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Abstract

Abiotic and biotic stresses, whether occurring individually or in combination, have profound effects on plant growth, development and overall
productivity. Abiotic stresses such as drought, salinity and extreme temperatures disrupt physiological processes, while biofic stresses from
pathogens, pests and herbivores impair plant defenses and nutrient dynamics. When these stressors act simultaneously, they interact in
complex ways, often exacerbating damage and creating unique challenges for plants. Research has shown that plants employ sophsticated
signalling networks involving hormones such as abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA) and ethylene to ®ordinate
responses to these stress combinations. These signalling pathways can have synergistic or antagonistic effects on stress tolaance, depending
on the nature and timing of the stresses. Recent advancements in plant genetics, metabolomics, transcriptomics and genome-editing tools
such as CRISPR-Cas (clustered regularly interspaced short palindromic repeats) are providing new insights into how plants adapt to dynamic
environments and cope with concurrent stresses. Additionally, microbial inoculations, including arbuscular mycorrhizal fungi(AMF) and plant
growth-promoting rhizobacteria (PGPR), are emerging as effective strategies to mitigate stress impacts by enhancing nutrient uptake,
regulating hormone levels and improving overall plant resilience. This review emphasizes the need for an integrated approach to
understanding the interactions between biotic and abiotic stressors. It highlights innovative strategies such as microbial applications,
advanced breeding programs and biotechnological interventions to improve stress tolerance. Addressing these challenges is crtical for
developing resilient crop varieties capable of withstanding the impacts of climate change and ensuring sustainable agricultural productivity.
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Introduction advanced our understanding of the essential processes and
signalling components involved in plant reaction towards the biotic
and abiotic stresses (4). Concurrent presence of environmental
stressors like shortage of water and high temperature has been
shown to inflict extra severe damage to crop yield than when these
stressors occur separately at different stages of crop improvement
(5). Abiotic stressors, which include high temperature, low
temperature, water scarcity, saltiness, oxidative damage and diet
deficiencies, are an initial cause of global yield loss, diminishing both
crop production and grade (6, 7).

The term “stress” was first introduced in a biological context by
Hans Selye in 1936, who described it as the nonspecific response of
the body to any demand for change. While Selye’s work primarily
focused on animals, his foundational concept laid the groundwork
for understanding stress responses in plants as well. Abiotic stress
stemming from physical or chemical variations in the environment
is one facet while biotic stress encompasses biological factors such
as diseases, insects and other any pests that afflict cultivated plants
(1,2). The likelihood of crops facing biotic and abiotic stresses, either
individually or simultaneously is expected to rise eventually making Plants possess sensors that detect stress stimulj, initiating,
it essential for their survival that they withstand these challenges (3). signal transduction pathways that involve various signalling
So far, most research has concentrated on studying individual ~cOMponents such as secondary messengers, plant hormones and
stressors in highly controlled environments which has certainly signalling pathways are participating in control stress-inducible
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genes. These genes generate enzymes and proteins that directly
influence how plants react to and adjust to stress, enhancing their
ability to cope with specific stressors. This convergence of signals
ensures the precise coordination of the plant’s adaptive reactions to
environmental stressors (8, 9). Plants exhibit diverse responses to
stress, leading to changes in expression of gene, cellular
metabolism, growth patterns, crop productivity and other
physiological processes. Stress-induced plant responses are an
outcome of their adaptation to differing ecological factors. Over
time, stress-tolerant plant species develop resistance to specific
stressors (10). Stress responses vary significantly depending on the
plant’s growth phase. Seedlings, for instance, may prioritize survival
overgrowth, whereas mature plants might reallocate resources to
maintain reproductive output (11). External factors such as light
intensity, temperature fluctuations, water availability and soil
composition further finetune stress responses. For example,
drought stress combined with high light exacerbates oxidative
damage, triggering different defense pathways compared to
drought alone (12). Over time, stresstolerant genotypes are
naturally selected or bred for enhanced resilience, demonstrating
how genetic potential interacts with environmental pressures to
shape adaptive traits (13). Understanding these sources of
variability is crucial for developing climate-resilient crops.

When plants face simultaneous biotic and abiotic stressors,
they often adopt unique stress-response strategies that can differ
from those observed under individual stress conditions. For
instance, when Arabidopsis thaliana plants experience both heat
and drought stress together, they tend to accumulate sucrose
instead of proline. This illustrates the effects of interacting stressors
on plants is not merely additive; rather, it relies on the complex
interaction between these stressors (14).

