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Soybean (Glycine max L.) is a globally important legume crop, yet its
productivity is increasingly threatened by abiotic stresses such as drought,
salinity, temperature extremes, nutrient deficiencies, and heavy metal
toxicity—pressures that are expected to intensify under climate change.
Plant-associated microbiomes, comprising diverse bacteria, fungi, archaea,
and microalgae, play pivotal roles in nutrient cycling, disease suppression,
and stress mitigation. These microbial consortia offer a promising, nature-
based strategy to enhance soybean resilience, reduce chemical inputs, and
promote sustainable agricultural systems. However, translating laboratory
findings on beneficial plant-microbe interactions into consistent field-level
benefits remains a major challenge due to environmental variability and the
complexity of microbial ecology. This review provides recent advances in
understanding soybean—microbiome interactions under abiotic stress,
emphasizing the synergistic potential of integrating beneficial microbes with
improved crop genotypes and farmer-centred management practices. We
highlight key microbial taxa, mechanisms of stress alleviation, and future
directions for harnessing microbiomes to achieve climate-resilient soybean
production.
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Introduction

Soybean (Glycine max L.) is an essential crop for the
world's supply of protein and oil and are used widely in
industry, food, and feed. However, production is
currently under increasing pressure as key producing
zones experience increasingly frequent and severe
droughts, heat waves, soil salinisation, and sporadic
floods that reduces yield and seed quality. These abiotic
stresses are not isolated; rather, they interact, intensify,
and alter the soil-plant environment in ways that are not
entirely remedied by traditional agronomy alone. In light
of this, an increasing amount of research demonstrates
that the rhizosphere, endosphere, and phyllosphere
microbiomes—the plant's microbial partners—can be
activated to protect soybeans from stress, frequently
enhancing physiological resilience and maintaining
production in challenging circumstances (Singh et al.,
2023).

Microbes benefit plants mechanistically in a
number of complimentary ways. Beneficial bacteria and
fungi can adjust plant hormone levels (e.g., by increasing
auxins or balancing abscisic acid), improve antioxidant
systems that scavenge harmful reactive oxygen species
(ROS), mobilise otherwise inaccessible nutrients like
phosphorus and specific micronutrients, and improve
water capture (Jabborova et al., 2021a; Jabborova et al.,
2022a; Jabborova et al., 2022b; Jabborova et al., 2024).
For example, arbuscular mycorrhizal fungi (AMF)
create a vast network of hyphae that efficiently increases
the amount of soil that a root system can use, which is a
clear benefit when the soil dries out. At the same time,
they change the levels of host osmolytes and the
activities of antioxidant enzymes, which lessen cellular
damage during drought (Aninbon et al., 2024; Soliman
et al., 2025). Endophytes and plant-growth-promoting
bacteria have become adaptable, frequently quick-acting
partners for soybeans under a variety of stressors
(Marchao et al., 2025). In order to prime the plant's
defences, PGPR strains of Bacillus, Pseudomonas,
Bradyrhizobium, and other genera can create
phytohormones (cytokinins, indole-3-acetic acid),
synthesise exopolysaccharides that enhance soil water
retention close to the root, and trigger host stress-
responsive genes. According to recent experiments,
combining certain Bacillus strains with melatonin
treatments can increase antioxidant enzymes and sustain
photosynthetic activity under drought, which in turn
improves soybean pod set and seed fullness.
Furthermore, field experiments and region-scale studies
(such as large-scale inoculant work in Brazil and multi-
site microbial product trials in the US) indicate that
microbial treatments can provide reliable, if context-
dependent, yield advantages in a variety of weather
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conditions (Peter et al., 2024). Osmotic stress, ionic
toxicity, and nutritional imbalance are some of the issues
that salinity and sodicity offer, but bacteria may also
provide solutions in these situations. To reduce
membrane damage, salt-tolerant endophytes and
rhizospheric bacteria can alter osmolyte accumulation
(proline, soluble sugars), sequester or change sodium
ions, and boost antioxidant defences. Successful
transfers of salt-tolerance characteristics to soybeans by
inoculation with certain endophytic fungi or consortia
have been reported in a number of recent reviews and
empirical experiments (Abo Nouh et al. 2021, 2024,
Hajji-Hedfi et al. 2024). These transfers enhanced
germination, decreased electrolyte leakage, and boosted
chlorophyll retention under saline irrigation. Crucially,
because microbial establishment and effectiveness are
highly context-dependent, these advantages rely on
matching the inoculant, soil type, and host genotype
(Guo et al., 2023; Ullah et al., 2025).

