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Abstract. Microbial mats in hot springs form a dy-
namic ecosystem and support the growth of diverse 
communities with broad-ranging metabolic capacity. 
In this study, we used 16S rRNA gene amplicon se-
quencing to analyse microbial communities in mat 
samples from two hot springs in Al Aridhah, Saudi 
Arabia. Putative metabolic pathways of the micro-
bial communities were identified using phylogenetic 
investigation of communities by reconstruction of 
unobserved states (PICRUSt). Filamentous anoxy-
genic phototrophic bacteria associated with phylum 
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Chloroflexi were abundant (> 50 %) in both hot 
springs at 48 °C. Chloroflexi were mainly represent-
ed by taxa Chloroflexus followed by Roseiflexus. 
Cyanobacteria of genus Arthrospira constituted 3.4 % 
of microbial mats. Heterotrophic microorganisms 
were mainly represented by Proteobacteria, Actino
bacteria, Bacteroidetes, and Firmicutes. Archaea 
were detected at a lower relative abundance (< 1 %). 
Metabolic pathways associated with membrane trans-
port, carbon fixation, methane metabolism, amino 
acid biosynthesis, and degradation of aromatic com-
pounds were commonly found in microbial mats of 
both hot springs. In addition, pathways for produc-
tion of secondary metabolites and antimicrobial com-
pounds were predicted to be present in microbial 
mats. In conclusion, microbial communities in the 
hot springs of Al Aridhah were composed of diverse 
bacteria, with taxa of Chloroflexus being dominant.

Introduction
Hot springs represent an extremophilic environment 

and a suitable habitat for studying the thermophilic mi-
croorganisms that flourish at the high temperatures found 
in extreme geochemical conditions (Wilkins et al., 2019). 
Microbial mats from geothermal ecosystems provide a 
model for the ecological analysis of microbial commu-
nities that thrive in such conditions (Rozanov et al., 
2017). Phototrophic microbial mats form as a result of a 
gradient in sunlight and the physicochemical conditions 
supported by the activity of microorganisms (Rozanov 
et al., 2017; Ward et al., 2019). Microbial mats are com-
monly observed in hot springs across geographical re-
gions (Alcaman-Arias et al., 2018; Ward et al., 2019). 
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These mats are mainly composed of Cyanobacteria and 
filamentous anoxygenic phototrophs (FAPs), including 
Chloroflexi, in neutral and alkaline hot springs (Rozanov 
et al., 2017; Uribe-Lorio et al., 2019). The relative abun-
dance of these taxa mainly depends on the temperature, 
with Cyanobacteria primarily being found in lower-tem-
perature hot springs and Chloroflexi having a higher 
relative abundance in hot springs that are > 60 °C (Alca
man-Arias et al., 2018; Uribe-Lorio et al., 2019). Chloro­
flexus spp. and Roseiflexus spp. have been well studied 
from microbial mats in Mushroom Spring in Yellowstone 
National Park, United States (Klatt et al., 2013; Thiel et 
al., 2017). The majority of Cyanobacteria are mesophilic 
in nature with a few exceptions, including moderate ther-
mophiles, such as Fischerella, and the thermophilic 
Synechococcus, which grows optimally above 55 °C 
(Allewalt et al., 2006).

Thermophilic microorganisms from hot water springs 
were initially studied with the use of optical microscopy 
(Castenholz, 1973), which was later followed by separa-
tion and classification of thermophilic strains, using 
culture-dependent approaches (Pierson and Castenholz, 
1974). Studies in the late 1990s revealed that 80–99 % 
of bacteria present in the environment had not yet been 
explored by laboratory-based culture-dependent proto-
cols and hence remained overlooked in terms of their 
ecological functions and potential biotechnological ap-
plications (Amann et al., 1995). Recent developments in 
molecular biology and associated technological advances, 

such as 16S amplicon sequencing, shotgun sequencing, 
single-cell genomics, and transcriptomics, have provid-
ed a tremendous opportunity for the identification and 
characterization of microorganisms (Tripathy et al., 
2016; Thiel et al., 2017; Wilkins et al., 2019). Such ad-
vances have revolutionized research on microbial diver-
sity, evolution, and adaptation in specific environments 
(Uribe-Lorio et al., 2019; Wilkins et al., 2019). For in-
stance, distinct bacterial taxa and diverse metabolic ca-
pacities were revealed through a metagenomic study of 
microbial mats from Mushroom Spring (Thiel et al., 
2017).