Certain stresses, like temperature, can be directly sensed by
entire cells, while others target specific cellular components; for
instance, light primarily impacts chloroplasts. The cell wall together
with the cell membrane creates a continuous surface within the
apoplastic space, facilitating direct interactions with the external
environment (15). As a result, they both act as the primary targets of
both stresses, detecting and responding to structural and metabolic
disturbances (16). Plants have developed strategies to handle
stresses within the apoplastic space by reducing metabolic
limitations and lowering the energy costs linked to stress defence.

The concurrent presence of both stresses frequently results
in compound interactions that intensify plant stress responses. For
instance, drought stress can compromise a plant'simmune system,
increasing its vulnerability to pathogen attacks (17). Likewise, biotic
stressors like insect herbivory can disrupt plant water relations,
thereby exacerbating the impacts of drought or salinity stress (18).

Plants have developed advanced systems to manage
combined stresses, often through interactions between signalling
pathways that coordinate responses to both factors. Crucial
hormones like ethylene, salicylic acid (SA), jasmonic acid (JA),
abscisic acid (ABA) is essential in orchestrating these responses (19).
Nevertheless, the interaction among these signalling pathways can
be intricate, resulting in either antagonistic or synergistic effects on
the plant’s stress tolerance.

This review seeks to improve our understanding of the effect
of simultaneous stressors on crops by exploring fundamental
concepts, emphasizing their prevalence and assessing their effects
on crop development. It offers a comprehensive overview of various
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stress interactions and their implications for agriculture, with a
particular focus on the consequences of combined stresses.

Effects of combined abiotic stresses on plant growth and crop
yield

Heat and drought stress: yield and physiologicalimpacts

Abiotic stresses worldwide can decrease grain yield by over 50 % of
a crop’s potential. In both current and future climates, the
cumulative impact of drought and high-temperature stress is
expected to significantly affect the global food system (20).
However, experiments combining these two stressors are relatively
uncommon, despite the profound and interconnected challenges
they pose to crop development and yield (21). The anticipated rise
in drought events coinciding with heatwaves soon underscores the
urgency of studying this combination of stresses to improve the
resilience of future crops. Combined heat and drought stress
significantly impact crop yields across various species, leading to
severe reductions in productivity. In wheat, stress during the
reproductive phase typically occurring between March and April in
many growing regions can lead to yield depletion of 40-60 %,
primarily due to poor grain filling and a decrease in overall grain
yield per unit area (22). Maize is particularly sensitive, with potential
yield losses of up to 70 % during June to July when flowering
coincidence with simultaneous drought and heat leading to poor
pollination and reduced biomass (23). Rice experiences up to 50 %
yield reduction, especially when coincides with flowering, resulting
in poor panicle development and spikelet sterility due to abiotic
stress. Soybean yields can decrease by 40-80 % under combined
stress during the reproductive phase, particularly affecting pod
number and seed size (24). Sorghum, while relatively drought-
tolerant, can still suffer yield losses of 30-50 % during critical growth
periods due to impaired grain filling and panicle development (25).
Cotton yields can decline by 40-60 %, primarily due to reduced boll
retention and Fiber quality. These significant losses highlight the
need for improved crop management, genetic improvements and
climate adaptation strategies to reducing the effects of combined
drought and heat stress across various crops.