In recent studies, consortia and integrated
packages—combining AMF, PGPR, and rhizobia (and
occasionally beneficial endophytes or cyanobacteria) to
leverage complimentary mechanisms—have become
more popular than single-strain applications (Hajji-
Hedfi et al. 2025 a,b). Compared to single strains, multi-
member inoculants can frequently provide greater and
more consistent effects across settings by coupling
nutrient mobilisation with stress signalling priming and
enhanced soil aggregation. Meta-analyses and field
research, however, also warn that the advantages are not
always consistent: microbial inoculants work best when
the strains are well-suited to the local soil microbiome
and when crop rotation, fertilisation, and tillage
encourage microbial establishment. Therefore, rather
than employing "one-size-fits-all" off-the-shelf items,
contemporary techniques emphasise local strain
selection, characterisation using multi-omics
technologies, and interaction with crop management
(Ferrante et al., 2024; Nader et al., 2024).

The use of systems-level modelling and multi-omics
(metabolomics, transcriptomics, and metagenomics) to
pinpoint microbial characteristics and create tailored
inoculants is a rapidly developing field. These methods
provide more consistent translation from lab to field by
identifying keystone taxa and metabolic processes that
consistently correspond with stress resistance. These
methods have already helped isolate promising strains of
soybean that are now being evaluated in the field and
have identified certain microbial signatures linked to
drought-tolerant traits. However, in order to scale these
findings and ensure that inoculants are used with the
appropriate agronomic package, strong regulatory
frameworks, farmer involvement, and extension
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assistance are needed (Singh et al., 2023; Mikiciuk et al.,
2024).

The evidence that microorganisms may significantly
enhance soybean performance in the face of drought,
heat, salt, and waterlogging has been reinforced by
studies conducted over the past five years. The
mechanisms better water and nutrient absorption,
hormonal regulation, antioxidant priming, and pathogen
suppression—are becoming more known, albeit the
impact magnitude differ depending on the environment,
host genotype, and management. Closing the lab-to-field
gap will be essential to achieving the full potential of
microbe-based resilience. This includes choosing
regionally suited consortia, including inoculants into all-
encompassing cropping systems, and constructing
monitoring systems to guarantee constant performance
across the seasons. In a climate that is becoming more
unpredictable, microbial tools can be a useful, low-
carbon lever to maintain soybean output when paired
with breeding and sound agronomy.

Abiotic Stress Factors in Soybean cultivation

Although soybeans (Glycine max) are a major
source of protein and oil for the world, their production
is closely correlated with environmental factors.
Droughts, heat waves, soil salinization, intermittent
floods, heavy-metal pollution, and nutrient imbalances
are among the stressors that disrupt soybean growth at
various stages and lower ultimate yield and seed quality.
In recent years, climatic variability has increased the
frequency and severity of these stresses (Fig 1). Targeted
breeding, management, and biotechnology treatments
require an understanding of the physiological signs,
temporal sensitivity, and yield repercussions of various
stressors.

Drought stress

The most frequent abiotic limitation for rain-fed
soybeans is drought. In order to preserve water, soybeans
initially close their stomata when soil moisture levels
fall. This lowers carbon uptake, increases canopy
temperature, and modifies source-sink connections, all
of which might have permanent consequences if dryness
occurs during blooming or seed development. Short
drought events can change phenology, raise the root-to-
shoot ratio, and shift carbon allocation to the roots at the
whole-plant level; longer-term deficiencies result in leaf
senescence, decreased nodule function, and a dramatic
decline in seed weight and quantity. Breeders can take
advantage of the significant genetic variety
demonstrated by these reactions, which have been
measured across a range of genotypes and situations.
Drought causes oxidative imbalance and osmotic stress
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at the cellular level. In times of extreme stress, soybeans'
molecular defenses—which include reprogramming
stress-responsive genes, activating antioxidant enzymes
(SOD, CAT, and POD), and building up osmolytes
(proline, soluble sugars)—can be insufficient and
energy-intensive. While early-vegetative dryness
frequently reshapes architecture (root mass vs. shoot
mass), reproductive-stage drought is significantly more
detrimental to production. Re-watering can partially
reverse certain impacts, but recovery relies on the time
and degree of the stress. Physiological selection (stay-
green, WUE attributes), phenotypic screens (root
architecture, canopy temperature depression), and
molecular markers are all being employed along with
breeding and management responses. Genotypes that
preserve balanced root-shoot allocation and improved
canopy cooling are highlighted as viable drought-
resilient resources for breeding programs in recent work
employing controlled SPAR systems and multi-trait
indicators (Alzahrani, 2024; Kodadinne Narayana et al.,
2024).

