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Sorghum (Sorghum bicolor L. Moench) is an important cereal crop grown in arid and semiarid regions where water and other
resources are limited. Changes in temperature and rainfall patterns have resulted in frequent droughts, which caused significant
yield loss in sorghum. In recent years, there has been an increasing interest in sorghum cultivation due to its resilience to climate
change and potential source of food and income. The symbiotic interaction of sorghum with Arbuscular Mycorrhizal fungi (AMF)
has been found to induce several physiological and molecular changes that improve the ability of sorghum to withstand drought
stress. This symbiotic relationship enhances water and nutrient uptake, osmotic adjustment, activation of stress-responsive genes,
stomatal regulation, and antioxidant defense, leading to improved drought tolerance in sorghum. Agricultural practices such as
reduced tillage, cover cropping, intercropping, crop rotation, and the use of organic amendments promote the diversity and
effectiveness of AM fungal symbiosis. Such agricultural practices create more favorable conditions for AM fungal establishment
and growth while reducing dependence on synthetic fertilizers. In this review, we highlight AM fungal symbiosis on sorghum
growth, physiology, and molecular mechanisms underlying the beneficial effects of AM fungal symbiosis under moisture deficit
conditions. Overall, the present review elucidates sorghum production and breeding success in Ethiopia, the symbiotic mechanisms
between plants and AM fungi, the prospects of biofertilizers in sustainable agriculture, the potential of AM fungal symbiosis as a
sustainable approach to improve sorghum production and its synergistic effect with other crop management practices.

Keywords: Arbuscular Mycorrhizae; biofertilizer; drought tolerance; sorghum; sustainability; synergistic

1. Introduction

Climate change has a significant impact on agriculture
worldwide. Increasing temperatures and decreased precipi-
tation in combination with other improper anthropogenic
activities lead to more frequent and severe droughts. This
makes the agricultural sector more complex and uncertain
worldwide in general [1] and in particular in East Africa [2].
Sorghum (Sorghum bicolor L. Moench, 2n= 2x= 20) is a
versatile plant that produces a four-carbon (C4) compound
during the first step of photosynthesis in a bundle sheath.
This characteristic enables the plant as a major food security

cereal crop cultivated in dry arid and semiarid parts of the
world. It accounts for 43% of all major food staples available
for consumption in sub-Saharan Africa [3]. It is an ideal crop
for dryland areas due to its flexibility and tolerance to unfa-
vorable conditions. Its ability to grow in adverse environ-
mental conditions and its versatility make it a valuable
resource for communities facing food insecurity. Sorghum
production is the major livelihood strategy in arid and semi-
arid agroecological zones, where subsistence small-scale and
rainfed-based agricultural systems are dominant. Despite its
multipurpose nature and yield potential, many sorghum-
growing areas in Ethiopia are adversely affected by recurrent
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drought due to the scarcity and/or uneven distribution of
rainfall such as delay in onset of rains, dry spells after sowing,
and drought stress during critical crop stages. Either late
occurrence or early ending rainfall patterns cause the growing
season to be very short, resulting in crop failure. A crop will
completely fail if the dry spell is severe. Thus, in such circum-
stances, depending on the availability of improved seeds of
early-maturing varieties, farmers replant plants with early-
maturing genotypes [4]. Substituting sorghum with other
crops such as teff (Eragrostis tef ) has become a common trend
in recent years when sorghum crops have failed.

Sustainable solutions are needed to improve the production
and productivity of sorghum and address the challenges of food
security and environmental sustainability in these regions. The
potential for symbiotic interactions between plants and soil
microbes has been widely recognized as a promising approach
for enhancing plant growth and resilience, especially in
drought-prone areas. The production and application of
microbes as biofertilizers have gained popularity and contrib-
uted to sustainable agriculture and food security in different
parts of the world, including southern, western, and central
Africa [5, 6]. Arbuscular Mycorrhizal (AM) fungal interactions
are among the most common symbiotic beneficial interactions
between plants and microbes. It is the oldest (460 million years
ago) and most ecologically important interaction, with more
than 80% of land plants, including the agriculturally most
important cereal and pulse crops [7]. These symbiotic relation-
ships benefit both the plant and the microbe, as the plant
provides nutrients to the microbe, while the microbe helps
the plant obtain moisture and nutrients that enable the plant
to withstand environmental stresses. Thus, Arbuscular Mycor-
rhizal fungi (AMF) play a key role in the maintenance of plant
fitness and the development of agronomically feasible options
under stress environments [8].

The role of AM fungi in improving the yield of sorghum in
frequently drought-prone areas has been a major research area
for the last few decades. Several research highlight the potential
of AM fungi as a beneficial tool for improving sorghum plants’
drought resilience and productivity. Therefore, this review
summarizes the research achievements on AMF inoculation
of sorghum under water deficit conditions. Recently published
research articles are searched using words/phrases such as sor-
ghum and food security, symbiotic interactions between AMF
and plants, water deficit on sorghum, and the response of
sorghum to AMF inoculation. Literature in English from sci-
entific databases such as Google Scholar, Scopus, Web of Sci-
ence, PubMed, Science Direct, Springer, and Wiley was
obtained to prepare this review. The knowledge generated
could be insightful for development agents, policymakers,
and researchers to adopt and scale up affordable and sustain-
able management techniques for enhanced sorghum produc-
tion in drought-prone regions of Ethiopia.

