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ABSTRACT: This review synthesizes recent advances in non-genetic engineering strategies 
to enhance crop drought tolerance, focusing on phytohormones, priming, bioaugmentation, 
non-phytohormone organic supplementation, and inorganic supplementation. Across these 
approaches, drought resilience is consistently improved through coordinated regulation of 
antioxidant defense, osmotic adjustment, photosynthetic stability, water-use efficiency, and 
stress-responsive gene networks. Phytohormone applications, particularly melatonin, 
brassinosteroids, and jasmonates, enhanced drought tolerance by reducing reactive oxygen 
species and lipid peroxidation while strengthening antioxidant systems. Melatonin increased 
ascorbate (16.35%) and glutathione (91.49%) contents in kiwifruit and elevated antioxidant 
enzyme activities by up to 10.35% to 110.41% in oat seedlings. Photosynthetic performance 
also improved substantially, with net photosynthesis in brassinosteroid-treated plants 
increasing from 2.01 to 6.1 μmol CO₂/m²/s¹. Drought priming induced stress memory, 
improving hydraulic regulation and photosynthetic resilience, with recurrent priming 
increasing leaf water retention by 21.88% in tea plants. Bioaugmentation using arbuscular 
mycorrhizal fungi enhanced root volume by 172.11% in citrus and increased maize biomass by 
up to 1,189 to 2,062 g/plant under drought. Antioxidant enzyme activities were enhanced by 
up to 98.63%. Organic supplementation (e.g., seaweed extracts, fulvic acid, ethanol) improved 
leaf water content by ~50% and stomatal conductance by 46%, while inorganic amendments 
such as silicon and potassium increased yield by up to 55% and water-use efficiency by over 
100% in some systems. Nanoparticles (ZnO, TiO₂, CeO₂) further improved drought tolerance 
but exhibited dose-dependent effects. Overall, integrated bioaugmentation and inorganic 
supplementation emerge as the most scalable strategies, while priming and phytohormones 
offer high mechanistic efficacy. 

KEYWORDS: Arbuscular mycorrhizal fungi; bioaugmentation; organic supplementation; 
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1. Introduction 

Drought stress is widely recognized as one of the most severe constraints on global agricultural 
productivity, posing a direct threat to food security in both rainfed and irrigated systems. 
Increasing frequency, duration, and intensity of drought events, driven by climate change and 
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land-use pressures, have exacerbated yield instability in major food crops such as wheat, rice, 
maize, and legumes [1, 2]. For instance, global average yields for maize have decreased by 
roughly 11.6% and wheat by 9.2% due to drought and heat impacts. Furthermore, legumes face 
significant harvest instability, with documented drought-related losses averaging around 12.4% 
globally [3]. Unlike other abiotic stresses, drought affects plants at multiple organizational 
levels simultaneously, disrupting water relations, impairing photosynthetic efficiency, altering 
nutrient uptake, and inducing oxidative stress. These physiological disruptions collectively 
reduce biomass accumulation, reproductive success, and ultimately grain yield [4]. Given that 
agriculture must feed a growing global population under increasingly water-limited conditions, 
improving drought tolerance in crops has become a central objective of modern plant science 
and agronomic innovation. 

Traditional approaches to improving drought tolerance have largely relied on genetic 
improvement strategies, including conventional breeding and, more recently, molecular 
breeding and genetic engineering [5, 6]. Conventional breeding has successfully produced 
drought-tolerant cultivars by selecting for favorable traits such as deeper root systems, 
improved stomatal regulation, and enhanced water-use efficiency. However, these approaches 
are often time-consuming, limited by genetic variability, and constrained by the complex 
polygenic nature of drought tolerance [7, 8]. The emergence of genetic engineering and genome 
editing tools, such as CRISPR/Cas systems, has enabled more precise manipulation of drought-
responsive genes, including those involved in abscisic acid (ABA) signaling, osmolyte 
biosynthesis, and transcriptional regulation (e.g., DREB/CBF pathways) [9]. Despite their 
promise, these technologies face regulatory challenges, public acceptance issues, and 
limitations in translating laboratory success into field performance due to environmental 
variability and genotype–environment interactions. 

In parallel with genetic approaches, a wide range of non-genetic engineering strategies 
has emerged as a practical and often faster alternative to enhance drought tolerance. These 
strategies do not modify the plant genome but instead modulate plant physiology, biochemistry, 
and stress signaling pathways through external applications or management interventions [10]. 
Among the most widely studied are plant growth regulators (PGRs), including phytohormones 
such as brassinosteroids (BRs), jasmonates (JA), auxins (IAA), and melatonin. These 
compounds regulate stomatal behavior, antioxidant defense systems, osmotic adjustment, and 
gene expression associated with stress responses [11]. Another important category of non-
genetic strategies includes the application of biostimulants derived from natural sources, such 
as seaweed extracts, humic substances, protein hydrolysates, and microbial inoculants. These 
substances enhance plant resilience by stimulating root growth, improving nutrient uptake, and 
inducing systemic tolerance responses [12, 13]. In addition, mineral-based amendments, 
including nanoparticles such as silicon and zinc oxide, have attracted increasing attention for 
their ability to modulate reactive oxygen species (ROS), enhance antioxidant enzyme activities, 
and improve photosynthetic efficiency under drought conditions. These nanomaterials often 
function as “nano-primers,” activating stress defense mechanisms without altering the plant 
genome [14, 15]. 

Seed priming and stress priming techniques also represent effective non-genetic 
engineering approaches. These methods expose seeds or plants to mild stress or chemical 
treatments that “prime” physiological systems, enabling faster and stronger responses to 
subsequent drought exposure. Priming can enhance antioxidant capacity, improve hormonal 
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balance, and induce stress memory through epigenetic and metabolic adjustments [16, 17]. 
Furthermore, bioaugmentation of the rhizosphere through beneficial microbial inoculation has 
emerged as a powerful strategy to enhance drought tolerance. In particular, arbuscular 
mycorrhizal fungi (AMF) form symbiotic associations with plant roots, extending the effective 
root surface area and significantly improving water and nutrient acquisition under water-
limited conditions [18]. AMF colonization has been shown to enhance soil–plant hydraulic 
conductivity, improve soil aggregation through glomalin production, and increase the uptake 
of phosphorus and micronutrients, all of which contribute to better plant performance under 
drought stress [19]. 

Despite the growing body of research on these individual approaches, existing literature 
remains fragmented and largely discipline-specific. Many reviews focus on individual 
compounds, isolated mechanisms, or specific crop species, without integrating findings into a 
unified framework to enhance non-genetic drought tolerance [20, 21]. For instance, Liu et al. 
[22] provide a useful synthesis of plant growth-promoting bacteria (PGPB)-mediated drought 
tolerance mechanisms across different crops, but it remains largely limited in scope by its 
exclusive focus on microbial interventions within the rhizosphere. Similarly, the review by 
Iqbal et al. [23] focuses on the role of phytohormones in enhancing drought tolerance in crops, 
primarily as mechanisms triggered by strategies such as bioaugmentation and exogenous 
chemical applications, without systematically presenting and evaluating these strategies. 
Farooq et al. [24] outline a wide range of plant responses to drought stress. Their review does 
not aim to present strategies to enhance drought tolerance in crops and the underlying 
mechanisms. The review by Ferioun et al. [25] has a crop-specific focus, concentrating 
primarily on barley and therefore providing limited insight into drought-tolerance strategies 
applicable across diverse food crops. While the review discusses drought impacts and the use 
of drought-tolerant genotypes and PGPB, it does not develop a broader framework for non-
genetic engineering interventions in agricultural systems. Moreover, there is limited 
comparative analysis of the effectiveness, mechanisms, and practical applicability of different 
non-genetic strategies across physiological, biochemical, and molecular levels. This lack of 
synthesis makes it difficult to evaluate the relative advantages, limitations, and synergistic 
potential of different approaches in real agricultural systems. 

The present review addresses this gap by providing a comprehensive and integrative 
analysis of non-genetic engineering strategies to enhance drought tolerance in food crops. 
Unlike previous reviews that have focused narrowly on specific treatments such as 
phytohormones or nanoparticles, this work systematically categorizes and compares multiple 
intervention strategies, including phytohormones, organic supplementation, inorganic 
supplementation, priming techniques, and bioaugmentation. The novelty of this review lies in 
its integrative perspective that bridges physiological, biochemical, and emerging molecular 
insights to explain how non-genetic interventions collectively enhance drought resilience. In 
addition, it highlights recent advances in nanotechnology and biostimulant research, which 
represent rapidly evolving frontiers in crop stress biology yet remain underrepresented within 
traditional drought-tolerance practices. 

The primary aim of this review is to synthesize current knowledge on non-genetic 
engineering approaches and evaluate their mechanisms of action, effectiveness, and potential 
for field applications in major food crops. Specifically, it seeks to (i) classify major categories 
of non-genetic drought mitigation strategies, (ii) elucidate their physiological, biochemical, and 
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molecular mechanisms, (iii) compare their effectiveness across different crop systems where 
data are available, and (iv) identify knowledge gaps and future research directions for 
optimizing their integration into sustainable agricultural practices. By doing so, this review 
aims to provide insights to help researchers and agronomists better understand and deploy non-
genetic strategies as part of integrated drought management systems. 

2. Phytohormones 

Recent advances in the use of phytohormones to enhance drought tolerance in crops have 
increasingly shifted from simple growth stimulation toward targeted modulation of stress-
responsive physiological, biochemical, and molecular networks. Among the phytohormones 
and hormone-like compounds investigated, melatonin, BRs, JA, and their analogs have 
emerged as particularly effective in improving crop resilience under water deficit conditions 
[26, 27]. Current research trends emphasize the optimization of hormone concentration, timing, 
and application methods, together with the integration of transcriptomics and metabolomics to 
elucidate the regulatory pathways involved in drought adaptation. These studies collectively 
demonstrate that exogenous phytohormones not only alleviate drought-induced damage but 
also reprogram stress signaling, antioxidant metabolism, osmotic adjustment, and 
photosynthetic machinery to sustain crop productivity under limited water availability. 

One of the major advances in this field is the recognition that phytohormones function as 
central regulators of ROS homeostasis and membrane stability during drought stress [28]. 
Water deficit commonly induces excessive ROS accumulation, resulting in oxidative damage, 
lipid peroxidation, chlorophyll degradation, and impaired photosynthesis [29]. Exogenous 
melatonin application has consistently been shown to mitigate oxidative stress through both 
enzymatic and non-enzymatic antioxidant systems. In wheat, melatonin treatments reduced 
H₂O₂ and malondialdehyde (MDA) accumulation while enhancing catalase (CAT) and 
peroxidase (POD) activities, resulting in improved shoot relative water content and survival 
under drought conditions [30]. Similar responses were observed in kiwifruit, where melatonin 
increased the contents of reduced ascorbate and glutathione by 16.35% and 91.49%, 
respectively, while maintaining higher ascorbate/dehydroascorbate and glutathione/glutathione 
disulfide ratios under drought stress [31]. Enhanced activities of enzymes associated with the 
ascorbate–glutathione cycle, including ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDAR), and dehydroascorbate reductase (DHAR), further strengthened ROS 
detoxification capacity. Likewise, in naked oat seedlings, melatonin pretreatment significantly 
reduced ROS accumulation while increasing superoxide dismutase (SOD), POD, CAT, and 
APX activities by 110.41%, 34.29%, 26.14%, and 10.35%, respectively, relative to drought-
stressed plants [32]. These findings indicate that modern phytohormone-based strategies 
primarily function by reinforcing cellular antioxidant defense systems to maintain membrane 
integrity and metabolic stability during drought. 

Another important trend is the enhancement of photosynthetic performance and water-
use efficiency through hormonal regulation. Drought stress typically suppresses stomatal 
conductance, transpiration, chlorophyll synthesis, and carbon assimilation, thereby reducing 
biomass accumulation and yield [33]. Exogenous phytohormones have demonstrated 
substantial capacity to maintain photosynthetic activity under these adverse conditions. 
Melatonin-treated wheat plants exhibited increases of 11.52–17.30% in plant height and 
approximately 35–38% in seed weight per panicle under drought stress, indicating improved 
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assimilate production and reproductive performance [30]. In coffee seedlings, 300 μM 
melatonin maintained higher photosynthetic rate, stomatal conductance, and carboxylation 
efficiency during water deficit and facilitated rapid recovery after rehydration [34]. Similarly, 
the BR analog DI-31 markedly improved photosynthetic efficiency in drought-stressed lulo 
plants, increasing net photosynthesis from 2.01 to 6.1 μmol CO₂ m⁻² s⁻¹ and intrinsic water-use 
efficiency from 61.5 to 131.3 μmol CO₂ mmol H₂O⁻¹ at an application rate of 8 mL/L [35]. 
Improvements in chlorophyll fluorescence parameters, including increases in Fv/Fm (variable 
fluorescence-to-maximum fluorescence ratio) and photochemical quenching, accompanied by 
simultaneous reductions in non-photochemical quenching, further indicate that phytohormones 
protect PSII from drought-induced photoinhibition [34−36]. These physiological 
improvements collectively contribute to enhanced biomass production, leaf expansion, and 
yield stability under water-limited conditions. 

Recent studies also highlight the role of phytohormones in osmotic regulation and carbon 
metabolism. Maintenance of cellular water balance is a crucial component of drought tolerance, 
and phytohormone treatments frequently enhance osmolyte accumulation, root growth, and 
carbohydrate redistribution. In Brassica rapa, exogenous BR and JA significantly increased 
soluble sugars, glycine betaine, anthocyanins, and relative water content under drought stress, 
while simultaneously stimulating root elongation and water-use efficiency [37]. In coffee, 
melatonin promoted the accumulation of sucrose and total soluble sugars in roots during 
drought, suggesting enhanced carbon allocation to the root system to improve water uptake and 
survival [34]. Likewise, DI-31-treated lulo plants showed substantial increases in relative water 
content and equivalent water thickness, reflecting improved water retention and osmotic 
adjustment [35]. Such responses indicate that phytohormones contribute to drought adaptation 
not only by protecting cellular structures but also by optimizing resource allocation and 
maintaining plant water relations. 

At the molecular level, transcriptomic and gene expression analyses have significantly 
advanced the understanding of hormone-mediated drought tolerance mechanisms [38]. Modern 
research increasingly integrates RNA-seq approaches to identify drought-responsive genes, 
signaling pathways, and transcription factors regulated by phytohormones. In wheat, melatonin 
induced the differential expression of 2796 genes under drought stress, with enrichment in 
pathways related to protein phosphorylation, hormone signaling, phenylpropanoid 
biosynthesis, starch and sucrose metabolism, and cutin/suberin/wax biosynthesis [30]. 
Importantly, melatonin influenced JA-related signaling and activated transcription factors such 
as MYB, NAC, WRKY, AP2/ERF, bZIP, bHLH, and HSF, which are known regulators of 
stress adaptation. In kiwifruit, melatonin upregulated antioxidant- and carotenoid-related 
genes, including APX, DHAR, PSY, PDS, LYC, ZDS, CAT1, and CAT6 [31]. Similarly, drought-
stressed oat seedlings treated with melatonin exhibited enhanced MAPK signaling and 
increased expression of stress-responsive transcription factors, including WRKY1 and MYB 
[32]. These findings demonstrate that phytohormones function as signaling molecules capable 
of orchestrating broad transcriptional reprogramming to improve drought resilience. 

A further emerging trend is the use of hormone combinations and optimized dosage 
strategies to maximize stress tolerance. Studies consistently show that hormonal effects are 
dose-dependent, with moderate concentrations often producing the greatest benefits. For 
example, 300 μM melatonin was more effective than 500 μM in improving drought tolerance 
in coffee seedlings, suggesting that excessive concentrations may disrupt metabolic balance 
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[34]. Similarly, the strongest drought-tolerance responses in lulo plants occurred at 4–8 mL/L 
DI-31, whereas lower concentrations produced smaller effects [35]. Combined applications of 
BR and JA in Brassica rapa also generated synergistic responses, particularly in antioxidant 
activity and osmotic adjustment, indicating that multi-hormone strategies may enhance stress 
tolerance more effectively than single-hormone treatments [37]. This reflects a broader shift 
toward integrated hormonal regulation approaches that target multiple stress-response 
pathways simultaneously. 

