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The Arabian Gulf ranks among the world’s most arid and warm regions; the land has
high salinity levels with many Sabkhas and receives little precipitation. This region holds
about one-third of the world’s oil supply. Qatar is the leading gas producer worldwide,
which raises many concerns about the pollution of the sea, groundwater, and soil. Thus,
the Arabian Gulf area has paid particular attention to environmental studies since the
environmental status of this region imposed unique biological diversity, and microbial
ecology has gained special importance following the identification of promising roles
of microorganisms. This review article discusses the microbial ecology at the main
habitats of the State of Qatar. We discuss important principles for successful ecological
restoration and future perspectives of using biological approaches to solve many
problems related to health, the economy, and agriculture. There are at least five microbial
communities that have been recognized at the Qatari habitats: marine environment, salt
marshes and mangrove forests, the arid lands (including dune communities), wetlands
(including pond communities), and Rawdahs (including the Ghaf tree communities).
Although, the environmental conditions of this region are almost the same, these
habitats are compared with those at other countries of the Arabian Gulf whenever
necessary, as each habitat has its own peculiar characteristics. Some case studies are
presented to describe the biochemical characterizations of bacterial isolates from soils
and leaf surface of native plants, including halophytes and xerophytes at these habitats.
These studies rarely went beyond the general identification at species levels. There
is a discussion about the possible roles of microorganisms at the rhizosphere, non-
rhizosphere, and phyllosphere, and using plant exudates to control microbial activity.
However, modern approach (culture-independent methods) addressing these topics
has opened the door for deeper investigations, and to explore the roles played by
microorganisms at these habitats. These methods have already begun during the last
decade as serious step to solve many environmental issues. In the future, it is very likely
that microorganisms will be used to tackle many pollution issues, as well as health,
agricultural, and economic problems.

Keywords: microorganisms, marine environment, salt marshes, arid lands, Rawdahs, wetland ponds,
bioremediation, biotechnology
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INTRODUCTION

The Arabian Gulf (Supplementary Figure 1) ranks among the
world’s most arid, warm, and humid (air) areas; moreover, the
land has high salinity, with many scattered Sabkhas and saline
patches, with scarce rainfall (Abdel-Bari et al., 2007b; Yasseen and
Al-Thani, 2013). The State of Qatar is relatively small among the
countries of this region; it is located in the middle of the western
coast of the Arabian Gulf, its land extends as an outcrop from the
eastern part of the Arabia Peninsula toward the Gulf (Figure 1).
The Arabian Gulf region holds about one-third of the world’s oil
supply, and Qatar is among the leading gas and oil producers
worldwide, which put a great pressure on the biodiversity of
this country and raising many concerns about the pollution at
various habitats.

Obviously, the main source of salts at the coastal areas,
including the mangrove forests and salt marshes, is attributed
to Arabian Gulf water, and the intrusion of seawater into the
underground water might have contributed in the creation of
Sabkhas and other salt patches around the country. Moreover,
the high evaporation during most months of the year could
increase the salinity problem at these areas of the country.
Thus, the biodiversity in the State of Qatar is affected in a
way or another by the marine environment of Arabian Gulf
(Abulfatih et al., 2001). Moreover, in such desert and saline
habitats under harsh environmental conditions, many flora,
fauna, and microorganisms (Batanouny, 1981; Abulfatih et al,
2001; Abdel-Bari, 2012) play various biological roles. Those
roles related to microbes have been attracting much interest
(Al-Thani and Yasseen, 2018a; Al-Thani and Yasseen, 2020),
and recent works suggested many possible activities that these
microorganisms might play, such as contributing to energy
equilibrium (Abulfatih et al, 2001; Al-Thani and Yasseen,
2018b; Yasseen et al., 2018). Recent publications have described
the activities of microorganisms in the phytoremediation
of polluted soils and waters (Al-Thani and Yasseen, 2020,
2021). On the other hand, successful ecological restoration
and maintaining a healthy environment are based on the
following main principles: (1) Information, (2) Problems, (3)
Plans, (4) Solutions, and (5) Monitoring (Yasseen and Al-
Thani, 2013). Therefore, knowledge of microbial ecology is the
information needed to solve the problems related to agriculture,
human life and health, and wildlife. Such problems need plans
to setup solutions and active monitoring systems to follow
the success of any restoration program. Good example can
be given here, a pioneer project was done for restoration
program of the coastal vegetation habitat during pipeline
installation at Ras Laffan area. The details of this project
can be found in the report of Al-Ansi et al. (2004). In
fact, gas companies have pledged to the Supreme Council
for Environmental Nature Reserve (SCENR) to implement
Environmental Impact Assessment (EIA) for any plan to
change the natural habitat (Yasseen and Al-Thani, 2007; Yasseen
and Abu-Al-Basal, 2008; Yasseen and Al-Thani, 2013). The
lessons learnt from such projects can be utilized in any
future project regarding the restoration programs to tackle any
environmental issues.

In Qatar, some groups of microorganisms have been largely
ignored in recent decades. The availability of specialists and
technical facilities might be the main reasons behind this; for
example, plant biodiversity and ecology and fungi received
considerable importance in the 1980s. Some published articles
and books (Batanouny, 1981; Moubasher and Al-Subai, 1987)
have documented native plants and fungi, giving some details
about the distribution and habitat and their roles in the
ecosystem. This article addresses mainly the ecology of bacteria in
Qatar and other parts of the Arabian Gulf, and whenever possible,
other microorganisms are covered. The possible biological roles
at various habitats in Qatar are discussed, as well as the modern
biotechnological methods used for their study. Until relatively
recently, there were no serious scientific reports about the
bacteria species in the Qatari waters and soils. Recent efforts by
scientific institutions with the State of Qatar and research centers
at Qatar University and other universities will be discussed below.
However, more is needed to identify and describe novel bacteria
species in the Gulf waters and soils around the country.

BACTERIAL COMMUNITIES

Various habitats at the Arabian Gulf region, coastal and
inland, support a range of ecosystems; to play multiple
functions and offer environmental benefits that contribute to
the productivity (Naser, 2014). In Qatar, there are at least
five habitats that encompass various bacterial communities: (1)
marine environment, (2) salt marshes and mangrove forests,
(3) the arid lands (including dune communities), (4) wetlands
(including pond communities), and (5) Rawdahs (including Ghaf
tree communities). Some case studies are addressed in detail;
however, a general discussion is given about other locations
in the Arabian Gulf region or elsewhere. Moreover, concise
clarifications about the microbial communities at wastewater
ponds are given (Yasseen, 2014a; Al-Thani and Yasseen, 2020,
2021).

MARINE ENVIRONMENT

The water of the Arabian Gulf surrounding the Qatari peninsula
has peculiar chemical and physical characteristics, as salinity
levels ranged between 39 and 57 psu (Practical Salinity Unit: it
is equivalent g/kg), and the temperature is fluctuated between
15 and 39°C (Fotedar et al., 2015). More data about the climate
conditions of the Gulf region can be found in many reports
and articles (Yasseen and Al-Thani, 2013), however, the recent
work of Rakib et al. (2021) listed more data about the distinct
characteristics of the Gulf at the Qatari coasts. Fotedar et al.
(2016) have discussed the changes in the global climate as a
serious challenge facing governments in the development of
the promising programs to sustain the wellbeing of people.
One important habitat at the Arabian Gulf is the marine
environment; it is unique with harsh environmental conditions,
which influences sea salinity and temperature, thereby having
great impact on the water density and currents. Marine habitats
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FIGURE 1 | Qatar as extended land from the Arabia peninsula. Qatar is largely surrounded by seawater of the Arabian Gulf.

under such environmental conditions have been under increasing
pressure from the anthropogenic and industrial activities due to
expansion at oil and gas sectors and as result of great development
at the coastal habitats that led these habitats to become much
vulnerable especially coral reefs, seagrass beds, and commercial
fisheries (Burt et al., 2017).

Till 2013, no serious microbial studies had been performed
in Qatari seawaters to isolate and identify the microbial flora at
the marine environment. Since then, many studies have been
conducted to identify the bacteria communities surrounding the
Qatari peninsula. By adopting modern biotechnology (culture
independent methods) and phylogenetic analysis, Fotedar (2013)
has isolated and cultured 50 bacteria species that inhabited
the marine environment in Qatar. These included: 88% of the
strains belonged to Proteobacteria: Cobetia marina, Halobacillus
profundi, Pseudoalteromonas agarivorans, Pseudoalteromonas
piscicida,  Pseudoalteromonas  rubra,  Pseudoalteromonas
prydzensis, Ruegeria mobilis, Shewanella loihica, Virgibacillus
dokdonensis, Vibrio harveyi, Vibrio nereis, Vibrio nigripulchritudo,
Vibrio parahaemolyticus, followed by 10% of CFB group bacteria:
Tenacibaculum mesophilum, and 2% of GC, Firmicutes: Bacillus
boroniphilus. The Vibrio species have been very interesting since
most of these bacteria are infectious. Thus, Anand et al. (2016)
conducted follow up study on the genus Vibrio; isolated 52
isolates around the Qatari peninsula using modern techniques.

They identified 13 different luminous and non-luminous Vibrio
species: Vibrio alginolyticus (50%) was the predominant species
followed by V. harveyi (11%), Vibrio owensii (7%), Vibrio
mediterranei (6%), V. nigripulchritudo (6%), Vibrio rotiferianus
(6%), Vibrio coralliilyticus (2%), Vibrio hepatarius (2%), Vibrio
maritimus (2%), V. parahaemolyticus (2%), Vibrio proteolyticus
(2%), Vibrio shilonii (2%), and Vibrio tubiashii (2%). The study
has concluded that some pathogenic species were found at the
fishing ports giving a warning alert of the potential sanitary
risk and suggesting further investigations to prevent infections.
Other microbial species (such as Halomonas aquamarina, H.
elongata, Pseudomonas fragi, P. stutzeri, V. alginolyticus, and
Vibrio fluvialis) were identified and recognized to have negative
impact on some facilities of desalination plants. These bacteria
proved active in the biodegradation of antiscalants (called
scale inhibitors) commonly used in SWRO (Sea Water Reverse
Osmosis); used in desalination technique to reduce membrane
scaling caused by the accumulation of salts (Ashfaq et al., 2019).
They come to conclusion that new polymers/nanomaterials
are needed to resist the biological degradation caused by these
microorganisms and others to reduce both membrane scaling
and biofouling in SWRO.

