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ABSTRACT

Northeastern regions of Algeria are known for their richness in hot springs. However, these
hydrothermal sites are yet to be explored for their microbial ecology and biotechnology. This
research work aims to analyze and characterize the diversity of prokaryotes from hot springs
located in the North-East of Algeria and expand the knowledge of this biodiversity from a
functional and biotechnological standpoint. In the first instance, we determine the diversity of
culturable thermophilic bacteria isolated from eight terrestrial hot springs distributed over four
cities (Batna, Biskra, Guelma, and Khenchela) using conventional methods, SDS-PAGE
fingerprinting of whole-cell proteins, and 16S rRNA gene sequencing. In addition, their
hydrolytic enzyme activities were also investigated. On the other hand, the abundance and
diversity of bacterial and archaeal communities in two Algerian hot springs relatively
physiochemically distinct; Debagh hot spring (Guelma) and Saida hot spring (Batna), was
analyzed through a metagenomic based approach with high throughput sequencing (Illumina,
MiSeq) and correlating the prevailing bacteria with geochemical parameters. A total of 293 strains
were isolated from the hot springs water and sediment samples using different culture media.
Overall, five distinct bacterial groups were characterized by whole-cell protein pattern analysis.
Based on the 16S rRNA gene sequencing of 100 selected strains, the isolates were assigned to
three major phyla: Firmicutes (93%), Deinococcus-Thermus (5%), and Actinobacteria (2%),
which included 27 distinct species belonging to 12 different phylotypes, Aeribacillus,
Aneurinibacillus, Anoxybacillus, Bacillus, Brevibacillus, Geobacillus, Laceyella, Meiothermus,
Saccharomonospora, Thermoactinomyces, Thermobifida, and Thermus. The screening for nine
extracellular enzymes showed that 65.87% of the isolates presented at least five types of enzyme
activities, and 6.48% of strains combined all tested enzymes (amylase, cellulase, pectinase,
esculinase, protease, gelatinase, lipase, lecithinase, and nuclease). It was found that Bacillus,
Anoxybacillus, Aeribacillus, and Aneurinibacillus were the genera showing the highest activities.
Likewise, the study showed a large and diverse thermophilic community with probably seven
novel taxa presenting a promising source of thermozymes with critical biotechnological
applications. Metagenome sequence data revealed the dominance of Bacteria over Archaea. The
most abundant phyla in Saida hot spring were Proteobacteria, while Debagh hot spring showed
a high relative abundance of Firmicutes. However, Bacteroidetes were nearly equally distributed
over the two sites. Although other phyla were also present in both thermal sites with different
variations such as Deinococcus-Thermus, Cyanobacteria, Chloroflexi, Acidobacteria, Chlorobi,
Spirochaetes, Fibrobacteres, Verrucomicrobia, Nitrospirae, and Armatimonadetes. The
physicochemical values obtained from the hot springs water samples when plotted on Piper and
Schoeller-Berkaloff diagrams suggested that the water from Debagh hot spring was Ca-Cl-SO4
while Saida hot spring was a sodium-sulfate type; these results revealed that the strong acidic
anions (CI,, SO4%) dominant over the weak acidic anions (CO3%, HCOs). The distribution of
major genera and their statistical correlation analyses with the geochemistry of the springs
predicted that the temperature, sodium, potassium, and alkalinity were the main environmental
variables influencing the microbial community composition and diversity. This study on the
diversity of thermophilic prokaryotes in Algerian hydrothermal environments revealed an
abundant and diverse community, providing a valuable resource of novel taxa presenting
potential sources of biocatalysts for important biotechnological applications.

Keywords: Algeria, hot spring, thermophile, diversity, SDS-PAGE fingerprinting, 16S rRNA
gene, Next Generation Sequencing, hydrolytic enzymes.




RESUME

Les régions du Nord-Est de I'Algérie sont connues pour leur richesse en sources chaudes. Ces sites
hydrothermaux offrent une opportunité pour une exploration de leur écologie microbienne et de leur
aspect biotechnologique. L'objectif de ce travail de recherche est d'analyser et de caractériser la
diversité des procaryotes des sources chaudes situées dans le Nord-Est Algérien ainsi que d'étendre
la connaissance de cette biodiversité d'un point de vue fonctionnel et biotechnologique. Dans un
premier temps, nous avons déterminé la diversité des bactéries thermophiles cultivables isolées a
partir de huit sources thermales terrestres réparties sur quatre villes (Batna, Biskra, Guelma et
Khenchela) en utilisant des méthodes physiologiques et biochimiques conventionnelles, analyse du
profil protéique par SDS-PAGE, et le sequencage du géne de I'ARNTr 16S. En outre, leurs activites
enzymatiques hydrolytiques ont été étudiees. D'autre part, l'abondance et la diversité des
communautés bactériennes et archéennes de deux sources chaudes algériennes relativement
distinctes sur le plan physicochimique : la source thermale de Debagh (Guelma) et de Saida (Batna),
ont été analysées par une approche métagenomique basée sur le sequencage a haut débit (I1lumina,
MiSeq), suivie de I’analyse des corrélations de la diversité bactérienne avec les paramétres
géochimiques. Au total, 293 souches ont éte isolees a partir des echantillons d'eau et de sédiments
des sources hydrothermales en utilisant différents milieux de culture. Dans I'ensemble, cing groupes
bactériens distincts ont éte caractérisés par I'analyse du profil protéique. Sur la base du séquengage
du géne de I'ARNr 16S de 100 souches sélectionnées, les isolats ont été assignés a trois phyla
principaux : Firmicutes (93%), Deinococcus-Thermus (5%) et Actinobacteria (2%), qui comprenait
27 especes distinctes appartenant a 12 phylotypes différents, Aeribacillus, Aneurinibacillus,
Anoxybacillus, Bacillus, Brevibacillus, Geobacillus, Laceyella, Meiothermus, Saccharomonospora,
Thermoactinomyces, Thermobifida et Thermus. Le screening de neuf enzymes extracellulaires a
montré que 65,87% des isolats présentaient au moins cing types d'activités enzymatiques, et 6,48%
des souches combinent toutes les enzymes testées (amylase, cellulase, pectinase, esculinase,
protéase, gelatinase, lipase, lécithinase et nucléase). Il a été constaté que Bacillus, Anoxybacillus,
Aeribacillus et Aneurinibacillus étaient les genres présentant les activités les plus élevées. De
méme, I'étude a montré une communauté thermophile abondante et diverse avec probablement sept
nouveaux taxons présentant une source prometteuse de thermozymes avec des applications
biotechnologiques importantes. Les données de séquence métagénomique ont révélé la
prédominance des bactéries par rapport aux archées. Les phyla les plus abondants dans la source
thermale Saida étaient les Proteobacteria, tandis que la source de Debagh a montré une abondance
relative élevée de Firmicutes. Les Bacteroidetes étaient répartis sur les deux sites a part égale.
D'autres phyla étaient également présents dans les deux sites thermaux avec des variations
différentes comme Deinococcus-Thermus, Cyanobacteria, Chloroflexi Acidobacteria, Chlorobi,
Spirochaetes, Fibrobacteres, Verrucomicrobia, Nitrospirae et Armatimonadetes. Les paramétres
physico-chimiques obtenus a partir des échantillons d'eau des sources thermales, reportés sur les
diagrammes de Piper et de Schéeller-Berkaloff, suggérent que I'eau de la source de Debagh est de
type chloruro-sulfato-calcique tandis que celle de la source chaude de Saida est de type sulfaté-
sodique. La distribution des principaux genres et leurs analyses de corrélation statistique avec la
géochimie des sources ont permis de prédire que la température, le sodium, potassium et I’alcalinité
étaient les principaux facteurs environnementaux influencant la composition et la diversité de la
communauté microbienne. Cette étude sur la diversité des procaryotes thermophiles dans les
environnements hydrothermaux algériens a révélé une communauté abondante et diversifiée,
fournissant une ressource précieuse de nouveaux taxons, présentant une source potentielle de
biocatalyseurs pour diverses applications biotechnologiques.

Mots clés : Algérie, source thermale, thermophile, diversité, SDS-PAGE, ARNr 16S,
séquencage de nouvelle génération, enzymes hydrolytiques.
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GENERAL INTRODUCTION

From an anthropocentric point of view, hostile environments to man are designed as
extreme. Hot springs, geysers, deep-sea hydrothermal vents, cold arctic water, acidic and
alkaline water, saturated salt brines, hypersaline environments, evaporates, deserts, and
pressurized abyssal fluids were once thought to be too extreme to host microbial life at all.
Microorganisms thriving within such environments are designated as 'extremophiles' (Stetter,
1999).

Extreme environments are challenging for most life forms due to their physical extremes
(e.g., temperature, radiation, or pressure) and geochemical extremes (e.g., desiccation, salinity,
pH, redox potential). Depending on their optimal growth conditions, bacteria have been named
thermophiles, psychrophiles, acidophiles, alkaliphiles, halophiles, and barophiles (Capece et
al., 2013).

In the last decade, the investigations on extreme environments and their inhabiting
organisms have been considered key clues to studying life's evolution on the early Earth or even
extraterrestrial life, thus drawing worldwide attention. The discovery of life in extreme
environments has searched for extraterrestrial life more plausible. Scientists detected traces of
methane on Mars, which some believe is a by-product of extremophilic methanogens (Maus et
al., 2020).

The discovery of fossil remains of thread-like microorganisms in a 3.2-billion-year-old
deep-sea volcanogenic hydrothermal massive sulfide deposit from the Pilbara Craton of
Australia indicates the existence of hyperthermophiles already at Early Archaean times
(Rasmussen, 2000). Further, based on their growth requirements, hyperthermophiles could

already exist on the early Earth about 3.9 Gyr ago (Stetter, 2006a).

Over the first 200 million years, temperatures on the Earth's surface were thought to be
higher than 100 °C, making liquid water collection impossible. When the temperatures dropped,
microbial life emerged, but the environmental conditions remained high (Djokic et al., 2017).
As a result, the first organisms to evolve were most certainly thermophiles or at least

thermotolerants (Stan-Lotter, 2017). The universal phylogenetic tree based on the small subunit




of the 16S rRNA gene, which places the thermophile branches close to the tree's root, supports
this hypothesis (Stetter, 2006a).

On Earth nowadays, temperatures above 55°C are uncommon and are intimately
associated with geothermal habitats. As a result, a "thermophile boundary" of 55-60 °C was

established, above which thermophiles grow.

The word "thermophile™ has been derived from two Greek words, "thermotita™ (meaning
heat) and "philia” (meaning love). Thermophiles are heat-loving organisms that tolerate high
temperatures and usually require these for their growth and survival. Growth temperatures
range from 50°C to as high as 122°C, currently recognized as the upper temperature limit for

life (Mehta and Satyanarayana, 2013).

These microorganisms have been classified into moderate thermophiles (45-65°C),
extreme thermophiles (65-80°C), and hyperthermophiles (>80°C) (Kumar et al., 2019).
Thermophilic and hyperthermophilic bacteria are distinguished by optimal growth temperatures
of 60 and 80 °C, respectively, with temperatures exceeding 121°C being recorded by
Methanopyrus kandleri isolated from the deep ocean near Japan, this strain is the most
thermophilic organism known (Takai et al., 2008). The upper-temperature limit for eukaryotic
microorganisms is even lower, approximately 60-62°C, at which only a few species of
thermophilic fungi can grow. The upper-temperature limits for eukaryotic algae and protozoa
are slightly lower (55-60°C) (Eswari et al., 2019).

Thermophilic prokaryotes have been known for over 100 years, while hyperthermophilic
prokaryotes were discovered only four decades ago. In 1966, Thomas Brock was the first
researcher who elucidated the existence of living microorganisms in the boiling hot springs of
Yellowstone National Park in the USA, and in 1969, he isolated and described the first
thermophilic bacteria from Yellowstone; Thermus aquaticus providing the first impetus for

detailed studies on the physiology of thermophilic bacteria (Gomez, 2011).

However, the first hyperthermophiles isolated and characterized in the laboratory were
Methanothermus fervidus and the Thermoproteus spp. isolated in 1981 from Icelandic hot
springs by Karl O. Stetter and Wolfram Zillig, respectively, both strains exhibited growth
temperatures up to 97°C (Stetter et al., 1981; Zillig et al., 1981). The subsequent work by Zillig
and Stetter, among others, and improvements in submersibles and isolation methods allowed
the identification of hyperthermophiles able to grow above 110°C (Stetter, 2006b). Since

Brock's discovery, thermopiles have been fined out in geothermal features worldwide, including




areas in Iceland, Kamchatka, New Zealand, Italy, and other locations (Tobler and Benning,
2011; Gugliandolo et al., 2015; Merkel et al., 2017).

The discovery of deep-sea hydrothermal vents in 1977 led to the first study of an
ecosystem based on the primary production of chemosynthetic extreme and hyperthermophilic
bacteria. Mostly the hyperthermophilic microorganisms are archaea, and most of them
undertake standard metabolic processes such as methanogenesis, anaerobic respiration via
sulfate reduction, sulfur reduction, nitrate reduction, iron reduction, aerobic respiration, or even

fermentation (Kumar and Satyanarayana, 2013).

Thermophiles are, for the most part, prokaryotic eubacteria except for the two bacterial
families (Aquificaceae and Thermotogaceae), which are categorized as hyperthermophiles,
while the most hyperthermophilic are Archaea, which possess a large number of high-
temperature adaptations (Urbieta et al., 2015). In hot spring water, high temperatures accelerate
the denaturation of biomolecules and increase the solubility of gases. In order to overcome these
conditions, thermophiles have made physiological adaptation that allows the colonization and

development at high temperature (Wang, 2021).

Thermophiles are recognized by the high thermostability of their proteins, which are
constituent mainly of shorter amino acid lengths which may reflect the importance of a reduced
number of flexible regions in the native protein structures (Urbieta et al., 2015). Indeed, an
increased number of charged and hydrophobic amino acids, higher the numbers of disulfide
bonds in thermophilic intracellular proteins (Mehta et al., 2016). Production of DNA-binding
proteins, activation of heat shock proteins (HSPSs), activation of reactive oxygen species, and
efficient repair damage are adaptations in physiological systems and genetics as a stress
response to stabilize homeostasis (Mohamad, 2018). Reverse gyrase (RG) is the only protein
found ubiquitously in hyperthermophilic archaea and extremely thermophilic bacteria but
absent from mesophiles. The RG display positive supercoiling activity, which was suggested to

play a role in genome thermostability (Catchpole and Forterre, 2019).

Furthermore, high temperatures affect membrane fluidity. Thermophiles change the lipid
content of membranes to preserve them in a liquid crystalline phase and regulate membrane
potential, permeability, and function. They have more saturated fatty acids than mesophiles or
psychrophiles, resulting in a higher hydrophobicity, which helps stabilize membranes at higher
temperatures (Siliakus et al., 2017). Furthermore, DNA and protein structure can be maintained

at high temperatures by accumulating numerous substances, including compatible solutes such




as; trehalose, o glutamate, proline, di-myo-inositol phosphate, and mannosylglycerate (Santos
et al., 2008).

Considering the genome size, the thermophiles have less intergenic DNA region and thus
more small and compact genomes. On average, every 1 kb of a bacterial genome encodes a
gene, but the length is slightly shorter in thermophilic Archaea. Mostly, bacteria growing below
45°C have genomes larger than 6Mbp, whereas thermophiles have genomes size less than 4Mbp
(Sabath et al., 2013). The GC content of rRNA/tRNA may be a better indicator of
thermophilicity and thermostability due to the higher stability of the three hydrogen bonds
between the GC base pair than the A-T pair with only two (Hu et al., 2021).

Thermophiles attracted the interest of scientists for two main reasons: they reveal insights
into the origin of life (Merino et al., 2019) and because they have significant contributions in
the field of biotechnology ranging from agriculture to biomedicine and industry (Kumar et al.,
2019). The biotechnological applications of thermophiles can be divided between applications
using pure and consortia cell cultures and those exploiting their macromolecules and
metabolites (Urbieta et al., 2015). As thermophiles thrive at higher temperatures, they possess
distinctive, unique, and novel enzymes which making this class of microorganisms a valuable
resource for biotechnological and industrial applications (Temsaah et al., 2018), mainly in
biomass utilization, food processing, bioenergy, pharmaceutical, and environmental

bioremediation (Kumar et al., 2019).

Like many industrial processes that take place at elevated temperatures and in the
presence of concentrations of detergents, alcohols, and organic solvents, thermo-stability and
thermo-activity of these enzymes are of great interest. As a result, these enzymes serve as a
research tool for industrial biotransformation activities that endure harsh environments
(Bhandari and Nailwal, 2020). Some prominent commercial enzymes are protease, cellulase,
gelatinase, amylase, xylanase, laccase, pectinase, pullulanase, and chitinase (Mohamad, 2018).
However, for the successful exploitation of extremophiles and their enzymes, several problems
need to be resolved. These include developing efficient cloning and expression systems and
improved cultivation techniques, especially for hyperthermophilic Archaea (Antranikian,
2008).

Furthermore, thermophiles have great application in bioenergy, biomining (Bhandiwad
et al., 2014), heavy metals recovery (llyas et al., 2014), biodegradation of petroleum

hydrocarbons (Rajkumari et al., 2019), remediation of textile dyes, production of biosurfactant




(Mehetre et al., 2019), exopolysaccharide (Wang et al., 2019), and antimicrobial (Mahajan and
Balachandran, 2017).

Two different approaches can be used to investigate the microbial ecology of geothermal
environments. One approach is culture-dependent, which involves growing and isolating
bacteria into pure culture. The other is culture-independent, which relies on PCR-based methods
to identify the bacteria by amplifying the 16S rRNA gene.

For a long time, culture-dependent techniques were used in early investigations for the
characterization of microbial communities. It is possible to study the microbial flora present in
a complex environment by proceeding to enrichment and isolation steps on ordinary and
specific culture media adapted for a given microorganism (cultivable) according to the physical
and nutritional conditions. The main advantage of this approach is to isolate specific strains to
perform more characterization studies on pure culture (phenotypic and physiological
characteristics, synthesis capacities, etc.). Thus, most of our knowledge about microorganisms
comes from studies performed on pure cultures isolated from different environments (Fry,
2004; Menasria, 2020). However, the cultivation-based analyses are insufficient to investigate
the microbial diversity since they do not reveal a clear picture of the community diversity.
Moreover, approximately 99% of the microorganisms present in nature cannot be cultured

under laboratory conditions (Kikani et al., 2017).

As a result, a comprehensive understanding of microbial diversity and phylogeny
involves the assessment of culture-independent diversity. The first 16S libraries approach of
thermophilic habitats was reported in 1994 by Barns et al. who explored the bacterial diversity

in the Black Pool hot spring in Yellowstone National Park (de Souza and Rosado, 2018).

Earlier in the history of molecular microbial ecology, culture-independent approaches
involving 18S or 16S rRNA gene sequencing offered a more comprehensive method to
biodiversity analysis. Nearly complete 16S rRNA genes from bulk genomic DNA are amplified,
cloned into cloning vectors, and transformed into suitable cloning hosts followed by
recombinant clones differentiation by fingerprinting methods such as restriction fragment
length polymorphism (RFLP) analysis, denaturing gradient gel electrophoresis (DGGE), or
sequencing by the Sanger methodology (Urbieta et al., 2015).

With the advancement of next-generation sequencing (NGS) reported for the first time in
2005, metagenomic analysis has become a more robust technology that allows for the creation

of enormous numbers of sequences and better coverage of microbial communities from various




environments. The NGS uses parallel amplification, and sequencing yields shorter read lengths,

giving an average raw error rate of 1%-1.5% (Hari, 2018).

The major NGS technology platforms for whole-genome sequencing are primarily from
brand names such as Illumina, Roche 454, Solid, and lon Torrent. Each platform has its

advantages, disadvantages, and cost implications regarding reliability, time, and money.

Our knowledge of the phylogenetic and taxonomic biogeography of microbial
communities from various ecologies has risen steadily. Nevertheless, there are still some gaps
in our understanding of functional capabilities across biomes (Johnson et al., 2017). Functional
metagenomics is discussed as an emerging molecular technique with potential applications in

industrial applications (Coughlan et al., 2015).

Uncultured microorganisms' metagenomes are a rich source of novel enzyme genes. The
methods for screening metagenomic libraries are divided into two groups based on the sequence
or function of the enzymes. The sequence-based approaches rely on the known sequences of
the target gene families. In contrast, the function-based strategies do not involve incorporating
metagenomic sequencing data and, therefore, may lead to discovering novel gene sequences

with desired functions (Rodgers and Zhang, 2019).

Algeria comprises approximately 240 hot springs, making it one of the world's richest
geothermal zones. The northeastern part of Algeria is geothermally very interesting since most
of these thermal resources are found in this part of the country, with temperatures ranging from
22 t0 98°C (Saibi, 2009). The highest spring temperatures recorded were 68 °C for the Western
area (Hammam Bouhnifia), 80 °C for the central part (Hammam EI Biban), and 98 °C for the
Eastern region (Hammam Debagh) in Northern Algeria, around one-third of hot springs
temperatures are superior to 45 °C (Stambouli et al., 2012). Algeria harbored Hammam
Debagh, the second hottest thermal spring in the world and the hottest one in the country, with

temperatures rising to 98°C (Stambouli et al., 2012; Boukhenfouf and Boucenna, 2019).

However, these original and diverse habitats are still poorly studied to assess their
biological resources, especially in terms of microbial diversity, only very limited informations
are available on the indigenous microbiota (Amarouche-Yala et al., 2015; Arab et al., 2018;
Gomri et al., 2018; Benammar et al., 2020).

This thesis is written as separate chapters; each is presented and discussed similarly as a
scientific article written in IMRAD form. The first chapter has already been published, and the

second is under review. In each chapter, the problem statement has been treated and discussed




independently. Each chapter includes a specific introduction, a materials and methods part, the
results and discussion section, and a conclusion. Several bibliographic references are in
common between the two chapters; a single reference list was established at the end of the thesis

to avoid repetitions.

Below, a brief overview of each chapter is given:

- CHAPTER 1. The first part of the thesis consists of evaluating eubacterial diversity in a
culture-dependent or cultivable method. For this purpose, the strains were isolated on different
culture media from water and sediment samples of terrestrial thermal springs from several
localities in Northeastern Algeria. The sites were distributed over four cities (Batna, Biskra,
Guelma, and Khenchela). The isolates were then identified using the conventional methods and
SDS-PAGE fingerprinting of whole-cell proteins. Phylogenetic diversity was determined by
sequencing the DNA encoding 16S rRNA. In addition, preliminary biotechnological tests have

been carried out to demonstrate their potential as a source of extracellular hydrolytic enzymes.

- CHAPTER I1. The second part of this thesis mainly focused on the estimation of Eubacterial
and Archean diversity of Hammam Debagh (Guelma) and Hammam Saida (Batna) in a culture-
independent manner by a metagenomic approach using the next-generation sequencing
(Mumina, MiSeq) to establish an accurate inventory of the diversity present in this environment.
For this purpose, DNA extractions were performed on samples of shallow hot springs water
and sediments to be sequenced at high throughput. The analysis of the effect of physicochemical
characteristics of the water on the composition and abundance of prokaryotic communities
sequestered within both hot springs. Thus, to establish a model of knowledge of the
autochthonous thermophilic/thermotolerant communities of the Algerian hydrothermal springs
and contribute to the excellent understanding of the resistance mode of these microorganisms

to extreme conditions.

- The last part is a general conclusion, which describes the work that has been completed and
future work that will provide a more comprehensive overview of the microbial communities at

Algerian hot springs.
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INTRODUCTION

Thermophiles are a group of heat-loving microbes thriving at high temperatures. They
are grouped according to their optimum growth temperature as moderate thermophiles (50-
60°C), extreme thermophiles (60-80°C), and hyperthermophiles (>80°C) (Kumar et al., 2019).
They inhabit various environments such as deep-sea hydrothermal vents, terrestrial hot springs,
and other extreme sites, including volcanic regions, tectonically active faults, and decaying

matters like the compost and deep organic landfills (Panda et al., 2018).

The geothermal springs are considered unique hot spots for large communities of
thermophilic microorganisms, mainly belonging to Bacteria and Archaea domains (Yohandini,
2015; Sahay et al., 2017). Thermophile biodiversity can provide an overview of various
potentials that can be utilized for many purposes. Such studies are required to understand the
microbial community's organization, composition, and novel taxa further discovery (Najar et
al., 2018a; Li and Ma, 2019).

Thermophilic bacteria have attracted great attention due to their significant
biotechnological interest; they are sources of different biomolecules (exopolysaccharide,
antimicrobial, biosurfactant) (Mahajan and Balachandran, 2017; Mehetre et al., 2019; Wang et
al., 2019) and thermostable enzymes such as amylases, cellulases, chitinases, pectinases,
xylanases, proteases, lipases, and DNA polymerases for biotechnological applications in
medical, industrial and agriculture process (Kumar et al., 2019; Temsaah et al., 2019).
Thermophiles may also serve in an increasing number of potential bioremediation applications,
mainly in the removal of heavy metals from waste (Ozdemir et al., 2013; Ilyas et al., 2014),
biodegradation of petroleum hydrocarbons (Rajkumari et al., 2019), and may be used in the

production of renewable energy (Bhandiwad et al., 2014; Urbieta et al., 2015).

Microbial studies about hot springs have been extensively reported in many countries,
notably Yellowstone National Park (USA) (Inskeep et al., 2013; Stone et al., 2018), New
Zealand (Power et al., 2018), India (Mangrola et al., 2015; Narsing Rao et al., 2018), Russia
(Tikhonova and Kravchenko, 2019; Wilkins et al., 2019) Japan (Masaki et al., 2016; Ward et
al., 2017), China (Liu et al., 2016; Tang et al., 2018), Iceland (Mirete et al., 2011; Tobler and
Benning, 2011) and Turkey (Inan et al., 2016; Baltaci et al., 2017).

Algeria is one of the world's richest countries in geothermal regions by containing over

240 hot springs; most of these thermal resources are located in the northeastern part of the




country, with temperatures ranging between 22 and 98°C (Saibi, 2009). Moreover, it hosts
Hammam Debagh, also named Hammam Challala, with temperatures rising to 98°C, the hottest
terrestrial spring in this country (Stambouli et al., 2012), and the second in the world after those
of Iceland (Boukhenfouf and Boucenna, 2019). Algerian hot springs were formerly only used
as spas for balneology regarding their therapeutic effects (Fekraoui and Kedaid, 2005; Liang et
al., 2015). At these spots, researchers were mainly interested in geothermal potential,
physicochemical composition, bacteriological and fungal contamination investigations to
ensure the safety of users (Amarouche-Yala et al., 2015; Benammar et al., 2017; Ait Ouali et
al., 2019).

Despite intensive studies on terrestrial thermal springs worldwide, very little is known
about the microbial biodiversity of hydrothermal springs in Algeria. Though recently, some
studies on thermophilic bacteria have emerged, which stay limited only to some hot springs and
aspects (Amarouche-Yala et al., 2015; Arab et al., 2018; Gomri et al., 2018).

The identification of thermophilic species is usually performed by 16S rRNA
sequencing, DNA-DNA hybridization, PCR-RFLP profiles, and BOX-PCR (Kuisene et al.,
2002; Aanniz et al.,, 2015; Yohandini, Julinar, and Muharni 2015; Ming et al., 2017).
Nevertheless, multiple colonies are detected simultaneously during isolation and often with
very close morphologies within and between the strains, making selecting different bacteria
difficult. Consequently, an efficient technique for species recognition is required before further

identification by molecular approaches.

The analysis of SDS-PAGE whole-cell protein patterns has proven to be highly effective
and reliable for comparing and clustering many mesophilic bacteria belonging to different
genera (Eribe and Olsen, 2002; Kim et al., 2010; Santos et al., 2012). Despite the scarcity of
research studies about applying this technique on thermophilic species, it has proven its
effectiveness on the differentiation of some thermophilic species before further identification
by genomics tools. Our study is first attempts to classify and cluster the thermophilic bacteria

isolated from Algerian terrestrial hot springs using SDS-PAGE profiling.

In the first chapter, we investigated the culturable thermophilic bacterial diversity using
a culture-dependent approach. For this, colonies were isolated on different culture media from
water and sediment samples belonging to eight hot springs distributed over four cities in
Northeastern Algeria. Isolates were then identified, and phylogenetic diversity was determined
based on SDS-PAGE whole-cell protein patterns clustering succeeded by 16S rRNA gene

sequencing. The work was extended to investigate some industrial important hydrolytic




enzymes: amylase, cellulase, pectinase, esculinase, protease, gelatinase, lipase, lecithinase, and
DNase from isolated thermophilic strains to evaluate their potential application in

biotechnological processes.

This first chapter is structured in four parts:

» The introduction reports the knowledge acquired on the microbial communities
colonizing hydrothermal environments and the potential applications of
thermophiles, including the objectives underlying this chapter,

» The second part refers to all the analytical methods used to describe and
characterize the sampled ecosystems from a microbiological point of view
(isolation and identification of the thermophilic culturable bacterial flora and
their thermozymes),

» The third part relates to the results and discussion of distribution, isolation, and
phylogenetic identification of thermophilic eubacteria and their biotechnological
potential as producers of enzymes,

» The fourth part is a conclusion, which describes the work that has been
completed and future work that will provide a more comprehensive overview of

the microbial communities of the hot springs in Algeria.
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1. Site description

The sampling sites were distributed over different geographical areas in the North-East
of Algeria to target diversified thermal springs. These sites represent varied habitats from a
climatical, geographical, and physicochemical point of view, which is likely to predict a large

thermophilic bacterial diversity.

The sampling study was carried out in eight terrestrial geothermal springs distributed
over four cities (Batna, Biskra, Guelma, and Khenchela) in Northeastern Algeria; sites are
described in (Tab.1, Fig.1, Fig. 2). Among the hot springs studied, six sites have never been
explored for microbial biodiversity: Belhachani hot spring (H24A); Guerfa hot spring (H24G);
Saida hot spring (H05S); Guerdjima hot spring (H05G); Sidi EI Hadj hot spring (H07S); and El
Knif hot spring (H40K). The GPS (GARMIN 72H) was used to determine the geographical
coordinates of the different hot springs.

Table 1. Geographic details of sampling sites.

Wilaya  Hot spring Hot spring code GPS location Daira
(city) name (Municipality)
Batna Saida HO5S 35°34°03°N 5°33°46’E N'gaous
Guerdjima HO5G 35°33'46" N 05° 32' 37"E  Ras El Aioun
Biskra Sidi El Hadj HO7S 35°05°59°” N 5°37°00’E  El Outaya
Kenchela Essalihine H40S 35°26° 17°N 7°05’10’E  El Hamma
El Knif H40K 35°29°12°” N 7°15°10’E  Baghai
Guelma  Debagh H24D 36° 27'34 " N 7°16'10"E Debagh
Belhachani H24A 36°23'49"N 7°33°76"E Ain Larbi
Guerfa H24G 36°24'70"N 7°34'01" E Ain Larbi

e Hammm Saida: located in N’gaous, about 80km west of Batna. This source has been
exploited since 2015 for the creation of a Spa. The spring water temperature reaches
63°C with a flow rate of 18 I/s (MTATF, 2015).

e Hammam Guerdjima: located in Gosbat, Daira of Ras El Aioun at about 61Km
Northwest of the city of Batna. This source is still under-exploited due to the lack of
promotion and investment; its capacity, as well as its potentialities of use, remain very
insufficient to date. The predominant facies is sodium chlorinated with a temperature of
41.6 °C and an operating flow rate of 2 I/s (Athamena et al., 2015)
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Figure 1. Location map of the sampled sites (North-East Algeria). 1. Debagh hot spring (H24D), 2. Guerfa hot spring (H24G), 3. Belhachani hot
spring (H24A) 4. Essalihine hot spring (H40S) 5. El Knif hot spring (H40K), 6. Saida hot spring (HO5S) 7. Guerdjima hot spring (H05G), 8. Sidi
El Hadj hot spring (Google Earth Pro v7.3.2, Accessed March 2021).
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Hammam Sidi El Hadj: located 25 km North-West of Biskra in the Daira of EI-Outay,
and 98Km from Batna. Also called Hammam Bordj Rose is an abandoned heritage;
discovered two centuries ago with a temperature of 42°C. Unfortunately, this source is
underexploited, except for a very long-standing building with traditional exploitation,
which requires action to modernize the infrastructure. Sodium chloride and calcium
chloride are predominant in the water spring (MTATF, 2015; Boufassa, 2018).
Hammam Essalihine: is a Roman bath that has existed for 2,000 years. It is located in
the commune of El Hamma, 7 km from Khenchela. Its exploitation dates back to Roman
times and up till now. It includes a thermal station accompanied by a hotel with an
annual capacity of nearly 700,000 people. Chemical facies revealed calcic chloride
water with a temperature of 70°C and a flow rate of 5 I/s (Bahri et al., 2011; Stambouli
etal., 2012).

Hammam EI Knif: a unique source of natural sulfurous vapors in Algeria. It is located
about 14 km from Khenchela City. This hot spring hosted a project to construct a
touristic thermal spa to exploit spring water, which reaches a temperature of 52°C. A
calcic chloride facies is predominant in the water spring (Amarouche-Yala et al., 2015).
Hammam Debagh: also called Hammam Meskhoutine, a thermal spa located 15 km
from the city of Guelma in North-Eastern Algeria. It is the only source in the country
which counts nine fountains classified as hyperthermal, with a temperature ranging
between 72°C and 98°C allowed the site to rank as the hottest hot spring in Algeria. For
most fountains, the spring water was calcium bicarbonate or sodium chlorinated, with a
high flow rate of 80 to 100 I/s (Ouali, 2015; Boukhenfouf and Boucenna, 2019).
Hammam Belhachani: located in a "Mechta" at 10 Km from Ain Larbi and at 32Km
South of Guelma City. In 2015, this source benefited from the official launch of the
construction of a thermal spa. Calcium sulfate facies designates the chemical character
of the water spring with a temperature of 72°C and a flow rate of 0.5 I/s (Bekkouche,
2016).

Hammam Guerfa: is used as a small spa, with a temperature of 62 °C and a flow rate
of 1.1 I/s, located in Ain Larbi at 32 Km South of Guelma City, on the way to Ain
Mekhlouf. A calcium sulfate facies is predominant in the water spring (Bekkouche,
2016).
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Figure 2. The different prospected hot springs. A. Guerdjima hot spring (HO5G), B. Guerfa hot
spring (H24G), C. Sidi El Hadj hot spring (HO7S), D. Belhachani hot spring (H24A), E. Saida
hot spring (HO5S), F. Essalihine (H40S) G. and H. Debagh hot spring (H24D).
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2. Sample collection

Forty water and sediment samples were collected from August 2015 to August 2017 from
the eight targeted hydrothermal springs for microbiological studies (Tab.2). Additional samples
were collected for physicochemical analyses. They were collected in new borosilicate glass
bottles with Teflon caps treated with 1/10 diluted nitric acid and rinsed with distilled water
(Rodier et al., 2016).

Table 2. Date and nature of samples from each thermal spring.

Hot spring Sampling date Type of samples
Saida (HO5S) 01/01/2016 Water + Sediment
Guerdjima (HO5G) 01/01/2016 Water + Sediment
Sidi El Hadj (HO7S) 04/09/2015 Water + Sediment
Essalihine (H40S) 05/08/2015 Water + Sediment
El Knif (H40K) 05/08/2015 Water )

Debagh (H24D) 11/08/2017 Water + Sediment
Belhachani (H24A) 11/08/2017 Water + Sediment
Guerfa (H24G) 11/08/2017 Water + Sediment

(*): the depth was great enough to prevent the sediment sampling (more than 140m).

2.1. Water sampling

The water samples from each sampling point at a depth of 30-50 cm from the surface
were collected aseptically in sterile borosilicate glass containers of 250 ml. The samples were
taken manually by holding the vials with metal crucible tongs due to the high temperature of
the water. When the bottles were filled (no bubbles came out), they were remounted and finally

plugged with their caps immediately.

2.2. Sediment sampling

The sediment was recovered with a long sterile spatula from the bottom of the spring and
then deposited in sterile polypropylene sampling pots, following the same indications
previously mentioned for water sampling (Rodier et al., 2016).

The water and sediment samples were carefully labeled, then stored, and immediately
transported on ice to the laboratory for further analysis. Microbiological analysis was carried
out on the same day of sampling.
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3. Physicochemical analysis

For water, physicochemical parameters such as temperature, pH, and conductivity were
recorded in situ by a portable multiparameter meter (Hanna HI 8314) and a portable
conductivity meter (Hanna HI-8733).

The sediment was air-dried, then sieved with a 2 mm mesh sieve to uniform particle size,
and removed the coarser fractions (pebbles, debris, etc.). 20 g of dry sediment was added into
50 ml of water, stirred for 2 min. The mixture was allowed to settle for at least 30 min (Rodier
et al., 2016). The pH and conductivity were measured from the supernatant using a benchtop
pH meter (WTW pH 325) and conductivity bench meter (Hanna HI 2315).

4. Isolation of thermophilic bacteria

For the isolation of the culturable thermophilic bacteria from the collected water and
sediment samples, two techniques were used; (i) liquid enrichment and (ii) dilution plating, on
six different culture media (Appendix 1):

» Thermus medium (Brock and Freeze, 1969);

» Castenholz medium D and Thermus 162 medium (Degryse medium) (Degryse
etal., 1978),

» ATCC medium 697 (Thermus Thermophilus medium or TT medium) (Oshima
and Imahori, 1974),

» Nutrient medium (Adiguzel et al., 2009), and

» Tryptic soy medium (Arya et al., 2015).

Solid media were obtained by adding 3% (w/v) Agar-Agar to liquid media and sterilized
at 121°C for 20 min. The pH was adjusted to 7.0-7.5 using a solution of 2M NaOH.

4.1. Dilution plating
4.1.1. Sediment preparation

One gram of sediment was taken and suspended in a test tube containing 10 ml of sterile
0.85 % (w/v) saline solution. The samples were vortexed for 10 min.

4.1.2. Serial dilution protocol

The water and suspended sediment samples were diluted five-fold ranging from 10 to
107, After dilution, 100 pl of each dilution sample was transferred onto six different bacterial

media (above-mentioned), aseptically using a micropipette, and was spread through a sterile
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glass spreader. The plates were incubated at 55°C for 2-10 days in plastic bags to prevent the

drying of agar at this temperature.
4.2. Liquid enrichment

For the enrichment method, 10 g or 10 ml of sediment and water samples were transferred
into 100 ml of appropriate broth media (above-mentioned). Incubation was performed in a
rotary shaker at 55 °C until turbidity occurred. 1ml aliquots from each sample were transferred
in 9 ml of 0.85 % saline water. Five-fold dilutions were prepared, then 100 pl of each dilution
was plated on the appropriate solid media and incubated at 55 °C for one day to five days. The
plates were covered with plastic bags (Skeh et al., 2007).

5. Purification and preservation

The plates were monitored after 24 h and then constantly observed for up to 10 days for
the appearance of bacterial colonies in the different employed media. Single colonies with
distinct morphology were selected from each plate and purified by successive streaking on
respective medium plates. Pure cultures were maintained at 4 °C as slant and in 20% glycerol

stock at -80 °C for further use.

