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Abstract: In agriculture, abiotic and biotic stress reduce yield by 51-82% and 10-16%, respectively.
Applications of biological agents such as plant growth-promoting rhizobacteria (PGPR) and arbuscu-
lar mycorrhizal fungi (AMF) can improve plant growth. Applications of lone PGPR and AMF also
help plants resist abiotic and biotic stressors. The reports for dual inoculation of AMF and PGPR
to benefit plants and tackle stressors are largely unknown. It is speculated that PGPR colonization
in plants enhances AMF infection during dual AMF and PGPR application, although increased
AMEF colonization does not always correlate with the increased benefits for the plant hosts. Further
research is needed regarding molecular mechanisms of communication during dual inoculations, and
dual-inoculation enhancement of induced systemic resistance under pathogen stress, to understand
how dual inoculations can result in enhanced plant benefits. The influence of application timing of
AMEF and PGPR dual inoculations on mitigating abiotic and biotic stress is also not well understood.
This review documents the factors that govern and modulate the dual application of AMF and
PGPR for plant benefits against stress responses, specifically abiotic (drought) stress and stress from
pathogen infection.

Keywords: microorganisms; plant beneficial microorganisms; abiotic stress; biotic stress; dual inoculation

1. Introduction

Each year, plant pathogens reduce global agricultural yields by 10-16% [1]. Addition-
ally, abiotic stress decreases yield by 51-82% [2]. Agricultural yield loss from biotic and
abiotic stress contributes to global food insecurity. Therefore, agricultural yield improve-
ments are needed [1].

One approach to mitigating abiotic and biotic stress to improve yield is the application
of biological agents. Biological agents have several advantages in comparison to more
commonly used chemical agents, for plant pathogen control. Biological agent applications
do not contaminate the environment or pose a risk to human health, unlike chemical
pesticides. Also, biological agents increase plant growth under both ideal and stress
conditions, improving crop yields [3].

Biological agents such as plant growth-promoting rhizobacteria (PGPR) and arbuscular
mycorrhizal fungi (AMF) can improve plant pathogen resistance by acting antagonistically
towards pathogens, mainly via competition and antimicrobial compound production [4].
Biological agents such as PGPR and AMF can also mitigate abiotic stress, specifically
drought stress, by reducing cell damage, producing antioxidants, and improving water
and nutrient uptake [5]. Additionally, dual inoculations of AMF and PGPR have enhanced
plant benefits, compared to singular or no inoculation. PGPRs stimulate AMF colonization
of plant roots, enhancing plant biomass and nutrient uptake [6-8]. Dual inoculations can
also further enhance abiotic and biotic stress resistance, specifically by mitigating drought
stress and improving plant pathogen defense [9-13].
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However, there are several unknowns regarding the application of AMF and PGPR,
both singularly and dually. Specifically, interactions between AMF, PGPR, and plants are
not yet fully understood [14,15]. Also, it is known that the high diversity of the microbial
community in the soil surrounding plant roots, the rhizosphere, is necessary for maintaining
plant and soil health, both in general and under stress conditions [4,5]. However, a greater
understanding is needed of how biological-control agent applications influence native
soil microbes, and how the native microbial community affects the efficacy of biological
agents [4].

This review will document several mechanisms of PGPR and AMF drought- and
pathogen-stress mitigation, and the potential benefit of dual PGPR and AMF applications
in mitigating plant stress.

2. Plant Growth-Promoting Rhizobacteria (PGPR)

Rhizobacteria colonize the area of soil surrounding plant roots known as the rhizo-
sphere [16]. “Plant growth-promoting rhizobacteria” (PGPR) refers to 2-5% of rhizobacteria
colonizing the rhizosphere that promote plant growth [16,17]. Plants and PGPR exchange
chemical metabolites and create a symbiotic relationship with one another [18]. Within this
relationship, PGPR promote plant growth by producing plant growth hormones including
gibberellin and indole-3-acetic acid, to improve plant nutrient uptake. PGPR also improve
nutrient availability and uptake by solubilizing insoluble phosphate, solubilizing iron
via siderophore production and fixing atmospheric nitrogen. PGPR also mitigate plant
pathogen stress, to promote plant growth in the presence of pathogens [16]. Additionally,
PGPR aid plants in abiotic stress tolerance, such as tolerance to nutrient deficiency, heavy
metals, salt, and drought [18]. While many studies have reported abiotic- and biotic-stress
reduction via PGPR application, due to the vast number of plant and PGPR species, many
species-specific PGPR—plant interactions under abiotic- and biotic-stress conditions are
yet to be investigated. Some PGPR species” growth promotion is specific to plant species,
cultivars, or genotypes. However, the specifications of PGPR-plant compatibility has not
been well studied [16]. In addition, while previous studies have identified PGPR root colo-
nization, they do not indicate which regions within the roots are colonized by PGPR. The
specific site for PGPR root localization is key to deducing the interplay a PGPR colonization
may have with AMF infection in plants.

