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Abstract: It is imperative to enhance crop yield to meet the demands of a burgeoning global population while simultaneously safeguarding the environment from adverse impacts, which is one of the dominant challenges confronting humanity in this phase of global climate change. To overcome this problem and reduce dependency on chemical fertilizer, scientists now view the implementation of biostimulant strategies as a cost-effective and environmentally friendly approach to achieving sustainable agriculture. Plant extracts are rich in bioactive phytocompounds, which can enhance plant resistance to disease, pest, and abiotic stresses (e.g., drought, salinity, and extreme temperature), and promote plant growth and productivity. Furthermore, the application of plant extracts through soil drenching can also significantly change the rhizosphere soil microbiome, and indirectly interact with plants, eventually stabilizing plant growth. Currently, the application of plant extracts as a whole is effective, which emphasizes the contribution of complex interactions between multiple compounds, with seaweed extracts being the most widely studied and utilized. Interestingly, plant extracts are compatible with fertilizer and can be applied in conjunction with nutrient inputs to further enhance their effectiveness. Given all this knowledge, exploring the growth and functional effects induced by plant extracts, as well as understanding their interactions and mechanisms in plants, is crucial for developing advantageous approaches with potential value in integrated crop management systems, ultimately contributing to sustainable production.
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1  Introduction

Currently, environmental stresses resulting from intensifying global warming and climate change remain the biggest challenges facing the agricultural industry, severely restricting crop yield [1]. As a result of these environmental changes, abiotic stresses including drought, extreme temperatures, salinity, and heavy metal toxicity have caused major crop reductions of up to 50% [2]. Thus, boosting global food production while enhancing crop quality and minimizing the environmental impact of agricultural practices is one of the challenges to ensuring food security [3]. With the genetic potential of major crops reaching their limits and the amount of arable land shrinking, achieving this goal becomes even more challenging. To meet this demand, it is estimated that approximately 65,000 tons of pesticides and over 2.16 million tons of mineral fertilizers are used annually to achieve expected crop yields [4]. However, the misuse of fertilizers leads to lower crop yield and causes damage to the environment and human health [5]. Thus, to ensure sustainable natural agro-ecosystems for future generations without increasing the use of fertilizers and pesticides, while improving crop safety and yield, we need to both improve the efficiency of nutrient uptake and enhance the natural defense mechanisms of plants against biotic and abiotic stresses [6,7]. With these objectives in mind, research into natural resources, such as plant extracts, is being explored as alternatives to traditional chemicals. These natural agents are able to stimulate plant growth, reduce the effects of abiotic and biotic stresses, and decrease the dependence of the growing system on fertilizers and pesticides [8,9].

Bio-stimulants (BIOs) are defined as “materials which contain substance(s) and/or microorganisms, whose function when applied to plants or the rhizosphere is to stimulate natural processes to enhance/benefit nutrient uptake, nutrient efficiency, tolerance to abiotic stress, and/or crop quality, independent of its nutrient content” (EBIC, http://www.biostimulants.eu/ (accessed on 15 May 2024) [10]). As defined, BIOs can be a variety of inorganic, and organic substances. Among them, organic non-microbial BIOs include amino acids, plant extracts, protein hydrolysates, humic acid-derived substances, and other organic compounds isolated from microorganisms, such as siderophores and butanolide-derived compounds. BIOs interact with plants to protect and stimulate plant growth and development, both directly and indirectly [11]. New compounds with bio-stimulatory activity are frequently reported in the literature. Therefore, Carletti et al. [12] proposed the need to better understand BIOs’ molecular effects to improve their classification.

Research efforts over the decades have focused on finding various effective synthetic plant growth regulators that not only benefit crop yields but also protect them from biotic stresses. For example, the exogenous application of synthetic strigolactone GR24 can produce high germination rates and increase salt tolerance in sunflowers and wheat [13–15]. However, the use of synthetic chemicals can pose risks to human health and environmental safety. Thus, the application of BIOs in agricultural practice is considered an environmentally friendly and low-cost strategy to alleviate abiotic and biotic stresses, while effectively reducing the reliance on pesticides and chemical fertilizers.

