studied samples were collected
from the Al-Jouf region, especially from the
cities of Dumat Al-Jandal and Al-Qurayyat, during
the winter period between November 2020
and February 2021 (Table 1). One of the most
significant factors is temperature, which influences
the activity and evolution of microorganisms. The
hot springs samples collected from Al-Qurayyat
represent a thermophilic environment (40-45°C).

Table 2. Physico-chemical characterization of collected
samples

Sample Temp. pH EC
(°C) (dS/m)

Dumat al-Jandal city

Water lake 24 7.60 3.42

Agricultural soil 27 7.22 1.80

Salt marsh soil 27 6.89 12.85

Desert soil 27 7.06 0.75

Al -Qurayyat city

Hot springs water

(Ain-Hwass) 42 7.85 1.32

Hot springs water 44 8.02 2.00

(Ain-Kaf)

Hot springs water 40 7.75 1.85

(Ain-GarGar)

Salt marsh soil 22 7.03 10.54

EC: Electrical conductivity

However, the samples from Dumat Al-Jandal were
collected in the winter period (November 2020),
when the temperature was moderate (24-27°C).
The pH of all studied samples varied between
neutrophile and alkalophile as well as the electrical
conductivity varied from 0.75 to 12.85 dS/m (Table
2). Mineral ion and salt concentrations influence
soil electrical conductivity.”® Furthermore, the
salts marshes soils were characterized by high EC
varied between 10.54 in Al-Qurayyat and 12.85
dS/m in Dumat Al-Jandal, while the pH was slightly
alkaline (7.56). In addition, all the hot springs water
samples showed comparability in pH (7.75-8.02)
and EC (1.32-2) confirming the low salinity of this
water. The lowest EC was observed in desert soil
samples.

Isolation of thermophilic bacteria

Twenty-eight thermophilic bacteria were
isolated from 20 samples collected from various
sites in the Al-Jouf region as illustrated in Table 1.
The results revealed a relatively low biodiversity
of thermophilic bacteria in the collected samples.
This may be due to the increase in stress conditions
in the original medium.?® Indeed, the negative
effects of high salt content in salt marsh soils and
low organic matter content in desert soils decrease
the biodiversity of bacteria.”

Bacterial strain isolation focused on
the morphological differences (macroscopic
characterisation) of the isolates on NA media.
All isolated bacteria were macroscopically,
microscopically, and biochemically characterised.

Morphological and biochemical characterization
of the isolated thermophilic bacteria

All thermophilic isolates were identified
macroscopically, microscopically, and biochemically
(Tables 3 and 4). The majority of the strains showed
a white colour on the NA. Similar results were
reported by Ifandi and Alwi?® and Masi et al.,® who
reported the dominant white and yellow colours
of thermophilic bacteria. The majority had round
colonies with an irregular form, elevated elevation,
rough surface, and translucent opacity. The size
of the colonies varied significantly depending on
the bacterial species used. All isolated bacteria
revealed a positive Gram stain with a rod shape,
confirming Bacillus as the genus of all the isolated
bacteria.
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The biochemical characteristics of the
isolated thermophilic bacteria were determined
by studying the ability of the strains to hydrolyse
glucose, lactose, mannitol, and citrate substrates,
and thus the production of H,S and gas, as well as
the motility of the strains. The results showed that
all isolated bacteria were glucose-, citrate-, and
mannitol-positive but lactose- and H,S-negative.
Notably, only three strains (W1, DS3, and SP2-2)
produced gas, and all strains were motile.

Bacillus genus was isolated from all the
studied thermophilic sites, which could explain
its ability to move and be resistant to harsh
environmental conditions.? Different studies have
found Bacillus dominance at all the thermophilic
sites. Aanniz et al.*° revealed that approximately
98% of bacilli were recovered from hot springs in

Morocco. Maugeri et al.** isolated 87 thermophilic
and spore-forming bacteria from the Aeolin
Islands in Italy. Malkawi and Al-Omari*? and Abou-
Shanab® reported that Bacillus was the dominant
bacterium in Jordanian hot springs. In addition,
Khiyami et al.*? identified 15 thermoaerobic
bacteria from the Jazan and Al-Lith geothermal
springs, where Bacillus licheniformis, Bacillus
cereus, Bacillus thermoamylovorans, Enterobacter
sp, and Pseudomonas aeruginosa were the
dominant strains.