Physiological and metabolic responses under heat-drought stress : The
simultaneous stress of drought and heat causes changes in different
physiological responses. Typically, abiotic stresses inhibit
photosynthetic activity by destabilizing Rubisco and inflicting
damage on photosystem Il (PSI) (26). Additionally, these stresses
increase levels of ROS and causing harm to proteins, lipids and DNA
it leads to ROS stress. To counteract ROS damage, plants increase
the generation of different antioxidants. In addition, osmolytes
accumulate in reaction to drought and heat stress to aid in
stabilizing proteins, membranes and managing H,O balance (27).
Recently, novel retrograde signals, including the metabolite 3'-
phosphoadenosine 5'-phosphate, have been discovered. These
signals collect under elevated temperatures and dry conditions.
These signals are subsequently conveyed from chloroplasts to the
nucleus, where they modulate ABA signalling and promote closure
of stomata, thereby improving resilience to drought (28). Heat and
drought as environmental stressors greatly impact the metabolic
profiles of plants. A key mechanism of drought tolerance is the
collection of compatible solutes-nontoxic, compounds with low
molecular weight that aid in reducing cellular water potential. These
solutes consist of sugars (such as glucose, fructose, sucrose and
raffinose family oligosaccharides), amino acids (like proline and
branched-chain amino acids) and compounds such as glycine
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betaine. They play a crucial role in stabilizing proteins membranes
and reactive oxygen species scavenging. Raffinose family
oligosaccharides (RFO) also accumulate under heat stress (29),
along with other solutes that help maintain turgor pressure.
Elevated temperatures result in a decreasing of polyunsaturated
fatty acids in membranes to reduce fluidity, regulated by lipid
biosynthetic pathways (30). Polyamines and various secondary
metabolites, including flavonoids, also accumulate during drought
and heat stress, functioning as antioxidants (31). Metabolite profiles
are particular to the type of stress and plant species (32). For
instance, Arabidopsis accumulates proline under drought
conditions, but sucrose replaces proline under combined stress
(32).

Interaction of heat and salinity stress

Crops react to heat and saline conditions by triggering a complex
array of molecular, metabolic and physiological mechanisms.
These processes include intricately connected and precisely
regulated to produce clear-cut response that enable plants to adapt
to changing abiotic conditions. Key factors such as maintaining the
biological membrane potential, enzyme activities and appropriate
osmolyte levels for cellular volume regulation rely heavily on ion
homeostasis, particularly the balance of sodium and potassium
ions (33).

Both types of stress may result in changes to ion transport
and distribution (34). Salinity can cause Na'toxicity, preventing
potassium (K') absorption by root cells and negatively impacting
genes and enzymes, hampering metabolic practices (33). Under
high temperatures, nevertheless, changes in membrane fluidity are
critical for sensing and modulating gene expression. As a result, heat
can affect lon channels and pumps in the plasma membrane or
vacuolar membrane, leading to disturbances inion balance (35).

Additionally, both forms of stress can impede plant growth
and photosynthesis, enhance the buildup of reactive oxygen
species (36), suppress essential enzymes, influence the efficiency of
enzymatic reactions, modify metabolite profiles and affect the
stability of proteins, membranes, ribonucleic acid (RNA) and
cytoskeletal structures (37) resulting in metabolic disruptions.

Cross-tolerance mechanisms in heat and salinity stress : However, in a
surprising turn, simultaneous exposure to salt and heat stress,
instead of exacerbating the anticipated negative effects on tomato
plant performance, elicited a corresponding response that
enhanced resistance compared to salt stress alone. Physiological
findings indicated several mechanisms contributing to the
development of salinity tolerance due to heat stress, including:
(i) Improved regulation of potassium (k') and sodium (Na” levels,
contrary to expectations. (i) Enhanced the parameters of water
balance. (i) Strengthened defence against oxidative stress. (iv)
Enhanced efficiency in photosynthetic performance. An in-depth
and multidisciplinary investigation examined the biochemical,
molecular and metabolic responses involved in explaining the
underlying protective mechanisms (38). This phenomenon, termed
“cross-tolerance”, is a well-documented occurrence in crops, where
a reaction to one stressor assists in shielding the plant from
additional simultaneous or following environmental pressures. The
findings from a previous study (38) indicate that plants exhibit
increased resilience to saline stress after undergoing a moderate
heat stress exposure at 35 °C. This includes physiological changes
that boost antioxidant function, preserve chlorophyll and sustain
membrane integrity, thus reducing the accumulation of ROS and

ion leakage (39). These mechanisms support the resilience
strategies outlined (38), suggesting the rapid acquisition of thermos
tolerance after the 35 °C treatment is likely a key factor in the
observed cross-protection effect.