2. Sorghum in Ethiopia: Production,
Utilization, and Breeding Effort

Sorghum is an important crop in Ethiopia and is grown for both
subsistence and cash purposes. The crop is mainly grown in the

lowlands of Ethiopia, with major production areas including
Tigray, Amhara, Oromia, and the Southern Nations, Nationali-
ties, and Peoples’ Region (SNNPR; Figure 1) [4]. Although there
are several production systems for sorghum in Ethiopia, sor-
ghum is grown in traditional systems using indigenous farming
practices and low-input technologies. The production of sor-
ghum is fourth after that of maize, teff, and wheat, covering an
area of 1.35 million hectares of land under private peasant hold-
ings during the middle season [9]. In terms of economic signifi-
cance, sorghum is an essential crop for smallholder farmers in
Ethiopia because it provides food security and generates income
[10]. The crop also has various uses, including as a grain for
human consumption, animal feed, and a raw material for local
beer production. Sorghum beer, known as “tella,” is a popular
beverage in Ethiopia.

The difference between Ethiopia’s national average sor-
ghum productivity (2.6 tons ha−1) [9] and the global average
(3.2 tons ha−1) highlights the potential for improvement in
sorghum production. The low productivity of this crop is
caused by several constraints, including drought, pests, dis-
eases, poor soil fertility, low yields of local cultivars, and low
access to inputs and credit services [11]. Among these fac-
tors, drought at the grain-filling stage strongly affects sor-
ghum production by reducing yields and leading to crop
failure. Pests and diseases, such as striga, shoot fly, and grain
mold, also cause significant challenges in sorghum produc-
tion. The use of local drought-tolerant but low-yielding land-
races also limited the productivity of sorghum. Farmers
depend on these landraces because frequent droughts make
it challenging to grow high-yielding and late-maturing culti-
vars. However, these landraces usually produce lower yields
than improved cultivars, which can affect the crop’s overall
productivity [11].

Climate change has significant impacts on sorghum pro-
duction, as more than 95% of cultivated land in arid and
semiarid regions of Ethiopia is rainfed. Increasing tempera-
ture, change in rainfall pattern, and less predictable rainfall
contribute to lower yields and greater vulnerability to crop
failure due to pests and disease. Traditionally, farmers prac-
tice sowing late-maturing landraces in April after 3–4 rain
showers and expect to harvest their crops in November [4].
However, this approach is challenging, particularly when dry
spells occur in May and June, when plants can be exposed to
water limitations. To address this challenge, farmers need to
consider alternative planting strategies, such as planting ear-
lier in the season or using drought-resistant crop varieties.
Additionally, irrigation systems or water management prac-
tices might help mitigate the effects of dry spells and water
limitations on crops. Additionally, the changing climate has
led to soil degradation and erosion, which can further reduce
the productivity of sorghum crops. This has resulted in
decreased yields and rising food insecurity in areas where
sorghum is a staple crop for many communities. Unless
some efforts are made to adapt and develop mitigation strat-
egies, the future production of sorghum will be very risky due
to climate change [12].

Therefore, improved production and management prac-
tices for sorghum are suggested to enhance food security and
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water productivity in arid and semiarid regions [13]. In this
regard, the farmers themselves have adopted several coping
strategies. These include the use of drought-tolerant sorghum
varieties, intercropping with legumes, conservation agricul-
ture, and organic and inorganic fertilizers. Farmers have
also adopted water harvesting techniques such as building
small-scale water dams, shallow wells, and water ponds to
save rainwater for irrigation during dry spells. Additionally,
efforts to improve water management practices could help
increase sorghum yields in these regions [11]. Irrigation and
shifting planting dates (early planting) could be effective
adaptation strategies for sorghum in the face of climate
change [14]. Nonetheless, eachmethod presents its challenges
and may not be suitable or practical in every situation. There-
fore, farmers should carefully evaluate the costs and benefits
of each option before determining the best strategy to imple-
ment. A recent study suggested that the Agricultural Produc-
tion Systems Simulator (APSIM), which includes major traits
(G), the environment (E), management (M), and their inter-
action (G×E×M), is a well-established crop model used to
simulate the adaptation of sorghum [4]. The model involves

simulating the growth and yield of sorghum cultivars under
different environmental conditions (e.g., temperature, rain-
fall, and soil fertility) and management practices (e.g., plant-
ing date and fertilizer application). The simulation results
might be used to identify the most promising cultivars and
management practices for specific regions and climates in
Ethiopia.

Furthermore, to improve sorghum productivity in
drought-prone areas, there is a need for continued research
and development of improved cultivars with better drought
tolerance and higher yields. Significant progress has been
made in sorghum breeding in Ethiopia. The country is con-
sidered one of the major centers of diversity for sorghum and
contributes to global genetic improvement [15]. The germ-
plasms are primarily composed of landraces, which are
locally adapted and important sources of genetic diversity
for sorghum breeding programs. One of the major achieve-
ments in sorghum breeding in Ethiopia has been the devel-
opment of high-yielding and drought-tolerant cultivars. To
date, more than 50 improved sorghum varieties have been
released by both national and regional agricultural research

FIGURE 1: Dry lowland sorghum growing areas (shaded green) in four major administrative regions (Tigray, Amhara, Oromia, and SNNP) of
Ethiopia. Source: [4].
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institutions and universities (Table 1) [10, 16]. These
improved cultivars have played a vital role in increasing
sorghum production and improving food security in the
country.

Studies on phenotypic and genetic characterization of
sorghum germplasms are still ongoing to exploit the avail-
able genetic resources in the country. A study on the genetic
diversity of Ethiopian sorghum landraces under water-
limited environment revealed significant genetic variability
among genotypes and genotype-environment interactions.
Among 315 sorghum accessions, 29 had higher yields than
the check variety under drought stress. Furthermore, greater
yield and drought tolerance of accessions from lowland areas
suggest a potential for sorghum improvement programs tar-
geting drought-prone regions [17]. The genetic mapping of
agronomic and yield-related traits in multiple sorghum map-
ping populations under moisture stress conditions identified
a total of 105 quantitative trait loci (QTLs). All the QTLs
identified from individual populations were projected onto a
combined consensus map, resulting in the identification of
25 meta QTLs for the seven traits [18]. The identified QTLs
and meta-QTLs provide valuable information for under-
standing the genetic basis of drought tolerance in sorghum
and offer potential targets for marker-assisted breeding
(MAS). Similarly, genetic characterization of sorghum germ-
plasms for drought adaptation using a high throughput root
phenotyping identified QTL associated with root and shoot
traits and tightly linked simple sequence repeat (SSR) mar-
kers [19]. Such genetic diversity studies provided valuable
information for the advancement of MAS programs in sor-
ghum, with potential implications for developing improved
germplasm with enhanced drought tolerance.