On the other hand, marine sediments and their contents of
biotic and abiotic components participate substantially to the
global mass, as 70% of the Earth surface covered by sea water.
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Thus, microbial communities of the marine sediments contribute
considerably to the biotic part of the sediments and play key
role in the degradation of organic compounds accumulated due
to the anthropogenic and industrial activities (Catania et al.,
2018; Hoshino et al., 2020). Unfortunately, not much work has
been done yet about the microbiology of the sediments at the
marine habitat surrounding the Qatari peninsula. This topic
might attract scientists at research centers to look at the microbial
ecology of the marine sediment habitat. Research centers at Qatar
university were engaged in investigating the content of heavy
metals at the sediments of the sea water surrounding the State
of Qatar. Some interesting results worth to be mentioned here,
Al-Naimi et al. (2015) found that the content of heavy metals
was within the international standards criteria, and the data were
comparable to previous studies conducted around Qatar, and a
recent study was carried out on the THg of the sediments of
Arabian Gulf around Qatar (Hassan et al.,, 2019) showed that
mercury levels at all the locations of the study were relatively low.

SALT MARSHES

These include the mangrove forests and coastal and inland
salt marshes (Sabkhas), and these habitats might cover all the
extremophiles including halo-thermophiles and cyanobacteria.

Mangrove Forests

Mangrove forests play significant functions at the marine
ecosystem, and the multiple ecological benefits of having
mangrove forests at the coastal line can be listed as follows:
(1) basis for marine food chain, (2) create breeding habitat,
(3) restricted harbors for protection of offspring, (4) filtering and
cleaning pollutants and improving water quality, (5) stabilization
of bottom sediments, (6) protecting the shorelines from erosion,
cyclones, and tidal waves, (7) source of fuel wood and
food for living organisms at the coastal line, and (8) other
biological roles in mitigation of CO, and cooling the area
due to photosynthesis process (Nagelkerken et al., 2008). More
details can be found at the two links: Ecological Importance -
mangrove.orgs MANGROVE - FOREST OF THE TIDE | Tancred
Production (wordpress.com). Therefore, the awareness of many
scientists to the above facts has led Burt and Batholomew (2019)
to set up some important measures to maintain the coastal
line including artificial coastal defense structures by promoting
mangrove forests. Studies on mangrove forests (Figure 2)
started seriously in the early 2000s. Two study locations were
described by Mahasneh (2000); Alkhor and Al-Dhakhira and
that encompass most mangrove forests. These coastal locations
are situated at the north-eastern coast of the country (25° 45”
N, 51° 30" E), and the environmental parameters and physical
and chemical characteristics were described by Mahasneh (2002)
and Abdel-Bari et al. (2007b) (Supplementary Table 1). These
studies attempted to complete some projects in other countries
in the Arabian Gulf region and other parts of the Asia continent.
Early studies showed that many bacterial isolates of Gram-
positive were salt-tolerant (up to 11% salinity) and accumulated
toxic ions from the seawater. Moreover, these isolates showed
resistance to the high concentration of streptomycin and possibly

other antibiotics, such as chloramphenicol and tetracycline
(Amir et al, 1993). Studies across the Arabian Gulf region
started earlier than those in Qatar. For example, some reports
(Mahasneh and Al-Sayed, 1997) have indicated that after the
war of 1991 at the Arabian Gulf, some changes in the bacterial
communities (coliforms, Vibrio cholerae, V. parahaemolyticus
and Fecal streptococci) have taken place in the Bahraini pelagic
and nearshore waters and pearl oyster (Pinctada radiata). High
counts of bacteria at these sites were observed during the warmer
months, and pearl oysters had the highest counts, especially
the coliforms, all through the study period of March 1991 to
March 1992; after the Gulf war of 1991. Such results might
be a direct or indirect effects of oil spills during the military
activities. In support of such findings, a study was conducted at
the mangrove forests in United Arab Emirates (UAE) in 2002 (El-
Tarabily, 2002) which showed that total aerobic and anaerobic
hydrocarbon-utilizing bacteria were significantly higher in the
polluted than in the nonpolluted sediments.

Al-Sayed et al. (2005) studied the Bahraini coasts and found
that mangrove forests harbor at least five bacterial communities:
anoxygenic phototrophs (AP), oxygenic phototrophs (OP),
organotrophs (OT), total coliforms (TC), fecal coliforms (FC),
and haloalkaliphiles (HA). All these microorganisms require
Nat concentration of at least 0.5 mol1~! and an alkaline
pH of 9 for optimal growth. Their unique features enable
them to make significant contributions to a wide array of
biotechnological applications. A recent Vietnamese study (Tam,
2017) found that rhizospheric bacterial isolates from mangrove
forest soil samples (at Ca Mau Peninsula, Vietnam) had
ammonium synthesis and phosphate solubilization abilities.
These isolates belonged to Bacilli and six strains were
Gamma-Proteobacteria.

In Qatar, Mahasneh (2000, 2001a,b, 2002) has performed
several studies on mangrove forests, focusing on the
heterotrophic aerobic marine bacteria. Great numbers of
bacteria were found in the sediments of mangrove forests (about
10°-10° cfu/g dry soil or 1 ml of seawater). Such an amount is
necessary to keep this system in equilibrium. All these bacteria
help degrade the leaf litter and possibly other nutrients from
natural sources of various biological origins (Twilley, 1985;
Mahasneh, 2000). Almost all degraded components are useful
for various activities to maintain the natural life in mangrove
forests (Mahasneh, 2001a). However, such degradation might be
affected by seasonal atmospheric temperatures, which show wide
fluctuations during the summer and winter; on the other hand,
salinity and pH show a narrow annual range of fluctuations.
Comparing the sediment and water of mangrove forests with
locations lack of mangrove trees, the highest activity of bacteria
was found at mangrove forests, especially during the hot
months of the year (June-September). The high bacterial counts
were accompanied by those of highest proteolytic, cellulolytic,
amylolytic, and lipolytic activities (Mahasneh, 2001a,b). It has
been reported that cellulase-producing bacteria were dominant
over others. Such variation in the activities of key enzymes
might be related to many antifouling substances. Future studies
should investigate the bacterias ability to produce antibiotics
and microbial competition, and microbial antagonistic
interactions (Mahasneh, 2002). Many microorganisms have
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FIGURE 2 | Mangrove forests at the coastal lines of the State of Qatar.

been identified to play significant roles in decomposing leaf
litters of mangrove plants, including Rhizophora mucronata
and Avicennia marina (Kathiresan et al., 2011). These microbes
include two genera of total heterotrophic bacteria (THB),
four species of Lactobacillus, two species of Azotobacter, two
species of Actinobacteria, three isolates of fungus, four species
of yeasts, two species of Thraustochytrids, and four species of
Trichoderma. Recent works (Singh et al., 2020) have suggested
that microflora at mangrove habitats play significant biological
and biotechnological roles; these roles include: (1) depositing
hydrocarbons, (2) recycling nutrients, (3) consuming gasses that
affect global warming, (4) destroying pollutants, (5) treating
anthropogenic waste, (6) bioremediation, (7) carbon fixation,
and (8) producing biosurfactants. Other products produced by
microflora in the mangrove ecosystem include drugs, enzymes,
vaccines, antimicrobial agents, immune modulators, anticancer
treatments, insecticides, and vitamins. Moreover, some bacteria
found in mangrove forests, such as Zobellella denitrificans ZD1,
can consume sludge and wastewater to produce polymers that
can be used instead of petroleum-based plastics'.

Coastal Areas and Sabkhas

Habitats of coastal line, inland sabkhas, and inland dry lands
in Qatar (Supplementary Figure 2) and other parts of the
Arabian Gulf region are rich in plants called halophytes
and xerophytes (Batanouny, 1981; Abdel-Bari et al., 2007b;
Norton et al, 2009; Abdel-Bari, 2012). These plants have
developed various structures, physiological characteristics, and
biochemical pathways associated with their abilities to resist
and adapt to salinity and drought (Yasseen and Al-Thani, 2007;

'https://www.futurity.org/bioplastics-mangrove-bacteria-wastewater-
2487542-2/.

Yasseen and Abu-Al-Basal, 2008, 2010). The details of mecha-
nisms adopted by these plants have been discussed in many
articles and research monographs (Abdel-Bari et al., 2007b;
Yasseen and Al-Thani, 2013; Yasseen, 2014b, 2016). It is
interesting to report that many of these plants excrete materials,
inorganic and organic. Such substances might attract various
microorganisms by creating preferred mini habitats on the plant
organs (roots, stems, leaves, and reproductive organs) (Godfrey,
1976; Fahmy and Al-Thani, 2006); a system as such might
encourage many microorganisms to thrive, playing various roles
in the biological life of halophytes.