2.1. Mechanisms of Mitigating Plant Drought Stress
2.1.1. Increased Proline Production

Reactive oxygen species (ROS) cause oxidative damage in plant cells, specifically
affecting the DNA, lipids, and proteins within cells. Cellular damage from ROS occurs when
plants experience abiotic stress, such as drought stress. Osmolytes such as proline act as ROS
scavengers that neutralize ROS in plant cells. PGPR synthesize osmolytes, including proline,
to mitigate oxidative damage from ROS during drought stress conditions [19]. Increased
proline concentration correlates with the mitigation of drought stress in plants [20]. For
cucumber (Cucumis sativus L.) under drought stress, inoculation with PGPR consortia
including Bacillus cereus AR156, Bacillus subtilis SM21, and Serratia sp. XY21 increased
proline content in leaves, as well as improving leaf chlorophyll content, and reduced wilt
symptoms, compared to uninoculated plants [21]. Additionally, when maize (Zea mays L.)
was exposed to drought stress, plants inoculated with PGPR Bacillus spp. produced more
proline and had an increase in biomass compared to the control [22]. For Thymus vulgaris,
Santolina chamaecyparissus, Lavandula dentata, and Salvia officinalis shrub species under
drought conditions, PGPR inoculations improved nutrition and morphological traits in
comparison to uninoculated plants. PGPR, especially Bacillus sp. and Enterobacter sp., also
produced more proline to help remove free radicals from the plant when under drought
stress. Bacterial inoculation increased proline content in L. dentata leaves [23]. Also, for
wheat (Triticum aestivum L.) exposed to drought stress, Bacillus megaterium inoculation
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increased proline content, as well as improving relative water content, protein content, and
chlorophyll a, b, and carotenoids [24].

2.1.2. Antioxidant Enzyme Production

PGPR have been found to regulate antioxidant enzyme activity in plants under drought
stress. Antioxidant enzymes act as ROS scavengers, mitigating oxidative damage that
normally occurs during drought stress. PGPR inoculants Bacillus altitudinis FD48 and Bacil-
lus methylotrophicus RABAG6 increased antioxidant enzyme activity, specifically superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate reductase (APX), and
mitigated drought stress for rice (Oryza sativa) exposed to drought conditions [25]. PGPR
B. megaterium (MU2) increased SOD, POD, APX, CAT, and glutathione reductase (GR)
activity and mitigated drought stress for wheat under drought conditions, in comparison
to the control [24].

2.1.3. ABA Production, Regulating Stomatal Closure

PGPR inoculation increases abscisic acid (ABA) production in plants under drought
conditions, resulting in a decrease in water loss and amelioration of drought stress. In-
creased ABA production from PGPR inoculation signals the plant to increase calcium
levels in the cytosol of guard cells on plant leaves. Increased calcium levels enhance the
rate of potassium and anion efflux out of the cell, causing water to exit the guard cell
and turgor pressure to be lost. Reduction in turgor pressure triggers guard cells to close
and decreases water loss via stomata [26]. PGPR inoculant Azospirillum brasilense Sp 245
enhanced ABA levels in Arabidopsis thaliana exposed to drought conditions compared to
uninoculated plants, triggering the plants to close their stomata and conserve water. The
PGPR inoculation and enhanced ABA production increased plant biomass and seed yield
compared to the control [27]. Inoculants Bacillus licheniformis Rt4M10 and Pseudomonas
fluorescens Rt6M10 also increased ABA production and minimized water loss for grapevine
(Vitis vinifera) under water stress, leading to improved water content and turgidity [28].
Though previous studies found PGPR increase in ABA plant production to influence stom-
atal activity, they did not investigate other mechanisms of PGPR regulating pathways that
control stomata opening and closing during drought stress [20].