The responses elicited by the combined heat and salt
treatment (38), which provide protection against the negative
impacts of salt stress when used alone. Under salt stress, stomatal
closure results in a decrease in photosynthesis CO, fixation.
Consequently, there is an excess electron transfer from
photosystem | (PSI) that convert into ROS, impeding the restoration
of damaged photosystem Il (PSII) (40). However, when heat and salt
stress are concurrently applied, stomatal opening occurs. This leads
toincreased transpiration rates and enhanced CO, diffusion into the
leaf, which in turn boosts CO, uptake rates, enhances photosystem
Il activity, decreases ROS formation and limits harm to the
photosynthetic system. This phenomenon explains why the
combination of these stresses decreases the buildup of hydrogen
peroxide (H.0,), protein oxidation and proteolytic activity. For
instance, in wheat (Triticum aestivum), the combined effect of
drought and heat stress led to reduced H,0, accumulation in
drought-tolerant cultivars (e.g., HD 2967) but increased oxidative
damage in sensitive genotypes (e.g., PBW 343) (41). Similarly, in
soybean (Glycine max), a previous study (42) observed that the
suppression of proteolytic activity under combined salinity and
waterlogging stress was genotype-specific, with the cultivar
“Williams 82” showing resilience while “Prima 2000” exhibited
significant protein degradation. Another case study in A. thaliana
revealed that the interaction between light stress and nutrient
deficiency altered H,0, scavenging efficiency, but this response
varied across ecotypes (43). These findings underscore the necessity
of multi-genotype and multi-environment validation to establish
universal stress response mechanisms.

Combined effects of heavy metals and radiation stress

Plants can encounter two distinct forms of abiotic stress from heavy
metals such as cadmium (Cd), chromium (Cr), lead (pb), mercury
(Hg), arsenic (As) and radiation. Under heavy metal stress, plants
can face a range of physiological and biochemical changes, such as
reduced growth, diminished biomass accumulation, shortened
stalk and root lengths and yellowing of younger leaves. With
extended exposure, this yellowing may spread to older leaves (44).
Conversely, radiation stress in plants can lead to oxidative stress,
DNA damage and altered gene expression. While significant studies
have been done regarding the impact of radiation stress and metal
toxicity stress separately on plants, nothing little is known about the
combined effects of these two stresses. Plants have developed
various defence strategies against metal toxicity. These include the
synthesis of phytochelatins or metallothioneins to chelate metals,
followed by their removal from sensitive areas or sequestration in
the vacuole with ligands (45).

Abiotic-biotic stress crosstalk in plants
Dominance of abiotic signals in growth and defense regulation

Plants face a dynamic interplay of abiotic and biotic stressors that
collectively shape their growth, productivity and stress resilience
(Fig. 1). Critically, under combined stress, certain signals dominate,
often suppressing or overriding others, which defines the plant’s
ultimate survival strategy (46). For instance, drought stress can
suppress pathogen-responsive pathways via ABA-mediated
signalling, prioritizing water conservation over defense (47). The
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Fig. 1. Integrated roles of rhizospheric microorganisms and environmental factors in supporting plant vitality.

rhizosphere microbiome exemplifies this interaction: microbes
enhance soil fertility and nutrient uptake (e.g., phosphate
solubilisation by Pseudomonas spp.) (48) while root exudates
mediate stress resistance by recruiting beneficial bacteria for
biocontrol (e.g., Bacillus induced systemic resistance) (49). However,
the dominance of specific signals such as ROS bursts under
combined heat-pathogen stress-can determine whether plants
prioritize growth arrest or defense activation (50). In maize, ABA
accumulation under drought suppresses salicylic acid (SA¢
dependent pathogen defenses, increasing susceptibility to
Fusarium wilt (51). Arsenic stress in rice shifts root exudate profiles,
favouring Enterobacter mediated arsenic detoxification over
nutrient-acquisition symbioses (52).

Drought stress and pathogen interactions

The relationship between drought stress and pathogen infection
can result in both beneficial and detrimental effects. Given the
prevalence of drought stress and its influence on diseases and this
combination is among the most significant stress factors universally
impacting crop yields (53). The outcome of this interaction largely
depends on variations in the H,O pressure within plants. Alterations
in hydraulic potentiality caused by a single stressor may either
heighten a plant’s vulnerability to subsequent stresses or enhance
its ability to withstand them. For instance, when drought reduces a
plant’s hydration status, it can make the plant more vulnerable to
root pathogens, as observed in Phaseolus vulgaris, where reduced
water potential caused by drought increased vulnerability to
Macrophomina phaseolina the pathogen responsible for charcoal

rot infection (54). Indeed, there is evidence that Nicotiana
benthamiana plants experience significant cell death when infected
with Sclerotinia sclerotiorum, the pathogen that causes white mold
in beans. However, cell death in drought-adapted plants is
significantly less extensive (55).