Early reports (Mercier and Lindow, 2000; Lindow and Brandl,
2003) revealed that the aerial surfaces of higher plants growing
under natural conditions are normally covered with considerable
and varied populations of microorganisms® (Gougoulias et al.,
2014; Hanin et al., 2016; Al-Thani and Yasseen, 2017; Al-Thani
and Yasseen, 2018b). However, a limited number of microbial
species can grow extensively on healthy leaves unless the plant
tissues start to senesce or are damaged (Fahmy and Ouf,
1999; Fahmy and Al-Thani, 2006). For example, microorganisms
(e.g., fungal species) inhabit the surface of senescent leaves of
Tetraena spp., a native xero-halophyte, and possibly others.
These microbes appeared to be adapted to stressful conditions
of such microhabitats (dry conditions, high salt contents of
their leachates, and high convective heat). Microorganisms show
different abilities to adapt to such extreme micro-habitats; Ouf
(1993) showed that the presence of salt crusts excreted by the
epidermal salt glands and/or the occurrence of leachates on
the plant surfaces might affect the colonization and growth
of microorganisms.

2Belle, C., Using beneficial soil microbes to improve plant growth - MAMMOTH
MICROBES
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On the other hand, some differences between the phyllosphere
and rhizosphere have been observed; the presence of root
exudates at the rhizosphere might encourage or inhibit the
soil microorganisms, as suggested by some early findings
(Quesada et al., 1982). During the last two decades, evidence has
been presented that root exudates regulate plants relationships
with their microbial communities at the rhizosphere. More
investigations have already confirmed the role of exudates
of various types at the rhizosphere to attract and repel
microorganisms at the narrow zone of soil surrounding the
root system (Walker et al., 2003). Negative and positive
interactions have been reported by various authors (Narula
et al., 2009), including: mycorrhiza, nitrogen-fixing symbionts;
plant growth-promoting rhizobacteria endophytes and biological
control organisms; and allelopathy and antimicrobial effects on
nematodes. Moreover, despite the huge number of microbes
living in the soil, few examples were found of plant-associated

microbes acting as pathogens. Instead, most root exudates are
of antimicrobial actions and might boost many activities related
to growth under extreme environmental conditions (Huck et al.,
1991; Walker et al.,, 2003; Srividya et al.,, 2008; Ahmed et al,,
2013; Bizuye et al, 2013). Researchers should now conduct
comprehensive investigations to explore the reality of the role of
microbes at the rhizosphere, including contributions to resisting
extreme biotic and abiotic factors (Glick, 2014; Hanin et al., 2016;
Al-Thani and Yasseen, 2018a,b, 2021; Yasseen et al., 2018).

Case Study (Coastal Salt Marshes)

The details of the soil analysis at these locations were given in
a research book (Fahmy and Al-Thani, 2006). Supplementary
Table 2 shows the results of mechanical analysis, and the
chemical and physical properties of soil. During the last two
decades, investigations were carried out at Sabkhas and mangrove
forests at Al-Dhakhira-Qatar (Figure 3). Among the objectives of

growth of halophytic plants in a Sabkha seen at high tide.

FIGURE 3 | Mangrove forests and halophytes at Al-Dhakhira. (A) Heavy traces of salts at the phyllosphere parts of Avicennia marina plants at low tides. (B) Dense
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these studies were isolation and biochemical characterizations of
bacteria, including actinomycetes from plant surfaces (green and
senescent parts) and those at rhizosphere and non-rhizosphere
soils that support halophyte plants.

Also, the significance of the different biochemical activities
of these microorganisms in their adaptation to salt stress
of the soil and the surface of those plant species at such
extreme habitat were discussed. The details of this projects
experimental works and results can be found in a research
book by Fahmy and Al-Thani (2006).

Bacteria Counts

Counts of bacteria were determined using standard methods
described elsewhere (Bagwell et al., 1998; Barakate et al., 2002).
Looking at the total bacterial counts in the soil supporting
halophytes growing in different locations at the coastal salt marsh
of Al-Dhakhira showed clear differences between rhizosphere
and non-rhizosphere (Table 1), and the results indicated no
consistency. Some species, such as A. marina, Halopeplis
perfoliata, Cressa cretica, Aeluropus lagopoides, and Tetraena
qatarensis, showed higher bacteria counts at rhizosphere than
non-rhizosphere, while Arthrocnemum macrostachyum and
Suaeda vermiculata showed the opposite trend. Such outcomes
need further investigation focused on the root exudates, the type
of bacteria, and their activities (Gonzélez-Lopez and Ruano-Rosa,
2020). The bacteria count at the phyllosphere was determined
using standard methods (Richardson, 1985; Yang et al., 2001;
Hashidoko et al., 2002). As shown in Table 2, the results
revealed no consistency in the bacteria counts between green
and senescent parts. Moreover, some plant species, such as
S. vermiculata and C. cretica, showed no differences between
those parts, and again this needs further investigation (Lindow
and Brandl, 2003; Kembel et al., 2014).

The above results reveal differences in the bacteria counts in
this area compared to other studies in the Arabian Gulf region
and even with previous investigations at the same sites of the
current study. For example, in the salt marshes at Shuaiba lagoon
in Saudi Arabia, Zaki et al. (1980) found that the total counts
ranged from 81 x 10° to 1484 x 10° cfu/g dry soil, while a study
conducted by Al-Thani and Mahasneh (2002) at Al-Dhakhira
region-Qatar showed lower bacteria counts than those given in
Table 1.

Such contradictory results are expected as many factors might
have affected bacteria counts at salt marshes. These include the
physicochemical properties of the soil, salinity levels, and dilution
of seawater due to flooding conditions which affect aeration and
nutrient availability; some reports concluded that these factors
might have a significant impact on the bacteria counts through
the decomposition rates of the organic matter of the soil (Zaki
et al., 1980; Fahmy and Al-Thani, 2006). On the other hand, the
nature of root exudates and the number of detritivores (such
as meiofauna which feed mainly on bacteria) have a significant
role in the bacteria counts as found by many authors (Alexander,
1977; Wahbeh and Mahasneh, 1984; Bardgett and Griffiths, 1997;
Zahran, 1999).

The results of Table 2 show inconsistency regarding the
relationships between the main resistance mechanisms adopted

TABLE 1 | Total bacteria count in soil supporting halophytes growing in different
coastal salt marshes at Al-Dhakhira region, Qatar (Fahmy and Al-Thani, 2006).

Plant species Total bacterial count (x10° cfu/g dry soil)*

Rhizosphere Bulk soil
Aeluropus lagopoides 1.6 +£0.20* 0.60 +0.03
Arthrocnemum macrostachyum 3.8 +0.38 4.5+ 1.50
Avicennia marina 5.8 4 2.38%# 50+1.20
Cressa cretica 3.3+ 021" 0.80 +£1.20
Halopeplis perfoliata 3.2 +0.22* 2.8+ 0.21
Suaeda vermiculata 2.5+ 0.92* 3.4 +0.39
Tetraena qatarensis 3.2+021* 2.8+0.25

#Cfu, colony-forming unit.

#*Each figure is a mean of five measurements from five different plants with the
standard deviation.

*Significant at 0.05 probability level.

**Significant at 0.001 probability level.

TABLE 2 | Total bacteria count on the phyllosphere of green and senescent parts
of some halophyte plants in the coastal salt marshes at Al-Dhakhira region-Qatar
(Fahmy and Al-Thani, 2006).

Plant species Total bacterial count (x10° cfu/g dry soil)*

Green Senescent
Succulents
Arthrocnemum macrostachyum 3.7 £ 0.60"" 4.240.10
Halopeplis perfoliata 3.2 +£0.01* 2.7 £0.38
Suaeda vermiculata 4.3+ 1.10 4.3+ 1.10
Tetraena qatarensis 2.5+ 0.60" 3.6 + 0.51
Secretors
Aeluropus lagopoides 1.6 £ 0.01* 1.1 +£0.10
Avicennia marina 4.5+ 1.10* 2.8+ 0.27
Cressa cretica 3.4+0.25 3.4 +£0.32

#Cfu, colony-forming unit.

#*Each figure is a mean of five measurements from five different plants with the
standard deviation.

*Significant at 0.05 probability level.

“*Significant at 0.001 probability level.

by halophytes and the activity of the plant parts with total bacteria
counts. For example, A. macrostachyum and T. gatarensis showed
higher bacteria counts at senescent parts, while H. perfoliata,
A. lagopoides, and A. marina showed the opposite trend;
others showed no change in the total bacteria counts (such as:
S. vermiculata and C. cretica). However, Fahmy and Al-Thani
(2006) have concluded that the bacteria counts showed non-
significant differences between the phyllosphere of the green
and the senescent parts of the studied halophytes. Looking at
the individual plants in both groups, no clear conclusion can
be made about the factors affecting the total bacteria counts
on the green and senescent parts of the phyllosphere. Some
of these factors have been discussed in the published articles.
These factors are either organic and inorganic materials deposited
on the surface of the green parts (mainly leaves and branches)
and senescent parts of the plants. However, the origin of these
materials varies when comparing the outside plant body and the
internal parts of the plant.

There is some basic information that needs to be presented
here: (1) organic and inorganic materials are secreted on the outer
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surface of the plant body from the internal parts of the plants; and
(2) these materials might have originated from the atmosphere
(Fahmy and Ouf, 1992, 1999; Fahmy et al., 2004; Fahmy and
Al-Thani, 2006). Earlier works have indicated that leachates can
directly affect microorganisms; such an effect might stimulate or
inhibit the growth (Godfrey, 1976). Unfortunately, no further
investigation or follow-up has been done to look at the nature
of such promoting or delaying of the growth of microorganisms
under such mini-habitats.