Thermo-tolerance test of the isolated thermophilic
bacteria

Thermo-tolerance of the isolated bacteria
was screened in various temperatures from 45 to
75°C (Table 5). All isolated bacteria showed a high

Table 3. Macroscopic and microscopic identification of thermophilic bacteria

Bacteria Macroscopic observation Microscopic Identification
observation
Color Shaped Form surface Opacity Form Gram
colony stain
w1 white Round Irregular rough translucent Rod + Bacillus sp.
W2 white Round Irregular ~ Smooth translucent Rod + Bacillus sp.
DS1-1 white Round regular Smooth Opaque Rod + Bacillus sp.
DS1-1 creamy Round regular rough translucent Rod + Bacillus sp.
DS2-1 white Round Round rough translucent Rod + Bacillus sp.
DS2-2 creamy Round regular rough translucent Rod + Bacillus sp.
DS3 white Round Irregular ~ Smooth Opaque Rod + Bacillus sp.
SP1-1 white Round Irregular rough translucent Rod + Bacillus sp.
SP1-2 creamy Round regular Smooth Opaque Rod + Bacillus sp.
SP2-1 white Round Round Smooth Opaque Rod + Bacillus sp.
SP2-2 white Round regular rough translucent Rod + Bacillus sp.
SP2-3 white Round Round rough translucent Rod + Bacillus sp.
SP2-4 white Round regular Smooth translucent Rod + Bacillus sp.
SP3-1 white Round Irregular ~ Smooth Translucent Rod + Bacillus sp.
SP3-2 creamy Round regular rough Translucent Rod + Bacillus sp.
SS1 white Round Irregular Round translucent Rod + Bacillus sp.
SS2 white Round regular rough Opaque Rod + Bacillus sp.
SS3-1 Creamy Round Irregular rough translucent Rod + Bacillus sp.
SS3-2 white Round regular Round Opaque Rod + Bacillus sp.
WH1 white Round Irregular ~ Smooth translucent Rod + Bacillus sp.
GWK1 white Round Irregular rough translucent Rod + Bacillus sp.
GWK2 white Round regular Smooth Opaque Rod + Bacillus sp.
GWK3 white Round Irregular rough Opaque Rod + Bacillus sp.
GWG1 white Round Irregular rough translucent Rod + Bacillus sp.
GWG2 creamy Round regular Smooth Opaque Rod + Bacillus sp.
GWG3 White Round Irregular ~ Smooth translucent Rod + Bacillus sp.
SKS1 Creamy Round regular rough Opaque Rod + Bacillus sp.
SGS1 white Round Irregular ~ Smooth translucent Rod + Bacillus sp.
Journal of Pure and Applied Microbiology 248 www.microbiologyjournal.org



Saidan et al | J Pure Appl Microbiol. 2024;18(1):243-256. https://doi.org/10.22207/JPAM.18.1.07

Table 4. Biochemical identification of thermophilic bacteria

Bacteria Glucose Lactose Mannitol Citrate

Motility H,S Gas

w1
W2
DS1-1
DS1-2
DS2-1
DS2-2
DS3
SP1-1
SP1-2
SP2-1
SP2-2
SP2-3
SP2-4
SP3-1
SP3-2
SS1
SS2
S$S3-1
§S3-2
WH1
GWK1
GWK2
GWK3
GWG1
GWG2
GWG3
SKS1
SGS1

I S S T T T T T T T T S S S e S S S SR SR SR
B T T S S S S S S A S S S e S S S S S S S SR
S T S S A T S T S i T T T T S T T i S R S S S

L Tk I T T S S S S S AT I T T T T T T T s T T

+:positive enzyme activity; -: negative enzyme activity

growth in 45, 50, and 55°C. However, this growth
decreased slightly from 60 to 75°C (Table 5). Only
3 isolates could sustain the temperature of 75°C:
SP1-1 and SP2-4 isolated from salt marshes soil of
Dumat Al-Jandal and GWK1 was isolated from hot
water springs in Ain-Kaf at Al-Qurayyat city. This
could be attributed to the current temperature of
the hot spring.

Panda et al.¥ mentioned that the
thermophilic bacteria from hot springs live
and survive in temperatures around 60°C. The
optimum growth temperature of three Bacillus
strains isolated by Sarhan and Alamrri,** from
Jazan Hot Springs in Saudi Arabia were 45 and
50°C. In the same case, Ifandi and Alwi* reported
that the average temperature of Bora hot spring
(Indonesia) is around 50°C, with pH that reaches
6.8-8.5.