Geological surveys have identified several hot springs 
in the volcanic region of Jazan and four in the Al-Lith 
region of Saudi Arabia. These hot springs have been par-
tially studied by culture-dependent approaches (Khiyami 
et al., 2012; Yasir et al., 2019). In this study, we were the 
first to use 16S metagenomic analysis to investigate the 
taxonomic diversity in the microbial mats from the hot 
springs located at Al Aridhah in the Jazan region. 

Material and Methods 

Sample collection and physicochemical analysis

In this study, microbial mat samples were collected 
during January 2015 from two hot springs in close prox-
imity to one another at Al Aridhah (AAR4 and AAR5) 
in the Jazan region of Saudi Arabia (Fig. 1). The pH and 
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Fig. 1. Map of sampling sites and close up of microbial mats of Al Aridhah hot springs located in the Jazan region of 
Saudi Arabia. The map was obtained from DigitalGlobe.
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temperature of the springs were measured using a Martini 
portable meter (Martini, Cragieburn, Australia). The mi-
crobial mats were 2–3 mm thick, and samples were col-
lected with sterilized spatulas and placed in sterilized 
containers. Temperature and pH at the sampling spots 
were 48 °C and 7.3, respectively. Samples were stored at 
4 °C during transportation and were kept at –20 °C in 
the laboratory before further processing. Organic matter 
was determined through the loss of ignition according to 
the protocol of Dean (1974), and total nitrogen was de-
termined using the Kjeldahl method. To determine other 
elements, 0.5 g of each sample was digested with a nitric 
acid-perchloric acid (HNO3-HClO4) mixture (Alzubaidy 
et al., 2016; Ullah et al., 2017). Following digestion, the 
solution was diluted with 50 ml of distilled water, and 
the level of total phosphorus was determined calorimet-
rically and that of potassium by atomic absorption spec-
troscopy. The other metals in the samples were deter-
mined by inductively coupled plasma-optical emission 
spectroscopy, using the instrument according to the ma
nufacturer’s instructions (Ullah et al., 2017).

DNA extraction and 16S amplicon sequencing
Samples were vigorously homogenized and metagen-

omic DNA was extracted from the microbial mats with 
a beads beating protocol using a power soil DNA extrac-
tion kit (MO BIO Laboratories, Inc., Carlsbad, CA). 
Samples were processed for 16S rRNA gene amplicon 
paired-end sequencing in a MiSeq instrument (Illumina, 
San Diego, CA) as previously described (Yasir et al., 
2015a). Briefly, a PCR-amplified template was gener-
ated from genomic DNA using the universal primer set 
of 515F and 806R targeting the V4 variable region of 
bacteria and the archaeal 16S rRNA gene. PCR products 
were purified on AMPure beads, and concentrations 
were then measured with a dsDNA BR Assay Kit using 
a Qubit fluorometer (Invitrogen, Carlbad, CA). Sub
sequently, limited-cycle PCR with 1 ng of each PCR 
product was performed to add adapters and dual-index 
barcodes to each amplicon. After purification, the librar-
ies were normalized according to the Nextera XT proto-
col (Illumina). The multiplexed samples were pooled 
into a single flow cell for sequencing using the MiSeq 
platform (Illumina) following the manufacturer’s proto-
col. 

Data analysis and prediction of metabolic 
functions

Raw FASTQ files were collected from the MiSeq sys-
tem (Illumina), and paired-end reads were joined using 
PANDAseq (Masella et al., 2012). Sequences were fil-
tered; they were cleaned of primers and barcodes, all 
reads with ‘N’ and those with sequences < 200 bp were 
deleted, and high-quality sequences were de-replicated 
(Yasir et al., 2015b). The filtered sequence reads were 
clustered at k = 10 (97 % similarity), and chimeras and 
singleton reads were deleted. Sequence reads of high 
quality were grouped into operational taxonomic units 

(OTUs) using a sequence similarity threshold of 97 %. 
The sequences were taxonomically classified using 
BLAST against the Greengenes database and by an RDP 
classifier and an RDP training set as described previ-
ously (Dowd et al., 2008; Yasir, 2018) using QIIME 
1.9.1 (Caporaso et al., 2010).