Bacterial Characterization

The colonial status of each isolate was assured by microscopic
inspection, and Gram-staining characteristics and cell
morphologies (cell form and colony color) were determined by
standard methods (Gerhardt et al., 1981; Hensyl, 1994). The
cocci forms were dominant in the isolates from the rhizospheric
and non-rhizospheric soils, followed by bacilli; Spirilla and
Streptomyces were less abundant. On the other hand, the bacilli
forms were dominant at the phyllosphere of the studied plants,
followed by cocci, with a few spirilla forms. The previously
published data on cell forms at the rhizosphere and phyllosphere
at saline habitats in the Arabia region (Egypt and Arabian
Gulf regions) confirmed the results of this case study: that
the Gram-positive bacilli and cocci forms are predominant
(Zahran et al., 1992, 1995; Al-Thani and Mahasneh, 2002;
Fahmy and Al-Thani, 2006). Saudi Arabia Sabkhas showed
that the most commonly isolated bacterial species were Bacillus
subtilis and Lactobacillus murinus (Alotaibi et al., 2020). Bacillus
spp., on the other hand, were activated at soil polluted with
chlorophenol compounds at the industrial zone at Umm-Saied
city (Qatar) (Al-Thani et al, 2007; Personal observation).
Moreover, most isolates were Gram-positive at rhizosphere soils;
few isolates were found Gram-negative, such as the rhizosphere
of A. macrostachyum and both rhizosphere and non-rhizosphere
of Limonium axillare (Supplementary Figure 3). However, the
situation was not the same at the phyllosphere of the studied
plants since most of the bacteria at the green and senescent parts
of the phyllosphere were Gram-negative. On the other hand, the
color of colonies revealed that the white and/or off-white colors
were predominated in the rhizosphere and at the phyllosphere;
other colors were found at the non-rhizosphere, such as pink
colonies. Fahmy and Al-Thani’s (2006) study of the coastal salt
marshes concluded that the pigmented bacteria represented 40%
of the bacterial flora isolated from the study areas rhizosphere
soils at the Al-Dhakhira-Qatar. Such an outcome is similar to
the conclusions obtained from previous studies (Lindow and
Brandl, 2003): pigmentation of the bacteria confers protection of
the epiphytic bacteria against UV radiation. Many applications
of bacterial pigments were reported in many articles, including
aspects covering the pathogenesis, industrial, and taxonomic
significance. More details about the roles of colorful bacteria can
be found’. The most prominent listed functions were: resistance
to heavy metals and antibiotics and protection at phagocytosis
and radiation. Further study is needed to reach a clear conclusion
about the reasons for the predominance of certain colored

3Bhawsar’s (2011) Colorful Bacteria article (biotecharticles.com).

colonies at such mini-habitats at Al-Dhakhira, Qatar. As a
family of bacteria having some pathogens and saprophytes, the
Enterobacteriaceae count did not show any presence among
these halophyte species. However, Salsola soda showed 300 cfu/g
dry soil of non-rhizosphere, while the rhizosphere of Salicornia
europaea contains 1,000 cfu/g dry soil.

Biochemical Characteristics

Many biochemical tests were done for bacteria, including
actinomycetes from the rhizosphere and non-rhizosphere soils
and phyllosphere (green and senescent parts) supporting the
halophyte plants at Al-Dhakhira-Qatar. Nine tests were used
to differentiate between groups and even to identify some
genera bacteria. To summarize these results: a low percentage
of bacteria isolates was positive at the urease test (URE),
while more positivity reactions were found with the starch
(STA) test at both rhizosphere and phyllosphere. Regarding the
reduction of nitrate (NO3-R), bacteria at both rhizosphere soils
and phyllosphere showed non-consistence and almost similar
reactions and demonstrated as high as 72.7% in both rhizosphere
and non-rhizosphere. The hydrolysis of lactose (LAC) tests
showed the same reactions of NO3-R tests and infrequent
capacity to hydrolyze both lactose (LAC) and casein (CAS). Two
more tests were done for the parameters PHE/PA (Phenylalanine
decarboxylation), and IND (Indole) reduction, all isolates of
the rhizosphere and non-rhizosphere, and phyllosphere (green
and senescent) showed a negative reaction. Another interesting
observation was that all bacteria isolates showed positive tests for
gelatin liquefaction (GEL) and catalase (CAT) activities.

A common observation regarding the capability of bacteria
isolates is that most of the isolated bacteria can utilize various
substrates, as confirmed by the study of Fahmy and Al-Thani
(2006). These authors concluded that isolates from the soil,
rhizosphere, and phyllosphere could attack at least 50% of the
substrates. Such findings indicate that the soil and shoot surface
of the halophytic species have sufficient metabolites necessary
to support bacteria which have diverse biochemical activities
that enable them to deal with various nutrients of the salt
marshes. The biological meanings of the reaction tests can give
more features of bacteria isolates at the rhizosphere soil and the
phyllosphere. We elaborate below.

Regarding URE, the negative test result of urease activity
in the phyllosphere means that the urease-producing bacteria
(specifically: Proteus spp.) are absent, while such isolates of
bacteria are present mainly in non-rhizospheric soil (Hogarth,
1999; Zahran, 1999). On the contrary, the low percentage of
urease-producing bacteria in the soil reflects two possibilities:
(1) the saline conditions inactivate the urease action or (2) the
soil bacteria depend on other sources to obtain their nitrogen
requirements. The second option is valid in this investigation
since the rhizosphere isolates and soil showed positive gelatin
liquefaction activity. The NOj3-R test is useful for differentiating
bacteria that able to reduce NOj3 (such as: Enterobacteriaceae)
from those that cannot. This test showed that 72.7% of the
total bacteria isolates exhibited positive tests in the soil and
the rhizosphere. The bacteria recovered from the green parts of
plants showed a lower percentage of activity than the senescent
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parts. Looking at the total nitrogen levels in salt marsh soils, the
amount of biologically active available forms of nitrogen is low
(Adam, 1990). Moreover, the isolates of bacteria give positive
tests with LAC and STA from one side and with GEL from
the other side, meaning that these bacteria metabolize various
substances as carbon sources and nitrogen sources, respectively.
The LAC test is used to identify Gram-negative enteric bacteria,
the STA test to differentiate species from the genera Clostridium
and Bacillus, and the GEL test to differentiate between species
in the genera Staphylococcus and Clostridium. Indole production
is a key test for identifying enteric bacteria. In fact, an IND
negative test is a good indication of the absence of some infectious
genera and species [e.g., Salmonella, Escherichia coli (E. coli),
Campylobacter, Shigella]. The catalase production by all the
bacterial isolates indicates that these are aerobic bacteria (Fahmy
and Al-Thani, 2006). In this case study, the CAT test showed
that most bacteria are catalase-positive, but anaerobic genera
bacteria, such as Streptococcus, Enterococcus, Lactobacillus, and
Clostridium, are catalase-negative. The results of the CAS test
showed that limited bacteria isolates could hydrolyze proteins
(such as milk protein) at the rhizosphere soils. In contrast, more
isolates can hydrolyze such proteins at the phyllosphere. Finally,
all bacteria isolates showed negative results of the PHE/PA test.
This was a good indication of the absence of Enterobacteriaceae
from others having Gram-negative and rods. Therefore, more
modern techniques are needed to further investigate and identify
the bacteria inhabiting salt marshes.

ARID LAND COMMUNITIES

Many locations around the Arabian Gulf region can be
considered arid lands. Studies in Qatar have not covered the
identification of bacteria species at the desert land in detail.
However, an investigation on the Streptomyces genus was
done that included the arid lands. Moreover, unpublished data
revealed the identification of some microbial species, including
bacteria and yeast.

Studies on Streptomyces

A comprehensive survey was done at 123 locations around Qatar
to investigate the ecology and biodiversity of Streptomycets.
The main physical and chemical characteristics of the soil at
these locations showed a narrow range of moisture content
and pH; for example, the soil moisture content varied between
0.2 and 8.8%, and such soil at these locations was alkaline as
pH values varied within a narrow range between 7.6 and 9.5,
which is quite favorable for the growth and proliferation of
Streptomycets. EC of soil extracts, on the other hand, showed
wide range of fluctuations between 1.2 and 40.1 dSm™!, and
high EC values were recorded in some sites, while most of them
showed low values. More details can be found in a research
report of Al-Thani and Mahasneh (2002). The genus Streptomyces
is common in the Qatari habitats, especially those of drylands
and Rawdahs. These are aerobic, Gram-positive, spore-forming,
filamentous bacteria that produce extensive branching aerial
hyphae and pigmented colonies (Figure 4). It is interesting to

FIGURE 4 | Streptomyces is found at various Qatari lands. (A) The site of
study at a Rawdah, (B1) control soil sample from a Rawdah
(non-rhizospheric), the bacteria count = 2.75 x 103 cfu/g dry soil, (B2) soil
sample collected from under the canopy of the tree at the same location, the
bacteria count = 7.5 x 102 cfu/g dry soil. (C1) Pure cultures of Streptomyces,
(C2) filaments of Streptomyces, Gram-positive, magnification of 100x. From
figures (B1,B2): the white colonies represent the Streptomyces colonies;
more Streptomyces bacteria are found at (B1) than (B2). However, in general,
more colonies are found in the soil under the canopy of trees compared to
those at the non-rhizospheric sail.

notice the higher Streptomyces counts at the non-rhizospheric soil
compared to the canopy of the trees.

There are multiple reasons that can account for this finding:
(a) competition between Streptomyces and other living organisms
might limit this bacteria to thrive; (b) Rawdahs are good
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places for various social trip activities, thereby some traces
of foodstuffs left by some visitors could limit the growth of
Streptomyces; (c) some protozoans feed on bacteria at the canopy;
(d) the environmental factors (e.g., UV sunlight, moisture, a
litter of the trees, presence of organic substances) at the non-
rhizospheric soil might affect the presence of microorganisms;
and more bacterial colonies are found at the canopy as compared
to the non-rhizospheric soil. Further studies are needed to
determine and evaluate the factors affecting the presence of
Streptomyces at the Qatari lands. Al-Thani and Mahasneh (2002)
gave a preliminary assessment of Streptomyces distributions in
Qatar. The authors indicate a wide range of microbial counts
(1.2 x 10*-12 x 10* cfu/g dry soil). Still, the counts distributed
evenly around the country, even though some differences were
observed between the studied sites. Moreover, the total count
of Streptomyces spp. has accounted for about 40% of the total
microbial counts. Early results from Kuwait showed higher
microbial counts in many locations, for example, maximum
counts may reach 1156 x 10%/g soil at the rhizosphere of some
native plants such as Rhanterium epapposum; a plant is common
in some Arabian Gulf countries like Kingdom of Saudi Arabia
(KSA) and Qatar (Elwan et al., 1985).