2.1.4. Reduced Ethylene Overproduction

Plants respond differently to both biotic and abiotic stress, and ethylene as a sig-
naling molecule plays a potential role in modulating root and shoot growth [29]. It is
known that various PGPR mitigate ethylene production by synthesizing ACC deaminase
(1-aminocyclopropane-1-carboxylate deaminase) to maintain plant growth [20,30]. During
ethylene synthesis, ACC produced is a precursor of ethylene. ACC deaminase enzyme,
produced by PGPR, deteriorates ACC, and therefore decreases ethylene production [29].
ACC deaminase production by Enterobacter sp., Bacillus thuringiensis, Bacillus sp., and
B. megaterium inoculants mitigated drought stress for T. vulgaris, S. chamaecyparissus, L. den-
tata, and S. officinalis shrub species [23]. PGPR B. licheniformis inoculation produced ACC
deaminase, and increased plant growth of pepper (Capsicum annuum L.) exposed to drought
conditions in comparison to uninoculated plants [31]. Inoculants Pseudomonas aeruginosa,
Enterobacter cloacae, Achromobacter xylosoxidans and Leclercia adecarboxylata increased shoot
and root length for maize under drought stress, in comparison to uninoculated plants.
It was suggested that ACC deaminase production decreased ethylene levels and led to
increased plant growth [32].

2.1.5. Volatile Organic Compound (VOC) Production

PGPR produce volatile organic compounds (VOC) that induce stomatal closure, con-
serving water, and mitigating drought stress [33-35]. PGPR production of VOCs has been
found to promote plant growth. Two PGPR strains produced VOC 2,3-butanediol and
acetoin and increased growth in Arabidopsis in comparison to PGPR mutants that did
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not produce 2,3-butanediol and acetoin [35]. In drought conditions, PGPR Pseudomonas
chlororaphis produced VOC 2,3-butanediol, which regulated stomatal closure and improved
drought tolerance in Arabidopsis [33]. The VOC 2,3-butanediol, produced by PGPR, also in-
duces nitric oxide and hydrogen peroxide production in plants. Nitric oxide and hydrogen
peroxide both influence ABA signaling to close stomata and improve drought tolerance
when plants are exposed to drought stress [34].

2.1.6. Extracellular Polymeric Substance (EPS) Production

Extracellular polymeric substances (EPS) are biopolymers that form the biofilm ma-
trix [36]. EPS increase soil water retention and decrease soil drying rate [37]. For plants
exposed to drought stress, EPS produced by PGPR help to create hydrophilic biofilms at
the rhizosphere, improving drought tolerance [38]. When PGPR-inoculated maize was
exposed to water stress, Bacillus spp. produced more EPS under drought conditions, im-
proving water and nutrient uptake and increasing biomass in comparison to uninoculated
plants [22]. PGPR production of EPS also mitigated drought stress for grapevine [38].
However, previous studies did not investigate EPS effect on plant physiology [39].

2.1.7. Summary

PGPR mitigate drought stress via several mechanisms. PGPR produce the osmolyte
proline and regulate antioxidant enzyme activity, both of which act as ROS scavengers
and neutralize ROS [19,24,25]. PGPR increase ABA production and production of VOCs
to decrease water loss via stomata [26,34]. ACC deaminase production by PGPR reduces
ethylene production to maintain plant growth under drought conditions [20,30]. Moreover,
EPS production by PGPR produces hydrophilic biofilms surrounding plant roots, which
improves drought tolerance [38]. Although several mechanisms of drought stress mitigation
by PGPR have been identified, more efforts are needed to understand other mechanisms
of improved drought tolerance by PGPR application. Examples of PGPR plant-growth
promotion under drought stress are summarized in Table 1.

Table 1. Role of PGPR in plant growth enhancement and drought stress mitigation under
drought stress.

PGPR Plant Response Reference
Bacillus cereus AR156, Bacillus subtilis Increased leaf proline and chlorophyll content,
. Cucumber . [21]
SM21, and Serratia sp. XY21 decreased wilt symptoms
Bacillus spp. Maize Increased proline content, increased water and [22]

nutrient uptake, increased biomass

Enterobacter sp., Bacillus thuringiensis,
Bacillus sp., and Bacillus megaterium

Improved nutrition, improved morphological
Shrub species traits, increased proline production, increased [23]
ACC deaminase production

Bacillus megaterium

Increased proline content, relative water content,
Wheat protein content, and chlorophyll a, b, [24]
carotenoids, and antioxidant enzyme activity

Bacillus altitudinis FD48 and Bacillus Rice Increased antioxidant enzyme activity, mitigated [25]
methylotrophicus RABA6 drought stress -
Azospirillum brasilense Sp 245 Arabidopsis Increased ABA productu?n, plant biomass, and [27]
seed yield
Bacillus licheniformis Rt4M10 and Grapevine Increased ABA production, water content, 28]
Pseudomonas fluorescens RtoM10 p and turgidity
Bacillus licheniformis Pepper Increased ACC deaminase production and [31]

plant growth
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Table 1. Cont.
PGPR Plant Response Reference
Pseudomonas aeruginosa, Enterqbacter . Increased ACC deaminase production, shoot and
cloacae, Achromobacter xylosoxidans, Maize [32]
. root length
Leclercia adecarboxylata