Hormonalsignalling pathways in abiotic-biotic stress crosstalk

The ABA hormone is a hormone identified mainly based on its
responses to abiotic stress; a similar antagonistic relationship
between the signalling pathways of SA and JA/ethylene exists in
reaction to distinct biotic attackers. Recent studies support
contrasting logics: ABA interacts with biotic stress signalling through
both opposing and synergistic interactions, forming a detailed
network of pathways with varying degrees of interaction (56). ABA
can benefit pathogen defence mechanisms as well discovered that
plants used ABA-induced stomatal closure, which also needed
intact SA signalling, as a defence tactic to stop microbes entering
their plant through open stomata. Additionally, ABA is required for
the deposition. The induction of callose by B-aminobutyric acid
(BABA) during the defence response against fungal pathogens
despite the intriguing fact that ABA can also prevent the synthesis of
callose generated by bacteria (57).

Abscisic acid likely plays a major role in modulating
responses to both stresses. Arabidopsis plants treated with ABA
exhibit increased susceptibility to a non-pathogenic variant of
Pseudomonas syringae (58). As a result, a deficiency of ABA may
cause increased pathogen resistance. For instance, the Arabidopsis
mutants abil-1 and abi2-1 demonstrated tolerance to the fungal
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disease Fusarium oxysporum and the oomycete Peronospora
parasitica. In contrast, the tomato sitiens mutant, which has
lowered ABA levels, demonstrated increased resistance to B. cinerea
and increased levels of SA-dependent defence genes such as
pathogenesis-related protein 1 (59).

In agriculturally important crops like tobacco and
Arabidopsis, ABA treatment inhibits the systemic acquired
resistance (SAR) pathway both before and after salicylic acid (SA)
induction, highlighting its potential impact on crop immunity under
stress. It also inhibits the production of key defense molecules,
including lignins and phenylpropanoids (60). Additionally, ABA
suppresses the activation of defence genes like plant defensin 1.2,
which are normally induced by JA and ethylene and this
suppression continues even after JA or ethylene are applied.
Ethylene treatment subsequently triggers ABI1 and ABI2, which are
negative regulators of ABA signalling (56). Critically, ABA also
disrupts the synthesis of lignin and phenylpropanoids (61), which
are essential for physical defense barriers in crops like wheat
(Triticum aestivum) and rice (Oryza sativa) against fungal pathogens
(62).

Biotic interactions under combined stresses
Nematode-insect interactions

The interaction between nematodes and insects creates
compounded stress on plants, leading to more severe damage than
either pest alone. Nematodes, such as root-knot nematodes, cause
physical damage to plant roots, which can increase the plant's
susceptibility to insect pests like aphids and beetles, potentially
leading to enhanced damage and impaired nutrient dynamics (63).
This combined stress also raises the risk of secondary pathogen
infections due to weakened plant defences. Plants deploy various
defence mechanisms, including mechanical barriers, chemical
defences and hormonal signalling, to manage stress from both
nematodes and insects. Mechanical defences include thickened cell
walls and trichomes, while chemical defences involve secondary
metabolites like phenolics and glucosinolates. Hormonal signalling
pathways, particularly those involving JA and SA, play crucial roles
in coordinating these defences (64). Transcriptomic studies reveal
that plants exhibit distinct gene expression profiles under
simultaneous nematode and insect stress with some genes
specifically upregulated in reaction to combined stress example, the
G-box binding factor 3 (GBF3) gene shown under various stress
conditions, indicating its involvement in general stress responses.
The combined stress of nematodes and insects can lead to
significant reductions in plant growth and vyield, posing
considerable economic challenges (65). Additionally, research has
identified specific genes and pathways that are responsive to both
nematode and insect stress, highlighting the complex interactions
between these pests and the plant's defensive strategies (66).

Plant-microbe interactions

Abiotic factors, including light, temperature, water availability and
soil nutrient content, significantly affect the mode and consequence
of plant-microbe interactions and the development of plant disease
epidemics (67). Other elements influencing these biotic-abiotic
interactions include plant genotype, age and developmental stage;
the type and method of infection of the pathogen; the kind, intensity
and timing of abiotic stress and the effect of stress on plant
metabolic activities (67).

