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Abstract

Global agriculture faces the dual challenge of increasing productivity to meet the growing
demand for food, feed, biofuels, and plant-based biomaterials while coping with soil degra-
dation, climate change, and environmental pollution. Biostimulants have emerged as an
innovative and sustainable strategy to enhance plant growth, nutrient uptake, and yield, as
well as to mitigate the adverse impacts of abiotic and biotic stresses. Numerous studies show
that biostimulant application can prevent 15–50% of potential yield losses caused by stressful
environmental conditions. This review classifies major groups of biostimulants and examines
mechanisms of their plant growth-promoting action at molecular, biochemical, physiological,
and rhizospheric levels. Special emphasis is placed on their role in improving plant tolerance
to drought, salinity, cold, heat, metal(loid) toxicity, and pest or pathogen attack. Limitations
and challenges, including inconsistent results, variability in product efficiency, and the efforts
on standardized formulations and application methods are also discussed. Finally, future
research directions are highlighted, focusing on optimizing biostimulant performance to
enhance crop resilience, productivity, and environmental sustainability.

Keywords: biostimulants; plant growth promotion; abiotic and biotic stress tolerance;
rhizosphere interactions; sustainable agriculture

1. Introduction
Currently, the world faces the challenge of intensifying agricultural production to

meet the growing global demand for food, feed, biofuel, and other plant-based materials
and bioproducts. Agricultural systems are further challenged by soil degradation, climate
warming, and seasonal weather anomalies, as well as soil and water pollution and salinity.
Such abiotic stresses are responsible for significant reductions in crop yields (estimated to
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be from 10 to even 70%) and quality [1–3]. Under field conditions, plants are continuously
exposed not only to abiotic stresses, but also to harmful biotic factors. These include various
groups of agrophages, such as pathogens, pests and weeds, whose occurrence and effects
are often unpredictable and difficult to control. In order to mitigate these constraints,
modern agriculture has relied heavily on synthetic fertilizers, herbicides and pesticides.
However, although these inputs have significantly contributed to yield increases over recent
decades, their long-term and excessive or inappropriate use has raised concerns regarding
soil degradation, water contamination, biodiversity loss, and development of resistant pest
populations [4–6]. This highlights the limitations of traditional input-intensive agricultural
practices and the need for more sustainable approaches.

In this context, increasing attention has been directed toward environmentally friendly
strategies that can enhance plant productivity while remaining economically viable and
suitable for integration into current crop management systems. Among them, biostimu-
lants have emerged as promising complementary tools to optimize crop performance and
enhance plant resilience to both biotic and abiotic stresses, supporting a more sustainable
and holistic approach to agriculture [7]. Numerous studies indicate that biostimulant appli-
cation can substantially mitigate crop productivity losses under adverse environmental
conditions [8,9], with specific experimental examples presented in subsequent sections.

A key advantage of biostimulants lies in their multilevel mode of action, affecting
plant performance from early developmental stages to final yield and quality. Their appli-
cation has been shown to improve germination, biomass accumulation, and crop quality
through coordinated effects at the molecular, biochemical, and physiological levels. At
the molecular level, biostimulants can modulate signaling pathways, gene expression
and protein synthesis, leading to changes in primary and secondary metabolism [10–12].
These molecular adjustments translate into enhanced physiological processes, including
photosynthesis, respiration, transpiration, and antioxidative defense responses [13,14].
Furthermore, biostimulants modulate phytohormonal balance and improve water and
nutrient uptake, transport, and utilization efficiency, thereby contributing to improved
plant growth and stress resilience [15,16]. Recent studies further demonstrate that these
multilevel effects of biostimulants are strongly dependent on biological and environmen-
tal context, varying with crop species, developmental stage, environmental conditions,
and the composition of the applied formulation, highlighting the need for precise and
evidence-based application strategies.

Biostimulants can be applied in multiple ways, including foliar sprays, soil irrigation,
fertigation, application as solid soil amendments, and seed priming prior to sowing [17]. In
addition to their agronomic versatility, many biostimulant ingredients are derived from
natural raw materials such as plant extracts, seaweed, microbial inoculants, and agricultural
or industrial waste streams, thereby supporting circular economy principles and zero-waste
policies, in line with the EU sustainability objectives [18,19].

The development and commercialization of biostimulant products have progressively
evolved over the last decades. Early commercial formulations based on humic substances
and seaweed extracts appeared on the agricultural market in the late 20th century, particu-
larly through the application of humic acid-based products and marine-derived extracts in
horticultural and crop production systems [20–23]. These initial applications were primarily
empirical in nature but demonstrated consistent plant growth-promoting effects, which
stimulated further interest. A significant expansion of both product diversity and research
activity occurred from the early 2000s onwards, driven by advances in plant physiology,
stress biology, and molecular understanding of plant–microbe and plant–biostimulant
interactions [24–27]. During this period, biostimulants became increasingly recognized as
a distinct category of agricultural inputs, and systematic research efforts contributed to
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the consolidation of their conceptual framework and modes of action. A major regulatory
milestone was reached with the introduction of the EU Fertilising Products Regulation
(EU 2019/1009) [28], which formally defined plant biostimulants as a distinct product
category and facilitated their harmonized commercialization within the European mar-
ket [14,28]. Despite this regulatory recognition and growing market presence, biostimulants
remain a rapidly developing group of agricultural inputs, with ongoing refinement of their
mechanisms of action, formulation strategies, and application efficiency [24,27].

In this context, this comprehensive review provides an overview of current knowledge
on different groups of biostimulants derived from various sources, with a special emphasis
on the mechanisms of their action, particularly under conditions of abiotic and biotic stress.
It also highlights the opportunities for optimization of biostimulant application to improve
crop stress resilience to support sustainable crop production. Specifically, this review aims
to: (i) summarize current knowledge on the different groups of biostimulants and their
sources; (ii) discuss mechanisms through which biostimulants enhance crop growth, yield,
and stress resilience under abiotic and biotic stress conditions; and (iii) highlight context-
dependent factors affecting biostimulant efficacy and provide insights into strategies for
optimized application in sustainable agriculture.

2. Biostimulants—Definitions and Conceptual Framework
Biostimulants are gaining increasing importance in the agricultural sector due to rising

environmental concerns and their growing economic value. The global biostimulant market
is projected to reach USD 6.2 billion by 2027, while the European market is expected to
account for EUR 2.34 million by 2029 [12,24,29]. In the European Union, the development of
this sector has been further stimulated by regulatory initiatives, including the implementa-
tion of EU Regulation 2019/1009 [28], which introduced a legal framework for biostimulant
products within the Fertilizing Products Regulation (FPR). These developments not only
support innovation but also increase farmers’ confidence in the safety and reliability of
biostimulant formulations.

The growing interest in biostimulants is also reflected in the increasing number of
scientific reports published on this topic in recent years. According to the Scopus database
(search performed on 23 April 2026), the number of records matching the keyword biostim-
ulant* exceeds 7300, with a sharply increasing publication trend over the last 10 years. A
similar pattern is observed in the Web of Science database. For example, 50 publications
were issued in 2014, 101 in 2015, 439 in 2020, and as many as 1515 in 2025, while 570 articles
have already been published in the first months of 2026, further confirming the rapidly
growing interest in this field. Of all the documents, 74.4% are original articles, 10.7% are
review papers, 6.8% are book chapters, 5.6% are conference papers, and the remaining 2%
represent other document types. Approximately 5430 publications (44.7%) fall within the
Agricultural and Biological Sciences subject areas, highlighting the importance of research
providing both fundamental knowledge and practical insights into biostimulant applica-
tions. For this review, the literature was systematically surveyed using Scopus and Web
of Science with the keyword “biostimulant”. Studies providing experimental evidence or
mechanistic insights were prioritized, while relevant review articles were also considered
to contextualize findings. The synthesis is qualitative rather than a formal meta-analysis,
offering a transparent and reproducible overview of current knowledge.

Despite long-standing research and use, achieving consensus on a single universal
definition of biostimulant remains challenging. For many years, researchers have referred
to a definition proposed by du Jardin [30]: “A plant biostimulant is any substance or
microorganism applied to plants with the aim to increase nutritional efficiency, resistance
to abiotic stress, and/or crop quality traits, regardless of nutrient content.” Over time, this
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definition has been repeatedly expanded and refined [12,16,24,25,31,32]. Currently, the
definition adopted by the European Parliament and the Council [28] is the most widely
accepted. According to this regulation, a plant biostimulant is a product stimulating plant
nutrition processes, independent of the content of nutrients in the product, whose sole
purpose is to improve one or more of the following characteristics of the plant or the plant
rhizosphere: (a) nutrient use efficiency; (b) tolerance to abiotic stress; (c) quality traits; and
(d) availability of confined nutrients in the soil or rhizosphere. It is important to note that
the beneficial effects of biostimulants are not limited to abiotic stress responses; they may
also contribute to improved plant performance under biotic stress conditions, as reported
in numerous studies.

Another contentious issue concerns the classification of biostimulants into categories.
Historically, debates focused on whether classification should be based on the mode of
action or the source of origin. Findings from numerous studies on these preparations further
complicated the debate, showing that biostimulants have very broad, often non-specific
effects that may overlap among products of different origins. Moreover, biostimulants can
consist of single compounds or a combination of molecules, compounds or substances,
whose modes of action are not fully recognized yet. Currently, classification based on
origin is most commonly adopted, as it enables more accurate comparison among different
preparations and their effects on plants [31].

Biostimulants may originate from diverse organic and inorganic sources [25]. They
can be derived from microorganisms (bacteria, yeasts, fungi), algae, and higher plants
(roots, leaves, seeds), including living and non-living organisms, their metabolites or
extracts. They may also be of animal origin, e.g., derived from animal hides, feathers, blood,
shells, or bees [33]. Finally, a rapidly expanding and particularly relevant group includes
waste- and by-product-derived biostimulants, originating from agricultural, industrial,
food, and municipal streams, thereby supporting circular economy principles [18,34,35].
Inorganic biostimulants comprise essential or beneficial elements and are primarily derived
from inorganic salts [36]. A structured overview of biostimulant classification and their
functional categories is presented in Section 3.

3. Classification of Biostimulants and Their Plant Growth
Promotion Potential

The evolution of biostimulant classification has been discussed in several review
articles [25,32]. Over the years, the number of proposed categories has varied widely, from
four to seven or even up to 15 categories [17,25]. In the above-mentioned EU Regulation
(2019/1009) [28], two main groups are distinguished: microbial and non-microbial plant
biostimulants. However, within these two groups, several subgroups/categories can
be identified.

Microbial biostimulants include: (i) plant growth promoting microorganisms (PGPM),
encompassing plant growth-promoting rhizobacteria (PGPR) and plant growth-promoting
fungi (PGPF), and (ii) arbuscular mycorrhizal fungi (AMF) [37]. However, a more ap-
propriate classification approach is to distinguish between (i) plant growth-promoting
rhizobacteria (PGPR) and (ii) plant growth-promoting fungi (PGPF, also referred to as
beneficial fungi), with arbuscular mycorrhizal fungi included in the latter group together
with other beneficial rhizosphere and endophytic fungi, such as Trichoderma spp. [14].