Bacillus subtilis GB03, Bacillus Arabidopsis VOC 2,3-butanediol and acetoin production, [35]

amyloliquefaciens IN937a P increased plant growth
Pseudomonas chlororaphis Arabidopsis VOC 2,3-butanediol production, improved [33]

drought tolerance
Pseudomonas sp. S1, Acinetobacter sp. S2,

Pseudomonas sp. S3, Bacillus sp. 54, Delftia Grapevine Increased plant growth, mitigated drought stress [38]

sp. S5 and Sphingobacterium

sp. S6

2.2. PGPR and Plant Defense Response

In addition to improving plant abiotic stress resistance, PGPR inoculants enhance
the ability of plants to resist stress from pathogens. Plants release root exudates that
are metabolized by PGPR, while PGPR produce compounds to trigger ISR, and produce
antifungal and antibacterial secondary metabolites that enhance pathogen resistance. When
PGPR induce systemic resistance, parts of the plant not previously exposed to a given
pathogen are protected from future infection via plant signaling pathways that mediate
pathogen resistance [18]. When avocado (Persea americana) was inoculated with B. subtilis,
the PGPR produced antifungal secondary metabolites that improved resistance to fungal
pathogens. More B. subtilis was present on the rhizosphere of healthy avocado compared
to avocado showing signs of fungal pathogen infection, implying that the PGPR presence
improved fungal pathogen resistance [40]. PGPR can slow disease progression and prevent
disease symptoms. Inoculant B. subtilis slowed powdery mildew disease progression in the
beginning stages of development for strawberry (Fragaria vesca ‘Elvira’) [41]. Additionally,
B. subtilis inoculation suppressed the Rhizoctonia solani pathogen and prevented wilting, a
disease symptom, of cotton (Gossypium hirsutum) [42]. While previous studies have shown
PGPR ability to slow and prevent disease, they did not fully investigate the mechanisms of
pathogen resistance by PGPR [40].

2.3. PGPR Mitigating Plant Drought and Pathogen Stress

Since previous studies have identified PGPR mechanisms of pathogen and drought
stress mitigation, it is thought that PGPR inoculation can improve abiotic- and biotic-
stress resistance when plants are simultaneously exposed to drought stress and pathogen
stress [43—45]. Additionally, PGPR application can indirectly improve abiotic- and biotic-
stress resistance by increasing plant nutrient uptake and can further mitigate stress from
simultaneous drought and pathogen stress [44,45]. However, few studies have been per-
formed regarding PGPR mitigation of simultaneous drought and pathogen stress [44,45].
For bean (Phaseolus vulgaris), tomato (Solanum lycopersicum), and zucchini (Cucurbita pepo cv.
Xara) inoculated with Bacillus amyloliquefaciens and under drought and pathogen stress, the
PGPR induced an ISR response. Drought stress did not affect the ability of the PGPR to
improve pathogen resistance [44]. Also, for rice under drought stress, PGPR P. fluorescens in-
oculation increased plant defense against six different pathogens by increasing abiotic- and
biotic-defense enzyme production [45]. Although a few studies have previously demon-
strated simultaneous pathogen and drought stress mitigation by PGPR, there is a lack of
studies investigating species-specific interactions and mechanisms responsible for stress
mitigation under dual abiotic and biotic stress conditions.

3. Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi are a type of endomycorrhizal fungi that colonize plant
roots by entering the plant cell wall and moving into the plant cell membrane [46]. AMF
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form a mutually beneficial association with plants at the root level. AMF colonization
enhances plant nutrient and water uptake, growth, and disease resistance. Meanwhile,
AMF attain organic carbon from the plant, for their growth [47]. Mechanisms of plant
growth promotion by AMF include hyphae improvement of nutrient and water uptake by
plants, and production of glomalin to improve soil aggregation and nutrient availability.
AMF also improve the plant defense response to pathogens. While some mechanisms of
AMF plant growth promotion have been identified, more efforts are needed to understand
enhancement of plant growth by AMF colonization [46]. AMF also improve plant resistance
to abiotic stresses, including drought stress [47]. Previous studies found that the species
AME, associated with a certain plant species, influences the potential benefit of AMF
colonization. However, studies identifying the ideal combination of AMF and plant species
for enhanced plant benefit are yet to be performed [48].

