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ABSTRACT

Investigations of arbuscular mycorrhizal fungi (AMF) received extreme interests among scientist including
agronomists and environmental scientists. This interest is linked to advantages provided by AMF in enhancing
the nutrients of their hosts via improving photosynthetic pigments and antioxidant production. Further, it also
positively alters the production of plant hormones. AMF through its associations with plants obtain carbon while
in exchange, provide nutrients. AMF have been reported to improve the growth of Tageteserecta, Zea mays,
Panicum turgidum, Arachis hypogaea, Triticum aestivum and others. This review further documented the occur-
rence, diversity, distribution, and agricultural applications of AMF species reported in the Arabian Peninsula.
Overall, we documented 20 genera and 61 species of Glomeromycota in the Arabian Peninsula representing
46.51 % of genera and 17.88 % of species of AMF known so far.

Funneliformis mosseae has found to be the most widely distributed species followed by Claroideoglomus etui-
catum. There are 35 research articles focused on Arabian Peninsula where the stress conditions like drought,
salinity and pollutants are prevailed. Only one group studied the influence of AMF on disease resistance, while
salinity, drought, and cadmium stresses were investigated in 18, 6, and 4 investigations, respectively. The genus
Glomus was the focus of most studies. The conducted research in the Arabian Peninsula is not enough to un-
derstand AMF taxonomy and their functional role in plant growth. Expanding the scope of detection of AMF,

especially in coastal areas is essential. Future studies on biodiversity of AMF are essential.

1. Introduction

Fungi diversity remained largely unexplored throughout the globe
specially in Arabian Peninsula in regions with harsh environmental
conditions. However, recent efforts have been undertaken to charac-
terize different fungal isolates with different approaches such as
phylogenetic and genomic (Tamura et al., 2013). Nevertheless,
morphological classification and characterization of fungi based on
geographical locations are still inadequate. Moreover, microbial species
are mainly studied for their antimicrobial role while studies about their
diversity are often overlooked.

Biodiversity studies are generally carried out at taxonomic levels,
including genera and family, and are significant to reveal the distribu-
tion pattern of species within the given genera. Soil microbial commu-
nity includes archaea, bacteria, algae, protozoa, viruses and fungi (Shah
etal., 2021). Fungi are among them and make up a significant portion of
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the soil biomass. They play several roles, including but not limited to
aiding in the decomposition of organic nitrogen (N) in the form of
ammonia and weathering of soil minerals and the decomposition of
organic matter in the form of litter. By promoting hyphal development
and protein synthesis, they also affect the soil’s composition (Cromack,
1992). Following insects, fungi rank to be the second group with the
largest number of species but the influence of fungal diversity on
ecosystem productivity and biodiversity has still received less attention
from scientists and agriculturists. Presently, there are almost 69,000
fungal species that exists independently (Satyanarayana et al., 2019)
however, based on the vascular plant to fungus ratio across the globe,
the number is estimated to be more than 1.5 million species respectively
(Stiirmer & Siqueira, 2006). Another study reported the fungal species to
be 5.1 million based on the high throughput sequencing techniques
(Blackwell, 2011; Wu et al., 2019).

Plants undergo different environmental stressors in terrestrial
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ecosystems. Ecological systems that are specific to arid or desert regions
has inadequate precipitation and other related seasonal rainfall patterns,
therefore, they undergo several abiotic stresses like drought (Madouh &
Quoreshi, 2023). There are several adaptive strategies among which the
use of fungal species specifically AMF is one. AMF plays a major role in
driving the ecosystem processes as well as in improving economic pro-
ductivity. According to fossil evidence, AMF likely first appeared be-
tween 353 and 462 million years ago, during the Devonian era, and since
then, it has exhibited its presence across diverse geographical locations
and has developed associations with different plant species (Lewis,
2016; Morton, 2000). Fungi are home to different habitats and are iso-
lated from the roots of Pteridophytes to Gymnosperms, the sand dunes
and the tropical grasslands. The diversity of AMF in terms of richness
and evenness suggests that the fungi lack host specificity (Muneer et al.,
2019), and it only competes with bacteria (Apple, 2010). However,
recent studies have reflected that AMF could not only exhibit mutualism
or commensalism with plant species but also indirectly with specific
bacterial species.

This review documents an up-to-date scenario of the occurrence,
distribution, and diversity of AMF species in the Arabian Peninsula by
gathering information from different studies on various AMF species and
their role in different plant stress conditions. Moreover, the review also
discusses the climatic changes and its impact on the growth of AMF
along with highlighting the plant-mycorrhizal associations, their role in
minimizing the pathogenicity of plant pathogens and the commerciali-
zation of AMF products.

2. Overview of AMF

Plants and their symbiotic relationships are known from the early
evolutionary period. The early plants are known to be the result of
endosymbiotic phenomenon of non-photosynthetic eukaryotes engulf-
ing photosynthetic cyanobacterium. During this phase, early plants
required a source to fulfill their nutritious requirements. Fungal asso-
ciations helped plants to attain nutrients in the absence of proper and
complex plant roots system. AM interaction with early plants is reported
to be a unique type of interaction. While investigating the plant lineages,
it is reported that due to these fungal associations, plants were able to
develop and survive. Even now, the majority of the plants are seen to
have fungal associations, however, plants in aquatic environment do not
opt for this option (Chen et al., 2018).

AMF are obligatory symbiotic creatures and they depend on plant
roots to complete their life cycle. Almost 80 % of the plants around the
world exhibit symbiotic association with fungal species (Brundrett,
2009; Tang et al., 2023a).{Brundrett, 2009 #148} AMF has been noted
in Taiwan, Cuba, India, the Arabian Peninsula, Central and South
America, Japan, Mexico and many other regions globally. In their
symbiotic relationship, plants provide AMF with the necessary sources
of C and other nutrients that promote sporulation. Likewise, fungal
species help plants in absorbing water from soil with the help of their
developed hyphal system. Hence, it is not surprising why AMF species
are profoundly located in plants found in arid and desert climates
(Gollotte et al., 2004; Ma et al., 2022b). However, helping plants with
water or providing C sources to fungi is an oversimplification of the
structure-function correlation with respect to host interactions (Luo
et al., 2023; Newsham et al., 1995). The AMF forms meristic structures
that have distinct symbiotic functions within the cortex of the root,
extending into the soil. AMF is named so because of the presence of
arbuscules, which are characteristic structures of the fungal species
(Augusto, 2015). Arbuscules are specialized branched hyphae that are
formed between the plasma membrane and cell wall of plant cells and
significantly contribute to the exchange of nutrients between the sym-
biotic organisms. On the other hand, vesicles are globose or elliptical
structures found in AMF. They act as a storage organ as it stores lipids
and glycogen for them. These structures are formed between the cortex
cells and are only intrinsic to the fungal families of Acaulosporaceae and
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Glomeraceae (Augusto, 2015).

The major role of AMF is to supplement the plants with nutrients and
water. Phosphorus (P) is a major nutrient that is provided by AMF to the
host plants because of their extraradical hyphae which could grow
beyond P depleted zone (Johri et al., 2015; Qi et al., 2022). This helps
the fungus in scavenging P ions from the bulk soil. AMF also exhibits
nematocidal properties that prevent destruction and ensures the health
of the host plant in the presence of nematode species. Hence, the
mycorrhizal relationship between AMF and plant species is viewed as
multifunctional as it is an important indicator of ecosystem sustain-
ability and soil quality. Initially, AMF were classified in the order Glo-
males of Zygomycota, followed by Glomeromycota (Schwarzott &
Walker, 2001; Volk, 2013). Presently they are all classified under the
subphylum Glomeromycotina (Spatafora et al., 2016),. In the past, these
fungal species were named endomycorrhiza, which was later changed to
vesicular-arbuscular mycorrhizae and eventually into AMF. In natural
ecosystems, fungi make up most of the rhizosphere’s flora but their
population in each habitat is significantly influenced by biotic and
abiotic communities (Hazard et al., 2013; Jansa et al., 2014; Wahab
et al., 2023). Hence, the diversification of AMF is dependent on the
changes in the soil environment, dynamics and characteristics of the
ecosystem, and the agricultural practices as well as the density of the
spores, mycelia, and the presence of other species.

2.1. Diversity and distribution of Funneliformis mosseae

Funneliformis mosseae is a species of AMF that is widespread
throughout the world’s ecosystems. It is a widespread and most domi-
nating AMF species found in agricultural soils. A helpful fungus called
F. mosseae creates a symbiotic relationship with plants by supplying
them with vital nutrients and enhancing their stress tolerance (Marinho
et al., 2018; Tang et al., 2023b).

Numerous variables, such as climate, soil type, and composition of
plant community have an impact on the diversity and distribution of
F. mosseae. The fungus is more ubiquitous in warm, temperate regions
than in cold or dry ones. Moreover, the prevalence of F. mosseae is more
in sandy soils when compared with clay soils. Although it can be found
in many different plant groups, the fungus is most prevalent in grass-
lands, woodlands, and agricultural fields.

F. mosseae is a crucial fungus for both the environment and plants. It
gives plants vital nutrients, such phosphorus and nitrogen, and aids in
their ability to withstand stress. By reducing organic matter and raising
the soil’s capacity to hold water, the fungus also aids in enhancing soil
quality. Considering the useful properties of F. mosseae, it can be
considered a potential candidate for boasting sustainable agriculture
through enhanced crop yields and low provision of artificial fertilizers
(Shi et al., 2021).