The beneficial functional effects of various BIOs, including humic substances (HS), plant growth-promoting bacteria (PGPB), and protein hydrolysates (PHs), on plants have been extensively documented [16]. However, in comparison to these BIOs, the extraction process of plant extracts is relatively simple, cost-effective, and environmentally friendly. Currently, seaweed extract is the most widely studied and utilized plant extract BIO [17]. Additionally, plant extracts can be derived from abundant raw materials, such as weeds and other non-economic plants. It is noteworthy that weeds, which are often overlooked by farmers and administrators, not only compete with crops for nutrients and space but also provide habitats for numerous pests, thereby significantly impeding crop production [18]. Conversely, studies have shown that extracts from certain weeds, such as Euphorbia hirta and Elusine indica, are rich in antioxidants, including phenolics and flavonoids, and exhibit positive effects on antibacterial activity and free radical scavenging activity [19,20]. It is necessary to emphasize further research and development of plant extracts, particularly from weed resources, to facilitate their transformation from agricultural nuisances to valuable biofertilizers. Thus, in this review, we will focus on BIOs, particularly plant extracts, as abiotic and biotic mitigators. Bioactive substances in plant extracts, such as hormones initiate symbiosis with beneficial microorganisms, protect plants from environmental stresses, promote plant growth, and enhance plants’ endogenous defense systems against diseases [21,22]. It is critical to improve nutrient uptake efficiency and availability by analyzing the abiotic and biotic stresses that plants may encounter, along with their requirements for macro-and micro-nutrients, while simultaneously minimizing costs and reducing environmental pollution. Hence, various bio-stimulant strategies have been proposed to promote sustainable agriculture [8]. Soil-drenching BIOs can modulate the soil microbial community, enhance soil cation exchange capacity, improve mineral nutrient content, and regulate soil pH values [23].

This review has compiled and summarized numerous studies on the potential physiological and molecular mechanisms of plant extracts in regulating plant growth and development under environmental stresses. These findings may help the scientific community and the agricultural industry in understanding how plant extracts influence plant regulation and provide fundamental insights for future research and development directions.

2  Plant Extracts, Methods of Extraction and Application into Plants

Plant extraction typically involves both physical methods (pressure, microwaves and heat) and chemical methods (organic solvents, alkali and acids). Varied extraction techniques are selected to address the complexities of plant structures and to separate bioactive substances from insoluble residues in various solvents to obtain soluble plant metabolites. Among them, the most common method is to use water or organic solvents (methanol and ethanol) for extraction, as it is straightforward and cost-effective. Additionally, the use of alkali extraction under high-pressure conditions is also common. While this method has been found to be highly effective, it may lead to the degradation of some hormone molecules. However, alkali extraction achieves high extraction rates and has moderate degradation of polysaccharides into biologically active oligomers, which are important components of seaweed extract [24]. The initial crude extracts typically contain a complex mixture of various plant metabolites, necessitating further processing before they can be used as medicinal products. Furthermore, these initial extracts tend to be less refined when employed in agricultural applications.

The application method used to apply plant extracts plays a crucial role in their utilization and the responses elicited by the plant (Fig. 1). The most common application types are foliar spraying, soil drenching, or a combination of both. Plant extracts can be applied to soil or growing media through fertilization, drizzling, or dripping [17]. However, the concentration of plant extracts also significantly impacts their effectiveness, as excessively high concentrations may negatively affect plant growth and development. A study has reported that foliar spraying with concentrations less than or equal to 0.05% v/v of the extract is optimal for crops by enhancing disease control and improving yields [25]. The superior performance of foliar application is attributed to direct interaction with plant tissues, as foliar absorption occurs most immediately. Additionally, soil particles can adsorb plant extracts, which may reduce their immediate mobility [26]. Conversely, Elansary et al. [27] showed that soil drenching seaweed extract had better effects on plant (Spiraea and Pittosporum) growth regulation and drought resistance compared to foliar spraying under drought stress. Moreover, the optimal application time of plant extracts was found to be approximately 10–14 days to stimulate the best plant responses [28]. Overall, the quality of plant extracts is primarily influenced by three parameters; the plant part used for the initial crude, the solvent employed for extraction, and the extraction method applied.
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Figure 1: The effect of plant extracts in mitigating various abiotic and biotic stresses faced by plants