5.1. Nomenclature of isolates

Each isolate was named based on the thermal spring's code from which it was isolated,
followed by the number of strains representing the strain isolation order; Saida (05S),
Guerdjima (05G), Sidi EI Hadj (07S), Essalihine (40S), ElI Knif (40K), Debagh (24D),
Belhachani (24A), and Guerfa (24G).

6. Phenotypic features of isolates

All phenotypic tests were made in duplicate and repeated when inconsistent results were
observed. All growth tests, unless otherwise specified, were performed at 55 °C on Thermus

media.

6.1. Morphological characterization

The colony morphology of the thermophilic isolates was checked by direct and
stereomicroscopic observations of single colonies. Gram staining was carried out using the
standard Gram's reaction (Murray et al., 1994) and was confirmed by a non-staining procedure
using the KOH lysis test method (Gregersen, 1978). Endospore forming determination was
performed as described by the Schaeffer Fulton method (Schaeffer and Fulton, 1933).
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6.2. Biochemical characterization

6.2.1. Catalase test

The isolates were grown on the Thermus medium for 24 h at 55°C. A few drops of 3%
of hydrogen peroxide were added to colonies, the appearance of bubbles indicates a positive
catalase activity (Maugeri et al., 2001).

6.2.2. Oxidase test

Oxidase reaction was performed by touching and spreading a well-isolated colony on the
oxidase disc (HiMedia), impregnated with N, N-dimethyl-p-phenylenediamine oxalate. The
positive reaction indicated by the formation of blue-purple color must be observed within 5-10
sec at 25-30°C. A change later than 10 seconds or no change at all is considered a negative
reaction (Skeh et al., 2007).

6.2.3. API 20E test system

According to the manufacturer's instructions, with some modifications, the biochemical
characteristics were screened by the API 20E® strips system (bioMérieux, France). The number
of bacteria was adjusted to 1 McFarland standard, and 200ul of suspension was transferred into
each well. Strips in incubation boxes were put into a plastic container filled into the bottom
with sterilized water to minimize evaporation and then incubated at 55 °C.

The API strips were observed at 4, 8, 16, and 24 h. At each observation point, water was
replenished when necessary (Khan et al., 2018).

A similarity dendrogram among API20E profiles was constructed using the MEGAG
software based on the UPGMA method and Jaccard coefficient to clarify biochemical

characters.

6.3. Physiological characterization

The temperature and pH range for growth was determined following incubation of the
strains on Thermus agar at different temperatures (30-75 °C) and pH (4.0-9.0) with 5 °C and
one interval, respectively. The pH was adjusted with three different buffers (final concentration
of 10 mM): acetate buffer, pH 4-5.5; phosphate buffer, pH 5.8-8.0; Tris buffer, pH 7.1-9.0.

The halotolerance was assayed by plating each culture onto Thermus medium
supplemented with 0, 2, 2.5, 5, 7.5, 10, 15, and 20% (w/v) NaCl. The growth was determined
by visual observation after three days of incubation (Munster et al., 1986).
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7. SDS-PAGE of whole-cell proteins
7.1. Preparation of protein extracts

The thermophilic strains of 0.1 OD at 600 nm were incubated overnight at 55 "C in 50 ml
of LB broth and centrifuged at 16,000 xg for 10 min at 4 °C. Each sample pellet was washed
twice with distilled sterile water and suspended in 100mM phosphate buffer (pH=7.6). The
suspensions were then sonicated with an Ultrasonic homogenizer (LABSONIC M, Sartorius)
at an output of 40% amplitude and pulse mode of 30sec with 10sec intermittence, for 3-5 min
according to bacterial strains. To prevent heat buildup, sample tubes were placed in an ice bath
during sonication. All lysates were clarified by centrifugation at 16,000 g for 15 min at 4 °C.
The supernatant obtained was stored at -20°C (Belduz et al., 2003).

7.2. Protein essay

The protein concentration of cell lysates was measured according to Bradford microplate
protein quantification assay (Bradford, 1976; Ernst and Zor, 2010). The assay was performed
with 10 pl of protein sample mixed with 200 pul of Bradford's reagent (Appendix 2). In each
well, the microplates were then shaken with a microplate shaker (VWR 444-0270) for 1 min
and incubated in the dark for 5 min at room temperature. The absorbance was measured at 595
nm with a microplate reader (SpectraMax® M2), and the protein concentration was determined
from a standard curve using 1mg/ml bovine serum albumin (BSA) as standard protein
(Appendix 4).

7.3. Sample preparation

The protein samples were then mixed with a Laemmli sample buffer (Appendix 2). For
protein denaturation, samples were heated for 5 min at 95°C, centrifuged at 12,0009 for 5 min

to prevent streaking during electrophoresis, and kept on ice before loading into the wells.

7.4. SDS-PAGE electrophoresis migration

The SDS-PAGE of whole-cell proteins was carried out as described by (Laemmli, 1970),
on vertical slab gels (20x20 cm x 1 mm) in a Protean® Il xi Cell gel electrophoresis apparatus
(Bio-Rad Laboratories), using 12% (w/v) separating and 5% (w/v) stacking gels (Tab. 3), filled
with the running buffer (Appendix 2). A volume of a sample containing 40-50 ng of protein
was layered on top of the gel. Electrophoresis was performed at a constant current of 120 V
through the stacking gel and 200V through the resolving gel for 4 h. The broad range protein
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molecular mass marker (11 and 190 kDa, Prestained Protein Ladder, Biolabs) was used in each

gel to determine the protein molecular mass.
7.5. Staining and drying of the gel

After electrophoresis, the gel was stained for 1 h with 200 ml of 0.1% (w/v) Coomassie
Brilliant Blue R-250 (Sigma) (Appendix 2) with gentle continuous shaking. The gel was then
destained firstly with 100 ml of 10% (v/v) acetic acid and 50% (v/v) methanol aqueous solution
for 1h followed by a second destained solution containing 5% (v/v) methanol, 7% (v/v) acetic

acid and 88% water overnight until clear bands corresponding to the proteins were visualized.

The gels can be stored for a few days in water or dried directly by heating under vacuum
with the gel dryer; Gel Dryer Model 583 (Bio-Rad). The gels were then scanned, and the strips

were analyzed using dedicated software.

Table 3. Composition of polyacrylamide-SDS gels used for the separation of proteins by SDS-
PAGE.

Solutions Separating Gel 12% Stacking Gel 5%
Acrylamide Mix 30% 12ml 830 pl
Tris-HCI 1.5 M pH 8.8 7.5 ml _
Tris-HCI 1.5 M pH 6.8 _ 630 pl
SDS 10% (p/v) 300 pl 50 pl
Ammonium persulfate 100 mg/ml 300 pl 50 pl
TEMED 12 pl 5l
H20 9.9 ml 3.4 ml

7.6. Computing numerical data

The destained gels were scanned and stored as JPEG files. The whole-cell protein patterns
were compared to each other to group the isolates belonging to every hot spring. The
densitometric analysis, normalization, and interpolation of the protein profiles were performed
using the BioNumerics version 7.6.3 software package (Applied Maths NV). The grouping of
the bacterial strains by the Pearson product-moment correlation coefficient (r) and cluster
analysis on the matrix of correlation values was performed by the unweighted pair group

method using arithmetic averages (UPGMA).
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8. Molecular identification by 16S rRNA sequencing and phylogenetic analysis
8.1. Genomic DNA extraction

The bacterial genomic DNA of promising isolates was extracted using the Wizard®
Genomic DNA Purification Kit by Promega (USA) according to the manufacturer's instructions
(Fig. 3).

The bacterial cultures (1 ml) grown overnight at 55 °C in the Thermus broth were pelleted
by centrifugation at 16.000xg for 2min. The supernatant was removed, and the cells were
resuspended thoroughly in 480 pl of 50 mM EDTA, then 120 pl of 10 mg/ml lysozyme was
added and gently pipetted to mix. This pretreatment aims to weaken the cell wall so that efficient
cell lysis can take place. The samples were incubated for 1h at 37°C, after that, centrifuged for

2 min at 16,000% g to remove the supernatant.

The cells pellet was resuspended in 600 pul of nuclei lysis solution, mixed with gentle
pipetting, and then incubated at 80 °C for 5 min. Cell suspension solution was cooled at room
temperature, and 3 pl of RNase solution was added to the cell lysate and mixed properly by
inverting tubes 2-5 times. The samples were then incubated for 1 h at 37 °C and cooled at room
temperature before adding 200 ul of protein precipitation solution to the cell lysate. The tubes
were vigorously vortexed at high speed for 20 secs and placed for 5 min on ice.

The precipitated proteins were then pelleted by 3 min centrifugation at 16,000xg. The
supernatant containing DNA was transferred to a clean tube containing 600 pl of isopropanol.
Samples were mixed gently by inversion until the DNA appeared as visible thread-like strands.
DNA was then harvested by centrifugation at 16,000xg for 2min, and the supernatant was
discarded. The pellet was then washed with room temperature 70% ethanol and harvested once

more with the same conditions.

The supernatant was discarded, the pellet was allowed to dry before being resuspended
in 100 pl of DNA rehydration solution and incubated for 1 h at 65 °C. The solution was
periodically mixed by gentle tapping on the tube. Finally, the DNA was stored at 4°C (Promega,
2019).

8.2. Purity control and DNA concentration determination

The extracted DNA was stored in sterile Eppendorf microtubes at 4 °C. This DNA was

checked by 1% agarose gel electrophoresis. The concentration and purity were determined by
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measuring 2 pl of DNA samples at Abs260/Abs280 and Abs260/Abs230 ratios using a
NanoDrop 2000 spectrophotometer (Thermo Scientific).

A ratio A260/280 of 1.8 and 2.0 is generally accepted as pure DNA. A ratio of less than
1.8 indicates contamination with protein or phenol, and when it is greater than 2.0, the
contamination is due to the presence of RNA. The ratio A260/230 should be between 2.0 and
2.2. A lower ratio than expected may indicate the presence of contaminants that absorb at 230
nm like chaotropic salts such as guanidine thiocyanate (GTC) and guanidine hydrochloride
(GuHCI), EDTA, polysaccharides, and phenol (Matlock, 2015).

Gram +
Pellet cells.

1

Gram - Suspend in EDTA.
Pellet cells.  Add lytic enzymes.

Add Nuclei Lysis
Solution. Incubate at

Cell lysis 80°C for 5 minutes,
then add RNase

solution and incubate.

—— l
F
X Add Protein
Protein Precipitation
P
precipitation Solution
; | . Centrifuge
e ———
F
Transfer supernatant to
new tube containing
sopropanol

DNA
precipitation ‘I" Centrifuge.

Discard supernatant
Add ethanol.
e —————
F
I . Centrifuge.
Elution Aspirate ethano
Air-dry pellet
\ Rehydrate DNA
——

Figure 3. Cellular DNA extraction by the Wizard® Genomic DNA Purification Kit (Promega,
2019).
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8.3. PCR amplification

The extracted DNA samples were used as a template for amplification of the near full-
length sequences 16S rRNA gene wusing the wuniversal primers UNI16S-L (5°-
ATTCTAGAGTTTGATCATGGCTCA-3’) corresponded to the positions from 11 to 26 of
Escherichia coli 16S rRNA and UNI16S-R (5-ATGGTACCGTGTGACGGGCGGTGTGTA-
3") corresponded to all positions from 1,411 to 1,393 of E. coli 16S rRNA (Belduz et al., 2003).

The PCR reactions were carried out in 50 pl volume containing 10 pl GoTaq Flexi
Buffer (5X), 3 pl MgCl2 (25 mM), 1ul dNTPs (10 mM), 1 pl reverse primer (10 mM), 1 pul
forward primer (10 mM), 0.25 pl GoTaq G2 Flexi DNA polymerase (5 U/ul), 1 pl of the DNA
template, the volume was made up to 50 ul with sterile Milli-Q water. Negative control was
set; the reaction contains all PCR components except the template, which detects possible

contamination.

The PCR amplification was conducted in a Thermocycler type (Biometra T personal)
under conditions that consisted of initial denaturation at 95 °C for 2 min, followed by 35 cycles
of denaturation at 94 °C for 1 min, annealing at 55 °C for 1 min, extension at 72 °C for 2 min,

and a final polymerization step of 72 °C for 5 min.

8.4. Agarose gel electrophoresis

The PCR products' electrophoresis was carried out on a 1% agarose gel containing 0.5
ug/ul ethidium bromide (EtBr) in a solution of TAE 1X to ensure the amplification's quality
and specificity (Appendix 2). Electrophoresis was carried out in a horizontal Owl™ EasyCast™
B1A Mini Gel Electrophoresis Systems (Thermo Scientific™); the gel dimension was 7 cm X

8 cm.

The PCR products were added to a 6X DNA loading dye (Thermo Fisher Scientific).
Migration was performed at 120 volts for 20 min. A GeneRuler 1Kb DNA Ladder marker
(Thermo Scientific) that migrated parallel to the DNA under study was used as a size reference.
The DNA fragments were visualized and photographed under UV by a Doc XR+ Molecular
Imager Gel (BioRad) coupled to a CCD camera using the EtBr contained in the gel and which

intercalates between the bases of the DNA molecule and allows the visualization.
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8.5. Cloning of PCR products

To sequence the 16S rRNA PCR products, we opted for cloning in the pGEM-T Easy
vector (Promega, USA).

The pGEM®-T Easy vector is a linearized vector with a single 3"-terminal thymidine at
both ends. The T-overhangs at the insertion site significantly improve the ligation efficiency of
PCR products by preventing recircularization of the vector and providing a compatible
overhang for PCR products generated by specific thermostable polymerases. This vector
contains T7 and SP6 RNA polymerase promoters (Fig. 4, Fig. 5) flanking a multiple cloning
region within the a-peptide coding region (lacZ gene) of the enzyme B-galactosidase and
ampicillin resistance gene. Insertional inactivation of the a-peptide allows recombinant clones

to be directly identified by color screening (bleu/white) on plates.

The pGEM®-T Easy Vector contains multiple restriction sites within the multiple
cloning regions. The multiple cloning regions are flanked by recognition sites for the restriction
enzymes EcoRlI, BstZI, and Notl, thus providing three single-enzyme digestions for the release
of the insert. Forward and Reverse M13 primers frame the cloning cassette and allow

amplification of the cloned DNA fragment to verify its insertion (Promega, 2018).

T7 Transcription Start

5 ... TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG CCATG
3 .. ACATT ATGCT GAGTG ATATC CCGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC GGTAC

T7 Promoter |

Apa Aatl Sph BstZI hNeol

GCGGC CGCGGE GAATT CGATT3
CGCCG GCGCC CTTAAGCTA

ATCAC TAGTG AATTC GCGGC CGCCT GCAGG TCGAC

cloned insert) . TAGTG ATOAC TTAAG CROOG GOGOA CGTOC AGCTG
I

e el I
j.‘$§Ecl EccRl Spel EcoRl Pstl Sall

SP6 Transcription Start

CATAT GGGA GAGCT CCCAA CGCGT TGGAT GCATA GCTTG AGTAT TCTAT AGTGT CACCT AAAT ... 3
GTATA CCCT CTCGA GGGTT GCGCA ACCTA CGTAT CGAAC TCATA AGATA TCACA GTGGATTTA ... &

| | | || " | SP6 Promoter
hNde Sac BstXl MNsil

Figure 4. The promoter and multiple cloning sequence of the pPGEM®-T Easy Vectors. (The
top strand of the sequence shown corresponds to the RNA synthesized by T7 RNA polymerase.
The bottom strand corresponds to the RNA synthesized by SP6 RNA polymerase) (Promega,
2018).
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Figure 5. The pGEM®-T Easy Vector circle map and sequence reference points (Promega,
2018).

pGEM®-T Easy Vector sequence reference points:

T7 RNA polymerase transcription initiation site 1
Multiple cloning region 10-128
SP6 RNA polymerase promoter (17 to +3) 139-158

SP6 RNA polymerase transcription initiation site 141
pUC/M13 Reverse Sequencing Primer binding site  176-197

LacZ start codon 180

Lac operator 200-216
B-lactamase coding region 1337-2197

Phage f1 region 2380-2835

Lac operon sequences 2836-2996, 166395

pUC/M13 Forward Sequencing Primer binding site 2949-2972
T7 RNA polymerase promoter (17 to +3) 2999-3
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8.5.1. Preparation of competent cells

The bacterial strain Escherichia coli K12 JM101 supE, thi, A(lac-proAB), [F' traD36,
proAB, laclqZAM15] was used as a cloning host. The bacterium was made competent

(transiently DNA permeable) by chemical treatment with CaCl,.

In E. coli, the state of competence was achieved by cold CaCl, chemical embrittlement
of the membrane. This treatment would allow the formation of pores in the membrane and thus
facilitate the entry of DNA into the bacterium (Sambrook et al., 1989).

To accomplish this, E. coli IM101 was inoculated into LB broth and incubated at 37 °C
for 16 h. An aliquot of the pre-culture was re-inoculated into 30 ml of the same medium to give
an O.D.e00nm 0f 0.1 and incubated at 37 °C with vigorous shaking at 180 rpm until the O.D.s00nm
reached 0.45-0.55, which is considered as the exponential phase of cells. When proper growth
was achieved, the bacteria were recovered by refrigerated centrifuge (4°C) at 4500 g for 5 min.
The pellet was then suspended in 10 ml of an ice-cold sterile 100 mM CacCl; solution and
carefully stroking pellet with a fingernail. The cells were incubated for 30 min in the icebox.
The pellet was recovered for the second time by refrigerated centrifuge (4°C) at 4500 g for 5
min and was resuspended in 2 ml of cold 100 mM CaCl; solution. The so-called competent
cells are then ready for use after at least 2 h and not more than 48 h storage at 4°C (Das and
Dash, 2015).

8.5.2. Ligation of PCR product

The PCR products to be cloned were inserted into the pPGEM-T Easy vector (50 ng/pul,
Promega) at a 1:3 molar ratio of vector: insert DNA (Tab 4.). Both were exposed to T4 DNA
ligase (3U/ul Promega) and a ligation buffer (T4 DNA ligase buffer 10X Promega) in a final

volume of 10pl. The solution was incubated overnight at 4°C.

The calculation of the insert was determined by the Promega BioMath Calculators

software based on the following formula:

ng of vector X Kb size of insert _ insert
- X molar ratio of
Kb size of the vector vector

ng of insert =
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Table 4. Ligation reaction mixture composition

Components Volume (ul)
4

Sterile Milli-Q water

pGEM-T Easy vector (50 ng/ul) Promega
T4 DNA ligase (3U/ul) Promega

T4 DNA ligase Buffer (10X) Promega
PCR product

W P R e

8.5.3. Transformation

The recombinant DNA molecules thus prepared in the previous step were introduced into

a competent cell of E. coli IM101.

A 200 pl of competent cell suspensions were added to 200 pl of DNA of interest into
sterile 1.5 ml Eppendorf. The mixture was placed on ice for 30 min incubation. Later, the entry
of DNA was then stimulated by heat shock without any shaking; the mixture was heated for 2
min at 42 °C and then quickly transferred to the ice for a further 10 min. 200 pl of LB broth
was then added to each reaction mixture, and Eppendorfs were incubated at 37 °C for 2 h with
shaking at 150 rpm for expression of ampicillin resistance. Negative control was used following

the same steps without the addition of recombinant DNA.

The suspensions were centrifuged 10 sec at 16,0009 to decant the cells; 200 ul of the
supernatant was removed and discarded. Then, the pellet was re-suspended with 200 pl of the
remaining supernatant. Transformants were selected by inoculation of the previous mixture on
LB-agar plates supplemented with 50 pg/ml of ampicillin and previously smeared with 40 pul
IPTG (100 mM) and 40 pl X-Gal (40 mg/ml). The Petri dishes were then incubated at 37°C for
12-18 hours.

After incubation, two kinds of colonies developed, blue and white. An additional
incubation of 2 h at 4 °C facilitates the white/blue screen. Calculations of white colonies only
(the transformants)were then made to calculate the transformation efficiency (transformant/ug
plasmid), which can be calculated as the number of colony-forming units (CFU) produced by

1 ng of DNA according to the following formula:

No. of transformants (colonies) X Final volume at recovery (ml)

T fi ti ffici =
ranstormation etciency pg of plasmid DNA X Volume plated (ml)
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To preserve the clones, the white colonies (transformants) were streaked on LB medium

supplemented with 50ug/ml of ampicillin and stored at -20°C.

8.5.4. Verification of cloning
a. Plasmid isolation of transformed cell

To confirm the cloning of our insert, plasmid DNA was isolated by the alkaline lysis
technique (Birnboim and Doly, 1979).

For each sample, five white colonies were selected and inoculated separately in 5ml of
LB ampicillin broth (50 pg/ml) and incubated at 37 °C for 16 h at 180 rpm. 3 ml of the culture
was then centrifuged for 3 min at 16,000g; the pellet obtained was suspended in 200 ul of
solution I (Appendix 2). The bacteria were then lysed by adding 400 pl of solution 11 (SDS 1%,
NaOH 0.2M), homogenized gently by turning the microtubes several times; until the cell

suspension cleared and became viscous then incubated on ice for 5 min.

For each Eppendorf, 300 ul of a 7.5 M sodium acetate solution was added and then gently
homogenized by turning the microtubes until a white precipitate appeared. The mixture was
then incubated in the icebox for 10 min. After centrifugation for 15 min at 10,0009, the
supernatant containing plasmid DNA was recovered and transferred to a new Eppendorf,
precipitated by addition of 600ul isopropanol, and centrifugation for 15 min at 12,000g. The
pellet was washed twice with ice-cold 70% (v/v) ethanol, centrifuged for 5 min at 10,000g, then
dried at 37°C for 30 min, and finally re-suspended in 40 pl TE buffer containing RNase A at
50 pg/ml (Appendix 2).

The plasmid profiles were determined by horizontal electrophoresis on a 1% agarose gel
containing 0.5 pg/ul ethidium bromide (EtBr) in a solution of TAE 1X (see section 7.4.). At the

same time, the concentration and purity were evaluated by NanoDrop 2000 (Thermo Scientific).

b. Digestion of DNA with restriction enzyme

The presence of the cloned fragment was confirmed by digesting the clones with
appropriate restriction endonucleases. The restriction enzyme EcoRI (12 U/ul, Promega) was
used to digest previously isolated plasmids. EcoRI can recognize the base sequence 5'
GAATTC 3. This restriction enzyme cut each strand of DNA between the G and the A, which
leaves "sticky ends” of DNA. Each single-stranded overhang has the sequence 5 AATT 3.

These overhanging ends will bond to a DNA fragment with a complementary sequence of bases
(Fig. 6).
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Figure 6. Schematic representation of restriction digestion of EcoRI at a specific site on the
DNA fragments (Das and Dash, 2015).

The plasmid DNA was digested with 10 units of EcoRlI in a final volume of 20 pl (Tab.
5). The volume of each plasmid DNA was adjusted according to its concentration and
transferred to Eppendorf microtubes, where mixtures of restriction enzymes, H buffer (10X),
and BSA (10mg/ml) were added. The reaction mixtures were mixed gently by pipetting and
centrifuged for a few seconds in a micro-centrifuge. The digestion was carried out at 37 °C for
2 h.

Table 5. Mixture composition of restriction enzyme digestion reaction.

Component Volume (ul)
Plasmid (1pg/pl) 1
EcoRI (12U/pl, Promega) 0.5

H Buffer (10X) 2

BSA (10mg/ml) 0.2
Sterile Milli-Q water 16.3

After incubation, the digestion fragments were separated on 1% agarose gel. The gel
was prepared as described in (Section 7.4). 8 ul of digested plasmid DNA was mixed with 2 pul
of loading buffer. Gel electrophoresis was carried out for 30 min at 80V. Images of the gels
were recorded and analyzed by a gel documentation system (Gel Doc XR+, BioRad). The

positive clones were stored in 80% glycerol at -70°C.
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c. Plasmid isolation of clones by Kit

To sequence the cloned 16S PCR products in the pPGEM-T Easy vector, the plasmid DNA
from the transformed bacterial suspensions were extracted and purified by the GenelJET
Plasmid Miniprep Kit (Thermo Fisher Scientific) (Fig. 7).

A single colony was picked from a freshly streaked selective plate to inoculate 5 ml of
LB medium supplemented with 50 pg/ml ampicillin. The culture was incubated for 12-16 h at
37 °C while shaking at 200-250 rpm. The bacterial culture was harvested by centrifugation at
6800xg in a microcentrifuge for 2 min at room temperature, decant the supernatant, and remove

all remaining medium.

The pelleted cells were re-suspended in 250 pl resuspension solution. The bacteria were
re-suspended completely by pipetting up and down until removing all remaining cell clumps.
Then 250 pl of lysis solution was added and mixed well by inverting the tubes 4-6 times until

the solution became slightly clear and viscous.

After that 350 pul of neutralization solution was added and mixed thoroughly by inverting
the tube 4-6 times, the chromosomal DNA and cell debris were collected as pellets after 5 min
centrifugation at 12,000 g. The obtained supernatant was pipetted out to the supplied GeneJET

spin column.

The column was centrifuged for 1 min at 12,000 g, the flow-through was discarded, and
the column was placed back. The wash solution (500 ul) was added to the spin column,
centrifuged for 60 sec at 12,000 g, the flow-through was discarded, and the column was placed
back. The washing step was repeated using 500 pl of the same wash solution. The flow-through

was discarded and centrifuged for 1 min at 12,000 g to take out residual wash solution.

The GeneJET spin column was transferred to a new microcentrifuge tube (1.5 ml). To
elute the plasmid DNA, 50 ul of elution buffer was added to the membrane of the GeneJET
spin column and then incubated at room temperature for 2 min before centrifuging for 2 min at
12,000 g. The column was discarded, and purified plasmid DNA was stored at -20°C until the

sequencing process (Thermo Fisher Scientific, 2012).

The concentration and purity were determined by measuring 1 pl of DNA (plasmid
sample) Abs260/Abs280 and Abs260/Abs230 ratios using a NanoDrop 2000 spectrophotometer
(Thermo Scientific).
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Ressuspend Cells, Lyse and Neutralize

Add to the pelleted cells:

250 pL of Resuspension Solution and vortex.

250 pL of Lysis Solution and invert the tube 4-6 times.

350 pL of Neutralization Solution and invert the tube 4-6 times.
Centrifuge 5 minutes.

\/

Bind DNA

Transfer the supernatant to the Thermo Scientific GeneJET Spin Column.
Centrifuge 1 minute.

\/

Wash the column

Add 500 pL of Wash Solution and centrifuge for 30-60 s.} x 2 times
Discard the flow-through.

Centrifuge empty column for 1 minute.

\

Elute purified DNA

Transfer the column into a new tube.

Add 50 pL of Elution Buffer to the column and incubate 2 minutes.
Centrifuge 2 minutes.

Collect the flow-through.

Figure 7. Plasmid isolation by the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific,

2012).

8.6. Sequencing and phylogenetic analysis

The 16S rRNA cloned pGEM-T plasmid were sequenced with an Applied Biosystems

model 373A DNA Sequencer, using the ABI PRISM® BigDye™ Terminator cycle-sequencing

kit (Macrogen) according to the manufacturer’s instructions, using universal primers T7 (5'-
TAATACGACTCACTATAGGG-3") and SP6 (5-ATTTAGGTGACACTATAG-3") from
Promega, USA.

The sequences generated were assembled using the BioEdit sequence editor version
7.2.5 (Hall, 1999), and then compared to those in the databases of the National Center for
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Biotechnology Information (NCBI) website using the BLAST method (Altschul et al., 1997)
and the EzTaxon server (http://www.eztaxon.org/) (Chun et al., 2007). Multiple alignments of
data available from the EzTaxon server were done by CLUSTAL_X software. Evolutionary
distance matrices were generated as described by Kimura’s two-parameter model (Kimura,
1980). Phylogenetic analyses were carried out using MEGAG6 software (Molecular
Evolutionary Genetics Analysis) (Tamura et al., 2013). Phylogenetic trees were constructed
using the neighbor-joining method (Saitou and Nei, 1987), and the topologies were evaluated

by bootstrap sampling expressed as a percentage of 1000 replicates (Felsenstein, 1985).

9. Screening of extracellular hydrolytic enzymes

For preliminary qualitative screening of nine enzymes, the thermophilic isolates were
grown on Thermus agar for 24-48 h. The relevant assays were performed on agar plates
including enzyme-specific substrates using the drop plate technique after incubation in plastic
bags at 55 °C for 1-5 days. All experiments were done in duplicates and were conducted

according to the standard protocols described below.
9.1. Amylase activity

The amylase assay was determined in 1% (w/v) starch agar medium containing (g/1):
soluble starch 10, peptone 5, yeast-extract 1, and Agar-Agar 30. Flooding plates with Lugol’s
iodine solution detected starch hydrolysis. The clear zone around the colony indicates a positive

result (Marteinsson et al., 1996).
9.2. Cellulase activity

For cellulase activity screening, 0.5% (w/v) carboxymethylcellulose (CMC) medium was
used containing (g/l): carboxymethylcellulose 5, NaNOs 1, KoHPO4 2, yeast-extract 0.5,
glucose 1, and Agar-Agar 30. The plates were flooded with Lugol’s iodine solution. The clear
halo around the colonies indicates the CMC hydrolysis (Kasana et al., 2008).

9.3. Pectinase activity

The pectinolytic activity was detected on MP5 medium (Mineral Pectin 5 Medium)
containing 0.5% pectin (Atlas, 2005). After incubation, the plates were flooded with iodine-
potassium iodide solution (1.0 g iodine, 5.0 g potassium iodide, and 330 ml H20). Clear zones
around the colonies showed pectinolytic activity (Soares et al., 1999). The medium composition
is detailed in (Appendix 2).
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9.4. Esculinase activity

The esculinase hydrolysis enzyme was screened according to Nabi et al. (2016) with some
modifications using a specific medium containing (g/l): peptone 10 g, esculin/aesculin 1 g,
ferric ammonium citrate 20 g, Agar-Agar 30 g. Visualizing a zone of black precipitate around

the colonies indicates a positive result.
9.5. Protease activity

The proteolytic or caseinolytic activity was tested in 10% skim milk medium containing
(9/1): skim milk 100, yeast-extract 1, and Agar-Agar, 30. Transparent clear zones around the

growth were considered an indication of casein activity degradation (White et al., 1994).
9.6. Gelatinase activity

The Gelatin hydrolysis assay was conducted according to the method of Frazier (1926)
using 0.4% gelatin-based agar containing (g/l): gelatin 10, yeast-extract 1, and Agar-Agar 30.
After incubation, gelatin degradation was seen as a clear zone around colonies in the somewhat
opaque agar. When the plate was flooded with a saturated aqueous solution of ammonium
sulfate, a precipitate was formed that made the agar more opaque and enhanced the clear zones

around the colonies (Gopinath et al., 2005).
9.7. Lipolytic activity

The lipolytic activity was detected according to the diffusion agar method on Tween
based medium containing (g/l): 1% of tween (20 or 80), 1% Difco Bacto-peptone, 0.5% NaCl,
0.01% CaCl2.1H20; 3% Agar-Agar (pH 7.4). A well-visible halo or turbid around the colonies
indicated lipolysis (Sierra, 1957).

9.8. Lecithinase activity

To determine the lecithinase enzyme, nutrient agar including (5%, v/v) egg yolk emulsion
was used. The formation of a white precipitate as opalescence around or beneath the colony

revealed lecithinase formation (Priest et al., 1988).
9.9. Nuclease activity

The DNase activity of the strains was revealed using the DNase test agar medium with
0.5% methyl green. After incubation, DNase-producing bacteria exhibit a clear zone around

growth against a green background (Elder et al., 1977).
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10. Diversity data analysis

Thermophilic bacterial a Diversity indexes, including Shannon H' = -Y (pi X In pj)
(Shannon, 1984) evenness (E=H’/log S), Simpson D1= 1-3" pi 2 and Simpson Dominance Dy=
13 pi? (Simpson, 1949) indexes, were calculated to infer species richness and abundance
according to sampling sites, cities, and sample types. Where species richness (S) is the total
number of identified bacterial species and p; corresponds to the proportion of individuals of
entire species represented by ith species (Magurran, 2004).

The Sgrensen similarity index (Sgrensen, 1948) was used to compare the similarity of the

bacterial communities from water and sediment of hot springs.

11. Statistical data analysis

The analysis of variance (Two Way ANOVA) was performed testing the effect of sites,
sample types, and isolation culture media on bacterial distribution recovered from hot springs.
Post hoc analyses were developed with Tukey’s multiple comparisons of means when p<0.05
to distinguish homogeneous and heterogeneous groups among different variables. All

computations were performed using R software 3.6.2 (R-Core Team, 2020).
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1. Sampling sites and physicochemical analysis

Samples of water and sediment were collected from eight hot springs prospected in
Algeria from 2015 to 2017. The hot springs were located in different cities and represented
from moderate thermophilic to hyperthermophilic (40.6-96°C) environments with a pH range
from 6.27 to 8.03. The physical characteristics measurements were repeated over three years as
triplicate described in (Tab. 6).

Table 6. Physicochemical characteristics of sampling sites.

_ _ Water Sediment
Hot spring Altltu*de T (°C) pH Conductivity Conductivity pH
(m) (us/cm) (us/cm)
Saida 682 62.60+ 0.42 7.45+0.20 1380+07.55  390+4.75 8.60+0.15
Guerdjima 655 40.60+£ 0.50 7.30+£0.04 7820+12.25 28719.01 7.86x0.30
Sidi El Hadj 400 40.50£ 0.30 7.25+0.09 14,250+18.44 1280+13.23 8.13+0.18
Essalihine 1082 52.70+£1.20 8.03+£0.15 3200%3.25 400+6.50 8.54+0.23
El Knif 1020 50.10+£ 0.30 6.90£0.10 3600%4.14 N.D. N.D.
Debagh 306 96.00£1.41 6.27£0.25 2010%6.12 230+10.12 8.73£0.40
Belhachani 717 72.20£0.70 6.80£0.07 1400%3.22 1360+8.88 8.40%0.20
Guerfa 673 60.00+£1.00 7.33£0.10 1940%7.18 300+5.02 8.69x£0.14

(*): data recovered from Google Earth Pro v7.3.2 (Mars 2021).
(N.D.): not determined.

The reason for selecting these sources to collect samples was mainly the wide range of
temperatures. These different locations make hot springs exhibit a great diversity of
geophysical, geochemical, and biological properties depending on the region and the origin of
the waters.

Compared to those of other studies conducted in the same area, the current results are
consistent for the recorded pH values, conductivity, and temperatures across hot springs
(Fekraoui and Kedaid, 2005; Kedaid, 2006, 2007; Saibi, 2009; Bahri et al., 2011; Amarouche-
Yala et al., 2015; Gomri et al., 2018).

Bacteria in sediments can influence the chemistry of the overlying water through the
reduction of nitrate, sulfate, and methane. The release of phosphorus and ammonium from
sediments affecting many other factors like pH and conductivity, which probably explains the

difference in physicochemical parameters between water and sediment (Luo et al., 2019).
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The temperature at the points of emergence of the different sites varied between 40.5°C
at Hammam Sidi El Hadj and 96°C in Hammam Debagh, the hottest terrestrial spring in the
country (Stambouli et al., 2012), and the second in the world (Boukhenfouf and Boucenna,
2019). Temperature variations between the different sources are probably related to the geology

of the particular area and the depth of the hot springs (Hamzah et al., 2013).

The North-Eastern of Algeria hot springs shared the same geothermal system based on
the following conceptual model. Meteoric water (derived from precipitation of snow and rain)
goes downward through deep fractures and faults and is heated from below by a slightly high
conductive heat flow; then, the heated water rises to the surface and produces the hot springs.
Therefore the temperature of the hot springs depends on the depth, upwelling speed (velocity

of water), and fracture characteristics (Saibi, 2009).

The temperatures of the collected thermal waters at the emergence points of all hot springs
were stable throughout three samplings repeated over three years. Indeed, as it is known that
thermal springs are characterized by thermal and chemical composition stability (Sharma,
2007), diurnal variation of temperature does not influence the thermal water (Mahala, 2019). In
addition, Brock, (1978). has reported in his work the constancy of temperature in different hot

springs over time.

The geothermal resources of Algeria are of low enthalpy type, of which emergence
temperature varies between 30 and 98 °C. They are mainly located in the North. From a
geological point of view, the main geothermal reservoirs are generally of the Mesozoic age
characterized by limestone, sandy limestone, and sandstone type (Kedaid, 2006). They are
encountered in the Triassic sandstones, liassic carbonates, and lower cretaceous formations

(mainly composed of sandstones in the west and carbonate rocks in the east) (Kedaid, 2007).

Thermal water corresponds to naturally hot groundwater at the emergence with a
temperature superior to the temperature of the phreatic groundwater of the given area. There is
no universally accepted definition of thermal water. In France, water is described as thermal
when its emergence temperature is higher than 4°C compared to the annual average air
temperature of the site. In contrast, in Germany, water must have a temperature above 20°C to
be described as thermal (Sonney, 2010). Some definitions place the lower temperature limit at
an arbitrary value (e.g., human body temperature: ~37°C or some fixed value: 20°, 35°, 50°C,
etc.) (Renaut et Jones, 2011).
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According to Castany classification (Castany, 1963), the hot springs were listed into
four groups depending on the water temperature at the point of emergence:
» Cold springs (< 20°C),
» Hypo-thermal springs (20°C< T (°C) < 35°C),
» Meso-thermal springs (35°C< T (°C) < 50°C), and
» Hyper-thermal springs (>50°C).

Based on our results, the sampled thermal springs were classified into two groups:
Hammam Guerdjima, Sidi El Hadj, and El Knif as mesothermal springs. The remaining five
hot springs: Saida (H05S), Essalihine (H40S), Guerfa (H24G), Belhachani (H24A), and Debagh
(H24D), were listed as hyperthermal springs. The Northeastern zone of the country covers
approximately 15,000 km? and remains potentially the most interesting geothermal area. This
zone is characterized by springs of high flow rates and the country's highest temperature (Saibi,
2009).

The geothermal gradient (earth’s internal temperature) increases with depth. However,
that rate of increase is not linear and quite variable depending on the tectonic setting. Gradients
are lowest in the central parts of the continents, higher in the vicinity of subduction zones, and
higher still at divergent boundaries. The temperature gradient is around 15° to 30°C for every
kilometer of depth within the lithosphere (the upper 100 km). The temperature drops off
dramatically through the mantle, increases more quickly at the base of the mantle, and then
increases slowly through the core. The temperature is around 1000°C at the bottom of the crust,
about 3500°C at the base of the mantle, and approximately 5,000 °C at Earth’s center (Earle,
2019).

Reservoirs of the Algerian Northeastern hot springs are generally located at depths
between 1000 and 2500 m. The maximum reservoir temperature estimated using
geothermometric methods is 120 "C (Kedaid, 2007). This temperature was reported in Hammam
Debagh (Saibi, 2009).