Overall, recent developments demonstrate that phytohormones represent highly 
promising non-genetic engineering tools for enhancing drought tolerance in crops. Their 
effectiveness is associated with coordinated improvements in antioxidant defense, osmotic 
adjustment, photosynthetic efficiency, nutrient metabolism, root development, and stress-
responsive gene regulation. Advances in omics technologies are further revealing the complex 
signaling networks underlying these responses, paving the way for precision hormone-based 
strategies in climate-resilient agriculture. Table 1 summarizes the applications of 
phytohormones to enhance drought tolerance in food crops. 

Table 1. Enhancing Drought-Tolerance in Food Crops Through the Use of Phytohormones. 

Plant species/System Treatment 
Experimental conditions & 

key drought effects 
Effects of exogenous treatment Ref. 

Wheat (Triticum 
aestivum) varieties 
(Chinese Spring, 
Shi4185, Hanxuan10, 
Chang6878) 

Melatonin (50–
1000 μM; 
optimum 100 
μM) 

PEG6000 hydroponic and 
soil drought experiments; 
drought reduced growth, 
survival, and water status 
and increased ROS and 
MDA 

100 μM melatonin improved growth, yield 
(grain traits +9.5–38.3%), survival, and 
water status; reduced H₂O₂/MDA; enhanced 
CAT/POD and regulated 4400 differentially 
expressed genes (DEGs) associated with JA 
signaling, osmotic adjustment, and stress 
responses 

[30] 

Kiwifruit seedlings Melatonin (100 
μM) 

Drought with/without 
melatonin pretreatment; 
relative water content 
declined from 80.23% to 
56.40%, with increased H₂O₂ 
and MDA 

Maintained higher water content (76.71%), 
reduced H₂O₂/MDA, increased the contents 
of reduced ascorbate and glutathione, 
enhanced antioxidant enzymes and 
carotenoids, and reduced transcriptional 
disruption 

[31] 

Coffee (Coffea arabica) 
seedlings 

Melatonin (300 
and 500 μM) 

Water deficit followed by 
rehydration; drought reduced 
water potential, 
photosynthesis, chlorophyll, 
and growth 

300 μM improved water status, biomass, gas 
exchange, sugars, APX and ascorbate, while 
reducing MDA and improving post-drought 
recovery; 500 μM was less effective 

[34] 

Apple (‘Naganofuji 
No.2’) 

Melatonin (100 
μM, soil 
application) 

60-day controlled drought; 
growth parameters decreased 
by 22.9–40.2% 

Reduced electrolyte leakage and H₂O₂; 
increased photosynthesis (2.34-fold), 
nutrient uptake (5.3–29.2%), and N-
metabolism enzyme activities 

[36] 

Naked oat (Avena 
nuda) seedlings 

Melatonin (100 
μM 
pretreatment) 

PEG6000-induced 
hydroponic drought; H₂O₂ 
and O₂•⁻ increased by 
208.98% and 257.32%, 
respectively 

Improved growth, reduced ROS (~13.7%), 
enhanced SOD, POD, CAT and APX 
activities, and strongly upregulated Aspk11 
(+29.45-fold) 

[32] 

Brassica rapa 
genotypes 

BR (0.01 μM), 
JA (10 μM), 
BR+JA 

Controlled drought; 
photosynthesis, water 
content, and protein declined 
by 86–89%, 52–58%, and 
77–79%, respectively 

BR/JA, particularly combined treatment, 
improved root growth, water status, 
pigments, osmolytes, and antioxidant 
activity while reducing ROS and membrane 
damage 

[37] 

Lulo (Solanum 
quitoense) seedlings 

BR analog DI-
31 (1–8 mL/L) 

Pot water-deficit conditions; 
drought reduced water status, 
photosynthesis, pigments, 
and biomass and increased 
MDA 

DI-31 (4–8 mL L⁻¹) improved water content 
(46.3–54.7%), biomass, photosynthesis, 
water-use efficiency and Fv/Fm; reduced 
MDA and increased drought tolerance index 
to 69% 

[35] 
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3. Priming 

Recent advances in drought priming research have demonstrated that controlled pre-exposure 
to abiotic stress or signaling agents can substantially enhance drought tolerance in crops by 
inducing long-lasting physiological, biochemical, metabolic, and molecular “stress memory.” 
Unlike conventional drought management approaches that primarily focus on mitigating 
damage after stress onset, priming strategies prepare plants for future water deficits through 
adaptive reprogramming of cellular processes [39]. Current trends increasingly emphasize 
recurrent drought priming, metabolic priming, and nanopriming approaches, integrated with 
transcriptomics, metabolomics, and gene regulatory analyses to elucidate the mechanisms 
underlying acquired drought tolerance. These developments position priming as a promising 
non-genetic engineering strategy for climate-resilient agriculture. 

One of the major emerging trends in drought priming is the concept of stress memory, 
whereby repeated mild drought exposure induces long-term acclimation that improves plant 
performance during subsequent severe stress events. Recurrent drought cycles have been 
shown to enhance hydraulic regulation, water conservation, and photosynthetic resilience in 
multiple crops. In coffee, repeated drought priming enabled plants to maintain higher predawn 
leaf water potential, reduced disruption of leaf hydraulic conductivity, and improved net CO₂ 
assimilation under water deficit compared with plants experiencing a single drought episode 
[40]. Similarly, repeated drought exposure in tea plants increased leaf water retention capacity 
by 21.88% relative to non-primed drought-stressed plants while alleviating declines in 
chlorophyll fluorescence and photosynthetic pigments [41]. These findings indicate that 
drought priming enhances the capacity of plants to sustain water balance and protect 
photosynthetic systems during subsequent stress episodes. 

Physiological acclimation induced by priming is closely associated with structural and 
morphological adjustments that improve water conservation. Recent studies have shown that 
primed plants frequently develop enhanced cuticular barriers, altered stomatal behavior, and 
improved root–shoot hydraulic coordination [40−42] (Figure 1). In potato, drought acclimation 
cycles reduced leaf wilting and induced thicker cuticular layers and more open stomata during 
stress, thereby improving water-use regulation under drought conditions. Genotype-dependent 
responses were also evident, as drought-resistant genotypes exhibited greater stem water 
content and faster post-stress recovery, highlighting the importance of hydraulic buffering and 
tissue water storage in priming-induced tolerance [43]. Such acclimatory responses suggest 
that priming not only modifies short-term stress responses but also induces persistent structural 
adaptations that enhance drought resilience. 

A major advance in priming research is the identification of extensive metabolic 
reprogramming associated with acquired drought tolerance. Primed plants commonly 
accumulate compatible solutes, osmoprotectants, amino acids, flavonoids, and antioxidant 
metabolites that stabilize cellular structures and maintain osmotic balance under water deficit 
(Figure 1). Repeated drought priming in coffee promoted the accumulation of amino acids, 
tricarboxylic acid (TCA) cycle intermediates, glycerol, galactose, myo-inositol, proline, 
phenylalanine, cinnamic acid, and caffeate, all of which are associated with osmotic adjustment 
and antioxidant defense [40]. Likewise, drought-primed tea plants showed increased levels of 
amino acids, flavonoids, theaflavins, alkaloids, organic acids, and L-theanine, reflecting broad 
metabolic adaptation to repeated stress exposure [41]. These metabolic adjustments enhance 
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cellular osmoprotection, stabilize proteins and membranes, and improve ROS scavenging 
capacity during drought. 

 

 

Figure 1. Mechanisms of Drought Priming for Drought Tolerance Enhancement in Crops. 

Among the metabolic pathways identified, flavonoid biosynthesis has emerged as a 
particularly important mechanism underlying priming-induced drought tolerance. Recent work 
in tea plants demonstrated that moderate drought priming specifically activated flavonoid 
biosynthesis pathways, leading to enhanced drought adaptation through transcriptional and 
metabolic reprogramming [44]. Functional analyses confirmed that flavonoid accumulation 
contributed directly to drought tolerance, while transcription factors CsYABBY1 and 
CsMYB114 acted synergistically to activate flavonoid biosynthesis genes, including CsCHS, 
CsCHI, CsFLS, CsDFR, CsANS, and CsANR. This coordinated transcriptional regulation 
redirected metabolic flux toward flavonoid production, strengthening antioxidant defense and 
stress acclimation [44]. These findings highlight a broader trend in priming research toward 
identifying key regulatory hubs that mediate acquired drought tolerance through secondary 
metabolism. 

The enhancement of antioxidant defense systems is another central mechanism 
underlying drought priming. Water deficit commonly induces excessive ROS accumulation, 
leading to oxidative damage, membrane lipid peroxidation, and photosynthetic impairment. 
Priming strategies frequently induce a controlled ROS burst during the priming phase, which 
subsequently activates antioxidant defense pathways and improves ROS homeostasis during 
later stress exposure. In wheat, silver nanoparticle (AgNP) priming triggered a rapid but 
transient ROS increase accompanied by 1.5–2.5-fold increases in CAT and POD activities 
shortly after treatment [42]. During subsequent drought stress, ROS accumulation and MDA 
levels were significantly lower in primed plants than in untreated controls, indicating enhanced 
oxidative stress mitigation. Similar antioxidant acclimation was observed in drought-primed 
coffee and tea plants, where activities of enzymes such as SOD, APX, glutathione reductase, 
and catalase were enhanced or more effectively regulated under repeated drought exposure 
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[40,41]. Collectively, these studies suggest that priming strengthens antioxidant preparedness, 
enabling plants to better manage oxidative stress during drought. 

At the molecular level, drought priming is increasingly recognized as a transcriptionally 
regulated process involving stress memory genes, signaling pathways, and transcription factor 
networks (Figure 1). Transcriptomic analyses have revealed that repeated drought exposure 
induces extensive reprogramming of genes associated with photosynthesis, hormone signaling, 
carbohydrate metabolism, amino acid biosynthesis, and phenylpropanoid pathways [40, 41, 
45]. In tea plants, weighted gene co-expression network analysis identified AP2/ERF, MYB, 
NAC, WRKY, and bHLH transcription factors as central regulators of drought memory and 
metabolic adaptation [41]. Similarly, repeated drought cycles in coffee induced stronger 
expression of drought-responsive genes, such as RD29B and RD22, than single drought events, 
supporting the concept of transcriptional memory [40]. The identification of transcriptional 
regulators such as CsYABBY1 and CsMYB114 further demonstrates that priming-induced 
tolerance involves coordinated gene regulatory networks that modulate both primary and 
secondary metabolism. 

Recent developments also indicate a growing interest in integrating nanopriming 
technologies with conventional drought priming approaches. Nanopriming with low 
nanoparticle concentrations has emerged as a novel strategy to enhance drought tolerance by 
controlled activation of stress signaling pathways. In wheat, low-dose AgNP priming of the 
foliar at the third leaf stage improved leaf water potential, photosynthetic efficiency, and shoot 
and root biomass, ultimately increasing grain yield by approximately 12% under drought 
conditions [42]. Importantly, the responses were concentration-dependent, as higher 
nanoparticle concentrations caused chlorophyll degradation, PSII inhibition, and growth 
suppression. This highlights the importance of optimizing priming intensity and dosage to 
maximize beneficial stress acclimation while avoiding toxicity. 

Additionally, seed priming has emerged as a practical and cost-effective strategy to 
enhance drought tolerance by inducing stress-adaptive responses prior to crop establishment. 
Recent studies show that seed priming with osmotic agents, micronutrients, antioxidants, and 
nanoparticles improves water relations, antioxidant defense, and stress memory mechanisms 
[46−49]. In wheat, CaCl₂ osmopriming increased leaf area by 9–43%, tissue water status by 2–
47%, osmolyte accumulation by 6–48%, and grain yield by 14–79% under drought conditions 
[46]. Nanopriming with ZnO nanoparticles further enhanced drought tolerance by increasing 
POD activity by up to 289.9%, phenolic content by 1139.6%, and lipid peroxidation inhibition 
by 433% in drought-stressed wheat seedlings [47]. Similarly, selenium seed priming improved 
photosynthetic rate by 28.8%, stomatal conductance by 35.3%, relative water content by 
14.6%, and grain yield by 36.0% in drought-stressed quinoa [48]. In wheat, salicylic acid 
priming increased germination by 62%, improved relative water content by 64%, reduced 
malondialdehyde accumulation by 22%, and enhanced antioxidant enzyme activities under 
PEG-induced drought stress [49]. These findings highlight seed priming as a scalable approach 
for improving crop resilience through enhanced physiological preparedness, antioxidant 
capacity, and stress acclimation. 

Current research demonstrates that drought priming enhances crop resilience through 
integrated physiological, biochemical, metabolic, and molecular mechanisms. Advances in 
omics technologies have substantially improved understanding of drought memory, 
transcriptional regulation, antioxidant acclimation, and metabolic reprogramming associated 
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with priming-induced tolerance. These findings underscore the potential of priming as an 
effective and sustainable non-genetic engineering strategy for improving crop performance 
under increasingly frequent and severe drought conditions. 

4. Bioaugmentation 

Recent advances in bioaugmentation have positioned beneficial rhizosphere microorganisms 
as one of the most promising non-genetic engineering strategies for enhancing drought 
tolerance in food crops [50, 51]. Current research trends increasingly emphasize the use of 
multifunctional microbial consortia, particularly AMF, PGPB, endophytic fungi, and 
rhizosphere microbiome engineering, to improve plant resilience under water-limited 
conditions. Unlike conventional single-trait approaches, modern bioaugmentation strategies 
aim to simultaneously regulate water uptake, nutrient acquisition, oxidative stress mitigation, 
osmotic adjustment, and stress-responsive signaling pathways [50]. Increasing attention has 
also been directed toward combining microbial inoculants with organic amendments such as 
vermicompost, as well as exploiting drought-adapted native microbial communities and 
microbiome network engineering to enhance plant adaptation under increasingly erratic 
climatic conditions [52−54]. 

One of the dominant trends is the extensive application of AMF to improve drought 
resilience through enhanced root hydraulic conductivity, nutrient uptake, and maintenance of 
plant water relations. AMF colonization consistently improves root architecture, including root 
length, diameter, surface area, and root volume, thereby increasing the soil exploration capacity 
of crops under drought [55]. In trifoliate orange, AMF inoculation increased root volume by 
172.11% under drought stress, while substantially improving leaf relative water content and 
water potential [56, 57]. Similarly, AMF-treated tomato plants under water deficit exhibited an 
increase in biomass from 1,189 to 2,062 g/plant, along with improved stomatal conductance 
and water-use efficiency [52]. Enhanced hydraulic regulation is strongly associated with the 
modulation of aquaporins and membrane transport systems. For example, AMF inoculation 
upregulated aquaporin genes such as PtTIP1;3 and PtTIP4;1 in trifoliate orange roots, 
facilitating improved water transport under drought conditions [57]. In olive, native AMF 
improved root hydraulic conductivity through coordinated regulation and phosphorylation of 
aquaporins, including PIP1;2 and TIP1;2, thereby enhancing drought adaptation [58]. 

Another major advance involves integrating AMF with PGPB or organic biofertilizers to 
achieve synergistic drought-mitigation effects. Combined inoculation strategies frequently 
outperform single inoculants by simultaneously improving nutrient cycling, root growth, and 
antioxidant defense. In walnut seedlings, the combination of AMF and PGPB significantly 
enhanced root length, fresh biomass, nutrient acquisition, and chlorophyll content under 
drought stress compared with either treatment alone [59]. Likewise, the combined application 
of AMF and vermicompost in quinoa substantially improved photosynthetic efficiency, leaf 
water potential, osmolyte accumulation, and post-harvest soil fertility while reducing oxidative 
damage markers such as H₂O₂ and malondialdehyde [53]. These findings demonstrate a 
growing trend toward integrated microbiome-based soil management systems that 
simultaneously target plant physiology and soil ecosystem function. 