A large-scale genome wide association analysis of the Ethio-
pian sorghum landrace collection revealed loci associated with
important traits such as awns, panicle compactness and shape,
panicle exertion, pericarp color, glume cover, plant height, and
smut resistance under diverse environmental conditions. A
genome wide association study (GWAS) identified loci and sin-
gle nucleotide polymorphisms (SNPs) associated with these
traits, with a percentage of total phenotypic variation explained
with significant SNPs across traits ranging from 2% to 43%.
Candidate genes showing significant association with different
traits were identified, including the sorghum basic helix-loop-
helix (bHLH) transcription factor, ABORTEDMICROSPORES,
sorghum CLAVATA1 receptor-like kinase, and the ethylene
responsive transcription factor gene (RAP2-7) [20]. Similarly,
GWAS using high-quality SNP markers identified quantitative
trait nucleotides (QTNs) associated with nine agronomic traits
in sorghum landraces collected from diverse environments
across Ethiopia [15]. The study used multilocus genome wide
association studies (ML-GWASs) to identify 121 QTNs, includ-
ing those for flowering time, plant height, tiller number, panicle
weight, and grain yield per panicle. Ethylene responsive tran-
scription factor gene (AP2/ERF) and SorghumTerminal flower1
(TF1) gene were identified as strong candidate genes associated
with plant height and 100 seed weight traits, respectively.

3. Symbiosis Mechanisms Between
AMF and Plants

3.1. Root Colonization. The symbiotic relationship of AMF
with terrestrial plants has a significant impact on almost all
plant species [21]. The association is mutually beneficial,
with the plant providing fixed photosynthates to the fungus,
and the fungus aiding the plant in nutrient uptake and
enhancing resistance to root pathogens and drought stress.
Fungal growth initiates with the germination of hyphae from
dormant spores. In the absence of a host plant, AMF exhibit
minimal hyphal expansion, but with the presence of root
exudates, hyphal growth, and branching are significantly
enhanced [22]. Following the initial physical contact between
hyphae and plant roots, the fungus develops appressoria and
then proceeds to invade the root surface, establishing itself in
the intercellular space of the root cortex. Upon penetrating
the innermost cortical layers, arbuscular structures (arbus-
cules) are produced within individual root cortical cells
through the repeated dichotomous branching of fungal
hyphae. The AMF develop lipid-rich vesicles as intra- or
intercellular storage organs to varying extents during the
later stages of the symbiotic relationship. The arbuscules
play a crucial role in AM to facilitate nutrient exchange.

3.2. Molecular and Biochemical Crosstalk Between AMF and
Plants. The underlying molecular mechanism of the symbi-
otic association between AMF and plants remains largely
unclear due to the obligate biotrophic nature of the fungi
[21]. However, the successful establishment of mycorrhizal
(Myc) fungi in plant roots, along with its impact on plant
functions, relies on the recognition mechanisms governed by
synchronized genetic programs in both organisms [23].
These processes are guided by mutual signaling events at
every phase of the interaction. As plants are exposed to
adverse conditions, various compounds such as sugars, poly-
saccharides, amino acids, and other metabolites are released
to the rhizosphere, which influence root-microbe interac-
tions around the root zone [24]. Here, strigolactones, func-
tion as germination stimulants of parasitic plants, have great
impact on AMF development [25]. Under stress conditions,
plants produce and exude hyphal branching factor (BF) to
establish symbiotic interactions with AMF [26]. Hence, the
release of these BFs stimulates the growth and hyphal branch-
ing of AMF during spore germination. AM also release the
Myc factor, which activates the molecular and cellular
responses of host plants [27]. After penetrating and coloniz-
ing host roots, AMF form branched structures (i.e., arbus-
cules), which serve as exchange sites for phosphate and/or
nitrogen between the AM fungus and the host plant
(Figure 2).

3.3. Physiomorphological Regulation in Host Plants and
Productivity. The symbiotic interaction of AMF has significant
positive effects on growth and physiological performance of
several plants including sorghum, vegetable, and fruit crops
[29–32]. To this end, genes related to osmotic adjustment, anti-
oxidant defense, abscisic acid (ABA) signaling, and mitogen-
activated protein kinase (MAPK) pathway are upregulated
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which in turn enhances the tolerance level of plants under water
deficit conditions [29].

The hyphae of AMF extend far from the root zone and form
a network of hyphae (mycelium), which increases the availability
of phosphate, ammonium, and water to host plants [33]. AMF,
for instance, transfer the absorbed nitrogen (N) from the extra-
radical tract to the intraradical mycelium in the form of arginine
and are subsequently delivered to the plant through the arbus-
cules in the form of ammonium [34]. Sorghumplants connected
to the commonMyc networks and formedAM symbiosis earlier
survived better under severe moisture stress with longer life-
spans, more and intact arbuscules [35]. The significant role of
AMF on plant growth (shoot length and biomass) is correlated
with an increase in enzymatic and biochemical activity [36]. AM
fungal colonization and phosphorus fertilization both influenced
the flowering time of sorghum [31]. Sorghum genotype with
greatest AM colonization struggled to produce grain without
AMF. This finding further demonstrated that AMF enhanced
sorghum grain yield by improving the plant’s resource allocation
towards grain production over vegetative biomass. This process
is often reflected in an increased harvest index in sorghumplants
associated with AMF. Furthermore, the symbiotic interaction
with AMF exhibits greater shoot-to-root biomass in other crop
species (12.5% to 33.8%), as well as greater chlorophyl content
and photosynthetic activity [37]. The activity of antioxidants
(e.g., superoxide dismutase (SOD) and catalase (CAT)) enhances
water uptake efficiency and photosynthetic capacity of plants
thereby alleviating drought-induced oxidative stress and altering
the phytohormone balance [38]. The AMF, R. intraradices pro-
duce glomalin, a protein that stabilizes soil aggregates and retains