The pH values of the hot springs water vary from 6.2 to 8.0. The classification of thermal
water based on pH is divided into three classes following the criteria by Komatina, (2004);
slightly acidic in Hammam Debagh (H24D) and Hammam Belhachani (H24A), neutral in El
Knif (H40K) hot spring, and moderately alkaline in most of the hot springs: Saida (H05S),
Guerdjima (HO05G), Sidi El Hadj (HO7S), Essalihine (H40S) and Guerfa (H24G).

Besides the temperature, pH is probably the most important physical factor in

thermobiotic environments (Kristjansson, 1991). pH considers the acidity or basicity of water,
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which measures the relative amount of free hydrogen and hydroxyl ions in the water. The pH
scale is an inverse of hydrogen ion concentration, so more hydrogen ions translate to higher
acidity and a lower pH. In contrast, water that has more free hydroxyl ions is basic.

Temperature affects a wide variety of physicochemical properties of water, among that
pH, which decreases at higher temperatures and vice versa (Kristjansson, 1991). Indeed, low
pH values were noted in high-temperature thermal sources; it was the case of Hammam Debagh
(pH=6.27, T°=96°C) and Hammam Belhachani (pH=6.80, T°=72.2°C).

Since it is not just temperature that affects the pH of an aquatic environment, other factors
may interfere. Since dissolved chemicals can influence pH in the water, it is an essential

indicator of thermal water.

Limestone and carbonate minerals are two elements that can help to buffer pH variations
in water. Calcium carbonate (CaCO3) and other bicarbonates can neutralize pH by combining
with hydrogen or hydroxyl ions. The buffering capacity (alkalinity) of water is increased when
carbonate minerals are present in the sediment, keeping the pH of water near to neutral even
when acids or bases are introduced. Beyond this, additional carbonate minerals can turn water

slightly basic.

Conductivity in water refers to the ability of water to conduct an electric current which is
determined by the presence of ionic content of dissolved solid concentration (Norbert et al.,
2019).

The electrical conductivity (EC) of the hot spring’s water values varied from 1380 to
14,250 ps/cm. Most of the samples (6/8 samples) having high values of EC (>2000 puS/cm).
The relatively high EC in the different samples can be explained by the lithological composition
(the concentration and the type of dissolved ions), the hydrothermal alteration of sedimentary

rocks, and the high temperature (Bahri et al., 2011).

Water categories based on EC, according to Rhoades classification, are divided into six
types (Rhoades et al., 1992):
» Type | is non-saline: if EC <700 pS/cm,
Type Il is slightly saline: if EC varies between 700 and 2,000 uS/cm,
Type 111 is moderately saline: if EC is higher than 2,000 and less than 10,000 puS/cm,
Type 1V is highly saline with EC value from 10,000 till 25,000 pS/cm,
Type V is very highly saline: if EC value between 25,000 and 45,000 uS/cm, and

YV V. V VYV V

Type IV is brine water with EC more than 45,000 pS/cm.
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According to Rhoades classification, the Algerian thermal springs are classified into three
groups: the first-class involves spring with lower conductivity values, 700-2,000 puS/cm. This
class includes the hyper-thermal springs Saida (HO5S), Belhachani (H24A) and Guerfa (H24G).
The second class includes thermal springs with EC ranged between 2,000 and 10,000 pS/cm
such as Essalihine (H40S), ElI Knif (H40K), Debagh (H24D), and Guerdjima (HO5G) hot
springs. The last class with conductivities ranging between10,000 and 25,000 uS/cm, as in
mesothermal springs of Sidi ElI Hadj (HO7S) characterized by highly saline sodium chloride-

rich waters.

Indeed, high temperature favors the dissolution of mineral salts from the Triassic
formations in sufficient quantities along the hot water path through the earth's crust. lons can
move faster in warmer water; thus, the conductivity of water increases with rising temperature.

EC increase by approximately 1.9% for every 1°C increase in water temperature (APHA, 2005).

The electrical conductivity of water is directly related to the concentration of dissolved
ions in the water. As each ion may carry an electrical charge, water with more ions can conduct
a tremendous amount of current. The concentration of dissolved ions is the most important of
the main factors affecting EC. While electrical conductivity is a good indicator of the total

salinity, it does not provide any information about the ion composition in the water.

lons have different abilities to transmit charges. Inorganic ions such as Na*, K*, Mg*?,
Ca*2, HCO?®*, CI" and SO42 conduct electricity well. Although, each ion has a different ability
to conduct electricity. This depends on many factors, such as the ion charge, size, valency of
metals, and its tendency to interact with water molecules. Heavier ions tend to move slower,
but small ions can strongly attract water molecules, resulting in a slow-moving hydrated ion.
Organic substances tend to make poorer electrolytes than inorganic substances primarily

because they have a relatively weak tendency to dissociate into ions (Haynes, 2009).

Hammam Sidi El Hadj has the highest conductivity value with 14,250 ps/cm.
Conductivity is directly related to the concentration of present ions. Higher conductivity may
be attributed to high salinity and high mineral percentage in groundwater samples, generally
due to the aquifers' ion exchange and solubilization process (Bozdag and Gogmez, 2013).
Indeed, the plaine of EI-Outaya is characterized by very salted soil (Marini and Talbi, 2009).
Located in the South of Djebel EI-Melah (Salted Mountain), this region is known as El Outaya
salt mine, which has been exploited since 1976 and is operated by the Algerian company
ENASEL.

39



CHAPTER I. Results and Discussion

The hydrographic network of the region is represented by a sub-watershed of the Chott
Melghir, whose main outlet is Oued El-Hai (Rouahna, 2019), receiving on its left bank some
tributaries from the Aures Mountain and the streams of brackish water flowing almost
continuously in deep notches on the periphery of Djebel EI-Melah, such as Oued El-Melah
(Brinis, 2011). The electrical conductivity of sediment was much lower than that of water of

hot springs; values varied from 230 to 1280 uS/cm.

Indeed, the thermal waters of the studied hot springs are of meteoric origin, derived from
the precipitation of snow and rain. The main factor controlling the chemical composition is

water-rock interaction (Kedaid, 2007).

The Northeastern zone of the country consists mainly of carbonate formations. The
neritique constantinois formations and the carbonate part of the Tellian sheet form the reservoirs
of Guelma and Bouhadjar, respectively. The thermal waters in this area are chemically
dominated by chloride and sulfate (Saibi, 2009). These results agree with the chemical facies
of the three studied thermal springs belonging to Guelma City reported in several research
(Fekraoui and Kedaid, 2005; Ouali, 2015; Bekkouche, 2016).

2. Isolation and distribution of thermophilic bacteria

The 40 samples of water and sediment from the eight hot springs were served to isolate
thermophilic bacteria on six different culture media. The multiplication of samples is only

intended to obtain a wide range of bacteria.

At the end of the incubation period at 55°C, representative colonies per sample and
medium were selected and purified by successive streaking at least twice until a pure culture
was obtained on the same isolation medium and temperature. The choice of isolation
temperature (55°C) is justified by the fact that most heterotrophic thermophilic bacteria have

optimal growth temperatures between 50 °C and 60°C (Holden, 2009).

Using six different culture media to isolate the bacteria, we obtain many different
morphologies; sometimes, even the same bacterial species changes morphology from one
culture medium to another. As a result, we subculture all the purified colonies on a single culture
medium; the choice fell on the TT medium (ATCC medium 697). This culture medium has

promoted the growth of all thermophilic isolates.
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2.1. Distribution according to sampling sites

Throughout the sampling period, a total of 293 thermophilic strains were isolated from
the different hot springs. According to the distribution, 17.57% (52/293) of all the strains belong
to Debagh hot spring (H24D), followed by Belhachani hot spring (H24B), Essalihine hot spring
(H40S), Guerdjima hot spring (H05G), Sidi EIl Hadj hot spring (HO07S) and Saida hot spring
(HO5S) with 16.04%, 14.68%, 14.33%, 12.29 %, and 11.95% respectively. El Knif hot spring
(H40K) and Guerfa hot spring (HO5G) presented the lowest number of isolates, 6.83% (20/293)
and 6.14% (18/293), respectively, of all isolates (Fig. 8). High variability of thermophilic
richness was noted according to the sampled sites. These results show that the distribution of

the strains was heterogeneous.

The composition of microbial communities in the thermal springs is widely dependent
on the temperature, pH, residence time, and physicochemical parameters (Amin et al., 2017).

The occurrence of isolates in different locations may result from the prevailing
environmental conditions and the chemical properties of the water and sediment of the various

hot springs. Suggesting that the environment selects those strains better thriving under those

specific conditions, which agree with the description of highly parceled habitats at Thailand hot
springs (Cuecas et al., 2014).
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Figure 8. Distribution of isolates from sediment and water based on sampling sites.
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2.2. Distribution according to sample types

Isolation and purification procedures were carried out with both water and sediment
samples. Sediment samples from all hot springs provided 51.32% (166/293) isolates, while
water samples allowed the isolation of 48.68% (127/293) isolates (Fig. 9). No significant
difference was reported among sampling types (p<0.70) (Tab. 7). However, sediment samples
presented higher diversity than water samples. Water showed more stable culturable

communities, which were dominated by a low number of major representative species.

Bacteria are 2-1000 times more plentiful in sediment than in the overlying water section
of freshwater biological ecosystems (Luo et al., 2019). Microbial community composition and
abundance of deposits are influenced by high nutrient content, especially organic matter,
dissolved oxygen, nitrogen, and phosphorus levels; these key factors cause differences in
microbial community structure compared to water (Pala et al., 2018; Li et al., 2019).

However, the culture-dependent method for microbial communities’ characterization in
hot springs allows the isolation of a lower number of isolates than the whole-cell load present
on that sample. Therefore to overcome such problems, researchers are currently relying more
extensively on a culture-independent molecular approach to assess unexplored biodiversity
(Panda et al., 2018). Many researchers using these approaches indicated that sediment's
microbial richness and diversity were higher than in water (Hou et al., 2013; Valeriani et al.,
2018; Zhang et al., 2019).

O Water
B Sediment

48.68%

Figure 9. Frequency of isolates from water and sediment samples.
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2.3. Distribution according to isolation methods and culture media

A total of six media were employed to retrieve the culturable bacteria. 57.68% of total
isolates have been cultured on specific media (Thermus medium, ATCC medium 697, Thermus
162 medium). In comparison, 42.32% were isolated from non-specific media distributed into
6.14% from a minimum medium (Castenholz medium D) and 38.18% from standard culture
media (Nutrient agar and Tryptic soy medium). The number of thermophilic bacterial
populations recovered is dependent on the type and media composition (Fig. 10). Analysis of
variance revealed a very highly significant effect (P<0.0001) of the culture media type on the

number of isolated thermopbhilic strains (Tab. 7).

The reason for using multiple culture media for isolation was to obtain a wide range of
bacteria. Nutrient agar and Tryptic soy medium were employed for isolating a large proportion
of the available diversity, mainly the thermotolerant isolates; both media support the growth of
bacteria from hot springs when incubated at high temperature (Kumar et al., 2014; Arya et al.,
2015). Thermus medium, ATCC medium 697, and Thermus 162 medium were suitable for
isolating many thermophilic genera (Meiothermus, Thermus, Aeribacillus, Anoxybacillus....
etc.), including a variety of novel species (Inan et al., 2016; Zhou et al., 2018).

It has been known for quite a while that the quantity of isolated bacteria on
microbiological media is commonly just a small part of the total number of microorganisms in
the sampled environment (Davis et al., 2005). The use of unstandard media (Thermus medium,
ATCC medium 697, and Thermus 162 medium) allowed the isolation of many strains with
different morphological aspects that were not detected on other standard media. These culture
media were formulated to mimic the hot spring’s water composition to allow sufficient biomass

formation.

The Castenholz medium D was the poorest of the six investigated media, resulting in
fewer isolates (6.14%). This medium was initially intended for the isolation of blue-green
photosynthetic algae of hot springs. The medium contains minerals with the only organic
compound, the metal chelator nitrilotriacetic acid (NTA), used as a carbon and nitrogen source
(Castenholz, 1970). The use of the medium extended to the isolation of certain types of
thermophilic bacteria, such as the genus Thermus which required a low concentration of organic
compounds since growth is inhibited by higher organic nutrient levels, mainly by

monosaccharides (Albuquerque, 2018).

Despite their extensive taxonomic diversity, most known thermophiles have a

heterotrophic metabolism, preferentially using complex mixtures of polypeptides and
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Figure 10. Isolation frequency of thermophilic bacteria. (A) Depending on the type of culture

media. (B) On the nature of media. (C) On the isolation technique. CDM: Castenholz D medium,

DM: Degryse medium, NM: Nutrient medium, TM: Thermus medium, TSM: Tryptic soy medium, TTM: TT
medium.
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carbohydrates as energy and carbon sources. In addition, all hyperthermophiles and many
species of thermophiles are chemosynthetic rather than photosynthetic, deriving energy by the
reduction or oxidation of organic and inorganic compounds (Amend, 2001). This kind of
metabolism tends thermophiles to grow well on standard culture media like Nutrient agar and

Tryptic soy medium (Adiguzel et al., 2009; Arya et al., 2015).

Many aerobic thermophilic bacteria are endospore-forming; this justifies the use of TSA,
the most suitable medium for spores germination (Logan et al., 2000). This medium is
considered the best recovery medium, yielding clear, easily countable colonies, supporting
germination and outgrowth of the sporulating bacteria (\Wells-Bennik et al., 2019).

The liquid enrichment and dilution plating methods used in this study appeared to
adequately support the growth of thermophiles of hot springs when incubated at the same high
temperature. 44.37 were retrieved using a direct plating method, and 55.63 % of total isolates

could use the liquid enrichment technique (Fig.10).

No significant difference was reported quantitatively among isolation techniques
(p<0.06) (Tab.7). However, the qualitatively liquid enrichment method allowed the isolation of
a wide range of distinct morphological aspects that were not detected by the dilution plating
method. Furthermore, all the probably novel species in this study were isolated after

enrichment.

Liquid culture media facilitate access to nutrients for bacteria. These supplements are
more accessible as the culture media are incubated under agitation, allowing renewal of
nutrients for bacteria; however, access to nutrients in solid culture media may be limited.

Broth-enrichment is frequently used to increase the detection of bacteria, especially when
the transfer of samples to the laboratory might be prolonged,; it allows improving the recovery
of bacteria (Barer, 2012).

On the other hand, in our case, 3% agar-agar was added to the solid medium to prevent
desiccation at high temperatures. Especially during long incubation periods, as is recommended
for the isolation of thermophiles. However, culture media with high agar-agar concentration
will form smaller colonies than low agar content media because the nutrient flow and toxin
removal are reduced. In addition, it has been proved that agar in excessive amounts can inhibit
the growth of certain bacteria, featuring the need to find other gelling agents (Bonnet et al.,
2020).

Agar-based media are stable up to 65°-70 °C. However, at temperatures greater than

70°C, agar-agar starts losing gel strength and often manifests syneresis, with the expulsion of
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water from the gel, making the medium useless for the isolation of thermophilic bacteria. Even
with a temperature of 55 °C for a long incubation period, these troubles are often frequent,
making isolation of thermophilic bacteria hard.

Agar substitutes such as Gelrite (gellan gum) are used in a solid medium that remains
solid and stable at high temperatures giving thermal stability and better clarity than agar.
Gelrite, which is a naturally derived and highly purified polysaccharide, demonstrate superior
performance over agar-agar as a gelling agent in culture media for growing different
thermophilic microorganisms, with a lower concentration (0.4% to 0.8%) to obtain sufficient
gel strength, good clarity for visualization of small colonies, and contains no contaminating
matters (e.g., phenolic compounds) than did the agar-based media (Lin and Casida, 1984;
D’Souza et al., 1997).

Using gelling agents such as Gelrite and nanofibrous cellulose instead of agar-agar could
potentially increase the diversity of isolates capable of forming colonies on solid medium,
especially among thermophiles (Urbieta et al., 2015). The only obstacle to the use of Gelrite

during this study is the high price and its unavailability in the national commercial sector.

Table 7. Outcomes of ANOVA testing the effect of sampling site, samples type, culture media,
and culture methods on the number of thermophilic isolates (***: very highly significant, NS:
no significant).

Source Variable DF SS F P Significance
Sample type 7 74.28 0.66 0.70 NS
Thermophilic
PATIC ot springs 1 9506 085 039 NS
isolates
Residuals 7 112.92
Culture media 8 3716.55 28.10 <0.0001 folead
Thermophilic i
) Hot springs 1 450 3.40 0.10 NS
isolates
Residuals 8 132.25
Culture methods 7 74.28 3.39 0.06 NS
Thermophilic .
) Hot springs 1 68.06 3.10 0.12 NS
isolates
Residuals 7 21.92

DF: Degrees of freedom, SS: Sum-of-squares, F: F ratio, P: P values.
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3. Preliminary characterization of isolates
3.1. Morphological characterization

Very significant differences were noted among the 293 presumptive thermophilic isolates
in terms of morphologic, biochemical, and physiological properties. Morphologically, the
isolates showed some variation in color (Fig 11). Colonies were grey, black, creamy and
creamy-gray, buff, white and off-white, yellow to bright yellow, pink, orange, and red. The
pigments produced by the isolated species were endocellular and nondiffusible.

The colonies show a wide range of colonial morphologies; some isolates were circular or
irregular with a marge of entire to undulate or crenate uneven edges. They have wrinkled, rough,
granular, crusty, or smooth textures. Other colonies were rhizoid or hairy-looking and adherent,
covering the whole agar surface, showing spreading growth. Pleomorphism has also been
detected in some Petri dishes, showing cells and filaments with swollen regions and entirely
swollen cells. This kind of growth may be observed in cultures grown in suboptimal conditions.
Consistency was usually moist and glossy; others were butyrous or mucoid. Matt’s colonies

were minor. Isolated colonies were either opaque or translucent.

The colonies ranged in size from small to large with diameters of 0.6 to 10 mm. Colonies
of the thermophilic species may be larger, up to 12 or 15 mm in diameter, particularly with

species showing a tendency to swarm across the surface of the agar.

Another aspect was noted in isolates formed after 3 days of incubation at 55°C; a mycelial
growth colony (30 isolates) of variable sizes and colors. Colonies were fast-growing; these
bacteria showed abundant and white, gray-green to dark green aerial mycelia, substrate mycelia
were white, cream, pale yellow, or green, none isolates showed production of diffusible

pigments in the medium that we used for initial isolation.

The microscopic observation allowed determining some morphological characteristics of
bacterial cells after differential Gram and endospore staining. Most isolates were rod-shaped
cells and occurred singly, in pairs, in a short or long chain. Based on Gram staining, around
78% of the isolates were mainly found to be Gram-positive. Similarly, Narayan et al. (2008)
reported the dominance of Gram-positive thermophilic bacteria from Savusavu hot Spring in
Fiji. A fraction of the isolate was a Gram variable; therefore, the molecular biology
identification will decide their Gram affiliation. The spores were ellipsoidal, cylindrical, round,
or oval, with a terminal, subterminally, central or paracentral position. In some species,

endospores were not observed, mainly Gram-negative isolates.
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24721 8 ;. 07513 \

Figure 11. Different phenotypic aspects of some thermophilic isolates. 40K10: Aneuurinibacillus
thermoaerophilus, 05G38: Aeribacillus composti, 24G6: Geobacillus icigianus, 05G40: Aeribacillus
pallidus, 05S28: Meiothermus ruber, 24A22: Thermoactinomyces vulgaris, 24G5: Geobacillus
stearothermophilus, 40K19: Brevibacillus aydinogluensis, 24A21: Laceyella sacchari, 07S13: Bacillus
paralicheniformis, 07S27: Bacillus licheniformis, 40S27: Brevibacillus aydinogluensis, 07S5: Bacillus
hisashii, 05521: Thermoactinomyces vulgaris, 24D39: Thermobifida fusca, 05S15: Anoxybacillus

pushchinoensis.
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3.2. Physiological characterization

All isolates screened for temperature tolerance were able to grow between 30-80°C with
variation among strains. It was noted that all isolates (293 isolates) develop at 55°C within 24h
to 1 week. Of which 40.20% were found to tolerate 65°C, 10.87% could support 75°C
(moderately thermophilic), while only 5.11% of isolates could grow at 80 °C (extremely or
obligate thermophilic). Moreover, 52.82% of isolates could grow at 37 °C. Salt was not
required for growth since all the strains were able to grow in the unsupplemented medium. The
isolates tolerated salt concentrations in medium supplemented with 1 to 15% NaCl (w/v). In
contrast, none of the strains grew in medium supplemented with 20% NaCl (w/v). The number
of bacteria decreased at high salt concentrations. In addition, the pH values tested ranged from
5.0 to 9.0. Almost all strains grow at near neutral to slightly alkaline pH ranging between 6.5
and 8.5.

The physiological and even morphological characteristics turned too challenging to
differentiate isolates; this is well known and in accordance with previous microbiological

descriptions (Aanniz et al., 2015).

4. SDS-PAGE analysis

To exclude the effect of temperature and medium on protein patterns, all the thermophilic
strains were inoculated in the same medium and incubated at the same temperature and
incubation time. The electrophoretic patterns of whole-cellular proteins from all isolates,
resulting from SDS-PAGE, showed that five groups could be delineated at a similarity level of
45% (Fig. 12). Cluster I include 42 strains grouped into four sub-clusters (A): six, (B), 15, (C)
12, and (D) nine strains with a similarity of 45,55,61 and 59%, respectively. Cluster Il also was
grouped into four sub-clusters assembling 171 isolates distributed as 134 from sub-cluster (C)
with a similarity of 54%, followed by 23 strains in sub-cluster (B) of 59% similarity, both sub-
clusters (A) and (D) including seven isolates. Finally, clusters Ill, 1V, and V have only one
isolate for each belonging to three different hot springs, distributed as 05537, 07S35, and
24A17, respectively. One hundred representative strains from several clusters were selected for

further molecular identification by 16 rRNA gene sequencing.

The analysis of SDS-PAGE whole-cell protein patterns has proven to be highly reliable
for comparing and clustering a large number of mesophilic bacteria growing on identical
conditions and belonging to different genera such as Gram-positive bacteria Bacillus,
Mycobacterium, Staphylococcus, Streptococcus, Brevibacterium, and lactic bacteria
(Tsakalidou et al., 1994; Kampfer, 1995; Esteban et al., 2003; Vandamme et al., 2009; Kim et
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al., 2010; Santos et al., 2012), and Gram-negative bacteria like Leptotrichia, Salmonella,
Klebsiella, and Pseudomonas (Costas et al., 1990; Vancanneyt et al., 1996; Eribe and Olsen,
2002; Aksakal, 2010).

However, there is very little research about the application of this technique on
thermophilic species. Based on the importance of detecting and identifying the amino acids
present in microorganisms to differentiate and identify different mesophilic bacteria (Fox et al.,
1990). Firstly, it was proved that thermophilic bacteria could be identified by their amino acid
composition deduced from their complete genome sequences. Investigating the analysis by
hierarchical clustering and principal components analysis; the global amino acid compositions
of 27 species distributed as follows; six thermophilic archaea, two thermophilic bacteria, 17
mesophilic bacteria, and two eukaryotic species, affirm the possibility to identify thermophilic
species based on their amino acid compositions (Kreil and Ouzounis, 2001).

Later on, another research suggested that the whole protein profiles by SDS-PAGE of 170
strains of thermophilic bacteria isolated from deep-sea hydrothermal fields in the Pacific Ocean
and a hot spring in Xiamen of China provide discrimination between species with high
resolution. The SDS-PAGE results demonstrated four different protein patterns (clusters),
showing that the 170 strains could belong to four species or genera. The random amplified
polymorphic DNA (RAPD) profiles of representative strains from each cluster were consistent
and reliable with SDS-PAGE results. To additionally identify the representative species, their
16S rRNA gene sequences were examined. The outcomes demonstrated that the strains fell into

four species of three genera, the same as evidenced by SDS-PAGE (Liu et al., 2006).

Inan et al. (2011b) suggested classifying nine strains belonging to the Anoxybacillus
genus based on the SDS-PAGE profile. The electrophoretic patterns of the soluble cellular
proteins of the strains revealed that isolates AC26, ACT2Sari, ACT14, and 14.1 were similar.
Isolates B9.3 and 14.2 were identical, and BT2.1 and CT1Sari share the same profile. The isolate
(13) was not identical to any other group of isolates. The 16S rRNA gene sequencing analysis
allowed classifying the three isolates 13, CT1Sari, and BT2.1 as Anoxybacillus gonensis; 14.2
and B9.3 isolates as novel strains of A. voinovskiensis; and 14.1, AC26, ACT14, and ACT2Sari
isolates as new strains of A. kestanbolensis. All results regarding SDS-PAGE profiling for
thermophilic bacteria classification showed excellent efficiency and rapidity in the
differentiation of thermophilic species before further identification by genomics tools, mainly

the 16S rRNA gene sequencing.
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Figure 12. Dendrogram of similarity based on SDS-PAGE of whole-cell protein pattern
analysis from thermophilic bacterial isolates. The right side of the figure represents the strains
number.
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5. Molecular identification and phylogenetic analysis
5.1. Amplification of 16S rRNA genes

The sequencing of the 16S rRNA gene has been extensively studied to determine the
classification of Bacteria and Archaea. One of its most important assets is the ability to identify
isolates to genus and species levels that do not match any recognized biochemical profile (Janda
and Abbott, 2007).

The comparison of the 16S rRNA gene sequence of an isolate against sequences of the
type strains of all prokaryotic species in different databases such as GenBank and EzTaxon
provides an accurate and convenient way to routinely classify and identify prokaryotes with
98.65% similarity currently recognized as the cutoff for delineating species (Kim and Chun,
2014).

The use of 16S rRNA gene sequences to study bacterial phylogeny and taxonomy has been

by far the most common marker used for many reasons:

i.  The 16S rRNA gene sequence is highly conserved; its function has not changed over
time, suggesting that random sequence changes are a more accurate measure of time
(evolution),

ii.  The presence in almost all bacteria, often existing as a multigene family or operons,

iii.  The 16S rRNA gene is about 1,500 bp long; it is large enough to provide distinguishing
for informatics purposes,

iv.  The 16S rRNA gene sequence is composed of both variable and conserved regions.
Universal primers are usually chosen because they complement the conserved regions
that amplify 16S rRNA genes from widely divergent bacteria (Clarridge, 2004; Janda
and Abbott, 2007).

The genomic DNA from 100 isolates was extracted using the Wizard® Genomic DNA
Purification Kit by Promega (USA), and the PCR amplified the 16S rRNA gene. To verify the
success of the reaction, 1% agarose gel of the amplicons produced was performed. The result
indicates a DNA sequence of approximately 1,500 bp, which corresponds to the size of the

targeted gene (Fig. 13).
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Figure 13. PCR amplification products of the 16S rRNA gene from seven isolates. (L): ladder
GeneRuler 1Kb DNA, (C): negative control.

5.2. Sequencing of the 16S rRNA genes

The 16S rRNA PCR products previously obtained were cloned using the pPGEM-T Easy

Vector System (Promega, USA) according to the manufacturer’s directions (Section 8.5.

Materials and Methods). The 16S rRNA can be sequenced directly after purification or can

readily be cloned for sequencing. In our case, we selected the PCR cloning method for the many

advantages it offers:

A
B.

Having a "stock™ of our PCR products for future works on it,

Usually, the first 10-50 bp of the Sanger sequence fragments do not have good reading
(content much noise). To have the complete sequence of the PCR product, we clone it
into a vector; thus, we can perform sequencing using specific primers from the vector,
To detect point mutations, we can sequence several clones,

Getting a better-quality read from a plasmid due to a reduction in incomplete
amplification that can be a problem when sequencing from a PCR product,

DNA in a plasmid goes through a proof-reading process when replicated in the host cell,
with fewer variable sequences; this also means that the sequence we get is more likely
to be the true one,

Using universal sequencing primer sets from priming sites found in most commercial

plasmid vectors is convenient and sometimes cheaper.
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5.2.1. Cloning of the 16S rRNA genes

The recombinant plasmids were isolated from white colonies by the alkaline lysis method
(Fig. 14), and the DNA insert was analyzed by restriction digestion using EcoRlI (Fig. 15).

The high-copy-number pPGEM®-T Easy vector contains a multiple cloning region within
lacZ gene coding for the enzyme (-galactosidase and ampicillin resistance gene, which codes

for B-lactamase (Promega, 2018).

Successful cloning of an insert into pGEM®-T Easy Vector interrupts the coding
sequence of B-galactosidase; recombinant clones can usually be identified by color screening
on indicator plates. Blue-white screening provides a convenient and powerful way to
distinguish bacterial colonies that contain a cloning vector with a DNA insert (white colonies)

from those containing empty vectors with no insert DNA (blue colonies).

Cloning the pGEM®-T Easy vector takes advantage of a phenomenon called o-
complementation of lacZ mutations. The B-galactosidase of E. coli K12 JM101 encoded by the
lacZ AM15 gene lacks 31 residues near its N-terminus and is catalytically inactive. N-terminal
peptides from B-galactosidase can complement the lacZ AMI15 mutation and restore [-
galactosidase activity. This can be resolved by cloning a vector that contains the 5’-end of the
lacZ gene, referred to as lacZa. The lacZa gene encodes a 146 amino acid peptide from B-

galactosidase that complements the lacZ AM15 mutation (Juers, 2012; Julin, 2018).

The transformed cells were spread on plates in the presence of X-Gal and IPTG. The
selection will be made on an ampicillin-containing medium. A lactose analog IPTG induces
expression of the lac promoter in the plasmid. Bacterial cells harboring an empty vector in the
transformation procedure produce the o-complementing peptide and thus have active (-
galactosidase; as a result, they form blue colonies. The origin of these blue colonies is that IPTG
binds and inactivates the lac operon repressor, thereby allowing lac expression. When
expressed, the B-galactosidase enzyme catalyzes the hydrolysis of the synthetic substrate X-
Gal. Hydrolysis of X-gal produces galactose and 5-bromo-4-chloro-3-hydroxyindole. The latter
product undergoes spontaneous dimerization and oxidation to form a blue-colored indigo
insoluble pigment (5,5’-dibromo-4,4’-dichloro-indigo). However, DNA ligated into the
polylinker prevents a-peptide production, so cells containing recombinant plasmids form white
colonies. A polylinker cloning site is inserted near the 5'-end of the lacZa coding sequence.
Expression of the lacZa gene from the empty vector produces the complementing peptide. A
DNA insert cloned into the polylinker disrupts the lacZao coding region, so a recombinant

plasmid will not have the complementing peptide (Julin, 2018).
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Figure 14. Gel electrophoresis of recombinant plasmids isolated from white colonies by the alkaline lysis method (three clones for each strain).
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Figure 15. Digestion of different 16S rRNA cloned plasmids using EcoRI restriction enzyme. 1: Undigested plasmid, 2: PCR product, 3: Digested PCR
product, 4,5,6,7,8: Digested plasmids (two clones for each strain).
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5.3. Phylogenetic characterization

Based on SDS-PAGE fingerprinting of whole-cell proteins results combined with
physiological and biochemical data, of 293 isolates, 100 bacteria were selected for identification

by complete 16S rRNA gene sequencing (>1400pb).

The sequences were analyzed for similarity and aligned with the closest representative
sequences, using Blast database (NCBI) and EzTaxon-server. The phylogenetic analysis
revealed that the strains were affiliated to 12 different genera grouping 27 distinct species with
96.09 to 100% of sequence similarity to closely related species (Tab. 8). The nucleotide
sequences determined in this study have been deposited in the GenBank (NCBI database) under
accession numbers from MN885696 to MN885795.

The Bacillus genus dominated the thermophilic isolates (30%) with high species
diversity: B. haynesii, B hisashi, B kokeshiiformis, B. licheniformis, B. paralicheniformis, B
sonorensis, and B. thermocopriae. Other research found that Bacillus was the most dominant
isolated genus from hot springs (Adiguzel et al., 2009; Aanniz et al., 2015). Anoxybacillus spp.
was ranked in the second position (17%) with seven different species: A. flavithermus, A.
geothermalis, A. gonensis, A. kaynarcensis, A. pushchinoensis, A. salavatliensis, and A.

thermarum.

The genera Aeribacillus spp. and Aneurinibacillus spp. presented 15% of isolates. The
first genus with two species, A. composti and A. pallidus. Only one species Ane.
thermoaerophilus was detected for the second one. They were followed by Brevibacillus spp.
(8%), Thermoactinomyces spp. (5%) and Meiothermus spp. (3%), with two species, B.
aydinogluensis and B. thermoruber, only one species, Thermoactinomyces vulgaris and
Meiothermus ruber, respectively. A low isolation rate of 2% characterized two genera,
Geobacillus spp., which was represented by G. icigianus and G. stearothermophilus, with
Thermus spp. comprising one species, T. antranikianii. Other isolated species, such as
Laceyella sacchari, Saccharomonospora viridis, and Thermobifida fusca, represent 1% of the
total isolates (Fig. 16 and 17). Yohandini et al. (2015) reported that the Genera Geobacillus,
Anoxybacillus, Brevibacillus, and Bacillus were commonly found in thermal environments,
within Tanjung Sakti hot Spring, in South Sumatera, Indonesia, and these results are consistent
with our findings.

Moreover, these results also indicate that Algerian hot springs located in the Eastern part
of the country harbor a wide variety of thermophilic species, some already known or potentially

novel waiting for further identification. Interestingly, this study includes the isolation and
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identification of strains belonging to six different genera; Aneurinibacillus, Laceyella,
Meiothermus, Thermus, Thermobifida and, Saccharomonospora (Benammar et al., 2020),
which have never been reported previously from any hot springs in Algeria (Mokrane et al.,

2016; Arab et al., 2018; Gomri et al., 2018).
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Figure 16. The total number of thermophilic isolates for each genus.
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Figure 17. The number of distinct species in each isolated genus.
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Table 8. Thermophilic bacteria isolated from Algerian hot springs and their best match results
with typed strains 16S rRNA gene sequences.

. Related bacterial strains Similarit
Site  Genus Isolates (Accession Number) % y
05G38 A. composti N.8 (LT594972) 99.77
Aeribacillus (n=4) 05G14 A. pallidus KCTC3564 (CP017703) 99.60
) 05G30 A. pallidus KCTC3564 (CP017703) 99.82
e 05G40 A. pallidus KCTC3564 (CP017703) 99.36
z 05G4  A. thermoaerophilus DSM 10154 (X94196) 99.82
2 aneurinibacillus (n=4) 05G7 A.thermoaerophilus DSM 10154 (X94196) 99.86
= 05G8 A. thermoaerophilus DSM 10154 (X94196) 99.72
2 % 05G9 A. thermoaerophilus DSM 10154 (X94196) 99.88
2z 05G21 A. gonensis G2 (CP012152) 99.22
- Anoxybacillus (n=3) 05G27 A. gonensis G2 (CP012152) 99.81
E 05G37 A. gonensis G2 (CP012152) 100.0
o B. sonorensis NBRC101234
5 Bacill —3 05G33 (AYTNO01000016) 99.78
U acillus (n=3) 05G32 B. licheniformis ATCC14580 (AE017333)  99.09
05G35 B. licheniformis ATCC14580 (AE017333) 99.71
Thermoactinomyces (n=1) 05G17 T. vulgaris KCTC9076 (AF138739) 99.60
05S4  A.pallidus KCTC3564 (CP017703) 99.71
Aeribacillus (n=3) 05S8  A. pallidus KCTC3564 (CP017703) 100.0
g)? 05S20 A. pallidus KCTC3564 (CP017703) 99.30
— 05S29 A. gonensis G2 (CP012152) 99.65
= Anoxybacillus (n=4) 05S32 A. kaynarcensis D1021 (EU926955) 99.14
£ o 05S15 A. pushchinoensis K1 (jgi.1042845) 99.53
%E 05524 A. salavatliensis A343 (EU326496) 99.70
g Bacillus (n=1) 05S9  B. hisashii N-11 (AB618491) 99.40
I Brevibacillus (n=1) 05S37 B. aydinogluensis PDF25 (HQ419073) 99.79
;‘-f Meiothermus (n=1) 05528 M. ruber DSM1279 (CP001743) 100.0
3 05S3  T.vulgaris KCTC9076 (AF138739) 99.40
Thermoactinomyces (n=3) 05S19 T. vulgaris KCTC9076 (AF138739) 99.62
05S21 T.vulgaris KCTC9076 (AF138739) 98.13
24A34 A. composti N.8 (LT594972) 99.93
Aeribacillus (n=3) 24A13 A. pallidus KCTC3564 (CP017703) 99.50
< 24A52 A. pallidus KCTC3564 (CP017703) 99.08
Ny 24A10 A. flavithermus DSM2641 (CP020815) 99.04
L Anoxybacillus (n=4) 24A 3 A. gonensis G2 (CP012152) 99.63
= 24A46 A. gonensis G2 (CP012152) 99.81
= 24A12 A. thermarum AF/04 (AM402982) 99.28
n 3 B. haynesii NRRLB-41327
% 2 24A37 (MRBL01000076) 99.78
= Bacillus (n=5) 24A11 B. k(_)kesh_iiformis MO-04 (JX848633) 99.21
< 24A 6 B. licheniformis ATCC14580 (AE017333) 99.80
S 24A27 B. licheniformis ATCC14580 (AE017333) 99.47
% 24A31 B. licheniformis ATCC14580 (AE017333) 99.61
M Laceyella (n=1) 24A21 L. sacchari KCTC9790 (AF138737) 99.25
Saccharomonospora (n=1) 24A43 S. viridis DSM43017 (CP001683) 99.36
Thermoactinomyces (n=1) 24A22 T. vulgaris KCTC9076 (AF138739) 99.17

60



CHAPTER I. Results and Discussion

Table 8. Continued

Related bacterial strains

Site Genus Isolates . Similarity %
(Accession Number)
o 40K10 A. thermoaerophilus DSM 10154 (X94196) 99.88
.= o  Aneurinibacillus (n=4) 40K14 A. thermoaerophilus DSM 10154 (X94196) 99.65
& J ~ 7 40K15 A.thermoaerophilus DSM 10154 (X94196) 99.88
B~ 40K18 A. thermoaerophilus DSM 10154 (X94196) 99.25
I é Anoxybacillus (n=2) 40K 8 A gonensis G2 (CP012152) 99.03
°I y =%} 40K12 A. gonensis G2 (CP012152) 99.31
— Bacillus (n=1) 40K'1 B. licheniformis ATCC14580 (AE017333) 99.11
- Brevibacillus (n=1) 40K19 B. aydinogluensis PDF25 (HQ419073) 99.28
40S28 A.composti N.8 (LT594972) 99.85
Aeribacillus (n=4) 40S35 A.composti N.8 (LT594972) 99.85
40S30 A.pallidus KCTC3564 (CP017703) 99.56
o 40542 A. pallidus KCTC3564 (CP017703) 99.24
= 40S14 A. thermoaerophilus DSM 10154 (X94196) 98.35
Gw 40S16 A. thermoaerophilus DSM 10154 (X94196) 99.15
5 & Aneurinibacillus (n=6 40S23 A. thermoaerophilus DSM 10154 (X94196) 99.69
L o Anedrinibad Us ("=6) 40s43  A.thermoaerophilus DSM 10154 (X94196)  99.41
£3 40S44  A.thermoaerophilus DSM 10154 (X94196) 99.87
=L 40545 A. thermoaerophilus DSM 10154 (X94196)  99.88
ki Bacillus (n=2) 40S13  B.haynesii NRRLB-41327 (MRBL01000076) 99.78
40S20 B.licheniformis ATCC14580 (AE017333) 99.61
40S24 B. aydinogluensis PDF25 (HQ419073) 99.64
Brevibacillus (n=3) 40S25 B. thermoruber DSM 7064 (Z26921) 99.54
40S27 B. aydinogluensis PDF25 (HQ419073 96.81
Anoxybacillus (n=2) 07S31 A. geothermalis GSsed3 (KJ722458) 99.23
07S16 A. gonensis G2 (CP012152) 99.90
'6\? 07S24 B. haynesii NRRLB-41327 (MRBL01000076) 99.35
%’ 07S26 B. haynesii NRRLB-41327 (MRBL01000076) 99.78
= 07S5  B. hisashii N-11 (AB618491) 99.88
= 07S12 B.hisashii N-11 (AB618491) 99.90
g 07S14 B. hisashii N-11 (AB618491) 99.52
5 7 Bacillus (n=11) 07S21 B. hisashii N-11 (AB618491) 99.77
E < 07S32 B. hisashii N-11 (AB618491) 99.51
3 07S20 B. licheniformis ATCC14580 (AE017333) 96.09
E 07S27 B. licheniformis ATCC14580 (AE017333) 98.51
= 07S13 B. paralicheniformis KJ-16 (KY694465) 99.73
%) 07S15 B. paralicheniformis KJ-16 (KY694465) 99.52
- _ 07S11 B. aydinogluensis PDF25 (HQ419073) 99.77
Brevibacillus ("=2) 17535 B, aydinogluensis PDF25 (HQ419073) 99.48
24G13 B. haynesii NRRLB-41327 (MRBL01000076) 99.50
G:ﬂfa Bacillus (n=3) 24G1 B. hisashii N-11 (AB618491) 99.40
spring 24G17 B.sonorensis NBRC101234 (AYTNO01000016) 99.64
(H24G) _ 24G 6 G. icigianus Glwl (KF631430) 98.02
N=5 Geobacillus (n=2) G.  stearothermophilus NBRC 12550

24G5 (AB271757) 98.79
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Table 8. Continued

Related bacterial strains

Site Genus Isolates : Similarity %
(Accession Number)
Aeribacillus (n=1) 24D35 A. composti N.8 (LT594972) 99.41
s Aneurinibacillus
n (n=1) 24D 1 A thermoaerophilus DSM 10154 (X94196) 99.22
z Anoxybacillus (n=2)  24D20 A kaynarcensis D1021 (EU926955) 99.41
Qr y B 24D29 A. kaynarcensis D1021 (EU926955) 99.49
> 24D46  B.haynesii NRRLB-41327 (MRBL01000076) 99.57
= Bacillus (n=4) 24D45 B.hisashii N-11 (AB618491) 99.47
= a 24D 6  B. kokeshiiformis MO-04 (JX848633) 99.41
& 24D26 B. thermocopriae SgZ-7 (JX113681) 99.51
= Brevibacillus (n=1) 24D 3 B. aydinogluensis PDF25 (HQ419073) 99.56
T
. _ 24D25 M. ruber DSM1279 (CP001743) 99.92
Meiothermus (n=2
%’ (n=2) 24D28 M. ruber DSM1279 (CP001743) 98.98
‘@ Thermobifida (n=1) 24D39 T. fusca NBRC14071 (BCWB01000075) 99.73
= Thermus (n=2) 24D9  T.antranikianii HN3-7 (Y18411) 99.78
B 24D24 T.antranikianii HN3-7 (Y18411) 99.23

To provide a better taxonomic interpretation, BLASTn results were coupled with

phylogenetic analysis. The 16S rRNA gene sequences were aligned with those of the closest

type species. A phylogenetic tree of the 16S rRNA gene for the collection of thermophilic

isolates was constructed by the Neighbor-Joining method to determine the position of each

isolate relative to the type strains. The phylogenetic associations of the isolates are presented

separately for

Firmicutes:

Paenibacillaceae and Thermoactinomycetaceae (Fig.18),

Firmicutes: Bacillaceae (Fig.19), Deinococcus-Thermus and Actinobacteria (Fig.20). The

strains retrieved from hot springs were distributed over three phyla Firmicutes (93%),

Deinococcus-Thermus (5%) and Actinobacteria (2%), six families, and four orders (Tab. 9).