Bioaugmentation also exerts profound effects on photosynthetic performance and carbon 
metabolism under drought stress. AMF and endophytic inoculants frequently maintain higher 
chlorophyll contents, stomatal conductance, PSII efficiency, and carbon assimilation under 
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water deficit. In maize, AMF inoculation partially restored photosynthetic rate, transpiration, 
and chlorophyll fluorescence under severe drought while increasing chlorophyll pigments by 
up to 88.67% [60]. Similar improvements were observed in sesame, where AMF enhanced 
irrigation water productivity by 22–71% under severe drought conditions [61]. Enhanced 
photosynthetic performance is often associated with better nutrient acquisition, particularly 
phosphorus, nitrogen, and potassium, which are critical for photosynthetic enzymes and 
osmotic regulation. AMF inoculation increased phosphorus uptake in tomato from 0.5 to 1.3 
g/plant under water deficit conditions [52], while quinoa soils treated with AMF and 
vermicompost showed phosphorus increases exceeding 1,100% after harvest [53]. 

At the biochemical level, microbial bioaugmentation primarily enhances drought 
tolerance through modulation of antioxidant defense systems and osmotic adjustment. Drought 
stress typically induces excessive ROS accumulation, leading to lipid peroxidation, membrane 
instability, and cellular damage [4]. Beneficial microorganisms alleviate oxidative stress by 
enhancing antioxidant enzyme activities including SOD, CAT, POD, glutathione reductase, 
and APX. In maize, AMF inoculation increased SOD, CAT, POD, APX, and glutathione 
reductase activities by up to 98.63%, 73.61%, 92.47%, 75.00%, and 54.22%, respectively, 
while reducing H₂O₂ and lipid peroxidation by nearly 50% [60]. Similar antioxidant 
enhancement was observed in trifoliate orange, where AMF upregulated antioxidant-related 
genes, such as PtMn-SOD and PtCAT1, by more than 400–600% under drought stress [56]. 
Concurrently, microbial inoculation promotes the accumulation of compatible osmolytes, 
including proline, soluble sugars, amino acids, glycine betaine, and phenolics, which stabilize 
proteins, membranes, and cellular osmotic balance under dehydration conditions. 

Recent studies also highlight a shift toward rhizosphere microbiome engineering and 
microbial network optimization. Advanced metagenomic and transcriptomic analyses have 
revealed that drought-resistant crop genotypes recruit more diverse and functionally 
specialized microbial communities than drought-sensitive cultivars [54]. Drought-resistant 
wheat cultivars were shown to possess more complex microbial interaction networks enriched 
in carbon cycling and energy metabolism pathways, contributing to improved stress resilience. 
Moreover, inoculation with beneficial fungi such as Mortierella alpina activated drought-
responsive genes, including CIPK9 and PP2C30, demonstrating the capacity of rhizosphere 
microorganisms to directly modulate host stress signaling pathways [54]. These findings 
indicate that future bioaugmentation strategies may increasingly focus on microbiome 
selection, synthetic microbial communities, and precision manipulation of rhizosphere 
ecological networks rather than reliance on single microbial species. 

Emerging evidence also underscores the importance of endophytic fungi isolated from 
extreme environments as novel drought-mitigation agents. Antarctic fungal endophytes 
inoculated into blueberry improved photosynthetic performance, water potential, fruit quality, 
antioxidant capacity, and membrane stability under drought conditions [62]. Such 
extremophile-associated microbes represent an important frontier in climate-resilient 
agriculture because they possess unique stress-adaptive metabolic traits that can be transferred 
to host plants. 

Collectively, current advances demonstrate that bioaugmentation enhances drought 
tolerance through coordinated physiological, biochemical, molecular, and ecological 
mechanisms involving improved water acquisition, nutrient metabolism, ROS detoxification, 
hormonal regulation, osmotic adjustment, aquaporin-mediated transport, and rhizosphere 
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microbiome restructuring. The integration of multifunctional microbial consortia, native 
drought-adapted microbiomes, and soil health management strategies is increasingly 
recognized as a sustainable and highly promising approach for improving food crop 
productivity under intensifying global drought conditions. A summary of bioaugmentation 
strategies is shown in Table 2. 

Table 2. Bioaugmentation Strategies to Enhance Drought Tolerance in Food Crops. 
Crop/System Treatment Drought effects & main benefits Quantitative outcomes Ref. 

Tomato AMF inoculation 
under three 
irrigation levels 

Water deficit reduced biomass and nutrient 
uptake; AMF improved biomass, P uptake, 
PSII efficiency, stomatal conductance, and 
water-use efficiency 

Biomass increased from 1,189 to 
2,062 g plant⁻¹; P uptake 
increased from 0.5 to 1.3 g plant⁻¹ 
under drought 

[52] 

Maize (Zea 
mays) 

Glomus versiforme 
inoculation under 
moderate/severe 
drought 

Severe drought reduced growth and 
biomass; AMF enhanced growth, 
photosynthesis, chlorophyll, antioxidant 
defense, osmolytes, and nutrient uptake 

Biomass +75.73%; SOD 
+98.63%, POD +92.47%, CAT 
+73.61%; H₂O₂ −46.83% 

[60] 

Walnut seedlings AMF + PGPB Drought impaired growth and root 
development; inoculation improved growth, 
chlorophyll, nutrient uptake, osmolytes, 
and antioxidant activity 

Highest fresh weight (FW): 360 g 
with G. etunicatum + PGPB; POD 
reached 6.50 absorbance min⁻¹ 
mg protein⁻¹ 

[59] 

Quinoa AMF + 
vermicompost 
under drought 

Drought reduced colonization, biomass, 
photosynthesis, and yield; treatment 
improved water status, chlorophyll, 
antioxidant defense, osmolytes, and soil 
fertility 

H₂O₂ −~60%; MDA −~65%; soil 
P +~1185% 

[53] 

Olive (Olea 
europaea) 

Native AMF from 
contrasting soils 

Drought reduced leaf biomass, chlorophyll, 
and growth; AMF improved hydraulic 
conductivity, aquaporin regulation, 
photosynthesis, and nutrient uptake 

Significant increase in root 
hydraulic conductivity and 
maintenance of chlorophyll under 
drought 

[58] 

Trifoliate orange Funneliformis 
mosseae inoculation 

Drought reduced root colonization and gas 
exchange; AMF enhanced root 
morphology, photosynthesis, H⁺-ATPase 
activity, and N metabolism 

Root volume +172.11%; 
photosynthetic rate +141.15%; 
PtAHA2 upregulated 20.92-fold 

[55] 

Trifoliate orange Funneliformis 
mosseae inoculation 

Drought reduced biomass, chlorophyll, and 
antioxidant balance; AMF improved 
biomass, water status, root traits, 
antioxidant enzymes, and gene expression 

Biomass +48.6%; PtMn-SOD 
+611.8%; O₂•⁻ −40.2% 

[56] 

Trifoliate orange Funneliformis 
mosseae inoculation 

Drought reduced growth and water status; 
AMF enhanced biomass, water relations, 
ABA accumulation, and aquaporin 
expression 

Leaf biomass +72.34%; PtTIP4;1 
upregulated 124.67% 

[57] 

Tomato Funneliformis 
mosseae and 
Rhizophagus 
intraradices 

Water stress reduced water status and 
photosynthesis; AMF delayed drought 
effects, improved intrinsic water use, and 
reduced ABA and oxidative stress 

Proline ~30.5 μmol g⁻¹ FW in 
AMF plants vs. ~18.6 in controls 

[63] 

Sesame Rhizophagus 
intraradices and 
Funneliformis 
mosseae 

Drought reduced nutrient uptake and yield; 
AMF improved nutrient acquisition, grain 
yield, oil content, and irrigation water 
productivity 

Irrigation water productivity 
increased by 22–71% under 
severe drought 

[61] 

Wheat 
rhizosphere 
microbiome 

Metagenomics and 
fungal inoculation 

Drought-sensitive wheat had less diverse 
microbiomes; resistant cultivars showed 
more complex microbial networks and 
stronger carbon cycling 

Mortierella alpina activated 
drought-responsive CIPK9 and 
PP2C30 genes 

[54] 

Maize AMF inoculation 
under drought 

Drought reduced biomass and chlorophyll; 
AMF improved growth, antioxidant 
activity, soil fertility, and microbial 
network stability 

Biomass +42.7%; soil organic 
matter +71.8% 

[64] 

Blueberry Antarctic fungal 
endophytes 

Drought reduced photosynthesis and fruit 
quality; endophytes improved water status, 
PSII efficiency, fruit quality, and 
antioxidant capacity 

Fruit weight increased from 1.1 to 
3.1 g; soluble solids/titratable 
acidity ratio increased from 50.2 
to 75.0 

[62] 
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5. Non-phytohormone Organic Supplementation 

Recent advances in non-phytohormone organic supplementation have shifted from the 
traditional use of simple osmoprotectants toward multifunctional biostimulants and 
metabolically active organic compounds that can reprogram drought responses at 
physiological, biochemical, transcriptomic, and rhizosphere levels. Emerging strategies 
increasingly integrate natural organic acids, seaweed-derived biostimulants, flavonoids, 
phenolic metabolites, carbon-based signaling compounds, nanoparticle-formulated 
biopolymers, and plant-derived antioxidant extracts to enhance drought resilience in food crops 
while minimizing the growth penalties commonly associated with severe water deficit [65]. 
Unlike conventional phytohormone application, these compounds act indirectly by modulating 
endogenous signaling pathways, antioxidant systems, osmotic adjustment, membrane 
stabilization, and metabolic plasticity, thereby providing broader and more sustained stress 
acclimation. 

One of the most prominent trends involves the use of natural biostimulants derived from 
humic substances and marine macroalgae. Fulvic acid (FA), a low-molecular-weight humic 
fraction with high bioactivity, has emerged as a potent regulator of drought-responsive 
metabolism [66]. Transcriptomic and metabolomic analyses in tea plants demonstrated that FA 
treatment substantially reprogrammed antioxidant and secondary metabolic pathways under 
drought stress, particularly through enhancement of ascorbate metabolism, glutathione 
metabolism, and flavonoid biosynthesis [67]. Coordinated upregulation of genes such as GME, 
AO, ALDH, GST, G6PDH, CHS, and F3H, together with accumulation of flavonoids including 
kaempferol, quercetin, and myricetin, indicates that FA strengthens ROS detoxification 
capacity through both enzymatic and non-enzymatic antioxidant systems [67]. These findings 
highlight a broader mechanistic trend in drought biostimulation whereby exogenous organic 
compounds trigger integrated antioxidant-metabolic networks rather than isolated defense 
responses. Enhanced flavonoid biosynthesis is particularly important because flavonoids 
function simultaneously as ROS scavengers, membrane stabilizers, UV protectants, and 
signaling molecules involved in stress adaptation. 

Seaweed-derived biostimulants, especially extracts from Ascophyllum nodosum, 
represent another rapidly advancing area of drought mitigation research. These extracts contain 
complex mixtures of polysaccharides, phenolics, betaines, amino acids, and organic 
compounds that collectively improve water management and stress signaling [68]. In soybean, 
Ascophyllum nodosum extract (ANE) markedly enhanced drought resilience by maintaining 
approximately 50% higher leaf water content and 46% greater stomatal conductance under 
drought conditions, while also improving post-stress recovery [69]. Molecular analyses further 
revealed activation of both ABA-dependent and ABA-independent drought pathways, 
including upregulation of GmDREB1B, GmRD22, GmERD1, and aquaporin gene GmPIP1b. 
The simultaneous activation of stress-responsive transcription factors, water transport systems, 
and photoprotective genes such as FIB1a demonstrates that seaweed biostimulants function as 
complex signaling modulators rather than simple nutrient supplements [69]. Similar responses 
were observed with Acadian® seaweed extract, which improved stomatal regulation, leaf 
cooling, and thermal homeostasis under drought stress [70]. Treated soybean plants maintained 
lower leaf temperatures and higher turgor stability during water deficit, indicating sustained 
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transpiration control and improved hydraulic regulation. These responses suggest that seaweed 
extracts enhance drought tolerance partly by preserving stomatal responsiveness and 
evaporative cooling capacity, thereby delaying the transition from moderate stress to 
irreversible dehydration. 

Another important development is the increasing use of naturally occurring low-
molecular-weight carbon compounds as drought-protective metabolites. Acetic acid (AA) and 
ethanol have attracted considerable attention as metabolic priming agents that activate 
endogenous drought signaling pathways [71, 72]. Exogenous AA treatment enhanced drought 
tolerance in apple by stimulating ABA- and JA-mediated MAPK signaling pathways and 
inducing genes involved in ABA and JA biosynthesis, including 9-cis-epoxycarotenoid 
dioxygenase, lipoxygenase, allene oxide synthase, and allene oxide cyclase. Transcriptomic 
analyses further revealed enrichment of pathways related to secondary metabolism, stress 
signaling, and hormonal crosstalk, indicating that AA induces broad stress acclimation 
networks rather than isolated hormonal responses [71]. Ethanol supplementation similarly 
enhanced drought tolerance in Arabidopsis, wheat, and rice through coordinated regulation of 
stomatal closure, ABA signaling, and metabolic reprogramming [72]. Ethanol-treated plants 
exhibited delayed water loss, elevated leaf temperature indicative of controlled stomatal 
closure, and significant accumulation of compatible solutes, including proline, sucrose, 
glucose-6-phosphate, glycerol, and myoinositol. Stable isotope labeling further demonstrated 
incorporation of ethanol-derived carbon into sugars and stress-associated metabolites through 
gluconeogenesis. Importantly, ethanol-mediated tolerance depended on conversion to AA, 
linking carbon metabolism directly with drought signaling pathways [72]. Compared with 
direct AA application, ethanol caused less growth inhibition, highlighting its potential as a 
more agronomically practical drought protectant. 

Plant-derived antioxidant supplements and natural phenolic compounds have also 
emerged as effective drought-mitigation tools. Vitexin, a flavonoid compound, substantially 
improved wheat drought tolerance through enhancement of antioxidant defense, osmotic 
adjustment, and stress-responsive signaling pathways [73]. Vitexin treatment increased shoot 
fresh weight by 75%, root dry weight by 97%, relative water content by 51.9%, and survival 
rate from 40% to 76% under drought conditions. These physiological improvements were 
associated with reduced accumulation of H2O2, O2

−, and MDA, alongside enhanced activities 
of CAT, POD, and SOD. Transcriptomic analyses revealed significant regulation of genes 
associated with MAPK signaling, flavonoid biosynthesis, fatty acid metabolism, and 
membrane stabilization, including CHI, PAL, CYP75B1, and lipoxygenase-related genes [73]. 
The enrichment of flavonoid and phenylpropanoid pathways suggests that vitexin not only 
functions as a direct antioxidant but also amplifies endogenous secondary metabolic defenses 
against oxidative and membrane damage. 

Similarly, plant-derived biostimulants rich in antioxidants and vitamins have shown 
substantial potential in improving drought resilience. Foliar application of moringa seed extract 
and α-tocopherol significantly alleviated drought-induced physiological impairment in maize 
hybrids grown under water-limited conditions [74]. Drought stress caused major reductions in 
chlorophyll content, stomatal conductance, photosynthetic efficiency, and grain yield, while 
simultaneously increasing oxidative stress indicators such as MDA and electrolyte leakage. 
Application of moringa extract improved chlorophyll content by 18.3%, net photosynthetic rate 
by 17.8%, membrane stability index by 15.2%, and grain yield by 9.7%, while enhancing 
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antioxidant enzyme activity and crop water productivity. α-Tocopherol produced similar 
protective effects through membrane stabilization and ROS scavenging [74]. These findings 
reinforce the growing recognition that exogenous antioxidants can maintain photosynthetic 
integrity and membrane functionality under drought stress, thereby sustaining productivity 
even under severe water limitation. 

Nanostructured organic supplements represent another frontier in drought tolerance 
enhancement. Chitosan nanoparticles (CHNPs) have gained attention because nanoscale 
delivery improves stability, penetration efficiency, and sustained bioactivity. In tomato, 
CHNPs strongly amplified drought-responsive gene expression, including major increases in 
HsfA1a, SlAREB1, and LeNCED1 expression under drought conditions [75]. These genes are 
closely associated with ABA biosynthesis, transcriptional regulation, and stress adaptation, 
indicating that CHNPs function as potent elicitors of molecular stress signaling. The 
concentration-dependent enhancement of drought-responsive transcription suggests that 
nanobiostimulants may provide precise control over stress acclimation pathways while 
minimizing phytotoxicity [75]. 