These results suggest that species of this genus are
predominated in the Qatari soil and sites of decaying vegetation;
such outcomes confirmed similar findings and are comparable
to many international reports (Huddleston et al., 1997; Gupte
and Naik, 1999). This report described the morphology of
colonies of 34 isolates recognized in this investigation. These
colonies were mainly spherical, smooth, elevated with a diameter
ranging between 1 and 5 mm with some exceptional cases;
they might reach 10 mm. All these strains could utilize various
carbohydrate sources (D-glucose, D-xylose, D-galactose, D-
lactose, D-sucrose, D-sorbitol, D-mannitol, and starch). Some
unique patterns of distribution were detected between the
studied locations. For example, all white and orange strains
were found only in the northern part of Qatar; the transparent
strains were predominated in the southern part of the country,
while strains of other colors such as gray, black, and brown
appeared restricted in the middle part of the country, some
ecological factors might be behind such pattern of distribution
of these strains such as moisture, pH, or possibly other factors.
Most (42.4%) of the colonies were white, while 18.2% were
gray, and the rest were of various other colors. Comparing
these results with those found elsewhere at the Arabian Gulf
countries, the grey strains were dominant in the desert and
saline habitats of Kuwait (72%), followed by red strains (14%)
and then yellow, blue, violet and green. It was interesting to
report that Elwan et al. (1985) reported the frequency of the
presence of individual species of Streptomyces, for example, S.
olivaceus was comparatively frequent (12%) followed by others
such as S. albogriseolus, S. resistomycificus, S. lydicus, S. echinatus,
S. plicatus and S. fumanus, other species represented by 0.4-3.1%.
One common characteristic compatible with the results obtained
from Qatar, that each particular species found in one community
not found in others, such observation was found even with the
rhizosphere of plant species; each one has its own Streptomyces
sp. Another study from Saudi Arabia seemed consistent with

above investigation that grey strain was dominant over the total
Streptomyces spp. (Al-Zahrani and Al-Harbi, 2004).

This genus of interest to the biotechnology industry, as species
belonging to this genus have been used to produce over two-
thirds of the clinically useful antibiotics of natural origin, as well
as agents for biocontrol against the pathogenic fungi of both
roots and seeds (Williams and Vickers, 1986; Okami and Hotta,
1988; Kortemaa et al., 1994; Tahoven et al., 1995; Al-Zahrani
and Al-Harbi, 2004). Al-husnan and Alkahtani (2016) recognized
some isolates of Streptomyces with anti-bacterial and anti-fungal
activities. They concluded that the soil of the Arabia Peninsula in
the Arabian Gulf region is an interesting source of new antibiotics
and possibly more bioactive compounds and might be utilized
for a more promising future in biotechnology. Recently, plant
growth-promoting activities introduced by this genus have been
recognized to protect crops against pests (Amaresan et al., 2018).
Promoting growth includes improving nutrition acquisition such
as nitrogen, phosphorus, potassium, and other essential elements
and production of phytohormones, such as indole acetic acid,
cytokinins, gibberellins, or suppression of plant disease. This
study has concluded that the application of Streptomyces species
could improve the productivity of various plant species, including
crops, under various stressful environmental conditions (Dias
et al., 2017). Many roles of Streptomyces isolates were listed
as plant growth-promoting rhizobacteria (PGPR) to improve
plant growth and yield and act as agents of biocontrol. More
details of the roles of microorganisms, including PGPR growth-
promoting rhizobacteria under harsh environmental conditions
in the Arabian Gulf region, were recently discussed (Al-Thani
and Yasseen, 2018a,b). These roles cover a wide range of
biological activities. Moreover, Streptomyces spp. might include
saprophytes of beneficial action to plants. Simultaneously, a few
might be pathogenic, Vurukonda et al. (2018) reported that
some species producing various degrading enzymes such as
Iytic enzymes, which can degrade insoluble organic polymers
chitin and cellulose, breaking them to substituent sugars for
binding and uptake by multiple ABC transporters. In a recent
report by Manteca and Yagiie (2019), Streptomyces was confirmed
as an important natural source with many biotechnological
roles, including antibiotics and harbors many cryptic secondary
metabolite pathways. Moreover, other reports have introduced
these bacteria to provide new anti-fungal and anti-parasite drugs
for people and livestock and compounds to prevent cancer after
transplant operations®. More innovative new medicines should
be developed by gathering financial support from the industrial
activities of oil and gas and the goodwill of scientific research
centers and decision-makers of the Arabian Gulf countries.

Sand Dunes

Sand dunes are the main part of the Qatari inland, and
the soil characteristics of such habitats were reported in all
environmental, ecological, and biodiversity studies. Therefore,
we refer the interested readers to many monographs, research
reports and articles to look at the environmental and ecological
parameters of these sites (Batanouny, 1981; Abulfatih et al,

“Long-term benefits from research into Streptomyces bacteria: ukri.org.
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2001; Abdel-Bari, 2012; Yasseen and Al-Thani, 2013; Al-Thani
and Yasseen, 2018a,b). The land of the desert at the Arabia
Peninsula is a repository of gas and oil, but there are also other
precious treasures worth investing in. Desert plants and their
associated microorganisms have the potential to make important
contributions to various sectors of biotechnology (Al-Thani and
Yasseen, 2018a,b). Figure 5 shows the dunes at the Qatari desert
and the bacterial communities at the rhizosphere, and non-
rhizosphere soils of the desert plants, as high counts are found
at the former relative to the latter. It was interesting to report
that the non-rhizospheric soil of dune contains various types
of bacteria, about five to seven types of colonies with total
bacterial counts: 8 x 10° cfu/g dry soil, while the rhizospheric
soil contains many types of colonies and the total bacterial counts
were 14 x 103 cfu/g dry soil.

Desert plants and microorganisms can be considered as
databases and/or banks of information for future biotechnology
research in many sectors, such as agriculture, health, and the
economy. Little attention had been paid to the microbial ecology
of the desert habitats. However, with the new development of the
modern approach, as well as growing awareness among scientists
of the role of microorganisms in solving many problems
facing mankind, during the last decade, great efforts have been
paid to the microbiology of desert soil. Some data (personal
observations) indicate that the following bacteria species are
present in the raw Qatari soils: (1) Micrococcus luteus, Kocuria
kristinae, and Streptomyces (Al-Thani and Mahasneh, 2002)
(Actinobacteria); (2) Staphylococcus spp. (mainly: Staphylococcus
sciuri and Staphylococcus lentus), Lactococcus lactis, Bacillus spp.
(mainly: Bacillus megaterium) (Firmicutes); and (3) Pseudomonas
spp. (mainly: Pseudomonas aeruginosa, Pseudomonas stutzeri,

and Pseudomonas putida), Stenotrophomonas maltophilia,
Sphingomonas ~ paucimobilis, ~Burkholderia spp. (mainly:
Burkholderia  cepacia and  Burkholderia  pseudomallei),

Enterobacter cloacae (Proteobacteria). Other species can also
be found, especially when the soil is exposed to various abiotic
and biotic factors or treated with organic and inorganic agents
from oil and gas activities (such as Bacillus spp., Pseudomonas
geniculata and Achromobacter xylosoxidans) (Al-Thani et al.,
2007, 2009), and some of the above species might be activated
and/or thrived under those conditions.

During the last decade, great efforts have been made to draw
attention to potential contributions of microorganisms to solving
the many problems facing humans (Glick, 2012, 2014; Hanin
et al., 2016; Al-Thani and Yasseen, 2018b, 2020, 2021; Yasseen
et al., 2018). Moreover, some recent works [e.g., Egamberdievea
et al. (2017) and Yan et al. (2020)] have suggested that root-
associated microbes offer some support to the growth of plants
by producing phytohormones against abiotic stresses. Richer
et al. (2012) investigated biological soil crusts (BSC), mainly
cyanobacteria, of Qatari land. These authors concluded that
assessing the coverage of BSC across the State of Qatar will
be a useful baseline to monitor environmental disturbance and
protect the loss of valuable soils in this arid environment. Al-
Thani and Yasseen (2018a) have listed the main useful roles
played by BSC in the arid habitats: (1) increasing the fertilization
of soil; (2) stabilization of soil surface; (3) monitoring the

FIGURE 5 | Dunes are rich in BSC, including bacteria. (A) Qatari desert rich of
xerophytes, (B1) non-rhizosphere soil of dune contains various types of
bacteria (five to seven types of colonies, total bacterial counts: 8 x 10° cfu/g
dry soil), (B2) rhizosphere soil contains high microbial activities (many types of
colonies, total bacterial counts: 14 x 108 cfu/g dry soil), the most common
bacteria are Gram-positive bacilli, spore-forming and non-spore-forming.

(C) Non-spore forming and (D) spore-forming (endospores).

pollution caused by oil and gas activities; and (4) various roles
related to the industry, medicine, food preparation, and cleaning
the environment (Miiller, 2001; Nimis et al., 2002; Boustie and
Grube, 2005; Nascimbene et al., 2007; Melgarejo et al., 2008). The
role of cyanobacteria was confirmed by Richer et al. (2015): that
BSC of cyanobacteria stabilizes the desert soils. These authors
explain the mechanism of such a role that sand of the desert
is bound with some polysaccharides extruded by cyanobacteria.
The rainy season might trigger the physiological activities of these
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living organisms, such as photosynthesis, to achieve their actions.
Moreover, such activities might end in the production of some
toxins that are persistent in the environment. For many years,
toxins can accumulate in the desert soils, causing human health
problems, especially when desert soils are disturbed by storms,
constructions, and military activities.