Table 9. Phylogenetic classification of the thermophilic isolates.

Domain Phylum Class Order Family Genus

Bacteria  Firmicutes Bacilli Bacillales Bacillaceae Aeribacillus
Anoxybacillus
Bacillus
Geobacillus

Bacteria  Firmicutes Bacilli Bacillales Paenibacillaceae Aneurinibacillus
Brevibacillus

Bacteria  Firmicutes Bacilli Bacillales Thermoactinomycetaceae ~ Thermoactinomyces
Laceyella

Bacteria  Deinococcus-  Deinococci Thermales Thermaceae Meiothermus

Thermus Thermus
Bacteria ~ Actinobacteria Actinobacteria Pseudonocardiales  Pseudonocardiaceae Saccharomonospora
Bacteria  Actinobacteria  Actinobacteria  Streptosporangiales  Nocardiopsaceae Thermobifida
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Overall, the Firmicutes are regrouping three families; Bacillaceae, Paenibacillaceae, and
Thermoactinomycetaceae. The members of Firmicutes dominated among the bacteria isolated
from all sampled hot springs. The results provide evidence that Bacillus and related genera;
Aeribacillus, Anoxybacillus, and Geobacillus representing the family Bacillaceae with 64% of
total isolates were ubiquitous and seemed well adapted in this type of environment compared
to other groups. This resistance is likely due to the endospore-forming ability of these bacteria
representing a successful survival strategy and dominance under high-temperature conditions
(Nicholson et al., 2000). Similarly, many reports indicate the abundance of the phylum
Firmicutes in extreme environments (Sahay et al., 2017).

Several studies have been carried out on thermopbhilic bacteria's ecology, taxonomy, and
phylogeny and, recently, their biotechnological applications. However, to our knowledge, this
work is the first test on the isolation of thermophilic bacteria from terrestrial hydrothermal hot
spring located in the North-East of Algeria, mainly Saida (HO5S), Guerdjima (HO5G), Sidi El
Hadj (HO07S), El Knif (H40K), Belhachani (H24A), and Guerfa (H24G) hot springs.

The dominance of the Bacillus, Anoxybacillus, and Geobacillus genera has been reported
in two hot springs: Ouled Ali and Debagh from Guelma city in Algeria using cultural methods
(Gomrietal., 2018). Likewise, Arab et al. (2018) reported during a study on the biodiversity of
aerobic Bacilli using molecular and culture-based approaches in Debagh hot spring the isolation
of thermophilic bacterial strains from water samples. The characterization and phylogenetic
analysis indicated that the bacterial isolates belonged to four genera (Bacillus, Geobacillus,
Aeribacillus, and Hydrogynophilus). The latter genus was not detected in this study; maybe it
requires targeted strategies to be isolated. Indeed, this genus was isolated on the medium
Bushnell-Haas recommended for the microbial examination of fuels and for studying microbial
hydrocarbon deterioration. The dominance of Bacillus strains (30%) found in our research
could be explained by the fact that this genus has been reported to adapt well to environmental
stress like high temperature. Bacillus licheniformis was the dominant species in this genus
(approximately 30% of total strains), agreeing with those obtained by Aanniz et al. (2015).

The genus Aeribacillus has been found several times in thermophilic environments,
mainly deserts, hot springs, and compost (Mifiana-Galbis et al., 2010; Aanniz et al., 2015).
Currently, this genus includes only two validated species, A. palludis KCTC3564 and A.
composti N.8 (LT594972) (LSPN, 2021). Both were isolated from almost all targeted hot
springs (6/8 hot springs) (Tab. 8). The 15 strains identified as Aeribacillus showed sequence
similarity with the type strains between 100% and 99.08%. Thus, all Aeribacillus strains must
be further identified by DNA-DNA hybridization, fatty acids, and polar lipid profiles (in

63



CHAPTER I. Results and Discussion

progress). Since Aeribacillus composti N.8 (LT594972), based on 16S rRNA gene sequence
similarities, was most closely related to Aeribacillus pallidus strain H12T (=DSM 3670T) with
a 99.8% similarity value (Finore et al., 2017).

In the radiation from the Gram-positive genus Bacillus, the thermophilic bacterial genera
Anoxybacillus and Geobacillus were discovered. The genus Geobacillus includes 23 validly
published taxa (LSPN, 2021). Members of this genus are Gram-positive, spore-forming rods,
neutrophilic, obligately thermophilic, and aerobic or facultatively anaerobic, comprising the
type species Geobacillus stearothermophilus (Logan et al., 2015). Only two strains were
isolated from Guerfa hot spring (G. stearothermophilus 24G5 and G. icigianus 24G6). While
G. stearothermophilus is considered the third thermophilic bacteria isolated from food, it has
even been isolated from various hot springs worldwide (Logan et al., 2015). This is the first
time we have reported these two species' isolation from thermal springs in Algeria. Arab et al.
(2018) revealed the isolation of Geobacillus toebii, while Gomri et al. (2018) that of
Geobacillus thermoleovorans. 23% of Firmicutes were affiliated to Paenibacillaceae
represented by two genera (Aneurinibacillus 15% and Brevibacillus 8%), which agrees with the
finding of Kumar et al. (2014).

In addition, the family Thermoactinomycetaceae was also represented by two genera
Thermoactinomyces and Laceyella, with a 6% isolation rate. Thermoactinomyces genus
currently includes 11 validated species, of which only one species was isolated from sediment
samples of a thermal spring in Algeria: Hammam Essalihine in Khenchela City; this is the case
of T. khenchelensis (Mokrane et al., 2016), while Laceyella consists of five validated taxa
(LSPN, 2021). Both genera are phylogenetic nearest neighbors. They are thermophilic, aerobic,
Gram-stain-positive, non-acid-fast chemoorganotroph. Aerial and substrate mycelia are
formed, aerial mycelium is white. Yellow-brown or grayish-yellow soluble pigment may be
produced (Goodfellow and Jones, 2015a, 2015b).

Until recently, the genus Thermoactinomyces was considered actinomycete, mainly
because of its ability to form aerial mycelium when cultured on solid media. However, a variety
of taxonomic data; including the ability to produce dipicolinic acid-containing endospores, low
G+C content of DNA, menaquinone composition, 5S rRNA and 16S rRNA gene sequences,
and comparative ribosomal AT-L30 protein analysis showed that Thermoactinomycetes were
closely related to other endospore-forming bacteria; the Firmicutes phylum (Goodfellow and
Jones, 2015¢).
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Figure 18. Neighbor-joining phylogenetic tree showing the relationship between Firmicutes
isolates (Paenibacillaceae and Thermoactinomycetaceae) and closely related species based on
16S rRNA gene sequence comparison. Bootstrap values are expressed as percentages of 1000
replications; only bootstrap values > 50% are shown at nodes. The scale bar represents a 2%
estimated sequence divergence.
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Figure 19. Neighbor-joining phylogenetic tree showing the relationship between Bacillaceae
isolates and closely related species based on 16S rRNA gene sequence comparison. Bootstrap
values are expressed as percentages of 1000 replications; only bootstrap values > 50% are
shown at nodes. The scale bar represents a 2% estimated sequence divergence.



CHAPTER I. Results and Discussion

The Gram-negative bacteria were represented by the Deinococcus-Thermus phylum
harboring Meiothermus (three isolates: 05528, 24D25, and 24D28) and Thermus (two isolates:
24D9 and 24D24). Both genera have so far been isolated from terrestrial hot springs around the
world mainly, Yellowstone National Park (USA), Kamchatka (Russia), Iceland, New Zealand,
Japan, Central France, Northern Taiwan, and New Mexico (Spanevello and Patel 2004; Tindall
etal., 2010a). The genera Meiothermus and Thermus occur like single species of M. ruber and
T. antranikianii with 98.98 to 100% similarity to closely related species (Tab.9). Both belong
to the Thermales order and Deinococci class (LPSN, 2021).

Thermus antranikianii is a strictly aerobic, brightly yellow-pigmented Gram-negative
thermophilic heterotroph bacterium. The growth occurs between 50-80 °C; the optimum
growth temperature was about 70 °C (Albuquerque et al., 2018a). This genus currently includes
17 validated species (LPSN, 2021). The two strains of T. antranikianii (24D9 and 24D24) were
isolated from Debagh hot spring (96°C). Meiothermus ruber is a Gram-negative red
intracellular carotenoid pigmented and slightly thermophilic bacterium, with optimum growth
temperatures of 55 °C (Albuquerque et al., 2018b). None of the three strains grow above 70°C.
This genus regroups at present nine validated species (LPSN, 2021).

A reduced number of Actinobacteria was obtained (2%), considering that none specific
culture medium was planned for their isolation. Two genera Thermobifida and
Saccharomonospora were isolated from thermal spring sediments on the Thermus medium.
The result of 16S rRNA gene amplicon sequencing revealed 99% similarities to closely related
species (Tab. 8).

Many researchers reported the actinobacterial diversity in hot springs by culture-
independent methods (Lavrentyeva et al., 2018; Law et al., 2020; Roy et al., 2020). However,
there are rare reports on culturable actinobacteria in geothermal fields (Liu et al., 2016) because
very little is known on actinobacteria's biogeography diversity and distribution in hot springs
(Song et al., 2009; Valverde et al., 2012).

In their research, Liu et al. (2016) report the diversity of culturable actinobacteria
associated with hot springs located in Tengchong, Yunnan Province (Southwestern China),
distributed over three geothermal fields. The phylogenetic identification of 58 strains revealed
the affiliation to 12 actinobacterial genera: Actinomadura Micromonospora, Microbispora,
Micrococcus, Nocardiopsis, Nonomuraea, Promicromonospora, Pseudonocardia,
Streptomyces, Thermoactinospora, Thermocatellispora, and Verrucosispora, of which the two
novel genera Thermoactinospora and Thermocatellisopora. However, during our study, we

isolated only two different genera Thermobifida and Saccharomonospora. The differences in
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actinobacterial community composition in hot springs depend on the geographic distance and
environmental parameters heterogeneity (Martiny et al., 2011). More research is needed to
elucidate the biogeographic patterns and environmental factors that affect the structure of this
important group of bacteria in hot springs.

Indeed, on a total of two identified actinobacteria, one isolate of Saccharomonospora
viridis (24A43) from Belhachani Hot Spring (H24B), and one isolate of Thermobifida fusca
(24D39) from Debagh Hot Spring (H24D). Both were isolated from Guelma City hot springs
where a high temperature was reported, 72°C and 96°C, respectively. Of the total thermophilic
bacteria (293 isolates), 45 actinomycetes were isolated (bacteria showing mycelial growth).
During this study, we identified phylogenetically 100 bacteria; the remaining number 193,
including the 43 actinomycetes, are ongoing identification. The low rate of actinobacterial
isolates could be explained by the use of culture media, allowing the growth of many
thermophilic non-mycelial bacteria, fast-growing and invasive bacteria (e.g., Bacillus and
Aneurinibacillus), which prevents actinomycetes from growing (Kitouni et al., 2005; Menasria
et al., 2019). Thermophilic actinomycetes have a fast growth rate. However, they require a very
high concentration of oxygen, which is often a critical factor limiting their growth in hot springs
(Mahajan and Balachandran, 2017).

Saccharomonospora viridis is a Gram-negative bacterium classified among the Gram-
positive actinomycetes, which is the most interesting aspect of this species. The strain is
monospore producing and can grow up to 60°C, with an optimum at 55°C (Pati et al., 2009).
The bacterium is used in bioremediation as a metabolizing agent of the pentachlorophenol
(PCP); a toxic organochlorine compound used as a pesticide and wood preservative (\Webb et
al., 2001). The genus Saccharomonospora currently includes 14 validated species (LPSN,
2021). They are mainly mesophilic actinobacteria except for Saccharomonospora xinjiangensis
and Saccharomonospora viridis, which are thermophilic (Shivlata and Satyanarayana, 2015).
The genus belongs to the family of Pseudonocardiaceae and the class of Actinobacteria. S.
viridis is the type species of the genus (Nonomura and Ohara, 1971).

Regarding the Thermobifida genus, which including only four species (LPSN, 2021). The
isolated Thermobifida fusca is a Gram-positive moderately thermophilic actinobacteria
belonging to the Nocardiopsaceae family (Zhang et al., 1998), which is knowing for producing
a wide range of enzymes for industrial use such as; cellulase, xylanase, cutinase, and glucose
isomerase (Wei et al., 2014). According to our results, the isolated strain Thermobifida (24D39)

was positive toward all tested enzymes.
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Figure 20. Neighbor-joining phylogenetic tree showing the relationship based on 16S rRNA
gene sequence comparison of (A) Deinococcus-Thermus, (B) Actinobacteria. Bootstrap values
(expressed as percentages of 1000 replications) greater than 50% are shown at nodes. The scale
bar represents a 2% estimated sequence divergence. The sequence of Bacillus
thermoamylovorans was used as an outgroup.
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The culture techniques used to analyze bacterial diversity can give only a restricted view
or a rough approximation of the natural diversity. They allow access to each organism
individually and therefore are marred by inherent errors in cultivation methods. According to
several authors, between 0.001% and 15% of the prokaryotes present in a sample can be
cultivated using conventional techniques (Kirk et al., 2004). This discrepancy can be attributed

to different causes:

Q) The chosen culture medium cannot be universal,

(i) All the existing environmental conditions cannot be reproduced on the same culture
medium, in particular for environments with strong physicochemical gradients,

(ili)  Outside their environment, some microbial cells may enter a viable but non-
cultivable state (VBNC),

(iv)  Populations enriched in broth may not develop on solid media,

(v) The amount of chosen inoculum influences the type of cells enriched and cultured,

(vi)  Different microorganisms having similar growth conditions will be difficult to
distinguish, and

(vii)  Some cells are impossible to obtain in pure cultures, like symbionts and syntrophic

microorganisms (Overmann et al., 2017).

The traditional methods, including morphological, physiological, and biochemical
characterization (Fig. 23) used for preliminary classification of the isolates, are troublesome,
uncertain, difficult for interpretation, and may involve substantial subjective judgment. In
contrast, SDS-PAGE results allow clustering the isolates enabling rapid and easy discrimination

as the first step for mandatory molecular identification.

Indeed, the probably new strains were classified in three clusters: the strain 07S27 in
Cluster I-A, the strain 40S14 in cluster I-B, and the remaining bacteria in cluster I1-C. The SDS—
PAGE of whole-cell proteins and subsequent 16S rRNA gene sequence analysis can be an
interesting tool for prospecting and identifying new strains of thermophilic bacteria. This
method could help reduce redundant clones during the bioprospecting process since it is easy
to perform without complex or expensive equipment, especially when many samples require

screening.

The 16S rRNA gene sequencing contributes to identifying the strains successfully to
genus and even to species level based on their genotypic characteristics. Although 16S rRNA
gene sequencing is highly accurate and useful regarding bacterial classification, it may be

insufficient to distinguish between closely related species and has low discriminatory power for
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some genera (Janda and Abbott, 2007). This is the case for species within some genera like;
Bacillus, Anoxibacillus, Aeribacillus, and Geobacillus (Zeigler and Perkins, 2008; Goh et al.,
2014; Burgess et al., 2017).

Thus, the identification of bacteria, and specifically thermophiles, could benefit from the
addition of other fingerprinting methods for strain and species discrimination as Rep-PCR
(Adiguzel et al., 2009), ARDRA analysis (Kikani et al., 2015), PCR RFLP of ITS (Sen et al.,
2015), rpoB and flaA gene sequencing (Inan et al., 2011a; Colak et al., 2012), and BOX-PCR
(Meintanis et al., 2008).

The limit of traditional culture-based methods to describe the enormous diversity existing
in the hidden microbial world has forced us to currently shift towards culture-independent
approaches of metagenomics which complement physiological analyses to a quite effective
exploring functional and taxonomic diversity in hot springs (Lopez-Lopez et al., 2013; Panda
et al., 2018).

5.4. Sequencing results of probably novel species

The Blast analysis of the 16S rRNA gene sequence indicates that seven strains confirming
the affiliation to Bacillus, Brevibacillus, Geobacillus, Aneurinibacillus, and
Thermoactinomyces may probably constitute new taxa on these genera. These sequences have

been deposited in GenBank under the following accession numbers (Tab.10).

Table 10. Probably novel species description information and the similarity frequency with the
type strain. Saida (H05S) Guerdjima (H05G), Sidi El Hadj (H07S), Essalihine (H40S), EI Knif (H40K), Debagh
(H24D), Belhachani (H24A), Guerfa (H24G).

. Hot GenBank Similarit
City . Isolates Related bacterial strains accession o y
springs (%)
number
Biskra HO7S 07S20 Bacillus licheniformis ATCC14580 MN885731 96.09
HO7S 07527 Bacillus licheniformis ATCC14580 MN885735 98.51

Khenchela  H40S 40827 Brevibacillus aydinogluensis PDF25 (HQ419073) MN885788 96.81

H40S 40S14 Aneurinibacillus thermoaerophilus DSM 10154 MN885782 98.35

Guelma H24G 24G6 Geobacillus icigianus Glwl MN885770 98.02
H24G 24G5 Geobacillus stearothermophilus NBRC 12550 MNB885769 98.79
Batna H05S 05S21 Thermoactinomyces vulgaris KCTC9076 MNB885718 98.13
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Further, six isolates (07520, 07S27, 40527, 40S14, 24G6, and 05S21) exhibited <98.51%
nucleotide sequence similarity with reported type strains in the NCBI and EzTaxon servers.
This value was lower than 98.65%; the similarity threshold of 16S rRNA gene sequence
required to differentiate two bacterial species and describe a new species without performing
the DNA-DNA hybridization (Kim et al., 2014). The phylogenetic tree was constructed as
before using the MEGAG software (Tamura et al., 2013). The isolate's position and their relation

to the appropriate genera type strains have been reported in figures 21 and 22.

Among the potentially novel taxa, the strains 07S20 and 07S27 showed sequence
similarity with the type strain Bacillus licheniformis KCTC9076 of 96.09% and 98.51%,
respectively (Tab. 11,12). The strain 05S21 revealed 98.13% sequence similarity with the
species Thermoactinomyces vulgaris KCTC9076 (Tab. 13). The two strains 24G6 and 24G5
exhibited 98.02% and 98.79% similarity with the species Geobacillus icigianus G1w1(T) and
Geobacillus stearothermophilus NBRC 12550(T) respectively (Tab. 14,15). The strain 40S27
indicated the highest sequence similarity with Brevibacillus aydinogluensis PDF25(T)
(96.81%) (Tab. 16). While the strain 40S14 showed the highest 16S rRNA gene sequence
similarity with the type strain Aneurinibacillus thermoaerophilus DSM 10154(T) (98.35%)
(Tab. 17).

The two strains 07S20 and 07S27 showed sequence similarity with the type strain
Bacillus licheniformis KCTC9076 of 96.09% and 98.51%, respectively. However, they are
probably not the same strains since the sequences produce significant alignments with 95.60%
similarity, and even some dissimilarities were reported among biochemical and physiological

characteristics.

These strains need to be further characterized by G+C content, fatty acids, and polar lipid
analysis (in progress). The results obtained indicate that the probable new species belonged to
four different hot springs among the eight prospected and covers the four cities chosen for the

study, which explains the richness of Algerian thermal springs in new taxa.

Previous studies describe novel species isolated from different Algerian terrestrial
geothermal sites, mainly represented by Pyrococcus sp. HT3 from EI Biban hot spring; Bordj
Bou-Arréridj City (Kecha et al., 2007), Caldicoprobacter algeriensis and Caldicoprobacter
guelmensis from Debagh hot spring; Guelma City (Bouanane-Darenfed et al., 2011, 2013); and
Thermoactinomyces khenchelensis from Essalihine hot spring; Khenchela City (Mokrane et al.,
2016).
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Figure 21. Phylogenetic trees based on the sequence analysis of the gene encoding 16S rRNA
showing the relationships between the 40S14, 40S27, and 05S21 strains with the type species
of the closest genera.
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Table 11. BLAST result of the 16S rRNA gene sequence of the strain 07S20 with the type
strains of the species belonging to the genus Bacillus

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Bacillus licheniformis ATCC 14580(T) AE017333 96,09 41/1049
Bacillus sonorensis NBRC 101234(T) AYTNO01000016 96,00 42/1049
Bacillus haynesii NRRL B-41327(T) MRBL01000076 95,61 42/1049
Bacillus paralicheniformis KJ-16(T) KY694465 95,51 46/1049

Table 12. BLAST result of the 16S rRNA gene sequence of the strain 07S27 with the type
strains of the species belonging to the genus Bacillus

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Bacillus licheniformis ATCC 14580(T) AEO017333 98,51 16/1076
Bacillus haynesii NRRL B-41327(T) MRBL01000076 98,42 17/1076
Bacillus sonorensis NBRC 101234(T) AYTNO01000016 98,23 19/1076
Bacillus paralicheniformis KJ-16(T) KY694465 98,05 21/1076
Bacillus aerius 24K(T) AJ831843 97.95 22/1074

Table 13. BLAST result of the 16S rRNA gene sequence of the strain 05S21 with the type
strains of the species belonging to the genus Thermoactinomyces

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Thermoactinomyces vulgaris KCTC9076 AF138739 98,13 26/1390
Thermoactinomyces intermedius KCTC 9646(T)  AF138734 97,55 34/1390
Thermoactinomyces khenchelensis T36(T) KT277569 96,04 55/1390
Thermoactinomyces daqus H-18(T) JPST01000070 94,66 74/1386

Table 14. BLAST result of the 16S rRNA gene sequence of the strain 24G5 with the type strains
of the species belonging to the genus Geobacillus

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Geobacillus stearothermophilus NBRC 12550(T)  AB271757 98,79 13/1076
Geobacillus lituanicus N-3(T) CP017692 98,70 14/1076
Geobacillus  subterraneus  subsp. KCTC 3922(T) CP014342 98,23 19/1075
subterraneus

Geobacillus thermocatenulatus KCTC 3921(T) CP018058 98,05 21/1075

Table 15. BLAST result of the 16S rRNA gene sequence of the strain 24G6 with the type strains
of the species belonging to the genus Geobacillus

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Geobacillus icigianus G1lwl(T) KF631430 98,02 19/1030
Geobacillus vulcani 3S-1(T) AJ293805 97,18 29/1030
Geobacillus kaustophilus NBRC 102445(T) BBJV01000091 97,09 30/1030
Geobacillus subterraneus subsp. Gel(T) HE613733 97,09 30/1030
aromaticivorans

Geobacillus thermoleovorans KCTC 3570(T) CP014335 96.99 31/1030

Geobacillus thermocatenulatus KCTC 3921(T) CP018058 96.89 32/1030
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Table 16. BLAST result of the 16S rRNA gene sequence of the strain 40S27 with the type
strains of the species belonging to the genus Brevibacillus

Bacteria Strains Accession N°  Similarity  Difference (Nc/tot)
Brevibacillus aydinogluensis PDF25(T) HQ419073 96,81 41/1033
Brevibacillus thermoruber DSM 7064(T) 226921 95,84 42/1033
Brevibacillus levickii LMG 22481(T) AJ715378 94,46 42/1011
Brevibacillus sediminis YIM 78300(T) KP985221 93,91 46/1018
Brevibacillus borstelensis NRRL NRS-818(T) D78456 93.42 67/1018

Table 17. BLAST result of the 16S rRNA gene sequence of the strain 40G14 with the type
strains of the species belonging to the genus Aneurinibacillus

Bacteria Strains Accession N° Similarity  Difference (Nc/tot)
Aneurinibacillus thermoaerophilus DSM 10154(T) X94196 98,35 13/1010
Aneurinibacillus sediminis 1-10M-8-7-50(T) KU324479 94,74 40/1010
Aneurinibacillus danicus NCIMB 13288(T)  AB112725 94,15 46/1010
Aneurinibacillus migulanus DSM 2895(T) LGUG01000004 93,40 52/1010

5.4.1. Physiological and biochemical characters
The results of the physiological and biochemical characterization of the selected strains

are shown below:

Rl

% The strain 07S20 can grow in rich culture media up to 10% (w/v) salt concentration, with
a growth optimum of 7.5% (w/v) (halotolerant strain). It has been found that the bacteria
can tolerate temperature variations of 37 to 65 °C with an optimum of 38 to 40 °C. The pH
range allowing the strain 04S20 growth is between 6.0 and 8.5, with a growth optimum of
7 to 7.5, and can therefore be considered a neutrophil. The carbohydrate assimilation test
was positive for glucose, mannitol, inositol, sorbitol, and amygdalin. The enzymes [-
galactosidase, arginine dihydrolase, and urease were produced. The strain has the following
hydrolytic activities amylase, gelatinase, pectinase, Dnase, and esculinase, but not lipase,

cellulase, and protease.

X/
°

The strain 07S27 is halotolerant and can grow up to 10% (w/v) of total salts concentration,
with a growth optimum of 8 % (w/v). The strain can tolerate variations in temperature from
37 to 65 °C and pH from 5.5 to 9.0 with the optimum at 40 °C and pH 7.5. Unlike the strain
07S20, the 07S27 isolate may assimilate only the inositol as a sole carbon and energy
source. Arginine dihydrolase and urease were positive. The bacteria produce gelatinase,

caseinase, pectinase, DNase, esculinase, and cellulase.
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%+ The strain 40S27 growth was tolerated over a temperature range of 37 °C to 65°C, with
the optimum at 55°C, and from pH 5.5 to 8.5. The strain can grow up to 2.5% (w/v) of total
salts concentration. It assimilates glucose, mannitol, and arabinose. The bacteria are capable

of degrading tween 20, tween 80, lecithin, gelatin, and casein.

% The strain 40S14 growth occurs in the presence of 7% (w/v) salt concentration, with a
growth optimum of 2.5% (w/v). The strain can tolerate temperature variations of 37 to 65
°C with an optimum of 50 °C. The pH range allowing the growth of 40S14 is between 5.5
and 9, with a growth optimum of 8 to 8.5. All the API120E tests were negative. It was already
reported that few carbohydrates are assimilated, and acid is produced weakly in some
Aneurinibacillus strains (Logan and Vos, 2015). This strain produces lipase, lecithinase,

and caseinase.

% The strain 24G5 grows from 35°C to 65°C with an optimum at 55°C, and from pH 5 to 9.
It can tolerate up to 10% (w/v) of salt concentration. Usually, NaCl and KCI are not
required, and most strains will grow on routine media such as nutrient agar (Logan et al.,
2015). The isolate cannot assimilate any carbohydrate tested. The strain hydrolyzes lecithin,

starch, pectin, cellulose, casein, and gelatin.

7/

% The strain 24G6 can grow up to 5% (w/v) salt concentration. The strain can tolerate
temperature variations of 35°C to 65°C with an optimum at 55°C, and from pH 5.5 to 8,
with an optimum at 7.5. All the API20E tests were negative. This strain produces lipase,

amylase, pectinase, cellulase, and Dnase.

X/

% The strain 05S21 is halotolerant and can grow up to 2.5% (w/v) of total salts concentration,
with a growth optimum of 8 % (w/v). The strain can tolerate variations in temperature from
40 to 65 °C and pH from 5.5 to 9.0, with the optimum at 55 °C and pH 7.5. This strain was
unable to assimilate any of the carbon substrates of the API E system. The isolate may

hydrolysis casein, gelatin, tween 20, tween 80, and lecithin.

Although phylogenetic analysis has the potential to consider novel species, the polyphasic
taxonomic approach is necessary. Relatedness studies, including chemotaxonomic analyses,
phenotypic profiles characteristics, and biochemical reactivity of the isolates, are highly
recommended to describe novel bacterial species (Tindall et al., 2010b; Kampfer and Glaeser
2012).
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6. Biochemical characterization

Interestingly, the only media capable of supporting the growth of the totality of the
isolates was the Thermus medium, so for comparative purposes, this medium was used to grow

the isolates for further characterization.

A total of 182 isolates (62.12%) were catalase-positive, 71 isolates (24.23%) were

oxidase-positive, while 16.72% (49 isolates) were oxidase and catalase-positive.

The API 20E profiles of the isolates demonstrated biochemical diversity (Fig. 23). All
strains were negative for indole and H>S production. As one can see, the utilization of
carbohydrates varies; negative assimilation results were obtained overall strains for rhamnose
and saccharose. The carbohydrate assimilation test was positive for 20% of strains on
amygdalin and inositol, 18% for mannitol, and 15% for glucose, sorbitol, and arabinose. Only
8% assimilate melibiose. The number of positive tests displayed by the isolates ranged from

one to ten tests. Around 32% of strains were positive only for one character.

The constructed UPGMA dendrogram of the biochemical characteristics of the selected
100 bacterial strains isolated from eight hot springs showed three clusters (humbered from I to
[11). Overall, all the isolates displayed a minimum similarity coefficient of approximately 0.68
or displayed phenotype profiles that were about 68% similar. A group of 14 isolates belonging
to the eight hot springs formed cluster I. Three isolates from the sub-cluster (1A) showed
identical biochemical profiles; isolates 05528, 24D28, and 24D25 identified by 16S rRNA
sequencing as Meiothermus ruber, ditto isolates 07S13 and 07S15 identified as Bacillus
paralicheniformis from sub-cluster (IB). Cluster Il was a mixture of 10 isolates from six
different sites, exhibiting similar profiles for 40S24, 24D3, 05S37 and, 07S35 attributed to
Brevibacillus aydinogluensis. Finally, cluster 111 grouped 76 isolates into two sub-clusters, 1A
harboring six isolates and I1IB gathering 70 isolates. They corresponded to many strains
Anoxybacillus gonensis, Geobacillus icigianus, Aneurinibacillus thermoaerophilus, and

Brevibacillus aydinogluensis.

The biochemical characterization has certain limitations in the classification of isolates,
as it is hard to distinguish closely related bacteria. Molecular identification is more reliable and
could assist in the definitive identification of isolates as part of a polyphasic taxonomic
approach (Singh et al., 2010).
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Figure 23. Dendrogram of API 20E profiles from thermophilic bacteria isolated from hot
springs based on UPGMA cluster analysis and the Jaccard similarity coefficient. The scale bar

represents 10% divergence.




CHAPTERI. Results and Discussion

7. Thermophilic bacterial diversity and evenness

Comparison of the thermophilic bacterial composition of the surveyed samples revealed
differences in the diversity structure from one biotope to another, and their nature becomes

clear upon analysis.

Among the different sites, Debagh hot spring (H24D) and Belhachani hot spring (H24A)
presented the highest species richness (S), with its isolates being closely related to 11 species.
The second position of more diverse sites belonged to Saida hot spring (HO5S) with nine
represented genera, followed by Guerdjima hot spring (HO5G), Sidi El Hadj hot spring (HO7S),
and Essalihine hot spring (H40S) with seven genera for each site. Guerfa hot spring (H24G)
and El Knif hot spring (H40K) resulted in five and four genera, respectively (Fig. 24).

15

l Aeribacillus sp.

l Anoxibacillus sp.
l Bacillus sp.

l Brevibacillus sp.
l Geobacillus sp.
l Laceyella sp.

l Meiothermus sp.

=
k=]

Number of isolates

l Thermobifida sp.
Thermus sp.

HO5G HO5S HO7S H24A H24G H24D H40K H40S

Hot Springs

Figure 24. The number of thermophilic isolates from the different hot springs. Saida (H05S)
Guerdjima (HO5G), Sidi EI Hadj (H07S), Essalihine (H40S), El Knif (H40K), Debagh (H24D),
Belhachani (H24A), Guerfa (H24G).

l Aneurinibacillus sp.

l Saccharomonospora sp.
l Thermoactinomyces sp.
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The genus Bacillus (30%) was isolated from all sampled geothermal sites in the current
study. 7% of isolates represented by Geobacillus, Laceyella, Saccharomonospora,
Thermobifida, and Thermus were uniquely distributed in the different hot springs. The other
genera were distributed variably. Aeribacillus, Aneurinibacillus, Anoxybacillus, and
Brevibacillus, were isolated from five hot springs, while Thermoactinomyces and Meiothermus
were cultured from three and two sites, respectively. At each sampling point of the four studied
areas, we determined exclusive species (detected at a single sampling point) and common
species (found in at least two sampling points). The Venn diagram illustrates that Guelma’s hot
springs were more diverse than the other sites in terms of species exclusivity, hosting ten
exclusive species. The analysis revealed that three species were shared among all locations,
whereas one to four other species were classified as common species for the different
combinations of regions (Fig. 25).

Biskra Batna
vl (13)
2 - - 2
0 4
1 ” 0 0 10
3
0 0
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Figure 25. Venn-diagram distribution illustrates the number of exclusive and common
thermophilic bacterial isolates among the sampled sites. Each ellipse represents a sampling city
point.

The Shannon index is commonly used to characterize the species diversity in a
community, complementing species richness and evenness. Simpson's index of diversity (D1)
represents the probability that two individuals randomly selected from a sample will belong to
different species. This index ranges between 0 and 1; the greater the value, the greater the
sample diversity (Morris et al., 2014). The mean number of isolated species, Shannon indices,

and evenness for each sampling site showed the highest biodiversity at H24D (H'=2.34), H24A
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(H'=2.30) and HO05S (H'=2.06) hot springs compared to the others sites, while the
heterogeneous distribution of the relative abundances of species, represented by evenness
index, was 0.98, 0.96 and 0.94 respectively. The bacterial communities presented the lowest
diversity at H40K (H'=1.21). The reported low value of the Shannon index indicates uneven

species distribution in these particular sites (Tab. 18).

The hot springs belonged to Guelma and Batna cities were the most diversified with (H"
=3.00 and H'= 2.30) respectively. Both water and sediment samples harbored almost the same
and high level of diversity based on Shannon and Simpson indices; according to the Sgrensen

index, they shared up to 51.42% of their bacterial species.

The effective number of species (ENS) was calculated to reinforce the estimates of
species diversity using the previous indices. ENS presents the number of species in an
equivalent community composed of equally abundant species. In the case of a perfectly even
community, ENS is equal to species richness (S). This was the case of the HO5G hot spring,
from which five isolates were assigned to five different species. For uneven communities, ENS
was always smaller than species richness (S).

Table 18. Species richness and diversity of identified thermophilic bacteria in surveyed hot
springs (N, number of bacterial isolates; S: species richness; H: Shannon’s index; E: evenness,
ENS: effective number of species, D1: Simpson index, D2: Simpson Dominance index, HO5S:

Saida, HO5G: Guerdjima, HO7S: Sidi El Hadj, H40S: Essalihine, H40K: EI Knif, H24D:
Debagh, H24A: Belhachani, and H24G: Guerfa.