The ability of thermophilic bacteria
to grow at high temperatures is due to their
higher G+C content than that of mesophilic
organisms,? especially their membrane lipid
chemical stability.?> Sprott et al.* reported that
the growth temperature increases from 45 to
65°C decrease the diether lipids (archaeol based
lipids) from 80 to 20% and increase the standard
caldarchaeol-based and cyclic archaeol-based
lipids increase from 10 to 40%.

The hot spring environment in Saudi
Arabia has attracted the attention of several
researchers. Kalil*” screened 30 isolates from hot
springs in Jazan. All isolated showed a growth
temperature ranging from 50 to 70°C.

As part of the same study, Sarhan and
Alamrri'® isolated 28 thermophilic bacteria
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Table 5. Thermophilic test of isolated bacteria

Isolate Temperature °C
45 50 55 60 65 75

w1 +++ +++ +++ ++ - -
W2 +++ +++ +++ ++ + -
DS1-1  +++ +++ +++ ++ - -
DS1-2  +++ +++ ++ + - -
DS2-1  +++ +++ +++ ++ - -
DS2-2  +++ +++ ++ ++ + -
DS3 +++ +++ +++ ++ - -
SP1-1  +++ +++ +++ +++ ++ +
SP1-2  +++ +++ ++ ++ - -
SP2-1  +++ +++ + + - -
SP2-2  +++ +++ +++ ++ + -
SP2-3 +++ +++ +++ - - -
SP2-4  +++ +++ +++ +++ ++ +
SP3-1  +++ +++ ++ ++ + -
SP3-2  +++ +++ ++ + + -
SS1 +++ +++ ++ ++ + -
SS2 +++ +++ +++ - - -
SS3-1 +++ +++ +++ - - -
SS3-2 +++ +++ +++ - - -
WH1 +++ +++ + - - -
GWK1  +++ +++ +++ +H+ ++ +
GWK2  +++ +++ +++ + + -
GWK3  +++ +++ ++ + - -
GWG1  +++ +++ ++ + - -
GWG2  +++ +++ ++ - - -
GWG3  +++ +++ +++ + + -
SKS1 +++ +++ +++ + - -
SGS1 +++ +++ +++ + - -

-: No growth; +: weak growth; ++: medium growth; +++:
high growth

from Jazan hot water springs at optimal growth
temperatures of 45-50°C and pH values of 6.4.

Production of extracellular thermostable enzymes

The bacteria isolated from different
sites in the Al-Jouf region were screened for
extracellular thermostable enzymes production:
protease, lipase, amylase, cellulase, and gelatinase
(Table 6). Among 28 isolates, 23 isolates produced
protease (82%); 19 isolates produced amylase
(68%), 13 isolates produced cellulase (46%), 8
isolates produced gelatinase (28%). No lipase
activity was observed for any of the isolates. In
addition, two isolates (7%) (SP1-1 and GWK1)
combined the production of four extracellular
enzymes, seven isolates (25%) produced three

tested enzymes, 11 isolates (40%) produced two
enzymes, seven bacteria (25%) produced one
extracellular enzyme, and one bacterium (WH1)
was inactive on all substrates (Table 6).
Thermophilic bacteria are gaining
industrial importance through the production of
enzymes with a high potential to function under
extreme conditions, such as pH, temperature, and
pressure. This confirmed that these bacteria could
have special genetic and physiological mechanisms
capable of using different available carbon sources
via the production of enzymes, and provide them
with the ability to adapt and grow in severe
conditions and uptake available nutrients.3®
Thermostable enzymes, such as lipases,
proteases, cellulases, and amylases, have
important industrial value. Specifically, proteases
constitute 60% of the global enzyme market
and are used in various industries, including the
food, detergent, leather, medical diagnostics,
and cosmetic industries.**** Amylases, which
are starch hydrolases, have been utilised in
the manufacture of syrups containing high
fructose, starch fermentation to ethanol, and
starch-processing wastewater treatment.*?
In addition, lipases are widely used in food,
detergents, bio-resolution pharmaceuticals, the
perfumery industry, cosmetics, agrochemicals,
and bioremediation.*® Cellulases are also used to
convert cellulosic materials into useful products.**
Extracellular enzyme production
by thermophilic bacteria is of great interest
to researchers. Thirteen thermophilic
bacteria have been isolated from hot water
springs in the Kingdom of Saudi Arabia.?’
Biochemically, all the isolates were positive for
lipase, 11 had amylase activity, and three were
cellulase-positive. Benammar et al.** studied
thermophilic bacterial diversity in eight hot springs
located in Algeria. The authors mentioned that
65.87% of the isolated strains presented five types
of studied extracellular enzyme activities at least
and 6.48% of strains combined all tested enzymes
(pectinase, amylase, cellulase, lipase, esculinase,
protease, gelatinase, nuclease, and lecithinase).
The same authors showed that Aneurinibacillus,
Aeribacillus, and Anoxybacillus exhibited high
enzyme activity. Recently, Masi et al.?® isolated 102
thermophilic strains from the Addis Ababa landfill
site (2023). Among the bacteria analysed, 35 were
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Table 6. Enzymatic activity produced by isolated thermophilic bacteria