Non-microbial biostimulants encompass: (i) seaweed extracts; (ii) humic substances;
(iii) protein hydrolysates and free amino acids; (iv) chitosan and other biopolimers;
(v) botanical derivatives; and (vi) inorganic biostimulants including beneficial ele-
ments [30,37,38]. It should be mentioned that this list is not exhaustive, as new compounds
with biostimulant activities are continuously being identified. This is particularly relevant
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for substances derived from various organic waste streams or industrial by-products, as
well as those developed using advanced biotechnological approaches [35,39].

As the field continues to evolve, the classification system must remain flexible to ac-
commodate increasing technological sophistication, hybrid formulations, and the growing
functional complexity of biostimulant products. Recent classification concepts therefore
propose a generational framework (Biostimulants 1.0–3.0), with Biostimulants 4.0 emerg-
ing after 2020, integrating omics-based approaches with AI-driven platforms and digital
monitoring tools to support the development of formulations tailored to the molecular
requirements of specific plant genotypes under diverse environmental conditions [32,40].

Extensive research has demonstrated that biostimulants exert beneficial effects on plant
growth and development. Their modes of action are highly diverse. They can improve soil
structure and enhance the activity and composition of soil microbial communities, thereby
influencing water and mineral nutrient acquisition. Numerous studies conducted at the
morphological, anatomical, physiological, metabolomic, proteomic, and transcriptomic
levels have revealed that their positive effects on plant performance may result from
modifications of cell structure, transport into and between cells and organs, primary and
secondary metabolism, hormone balance, signaling pathways, and gene expression. The
effects of biostimulants on plant-associated endophytic microorganisms should also not be
underestimated, although this aspect is beyond the scope of the present review.

3.1. Microbial Biostimulants

Microbiological biostimulants are formulations containing non-toxic and non-pathogenic
plant growth-promoting bacteria (PGPB) and plant growth-promoting fungi (PGPF). They
may include a single microbial strain or a consortium of multiple organisms and can be
applied through soil, foliar spraying, or seed coating [41–43].

Bacterial biostimulants include both rhizospheric and endophytic strains, commonly
from the genera Rhizobium, Acetobacter, Azospirillum, Bacillus, or Pseudomonas [44–46].
Bacteria-based biostimulants enhance nutrient availability, primarily through the pro-
duction of organic acids and enzymes that solubilize mineral compounds, such as phos-
phorus, into plant-accessible forms [44,47]. The most effective strains are often selected
from endophytic bacteria belonging to Stenotrophomonas spp., Delftia spp., Brevundimonas
spp., and Novosphingobium spp. based on high enzymatic and metabolic activity, ACC
(1-aminocyclopropane-1-carboxylic acid) deaminase activity, and production of various
metal-complexing compounds [48]. Strains of Burkholderia sp. and Phyllobacterium sp. are
particularly promising due to their abilities to fix nitrogen, produce IAA (indole-3-acetic
acid)-like compounds, synthesize extracellular polymers, and form biofilms [49].

Plants also assimilate bioactive metabolites produced by PGPR, such as cytokinins and
auxins, which stimulate cell division and elongation [44]. Furthermore, microbial activity
in soil improves its physicochemical properties, which is beneficial not only for plants but
also for the broader soil biotic community. Indirect plant growth promotion effects may
also arise from their antagonistic activity against plant pathogens and pests, especially
through the production of antibiotics and siderophores [47].

Fungal biostimulants employed as plant growth-promoting agents in agriculture and
horticulture primarily include arbuscular mycorrhizal fungi and species belonging to the
genus Trichoderma [43,46]. AMF form symbiotic associations with up to 80% of terrestrial
plants [50]. Their hyphal networks absorb and transport mineral nutrients, such as nitrogen
and phosphorus, to plant roots, which are essential for both roots and root hairs. They
also improve water conditions, thereby influencing nutrient uptake by plant roots. Studies
also indicate that AMF modulate the expression of genes involved in nitrogen uptake and
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metabolism and also produce phytohormones, such as indole-3-acetic acid and gibberellins,
which promote plant growth [47].

Trichoderma spp. strains provide multiple benefits to plants and soil and have been
widely applied in biocontrol, soil bioremediation, and industrial applications due to their
production of numerous enzymes [51,52]. They also exhibit plant growth-promoting activ-
ity. Studies have shown that cultivation with various Trichoderma spp. strains enhances the
uptake of micro- and macroelements and induces plant resistance against phytopathogens.
These fungi can also influence the expression of genes involved linked to photosynthesis
and other key metabolic processes. Other fungi, including Aspergillus spp., Penicillium spp.,
Coprinus spp., Sterigmatomyces spp., Acremonium spp., and Paecilomyces spp., play roles in
mycoremediation, producing extracellular polymeric substances (EPS) and facilitating the
biosorption of heavy metals such as Pb, Cd, Hg, Cu, and Co [53].

When applying microbiological biostimulants, careful attention should be paid to the
application strategy to prevent excessive dispersion and reductions in microbial viability,
for example due to exposure to environmental stressors, as well as to soil characteristics.
These factors have a significant impact on the performance of microbial biostimulants,
which in turn affects their influence on plants. No microbial biostimulant can be applied
universally across all crops or environmental contexts [54].

3.2. Non-Microbial Biostimulants
3.2.1. Seaweed Extracts

Seaweed extracts (SWEs) are among the most extensively studied and commercially
available biostimulants [20,55]. Their beneficial effects on plants have been recognized
since the Middle Ages. Seaweed extracts are highly organic, making them ideal for organic
farming. They are also compatible with other production-enhancing practices, supporting
an integrated, sustainability-oriented management approach. Most commercial products
are derived from red algae (Rhodophyta, e.g., Lithothamnium calcareum, Kappaphycus alvarezii,
Jania rubens, and Gracilaria edulis), green algae (Chlorophyta, e.g., Ulva lactuca), and brown
algae (Phaeophyta, e.g., Ascophyllum nodosum, Ecklonia maxima, Durvillaea potatorum, and
Laminaria digitata) [20]. These algae are harvested from marine environments and processed
to obtain extracts using alkaline, neutral, or acidic extraction methods, often combined
with cell disruption techniques, such as high-pressure treatment [31]. A dry powder of
unprocessed algae was also reported to be an efficient biostimulant [56].

Due to the variability of their composition, affected by season, climate, and process-
ing methods, product standardization and obtaining consistent, reproducible results with
SWEs is challenging [57]. Nevertheless, some plant responses are consistently observed [26].
Early studies attributed the plant growth-promoting effects of SWEs to phytohormone-like
effects (explained by the presence of phytohormones in some extracts), but other studies
demonstrated that the levels of phytohormones in seaweeds (typically in the nanogram
or picogram per mL range, or even undetectable) are generally too low to exert significant
biostimulating effects [58–60]. Nevertheless, SWE application can alter the expression and
localization of phytohormones within plants [31]. Seaweed extracts contain numerous active
compounds, including polysaccharides, pigments (chlorophylls, carotenoids, and phyco-
biliproteins), phenolic compounds, proteins, betaines, lipids, phytohormones, sterols, and
micro- and macroelements. These compounds trigger a cascade of metabolic responses
and changes in plants, ultimately leading to increased crop yield. This complex chemical
composition can explain the broad spectrum of biofunctionality associated with SWEs [57,61].

Each type of algae synthesizes specific compounds tailored to its cellular structure,
ecological niche, and the stage of development [55]. Carbohydrates, however, consistently
represent the predominant fraction. Among the bioactive polysaccharides, laminarin acts as
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a bioelicitor in plant defense responses against various pathogens, increasing intracellular
Ca2+ concentrations, which mediate numerous cellular processes involved in plant growth
and development. Carrageenan and oligo-carrageenan, abundant in red algae, also promote
plant growth by modulating the activity of key enzymes involved in carbon and nitrogen
metabolism. Oligo-carrageenans additionally influence cell division, photosynthesis, and
direct or indirect regulation of phytohormones [61]. Some studies further indicate that SWEs
can increase protein concentrations in plants, such as in soybean and spinach, likely due to
enhanced root development and improved uptake of micro- and macronutrients [62,63].

Seaweed extracts also exert positive effects on soil. They supply elements that can be
directly taken up by plants. Moreover, they can also interact with other soil constituents,
modifying their solubility and thereby potentially enhancing nutrient availability [64].
Seaweed-derived biostimulants possess substantial potential, as they: (i) are effective at very
low concentrations; (ii) can be produced through marine cultivation without competing
for arable land used for food or feed production, and (iii) may enhance protein yields in
protein-rich crops.

3.2.2. Humic Substances

Humic substances (HSs) are formed through aerobic decomposition of plant and
animal residues, as well as through microbial metabolism [15,21]. They represent a major
component of soil organic matter, accounting for up to 90% of total organic carbon in
soils. They are involved in numerous environmental processes, including regulating the
soil carbon and nitrogen cycles, influencing the transport of compounds of anthropogenic
origin, and contributing to the stabilization of soil structure [21].

Based on their solubility in different pH conditions, HSs can be categorized into two
groups: humic acids (HAs), which are soluble under alkaline pH but insoluble under
acidic conditions, and fulvic acids (FAs), which remain soluble across both alkaline and
acidic pH ranges. Structurally, HSs are supermolecular assemblies composed of smaller
organic molecules linked through hydrogen bonds and hydrophobic interactions. Their
hydrophobic components consist primarily of polymeric aromatic hydrocarbons derived
from lignin, which form complex networks with organic acids, polyamines, amino acids,
aliphatic hydrocarbons, and fatty acids. Evidence suggests that in terms of the effects of
HSs on plants, it is not their chemical composition but rather their structural organization
and molecular size that play a decisive role [15].

The benefits of HSs become partly evident in the short term (within months to a
year); however, their full impact manifests only after several years of application [15].
The short-term effects primarily arise from improvements in soil fertility by improving
its structure—promoting aeration via the formation of HS–soil aggregates, increasing
water retention, and boosting cation exchange capacity—as well as through beneficial
modifications of soil chemical, physical and biological properties [22,26]. Due to the
abundance of oxygen-containing functional groups, HSs form stable complexes with micro-
(e.g., manganese, copper, iron) and macronutrients (e.g., phosphorus, sulfur, calcium),
thereby improving plant nutrition. Their relatively high nitrogen content (1–5% of total
mass), makes them an important source of this element in the soil [15]. Enhanced nitrogen
and phosphorus uptake has been linked to HS-mediated regulation of the expression of
nitrate (e.g., NRT1.1 and NRT2.1) and phosphate (e.g., Pi) transporters [23]. HSs also trigger
plant exudation of organic acids into the rhizosphere, which can modify the structure of
HSs, thereby releasing bioactive molecules and increasing nutrient bioavailability. Over the
long term, HSs additionally promote soil microbial biodiversity and activity, supporting
organic matter decomposition and nutrient cycling, ultimately contributing to sustained
plant growth [27,65].
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In addition to these indirect effects of HSs on plant growth, HSs also exert direct
effects, such as alterations in primary and secondary plant metabolism, including hormonal
balance [66]. The most common manifestations of HS activity include enhanced root
elongation and early differentiation of cells at the root tip and within the primary elongation
zone. Depending on the molecular size of HSs, early differentiation patterns may occur
either in the central cylinder or in the cortex. In the former case, HSs affect water and
nutrient conductivity, whereas in the latter, they increase root diameter and nutrient
storage capacity [67]. Humic substances can also stimulate lateral root formation, root
hair development, and overall root elongation. These effects are attributed to auxins and
other IAA-like molecules embodied within HSs. It has been suggested that nitric oxide
(NO) signaling plays a role in this mechanism [23]. The effect of HSs on NO signaling is
further associated with increased H+-ATPase activity in the root plasma membrane. HS
components with IAA-like activity promote root growth by targeting cross-induction of
the root plasma membrane, H+-ATPase and NO generation. In addition to the plasma
membrane H+-ATPase, vacuolar H+-ATPases and H+-pyrophosphatases are also activated
by HSs [23].