Putative metabolic functions of microbial communi-
ties were identified using the PICRUSt (1.1.3) software, 
which compares the identified 16S rRNA gene sequences 
to related known genome sequenced species (Langille et 
al., 2013). OTUs were closed-referenced picked against 
the Greengenes (v13.5) database at 97 % similarity from 
each sample sequence file using QIIME (1.9.1) and saved 
in biome format following the protocol of PICRUSt 
(1.1.3). Resultant OTUs were used to predict metabolic 
functions by referencing the Kyoto Encyclopaedia of 
Genes and Genomes (KEGG) on the web-based Galaxy 
application. Sequencing data were submitted to the 
European Nucleotide Archive under accession Nos. 
SAMEA5203386–SAMEA5203387. 

Results

Physicochemical analysis  

The temperature of both AAR4 and AAR5 was 48 °C, 
and their pH was neutral (7.3). Both hot springs were 
nutritionally poor, and the total organic matter in micro-
bial mats was 1.50 ± 0.06 % and 1.70 ± 0.09 %, respec-
tively (Table 1). The total nitrogen level in both hot 
springs was 0.02 %, and the phosphorus level was 0.02 % 
and 0.01 % in AAR4 and AAR5, respectively. The iron 
concentration was 139.1 ± 0.5 mg/kg in AAR4 and 
133.6 ± 0.8 mg/kg in AAR5. No substantial differences 
were found in the concentration (mg/kg) of magnesium 
(AAR4 = 25.90 ± 0.07, AAR5 = 26.1 ± 0.1) and sodium 
(AAR4 12.13 ± 0.02, AAR5 = 12.05 ± 0.05) between 
the two hot springs. The total potassium concentration 
was 0.27 ± 0.01 % in AAR4 and 0.28 ± 0.01 % in AAR5. 
Both hot springs had a Zn concentration of < 0.5 mg/kg 
(Table 1). 

M. Yasir et al.

Table 1. Physicochemical analysis of the hot springs of Al 
Aridhah

Variable AAR4 AAR5
pH 7.3 7.3
Temperature (°C) 48 48
OM (%) 1.50 ± 0.06 1.70 ± 0.09
TK (%) 0.27 ± 0.01 0.28 ± 0.01
TN (%) 0.02 0.02
TP (%) 0.02 0.01
Iron (mg/Kg) 139.1 ± 0.5 133.6 ± 0.8
Magnesium (mg/Kg) 25.90 ± 0.07 26.10 ± 0.10
Sodium (mg/Kg) 12.13 ± 0.02 12.05 ± 0.05
Zinc (mg/Kg) 0.44 ± 0.03 0.49 ± 0.04
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Microbial diversity analysis 

In total, 342,489 trimmed and high-quality (> 200 bp) 
sequences were obtained from 343,206 raw reads of Al 
Aridhah hot springs. Sequence reads were classified 
into 1,074 OTUs at 97 % identity, excluding singletons, 
and assigned to microbial domains. A total of 36 phyla 
were detected in the microbial mat samples, including 
four phyla from archaea. Thirty phyla were commonly 
present in microbial mats from both hot springs. The 
dominant six bacterial phyla constituted > 90 % of all 
the sequence reads. The most dominant phylum was 
Chloroflexi, with a mean relative abundance value of 
55.7 ± 5.6 %, and it was present at a relatively higher 
abundance in AAR4 (Fig. 2A). Other dominant phyla 
were Actinobacteria (12.3 ± 2.3 %) and Proteobacteria 
(10.9 ± 5.1 %), whereas Bacteroidetes, Cyanobacteria, 
and Firmicutes represented bacterial sequences in the 
range of 3.3–6.3 % (Fig. 2A). Proteobacteria were pre-
dominantly comprised of δ-Proteobacteria (Fig. 2B). 
Among archaea, Euryarchaeota, Crenarchaeota, Thau
marchaeota, and Korarchaeota were detected in the mi-
crobial mat from both hot springs, but were relatively 
less abundant (≤ 1 %) compared to bacteria.