Recent studies also indicate that some organic compounds confer drought tolerance 
indirectly through rhizosphere microbiome modulation. A notable example is 4-
methylumbelliferone (4-MU), a coumarin-related metabolite that accumulated preferentially in 
drought-tolerant Malus sieversii rootstocks under water deficit [76]. Exogenous 4-MU 
significantly improved drought tolerance by increasing biomass, water-use efficiency, 
photosynthetic performance, and root development under prolonged drought. Beyond direct 
physiological effects, 4-MU reshaped rhizosphere microbial communities by enriching 
beneficial taxa such as Pseudomonas, Bacillus, Streptomyces, and Trichoderma. Soil 
sterilization experiments further confirmed that microbial recruitment contributed substantially 
to drought mitigation, indicating that certain organic supplements function partly as 
rhizosphere signaling molecules that engineer beneficial plant–microbe interactions [76]. This 
represents an emerging paradigm in drought management in which organic metabolites act 
simultaneously as plant protectants and microbiome modulators. 

From an agronomic perspective, the performance of these organic supplements has been 
highly promising across diverse crop species, including soybean, wheat, maize, rice, apple, tea, 
and tomato. Improvements commonly include enhanced biomass accumulation, greater water-
use efficiency, improved photosynthetic performance, reduced oxidative damage, and 
increased yield stability under drought conditions. Importantly, many treatments also improved 
post-drought recovery, indicating enhanced resilience rather than merely temporary stress 
avoidance. Current trends, therefore, suggest a transition toward multifunctional organic 
biostimulants that integrate metabolic priming, antioxidant reinforcement, hydraulic 
regulation, and microbiome-mediated stress mitigation. Future advances will likely focus on 
optimizing dosage, formulation, delivery systems, and crop specificity while integrating 
transcriptomics, metabolomics, and microbiome analyses to develop precision biostimulant 
strategies for climate-resilient agriculture. Table 3 summarizes studies on non-phytohormone 
organic supplementation to enhance drought tolerance in food crops. 
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Table 3. Summary of Non-Phytohormone Organic Supplementation for Drought-Tolerance Enhancement in 
Food Crops. 

Plant 
species/System 

Treatment 
Experimental 

conditions 
Key drought 

mitigation effects 
Molecular/mechanistic 

findings 
Ref. 

Tea plant FA, 0.1 g/L Drought stress for 4 
and 8 days; 
transcriptomics and 
metabolomics 
analyses 

Enhanced antioxidant 
defense and drought 
tolerance through 
improved ascorbate, 
glutathione, and 
flavonoid metabolism 

30,702 genes and 892 
metabolites identified; 604 and 
3331 DEGs at 4 and 8 days; 
regulated GME, AO, ALDH, 
GST, G6PDH, CHS, F3H, and 
flavonoid pathways 

[67] 

Soybean Ascophyllum 
nodosum extract 
(ANE, 7.0 mL/L) 

Controlled growth 
chamber; drought 
induced by 
withholding 
irrigation 

Reduced wilting; ~50% 
higher water content 
and 46% greater 
stomatal conductance; 
antioxidant activity 
increased during 
drought and recovery 

Upregulated ABA/stress-related 
genes including GmCYP707A1a, 
GmCYP707A3b, GmRD22, 
GmDREB1B, GmERD1, and 
GmPIP1b 

[69] 

Soybean Ascophyllum 
nodosum extract 
(Acadian®) 

5-day stress–
recovery drought 
trial with thermal 
imaging 

Delayed wilting, 
maintained lower leaf 
temperature, 
accelerated recovery, 
and maintained higher 
leaf turgor (43.52% vs. 
23.31%) 

Improved stomatal regulation, 
transpiration, and leaf thermal 
regulation under drought 

[70] 

Tomato Chitosan 
nanoparticles 
(CHNPs; 60 and 90 
ppm) 

Greenhouse drought 
experiment with 10 
days of irrigation 
withholding 

Enhanced drought-
responsive gene 
expression in a 
concentration-
dependent manner 

Increased HsfA1a (16.0–17.27-
fold), SlAREB1 (60.00–62.72-
fold), and LeNCED1 (20.16–
27.2-fold) 

[75] 

Apple Acetic acid (AA) Control, AA, 
drought, and drought 
+ AA treatments 

Maintained higher 
chlorophyll and 
carotenoid contents and 
improved drought 
tolerance 

Increased ABA, JA, and methyl 
jasmonate; activated MAPK and 
hormone signaling and regulated 
NCED, AOS, AOC, LOX, and 
OPR 

[71] 

Maize hybrids Moringa seed extract 
and α-tocopherol 

Three irrigation 
regimes (100%, 
75%, and 50% 
evapotranspiration) 
in sandy soil 

Improved chlorophyll 
(+18.3%), 
photosynthesis 
(+17.8%), water status 
(+9.4%), membrane 
stability (+15.2%), and 
grain yield (+9.7%); 
reduced oxidative 
damage 

Increased antioxidant activity, 
including SOD (+18.1%), and 
improved crop water 
productivity by up to 11.1% 

[74] 

Apple 
rootstocks 
(Malus 
sieversii and 
M9-T337) 

4-
Methylumbelliferone 
(4-MU; 125 or 500 
μM) 

Greenhouse, 
hydroponic, 
transcriptomic, 
metabolomic, and 
microbial analyses 
under drought 

Improved growth, 
biomass, water status, 
photosynthesis, water-
use efficiency, and 
root-to-shoot ratio 

Regulated 1273 drought-
responsive genes and enriched 
beneficial Pseudomonas, 
Bacillus, Streptomyces, and 
Trichoderma 

[76] 

Arabidopsis, 
wheat, rice 

Ethanol (5–20 mM 
in Arabidopsis; 50–
100 mM in cereals) 

Drought stress with 
metabolomic and 
transcriptomic 
analyses 

Enhanced stomatal 
closure, delayed water 
loss, maintained shoot 
water content, and 
improved drought 
survival 

Activated ABA-
dependent/independent 
pathways, gluconeogenesis, and 
osmolyte accumulation; 
conversion to acetic acid was 
required for tolerance 

[72] 

Wheat Vitexin (50 μM) Hydroponic PEG-
induced drought 
experiment 

Increased shoot FW 
(+75%), shoot dry 
weight (DW) 
(+35.5%), root DW 
(+97%), water content 
(+51.9%), and survival 
(40%→76%); reduced 
ROS and MDA 

1785 DEGs identified; MAPK, 
flavonoid, phenylpropanoid, 
fatty acid, and hormone 
pathways were enriched; 
regulated CHI, FNSII, 
CYP75B1, PAL, Ein3, and 
lipoxygenase genes 

[73] 
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6. Inorganic Supplementation 

Recent advances in inorganic supplementation have demonstrated substantial potential for 
improving drought tolerance in food crops through integrated regulation of plant water 
relations, redox homeostasis, osmotic adjustment, nutrient acquisition, photosynthetic stability, 
and stress-responsive molecular signaling [77]. Current trends emphasize the use of beneficial 
mineral nutrients and nanomaterials, particularly silicon (Si), potassium (K), selenium (Se), 
titanium dioxide nanoparticles (TiO₂ NPs), zinc oxide nanoparticles (ZnO NPs), and cerium 
oxide nanoparticles (CeO₂ NPs), either alone or in combination with biological amendments 
such as AMF, to enhance crop resilience under water-limited conditions. Unlike 
phytohormonal interventions, these inorganic supplements primarily function through 
structural reinforcement, ion homeostasis, ROS detoxification, membrane stabilization, and 
modulation of drought-responsive genes and signaling networks, thereby providing a 
multifaceted strategy for sustaining productivity under increasingly frequent drought episodes 
[77]. Among inorganic supplements, Si has emerged as one of the most extensively studied 
drought-mitigating agents due to its ability to improve water-use efficiency, strengthen cell 
wall architecture, maintain membrane integrity, and stimulate antioxidant defenses (Figure 2).  
 

 

Figure 2. Drought Tolerance Pathways Through Inorganic Supplementation. 

Si-mediated drought tolerance is increasingly linked to synergistic interactions with 
AMF, highlighting a trend toward integrated bioinorganic approaches [15]. In rice, combined 
application of monosilicic acid and AMF substantially improved drought resilience by 
increasing shoot dry matter by 28% and grain yield by 37–55% under moderate to severe water 
deficit compared with untreated controls [78]. These synergistic effects are associated with 
improved nutrient uptake, enhanced root hydraulic conductivity, and greater photosynthetic 
stability. Si supplementation also enhances osmotic adjustment and antioxidant metabolism, 
reducing drought-induced oxidative damage through increased activities of SOD, CAT, APX, 
and POD while limiting lipid peroxidation and ROS accumulation [78]. Nano-Si formulations 
represent a particularly important advancement because of their higher surface area, improved 
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penetration efficiency, and stronger physiological activity compared with bulk silicon. In 
Lallemantia iberica, nano-Si increased biomass by 100%, water-use efficiency by 107%, and 
PSII efficiency by 70.9% under drought stress, while simultaneously enhancing phenolics, 
flavonoids, and antioxidant capacity (by 44–64%) [79]. These responses indicate that nano-
silicon not only preserves primary metabolism but also stimulates secondary metabolite 
biosynthesis linked to stress protection. 

K supplementation constitutes another major strategy for drought mitigation because of 
its central role in stomatal regulation, osmotic balance, enzyme activation, and maintenance of 
photosynthetic processes [80] (Figure 2). K-mediated drought tolerance is strongly associated 
with improved cellular hydration, reduced ROS accumulation, and enhanced antioxidant 
defense systems. In sesame, K application restored relative water content and chlorophyll 
levels while markedly enhancing osmolyte accumulation, including proline, soluble sugars, 
amino acids, and proteins, under drought stress [81]. K also reduced hydrogen peroxide and 
malondialdehyde accumulation and stimulated the activities of SOD, CAT, APX, and 
glutathione reductase, thereby demonstrating its role in maintaining redox equilibrium. 
Correlation analyses further revealed close associations between K-enhanced antioxidant 
activity, osmotic regulation, and delayed leaf senescence [81]. Foliar potassium nitrate (KNO₃) 
supplementation has similarly shown effectiveness under combined drought and heat stress, 
improving growth recovery, chlorophyll retention, stomatal conductance, and nutrient 
acquisition while modulating endogenous hormonal balance [82]. Importantly, KNO₃ 
treatment reduced ABA accumulation while increasing growth-promoting hormones such as 
IAA, gibberellic acid, and cytokinins, indicating that inorganic supplementation can indirectly 
influence hormonal signaling without acting as an exogenous phytohormone itself. 

Nanotechnology-based inorganic supplementation has become one of the fastest-
growing trends in drought management research because nanoparticles possess unique 
physicochemical properties that enhance uptake efficiency and biological activity [83]. TiO₂ 
NPs have demonstrated significant capacity to preserve photosynthetic machinery and 
antioxidant metabolism under drought conditions. In sweet corn, foliar application of 50 mg 
L⁻¹ TiO₂ NPs improved relative water content, chlorophyll fluorescence, osmolyte 
accumulation, and antioxidant enzyme activities (Figure 2) while partially restoring grain yield 
and harvest index under deficit irrigation [84]. However, the findings also highlight the 
importance of dosage optimization, as excessive nanoparticle concentrations (100 mg L⁻¹) 
produced detrimental effects, likely due to nanoparticle-induced oxidative stress or metabolic 
disruption. This dose-dependent response is increasingly recognized as a critical consideration 
in nano-enabled drought mitigation strategies. 

Similarly, ZnO NPs have shown strong potential in enhancing drought tolerance through 
coordinated physiological, biochemical, and molecular regulation. ZnO NPs improve 
chlorophyll synthesis, protein metabolism, amino acid accumulation, antioxidant activity, and 
osmotic adjustment while simultaneously inducing drought-responsive gene expression [85] 
(Figure 2). In wheat, ZnO NP application increased the expression of stress-related genes, 
including Wdhn13, CAT1, DREB2, and P5CS, by up to threefold under severe drought stress 
[86]. These molecular responses were accompanied by enhanced accumulation of proline, 
soluble sugars, proteins, and antioxidant enzymes, together with reduced lipid peroxidation. 
The activation of DREB2 and P5CS suggests that ZnO NPs stimulate both transcriptional 
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drought signaling and osmoprotectant biosynthesis pathways, thereby integrating metabolic 
and gene-regulatory drought responses. 

Rare-earth nanomaterials such as CeO₂ NPs represent another emerging frontier in 
inorganic drought mitigation. CeO₂ NPs possess intrinsic redox cycling capacity between Ce³⁺ 
and Ce⁴⁺ states, enabling direct scavenging of ROS [87]. In apple, foliar CeO₂ NP application 
enhanced photosynthetic performance, chlorophyll fluorescence, osmolyte accumulation, 
antioxidant activity, and drought-responsive transcription factor expression under severe 
drought conditions (Figure 2) [88]. Upregulation of DREB1A and DREB1E indicated activation 
of transcriptional stress signaling pathways, while increased ABA and IAA levels suggested 
improved coordination between stress adaptation and growth maintenance. CeO₂ NPs also 
substantially reduced electrolyte leakage, hydrogen peroxide, and malondialdehyde 
accumulation, highlighting their effectiveness in preserving membrane stability and 
minimizing oxidative injury. These findings demonstrate that nanoceria acts not only as a 
nutrient supplement but also as a nanozyme-like antioxidant system capable of directly 
modulating plant redox status. 

Se supplementation has likewise gained increasing attention because of its dual role in 
antioxidant defense and nutrient homeostasis. Foliar Se application in sunflower significantly 
enhanced antioxidant enzyme activities, osmolyte accumulation, phenolic and flavonoid 
biosynthesis, and ion balance under drought stress (Figure 2) [89]. Se reduced hydrogen 
peroxide accumulation by approximately 21% while increasing SOD activity by more than 
150%, thereby substantially improving growth performance under water deficit conditions. The 
enhanced accumulation of ascorbic acid, anthocyanins, flavonoids, and total phenolics further 
indicates that Se stimulates both enzymatic and non-enzymatic antioxidant systems. Moreover, 
selenium improved root ion homeostasis by increasing Ca²⁺, K⁺, and Na⁺ accumulation, 
suggesting enhanced membrane transport and nutrient regulation under drought conditions 
[89]. 

Collectively, the latest advances indicate that inorganic supplementation enhances 
drought tolerance through several interconnected mechanisms. Physiologically, these 
supplements improve stomatal regulation, water retention, photosynthetic efficiency, 
chlorophyll stability, and water-use efficiency. Biochemically, they strengthen antioxidant 
defense systems, reduce ROS accumulation and membrane lipid peroxidation, stimulate 
osmolyte biosynthesis, and enhance secondary metabolite accumulation. At the molecular 
level, inorganic supplements increasingly appear to regulate stress-responsive transcription 
factors, osmoprotectant biosynthesis genes, antioxidant-related genes, aquaporins, and 
hormone-signaling pathways, including ABA-dependent drought signaling networks. 
Emerging evidence also demonstrates that inorganic supplements influence rhizosphere 
interactions and microbial recruitment, particularly when integrated with AMF or other 
beneficial microorganisms, thereby extending their effects beyond plant tissues to the broader 
soil–plant system. 

A notable emerging trend is the convergence of nanotechnology, nutrient engineering, 
and microbial symbiosis into integrated drought management platforms. Nano-enabled 
delivery systems provide enhanced bioavailability and targeted stress protection, while 
combinations of inorganic supplements with AMF or other beneficial microbes generate 
synergistic improvements in nutrient acquisition, water transport, and metabolic resilience. 
These integrated approaches are increasingly viewed as promising climate-smart agricultural 
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strategies capable of sustaining crop productivity under escalating drought pressures associated 
with climate change. 

7. Convergence of Non-genetic Strategies for Drought Tolerance 

Despite differences in their primary modes of action, phytohormones, priming, 
bioaugmentation, organic supplementation, and inorganic supplementation converge on 
interconnected physiological, biochemical, and molecular responses that enhance drought 
tolerance. At the physiological level, all five strategies can improve plant water status, stomatal 
regulation, root development, photosynthetic stability, and water-use efficiency. 
Phytohormones directly modulate stress signaling and stomatal/photosynthetic responses [30, 
34, 35], whereas priming establishes physiological and structural stress memory that improves 
hydraulic regulation and subsequent photosynthetic performance [40, 41]. Bioaugmentation 
enhances root development, hydraulic conductivity, and water acquisition through AMF- and 
microbe-mediated effects [52, 56−58], while organic and inorganic supplements improve water 
retention, stomatal regulation, and photosynthetic stability through metabolic, nutritional, and 
structural mechanisms [69, 70, 78, 81]. 