3.1. AMF Mechanisms of Mitigating Plant Drought Stress
3.1.1. Hyphae Improve Plant Water Uptake

AMF hyphal networks increase surface area for water absorption to improve plant wa-
ter uptake, which aids plants in drought resistance [49]. For trifoliate orange (Poncirus trifoliata)
inoculated with Funneliformis mosseae and Paraglomus occultum, the water absorption rate of
hyphae increased under drought conditions, indicating the significance of hyphal water
uptake for plants under drought stress [50]. Moreover, F. mosseae and Glomus constrictum
inoculation onto Sophora davidii under drought stress improved plant biomass, root length,
and water use efficiency. The improved water use efficiency was attributed to AMF hyphae
increasing plant water uptake [51].

3.1.2. Increased Reactive Oxygen Species (Hydrogen Peroxide) Efflux

AMF inoculation mitigates drought stress by increasing the efflux of hydrogen perox-
ide out of plant roots. Hydrogen peroxide presence, a reactive oxygen species, otherwise
damages plants, via oxidative burst, when there is low hydrogen peroxide efflux. Two
different studies of trifoliate orange under drought stress found that inoculation with
F. mosseae enhanced drought stress tolerance by increasing hydrogen peroxide root efflux,
resulting in increased biomass and plant growth promotion [52,53].

3.1.3. Increased Osmolyte Production

Similar to PGPR, AMF increase osmolyte levels that reduce oxidative stress from ROS
during drought conditions. For shrubby horsetail (Ephedra foliate) under drought condi-
tions, AMF Glomus etunicatum, Rhizophagus irregularis, and F. mosseae increased osmolyte
production, mitigating oxidative damage from drought stress. The inoculated plants, as a
result, had increased plant growth [54]. Also, when pistachio (Pistacia vera) was exposed to
drought conditions, AMF G. etunicatum increased plant proline content, reducing oxidative
damage and improving plant growth [55].

3.1.4. Increased Antioxidant Enzyme Production

AMEF also increase antioxidant enzyme activity, similar to PGPR, to neutralize ROS
and improve drought tolerance. Rhizophagus intraradices and F. mosseae AMF inoculants
increased antioxidant enzyme activity for caucasian hackberry (Celtis caucasica) under
drought conditions. The increased enzyme activity decreased hydrogen peroxide presence
and correlated with an increase in plant growth [56]. G. etunicatum inoculant enhanced
antioxidant enzymes of pistachio under drought conditions, increasing plant growth [55].
Additionally, AMF G. etunicatum, R. irreqularis, and F. mosseae increased the activity of
SOD, CAT, APX, and GR antioxidant enzymes for shrubby horsetail under drought stress,
increasing plant growth [54].
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3.1.5. Regulation of Aquaporins to Control Water Movement

Aquaporins are proteins that control water movement in cells. AMF regulate aqua-
porin activity in plants and in the fungus itself, to control water movement and improve
drought tolerance [57,58]. The exposure to drought increased the expression of GintAQPF1
and GintAQPF2 aquaporin genes in R. irregularis, improving water transport to maize
plants and increasing drought tolerance [58]. AMF R. intraradices inoculation also regulated
aquaporin genes for maize under drought conditions, increasing plant growth [57]).

3.1.6. Summary

AMEF reduce drought stress via multiple mechanisms. AMF production of hyphae
increases the surface area for water and nutrient uptake [49]. AMF reduce oxidative stress
by increasing hydrogen peroxide root efflux [52,53]. AMF also mitigate oxidative stress
by producing osmolytes and increasing antioxidant enzyme activity to neutralize ROS
during drought conditions [54,55]. Additionally, AMF regulate aquaporins to control water
movement and reduce drought stress [57,58]. Studies identifying additional mechanisms
of AMF drought stress mitigation are lacking. Examples of AMF plant growth promotion
under drought conditions are summarized in Table 2.

Table 2. Role of AMF in plant growth enhancement and drought stress mitigation under
drought stress.

AMF

Plant Response Reference

Funneliformis mosseae,
Paraglomus occultum

Trifoliate orange Increased water absorption rate via AMF hyphae [50]

Funneliformis mosseae, Glomus
constrictum

Increased plan biomass, root length, and water use

efficiency via AMF hyphae (511

Sophora davidii

Increased hydrogen peroxide root efflux, biomass, and

Funneliformis mosseae Trifoliate orange plant growth promotion [52,53]
Glomus etunicatum, Increased osmolyte production, antioxidant enzyme
Rhizophagus irregularis, Shrubby horsetail yep ! y [54]
Funneliformis mosseae activity, and plant growth
, . . Increased proline content, antioxidant enzyme
Glomus etunicatum Pistachio production, and plant growth [55]
R?ZSZ ?Z %ﬁ;;txgggf;:& Caucasian hackberry  Increased antioxidant enzyme activity and plant growth [56]
Rhizophagus irregularis Maize Increased expression of aquaporin genes, improved 58]
water transport
Rhizophagus intraradices Maize Improved aquaporin regulation, increased plant growth [57]