3. AMF ecological significance

AMF plays a significant role in plant nutrition, especially in the
recycling of nutrients and in retaining the water content. AMF is also
found to initiate nutrient uptake in sand dunes that play an important
part in sand stabilization (Apple, 2010; Tenzin et al., 2022) AMF pro-
vides significant benefits to the plant species from economic viability to
disease resistance. The increase in biomass of the hosts indicates the
advantage of AMF relationships with the plants. Regarding the flux of C
in the symbiotic relationship of plants and AMF, C is found to be present
all the time not only in the root of plants but also in the intra-radical
fungal structures. Moreover, various research has been conducted to
identify the exact location of C flux. Comparatively, P flux is much better
studied. The transfer of P in the symbiotic relationship occurs at the
arbuscule interface. With the help of the fungal association, plants can
directly uptake P from the soil. Moreover, N, being an important mineral
in soil, has a greater mobility in the form of ammonium and nitrate ions.
The role of AMF in capture of N is considered a bit challenging due to its
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mobile nature and therefore in this area, few studies have been con-
ducted. However, some studies indicate that the fifth part of the total N
held by plants is the result of AMF associations (Hodge & Fitter, 2010).
An overview of the contributions of AMF is shown in Fig. 1 below.

A study showed that Glomus fasciculatum significantly improved the
concentrations of N, calcium (Ca), P, and zinc (Zn) in Vigna aconitifolia
(moth bean plant) grown predominantly in Rajasthan, India (Tarafdar &
Praveen, 1996). Desert agriculture would remain an important provision
for sustained food supply across the globe, and it is going to intensify
with desertification. Mycorrhizal relationships could play a significant
role in improving the quality and productivity of desert crops. Green-
houses are majorly used for production of crops in semiarid areas.
Inoculating the desert soil with AMF would help to prevent the dwarfing
or stunting of plants that occurs because of greenhouse gases (Koltai
et al., 2008).AMF is also beneficial for preventing diseases in desert
plants. It is reported that seedlings of date palms that were treated with
the mycorrhizal spores of various AMF species of the genera Glomus
exhibited more resistance to Bayoud disease than those treated with
species of other genera (Jaiti et al., 2007). More than 15 million date
palm trees were known to have been killed by the Fusorium sp. caused
Bayoud disease in Morocco and Algeria (Apple, 2010). Such incidences
have expedited desertification in both countries during the last century.
Apart from increasing the economic yield of desert plants, AMF also
increases the food value of the crop (Allen, 2007; Begum et al., 2019).
One of the main advantages of AMF is water provision to the desert
plants which is made possible by a widespread hyphal net of the fungal
species that can distribute water to different plant species with which
they exhibit the mycorrhizal relationships. For example, a 10 mm
segment of the root of a desert plant could have a 1000 cm of hyphae
from the AMF which extends in all directions in the soil (Al-whaibi,
2009). AMF also helps in the ecological succession of desert plants by
influencing the early succession stages in the colonization of volcanic
deserts, mostly by storing water for the growth of the plants (Munoz
et al., 2021; Peter, 2003). AMF also assists majorly in growth of seed-
lings of desert plants despite the harsh edaphic factors that sometimes
override the beneficial effects that are extended by the mycorrhizal
fungi. For example, the inoculation of AMF improves and enhances the
soil water holding capacity as well as the content of N and C in mesquite
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tree (P. articulata) (Bashan et al., 2000). This property of soil is further
enhanced by Glomalin, which is very sticky in nature and is made up of
iron-containing glycoprotein that is produced by AMF. These com-
pounds are the source of 15 % to 20 % of the C needs of the desert plants.
Further, glomalin acts as a glue in stabilizing the soil by forming soil
aggregates (Li et al., 2022; Wright & Upadhyaya, 1998). When the
glomalin content in the soil increases, it improves water infiltration, root
development, and enhancement of microbial activity hence improving
soil resistance to erosion. Apart from increasing the water holding ca-
pacity of the soil, the glomalin content plays a significant role in
increasing the agricultural yield of desert plants (Kalamulla et al., 2022;
Treseder & Turner, 2007). It was shown that the hyphal networks
remained intact without the mechanical effects of tilling. However, the
content of glomalin and the respective population of AMF would not
increase if Brassicaceae species of crops are grown (Apple, 2010). This is
because such plant species do not form AMF associations, and the glo-
malin content is dependent upon the hyphal concentrations.

AMF are regarded as natural biofertilizers due to their ability to
provide the host plants with nutrients, water, and protection against
pathogens and in return consume the photosynthetic compounds and
products formed, which aid in the formation of their C skeleton (Berruti
et al., 2016). The loss of AMF from the soil reduces the efficient func-
tioning of the ecosystem (Addisu, 2022; Campanelli et al., 2013).
Initially, it was believed that AMF lack host- and niche-specificity,
however, studies conducted by Biaszkowski et al. (2002) and Castillo
et al. (2016) have endorsed that such assumptions are dependent on
environmental conditions. AMF helps in the sustainable cultivation of
date palms because such plants have a limited root system due to the low
density of root hairs. The combination of poor nutrients and low water
levels further limit the cultivation of date palms. However, AMF, due to
its extensive hyphae network, develops a symbiotic relationship with
date palms and nurture them by providing water and nutrients, even in
the periods of drought (Al-Karaki, 2013). The drought stress relieving
capacity of AMF is also witnessed by Abdel-Salem et al. (2018) where it
was demonstrated that AMF mitigates the negative impacts of drought
stress on Rosa damascena plant. Inoculation with AMF substantially
enhanced nutrient content, gas exchange, and water potential in the
referred plant. It was reported that the level of improvement was
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precisely proportionate to the mycorrhizal colonization in the roots of
R. damascene. Moreover, AMF improved the flower health, and
improved resistance of desert rose to drought stress (Abdel-Salam et al.,
2018).

3.1. Plant-Mycorrhizal interaction

It is true that the plant-mycorrhizal interaction is a very mutualistic
association between both. The fruitful outcome of this relationship is
what makes the competition among different plant species tough.
Presence of AMF association in some plants enhances their competi-
tiveness while in others, it decreases. One might not consider this as-
sociation anything but nutrient exchange, however, it is much more than
this. AMF and plant association can drive the whole plant community
dynamics and hence, controls the ecosystem functioning (Sun et al.,
2022).

The ability of AMF to build a large hyphal network, often known as
the “wood-wide web,” that may connect various plant communities and
provide effective horizontal nutrition and water transport is an unusu-
ally well-known trait of these organisms. Symbiotic interfaces, which
the fungi create regions, serve as a platform for interaction with the
plant host. The mutualistic connection is typically dependent on the
nutrient exchange because the mycorrhizal fungi’s life cycle depends on
absorbing the organic C produced by plants, much like any other fungi
linked with plants (Kumar et al., 2016; Shi et al., 2023). Mycorrhizal
connections’ main benefits include better plant growth, higher nutrient
and water uptake, enhanced soil properties, and defense against envi-
ronmental hazards. In exchange, the host plant partner provides the
mycorrhizal fungus with their energy supply in the form of
carbohydrates.

AMF have symbiotic relationships with plants that, in certain envi-
ronments, greatly aid in the development and growth of plants by
altering the root system (an increase in the root area) and enhancing
nutrient intake and mobilization (Mitra et al., 2022; Sylvia & Williams,
1992). Additionally, they stimulate the development of non-enzymatic
defence mechanisms and enzymatic antioxidants in plants so that they
can tolerate and survive stress (Ahmad et al., 2016; Wang et al., 2018),
production of phytohormones (Navarro-Rodenas et al., 2013; Zhao
et al., 2022), and lipid peroxidation (Abd Allah et al., 2015). It is re-
ported in literature that the symbiotic associations are found in ancient
species as well that confirms the symbiotic relationship to be one of the
principal of fungi, which were important in the evolution of plants (Abd
Allah et al., 2015) (EF et al., 2015). The symbiotic relationship between
rhizobia bacteria, which fixes nitrogen, on the other hand, developed
later and is consequently exclusive to a certain plant lineage (Abd Allah
et al., 2015). The fungus is usually coenocytic or septate hyphae, with
many nuclei in the spores. The vast genome and polymorphic character
of these nuclei have made the sequencing and annotation of the fungal
group’s genomes difficult. Generally they are asexual, but anastomosis
have also been reported (Richter et al., 2023; Sanders et al., 1996).

The AMF create an appressorium on the host’s surface known as the
hyphopodium. The hyphae originating from the former go through the
root cells and into the cortex via an apparatus of penetration. The fun-
gus’ hyphae, however, enter the cortex through the apoplast and pro-
ceed through the root’s axis, entering the cortical cells of the inner root.
The fungi penetrate the plants through hyphal branches that later
develop intracellular hyphal coils (Bonfante & Genre, 2010; Yuan-Yuan
et al., 2020). The hyphal coils do not enter the symplast nor the cyto-
plasm of the host plant. The exclusion of the fungi from the cytoplasm of
the host is achieved through a membrane derived from the host cells
known as the periarbuscular membrane (PAM) (Bonfante & Genre,
2010). Arbuscular mycorrhizae fungi penetrate cortical cells in plant
roots, leading to morphological changes in the roots, hence, enhancing
weeds, pests, and disease tolerance (Enebe & Erasmus, 2023; Schoute-
den et al., 2015). They develop arbuscules inside the cortical cells,
which they employ as sites for nutrition exchange. Additionally, vesicles
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are developed between the cortical cells to serve as nutrient storage
compartments (Yadav et al., 2017).