Sites S NJS H' E ENS D: Do

H40K 8 4 200 121 087 335 066 290

H40S 15 7 214 171 088 553 077 441

HO7S 15 7 214 180 093 6.05 0.81 523

Sample sites HO5S 13 9 144 206 094 785 0.85 6.76
(Hot springs) H05G 15 7 214 181 093 611 082 549
H24D 14 11 1,27 234 098 1038 0.90 9.80

H24A 15 11 1,36 230 096 9.97 0.89 9.00

H24G 5 5 1,00 161 100 500 0.80 5.00

Khenchela 23 8 283 178 0.86 593 0.76 4.23

Sample sites Biskra 15 7 214 180 093 6.05 081 523
(Regions) Batna 28 13 215 230 090 997 0.88 8.17

Guelma 34 22 155 3.00 097 20.09 0.95 18.65
Water 45 17 265 249 088 12.06 0.88 8.54
Sediment 55 19 289 276 094 1580 0.93 13.94

Sample types
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The traditional microorganism culture approaches have been useful in determining pure
cultures' biochemical and physiological properties and developing whole-cell applications. The
number of colonies produced on plates, on the other hand, is much less than the number of cells
visualized by microscopy (Urbieta et al., 2015). Furthermore, thermophiles that are easily
cultivable may not be representative of the natural microbiota. Bacillus, Aneurinibacillus,
Anoxybacillus, Geobacillus, and Aeribacillus have been the most frequently isolated genera
from Algerian hot springs in our laboratory (Benammar et al., 2020); however, these genera
represent a minority of those present (results from chapter 2).

Common manipulations performed on growth conditions, such as adjusting the media
nutrient compositions, pH, incubation temperatures, or the levels of certain gases, can increase
the number of different isolates obtained; however, fastidious thermophiles would almost
certainly be missed. Several researchers have examined the causes of 'unculturability.’

Several factors can limit the growth of thermophiles in culture, including:

(i) A naturally slow growth rate,

(i) The inhibition is caused by antibacterial substances generated by other cells in the
community,

(i) The inhibition caused by growth media components,

(iv) The inhibition caused by agar,

(v) A lack of quorum-sensing or beneficial interactions and signals,

(vi) The stringent chemical requirements, and

(vii) An over-concentration of the supplied nutrients (Urbieta et al., 2015).

As an example, carbon monoxide (CO) is used by some thermophiles (Techtmann etal.,
2009), but it is rarely used in laboratory growth conditions due to its toxicity to humans.
Furthermore, most hyperthermophiles thrive in anaerobic or facultative anaerobic
environments. Anaerobic microorganisms are more difficult to culture than aerobic
microorganisms. Candidatus bacteria are yet to be isolated and cultured in the laboratory.
Garcia-Costas et al. (2012) explained the difficulty of Candidatus bacteria growth, including
the requirement for other helper strains in addition to its slow doubling time and stringent
growth conditions such as high partial pressure of COx.

83



CHAPTER I. Results and Discussion

8. Hydrolytic enzymes analysis

Due to their extreme adaptation, thermophilic bacteria have attracted the scientific
community's attention due to their ability to produce active enzymes, exopolysaccharides
antimicrobials, and biosurfactants with potential applications in biotechnology (Mahajan and
Balachandran, 2017; Kumar et al., 2019; Wang et al., 2019).

The total 293 bacterial isolates collected from hot springs were screened for different
extracellular enzymes, mainly; amylase, cellulase, pectinase, esculinase, protease, gelatinase,
lipase, lecithinase, and nuclease activity (Fig. 26, Fig. 27). The frequency occurrence of nine
extracellular hydrolytic enzymes produced by thermophilic bacteria of hot springs was shown.
143 isolates (48.81%) produced amylase, 156 isolates (53.24%) had protease, 122 isolates
(41.64%) produced lecithinase, 197 isolates (67.24%) reduced CMC-cellulose, 174 isolates
(59.39%) produced pectinase enzyme, 200 isolates (68.26%) produce nuclease, 143 isolates
(48.81%) produced esculinase, 189 isolates (64.50%) produce lipase, and 173 isolates produced
(59.04%) gelatinase.

Among the 293 thermophilic bacteria, 99.32% produced at least one extracellular
hydrolytic enzyme. The combined hydrolytic activity was also detected in most strains. Indeed,
19 isolates (6.48%) combined all tested enzymes. Jointly 18.43% (54 isolates) and 15.36% (45
isolates) produced respectively four and six hydrolytic enzymes simultaneously. In addition,

65.87% of isolates have at least five enzymes (Fig. 26).
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Figure 26. Frequency distribution of hydrolytic enzymes among the thermophilic strains.
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Figure 27. Screening of hydrolytic enzymes production by typical thermophilic bacteria
isolated from Algerian hot springs. A. Dnase; B. Esculinase; C. Cellulase; D. Gelatinase; E.
Protease, F. Lecithinase; G. Tween 20 hydrolysis; H. Pectinase; 1. Amylase; J. Tween 80
hydrolysis.
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The ecological studies on Algerian hot springs led to the isolation and identification of a
large number of thermophilic bacteria capable of producing a mixture of mentioned enzymes
(Gomrietal., 2018; Benammar et al., 2020). These strains may be valuable for biotechnological

purposes.

Previous studies worldwide have shown that thermophilic bacteria from hot springs can
produce several hydrolytic enzymes (Khelil and Cheba, 2014; Archna et al., 2015; Sahay et al.,
2017; Kumar Neelam et al., 2019).

The enzymes from mesophilic microorganisms are notorious for their instability, leading
to the use of temperature-lowering techniques raising the cost. Furthermore, the slow hydrolysis
caused by the enzymatic treatment at 50°C results in a low yield (incomplete hydrolysis).
Thermozymes offer unique temperature, chemical, and pH stability resulting in a technological
interest in diverse industrial applications, including food, pharmaceutical, chemical, paper,

textile processing, biofuel production, pulp, and waste-treatment industries (Han et al., 2019).

On the other hand, thermophiles bacteria are a good source of novel catalysts suggesting
new applications or improving the existing industrial interest (Niehaus et al., 1999). Some are
already being purified, and their genes are successfully cloned in mesophilic hosts (Sevim et
al., 2017; Ay Sal et al., 2019).

The most diverse and abundant functional groups were strains with cellulase, lipase,
gelatinase, and DNase activities. In the present study, the predominant isolates were belonging
to the members of the Firmicutes (mainly members of families Bacillaceae and
Paenibacillaceae) such as Bacillus and Bacillus-like genera: Anoxybacillus, Aeribacillus, and
even Aneurinibacillus genus (Fig. 28), known for their significant production of enzymes (Haki
and Rakshit, 2003; Goh et al., 2013). Recently, the isolation and screening of thermophilic
extracellular enzymes from Hammam Ouled Ali and Hammam Debagh revealed a

predominance of proteolytic activity (Gomri et al., 2018).

Recently, many novel enzymes were described; xylanase XynA3 and XynMZlenzymes
from the sediment of the Lobios Hot Spring in Spain and Tattapani geothermal field of
Chhattisgarh, India, respectively (Knapik et al., 2019; Joshi et al., 2020). Lipase Lip479 from
Tattapani hot spring in India (Sahoo et al., 2020), cytochromes P450 from the Binh Chau hot
spring in Vietnam (Nguyen et al., 2020), and type | pullulanase Puly from Reshi thermal spring
of the Sikkim Himalayas (Thakur et al., 2021).

Nevertheless, 65 isolates showed cellulolytic activity, including 25 Bacillus, 16 isolates
of Anoxybacillus, seven Aeribacillus, and four isolates of Aneurinibacillus and Brevibacillus,
respectively. Gelatinase activity was found in 66 species, and DNase activity in 64 strains.
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However, amylase and esculinase activities were noted less frequently than the other hydrolytic

activities, with respectively 46% and 39% of the total identified strains (Fig. 28).

Likewise, Yasir et al. (2018) studied the diversity of thermophilic bacteria producing
different hydrolases from a hot spring in Saudi Arabia, concluding that Bacillus was the
dominant genus with high-level enzyme production, including respective protease, lipase, and

amylase.

In general, cellulase is of particular interest because cellulose is the most available and
renewable biological carbon resource on the planet. In nature, cellulases from bacteria and fungi
hydrolyze crystalline cellulose into oligosaccharides, then hydrolyzed into glucose by at least
three forms of cellulolytic enzymes, namely endo-1,4-B3-D-glucanase, cellobiohydrolases, and
B-glucosidase (Archna et al., 2015).

In recent years, current knowledge about cellulase production and challenges in cellulase
research has received much attention, particularly in improving the economic process of various
industries. Cellulolytic enzymes have been commonly used in various industries, including

food, textiles, paper, animal feeds, brewing, and agriculture (Kuhad et al., 2011).

In recent years, the push to produce second-generation biofuel from lignocellulosic
biomass has sparked increased interest in cellulase production (Harnvoravongchai et al., 2020).
Besides their use for biofuel production, cellulases are used in the textile industry for cotton
softening and denim finishing and in the detergent market for color treatment, drying, and anti-

redeposition in washing powders (Archna et al., 2015).

Considering thermophile lipases are thermostable and resistant to chemical denaturation
by organic solvents, they are predicted to play an essential role in industrial processes. Lipases
have various applications in chemicals, detergents, wastewater treatment, food additives,
cosmetics, paper and pulp conditioning, pharmaceuticals, and leather industries (Ovando-
Chacon et al., 2020). A variety of lipases have been purified and characterized from moderately
thermophilic isolates, mostly Bacillus spp. (Sharma et al., 2018). The lipolytic enzyme systems
of extreme thermophiles, particularly those from totally anaerobic bacteria, are nonetheless
little understood (Royter et al., 2009).
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Figure 28. Distribution of extracellular hydrolytic enzymes from isolated thermophilic bacteria. (N: the number of isolates presents activities for each
enzyme).
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Bacillus spp. were the highest producers of all targeted enzymes ranging between
(20.69% and 39.53%). Indeed, Bacillus species are considered workhorse industrial bacteria in
applied and industrial microbiology due to their high growth rate and ability to secrete a large
volume (20-25 g/L) of extracellular enzymes. Besides, some species are GRAS “generally

regarded as safe” (Schallmey et al., 2004).

According to our findings, up to 28.81% of protease and 32.61% of amylase were
produced by Bacillus (Fig. 28). Bacillus proteases have several remarkable characteristics and
make up approximately 60% of worldwide enzyme sales (Contesini et al., 2018). Different
bacterial species can produce a-amylase, but for commercial applications, it is mainly

proceeding from the genus Bacillus (de Souza and de Oliveira Magalhées, 2010).

Our results show the highest rate of 30.43% for amylase activity produced by the
Anoxybacillus species. From this genus, several new amylases with different properties were
identified and characterized. Viksg-Nielsen et al. (2006) reported a new a-amylase that
hydrolyzes raw starch granules. Anoxybacillus spp. was found to produce many hydrolytic
enzymes (amylase, protease, phosphatase, and ribonuclease) and several important wastewater
bioremediation enzymes like catalase-peroxidase, superoxide dismutase, and azoreductase
(Jardine et al., 2018).

The Geobacillus and Anoxybacillus members can be used in whole-cell applications as
well as biofuel and chemical production via engineered cells. One of the key benefits of
employing bacteria from these taxa is that they grow fast, are less contaminated, and are easier
to maintain (Mohamad, 2018). Geobacillus and Anoxybacillus isolated from various hot springs
have much potential as biocatalysts for industrial biotechnology. These bacteria have been
classified among the most critical enzyme producers due to their ability to create various
extracellular enzymes such as amylases, lipases, xylanases, proteases, esterases, and ureases

(Satyanarayana et al., 2012).

Regarding Aneurinibacillus spp. tween 80 hydrolysis, casaeinase, lecithinase, and DNase
activities were ranked first among common hydrolases over the strains screened, with 24.14%,
23.37%, 17.95%, and 17.19%, respectively. According to the list of prokaryotic names with
standing in nomenclature (LPSN) database, there are now eight validly named Aneurinibacillus

species, though additional unidentified species have been recorded (LPSN, 2021).

Aneurinibacillus spp. has shown the ability to produce secondary metabolites (SMs),
promising biosurfactants as well as a variety of enzymes activities. These characteristics make
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them promising industrial candidates and exhibit potential environmental applications (Kamli
etal., 2021).

The Gram-positive thermophilic bacteria from various hot springs had higher hydrolytic
activity than Gram-negative bacteria. However, the Gram-negative Thermus-like are major
producers of thermozymes. Despite all the interest in hyperthermophilic organisms being
exploited biotechnologically, Thermus aquaticus generates one of the most valuable enzymes
in scientific and economic aspects; the Taq polymerase (Da Costa et al., 2006). According to
our results, the isolated Thermus strains produced all enzymes, while Meiothermus produced

eight enzymes, except for Dnase and tween 80 hydrolases.
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The present chapter aimed to culture-dependent the diversity of the thermophilic
bacteria from terrestrial geothermal springs in Eastern Algeria, using conventional taxonomic
methods, SDS-PAGE fingerprinting of whole-cell proteins combined with molecular

approaches.

High culturable taxonomic diversity was observed in Algerian hot springs, including
probably many novel species belonging mainly to the genera Bacillus, Geobacillus,

Brevibacillus, Aneurinibacillus, and Thermoactinomyces.

A total of 293 strains were isolated from the hot springs water and sediment using
different culture media. Overall, five distinct bacterial groups were characterized by whole-cell
protein pattern analysis. Based on the 16S rRNA gene sequencing of 100 selected strains, the
isolates were assigned to three major phyla: Firmicutes (93%), Deinococcus-Thermus (5%),
and Actinobacteria (2%), which included 27 distinct species belonging to 12 different
phylotypes: Aeribacillus, Aneurinibacillus, Anoxybacillus, Bacillus, Brevibacillus,
Geobacillus, Laceyella, Meiothermus,  Saccharomonospora, = Thermoactinomyces,

Thermobifida, and Thermus.

The Firmicutes represented the most dominant group with 93 strains, comprising three
families Bacillaceae, Paenibacillaceae, and Thermoactinomycetaceae, which group different
genera, notably Bacillus (30%), Anoxybacillus (17%), followed by Aeribacillus and

Aneurinibacillus with 15%, and Brevibacillus (8%).

The screening for nine extracellular hydrolytic enzymes showed that 65.87% of the
isolates presented at least five types of enzyme activities, and 6.48% of strains combined all
tested enzymes (amylase, cellulase, pectinase, esculinase, protease, gelatinase, lipase,
lecithinase, and nuclease). It was found that Bacillus, Anoxybacillus, Aeribacillus, and
Aneurinibacillus were the genera showing the highest activities. Likewise, Nonetheless, several
thermophilic bacteria with the potential to generate thermostable enzyme variants remain

unexplored.

The statistical approaches explained the bacterial diversity in terms of the species
richness and evenness in the distribution of thermophilic community. Noticeably, these isolates
exhibit promising sources of hydrolytic enzymes serving various industrial, agricultural, and

medicinal purposes, especially that expose optimal activities at high temperatures.
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INTRODUCTION

The hot springs are high-temperature aquatic ecosystems broadly distributed throughout
the world and serving the development of thermophilic and hyperthermophilic microorganisms
(Li and Ma, 2019). Each hot spring has exclusive geophysical and chemical components
making these environments hot spots regarding microbial diversity, which is attractive as a
source of novel metabolites and hydrolytic enzymes for biotechnological purposes (Kumar et
al., 2019).

Analysis of physicochemical factors and phylogenetic diversity data revealed and
identified the relation and effect of environmental parameters on the microbial community’s
diversity in the hot springs and the prevalence of major physiological groups of microorganisms
(Sharma et al., 2020).

Various studies about hydrothermal springs, microbial molecular ecology, and diversity
were performed worldwide (Bhandari and Nailwal, 2020). The incapacity to culture almost all
microorganisms with the culture-dependent methods due to the difficulty of providing in-vitro
conditions similar to the original environment boosts the research towards alternative
approaches. To overcome limitations of the conventional classic culture-based methods to
access microbial diversity has been extended many folds by several techniques, including

DGGE, PLFA, and the culture-independent approach of metagenomics (Panda et al., 2018).

Metagenomics, also known as environmental genomics, investigates the composition and
functional characterization of mixed microbial communities from ecological sites and allows
for identifying both culturable and nonculturable bacteria. Metagenomics results in the
description of several novel species as well as novel gene(s) encoding important enzymes and

metabolites of biotechnological interest (Lopez-Lopez et al., 2013).

There are over 240 thermal springs located mainly in the Eastern part of Algeria (Saibi,
2009). These hot springs are primarily known for their therapeutic values, where they are used
as baths (Hammam) (Fekraoui and Kedaid, 2005); however, only 80 are exploited
(Boukhenfouf and Boucenna, 2019). Of the 240 hot springs, quite a few have been explored for
microbial biodiversity investigations (Amarouche-Yala et al., 2014; Benammar et al., 2020).
Just 25 geothermal sites have prospected microbiologically using culture-dependent techniques,
and only two have been explored with cutting-edge metagenomic approaches (Gomri et al.,
2018; Adjeroud et al., 2020).
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Selected thermal springs were located in two different cities (Guelma and Batna) in the
East of Algeria. Both hot springs were formed due to tectonic activities since they belong to the
unstable Alpine structural domain (Saibi, 2009). The major interest related to the choice of these
two thermal springs consists in the fact that Debagh hot spring is perceived as an extreme
environment, with 98°C is considered as the hottest terrestrial hydrothermal site in Algeria and
the second in the world (Stambouli et al., 2012; Boukhenfouf and Boucenna, 2019). However,
Saida hot spring reaches a temperature of 62°C. This study provided the first insight into the
physicochemical conditions and microbial community diversity by metagenomics approaches
in that spring and even in Batna city. Based on the results from the first chapter, both hot springs

presented the highest thermophilic diversity among all the prospected sites.

The present chapter deal with the analysis of critical physicochemical parameters of hot
spring’s water and aims to investigate and compare the unexplored associated microbial
community living abundance and diversity along the two hydrothermal springs in Algeria;
Saida hot spring located in Batna city and Debagh Hot spring in Guelma city, using a culture-
independent approach; the next-generation sequencing (Illumina, MiSeq), as well as to identify
the most relevant environmental factors influencing community-level diversity shifts at different

spatial scales.
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1. Site description and samples collection

The samples were collected from two Northeastern Algerian hot springs: Saida and
Debagh. Saida hot spring located in N’gaous, about 80 km West of Batna City
(35°34°03’N5°33°46’E), at an elevation of 682 m (Fig. 1). This source has been exploited
since 2015 for the creation of a Spa. The spring water temperature reaches 63°C with a flow
rate of 18 I/s (MTATF, 2015).

Hammam Debagh, also called Hammam Meskhoutine (meaning bath of the damned) or
Hammam Chellala (meaning: bath of waterfalls); a thermal spa located 15 km from the City of
Guelma (36° 27'34 " N 7°16'10"E) in North-Eastern Algeria, at an elevation of 306 m. It is the
only source in the country that counts nine fountains classified as hyperthermal, with a
temperature ranging between 72°C and 98°C, ranking it the hottest hot spring in Algeria. For
most fountains, the spring water has a high flow rate of 80 to 100 I/s (Boukhenfouf and
Boucenna, 2019).

From each hot spring, triplicate samples of water and sediment were collected. Water
samples were collected aseptically in sterilized 500 ml glass bottles with screw top lids.
Approximately 500 g of wet sediment samples were collected and placed in polypropylene
screw cap containers by scooping using a sterile sampling spoon. For chemical analysis, water
samples of 1000 ml were collected from each hot spring in new borosilicate glass bottles with
Teflon caps treated with 1/10 diluted nitric acid, rinsed with distilled water, and later washed
with the sample’s water (Rodier et al., 2016). All samples were preserved at 4°C immediately

after sampling and transported to the laboratory for further analysis.

2. Analysis of environmental parameters

The in-situ parameters were measured by using (i) the portable multiparameter meter
model (Hanna HI 8314), the following parameters were recorded: temperature (°C) and pH
values, (ii) the portable conductivity meter model (Hanna HI-8733) for measuring conductivity

(us/cm) and (iii) salinity refractometer for determining salinity.

The probes were rinsed using distilled water before measuring and then placed directly in
the hot spring water source for the in-situ measurements. The geographical coordinate for each
sampling site was also taken using the GPS (GARMIN 72H).
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Figure 1. Location map of the sampled sites Debagh hot spring (Guelma) and Saida hot spring (Batna) (Google Earth Pro v7.3.2, Accessed March 2021).

A-B-C: Debagh Hot Spring, D-E: Saida Hot Spring.
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2.1. Total alkalinity

The titration method was used to determine total alkalinity, which measures the capacity
of water to neutralize acids (Appendix 6_Sectionl ). Total alkalinity is measuring the amount
of acid needed to bring the sample to a pH of 4.2 in the presence of a colored indicator. At this
pH, all the alkaline compounds in the specimen are "used up." The result is reported as

milligrams per liter of calcium carbonate (mg/L CaCO3z) (APHA, 2018).
2.2. Total hardness

The total hardness (TH) was determined by the EDTA titrimetric method. This method
allows the rapid determination of calcium and magnesium ions (Appendix 6_Section2 ). The
alkaline earth elements present in the water are induced to form a chelate-type complex by
EDTA at pH 10. A specific indicator, eriochrome black, detects the disappearance of the last
traces of free elements. In a medium adequately buffered to prevent magnesium precipitation,

the method determines the sum of calcium and magnesium ions (Hach, 2015).
2.3. Total dissolved solids

The TDS was measured by filtering 500 ml of the water sample and then evaporating in
a Bain-Marie. Once all the water has evaporated, heat the pre-weighed capsule in an oven at
180 °C for 4 hours and leave to cool for 1/4 hour in a desiccator until the weight of the capsule

no longer changes (Rodier et al., 2016).
2.4. Measure of cations

The Calcium (Ca?"), Magnesium (Mg?"), Potassium (K*), Sodium (Na*) contents were
determined by flame atomic absorption spectroscopy of type Agilent Technologies 2007
(Appendix 6_Section3 ) (Agilent, 2017).

2.5. Nitrite

The nitrite determination was measured by a colorimetric method. The diazotization of 4-
amino-benzenesulfonamide by nitrites in acidic medium and its coupling with N-(1-naphthyl)-
1,2-diaminoethane dichloride ethane gives a purple-colored complex susceptible to

spectrometric determination at 543 nm (Rodier et al., 2016).
2.6. Chloride

The chloride (CI") was measured by the Mohr method based on the argentometric
determination (Appendix 6_Section4 ). Chlorides are determined in a neutral medium by a

titrated solution of silver nitrate in the presence of potassium chromate. The end of the reaction
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is indicated by the appearance of the characteristic red color of silver chromate (Meija et al.,
2016).

2.7. Sulfate

The sulfate (S04%) ions are precipitated as barium sulfate and evaluated gravimetrically.
Precipitation occurs in a hydrochloric acid medium by the addition of barium chloride. After a
period of digestion, the precipitate is filtered, washed with hot water until free of chloride,
ignited, and weighed as BaSO4 (Rodier et al., 2016).

2.8. Dry residue

A dry residue may be used to determine the suspended solids concentration in the water
samples; the suspended solids were collected on a glass-fiber filter, and the insoluble residue
was dried at 105°C and weighed (Rodier et al., 2016).

3. Metagenomics sequencing
3.1. Genomic DNA extraction

The sediment sample and its corresponding replicate were combined and thoroughly
mixed until homogenous. Approximately a pea-sized amount of 0.25g was loaded using a
disposable spatula into a Power Bead tube. Around 100 ml of the water samples were filtered
through a 0.22um PES filter. After filtering, about 1/6™ of the filter was cut and loaded using
disposable tweezers into a Power Bead tube. DNA extraction was performed using the Qiagen
DNeasy PowerSoil DNA Isolation kit according to the manufactured instructions (Fig. 2). The
extracted DNA was stored at -80°C.

3.2. Amplicon library preparation

The PCR amplification of the 16S rRNA gene V4 variable region was carried in a two-
step process. The first step is to amplify genomic regions of interest, and the second step is to
add sequencing adaptors and sample-specific indices to samples. The forward primer was
constructed with (5°-3") [Mlumina 15 sequencing primer
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) and the  515F  primer
([GTGCCAGCMGCCGCGGTAAY)). The reverse primer was constructed with (5’-3”) Illumina
i7 sequencing primer (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) and the
806R primer ([GGACTACHVGGGTWTCTAAT]).

97



CHAPTER II. Materials and methods

— Add soil sample to PowerBead Tube
p | Add Solution C1
Attach to Vortex Adapter
Vortex
Incubate ot 2-8°C
Inhibi | Add Solution C?
Technology | Incubate ot 2-8°C
|
|
¢ :\ltemoto protocol
— QlAvac Vi
. 453 Add Solution C4 vilet
ST e
MB Spin Column
® '
Wash Wash with g Vacuum
Solution C5
2\
Elute with Elute with
Evie @ Solufion C6 Solufion C6

Figure 2. The Qiagen DNeasy PowerSoil DNA isolation procedure (Qiagen, 2017).
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The amplifications were performed in 25 pl reactions with Qiagen HotStar Taq master
mix (Qiagen Inc, Valencia, California), 1pl of each 5uM primer, and 1ul of the template.
Reactions were performed on ABI Veriti thermocycler (Applied Biosystems, Carlsbad,
California) under the following thermal profile: 95°C for 5 min, then 35 cycles of 94°C for 30
s, 54°C for 40 s, 72°C for 1 min, followed by one cycle of 72°C for 10 min and 4°C holds.

The products from the first stage amplification were subjected to a second PCR based on
qualitatively determined concentrations. Primers for the second PCR were designed based on
the Illumina Nextera PCR primers as follows: Forward -
AATGATACGGCGACCACCGAGATCTACACi5index] TCGTCGGCAGCGTC and
Reverse - CAAGCAGAAGACGGCATACGAGAT[i7index] GTCTCGTGGGCTCGG. The

second stage amplification was run the same as the first stage except for 10 cycles.

The amplification products were visualized with E-Gels (Life Technologies, Grand
Island, New York). The products were then pooled in equimolar ratios. Each pool was size
selected in two rounds using SPRI select Reagent (Beckman Coulter, Indianapolis, Indiana) in

a 0.75 ratio for both rounds.

The selected pools were then quantified using the Qubit 4 Fluorometer (Life
Technologies) and loaded on an Illumina MiSeq (Illumina, Inc. San Diego, California) 2x300
flow cell at 10 pM. Sequencing was performed at RTL Genomics (TX, USA) according to the

manufacturer’s guidelines.

3.3. Bioinformatic data analysis

The sequences obtained from the Illumina sequencing platform were depleted of barcodes
and primers using a proprietary pipeline (RTL Genomics TX, USA). The resulting sequences
were checked to remove short once <100 base pairs, singleton sequences, and noisy reads by
denoising. The forward and reverse reads are taken in FASTQ format and paired lines were
merged using the PEAR Illumina paired-end read merger, trimmed using RTL internal
trimming algorithm. The FASTQ formatted files were converted into FASTA formatted
sequence and quality files (Zhang et al., 2014).

The operational taxonomic units (OTUs) were defined by clustering at 3% divergence
(97% similarity), using a USEARCH clustering algorithm. The result of this stage is the
consensus sequence from each new cluster, with each tagged to show their total number of

member sequences (dereplicated and clustered). The clusters that contain <2 members

99



CHAPTER II. Materials and methods

(singleton clusters) are not added to the output file, thus removing them from the data set
(Edgar, 2010).

The OTUs were selected using the UPARSE OTU selection algorithm to classify a large
number of clusters into OTUs (Edgar, 2013). The chimeras on the selected OTUs were
inspected using the UCHIME chimera detection software running in de novo mode (Edgar et
al., 2011).

Each read was mapped to their corresponding nonchimeric cluster using the USEARCH
global alignment algorithm. For taxonomic classification, representative OTU sequences were
compared to a database of high-quality sequences maintained by RTL Genomics derived from
the NCBI database. The output is then analyzed using an internally developed python program
that assigns taxonomic information to each sequence and then computes and writes the final
analysis files. The resulting raw sequences were submitted to NCBI Sequence Read Archive.

4. Statistical data analysis

To compare the hot springs and sample types, diversity indices (Richness, Shannon,
Simpson, Jackknife, Chaol, and ACE) and rarefaction curves were calculated from the resulting
OTUs using EstimateS 9.1.0 software (Colwell and Elsensohn, 2014). Venn diagrams
comparing the shared OTUs between the hot springs and sample types were performed using R

programming language version 3.6.2 (R-Core Team, 2020).

The correlation between physicochemical parameters based on Pearson’s correlation
coefficient and the principal component analysis (PCA) used to correlate between bacterial
diversity at the phylum level and environmental physicochemical parameters of the hot spring’s
samples were conducted by R programming language version 3.6.2 using corrplot’ and

‘ggplot2’ packages (R-Core Team, 2020).
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1. Site description and physicochemical characteristics

The sites were chosen based on different conditions of pH and temperature. Debagh Hot
spring (H24D) water samples presented slightly acidic (pH=6.27) and hyperthermophilic
condition (96°C), while Saida hot spring (H05S) had moderately alkaline pH (7.45) but lower
temperatures than H24D (62.6°C).

The temperature variations between the different sources are probably related to the
geology of the region as well as the depth of the hot spring (Hamzah et al., 2013). In the
Northeast of Algeria, the thermal waters are of meteoric origin. The geothermal reservoirs are
located at 1000-2600 m depth; they are generally of Mesozoic age, mainly of limestone,
limestone sandstone, and sandstone type (Kedaid, 2007), which may be one of the factors

explaining the high concentration of HCO3™ in both sites.

The physicochemical parameters measured are summarized in Table 1. Differences in
chemical composition between the two hot springs might, in part, be related to the aquifer rocks'
chemical composition, and on the other hand, to differences in water temperature since the
solubility of ions change with temperature variations. Although temperature also affects pH;
which decreases at higher temperatures, the following was reported in the Debagh hot spring
(pH=6.27, T°=96°C) in contrast to Saida hot spring (pH=7.45, T°=62.6°C).

The ionic balance was calculated for each hot spring water sample as a quality-assurance
check and reliability of the chemical analyses. Since water must be electrically neutral, the sum
of the milliequivalents of major cations and anions should be nearly equal. The calculated ionic

balance error must be within the acceptable limit of £ 5 % using the following equation:

cations — ) anions
Ionic Balance (IB)% = 2 2

Y.cation + Y anions

For all the water samples, the IB (%) values varied from 0.76 to 2.91% (Tab. 1), and
therefore, we consider these chemical analyses reliable. Both thermal springs have a total
hardness range of 352—685 mg/l and are regarded as very hard water since TH is more than the
acceptable standard of 180 mg/l (WHO, 2017).

The dissolved polyvalent metallic ions, mainly Ca?* and Mg?* from sedimentary rocks,
most frequently limestone, chalk, and soil drainage are the major natural causes of hardness in
water (Weiner, 2008).
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Table 1. Physicochemical characteristics of the water samples collected from Saida and Debagh

springs (North-East, Algeria). (E.C.: Electrical Conductivity, TDS: Total Dissolved Solids, Dry residue:
calculated at 105°C, TH: Total Hardness in french degree (°F), TAC: Total alkalinity (Titre Alcalimétrique
Complet) in french degree (°F), IB: lonic Balance (%), WHO: World Health Organization).

Parameters Units  Saida (HO5S) Debagh (H24D) WHO guideline
(2017)
Temperature °C 62.6 926 -
pH - 7.45 6.27 6.5-8.5
E.C. ps/cm 1380 2010 <700
TDS mg/Il 883 1486 1000
Salinity g/l 0.66 1.00 -
Dry residue mg/l 985 1400 1000
Ca?" mg/l 98.39 220 100-300
Mg** mg/| 25.53 33 150
Na* mg/l 152 221 200
K* mg/l 15 25 15
ClI mg/I 60 309 250
SO4* mg/I 414 368 250
HCOs3 mg/Il 225.7 366 400
NO2 mg/l 3 3 3
TH °F 35.2 68.5 50
TAC °F 18.5 30 50mg/I
|.B. % 0.76 2.91 -
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The electrical conductivity measures the dissolved ionic component in water; it indicates
the amount of total dissolved substitution in water. The EC values of thermal mineral waters
indicate high mineralization (1380 ps/cm for HO5S and 2010 ps/cm for H24D), reflecting the
high solubility of the salts at high temperatures. According to Rhoades classification, Saida
(HO5S) is considered a slightly saline hot spring (700-2,000 uS/cm), while Debagh (H24D) is
moderately saline (2,000-10,000 pS/cm) (Rhoades et al., 1992). Other research suggests similar
results for H24D water (Bahri et al., 2011; Amarouche-Yala et al., 2015).

The total dissolved solids (TDS) comprise inorganic salts and small amounts of organic
matter dissolved in water. According to the TDS values obtained, the HO5S water had fair
palatability (TDS between 600 and 900 mg/l), while water samples from H24D are
unacceptable for drinking since the TDS concentration was more than 1200 mg/l (WHO, 2017).
Similar results were reported by Fekraoui and Kedaid (2005), with a TDS value of 1,600 mg/I
for the Debagh thermal spring. Concentrations of TDS in hot spring water vary considerably
according to different geological regions and differences in mineral solubilization. The
relatively high EC and TDS may be explained by the concentration and the type of dissolved
ions, the hydrothermal alteration of sedimentary rocks, and the high temperature, which

enhances the dissolution of ions (Bahri et al., 2011).

In addition to electrical conductivity and total dissolved solids, salinity is usually defined
as dissolved salt per unit volume of water, expressed in units of g/l or %o.. Water samples from
both hot springs presented high salinity; 0.66% for HO5S and 1.00% for H24D; these waters
cannot be considered freshwater as the salinity exceeded 0.05 %. They can be classified as

saline geothermal water and, therefore, brackish water (\Velmurugan et al., 2020).

For the cations in HO5S water, Na, Ca, Mg, and K concentrations were 152, 98, 25, and
15mg/l, respectively. The abundance of major ions in thermal water was in the order of
Na> Ca> Mg> K for cations, and they contribute on an average of 52.24, 33.81, 8.77, and 5.16
%, respectively, to the total cation content. More than half of the samples are categorized as
sodium waters as Na was the dominant cation. None of the specimens showed a Na, Ca, Mg,
and K concentration above their respective permissible limit of 200, 300, 150, and 15 mg/l
(WHO, 2017). Sulfate was dominant among all the anions, suggesting that the HO5S water
samples were sulfate-rich water. None of the models showed CI~ and HCOz3™ concentrations
above their respective permissible limits of 250 and 400 mg/l. Only sulfate concentration was
higher than the tolerable threshold of 250 mg/l (WHO, 2017). The order of abundance of major
anions was SO4 > HCOs>Cl.
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The Debagh (H24D) water presented no dominant cations or anions (Tab. 1); similar

results were reported by Amarouche-Yala et al. (2015).

A Pearson correlation matrix was established to determine the relationships between the

different variables to assess the various associations between the main hydrochemical variables
(Fig. 3).

The Pearson correlation coefficients show strong correlations between Cl, Ca, K, Na, and
TDS (0.98, 0.96,0.94, and 0.92), respectively, indicating that the mineralization is mainly
influenced by Cl, Ca, K, and Na (Quattrini et al., 2016). There is a high correlation between
electrical conductivity and total dissolved solids (TDS) with R? = 0.98 and salinity with R? =
0.99. The correlation between TDS and salinity was R? = 0.94. Strong correlations are obtained
between these three parameters; TDS describes the inorganic salts and small quantities of

organic matter present in the water.

The calcium, magnesium, sodium, and potassium cations, besides hydrogencarbonate and
chloride, are typically the primary constituents, where a strong correlation was noted. As
salinity measures the amount of salts in the water, and conductivity is the capacity of water to
conduct an electrical current, the presence of these dissolved salts directly increases the value

of salinity and conductivity (Corwin and Yemoto, 2017).

The total hardness was strongly correlated to total alkalinity and hydrogencarbonate
concentration in thermal water, with R? = 0.95 for both. Hardness is often defined as the sum of
polyvalent cations (Ca®* and Mg?*) concentrations dissolved in the water. The key feature of

water alkalinity and hardness is:

(i) The geology of the region where the surface or groundwater is located, and
(if) The atmospheric dissolution of CO». The ions responsible for alkalinity and hardness

derive from the dissolution of geological minerals in rain and groundwater.

Naturally, rainwater is acidic, which seems to solubilize several minerals more
effectively. Due to the dissolution of bicarbonates and carbonates, surface and groundwater
reservoirs in the region with limestone formations are particularly likely to have high hardness
and alkalinity (Wilson, 2013).

The total alkalinity is a measure of water's acid-neutralizing potential. It is a combined
measure of the sum of all the titratable bases in water, mainly carbonate (COz3"), bicarbonate
(HCOs), and hydroxyl (OH") anion (Weiner, 2008), which may explain the very high
correlation between TAC and HCO3 (R? = 0.95).
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Figure 3. Correlogram based on Pearson correlation determining interactions between the main
hydrochemical parameters.
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2. Thermal water classification

Each ion concentration was plotted on the Piper diagram and Schéeller-Berkaloff diagram
(Fig. 4, and Fig. 5) to classify the hot springs water based on chemical composition. The two
symbols in Fig.4, a blue circle and a red circle, indicate the spring position. Both diagrams were
performed using ‘DIAGRAMMES,’ the Water Software Quality Hydrochemistry Diagrams of
the Avignon Hydrogeology Laboratory (France) version 6.5.

The Piper diagram shows that the two hot springs belong to different types of spring
water; HO5S belongs to the sodium-sulfate type while H24D has calcium-sulfate chloride (Ca-
Cl-SO4) chemical facies. The Debagh hot spring (H24D) water is characterized by the
predominance of the calcium and chloride ions, confirming the water interaction with carbonate
minerals and their dissolution and depositional processes since the country's Northeastern
region consists mainly of carbonate reservoir rocks formations. The primary source of chloride
in the waters is sedimentary rock (Saibi, 2009). The Schoeller diagram (Fig. 5) is also used in
this research to determine the water quality type and assist in distinguishing similar patterns in
the anion and cation ratios. The results obtained from the Piper diagram seem to be compatible
with the results acquired from the Schoeller-Berkaloff.

The variation of the hydrochemical facies of Saida hot spring (H05S), with predominant
elements of sodium and sulfates and impoverishment in magnesium and bicarbonates, is related
to the reservoir water-rock interaction consisting essentially of sands, sandstones, gypsum, and
a small clay fraction. The origin of sulfate is the dissolution of gypsum (CaSO42H20),
anhydrite (CaS0a), and sulfide oxidation. The high sodium content is mainly related to the rapid
dissolution of the evaporite formations (Halite) near the up-flow area of this hot spring noted in

the Eastern part of the studied area.