3  Effect of Plant Extracts on Plant Growth and Development

As BIOs have become a focal point in sustainable agriculture in recent years, plant extracts as a type of bio-stimulant have received increasing attention, and researchers have highly explored their potential mechanisms for promoting plant growth (Table 1). Various plant extracts have been revealed to exert beneficial effects on seed germination and promote plant growth at different developmental stages [26]. Seaweeds are large macroscopic multicellular marine algae that can be green, red, and brown in colour, and are abundant and cheap sources of fertilizer nutrients and organic matter. As a result, seaweed extract (SWE), considered to be one of the most extensively studied types of plant extract, is available through various processes including alkali and acid extraction methods, and has been utilized as a bio-stimulant to improve plant yield and abiotic tolerance by regulating physiological and biochemical characteristics [29]. In addition to SWE, researchers have also explored a variety of other plant extracts. For instance, cypress leaf extract has been shown to play a crucial role in promoting the growth of zucchini plants by enhancing photosynthesis and antioxidative defense mechanisms [30]. Application of moringa (Moringa oleifera Lam.) extracts has been demonstrated to increase the yield, quality, and storage of lettuce in glasshouses [31]. Additionally, pollen grain extract has been found to enhance the performance and oil content of Ocimum basilicum by modulating the antioxidant defense system [32]. The improvement in plant growth characteristics may be attributed to the presence of small amounts of plant hormones, such as auxin, in the extracts, as well as the involvement of various stimulating processes within the plant system post-application [33]. A recent study found that foliar application of Polygonum minus extract enhanced drought tolerance in maize by regulating the osmotic and antioxidant defense system [34]. These enhancement effects have been shown to accumulate in plants, whether through foliar spraying or soil drenching. Although the mineral nutrient content in plant extracts is not high, their abundance of secondary metabolites participating in a variety of crucial metabolic pathways in plants stimulates internal regulatory mechanisms, and ultimately promotes plant development and improved productivity [30,32,34,35].
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4  Effect of Plant Extracts on Plant Tolerance to Abiotic Stress

4.1 Effect on Drought and Salinity Stress

Drought and salinity are two of the most critical and harmful abiotic stresses, severely limiting crop quality and productivity worldwide [57,58]. In recent years, soil water deficits and salinization have worsened, and over time the impacts will continue to intensify [59,60]. Long-term aquifer-based irrigation poses a potential threat to sustainable agriculture and exacerbates soil salinization. These two abiotic stresses can reduce soil nutrients, lead to water deficiency and ion toxicity, negatively affect soil microorganisms and soil enzyme activity, and hinder electron transport in chloroplasts and mitochondria, which is related to the formation of reactive oxygen species (ROS) such as hydrogen peroxide (H2O2) [61,62]. Excessive ROS accumulation in plant cells can disrupt redox functions, which cause damage to cell membranes due to lipid peroxidation, and even lead to plant death [63]. To resist oxidative damage and maintain ROS homeostasis caused by drought and salinity, plants have developed two key regulatory mechanisms. One is to regulate stomatal closure by osmoprotectant accumulation such as soluble sugars. Another method is to regulate antioxidant enzyme defence systems, including catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR) and the ascorbate-glutathione (AsA-GSH) cycle [64,65].