moisture in the soil, which could further enhance plant growth
and performance in stressful environments [38]. AM symbiosis
also confers tolerance to stress in sorghum by modulating dehy-
drogenase and alkaline phosphatase enzymes under saline and
sodic soils [8].

4. Prospects of Biofertilizers in
Sustainable Agriculture

Biofertilizers are formulations containing microorganisms
such as bacteria, fungi, and algae [39]. Currently, biofertili-
zers have gained global attention due to harmful environ-
mental impacts, the inflation costs of synthetic commercial
fertilizers, and the growing awareness of the relationships
between soil microbes and plants [40]. These microorgan-
isms enhance soil fertility by fixing nitrogen, solubilizing
nutrients, and improving nutrient uptake by plants. Biofer-
tilizers are becoming increasingly popular worldwide due to
their numerous benefits (Figure 3), including their ability to
improve soil health, reduce the need for chemical fertilizers,
increase crop yields, and tolerate stress factors [41].

4.1. Increased Crop Productivity. Biofertilizers improve soil
structure, nutrient uptake, and root development, which
result in increased crop yields [39]. A high-throughput phe-
notyping study demonstrated the effects of AMF on sorghum
growth and phenology, as well as grain biomass, nutrition,
and bioavailability of zinc (Zn) and iron (Fe) [31]. The find-
ings reveal that sorghum plants colonized by AMF generally
performed better than non-AM control plants exhibiting

Spore

Plant
exudates

Fungal
exudates

Hyphal
branching

Hyphopodium

Calcium spiking
PPA Penetration

Arbuscule

FIGURE 2: Schematic representations of AMF root colonization. Source: [28]. AMF, Arbuscular Mycorrhizal fungi; PPA, prepenetration apparatus.
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greater yield, harvest indices, and grain phosphorus (P), Zn,
and Fe contents. However, genotypic variations were
observed in sorghum’s response to AM colonization, with
some genotypes showing a strong dependence on AM asso-
ciations for grain production. Temporary growth depression
was observed at the early growth stage due to AM coloniza-
tion. Biofertilizers also improve soil health by increasing
nutrient availability and promoting beneficial microbial activ-
ity [5]. Using biofertilizers allows farmers to reduce their
dependence on synthetic fertilizers, which are costly and
harmful to the environment. Therefore, AMF play a crucial
role in enhancing sorghum grain yield and nutritive quality,
particularly in low P soil conditions, and in improving con-
sumer outcomes in sorghum production systems [31].

4.2. Environmentally Friendly. Biofertilizers are eco-friendly
and reduce the negative impact of chemical fertilizers on the
environment by increasing soil organic matter, which in turn
reduces soil degradation, increases the soil–water holding
capacity, and prevents desertification [42]. Biofertilizers are
eco-friendly as they are made from natural sources and contain
living microorganisms that improve soil fertility and plant
growth. Unlike chemical fertilizers, which can harm the envi-
ronment by polluting water sources and damaging soil health
over time, biofertilizers are sustainable and do not have any
adverse effects on the environment compared to chemical fer-
tilizers [5]. Biofertilizers also have several other benefits, such as
reducing the need for chemical pesticides and herbicides, pro-
moting biodiversity, and improving soil structure [5]. Some
biofertilizers are also used to remove heavy metals from soil
and water through various detoxification mechanisms and are
used for bioremediation [43]. AM inoculation increased
molybdenum (Mo) concentrations and uptake without

exacerbating phytotoxicity, indicating a preference for Mo
and higher tolerance in Myc plants. Arbuscular mycorrhiza
enhanced the performance of sweet sorghum in Mo-
contaminated soil by improving nutrient uptake (P, N, and
S) and photosynthesis efficiency, aiding biomass production
[44]. Similar results have been reported on cadmium (Cd)
phytoremediation by sorghum inoculated with Rhizophagus
irregularis [45]. Consequently, inoculating sorghum with
AMF could serve as a phytoremediation and revegetation of
heavy metal-contaminated soil. Furthermore, combined appli-
cation of three AMF isolates (R. neocaledonicus, P. simplex, and
S. ovalis) improved the biomass yield of forage sorghum in
ultramafic environments suggesting the crucial role of AM
fungal symbiosis in phytoremediation of contaminated
soil [46].

4.3. Cost-Effective.Using biofertilizers involves a lower invest-
ment compared to chemical fertilizers and offers long-term
advantages for soil health and crop productivity [39]. Com-
pared with chemical fertilizers, biofertilizers could be more
cost-effective in the long run due to several reasons such as
crop yield enhancement, reduce the use of synthetic fertilizers,
and minimize environmental pollution [43]. In addition, bio-
fertilizers are renewable and eco-friendly. Although bioferti-
lizers may have a higher upfront cost than chemical fertilizers,
they can provide better returns on investment over time. This
is because biofertilizers improve soil fertility, which leads to
higher yields and reduced fertilizer costs in the long term.
Furthermore, biofertilizers can also reduce soil erosion and
promote biodiversity, which can lead to lower costs associated
with soil degradation and loss of genetic diversity. Overall, the
cost-effectiveness of biofertilizers depends on several factors,
such as crop type, climate, and local market conditions [5].