A thaliana leaves of varying ages differentially prioritize both

stress responses to sustain development and reproduction under
combined stress. Environmental stresses like high salinity and
drought were found to suppress host defense mechanisms in
senescent rosette leaves via ABA signalling. However, this
antagonistic effect was counteracted in new rosette leaves by
Gretchen Hagen 3.12 (GH3.12), a signalling component of the
defence phytohormone salicylic acid (SA) (68). In general,
environmental stresses tend to enhance vulnerability to partially
biotrophic and necrotropic pathogens, including facultative
pathogens with low virulence while decreasing vulnerability to
living tissue dependent pathogens (67). Various environmental
stress conditions have been demonstrated to modify the
transcriptomic response of plants to biotic pathogens, thereby
increasing their vulnerability to infection. For instance, a
transcriptomic analysis of A thaliana exposed to a combination of
heat, drought and virus infection showed that this stress
combination suppressed the expression of transcripts related to R-
mediated disease responses while increasing the expression of
those associated with heat stress responses. These findings indicate
that environmental stress elemental stress elements can modify
pathogen-related signalling networks, potentially suppressing
defence responses (69). For example, the combined effects of water
stress and insect herbivory were found to decrease yields by
enhancing herbivore performance on water-stressed faba beans.
Moreover, elevated temperatures have been shown to enhance the
toxicity of the pathogens in various plants (70). In Oryza plants are
infected by the fungus Magnaporthe oryzae, the causative agent of
rice blast, higher temperatures were associated with quicker
pathogen multiplication and more severe disease indicators (71). In
Arabidopsis, elevated temperatures reduced the expression of the
immune receptor flagellin sensing 2 (FLS2), thereby suppressing
immunity to the pathogen Pseudomonas syringae pv. tomato.
Furthermore, it has been reported that simultaneous exposure to
pathogens and high temperatures can impact not only pathogen
resistance but also heat resistant. For instance, tomato plants
showed increased susceptibility to tomato yellow leaf curl virus
(TYLCV) under heat stress, while heat responses in tomato plants
infected with TYLCV were compromised (72). In addition to high
temperatures, some studies have suggested that drought
conditions may increase plant vulnerability to pathogen attacks
(70). A recent meta-analysis revealed that higher temperatures,
increased CO, concentrations, drought stress and nutrient
deficiencies resulted in greater herbivore consumption, particularly
in agricultural systems (73).

Mitigation strategies for biotic-abiotic combined stresses

Enhancing crop resilience to different stresses involves complex
regulatory pathways that govern gene expression, protein stability
and physiological adaptations. These pathways help plants
respond to drought, salinity, extreme temperatures and oxidative
stress, improving their survival and productivity. Fig. 2 illustrates
these regulatory mechanisms and their role in strengthening crop
stress tolerance.

Integration of stress signalling pathways

Crops use various mechanisms to sense and integrate multiple
stress signals, including specific sensors, calcium channels, ROS
producers and kinases, which work together to create distinct stress
responses. Stress signaling proteins often co-localize in
“signalosomes”, which may be stress specific. Organelles
communicate with the nucleus via anterograde and retrograde
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signalling to coordinate responses, utilizing processes such as
ubiquitination and S-nitrosylation (74). Transcription factors (TFs)
like MYB (myeloblastosis), WRKY (conserved amino acid sequence
at the N-terminus of the DNA binding domain) and AP2/ERF
(APETALA2/ethylene responsive factor) are crucial in integrating
stress signals. For example, in Arabidopsis, MYBT (myeloblastosis 7)
and MYB32 (myeloblastosis 32) are upregulated during heat and
salt stress, while WRKY DNA-binding protein 40 (WRKY40)
modulates responses to salt and osmotic stress through ABA
signalling. MYBT and MYB32 are distinct members of the large MYB
transcription factor family in Arabidopsis. Each gene has a unique
function and their numbering reflects their individual roles in
regulating stress responses like heat, salt and hormone signaling.
The presence of multiple MYB proteins such as MYB7 and MYB32
reflects the large and diverse MYB transcription factor family in
plants, where each member has evolved distinct roles. The
numbering indicates different genes with unique sequences and
functions, allowing Arabidopsis to finely regulate gene expression in
response to various environmental stresses (75). Additionally,
dehydration-responsive element binding transcription factor (DREB
TFs) regulate responses to combined stresses like heat and drought
by activating specific stress-responsive genes (76). Recent studies
highlight molecular regulators like receptor-like kinases (RLKs) and
MAPK cascades that mediate the integration of both stress
signalling. For instance, THESEUS1 (THEZ1) links cell wall integrity to
defence responses and root elongation under salt stress (62). Lysin-