Exogenous application of licorice (Glycyrrhiza glabra L.) root extract (LRE) has been reported to protect common bean plants against osmotic stress and salinity by enhancing cell membrane stability, water retention, and activity of the antioxidant system [45]. The application of propolis and maize grain extract alleviated salt stress in bean seedlings [66]. It was also reported to increase shoot lengths, biomass weight, and GSH and decrease malondialdehyde (MDA), H2O2 and O2− contents [46,47]. Similarly, moringa leaf extract was studied for its effects against drought stress, and it improved water utilization and physiological and biochemical properties in Cucurbita pepo L. [48]. In addition, foliar spraying of licorice extracts enhanced the drought tolerance of sesame and mitigated negative impacts [49].

4.2 Effect on Temperature Stress

Under the influence of global climate change, extreme temperatures (both high and low) are also considered to be an abiotic stress, hindering sustainable agricultural development. Plants subjected to extreme temperatures can experience disruptions in normal physiology and metabolism, ultimately limiting productivity [67]. The impacts caused by temperature stress vary depending on the degree of temperature change, exposure time, and type of plant. Additionally, plant physiology and antioxidant defense systems respond differently to short-term and rapid changes in temperature than to long-term changes [68]. Especially when the temperatures are increased, it will cause inhibitory effects on various stages of plant growth. As a result, temperature stress has attracted more and more researchers’ attention [11]. In addition to heat stress, plant also face cold stress, known as chilling stress or freezing stress, which can cause damage to plant tissues. Both heat and cold stresses will negatively affect the cell membrane, cell division, water, and nutrient uptake of plants, and eventually limit plant growth and productivity. Reactive oxygen species (ROS) are frequently produced as a reult of temperature stress. Consequently, stimulating the plant antioxidant defence system is a primary mechanism for improving tolerance to extreme temperatures. The exogenous application of BIOs containing secondary metabolites is considered an useful strategy to alleviate the adverse effects associated with temperature stress [69]. For instance, the application of moringa leaf extract improved the growth of moringa seedlings under low temperature stress [70]. Similarly, Bradáčová et al. [42] reported that application of seaweed extract mitigated cold stress by improving the uptake of nutrient elements and increasing SOD activity in roots and leaves. Generally, heat stress often coexists with other stresses such as water deficit or salinity, causing more severe damage to plants. However, applying plant extracts played a key role in improving plant tolerance to multiple abiotic stresses. This is consistent with findings by Farooq et al. [52], who reported that foliar application of sorghum, brassica, sunflower, and moringa extracts improved wheat performance by increasing water use efficiency and accumulating phenolics under terminal heat and drought stress. In addition, researchers have also applied salicylic acid (SA) to protect plants from cold stress, as the accumulation of free SA and glycosyl SA in plants is an endogenous regulatory systems to withstand cold stress [71].

4.3 Effect on Heavy Metals Phytotoxicity

Heavy metal contamination of the environment has become a major global issue, especially in developing countries. The phytotoxicity caused by heavy metals in soil seriously hinders the sustainable development of agriculture [72]. Common heavy metal (HV) contaminants include Cd, As, Co, Pb, and Hg, which induce detrimental physiological and biochemical functions in plants [73]. Consequently, lower germination, growth, and productivity were found in plants undergoing HM stress [74]. To withstand the negative effects caused by HM stress, plants have also developed endogenous regulatary mechanisms, such as limiting HM uptake and stimulating antioxidant defense systems [65]. However, these intrinsic regulations are often insufficient, prompting researchers to propose the exogenous application of BIOs to help plants alleviate metal-induced stresses [75]. Plant extracts are considered to contain high levels of polyphenols and flavonoids, which help shield membrane lipids and macromolecules from ROS-mediated damage by scavenging free radicals [17]. For instance, the exogenous application of moringa leaf extract can decrease Pb, Ni, and Cd toxicity in Saccharomyces cerevisiae by inhibiting HM accumulation and metal-induced endogenous oxidative stress [76,77]. Another study demonstrated that moringa leaf extract could mitigate Cd and salinity stresses in beans [47]. In addition to plant extracts, other secondary metabolites have also been extensively studied. Zhang et al. [78] found that applying salicylic acid (SA) alleviated the harmful effects associated with Cd or Pb in Vicia sativa L. by enhancing photosynthesis. Similarly, Kotapati et al. [79] demonstrated that SA application significantly promotes plant growth by alleviating Ni toxicity. Overall, direct applying plant extracts (secondary metabolites) shows great potential as an effective strategy for mitigating HM phytotoxicity. As a result, exploring plant extracts from various plant raw materials as an environmentally-friendly biotechnological method offers promising prospects for sustainable agriculture.