Heat stress

Temperatures that are too high, both during the day
and at night, affect soybean seed composition and
reproduction. Seed set and quality are decreased by heat
damage to reproductive organs (pollen viability, stigma
receptivity), disturbed carbohydrate partitioning during
seed fill, and changed protein/oil biosynthesis. Plants
respond to heat by producing heat-shock proteins,
chaperones, and molecular repair mechanisms, but the
efficiency varies by genotype and developmental stage.
Heat also destabilises proteins and membranes.
Numerous heat-responsive genes (HSPs, HSFs, DREBEs,
metabolic enzymes) and potential loci that vary between
tolerant and sensitive cultivars have been identified by
molecular and omics research. Comparisons of
transcriptomes and proteomes reveal that tolerant types
better preserve chloroplast integrity in hot conditions
and activate larger protective networks, including
antioxidant pathways and protein homeostasis
mechanisms. Targeted gene editing and marker-assisted
selection are currently being guided by these molecular
signatures. Heat and drought frequently work together, a
high temperature and moisture deficiency at the same
time speed up stomatal closure, significantly reduce
carbon uptake, and increase yield loss. Adjusted sowing
dates, tolerant germplasm selection, and foliar
protectants are examples of agronomic coping strategies
that might be beneficial, but integrating genomic
technologies with physiological trait selection is likely
to result in long-lasting improvement (Guan et al., 2022;
Li et al., 2024).
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Salinity stress

Osmotic stress during germination and ion toxicity
when salt builds up in tissues are the main ways that soil
salinity (NaCl and alkaline salts) impacts soybeans. In
addition to reducing germination rate, early vigour, and
root development, saline environments also disrupt
photosynthesis, water relations, and K/Na homeostasis.
Salt-stressed soybeans exhibit elevated ROS, changed
hormone balances, and protective osmolyte build-up at
the biochemical level; cultivar variations are noticeable,
which makes early-stage screening helpful for breeding.
In addition to identifying tolerant accessions suitable for
crossing into elite lines, recent germplasm screens and
physiological assessments have produced strong,
experimentally established thresholds (such as semi-
lethal NaCl concentrations during germination). On the
molecular level, soybeans' salt tolerance mechanisms
include root hydraulic adaptations, control of Na+
exclusion or sequestration, and membrane transporters
(NHX, HKT family members)—all of which show
promise as genetic targets. Although risk can be
decreased by management techniques including soil
amendments, leaching, selecting salt-tolerant cultivars,
and seed priming, breeding for innate tolerance is still
the most practical approach in many marginal regions. It
is currently common practice to screen for early
germination, root characteristics, ion ratios, and field
yield response all at once (Han et al., 2025).

Flooding and waterlogging

Flooding causes oxygen deprivation in the root
zone, in contrast to drought. When roots' aerobic
respiration is stopped by hypoxia or anoxia, anaerobic
metabolism is forced, which lowers ATP generation and
hinders nutrient absorption. As a result, leaves
experience stomatal closure, chlorosis, and decreased
photosynthesis. ~ Waterlogging  throughout  the
reproductive stages (R1-R3) can significantly reduce
seed set and pod development because soybeans are
more susceptible at these times. Depending on length,
depth, and stage, controlled trials show yield losses
ranging from 40 to 80%. Recovery is sometimes only
partial since it takes time for soil oxygen and nutrient
balances to return. Additionally, redox changes caused
by flooded soils immobilise certain nutrients (like
nitrate) and mobilise others (like Fe and Mn), resulting
in secondary nutritional imbalances. Aerenchyma
production, adventitious root growth, and faster recovery
of root hydraulic function are adaptive features found in
tolerant genotypes. However, elite soybean germplasm
does not exhibit these traits, indicating a pressing
breeding need. By connecting spectrum signals to
underlying physiology and yield outcomes, remote
sensing and hyperspectral indices are becoming valuable
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tools for phenotyping flood responses at scale. When
used in conjunction with physiological tests, these
methods help expedite selection for waterlogging
tolerance (Adegoye et al., 2023).