The sequence reads were classified into 243 bacterial 
and 24 archaeal families. A relatively high diversity was 
observed in AAR5 and 232 bacterial families were iden-
tified, compared with 193 families in AAR4 (Fig. 3A). 

One hundred eighty-two families were commonly de-
tected in both hot springs, whereas 49 families were 
unique to AAR5 and 12 were specifically detected in 
AAR4 (Fig. 3A). Chloroflexaceae was the dominant 
family, followed by Roseiflexaceae, Micrococcaceae, 
and Oscillatoriales in both hot springs (Fig. 3B). Among 
archaea, 16 families were commonly found in both hot 
springs, and eight families were unique to AAR5 (Fig. 
3C). Methanobacteriaceae, Cenarchaeaceae, Methano
saetaceae, and Thermococcaceae were present at rela-
tively higher abundance in both hot springs, whereas 
Desulfurococcaceae and Thaumarchaeota had higher 
abundances among archaeal families in the AAR5 mi-
crobial mat. 

The sequences read were classified into 697 OTUs at 
the genus level, comprising 657 bacteria and 40 archaea. 
The highest number of bacterial genera (619) was de-
tected in AAR5, whereas 424 genera were found in 
AAR4 (Fig. 4A). Among the genera detected, 386 were 
present in both hot springs, 233 were unique to AAR5, 
and 38 genera were specifically found in AAR4 (Fig. 
4A). Moreover, eight genera in AAR4 and 15 genera in 
AAR5 were present at ≥ 1 % abundance, accounting for 
84 % and 79 % of the total sequence reads in the respec-
tive samples (Fig. 4B). The genera Chloroflexus (34.6 ± 
5.6 %), Roseiflexus (14.2 ± 6.8 %), and Arthrobacter 
(12.2 ± 2.3 %) were present at a relatively higher abun-
dance in both hot springs’ mats (Fig. 4B), whereas 

Fig. 2. Percentage of relative abundance of the dominant (A) phyla and (B) classes identified from microbial mats of the 
hot springs of Al Aridhah
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Fig. 3. (A) Network analysis of the OTUs identified at the family taxonomic level of bacteria in microbial mats from the 
hot springs of Al Aridhah. (B) Percentage of relative abundance of the top 13 families found in the studied samples, and 
(C) network presentation of identified archaeal families. Nodes connected with two lines are commonly detected in both 
hot springs, and nodes connected with a single line are unique to the respective hot spring.

M. Yasir et al.
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Lewinella, Geobacter, Pelotomaculum, and Meiothermus 
were present at relatively higher abundance in AAR4 
compared with AAR5. Genera Desulfomicrobium, Helio­
thrix, Anaerolinea, and Leptolyngbya were detected at 
a higher abundance in AAR5 compared with AAR4. 
Among archaea, 19 genera were commonly present in 
both hot springs and 20 genera were unique to AAR5 
(Fig. 4C). Candidatus Nitrosocaldus, Methanosaeta, 

Methanobrevibacter, Cenarchaeum, and Palaeococcus 
were present at relatively higher abundance in both hot 
springs. 

Chloroflexi and Cyanobacteria
From sequence reads, 1,018 bacterial OTUs were 

identified at the species level. Five hundred thirty-one 
OTUs were commonly present in both hot springs from 

Fig. 4. (A) Network analysis of OTUs identified at the genus level of bacteria in microbial mats from the hot springs of 
Al Aridhah. (B) Percentage of relative abundance of the top 25 genera found in the studied samples, and (C) network 
presentation of identified archaeal genera. Nodes connected with two lines are commonly detected in both hot springs, 
and nodes connected with a single line are unique to the respective hot spring.

Anoxygenic Phototrophic Bacteria in Hot Springs
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among the 618 OTUs of AAR4 and the 934 OTUs of 
AAR5. Taxa associated with Chloroflexi were predomi-
nantly identified in AAR4 and AAR5 and mainly be-
longed to class Chloroflexia followed by Anaerolineae. 
Forty-two OTUs linked to Chloroflexi at the species 
level were identified and were predominantly composed 
of Chloroflexus spp. (36.2 % and 26.5 %) followed by 
Roseiflexus castenholzii (14.4 % and 7.1 % in AAR4 
and AAR5, respectively; Fig. 5A). OTUs of Roseiflexus 
spp. and Chloroflexus aurantiacus were detected at a 
relatively higher abundance in both hot springs. Anae­
rolinea spp. and Oscillochloris trichoides were present 
at a relatively higher abundance of 3.4 % and 1.7 % 
in AAR5, respectively, and were detected at < 1 % in 
AAR4 (Fig. 5A). Other OTUs were detected at < 1 % 
in the microbial mat from both hot springs. Moreover, 
only two taxa of Chlorobium spp. and Pelodictyon 
phaeoclathratiforme from phylum Chlorobi were de-
tected and were present at < 1 % abundance.