5  Effect of Plant Extracts on Plant Tolerance to Biotic Stress

5.1 Effect on Bacterial Infection

Plant roots and exudates constitute the rhizosphere, where interactions between plants and microorganisms are most intense. In addition, microorganisms also colonize the interior of plants, such as tissue and cells. These two plant-microbial interaction pathways significantly affect plant development and productivity. In turn, secondary metabolites released by plants, such as amino acids and soluble sugars, can also alter composition and function of root microbiome [80]. Plant extracts, known for their abundant and biologically active secondary metabolites, can be directly applied (soil drenching) to change soil microorganisms, promote soil-plant interactions, and indirectly influence plant health. A study was conducted on tomatoes in greenhouses by applying Ascophyllum nodosum extract (ANE) to elucidate its effect on microorganisms in rhizosphere soil, and the results showed that the species composition of microorganisms was changed, and plant morphological traits were improved [81]. Interestingly, many researchers help plants to enhance environmental stress tolerance by inoculating plant growth-promoting bacteria (PGPB) [82]. Although some scholars classify PGPB as a biofertilizer, it can also be considered BIOs based on its biochemical properties. Common PGPB species such as Bacillus spp., Pseudomonas spp., and Rhodococcus spp., have been extensively studied as biostimulants [58,83,84].

5.2 Effect on Pests and Crop Diseases

Pests and crop diseases severely threaten field crop productivity, contributing to worldwide crop yield losses ranging from 20% to 40% [85]. While pesticides and insecticides have been extensively employed to prevent pest and disease infestations, their prolonged use can be harmful to both human well-being and ecosystems due to their inherent toxicity and persistence [86]. Plants have evolved mechanisms to resist pests and diseases, notably through the increased secretion of secondary metabolites, with alkaloids being the most crucial [87]. In order to enhance plant resistance to diseases, the application of plant extracts has also been employed. For instance, the exogenous application of Reynoutria sachalinensis (F. Schmidt) Nakai extract has been demonstrated to provide protection to a variety of plants, including tomatoes, cucurbit, and strawberries, against bacterial and fungal diseases [88]. Furthermore, three extracts from polyalthia, ginger, and clerodendrum have been determined to significantly inhibit the activity of Rhizoctonia solani [89]. Therefore, these findings strongly support the application of plant extracts as bio-protectants to help plants resist pathogens, offering a viable substitute for synthetic pesticides and contributing to more sustainable agricultural practices.

5.3 Effect on Weed Management

Weeds, as common field plants, compete with crops for water, nutrients, and other essential resources while also serving as hosts for pathogenic bacteria and pests, severely limiting agricultural production [90]. The extent of crop losses caused by weeds varies significantly based on crop species, weed control approaches, weed types, duration of infestation, and environmental stresses [91]. Currently, weed control primarily relies on resistant cultivars and herbicides. Due to the shortage of agricultural workers, there is a global trend toward increasing the reliance on herbicides to control weed densities [92]. However, the utilization of resistant plants is not universally applicable to all crop species, and relying solely on chemical herbicides poses the risk of diminishing the health benefits of cultivars or fostering herbicide resistance in weeds. As a result, these two approaches may not fully eliminate the weed problem [93]. Thus, developing innovative solutions derived from natural sources is crucial to reducing the reliance on chemical herbicides, consequently mitigating environmental-related impacts.