Heat

Pod abortion

Protein denaturation
Low photosynthesis HSP induction and
Dsmolyte accumula- membrane stability

tion, RCS scavenging \ T /

Abiotic Stresses
in Soybean

Root hypoxia -— ——  Genulation inhibition
ATP depletion Gene expression
profiling
Flooding / \ Nutrient Deficiency
Root hypoxia Chlorosis

ATP depletion Gene expression

Root depth and Physiological Effects profiling

aerenchyma formation Biochemical Changes WRKY, Fe-
homeostasis genes

Drought Salinity

lonic imbalance
Na*/K* homeostasis

Flooding Heavy Metals

Fig 1. Abiotic stress factors in soybean — impact and
resilience indicators

Heavy-metal toxicity

Heavy metals infiltrate soils through wastewater
irrigation, industrial deposition, and some fertilisers;
cadmium (Cd) is a well cited example. In addition to
being harmful and unnecessary, cadmium damages
membrane integrity, enzyme function, nodulation, and
photosynthesis. It also builds up in seeds, which can
compromise food safety. Transcriptional regulators and
transporters that modify Cd absorption, root-to-shoot
translocation, and sequestration in roots or cell walls
have been discovered in soybeans by recent molecular
investigations. For instance, in experimental settings,
overexpressing certain WRKY transcription factors
increased antioxidant defences while decreasing Cd
transport to shoots and seeds. An integrated approach is
needed to mitigate Cd accumulation from a management
perspective. This includes agronomic techniques that
decrease bioavailability, soil remediation, cultivar
selection (low-accumulating genotypes), and source
control (contaminated irrigation or inputs). The field of
breeding low-Cd cultivars while preserving quality and
production is active and developing quickly (Xian et al.,
2023).

Nutrient deficiency

Waterlogging limits the amount of N available,
while alkalinity causes iron chlorosis. These nutrient
shortages (Fe, N, P, K, and micronutrients) generally
manifest as fundamental issues but are often made worse
by other stressors. On calcareous soils, iron deficiency
chlorosis (IDC) is particularly troublesome because it
lowers yield, photosynthesis, and chlorophyll. Certain
genes (such as GmGLU1, GmRR4, and others) that
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support iron absorption, homeostasis, and tolerance have
started to be identified in soybeans through recent
functional genomics; these findings are paving the way
for the creation of markers and targeted breeding.
Abiotic stress and N and P interactions are also
significant; heat can impact nitrogen fixation through
nodule sensitivity, while drought and waterlogging
change mineral mobility and root absorption. As a result,
breeding for single-stress tolerance is rarely enough
instead, more resilient cultivars will be produced through
integrated selection that takes into account nutritional
interactions and stage-specific sensitivity (Kohlhase et
al., 2024).

Impact of abiotic stresses on soybean physiology and
yield

Abiotic stresses, such as drought, heat, salinity,
waterlogging, heavy metals, and nutrient shortage, alter
how a plant uses water, carbon, and nutrients. They also
change the signalling networks that determine whether a
crop flowers, fills seeds, and eventually provides food
for humans. The economic effects of stress are
frequently expressed by farmers and researchers in terms
of bushels per hectare, but beneath those losses are
reproducible physiological cascades: reduced CO-
assimilation and stomatal closure, disturbed root—shoot
communication and nodulation, displacement of
important ions, hormonal mis-signalling, and collapses
of reactive oxygen species (ROS) that harm membranes
and enzymes. Recent research on soybeans illustrates
these cascades and demonstrates that variables like as
genotype, soil environment, stress type, timing, and
severity affect each mechanism's relative significance

(Fig 2).

Photosynthesis and water relations

The mechanism that is most closely correlated with
yield loss and frequently experiences abiotic stress first
is photosynthesis. To conserve water during mild-to-
moderate drought, the plant closes its stomata, which
lowers transpiration but also restricts the amount of CO:
that Rubisco can absorb. As a result, net assimilation
decreases and internal leaf O2/CO. ratios alter,
encouraging photorespiration and, in extreme situations,
photo inhibition. To a large extent, the genotype-by-
environment variance in yield under water deficiency
may be explained by the differing stomatal sensitivity
and recovery patterns displayed by different soybean
genotypes. These losses are exacerbated by heat stress in
two ways. First, photosynthetic proteins, such as PSII
reaction centres, are destabilised by high leaf
temperatures, and the kinetics of enzymes change.
Rubisco activase becomes heat-labile, which lowers
carboxylation even when stomata are open. Second, heat
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decreases the plant's carbon budget and changes the
composition of seeds by increasing nocturnal respiration
(and occasionally respiration in relation to absorption).
When heat and drought coexist, their combined effects
are often greater than their individual effects: heat's
biochemical impairment and drought's stomatal
restriction result in deeper carbon deficits and higher leaf
temperatures, which worsen photodamage (Arya et al.,
2021, Hossain et al., 2024).Water relationships outside
of stomata are just as significant. The ability of a
genotype to maintain leaf water potential and stomata
function is determined by root hydraulic conductivity,
root depth, and the ability to maintain turgor (via osmotic
adjustment). Recent research on soybeans indicates that
during intermittent drought, cultivars with deeper roots
or improved osmotic adjustment continue to produce
more photosynthesis and yield. On the other hand,
waterlogging reverses the issue: even in situations when
soil water is plentiful, the plant cannot support
transpiration demand, oxygen-starved roots lose
function, and nodule activity decreases—photosynthesis
collapses for several direct reasons (Lian et al., 2023;
Bao et al., 2024)