At the biochemical level, these strategies show particularly strong convergence in ROS 
homeostasis, antioxidant defense, and osmotic adjustment. Melatonin and other 
phytohormones enhance SOD, CAT, POD, and APX activities and strengthen the ascorbate–
glutathione system [30−32]. Priming establishes antioxidant preparedness through controlled 
ROS signaling and subsequent enhancement of antioxidant capacity [40−42]. Beneficial 
microorganisms similarly increase antioxidant enzymes while promoting accumulation of 
compatible solutes such as proline and soluble sugars [53, 60]. Organic compounds and 
biostimulants stimulate enzymatic and non-enzymatic antioxidants, including flavonoids and 
phenolics [67, 73, 74], whereas Si, K, Se and metal-oxide nanoparticles reinforce antioxidant 
systems, osmotic regulation and membrane stability [78, 81, 84−89]. Thus, ROS detoxification 
and osmotic protection represent major biochemical convergence points among otherwise 
distinct interventions. 

At the molecular level, the strategies converge through stress-responsive transcription 
factors, MAPK signaling, ABA and JA pathways, antioxidant genes, aquaporins, and metabolic 
reprogramming. Phytohormones can activate MYB, NAC, WRKY, AP2/ERF and other 
transcription-factor networks [30−32], while priming establishes transcriptional memory 
involving AP2/ERF, MYB, NAC, WRKY and bHLH regulators [40, 41, 44]. Microbial 
inoculation can modulate aquaporins and drought-responsive genes such as CIPK9 and 
PP2C30 [54, 57], whereas organic supplements activate ABA/JA signaling, MAPK pathways 
and drought-responsive genes such as DREB, RD22 and AREB [69, 71, 75]. Inorganic 
supplements likewise regulate genes involved in drought signaling, osmolyte synthesis and 
antioxidant defense, including DREB2, P5CS and CAT1 [86, 88]. These molecular responses 
ultimately feed back into common physiological outcomes—better water acquisition and 
retention, protection of photosynthetic machinery, reduced oxidative damage, and improved 
growth and yield under water deficit. A useful conceptual summary is provided in Figure 3. 
This convergence also explains why integrated strategies such as AMF + Si, AMF + organic 
amendments, or priming + micronutrients can potentially produce stronger responses than 
individual treatments: they simultaneously activate complementary components of the same 
broader drought-adaptation network [53, 59, 78]. 
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Figure 3. Conceptual Summary of Non-Genetic Strategies for Drought Tolerance. (Note: RWC = Relative 

water content; Pn = Net photosynthetic rate) 

8. Comparative Feasibility of Drought-tolerance Enhancing Strategies 

Among the non-genetic engineering approaches for enhancing drought tolerance in crops, 
phytohormones, priming, bioaugmentation, non-phytohormone organic supplementation, and 
inorganic supplementation differ substantially in their agronomic feasibility, mechanistic 
breadth, cost-effectiveness, scalability, environmental sustainability, and consistency of field 
performance. This review indicates that while all five strategies can significantly improve 
drought resilience, their practical feasibility for large-scale agricultural deployment varies 
according to crop system, environmental conditions, infrastructure requirements, and the 
degree of mechanistic complexity involved. Importantly, emerging technologies such as 
nanoparticles, nano-enabled biostimulants, and engineered microbial formulations may 
provide greater efficacy or delivery precision, but their advantages must be evaluated against 
potential phytotoxicity, environmental accumulation, ecological effects, regulatory 
uncertainty, and economic feasibility [90]. Thus, technological novelty should not be equated 
with agricultural readiness. 

Bioaugmentation currently appears to be one of the most feasible long-term strategies for 
sustainable drought management because it integrates plant physiological protection with 
improvements in soil health, nutrient cycling, and rhizosphere resilience [91]. AMF, PGPB, 
and endophytic fungi enhance drought tolerance through multiple interconnected mechanisms, 
including improved root hydraulic conductivity, aquaporin regulation, nutrient acquisition, 
osmotic adjustment, antioxidant defense, and microbiome restructuring [52−54]. Compared 
with exogenous chemical applications, microbial inoculants generally require fewer repeated 
inputs because successful colonization can provide relatively persistent effects throughout the 
crop cycle [92]. In addition, bioaugmentation improves soil fertility and microbial diversity, 
making it highly compatible with regenerative and climate-smart agricultural systems. The 
integration of AMF with vermicompost or multifunctional microbial consortia further increases 
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feasibility because it simultaneously enhances drought tolerance and soil ecosystem functions 
[53]. However, despite its sustainability advantages, bioaugmentation also faces several 
limitations. Microbial establishment and effectiveness are highly dependent on soil 
physicochemical conditions, competition from native microbiota, temperature, and moisture 
regimes [92]. Field performance can therefore be inconsistent across environments, particularly 
in degraded soils or under intensive agricultural practices involving pesticides and high 
fertilizer inputs [91].  Large-scale production, storage stability, and shelf-life of microbial 
inoculants also remain important logistical constraints [93]. For emerging synthetic or 
multifunctional microbial consortia, additional evaluation is needed to determine their 
persistence, effects on native microbial communities, potential ecological displacement, and 
long-term soil ecosystem consequences [94]. Nevertheless, among the strategies reviewed, 
bioaugmentation likely offers the best balance between sustainability, environmental safety, 
long-term resilience, and multifunctional agronomic benefits. 

Inorganic supplementation represents another highly feasible strategy because mineral 
nutrients and inorganic compounds are already widely integrated into conventional agricultural 
management systems. Si, K, Se, and KNO₃ are particularly attractive because they are relatively 
inexpensive, agronomically familiar, and readily applicable through existing fertilization or 
foliar spraying infrastructure. Their mechanisms are also broad and robust, involving osmotic 
regulation, stomatal control, antioxidant defense, membrane stabilization, nutrient 
homeostasis, and drought-responsive gene regulation [78, 81, 82]. Si supplementation is 
especially promising because it combines structural reinforcement with physiological 
protection and has consistently improved biomass, water-use efficiency, and yield stability 
under drought [15]. K-based approaches are similarly feasible because K fertilization is already 
a standard agronomic practice, enabling rapid integration into existing production systems 
without major technological modifications [80]. Inorganic supplementation also generally 
produces relatively rapid and reproducible responses across diverse crops and environments. 

The feasibility of nanomaterial-based inorganic supplementation, however, is more 
complex. TiO₂, ZnO, and CeO₂ NPs demonstrate strong physiological and molecular benefits, 
including activation of antioxidant systems, osmolyte accumulation, and drought-responsive 
transcription factors such as DREB2 and P5CS [86, 88]. Nevertheless, large-scale application 
requires a broader risk–benefit assessment than conventional mineral supplementation. 
Nanoparticle concentration, particle size, surface properties, and application route can 
influence phytotoxicity, uptake, translocation, and biological activity [90, 95]. Excessive 
concentrations may induce oxidative stress, interfere with photosynthesis, or inhibit growth, as 
observed for TiO₂ NPs in sweet corn [84]. Moreover, repeated application could result in 
nanoparticle accumulation in soils or plant tissues and potentially alter soil microbial 
communities, nutrient cycling, or non-target organisms [96]. Their environmental fate and 
potential transfer through soil–water systems therefore require long-term field assessment. 
Economic feasibility is also uncertain because nanoparticle synthesis, formulation, quality 
control, and application may be more expensive than conventional mineral inputs, while 
regulatory requirements for nano-enabled agricultural products remain less established. 
Consequently, while nano-enabled inorganic supplementation represents a technologically 
advanced and highly effective strategy, its immediate field-scale feasibility is lower than that 
of conventional Si or K supplementation. Overall, conventional inorganic supplementation 
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currently ranks among the most feasible near-term strategies because of its scalability, 
compatibility with existing agricultural systems, and relatively predictable performance. 

Non-phytohormone organic supplementation also demonstrates strong feasibility, 
particularly because many organic biostimulants are biodegradable, environmentally safer, and 
compatible with sustainable agriculture frameworks. Seaweed extracts, FA, ethanol, AA, 
flavonoids, and antioxidant-rich plant extracts improve drought tolerance through antioxidant 
enhancement, metabolic reprogramming, osmotic adjustment, and rhizosphere modulation [67, 
71, 73, 97]. Seaweed-derived biostimulants are especially feasible because they are already 
commercially available and widely used in horticulture and high-value crops. Their 
multifunctional composition allows simultaneous regulation of hydraulic balance, ABA 
signaling, aquaporins, and antioxidant metabolism [68−70]. Ethanol and AA also offer 
practical advantages due to their low cost and ease of application, although growth inhibition 
at high concentrations may limit their operational window. Organic supplementation is 
additionally attractive because many compounds indirectly stimulate endogenous signaling 
pathways rather than imposing direct hormonal perturbations, potentially reducing risks of 
developmental imbalance. 

However, the effectiveness of organic supplements can be highly dependent on dosage, 
crop specificity, formulation stability, and environmental conditions. Many natural 
biostimulants also exhibit compositional variability depending on extraction methods and 
source materials, potentially affecting reproducibility under field conditions [98, 99]. 
Furthermore, repeated foliar applications may increase labor and operational costs in large-
scale cereal production systems. Emerging nano-formulated organic biostimulants, such as 
chitosan nanoparticles, may improve stability, uptake, and delivery efficiency, but their greater 
biological activity also warrants careful assessment of concentration-dependent phytotoxicity 
and environmental persistence [75]. Potential accumulation of nano-formulations in soil, 
effects on beneficial microorganisms and non-target organisms, and degradation products 
should be considered before repeated field application. Economic assessments should also 
determine whether increased efficacy offsets the additional cost of nano-formulation and 
specialized production. Despite these limitations, non-phytohormone organic supplementation 
remains highly feasible for integrated drought management, especially in sustainable and high-
value agricultural systems where environmental compatibility and post-stress recovery are 
prioritized. 

Phytohormone-based strategies exhibit exceptionally strong mechanistic effectiveness 
but somewhat lower large-scale feasibility than microbial- or nutrient-based approaches. 
Melatonin, BRs, JA, and hormone analogs strongly enhance drought tolerance through 
transcriptional reprogramming, antioxidant regulation, osmotic adjustment, and photosynthetic 
stabilization [30, 34, 35]. Their ability to directly regulate stress signaling pathways and 
transcription factors such as MYB, NAC, WRKY, AP2/ERF, and bZIP gives them a uniquely 
powerful capacity to coordinate whole-plant drought responses at physiological and molecular 
levels [30]. Phytohormones also frequently improve both drought tolerance and post-stress 
recovery, which is particularly important under fluctuating climate conditions. 

Despite these advantages, phytohormone feasibility is constrained by several practical 
issues. Hormonal responses are often highly dose-sensitive, species-specific, and 
developmentally dependent, requiring precise optimization of concentration, timing, and 
delivery methods. Excessive or poorly timed hormone application may disrupt growth, 
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reproductive development, or source–sink relationships [100]. Production costs of certain 
phytohormones and synthetic analogs may also limit the economic feasibility of large-scale 
staple crop production [101]. Furthermore, phytohormone treatments generally provide 
transient effects and often require repeated application during stress periods [102]. Long-term 
environmental fate, persistence, potential effects on non-target plants and soil organisms, and 
residue considerations should also be incorporated into field-scale assessments, particularly for 
repeated application of synthetic hormone analogs. While highly effective in controlled 
environments and high-value crops, widespread field-scale deployment in low-input systems 
may therefore be more challenging than mineral supplementation or bioaugmentation 
approaches. 

Priming represents one of the most conceptually attractive and environmentally 
sustainable strategies because it induces endogenous stress memory without continuous 
chemical input. Recurrent drought priming, metabolic priming, and nanopriming improve 
drought resilience through hydraulic acclimation, antioxidant preparedness, metabolic 
reprogramming, and transcriptional memory involving AP2/ERF, NAC, WRKY, and MYB 
regulatory networks [40, 41]. Priming is particularly appealing because relatively mild 
preconditioning can generate long-lasting tolerance with reduced resource input compared with 
repeated exogenous treatments. In theory, priming may therefore offer substantial 
sustainability advantages for climate-resilient agriculture. 

However, among the approaches discussed, priming may currently have the lowest large-
scale operational feasibility for commercial agriculture. Effective priming often requires 
precise timing, carefully controlled stress exposure, and accurate prediction of future drought 
events. Variability in environmental conditions can make it difficult to standardize priming 
intensity across large agricultural systems. In addition, some priming effects are genotype-
dependent and may diminish under prolonged or unpredictable stress conditions [17]. 
Nanopriming approaches using AgNPs also face the same regulatory and environmental 
concerns associated with nanoparticle-based inorganic supplementation [103]. In particular, 
repeated exposure to AgNPs or other nanomaterials requires assessment of phytotoxicity, 
nanoparticle persistence and accumulation in soil, effects on beneficial rhizosphere 
microorganisms and earthworms, and potential transfer into edible plant tissues. The economic 
advantage of nanopriming will also depend on whether improved yield protection justifies the 
cost of nanoparticle synthesis, formulation, and application. Consequently, although priming 
demonstrates exceptional mechanistic sophistication and strong experimental performance, its 
practical implementation at a broad field scale remains more difficult than direct 
supplementation or microbial inoculation strategies. 

Overall, the most feasible strategies for near-term agricultural deployment are likely 
integrated bioaugmentation and conventional inorganic supplementation, particularly 
combinations involving AMF, Si, K, and organic soil amendments. These approaches provide 
several advantages simultaneously: relatively low cost, compatibility with existing agricultural 
practices, environmental sustainability, broad-spectrum physiological protection, and 
relatively consistent field performance. Integrated systems combining AMF with Si or K 
supplementation appear especially promising because they simultaneously improve root 
hydraulic conductivity, nutrient uptake, osmotic regulation, antioxidant defense, and 
rhizosphere stability while minimizing dependence on repeated high-cost chemical inputs. 
Non-phytohormone organic biostimulants, especially seaweed extracts and fulvic acid, also 
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represent highly feasible complementary tools for sustainable and high-value crop systems. A 
summary of the feasibility comparison is presented in Table 4. 

Table 4. Comparative Assessment of Non-Genetic Strategies for Enhancing Drought Tolerance in Food Crops. 