WETLANDS (PONDS COMMUNITIES)

The environmental parameters around the wasteland ponds
are almost the same as recorded by the meteorological station
in Doha city and reported by Abulfatih et al. (2002) in their
research book: Ecology of wastewater ponds in Qatar. Climate
of this area shows two extremes during the year, it is very
hot, muggy between June and August, and pleasant between
November and February. The average annual rain fall is 81 mm,
average maximum temperature is 31°C, average minimum
temperature is 22°C, absolute maximum temperature is 47°C,
absolute minimum temperature is 1°C, average morning relative
humidity is 71% and average afternoon relative humidity is 43%.
Moreover, this country is occasionally affected by sandstorms
that originate in United Arab Emirates and the Kingdom of
Saudi Arabia in the summer time (Abulfatih et al., 2001). A team
studied the ecology of wastewater ponds in Qatar from Qatar
University (Supplementary Figure 4) (Abulfatih et al., 2002).
The implications of the physical and chemical characteristics of
wastewaters at these ponds were discussed recently (Al-Thani and
Yasseen, 2020, 2021).

One part of this investigation was concentrating on bacterial
ecology, and Al-Thani (2002, 2003) has listed the main bacteria
genera at these ponds. These genera and species include: (A)
Gram-negative bacteria: Aeromonas hydrophila, P. aeruginosa,
Klebsiella pneumoniae, Chromobacterium violaceum, and E. coli;
and (B) Gram-positive bacteria: Streptomyces spp., Bacillus spp.,
and Macrococcus spp. The degree of the hazardous effect of these
ponds was discussed in recent articles, and the decision-makers
are fully aware of the future risk of these ponds continuing to
receive wastewater (Elobaid et al., 2018; Al-Thani and Yasseen,
2020, 2021). Therefore, these ponds are being drained and
replaced by new lagoons remote of the residential areas; however,
lessons should be learned so that such pollution risks should be
avoided in the future. The microbial ecology of the new lagoon
at Al-Karaana (southwest of Doha city), for example, has not
been studied yet. Therefore, any plan to investigate the biological
roles of microorganisms at such anthropogenic lagoons and other
industrial wastewater ponds to find out their environmental
impact, lessons should be learned from the old ponds.

Recently, more details were reported regarding the ecology of
microorganisms (algae and bacteria) and their possible biological
roles in cleaning wastewater from organic and inorganic
pollutants. There is concern about the future water sources
in Qatar and at all the Arabian Gulf States. Thus, recent
works have suggested using industrial wastewater IWW) as a
promising future water source after water is passed through
a series of treatments and processes. These activities involve
modern approaches and the contribution of native plants, algae,

and bacteria through environmental, genetic, and biological
approaches (Al-Thani and Yasseen, 2021). We refer the reader
to these recent works to look at some details of the microbial
ecology at those ponds and the perspectives of promising roles
of microorganisms.

RAWDAHS (RAWDATS)

Rawdahs are deep depressions or low leveled areas with good
soil and water; the soils of Rawdahs in Qatar and all other
Gulf States are the most fertile (Supplementary Figure 5)
and have freshwater sources from wells. These depressions can
reach a maximum depth of 1.5 m and are filled with fine soil
enriched with clay, silt, and minerals washed down from the
surrounding higher areas during the rainy seasons. Thus, many
of them were transformed into farmlands and are considered
good sites as rangelands for domestic animals, such as camels
and cattle (Abulfatih et al., 2001; Abdel-Bari, 2012). The soil is
rich in biological soil crusts (BSC) with various communities
of bacteria, fungi, algae, lichens, cyanobacteria, and mosses
(Figure 6), which play significant biological roles in improving
the nutritional status of the soil and inhibiting its deterioration
(Richer et al., 2012).

Many investigations have measured the soil salinity (ECe)
and pH at Rawdahs; however, many Rawdahs have low soil
salinity levels (4-6 dSm~!) and acceptable pH ranges (6-8),
and such figures might give a good indication of the quality of
the soil at these locations (Abulfatih et al., 2001; Al-Thani and
Yasseen, 2018a). At Rawdahs, many mesophytes, xerophytes, and
facultative halophytes can be found, giving the impression of the
adaptability of many plants to such habitats. More details about
the microbial ecology of Rawdahs, including BSC, can be found
in some recent literature (Al-Thani and Yasseen, 2018a). Case
studies of the microbial communities at these locations will be
discussed below, and especially for the private farms of Ghaf trees.

Case Study (Ghaf Tree Communities)

The microbiological community around the Ghaf trees (Prosopis
cineraria) habitat does not exclusively represent the arid
land and dry saline lands at the Arabian Gulf region
(Supplementary Figure 6) but also includes Rawdhas of low
saline soils (Figure 7). This tree is long-living, multi-purpose
(fuel, wood, food and medicine, silviculture), drought-resistant,
well adapted to high temperatures, and tolerant of infestation.
The Qatar University and Environmental Studies Center (ESC)
has conducted studies of the bacteria adjacent and associated with
these trees (Abdel-Bari et al., 2007a). Supplementary Table 3
shows the soil characteristics at the subcanopy of P. cineraria trees
at a private farm.

The Microbiology at the Rhizosphere

The rhizosphere is the soil section that extends about 5 mm
outward from the root surface and has a series of gradients of
organic components (pH, O, CO,, and H,O). The rhizosphere
can be categorized into two main regions: (1) rhizosphere
soil, the area around the root system; (2) the rhizoplane, the
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Rawdahs.

FIGURE 7 | Many trees can be found at many private farms around Qatar. The second author was sitting near Ghaf trees during one of his research trips to

soil in direct contact with plant root. Some microorganisms,
called endophytes, also inhabit the internal root tissue. The
plant root releases organic and inorganic substances that are
classified into five types: (a) exudates, (2) secretions, (3) lysates,
(4) plant mucilage, (5) mucigel (Rovira et al., 1979). Exudates
are low molecular weight compounds leaked non-metabolically

from intact cells. Secretions are compounds leaked metabolically
from the active plant. Lysates are compounds released by
the autolysis of older cells. Plant mucilage compounds are
carbohydrates released from, e.g., the root cap cells and primary
cell wall. Mucigel compounds are gelatinous material of the
plant and/or microbial origin; they lubricate the root tips to
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ease the growth of roots deep into the soil. These substances
might play active roles related to the availability of nutrients and
phytoremediation of various compounds (organic and inorganic
origin). It has been reported that the rhizospheres of some
arid plants (e.g., Prosopis juliflora) offer niches for bacteria that
exert beneficial effects, including nutrient transformation, plant
growth promotion, disease suppression, resistance to drought
and salinity, and might remediate pollutants of various origin
(Jothibasu et al., 2012; Yasseen and Al-Thani, 2013; Yasseen,
2014a). Al-Thani (2007) showed that soil populations of bacteria
at the rhizosphere were quite different from the non-rhizosphere
sites. Table 3 shows that the rhizoplane had highest populations
that decrease steadily (toward the center and intermediate
subcanopy) and then showed lowest counts at the outer canopy
soil. The high content of organic matter, soil nutrients, and
clay moisture at the rhizoplane and the sub-canopy locations
might be why there is a significant difference in the bacterial
counts between these locations. The study’s outcomes confirmed
those of previous studies reporting that non-rhizosphere soils
showed little bacterial activity (Bachman and Kinzel, 1992;
Whitford, 2002).

Unfortunately, these studies did not identify the bacterial
species at the rhizosphere and outer canopy soil of the Ghaf
trees. The traditional methods for microbial identification are
based on phenotypic characteristics, which are not accurate
compared to genotypic methods (Matsumoto and Sugano, 2013).
Moreover, in many clinical situations (Mignard and Flandrois,
2006), these methods are time-consuming and fail to identify
some bacteria groups (for example, Gram-positive rods). Other
studies have found the rhizosphere of P. juliflora harbors
more diversified bacteria communities from various phyla than
the non-rhizosphere areas, which means that such bacteria
communities might boost the nutritional status for crops and
wild plants (Jothibasu et al., 2012). In this study, the molecular
approach to investigate the bacterial activity at the rhizosphere
of P. juliflora revealed that the culturable microbes were higher
than those remote of the rhizosphere region, and the root
exudates of this plant might influence such activity. The bacterial
communities at the rhizosphere are mainly affected by soil
environmental factors, such as soil water content, soil nutrients,
electrical conductivity, and salinity (Jia et al., 2020), which
give rhizosphere microorganisms peculiarities compared to those

TABLE 3 | The number of bacterial colonies recorded from soil samples obtained
from various locations at the rhizosphere and outer canopy soil of Ghaf (Prosopis
cineraria) trees (Al-Thani, 2007).

Sample location Cfu/g dry soil
Rhizoplane* 3.43 x 106
Center of subcanopy** 3.16 x 10°
Intermediate subcanopy** 3.12 x 108
Outer canopy soil*** 8.63 x 10°

Cfu, colony-forming unit.

*The soil in direct contact with plant root.

*The center and intermediate subcanopies are just a few milimeters away
from the rhizoplane.

***Qutside the canopy soil (non-rhizosphere location).

found at the above-ground parts of plants; the phyllosphere.
Both the rhizosphere and phyllosphere accommodate most of the
bacterial communities found on the plant body, and these groups
mainly include phyla bacteria: Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria (Bulgarelli et al., 2013).