Most studies focusing on the effects of HSs on plants have used soil application of the
biostimulant. However, De Hita et al. [65] examined the impact of foliar HS application
on Cucumis sativus L. var. Ashle and reported a positive effect of such application method
on plant growth. Shoot and root growth were enhanced, and cytokinin concentrations
increased; however, no stimulation of lateral root formation was observed. Moreover, the
activity of root plasma membrane H+-ATPase as well as the concentrations of abscisic
acid (ABA) and nutrients were lower compared to the control, suggesting that plasma
membrane H+-ATPase activity does not significantly affect cytokinin concentrations. HS
effects on plant metabolism are reflected in altered activities of enzymes, such as nitrate
reductase (NR), glutamate dehydrogenase (GDH), glutamine synthetase (GS), glucokinase,
phosphoglucose isomerase, aldolase, and pyruvate kinase. These enzymatic changes lead
to alterations in metabolite concentrations, triggering a cascade of events that ultimately
result in increased biomass production and enhanced stress tolerance [21]. Furthermore,
the improved stress tolerance can also be attributed to HS-stimulated synthesis of certain
secondary metabolites, including flavonoids and phenolic acids, which strengthen the
plant’s antioxidative defense system.

3.2.3. Protein Hydrolysates and Free Amino Acids

Protein hydrolysates (PHs) are mixtures of amino acids, polypeptides, and oligopep-
tides obtained through chemical, thermal, or enzymatic hydrolysis of proteins [68]. They
are primarily produced from animal by-products, such as epithelium, feathers, horns,
hooves, viscera, blood, bones, as well as from plant biomass, including legume seeds,
husks, fruits, and cellulose. Most commercially available PHs are of animal origin and ob-
tained through acid hydrolysis, while products derived from plants are typically obtained
through enzymatic hydrolysis [68]. Proline and glycine dominate in collagen-based protein
hydrolysates, whereas glutamic acid is most abundant in plant-derived products. Protein
hydrolysates obtained from agricultural and industrial by-products are gaining popularity,
as they offer sustainable and environmentally friendly solutions for valorizing wastes and
contribute to a circular economy [69]. Application methods include seed treatment, soil
drenching, or foliar spraying.

PHs have been shown to influence plant growth by modulating physiological and
molecular processes, improving root architecture—in particular root length and total root
area—and increasing shoot biomass and yield. Their direct effects on plants include
regulation of nitrogen uptake, mediated by key enzymes involved in nitrogen fixation and
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metabolism, as well as regulation of carbon metabolism through the modulation of enzymes
involved in the tricarboxylic acid cycle, including citrate synthase, isocitrate dehydrogenase,
and malate dehydrogenase [26]. Although PHs are nitrogen-rich products (up to 8% N),
their effects on plant growth cannot be solely attributed to nitrogen fertilization [26]. PHs
also influence gene expression, including those related to photosynthesis, nitrate transport,
cytoskeleton reorganization, and the antioxidant system [24]. Additionally, PHs have
been shown to exhibit hormone-like activity and/or to stimulate auxin and gibberellin
synthesis within the plant, promoting root elongation, and increasing the number and
length of lateral roots and root hairs [70]. Enhanced root growth can also be attributed to the
presence of signaling peptides that act as plant growth regulators. One such peptide is the
root hair-promoting peptide [26,71]. Such root modifications promote nutrient uptake from
the soil. Increased nutrient acquisition is further influenced by soil pH through indirect
mechanisms, such as complexation of micro- and macroelements by peptides present in
PHs, as well as stimulation of microbial activity when PHs were applied to the soil [68].

PHs also stimulate shoot growth, leaf area expansion and branching, promote earlier
flowering, and improve both fruit production and quality. Although their full mode action
is not fully understood, it likely involves stimulation of auxin- and gibberellin-like activities
and modulation of ethylene (ET) levels via ACC, the immediate precursor of ethylene. PHs
also increase the concentration of photosynthetic pigments, mainly chlorophyll, thereby
enhancing the photosynthetic performance of crops [72].

Foliar application of PHs has been shown to promote the growth of epiphytic bacte-
ria [73]. However, some studies reported phytotoxic effects and growth inhibition in plants
treated with PHs, which may result from inappropriate concentrations of the preparation
used and/or unsuitable agricultural practices [74].

Free amino acids (FAAs), similarly to protein hydrolysates, can be obtained, among
others, through enzymatic hydrolysis of meat by-products and plant extracts. It should be
emphasized, however, that the amino acid profile obtained is determined by the origin and
composition of the recovered waste materials [29].

FAAs are rapidly absorbed into plant cells and, in addition to serving as protein
building blocks, they may perform numerous functions supporting plant metabolism, such
as enhancing photosynthetic efficiency or regulating enzyme activity, ultimately promoting
improved growth. Moreover, FAAs can also chelate elements such as zinc, copper, and
calcium, thereby facilitating their uptake [75]. Al-Karaki and Yahia [76] demonstrated
that the effect of FAA application in lettuce depended on the plant cultivar. In contrast,
Cerdán et al. [77] demonstrated that the source of FAAs is of critical importance. In their
experiments, plant-derived FAAs significantly enhanced tomato seedling growth as well
as iron and chlorophyll concentrations in the leaves, whereas animal-derived FAAs had
no beneficial effects. Therefore, the selection of the product should be considered crucial,
taking into account not only its origin and composition but also the plant cultivar.

3.2.4. Chitosan and Other Biopolymers

Numerous efforts to replace petroleum-derived products in material production have
led to the development of biopolymers. Naturally occurring biopolymers, such as starch,
collagen, cellulose, gelatin, alginate, chitosan, and chitin, as well as synthetic polymers,
including polyethylene, polycaprolactone, polyvinyl alcohol, and acrylate-based polymers,
have found various applications in agriculture due to their functional properties. However,
synthetic polymers, which either do not degrade or degrade only very slowly, should be
avoided because of the risk of soil contamination [78].
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Among biopolymers, chitosan is particularly advantageous because of its non-toxicity,
biodegradability, biocompatibility, high affinity for metals and proteins, and strong sorption
capacity. It is produced by deacetylation of chitin, a widely occurring biopolymer found
in crustaceans, insects, arthropod exoskeletons and mollusks. Chitosan consists of D-
glucosamine and N-acetyl-D-glucosamine units linked by glycosidic bonds. Its main
limitation is low solubility at neutral pH, which has prompted research into modified, more
soluble forms [79].

Chitosan oligomers affect plant physiology by interacting with cellular components,
such as DNA, the plasma membrane, and cell wall elements, as well as with receptors
that activate defense-related genes. Chitosan can be applied foliarly, to the soil, or as
a seed treatment. Foliar application in strawberry and berry cultivation increased fruit
mass [80,81]. Seed treatment improved gas and water permeability and activated hydrolytic
enzymes that break down storage compounds, thereby accelerating seed germination [79].
Moreover, this biopolymer enhanced nutrient uptake and was mentioned to serve as a
carbon source, contributing to improved plant growth [82,83]. Plants treated with chitosan
also exhibited higher chlorophyll concentrations and more efficient photosynthesis [84,85].
Indirectly, chitosan benefits plants through its antimicrobial activity, inhibiting microbial
growth and compromising microbial membrane integrity [86].

3.2.5. Botanical Derivatives

The use of botanical derivatives (BDs) in medicine dates back to antiquity. Despite
advances in modern medicine and genetic engineering, plant extracts continue to be
investigated as potential therapeutic agents, including in cancer research [87]. In parallel,
plant-derived extracts are also increasingly applied in agriculture. To date, extracts from
roots (e.g., licorice), leaves (e.g., aloe and garlic), and industrial fruit residues have been
used in crop and horticultural production [88].

BDs are composed primarily of naturally occurring compounds, including alkaloids,
sterols, flavonoids, terpenoids, phenols, and saponins. Their effects on plants resemble
those of seaweed extracts, although BDs remain considerably less studied [89]. The ben-
eficial effects of BDs on nutrient uptake, phytochemical synthesis and accumulation are
associated with stimulation of enzyme activities involved, among others, in the Krebs cycle,
carbon and nitrogen metabolism, and phytohormone regulation. Additionally, BDs may
indirectly promote plant growth by enhancing microbial activity in the rhizosphere, due to
the richness of extract constituents [88]. Among BDs, extracts from Moringa oleifera Lam.
leaves are the most extensively studied and have been shown to improve both quantita-
tive and qualitative yield traits in vegetables, cereals, and aromatic plants [90,91]. This
is further supported by a recent study demonstrating that moringa leaf extract markedly
increased fresh biomass and essential oil yield of geranium (Pelargonium graveolens L.) by
up to 59% and 89%, respectively, while also improving essential oil composition [92]. In the
same study, seaweed extract and other plant-derived preparations, including extracts from
invasive species such as Cyperus rotundus, also exhibited strong biostimulatory effects, high-
lighting the broader potential of plant-based extracts as sustainable bioresources. However,
beneficial effects have also been reported for other plant-derived extracts. For example,
extracts from Verbesina sphaerocephala A. Gray improved growth and fruit production of
tomato (Solanum lycopersicum L.), cucumber (Cucumis sativus L.), and strawberry (Fragaria
× ananassa (Duchesne ex Weston) Duchesne ex Rozier) [93]. Similarly, extracts from yucca
(Yucca schidigera Roezl ex Ortgies) have been reported to promote seed germination and
early plant growth of Arabidopsis thaliana (L.) Heynh., S. lycopersicum, and broccoli (Brassica
oleracea var. italica L.), particularly under abiotic stress conditions such as salinity and
drought, as well as serving as a natural fungicide [94]. A comprehensive and up-to-date
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overview of plant-derived biostimulants, including their diversity, modes of action at the
molecular and physiological levels, and effectiveness under stress conditions across differ-
ent plant species, has been recently provided by Hyder et al. [95], highlighting emerging
trends and current challenges in this rapidly developing field.

3.2.6. Inorganic Biostimulants

Inorganic plant biostimulants include beneficial elements and certain salts of essential
elements, such as phosphite salts. Beneficial elements are not essential to plant survival but
can enhance growth, development, as well as confer additional advantages in specific plant
species, particularly under challenging environmental conditions. So far, ten beneficial
elements have been recognized that may act as inorganic biostimulants: aluminum (Al),
cerium (Ce), cobalt (Co), iodine (I), lanthanum (La), sodium (Na), selenium (Se), silicon (Si),
titanium (Ti), and vanadium (V) [96].

Silicon is the second most abundant element in the Earth’s crust. It has long been
known that monocotyledons, particularly Poaceae species, respond positively to an en-
hanced supply of this element. However, its beneficial effects have also been observed in
many dicotyledonous species, especially under abiotic or biotic stress conditions [97,98].
The positive effects of Si may result from its deposition in cell walls in the form of solid par-
ticles of polymerized SiO2 (known as phytoliths), which provide mechanical strength and
stiffness to stems and leaves. Moreover, its influence on plant–water relations, the uptake
and mobility of mineral nutrients, enzyme activity, antioxidant capacity, photosynthesis,
hormone balance, and gene expression has also been reported [98].