The geochemical facies of H24D in the Piper diagram support the dominance of alkaline
earth metal over alkali metal from the hot spring groundwater (Ca + Mg > Na + K), and strong
acids anions exceed weak acids anions (i.e., CI+SO4 > HCO3), while in HO5S hot spring water,

alkalis exceed alkaline earth.
3. Drinkability of thermal water

Since ancient times, hot springs water was explored for its balneotherapeutic potential,
ensuring therapeutic effects on various diseases (Narsing Rao et al., 2018), which motivated
people to drink the thermal water seeking healing. Therefore, during this study, we checked the
drinkability of the thermal water from the two hot springs by investigating the physicochemical

parameters according to the World Health Organization standards.
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For Saida spring (HO5S) water, several physicochemical values of all the samples were
within the limit regarding WHO guidelines (WHO, 2017) except for one parameter (Tab. 1).
The HO5S was the least mineralized spring. The concentrations show low values except for
sulfate (414 mg/l), which displayed a high value surpassing by far those of WHO (250 mg/l),
consequently HO5S spring water is safe to be drinkable without any special precautions. For a
long time, this thermal water has supplied the company ‘N'gaous-conserve’ in N’gaous
province of Batna, specialized in fruit processing, manufacturing, and marketing of fruit waters,
juices, and canning. Sulfates occur naturally in water, but no health-based guideline is proposed,
however, because of the gastrointestinal effects in unaccustomed consumers resulting from the
ingestion of drinking water containing high sulfate levels; some researches indicate a laxative
effect at concentrations of 1000-1200 mg/l (Heizer et al., 1997). Sulfate is based on taste
threshold, not on health consideration; it is recommended by international regulations that
sulfate concentrations, not excess 250 mg/l, to avoid the noticeable salty and bitter taste.

Mainly, the taste impairment varies with the nature of the associated cation (Lopez et al., 2017).

Regarding the Debagh hot spring (H24D), the findings indicate that the concentrations of
major ions are higher than the norms (Tab. 1). The spring presented hard waters basing on EC,
TDS, TH, and TAC results with a mineral content (Ca?*, Na*, K*, CI", SO4*, HCOs’, and NOy)
exceeding WHO standards (WHO, 2017). As a result, this water is contraindicated for
consumption, which should be mentioned for spa users in this region. Other researchers
reported similar results reporting that Debagh water is not suitable for consumption since the

water was hard with high mineral content exceeding WHO standards (Bahri et al., 2011).
4. Metagenomic sequencing analysis

We chose to carry out a culture-independent strategy of ‘'metagenomics' by high-

throughput sequencing amplicons of the V4 hypervariable region of the 16S rRNA gene.

The 16S rRNA gene of bacteria comprises interspersed conserved and variable sequences,
including nine hypervariable regions (V1-V9). The primers used in this study amplified the
variable region (V4). The part of the 16S rRNA gene-targeted during sequencing is crucial for

accurate taxonomic assignment (Liu et al., 2008).

Similar hypervariable regions have been revealed to have different efficacies in terms of
bacterium detection. Based on the geodesic distance between different sub-regions, V4 and V6
were the most reliable regions representing full-length 16S rRNA sequences in phylogenetic
analysis of most bacterial phyla. At the same time, V2 and V8 were the least reliable regions
(Yang et al., 2016).
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To evaluate the microbial communities' composition in the two sites' water and sediment,

the obtained reads were analyzed by blastn against the NCBI NT nucleotide database.

A total of 120,743 raw sequences were obtained and processed following the proprietary
pipeline (RTL Genomics TX, USA), resulting in 103,538 clean sequences after filtering for
quality and removing chimeras. Sediment samples from HO5S had the most important reads
(39,282), followed by water samples from the same site (24,082). About (21,262) good reads
were related to water samples from H24D, and (18,912) reads from H24D sediments. The
average length coverage was 292 bp. All the sequences were clustered into 2812 OTUs at the

97% sequence similarity value (Appendix 6).

The analysis revealed that Bacteria dominated both sites. At the kingdom level, Debagh
hot spring (H24D) presented the highest proportion of Bacteria in water (99.85%) and sediment
(91.16%), while Archaea represented 0.14% and 0.66%, respectively. On the other hand, Saida
hot spring (HO5S) water’s microbial community was composed of only Bacteria while the
sediment was represented by 0.86% Archaea and 90.93% Bacteria (Fig. 6). These results
suggest that bacteria are the most dominant taxa in the two hot springs. Similar results were
reported in Malaysian, Eritrean, and Algerian hot springs, respectively (Chan et al., 2015;
Ghilamicael et al., 2017; Adjeroud et al., 2020).
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Figure 6. Relative abundance of the microbial kingdom in analyzed water and sediment from
the two hot springs.
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The detected archaeal sequences (0.51%) were affiliated with the obligately thermophilic
Crenarchaeota (70.30%), Thaumarchaeota (28.48%), and Euryarchaeota (1.21%). The
dominant archaeal phylum Crenarchaeota included mainly Thermoproteales (50.90%), in
addition to some minor order like Desulfurococcales (09.09%). The archaeal sequences that
remained unclassified at the phylum level were 66.73%, distributed as follows 24.05% in H24D
and 86.68% in HO5S hot spring.

The archaeal reads classified at the genus level fell into six different genera at H24D and
four at HO5S hot spring. Most Euryarchaeotal sequences fell into the class Methanobacteria
and were mainly related to the genera Methanothermobacter. The Crenarchaeota, members of
the hyperthermophilic class Thermoprotei affiliated to the genera Desulfurococcus, and
Pyrobaculum were retrieved only from the high-temperature condition in H24D. Sequences of
Thaumarchaeota retrieved in both hot springs remain unclassified.

Archaea are a minor part of the prokaryotic community at the Algerian hot springs,
similarly to many other terrestrial hot springs and shallow hydrothermal systems worldwide
(Gugliandolo et al., 2015). Around 88.79 % of the Crenarchaeota belonged to Debagh hot
spring where the temperature was high (96°C). This phylum was represented by
Desulfurococcus and Pyrobaculum, which is consistent with the known hyperthermophile of
these organisms. Desulfurococcus; an anaerobic sulfur-reducing hyperthermophilic bacteria
(temperature optimum 90-95°C) and Pyrobaculum; a hyperthermophilic, with optimum growth
temperature: 100°C (Huber and Stetter, 2015; Zillig, 2015).

The minority frequency of Euryarchaeota (1.21%) reported in this high-temperature hot
spring was represented by Methanothermobacter, a thermophilic Gram-negative, a strictly
anaerobic methanogenic bacterium (Boone, 2015). At low temperature, in HO5S hot spring,
most hyperthermophilic members decreased; however, the abundance of more specific
mesophilic Archaea increased. They were represented mainly by Thaumarchaeota. This
phylum is known as mesophilic Crenarchaeota, an extremely diverse group most often
grouping uncultured members (Reysenbach, 2015). The Archaea have adapted to survive in

extreme environments and may be responsible for various ecosystem functions.

Studies on the bacterial diversity of hot Algerian environments by non-cultural methods
are scarce (Gomri et al., 2018; Adjeroud et al., 2020). This study is the first attempt to assess
the archean diversity of Algerian hot springs. However, the development and the biological

diversity of Archaea in hydrothermal sites are poorly understood and need further studies.

111



CHAPTER II. Results and Discussion

The bacterial fragments were classified into 117 classes, 269 families, and 943 genera.
All the obtained bacterial sequences fell into 49 prokaryotic phyla, of which 14 bacterial phyla
showed relative ratios > 1%: Acidobacteria, Armatimonadetes, Bacteroidetes, Chlorobi,
Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Fibrobacteres, Firmicutes, Nitrospirae,

Proteobacteria, Spirochaetes, Verrucomicrobia, and JQ086867 p (Fig. 7).
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Figure 7. Relative abundance of the bacterial phyla in four samples from the two hot springs
(Debagh and Saida).

These major groups varied in relative abundance among the two hot springs. The various
samples revealed a succession of different phyla, ranging from hyperthermophiles to moderate
thermophiles and mesophiles. Water samples have the lowest phyla counts than sediment
samples, with seven in HO5S and 15 in H24D. A total of 46 phyla were retrieved from HO5S

sediments and 36 from H24D, of which 33 were common to both conditions.

The Proteobacteria was the most represented taxa at the phylum level in almost all
samples, except the H24D water samples where Firmicutes was the dominant phylum (93%).
Similar results were reported from the metagenomic investigation of bacterial and archaeal
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diversity of Hammam Essalihine hot spring from Khenchela City in Algeria (Adjeroud et al.,
2020). Proteobacteria has also been reported from many studies of hot springs at various
geographical locations (Ghilamicael et al., 2017).

Overall, in H24D hot spring sediment, phylum Proteobacteria had a relative abundance
of 29.11%, Chloroflexi of 19.85 %, Firmicutes of 12.12%, and Deinococcus-Thermus 11.60%.
In comparison, HO5S sediment samples showed the high relative abundance of Proteobacteria
(33.97%), followed by Bacteroidetes (16.97%), Cyanobacteria (8.43%), and Deinococcus-
Thermus (7.85%). The hot spring of Saida water samples was dominated by Proteobacteria
(88.16%) and Bacteroidetes (11.15%). In contrast, the hyperthermophilic hot spring (H24D)
showed the dominance of Firmicutes (93.01%), followed by Bacteroidetes (5.04%) and
Proteobacteria (1.89%) from water samples.

The eighteen candidate divisions representing 7.83% of total sequences were retrieved
from all the hot springs. The candidate division JQ086867 p was the most dominant. Of the
16S rRNA filtered reads recovered from the sediment samples, 9.75% could not be classified
into any phylum under the Bacteria domain. In contrast, only 0.025% of the water samples
could not be classified.

Many geothermal ecosystems with moderately high and very high temperatures have
previously been described as dominated by the phylum Proteobacteria (Lau et al., 2009).
However, hot springs in Yellowstone National Park (U.S.A.) and Tengchong (China) are not
associated with this finding (De Ledn et al., 2013; Hou et al., 2013). In our study,
Proteobacteria was detected as the dominant bacteria. This phylum was represented by seven
classes; Gammaproteobacteria (62.17%), Betaproteobacteria (18.05%), Alphaproteobacteria
(7.60%), Deltaproteobacteria (7.50%), Hydrogenophilalia (2.79%), Epsilonproteobacteria
(1.74%), and Oligoflexia (0.15%).

In the high-temperature hot spring (H24D), the main dominant genera of
Gammaproteobacteria were the obligate methanotroph Methylothermus, while Pseudomonas,

Acinetobacter, Alishewanella, and Cavicella were mostly reported in HO5S hot spring.

In previous studies, some mesophilic bacterial species have been detected in high-
temperature hot springs (Sharma et al., 2020). The genus Acinetobacter and Alishewanella
reported having an optimum growth temperature between 35-37°C and 37°C respectively were
also recovered predominantly from extremely high-temperature Tattapani hot spring (98°C)
from central India for Acinetobacter (Saxena et al., 2017) and Soldhar hot spring in India for

Alishewanella (Sharma et al., 2017). This may indicate the tolerance of some mesophilic
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bacteria to high temperatures. Biofilms allow bacterial consortiums to tolerate extreme
temperatures in conjunction with other environmental factors from the natural environment
(Ghilamicael et al., 2017).

Surprisingly, 10OUT affiliated with Thermomonas, a member of the y-proteobacteria,
were recovered from the sediment sample of Debagh hot spring (H24D). Strains affiliated to
the genus Thermomonas have been described previously as ferrous iron-oxidizing and nitrate-
reducing bacteria. Thermomonas has been described as moderately thermophilic bacteria with
an optimum between 37 and 50 °C (Denner et al., 2015).

The sulfate-reducing bacteria (SRB) of the class Deltaproteobacteria are major
constituents in the low-temperature hot spring (HO5S); they were represented mainly by
Desulfuromonadales, Desulfovibrionales, and Desulfobacterales. The temperature and oxygen
content of the sites may have influenced the distributions of these SRB since the samples from
H24D were collected from surface water and therefore had a low temperature and higher

oxygen content.

In the Philippines' high-temperature spring BAL-0 (90.8°C), sequences associated with
Sulfobacillus predominated (Huang et al., 2013). Nitrosomonas, from fS-proteobacteria, were
recovered from the water sample of Elegedi hot spring (100°C) located in the Alid volcanic
center; Eretria (Ghilamicael et al., 2017). Considering the temperature range for growth of the
genus Sulfobacillus is between 20 and 60°C (Vos et al., 2009). Its predominance in the
Philippines’ high-temperature springs BAL-0 (90.8 °C) and MAL-1 (75.8 °C) was unexpected,
suggesting that Sulfobacillus could have higher temperature tolerance than currently known
(Huang et al., 2013).

The anoxygenic phototrophic Chloroflexi was represented mainly by Anaerolineae
(84.85%), Chloroflexia (8.71%), Caldilineae (3.32%), and other minor classes;
Dehalococcoidia, Thermomicrobia, EU181507 ¢, GQ396871 ¢, HM748667 c, and PDJQ c,
SAR202_c representing frequencies between (1.85% and 0.03%). Similar results were reported
from a Pakistani Hot spring (Amin et al., 2017). In both temperature environments, sequences
associated with photosynthetic members of the Chlorobi, Chloroflexi, and Cyanobacteria were
detected. However, Chloroflexi sequences were more abundant at high temperatures, while
Cyanobacteria and Chlorobi were more prevalent at low temperatures as previously reported

at a shallow marine thermal brine pool in Panarea Island, Italy (Gugliandolo et al., 2015).

The Chlorobi, also known as green sulfur bacteria, is the sister taxon of the Bacteroidetes

phylum (Garrity and Holt, 2015). This phylum was represented by a single order
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Ignavibacteriales in the class Ignavibacteria regrouping two families, Ignavibacteriaceae and
Melioribacteraceae, containing a single species I. album and M. roseus, respectively.
Ignavibacterium album was described as an organotrophic, strictly anaerobic, and moderately
thermophilic rod-shaped Gram-negative bacterium. It was assumed to be the first non-
photosynthetic, non-autotrophic, and chemoheterothrophic member of Chlorobi (lino et al.,
2010).

Melioribacter roseus is a facultatively anaerobic moderately thermophilic obligate
chemoorganotrophic and cellulolytic bacterium. Based on their 23S rRNA and RecA
sequences, phylogenetic analysis of M. roseus and I. album confirmed that these two species
could represent a deeper phylum-level lineage (Podosokorskaya et al., 2013). Therefore,
Podosokorskaya et al. (2013) propose a new phylum, Ignavibacteriae, arguing that
Ignavibacteria deserves to be placed in an even deeper, phylum-level lineage with Chlorobi

and Bacteroidetes as their closest relatives.

Eight genera represented the Cyanobacteria, among theme five were thermophilic
cyanobacterium Synechococcus, Leptolyngbya, Oscillatoria, Chlorogloeopsis, and Fischerella
occurring in hot springs worldwide at temperatures up to 62°C-64°C. Around 80.30% of these
genera were reported in low temperatures HO5S hot spring (Tychonema, Chroococcidiopsis,
and Prochlorococcus); similar results were reported when investigating the cyanobacterial

diversity of Algerian hot springs (Amarouche-Yala et al., 2014).

Same for Chlorobi, which was represented by moderately thermophilic Ignavibacterium
and Melioribacter (lino et al., 2010; Podosokorskaya et al., 2013). Chloroflexi was represented
mainly by two thermophilic, neutrophilic, and strictly anaerobic chemoorganoheterotroph
genera; Anaerolinea and Bellilinea belonging to Anaerolineae (84.85%) (Yamada and
Sekiguchi, 2018a, 2018b).

The Alphaproteobacteria also included photosynthetic species. The Rhodospirillaceae, a
family dominated by photosynthetic purple non-sulfur bacteria represented by Rhodobacter

(Imhoff, 2015), was isolated mainly from low temperatures HO5S hot spring.

The Synechococcus species have been used to synthesize biofuel and various bioactive
compounds of biotechnological applications interest (Pembroke et Ryan, 2020).
While, Leptolyngbya species have been studied for their potential use in bioremediation of

hydrocarbon-contaminated environments (Al-Bader et al., 2012).

All members of the phylum Cyanobacteria and Chloroflexi were once thought to be

obligate photoautotrophs. However, recent phylogenomic research revealed non-phototrophic
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lineages recovered from various sources such as gut and groundwater (Bennett et al., 2020).
According to the results of this research, several non-photosynthetic genera have been isolated
from the studied hot springs mostly: Anaerolinea, and Bellilinea (Chloroflexi),

Ignavibacterium, and Melioribacter (Chlorobi).

Another dominant phylum, the Firmicutes, is mainly represented by 84.96% of Bacilli,
14.58% of Clostridia, besides other minor classes such as Erysipelotrichi, Limnochordia,
Negativicutes, Thermolithobacteria, and Tissierellia. The Firmicutes are supposed to have an
ecological adaptive advantage under low-nutrient conditions of the hot springs, which explains
their high relative abundance (Kambura et al., 2016). The Bacillales order represented the
majority of Clostridia. Taxa placed in this order generally included chemolithoautotrophic,
Gram-positive endospore-forming bacteria with glycolytic, saccharolytic, and pectolytic

activities.

The phylum Deinococcus-Thermus in Algerian hot springs was dominated by
Meiothermus (94.53%) with some Thermus (4.66%) and Deinococcus (0.71%) belonging all to
the sole class Deinococci; extremely resistant to environmental challenges. The genera Thermus
and Meiothermus have been found in a wide range of hot springs around the world, with
temperatures ranging from 50 to 99°C (Costa et al., 2018), however, except for a few springs
in Iceland and the Tibetan plateau, Thermus and Meiothermus are rarely dominant in terrestrial
hot springs (Tobler and Benning, 2011; Wang et al., 2013).

The Meiothermus spp. are slightly thermophilic, with optimum growth temperatures of
45-60°C; with a maximal temperature < 70°C. Growth is chemoorganotrophic, aerobic with a
strictly respiratory type of metabolism (Albuguerque et al., 2018b). Thermus are thermophilic
bacteria, with an optimum growth temperature of about 65-75°C; most strains have a maximum
growth temperature below 80°C, but some grow at slightly higher temperatures (Nobre et al.,
2018).

All Deinococcus (100%) were isolated from low-temperature Saida hot spring, which is
compatible with its physiology. Species are mesophilic or thermophilic, with optimum growth
temperatures of 25-35°C or 45-50 °C, respectively. All-natural isolates are ionizing-radiation
resistant (Battista and Rainey, 2015). The predominance of Meiothermus over Thermus in the
high-temperature hot spring is surprising because most species of Thermus are thermophilic,
whereas Meiothermus spp. are slightly thermophilic. Likewise, the same result was reported in

Eretrian hot springs (Ghilamicael et al., 2017).
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From all samples, the five classes with the most assigned reads were
Gammaproteobacteria (24.31%), Bacilli (20.42%), Betaproteobacteria (7.06%), Bacteroidia
(5.43), and Deinococci (5.15%) (Fig. 8).

At the level of the sediment samples of H24D, we found a relative abundance of 17.59%
for Anaerolineae, Gammaproteobacteria (11.94%), Deinococci (11.60%), Betaproteobacteria
(9.29%), and Bacilli (6.33%). In comparison, HO5S sediment samples had a relative abundance
of 13.77% for Bacteroidia, 12.93% of Gammaproteobacteria, 8.86% of Betaproteobacteria,

and 7.84% of Deinococci. From the water samples, Bacilli showed the highest mean relative
abundance in H24D hot spring (93.01%) compared to the slight fraction of (0.26%) in Saida

spring dominated by 74% of Gammaproteobacteria.
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Figure 8. Relative abundance of the bacterial classes in four samples from the two hot springs
(Debagh and Saida).
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The OUT’s comprised a total of 269 families. Among the most abundant in water

samples were Paenibacillaceae (38.25%), Pseudomonadaceae (15%), Moraxellaceae
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(14.25%), and Alishewanella_f (09.61%). However, in sediment samples from hot springs, the
abundant existence was represented by Thermaceae (09.05%), Anaerolinaceae (7.72%),

Methylothermaceae (05.09%), and Porphyromonadaceae (03.58%) (Fig. 9).
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_§ . Chitinophagaceae - Pseudomonadaceae
= Comamonadaceae = Ruminococcaceae
DQ645248 f Spirochaetaceae
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Figure 9. Relative abundance of the bacterial families in four samples from the two hot springs
(Debagh and Saida).

The reads classified at the genus level fell into 943 different genera in all sites (Fig.
10,11). Detailed analysis of the bacterial community composition at the genus level showed
that Brevibacillus (15.02%) and Pseudomonas (8.51%) were the most abundant genera.
Meiothermus (8.64%), Methylothermus (5.08%), and Anaerolinea (5.01%) were a large group
of microorganisms in both sediment samples. None of these genera were detected in the water

samples where the most common genus was Brevibacillus (33.93%).

The presence of Pseudomonas was not surprising given the findings of Selvarajan et al.
(2018), who also detected the dominance of this genus. Pseudomonas spp. is well-known to
form biofilms due to their metabolic versatility in extreme environments. Pseudomonas was
also reported in Anhoni hot springs (India) and was associated with genes linked to hydrocarbon

degradation pathways (Saxena et al., 2017). Infrequent psychrophile-related sequences such as
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Sporosarcina were also detected. The low-temperature adapted bacteria's survival strategy in
hyperthermophilic environments is poorly understood and needs further studies (Bendia et al.,
2018).

The contamination of the hot spring water by surface water, soil, and spores cannot be
excluded. Still, it can be assumed that the bacterial phylotypes detected can probably all

proliferate in this thermophilic ecosystem.

In this work, most Aquificae genera belonged to Hydrogenobacter, in addition to other
minority genera such as Hydrogenivirga or Aquificales genera incertae sedis (Latin: uncertain
placement). Similarly, in high-temperature Tengchong springs (China), Hydrogenobacter was

the dominant genus from Aquificae (Hou et al., 2013).
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Figure 10. Relative abundance of bacterial genera in four samples from the two hot springs
(Debagh and Saida).
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Figure 11. Heat map indicating the clustering of OTUs retrieved from the hot spring samples
at the genus level. The color indicates the relative abundance of OTUs in the samples. The
dendrograms show hierarchical clustering between the genus and the samples type.
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5. Bacterial diversity analysis

The phylogenetic structure of a set of species can be described by different measures,
which aim to inform about the degree of clustering, overdispersion, or randomness in the
phylogenetic structure of an assemblage. The use of species variability summarizes the degree
of phylogenetic relatedness among species in a group, considering all species or closest
relatives. To (i) assess the composition of the microbial community and (ii) examine the
influence of physicochemical parameters on diversity, the analysis of the alpha diversity, or the
calculation of the species richness for all the samples was carried out. For this, we calculated
the Shannon diversity indices (H', H' max), and the equitability) for each sample on both sides

of the two hydrothermal sites.

The microbial complexities in the water and sediment were estimated based on the alpha-
diversity indices (Chaol, Simpson, and Shannon). Species richness estimated with the Chaol
indices showed higher values in sediment samples rather than water samples (Tab. 2). Chaol,
ACE, and Jackknife indices were higher at low-temperature conditions (HO5S hot spring).
Spring with a water temperature of 62°C had lower values than the second spring with about
96°C.

The evaluation of the species biodiversity within each sample type revealed Shannon—
Weaver indices (H) ranging between 1.86 for the water of H24D and 5.46 for sediment from
the HO5S hot spring (Tab. 2). H values determined for water HO5S and sediment from H24D
lie in-between values found at the water of H24D and sediment of HO5S samples (2.57 and 4.68
respectively). These findings indicated an inversely proportional linear pattern between the

Shannon-Weaver index and temperature.

The Shannon index gives an idea of the bacterial diversity, taking into account not only
the number of species present but also the number of OTUs of the different species that make
up the population. While the equitability index indicates that there is a balanced distribution of
abundance between the bacterial populations detected in the samples and the variation of the

equitability values roughly corresponds to those of the diversity.

At each sampling point of the two study sites (water and sediment), we determined species
qualified as "unique or exclusive" when detected at a single sampling point and species termed
as "common or shared" when found in at least two sampling points. Venn diagram exhibiting
the distribution of shared OTUs across the hot springs and the sample types are shown in Figure
12.
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Table 2. Estimated diversity indices for thermophilic bacteria from the two hot springs.

_ - Samples
Diversity indices HS Debagh HS Saida HS Debagh  HS Saida
(Sediment) (Sediment) (Water) (Water)
Number of OTUs 632 1736 121 323
Good’s coverage library 99.4 99.1 99.9 99.6
(%)

ACE LCI 678.5 1952.2 122.7 403.9

Value 703.5 2005.4 131.7 445.7

HCI 731.6 2063.2 142.9 499.5

Chaol LCI 655.3 1858.8 125.3 369.3

Value 670.7 1897.2 133.7 398.8

HCI 696.2 1947.6 158.2 447.2

Jackknife LCI 742.0 2104.0 141.0 399.8

Value 742.0 2104.0 141.0 429.0

HCI 742.0 2104.0 141.0 458.2

Shannon LCI 4.361 5.441 1.834 2.546

Value 4.378 5.460 1.858 2.569

HCI 4.414 5.479 1.882 2.593

Simpson LCI 0.034 0.014 0.334 0.152

Value 0.035 0.014 0.340 0.154

HCI 0.036 0.014 0.347 0157

NPS Shannon 4.432 5.520 1.866 2.599

Phylogenetic diversity 1133.0 2841.0 166.0 637.0

HS: Hot Spring.
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Figure 12. Venn diagram showing the distribution of unique and shared OTUs (A) within
various sample types (B) within the two hot springs.
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The Venn diagram in Figure 12 shows that Saida hot spring is more diverse than Debagh
hot spring in terms of exclusivity in the different sampled points. Larger proportions of OTUs
were shared between the two hot springs (316 OTUSs) in contrast to the four sample types (2
OTUs). The distribution of shared OTUs across the sample types revealed a greater overlap
between sediment samples from H24D and HO5S hot springs (210 OTUs). There was a
relatively lower overlap between the microbial sediment and water sample types for both hot
springs. In deposit, prokaryotic communities are more diverse than water, which could be
related to the difference in physicochemical parameters between the two environments.

The rarefaction analysis was used to compare species richness and diversity between the
four samples (Fig. 13). The curve displays the total number of annotated species as a function
of the sampled sequences number. The rarefaction curves indicated that the bacterial libraries
were tested below saturation, except for water samples from Debagh hot spring (Water: H24D)
reaching a plateau. Thus, more sequences would be required for sediment from both sites and
water from HO5S to generate a stable estimate of species richness. This was also demonstrated
by measured Chaol values; estimated species richness for (sediments from Debagh and Saida
hot springs) and water from Saida (HO5S), which were nearly identical to the observed species

richness (S), but significantly higher for water samples from H24D hot spring.
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Figure 13. Rarefaction curves for the four samples from Debagh and Saida hot springs.
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The Shannon index values also corroborate these findings, indicating that the two hot
springs were highly diversified. Despite incomplete sampling, the rarefaction curves revealed
that bacterial richness increased as the study site's temperature decreased. This is consistent
with previous research on other terrestrial hot springs worldwide, which found that lower

temperatures resulted in a higher number of phylotypes (Tobler and Benning, 2011).

Both analyses, the rarefaction curve, and the indexes reveal that the sediment community
from both sites presented much more alpha diversity (richness and evenness). As a result, both
locations are likely to support more diversity than our study suggests. The recovery of
phylotypes may be affected by factors such as primer and PCR/cloning bias (Lau et al., 2009).

6. Correlation between microbial diversity and physicochemical parameters

In this study, we measured the chemistry parameters among hot spring waters. The
different natures of the two ecosystems studied have a significant effect on their microbial
biodiversity. The correlogram based on Pearson correlation revealed that the community
composition was differentially correlated to various concerned geochemical parameters.
Results showed that temperature played an important role in shaping and controlling microbial
community composition at the phylum level; the same results were reported by many studies
(Wang et al., 2013).

The PCA of the hot springs divided the phyla into three groups visible on F1-F2 (100%
of the total variance). Thus, the first axis explains the cumulative information (phyla/hot
springs). Therefore, only this axis was considered in the interpretation of the results. The F1
axis explained 54.46% of the observed variations and clearly separated the two hot springs (Fig.
14). The Saida thermal spring positively influences the abundance of Proteobacteria,
Deinococcus-Thermus, Chlorobi, and Actinobacteria species, while Debagh hot springs were

dominated by Firmicutes, Acidobacteria, Nitrospirae, and Spirochaetes.

The relative abundance of Proteobacteria was positively correlated to the temperature,
which was the most abundant phylum in Saida hot spring (HO5S), in contrast to Firmicutes, the
most generous in Debagh hot spring (H24D) shows negative correlation with temperature.
However, the other phyla (Deinococcus-Thermus, Actinobacteria, Spirochetes, and

Nitrospirae) did not establish a monotonic relationship to temperature changes (Fig. 15).

The existence of the Proteobacteria in hyperthermophilic hot springs could be an
adaptation in low-nutrient conditions (Amin et al., 2017). The other characteristic feature of

phylum Proteobacteria is that they tolerate higher concentrations of sulfur and utilize sulfur as
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an electron donor during their physiological growth (Najar et al., 2018b). Therefore, it is not
surprising that Sarda hot spring has a higher abundance of this phylum, as possessing high sulfur
content of 414 mg/l (Tab. 1).

The temperature in the Saida site was relatively lower as compared to the Debagh hot
spring. This might have facilitated the survival of relatively mesophilic photosynthetic and

photoautotrophic bacteria.

A negative correlation between the abundance of Chlorobi and Chloroflexi with
temperature was observed consistent with their respective physiologies, explained by the
restriction of photosynthesis when the temperature is higher than 75°C. These results are
supported by earlier studies (Wang et al., 2013; Badhai et al., 2015).

Biplot (axes F1 et F2 : 100.00 %)
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Figure 14. Principal coordinate analysis (PCA) illustrates the distribution of the major phyla
among bacterial communities in the two hot springs.
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Figure 15. Correlogram based on Pearson correlation presenting the effect of physicochemical
parameters on microbial composition and diversity.
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CHAPTER II. Results and Discussion

While temperature appears to be the most important factor in determining the structure of
bacterial diversity, specific populations can be affected by other factors, mainly sodium,
potassium, and alkalinity. The relative abundance of Actinobacteria, Deinococus-Thermus,
Planctomycetes, and Spirochetes was strangely correlated to the aqueous concentrations of
sodium and potassium, whereas, Proteobacteria was positively correlated with chloride,

calcium, and magnesium.

The salinity, the dry residue, and the TDS were positively correlated to the relative
abundance of several phyla, mainly; Deinococus-Thermus, Proteobacteria, and Actinobacteria.
It was also found that the pH did not affect the composition and distribution of the different

phyla present in the two thermal springs.

Different mineralogy and geographical location between Debagh (H24D) and Saida
(HO5S) hot springs may have contributed to the difference in microbial diversity between these
two hydrothermal sites. The hot spring geochemical features may be critical aspects of

community structure and diversity (Lopez-Lopez et al., 2013).

The physicochemical characteristics of the site, such as pH, temperature, mineral, and
other chemical profiles, have a direct effect on the microflora of the hot springs and also may
play an essential role in the dispersal of biological functions and adaptive responses of the
communities in these desirable habitats (Sharma et al., 2020). It is important to remember that
the chemical composition of thermal sources is determined by the chemical components of the
surrounding rock materials and their chemical interactions with water (Celiker et al., 2019).

These results suggest that the relationship between environmental parameters and
microbial community structures could be a general pattern applicable to hot spring
environments for predicting microbial diversity. This hypothesis should be confirmed by
extending the current study to include other hydrothermal sites from Algeria, other than those
in the Northeastern part of the country, or worldwide from a wide range of temperatures and

water geochemistry.
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CONCLUSION

The current research presents the first comprehensive whole-metagenomic profiling of
two hot springs in the Northeastern region of Algeria located at different altitudes; Debagh hot
spring (H24D) in Guelma City and Saida hot spring (HO5S) in Batna City. Comparing the
prokaryotic biodiversity of the water and sediment of both hot springs showed two different
ecological niches dominated by several species.

The metagenome sequence data revealed the dominance of Bacteria over Archaea. The
most abundant phyla in Saida hot spring were Proteobacteria, while Debagh hot spring showed
a high relative abundance of Firmicutes. However, Bacteroidetes were nearly equally
distributed over the two sites. Forty-nine prokaryotic phyla were detected, of which fourteen
bacterial phyla showed relative ratios of > 1%: Acidobacteria, Armatimonadetes, Bacteroidetes,
Chlorobi, Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Fibrobacteres, Firmicutes,
Nitrospirae, Proteobacteria, Spirochaetes, Verrucomicrobia, and JQ086867 p. Differential
abundance of microbial species belonging to the Proteobacteria, Firmicutes, Chloroflexi, and
Deinococcus-Thermus phyla reflected the difference in temperature and altitude of the thermal
aquatic niches.

The Piper diagram shows that the two hot springs belong to different types of spring
water; HO5S belongs to the Na-SO4 type while H24G has Ca-Cl-SO4 chemical facies. Regarding
the H24D hot spring, the findings indicate that the concentrations of major ions are higher than
the norms. Consequently, the hydrothermal water is contraindicated for consumption, unlike
Saida hot spring, most physicochemical values of water were within the limit regarding WHO
guidelines.

The composition of the microbial communities in these geothermal sites depended on
environmental parameters such as temperature and ions concentrations. Furthermore, several
unclassified bacteria and archaea were detected, suggesting a complex physiological
mechanism in nature that needs further investigation. According to the correlation of
physicochemical characteristics with the most dominant phyla, temperature, alkalinity, sodium,

and potassium content shape the microbial population composition and diversity.

This study also demonstrated that a fuller understanding of the intricacy of geothermal
microbial communities and their worldwide relevance could only be gained by investigating
these relationships in many different sites using thorough geochemical, physical, and microbial

investigations.
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GENERAL CONCLUSION AND PERSPECTIVES

Exploring the biodiversity of hydrothermal environments identified in the Algerian
territory is necessary to study the ecosystems they contain and exploit all the biotechnological
potentialities they possess. Indeed, this would allow the discovery of novel taxa and new

biotechnological assets that would be possible to use in various industrial applications.

The main objective of this research project was to explore the microbial diversity
(eubacterial and archaeal) in natural terrestrial hydrothermal ecosystems (thermal springs)
located in the Northeast of Algeria. Our approach was based on classical microbiological
approaches depending on the isolation of thermophilic bacterial strains on multiple ordinary
and selective media. In addition, a culture-independent strategy 'metagenomics' and high-
throughput sequencing of amplicons of the V4 hypervariable region of the 16S rRNA gene was

also performed.

To this purpose, water and sediment samples were collected and used for metagenomic
study implicating total bacterial population analysis and to isolate cultivable thermophilic
bacteria. Physicochemical parameters of water samples were determined to elucidate the
characteristics and origin of these environments and their influence on the abundance and

distribution of the thermal community among hot springs.

Great variability in the richness of thermophilic and thermotolerant eubacteria was noted
according to sampling sites, the nature of the samples collected, and the culture media used for
isolation. A total of 293 strains were isolated, of which 100 isolates were retained for molecular

identification by 16S rRNA gene sequencing.

According to the sampled sites, there was much variation in thermophilic richness. These
findings indicate that the strain distribution was heterogeneous, depending mainly on hot
springs' temperature and physicochemical parameters. Water samples revealed 48.68 %
isolates, whereas sediment samples from all hot springs provided 51.32 % isolates. There was
no significant difference across sampling sites (p<0.70). On the other hand, sediment samples
were more diversified; however, water samples revealed more stable culturable communities
dominated by a low number of major representative species. The distribution of thermophilic
bacteria according to isolation culture media showed a very highly significant effect. Indeed,

specific media (Thermus medium, ATCC medium 697, and Thermus 162 medium) support the
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growth of many thermophilic isolates with different morphological aspects. All the probably
novel species were isolated on Thermus medium or Thermus 162 medium. While, TSA medium
enhanced the isolation of the endospore-forming thermophilic bacteria (Bacillus and Bacillus-

like-genera), representing the most abundant fraction among the identified isolates.

The physiological and morphological characteristics turned too difficult to differentiate
isolates. The SDS-PAGE electrophoretic patterns of whole-cellular proteins from all isolates
revealed that five groups could be distinguished at a 45% similarity level. One hundred
representative strains from different clusters were selected for further molecular identification

by 16 rRNA gene sequencing.

The results showed that all bacterial isolates belonged to three major phyla; Firmicutes,
Deinococcus-Thermus, and Actinobacteria. The Firmicutes represented the most dominant
group with 70.2%, including three families; Bacillaceae (71%), Paenibacillaceae (23%), and
Thermoactinomycetaceae (6%), and different genera; Bacillus (30%), Anoxybacillus (17%),
Aneurinibacillus 15% Aeribacillus (15%), Brevibacillus 8%, and Thermoactinomyces (5%). In
contrast, the Deinococcus-Thermus was represented by a single-family Thermaceae affiliated
with two genera Meiothermus and Thermus. Lastly, the Actinobacteria have been assigned to
Pseudonocardiaceae, including the Saccharomonospora genera and Nocardiopsacea
represented by Thermobifida.

Phylogenetic studies found that some isolates had relatively low similarity percentages
for 16S rRNA with closely related species, suggesting the likelihood of new taxa. These isolates
were further studied in polyphasic (results in progress). In conjunction, phenotypic and
physiological analyses were performed to determine their exact taxonomic position. In total,
seven strains that confirm the affiliation to Bacillus, Brevibacillus, Geobacillus,
Aneurinibacillus, and Thermoactinomyces may probably constitute new taxa on these genera.
Their sequences have been deposited in GenBank. However, according to the recent
recommendations of the International Committee on Systematics of Prokaryotes (ICSP), the
whole genome sequencing allows to accurately determine the taxonomic position of these
isolates (the complete genome sequencing of two strains is already done, bioinformatic analysis
are in progress). The results obtained indicate that the probable new species belonged to four
different hot springs among the eight prospected and covers the four cities chosen for the study,

which explains the richness of Algerian thermal springs in new taxa.

The enzymatic screening of thermophilic isolates indicates the production of a wide range

of enzymes, mainly; amylase, cellulase, pectinase, esculinase, protease, gelatinase, lipase,
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lecithinase, and nuclease activity. Among all thermophilic bacteria, 99.32% produced at least
one extracellular hydrolytic enzyme. The combined hydrolytic activity was also detected in
most strains. Indeed, 19 isolates (6.48%) combined all tested enzymes. Jointly 18.43% (54
isolates) and 15.36% (45 isolates) produced respectively four and six hydrolytic enzymes
simultaneously. Bacillus spp. was the highest producer of all targeted enzymes, followed by

Anoxybacillus spp., Aneurinibacillus spp., and Aeribacillus spp.

We employed culture-independent approaches to characterize the microbial diversity of
two hot springs in Eastern Algeria. The composition and structure in concert with
physicochemical environmental measurements allowed the assessment and prediction of

parameters that may be essential in driving microbiology.

Our analysis identified an extraordinary number of deeply branching novel clades in both
Bacteria and Archaea whose distribution is driven mainly by temperature. These observations
suggest that this geographically isolated and environmentally extreme site contains unique
lineages that may be localized to the site. The description of these areas and their

physicochemical characterization are therefore important to better understand this diversity.

Exploring bacterial and archaeal diversity by sequencing amplicons of 16S rRNA genes
amplified from metagenomic DNA allowed the identification of general and specific
populations in these environments. Our results suggest that Bacteria are the most dominant taxa
in the two hot springs. The minority fraction of Archaea was represented by three phyla, the
obligately thermophilic Crenarchaeota (70.30%), the mesophilic Crenarchaeota called
Thaumarchaeota (28.48%), and Euryarchaeota (1.21%). Over 50.90% of sequences have been
affiliated with the Thermoproteales, in addition to some minor order like Desulfurococcales
(09.09%) and other unclassified sequences. The Archaeal sequences that remained unclassified
at the phylum level were 66.73%, distributed as follows 24.05% in Debagh hot spring and
86.68% in Saida hot spring. The Archeal diversity requires further investigation using more

specific primers.