Nutrient uptake and metabolism

Nutrient challenges brought on by abiotic stress are
often both direct (lower absorption) and indirect (altered
demand). In legumes like soybean, heat and drought
rapidly inhibit nodule activity and biological N2 fixation,
resulting in nitrogen shortages that become yield-
limiting even when mineral N is present. Drought also
restricts mass movement and diffusion of mineral
nutrients in the soil and decreases root exploration.
Waterlogging, on the other hand, promotes
denitrification and anaerobic microbial communities that
transform available nitrogen into gaseous forms, so
reducing the amount of nitrogen accessible to plants. The
amount of N that a soybean plant can access under
waterlogging is significantly influenced by the kind of
soil and the rhizosphere microbial population, according
to recent isotope-tracing and microbiome research.
Tolerant genotypes can attract or hold onto functional N-
cycling bacteria that aid in buffering the N supply.
Salinity presents two problems, ionic toxicity, which
disrupts transporter function and enzyme performance,
and osmotic shock, which instantly decreases water
intake. Excessive amounts of Na and Cl hinder the
absorption of K, Ca, and other nutrients, interfere with
membrane potential, and obstruct important metabolic
processes including N metabolism and photosynthetic
electron transport. The capacity of different soybean
cultivars to safely store salt in vacuoles or exclude it at
the root level varies; controlling those mechanisms is
essential to breeding for salinity tolerance. Stress-
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induced nutritional imbalances affect metabolism by
changing the turnover of essential amino acids, changing
the activity of enzymes like glutamine synthetase and
nitrate reductase, and changing the allocation of carbon
(more to roots or osmolytes). The protein content and
oil composition of seeds are impacted by these metabolic
changes; breeders must weigh these trade-offs when
choosing for stress resistance (Lian et al., 2023; Staniak
etal., 2024).

Hormonal imbalance

The plant uses hormones as its internal weather
report. During soil drying, abscisic acid (ABA) rapidly
increases, causing stomatal closure, changes in root
development, and the expression of genes that guard
against drought. Under waterlogging, ethylene builds up
in hypoxic roots and encourages the production of
aerenchyma, but it also prevents nodule growth and can
hasten senescence when systemic levels are high. Auxins
and cytokinins are essential for maintaining a balance
between root and shoot growth. Drought frequently
inhibits cytokinins, which lowers active shoot growth,
and redistributes auxin, which changes the architecture
of the roots. The practical implication is that when
hormone signals persist or are supplied incorrectly
across tissues or developmental stages, they can reduce
yield. These signals include shutting stomata, which aid
in short-term survival. Recent studies on soybeans have
shown an ongoing pattern of hormone—ROS interaction.
Both harmful substances and signalling molecules, ROS
influence stomatal aperture, cell wall thinning, and
programmed cell death by acting both upstream and
downstream of hormones. Ethylene and ROS, for
example, work together to control the cortical cell death
in roots that results in aerenchyma when waterlogging
occurs; on the other hand, too much ROS intensifies
ABA signalling and drives leaves towards senescence
and stomatal closure. Interventions that utilise growth
regulators or microorganisms to adjust hormonal
balances in a favourable way depend on an
understanding of these dynamic interactions, which
differ depending on the genotype and timing of stress
(Chmielowska-Bak et al., 2022).

Oxidative damage and ROS accumulation

A common nearest cause of cellular damage across
all abiotic stressors is unchecked ROS buildup. When
electron transport becomes unbalanced (for instance,
when stomatal closure results in low CO- or when heat
damage  disturbs  photosystems),  chloroplasts,
mitochondria, and peroxisomes become hotspots for the
production of ROS. ROS directly suppress
photosynthesis and reduce seed set by oxidising lipids,
proteins, and nucleic acids, rupturing membrane
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integrity, and deactivating metabolic enzymes.
According to recent research on soybeans, ROS are both
early stress indicators and damage-causing agents since
some oxidative markers (such RNA oxidation products)
show up extremely early in metal-stress exposures and
can even come before outward signs of stress. Enzymatic
(superoxide dismutase, catalase, peroxidases, ascorbate—
glutathione cycle enzymes) and non-enzymatic
(ascorbate, glutathione, flavonoids, and carotenoids)
antioxidant defences are employed by plants. In order to
maintain membrane function and enzyme activity under
stress, stress-tolerant soybean genotypes frequently up-
regulate these systems more efficiently or earlier than
sensitive genotypes. At the cropping scale, oxidative
damage can be reduced and yield stability enhanced by
beneficial microorganisms that regulate host antioxidant
responses and nutrient management (e.g., delivery of
micronutrients that are cofactors for antioxidant
enzymes) (Lian et al., 2023; Staniak et al., 2024).