AMF are unculturable without a host. Since AMF cannot store food
(carbohydrate) except when they are within a plant, they are stringent
biotrophs since they are entirely dependent on their hosts for growth
and reproduction. According to developmental and evolutionary the-
ories, the strict association that AM fungus have with plants has enabled
them to survive the environmental hazards associated with the loss of
their saprotrophic powers (Bonfante & Genre, 2010).

3.2. The role of arbuscular mycorrhizae fungi in the induction of systemic
resistance and minimizing or inhibiting the pathogenicity of plant diseases

Rhizosphere functioning is the outcome of a dynamic and complex
microbiome which is altered or controlled by several biotic and abiotic
factors (Haldar & Sengupta, 2015; Xun et al., 2021). AMF is one of the
primary components in the rhizosphere system. They are useful because
they can protect the host against a wide range of phytopathogenic ill-
nesses through different mechanisms (Ciancio et al., 2019). Induced
systematic resistance, improved root tolerance, changed rhizospheric
interactions, and direct competition for few resources of space and nu-
trients are some of these mechanisms. In order to prevent or eradicate
the plant diseases that lower the crops’ productivity and quality, the
AMF can create systemic resistance through several pathways (Ciancio
et al., 2019). Moreover, AMF not only improves the plant growth and
productivity, but also enrich the defensive phytochemical production
(Balestrini et al., 2021; Song et al., 2015).

3.3. The role of AMF in increasing crop yield

AMF involvement in improving crop yield occurs by its capability to
absorb micronutrients and macronutrients that include but are not
limited to P, Zn, K, and N, and then transferred to plants. It is reported
that in the presence of AMF, 90 % of the P and 20 % of N is taken up
through its complex hyphal network (Wu et al., 2022). Similarly, AMF is
involved in the solubilization of potassium (K) as it is trapped in a crystal
lattice and only 0.1 to 2 % is available for the plant uptake. AMF releases
organic acids like p-coumaric acid, p-hydroxybenzoic acid, and caffeic
acid which helps to solubilize K and make it available for plant’s uptake
(Ma et al., 2022a; Priyadharsini & Muthukumar, 2016).

Despite AMF’s potential to raise agricultural productivity, it is
crucial to consider the factors that may influence their relationship; as a
result, an increase in crop yield should not always imply the presence of
fungi. In general, AMF colonization is reported to promote the growth of
plants but the physicochemical composition of the soil may also directly
affect their relationship (Kim et al., 2017). Therefore, while examining
the effects of AMF on different properties of crops such as its growth,
development, and overall yield improvement, soil conditions must be a
crucial issue to consider. Before implementing the use of AMF products,
it is highly recommended for researchers, and other related practitioners
to assess the targeted site for the presence of local or native AMF species.
This will not only help in determining the local communities present on
site, but also avoid any detrimental consequences of adding AMF
products.

3.4. Commercialization of mycorrhizal products

With an increase in the world population, an up-surge in food de-
mand and land for agriculture has been reported. According to United
Nations estimates, the world’s population will reach8.5 billion by 2030
and 9.7 billion by 2050. In the year 2050, the food demand will rise in
tandem with the rise in population (Hunter et al., 2017). One of the
many approaches to tackle the issue of increased food demand is to
intensify the agricultural practices, however, it will impose a high threat
to the environment that includes increase in greenhouse gas release,
pollution of water bodies, alteration of soil properties, and decrease in
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microbial diversity (Basiru & Hijri, 2022). Therefore, the focus of con-
ventional agriculture should be substituted with sustainable agriculture
by including environmentally friendly practices. Among the available
eco-friendly practices, AMF has been recognized as a promising
approach both environmentally and economically as its usage maintains
the health of soil. AMF inoculants are very well known for their use as
biofertilizers, but only a limited number of AMF inoculants are bench-
marked and available commercially (Basiru et al., 2020). The reasons
reported on AMF products not to be commercialized are several based-
on laboratory research and controlled environment studies. The incon-
sistency of AMF inoculants under different field conditions that includes
incompatibility of symbionts with abiotic factors like soil is one of the
many reasons. Moreover, failure of AMF products to be commercialized
is not only restricted to environmental factors but also includes technical
mishaps like poor product quality (Salomon et al., 2022). Some products
successfully make it to the commercialization process and are utilized by
practitioners, however, it has also been reported in certain cases that
these products are less effective or do not produce the desired results at
all. The efficiency of AMF commercialized products can be assessed by
comparing the properties of control and treatment groups and to
determine whether the effect of the product is coupling the plant-AMF
symbiotic interaction or de-coupling it. Another reason where a
commercialized AMF product might decouple the beneficial association
is because of lack of co-adaptability between the already available on-
site species and the inoculated species (Duell et al., 2022).

4. The Arabian Peninsula: Geography and vegetation

The Arabian Peninsula is located on the Asian continent and is
bordered by the Red Sea to the southwest and west, the Arabian Gulf to
the east and northeast, the Strait of Hormuz and the Gulf of Oman to the
east, the Arabian Sea to the southeast, the Gulf of Aden, the Guardafui
Channel, and the Somali Sea to the south. With a total area of 1,250,000
sq mi (3,237,500 km?), the Arabian Peninsula is the largest peninsula in
the world. It is in Asia and comprises of six countries: The Kingdom of
Saudi Arabia, Kuwait, Qatar, the United Arab Emirates, Oman, and
Yemen. The Arabian Peninsula is a land of contrasts as it is featured by
soaring summer temperatures of the Rub’ al Khali (650,000 km?) to the
moderate climate and scanty rainfall on the southwest and the Hajar
Mountains in Oman. Therefore, one passes from hyper-arid coasts and
plains (<100 mm rainfall) through the arid higher plains and foothills
(100-250 mm rainfall), and the semi-arid mountain slopes and summits
(250-500 mm rainfall), and finally to the temperate mountains of the
extreme southwest (>500 mm of rainfall) (Ghazanfar & Fisher, 1998).
The topography of the Arabian Peninsula significantly influences its
meteorology. For example, the mountains on the west effects the
weather conditions along the Red Sea from Sinai (North) to Bab al
Mandab (South) by affecting precipitation rates and surface wind
(Ghazanfar & Fisher, 1998). The winter circulation is predominated by
the Siberian anticyclone and represents the polar continental air masses.
One of the key characteristics of its topography is the presence of the
sand dunes that are formed due to the atmospheric circulation since
160,000 years (Preusser et al., 2002). The genesis of dune activity is
correlated to periods of low global sea levels and reduced monsoon in-
tensity. Dust from the Arabian Gulf is carried to the Arabian Sea during
times of high-latitude glaciations. Reconstruction of paleo-circulation
indicated that the dried out Arabian Gulf became an important source
of fine material which was lifted and transported to the higher layers of
the troposphere.

Most of the Arabian Peninsula are semi-arid and arid lands and ex-
hibits a desert climate. Deserts comprise about 40 % of land surface and
stretches around a longitude of 30° north and south of the equator (Al-
whaibi, 2009). Desert lands are areas of high pressure and receive
extremely low rainfall in the range of 245 mm. The soil is sandy and is
devoid of organic nutrients resulting in scattered vegetation with suc-
culents, C4, and CAM plants as the predominant ones (Al-whaibi, 2009).
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Fungi are noted across a range of desert plants exhibiting mycorrhizal
relationship.

4.1. Studies on distribution and diversity of AMF in the Arabian Peninsula

There are different genera and species of AMF. Mosbah et al. (2017)
characterized the AMF that is found in coffee plants in Kingdom of Saudi
Arabia (KSA). The authors collected the plants from two sites of KSA and
subjected the large subunit of AMF rDNA regions to nested PCR, cloning,
sequencing, and phylogenetic analysis which revealed 10 phenotypes
belonging to Glomeraceae, two belonging to Claroideohlomaraceae, and
one each to Acauosporaceae and Gigasporaceae. The major genus was
Glomus while the genus Gigaspora was obtained from one site only. This
was the first study that reported the presence of AMF in the coffee roots
in KSA. These findings are aligned with the findings from a Brazilian and
Chile study that showed coffee plants could harbor AMF which reflected
its host-specific attributes. However, the same study showed that the
mycorrhizal intensity and spore density was more in site 2 (located at a
higher altitude) as compared to site 1 (located at a lower altitude). These
results suggested that host-specificity of AMF was significantly influ-
enced by the topographical factors (Al-Arequi et al., 2013). The diversity
of AMF is less impacted compared to their abundance and dominance
under environmental extremes. Although the lack of host specificity for
AMF has been reflected by several studies, the change in dominance
pattern of AMF species in the desert ecosystem was evidenced from a
Polish study which showed that Scuttelospora was the most abundant
genus of AMF compared to Glomus or Gigaspora whose dominance
pattern was relatively lower. Twenty species of AMF were identified
from the given geographical location among which Scuttelospora arme-
niaca was the most dominant (Btaszkowski et al., 2002).