motif receptor like kinase is involved in both defense against
pathogens and salinity responses (77). Additionally, NADPH oxidase
proteins (RBOHs) are central in producing ROS signatures, crucial
for stress responses. TFs like ERF1 integrate abiotic and biotic
signals by regulating both pathogen defense and environmental
stress tolerance. Calmodulin-binding transcription activators
(CAMTA) TFs are key regulators of SA-mediated immunity and
integrate cold stress responses with pathogen defense,
demonstrating the complex crosstalk between abiotic and biotic
stress pathways (78).

Role of microorganisms in stress mitigation

Extreme climate events resulting from climate change have adverse
effects on soil properties, encompassing physical aspects such as
texture, structure, bulk density and porosity, as well as chemical
factors like pH and nutrient distribution. These alterations
significantly influence the biological processes within the soil,
exacerbating the negative effects that climate change has on the
rhizosphere and ultimately impacting soil fertility and crop yields.
Treating soil with bio-stimulants has proven to have the ability to
reduce climate change effect on agriculture and the environment
(79). The application of microbes and organic compounds are
among the bio-stimulants used to counteract the damaging effects
of adverse environmental stresses. Microorganisms help plant
performance through various mechanisms, some of these promote
plant growth and aid in nitrogen fixation, while others contribute to
enhanced disease resistance and provide protection against abiotic
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stresses such as heat and drought (80). Microbial bio-stimulants are
categorized into two broad groups: mycorrhizal fungi and plant
growth promoting rhizobacteria Mycorrhizal fungi include different
groups based on the mechanism used for colonizing plant tissues.
The most relevant group from an agronomic perspective is
constituted by endomycorrhizas also known as arbuscular
mycorrhizal fungi (AMF) which occupy plants by piercing their
tissues until the root cortex zone and extending their hyphae
outside the root. Other important groups include vesicular
arbuscular mycorrhizas and ectomycorrhizal, living only outside the
root surface and surrounding the root cortex (81). The AMF can form
a mutualistic symbiosis with most terrestrial plants providing
multiple benefits to its host plant under various biotic or abiotic
stress conditions. This kind of fungi improves the uptake of almost
all essential nutrients, both macro and micronutrients like zinc and
copper, meanwhile decreasing the absorption of Na and Cl, leading
to growth stimulation (82). Inoculation with the AMF Rhizophagus
irregularis or Glomus proliferous increases photosynthetic activities
and stimulates the uptake of N, P and C, which move toward roots
and support the growth of tubersin potato plants (83).

AMF reduces drought stress in crops like wheat, barley,
maize, soybean, strawberry and onion by enhancing the volume of
soil explored by roots (84), by controlling ABA metabolism and in
consequence, stomatal regulation and enhancing proline and
glutathione levels (85). In salt-affected soils, AMF inoculation
enhances physiological parameters like photosynthetic rate,
stomatal conductance and leaf water relations, mitigating the
unfavourable effects of salinity on photosynthetic and gas exchange
traits. Meanwhile, PGPRs are soil bacteria that play a key role in
promoting plant growth and development. Some are associated
with the roots, living in the rhizosphere and others live within the
plant endosphere. PGPRs primarily belong to the genera
Agrobacterium, Arthrobacter, Azospirillum, Azotobacter, Bacillus,
Burkholderia, Enterobacter, Klebsiella, Pseudomonas, Serratia and
Streptomyces (81). The use of these microorganisms has proven

effective in promoting plant growth and development while
enhancing plant stress tolerance through various mechanisms. The
most important mechanisms are (i) the improvements in enzymatic
antioxidant capacity in inoculated plants under diverse stressful
conditions, such as salinity (86) or drought (87) resulting in a
reduction of oxidative damage caused by stress situations. (i)
Nitrogen fixation transforming the atmospheric N, into ammonia
(88). (iii) The solubilisation of inorganic phosphate (89). (iv) The
production of indole-3-acetic acid (IAA) which induces root
elongation improving the mineral absorption from soil, favouring
plant growth (90). (v) 1-Aminocyclopropane-1-carboxilate
deaminase (ACCD) production which is an enzyme produced by
PGPR that can decrease ACC and ethylene accumulation making
inoculated plants more resistant to ethylene induced stresses and
(vi), the accumulation of osmolytes, under high temperatures or
cadmium stress (91). Table 1 provides a comprehensive overview of
the mechanisms by which microorganisms mitigate various
environmental stresses in plants, including drought, salinity, heavy
metals and temperature extremes.