The Microbiology at the Phyllosphere
The green parts of terrestrial plants represent the major biological
active surface that provides essential elements of life that
contribute substantially to CO; fixation and biomass production,
the liberation of O, by photosynthesis, and secondary metabolites
production. The term phyllosphere refers to the above-ground
part of the plant, which is normally colonized by various
types of microbes, such as bacteria, fungi, yeasts, and possibly
others like algae, and such interactions might be detrimental
or beneficial for either microbe of the host plants, which have
been classified as neutralism, commensalism, and synergism,
among others (Montesinos, 2003; Yasseen and Al-Thani, 2013).
The rhizosphere and phyllosphere are both affected by different
physical and chemical factors, and the nitrogen content of
a plant affects the phyllosphere. Other factors related to soil
environment and soil solution might have major impacts on the
rhizosphere bacterial communities (Jia et al., 2020). Such factors
might account for the peculiarities of these bacterial habitats;
for example, pigmented bacteria, which are rarely found in the
rhizosphere, dominate the leaf surfaces of green plants (Fokkema
and Schippers, 1986; Zeng et al., 2014; Jia et al., 2020). The
living organisms that inhabit the aerial parts of the plants are
called epiphytes. Most of the studies on the microbiology of the
phyllosphere have focused on leaves, the dominant part of the
plant. However, bacteria are the most abundant inhabitants of
the phyllosphere, and the average number of bacterial cells was
106108 cells/g of a leaf (Hirano and Upper, 2000). Epiphytic
bacterial populations show significant variation in size among
and within plants of the same species over any period during the
growing season (Thompson et al., 1993; Jacques et al., 1995; Al-
Thani, 2007). The presence of such microbial communities on
the aerial parts of plants might boost the positive interactions,
thereby providing many features to the metabolic activities, such
as resistance against biotic and abiotic factors, stress tolerance,
growth promotion, nutrient acquisition, and disease resistance
(Stone et al., 2018). The mechanisms of many activities offered by
microorganisms to the host plants (adjacent or associated) were
recently discussed in relation to resistance to abiotic resistance,
including pollutants of oil and gas activities (Al-Thani and
Yasseen, 2018a,b, 2020, 2021). Moreover, plants with large total
leaf area, such as cucumber, beans, and other native plants, like
Amaranthus spp., might accommodate more microorganisms
than those of small and narrow leaves of crops (e.g., barley and
wheat) or native plants (Juncus rigidus, Sporobolus spp.) and even
those of waxy texture leaves (Kinkel et al., 2000; Al-Thani, 2007).
In conclusion, the functional roles of microbiota at aerial parts
of plants are of interest; bacteria inhabiting the phyllosphere
are linked to the biology of their host, as these bacteria might
offer protection against a variety of bacteria, including pathogens.
They might also influence plant reproduction (Massoni et al.,
2020). Moreover, environmental factors (such as light) exert
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indirect effects on plant aerial tissues, such as modification
of moisture on leaf surfaces, change of microbial lifestyle,
alteration of phyllosphere composition, and diversity, among
others (Carvalho and Castillo, 2018).

MODERN APPROACH AND POSSIBLE
ROLES

New approaches have been suggested in many aspects, including
identification, biotechnology, and utilizing the desert lands for
future wellbeing and prosperity. Regarding the identification
of bacteria, the traditional approach based on phenotypic
characteristics is time-consuming and might fail to identify
and cover all microorganisms. This was replaced by more
accurate genotypic methods (Embley and Stackebrandt, 1996),
and using the 16S rRNA sequence has emerged as the most
preferred modern method (Mignard and Flandrois, 2006;
Matsumoto and Sugano, 2013). These methods have been
referred to as: culture-independent methods; used widely and
successfully since the ninetieths of the last century. Using
such methods, numerous studies have identified a range of
bacteria, cyanobacteria, and yeast for various uses under routine
conditions (Redfield et al.,, 2002), these methods were better
approach than the traditional ones in many aspects such
as: environmental microbiology, environmental pollution, food
processing, etc. (Su et al, 2012; Cocolin et al., 2013; Stefani
et al, 2015). In fact, the cost is not a limiting factor as
this technique provides great benefits and accuracy compared
to traditional methods. In Qatar, works adopted this modern
approach; 16S rRNA gene amplicons and metagenomic sequence
analysis, described the most common microbial groups at
the desert and marine habitats. Thus, serious breakthrough
started a decade ago when a sequence of 16S rRNA gene
of a naturally occurring wild type strain from the Qatari
soil of Streptomyces coelicolor QU66C has been determined
using modern technology. This strain has been deposited in
the International Nucleotide Sequence Database (INSD), and
assigned an accession number of AB588124, and it is known
as: Streptomyces coelicolor (AB588124) (QU66¢-2002) (Mahasneh
et al,, 2011). Also, Abdul Majid et al. (2016) have recognized
three main bacteria phyla typically found at Qatari Barchan dunes
using this technique: Actinobacteria (58%), Firmicutes (27%),
and Proteobacteria (15%). More investigations are needed to
determine the microbial communities at all the above habitats in
Qatar and the Arabian Gulf region.

In recent years, by adopting modern technology, more
studies have been identifying marine microorganisms at
the Qatari coastal water of the Arabian Gulf. Identification
of these new species was based on sequence analysis
of the internal transcribed spacer (ITS) regions and
D1/D2 domains of the large subunit (LSU) rRNA gene.
It is interesting to report that some novel fungi species,
including yeast, were isolated from the hypersaline marine
environment using that technology; these new strains
proved efficient in metabolizing some organic compounds

(Fotedar et al., 2018, 2019b). These studies were followed
by further investigations to explore their characterizations
(Fotedar et al., 2019a).

Regarding the roles of microorganisms in the Qatari
ecosystem, many desert and marine inhabitants have
been involved in many aspects of life, including modern
biotechnology, health and agriculture, and wildlife. Gathering
international records, Tables 4, 5 show the reported roles played
by these microorganisms.

Also, it is interesting to report that some data (personal
observations) revealed the roles of yeast species at the Qatari
soils during bioremediation of polluted soils with IWW; these
species were identified using API procedure’ include: (1) Candida
spp. as (Candida tropicalis, Candida format, and Candida
guilliermondii); (2) Cryptococcus spp. as (Cryptococcus humicola,
Cryptococcus albidus, and Cryptococcus laurentii); (3) Kloeckera
spp.; (4) Pichia angusta spp.; and (5) Trichosporon mucoides, and
possibly others. These yeast species show significant activation
and growth at soil polluted with IWW, giving clear signs of
their bioremediation processes. Further comprehensive studies
are needed to clarify their roles in remediating polluted soils
due to the oil and gas activities, at least at the Qatari soil.
On the other hand, various fungi including yeast species
from Ascomycota and Basidiomycota at the marine habitat
of Qatar were identified. One interesting study of Fotedar
et al. (2015) which had extended for 3 years using modern
technology [sequence analyses of the internal transcribed spacers
(ITS1/ITS2) and the D1/D2 domains of the large subunit (LSU)
of the ribosomal DNA (rDNA)], showed that 37 genera were
identified from these main divisions. Significant number of
yeast species were found at sites influenced by anthropogenic
activities, such as fishing harbors along the Eastern coast of Qatar.
Candida spp. (Ascomycota) are common at land and sea; they are
the most common cause of fungal infections worldwide. Thus,
the study has concluded the following species: Candida spp.
(24%) (Ascomycota), Rhodotorula spp. (16%) (Basidiomycota),
Kondoa aeria (8%) (Basidiomycota), Aureobasidium spp. (7%)
(Ascomycota), and Hortaea spp. (7%) (Ascomycota), were
among the most frequently identified yeast species. However,
these yeast species were varied during the main seasons of
the year. For example, the dominant ones during the summer
season were Kondoa spp. (Basidiomycota) (34%), Knufia spp.
(24%) (Ascomycota), and Hypocrea spp. (13%) (Ascomycota),
whereas Debaryomyces spp. (37%) (Ascomycota), Clavispora
spp- (23%) (Ascomycota), Issatchenkia spp. (17%) (Ascomycota)
were dominant species during the winter season. It very
interesting to report a novel yeast species isolated from marine
water in Qatar; it was characterized and identified and given
the name Kondoa qatarensis (Fotedar et al., 2019b). Further
investigation is needed to look at the roles might have at Qatari
marine habitats.

Some recent reports are of particular interest. For example,
that symbiotic and/or associated bacteria can boost plant
growth, control of pathogens, or even alleviate abiotic

Shttps://microbiologyinfo.com/api-20e-test/.
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TABLE 4 | The reported roles of the bacterial species found in the Qatari desert.

Bacterial species

Phyla

References

Actinobacteria

Kocuria kristinae
(formerly:
Micrococcus
kristinae)

Micrococcus luteus

Streptomyces spp.

Infectious bacteria found at the

rhizosphere of Typha angustifolia;
human skin is the normal habitat

found in the urinary tract.

PGPB* positive for IAA production;
protected against plant pathogens;

protease production.
Production of bioactive and
antibiotics compounds
(antimicrobial, antiparasitic, and

Ma et al., 2005; Chen
etal., 2015

Odu and Akujobi, 2012;
Patel et al., 2021

Sousa and Olivares,
2016; Manteca and
Yagte, 2019

immune-suppressing compounds);
improved plant growth; protection
against pests.

Firmicutes

Bacillus spp. Many roles: fermentation industry,  Feto, 2016; Saxena
bioremediation, bio-protecting host et al., 2019; Hashem
plants, nutrient cycling to conferring et al., 2019;

stress tolerance and improving Sansinenea, 2019
growth by production of
phytohormones (e.g., PGPR*).
Production of cheese and healthy
foods; resistance mechanisms
against abiotic factors.

Sanders et al., 1999
(Lactococcus lactis|
Applied and
Environmental
Microbiology (asm.org).
Lactococcus lactis — an
overview| ScienceDirect
Topics.)

Lactococcus lactis

Staphylococcus Physiological and molecular roles in  Lofblom et al., 2017;
spp. halotolerance and osmo-tolerance; Vaish et al., 2018
sausage preparation; controlled
food fermentation.
Proteobacteria

Santos et al., 2001;
Barac et al., 2004;
Morya et al., 2020
Roberts et al., 1999;
Rasheed et al., 2021

Burkholderia spp.  Nitrogen fixation, bioremediation,
and bioconversion of aromatic

compounds.