Abiotic Stressors Limit Crop Yield

Nutrient
Deficiency
Heavy Metals .

Salinity

Na/Cl- toxicity stunts
growth

Drought

increase

Fig 2. Stress and their physiological impacts.

Role of Microorganisms in Stress Alleviation
Microbes are some of the most ingenious instruments in
nature's toolkit of sophisticated, inexpensive plant tricks.
The focus of the literature has shifted in recent years
from "these microbes help" to actual mechanistic
research that demonstrates how they protect plants from
harmful soils, drought, heat, salinity, flooding, and other
environmental stresses. They do this by altering
hormonal signals, scavenging reactive oxygen species,
mobilising nutrients, modifying root architecture, and
even rewiring host gene expression. This section covers
recent field- and greenhouse-level evidence that
microbial solutions can be scaled into practice and
summarises those methods with instances pertinent to
soybeans.

Plant Growth-Promoting Rhizobacteria (PGPR)
PGPR is still the primary provider of microbial
solutions.  Bacillus, = Pseudomonas,  Azospirillum,
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Bradyrhizobium, and  other  genera  produce
phytohormones (IAA, GAs), ACC-deaminase activity
reduces stress-induced ethylene, siderophore and
phosphate-solubilizing metabolites improve nutrition,
exopolysaccharide (EPS) production increase soil water
retention and root colonisation, and elicitation of plant
antioxidant systems to quench ROS. These bacteria work
through a variety of often overlapping mechanisms.
These benefits are explained by recent mechanistic and
omics investigations conducted in soybean and other
legumes, which demonstrate that PGPR may preserve
chlorophyll, boost amino acid pools, and continue
photosynthesis in the face of drought. Experiments in the
field and greenhouse using Bacillus strains have
enhanced the architecture of root systems, increased
soybean biomass, and boosted yield components when
water is limited. PGPR and small-molecule
biostimulants, like melatonin, have been shown to work
in concert to reduce ABA accumulation, increase
antioxidant enzyme activity, and improve drought-
responsive gene expression in soybeans. This suggests
that combining microbes with metabolic modulators is
an appealing approach. These findings show that the
effect is explained by distinct physiological mechanisms
(hormone balance, redox homeostasis, and nutrition
absorption) in addition to statistical improvements
(Moretti et al., 2024; Mun et al., 2024; Peter et al., 2024).

Mpycorrhizal Fungi (Arbuscular Mycorrhizal Fungi-
AMF)

Arbuscular mycorrhizal fungi increase the plant's
absorptive capacity by forming close fungal-root
contacts. AMF can improve phosphorus absorption, alter
stomatal behaviour, enhance plant water relations
through hyphal water conduits, and boost antioxidant
defences that prevent membrane damage in soybeans
under salt or drought. According to recent research on
legumes such as soybean and fenugreek, AMF
inoculation increases growth and physiological
properties under drought stress (Jabborova et al., 2021b;
Jabborova et al.2022c¢) It also increases the production of
polyamines and other genes linked to stress when there
is a water deficit. These molecular signals correlate well
with better whole-plant water status and yield stability.
AMF alters soil structure (glomalin secretion) in
addition to water and P absorption, improving porosity
and moisture retention. This gradual but long-lasting
soil-level advantage supports the plant's rapid
physiological impacts. Better nodulation, enhanced
nitrogen fixation, and more robust yields under heat or
intermittent drought are all common additive benefits of
co-inoculation with rhizobia or PGPR. The susceptibility
of certain AMF species to high salinity or heavy metals,
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inconsistent colonisation in various soils, and production
and legal issues in creating high-quality AMF inoculate
are some of the limitations. However, when the proper
strains are chosen and used with agronomic attention,
AMF provides a reliable, low-input path to improved
water and nutrient resilience for many soybean systems
(Singh et al., 2023; Soliman et al., 2025).