In addition, 49 different bacterial phyla were detected in the two hot springs, where
Proteobacteria, Firmicutes, Bacteroidetes, Cyanobacteria, and Deinococcus-Thermus were the
most abundant taxa. Low abundance groups such as Acidobacteria, Verrucomicrobia
Nitrospirae, and Spirochaetes with other rarer phyla were also identified. The various samples
revealed a succession of different phyla, ranging from hyperthermophiles to moderate

thermophiles and mesophiles. Saida hot spring (HO5S) is a valuable resource for mesophiles
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and moderate thermophiles, according to the current whole-metagenomic analysis, while

hyperthermophiles dominate Debagh hot spring (H24D).

In the present study, the culture-dependent taxonomic profiling showed the dominance of
Gram-positive bacteria over Gram-negative in the hot springs. However, the NGS data was
relatively different from the culture-dependent approach. The dominant bacterial phylotypes in
the metagenome library were Gram-negative (Proteobacteria) over Gram-positive bacteria
(Firmicutes). The ubiquitous nature of the phylum Firmicutes (the dominant phyla in the
culture-dependent study from chapter 1) and their capacity to adapt to a wide range of
temperature, pH, and salinity renders them robust and culturable. However, the overwhelming
presence of the unculturable Gram-negative bacteria (Proteobacteria) in the environment

masked the dominance of Gram-positive bacteria.

The physicochemical analyses of the water from the two hot springs have shown that the
Debagh hot spring (H24D) was slightly acidic, hyperthermophilic, and moderately saline. In
contrast, Saida hot spring (HO5S) was moderately alkaline, hyperthermophilic, and slightly
saline. The Pearson correlation matrix shows a strong correlation between Cl, Ca, K, Na, and

TDS, indicating that this anion and cations mainly influence the hot spring water mineralization.

The Piper and Schoeller-Berkaloff diagrams allowing classification of the hot springs
water based on chemical composition indicates that the two hot springs belong to different types
of spring water. Saida (HO5S) belongs to the sodium-sulfate type, reasoning that the reservoir
water-rock interaction consists essentially of sands, sandstones, gypsum, and a small clay
fraction and the dissolution of gypsum anhydrite, and sulfides oxidation. However, Debagh
(H24G) has Ca-Cl-SO4 chemical facies, confirming the water interaction with carbonate
minerals and their dissolution and depositional processes since the country's northeastern region

consists of mainly carbonate reservoirs rock formations.

Regarding thermal water drinkability, Debagh hot spring findings indicate that the
concentrations of major ions exceeding WHO standards; consequently, this water is
contraindicated for consumption which should be mentioned for spa users in this region, while
Saida hot spring water physicochemical values were within the limit, which results that spring

water is safe for drinkability or industrial exploitation without any special precautions.

The correlation and relationship between microbial communities and physicochemical

parameters among the two hot springs water were performed. The physicochemical characteristics
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of the sites, mainly temperature, alkalinity, and aqueous concentrations of ions such as sodium, and

potassium have demonstrated a direct effect on the microflora diversity.

The bacterial diversity analysis based on alpha-diversity indices proved higher
complexity and diversity in sediments than water samples. However, our findings indicated an
inversely proportional linear pattern between diversity and temperature. These data have been
confirmed by the results of the Venn diagram showing that Saida hot spring (62°C) is more
diverse than the Debagh hot spring (98°C) in terms of species exclusivity in the different
sampled points. The rarefaction curves analysis indicates that both hot springs support more
diversity than our study suggests. This was also demonstrated by Chaol values. The recovery
of more phylotypes may be affected by improving several factors such as sampling methods,

primers, and PCR/cloning bias.

The biochemical and physiological characterization has certain constraints in the
classification of isolates, as it is difficult to differentiate closely related bacteria. As part of a
polyphasic taxonomic procedure, molecular identification is more reliable and could contribute

to the conclusive identification of isolates.

The SDS-PAGE results allow clustering the isolates and may eliminate redundant species
during the bioprospecting process, especially when many samples require screening, enabling
rapid, lower cost, and easy discrimination as the first step for mandatory molecular
identification. According to our findings, SDS-PAGE profiling could be an interesting tool for

prospecting new strains of thermophilic bacteria.

The culture-dependent approach has proved effective in identifying the biochemical and
physiological features of pure cultures, as well as developing whole-cell applications. However,
cultivable thermophilic bacteria may not represent the natural microbiota since these species
represent a minority of those present. The inability of traditional culture-based methods to
describe the vast diversity in the hidden microbial world has forced a shift to culture-
independent metagenomics approaches that complement physiological analyses to explore

functional and taxonomic diversity in hot springs effectively.

Understanding microbial community dynamics and genomic variability of community
members in hot springs with various ecologies is essential to highlight community functions

and their importance for maintaining these ecosystems.

Our knowledge about the nature and distribution of bacteria in these thermophilic

ecosystems is probably still unknown. The combined use of metagenomic and cultural
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techniques has shown that these environments have revealed an unexpected diversity of
microorganisms, particularly thermophilic bacteria and archaea. However, several perspectives

are considered as a continuation of this work:

e Application of other isolation methods with different conditions could target much more
species and specific metabolisms (e.g., autotrophy) compared to heterotrophs,

e The valorization of different extreme biotopes by diversifying the samples, and also the
isolation culture media,

e The use of enrichment cultures with low or even deficient nutrient concentrations
(oligotrophic conditions) or in the presence of growth factors could be an effective
strategy to limit the growth of heterotrophs and thus increase microbial diversity by
accessing new microorganisms and taxa that are still 'uncultivated' but probably not
uncultivable from thermopbhilic ecosystems,

e The use of more specific nucleic probes (of a class, order, family, or even a genus)
would allow to follow more precisely certain microbial populations within a community
or to use them for enumeration and detection of metabolically active bacterial
populations,

e The use of genetic fingerprinting methods and oligonucleotides targeting genes coding
for key enzymes of specific metabolic pathways may allow detection of community
population potentially associated with a targeted function (e.g., active substances),

e All the probably novel strains need to be further characterized by the whole genome
sequencing, G+C content, fatty acid and polar lipid analysis (in progress),

e Identification of all the Aeribacillus strain through DNA-DNA hybridization,

e Production and purification of detected extracellular enzymes from strains of interest
and characterization of their enzymatic properties,

e Further research could focus on metagenomic sequencing of bacteria in other hot springs
with potentially interesting characteristics. Additional differentially variable regions
(V1-V9) can also be targeted for sequencing,

e The use of metaomic approaches (genomics, transcriptomics, proteomics, and
metabolomics) for direct exploration of hydrolytic enzymes and bioactive substances of

biotechnological interest.
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Appendix 1

Culture media composition

1. ATCC medium 697 (Thermus Thermophilus medium)

Components Quantity
Yeast extract 4049
Proteose peptone Nr. 3 8.04g
NaCl 209
Distilled water 1000 ml

-Adjust pH to 7.0.

-Autoclave at 121°C for 15 minutes.

2. Thermus 162 medium (Degryse medium)

Components Quantity
Yeast extract 1.00¢g
Tryptone 1.00¢g
Nitrilotriacetic acid 100.00 mg
CaS04 x2 H20 40.00 mg
MgCl, x6 H20 200.00 mg
0.01 M Ferric citrate 0.50 ml
Trace element solution (see below) 0.50 ml
Phosphate buffer (see below) 100 ml
Distilled water 900 ml

-Adjust pH to 7.2 with NaOH.
-Autoclave at 121°C for 15 min.

-Autoclave the phosphate buffer separately and then add to the medium.

2.1. Phosphate buffer

Components Quantity
KH2POy4 5.44 g
Na;HPO4 x12 H,0 43.00 g
Distilled water 1000 ml

-Adjust pH to 7.2
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2.2. Trace element solution

Components Quantity
H2SO4 0.50 ml
MnSO4 xH,0 2.28 g
ZnS04 X7 H20 0.50¢
H3BOs 0.50¢g
CuS0Oq4 x5 H.0 25.00 mg
Na2MoQO4 x2 H,0O 25.00 mg
CoCl2x 6 H20 45.00 mg
Distilled water 1000 ml

3. Castenholz medium D
Components Quantity
Nitrilotriacetic acid 01g
CaSO4 x 2 H.0 0.06 g
MgSO4 x 7 H20 0.10g
NaCl 0.008 g
KNO3 0.103 g
NaNOs 0.689 g
NaHPO4 0.111 g
Trace element solution 0.5ml
FeCls solution 1.0ml
Distilled water 1000 ml

3.1. FeCls Solution

Composition per liter:

FECI3 X BH2O .. ..o 2.289

-Add FeCl3-6H20 to distilled water and bring volume to 1.0L. Mix thoroughly.

3.2. Trace element solution

Components Quantity
H2S04 0.50 ml
MnSQ4 xH20 2.28 g
ZnS0O4 X7 H20 0.50 g
H3BOs 0.50¢g
CuSO4 x5 H20 25.00 mg
Na2MoO4 x2 H,0 25.00 mg
CoCl2x 6 H20 25.00 mg
Distilled water 1000 ml

-Add all components to distilled water and bring volume to 1.0L. Mix thoroughly.
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Preparation of Medium
-Add components to distilled water and bring volume to 1.0L.

-Mix thoroughly
-Adjust pH to 7.5.
-Autoclave at 121°C for 15 min.

4. Thermus medium

Components Quantity
Nitrilotriacetic acid 01g
Tryptone 19
Yeast-extract 1g
CaS0O4 x 2 H20 0.06 g
MgSO4 x 7 H20 0.10¢g
NaCl 0.008 g
KNOs 0.103 g
NaNOs 0.689 g
NaHPO4 0.111 g
Trace element solution 0.5ml
FeCls solution 1.0 ml
Distilled water 1000 ml

4.1. Trace element solution

Components Quantity
H>SO4 0.50 ml
MnSQ4 xH,0 2.28¢
ZnS04 x7 H20 050¢g
H3BOs 0.50¢g
CuSO4 x5 H,0 25.00 mg
NaZzMoQO4 x2 H.0 25.00 mg
CoClyx 6 H20 25.00 mg
Distilled water 1000 ml

-Add all components to distilled water and bring volume to 1.0L.

-Mix thoroughly.

4.2. FeCls solution

Components Quantity
FeClsx 6H.0 1149
Distilled water 500 ml

159



Preparation of Medium

-Add components to distilled water and bring volume to 1.0L.

-Mix thoroughly.
-Adjust pH to 7.5.
-Autoclave at 121°C for 15 min.

5. Nutrient medium

Components Quantity

Yeast extract 209

Beef extract 109

Peptone 5.09

NaCl 509

Distilled water 1000 ml
-Adjust pH to 7.5.

-Autoclave at 121°C for 15 min.

6. Tryptic soy medium

Components Quantity

Pancreatic digest of casein 15.09

Papaic digest of soybean meal 509

NaCl 509

Distilled water 1000 ml
-Adjust pH to 7.3.

-Autoclave at 121°C for 15 min.

7. Mineral Pectin 5 Medium (MP 5 medium)

Components Quantity

Agar solution 500 ml

Basal medium 250 ml

Mineral solution 250 ml
-Adjust pH to 6.00.

7.1. Agar Solution

Components Quantity
Agar-Agar 1509
Distilled water 500 ml
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7.2. Basal medium (Composition per 250 ml)

Components Quantity
NaHPO4 6.09g
Pectin 509
KH2PO4 409
NH4SO4 209
Yeast extract 109

7.3. Mineral solution (Composition per 250 ml)

Components Quantity
FeSO4 (0.1% solution) 1.0ml
MgSO4 x7H20 (20% solution) 1.0ml
CaClyx 2H>0 (0.1% solution) 1.0ml
H3BO3 (0.001% solution) 1.0 ml
MnSO4 x H20 (0.001% solution) 1.0 ml
ZnS04 x 7H20 (0.007% solution) 1.0 ml
CuS0O4 x 5H,0 (0.005% solution) 1.0 ml
MoO3 (0.001% solution) 1.0 ml

-Combine 250.0 ml of basal medium and 250.0 ml of mineral solution.
-Mix thoroughly.
-Adjust pH to 6.0 with IN HCI.

-Autoclave the basal medium-mineral solution and agar solution separately for 15 min at 121°C.

-Cool to 45°-50°C.
-Aseptically combine the two sterile solutions.
-Mix thoroughly.

-Pour immediately into sterile Petri dishes to prevent hydrolysis of the agar.

8. Luria-Bertani Broth (LB Broth)

Components Quantity
Tryptone (Difco) 10.0¢g
Yeast extract 5049
NaCl 509
Distilled water 1000 ml

-Autoclave at 121°C for 15 min.

8.1. LB Agar
-To prepare LB agar, add 15 g/l of agar-agar to 11 of LB broth.

- Autoclaves at 121°C for 15 min.

-Pour into sterile Petri dishes.
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1. Bradford's reagent

Appendix 2

Solutions composition

Components Quantity
Coomassie Brilliant Blue G-250 100 mg
85% Phosphoric Acid (w/v) 100 ml
95% Ethanol 50 ml
Distilled Water 750 ml

-Filter through Whatman #1 paper.

- Store it in an amber glass bottle at 4°C.

2. Laemmli sample buffer
Components Quantity
Tris-Hcl pH=6.8 150 pl
10% SDS 400 pl
Glycerol 250 pl
[-Mercaptoethanol 60 pl
Bromophenol blue (0.1%) 140 pl

3. Running buffer
Components Quantity
Glycine 28.80 g
Tris-Base 69
10% SDS 20 ml
Distilled Water 1980 ml

4. SDS-PAGE gel staining solution
Components Quantity
Tris-Hcl pH=6.8 150 pl
10% SDS 400 pl
Glycerol 250 pl
[-Mercaptoethanol 60 pl
Bromophenol blue (0.1%) 140 pl
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4. TAE 50X

Components Quantity
Tris-Base 242 g
Glacial acetic acid 57.1 ml
0.5M EDTA pH=8.00 100 ml
Distilled Water 842.9 ml

-To prepare 500 ml of TAE 1X, mix 490 ml of distilled water with 10 ml of TAE 50X.

5. Solution I (Plasmid isolation by alkaline lysis method)

Components Quantity
Glucose (50 mM) 250 pl
Tris-Hcl pH=8.0 125 pl
EDTA (10 mM) pH=8.0 100 pl
Distilled Water 4525 pl
Lysozyme 20 mg

6. TE (TrissEDTA) buffer
Components Quantity
Tris-HCI (pH 8.0) 10mM
EDTA (pH 8.0) imM

-Sterilize the solution by autoclaving at 121°C for 15min.

-Store the buffer at room temperature.

7. Ethidium Bromide stock solution (10mg/ml)

Components Quantity
Ethidium Bromide 1g
Distilled Water 100 ml

-Stir on a magnetic stirrer for several hours to ensure that the dye has dissolved completely.

-Transfer the solution to a dark bottle, wrap the container in aluminum foil, and store it at room

temperature.
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8. Ampicillin stock solution (50mg/ml)

Dissolve 0.05 g of ampicillin sodium salt in 1ml of sterile distilled water.
Filter sterilizes with 0.22um syringe filter.

Store frozen at -20°C as 1 ml aliquots.

9. X-Gal solution (40mg/ml)

Dissolve 0.4 g of X-Gal in 10 ml of N, N-dimethylformamide (DMF).
Dissolve completely.

Store the solution in a glass container at -20°C for 6-12 months.
Protected from light.

If the solution turns pink, it should be discarded.

10. IPTG solution (100mMm)

Dissolve 2.38 g of IPTG in 8 ml of sterile distilled water.
Once fully dissolved, bring to a final volume of 10 ml with sterile distilled water.
Filter sterilize with a 0.22 pum syringe filter.

Store in 1ml aliquots at -20 °C for a longer-term.

11. RNase Solution

Prepare a 10 mg/ml stock solution of RNase A (Sigma-Aldrich R5500) in 10mM sodium
acetate buffer at a pH of 5.2.

Heat solution to 100°C for 15 minutes.

Allow mixture to cool to room temperature, and then adjust pH to 7.4 using a one-tenth
volume of 1M Tris-HCI pH of 7.4.

Aliquot into individual use tubes and store at -20°C.

RNase is stable for up to 6 months when stored properly at -20°C.

12. Lysozyme solution (10mg/ml)

Dissolve solid lysozyme at a 10mg/ml concentration in 10 mM Tris-HCI (pH 8.0)
immediately before use.
Make sure that the pH of the Tris solution is 8.0 before dissolving the protein (lysozyme

will not work efficiently if the pH of the solution is less than 8.0.
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13. Potassium phosphate buffer (0.1 M)
— Solution A: 0.2M of NaoHPO4: 28.39 g in 1 liter of distilled water.
— Solution B: 0.2M of NaH2PO4: 24.0 g in 1 liter of distilled water.
— Preparation of 50 ml 0.1 M phosphate buffer:
Preparation of 0.1M Phosphate Buffer at 25°C

pH Volume of Solution A (ml) Volume of Solution B (ml)
5.8 4.0 46.0
6.0 6.2 43.8
6.2 9.3 10.7
6.4 13.3 36.7
6.6 18.8 31.2
6.8 24.5 25.5
7.0 30.5 19.5
7.2 36.0 14.0
7.4 40.5 9.50
7.6 435 6.50
7.8 45.8 4.20
8.0 47.4 2.60

14. Acetate buffer

— Solution A: 0.2M of sodium acetate trihydrate, CH3COONa ¢ 3H,O: 27.22 g in 1 liter of
distilled water.

— Solution B: 0.2M of acetic acid: 12.1 ml of glacial acetic acid in 987.9 ml of distilled water.
— Preparation of 100 ml 0.1 M Acetate Buffer:

Preparation of 0.1M Acetate Buffer at 25°C

pH Volume of Solution A (ml) Volume of Solution B (ml)
3.7 10 90
3.8 12 88
4.0 18 82
4.2 26.5 73.5
4.4 37.0 63.0
4.6 49.0 51.0
4.8 59.0 41.0
5.0 70.0 30.0
5.2 79.0 21.0
5.4 86.0 14.0
5.6 91.0 9.0
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15. Tris Buffer
— Preparation of 100 ml 0.05 M Tris Buffer

Desired pH (25°C) Volume of 0.1N HCI (ml)
7.1 45.7
7.2 44.7
7.3 43.4
7.4 42.0
7.5 40.3
7.6 38.5
7.7 36.6
7.8 345
7.9 32.0
8.0 29.2
8.1 26.2
8.2 22.9
8.3 19.9
8.4 17.2
8.5 14.7
8.6 12.4
8.7 10.3
8.8 8.5
8.9 7.0
9.0 5.9

-Tris buffer (0.05M) of the desired pH can be made by mixing 50 ml of 0.1M Tris-Base with
the indicated volume of 0.1N HCI and then adjusting the volume of the mixture to 100 ml with
distilled water.
e 0.1M Tris-Base: Add 121.14 g of Tris-Base and complete to liter with distilled water.
e 0.1IN HCI": add 8.3 ml of 37% HCI complete to 1 liter by distilled water.

®YHCI: 37% vi/v. Specific gravity: 1.19 g/ml (Merck).

166



Appendix 3

Endospore staining method

1. Malachite Green solution (5%o)

Components Quantity
Malachite Green 50
Distilled Water 100 ml

2. Safranin solution (0.5%)

Components Quantity
Safranin 05¢g
Ethanol 95% 10 ml
Distilled Water 90 ml

e Prepare smears in the usual manner on separate clean slides.

e Allow the smear to air-dry and heat fix.

e Flood smears with malachite green (5%).

e Place on top of a beaker of water sitting on a warm hot plate, allowing the preparation
to steam for 5 minutes (Do not allow the stain to evaporate; replenish stain as needed,
and prevent the dye from boiling by adjusting the hot plate temperature).

e Remove slides from the hot plate, cool, and wash under slowly running tap water.

e Counterstain with Safranin for 30 seconds.

e Wash with tap water.

e Blot dry slides with bibulous paper.

e Examine under a microscope using oil immersion.

e Result: endospore stain green and the vegetative cells stain red to pink.
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To create a standard curve, the bovine serum albumin (BSA) was diluted as follows: 50, 100,

Appendix 4

Bradford protein assay

150, 200, 250, and 300 ug/ml. The assay was performed as triplicate determination.

Protein concentration

BSA (Img/ml)

Distilled Water (ul)

BSA concentration ug/pl

(Hg/ml)
0 - 500
50 25 475
100 50 450
150 75 425
200 100 400
250 125 375
300 150 350
0,9
0,8
0,7
£
L‘g 0,6
% 05 y =0,0011x + 0,5189
- ! R2 =0,9959
$ 0,4
[&]
S 03
2
8 0,2
o]
<< 0,1
0 T T T T T 1
0 50 100 150 200 250 300

Figure 1. BSA standard curve.
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Example of obtained SDS-PAGE Gels




Appendix 5

Physicochemical Analysis

1. Total alkalinity
The water to be analyzed was preferably stored in polyethylene containers, and the
analysis was performed within 24 hours after sampling.
1.1. Reagents
- 0.02 N hydrochloric or sulfuric acid.
- Phenolphthalein solution in 0.5% alcohol.

- Bromocresol green and methyl red solution:

Components Quantity
Bromocresol green 029
Methyl red 0.015¢g
Ethanol 90% q.s. 100 ml

— Deionized water free of free carbon dioxide (by boiling for 15 min).

1.2. Operating method

Determination of TA

Take 100 ml of water to be analyzed in a conical flask. Add 1 to 2 drops of alcoholic solution
of phenolphthalein. A pink coloration should then develop. If not, the TA is zero (pH < 8.3),
then slowly pour the acid into the flask using a burette while constantly stirring until the solution
is wholly discolored (pH 8.3).

V is the volume of acid used to obtain the color change.

Determination of TAC

Use the previously processed sample or the original sample if no staining was done. Add two
drops of bromocresol green solution and methyl red and titrate again with the same acid until
the greenish-blue coloration disappearance and appearance of the pink color (pH 4.5). The
titration must be carried out quickly to reduce the loss of CO,, leading to an increase in the pH
of the solution.

V' be the volume of 0.02 N acid poured since the beginning of the determination.

1.3. Expression of results
TA

» VI/5: expresses the alkalimetric strength (TA) in milliequivalents per liter.
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>V expresses the alkalimetric strength in French degrees (1° f corresponds to 10 mg of
calcium carbonate or 0.2 mEg/l).
TAC
» V' /5: expresses the complete alkalimetric title (TAC) in milliequivalents per liter.

» V' expresses the complete alkalimetric title in French degrees.

2. Total Hardness (TH)
2.1. Reagents

0.5% eriochrome black T solution

Components Quantity
sodium salt of [(1-hydroxy-2-naphthylazo) 0.5g
nitro-6-naphthol-2-sulfonic acid-4)] ©

Triethanolamine 100 ml

) Marketed under the name of Eriochrome Black T.

Buffer solution pH=10

Components Quantity
Ammonium chloride 67.59
Ammonia (d = 0.925) 570 ml
EDTA  disodium magnesium salt 5g
(C10H12N20sNa2Mg)

Deionized water 1000 ml

-Keep the solution in a polyethylene bottle.

-Check the pH, which must be equal to 10 on a 1/10 dilution of the solution with deionized
water.

EDTA solution

Components Quantity
EDTA 3.725¢g
Deionized water 1000 ml

-Store the solution in a polyethylene vial and check its titer periodically with the standard
calcium solution.

-Take 20 ml of the standard calcium solution, dilute to 50 ml and proceed with the assay as
described in the procedure.

-The concentration of the EDTA solution in mol/L is given by the expression:
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Vi
C =001x—

V2

v1 = Volume in ml of the standard solution.

v2 = Volume in ml of EDTA solution.

Calcium standard solution at 0.4008 g/L
Components Quantity
Dehydrated calcium carbonate 1.001g
Hydrochloric acid diluted to 1/4 Until dissolved
Methyl red A few drops
Ammonia diluted to 1/10 Turn on the indicator
Deionized water 1000 ml

-Place the calcium carbonate in a beaker, add 100 ml of water, and then hydrochloric acid in an
amount just sufficient to dissolve the calcium carbonate.

-Add 200 ml of water and boil the solution for a few minutes to remove the carbon dioxide.
-After cooling, add a few drops of methyl red and ammonia solutions until the indicator turns
orange.

-Transfer the solution into a 1-liter volumetric flask, complete the volume with deionized water.

» 1 mL of the solution contains 0.4008 mg of calcium.

2.2. Operating method

-Add 50 ml of test water to a 250 ml conical flask, add 4 ml of buffer solution and three drops
of eriochrome black T solution. The solution will turn dark red or purple; the pH should be 10.
While maintaining agitation, add the EDTA solution rapidly and then dropwise as the solution
begins to turn blue. Check that the coloration no longer changes by adding an additional drop
of EDTA.

2.3. Expression of results

The total concentration of calcium and magnesium, expressed in milliequivalents per liter, is
given by the expression:
CxV1
V2

1000 x

C = Concentration in milliequivalents per liter of the EDTA solution.

vl = Volume in ml of EDTA solution.
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v2 = Volume of sample.

3. Measure of cations

Calcium (Ca?"), Magnesium (Mg?"), Potassium (K*), Sodium (Na*) concentrations were
determined by flame atomic absorption spectroscopy of type Agilent Technologies 2007 at
422.7 nm, 258.2nm, 766.5 nm, and 589.6 nm, respectively, according to the detailed protocols
described in Rodier et al. (2016).

4. Chloride

4.1. Reagents

- Pure nitric acid.

- Pure calcium carbonate.

- 10% potassium chromate solution.
- 0.1 N silver nitrate solution.

4.2. Operating method

-Introduce 100 ml of water to be analyzed (previously filtered if necessary). Add 2 to 3 drops
of pure nitric acid, then a pinch of carbonate of lime, and three drops of 10% potassium
chromate solution. Then pour the silver nitrate solution through a burette until a reddish tint
appears. The appearance of a reddish tint, which should persist for 1 to 3 minutes.

V be the number of milliliters of 0.1 N silver nitrate used.

4.3. Expression of results
For a 100 ml test sample:
V x 10 x 3.55 gives the chloride content, expressed in milligrams of ClI” per liter of water.

V x 10 x 5.85 gives the chloride content expressed in milligrams of NaCl per liter of water.

173



Metagenomics Analysis

1. Sequencing data

Appendix 6

Samples Total Total valid Removed Read lengths (pb) N° of reads N° of Species
reads reads reads* . identified at level identified
Min  Max Average of species
Debagh (Sediment) 23615 18912 (80.1%) 4703 (19.9%) 264 347 291.9 14795 (78.2%) 349
Saida (Sediment) 46687 39282 (84.1%) 7405 (15.9%) 229 259 292 29525 (75.2%) 1106
Debagh (Water) 21748 21262 (97.8%) 486 (2.2%) 131 493 291.2 8149 (38.3%) 75
Saida (Water) 28693 24082 (83.9%) 4611 (16.1%) 286 299 291.9 23299 (96.7%) 276

* (Low quality, Non-target, Chimeric).

174



Brazilian Journal of Microbiology (2020) 51:1987-2007
https://doi.org/10.1007/s42770-020-00376-0

ENVIRONMENTAL MICROBIOLOGY - RESEARCH PAPER ;.)

Check for
updates

Diversity and enzymatic potential of thermophilic bacteria associated
with terrestrial hot springs in Algeria

L. Benammar"?*@® - K. inan Bektas® - T. Menasria® - A. O. Beldiiz? - H. I. Giiler® - I. K. Bedaida' - J. M. Gonzalez® -

A. Ayachi?

Received: 25 May 2020 / Accepted: 3 September 2020 / Published online: 21 September 2020
© Sociedade Brasileira de Microbiologia 2020

Abstract

This study aims to determine the diversity of culturable thermophilic bacteria isolated from eight terrestrial hot springs in
Northeastern of Algeria using the conventional methods, SDS-PAGE fingerprinting of whole-cell proteins and 16S rRNA gene
sequencing. In addition, their hydrolytic enzyme activities were also investigated. A total of293 strains were isolated from the hot
springs’ water and sediment using different culture media. Overall, five distinct bacterial groups were characterized by whole-cell
protein pattern analysis. Based on the 16S rRNA gene sequencing of 100 selected strains, the isolates were assigned to the
following three major phyla: Firmicutes (93%), Deinococcus-Thermus (5%), and Actinobacteria (2%), which included 27
distinct species belonging to 12 different phylotypes, Aeribacillus, Aneurinibacillus, Anoxybacillus, Bacillus, Brevibacillus,
Geobacillus, Laceyella, Meiothermus, Saccharomonospora, Thermoactinomyces, Thermobifida, and Thermus. The screening
for nine extracellular enzymes showed that 65.87% of the isolates presented at least five types of enzyme activities, and 6.48% of
strains combined all tested enzymes (amylase, cellulase, pectinase, esculinase, protease, gelatinase, lipase, lecithinase, and
nuclease). It was found that Bacillus, Anoxybacillus, Aeribacillus, and Aneurinibacillus were the genera showing the highest
activities. Likewise, the study showed an abundant and diverse thermophilic community with novel taxa presenting a promising
source of thermozymes with important biotechnological applications. This study showed that a combined identification method
using SDS-PAGE profiles of whole-cell proteins and subsequent 16S rRNA gene sequence analysis could successfully differ-
entiate thermophilic bacteria from Algerian hot springs.
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Introduction

Thermophiles are a group of heat-loving microbes thriving at
high temperature. They are grouped according to their opti-
mum growth temperature as moderate thermophiles (50—
60 °C), extreme thermophiles (60-80 °C), and
hyperthermophiles (> 80 °C) [1]. They are inhabitants of var-
ious environments, such as deep-sea hydrothermal vents, ter-
restrial hot springs, and other extreme sites, including volcanic
region, tectonically active faults, and processing waste resi-
dues, like compost piles and deep organic landfills [2].
Thermophiles have attracted considerable attention because
they present specific features with biotechnological and indus-
trial interest, such as the production of different biomolecules
(exopolysaccharide, antimicrobial, biosurfactant) [3—5] and
thermostable enzymes (amylases, cellulases, chitinases,
pectinases, xylanases, proteases, lipase, and DNA polymer-
ases), for biotechnological applications in medical, industrial,
and agriculture processes [1]. These organisms may also serve
in an increasing number of potential bioremediation applica-
tions, mainly removing of heavy metals from waste [6], bio-
degradation of petroleum hydrocarbons, [7], and in renewable
energy [8].

Geothermal springs are considered unique hot spots for
large communities of thermophilic microorganisms, mainly
belonging to Bacteria and Archaea domains [9].
Thermophile biodiversity can provide an overview of the po-
tential, and such studies are required not only to understand
the microbial community’s organization and composition but
also led to further discovery of novel taxa and to resolve the
role of microorganisms in the community [10]. Microbial
studies of hot springs have been extensively reported in many
countries, particularly the Yellowstone National Park (USA)
[11], New Zealand [12], India [13], Russia [14], Japan [15],
China [16], Iceland [17], and Turkey [18].

Algeria is one of the world’s richest countries in terms
of geothermal sites, with over 240 hot springs across the
country (temperature ranging between 22 and 98 °C) [19].
Moreover, it hosts Hammam Debagh, also named
Hammam Challala that presents temperatures up to
98 °C, which offers the hottest terrestrial spring in the
country [20] and the second in the world after those of
Iceland [21]. Algerian hot springs formerly were only
used as spas for balneology [22], regarding their therapeu-
tic effects [23]. At these spots, researchers were mainly
interested in geothermal potential, physicochemical com-
position, and bacteriological and fungal contamination in-
vestigations to ensure the safety of users [24—26]. Despite
intensive studies on terrestrial thermal springs around the
world, very little is known about the microbial biodiver-
sity of hydrothermal springs in Algeria. Though recently
some studies on thermophilic bacteria have emerged, they
stay limited only to some hot springs and aspects [27, 28].

@ Springer

The identification of thermophilic species is usually per-
formed by 16S rDNA sequence, DNA-DNA hybridization,
PCR-RFLP profiles, and BOX-PCR [29-32]. Nevertheless,
during isolation, multiple colonies are simultaneously detect-
ed and very often with very close morphologies within and
between the strains, which makes the selection of different
bacteria difficult; consequently, an efficient technique for spe-
cies recognition is required before further identification by
molecular approaches [2]. The analysis of SDS-PAGE
whole-cell protein has demonstrated to be highly effective
for the differentiation of thermophilic bacteria [33, 34]. Our
study is a first attempt to classify and cluster thermophilic
strains isolated from Algerian terrestrial hot spring using
SDS-PAGE profiling.

Given these facts, the present study seeks to investigate the
culturable thermophilic bacterial diversity using a culture-
dependent approach based on SDS-PAGE whole-cell protein
patterns and 16S rRNA gene sequencing from eight hot
springs distributed over four cities in Northeastern of
Algeria. The work was extended by investigating some indus-
trially important hydrolytic enzymes (amylase, cellulase,
pectinase, esculinase, protease, gelatinase, lipase, lecithinase,
and DNase) from isolated thermophilic strains in order to
evaluate their potential application in biotechnological
processes.

Materials and methods
Site description

The sampling study was carried out in eight terrestrial geo-
thermal springs distributed over four cities (Batna, Biskra,
Guelma, and Khenchela) in Northeastern of Algeria. Among
the hot springs studied, the following six sites have never been
explored for microbial biodiversity: Belhachani Hot Spring
(H24A), Guerfa Hot Spring (H24G), Saida Hot Spring
(HO5S), Guerdjima Hot Spring (HO5G), Sidi El Hadj Hot
Spring (HO7S), and El Knif Hot Spring (H40K). The hot
springs included from moderate thermophilic to hyperthermo-
philic (40.6-96 °C) environments with a range of pH from
6.27 to 8.03 (Fig. 1).

Sample collection and isolation of thermophilic
bacteria

In order to avoid possible bacterial contamination, water and
sediment samples were collected aseptically in sterile flasks, at
a depth of 30-50 cm from the surface. For water, physico-
chemical parameters as temperature and pH were recorded in
situ by a portable multiparameter meter (Hanna HI 8314). The
collected samples were immediately transported on ice to the
laboratory for further analysis.
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A. Guerdjima hot spring (HO5G). Batna province
B. Saida hot spring (H05S). Batna province

E. Debagh hot spring (H24D). Guelma province
F. Guerfa hot spring (H24G). Guelma province

C. Sidi El Hadj hot spring (HO7S). Biskra province
D. Belhachani hot spring (H24A). Guelma province

G. Essalihine hot Spring (H40S). Khenchela province
H. El Knif hot spring (H40K). Khenchela province

(T°C ) 96.0; pH 7.27 (T°C ) 60.0; pH 7.33
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(T°C ) 50.1; pH 6.90

35°2617"N, 07°0510"E
(T°C ) 52.7; pH 8.03

Fig. 1 Geographical location of the studied hot springs

Two techniques, liquid enrichment and dilution plating,
were used to isolate the thermophilic bacteria on the following
six different culture media: Thermus medium [35], Castenholz
medium D, Thermus 162 medium [36], ATCC medium 697
[37], Nutrient medium (Liofilchem) [38], and Tryptic soy me-
dium (BD, Difco) [39]. Solid media were obtained by adding
3% (w/v) of agar to liquid media. The plates were then incu-
bated for 3 to 10 days at 55 °C in plastic bags. The plates were
constantly observed for the appearance of bacterial colonies in
the different employed media. Single colonies with distinct
morphology were selected from each of the plates and purified
by successive streaking on respective medium plates. Pure
cultures were maintained at 4 °C as slant and in 20% glycerol
stock at — 80 °C for further use.

Phenotypic features of isolates

All phenotypic tests were made in duplicate and repeated if
inconsistent results were first observed. Growth tests, unless
otherwise specified, were performed at 55 °C on Thermus
media.

The colony morphology of the thermophilic isolates was
checked by direct and stereomicroscopic observations of

single colonies. Gram staining was carried out by using the
standard Gram’s reaction [40] and was confirmed by a non-
staining procedure using the KOH lysis test method [41].
Oxidase and catalase activities were performed as described
by Maugeri et al. [42].

Temperature and pH range for growth were determined
following incubation of the strains on Thermus agar at differ-
ent temperatures (30—75 °C) and pH (5.0-9.0) with 5 °C and
one unit intervals, respectively. Halotolerance was assayed by
plating each culture onto Thermus medium supplemented
with 0, 2, 2.5, 5, 7.5, 10, 15, and 20% (w/v) NaCl. Growth
was determined by visual observation after three days of in-
cubation [43].

Biochemical characteristics were screened by API
20E® strips system (bioMérieux, France) according to
the manufacturer’s instructions with some modifications.
The number of bacteria was adjusted to one McFarland
standard, and 200 pL of suspension was transferred into
each well. Strips in incubation boxes were put into a plas-
tic container filled into the bottom with sterilized water to
minimize evaporation and then incubated at 55 °C. The
API strips were observed at 4, 8, 16, and 24 h. At each
observation point, water was replenished when necessary.
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For further clarification of biochemical characters, a sim-
ilarity dendrogram of API20E profiles was constructed
using the MEGAG6 software based on the UPGMA method
and Jaccard coefficient.

SDS-PAGE of whole-cell proteins
Preparation of protein extracts

Thermophilic strains of 0.1 O.D. at 600 nm were incubated
overnight at 55 °C in 50 mL of LB broth and centrifuged at
16,000 xg for 10 min at 4 °C. Each sample pellet was washed
twice with distilled sterile water and suspended in 100 mM
phosphate buffer (pH = 7.6). The suspensions were then son-
icated with an ultrasonic homogenizer (LABSONIC M,
Sartorius) at an output of 40% amplitude and pulse mode of
30 s with 10 s intermittence, for 5-10 min according to bac-
terial strains. Sample tubes were placed in an ice bath during
sonication to prevent heat buildup. All lysates were clarified
by centrifugation at 16,000 xg for 15 min at 4 °C. The super-
natant obtained was stored at — 20 °C [44]. Protein concentra-
tion was measured according to Bradford microplate protein
quantification assay. The absorbance was measured at 595 nm
with a microplate reader (SpectraMax® M?2), and the protein
concentration was determined from a standard curve using
bovine serum albumin (Thermo-Fisher) as standard protein.
Protein samples were then mixed with Laemmli sample buffer
(Bio-Rad). For protein denaturation, samples were heated for
5 min at 95 °C and centrifuged at 12,000¢g for 5 min to prevent
streaking during electrophoresis and kept on ice before load-
ing into the wells.