Fifty-three OTUs from Cyanobacteria were detected 
from the microbial mats of Al Aridhah hot springs. 
Twenty-nine OTUs were common in both hot springs. 
Twenty OTUs were unique to AAR5, and four OTUs 
were specifically detected in AAR4. Taxa of Arthrospira 
spp. from Cyanobacteria were predominant, at a relative 
abundance of 3.4 %, in both hot springs (Fig. 5A). 
Leptolyngbya spp. were detected at a relatively high 
abundance of 1.1 % in AAR5 compared with AAR4 
(0.5 %). Other OTUs were present at < 1 %, including 
Synechococcus spp. (Fig. 5A).

Heterotrophic microbial community analysis
Heterotrophic bacteria represented < 55 % of the 

community of the microbial mats and mainly comprised 
Actinobacteria, Proteobacteria, Bacteroidetes, and Fir
micutes. Proteobacteria were present at relatively higher 
abundance in AAR5 compared with AAR4 and were 
mainly composed of δ-Proteobacteria followed by 
γ-Proteobacteria and β-Proteobacteria (Fig. 2A, B). A 
total of 436 OTUs were classified to Proteobacteria. 
Desulfomicrobium terraneus from δ-Proteobacteria and 
Pseudoalteromonas spp. from γ-Proteobacteria were 
identified in AAR5 at a relatively higher abundance of 
5.3 % and 1.7 %, respectively (Fig. 5B). Geobacter spp. 
were found at a relatively higher abundance of 2.8 % in 
AAR4, and other OTUs were present at < 1 % abun-
dance (Fig. 5B). 

Fifty-five OTUs were identified from Actinobacteria, 
and OTUs linked to Arthrobacter spp. were detected at 
>10 % abundance in both hot springs (Fig. 5B). Of 
Firmicutes, 188 OTUs were detected and were predomi-
nantly composed of taxa from the strictly anaerobic 
class of Clostridia (Fig. 2B). In total, 97 OTUs were de-
tected from Bacteroidetes, and Lewinella spp. were 
commonly found in both hot springs at > 1 % abundance 
(Fig. 5B). Other OTUs were detected at < 1 % abun-
dance, except for Schleiferia spp. and Anaerophaga spp. 
(Fig. 5B). 

Predicted metabolic functions

The putative metabolic functions of the hot spring 
mat microbiota were predicted from 16S rDNA ampli-
con sequence data using the PICRUSt tool. The estimat-
ed KEGG orthologies were found to be involved in the 
main pathways (level 1) of metabolism, genetic infor-
mation processing, environmental information process-
ing, cellular processes, and human diseases. Expanding 
the main pathways at level 2 resulted in 24 sub-path-
ways, which were further classified into 203 sub-sub-
pathways at level 3. In both hot springs, most of the pre-
dicted pathways were associated with the metabolism of 
amino acids (10.4 ± 0.4 %), carbohydrates (10.3 ± 0.5 %), 
energy (7.3 ± 0.3 %), lipids (3.7 ± 0.1 %), and glycan 
biosynthesis and metabolism (2.2 ± 0.1 %). Apart from 
common amino acid synthesis pathways, different path-
ways were predicted for carbohydrate metabolism in-
cluding pyruvate, propanoate, glycolysis/gluconeogen-
esis, butanoate, and pentose phosphate pathway (Fig. 6). 