3.2. AMF and Plant Defense Response

In addition to mitigating drought stress, AMF increase the plant defense response
to pathogens. Improved plant nutrient uptake by AMF symbiosis enhances the ability
of plants to resist disease. Glomus sp. colonization of tomato increased nitrogen, phos-
phorus, and potassium content and improved disease resistance to Fusarium oxysporum
f. sp. lycopersici [59]. AMF R. irreqularis provided nitrogen and carbon to inoculated soy-
bean (Glycine max) infected with Phytophthora sojae, influencing the production of nitric
oxide (NO), which signals pathogen resistance. The increased nitrogen and carbon uptake
also enhanced the plant defense response [60]. AMF colonization on diseased plants also
influences defense-related gene expression, mitigating disease. Rhizoglomus irregulare col-
onization upregulated defense-related gene expression in tomato and decreased tomato
bushy stunt virus and tomato mosaic pathogen infection in young leaves [61]. R. irregularis
increased jasmonic acid levels in soybean, which is involved in plant defense gene ex-
pression, mitigating P. sojae infection [60]. AMF colonization additionally enhances plant
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pathogen resistance by decreasing oxidative stress that occurs when ROS are produced
during pathogen infection. R. irregularis decreased hydrogen peroxide buildup during
P. sojae infection by increasing antioxidant enzyme activity, to improve pathogen resistance
for soybean [60]. AMF Glomus fasciculatum colonization also decreased ROS presence
in tomato, to enhance resistance to F. oxysporum f. sp. Ilycopersici [62]. While previous
studies determined AMF plant pathogen mitigation, they did not deeply investigate AMF
interactions with the host plant that resulted in improved pathogen resistance [60].

3.3. AMFs Improve Drought and Pathogen Resistance

AMF mitigation of abiotic and biotic stress similarly benefits plants affected by both
drought stress and pathogen stress, simultaneously. Cowpea (Vigna unguiculata) infected
with Macrophomina phaseolina (charcoal rot disease) and inoculated with Glomus deserticola
and Gigaspora gigantea achieved normal growth under drought conditions [63]. AMF
Glomus monosporus and Glomus clarum also reduced plant death and enhanced plant growth
for date palm (Phoenix dactylifera) infected with F. oxysporum and exposed to drought
stress [64]. Moreover, Verticillium dahliae pathogen had an especially negative effect on
pepper under drought conditions, when not inoculated with G. deserticola, indicating the
significance of AMF inoculation in mitigating abiotic and biotic stress [65]. However,
few studies have previously investigated AMF reduction of simultaneous drought and
pathogen stress and the mechanisms involved in abiotic and biotic stress reduction by
AMEF [63-65].

4. AMF and PGPR Dual Inoculation
4.1. Interactions of AMF and PGPR during Dual Inoculation

Although negative interactions are possible, dual inoculations with both PGPR and
AMF most often have increased benefits for plants in comparison to singular or no inocu-
lation. PGPR enhance plant growth when co-inoculated with AMF by stimulating AMF
colonization, further benefiting the plant [6-8]. The inoculation of PGPR B. subtilis increased
AMEF F. mosseae colonization for rose-scented geranium (Pelargonium graveolens), increas-
ing shoot biomass and nutrient uptake in comparison to singular or no inoculation [6].
B. subtilis also enhanced AMF R. irregularis colonization for onion (Allium cepa), increasing
plant biomass and nutrient acquisition [7]. Additionally, Bacillus amyloliquefaciens increased
the number of arbuscules and the glomalin production of AMF Rhizophagus intraradices
when dually inoculated on winter wheat, indicating an increase in AMF biomass [8].
Notably, a meta-analysis found that although PGPR and AMF dual inoculation did have
enhanced benefits, PGPR inoculation did not always increase AMF colonization, suggesting
that other mechanisms may be responsible for the enhanced benefits of dual inoculation [15].
Few studies have investigated the interactions of specific AMF and PGPR species and the
role of nutrients in plant-AMF-PGPR relationships [14,15]. Additionally, the influence of
application timing on enhanced benefits of PGPR and AMF dual inoculations has yet to
be studied.