Selenium has been found to stimulate both primary and secondary metabolism, in-
cluding the enhancement of photosynthetic performance [99,100]. It may stabilize cell
membranes, reduce lipid peroxidation, and stimulate the synthesis of enzymatic and
non-enzymatic antioxidants, thereby improving tolerance to oxidative stress [101,102].

Sodium has emerged as a highly beneficial, and in some cases even essential, element
for many C4, CAM, halophytic, and natrophilic species—the latter are defined as plants that
accumulate high concentrations of sodium in their leaves [99,103,104]. Due to its chemical
similarity to potassium, sodium can act as a substitute under potassium deficiency, acting
as a cofactor for certain enzymes. It improves water-use efficiency, enhances chlorophyll
biosynthesis, and supports photosynthesis, both photochemical reactions and, in particular,
the CO2-concentrating mechanism in C4 plants.

Other beneficial elements stimulate plant growth through various mechanisms, in-
cluding the enhancement of macro- and micronutrient acquisition (La, Ti), improvement
of nitrogen uptake and metabolism (Ce, I), upregulation of antioxidative systems (Al, Ce,
La), participation in signaling pathways (La), and stimulation of photosynthesis (Ce, I,
La, Ti) [96,99]. This list may be further expanded to include elements such as silver (Ag),
chromium (Cr), fluorine (F), tungsten (W), and various lanthanides, which may also exert
beneficial effects on plant physiology, although they remain relatively understudied [96].

Phosphite (H2PO3
− or HPO3

2−; Phi) is gaining importance as an inorganic biostim-
ulant in agriculture. It enhanced growth, development, and the quality of various crop
plants, as well as improving their performance under both abiotic stress conditions and
pathogen infections [105]. Although phosphite is a structural analog of phosphate (H2PO4

−

or HPO4
2−; Pi), it does not serve as a source of phosphorus nutrition for higher plants.

Instead, it promotes the uptake of phosphorus and other nutrients and enhances several
metabolic processes, including photosynthesis, synthesis of chlorophyll and antioxidants
such as ascorbic acid and anthocyanins) [106].
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4. The Role of Biostimulants in Plant Responses to Stress
As sessile organisms, plants are constantly exposed to a multitude of abiotic and

biotic stress factors that differ in intensity, duration and severity. Abiotic stressors, such
as drought, salinity, heat and cold, waterlogging, nutrient deficiencies, heavy metals and
other pollutants are major constraints on crop production, causing yield reductions up to
50% [61]. These threats are expected to intensify further due to climate change, including
the increased frequency of extreme weather events, such as heatwaves and floods, as well
as and the pressure of an ever-growing human population. Moreover, under unfavorable
environmental conditions plants become more susceptible to biotic stresses, which further
decrease their productivity [107]. Viruses, fungi, bacteria, weeds, insects, and other pests
and pathogens constitute a major constraint to agricultural productivity and pose serious
threats to both vegetable and grain crops. Global warming facilitates the expansion of
areas inhabited by virus-carrying insects, while the globalization of agriculture and the
exchange of propagation materials contribute to the spread of various infectious agents.
In 2024, the global human population reached 8.2 billion, and the latest United Nations
projections suggest continued growth until the mid-2080s, when it is expected to stabilize
at around 10.3 billion [108]. This will not only accelerate urbanization, industrialization,
and environment pollution, but will also pose a major challenge to agriculture in its efforts
to meet the growing global demand for food.

In order to survive in challenging environments, plants have evolved diverse strategies
and complex mechanisms that mitigate, compensate for or repair the detrimental effects
of stress [69,109,110]. These responses operate at multiple levels of plant organization
(cellular, organ, and the whole-plant level) as well as at the ecosystem level (e.g., through
root exudation of metabolites or signal molecules). They encompass molecular, biochemical,
physiological, anatomical, and morphological adaptations.

Numerous greenhouse and field experiments have examined the effect of biostimulants
on the growth of plants subjected to various environmental stresses [12,14,16,35,38,69,111].
These studies consistently show that biostimulants activate different signaling pathways,
modulate the expression of genes involved in plant primary and secondary metabolism,
enhance key physiological processes, stimulate antioxidant defense systems, and mitigate
the negative effects of both abiotic and biotic stresses on plant performance and crop yield.

In the following sections, we provide examples of the beneficial effects of different
groups of biostimulants and their underlying mechanisms under various abiotic and biotic
stresses. It should be noted, however, that this overview does not cover all types of stresses
encountered by plants in natural or agricultural environments that could potentially be
mitigated by biostimulant application—for instance, herbicide-induced stress [112,113],
flooding [114], or nutrient deficiencies [16,115]. A comprehensive review of every possible
stress was beyond the scope of the present work.

4.1. Abiotic Stress

Abiotic stress conditions, including salinity, drought, temperature extremes, and
heavy metal toxicity, impose severe limitations on plant growth and productivity. The
major signaling and regulatory networks underlying plant responses to these stresses, as
well as their modulation by biostimulants, are summarized in Figure 1.
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Figure 1. Mechanistic overview of biostimulant-mediated regulation of plant responses to abiotic
stress. Abiotic stress factors are perceived at the cellular level, triggering early signaling events, in-
cluding reactive oxygen species (ROS) burst, Ca2+ influx, and activation of mitogen-activated protein
kinase (MAPK) cascades. These signals are transduced through interconnected pathways involving
calcium-dependent protein kinases (CDPKs), ROS signaling, and hormonal regulation, ultimately
leading to transcriptional reprogramming mediated by stress-responsive transcription factors (TFs).
The resulting changes in gene expression drive coordinated physiological and biochemical responses,
resulting in plant acclimation to stressful conditions. Biostimulants modulate plant responses at
multiple regulatory levels, as indicated by arrows (1–4): (1) enhancement of early signaling events,
including ROS signaling, Ca2+ modulation, and induction of hormonal crosstalk (abscisic acid, ABA;
jasmonic acid, JA; salicylic acid, SA; ethylene, ET); (2) activation of stress-responsive TFs (3) coor-
dination of key physiological and metabolic processes; and (4) modulation of soil physicochemical
properties and rhizosphere microbiome functions.

4.1.1. Saline Stress

Salt stress, caused by excessive accumulation of soluble salts in soil, is a major con-
straint to plant growth and productivity worldwide, particularly at early developmental
stages [116]. Although salinity poses the greatest challenge in arid and semi-arid regions,
it affects farmers around the world, as most plants are salt-sensitive glycophytes [117].
High salinity induces both ionic and osmotic stress (mainly due to excessive uptake of
Na+ and Cl− ions), leading to nutrient imbalances, reduced water uptake, and impaired
physiological processes such as photosynthesis, assimilate transport, and cell division and
elongation. It also promotes overproduction of reactive oxygen species (ROS), decreases
enzymatic activities, and disrupts photosynthetic pigments [118,119].

Numerous examples show that biostimulants enhance plant salinity tolerance through
coordinated regulation of physiological and molecular responses. Plant growth-promoting
rhizobacteria, particularly Bacillus spp., have been shown to improve growth and antioxi-
dant capacity (up to 50%) in Arabidopsis thaliana [120] and tomato (Lycopersicon esculentum
cv. Rio Grande) [121] under salt stress. These effects are associated with increased activities
of antioxidant enzymes: ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD),
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superoxide dismutase (SOD), and polyphenol oxidase (PPO), enhanced accumulation of
osmolytes such as proline, and enhances level of photosynthetic pigments (chlorophyll
a, b, and carotenoids). Additionally, the B. megaterium strain BMA12 affected the expres-
sion of several redox-regulatory genes (Trxf, Trxm2), indicating improved redox home-
ostasis, and altered phytohormone production, suggesting its involvement in hormone-
mediated signal transduction [121]. Similarly, Rhizobium radiobacter (syn. Agrobacterium
tumefaciens) enhanced biomass, chlorophyll, protein, and flavonoid content in salt-stressed
lettuce [122]. Some PGPR promoted plant growth both under optimal and stress condi-
tions [123], whereas others are effective only under stress [124].

Arbuscular mycorrhizal fungi have also been shown to improve salinity tolerance in
crops such as rosemary, durum wheat, and various legumes by enhancing nutrient uptake
(especially P and K), reducing Na+ accumulation, and improving photosynthetic efficiency
(Fv/Fm) [125–127]. These physiological effects are accompanied by lower malondialdehyde
(MDA) levels, increased antioxidant activity and proline accumulation. Transcriptomic
analyses in durum wheat revealed that AMF influence the expression of genes involved in
salinity response, oxidative stress, calcium signaling, and osmolyte biosynthesis, highlight-
ing their role in coordinating complex stress-response networks [126].

Seaweed extracts, such as those derived from Ecklonia maxima, have been shown to
enhance salinity tolerance in Cucurbita pepo, leading to increased yield, improved biomass,
and better fruit quality. These effects are associated with improved ion homeostasis (higher
K+/Na+ ratio), enhanced chlorophyll content, increased stomatal density, and improved
gas exchange parameters [128]. Another study reported reduced accumulation of H2O2

and O2
•– in plants exposed to both salt stress and algae extract, along with upregulation of

stress-responsive genes, including signaling-related genes (e.g., WCK-1) and transcription
factors such as TaWRKY10, indicating activation of stress-related regulatory pathways [129].

Another experiment evaluated the effects of four plant-derived protein hydrolysates
(obtained from Malvaceae, Poaceae, and legumes) on the growth and salt tolerance of
tomato and lettuce under greenhouse conditions [130]. Their application improved plant
biomass, ion balance (K+/Na+ ratio), antioxidant enzyme activity, and osmolyte accumu-
lation (proline). Notably, their effectiveness may vary depending on plant species and
stress intensity, with more pronounced effects often observed in salt-sensitive crops such
as lettuce.

Beneficial elements such as selenium, particularly in nano-form (nSe), mitigate salinity
stress in several crops, including strawberry, rapeseed, tomato, and maize [131–134]. In
strawberries, selenium enhanced antioxidant enzyme activities, and increased concentra-
tions of phenolic compounds, such as catechins, caffeic acid, and salicylic acid, which is
known to activate and modulate cellular defense mechanisms, including antioxidant sys-
tem and stress-responsive gene expression [131]. In maize, selenium application increased
antioxidant enzyme activities and enhanced the concentration of photosynthetic pigments,
as well as upregulated several signaling-related genes, including ZmMPK5, ZmMPK7, and
ZmCPK11 [134].

Humic substances (HSs) also enhance salinity tolerance, as demonstrated in
sorghum [135] and quinoa [136]. In sorghum, HS-treated plants exhibited improved
growth, increased chlorophyl content, and higher APX activity. In addition, HSs positively
affected soil nutrient availability (e.g., N, P, K), representing an indirect mechanism that
supports plant performance under salt stress.