Bio-fertilizers
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FIGURE 3: Potential role of biofertilizers in sustainable crop production. N2, nitrogen.
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Given the potential benefits and advantages of biofertilizers,
they are considered cost-effective alternatives to synthetic
fertilizers, particularly in the long term.

5. AM Fungal–Mediated Alleviation of Drought
Stress in Sorghum

The mechanism underlying drought tolerance of sorghum
involves complex physiomorphological, biochemical, and
molecular modifications [47, 48]. The response mechanisms
also differed with the intensity of drought stress and the
period at which drought occurs [49]. Stomatal closure, change
in enzymatic (i.e., glutathione reductase, SOD, CAT, ascor-
bate peroxidase (POD), etc.) and nonenzymatic antioxidants
(ascorbate, glutathione, and carotenoids) are some of the
adaptive mechanisms that could help to maintain the cellular
function and integrity of sorghum during drought stress.

AMF colonization significantly improved the growth,
kernel weight, and grain yield of sorghum under drought
stress [50]. Moreover, the symbiotic interaction enabled sor-
ghum to minimize water loss, enhance photosynthesis, and
improve root development under drought stress [8]. These
improvements are attributed to the substantial increase in
enzyme activity, such as dehydrogenase and alkaline phos-
phatase, in saline and sodic soils of semiarid regions. In
addition, AMF also enhance the accumulation of health-
promoting phenolic compounds (flavonoids, carotenoids,
and tannins) and antioxidants in sorghum grain, suggesting
that AMF could enhance the grain quality of cereal crops
[51]. Indeed, the variability in growth, physiological, and
transcriptional responses of sorghum to AMF across differ-
ent genotypes highlights the significance of genetic diversity
in influencing plant–fungal interactions [47, 48, 52]. This
diversity might lead to distinct outcomes in terms of plant
performance and gene expression when exposed to AMF.

Myc colonization (Funneliformis mosseae) also enhances the
tolerance of sorghum to water deficit conditions by maintaining
proline level, enhancing nutrient uptake, regulating water bal-
ance, and detoxifying reactive oxygen species (ROS) by promot-
ing enzymatic and nonenzymatic antioxidant activity [47, 53].
Specifically, mutualistic relationships promoted the synthesis and
accumulation of glutathione (GSH) in the roots, while also
increasing the ability of the roots to synthesize proline. Inocula-
tion with F. mosseae improved the drought tolerance of sorghum
plants by enhancing the levels of ROS scavengers such as SOD,
POD, CAT, and polyphenol oxidase (PPO). Furthermore, genes
coding for nonenzymatic antioxidants (GST29, P5CS2, FD3,
GST, and GAD) were upregulated, which enabled sorghum to
perform well under water deficit conditions [53]. It is important
to note that the mechanism of F. mosseae in improving the
drought tolerance of sorghum plants differs with the genotypes.
For instance, the accession Konawe Selatan (KS) exhibited
increased levels of nitrogen content, leaf number, above-ground
biomass, chlorophyl, and relative water content (RWC). While,
the Super 2 (S2) accession showed higher levels of below-ground
biomass, root length, root colonization, and P content [47].

Several studies have reported that AMF increase the
expression of genes that regulate stress responses and water

regulation mechanisms in sorghum (Table 2) [47, 48, 52,
54–56]. A study was conducted to investigate the effect of
AMF species on major intrinsic protein (MIP) genes in sor-
ghum roots under water deficit conditions compared to those
under noninoculated and well-watered conditions [54]. The
results revealed variability in the adaptive response of AMF
species to Rhizophagus arabicus, which is highly adaptable to
severe water stress (in arid desert areas), while R. irregulariswas
not influenced by the water regime. In addition, expression
analysis of several selected MIP genes known to be involved
in drought or symbiosis regulation indicated that inoculation
with R. irregularis resulted in the upregulation of two plasma
membrane intrinsic proteins (SbPIP2.2 and sbPIP2.5) both
under stress and under well-watered control conditions,
whereas inoculation with R. arabicus caused the downregula-
tion of tonoplast intrinsic proteins (SbTIP2.1), and NOD26-like
intrinsic proteins (SbNIP1.2 and SbNIP2.2) under water deficit
conditions, indicating the differential modulatory effect of AM
fungal species onMIP genes. Furthermore,Watts-Williams et al.
[52] reported that mycorrhiza-induced gene expression varies
across sorghum genotypes (accessions) indicating substantial
diversity in their interactions with AMF. Furthermore, the study
identified 278 genes with mycorrhiza-inducible expression inde-
pendent of genotype and 55 genes showing genotype-dependent
expression, suggesting variation in phosphate transport and
defense mechanisms across different accessions.

AMF modify the expression of various transporter genes
[55]. The expression of ammonium transporter genes
(AMTs) is induced by the symbiosis of AMF in sorghum.
Automated annotation of the sorghum whole genome assem-
bly resulted in eight genes coding for putative AMTs. Among
these, two AMTs (SbAMT1; 1 and SbAMT1; 2) were identi-
fied as members of the AMT1 family. The remaining other
AMTs (SbAMT2; 1, SbAMT2; 2, SbAMT3; 1, SbAMT3; 2,
SbAMT3; 3, and SbAMT4) belong to another clade contain-
ing three clusters. The two AMTs of sorghum (SbAMT3; 1
and SbAMT4) are locally rather than systematically expressed
highly in the root cortex, which contains arbuscules, and in
adjacent cells, whereas the AM-inducible phosphate trans-
porter gene (SbPt11) is encoded both locally and systemati-
cally in response to AM fungal symbiosis [55]. However,
contrasting results were reported by Varoquaux et al. [48]
in which the expression of AM symbiosis-induced genes
related to phosphorous transporter and senescence-associated
genes (SAG), were downregulated under drought conditions.