Biological weed control involves the use of natural predators, substances, or organisms to inhibit the germination and growth of weed populations to an economically acceptable threshold level. Allelopathy, originally defined as the effects caused by chemical compounds released by one plant on other plants, has been redefined by various ecologists, who now prefer describing it as the negative impacts exerted by one plant on others through the release of toxic compounds [94]. Drawing on the allelopathic effect, researchers have explored new phytocompounds or allelochemicals extracted from plants as bioherbicides for controlling weeds and protecting crop [91]. A study conducted by Travaini et al. [95] reported applying Ammi visnaga extract inhibits the germination, growth, and photosynthesis of Lolium multiflorum, Echinochloa crus-galli, Digitaria sanguinalis, and Setaria italica. Puig et al. [96] reported the existence of phenolic compounds (e.g., quercetin, rutin, and ellagic acid) in an aqueous extract from the leaves of Eucalyptus globulus, and the extract inhibited the germination and early growth of Agrostis stolonifera. Similarly, Chon et al. [97] revealed that the aqueous extract of Xanthium occidentale contains allelochemicals such as chlorogenic acids, and inhibits lucerne growth. In another study, application of Aglaia odorata leaf extract exhibited a significant inhibition on the growth and development of E. crus-galli and L. perenne [98]. Based on the above findings, we found that some specific plant extracts contain allelopathic chemicals, showing strong phytotoxic effects against weeds, and therefore the utilization of plant extracts offers a promising, environmentally sustainable method for weed control.

6  Mechanisms and Pathways of Biostimulatory Activity

Plant extracts contain abundant active secondary metabolites. Therefore, incorporating plant extracts will stimulates plants, triggering various internal reactions, helping plants better resist environmental stress, and ultimately promoting plant growth and development (Fig. 2). However, it should be clarified that the benefits of plant extracts on plant growth regulation are not the result of a single active substance, but the coordinated action of multiple substances, such as plant growth regulatory hormones, antioxidants, and osmoprotectants. A study has reported that Ascophyllum nodosum extract-treated tomato plants exhibited changes in the concentration of osmolytes and expression of the tas14 dehydrin gene [99]. Another study showed that overexpression of ATHB-6 in maize activated the expression of related genes in the abscisic acid (ABA)-dependent pathway and the ROS signaling pathway under drought tolerance [100]. In addition, a study conducted with brown macroalga (A. nodosum) extract on spinach revealed improved biomass weight, chlorophyll content and increased phenolics and flavonoids and was associated with increased expression of the GS1 gene, betaine aldehyde dehydrogenase, choline monooxygenase, glutathione reductase and monodehydroascorbate reductase. All these genes attributed to the flavonoid and phenylpropanoid pathway are considered to promote growth and improve N integration [101]. Similarly, cypress leaf extract-treated zucchini seedlings showed a promoting effect on photosynthesis and salt tolerance by overexpressing key genes involved in carbohydrate metabolism (RbcL and RbcS) and salt-responsive antioxidant-related genes (CAT1, APX, CuZnSOD2, DHAR, GR, and PrxQ) [30]. Together, these results demonstrate that plant extracts can stimulate a series of metabolic signaling pathways in plants, thereby providing effective protection against abiotic stress. In addition, it is noteworthy that these extracts exhibit enhanced efficacy as an integrated whole rather than as a single bioactive compound, due to the synergistic interactions among their components that create a cumulative effect that benefits the entire plant system. Consequently, the observed effect does not stem from a single defense mechanism or a specific gene, but rather emerges from the coordinated and harmonious interaction of multiple genes.
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Figure 2: Functional mechanism of plant extracts of enhanced osmotic adjustment, antioxidant enzyme activities of plants under abiotic stresses. The upward and downward arrows indicate the positive and negative effect, respectively. MDA: Malondialdehyde content; H2O2: hydrogen peroxide; O2−: superoxide content; GSH: glutathione; AsA: ascorbate content; CAT: catalase activity; POD: peroxidase activity; APX: ascorbate peroxidase