Strategy 
Principal mechanisms of 

action 
Major advantages & 

limitations 
Indicative 

TRL 
Scalability & field 

applicability 

Phytohormones Stress signaling; ROS 
detoxification; antioxidant 
activation; osmotic 
adjustment; stomatal and root 
regulation; ABA/JA/BR 
pathways 

Advantages: Rapid response, 
low doses, multiple stress 
pathways, flexible application. 
Limitations: Strong dose 
dependence, crop/genotype 
specificity, repeated application, 
variable field consistency 

5–7 High with 
standardized 
formulations; broadly 
applicable to cereals, 
horticultural, and 
perennial crops 
through foliar or soil 
application 

Priming Stress memory; controlled 
ROS signaling; metabolic 
reprogramming; antioxidant 
preparedness; osmolyte 
accumulation 

Advantages: Pre-stress 
protection, low cost, potentially 
persistent effects, easy seed 
integration. Limitations: 
Dose/timing/genotype 
dependence, variable stress-
memory persistence, 
nanopriming toxicity concerns 

6–7 
conventional; 

4–6 nano 

Very high for seed 
priming; particularly 
suitable for large-
scale cereal and 
rainfed crop 
production 

Bioaugmentation AMF/PGPB/endophyte 
colonization; root 
development; nutrient/water 
uptake; antioxidant and 
hormonal regulation; 
microbiome restructuring 

Advantages: Improves plant–
soil interactions, multifunctional 
and potentially persistent. 
Limitations: Variable 
colonization, 
soil/climate/genotype effects, 
formulation and storage 
challenges 

5–7 established 
inoculants; 3–5 

synthetic 
microbiomes 

Moderate–high; 
suitable for soil/root 
systems through seed 
coating, soil 
application, or 
fertigation 

Organic 
supplementation 

Antioxidant reinforcement; 
osmotic adjustment; metabolic 
priming; hormonal signaling; 
rhizosphere recruitment 

Advantages: Multifunctional, 
biodegradable options, 
established biostimulants, 
supports recovery. Limitations: 
Variable composition/efficacy, 
dose specificity, standardization 
and nanomaterial safety issues 

5–7 established 
products; 3–5 
novel/nano 

products 

High for 
standardized 
products; suitable for 
intensive 
horticulture, 
perennial crops, and 
foliar/soil 
biostimulant systems 

Inorganic 
supplementation 

Ion/osmotic regulation; 
stomatal control; antioxidant 
defense; photosynthetic 
protection; hormone 
interactions 

Advantages: Combines nutrition 
and stress protection; 
compatible with fertilizer 
systems. Limitations: Dose-
dependent toxicity, nutrient-
status effects, nanoparticle fate 
and safety concerns 

6–8 
conventional; 

4–6 nano 

High for 
conventional and 
moderate for nano 
formulations; 
applicable where 
fertilizer 
infrastructure exists, 
especially in cereal 
and horticultural 
systems 

Integrated 
strategies (e.g., 
AMF + Si; priming 
+ micronutrients) 

Combined regulation of 
water/nutrient uptake, ROS, 
osmotic balance, hormones, 
and rhizosphere processes 

Advantages: Potentially stronger 
and more stable effects through 
multiple mechanisms. 
Limitations: Greater complexity, 
possible synergistic/antagonistic 
interactions, optimization 
requirements, and cost 

4–6 Moderate–high; 
suitable for 
intensive/high-value 
systems and 
promising for cereals 
as protocols become 
standardized 

Note: TRL indicates the maturity of a technology from TRL 1 (basic principles observed) to TRL 9 (fully 
demonstrated and commercially proven in an operational environment). In general, TRL 3 represents 

experimental proof of concept; TRL 4 laboratory validation; TRL 5 validation in a relevant environment; TRL 6 
demonstration in a relevant environment; TRL 7 field-scale or operational demonstration; TRL 8 a complete and 

qualified system; and TRL 9 proven commercial application. The TRL ranges reported in this table are 
indicative estimates based on the level of laboratory, greenhouse, field, and commercial validation and may vary 

depending on the specific material, formulation, crop and application technology. 
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9. Field-scale Implementation and Translational Challenges 

Despite substantial evidence that non-genetic strategies can improve drought tolerance, most 
studies summarized in this review were conducted under greenhouse, hydroponic, pot, or 
otherwise controlled conditions, where drought intensity, timing, soil properties, and treatment 
application can be precisely regulated. This controlled setting provides valuable mechanistic 
insights into drought tolerance under induced drought conditions, which may not be readily 
accessible or sustained under field environments. However, it may overestimate treatment 
consistency under heterogeneous agricultural conditions. Field environments introduce 
substantial variability in soil texture, nutrient availability, temperature, microbial communities, 
rainfall patterns, drought timing, crop genotype, and management practices, all of which can 
influence treatment efficacy [104]. This issue is particularly important for bioaugmentation, 
where microbial establishment and performance are strongly dependent on soil and indigenous 
microbiota [52−54, 58], and for phytohormones and biostimulants, where responses can vary 
with dose, genotype and environmental conditions [30, 34, 35, 67].  

Cost-effectiveness and scalability are additional barriers to field deployment. Seed 
priming and conventional mineral supplementation are comparatively attractive because they 
can be incorporated into existing seed-treatment and fertilization infrastructure, whereas 
repeated foliar application of hormones, biostimulants or nanoparticles may increase labor, 
formulation and application costs. Bioaugmentation additionally requires reliable inoculant 
production, storage, transport and field delivery, with microbial survival and colonization 
remaining important constraints [52−54]. Integrated treatments may provide greater drought 
protection but also increase operational complexity and input costs. Consequently, future 
research should evaluate economic returns per unit input, rather than relying solely on 
physiological or yield responses observed under experimental conditions. 

The persistence of treatment effects also requires greater attention. Priming can generate 
physiological, metabolic, and transcriptional memory, but the duration and stability of these 
effects under repeated or unpredictable drought cycles remain uncertain [40, 41]. Similarly, the 
persistence of microbial inoculants depends on their ability to establish and remain functionally 
active within native soil communities [54, 58]. For phytohormones and many organic 
biostimulants, effects may be relatively transient and therefore require appropriately timed 
applications [30, 34, 69]. Long-term field trials are consequently needed to determine whether 
treatment benefits persist throughout the production cycle and across multiple drought events. 

Farmer adoption will depend not only on biological efficacy but also on compatibility 
with existing agricultural practices. Technologies requiring specialized equipment, frequent 
applications, complex dosage regimes, or substantial changes in farm management may face 
greater adoption barriers than seed treatments or inputs that can be integrated into existing 
fertilization and irrigation schedules [105]. Demonstrating consistent yield benefits, economic 
profitability, ease of application, and compatibility with local farming systems will therefore 
be critical for technology transfer. 

Finally, regulatory and environmental considerations become increasingly important as 
these technologies move toward large-scale deployment. Conventional nutrients and 
established biostimulants generally have clearer agricultural use pathways, whereas 
nanoparticle-based treatments require further assessment of environmental persistence, 
accumulation, non-target effects and potential movement through soil–water systems [75, 
83−86]. Similarly, microbial consortia and synthetic microbiomes require evaluation of 
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ecological compatibility, persistence and effects on native microbial communities [53,54]. 
Regulatory requirements may therefore differ substantially among phytohormones, microbial 
inoculants, organic biostimulants and nano-enabled materials. 

10. Conclusions 

In conclusion, recent advances in non-genetic engineering strategies demonstrate substantial 
potential for improving drought tolerance and sustaining crop productivity under increasingly 
severe climate conditions. Across the approaches reviewed, including phytohormones, 
priming, bioaugmentation, non-phytohormone organic supplementation, and inorganic 
supplementation, drought mitigation is consistently associated with coordinated regulation of 
antioxidant defense, osmotic adjustment, photosynthetic stability, water-use efficiency, 
nutrient acquisition, and stress-responsive molecular signaling. Modern studies further show 
that these strategies do not function through isolated mechanisms but instead induce integrated 
physiological, biochemical, transcriptomic, and rhizosphere-level adaptations that collectively 
enhance plant resilience. Among the approaches evaluated, bioaugmentation and conventional 
inorganic supplementation currently appear the most feasible for near-term field deployment 
because of their scalability, relatively low cost, compatibility with existing agricultural 
systems, and multifunctional benefits for both plants and soil ecosystems. Organic 
biostimulants and phytohormones also show considerable promise, particularly for high-value 
crops and sustainable agricultural systems, while priming offers a highly sustainable strategy 
through induction of stress memory and long-term acclimation. From a practical perspective, 
the findings of this review support the development of integrated drought-management systems 
rather than reliance on single interventions. Combining AMF or beneficial microbial consortia 
with Si, K, seaweed extracts, FA, or carefully optimized phytohormone treatments may provide 
synergistic improvements in hydraulic regulation, antioxidant protection, nutrient uptake, and 
rhizosphere stability. Such integrated approaches could enhance crop productivity while 
reducing dependence on excessive irrigation and agrochemical inputs, thereby supporting 
climate-smart and regenerative agriculture. Future research should prioritize the translation of 
promising strategies into robust, field-ready drought-management systems. Key priorities 
include long-term, multi-location field trials to validate treatment consistency, yield stability, 
persistence, and economic feasibility across diverse soils, genotypes, and climatic conditions; 
systematic evaluation of multi-strategy combinations, particularly bioaugmentation with 
organic biostimulants or mineral supplements, to identify synergistic effects; and integration 
of transcriptomics, metabolomics, phenomics, and microbiome profiling to resolve the 
mechanisms underlying treatment responses. Microbiome engineering should advance toward 
stable, crop- and soil-specific microbial consortia, while artificial intelligence and machine-
learning approaches could optimize treatment dosage, timing, combinations, and delivery 
according to environmental and crop-specific conditions. Research should also develop 
climate-specific management protocols for recurrent drought, terminal drought, and combined 
drought–heat stress. For emerging technologies, particularly nanoparticles and advanced 
biostimulants, future studies should simultaneously assess phytotoxicity, environmental 
persistence and accumulation, non-target ecological effects, food-safety risks, and economic 
feasibility to ensure that improved drought tolerance is achieved without compromising 
environmental sustainability or farm-level viability. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

99 
 

Acknowledgments 

The authors wishes to thank the University of Arizona for the administrative support provided. 

Competing Interest 

The author declares that there are no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 

References 

[1] Tang, K.H.D. (2019). Climate change and paddy yield in Malaysia: A short communication. 
Global Journal of Civil and Environmental Engineering, 1, 14-19. 
https://doi.org/10.36811/gjcee.2019.110003. 

[2] Rezaei, E.E.; Webber, H.; Asseng, S.; Boote, K.; Durand, J.L.; Ewert, F.; Martre, P.; MacCarthy, 
D.S. (2023). Climate change impacts on crop yields. Nature Reviews Earth & Environment, 
4(12), 831-846. https://doi.org/10.1038/s43017-023-00491-0. 

[3] IPCC. (2023). Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II 
and III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Lee, 
H., Romero, J., Eds.; IPCC: Geneva, Switzerland, pp. 35-115. 
https://doi.org/10.59327/IPCC/AR6-9789291691647. 

[4] Zia, R.; Nawaz, M.S.; Siddique, M.J.; Hakim, S.; Imran, A. (2021). Plant survival under drought 
stress: Implications, adaptive responses, and integrated rhizosphere management strategy for 
stress mitigation. Microbiological Research, 242, 126626. 
https://doi.org/10.1016/j.micres.2020.126626. 

[5] Anilkumar, C.; Sah, R.P.; Beena, R.; Azharudheen Tp, M.; Kumar, A.; Behera, S.; Sunitha, N.C.; 
Pradhan, S.K.; Reshmi Raj, K.R.; C, P.; Marndi, B.C.; Singh, A.K. (2023). Conventional and 
contemporary approaches for drought tolerance rice breeding: Progress and prospects. Plant 
Breeding, 142(4), 418-438. https://doi.org/10.1111/pbr.13119. 

[6] Singh, C.; Yadav, S.; Khare, V.; Gupta, V.; Patial, M.; Kumar, S.; Mishra, C.N.; Tyagi, B.S.; 
Gupta, A.; Sharma, A.K.; Ahlawat, O.P.; Singh, G.; Tiwari, R. (2025). Wheat Drought Tolerance: 
Unveiling a Synergistic Future with Conventional and Molecular Breeding Strategies. Plants, 
14(7), 1053. https://doi.org/10.3390/plants14071053. 

[7] Rosero, A.; Granda, L.; Berdugo-Cely, J.A.; Šamajová, O.; Šamaj, J.; Cerkal, R. (2020). A Dual 
Strategy of Breeding for Drought Tolerance and Introducing Drought-Tolerant, Underutilized 
Crops into Production Systems to Enhance Their Resilience to Water Deficiency. Plants, 9(10), 
1263. https://doi.org/10.3390/plants9101263. 

[8] Varshney, R.K.; Barmukh, R.; Roorkiwal, M.; Qi, Y.; Kholova, J.; Tuberosa, R.; Reynolds, M.P.; 
Tardieu, F.; Siddique, K.H.M. (2021). Breeding custom-designed crops for improved drought 
adaptation. Advanced Genetics, 2(3), e202100017. https://doi.org/10.1002/ggn2.202100017. 

[9] Shelake, R.M.; Kadam, U.S.; Kumar, R.; Pramanik, D.; Singh, A.K.; Kim, J.-Y. (2022). 
Engineering drought and salinity tolerance traits in crops through CRISPR-mediated genome 
editing: Targets, tools, challenges, and perspectives. Plant Communications, 3(6), 100417. 
https://doi.org/10.1016/j.xplc.2022.100417. 

[10] Meenakshi; Komal; Sharma, A.; Prabhu, S.; Awasthi, S. (2026). Modern plant stress adaptation: 
integrating defense, nanotechnology and genetics. 3 Biotech, 16(3), 105. 
https://doi.org/10.1007/s13205-026-04732-z. 

[11] Sabagh, A.E.L.; Mbarki, S.; Hossain, A.; Iqbal, M.A.; Islam, M.S.; Raza, A.; Llanes, A.; 
Reginato, M.; Rahman, M.A.; Mahboob, W.; Singhal, R.K.; Kumari, A.; Rajendran, K.; Wasaya, 
A.; Javed, T.; Shabbir, R.; Rahim, J.; Barutçular, C.; Habib Ur Rahman, M.; Raza, M.A.; 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

100 
 

Ratnasekera, D.; Konuskan l, Ö.; Hossain, M.A.; Meena, V.S.; Ahmed, S.; Ahmad, Z.; Mubeen, 
M.; Singh, K.; Skalicky, M.; Brestic, M.; Sytar, O.; Karademir, E.; Karademir, C.; Erman, M.; 
Farooq, M. (2021). Potential Role of Plant Growth Regulators in Administering Crucial 
Processes Against Abiotic Stresses. Frontiers in Agronomy, 3, 648694. 
https://doi.org/10.3389/fagro.2021.648694. 

[12] Khurshid, A.; Rashid, R.; Raouf Malik, A.; Bhat, K.M.; Mir, M.A.; Pandit, A.H.; Rehman, M.U.; 
Ferooz, K.; Khursand; Ghazali, Z. (2026). Biostimulants and fruit crop performance: Mechanistic 
insights and agronomic outcomes. Scientia Horticulturae, 360, 114773. 
https://doi.org/10.1016/j.scienta.2026.114773. 

[13] Shahrajabian, M.H.; Chaski, C.; Polyzos, N.; Petropoulos, S.A. (2021). Biostimulants 
Application: A Low Input Cropping Management Tool for Sustainable Farming of Vegetables. 
Biomolecules, 11(5), 698. https://doi.org/10.3390/biom11050698. 

[14] Liu, L.; Nian, H.; Lian, T. (2022). Plants and rhizospheric environment: Affected by zinc oxide 
nanoparticles (ZnO NPs). A review. Plant Physiology and Biochemistry, 185, 91−100. 
https://doi.org/10.1016/j.plaphy.2022.05.032. 

[15] Wang, M.; Wang, R.; Mur, L.A.J.; Ruan, J.; Shen, Q.; Guo, S. (2021). Functions of silicon in 
plant drought stress responses. Horticulture Research, 8, 254. https://doi.org/10.1038/s41438-
021-00681-1. 

[16] Jatana, B.S.; Grover, S.; Ram, H.; Baath, G.S. (2024). Seed Priming: Molecular and 
Physiological Mechanisms Underlying Biotic and Abiotic Stress Tolerance. Agronomy, 14(12), 
2901. https://doi.org/10.3390/agronomy14122901. 

[17] Sahoo, L.; Swain, B.; Yadav, D. (2025). A review on different priming strategies to mitigate 
abiotic stress in plants. Discover Applied Sciences, 7(6), 618. https://doi.org/10.1007/s42452-
025-07009-x. 

[18] Wahab, A.; Muhammad, M.; Munir, A.; Abdi, G.; Zaman, W.; Ayaz, A.; Khizar, C.; Reddy, S.P. 
(2023). Role of Arbuscular Mycorrhizal Fungi in Regulating Growth, Enhancing Productivity, 
and Potentially Influencing Ecosystems under Abiotic and Biotic Stresses. Plants, 12(17), 3102. 
https://doi.org/10.3390/plants12173102. 

[19] Kumar, A.; Kumar, R.; Singh, P.; Kalaichelvan, S.; Santos-Villalobos, S.d.l.; Kumar, N.; 
Fernando, L.; Kumar, R.; Solanki, M.K.; Joshi, N.C.; Babalola, O.O. (2025). Emerging Role of 
Arbuscular Mycorrhizal Fungi in Sustainable Agriculture: From Biology to Field Application. 
MicrobiologyOpen, 14(5), e70082. https://doi.org/10.1002/mbo3.70082. 