The distribution of AMF in Arabian Peninsula has been reported in
different plant roots and rhizospheres (Table. 1). The plant families from
where such mycorrhizal relationships were witnessed include herbs,
shrubs, and trees. The distribution of AMF varied within and between
different plant species indicating their non-host specific character at
least in the Arabian Peninsula. Rather, the AMF species to some extents
were niche specific, and the niche specificity was primarily dependent
on the soil conditions and land usage patterns (Brito et al., 2012; Yang
et al., 2012). Such findings are supplemented by previous studies which
showed that the host specificity of AMF differed between cultivated and
uncultivated lands within the same geographical locations (Brown &
Jumpponen, 2013).

Table 1 depicts 20 genera and 61 species of AMF that were recorded
in the Arabian Peninsula (Fig. 2) representing 46.51 % of genera and
17.88 % of species of AMF known so far. The predominant genus was
Rhizophagus which was reported in thirteen studies. It consisted of 10
(+5 unknown) species. The next abundant genus was Funneliformis
which was recorded in ten studies and had five species only. On the
other hand, Glomus was reported in five studies and consisted of five (+5
unknown) species, while Acaulospora and Diversispora genera were re-
ported in seven studies and consisted of seven (+2 unknown) and five
species respectively.

In species, the most common one was Funneliformis mosseae (Glomus
mosseae) which was reported in 8 studies, followed by Claroideoglomus
etunicatum (Glomus etunicatum) and Rhizophagus intraradices (Glomus
intraradices) which were reported in 6 studies and Rhizophagus aggre-
gatus (Glomus aggregatum) which was found in 5 studies. The most
dominant genera of AMF in the Arabian Peninsula were Rhizophagus
representing 16.39 % of all genera and Acaulospora representing 14.75
%, followed by Diversispora, Glomus, and Funneliformis representing 8.20
% each (Table 2). AMF are assigned in twenty genera, nine families and
four orders according to the website https://www.amf-phylogeny.com.

The diversity of the microbial communities is known to be affected
by the type of agricultural practices being carried out in a particular
region. In a study conducted by Kutty and his colleagues (2020), organic
farming and its impact on the parameters; the AMF abundance, richness
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Table 1

Site description and geographical position of the ecosystems of the Arabian Peninsula.
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Country/ Area Geographic location Host plant/ Colonization Number of  Dominance AMF species (new names) Country/ Area
percentage AMF genus (Reference)
species
(genus)
KSA King Saud University Farm, Calendula officinalis L 6 (4) Rhizophagus Glomus mosseae (Funneliformis (Al-Qarawi et al.,
at Dirab, Riyadh, Saudi Catharanthus roseus (L.) mosseae), 2012)
Arabia. Convolvulus arvensis L Glomus etunicatum
Cynodon dactylon (L.) Mill (Claroideoglomus etunicatum),
Gaillardia pulchella Foug Glomus aggregatum (Rhizophagus
Ocimum sanctum L aggregatus), Glomus intraradices
Phoenix dactylifera L (Rhizophagus intraradices), Glomus
Petunia hybrida (L.) fasciculatum (Rhizophagus
Sesuvium portulacastrum fasciculatus), and Glomus
(L) macrocarpum.
Tagetes patula L
KSA/ between 25 sites between Abutilon pannosum (Forst. 13 (8) Rhizophagus Acaulospora sp. Glomus aggregatum (Abdelmoneim
Jeddah and (21°54110.34” N) F.) Schlecht (Rhizophagus aggregatus), Glomus et al., 2014;
Macca (39°21120.31" E) and Acacia ehrenbergiana Hayne clarum (Rhizophagus clarus), Abdelmoneim
(21°40151.14” N) Aerva javanica (Burm.f.) Glomus coronatum (Funneliformis et al., 2013)
(39°35148.74" E) Spreng coronatus), Glomus deserticola
Calotropis procera (Ait.) Ait. (Septoglomus deserticola), Glomus
f. etunicatum (Claroideoglomus
Dipterygium glaucum etunicatum), Glomus invermaium
Decaisne (Rhizophagus invermaius), Glomus
Farsetia longisiliqua macrocarpum, Glomus mosseae
Decaisna (Funneliformis mosseae, Glomus
Indigofera argentea Burm. f. multicaule, Glomus sinuosum
Leptadenia pyrotechnica (Sclerocystis sinuosa), Glomus sp.,
(Forssk.) Decaisne Scutellospora sp.
Suaeda monoica Forssk
Tribulus parvispinus Presl
Zygophyllum simlex L.
Rhazya stricta Decaisna
KSA Different parts of Saudi Rangeland, Ephemerals, 1 Funneliformis Funneliformis mosseae (Al-Qarawi et al.,
Arabia crops, Forest plants, 2013)
Horticultural crops etc
KSA/ Riyadh (3 Raudhat Khuraim, Washlah Acacia tortilis, Acacia 3(3) Funneliformis Glomus intraradices (Rhizophagus (Elmakki et al.,
sites) and Wadi Huraymila at ehrenbergiana and Acacia intraradices,) Glomus mosseae 2017)
Riyadh gerrardii (Funneliformis mosseae) and
Glomus Etunicatum
(Claroideoglomus etunicatum)
KSA/Tihama 17°11'53.7'N, 42°36'54.5"E Acacia ehrenbergiana 11 (3) Acaulospora Glomus microaggregatum (Mosbah et al.,
Plains (2 sites) Acacia tortilis (Rhizoglomus microaggregatum), G. 2017)
and Asir 17°41'18.1'N, 42°19'31.4"E  Acacia negrii mosseae (Funneliformis mosseae),
Mountains Glomus geosporum (Funneliformis
18°13'29.6'N, 42°26'11.8'E geosporus), G. intraradices
(Rhizophagus intraradices),
Glomeromycota sp. (JN937539),
Acaulospora tuberculata. Glomus sp.
(AJ459354),
Acaulospora longula, Acaulospora
mellea
Gigaspora gigantea, and Gigaspora
rosea
KSA/Fifa 17°17'27.1'N 43°08' Coffea arabica L. 6 (6) - Claroideoglomus claroideum
Mountains 33.4"E; at 700 m altitude (FR750074) (Mosbah et al.,
(17°15'20.6'N 43°06' Glomus microaggregatum 2017)
21.1"E; at 1400 m (AF389021) (Rhizoglomus
microaggregatum), Glomus mosseae
(AF145736) (Funneliformis
mosseae),
Rhizophagus intraradices
Acaulospora longula (AF389007)
and Gigaspora rosea (FR750185)
KSA/ Riyadh and Rawdat Khuraim (25° 38N,  Anthemis deserti 6 (5) Funneliformis Glomus geosporum (Funneliformis (Albagami et al.,
Qassim 47° 29°E,) Arnebiadecumbens geosporus), Glomus deserticola 2018)
Aba Alworood Calendula arvensis 14 % (Septoglomus deserticola),
(27° 2‘N, 44° 7°E, 576 m a. Echiumrauwolfia Diversispora spurca, G. aggregatum
s. L) Erucariahispanica (Rhizophagus aggregatus),
Picris sp./75.00 % G. etunicatum (Claroideoglomus
Pulicariaguestii etunicatum), Glomus mosseae

(continued on next page)



K. Alrajhi et al.

Table 1 (continued)
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Country/ Area

Geographic location

Host plant/ Colonization
percentage

Dominance
genus

Number of
AMF
species
(genus)

AMF species (new names)

Country/ Area
(Reference)

KSA/ Riyadh
region, Holy
Madina region

Kuwait /Sabah Al-
Ahmad natural
reserve

UAE/ sandy
desert -Abu
Dhabi

Oman/ Oasis,
Exp. Station
Undisturbed
habitat, and
sand dunes

Oman/ date palm,
a natural,
undisturbed, a
sand dune site.

Oman/ Al-
Sharqiya Sands
and Oman

Mountains

Yemen (5 sites)

Qatar

Houta Bani Tamim,
Rawdhat Khuraim, Werqaan
Mountain, Ola city

29°34.909'N, 047°47.734'E

24°25'07 N, 54°49'40E

22°12'56'N, 59°12'9'E

22°14'13'N, 59°11'5'E
22°14'11"N,59°10'53'E

22°12'56'N,59°12'9'E
22°14'11"N,59°10'53'E
21°52'39'N,58°52/44'E

Undisturbed site: 22°14'11"
N,59°10'53" E

Oasis of Al-Kamel: 22°12'56"
N, 59°12'9" E

2348,1746,
1726,1530,1355

25.454167/51.300564
25.662816/51.393684
26.049472/51.208722
26.041618/ 51.249680
25.715596/51.449514
25.303106/51.192371
25.374962/51.490011
25.370381/51.495726

Rumexvesicarius
Zilla spinose
Talh trees - Acacia gerrardii

Vachellia pachyceras
(Acacia)

Punica granatum L,
Ammophila arenaria (L.)