Overall, PGPR, AMF, beneficial elements, seaweed extracts, protein hydrolysate and
humic substances can mitigate salt stress through integrated regulation of antioxidant
defense systems, osmotic adjustment, ion homeostasis, and gene expression, making them
promising tools for sustainable crop production under increasingly saline conditions.

https://doi.org/10.3390/app16104685



Appl. Sci. 2026, 16, 4685 15 of 43

4.1.2. Drought Stress

Water deficit is one of the most severe environmental constraints affecting plant growth
and productivity worldwide [137,138]. The most severe consequences of water deficit are
impaired germination and reduced biomass production resulting from decreased cell turgor,
impaired photosynthesis due to stomatal closure and limited CO2 assimilation, and decreased
relative water content. It also induces oxidative stress through overproduction of reactive oxy-
gen species (ROS), resulting in cellular damage and metabolic disruption [137–139]. Increasing
water scarcity, driven by climate change and anthropogenic activities, further exacerbates
these effects. It is estimated that from 2008 to 2018, drought was the leading cause of crop
and livestock yield losses, accounting for over 34% of the total losses [140] and by 2050
drought will affect two-thirds of the population living in developing countries [141]. This
challenge can be partially mitigated through the cultivation of drought-resistant genetically
modified crops and the adoption of appropriate agricultural practices, including the use of
biostimulants [142,143].

Numerous studies have demonstrated the beneficial effects of biostimulants on plants
exposed to drought stress. Recent systematic analyses further confirm that biostimulant-
mediated drought tolerance is primarily driven by coordinated modulation of phytohor-
monal signaling, antioxidant defense systems, and plant–microbe interactions [144–146].
For instance, Timothy grass (Phleum pratense L.) inoculated with Bacillus subtilis B26 ex-
hibited improved agronomic traits, including increased shoot and root dry weight and
higher stomatal conductance under water-deficit conditions compared with non-treated
plants. These effects are associated with increased accumulation of drought-protective
metabolites, such as amino acids (proline, valine, leucine, isoleucine, asparagine) and
soluble sugars (sucrose, fructans, glucose), contributing to osmotic adjustment and cellular
protection [123]. Similarly, application of Pseudomonas putida to chickpea plants under
drought stress improved water status, membrane integrity, osmolyte accumulation, and
ROS-scavenging capacity, while modulating stress-responsive gene expression [147]. No-
tably, treated plants also showed decreased expression of ethylene biosynthesis genes (ACS,
ACO—encoding ACC synthase and ACC oxidase, respectively) and lower activity of the
transcription factor MYC2, a key regulator in the jasmonic acid-dependent signaling path-
way. This is consistent with recent findings highlighting the central role of phytohormonal
crosstalk, particularly involving ABA, jasmonic acid, and salicylic acid pathways, in coordi-
nating plant responses to drought stress [148]. Comparable effects were observed in wheat
inoculated with the endophyte Pantoea alhagi LTYR-11ZT, where elevated concentrations of
osmolytes, particularly soluble sugars and proline, supported improved plant performance
under water-deficit conditions [149].

Arbuscular mycorrhizal fungi have also been shown to enhance drought tolerance.
Inoculation of S. lycopersicum ‘MoneyMaker’ with Septoglomus deserticola BEG 73 or Septoglo-
mus constrictum enhanced shoot and root dry weights, improved stomatal conductance,
and increased maximum photochemical efficiency of photosystem II (Fv/Fm) as well as
leaf water potential and relative water content [150]. At the molecular level, this AMF
colonization modulated key drought-related genes, including downregulation of the ABA
biosynthesis gene SINCED and the aquaporin-related gene SlPIP2.7, and upregulation of
the JA biosynthesis gene SlLOXD, indicating coordinated regulation of hormonal signaling
and water transport pathways.

Combined application of biochar and AMF—Claroideoglomus etunicatum (syn. Glomus
etunicatum), Rhizophagus irregularis (syn. Glomus intraradices), and Funneliformis mosseae
(syn. Glomus mosseae)—further improved drought tolerance in chickpea (Cicer arietinum
L.) [151]. Treated plants exhibited enhanced morphological traits, higher contents of
chlorophyll a, chlorophyll b, and carotenoids, as well as increased levels of nitrogen and
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phosphorus. In addition, they showed enhanced stomatal aperture, stomatal density,
and photosynthetic rate. AMF and biochar application also increased nodule numbers,
leghemoglobin content, and nitrate reductase activity, contributing to elevated nitrogen
accumulation. Because nitrogen is essential for enzymes such as RuBisCO, and phosphorus
is central to maintaining redox homeostasis, improved mineral acquisition appears to be a
key mechanism underlying the observed enhanced drought tolerance.

Fulvic acids have been shown to enhance drought tolerance in Paeonia ostia by increas-
ing leaf water content, enhancing antioxidant enzyme activities, improving photosynthetic
efficiency, and reducing ROS accumulation [152]. Fulvic acid application in rapeseed en-
hanced drought resilience through activation of antioxidant enzymes (CAT, glutathione
system), accumulation of proline, and reduction of lipid peroxidation [153]. Similarly,
humic acids improved growth and antioxidant system and decreased ROS levels in rice
grown under drought stress [154]. Consistent results were reported in soybean, where
fulvic acids and Ascophyllum nodosum seaweed extract improved drought tolerance [155].

Seaweed-derived biostimulants such as Ascophyllum nodosum extract promoted os-
motic adjustment and improved nutrient uptake while reducing oxidative stress markers in
tobacco under drought conditions [156]. Similarly, treatment of drought-exposed sugarcane
with seaweed (A. nodosum) extract increased soluble sugar accumulation and reduced lipid
peroxidation [157]. This extract also significantly improved growth parameters in water-
melon subjected to drought stress, whereas application of a silicon-based biostimulant had
no effect on drought tolerance in this species [158]. Moringa oleifera seed extract improved
drought tolerance by stimulating antioxidant defense systems (SOD, CAT, POX, APX),
enhancing photosynthetic efficiency, and reducing ROS accumulation in Lessertia frutescens
L. [159]. In addition, protein-rich extracts from Chondrus crispus modulated ABA-related
signaling and promoted osmolyte accumulation and stress-responsive gene expression,
contributing to improved drought tolerance in tomato [160]. In contrast, silicon application
improved photosynthetic parameters, stomatal conductance, transpiration and assimilation
rates in drought stressed wheat [161] and sorghum [162].

Overall, biostimulants mitigate drought stress through the integrated regulation of
osmotic adjustment, antioxidant defense, hormonal signaling (ABA, ET, JA), aquaporin-
mediated water transport, and stress-responsive gene expression.

4.1.3. Temperature Stress

In the context of ongoing climate change, the frequency and intensity of both low-
and high-temperature extremes are increasing worldwide. Both low and high temperature
stress can be divided into several categories. Cold stress refers to temperatures below the
optimum range, including chilling (0–12 ◦C) and freezing stress (≤0 ◦C) [163,164]. Frost
is particularly damaging, accounting for more than 30% of weather-related insured crop
losses in temperate climates [165]. On the other hand, supraoptimal temperature conditions
include heat stress (heat shock), heat wave, and long-term climate warming [111,166].
Heat stress is defined as short-term exposure to high temperatures up to 20 ◦C above the
optimum. Heat wave occurs when plants experience temperatures 5–10 ◦C above the
optimum for an extended period, usually several days, sometimes with repeated cycles of
stress and recovery. Finally, climate warming refers to sustained increases in temperature
of 2–6 ◦C over much longer durations, ranging from weeks to years.

Thermal stress adversely affects plant metabolism, physiology, morphology, and
ultimately yield. The severity of these effects depends on the plant species and its origin,
developmental stage, the organ exposed, the intensity and duration of the temperature
stress, as well as accompanying environmental factors. Both cold and heat stress, in addition
to directly affecting cellular structures and physiological and biochemical processes, are
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frequently associated with water deficit and the secondary effects previously described for
drought. At the cellular level, temperature extremes disrupt membrane fluidity, protein
stability, and enzyme kinetics, leading to impaired metabolic homeostasis and excessive
ROS accumulation. Recent studies increasingly highlight that thermal stress responses are
not only damage-driven but are tightly regulated signaling networks integrating ROS, Ca2+

fluxes, phytohormone signaling, and organelle-to-nucleus communication, which activate
downstream transcriptional regulatory cascades controlling stress acclimation [163–167].

Alongside the development of stress-resistant crop varieties, the application of bios-
timulants that enhance plant tolerance represents a promising strategy to mitigate the
detrimental consequences of thermal stress, acting through modulation of upstream stress
signaling and priming of cellular defense pathways [111,162,167,168].

Inoculation of grapevine (Vitis vinifera L.) with the endophytic PGPR Burkholderia
phytofirmans PsJN enhanced tolerance to cold stress and resistance to pathogen attack [169].
Treated plants exhibited elevated levels of proline and phenolic compounds, starch accu-
mulation, and the development of a more extensive root system. However, inoculation of
this bacterium did not significantly improve the frost (0 to −3 ◦C, three days) response of
A. thaliana in terms of photosynthetic parameters (PSII activity, pigment contents, RuBisCO
protein abundance) or the expression of several cold-responsive genes (RbcS, RbcL, CBF1,
CBF2, CBF3, ICE1, COR15a, and COR78). Nevertheless, bacterial treatment prevented
plasmalemma disruption under freezing stress [170].

Twelve Pseudomonas strains applied to wheat enhanced growth and metabolism at 10
± 2 ◦C increasing root and shoot dry biomass, organ length and the accumulation of proline,
phenols, starch, anthocyanins, and total chlorophyll, while lowering the Na/K ratio [171],
indicating activation of stress-responsive metabolic and signaling networks associated with
ionic homeostasis and osmotic adjustment. Tobacco cells treated with Ascophyllum nodosum
seaweed extract prior to freezing displayed higher viability, less membrane damage and
better-preserved nuclei than untreated cells. Moreover, reduced expression of the AP2 gene,
considered a cold-responsive gene, indicated that the biostimulant-treated cells experienced
lower level of stress [172]. The same A. nodosum extract improved freezing tolerance in
A. thaliana, increasing chlorophyll concentrations 3-fold and altering the expression of
chlorophyllase-encoding genes (AtCLH1 and AtCLH). The extract also influenced the
expression of other stress-related genes: expression of CBF7 increased, leading to the
induction of COR family genes involved in cold tolerance, including RD29A (a key regulator
of drought, salinity and cold responses) and COR15A (encoding a chloroplast stroma
protein with cryoprotective activity) [173], consistent with activation of CBF-dependent
transcriptional cold acclimation signaling.

Also, the application of protein hydrolysates can mitigate the adverse effects of cold
stress. In cucumber, a species highly sensitive to low temperature, protein hydrolysates
enhanced the activities of antioxidant enzymes, reduced oxidative stress, and increased
proline accumulation [174]. Moreover, they enhanced photosynthetic pigment content;
activated the G6PD gene, thereby improving redox balance; stimulated nitrate reductase
activity, suggesting improved nitrate assimilation; and increased phenylalanine ammonia-
lyase (PAL) activity, further supporting strengthened plant defense responses [175]. This
suggests involvement of redox-related signaling pathways linked to NADPH homeostasis
and stress defense regulation. Similarly, cold-stressed maize plants treated with a protein
hydrolysate-based preparation showed improved photosynthetic performance, including
higher chlorophyll and carotenoid contents, increased maximum PSII quantum yield, and
elevated electron transport rate (ETR) [72]. The amino acids present in protein hydrolysates
possess antioxidant properties and provide precursors for proline biosynthesis, thereby
modulating proline levels and ultimately reducing stress intensity in plants [176].
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The application of humic acids to zucchini (Cucurbita pepo L.) under cold stress in-
creased the concentrations of soluble sugars and proline and enhanced the activities of an-
tioxidant enzymes. These changes enhanced membrane stability and elevated chlorophyll
content, ultimately contributing to higher biomass production. Transcriptomic analysis
further revealed alterations in the expression of numerous genes related to, for example, glu-
tathione metabolism, peroxidase synthesis, and phytohormone signaling pathways [177].