[20] Nyaupane, S.; Poudel, M.R.; Panthi, B.; Dhakal, A.; Paudel, H.; Bhandari, R. (2024). Drought 
stress effect, tolerance, and management in wheat – a review. Cogent Food & Agriculture, 10(1), 
2296094. https://doi.org/10.1080/23311932.2023.2296094. 

[21] McMillen, M.S.; Mahama, A.A.; Sibiya, J.; Lübberstedt, T.; Suza, W.P. (2022). Improving 
drought tolerance in maize: Tools and techniques. Frontiers in Genetics, 13, 1001001. 
https://doi.org/10.3389/fgene.2022.1001001. 

[22] Liu, K.; Deng, F.; Zeng, F.; Chen, Z.-H.; Qin, Y.; Chen, G. (2025). Plant growth-promoting 
rhizobacteria improve drought tolerance of crops: a review. Plant Growth Regulation, 105(3), 
567−581. https://doi.org/10.1007/s10725-025-01300-y. 

[23] Iqbal, S.; Wang, X.; Mubeen, I.; Kamran, M.; Kanwal, I.; Díaz, G.A.; Abbas, A.; Parveen, A.; 
Atiq, M.N.; Alshaya, H.; Zin El-Abedin, T.K.; Fahad, S. (2022). Phytohormones Trigger Drought 
Tolerance in Crop Plants: Outlook and Future Perspectives. Frontiers in Plant Science, 12, 
799318. https://doi.org/10.3389/fpls.2021.799318. 

[24] Farooq, M.; Wahid, A.; Zahra, N.; Hafeez, M.B.; Siddique, K.H.M. (2024). Recent Advances in 
Plant Drought Tolerance. Journal of Plant Growth Regulation, 43(10), 3337−3369. 
https://doi.org/10.1007/s00344-024-11351-6. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

101 
 

[25] Ferioun, M.; Zouitane, I.; Bouhraoua, S.; Elouattassi, Y.; Belahcen, D.; Errabbani, A.; Louahlia, 
S.; Sayyed, R.; El Ghachtouli, N. (2025). Applying microbial biostimulants and drought-tolerant 
genotypes to enhance barley growth and yield under drought stress. Frontiers in Plant Science, 
15, 1494987. https://doi.org/10.3389/fpls.2024.1494987. 

[26] Michałek, M.; Ogrodowicz, P.; Kempa, M.; Kuczyńska, A.; Mikołajczak, K. (2025). Melatonin 
in crop plants: from biosynthesis through pleiotropic effects to enhanced stress resilience. Journal 
of Applied Genetics, 66(3), 471−491. https://doi.org/10.1007/s13353-025-00963-7. 

[27] Khan, N. (2025). Decoding phytohormone signaling in plant stress physiology: Insights, 
challenges, and future directions. Environmental and Experimental Botany, 231, 106099. 
https://doi.org/10.1016/j.envexpbot.2025.106099. 

[28] Bali, A.S. (2025). Integrating ROS and plant hormone signaling in response to abiotic stress. 
Discover Plants, 2(1), 355. https://doi.org/10.1007/s44372-025-00440-9. 

[29] Schneider, J.R.; Caverzan, A.; Chavarria, G. (2019). Water deficit stress, ROS involvement, and 
plant performance. Archives of Agronomy and Soil Science, 65(8), 1160−1181. 
https://doi.org/10.1080/03650340.2018.1556789. 

[30] Luo, M.; Wang, D.; Delaplace, P.; Pan, Y.; Zhou, Y.; Tang, W.; Chen, K.; Chen, J.; Xu, Z.; Ma, 
Y.; Chen, M. (2023). Melatonin enhances drought tolerance by affecting jasmonic acid and lignin 
biosynthesis in wheat (Triticum aestivum L.). Plant Physiology and Biochemistry, 202, 107974. 
https://doi.org/10.1016/j.plaphy.2023.107974. 

[31] Xia, H.; Ni, Z.; Hu, R.; Lin, L.; Deng, H.; Wang, J.; Tang, Y.; Sun, G.; Wang, X.; Li, H.; Liao, 
M.; Lv, X.; Liang, D. (2020). Melatonin Alleviates Drought Stress by a Non-Enzymatic and 
Enzymatic Antioxidative System in Kiwifruit Seedlings. International Journal of Molecular 
Sciences, 21(3), 852. https://doi.org/10.3390/ijms21030852. 

[32] Gao, W.; Zhang, Y.; Feng, Z.; Bai, Q.; He, J.; Wang, Y. (2018). Effects of Melatonin on 
Antioxidant Capacity in Naked Oat Seedlings under Drought Stress. Molecules, 23(7), 1580. 
https://doi.org/10.3390/molecules23071580. 

[33] Zahra, N.; Hafeez, M.B.; Kausar, A.; Al Zeidi, M.; Asekova, S.; Siddique, K.H.M.; Farooq, M. 
(2023). Plant photosynthetic responses under drought stress: Effects and management. Journal 
of Agronomy and Crop Science, 209(5), 651−672. https://doi.org/10.1111/jac.12652. 

[34] Campos, C.N.; Ávila, R.G.; de Souza, K.R.D.; Azevedo, L.M.; Alves, J.D. (2019). Melatonin 
reduces oxidative stress and promotes drought tolerance in young Coffea arabica L. plants. 
Agricultural Water Management, 211, 37−47. https://doi.org/10.1016/j.agwat.2018.09.025. 

[35] Castañeda-Murillo, C.C.; Rojas-Ortiz, J.G.; Sánchez-Reinoso, A.D.; Chávez-Arias, C.C.; 
Restrepo-Díaz, H. (2022). Foliar brassinosteroid analogue (DI-31) sprays increase drought 
tolerance by improving plant growth and photosynthetic efficiency in lulo plants. Heliyon, 8(2). 
https://doi.org/10.1016/j.heliyon.2022.e08977. 

[36] Liang, B.; Ma, C.; Zhang, Z.; Wei, Z.; Gao, T.; Zhao, Q.; Ma, F.; Li, C. (2018). Long-term 
exogenous application of melatonin improves nutrient uptake fluxes in apple plants under 
moderate drought stress. Environmental and Experimental Botany, 155, 650−661. 
https://doi.org/10.1016/j.envexpbot.2018.08.016. 

[37] Ahmad Lone, W.; Majeed, N.; Yaqoob, U.; John, R. (2022). Exogenous brassinosteroid and 
jasmonic acid improve drought tolerance in Brassica rapa L. genotypes by modulating osmolytes, 
antioxidants and photosynthetic system. Plant Cell Reports, 41(3), 603−617. 
https://doi.org/10.1007/s00299-021-02763-9. 

[38] Burgess, P.; Huang, B. (2016). Mechanisms of Hormone Regulation for Drought Tolerance in 
Plants. In Drought Stress Tolerance in Plants, Vol 1: Physiology and Biochemistry; Hossain, 
M.A., Wani, S.H., Bhattacharjee, S., Burritt, D.J., Tran, L.-S.P., Eds.; Springer International 
Publishing: Cham, Switzerland, pp. 45−75. https://doi.org/10.1007/978-3-319-28899-4_3. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

102 
 

[39] Liu, H.; Able, A.J.; Able, J.A. (2022). Priming crops for the future: rewiring stress memory. 
Trends in Plant Science, 27(7), 699−716. https://doi.org/10.1016/j.tplants.2021.11.015. 

[40] Menezes-Silva, P.E.; Sanglard, L.M.V.P.; Ávila, R.T.; Morais, L.E.; Martins, S.C.V.; Nobres, P.; 
Patreze, C.M.; Ferreira, M.A.; Araújo, W.L.; Fernie, A.R.; DaMatta, F.M. (2017). Photosynthetic 
and metabolic acclimation to repeated drought events play key roles in drought tolerance in 
coffee. Journal of Experimental Botany, 68(15), 4309−4322. https://doi.org/10.1093/jxb/erx211. 

[41] Shao, C.; Chen, J.; Lv, Z.; Gao, X.; Guo, S.; Xu, R.; Deng, Z.; Yao, S.; Chen, Z.; Kang, Y.; 
Huang, J.; Liu, Z.; Shen, C. (2023). Staged and repeated drought-induced regulation of 
phenylpropanoid synthesis confers tolerance to a water deficit environment in Camellia sinensis. 
Industrial Crops and Products, 201, 116843. https://doi.org/10.1016/j.indcrop.2023.116843. 

[42] Ding, S.; Zheng, L.; Tao, T.; Li, Q.; Cai, J.; Zhou, Q.; Zhong, Y.; Wang, X.; Jiang, D. (2025). 
Silver nanoparticles priming for drought tolerance in wheat: insights from antioxidant system 
activation and stress memory. Chemical and Biological Technologies in Agriculture, 12(1), 57. 
https://doi.org/10.1186/s40538-025-00778-y. 

[43] Banik, P.; Zeng, W.; Tai, H.; Bizimungu, B.; Tanino, K. (2016). Effects of drought acclimation 
on drought stress resistance in potato (Solanum tuberosum L.) genotypes. Environmental and 
Experimental Botany, 126, 76-89. https://doi.org/10.1016/j.envexpbot.2016.01.008. 

[44] Tian, C.; Zhou, C.; Wen, S.; Zhang, C.; Zheng, A.; Jiang, L.; Yang, N.; Tang, Z.; Hu, X.; Zhang, 
Z.; Fang, J.; Wang, Z.; Guo, Y. (2026). CsYABBY1 and CsMYB114 Enhance Acquired Drought 
Tolerance by Mediating Flavonoid Biosynthesis in Camellia sinensis. Plant Biotechnology 
Journal, 24(3), 1285−1304. https://doi.org/10.1111/pbi.70399. 

[45] Shu, J.; Zhang, L.; Liu, G.; Wang, X.; Liu, F.; Zhang, Y.; Chen, Y. (2024). Transcriptome 
Analysis and Metabolic Profiling Reveal the Key Regulatory Pathways in Drought Stress 
Responses and Recovery in Tomatoes. International Journal of Molecular Sciences, 25(4), 2187. 
https://doi.org/10.3390/ijms25042187. 

[46] Tabassum, T.; Farooq, M.; Ahmad, R.; Zohaib, A.; Wahid, A.; Shahid, M. (2018). Terminal 
drought and seed priming improves drought tolerance in wheat. Physiology and Molecular 
Biology of Plants, 24(5), 845−856. https://doi.org/10.1007/s12298-018-0547-y. 

[47] El-Shazoly, R.M.; Othman, A.A.; Zaheer, M.S.; Al-Hossainy, A.F.; Abdel-Wahab, D.A. (2025). 
Zinc oxide seed priming enhances drought tolerance in wheat seedlings by improving antioxidant 
activity and osmoprotection. Scientific Reports, 15(1), 3863. https://doi.org/10.1038/s41598-
025-86824-z. 

[48] Raza, M.A.S.; Aslam, M.U.; Valipour, M.; Iqbal, R.; Haider, I.; Mustafa, A.E.-Z.M.A.; Elshikh, 
M.S.; Ali, I.; Roy, R.; Elshamly, A.M.S. (2024). Seed priming with selenium improves growth 
and yield of quinoa plants suffering drought. Scientific Reports, 14(1), 886. 
https://doi.org/10.1038/s41598-024-51371-6. 

[49] Alam, M.U.; Fujita, M.; Nahar, K.; Rahman, A.; Anee, T.I.; Masud, A.A.C.; Amin, A.K.M.R.; 
Hasanuzzaman, M. (2022). Seed priming upregulates antioxidant defense and glyoxalase systems 
to conferring simulated drought tolerance in wheat seedlings. Plant Stress, 6, 100120. 
https://doi.org/10.1016/j.stress.2022.100120. 

[50] Fadiji, A.E.; Santoyo, G.; Yadav, A.N.; Babalola, O.O. (2022). Efforts towards overcoming 
drought stress in crops: Revisiting the mechanisms employed by plant growth-promoting 
bacteria. Frontiers in Microbiology, 13, 962427. doi: 
https://doi.org/10.3389/fmicb.2022.962427. 

[51] Zhang, H.; Sun, X.; Dai, M. (2022). Improving crop drought resistance with plant growth 
regulators and rhizobacteria: Mechanisms, applications, and perspectives. Plant 
Communications, 3(1). https://doi.org/10.1016/j.xplc.2021.100228. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

103 
 

[52] Bakr, J.; Pék, Z.; Helyes, L.; Posta, K. (2018). Mycorrhizal inoculation alleviates water deficit 
impact on field-grown processing tomato. Polish Journal of Environmental Studies, 27(5), 
1949−1958. https://doi.org/10.15244/pjoes/78624. 

[53] Benaffari, W.; Boutasknit, A.; Anli, M.; Ait-El-Mokhtar, M.; Ait-Rahou, Y.; Ben-Laouane, R.; 
Ben Ahmed, H.; Mitsui, T.; Baslam, M.; Meddich, A. (2022). The Native Arbuscular 
Mycorrhizal Fungi and Vermicompost-Based Organic Amendments Enhance Soil Fertility, 
Growth Performance, and the Drought Stress Tolerance of Quinoa. Plants, 11(3), 393. 
https://doi.org/10.3390/plants11030393. 

[54] Yue, H.; Sun, X.; Wang, T.; Zhang, A.; Han, D.; Wei, G.; Song, W.; Shu, D. (2024). Host 
genotype-specific rhizosphere fungus enhances drought resistance in wheat. Microbiome, 12(1), 
44. https://doi.org/10.1186/s40168-024-01770-8. 

[55] Cheng, H.-Q.; Zou, Y.-N.; Wu, Q.-S.; Kuča, K. (2021). Arbuscular Mycorrhizal Fungi Alleviate 
Drought Stress in Trifoliate Orange by Regulating H+-ATPase Activity and Gene Expression. 
Frontiers in Plant Science, 12, 659694. https://doi.org/10.3389/fpls.2021.659694. 

[56] He, J.-D.; Zou, Y.-N.; Wu, Q.-S.; Kuča, K. (2020). Mycorrhizas enhance drought tolerance of 
trifoliate orange by enhancing activities and gene expression of antioxidant enzymes. Scientia 
Horticulturae, 262, 108745. https://doi.org/10.1016/j.scienta.2019.108745. 

[57] He, J.-D.; Dong, T.; Wu, H.-H.; Zou, Y.-N.; Wu, Q.-S.; Kuča, K. (2019). Mycorrhizas induce 
diverse responses of root TIP aquaporin gene expression to drought stress in trifoliate orange. 
Scientia Horticulturae, 243, 64−69. https://doi.org/10.1016/j.scienta.2018.08.010. 

[58] Calvo-Polanco, M.; Sánchez-Castro, I.; Cantos, M.; García, J.L.; Azcón, R.; Ruiz-Lozano, J.M.; 
Beuzón, C.R.; Aroca, R. (2016). Effects of different arbuscular mycorrhizal fungal backgrounds 
and soils on olive plants growth and water relation properties under well-watered and drought 
conditions. Plant, Cell & Environment, 39(11), 2498−2514. https://doi.org/10.1111/pce.12807. 

[59] Behrooz, A.; Vahdati, K.; Rejali, F.; Lotfi, M.; Sarikhani, S.; Leslie, C. (2019). Arbuscular 
Mycorrhiza and Plant Growth-promoting Bacteria Alleviate Drought Stress in Walnut. 
HortScience, 54(6), 1087−1092. https://doi.org/10.21273/HORTSCI13961-19. 

[60] Begum, N.; Ahanger, M.A.; Su, Y.; Lei, Y.; Mustafa, N.S.A.; Ahmad, P.; Zhang, L. (2019). 
Improved Drought Tolerance by AMF Inoculation in Maize (Zea mays) Involves Physiological 
and Biochemical Implications. Plants, 8(12), 579. https://doi.org/10.3390/plants8120579. 

[61] Hamedani, N.G.; Gholamhoseini, M.; Bazrafshan, F.; Habibzadeh, F.; Amiri, B. (2022). Yield, 
irrigation water productivity and nutrient uptake of arbuscular mycorrhiza inoculated sesame 
under drought stress conditions. Agricultural Water Management, 266, 107569. 
https://doi.org/10.1016/j.agwat.2022.107569. 

[62] Balbontín, C.; Flores, S.; Reyes, M.; Urrutia, V.; Parra-Palma, C.; Morales-Quintana, L.; Ramos, 
P. (2025). Antarctic fungal inoculation enhances drought tolerance and modulates fruit 
physiology in blueberry plants. Current Plant Biology, 42, 100462. 
https://doi.org/10.1016/j.cpb.2025.100462. 