Date palm, Polygala
erioptera, Zygophyllum
hamiense, Salvadora persica,
Prosopis cineraria, Inter-
plant and H. kotschyi

Phoenix dactylifera
Salvadora persica
Tetraena qatarensis
dry grass
Heliotropium kotschyi
Tetraena qatarense
Salvadora persica
Prosopis cineraria
Inter-plant area
date palms

Coffea arabica

Zygophyllum qatarense
Tamarix aphylla
Launaea nudicaulis
Sclerocephalus arabicus
Fagonia indica
Spergula fallax
Cynodon sp

Plantago ovata

Salvia aegyptiaca

15 (8) Funneliformis

10 Rhizophagus

25(11) Glomus

43

Diversispora

3(3)

5 Acaulospora

13 (8) Rhizophagus

(Funneliformis mosseae)

Funneliformis geosporum
(Funneliformis geosporus)
Funneliformis badium Funneliformis
verruculosum,, Funneliformis
mosseae,, G. segmentatum, G.
arenarium (Diversispora arenaria),
G. pansihalos, G. sinuosum
(Sclerocystis sinuosa), Rhizophagus
aggregatus, Rhizophagus
fasciculatus, Acaulospora
denticulata, Funneliformis
constrictum, Acaulospora mellea,
Claroideoglomus etuicatum,
Archaeospora trappei

Rhizophagus (5)Unclassified

%)

Dominikia emiratia, (Orientoglomus
emiratium), Rhizoglomus dunense
(Rhizophagus dunensis)

Acaulospora spinosa, Ambispora
gerdemannii, Glomus aggregatum
(Rhizophagus aggregatus), G.
constrictum (Septoglomus
constrictum), G. eburneum
(Diversispora eburnean),

G. etunicatum (Claroideoglomus
etunicatum), Glomus macrocarpum,
Glomus microaggregatum
(Rhizoglomus microaggregatum),
Glomus microcarpum, Glomus
sinuosum (Sclerocystis sinuosa),
Glomus sp. OMA9, Glomus sp.
OMA11, Glomus sp. OMA12,
Glomus sp. OMA13, Glomus sp.
OMA2, Glomus sp. OMA3, Glomus
sp. OMAS5,

Glomus sp. OMA6, Glomus sp.
OMA?7, Glomus sp. OMAS,
Paraglomus occultum, Racocetra
fulgida, Racocetra gregaria,
Scutellospora sp. OMA10 and
Scutellospora calospora
Claroideoglomus drummondii,
Diversispora aurantia, Diversispora
spurca and Funneliformis africanum
(Septoglomus africanum)

Diversispora omaniana, Septoglomus
nakheelum, Rhizophagus arabicus
SpPp

Glomus proliferum (Rhizophagus
prolifer), Glomus etunicatum
(Claroideoglomus etunicatum),
Acaulospora sporocarpia,
Acaulospora sp.1 Scutellospora
nigra, Archeospora sp. 1

Claroideoglomus claroideum
EP0039

Claroideoglomus drummondii
EP0097

Rhizophagus irregularis EPO009
Rhizophagus invermaius EP 0035
Rhizophagus intraradices EPO032
Rhizophagus arabicus EP0031
Dominikia distichi EP0126

(Abeer et al.,
2018)

(Suleiman et al.,
2019)

(Al-Yahya’ei et al.,
2017)

(Al-Yahya’ei et al.,
2011)

(Symanczik et al.,
2014)

(Symanczik et al.,
2014)

(Al-Arequi et al.,
2013)

(Alrajhei et al.,
2022)

(continued on next page)
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Country/ Area Geographic location Host plant/ Colonization Number of ~ Dominance AMF species (new names) Country/ Area
percentage AMF genus (Reference)
species
(genus)

Lycium shawii
Aizoon canariense
Pulicaria undulata
Blepharis ciliaris
Paronychia arabica
Sporobolus ioclados
Malva parviflora

Qatar 25.374962/51.490011 Medicago sativa* 13 (9)

Kamienskia bistrata EP0119
Nanoglomus plukenetiae EP0323
Sclerocystis sinuosa EP0204
Diversispora peloponnesiaca EP0322
Diversispora aurantia EPO074
Funneliformis coronatus EP0043

Rhizophagus Acaulospora herrerae EP0295 (Khazna and Abu-
Archaeospora schenckii EP0213b Dieyeh, 2021
Claroideoglomus drummondii unpublished)
EP0097

Claroideoglomus hanlinii EP0098
Diversispora aurantia EP0074
Kamienskia bistrata EP0119
Nanoglomus plukenetiae EP0323
Paraglomus occidentale EP0324
Pervetustus simplex EP0264
Rhizophagus arabicus EP0031b
Rhizophagus intraradices EP0032
Rhizophagus irregularis EPO009
Rhizophagus natalensis EP0206

Jordan

10

Kuwait

‘AE Bahr%@ 13 Dubai

13

Qatar Q 2

15

United Arab 25
Emirates - Q\

Makkah

11

Eritrea e

Oman |4

Fig. 2. Distribution of 61 AMF species in different locations in the Arabian Peninsula. Numbers indicate species of AMF.

and diversity was evaluated. A comparative study was done where the
parameters were compared with the conventional agricultural practice
and local vegetation. It was revealed that from twelve sites, 21 species of
AMF were isolated from region with organic farming as compared to
fourteen from region with both conventional farming and the presence

of native species. The parameters were all high for organic farming than
conventional farming in desert conditions (Kutty et al., 2020). Based on
this study, it can be concluded that AMF plays a significantly positive
role in desert habitat by promoting sustainable food production.

Table 3 shows the studies that were conducted in the Arabian
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Table 2

Genera, families, and orders of AMF discovered in Arabian Peninsula. The
number of known species in each genus is indicated in brackets after the genera
name.

Genera (*) Family Order
Acaulospora (9) Acaulosporaceae Diversisporales
Ambispora (1) Ambisporaceae Archaeosporales
Archaeospora (3) Archaeosporaceae Archaeosporales
Claroideoglomus (4) Claroideoglomeraceae Glomerales
Diversispora (5) Diversisporaceae Diversisporales
Dominikia (1) Glomeraceae Glomerales
Funneliformis (5) Glomeraceae Glomerales
Gigaspora (2) Gigasporaceae Diversisporales
Glomus (5 + 12 unknown) Glomeraceae Glomerales
Kamienskia bistrata (1) Glomeraceae Glomerales
Nanoglomus (1) Glomeraceae Glomerales
Orientoglomus (1) Glomeraceae Glomerales
Paraglomus (2) Paraglomeraceae Paraglomerales
Pervetustus (1) Pervetustaceae Paraglomerales
Racocetra (2) Gigasporaceae Diversisporales
Rhizoglomus (1) Glomeraceae Glomerales
Rhizophagus (10 + 5 unknown) Glomeraceae Glomerales
Sclerocystis (1) Glomeraceae Glomerales
Scutellospora (2 + 2 unknown) Gigasporaceae Diversisporales
Septoglomus (4) Glomeraceae Glomerales

(*) Number of species.

Peninsula to study the influence of native isolated AMF species on
improving the plant growth under stressed conditions. A total of 35
studies were available on this research area. Although the number of
species discovered so far has exceeded 61 species, but species used for
studying the impact on plants were found to be 12 only. Furthermore,
these experiments were limited to KSA only. AMF species tested were
isolated from different regions of KSA to study their effect on improving
plant growth under various stress conditions such as salinity, drought,
and cadmium. 18 studies covered salinity factor, six studies covered
drought and four studies covered cadmium stress, while one study
examined the effect of these fungi on disease resistance. 21 studies used
an inoculum consisting of a mixture of three native species: F. mosseae,
R.intraradices, and C. etunicatum. The most studied species was Funneli-
formis mosseae which was used in 26 studies. In three studies, the effect
of F. mosseae was examined individually, while one study did not specify
the type of AMF that was studied. All these studies were conducted
under controlled environmental conditions, the greenhouse, and the
growth chambers. The effects of AMF are often conducted under
controlled conditions but not in the field. Moreover, little or no studies
are conducted where the effects of AMF on the most demanded and
consumed vegetables and fodder that include tomatoes, potatoes, on-
ions, barley, and alfalfa were reported.

Upon the detailed analysis of the effects of different stressors
(drought, salinity, cadmium) in the presence of AMF on plant parame-
ters, it was found that AMF improved the growth parameters, photo-
synthetic pigments, macronutrients (N, P, K, Ca, Mg), soluble proteins, N
metabolism, ammonium availability, antioxidant enzymes (ascorbate,
GSH, GSSG, and GSNO), glucose, sucrose phosphate synthase, plant
hormones, alkaline and acid phosphatase enzymes, total phenols,
nodulation and leghemoglobin content, polyamines content (spermine,
spermidine putrescine), TWC, phytohormones, glycine betaine, auxin
synthesis, cell membrane stability, and osmolytes accumulation
respectively (Table 3). Based on careful investigation, it can be reported
that all the parameters that increased with AMF inoculation play a sig-
nificant role in growth of plants one way or the other. For instance, N
metabolism is very crucial in terms of fighting stress conditions as
almost all the physiological plant processes are associated with it (Zhong
et al., 2017). Similarly, increase in ammonium availability under
stressed conditions and with AMF inoculation is another indication of
plants’ physiological and morphological response towards stress. In-
crease in ammonium ions enhances the plants’ ability to fight
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pathogens, carryout ammonium assimilation, tolerate drought, promote
lateral root branches, and increase root hair biomass (Liu & von Wirén,
2017). All these eventually protect the plant and promote its growth.

On the other hand, under stressful conditions and with AMF inocu-
lation, certain parameters were found to be decreased that includes,
glutathione, ROS, lipid peroxidation, HoO3, malonaldehyde, PPDK,
PEPC, and TBARS. The ROS are mainly released by the plants when they
are under stressed conditions, however, they can be harmful to certain
biological entities such as DNA, or proteins. With inoculation of AMF
under stressed conditions, the ROS are decreased through an increased
production of antioxidative enzymes and non-enzymatic antioxidant
compounds. Together, this process inhibits the production of ROS,
hence, prevent the damage to biological cells of the plants (Kapoor &
Singh, 2017).