The dynamic adaptive strategies employed by AMF com-
munities and host plants (sorghum) under drought stress con-
ditions suggest a correlation between the successional shift from
ruderal to competitive AMF and changes in the expression of
both AM fungal and sorghum genes encoding strigolactone
signals, Myc-lipochitinoligosaccharide (LCO) signals, and
transporters (sugars, lipids, minerals, and water) [56]. The
abundance of ruderal species was positively correlated with
the expression of AMFMyc-LCO (DMI2), whereas the abun-
dance of competitive AMF was strongly correlated with the
transcription of genes involved in strigolactone signaling
pathways (D27, CCD7, CCD8, P450 and PDR1) and a sorghum
phosphate transporter (Sobic.001G234800). Furthermore, the
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change in the abundance of AMF from ruderal to competitive
species correlated with a shift in transcription.

6. Agricultural Intensification and AM
Fungal Symbiosis

Agricultural management practices such as fertilization,
cropping systems, tillage and land use forms, and irrigation
influenced AMF symbiosis in several crop species [57–62].
Furthermore, AMF root colonization was also influenced by
host plant and soil properties including texture, pH, phos-
phorus availability, and organic matter [63].

6.1. Fertilization. Myc root colonization and microbial diver-
sity were higher in sorghum plants amended with compost
compared to commercial fertilizers [64]. Moreover, the nutri-
tional quality of sorghum grain was higher in intercropping
and/or soil amended with compost as compared to sole crop-
ping and/or commercial fertilizer amendment in a genotype-
dependent manner. Applying nitrogen, phosphorous, and
potassium (NPK) fertilizer decreased the colonization per-
centage of AMF in sorghum [65]. This could be the fact
that fertilizer application may have increased the concentra-
tion of these elements in sorghum plant tissue which could
have reduced the secretion and release of root exudates (stri-
golactones) to the rhizosphere and reduced hyphal branching
of AMF [26]. However, sorghum response to AMF and P fertili-
zation varied among sorghum genotypes [66]. The addition of
phosphorus decreased the dependency on AM fungi for shoot
dry weight and shoot P concentrations. AMF and P fertilization
significantly influenced sorghum time-of-flowering across differ-
ent sorghum genotypes [31]. Besides, strigolactone profiles of
sorghum cultivars also influenced AM colonization and
response to phosphorus acquisition efficiency (PAE) [57]. The
results indicated that orobanchol, a specific type of strigolactone,
promoted AMF colonization, specific P uptake (SPU), and PAE
in a cultivar-specific manner.

6.2. Cropping System. The use of different cover crops in
combination with N fertilizer influenced the population
and establishment of Myc fungi [67]. Though the coloniza-
tion rate was almost similar among the cover crops, species
A. scrobiculata, A. tuberculata, G. tortuosum, S. persica, and
S. pellucida were identified in the sorghum rhizosphere,
regardless of the application of N fertilizer. Whereas species
G. macrocarpum was identified only in the sorghum rhizo-
sphere without N application [67]. The role of cover crops in
AMF establishment and stability of soil aggregates was also
investigated in other crop species such as barley (Hordeum
vulgare L.) and vetch (Vicia villosa L.) in maize and sun-
flower cropping systems [68]. Compared to the bare fallow,
the hyphal length and enzyme activity (β-glucosidase)
increased by 80% in sunflower, while the AMF spores and
hyphal length increased by 60%–70% with a twofold incre-
ment of enzyme activity. This suggests the paramount role of
replacing fallow conditions with cover crops to increase
AMF abundance in the subsequent main cropping season.
Cultivation of cover crops during the fallow period in a crop-
fallow-based rotation system is an effective approach to

increase the microbial community, abundance, and enzyme
activities related to carbon and nutrient cycling [69]. Micro-
bial community analysis using ester-linked fatty acid methyl
ester (EL-FAME) indicated that oat cover cropping increased
AMF abundance (84%) as compared to fallow cropping.

Cultivating sorghum with agroforestry tree (Faidherbia
albida) improved spore abundance and colonization of AMF
under and close to the canopy of F. albida [70]. These AM fungal
root colonization and spore abundances significantly reduced
striga infestation which could be attributed to the high grain
yield of sorghum.Crop diversity in intensive agricultural systems
influences AM fungal community. The polyculture field con-
tained a greater number of AM fungal taxa than the monocul-
ture site although affected by soil properties [61]. Similarly, the
diversity of AMF at the polyculture sites was nearly 50% greater
than at the monoculture site. Here, the richness and diversity of
AMF increased with increasing duration of polyculture crop-
ping. Sorghum–legume (groundnut, cowpea, dry bean, and soy-
bean) intercropping influenced the establishment and core
abundance of fungal community [71]. The abundance of core
mycobiomes varied with the crop type, plant and soil substrate,
and across years. The diversity of such fungal communities could
improve the productivity and disease resistance of sorghum and
legume crops. Besides, intercropping (configuration) ratio in
sorghum–soybean intercropping system improved the rhizo-
sphere soil property and productivity of waxy sorghum [72].