[63] Chitarra, W.; Pagliarani, C.; Maserti, B.; Lumini, E.; Siciliano, I.; Cascone, P.; Schubert, A.; 
Gambino, G.; Balestrini, R.; Guerrieri, E. (2016). Insights on the Impact of Arbuscular 
Mycorrhizal Symbiosis on Tomato Tolerance to Water Stress. Plant Physiology, 171(2), 
1009−1023. https://doi.org/10.1104/pp.16.00307. 

[64] Li, J.; Zhou, L.; Chen, G.; Yao, M.; Liu, Z.; Li, X.; Yang, X.; Yang, Y.; Cai, D.; Tuerxun, Z.; Li, 
B.; Nie, T.; Chen, X. (2025). Arbuscular mycorrhizal fungi enhance drought resistance and alter 
microbial communities in maize rhizosphere soil. Environmental Technology & Innovation, 37, 
103947. https://doi.org/10.1016/j.eti.2024.103947. 

[65] Di Sario, L.; Boeri, P.; Matus, J.T.; Pizzio, G.A. (2025). Plant Biostimulants to Enhance Abiotic 
Stress Resilience in Crops. International Journal of Molecular Sciences, 26(3), 1129. 
https://doi.org/10.3390/ijms26031129. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

104 
 

[66] Rahbari, M.; Psutka, J.; Black, B.; Hesami, M. (2026). Biochemical insights into fulvic acid-
driven drought tolerance in canola. Plant Stress, 19, 101210. 
https://doi.org/10.1016/j.stress.2025.101210. 

[67] Sun, J.; Qiu, C.; Ding, Y.; Wang, Y.; Sun, L.; Fan, K.; Gai, Z.; Dong, G.; Wang, J.; Li, X.; Song, 
L.; Ding, Z. (2020). Fulvic acid ameliorates drought stress-induced damage in tea plants by 
regulating the ascorbate metabolism and flavonoids biosynthesis. BMC Genomics, 21(1), 411. 
https://doi.org/10.1186/s12864-020-06815-4. 

[68] Ali, O.; Ramsubhag, A.; Jayaraman, J. (2021). Biostimulant Properties of Seaweed Extracts in 
Plants: Implications towards Sustainable Crop Production. Plants, 10(3), 531. 
https://doi.org/10.3390/plants10030531. 

[69] Shukla, P.S.; Shotton, K.; Norman, E.; Neily, W.; Critchley, A.T.; Prithiviraj, B. (2018). Seaweed 
extract improve drought tolerance of soybean by regulating stress-response genes. AoB PLANTS, 
10(1), plx051. https://doi.org/10.1093/aobpla/plx051. 

[70] Martynenko, A.; Shotton, K.; Astatkie, T.; Petrash, G.; Fowler, C.; Neily, W.; Critchley, A.T. 
(2016). Thermal imaging of soybean response to drought stress: the effect of Ascophyllum 
nodosum seaweed extract. SpringerPlus, 5(1), 1393. https://doi.org/10.1186/s40064-016-3019-
2. 

[71] Sun, T.; Zhang, J.; Zhang, Q.; Li, X.; Li, M.; Yang, Y.; Zhou, J.; Wei, Q.; Zhou, B. (2022). 
Exogenous application of acetic acid enhances drought tolerance by influencing the MAPK 
signaling pathway induced by ABA and JA in apple plants. Tree Physiology, 42(9), 1827−1840. 
https://doi.org/10.1093/treephys/tpac034. 

[72] Bashir, K.; Todaka, D.; Rasheed, S.; Matsui, A.; Ahmad, Z.; Sako, K.; Utsumi, Y.; Vu, A.T.; 
Tanaka, M.; Takahashi, S.; Ishida, J.; Tsuboi, Y.; Watanabe, S.; Kanno, Y.; Ando, E.; Shin, K.-
C.; Seito, M.; Motegi, H.; Sato, M.; Li, R.; Kikuchi, S.; Fujita, M.; Kusano, M.; Kobayashi, M.; 
Habu, Y.; Nagano, A.J.; Kawaura, K.; Kikuchi, J.; Saito, K.; Hirai, M.Y.; Seo, M.; Shinozaki, 
K.; Kinoshita, T.; Seki, M. (2022). Ethanol-Mediated Novel Survival Strategy against Drought 
Stress in Plants. Plant and Cell Physiology, 63(9), 1181−1192. 
https://doi.org/10.1093/pcp/pcac114. 

[73] Guo, J.; Luo, M.; Yan, J.; Zhang, M.; Tang, W.; Chen, K.; Wang, Y.; Wang, Q.; Guo, C.; Chen, 
M.; Ma, Y. (2025). External application of vitexin enhances drought resistance by promoting the 
synthesis of flavonoids and other hormones and stabilizing the cell membrane in wheat (Triticum 
aestivum L.). Plant Growth Regulation, 105(1), 29−39. https://doi.org/10.1007/s10725-024-
01266-3. 

[74] Mansour, E.; El-Sobky, E.-S.E.A.; Abdul-Hamid, M.I.E.; Abdallah, E.; Zedan, A.M.I.; Serag, 
A.M.; Silvar, C.; El-Hendawy, S.; Desoky, E.-S.M. (2023). Enhancing Drought Tolerance and 
Water Productivity of Diverse Maize Hybrids (Zea mays) Using Exogenously Applied 
Biostimulants under Varying Irrigation Levels. Agronomy, 13(5), 1320. 
https://doi.org/10.3390/agronomy13051320. 

[75] Mohamed, N.G.; Abdel-Hakeem, M.A. (2023). Chitosan nanoparticles enhance drought 
tolerance in tomatoes (Solanum lycopersicum L) via gene expression modulation. Plant Gene, 
34, 100406. https://doi.org/10.1016/j.plgene.2023.100406. 

[76] Zhang, D.; He, J.; Cheng, P.; Zhang, Y.; Khan, A.; Wang, S.; Li, Z.; Zhao, S.; Zhan, X.; Ma, F.; 
Li, X.; Guan, Q. (2023). 4-methylumbelliferone (4-MU) enhances drought tolerance of apple by 
regulating rhizosphere microbial diversity and root architecture. Horticulture Research, 10(7), 
uhad099. https://doi.org/10.1093/hr/uhad099. 

[77] Garcia-Caparros, P.; Ciriello, M.; Rouphael, Y.; Giordano, M. (2025). The Role of Organic 
Extracts and Inorganic Compounds as Alleviators of Drought Stress in Plants. Horticulturae, 
11(1), 91. https://doi.org/10.3390/horticulturae11010091. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

105 
 

[78] Das, D.; Basar, N.U.; Ullah, H.; Salin, K.R.; Datta, A. (2021). Interactive effect of silicon and 
mycorrhizal inoculation on growth, yield and water productivity of rice under water-deficit stress. 
Journal of Plant Nutrition, 44(18), 2756−2769. 
https://doi.org/10.1080/01904167.2021.1927087. 

[79] Vafa, Z.N.; Sohrabi, Y.; Barasarathi, J.; Tan, C.S.; Sayyed, R. (2026). Nano-silicon enhances 
drought tolerance, yield stability, and bio-active compounds in Lallemantia iberica under water 
deficit conditions. Scientific Reports, 16(1), 8127. https://doi.org/10.1038/s41598-026-38869-x. 

[80] Mostofa, M.G.; Rahman, M.M.; Ghosh, T.K.; Kabir, A.H.; Abdelrahman, M.; Rahman Khan, 
M.A.; Mochida, K.; Tran, L.-S.P. (2022). Potassium in plant physiological adaptation to abiotic 
stresses. Plant Physiology and Biochemistry, 186, 279−289. 
https://doi.org/10.1016/j.plaphy.2022.07.011. 

[81] Fang, S.; Yang, H.; Wei, G.; Shen, T.; Wan, Z.; Wang, M.; Wang, X.; Wu, Z. (2022). Potassium 
application enhances drought tolerance in sesame by mitigating oxidative damage and regulating 
osmotic adjustment. Frontiers in Plant Science, 13, 1096606. 
https://doi.org/10.3389/fpls.2022.1096606. 

[82] Bolat, I.; Korkmaz, K.; Dogan, M.; Turan, M.; Kaya, C.; Seyed Hajizadeh, H.; Kaya, O. (2024). 
Enhancing drought, heat shock, and combined stress tolerance in Myrobalan 29C rootstocks with 
foliar application of potassium nitrate. BMC Plant Biology, 24(1), 140. 
https://doi.org/10.1186/s12870-024-04811-4. 

[83] Li, H.; Wang, Z.; Zhou, C.; Wang, H.; Chen, L.; Yang, H.; Liu, D. (2025). Harnessing 
nanoparticles to enhance crop production under drought stress: A quantitative meta-analysis. 
Agricultural Water Management, 315, 109550. https://doi.org/10.1016/j.agwat.2025.109550. 

[84] Karvar, M.; Azari, A.; Rahimi, A.; Maddah-Hosseini, S.; Ahmadi-Lahijani, M.J. (2021). 
Titanium dioxide nanoparticles (TiO2-NPs) enhance drought tolerance and grain yield of sweet 
corn (Zea mays L.) under deficit irrigation regimes. Acta Physiologiae Plantarum, 44(2), 14. 
https://doi.org/10.1007/s11738-021-03349-4. 

[85] Karimian, Z.; Samiei, L. (2023). ZnO nanoparticles efficiently enhance drought tolerance in 
Dracocephalum kotschyi through altering physiological, biochemical and elemental contents. 
Frontiers in Plant Science, 14, 1063618. https://doi.org/10.3389/fpls.2023.1063618. 

[86] Raeisi Sadati, S.Y.; Jahanbakhsh Godehkahriz, S.; Ebadi, A.; Sedghi, M. (2022). Zinc Oxide 
Nanoparticles Enhance Drought Tolerance in Wheat via Physio-Biochemical Changes and Stress 
Genes Expression. Iranian Journal of Biotechnology, 20(1), 12−24. 
https://doi.org/10.30498/ijb.2021.280711.3027. 

[87] Xu, C.; Qu, X. (2014). Cerium oxide nanoparticle: a remarkably versatile rare earth nanomaterial 
for biological applications. NPG Asia Materials, 6(3), e90−e90. 
https://doi.org/10.1038/am.2013.88. 

[88] Soleymani, S.; Piri, S.; Aazami, M.A.; Salehi, B. (2025). Cerium oxide nanoparticles alleviate 
drought stress in apple seedlings by regulating ion homeostasis, antioxidant defense, gene 
expression, and phytohormone balance. Scientific Reports, 15(1), 11805. 
https://doi.org/10.1038/s41598-025-96250-w. 

[89] Ameen, M.; Zia, M.A.; Najeeb Alawadi, H.F.; Naqve, M.; Mahmood, A.; Shahzad, A.N.; Khan, 
B.A.; Alhammad, B.A.; Aljabri, M.; Seleiman, M.F. (2024). Exogenous application of selenium 
on sunflower (Helianthus annuus L.) to enhance drought stress tolerance by morpho-
physiological and biochemical adaptations. Frontiers in Plant Science, 15, 1427420. 
https://doi.org/10.3389/fpls.2024.1427420. 

[90] Behl, K.; Jaiswal, P.; Pabbi, S. (2024). Recent advances in microbial and nano-formulations for 
effective delivery and agriculture sustainability. Biocatalysis and Agricultural Biotechnology, 58, 
103180. https://doi.org/10.1016/j.bcab.2024.103180. 



 
Tropical Environment, Biology, and Technology 4(2), 2026, 72−106 

106 
 

[91] Mikiciuk, G.; Miller, T.; Kisiel, A.; Cembrowska-Lech, D.; Mikiciuk, M.; Łobodzińska, A.; 
Bokszczanin, K. (2024). Harnessing Beneficial Microbes for Drought Tolerance: A Review of 
Ecological and Agricultural Innovations. Agriculture, 14(12), 2228. 
https://doi.org/10.3390/agriculture14122228. 

[92] O'Callaghan, M.; Ballard, R.A.; Wright, D. (2022). Soil microbial inoculants for sustainable 
agriculture: Limitations and opportunities. Soil Use and Management, 38(3), 1340-1369. 
https://doi.org/10.1111/sum.12811. 

[93] Tang, K.H.D. (2026). Engineering biofilm: a review of latest advances for environmental 
applications. Environmental Reviews, 34, 1-25. https://doi.org/10.1139/er-2025-0225. 

[94] Tang, K.H.D. (2026). Applications of Synthetic Biology in Microbial and Enzymatic Systems 
for Microplastic Degradation: A Review. Sustainable Environmental Insight, 3(1), 17-43. 
https://doi.org/10.53623/sein.v3i1.1003. 

[95] Tang, K.H.D. (2025). Toxic Effects of Nanoplastics on Animals: Comparative Insights into 
Microplastic Toxicity. Environments, 12(11). https://doi.org/10.3390/environments12110429. 

[96] Bahuguna, A.; Sharma, S.; Rai, A.; Bhardwaj, R.; Sahoo, S.K.; Pandey, A.; Yadav, B. (2022). 
Advance technology for biostimulants in agriculture. In New and Future Developments in 
Microbial Biotechnology and Bioengineering,; Singh, H.B., Vaishnav, A., Eds.; Elsevier, pp. 
393-412https://doi.org/10.1016/B978-0-323-85581-5.00010-0. 

[97] Shukla, P.; Bui, P.; Levy, S.S.; Kowalski, M.; Baigelenov, A.; Parsons, P. (2025). De-skilling, 
Cognitive Offloading, and Misplaced Responsibilities: Potential Ironies of AI-Assisted Design. 
Proceedings of the Extended Abstracts of the CHI Conference on Human Factors in Computing 
Systems. https://doi.org/10.1145/3706599.3719931. 

[98] Gonçalves, B.; Santos, M.; Silva, V.; Rodrigues, A.; Oliveira, I.; Lopes, T.; Sujeeth, N.; Guinan, 
K.J. (2025). Biostimulants in Fruit Crop Production: Impacts on Growth, Yield, and Fruit 
Quality. Horticulturae, 11(12), 1452. https://doi.org/10.3390/horticulturae11121452. 

[99] Li, J.; Van Gerrewey, T.; Geelen, D. (2022). A Meta-Analysis of Biostimulant Yield 
Effectiveness in Field Trials. Frontiers in Plant Science, 13, 836702. 
https://doi.org/10.3389/fpls.2022.836702. 

[100] Müller, M.; Munné-Bosch, S. (2021). Hormonal impact on photosynthesis and photoprotection 
in plants. Plant Physiology, 185(4), 1500−1522. https://doi.org/10.1093/plphys/kiaa119. 

[101] Yan, H.; Yang, Z.; Chen, S.; Wu, J. (2024). Exploration and development of artificially 
synthesized plant growth regulators. Advanced Agrochem, 3(1), 47−56. 
https://doi.org/10.1016/j.aac.2023.07.008. 

[102] Shaffique, S.; Hussain, S.; Kang, S.-M.; Imran, M.; Injamum-Ul-Hoque, M.; Khan, M.A.; Lee, 
I.-J. (2023). Phytohormonal modulation of the drought stress in soybean: outlook, research 
progress, and cross-talk. Frontiers in Plant Science, 14, 1237295. 
https://doi.org/10.3389/fpls.2023.1237295. 

[103] Tang, K.H.D. (2026). Occupational Exposure to Engineered Nanomaterials: Pathways, Risk 
Assessment and Regulations. Environmental Research and Planetary Health, 2(1), 22−50. 
https://doi.org/10.53623/erph.v2i1.1138. 

[104] Tang, K.H.D. (2025). Biochar Amendments for Soil Restoration: Impacts on Nutrient Dynamics 
and Microbial Activity. Environments, 12(11), 425. 
https://doi.org/10.3390/environments12110425. 

[105] Sood, A.; Bhardwaj, A.K.; Sharma, R.K. (2024). Towards sustainable agriculture: key 
determinants of adopting artificial intelligence in agriculture. Journal of Decision Systems, 33(4), 
833−877. https://doi.org/10.1080/12460125.2022.2154419. 

 

© 2026 by the authors. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/).  