Biostimulants can also alleviate the negative effects of supraoptimal tempera-
tures [111,168]. For example, Pseudomonas sp. AKM-P6 enhanced heat tolerance in sorghum,
improving morphological traits, increasing membrane stability, and raising concentrations
of amino acids, particularly proline, and starch content [178]. Similarly, Pseudomonas putida
AKMP7 improved heat tolerance in wheat by inducing higher levels of key metabolites,
including chlorophyll, soluble sugars, starch, proline, and other amino acids, ultimately
leading to a higher biomass production [179].

Application of nanoselenium particles in sorghum cultivation enhanced the activity of
antioxidant enzymes. Plants treated with selenium foliar spray maintained better thylakoid
membrane integrity and composition, as indicated by lower lipid peroxidation levels
and higher phospholipid content. Selenium, however, did not influence photosynthetic
parameters such as chlorophyll content, Fv/Fm ratio, or F0/Fm ratio, indicating a primary
role in redox homeostasis and membrane-associated stress signaling rather than direct
modulation of photosynthetic efficiency [180,181]. Enhanced thermotolerance has also been
reported applying glycine betaine and Ascophyllum nodosum extract in raspberry (Rubus
idaeus L.) [182], protein hydrolysates and amino acid derivatives in tomato [183], as well as
nanochitosan and Spirulina platensis extract in tomato [184].

4.1.4. Heavy Metal Stress

Metal and metalloid pollution poses a serious environmental challenge, as these
elements cannot be degraded and therefore accumulate across all levels of ecosystem
organization. Particularly concerning is the pollution of agricultural soils, which diminishes
plant performance and crop yields, thereby affecting global food demand and posing risk to
food security, food quality, and thus human health. Recent assessments reveal that 14–17%
of global croplands exceed health-based thresholds for metal pollution, with an estimated
0.9–1.4 billion people residing in affected regions [185]. Excessive metal concentrations
disrupt key physiological processes in plants, including water and essential nutrient uptake
and homeostasis, photosynthesis, cell division and expansion, partly through interference
with ion transport systems and metal transporter activity, as well as activation of stress-
responsive signaling networks [186,187]. They also disturb hormonal balance, cellular
signaling, and gene expression. Moreover, soil metal pollution negatively affects soil
microbiota and beneficial plant–microbe interactions, further reducing plant growth and
crop quality [188]. Particularly vulnerable are metal-sensitive crops such as leafy vegetables,
legumes, barley, and rice [189].

Biostimulant application has emerged as a promising strategy to mitigate the ad-
verse effects of metal stress in plants with numerous examples supporting this con-
cept [186,190,191]. Their beneficial effects are associated with modulation of stress-
responsive signaling pathways, including redox- and phytohormone-mediated networks.
Importantly, biostimulants may also directly or indirectly reduce metal bioavailability
through chelation, stimulate antioxidant defense systems, regulate metal uptake and trans-
port processes via modulation of membrane transporter activity, maintain nutrient home-
ostasis, and modulate plant–microbe interactions [16,187,191–193].

Inoculation with six bacterial isolates belonging to the genera Klebsiella, Stenotrophomonas,
Bacillus, and Serratia increased biomass and reduced Cd accumulation in wheat and
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maize [194]. Comparable effects were reported for Cd-resistant Pseudomonas putida and
Bacillus subtilis applied to wheat, where enhanced microbial activity in the rhizosphere
promoted plant growth under Cd stress [195]. Pot experiments further demonstrated that
inoculation of Solanum nigrum L. with two Cd- and Pb-resistant Bacillus strains enhanced
plant dry weight and promoted Fe and P uptake by plants growing in Cd- and Pb-polluted
soil compared to non-inoculated controls [196]. In another study, metal-resistant PGPR
strains Mycolicibacterium sp. Pb113 and Chitinophaga sp. Zn19, originally isolated from the
rhizosphere of Miscanthus × longiberbis (Hack.) Nakai (formely Miscanthus × giganteus), sig-
nificantly promoted host plant growth in both control and Zn-polluted soil during 4-month
pot experiment [197]. Similar beneficial effects have also been reported under copper stress
conditions, as demonstrated in pot experiments with maize (Zea mays L.) [198]. Inoculation
with Paenibacillus polymyxa and Bacillus circulans mitigated Cu toxicity by enhancing antiox-
idant enzyme activity, regulating osmolyte levels, and improving nutrient uptake (P, K),
ultimately leading to improved plant growth and reduced Cu accumulation. These effects
were likely induced via activation of redox-regulated stress signaling and ion transport
homeostasis pathways.

Seaweed extracts derived from Fucus spiralis and Cystoseira ericoides enhanced biomass
and Pb tolerance in tomato, whereas Ulva lactuca showed negligible effects. The high
antioxidant capacity of F. spiralis extract partly explained its superior performance in pro-
moting tolerance and modulating metal accumulation [199]. Comparable effects have been
reported for beach-cast seaweed (wrack), a low-processed macroalgal residue, composed of
Fucus spp., Ascophyllum nodosum, and Pelvetia canaliculata, which increased growth parame-
ters and mitigated Cu-induced phytotoxicity in barley (Hordeum vulgare L.) by enhancing
antioxidant capacity and reducing metal accumulation [200,201]. Furthermore, synergistic
effects of combined biostimulant applications have also been demonstrated, as shown in
pot experiments with hemp (Cannabis sativa L.), where the joint application of biochar, AMF,
and seaweed extract significantly improved plant growth and antioxidant status while
reducing Cu accumulation under Cu stress conditions [202].

Humic acids have also demonstrated protective effects under metal stress. In Cd-
exposed strawberry, HA application lowered oxidative stress, membrane damage and pro-
line accumulation, while improving key physiological and biochemical parameters [203].
Notably, application of humic substances under real field conditions on metal-polluted soils
yielded similar benefits. HS treatment significantly increased shoot fresh weight in hemp
and sorghum in the latter crop associated with improved CO2 assimilation rate, water
use efficiency, and chlorophyll content [204] as well as accumulation of osmoprotective
metabolites (proline and sugars) [205]. Similar experiments by Peroni et al. [206] also
reported enhanced biomass production in these species following combined application of
HSs and mycorrhizal fungi, whereas HSs alone did not elicit significant response. Addi-
tional evidence of HS effectiveness in metal-stressed conditions has been reported for other
species, including Achillea millefolium L. [207] and rice (Oryza sativa L.) [208], confirming
their potential as a broadly applicable tool for mitigating heavy metal toxicity.

4.2. Biotic Stress

Plants are continuously exposed to a wide range of biotic stressors, including her-
bivores, pathogenic fungi, bacteria, and viruses. These interactions represent a major
constraint on agricultural productivity, leading to global yield losses estimated at 20–40%
and substantial economic damage worldwide, and are expected to intensify under future
climate change scenarios [209]. To alleviate these constraints, plants have evolved a range
of defense systems at the structural, biochemical, and molecular levels.
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In contrast to abiotic stress responses—which are largely associated with water rela-
tions, ion homeostasis, and antioxidant metabolism—plant responses to biotic stress are
primarily governed by a multilayered immune system that enables recognition of invading
organisms and activation of specific defense signaling networks. To support these induced
immune responses, plants exhibit non-specific pre-infectious mechanisms of passive im-
munity, including mainly physical barriers such as the cell wall, cuticle, and wax layer,
as well as constitutively produced metabolites, including saponins, alkaloids, or phenolic
compounds [210].

4.2.1. Perception of Biotic Stress and Immune Activation

The schematic overview of the multilayer recognition–induction–transduction–
response pattern induced by different biotic stressors is presented in Figure 2.

Figure 2. Plant immune signaling and biostimulant-mediated priming und er biotic stress. Bios-
timulants primarily enhance plant immunity through priming mechanisms (indicated by asterisks),
modulating pattern-triggered immunity (PTI), enhancing effector-triggered immunity (ETI), and
activating systemic acquired resistance (SAR), induced systemic resistance (ISR), and β-aminobutyric
acid (BABA)-induced resistance (BABA-IR), rather than exerting direct antimicrobial activity. Recog-
nition of molecular patterns (PAMPs, MAMPs, DAMPs) by pattern recognition receptors (PRRs)
initiates signaling cascades involving ROS, Ca2+, and MAPKs, which interact with hormonal path-
ways (SA, JA, ET, ABA) and DELLA proteins, leading to defense responses such as production of
PR proteins, antimicrobial peptides (AMPs), phytoalexins, lignin, and callose deposition. Abbre-
viations: PAMPs, pathogen-associated molecular patterns; MAMPs, microbe-associated molecular
patterns; DAMPs, damage-associated molecular patterns; PRRs, pattern recognition receptors; ROS,
reactive oxygen species; MAPKs, mitogen-activated protein kinases; HR, hypersensitive response;
PCD, programmed cell death; ETI, effector-triggered immunity; PTI, pattern-triggered immunity;
SA, salicylic acid; JA, jasmonic acid; ET, ethylene; ABA, abscisic acid; NPR1, non-expressor of
pathogenesis-related genes 1; SAR, systemic acquired resistance; ISR, induced systemic resistance;
BABA-IR, β-aminobutyric acid-induced resistance; PR proteins, pathogenesis-related (PR) proteins;
AMPs, antimicrobial peptides.
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Plants perceive biotic stress through pattern recognition receptors (PRRs), special-
ized cell-surface immune proteins (primarily receptor kinases or receptor-like proteins)
that detect conserved molecular signatures associated with pathogens (PAMPs), beneficial
microorganisms (MAMPs), and host-derived damage signals (DAMPs), including those
generated by herbivore-induced wounding [211]. Recognition of these signals activates
pattern-triggered immunity (PTI), which represents the first inducible layer of plant de-
fense and is characterized by rapid transcriptional reprogramming and early signaling
events. PTI provides a rapid, broad-spectrum response, including the production of ROS,
reinforcement of cell walls, and activation of defense-related genes [212].

Pathogens may overcome PTI by secreting effector molecules that suppress host
immunity [213]. In response, intracellular nucleotide-binding leucine-rich repeat (NLR)
receptors detect these effectors and activate a second layer of defense, termed effector-
triggered immunity (ETI). This response is rapid and robust and is designated to limit
the spread of infection, often associated with hypersensitive response (HR) and localized
programmed cell death.

Plant immune responses are tightly regulated by interconnected phytohormonal net-
works, primarily involving salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), with
additional contributions from abscisic acid (ABA), auxins, cytokinins, and gibberellins [214].
Extensive cross-talk between these signaling pathways enables fine-tuning of defense re-
sponses depending on the type of attacker. DELLA proteins act as key regulators of hor-
monal signaling, positively modulating JA and ET pathways while repressing gibberellin
signaling [214,215].

SA-dependent signaling is mainly associated with resistance against biotrophic
pathogens and is a key regulator of systemic acquired resistance (SAR), which induces long-
lasting transcriptional reprogramming and systemic immunity in distal tissues. In contrast,
JA- and ET-dependent pathways are primarily involved in defense against necrotrophic
pathogens and herbivorous insects and are central to induced systemic resistance (ISR),
particularly in interactions with beneficial rhizosphere microorganisms [216].