6.3. Tillage and Land Use Types. Soil management practices
influence the composition and functional structure of rhizo-
sphere microbes in sorghum [73]. Particularly, AMF species
composition and diversity have been influenced by location
and land use forms [74, 75]. The number of spores, species
richness, and AMF diversity increased in undisturbed land,
such as forest lands, suggesting the negative impact of soil
disturbance on the colonization and diversity of AMF [75,
76]. This could be the fact that soil disturbance affects soil
attributes, plant species composition, and hyphal develop-
ment, which in turn affect AMF diversity and colonization.
In contrast, Wipf et al. [73] reported that standard tillage
enhanced bacterial and AMF diversity in sorghum compared
to no-tillage practices. The possible justification was the
impact of tillage on creating open niche space for broad colo-
nization. On the other hand, conservation tillage increased
AMF spore density, community composition, and species
richness compared to conventional tillage systems [58]. Sig-
nificantly higher percentage of AM colonization was recorded
in bean and sorghum plants under no-tillage practices com-
pared to other management practices. Whereas the lowest
AM fungal colonization was recorded under the moldboard
tillage system for all the tested crop species (sorghum, bean,
and maize). Moreover, AMF diversity was greater in sorghum
as measured by the Shannon–Weiner diversity index (H′), at
0.8, 0.6, and 0.4 in sorghum, maize, and bean, respectively.
Similarly, Egboka et al. [60] also clearly assessed the influence
of land use types on AMF spore abundance in the humid
tropical rainforest of Nigeria. His study revealed that the high-
est AMF spore abundance was recorded in cassava-based land
use types compared to fallow land, yam fields, and vegetable
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farms (Figure 4), suggesting that cassava is a potential source
of soil-borne propagules of AMF.

6.4. Availability of Moisture. Root colonization by AMF
increased (~86%) with increasing water stress [77]. However,
contrasting results have been reported by Varoquaux et al.
[48], who noted that drought reduces AMF abundance and
the symbiotic interaction at different growth stages in sor-
ghum genotypes. Similarly, the role of AMF on growth (bio-
mass) enhancement on forage sorghum decreased at severe
moisture deficit conditions with reduced levels of root colo-
nization. [35]. Moreover, drought stress reduced the effec-
tiveness of AMF and collapsed the arbuscules, which resulted
in growth reduction and mortality of sorghum. The effec-
tiveness of root colonization and the AMF community com-
position varied with the species of AMF, the genotype of
sorghum [52, 78], and the time point at which drought
occurs [56]. Very few generalists from Rhizoglomus species
were found to adapt and colonize sorghum in a semiarid
region characterized by drought and alkaline soil [79].

In a field experiment undertaken to evaluate the effects of
different sorghum cultivars and species of AMF, F. mosseae
effectively promoted root colonization and improved growth
and yield performance of sorghum among the studied spe-
cies under high moisture stress [78]. Variability in symbiosis
among sorghum accessions also suggested the potential to
develop AMF-responsive cultivars [52]. Some of the tested
sorghum accessions showed a negative growth response to
Myc inoculation, while other sorghum accessions exhibited
significantly greater shoot biomass and high concentrations
of minerals, both macro and micro, during uptake. In addi-
tion to exhibiting variability in responsiveness to AMF, the
accessions also exhibited differential putative symbiotic-
related gene expression. In contrast, targeting AMF-related
root colonization in the breeding program was not promising
for West African sorghum genotypes due to the polygenic
nature and low heritability of the trait despite genotypic

variability existing under different P fertilizers at various
growth stages of the crop [80].

7. Synergistic Effect of AMF on Drought
Tolerance of Sorghum

Inoculation of AMF with organic and inorganic soil amend-
ments or with other soil microbes significantly enhances tol-
erance to drought stress in sorghum (Table 3) [57, 81, 82] and
other several crop species [81, 86–89]. Combined inoculation
of AMF with K fertilizer improved water stress tolerance,
biomass, and sugar yield of sweet sorghum under moisture
deficit conditions [57]. Besides, AM fungal colonization and P
fertilization influenced the flowering time of sorghum [31].
The sorghum genotype with the greatest AM colonization
struggled to produce grain without inoculation. Kamali, Meh-
raban, and Gururani [81] investigated the combined effect of
AMF (F. mosseae) and Nitroxin biofertilizer (containing the
genera Azotobacter and Azospirillum) on the physiological
and grain yield of sorghum under water stress conditions.
Co-inoculation of sorghum seeds with Rhizobium bacteria
and AMF enhanced the chlorophyl (a, b, and total) content,
soluble protein content, water use efficiency (WUE), RWC, N
content in plant tissue, electrolyte leakage, and pore content
[78]. The application of the twomicroorganisms (Azotobacter
and Azospirillum) increased the sorghum protein content
(26.7%), proline content (25.4%), and N concentration
(49%) under severe water stress conditions. Furthermore,
co-inoculation of both Nitroxin and AMF under severe water
stress conditions strongly reduced the membrane leakage of
sorghum plants by up to 20.6% compared to that of nonino-
culated plants [81]. Sorghum plants inoculated with the two
biofertilizers had higher WUE and maintained open stomata
to produce more dry matter than the noninoculated plants,
suggesting that the rhizobacteria and AMF had synergistic
effects on the plants. These factors all resulted in up to a
27% increase in sorghum grain yield compared to that in
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the noninoculated treatment, indicating their synergistic
effect and promising approach to improve growth and grain
yield under drought conditions [81]. In line with this, the
effectiveness of Myc symbiosis also depends on the species
and the composition of the AM fungal taxa when applied
together [46]. Mixture of different AM fungal species
increased sorghum biomass, with a significant positive effect
at the flowering stage. Furthermore, inoculation of AMF in
combination with exogenous application of osmoprotectants
significantly reduced the damage caused by oxidative stress
and increased the antioxidant activities of sorghum plants
under heavy metal stress conditions [81].