Protease Amylase Cellulase

Gelatinase

Lipase

w1

W2

DS1-1
DS1-2
DS2-1
DS2-2
DS3

SP1-1
SP1-2
SP2-1
SP2-2
SP2-3
SP2-4
SP3-1
SP3-2
SS1

SS2

SS3-1
SS3-2 -
WH1 - - -
GWK1
GWK2
GWK3 -
GWG1
GWG2
GWG3
SKS1

SGS1 - + -

P T T T T T T S
+ o+

+ o+ + o+ o+
+ o+ o+ o+ + 4+ + o+ o+ o+ +
'

+ o+ o+ o+

+: enzymes production; - non enzymes production

Table 7. Molecular identification and Accession number of six isolated thermophilic bacteria

Strain Identification Accession No.  %ID Isolation

w1 Bacillus licheniformis ~ MZ419876 100% Lake water - Dumat Aljandal

SS2 Bacillus licheniformis ~ MZ419878 100% Desert soil - Dumat Al Jandal
SP2-4 Bacillus licheniformis ~ MZ419877 100% Salt marshes soil- Dumat Al Jandal
GWG3  Bacillus licheniformis MZ419880 100% Hot srings - Ain Hawas

GWK1  Bacillus subtilis MZ419881 100% Hot soil- Ain Hawas

SP1-1 Bacillus subtilis Mz419879 100% Agricultural soil- Dumat Al Jandal

cellulases, 22 were amylases, 17 were proteases,
and 9 were lipases.

Molecular identification of the isolated bacteria

Genomic DNAs of six thermophilic
bacteria of Bacillus genus (W1, SP1-1, SP2-4, SS2,
GWG3, and GWK1) were extracted, and their 16S
rDNAs were subjected to PCR amplification. The

products of PCR were separated via electrophoresis
on 1% agarose gel. PCR showed six bands of the
expected size of 16S rDNA (1485 bp; Figure 2).
Polymerase chain reaction (PCR) and
sequencing techniques have been used to
differentiate the isolated species. Nucleotide
sequences were obtained and the size of the
nuclear 16S rRNA genes ranged between 1414—
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1458 bp for the different isolated species. After
sequencing, the 16S rDNA sequences obtained
from the six thermophilic bacteria were blasted
against the GenBank database. The accession
numbers of all isolated strains are presented in
Table 7.

Figure 2. Electrophoresis of 16S rDNA PCR products
on 1% agarose gel of six isolated bacteria. A ~1485 bp
DNA fragment amplified using 16S primer pair, L= DNA
marker (1 kb), N= Negative control, P= Positive control,
Lanes 1-4 represent PCR products of B. licheniformis
isolates and Lanes 5-6 represent PCR products of B.
subtilis isolates

GC percentages of the Bacillus strains
were compared to those of other bacterial
strains (mesophilic and thermophilic) collected
from GenBank. The obtained data showed a
CG% of 55.2 for all B. licheniformis isolates and
55 for two B. subtilis isolates. However, the high
CG contents of 59.3 and 60.1% was recorded
respectively to hyperthermophilic bacteria
collected from GenBank, Bacillus sp. (AF228764)
and Thermosipho africanus (DQ647058; Figure
3). Panda et al.' isolated thermophilic Bacillus sp.
from hot spring of Tarabalo, Odisha, India, with
GC content equal to 54.78%. In addition to the
ability of thermophilic bacteria to survive at high
temperatures, the authors speculated that high
GC content may contribute to high survival rates.
The same authors suggested that microorganisms
isolated from soil samples had a higher GC content
than those isolated from aquatic media. However,
Wu et al.*® reported that a higher GC% is not the
only reason for microorganisms to survive at
extreme temperatures.