4.2. Dual AMF and PGPR Inoculation Mitigates Plant Drought Stress

Dual inoculation of AMF and PGPR has been found to enhance drought stress tol-
erance for plants, compared to singular or no inoculation [9-11,13]. PGPR inoculation
improves AMF growth and enhances the benefits of AMF inoculation for plants exposed
to drought conditions. Bacillus sp. inoculation enhanced AMF F. mosseae and R. irregularis
growth, mitigating drought stress for lettuce (Lactuca sativa) [13]. Dual inoculation also
improves nutrient uptake, water uptake and photosynthetic activity, and reduces oxidative
stress [9-11]. Co-inoculation of AMFE, Glomus versiforme, and PGPR, Bacillus methylotrophicus,
increased nitrogen, phosphorus, and potassium uptake and decreased oxidative stress by
improving antioxidant enzyme activity for tobacco (Nicotiana tabacum). Dual inoculation
also improved plant biomass and height [10]. Dual AMF and PGPR inoculation applied to
date palm also improved nitrogen and phosphorus nutrient uptake and reduced oxidative
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stress. The dual inoculation additionally improved stomatal conductance, plant growth,
and morphological traits, in comparison to singular or no inoculation. It was suggested
that increased water and nutrient absorption by AMF hyphae improved plant nutrient
uptake [9]. Dual inoculation of R. irreqularis and Bacillus thuringiensis also increased wa-
ter uptake for Retama sphaerocarpa, due to AMF hyphal water absorption [11]. Although
previous studies found that dual AMF and PGPR mitigated drought stress, they did not
investigate communication between plants, AMF, and PGPR at the molecular level, during
drought conditions [12]. A summary of the mechanisms PGPR and AMF use independently
to mitigate plant drought stress, and the benefits of dual PGPR and AMF applications for
drought stress mitigation are shown in Figure 1.

PGPR singular inoculation

PGPR + AMF dual inoculation

*Enhanced growth
*Enhanced water and
nutrient uptake

« Biofilm formation
* Root colonization

*Enhanced photosynthetic
activity

AMF singular inoculation

*Improved water and
nutrient absorption
*Enhanced root surface

pine
AN

*Reduced oxidative stress area for absorption
*Improved stomatal
\ \ conductance
[Crone ]
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water
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reduces water loss
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=$| EPS biofilms | =

stimulates AMF
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Figure 1. PGPR-AMF-plant interactions under drought stress. Schematic showing physiological and
beneficial traits in plants inoculated with PGPR, AMF and a dual inoculation of PGPR and AMF.

4.3. AMF and PGPR Dual Inoculation Improves Pathogen Resistance

AMF and PGPR can provide enhanced benefits to plants under biotic stress when
dually inoculated [12]. AMF and PGPR can both antagonistically toward plant pathogens
and induce systemic resistance to improve plant defense [41]. AMF can compete with
pathogens for resources to mitigate the negative impacts of the pathogen. AMF Glomus
spp. increased competition with the white rot fungi pathogen (Sclerotium rolfsii), which im-
proved pathogen defense for the common bean [66]. PGPR can also produce antipathogenic
compounds to deter pathogens. PGPR B. subtilis produced antipathogenic compounds that
improved white rot fungi disease resistance for the common bean [66]. The co-inoculation
of AMF and PGPR can also enhance the activity of enzymes involved in pathogen de-
fense more than using singular or no inoculation. Dual inoculation of Glomus spp. and
B. subtilis enhanced peroxidase and polyphenyl oxidase (PPO) enzyme activity, which are
both involved in plant pathogen defense [66]. Dual inoculation can also increase phospho-
rus uptake to improve plant growth during pathogen infection [66]. PGPR inoculation
can increase the ability of AMF to improve phosphorus uptake for plants, by providing
phosphorus in plant-available forms [67]. Although PGPR have been found to increase
AMF colonization during dual inoculation to improve colonization benefits [6-8], PGPR
inoculation does not always stimulate AMF colonization [66]. Also, when R. irregularis and
B. subtilis were dually inoculated to enhance Aspergillus niger pathogen defense for lettuce,
an increase in AMF colonization did not correlate with increased pathogen defense [67]. A
lack of correlation indicates that other mechanisms enhance pathogen resistance during
dual inoculation, although previous studies have not investigated how microbe-microbe
interactions improve pathogen resistance and the benefit of dual AMF-PGPR application in
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agriculture [68]. Mechanisms of pathogen stress mitigation via individual PGPR and AMF
applications, and the benefit of dual PGPR and AMF application in improving the plant
pathogen defense response are summarized in Figure 2. Representative images of singular
and dual PGPR and AMF root colonization are included in Figure 3.
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Figure 2. PGPR-AMF-plant interactions under biotic stress. Schematic showing physiological and
beneficial traits in plants inoculated with PGPR and AMF and a dual inoculation of PGPR and AMF.