Prolonged drought and extensive land usage in arid regions such as
the deserts have significantly impacted soil and plant productivity
(Powell et al., 2015). Therefore, the risk of desertification has further
increased in these areas. Coupled with the changes in the biotic and
abiotic features of a geographical location, the diversity and distribution
of AMF have also seen radical transition with respect to host- and niche-
specificity (Lyu et al., 2020).

The necessity of the mycorrhizal relationship has been fostered by
low density of the root hairs of the referred plants that makes them
unsuitable to pull water and nutrients such as P from the soil (Bever
et al.,, 2009). On the other hand, the fungal species depend upon the
source of C from the host plants. AMF due to their extensive and deep-
rooted hyphal networks are able to supply the plants with water and
minerals while deriving C skeleton from the referred plants (Allen,
2011). Microorganisms such as AMF play a significant role in ecosystem
sustainability and plant growth in desert climates.

However, most of the studies on the extent of AMF diversity have
been conducted in the KSA and Oman while studies in Kuwait, UAE and
Yemen are limited. In Qatar, high through-put sequencing techniques
have been used to study the diversity of AMF in arid regions along with
the chemical drivers associated with it (Adenan et al., 2021).

It could be possible that the abiotic conditions impose significant
challenges to the host plant species applying selection pressure on the
fungi that affects their distribution, diversity, colonization, and repro-
duction (Li et al., 2023; Weber et al., 2011). These assumptions are not
surprising considering the diversity of AMF especially with respect to the
hyphal structure and organization (Xu et al., 2017). Very few studies
have explored the structure-function correlation of AMF and their
colonization or application of selection pressure by the host plant spe-
cies. Future studies should explore the structure-function correlation of
AMF and their colonization or application of selection pressure by the
host plant species. Such information could help to design the inoculums
of AMF as per the host plant species which could help in improving crop
yield and ensuring ecosystem sustainability (Al-Karaki & Othman, 2007;
Al-Qarawi et al., 2012; Sene et al., 2012a; Sene et al., 2012b). Sustain-
ability of the desert ecosystem is necessary because the deserts are home
to some economically viable plants.

5. Climatic changes and impact on growth of AMF

Global warming and climatic changes are at their peak in the 21st
century. There is a lot of research work done to study the impact of
climatic changes on the microbiota, however, its impact on the AMF is
not studied very well (Rillig et al., 2002). There are contradictory re-
sponses reported in terms of impact of climatic change on the activity
and association of AMF.

5.1. High temperature
With climate change, the temperature of different regions is chang-

ing. Perhaps, the soil temperature is also impacted. Soil respiration and
increase in temperature are linked with each other. With an increase in
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Table 3
Studies that evaluated the effect of amf isolated from arabia peninsula on plant growth.
Stress AMF species (new name)  Source of inoculum Trap plant Experimental Experiment Parameters Reference
plant place
Drought Glomus constrictum Isolated from the onion Tagetes erecta Greenhouse Growth parameters 1, (Asrar & Elhindi,
(Septoglomus constrictum) ~ Dirab Experimental (Allium cepa  (marigold) Photosynthetic pigments 2011)
Station Riyadh L. ‘White (carotene, chlorophyll a,
region Lisbon’) chlorophyll b) 1, Total pigments
1, P content 1
Glomus mosseae rhizosphere of green  Cynodon Zea mays (L.) Greenhouse Soluble protein 1, (Abdelmoneim
(Funneliformis mosseae) grass growing in soil  dactylon P uptake 1, et al., 2013)
at King Abdulaziz Proline |
University in Jeddah
Not specified various locations Sudan grass Rosa damascena Greenhouse Macronutrients (N, P, K, Ca, (Abdel-Salam
cultivated Mill (Damask Mg) 1, et al., 2018)
with rose plants rose) Total chlorophyll 1
subjected to drought
in Taif region,
Glomus intraradices KSA Zea mays L. Panicum Growth Root growth 1, Antioxidant (Abd Allah et al.,
(Rhizophagus turgidum forssk. chamber activity 1, Hydrogen Peroxide 2019)
intraradices),Glomus (H202) |, Lipid peroxidation
etunicatum rate |, Synthesis of Indole Acetic
(Claroideoglomus Acid 1
etunicatum) and Glomus
mosseae (Funneliformis
mosseae)
Glomus etunicatum KSA Zea mays L. Cicer arietinum Greenhouse Plant growth t, Photosynthetic (Hashem et al.,
(Claroideoglomus L., cv Giza 531 pigments (Chlorophyll a, 2019c¢)
etunicatum), Glomus (chickpea) chlorophyll b, carotenoid, total
mosseae (Funneliformis chlorophylls) 1, Stomatal pore
mosseae) and Glomus aperture 1, Stomatal density 1,
intraradices (Rhizophagus Photosynthetic rate 1, Relative
intraradices) water content 1, Membrane
stability index (MSI) 1, Total
shoot and root N t, Total shoot
and root P 1
Glomus etunicatum Isolated from the Zea mays L. Ephedra foliata Growth N metabolism 1,Ammonium (Al-Arjani et al.,
(Claroideoglomus rhizosphere of Boiss chamber availability 1. Antioxidant 2020)
etunicatum), Glomus Acacia gerrardii enzyme activity 1, Ascorbic acid
mosseae (Funneliformis 1, Glutathione level |, Reactive
mosseae) and Glomus oxygen species (ROS)
intraradices (Rhizophagus 1, Proline 1, glucose 1, Total
intraradices) soluble protein 1, Sucrose
phosphate synthase activity 1,
Nutrient’s update (K, Mg, Ca) 1,
Plant hormones (IAA, IBA, GA,
ABA) 1, Alkaline and acid
phosphatase enzyme activity 1
Salinity Glomus mosseae Rhizosphere soil Sudan grass Arachis hypogaea  Greenhouse Chlorophyll 1, (Al-Khaliel,
(Funneliformis mosseae) from sand dune (peanut) Leaf Water 1 2010a)
community
G. mosseae, Al-Kassb region 185 Sudan grass Triticum Greenhouse Growth responses 1, Nutrient (Abdel-Fattah &
(Funneliformis mosseae) km from Riyadh, (Sorghum aestivum L wheat contents 1, Acid and alkaline Asrar, 2012)
G. deserticola KSA halepense phosphatases 1, Proline 1, Total
(Septoglomus deserticola) L) soluble protein 1, P, N, K, Mg 1,
and Gigaspora gergaria Na |
Glomus etunicatum Isolated from under Zea mays Ephedra aphylla Greenhouse Proline 1, (Algarawi et al.,
(Claroideoglomus the Zea mays grown Forssk Total phenols 1,Lipid 2014)
etunicatum), Glomus in salt march habitat peroxidation (MDA)
mosseae (Funneliformis from Alserw, 1,
mosseae) and Glomus Dakahlia, Egypt. Antioxidant enzyme activity 1,
intraradices (Rhizophagus (Origin: KSA, K/Na t
intraradices) propagated in Egypt)
Glomus etunicatum Origin: KSA, Wheat Vicia Faba L. Nodule activity 1, Pigment (Abeer et al.,
(Claroideoglomus propagated in Egypt plants (Faba Bean) content 1,Polyamines 1, Acid 2014)
etunicatum), Glomus Greenhouse and alkaline phosphate 1,
mosseae (Funneliformis Enzymatic antioxidants 1
mosseae) and Glomus
intraradices (Rhizophagus
intraradices)
Glomus deserticola Al-Kassb region 185 Sudan grass Kalanchoe Greenhouse Chlorophyll content 1, Biomass (Asrar et al.,
(Septoglomus deserticola) km from Riyadh, (Sorghum blossfeldiana 1, Plant height 1, Leaf area 1, 2014)
KSA halepense (kalanchoe) Flower yield 1, Salt tolerance
L) index (STI) 1, Nutrient
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concentration (P, N, K, Ca, Mg)
t,Nal,Cl|