Notably, xenobiotic biodegradation and metabolism 
pathways were found at a considerable percentage (3.4 
± 0.3 %) and were mainly linked to the degradation of 
naphthalene, benzoate, toluene, aminobenzoate, caprol-
actam, styrene, xylene, dioxin, and polycyclic aromatic 
hydrocarbons and the metabolism of xenobiotics by cy-
tochrome P450. The predicted energy metabolic path-
ways in the bacterial communities involved oxidative 
phosphorylation and the metabolism of methane and 
nitrogen. Carbon fixation pathways in prokaryotes were 
found at > 1 % in both hot springs (Fig. 6), whereas 
sulphur metabolism was not a major pathway in micro-
bial communities of the mat samples. Secondary metabo-
lite, terpenoid, and polyketide pathways for the following 
antibiotics were predicted: streptomycin, tetracycline, 
novobiocin, ansamycins, penicillin, and cephalosporin 
(Fig. 6). Pathways involved in infectious diseases, in-
cluding the Vibrio cholerae pathogenic cycle and 
Staphylococcus aureus infection and bacterial toxins, 
were identified. Moreover, resistance to beta-lactam an-
tibiotics was predicted at a relatively lower abundance 
of < 0.5 %. 

Consistent with the harsh environment of hot springs, 
sequences linked with DNA repair and recombination 
proteins (2.4 ± 0.1 %) were predominantly identified at 
level 3 from the sub-pathway of replication and repair 
within the genetic information processing pathway. In 
addition, protein folding and associated processing 
function were predicted at a relative abundance of 0.9 % 
in both hot springs. Different types of membrane trans-
port, mainly the ABC transporter (2.9 ± 0.2 %) and a 
two-component system (2.1 ± 0.3 %) from the environ-
mental information processing pathway, were predicted. 
Bacterial motility proteins (1.7 ± 0.4 %) were promi-
nently found in the cellular processes pathway. Overall, 
the predicted metabolic pathways and relative abun-
dance did not vary markedly in mats from either of the 
hot springs. 

M. Yasir et al.
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Fig. 5. (A) Percentage of relative abundance of the dominant taxa associated with Chloroflexi and Cyanobacteria, and (B) 
heterotrophic bacteria

Anoxygenic Phototrophic Bacteria in Hot Springs
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Fig. 6. Relative abundance of putative pathways of microbial communities in microbial mats from the hot springs of Al 
Aridhah using PICRUSt. The pathways are presented according to KEGG.

Discussion

Physicochemical parameters influence the microbial 
diversity and community composition in hot springs. 
The studied hot springs and other geothermal springs in 
the Jazan region in Saudi Arabia have a neutral pH 
(Khiyami et al., 2012). The temperature of these hot 
springs is lower than that of the hot spring at Ain Khulab 
(71 °C) but in the range of the hot spring of Bani Malik 
(45 °C) of this region. These hot springs are oligotroph-
ic, with a low nutrient level and relatively abundant 
iron. The poor nutrient level in the Al Aridhah hot 
springs is in agreement with previous studies from Saudi 
Arabia, although variation was observed in the chemical 
analysis, which may affect the microbial diversity and 
composition of the microbial mats of the AAR4 and 

AAR5 hot springs (Al-Dayel, 1988; Khiyami et al., 
2012).

Microbial mats in hot springs exhibit spatial and tem-
poral heterogeneity and are composed of diverse species 
capable of a wide range of metabolic processes (Kim et 
al., 2015; Thiel et al., 2017). Our results demonstrated 
that the dominant phyla in both of the hot springs were 
Chloroflexi, Actinobacteria, Proteobacteria, Bacteroide
tes, Cyanobacteria, and Firmicutes, all of which are 
commonly reported in hot springs around the world 
(Uribe-Lorio et al., 2019; Wilkins et al., 2019). However, 
their abundance differed, with members of the Chloro
flexi phylum being highly abundant and Cyanobacteria 
having low abundance in the Al Aridhah hot springs. 
Both types grow at 48 °C, but in general, the taxa of 
Cyanobacteria grow optimally in low-temperature hot 

M. Yasir et al.
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springs and members of Chloroflexi phylum grow better 
at higher temperatures (Nubel et al., 2002; Sahoo et al., 
2017). Alcaman-Arias et al. (2018) observed Cyano
bacteria and Chloroflexi at a similar relative abundance 
in the Porcelana hot spring at a temperature of 58 °C. 
However, several published reports have identified a 
negative or exclusion relationship between Cyanobac
teria and Chloroflexi, as found in the AAR4 and AAR5 
hot springs (Sahoo et al., 2017; Ward et al., 2019). These 
findings suggest that variation in microbial mats with 
regard to the taxa abundance across different geographi-
cal regions might be influenced by other physicochemi-
cal and environmental factors.