Future challenges and strategies for enhancing crop resilience

Current efforts in plant genetics aim to explore genetic variability
at the single nucleotide level through approaches such as
genome-wide association study, genetic mapping and genome
sequencing, integrated with sophisticated phenotyping
methods. The study of the spatial and temporal regulation of
gene expression and metabolic pathways has greatly
advanced using large-scale sequencing, metabolomics,
machine learning and CRISPR-Cas technologies. However, the
success of these innovations relies on identifying the strategies
that controls plant productivity, growth and yield under field
conditions, especially when facing combinations of stress
factors. Understanding the metabolic, cellular and
developmental pathways that crops utilize to respond to their
dynamic environments, including interactions with pathogens
and pollinators, is essential. Developing new and improved crop

Table 1. Role of microorganism for mitigating effects of environmental stress conditions.

Micro-organism species Crop Stress condition Improvement References
Glomus sp. Cucumber (Cucumis sativus) Water stress Increase in water use efficiency (92)
Funneliformis mosseae + . Increase in SOD and CAT activities, chlorophyll
methyl jasmonate Saffron (Crocus sativus) Salt stress content, reduction of damage (93)
Funneliformis mosseae, Tomato (Solanum Water stress Plant height, stomatal conductance, WUE and (94)
Rhizophagus irregularis lycopersicum) reduction of ROS and ABA
Pseudomonas aeruginosa, Tomato (Lycopersicum Increment in phenolic compound levels and
Burkholderia gladioli esculentum) Metal stress (Cd) osmoprotectants (91)
Rhizoglomus fasciculatum, . . Enhancement of biomass, chlorophyll content,
Gigaspora sp. Pea (Pisum sativum) Salt stress accumulation of compatible osmolytes (95)
. . . Tomato (Solanum Growth of root and shoot biomass and
Rhizophagus irregularis lycopersicum) Salt stress improvement in leaf structure (96)
. . " . Reduction of photosynthetic damage, increased
Bacillus safensis Wheat (Triticum aestivum) Heat stress osmoregulation and reduced ROS (87)
Rhizoglomus irregularis, . e Improved substrate carbon conversion efficiency
Funneliformis mosseae Grapevine (Vitis vinifera) Heat stress and stomatal conductance, better plant growth (97)
Increase in IAA, phosphate solubilization,
Bacillus sp. Pea (Pisum sativum) Salt stress siderophore production and antioxidant enzyme (86)
production
Rhizophagus intraradices Eucalyptus (Eucalyptus Mn toxicity Induction of vascuolar sequestration and (98)

tereticornis)

transport of complex Mn
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varieties with a “balanced” genetic makeup is crucial for
reducing losses caused by abiotic stresses, pests and instantly
changing conditions. Key objectives involve enhancing
photosynthetic efficiency, optimizing the regulation of
stomata, ensuring stable and resourceful nutrient and water
utilize and fostering beneficial plant-microorganism interactions.

Conclusion

Understanding the interplay between biotic and abiotic stress
factors is essential for improving crop resilience and productivity.
This review highlights the multifaceted effects of stress
combinations, emphasizing how their simultaneous occurrence
exacerbates plant vulnerabilities. Advances in genetic, molecular
and physiological research have illuminated key mechanisms, such
as hormone signaling, metabolic adjustments and beneficial plant
microbe interactions, that enable plants to mitigate these stresses.
However, addressing the global challenges posed by climate
change necessitates a holistic approach that integrates innovative
crop  management practices, microbial inoculations and
biotechnological interventions. Developing stress-tolerant crop
varieties and optimizing resource use efficiency are crucial for
sustainable agriculture. Future efforts must prioritize understanding
field-level stress dynamics and enhancing adaptive strategies to
ensure food security in an increasingly unpredictable environment.
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