SDS-PAGE electrophoresis

SDS-PAGE of whole-cell proteins was carried out as de-
scribed by [45], on vertical slab gels (20 x 20 cm x 1 mm) in
a Protean® II xi Cell gel electrophoresis apparatus (Bio-Rad
Laboratories), using 12% (w/v) separating and 5% (w/v) stack-
ing gels. A volume of a sample containing 40-50 ng of protein
was layered on top of the gel. Electrophoresis was performed
at a constant current of 120 V through the stacking gel and
200 V through the resolving gel for 4 h. In each gel, the broad
range protein molecular mass marker (11 and 190 kDa,
Prestained Protein Ladder, Biolabs) was used to determine
the protein molecular mass. After electrophoresis, the gel
was stained for 1 h with 200 mL of 0.1% (w/v) Coomassie
Brilliant Blue R-250 (Sigma) with gentle continuous shaking
and then destained twice with 100 mL of 10% (v/v) acetic acid
and 50% (v/v) methanol aqueous solution first for 1 h followed
by a second destained solution containing 5% (v/v) methanol,
7% (v/v) acetic acid, and 88% water overnight.
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Computing numerical data

The destained gels were scanned and stored as JPEG files. The
whole-cell protein patterns were compared with each other to
group the thermophilic isolates. The densitometric analysis,
normalization, and interpolation of the protein profiles, group-
ing of the bacterial strains by the Pearson product-moment
correlation coefficient (7), and cluster analysis on the matrix
of correlation values by the unweighted pair group method
using arithmetic averages (UPGMA). Linkage was performed
using the BioNumerics version 7.6.3 software package
(Applied Maths NV).

Molecular identification by 16S rRNA gene
sequencing and phylogenetic analysis

Genomic DNA extraction

Bacterial genomic DNA of promising isolates was extracted
from 5 mL cultures grown overnight at 55 °C in Thermus
broth and pelleted by centrifugation at 16,000xg for 2 min
using Wizard® Genomic DNA Purification Kit by Promega
(USA). DNA was quantified using the Nanodrop 2000 spec-
trophotometer (Thermo Scientific), by measuring OD,¢o and
ODasgo.

PCR amplification

The extracted DNA samples were used as a template for am-
plification of the 16S rRNA sequences gene using the univer-
sal primers UNI16S-L (5'-ATTCTAGAGTTTGATCATGG
CTCA-3") and UNI16S-R (5'-ATGGTACCGTGTGA
CGGGCGGTGTGTA-3") [43]. PCR reactions were carried
out in 50 puL volume containing 10 uL GoTaq Flexi Buffer
(5%), 3 uL MgCl, (25 mM), 1 uL dNTPs (10 mM), 1 pL
reverse primer (10 mM), 1 uL forward primer (10 mM),
0.25 uL GoTaq G2 Flexi DNA polymerase (5 U/uL), and
1 uL of the DNA template, and the volume was made up to
50 pL with Milli-Q water. The PCR amplification conditions
consisted of initial denaturation at 95 °C for 2 min, followed
by 35 cycles of denaturation at 94 °C for 1 min, annealing at
55 °C for 1 min, extension at 72 °C for 2 min, and a final
polymerization step of 72 °C for 5 min. PCR products were
visualized in 1% (w/v) agarose gel electrophoresis at 120 V for
15 min.

Sequencing and phylogenetic analysis

The PCR products were cloned into the pGEM-T Easy vector
system (Promega, USA), and then, the 16S rRNA gene se-
quence was determined with an Applied Biosystems model
373A DNA Sequencer, using the ABI PRISM® BigDye™
Terminator cycle-sequencing kit (Macrogen).
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The sequences were compared with those in the databases
of the National Center for Biotechnology Information (NCBI)
website using the BLAST method and the EzTaxon server
(http://www.eztaxon.org/) [46]. Phylogenetic analyses were
carried out using MEGA software version 6 [47].
Phylogenetic trees were constructed using the neighbor-
joining method [48]. Tree topologies were evaluated by boot-
strap sampling expressed as a percentage of 1000 replicates.
The nucleotide sequences determined in this study have been
deposited in GenBank (NCBI database) under accession num-
bers from MN885696 to MN885795.

Extracellular hydrolytic enzyme screening

For preliminary qualitative screening of ten hydrolytic en-
zymes, the thermophilic isolates were grown on Thermus agar
for 24-48 h. The relevant assays were performed on agar
plates, including enzyme-specific substrates using drop plate
technique after incubation in plastic bags at 55 °C for 1-5 days.
All experiments were done in duplicate and conducted accord-
ing to the standard protocols described subsequently.

Amylase activity

Amylase assay was determined on 1% (w/v) starch agar me-
dium. The starch hydrolysis was detected by flooding plates
with Lugol’s iodine solution. The clear zone around the colo-
ny indicates a positive result [49].

Cellulase activity

For cellulase activity screening, 0.5% (w/v) carboxymethyl-
cellulose (CMC)-based medium was used. The plates were
flooded with Lugol’s iodine solution. The clear halo around
the colonies indicates the CMC hydrolysis [50].

Pectinase activity

The pectinolytic activity was detected on MP5 medium con-
taining 0.5% pectin [S1]. After incubation, the plates were
flooded with iodine-potassium iodide solution (1.0 g iodine,
5.0 g potassium iodide, and 330 mL H,O). Clear zones around
the colonies showed pectinolytic activity [52].

Esculinase activity

Esculinase hydrolysis enzyme was screened according to [53]
with some modifications using specific medium containing
10 g peptone, 1 g esculin/aesculin, 20 g ferric ammonium
citrate, 30 g agar, and 1 L distilled H,O. Visualizing a zone
of black precipitate around the colonies indicates a positive
result.

Protease activity

The proteolytic or caseinolytic activity was tested in 10%
skim milk plate medium. Transparent clear zones around the
growth were considered as an indication of casein activity
degradation [54].

Gelatinase activity

Gelatin hydrolysis assay was conducted according to the
method of Frazier [55] using 0.4% gelatin-based agar.
After incubation, degradation of gelatin was seen as a
clear zone around colonies, in the somewhat opaque agar.
When the plate was flooded with a saturated aqueous
solution of ammonium sulfate, a precipitate was formed
that made the agar more opaque and enhanced the clear
zones around the colonies [56].

Lipolytic and esterase activities

Lipolytic activity was detected according to the diffusion agar
method on Tween-based medium containing 1% of tween (20
or 80), 10 g Difco Bacto-peptone, 5 g NaCl, 0.1 g
CaCl,.1H,0, 30 g agar-agar, and 1 L distilled H,O (pH 7.4).
A well visible halo or turbid around the colonies indicated
lipolysis [57].

Lecithinase activity

For determination of lecithinase enzyme, nutrient agar, includ-
ing (5%, v/v) egg-yolk emulsion, was used. The formation of a
white precipitate as opalescence around or beneath the colony
revealed lecithinase formation [58].

Nuclease activity

DNase activity of the strains was revealed using the DNase
test agar medium with methyl green. After incubation, DNase-
producing bacteria exhibit a clear zone around growth against
a green background [59].

Results
Isolation and distribution of thermophilic bacteria

A total of 293 thermophilic strains were isolated from the
different hot springs. According to the distribution, 17.57%
(52/293) of all the isolated strains were retrieved from Debagh
Hot Spring (H24D), followed by Belhachani Hot Spring
(H24B), Essalihine Hot Spring (H40S), Guerdjima Hot
Spring (HO5G), Sidi El Hadj Hot Spring (HO7S), and Saida
Hot Spring (HO5S) with 16.04, 14.68, 14.33, 12.29, and
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11.95%, respectively. El Knif Hot Spring (H40K) and Guerfa
Hot Spring (HO5G) presented the lowest number of isolates,
6.83% (20/293) and 6.14% (18/293), respectively.

Isolation and purification procedures were carried out
with both water and sediment samples. Sediment samples
from all hot springs provided 51.32% (166/293) isolates,
while water samples allowed the isolation of 48.68%
(127/293) isolates. A total of six media were employed
to retrieve the culturable bacteria. A total of 57.68% of
total isolates have been cultured on specific media
(Thermus medium, ATCC medium 697, Thermus 162
medium). In comparison, 42.32% were isolated from stan-
dard media distributed into 6.14% from a minimum me-
dium (Castenholz medium D) and 38.18% from standard
media (Nutrient agar and Tryptic soy medium).

Morphological and physiological characterizations of
isolates

Morphologically, the isolates showed some variation in color;
they were gray, black, creamy and creamy-gray, buff, white
and off-white, yellow to bright yellow, pink, orange, and red
(Fig. S1). The pigments produced by the isolated species were
endocellular and nondiffusible. The colonies show a very
wide range of colonial morphologies. Some isolates are circu-
lar or irregular in shape with a marge of entire to undulate or
crenate uneven edges. They have wrinkled, rough, granular,
crusty, or smooth textures, and some may appear finely wrin-
kled and adherent to the agar surface. They were either opaque
or translucent. Another fast-growing mycelial colony was
noted.

Based on Gram staining, 78% of the isolates were found
mostly to be Gram-positive. A total of 182 isolates (62.12%)
were catalase-positive, 71 isolates (24.23%) were oxidase-
positive, while 16.72% (49 isolates) were oxidase- and cata-
lase-positive.

All isolates screened for temperature tolerance were able to
grow between 30 and 80 °C with variation among strains. It
was noted that all isolates (293 isolates) grow at 55 °C within
24 h to 1 week. Of which, 40.20% were found to tolerate
65 °C, 10.87% could tolerate 75 °C, while only 5.11% of
isolates could grow at 80 °C. Moreover, 52.82% of isolates
could grow at 37 °C.

Salt was not required for growth since all the strains
were able to grow in the unsupplemented medium. The
isolates tolerated salt concentrations in medium supple-
mented with 1 to 15% NaCl (w/v). While none of the
strains were able to grow in medium supplemented with
20% NaCl (w/v). The number of strains growing de-
creased at increasing salt concentration. In addition, the
pH values tested ranged from 5.0 to 9.0. Almost all strains
grew in pH ranging between 6.5 and 8.5.
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Fig. 2 Dendrogram of similarity based on SDS-PAGE of whole-cell P>
protein pattern analysis from thermophilic bacterial isolates. The right
side of the figure presents the strain number and the clustering
classification

SDS-PAGE analysis

The electrophoretic patterns of whole-cellular proteins from
all isolates, resulting from SDS-PAGE, showed that five
groups could be delineated at a similarity level of 45%
(Fig. 2). The cluster I includes 42 strains grouped into the
following four sub-clusters: (A) six strains, (B) 15 strains,
(C) 12 strains, and (D) nine strains. The cluster II also was
grouped into four sub-clusters assembling 171 strains distrib-
uted as 134 strains from sub-cluster (C), followed by 23
strains in sub-cluster (B), and both sub-clusters (A) and (D)
including seven strains. Finally, clusters III, IV, and V include
only one strain for each one belonging to three different hot
springs, distributed as 05S37, 07S35, and 24A17, respective-
ly. A total of 100 representative strains from different clusters
were selected for further molecular identification by 16S
rRNA gene sequencing.

Characterization by 16S rRNA gene sequencing

Of 293 isolates, 100 bacterial isolates were selected for iden-
tification by complete 16S rDNA gene sequencing (~
1400 bp). The phylogenetic analysis revealed that the strains
were affiliated to 12 different genera (Bacillus, Anoxybacillus,
Aeribacillus, Aneurinibacillus, Brevibacillus,
Thermoactinomyces, Meiothermus, Geobacillus, Thermus,
Laceyella, Thermobifida, and Saccharomonospora), grouping
27 distinct species with 96.09 to 100% of sequence similarity
to closely related species (Table 1; Figs. 3, 4, and 5). The
strains retrieved from hot springs were distributed over three
phyla, Firmicutes (93%), Deinococcus-Thermus (5%), and
Actinobacteria (2%). Blast analysis of the 16S rRNA gene
sequence indicates that seven strains grouped as Bacillus,
Brevibacillus, Geobacillus, Aneurinibacillus, and
Thermoactinomyces may probably constitute new taxa on
these genera (Table 1). They present between 96.09 and
98.79% nucleotide sequence similarity with 16S rRNA gene
sequences of typed strains.

Biochemical characterization

The API 20E profiles of the isolates demonstrated biochemi-
cal diversity (Fig. S2). All strains were negative for indole and
H,S production. As one can see, the utilization of carbohy-
drates varies; negative assimilation results were obtained for
rhamnose and saccharose overall strains. The carbohydrate
assimilation test was positive for 20% of strains on
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Table 1 Thermophilic bacteria isolated from Algerian hot springs and their best match results with 16S rRNA gene sequences of typed strains

Site Genus Isolates  Related bacterial strains (accession number) Similarity (%)

Guerdjima Hot Spring (HO5G) Aeribacillus (n=4) 05G38 A. composti N.8 (LT594972) 99.77

N=15 05G14 A pallidus KCTC3564 (CP017703) 99.60

05G30 A. pallidus KCTC3564 (CP017703) 99.82

05G40 A. pallidus KCTC3564 (CP017703) 99.36

Aneurinibacillus (n =4) 05G4 A. thermoaerophilus DSM 10154 (X94196) 99.82

05G7 A. thermoaerophilus DSM 10154 (X94196) 99.86

05G8 A. thermoaerophilus DSM 10154 (X94196) 99.72

05G9 A. thermoaerophilus DSM 10154 (X94196) 99.88

Anoxybacillus (n=3) 05G21 A. gonensis G2 (CP012152) 99.22

05G27 A. gonensis G2 (CP012152) 99.81

05G37 A. gonensis G2 (CP012152) 100.0

Bacillus (n=3) 05G33 B. sonorensis NBRC101234 (AYTNO01000016) 99.78

05G32 B. licheniformis ATCC14580 (AE017333) 99.09

05G35 B. licheniformis ATCC14580 (AE017333) 99.71

Thermoactinomyces (n=1) 05G17 T. vulgaris KCTC9076 (AF138739) 99.60

Saida Hot Spring (HO5S) Aeribacillus (n=3) 0554 A. pallidus KCTC3564 (CP017703) 99.71

N=13 05S8 A. pallidus KCTC3564 (CP017703) 100.0

05S20 A. pallidus KCTC3564 (CP017703) 99.30

Anoxybacillus (n=4) 05S29 A. gonensis G2 (CP012152) 99.65

05532 A. kaynarcensis D1021 (EU926955) 99.14

05S15 A. pushchinoensis K1 (jgi.1042845) 99.53

05S24 A. salavatliensis A343 (EU326496) 99.70

Bacillus (n=1) 05S9 B. hisashii N-11 (AB618491) 99.40

Brevibacillus (n=1) 05S37 B. aydinogluensis PDF25 (HQ419073) 99.79

Meiothermus (n=1) 05528 M. ruber DSM1279 (CP001743) 100.0

Thermoactinomyces (n=3) 05S3 T. vulgaris KCTC9076 (AF138739) 99.40

05S19 T. vulgaris KCTC9076 (AF138739) 99.62

05821 T. vulgaris KCTC9076 (AF138739) 98.13

Belhachani Hot Spring (H24A) Aeribacillus (n=3) 24A34 A. composti N.8 (LT594972) 99.93

N=15 24A13  A. pallidus KCTC3564 (CP017703) 99.50

24A52 A. pallidus KCTC3564 (CP017703) 99.08

Anoxybacillus (n=4) 24A10 A. flavithermus DSM2641 (CP020815) 99.04

24A3 A. gonensis G2 (CP012152) 99.63

24A46 A. gonensis G2 (CP012152) 99.81

24A12 A. thermarum AF/04 (AM402982) 99.28

Bacillus (n=5) 24A37 B. haynesii NRRLB-41327 (MRBL01000076) 99.78

24A11 B. kokeshiiformis MO-04 (JX848633) 99.21

24A 6 B. licheniformis ATCC14580 (AE017333) 99.80

24A27 B. licheniformis ATCC14580 (AE017333) 99.47

24A31 B. licheniformis ATCC14580 (AE017333) 99.61

Laceyella (n=1) 24A21 L. sacchari KCTC9790 (AF138737) 99.25

Saccharomonospora (n=1) 24A43 S. viridis DSM43017 (CP001683) 99.36

Thermoactinomyces (n=1) 24A22 T. vulgaris KCTC9076 (AF138739) 99.17

El Knif Hot Spring (H40K) Aneurinibacillus (n =4) 40K 10 A. thermoaerophilus DSM 10154 (X94196) 99.88

N=8 40K 14 A. thermoaerophilus DSM 10154 (X94196) 99.65

40K15 A. thermoaerophilus DSM 10154 (X94196) 99.88

40K 18 A. thermoaerophilus DSM 10154 (X94196) 99.25

Anoxybacillus (n=2) 40K 8 A. gonensis G2 (CP012152) 99.03

40K12 A. gonensis G2 (CP012152) 99.31
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Table 1 (continued)

Site Genus Isolates  Related bacterial strains (accession number) Similarity (%)

Bacillus (n=1) 40K 1 B. licheniformis ATCC14580 (AE017333) 99.11

Brevibacillus (n=1) 40K 19 B. aydinogluensis PDF25 (HQ419073) 99.28

Essalihine Hot Spring (H40S) Aeribacillus (n=4) 40828 A. composti N.8 (LT594972) 99.85

N=15 40835  A. composti N.8 (LT594972) 99.85

40830 A. pallidus KCTC3564 (CP017703) 99.56

40842 A. pallidus KCTC3564 (CP017703) 99.24

Aneurinibacillus (n = 6) 40S14 A. thermoaerophilus DSM 10154 (X94196) 98.35

40S16 A. thermoaerophilus DSM 10154 (X94196) 99.15

40S23 A. thermoaerophilus DSM 10154 (X94196) 99.69

40843 A. thermoaerophilus DSM 10154 (X94196) 99.41

40844 A. thermoaerophilus DSM 10154 (X94196) 99.87

40845 A. thermoaerophilus DSM 10154 (X94196) 99.88

Bacillus (n=2) 40813 B. haynesii NRRLB-41327 (MRBL01000076) 99.78

40820 B. licheniformis ATCC14580 (AE017333) 99.61

Brevibacillus (n=3) 40824 B. aydinogluensis PDF25 (HQ419073) 99.64

40825 B. thermoruber DSM 7064 (Z26921) 99.54

40827 B. thermoruber DSM 7064 (Z26921) 96.81

Sidi El Hadj Hot Spring (HO7S)  Anoxybacillus (n=2) 07S31 A. geothermalis GSsed3 (KJ722458) 99.23

N=15 07S16  A. gonensis G2 (CP012152) 99.90

Bacillus (n=11) 07S24 B. haynesii NRRLB-41327 (MRBL01000076) 99.35

07S26 B. haynesii NRRLB-41327 (MRBL01000076) 99.78

07S5 B. hisashii N-11 (AB618491) 99.88

07S12 B. hisashii N-11 (AB618491) 99.90

07S14 B. hisashii N-11 (AB618491) 99.52

07S21 B. hisashii N-11 (AB618491) 99.77

07S32 B. hisashii N-11 (AB618491) 99.51

07S20 B. licheniformis ATCC14580 (AE017333) 96.09

07S27 B. licheniformis ATCC14580 (AE017333) 98.51

07S13 B. paralicheniformis KJ-16 (KY694465) 99.73

07S15 B. paralicheniformis KJ-16 (KY694465) 99.52

Brevibacillus (n=2) 07S11 B. aydinogluensis PDF25 (HQ419073) 99.77

07S35 B. aydinogluensis PDF25 (HQ419073) 99.48

Guerfa Hot Spring (H24G) Bacillus (n=3) 24G13 B. haynesii NRRLB-41327 (MRBLO01000076) 99.50

N=5 24G 1 B. hisashii N-11 (AB618491) 99.40

24G17 B. sonorensis NBRC101234 (AYTN01000016) 99.64

Geobacillus (n=2) 24G 6 G. icigianus Glw1 (KF631430) 98.02

24G 5 G. stearothermophilus NBRC 12550 (AB271757)  98.79

Debagh Hot Spring (H24D) Aeribacillus (n=1) 24D35 A. composti N.8 (LT594972) 99.41

N=14 Aneurinibacillus (n=1) 24D 1 A. thermoaerophilus DSM 10154 (X94196) 99.22

Anoxybacillus (n=2) 24D20 A. kaynarcensis D1021 (EU926955) 99.41

24D29 A. kaynarcensis D1021 (EU926955) 99.49

Bacillus (n=4) 24D46 B. haynesii NRRLB-41327 (MRBL01000076) 99.57

24D45 B. hisashii N-11 (AB618491) 99.47

24D 6 B. kokeshiiformis MO-04 (JX848633) 99.41

24D26 B. thermocopriae SgZ-7 (JX113681) 99.51

Brevibacillus (n=1) 24D 3 B. aydinogluensis PDF25 (HQ419073) 99.56

Meiothermus (n=2) 24D25 M. ruber DSM1279 (CP001743) 99.92

24D28 M. ruber DSM1279 (CP001743) 98.98

Thermobifida (n=1) 24D39 T. fusca NBRC14071 (BCWB01000075) 99.73
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Table 1 (continued)

Site Genus Isolates  Related bacterial strains (accession number) Similarity (%)
Thermus (n=2) 24D9 T. antranikianii HN3-7 (Y 18411) 99.78
24D24 T. antranikianii HN3-7 (Y 18411) 99.23

amygdaline and inositol, 18% for mannitol, and 15% for glu-
cose, sorbitol, and arabinose, respectively. Only 8% assimilate
melibiose. The number of positive tests displayed by the iso-
lates ranged from one to ten tests. Around 32% of strains were
positive only for one character.

Thermophilic bacterial diversity

Among the different sites, Debagh Hot Spring (H24D) and
Belhachani Hot Spring (H24A) presented the highest species
richness with its isolates being closely related to 11 genera.
The second position of more diverse sites belonged to Saida
Hot Spring (HO5S) with nine represented genera, followed by
Guerdjima Hot Spring (HO5G), Sidi El Hadj Hot Spring
(HO7S), and Essalihine Hot Spring (H40S) with seven genera
for each site. Guerfa Hot Spring (H24G) and El Knif Hot
Spring (H40K) resulted in five and four genera, respectively.

In the current study, the genus Bacillus (30%) was isolated
from all sampled geothermal sites. A total of 7% of isolates
represented by Geobacillus, Laceyella, Saccharomonospora,
Thermobifida, and Thermus were uniquely distributed in the
different hot springs. The other genera were distributed vari-
ably. Aeribacillus, Aneurinibacillus, Anoxybacillus, and
Brevibacillus were isolated from five hot springs, while
Thermoactinomyces and Meiothermus were cultured from
three and two sites, respectively. At each sampling point of
the four studied areas, we determined exclusive species (de-
tected at a single sampling point) and common species (found
in at least two sampling points). Venn diagram illustrates that
Guelma’s hot springs were more diverse than the other sites in
terms of species exclusivity, hosting ten exclusive species.
The analysis revealed that three species were shared among
all locations, whereas one to four other species were classified
as common species for the different combinations of regions
(Fig. 6).

Hydrolytic enzyme analysis

Bacterial isolates collected from hot springs were screened for
amylase, cellulase, pectinase, esculinase, protease, gelatinase,
lipase, lecithinase, and nuclease activities (Fig. S3). The fre-
quency occurrence of nine hydrolytic extracellular enzymes
produced by thermophilic bacteria at hot springs is shown in
Fig. 7. A total of 143 isolates (48.81%) showed amylase ac-
tivity, 156 isolates (53.24%) produced proteases, 122 isolates
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(41.64%) produced lecithinase, 197 isolates (67.24%) reduced
CMC-cellulose, 174 isolates (59.39%) produced pectinase en-
zyme, 200 isolates (68.26%) produce nuclease, 143 isolates
(48.81%) produced esculinase, 189 isolates (64.50%) produce
lipase, and 173 isolates produced (59.04%) gelatinase.

Among the 293 thermophilic bacteria, 99.32% produced at
least one extracellular hydrolytic enzyme. The combined hy-
drolytic activity was also detected in most strains. Indeed, 19
isolates (6.48%) combined all tested enzymes. Jointly,
18.43% (54 isolates), 65.87% (42 isolates), and 15.36% (45
isolates) produced, respectively, four, five, and six hydrolytic
enzymes simultaneously. In addition, 65.87% of bacterial iso-
lates showed at least five enzymatic activities.

Discussion

The present study searched for the diversity of thermophilic
culturable bacteria in Algerian hot springs. Thermophilic bac-
teria were present in all analyzed samples, and the occurrence
of isolates in different locations may be a result of the prevail-
ing environmental conditions and the chemical properties of
the water and sediment of the different hot springs, suggesting
the environment selects those strains better thriving under
those specific conditions, mainly temperature, pH, salinity,
and mineral elements [60, 61]. Almost water and sediment
allowed the isolation of a similar abundance of thermophilic
bacteria. However, sediment samples presented higher diver-
sity than water samples. Water samples showed more stable
culturable communities, which were dominated by a low
number of the most representative species. Microbial commu-
nity composition and abundance of sediments are influenced
by high nutrient content especially, organic matter, dissolved
oxygen, nitrogen, and phosphorus levels, which are key fac-
tors causing differences in microbial community structure
comparing to water [10, 62]. The number of thermophilic
bacterial populations recovered was dependent on the media
composition. Nutrient agar and Tryptic soy medium were
employed for isolating a large proportion of the available di-
versity mainly the thermotolerant isolates; both media support
the growth of bacteria from hot springs when incubated at
high temperature [39]. Furthermore, Thermus medium,
ATCC medium 697, and Thermus 162 medium were suitable
for isolation of thermophilic bacteria, including novel species
[63].
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Fig. 3 Neighbor-joining phylogenetic tree showing the relationship
based on 16S rRNA gene sequence comparison of (a) Deinococcus-
Thermus and (b) Actinobacteria. Bootstrap values (expressed as

There were very significant differences among the 293 pre-
sumptive thermophilic isolates in terms of morphological, bio-
chemical, and physiological properties. Isolates had character-
istic phenotypic characters; they were commonly Gram-
positive rod-shaped cells, and they were generally oxidase-

Saccharomonospora viridis DSM43017T (CP001683)
Saccharomonospora glauca K62T (AGJ101000003)
Saccharomonospora colocasiae S265" (MF185148)
Saccharomonospora azurea NA-128T (AGIU02000033)
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Thermobifida

Bacillus thermoamylovorans CNCMI-1378T (L27478)

percentages of 1000 replications) greater than 50% are shown at nodes.
The scale bar represents 2% estimated sequence divergence. The
sequence of Bacillus thermoamylovorans was used as an outgroup

and catalase-positive. Similarly, Narayan et al. reported the
dominance of Gram-positive thermophilic bacteria from
Savusavu hot Spring in Fiji [64].

Temperature tolerance of the isolates allowed their classi-
fication as thermophilic bacteria [1]. It has shown that 100%
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<« Fig. 4 Neighbor-joining phylogenetic tree showing the relationship
between Firmicutes isolates (Paenibacillaceae and
Thermoactinomycetaceae) and closely related species based on 16S
rRNA gene sequence comparison. Bootstrap values expressed as
percentages of 1000 replications; only bootstrap values>50% are
shown at nodes. The scale bar represents 2% estimated sequence
divergence

of isolates grow variably at 55 °C. Although, around 50% of
the bacteria can grow at 30 °C, but their optimal temperature
was 55 °C, the same temperature of their isolation. A total of
128 isolates were moderately thermophilic, while 5.11% iso-
lates were extremely or obligate thermophilic. Salt-tolerant
range revealed that all the isolated strains were halotolerants
[65]. The number of strains growing decreased at increasing
salt. Almost all strains grew at near neutral to slightly alkaline
pH ranging between 6.5 and 8.5. The physiological and mor-
phological characteristics turned too difficult to differentiate
isolates. This is well known and in accordance with previous
microbiological descriptions [30].

The analysis of SDS-PAGE whole-cell protein patterns has
proven to be highly reliable for comparing and clustering a
large number of Gram-positive and negative mesophilic bac-
teria growing on identical conditions and belonging to differ-
ent genera [66, 67]. However, there are very little researches
about the application of this technique on thermophilic spe-
cies. First, it was proved that thermophilic bacteria can be
identified by their amino acid composition deduced from their
complete genome sequences [33]. Later on, another research
suggested that the whole protein profiles by SDS-PAGE of
thermophilic bacteria isolated from deep-sea hydrothermal
fields in the Pacific Ocean provide discrimination between
species with high resolution [34]. Inan et al. [18] suggested
the classification of strains belonging to the Anoxybacillus
genus based on SDS profile. Both results showed great effi-
ciency and rapidity in the differentiation of thermophilic spe-
cies prior to further identification by genomics tools.

Based on SDS-PAGE fingerprinting of whole-cell protein
results combined with physiological and biochemical data, of
293 isolates, 100 bacteria were selected for identification by
complete 16S rDNA gene sequencing (~ 1400 bp). The
Bacillus genus dominated the thermophilic isolates (30%)
with high species diversity: B. haynesii, B. hisashi,
B. kokeshiiformis, B. licheniformis, B. paralicheniformis,
B. sonorensis, and B. thermocopriae. Other research found
that Bacillus was the most dominant isolated genus [30, 38].

Anoxybacillus was ranked in second position (17%) with
the following seven different species: A. flavithermus,
A. geothermalis, A. gonensis, A. kaynarcensis,
A. pushchinoensis, A. salavatliensis, and A. thermarum. The
genera Aeribacillus and Aneurinibacillus presented 15% of
the isolates. One genus with two species A. composti and
A. pallidus and one species A. thermoaerophilus for the

second one. They were followed by Brevibacillus (8%),
Thermoactinomyces (5%), and Meiothermus (3%) with two
species Brevibacillus aydinogluensis, Brevibacillus
thermoruber, and only one species Thermoactinomyces
vulgaris and Meiothermus ruber, respectively. A low isolation
rate of 2% characterized two genera Geobacillus represented
by Geobacillus icigianus and Geobacillus
stearothermophilus, with Thermus comprising one species
Thermus antranikianii. Other species were also isolated, such
as Laceyella sacchari, Saccharomonospora viridis, and
Thermobifida fusca, representing 1% each of the total number
of isolates. Yohandini et al. reported that the genera
Geobacillus, Anoxybacillus, Brevibacillus, and Bacillus were
the commonly found in thermal environments, within
Tanjung Sakti Hot Spring, in South Sumatera, Indonesia,
and these results are consistent with our findings [31].
Moreover, these results also indicate that Algerian hot springs
located in the Eastern part of the country harbor a wide variety
of thermophilic species, some already known or potentially
novel waiting further identification. Interestingly, we notice
the isolation and identification of strains belonging to six gen-
era, Aneurinibacillus, Laceyella, Meiothermus, Thermus,
Thermobifida, and Saccharomonospora, which have never
been reported previously from any hot springs in Algeria
[27, 28].

The members of Firmicutes dominated among the bacteria
isolated from all sampled hot springs; the results provide ev-
idence that Bacillus and related genera (Aeribacillus,
Anoxybacillus, and Geobacillus) represent the family
Bacillaceae with 64% of total isolates were ubiquitous. This
is likely due to endospore-forming ability of these bacteria
representing a successful survival strategy and dominance un-
der high temperature conditions [68]. Similarly, many reports
indicate the abundance of the phylum Firmicutes in extreme
environments [9]. A total of 23% of Firmicutes were repre-
sented by Paenibacillaceae (Aneurinibacillus and
Brevibacillus), following the finding by Kumar et al. [69].
Gram-negative bacteria were represented by the
Deinococcus-Thermus phylum harboring Meiothermus and
Thermus. Both genera have so far been isolated from terres-
trial hot springs around the world [70, 71]. A reduced number
of Actinobacteria was obtained. Two genera (Thermobifida
and Saccharomonospora) were isolated from thermal spring
sediments on the Thermus medium. Many researchers report-
ed the actinobacterial diversity in hot springs by culture-
independent methods. However, there are rare reports on
culturable actinobacteria in geothermal fields [72] .

Furthermore, six isolates exhibited < 98.51% nucleotide
sequence similarity with reported type strains in the
EzTaxon server. These values were lower than 98.65% 16S
rRNA gene sequence similarity, threshold needed for differ-
entiating two bacterial species, and to describe a new species
without performing the DNA-DNA hybridization [73].
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<« Fig. 5 Neighbor-joining phylogenetic tree showing the relationship
between Bacillaceae isolates and closely related species based on 16S
rRNA gene sequence comparison. Bootstrap values expressed as
percentages of 1000 replications; only bootstrap values>50% are
shown at nodes. The scale bar represents 2% estimated sequence
divergence

Among the potentially novel strains, 07S20 and 07S27
showed sequence similarity with the type strain Bacillus
licheniformis of 96.09 and 98.51%, respectively. The strain
40S27 indicated the highest sequence similarity with
Brevibacillus thermoruber (96.81%). The two strains 24G6
and 24GS5 exhibited 98.02 and 98.79% similarity with the
species Geobacillus icigianus and Geobacillus
stearothermophilus, respectively, while the strain 40S14
showed the highest 16S rRNA gene sequence similarity with
the type strain Aneurinibacillus thermoaerophilus (98.35%),
and the strain 05S21 revealed 98.13% sequence similarity
with the species Thermoactinomyces vulgaris. These results
indicate that they probably represent new species belonging to
four different hot springs among the eight prospected,
explaining the richness in new taxa of Algerian thermal
springs. Previous studies describe novel species isolated from
different Algerian terrestrial geothermal sites. Mainly repre-
sented by Pyrococcus sp. HT3, Caldicoprobacter algeriensis,
and Thermoactinomyces khenchelensis, respectively [74-76].

The traditional methods, including morphological, physio-
logical, and biochemical characterization, used for a prelimi-
nary classification of the isolates are troublesome, uncertain,
difficult for interpretation, and may involve substantial sub-
jective judgment [77]. At the same time, SDS-PAGE results
allow clustering the isolates enabling rapid and easy discrim-
ination as the first step for mandatory molecular identification.
The 16S rRNA gene sequencing provides an important con-
tribution to identifying the strains successfully to the genus
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Fig. 6 Venn diagram distribution illustrates the number of exclusive and
common thermophilic bacterial isolates among the sampled sites. Each
ellipse represents a sampling point

and sometimes even to species level. Although 16S rRNA
gene sequencing is highly accurate and useful regarding bac-
terial classification, it may be insufficient to distinguish be-
tween some closely related species and has low discriminatory
power for some genera [78]. This is the case for species within
some genera, like Bacillus, Anoxibacillus, Aeribacillus, and
Geobacillus [79—-81]. Thus, the identification of bacteria,
and specifically thermophiles, could benefit from the addition
of other fingerprinting methods for strain and species discrim-
ination [10, 18-82].

The limits of traditional culture-based methods to describe
the enormous diversity existing in the hidden microbial world
have forced to currently shift towards culture-independent ap-
proaches (i.e., based on DNA sequencing) which complement
physiological analyses to explore functional and taxonomical
diversity in hot springs [83].

The constructed UPGMA dendrogram of the biochemical
characteristics of the selected 100 bacterial strains isolated
from eight hot springs showed three clusters (numbered from
I to III). Overall, all the isolates displayed a minimum simi-
larity coefficient of approximately 0.68 or displayed pheno-
type profiles that were approximately 68% similar. A group of
14 isolates belonging to the eight hot springs formed cluster I.
Three isolates from the sub-cluster (IA) showed identical bio-
chemical profiles (isolates 05528, 24D28, and 24D25 identi-
fied by 16S rDNA sequencing as Meiothermus ruber), same
(isolates 07S13 and 07S15 identified as Bacillus
paralicheniformis) from sub-cluster (IB), and cluster Il was
a mixture of 10 isolates from six different sites, exhibiting
similar profiles for (40S24, 24D3, 05S37, and 07S35 attribut-
ed to Brevibacillus aydinogluensis). Finally, cluster III
grouped 76 isolates into two sub-clusters, IIIA harboring six
isolates and IIIB gathering 70 isolates. They corresponded to
Anoxybacillus gonensis, Geobacillus icigianus,
Aneurinibacillus thermoaerophilus, and Brevibacillus
aydinogluensis. The biochemical characterization has certain
limitations in the classification of isolates, as it is hard to
distinguish closely related bacteria. Molecular identification
is more reliable and could assist in definitive identification
of isolates as part of a polyphasic taxonomic approach [84].

Thermophilic bacteria are expected to be a potential source
of interesting hydrolytic enzymes with exceptional condition
[1]. The present study revealed that the main enzyme pro-
ducers were related to Firmicutes phylum (Fig. 7).
Furthermore, nuclease, cellulase, lipase, and pectinase activi-
ties ranked in the first place of the common enzymes. Maybe
due to the fact that the hot spring biotopes present a significant
pool for special organic molecules inducing the bacterial en-
zymatic production [65]. Almost all the selected strains
showed at least one extracellular enzyme among the tested
activities, and 65.87% of bacterial isolates showed at least five
combined enzymatic activities. The dominant isolates
belonged to Bacillus and Bacillus-like genera, namely
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Anoxybacillus, Aeribacillus, and even Aneurinibacillus genus
known for their significant production of enzymes [85, 86].
Bacillus sp. was the highest producer of all targeted enzymes
ranging between 39.53 and 20.69%; indeed, Bacillus species
are considered as workhorse industrial bacteria in applied and
industrial microbiology due to the high rate of growth of these
bacteria and their ability to secrete a large volume (20-25 g/L)
of extracellular enzymes. Besides, most of these species are
“generally regarded as safe” (GRAS) [87]. According to our
findings, up to 28.81% of protease and 32.61% of amylase
were produced by Bacillus. Bacillus proteases have several
remarkable characteristics and make up approximately 60%
of the total worldwide enzyme sales [88]. Different bacterial
species can produce alpha-amylase, but for commercial appli-
cations; they mainly originated from the genus Bacillus [89].
Our results showed the highest rate of 30.43% for amylase
activity produced by Anoxybacillus spp. (Fig. 7); from this
genus, several new amylases with different properties were
identified and characterized. Vikse-Nielsen et al. [90] reported
a new x-amylase that hydrolyzes raw starch granules.
Ecological studies on Algerian hot springs led to the isola-
tion and identification of a large number of thermophilic bac-
teria capable of producing a mixture of hydrolytic enzymes
that may be valuable for biotechnological purposes [28].
Extremophile microorganisms can thrive under extreme con-
ditions of high temperature, salinity, pH, and pressure.

@ Springer

Particular interest on industrial applications of extremophiles
emerges during the past few decades, because they are able to
produce novel biocatalysts functioning under extreme condi-
tions, resulting in unique products and higher production effi-
ciency [65]. Thermozymes offer unique characteristics, such
as temperature, chemical, and pH stability, resulting to tech-
nological interest in diverse industrial applications, including
food, pharmaceutical, chemical, paper, textile processing, bio-
fuel production, pulp, and waste treatment [91].
Consequently, thermophilic bacteria are a good source of nov-
el catalysts suggesting new application or improving the
existing processes of industrial interest [92].

Conclusion

The present study aimed to analyze the culture-dependent di-
versity of thermophilic bacteria from terrestrial geothermal
springs in Eastern-Algeria, using conventional taxonomic
methods combined with molecular approaches. Interestingly,
high taxonomic diversity was observed in Algerian hot
springs, and several phylotypes, grouped as
Aneurinibacillus, Bacillus, Brevibacillus, Geobacillus, and
Thermoactinomyces, may constitute new taxa with novel hy-
drolytic potentials. Bacterial species diversity is a resource
that can translate into novel biocatalysts. In fact, these
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thermophilic isolates exhibit promising sources of hydrolytic
extracellular enzymes serving various industrial, agricultural,
and medicinal purposes, especially that present optimal activ-
ities at high temperatures.
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