In agreement with previous studies, Chloroflexus spp. 
and Roseiflexus spp. were abundantly found from 
among FAP bacteria, as found in the extensively studied 
Mushroom Spring (Allewalt et al., 2006; Bhaya et al., 
2007). However, the taxa of Candidatus Thermochlo­
robacter aerophilum was not detected in the microbial 
mats of Al Aridhah hot springs, although they were 
dominantly identified along with other newly identified 
dominant taxa of Candidatus Chloracidobacterium 
thermophilum and class Anaerolineae from phylum 
Chloroflexi in the metagenomic study from microbial 
mats of Octopus Spring and Mushroom Spring, both in 
Yellowstone National Park (Klatt et al., 2011; Garcia 
Costas et al., 2012). 

The relative abundance of heterotrophic bacteria var-
ied between the AAR4 and AAR5 hot springs. Acti
nobacteria were present at a relatively higher abundance 
in AAR4 and Proteobacteria in AAR5, followed by 
Bacteroidetes and Firmicutes. Actinobacteria, which are 
commonly found in soil and aquatic environments, are 
generally involved in geochemical cycles and the turno-
ver of organic matter. Proteobacteria were dominated by 
sulphate-reducing δ-Proteobacteria, and the relative 
abundance of Desulfomicrobium was markedly different 
between AAR4 and AAR5. Similarly, bacteria from the 
phyla Firmicutes, Actinobacteria, Proteobacteria, and 
Bacteroidetes were found in most of the studied hot 
springs such as those in Tengchong in China (Pagaling 
et al., 2012) and Nevada in the United States (Song et 
al., 2009). In contrast to previous studies, Planctomycetes 
and Verrucomicrobia were detected at lower abundance 
in the microbial mats of the hot springs studied (Coman 
et al., 2013; Chan et al., 2015).

Metabolic pathways in the hot springs of Ain Al 
Aridhah are probably based on interactions between au-
totrophic and heterotrophic microbial communities. An 
increased abundance of Chloroflexi indicates low pho-
tosynthetic activity and the presence of a redox gradi-
ent. The presence of anaerobic Clostridia from phylum 
Firmicutes suggests an anaerobic environment at the 
lower layer, where organic material is decomposed into 
low-molecular-weight molecules. Moreover, predicted 
sulphur pathways in the microbial mat probably exist 
and may be associated with Proteobacteria, Firmicutes 
(Urbieta et al., 2015), Chloroflexi, and Chlorobi (Bryant 
et al., 2012). In line with the methane metabolism pre-

dicted from the taxonomic data, methanotrophs belong-
ing to genera Hyphomicrobium, Methyloligella, and 
Methylobacterium were identified in the Al Aridhah hot 
springs. In addition, methane-oxidizing Methyloversatilis 
and Methyloversatilis from β-Proteobacteria were found 
in both hot springs (Tsubota et al., 2005). Consistent 
with our KEGG functional analysis from 16S amplicon 
sequencing data, xenobiotic degradation, aromatic com-
pound metabolism, and environmental information pro-
cessing pathways have previously been reported in 
Amazonian and Odisha hot spring microbial communi-
ties (Panda et al., 2016; Sahoo et al., 2017). However, 
variation exists in the percentages of the predicted func-
tional categories among this and previous studies, as 
observed in the taxonomic data (Panda et al., 2016; 
Sahoo et al., 2017).

In conclusion, 16S metagenomic analysis provided 
deep insight into the microbial community structure of 
the microbial mats of the Al Aridhah hot springs in 
Saudi Arabia. Specific lineages of FAP bacteria, mainly 
Chloroflexus and Roseiflexus, were dominantly associ-
ated with microbial mats of both hot springs. This work 
and other studies that have observed variation in micro-
bial community composition suggest a biogeographic 
pattern in hot spring microbial mat microbiota. In addi-
tion, transcriptomic studies and metagenomic studies 
based on shotgun sequencing are required to further an-
alyse the metabolic potential of the hot spring microbial 
mats estimated from the taxonomic data in this study.
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