(continued on next page)
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AMF species (new name)  Source of inoculum Trap plant Experimental Experiment Parameters Reference
plant place
Glomus etunicatum BoigitedKfBAm Salt Zea mays L. Bixtsenlassesban Boowth Nuthbetiofi modileghpn pgiabit, (Abd Allah et al.,
(Claroideoglomus praquightd tat Fgypt (ulydviisrk Syn ekparbeent tastent drychleigiphyfihodules 1, 2015a)
etunicatum), Glomus Alserw, Dakahlia, Sesban thiyirepbglbbit, tarotenoids 1,
mosseae (Funneliformis Egypt. Origin: KSA, aegyptiaca Poiret Tettd Iptidbogypityletic pigments 1,
mosseae) and Glomus propagated in Egypt BradpndititdehtidzidmAY,|,
intraradices (Rhizophagus Membnapmstabidityi onittanfdIS])
intraradices) Tpdotalacettier axd téit ATWC) 1,
poljmduiedsutyniemc{d@RAnt,
Gibhaidilie apidreSdife) 1,
Phatesdeisimanies (A BAdioxidant
ephzymes 1, elements (K, Ca, P) 1
Glomus etunicatum Origin: KSA, Zea mays Vigna Greenhouse Chlorophyll a 1, chlorophyll b 1, (Abeer et al.,
(Claroideoglomus propagated in Egypt unguiculata L. carotenoid 1, total pigment 2015a)
etunicatum), Glomus (Cowpea) content 1, Membrane stability
mosseae (Funneliformis index (MSI) 1, Proline 1,
mosseae) and Glomus Antioxidant enzyme activities 1,
intraradices (Rhizophagus Mineral ions (K, Mg, P, Ca) 1, Na
intraradices) accumulation |,
Funneliformis mosseae Origin: KSA, Zea mays L. Panicum Growth Enzymatic antioxidants?, (Hashem et al.,
(syn. Glomus mosseae), propagated in Egypt turgidum Forssk chamber H20, |, 2015)
Rhizophagus intraradices Malonaldehyde |,Pyruvate
(syn. Glomus orthophosphate dikinase
intraradices), and (PPDK) |, phosphoenolpyruvate
Claroideoglomus carboxylase (PEPC)
etunicatum (Glomus |, malate dehydrogenase |, P 1,
etunicatum) Kt,Cat
Glomus etunicatum Origin: KSA, Zea mays L. Solanum Pot Proline 1, antioxidants 1, (Abeer et al.,
(Claroideoglomus propagated in Egypt Lycopersicum L. experiment 2015b)
etunicatum), Glomus
mosseae (Funneliformis
mosseae) and Glomus
intraradices (Rhizophagus
intraradices)
Glomus etunicatum Isolated from the soil ~ Sorghum Acacia gerrardii Greenhouse Loss of nutritive value |, HyOo (Hashem et al.,
(Claroideoglomus surrounding the sudanense (Talh tree) |, Malonaldehyde |, Glycine 2016a)
etunicatum), Glomus roots of A.gerrardii. Betaine 1, Proline 1, Total
mosseae (Funneliformis Phenol t, Antioxidants
mosseae) and Glomus
intraradices (Rhizophagus
intraradices)
Glomus etunicatum Isolated from the soil ~ Sorghum Acacia gerrardii Growth N1,P1,K1,Mg1,Cat, (Hashem et al.,
(Claroideoglomus surrounding the sudanense (Talh tree) chamber phosphatase activities 1, Na |, 2016d)
etunicatum), Glomus roots of A.gerrardii. Cl |, Shoot growth 1, Root
mosseae (Funneliformis growth 1, Nodules 1, Nodule
mosseae) and Glomus fresh weight 1, Leghemoglobin
intraradices (Rhizophagus content 1, Nitrate 1, Nitrite
intraradices) reductase 1, Nitrogenase
activity 1, Photosynthetic
pigments (chlorophyll a,
chlorophyll b, carotenoids, total
chlorophyll content) 1, Nutrient
content (Na*, P, K*, Mg?",
Ca*"), Acid and alkaline
phosphatases 1
Glomus etunicatum Origin: KSA, Zea mays L. Lupinus termis Growth Antioxidant enzymes 1, proline (Hashem et al.,
(Claroideoglomus propagated in Egypt Forsik (Lupine) chamber 1, glycine 1. betaine 1, sugars 1, 2016d)
etunicatum), Glomus lipid peroxidation |, membrane
mosseae (Funneliformis stability 1
mosseae) and Glomus
intraradices (Rhizophagus
intraradices)
Glomus etunicatum Origin: KSA, Zea mays L. Ocimum Greenhouse Chlorophyll pigments 1, lipid (Abd Allah and
(Claroideoglomus propagated in Egypt basilicum L. cv. peroxidation |, antioxidant Egamberdieva,
etunicatum), Glomus Cinnamon and enzymes 1, lipids 1, proline 1, 2016)
mosseae (Funneliformis thyrsiflorum soluble sugars t, Na™
mosseae) and Glomus (basil) accumulation |, nutrient
intraradices (Rhizophagus acquisition 1
intraradices)
Glomus deserticola Isolated from saline Sudan grass Ocimum Greenhouse Shoot growth 1, Root growth 1, (Elhindi et al.,
soils of Al-Kassab (Sorghum basilicum L. K*1,P 1, Ca%t 1,Na*|, Cl |, 2017)
region halepense K"/ Na" 1, Chlorophyll content
L) 1, Photosynthetic rate 1,
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Transpiration rates 1, Stomatal
conductance 1, Salt tolerance
index (STI) 1

(continued on next page)
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Stress AMF species (new name)  Source of inoculum Trap plant Experimental Experiment Parameters Reference
plant place
Glomus etunicatum Isolated from the Zea mays L. Cucumis sativus, Growth Phenols 1, Proline 1, jasmonic (Hashem et al.,
(Claroideoglomus rhizosphere of the cv. Dasher II chamber acid 1, salicylic acid 1, minerals 2018)
etunicatum), Glomus Talh tree (Acacia (Cucumber) ions 1 (K, Ca, Mg, Zn, Fe, Mn,
mosseae (Funneliformis gerrardii) grown in a Cu), Antioxidant enzymes 1,
mosseae) and Glomus salt marsh habitat in Na™ accumulation |
intraradices (Rhizophagus  the Riyadh region of
intraradices) Saudi Arabia
Glomus etunicatum Origin: KSA, Zea mays L. Glycine max Greenhouse Nodule formation 1, (Hashem et al.,
(Claroideoglomus propagated in Egypt Soybean leghemoglobin content 1, 2019b)
etunicatum), Glomus nitrogenase activity 1,
mosseae (Funneliformis auxin synthesis 1,
mosseae) and Glomus lipid peroxidation |,
intraradices (Rhizophagus thiobarbituric acid reactive
intraradices) substances (TBARS)
1
Glomus constrictum Isolated from saline Not Capsicum Controlled Growth parameters 1, (Al-Amri, 2019)
(Septoglomus constrictum)  site of Shaqra region ~ mentioned annuum L. conditions Photosynthetic pigments 1,
(pepper) Nutrient content 1, Na* |, Gas
exchange rate 1, Antioxidant
enzymes 1
Cadmium Glomus etunicatum Origin: KSA, Zea mays L. Helianthus Pot Growth 1, (Abd Allah et al.,
(Claroideoglomus propagated in Egypt annuus L experiments Chlorophyll 1, 2015b)
etunicatum), Glomus (sunflower) Cell membrane stability 1,
mosseae (Funneliformis Enzymatic antioxidants 1
mosseae) and Glomus Acid and alkaline phosphatases
intraradices (Rhizophagus )
intraradices)
Glomus etunicatum Origin: KSA, Zea mays L. Solanum Growth Malonaldehyde |, HxO; |, (Hashem et al.,
(Claroideoglomus propagated in Egypt Lycopersicum chamber Antioxidant enzymes 1, proline 2016b)
etunicatum), Glomus 1, phenol 1
mosseae (Funneliformis
mosseae) and Glomus
intraradices (Rhizophagus
intraradices)
Glomus etunicatum Origin: KSA, Zea mays L. Cassia italica Growth Chlorophyll pigment 1, protein (Hashem et al.,
(Claroideoglomus propagated in Egypt Mill chamber content 1, lipid peroxidation |, 2016¢)
etunicatum), Glomus proline 1, phenol 1, antioxidant
mosseae (Funneliformis enzymes 1, osmolytes
mosseae) and Glomus accumulation
intraradices (Rhizophagus
intraradices)
Glomus etunicatum Origin: KSA, Zea mays L. Bassia indica Growth Lipid peroxidation |, H>0, |, (Hashem et al.,
(Claroideoglomus propagated in Egypt (Indian bassia) chambers non-enzymatic antioxidants 2019a)
etunicatum), Glomus [(ascorbate, reduced
mosseae (Funneliformis glutathione (GSH), oxidized
mosseae) and Glomus glutathione (GSSG), S-nitroso
intraradices (Rhizophagus glutathione (GSNO)] 1, proline
intraradices) 1
Heavy Glomus constrictum Experimental Sudan grass Tagetes erecta L. Greenhouse Yield 1, Chlorophyll content 1, (Elhindi et al.,
metal (Septoglomus constrictum)  Agricultural (Sorghum (marigold) Leaf area 1, Flower quality 1, 2018b)
Research Station at halepense Element content (P, N, K, Mg) 1,
Dirab L) Heavy metals (Zn, Co, Mn, Cu) |
Fusarium Glomus etunicatum Talh trees (Acacia Sorghum Solanum Greenhouse Fusaric acid 1, Chlorophyll (Hashem et al.,
wilt (Claroideoglomus gerrardii) roots in sudanense Lycopersicum L. content 1, Phosphate 2021)
stress etunicatum), Glomus Khuraim Meadow (Tomato) metabolizing enzymes activity
mosseae (Funneliformis 1, Antioxidant enzymes 1,
mosseae) and Glomus Reactive oxygen species |
intraradices (Rhizophagus
intraradices)
No stress Glomus mosseae Sand dune Sudangrass peanut Greenhouse Improve growth and production (Al-Khaliel,
(Funneliformis mosseae) community near 2010b)
and Glomus fasciculatum Riyadh
(Rhizophagus
fasciculatus)
Glomus constrictum Stock Allium cepa Glycine max L. Greenhouse Plant growth 1, P 1, N 1, Acid (Abdel-Fattah
(Septoglomus constrictum) ~ mycorrhizal cultures L. (onion) (Soybean) and alkaline phosphatase et al., 2014)
activities 1, Total soluble
proteins 1, Photosynthetic rate
1, Stomatal conductance 1,
Transpiration rate 1
Glomus mosseae - Sudan grass Coriander Greenhouse Plant growth 1, Nutrients (P, N) (Al-Amri et al.,
(Funneliformis mosseae) (Sorghum sativum L. 1, Acid and alkaline 2016)
halepense (Coriander) phosphatase t, Total soluble
L) proteins 1, Fruit yield 1,
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Essential oil production 1,