The combined effect of AM fungal and synthetic chemical
fertilizers on sorghum has been reported previously [57, 82].
Myc inoculation and K fertilization had significant positive
effects on the grain yield and nutrient uptake of sweet sorghum
plants under water stress in calcareous soil [66]. The combined
application ofMyc fungi andK fertilizer increased the grain yield
by up to 30% compared to that in the control treatment. Fur-
thermore, Myc inoculation significantly increased the uptake of
P, N, and K, while K fertilization increased the uptake of K and
calcium (Ca). The results suggested that the combined applica-
tion ofMyc fungi andK fertilizer could improve the productivity
and nutrient uptake of sweet sorghum in water-stressed and
calcareous soils (Abdelhameid, 2020)[57]. Similarly, research
conducted on the response of grain sorghum to AMF and P
fertilizer under deficit irrigation revealed that the application
of AM fungal combined with P fertilizer enhanced sorghum’s
ability to tolerate water stress [82]. Deficit irrigation is a common
practice in arid and semiarid regions, where water resources are
limited. Thus, the combined use of AMF and P fertilizer
improved grain sorghum’s yield and WUE. This combined fer-
tilizer application was suggested as a promising management
strategy for sustainable grain sorghum production and an alter-
native to chemical P fertilizer under deficit irrigation conditions.
Furthermore, AM fungal inoculation in combination with P
fertilization significantly increased the uptake and concentration
of P in shoots and roots [77].

8. Challenges of AMF as Biofertilizers

Despite the potential role of AMF inmitigating drought stress in
sorghum, various challenges hinder its effectiveness and wide-
spread adoption in sustainable agriculture. Some of the major
challenges include strain instability under field conditions, com-
plexities in formulations, and large-scale production [90]. Such
complexity of the symbiotic relationship makes difficult to pre-
dict the outcomes of AMF applications in different regions and
under varying drought conditions. The other key challenge is
that the interaction betweenAMF and other soilmicrobiota such
as bacteria and non-Myc fungi under drought stress is poorly
understood [91]. Potential competition with native soil microbes
for resources may reduce the effectiveness of AMF in enhancing
sorghum drought stress tolerance.

Thus, researchers need to select and develop AMF strains
that are effective for different crops and climatic conditions.
Addressing all these challenges could lead to AMF’s greater
potential as a biofertilizer, particularly in the tropics, where
the cost of chemical fertilizers, environmental and health con-
sequences, and climate change pose significant challenges.

9. Gaps and Future Prospects

In recent years, considerable achievements have been made
globally in studying the symbiosis of AMF in sorghum under
drought stress. However, there are still some research gaps
that need to be addressed. While AMF are known to enhance
drought tolerance in sorghum, the underlying molecular
pathways that govern the symbiotic relationship are complex
and not fully understood. These gaps pertain to fully under-
stand the symbiosis’s mechanisms, benefits, and practical
applications. Research activities are also required to deter-
mine the optimal application rates and timing of AM fungal
inoculation (especially under prolonged drought periods)
and organic amendments on the productivity of sorghum
under drought conditions. Moreover, advancements in tech-
nology (biotechnology) are lacking to facilitate mass produc-
tion of AM fungal biofertilizers at a lower cost and make

TABLE 3: Synergistic effect of co-inoculating AMF with other biofertilizers and organic or inorganic amendments on growth performance and
stress tolerance of sorghum.

Co-inoculant Synergistic effect to drought stress response Reference

Funneliformis mosseae+Nitroxin
biofertilizer

Enhanced chlorophyl content, soluble proteins, WUE, RWC, and proline
content

[81]

AMF+P fertilizer Improved uptake of P, N, and K [57]
AMF+P fertilizer Improved the yield and WUE of grain sorghum [82]
AMF+ Pseudomonas fluorescens Improved P uptake and enhanced microbial population [65]
AMF+K fertilizer Improved uptake of N, P, and K [57]
AMF (Rhizophagus irregularis) +
Streptomyces coelicolor

Enhanced microbial population, phosphatase, and chitinase activities [83]

AMF+PGPR Increased in plant biomass, leaf area, and total chlorophyl content [84]
AMF+PGPR Increased photosynthetic pigment, biomass, and sugar content [85]

Abbreviations: AMF, Arbuscular Mycorrhizal fungi; K, potassium; N, nitrogen; P, phosphorus; PGPR, plant growth promoting rhizobacteria; RWC, relative
water content; WUE, water use efficiency.
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accessible to the farmers. To our knowledge, research on the
impact of AMF inoculation on morphological, physiological,
and/or molecular responses of sorghum in drought-prone
regions of Ethiopia remains very limited. Thus, future research
should focus on identifying the most effective AMF strains for
different sorghum genotypes and integrating into sorghum
breeding programs could enhance the development of
drought-tolerant varieties. Furthermore, identifying genetic
markers associated with beneficial AMF symbiosis could speed
up breeding programs. The diverse sorghum germplasms avail-
able in the country could be a valuable opportunity for such
research interventions to enhance the productivity and resil-
ience of this staple crop.

10. Summary and Conclusion

Biofertilizers are environmentally friendly and safer than syn-
thetic chemical fertilizers, making them amore viable option for
sustainable crop production. AM fungal symbiosis regulates
diverse physiomorphological, biochemical, and molecular
responses of sorghumunder drought stress. The symbiotic inter-
action regulates key physiological processes such as maintaining
water balance, improving nutrient andwater uptake,minimizing
oxidative damage, and modulating hormonal responses of sor-
ghum under drought stress. Hence, AM fungal has a significant
economic benefit in terms of increasing sorghum yield while
reducing the risk of crop failure and providing food security to
smallholder farmers in arid and semiarid regions. The integra-
tion of AMF in sorghum cultivation is a promising strategy for
sustainable agriculture. It aligns with the principles of low-input
farming, reduces dependency on chemical fertilizers, and
enhances crop resilience to climate variability. This could be
attributed to the different modes of action of AMF and their
synergistic effect on improving soil health, nutrient availability,
and growth enhancement of sorghum under stress conditions.
Furthermore, the use of AMF can be combined with other sus-
tainable practices like crop rotation, organic amendments, and
reduced tillage to further improve soil health and crop
productivity.

In conclusion, AMF symbiosis plays a vital role in enhancing
sorghum production under drought stress. Its role in improving
water and nutrient uptake of sorghum, along with promoting
sustainable agricultural practices, is a key component in addres-
sing food security challenges in drought-prone regions.
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