7  Challenges and Perspectives for Plant Extracts

The utilization of plant extracts as natural BIOs has gained widespread attention in sustainable agricultural management and is considered by scientists and agri-technology companies as a promising technology application to mitigate the damage caused by biotic and abiotic stress while promoting crop growth and productivity. According to market investigations and surveys, the demand for such natural plant extracts is also gradually increasing, with seaweed extract being the most widely used [102]. Although some international organizations (such as the European Union) have recommended the use of BIOs in agriculture as an independent agricultural product, there are still multiple practical challenges that hinder the actual production and application of BIOs. The elucidation of molecular mechanisms governing the impacts of plant extracts represents a noteworthy challenge in their developmental trajectory. Detailed understanding of how these bioactive compounds function is imperative for optimizing their application. For instance, certain bioactive compounds exert specific effects on the metabolic pathway in plants. Consequently, the development of more precisely targeted products can be researched according to diverse plant species and various growth stages. Due to the intricate nature of multicomponent plant extracts, the challenge may seem formidable. A viable solution to this predicament involves adopting integrative and multidisciplinary approaches, such as modern molecular technology and biochemical analyses. This integrated approach aims to identify the active molecules in the extracts and elucidate their mode of action. On one hand, the application of BIOs, particularly through soil drenching, have crucial role in improving soil aggregate structure, nutrient content, and enzyme activities [56,58]. On the other hand, the soil rhizosphere microbiome has a vital role in plant growth, and its diversification can enhance the plant resistance to stresses, such as nutrient deficiencies, drought, or pathogens [103]. When plants suffer from biotic or abiotic stresses, they can receive help from the root microbiota, leading to increased selectivity of beneficial microorganisms and improved microbial activity in the soil.

This phenomenon, known as the “cry for help” theory, has gained widespread attention in recent years [104]. Accordingly, the agronomic practice of exogenous bio-stimulant application in the plant rhizosphere can precisely manage the assembly of rhizosphere microorganisms and the recruitment of beneficial microorganisms. Unveiling the intrinsic interaction and functional mechanisms between BIOs, the rhizosphere microbiome and plant growth regulation is essential for advancing sustainable agricultural development. Currently, limited success has been reported in the development of innovative commercial products suitable for application in both conventional and protected crop production systems. Ensuring sustainable harvesting and conserving biodiversity poses a challenge, particularly when the natural production of raw plant materials is limited due to unique environmental conditions. Further to this, advancements will be made in optimizing both wet and dry processing as well as preservation methods to enhance the efficiency of processing, storage, extraction, and bio-transformation [17]. Ultimately, building trust with farmers should not be overlooked, as advocated by El Boukhari et al. [105], who recommend embracing farmer-centric approaches, emphasizing education and on-field demonstrations to address the specific needs of farmers.

8  Conclusions

In this review, we outlined published reports and verified the beneficial impacts of plant extracts on plant growth, yield, and resilience to pests, pathogens, and abiotic stresses. The effectiveness of plant extracts is contingent upon the type of plant raw materials and the quality and composition of the extract, as well as the extraction method, application concentration, and frequency. The observed enhanced growth effects have exclusively manifested with the use of the whole extract, underscoring the highly interactive nature and synergistic activity among the components of plant extract on plant growth and functions. Nevertheless, the complexities inherent in the synergistic activities and interactions of bio-molecules, along with their molecular functions in plants, remain largely unresolved. Additionally, applying plant extracts through soil drenching has effects on the soil structure, heavy metals, nutrients, enzyme activity, and rhizosphere microbiome assembly which should also be emphasized. The secondary metabolism of soil microorganisms and their symbiosis with plants are also important factors affecting plant growth. Notably, a recent study reported certain microbiomes that are thought to be beneficial to plants may have negative effects on plants under environmental stresses [106]. Therefore, fully integrating the rhizosphere metabolites with plant physiology and molecular regulation will provide clearer and deeper insights into the internal regulatory mechanisms of plants to improve plant growth and stress resistance. Since agriculture and ecology are inextricably linked, assessing the long-term effects of plant extracts on non-target crops and ecosystems, cannot be ignored. Finally, additional studies should be conducted under field conditions to demonstrate the efficacy of these botanical formulations in natural settings. It is essential to propose a safe and effective plant extract application strategy for mitigating both biotic and abiotic plant stresses.
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Table 1: Effect of plant extract biostimulant on major crops under different environmental conditions