The NPR1 (non-expressor of pathogenesis-related genes 1) protein acts as a central
regulatory hub integrating SA- and JA/ET-dependent signaling pathways. NPR1 interacts
with transcription factors containing leucine zipper motifs and regulates SA-induced PR
gene expression as well as JA/ET-mediated ISR responses [214]. In SAR, NPR1 accumulates
in the nucleus, whereas in ISR it remains predominantly cytoplasmic, contributing to a
primed defense state.

Additional forms of induced resistance, such as β-aminobutyric acid (BABA)-induced
resistance (BABA-IR), further expand systemic immune regulation. BABA-IR represents
a priming-based defense mechanism that enhances the plant’s capacity to respond to
subsequent pathogen attack, being associated with limited direct activation of defense
genes (e.g., PR-1) but promoting rapid cell wall reinforcement upon challenge and also
being triggered in response to herbivory [217,218]. These responses may be mediated by
various hormonal pathways (including ABA, SA, JA, ET) depending on the plant and the
stress to resist [219,220].

4.2.2. Defense Responses and Immune Reprogramming

Activation of plant immunity leads to the induction of pathogenesis-related (PR) pro-
teins, antimicrobial peptides (AMPs), and phytoalexins [221]. PR proteins, classified into
multiple families, include chitinases, β-1,3-glucanases, and peroxidases [51,222,223]. AMPs
include thionins, defensins, cyclotides, and hevein-like peptides [224,225], while phytoalex-
ins represent structurally diverse secondary metabolites including terpenoids, phenolics,
and alkaloids [210]. These responses are triggered by elicitors derived from pathogens
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(via PTI) or plant-derived cell wall fragments (via ETI), although some studies suggest
that certain beneficial microbes can trigger both SAR and ISR pathways, leading to some
AMP expression [221,222]. While SAR is the primary mechanism for direct production and
systemic accumulation of antimicrobial proteins/peptides, ISR works largely by enhancing
physical or chemical barriers (such as cell wall lignification or callose deposition) to inhibit
pathogen invasion rather than solely relying on direct antimicrobial activity [226,227]. A
hallmark of BABA-IR is the priming of plants to a hyper-responsive state, enabling accel-
erated deposition of callose-rich papillae at infection sites, which restricts pathogen entry
into cells, while constitutive activation of defense genes such as PR-1 remains limited [219].

4.2.3. Biostimulant-Mediated Modulation of Plant Immunity

While traditionally used for abiotic stress mitigation, biostimulants are increasingly rec-
ognized as effective tools for enhancing plant resistance to biotic stress [228]. Their primary
mode of action is strengthening a plant’s immune system through immune priming mecha-
nisms, rather than direct pathogen elimination [228]. Priming refers to a physiological state
in which plants respond more rapidly, more strongly, and in a more efficient manner to
subsequent biotic attack, enabling faster activation of SAR-, ISR-, or BABA-IR-associated
responses upon pathogen or pest challenge [229,230].

Colonization by PGPR has been widely reported to enhance plant resistance against
both shoot- and root-feeding insect pests, resulting in reduced feeding activity, impaired
larval development, and increased insect mortality [231]. Microbial biostimulants based on
Bacillus, Pseudomonas, and Trichoderma spp. are well documented for their ability to induce
ISR and enhance resistance against both pathogens and insect herbivores [216]. For instance,
inoculation of Solanum lycopersicum roots with a growth-promoting strain of Bacillus subtilis
induced systemic resistance and reduced the number of pupae of the phloem-feeding insect
Bemisia tabaci [232]. Similarly, soil inoculation of tomato with Peribacillus frigoritolerans
(CD_FICOS_02) and Pseudomonas canadensis (CD_FICOS_03) induced ISR against Botrytis
cinerea, reduced oxidative stress markers, and promoted plant growth [169]. Bacillus subtilis
and Pseudomonas fluorescens have also been shown to significantly reduce the incidence
of Fusarium wilt in tomato, resulting in yield increases of up to 25% under greenhouse
conditions [233]. Recent studies further extend these observations to diverse pathosystems,
showing that biostimulant applications can markedly suppress disease development across
both soil- and foliar-borne pathogens. For example, oligocarrageenan and oligochitosan
treatments in cacao reduced black pod rot caused by Phytophthora palmivora while simul-
taneously improving yield parameters and seed production [234]. Similarly, microbial
biostimulants such as Azotobacter chroococcum decreased disease severity and oxidative
damage in lettuce challenged with Sclerotinia sclerotiorum, while enhancing photosynthetic
performance [235]. Endophytic and PGPR-based formulations (e.g., Serratia sp. AR11) have
been shown to significantly reduce Fusarium-associated disease in pea, accompanied by
improved growth, biomass accumulation, and chlorophyll content [236].

Non-microbial biostimulants also contribute to plant immunity through both indirect
immune priming and, in some cases, limited direct antimicrobial effects. It is especially
seaweed extracts and chitosan that can function as elicitors of plant defense, triggering
SAR and reinforcing cell integrity, thereby reducing pathogen penetration and coloniza-
tion [234,237,238]. Fiorillo et al. [237] demonstrated that combined application of seaweed
and yeast extracts enhanced tomato resistance to Pseudomonas syringae, leading to faster de-
fense activation and reduced pathogen colonization. Treated plants exhibited a faster ROS
burst (serving both defensive and signaling functions) and lower levels of oxidative stress
markers (including lipid peroxidation products). Chitosan-based and other polymeric
biostimulants can directly inhibit fungal growth by disrupting membrane integrity and in-
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terfering with nucleic acid function, while simultaneously inducing phenolic accumulation
and defense-related protein expression [234,238]. Protein hydrolysates derived from whey
exhibit direct toxicity toward Plasmopara viticola, reducing infectivity and zoospore release,
while also promoting the accumulation of antimicrobial secondary metabolites [239]. In par-
allel, humic acid-based treatments in wheat under Fusarium pressure were associated with
reduced mycotoxin accumulation and enhanced metabolic detoxification processes [240],
highlighting their role in both defense activation and stress mitigation.

Moreover, several categories of biostimulants influence plant–microbe interactions in
the rhizosphere and phyllosphere, promoting beneficial microbial communities that com-
pete with pathogens for resources or suppress them through the production of antimicrobial
compounds (e.g., antibiotics and lytic enzymes) [228]. Biostimulants can also modulate the
production of secondary metabolites, which may directly affect insect herbivores through
toxic, repellent, or anti-nutritional effects (e.g., protease inhibitors, lectins), and indirectly
via volatile organic compounds (VOCs) that can repel herbivores or attract their natural
enemies [221]. These effects highlight the ecological dimension of biostimulant activity,
which is highly context-dependent and typically enhances plant resilience rather than
conferring complete resistance.

A broader regulatory effect on plant immunity has been observed following applica-
tion of hybrid formulations of organic biostimulants such as Alert D-Max and Resil EVO
Q (seaweed and alfalfa extracts, enzymatic hydrolysates, and micronized zeolite), which
modulate genes involved in pattern-triggered immunity, SAR, and oxidative stress defense
in zucchini infected with zucchini yellow mosaic virus (ZYMV) [241]. These treatments
significantly reduced symptom severity and improved flowering and fruit production.

Overall, numerous studies demonstrate the efficacy of biostimulants in enhancing
plant resistance to pathogens and pests. Further integrative research is required to clarify
how different classes of biostimulants interact with plant immune pathways and micro-
biome dynamics to confer durable resistance against biotic stressors.

An overview of the positive impacts of biostimulants on plants facing abiotic and
biotic stresses discussed in this paper is presented in Table 1.

Table 1. Examples of beneficial effects of biostimulants on crop performance and stress tolerance
under various stress conditions. Detailed mechanisms and effects on yield and quality are discussed
in the corresponding sections of the text.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

Abiotic stress

Salinity Bacillus
megaterium Tomato

PGPR (phytohormones, signaling compounds) →
redox regulation, antioxidant system activation,

photosynthetic pigment synthesis
[121]

Rhizobium
radiobacter Lettuce

PGPR (nutrient solubilization, phytohormones)
→ biomass increase, chlorophyll and protein

synthesis, secondary metabolite accumulation
[122]

Bacillus
velezensis HR6–1 Tomato

PGPR metabolites → photosynthesis stimulation,
ROS scavenging, antioxidant enzyme activation,

biomass accumulation
[242]

Protein
hydrolysates Tomato, lettuce

Amino acids, peptides → ion homeostasis
regulation, antioxidant enzyme system

stimulation, biomass accumulation
[130]
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Table 1. Cont.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

Protein
hydrolysates Chili pepper

Amino acids, peptides → modulation of
antioxidant metabolism, secondary metabolite

(capsaicinoids) biosynthesis
[243]

Humic
substances Quinoa

Humic/fulvic acids → nutrient uptake
enhancement (P, N, K), photosynthetic pigment

accumulation, growth promotion
[136]

Ecklonia maxima
seaweed extract Maize

Seaweed-derived phytohormones,
polysaccharides → gas exchange regulation,

osmotic balance, biomass accumulation
[244]

Ecklonia maxima
seaweed extract Zucchini squash

Seaweed bioactive compounds → photosynthesis
and gas exchange enhancement, biomass

production
[128]

Carrot extract Rice seeds
Bioactive compounds (antioxidants, metabolites)

→ ROS detoxification, antioxidant enzyme
modulation, improved germination

[245]

Chitosan Rapeseed
Chitosan → activation of antioxidant defense

system (SOD, APX, PAL), osmolyte accumulation,
photosynthesis improvement

[246]

Selenium Maize
Selenium (trace element) → ion homeostasis

regulation (Na+/K+ balance), antioxidant system
activation, photosystem efficiency improvement

[131]

Nano-titanium Ginger mint
Ti nanoparticles → antioxidant defense

activation, ROS reduction, osmolyte
accumulation, photosynthetic pigment synthesis

[247]

Hybrid
formulation:

humic
substances,

jasmonic acid

Sorghum
Humic/fulvic fractions, jasmonic acid → growth

stimulation, chlorophyll biosynthesis
enhancement, improved salt tolerance

[135]

Hybrid
formulation:

Serendipita indica
+ Phenylalanine

Purslane
Endophytic fungi + amino acid precursor →
antioxidant enzyme activation (CAT, SOD),

phenolic metabolism stimulation, osmoprotection
[248]

Drought Ascophyllum
nodosum extract

Brassica
campestris

Seaweed-derived polysaccharides, antioxidants
→ activation of antioxidant defense system (APX,
CAT, GR, DHAR, GPX), redox balance regulation

(GSH/GSSG), ROS detoxification

[249]

Bacillus
megaterium Rice

PGPR (phytohormones, signaling molecules) →
Higher seed germination rate, increased root and

shoot biomass, higher total chlorophyll,
improved water retention, higher proline content,
enhanced expression of ROS-detoxifying genes

[250]

Bacillus subtilis
B26 Timothy grass

PGPR metabolites → biomass, elevated levels of
amino acids (proline, valine, leucine, isoleucine,

asparagine) and soluble sugars (sucrose, fructans,
glucose)

[123]

Pseudomonas
putida Chickpea

PGPR (osmoprotectants, signaling compounds)
→ osmotic balance, membrane stability, ROS
scavenging, stress-responsive gene regulation

[147]
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Table 1. Cont.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

AMF
(Septoglomus

deserticola and
Septoglomus
constrictum)

Tomato
Arbuscular mycorrhizal fungi → improved water

uptake, stomatal regulation, photosystem II
efficiency (Fv/Fm) enhancement

[150]