Endophytic Bacteria and Fungi

Endophytes are found inside plant tissues and, since
they work "behind the scenes," modifying host
signalling, generating metabolites on-site, and priming
stress and immunological pathways, they can be potent
stress modulators. Foliar and root endophytes have been
linked to increased soybean output and altered gene
expression in the leaves, indicating that they have the
ability to alter systemic host responses in addition to
local root impacts. The mechanisms include direct
inhibition of opportunistic infections that otherwise
worsen stress, control of osmolyte synthesis, increase of
nutrient mobilisation, and in-plant generation of
hormones and antioxidants (Hajji-Hedfi et al. 2025¢). By
enhancing photosynthetic ~pigments, maintaining
membrane integrity, and increasing the activity of
SOD/CAT/APX enzyme systems, endophytes that
improve soybean performance under salt and drought
have been isolated in recent studies. The mapping of host
pathways reprogrammed by endophytes using omics
studies (transcriptome + metabolome) is becoming more
and more common, providing breeders and inoculant
developers with specific goals to gauge colonisation
success (Marquez et al., 2025).

Cyanobacteria and Biofertilizers

Microalgae and cyanobacteria are becoming more
and more popular as beneficial biostimulants and
fertilisers. Their strengths include a wvariety of
phytoactive ~ compounds  (vitamins,  hormones,
osmoprotectants), organic matter addition, nitrogen
fixation (for certain taxa), and EPS generation (which
improves soil aggregation). Although a lot of the early
research was on rice, new reviews and experiments have
shown that cyanobacteria consortia can enhance crop
performance and soil health in a variety of settings.
Additionally, promising studies led by soybeans
demonstrate  increased  resistance to  certain
environmental stressors and improved nutritional status.
Additionally, cyanobacterial inoculants are being
evaluated for more general soil remediation activities
(heavy-metal immobilisation, salt mitigation). Instead of
being one-time solutions, cyanobacterial products often
work best when used in conjunction with other
integrated bioinput techniques (seed inoculation + soil
amendment + crop rotation). Despite commercialisation
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challenges (constant biomass output, shelf life,
regulatory channels), they are appealing options for
sustainable soybean systems because to their cheap cost
and environmental co-benefits (biodiversity, soil carbon)
(Chabili et al., 2024; Hakkoum et al., 2025).

Microbial Consortia and Synergistic Interactions

The field has gradually moved towards consortia,
which are meticulously put together mixtures of
nitrogen-fixers, PGPR, AMF, and even microbial
metabolites, although single-strain inoculants can still be
effective. Because they fill complementary niches (N
fixation + P solubilisation + disease suppression) and
influence the native microbiome in predictable ways,
consortia perform better than single strains in
rhizosphere engineering, nutrient cycling, and yield
stability, according to recent multi-season field studies.
Consortia can enhance advantageous taxa and functional
genes associated with amino acid biosynthesis,
photosynthesis, and plant-protective compounds,
according to metagenomic and functional investigations.
These modifications result in improved grain quality and
production under marginal circumstances (Moretti et al.,
2024).

Case Studies and Recent Advances

Over the last ten years, soybeans have been subjected to
climate challenges such as heat waves, droughts,
increasing salinity, and marginal soils, which have led
agronomists and researchers to test biological allies in
the field. When properly selected microorganisms are
utilised alone or in combination, what started off as
encouraging lab observations has developed into
repeatable greenhouse tests and multi-season field trials
that demonstrate actual yield and physiological
advantages.

PGPR + Biostimulant synergy: Bacillus sp. IPR-4 and
melatonin

The study done by Peter et al. 2024, which
combined melatonin with a drought-tolerant strain of
Bacillus (IPR-4), is a prime example. In pot-grown
soybeans and under PEG-induced drought, the co-
treatment worked better than either input alone. It
increased enzymatic antioxidant activity (SOD, CAT,
APX, and POD), conserved chlorophyll, modulated
ABA signalling, and changed the expression of
canonical drought indicators (GmDREB2, GmbZIP1,
etc.). In addition to quantifying gains (such as additive
increases in antioxidant enzyme activity and improved
root development), the article suggested theories linking
observed growth benefits to microbial nutrient
mobilisation, ROS scavenging, and hormonal balancing.
A recurrent feature in that study is that microorganisms
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are frequently most effective when combined with an
agronomic or complementing chemical input.