Plant species Plant extracts Conditions Plant response Reference
Tomato Seaweed extract and Salt, drought, Increased fruit quality and yield [36—41]
(Solanum Chondrus extract and cold stress {pcreased germination rate

lycopersicum L.) Increased shoot and root length

Increased root water assimilation
capacity and photosynthetis activity

Improved resistance to pathogens

Decreased the membrane damage

Maize (Zea Seaweed extract Cold stress and Increased root development [34,42]
mays L.) Polygonum extract drought stress  pcreased total sobuble sugar and
protein

Improved Zn and Mn supply

Increased CAT, SOD activity in the root
and leaf tissue

Zucchini Cypress leaf extract Salt stress Increased plant fresh and dry weight  [30]
(Cucurbita Increased plant total chlorophyll
pepo L.) content

Increased soluble sugars, proline and
protein content

Increased antioxidant enzyme
activities: CAT, APX, SOD and GPX
Lettuce (Lactuca Moringa extract seaweed  Fulvic acid, Increased root and shoot [31,43,44]
sativa L.) extract mineral Increased leaf area and number
fertilizer and

heavy metal Increased chlorophyll content and

photochemical efficiency

stress
Increased quality and yield
Bean (Phaseolus Licorice root extract, Salt stress and Increased plant growth and yield [45-47]
vulgaris L.) Propolis extract, maize heavy metal Increased chlorophylls, RWC, free
grain extract and Moringa stress proline and soluble sugars
extract Increased membrane stability index
Decreased electrolyte leakage, MDA,
H202 and ABA
Marrow Moringa extract Drought stress Increased plant growth [48]
(Cucurbita Increased HI, WUE, Fv/Fm and PI
pepo L) Increased soluble sugars, free proline
and membrane stability
Decrease electrolyte leakage
Sesame Licorice extract Drought stress Increased biological and seed yield [49]
(.Sesamum Increased chlorophyll, proline and
indicum L.) protein
Decreased MDA
Increased antioxidant enzyme
activities: CAT, APX, GPX and GR
Cucumber Seaweed extract Fungal Increased fruit yield [50,51]
(C?C”mf dlsee(lises and  Ephanced nutritional fruit content
sativus L.) powdery Reduced fungal infections by leadspot,
mildew . .
blight, wilt, grey mold and powdery
pathogens mildew
Wheat (Triticum Seaweed extract, sorghum Heat stress, Increased grain weight and yield [52-55]
aestivum L.) extract, sunflower extract, ~drought stress, fncreased chlorophyll content
clove fruit extract and cadmium stress e
. Increased membrane stability index
moringa extract
Increased nutrients in leaves, root, and
grains
Increased protein and phenolics content
Basil (Ocimum  Pollen grain extract Drought stress Increased morphological traits [32]
basilicum L.) Increased RWC, WUE and oil content
Increased soluble sugar, proline,
protein, AsA and GSH
Increased antioxidant enzyme
activities: CAT, SOD and GR
Mustard Seaweed extract Drought stress Increased yield [29]
(Brassiicz Increased photosynthetic rate and RWC
Juncea L.) Increased total sobuble sugar and
protein
Increased antioxidant enzyme activities
Decreased proline, MDA and H,O,
Sugarcane Seaweed extract Drought stress Increased fresh weight, root growth and [56]
(Saccharum yield
officinarum L.) Increased RWC and soil water retention

Increased antioxidant enzyme and soil
enzyme activities

Improved soil aggregate structure and
nutrient content

Note: CAT: catalase; SOD: superoxide dismutase; GR: glutathione reductase; APX: ascorbate peroxidase; GPX: glutathione peroxidase; RWC:
relative water content; WUE: water use efficiency; GSH: glutathione; ABA: abscisic acid; AsA: ascorbic acid; PI: performance index; HI: harvest
index; Fv/Fm: maximum quantum efficiency of photosystem II; H,O,: hydrogen peroxide.
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