Pathogenic species responsible for
human urinary tract infections can
support the growth of plants,
including crop species

Human pathogens form biofims to
provide some trials against
antibiotics, such as
phytomicrobiome.

Enterobacter
cloacae

Masék et al., 2014;
Sitaraman, 2015

Pseudomonas spp.

Sphingomonas Bioremediation of oil and gas Masai et al., 2007;
paucimobilis products (PAHs andTPH); Yang et al., 2014; Zhou
degradation of aromatic et al., 2016; Jaafar,
compounds; providing growth 2019
support to some plants.
Stenotrophomonas PGPR promotes growth; increased Matejkova, 2010; Zhu
maltophilia antioxidant levels, scavenging, and et al., 2012; Alavi et al.,

2014; Alexander et al.,
2019

stress tolerance; an opportunistic
pathogen; different functions as
pathogenic and useful roles.

*PGPB, plant growth-promoting bacteria.
**PGPR, plant growth-promoting rhizobacteria.

factors like drought, salinity, and pollution of organic
and inorganic components (Egamberdievea et al, 2017;
Al-Thani and Yasseen, 2018b; Arif et al, 2020). Kaushal
(2019) listed the many useful roles of rhizosphere bacteria
in (1) phytoremediation and bioremediation; (2) promoting

TABLE 5 | The reported roles of the bacterial species found at the

Arabian Gulf — Qatar.

Bacteria species

Roles

References

Bacteroidetes

Tenacibaculum
mesophilum’

Firmicutes
Bacillus boroniphilus

Halobacillus profundi

Virgibacillus
dokdonensis

Proteobacteria
Cobetia marina

Pseudoalteromonas
spp.3, about four
species were
identified at the
marine habitat of
Qatar

Ruegeria mobilis

Shewanella loihica

Siderophore, bisucaberin B,
was isolated from it, the
bacteria isolated from sponge
and green algae.

Highly boron-tolerant, found
in soil and sea water.

Deep-sea methane cold seep,
deep-sea carbonate rock?.

Isolated from sea water from
the Liancourt Rocks in
Korea?, might have traits to
overcome the stressful
conditions.

Gram-negative halophilic
marine, bioflocculant
production, possible
production of agents to
support the immune system
against biofilm-associated
infections, production of
exopolysaccharides.

Marine bacteria and sponge
pathogen, produce quorum
sensing molecule which
functions as a bacterial
info-chemical, inhibits marine
bacterial pathogens of Vibrio
spp., marine bacterium
isolated from Antarctic sea
ice, hydrolysing starch and
chitin, produces antimicrobial
prodiginine pigments.
Control lipase, and biofim
production, control of
infectious bacteria such as
Vibrio spp.

Biosynthesis of copper
nanoparticles, bio-reduction
of iron (Ill) oxides.

Fotedar, 2013; Fuijita
etal, 2013

Ahmed et al., 2007;
Fotedar, 2013

Hua et al., 2007;
Fotedar, 2013

Yoon et al., 2005;
Fotedar, 2013; Zeaiter
etal., 2019

Trentin et al., 2011;
Fotedar, 2013; Lei
et al., 2015; Lelchat
etal., 2015

Bowman, 1998;
Fotedar, 2013;
Choudhury et al., 2015;
Richards et al., 2017;
Setiyono et al., 2020

Fotedar, 2013; Miura
etal., 2019; Su et al.,
2019

Fotedar, 2013; Lv et al.,
2018;
Benaiges-Fernandez

etal, 2019;
Vibrio spp.*: about Many of them are pathogens Fotedar, 2013; Anand
14 species were of wild and cultured marine et al., 2016;
identified at the fish and invertebrates, other Baker-Austin et al.,
marine habitats of cause infections in humans. 2018

Qatar.

Some species of this genus are marine fish pathogens: Grothusen et al. (2016).
2A group of small islets in the Sea of Japan.

3Most Pseudoalteromonas spp. are biofilm forming bacteria, produce biologically
active extracellular agents (Holmstrom and Kjelleberg, 1999; Abouelkheir et al.,
2020), these four species are: P. agarivorans, P. piscicida, P. prydzensis, and
P. rubra.

4Several(Vibrio — Wikipedia.) Vibrio species cause many diseases to humans
and fish and crustaceous at sea, lakes, ponds, and rivers, cause foodborne
infections; they contaminate seafood. These species include: V. alginolyticus, V.
coralliilyticus, V. harveyi, V. hepatarius, V. maritimus, V. mediterranei, V. nereis, V.
nigripulchritudo, V. owensii, V. parahaemolyticus, V. proteolyticus, V. rotiferianus,
V. shilonii, and V. tubiashii.

The bacteria species reported in this table were identified using modern technology:
16S rRBNA gene sequence analysis and MALDI-TOF MS (Fotedar, 2013).
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growth by production of siderophore (high-affinity iron-
chelating compounds that are secreted by microorganisms
such as bacteria and fungi and serve primarily to transport
iron across cell membranes) and phytohormones (including
auxins, gibberellins, cytokinins, ethylene, and abscisic acid),
mobilize mineral phosphate, nitrogen fixation, and inhibition
of plant ethylene synthesis; (3) increasing resistance to adverse
conditions (drought, salinity, compost toxicity); (4) disease
interactions; (5) improving survival of seedlings; (6) increasing
biomass; and (7) immobilizing of heavy metals through
bioaccumulation, biotransformation to less soluble forms,
chemisorption and biomineralization of heavy metals. Yan
et al. (2020) have concluded that microbes associated with
plants at the rhizosphere confer plants with many traits to
support plant growth under various stresses, including heavy
metal tolerance. Moreover, plant exudates might attract some
microorganisms to activate biological functions (Al-Thani
and Yasseen, 2021). Also, Basu et al. (2021) have suggested
that microorganisms are key players in many agricultural
and ecological processes, including increasing fertility by
promoting the availability of major elements such as nitrogen,
phosphorus, and sulfur.

During the last decade, great attention has been paid
to the promising roles of microorganisms in the Qatari
ecosystem. For example, Al-Thani and Yasseen (2017)
studied the halo-thermophilic bacteria and cyanobacteria
adjacent to some halophytes: S. vermiculata, L. axillare, and
T. qatarensis at the salt marshes and Sabkhas. These authors
found that the most common bacteria groups are Gram-
positive rods (such as Bacillus spp.) of various forms (with
pointed ends occurred singly, pairs and short chains), and
some cyanobacteria genera such as Anabaena and Nostoc,
and suggested significant roles including nutrition, pollution,
production of antibiotics. This study shows that the populations
of thermo-halophilic bacteria were highest in soils adjacent
to L. axillare compared to S. vermiculata and T. gatarensis
(7.2, 0.4, and 0.65 cfu/g dry soil x 102, respectively). Further
investigation is needed to examine the reasons behind such
significant differences between the bacteria counts at the plants
rhizosphere. Investigations also need to address the origin of
metabolic pathways in these microorganisms and native plants
(Al-Thani and Yasseen, 2017).

Later, discussions have shed light on the roles of BSC
in such harsh environments of the Arabian Gulf region and
the presence of extremophiles in salt glands and the plant
body in providing some important resistance traits to the
native plants and other biological needs. Some mechanisms
were introduced and suggested that microorganisms support
native plants against various types of environmental stresses
at the Arabian Gulf region: biofilm formation, polymers
production, chemotaxis, phytohormone production, nitrogen
fixation, phosphate solubilization, production of phytohormone-
degrading enzymes, and osmolytes biosynthesis (Al-Thani
and Yasseen, 2018a,b). Moreover, microorganisms (algae and
bacteria) and native plants at Qatari ponds are promising
for bioremediation, phytoremediation, and phytoremediation
of polluted soils and water. IWW pollution has become a

significant issue because of increasing investments in the
oil and gas sectors and increasing demand for quality
water for various uses in agriculture and domestic uses
(Al-Thani and Yasseen, 2020, 2021).

Microorganisms are also likely to contribute to the
development of alternative energy sources to replace petroleum
diesel. Simultaneously, many governments have begun to turn
toward renewable energy (e.g., wind and solar). Recently,
the idea of biodiesel has emerged as a cost-effective and
environmentally friendly biological approach. The Arabian
Gulf region is well-suited to biodiesel projects. Wilson et al.
(2012) have reported that microalgae (e.g., Dunaliella and
Chlorella, and possibly others) are available in seawater and
that seawater is the best growth medium for such living
organisms. Simultaneously, the deserts of this region, including
the land of Qatar, are sufficiently large to accommodate
such projects, assuming that such lands are not used for
agricultural activities.

Finally, microorganisms such as bacteria and algae can be
considered as bio-indicators for many environmental issues. For
example, the presence of some algae and cyanobacteria in waters
and/or soils can be considered as a sign of pollution, while
some other algae species are found only in fresh water and a
sign of water quality (Yasseen et al., 2001). Also, the presence
of some bacteria species in water might cause some illnesses
and sign of pollution (Karbasdehi et al,, 2017). More details
can be found in some published works (Al-Thani and Yasseen,
2021). Therefore, considering the international standards and
guidelines for water used in drinking water and irrigation
as obligation in any work related to water and soil used
by humans.

CONCLUDING REMARKS

It seems likely that microbes are poised to make significant
contributions to future technological endeavors and the
overcoming of the many problems facing humanity
(Makhalanyane et al, 2015). Microorganisms, including
bacteria and yeasts, have emerged as biological tools
(Glick, 2014; Hanin et al., 2016). The countries of the
Arabian Gulf have the ecological, scientific, and financial
resources to make significant contributions to such progress
(Bhatnagar and Bhatnagar, 2005). The microorganisms
found within Qatari habitats have shown promise for use
in bioremediation and phytoremediation (Al-Thani and Yasseen,
2021), and various aspects of human life including health,
agriculture, and wildlife.
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