Single-strain PGPR successes translated to agronomic
recommendations

Not all successful PGPRs require complex
formulation. Research on Bacillus aryabhattai has
consistently demonstrated increases in soybean growth,
chlorophyll retention, and nutritional status under stress.
The bacterium's synthesis of butanoic acid has also been
connected to observable changes in root architecture and
metabolite profiles. Strains like B. aryabhattai are
candidates for commercial inoculants because of their
repeatable physiological effects, particularly in
situations where seed-treatment logistics are already
established. Some strains now have a pipeline from
isolation to mechanistic research to multi-site validation
in less than five years, demonstrating how quickly lab
results may be translated into farmer tools (Mun et al.,
2024).

AMEF: organismal function + soil structural benefits

Arbuscular mycorrhizal fungi (AMF) regularly
show two benefits straight-away advantages for plants
(better P uptake, better water relations, antioxidant
induction) and long-term benefits for the soil (better
porosity, water retention, and glomalin-related soil
structure). According to a recent botanical study, AMF
inoculation  increased drought-stricken  soybean
photosynthetic rates, stomatal conductance, and
osmoprotectant levels while also upregulating genes
involved in polyamine production, which are molecular
markers that explain whole-plant resistance. Under
intermittent drought, AMF in conjunction with suitable
management has resulted in quantifiable yield
stabilisation in marginal or low-P soils (Nader et al.
2024, Soliman et al., 2025).

Endophytes, extremophiles and niche-adapted isolates

In greenhouse experiments and, sometimes, in field
experiments, soybeans have shown measurable stress
tolerance thanks to endophytic fungus and bacteria
isolated from harsh environments (deserts, salty soils).
Because these isolates reside inside tissues, their effects
might be systemic and long-lasting. Reviews and
experimental publications demonstrate that they increase
osmolyte accumulation, protect membranes, and modify
hormone profiles in plants. However, context is
important: a number of studies show that host genotype
and soil microbiome environment significantly influence
endophyte effects, therefore local validation is still
crucial (Gouli et al., 2024; Morales- Vargas et al., 2024).
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Integration of Microbial Strategies with Breeding
and Agronomic Practices

The concept of microbiome-assisted breeding is
already becoming a reality. Numerous studies have
demonstrated that it is possible to select for the genetic
diversity across cultivars that affects immunological
signalling, nodule development, and root exudates, all of
which influence rhizosphere assembly. In practice, this
implies that breeders can use selection indices that
include yield and disease resistance in addition to
screening germplasm for the capacity to recruit
microbial modules linked to stress protection or nutrient
cycling. "Hub" taxa that are associated with stress
tolerance or yield in soybeans and other crops are being
found by field-scale metagenomic surveys; these taxa are
therefore potential candidates for isolation as inoculants
or breeding (to encourage their recruitment) (Tran et al.,
2024; Ren et al., 2025). Microbial strategies need to be
converted into reliable, farmer-friendly goods and
practices from an agronomic perspective. This includes
agronomic techniques that promote beneficial
microbiomes (reduced tillage, cover crops, rotation
design, customised fertilisation), well-formulated
inoculants (seed coatings, granules, liquid starters), and
timing/delivery that optimises establishment (e.g., seed-
applied strains that are compatible with local soils).
Importantly, evaluations stress the value of "regionally-
tuned" inoculants and integrated practices over one-size-
fits-all treatments, and uptake improves when microbial
products are co-developed with local farmers and
evaluated over actual management gradients (Suman et
al., 2022; Hanif et al., 2024).

However, there are still numerous challenges to
overcome. Inconsistent field findings may arise from the
limitation of imported microorganisms' establishment by
environmental variability and native soil ecosystems.
Mechanistic comprehension is complicated by the
context-dependent behaviour and functional redundancy
of microbial taxa, particularly when combined with
genotype, environment and microbiome interactions.
Commercial and logistical challenges are further
increased by regulatory uncertainties, product stability
concerns, and the requirement for lengthy multi-site
studies. Transparent effectiveness statistics, established
economic advantages, and reliable extension networks
are ultimately what drive farmer acceptance.

Conclusion

One of the most important crops in the world, soybeans
can often be threatened by environmental factors such as
heat, salt, drought, and unhealthy soil. These difficulties
may impair the plant's capacity to produce food, absorb
nutrients, and maintain its health. Researchers have
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recently discovered that helpful bacteria, fungus, and
algae are examples of microscopic helpers that may
benefit soybeans by strengthening their roots, increasing
nutrient intake, and assisting plants in surviving harsh
environments. Stronger plants and higher yields can be
achieved by combining these microbial methods with
clever farming techniques and enhanced crop types.
Although there are still challenges to overcome before
these solutions can be implemented on every farm, the
current state of advancement is encouraging. Modern
technology combined with the resources of nature can
help us produce soybeans more sustainably and shield
them from the effects of climate change.
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