Figure 3. Representative micrographs depicting the single and dual colonization of PGPR (B. subtilis)

and AMF (R. irregularis) on tomato roots. The arrow in (A) shows a fluorescent microscopy image of
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B. subtilis root plane colonization. PGPR was stained with SYTO13 (yellow) fluorescent dye. (B) shows
a phase image of an AMF spore on tomato root plane. (C) shows a fluorescent image of the single
AMEF colonization on tomato roots. AMF were stained with wheat germ agglutinin 594 (magenta)
and calcofluor white (cyan) fluorescent dyes. (D) shows the dual inoculation of AMF and PGPR on
tomato roots. The white arrow indicates an AMF spore, and yellow arrows show PGPR colonization
on tomato roots.

5. Commercial AMF and PGPR Inoculums in the Agricultural Sector

Microorganisms were first applied agriculturally for plant benefit at the start of the
20th century, when rhizobial bacteria were applied to legume crops [69]. Availability
of commercial PGPR and AMF inoculums arose more recently, in the 21st century [69].
Commercial PGPR products mainly include Bacillus and Pseudomonas bacterial strains [69].
Commercial AMF inoculums currently only include a select number of AMF strains in the
Glomeraceae family [70]. Some of these products include AMF consortia of more than one
AMEF species [70]. However, products including multiple AMF strains may only enhance
plant benefits if the strains included perform different beneficial effects [70]. While dual
application can enhance plant benefits, few commercial products include both AMF and
PGPR species [70]. Limitations to the commercial success of biological agents include short
shelf life, variable benefits to plant growth, and a lack of understanding of how microbial
inoculums may alter the native soil microbiota [46].

6. Conclusions

AMF and PGPR have several mechanisms for mitigating drought stress in plants.
PGPR increase drought tolerance by increasing ABA production and producing VOCs to
control stomata closure and decrease water loss. PGPR production of ACC deaminase
also decreases ethylene production, to promote plant growth during drought conditions.
PGPR also produce EPS to form hydrophilic biofilms and reduce drought stress. AMF
colonization regulates aquaporin activity, to control water movement during drought
conditions. AMF hyphae also increase plant water uptake. Both AMF and PGPR also
reduce oxidative damage during drought by increasing osmolyte levels and increasing
antioxidant enzyme activity. AMF also mitigate ROS damage by increasing the rate of
hydrogen peroxide root efflux.

AMF and PGPR also promote pathogen defense. PGPR produce antipathogenic
compounds and secondary metabolites, to reduce pathogen infection. PGPR additionally
increase pathogen defense-related enzyme activity. PGPR also induce systemic resistance in
plants. AMF promote plant health during pathogen infection by improving nutrient uptake.
AMF also regulate defense-related gene expression. Additionally, AMF reduce oxidative
stress during pathogen infection by increasing antioxidant enzyme activity. However, there
has been little investigation into understanding the mechanisms of both PGPR and AMF in
pathogen resistance.

PGPR and AMF dual inoculations promote abiotic- and biotic-stress tolerance in
agriculture. Although previous studies found that dual inoculations increase water and
nutrient uptake, enhance photosynthetic activity, and decrease oxidative stress in drought
conditions, they did not fully investigate molecular-level communications of PGPR, AMF,
and plants under drought stress. Dual inoculations also provide enhanced benefits under
biotic stress. AMF compete with pathogens for resources to mitigate pathogen stress,
while PGPR produce antipathogenic compounds to deter pathogens. Dual inoculation
also increases phosphorus uptake, to improve plant health during pathogen infection.
Additionally, co-inoculations enhance defense-related enzyme activity. D inoculation
enhancement of ISR has been understudied.

PGPR can stimulate AMF colonization, to provide enhanced benefits during dual inoc-
ulation, although PGPR inoculation does not always result in increased AMF colonization,
including during pathogen infection. Additionally, an increase in AMF colonization does
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not consistently correlate with improved pathogen defense, indicating that other mecha-
nisms may enhance the benefits of dual AMF and PGPR associations. Though the enhanced
plant benefits from AMF and PGPR dual inoculation have been studied previously, few
studies identify mechanisms resulting in enhanced benefits.

There are several unknowns regarding interactions between PGPR, AMF, and plants.
Mechanisms of pathogen defense, plant growth promotion, and the influence of species
specificity are not well understood for singular PGPR or AMF inoculations. Additionally,
the influence of species specificity, application timing, and nutrient availability on the
enhanced benefits of dual AMF and PGPR inoculations is not well understood. More efforts
are needed to understand the influence of dual inoculations on plants under abiotic and
biotic stress, specifically molecular interactions under drought conditions and interactions
that occur between microbes and plants, to improve pathogen resistance.
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