(continued on next page)
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Stress AMF species (new name)  Source of inoculum Trap plant Experimental Experiment Parameters Reference
plant place
Lialoolt, Net photosynthetic
rate 1, Stomata conductance 1,
Transpiration rate 1
Glomus intraradices Isolated from saline Sorghum Poa pratensis L. Greenhouse Biomass 1, P 1, Plant (Elhindi et al.,
(Rhizophagus sites in the Algassab vulgare and Festuca productivity 1 2018a)
intraradices), Glomus region var. sudanese  arundinacea
etunicatum
(Claroideoglomus
etunicatum), Glomus
deserticola (Septoglomus
deserticola)
Funneliformis coronatum, Al-Baha region - Senna Growth Sennoside A 1, Sennoside B 1, (AlZain et al.,
Claroideoglomus alexandrina and chamber Antibacterial action 1 2020)

etunicatum, Gigaspora
albida,, Glomus
ambisporum,
Funneliformis geosporus
Gigaspora gigantea,
Gigaspora margarita,
Septoglomus constrictum,
Rhizophagus fasciculatus,
and Rhizophagus
intraradices

Senna italica

temperature, soil respiration is expected to increase, thereby releasing
excess of CO3 in the atmosphere. Hence, atmosphere being a CO sink
will then be converted into CO5 source by the end of 2050 (Cox et al.,
2000).

Artificial warming using infrared radiation was used to evaluate the
effect of temperature change on AMF. It was reported that AMF in as-
sociation with annual grassland showed a change in its activity after
crossing one growing season without showing any changes in the root
parameters. As per the study, the AMF root colonization increased by 40
% with warmth, however, the hyphal AMF glycoprotein involved in
aggregating the soil decreased, thereby decreasing the water holding
capacity. Moreover, the increased temperature led to an increase in loss
of C from soil, hence, making it prone to erosion (Rillig et al., 2002).
Another study reported a low diversity of AMF in soils that are exposed
to abiotic stresses like extreme temperatures, drought and alike. These
abiotic stresses mainly affect the root colonization process, spore
germination and sporulation, and/or hyphae health (Pascual et al.,
2022).

Generally, higher temperature enhances the colonization of plant
roots with AMF, but the structure alters with temperature. Low soil
temperature enhances the vesicles formation in AMF which enhances
the storage of nutrients while high soil temperature improves the hyphal
growth by developing complex extraradical hyphal networks (Chour-
asiya et al., 2021).

5.2. Extreme precipitation and precipitation shift

Soil water content and its availability are important factors for the
growth of AMF. The water availability directly influences the microbiota
in soil. Generally, the relationship between extreme precipitation and its
impact on the functioning of soil communities is not understood and
studied deeply. Moreover, almost all the available data is extracted and
based on lab scale experimental studies. Drought conditions drastically
decline the functioning of soil microbiota. Some of the major symbiotic
associations are dependent on the presence of water within the soil such
as the symbiotic association of AMF with almost 80 % of plants on land.
Soils with mycorrhizal associations develop water stable aggregates
more than non-mycorrhizal soils, however this concept is not highly
studied for water relation among both the groups. Extremely low levels
of precipitation result in drought which severely affects not only the
AMF community composition but also the species richness. It is impor-
tant to mention here that this effect could either be direct or indirect
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through loss of soil water content, richness of plant species and the
overall productivity above the ground (Fu et al., 2022).

Antunes and team (2011) speculated that growing season, drought
periods, and other climate related factors play a much more significant
role in the symbiotic associations and functioning of AMF (Antunes
et al., 2011). In another study, the relationship between AMF and
diazotrophs were studied with respect to temperature and precipitation.
It was found that the AMF diversity and richness both increased in
response to an increasing temperature (>20 °C) and precipitation.
Moreover, the relative abundances of Gigaspora, Glomus, and Septoglo-
mus increase with an increased temperature (>18 °C). The researchers
concluded that AMF are more prone to climatic changes as compared to
diazotrophs (Xiao et al., 2021).

5.3. Elevation of atmospheric carbon dioxide (CO2)

It is worthy to mention about the elevated COy in relation to
changing climate and global warming. With the global climatic changes,
the atmospheric COs is also increasing constantly (IPCC, 2007) and the
current CO; levels is reported to be 418.39 parts per million (ppm)
(Ahammed & Li, 2022). AMF fixes the C from the atmospheric CO4
which is then transported and redistributed from rhizosphere through
the mycorrhizal hyphae (Kakouridis et al., 2022; Vicca et al., 2009).
AMF, being an obligate symbiont provide C from the fixed CO5 to the
plants and in return, take nutrients for their growth. Hence, with
elevated CO3, AMF will enhance C allocation, enhance plant-fungal
relationship.

The increased C allocation around the roots impacts the composition
of the exudates excreted by the roots that alters the chemo attractants
and other signaling compounds. Similarly, any change in C allocation
eventually impacts the nutrient concentrations mainly C/N ratio
(Compant et al., 2010).

Research on the increased CO, and its effect were studied on the
internal and external hyphae. It is reported that when CO; concentration
is higher, more C is allocated in the root region, therefore, with higher
CO9, AMF external hyphae grew efficiently in the rhizosphere of host
plant: Prunella vulgaris. The study concluded that this is because of the
excessive C allocation in the external hyphae. Moreover, the internal
hyphae also received more C which enhanced its growth (Sanders et al.,
1998). In most of the cases of elevated CO,, it is reported that it enhances
the plant photosynthetic rates which in turn increases the photosyn-
thates produced and transferred to the roots where the AMF are
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supported through the availability of photosynthates. Overall, this al-
lows the symbiotic relationship between AMF and plants to grow strong,
hence, resulting in healthier plants in terms of root, stem, and leaf
biomass (Goicoechea et al., 2014; Saleh et al., 2020; Zhu et al., 2016).

Based on the studied literature, it is significant to mention here that
most of the research (92 %) that focuses on the reaction of AMF to cli-
matic changes are based in Northern hemisphere, therefore, a strong
conclusion cannot be made until and unless the other locations are
studied (Bennett & Classen, 2020). In other words, even though it can be
stated that elevated CO, concentration generally enhances the AMF
activities, the same cannot be considered in terms of geographical dis-
tribution and variation. Similarly, there are a lot of studies available
where the impact of increased CO; levels has been studied, however, all
of them could not reach a similar conclusion with the affect stated as
negative, positive, or insignificant (Cotton et al., 2015; Fu et al., 2022;
Hu et al., 2022; Tang et al., 2006).

Based on the above-mentioned knowledge, it is true that climate
change has an impact on the AMF species richness and abundance, but a
strict conclusion could not be made about how positive or negative the
effects are. Studying the climate change parameters individually might
give the hypothesis a certain direction of having a positive, negative or a
neutral effect, but it cannot be the same when studied with other biotic
or abiotic factors and/or experimental variables. This knowledge gap is
a hindrance towards the prediction of effects of climatic changes on the
AMF community and its ecological impact.

6. Conclusion

This review article is an up-to-date view of the occurrence, distri-
bution, and diversity of AMF species in the Arabian Peninsula. The re-
view includes different studies where AMF species are used against plant
stressors. Further, the review also highlights the plant-mycorrhizal re-
lationships and how they play a role in minimization of plant pathogens.
The review also highlights the climatic changes and how they could
impact the growth of AMF and its related plant associations. Lastly, the
review also discusses the challenges faced in developing and commer-
cializing AMF products.

The major findings of the review article demonstrates that the dis-
tribution and diversity of fungi have been studied in most of the Arabian
Peninsula except for Bahrain. However, most of the studies regarding
AMF are concentrated in KSA and Oman whereas studies in Kuwait,
UAE, and Yemen are less. In Qatar, on the other hand, advanced
sequencing techniques are used to study AMF diversity and associated
chemical drivers. In the Arabian Peninsula, Rhizophagus is the most
common genus followed by Acaulospora. The predominance of Acaulo-
spora species in most ecosystems of KSA, Oman, and Qatar suggests that
this genus is adapted to the diverse and harsh environmental conditions
that includes but are not limited to drought and salinity.

Among Rhizophagus species, we found that Rhizophagus intraradices
was the dominant species in most of the studies. This indicates the sig-
nificant role the genus might have in adaptation to the arid ecosystems.
Future studies should explore such dynamics not only to identify the
AMF of interest but also to explore the conditions under which host
specificity could be predicted. The studies could include correlation
between the structure and function of AMF. Future studies should
identify the density-dependent and density-independent factors that
influence the distribution and diversity of AMF in the Arabian Peninsula.
Such measures could help to identify the changes in the environmental
sustainability by considering the biodiversity of AMF species as markers
of environmental degradation. Another recommendation for future
studies is to carry out in-depth research that includes not only the pa-
rameters associated with climate change but also the biotic and abiotic
factors. This could produce valuable data for predicting the influence of
climatic changes on AMF community. Lastly, this study could be used for
commercial and scientific purposes with respect to crop production and
sustainability of the desert ecosystem.
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