Phylogenetic analysis and identification of
sequence clusters

Several phylogenetic analyses were
conducted for the nuclear 16S rDNA sequence
data. Phylogenetic analyses of the sequences
of our isolates were aligned with sequences of
high similarity from GenBank using the MUSCLE
Program (ClustalX version 2.0) for distance,
phylogenetic, and neighbour-joining analyses.

CG%
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60 59.3
59
58
57
N 56 55,2 55.2 55.2 55.2 55 55.1
&) 55
&} 54
53
52
51
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Figure 3. GC percentage of identified Bacillus strains and other strains collected from Genbank. The red bar indicates

the GC content of our isolates
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Complete gene sequences, including
informative sites, were used for distance analysis.
Distance analysis was performed for the 16S
rRNA gene sequences of the six main species
and 15 reference sequences collected from
the NCBI database. The distance matrix and
phylogenetic tree with bootstrap values (cluster
algorithm) based on 16S rRNA gene sequence
alignment of the isolated species revealed that
closely related isolates of B. licheniformis were
monophylogenetic, with an average distance
of 0.020 and percent identity of 100. The same
monophylogenetic relationship was recorded

among B. subtilis isolates, with an average distance
of 0.001 and percent identity of 100. In addition,
the relationship between B. licheniformis and B.
subtilis isolates was monophylogenetic, with an
average distance of 0.097 and percent identity of
98 (Figure 4). The phylogeny of B. licheniformis
isolates proved that all our isolates were closely
related to each other but were polyphylogenetic
to other B. licheniformis isolates (HE993550
and AB743877), with a percent identity of 81.
Generally, isolates from the same location were
monophylogenetic, whereas those from different
locations were polyphylogenetic.
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Figure 4. Phylogenetic tree with bootstrap values (Cluster Algorism) basing on 16S rRNA gene sequences alignment
of isolated species (Diamond shapes represent our isolates and remaining are reference sequences; B.s.: Bacillus

subtilis; B.l. Bacillus licheniformis)
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@)

(b)

Figure 5. rRNA Secondary structure for 16S rRNA of isolated B. subtilis (a): (MZ419879 and MZ419881) and B.
licheniformis (b) (MZ419878, MZ419876, MZ419880 and MZ419877)

A neighbour-joining phylogenetic tree
was plotted at scale, with branch lengths in the
same units measured as the evolutionary distances
used for the inference of the phylogenetic tree
(Figure 4). Based on the alignment of 16S rRNA
gene sequences among the isolated species, the
results were similar to those obtained via distance
and phylogenetic tree analyses, which revealed
a high similarity in the phylogenetic relationship
between our isolated Bacillus species, where they
were monophylogenetic, but other isolates were
polyphylogenetic.

rRNA secondary structure prediction

Nuclear 16S rRNA, transcribed
from 16S rDNA, is a single strand with many
complementary (paired) sequence stems and
single (unpaired) stranded loops. The stems,
formed by complementary nucleotides, along
with the resulting loops, form a unique structure
referred to as the RNA secondary structure.

The stem and fold positions were recorded
for each isolated species, and a distinct secondary
structure was drawn using Mfold (Figure 5). The
rRNA secondary structure indicated a degree of
similarity between closely related isolates of B.

licheniformis, and the structure elucidated the
monophylogenetic relationships among them.
The same monophylogenetic relationships were
elucidated among B. subtilis isolates using RNA
secondary structures. The isolates related to
B. licheniformis were monophylogenetic, but
polyphylogenetic to other isolates of B. subtilis.

CONCLUSION

To date, thermal ecosystems in the Al-Jouf
region of Saudi Arabia have not been adequately
studied from a microbiological perspective.
Hot springs, salt marsh soil, and desert soil are
good sources to isolate thermophilic organisms.
Therefore, in this study, we successfully isolated
28 thermophilic bacteria from 20 hot samples of
various locations, especially the Dumat Al-Jandal
and Al-Qurayyat cities, in the Al-Jouf region.
Morphological and biochemical analyses revealed
Bacillus as the dominant genus in the collected
samples. Notably, most isolated thermophilic
strains showed high production of thermostable
enzymes, mainly proteases, amylases, and
cellulases. These enzymes exhibit a high potential
for various industrial applications. Overall, this
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study suggests the potential biotechnological and
bioprocess applications of thermostable enzymes
isolated from thermophilic bacteria.
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