Humic
substances Lettuce

Humic/fulvic fractions → photosynthetic
efficiency improvement, water-use efficiency

regulation, ROS reduction and membrane
stability

[66]

Humic
substances Rice Humic acids → antioxidant system activation,

growth stimulation under water deficit [154]

Fulvic acid Rapeseed
Fulvic acids → antioxidant system activation
(CAT, glutathione), osmolyte accumulation

(proline), lipid peroxidation reduction
[153]

Moringa oleifera
seed extract Kankerbos

Bioactive compounds (antioxidants,
phytohormones) → photosynthesis regulation,

antioxidant enzyme activation (SOD, CAT, POX,
APX), ROS reduction, higher biomass

[159]

Ascophyllum
nodosum extract Tobacco

Seaweed-derived compounds → nutrient uptake
enhancement, osmolyte regulation (soluble
sugars, proteins), oxidative stress reduction

(MDA, proline)

[156]

Chondrus crispus
extract Tomato

Protein-rich seaweed extract → phytohormone
modulation (ABA), osmolyte accumulation

(proline), stress-related gene expression
regulation

[160]

Hybrid
formulation:
Sargassum

extract + silicon

Sesame

Seaweed bioactives + silicon → water status
regulation, photosynthesis enhancement,
stomatal conductance and gas exchange

improvement

[251]

Hybrid
formulation:

fulvic acids and
Ascophyllum

nodosum
seaweed extract

Soybean

Fulvic acids + Ascophyllum nodosum-derived
bioactive compounds → photosynthetic efficiency

enhancement, antioxidant enzyme activation,
improved metabolic recovery after rehydration

[155]

Cold
Haematococcus
pluvialis algal

extract
Barley

Algal bioactive compounds (antioxidants,
polysaccharides) → modulation of antioxidant

system,
osmolyte (sugars, starch) accumulation, oxidative

stress reduction

[252]

Pararhizobium
sp. Tomato

PGPR (antioxidant-inducing metabolites) →
activation of antioxidant enzymes (SOD, CAT),

glutathione metabolism regulation, ROS
detoxification

[253]

Protein
hydrolysates Maize

Amino acids, peptides → photosynthetic
apparatus protection, chlorophyll and carotenoid

biosynthesis, PSII efficiency enhancement
[72]
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Table 1. Cont.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

Humic
substances Zucchini

Humic/fulvic fractions → osmolyte
accumulation (sugars, proline), antioxidant

enzyme activation, growth stimulation
[177]

Burkholderia
phytofirmans

PsJN
Grapevine

PGPR (endophytic signaling compounds) →
induced systemic resistance, stress tolerance

enhancement
[169]

Ascophyllum
nodosum

seaweed extract
Tobacco

Seaweed-derived bioactives → membrane
stability, stress-responsive gene expression

modulation, cell viability maintenance
[172]

Protein
hydrolysates Cucumber

Amino acids, peptides → antioxidant enzyme
activation, osmolyte accumulation (proline),

oxidative stress reduction
[174]

Protein
hydrolysates Cucumber

Amino acids, peptides → photosynthesis
enhancement, pigment accumulation,

phenylalanine
ammonia-lyase activation

[175]

Selenium
nanoparticles Buckwheat

Selenium nanoparticles → membrane
stabilization, lipid peroxidation reduction,

osmolyte and secondary metabolite regulation
[254]

Heat Pseudomonas sp.
AKM-P6 Sorghum

PGPR metabolites → osmolyte accumulation
(proline), membrane stability, metabolic

adjustment
[178]

Pseudomonas
putida AKMP7 Wheat

PGPR (phytohormones, metabolites) →
chlorophyll synthesis, osmolyte accumulation

(sugars, amino acids), growth promotion
[179]

Protein
hydrolysates

and amino acid
derivatives

Tomato
Amino acids → transcriptional reprogramming,

photosynthesis and hormonal signaling pathway
regulation

[183]

Glycine betaine Raspberry

Compatible solute (glycine betaine) →
osmoprotection, photosynthetic efficiency
(Fv/Fm) stabilization, water-use efficiency

improvement

[182]

Heavy
metals

Cd

ProSoil Recover
(seaweed-

based)
Tomato

Seaweed-derived polysaccharides, phenolics →
metal chelation and reduced Cd uptake,

modulation of translocation, oxidative stress
alleviation

[255]

Cd Humic acid Strawberry Humic substances → metal immobilization,
water status regulation, oxidative stress reduction [203]

Cd
Pseudomonas
putida and

Bacillus subtilis
Wheat

PGPR (metal-tolerant strains, rhizosphere
metabolites) → rhizosphere activity

enhancement, growth promotion under Cd stress
[195]

Pb

Fucus spiralis
and Cystoseira

ericoides
seaweed
extracts

Tomato
Seaweed bioactive compounds (polysaccharides,

antioxidants) → stress tolerance enhancement,
biomass production

[199]
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Table 1. Cont.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

Cd, Zn, Pb

Hybrid
formulation:

humic acids and
mycorrhiza

Sorghum, hemp

Humic fractions + arbuscular mycorrhizal fungi
→ improved nutrient uptake, photosynthesis
enhancement, enzymatic and nonenzymatic

antioxidant defense enhancement

[204,205]

Cu
Paenibacillus

polymyxa and
Bacillus circulans

Maize PGPR → antioxidant enzyme activation,
osmolyte accumulation, mineral nutrition (P, K) [198]

Cu

Seaweed extract
(Fucus sp.,

Ascophyllum
nodosum,
Pelvetia

canaliculata)

Barley
Seaweed-derived minerals and antioxidants →

growth stimulation, enhancing antioxidant
capacity, reduced metal accumulation

[200,201]

Cu Lemna minor
extract Maize

Plant-derived bioactive compounds →
antioxidant enzyme activation (SOD, APX), ROS

reduction, membrane stability
[256]

Cu

Hybrid
formulation:

biochar, AMF,
and seaweed

extract

Hemp Improved plant growth, enhanced antioxidant
defense, reduced metal accumulation [202]

Biotic stress

Bemisia tabaci Bacillus subtilis Tomato
Bacillus subtilis → induction of plant growth and
systemic resistance (ISR), reduced development

of Bemisia tabaci
[232]

Fusarium
wilt

Bacillus subtilis +
Pseudomonas

fluorescens
Tomato PGPB → inhibition of pathogenic fungal growth [233]

Botrytis
cinerea

Peribacillus
frigoritolerans

and
Pseudomonas

canadensis

Tomato

Peribacillus frigoritolerans, Pseudomonas canadensis
→ increased root biomass, induction of systemic

resistance, activation of salicylic acid and
jasmonic acid/ethylene pathways

[169]

Pseudomonas
syringae

Seaweed +
yeast extract Tomato

Seaweed extract, yeast extract → activation of
early defense responses, oxidative burst, callose

deposition, modulation of hormonal balance
(increased salicylic acid, decreased jasmonates

and auxins)

[237]

Plasmopara
viticola

Protein
hydrolysates Grapevine

Protein hydrolysates → inhibition of zoospore
release and pathogen growth, induction of plant

defense responses (SA and phenylpropanoid
pathways)

[239]

Zucchini
yellow

mosaic virus
(ZYMV)

Hybrid
formulation:

Alert D-Max™
and Resil EVO

Q™

Zucchini
squashes

Seaweed and alfalfa extracts, enzymatic
hydrolysates, and micronized zeolite →

increased flowering, reduced viral load (ZYMV),
upregulation of PR1 and POD genes

[241]
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Table 1. Cont.

Stress Factor Biostimulant
/Formulation Plant Species Active Components and Functional Mechanism Reference

Phytophthora
palmivora

Butler

Oligocarrageenan
+ oligochitosan Cacao

Oligocarrageenan, oligochitosan → increased
seed number and weight, improved yield

parameters, reduced infection rate
[234]

Sclerotinia
sclerotiorum

Azotobacter
chroococcum Lettuce

Azotobacter chroococcum → reduced disease
severity, decreased lipid peroxidation, induction
of defense-related metabolic pathways, improved

growth and photosynthesis

[235]

Fusarium Serratia sp.
AR11 Pea

Serratia sp. AR11 → increased shoot and root
growth, enhanced biomass accumulation,

reduced disease severity (>70%), increased
chlorophyll

content (SPAD)

[236]

Fusarium Humic acids Wheat
Humic acids → increased carbohydrate

accumulation, reduced mycotoxin levels (DON,
AcDON, NIV), enhanced pesticide degradation

[240]

5. Biostimulants—An Imperfect Tool: Limitations and
Contextual Guidance

Numerous examples of the positive effects of biostimulants on cultivated plants,
including those grown under stress conditions, have been documented, as highlighted
above. However, it is important to emphasize that biostimulants are not flawless tools.
Several studies report negligible or even negative effects on specific plant traits following
biostimulant application [257–259]. Their effects are inherently variable, even within the
same product category, due to differences in production methods, source materials, and
composition. Although their mode of action relies primarily on stimulation of cellular
processes, modulation of gene expression, or soil–plant interactions rather than direct nutri-
ent supply, the specific composition of a biostimulant strongly influences its effectiveness.
Therefore, standardized production and characterization methods are essential to improve
reproducibility of scientific studies and practical application [260].

This variability also reflects the fundamentally heterogenous mechanisms underlying
biostimulant activity. Depending on their nature, biostimulants may act through hormonal
signaling modulation, enhancement of antioxidant capacity, changes in root architecture, or
microbiome-mediated interactions. As a result, similar agronomic outcomes may arise from
different physiological pathways, while identical products can induce divergent responses
depending on plant genotype and environmental context. Thus, inconsistent performance
is not only a methodological issue but an inherent feature of their multifactorial mode
of action.

Biostimulant efficacy is further influenced by environmental and agronomic factors
such as weather conditions, soil fertility, plant species, and the developmental stage at
which the biostimulant is applied [261–263]. Biostimulants typically exert more pronounced
effects under nutrient-poor soil conditions, whereas high soil fertility can diminish or
counteract their effects [27,204,264].

For microbial biostimulants, which consist of living organisms, it is essential to con-
sider the conditions required for their survival, establishment and activity. Neither the
soil nor the plant are sterile; therefore, competition with native microbial communities can
hinder colonization success or alter the diversity and functionality of indigenous bacterial
and fungal communities [54,265].
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Practical application should therefore be adapted to crop species, developmental
stage, and environmental conditions, including optimization of dosage and timing. Such
context-dependent application can help maximize potential benefits while minimizing
ineffective or adverse outcomes. Moreover, integrated approaches combining biostimulants
with other products or complementary agricultural practices are increasingly explored,
with evidence of synergistic effects on nutrient use efficiency, plant growth, and stress
tolerance [111,193]. Representative examples include the combined application of humic
substances with microbial inoculants [266], biochar with PGP endophytes [267], protein
hydrolysates with AMF [268], seaweed extracts with arbuscular mycorrhizal fungi [269],
biochar with organic fertilizers [270], and seaweed extracts combined with appropriate
cultivation methods [271]. However, these interactions are highly context-dependent and
require further systematic validation.

Biostimulant application should also comply with existing regulations and guidelines.
In the EU, the Fertilising Products Regulation (EU 2019/1009) [28] as amended by Com-
mission Delegated Regulation (EU) 2024/2787 [272] provides a harmonized framework for
definitions, quality requirements, and safety criteria. These efforts are complemented by
ongoing technical standardization initiatives, including the European Committee for Stan-
dardization (CEN)/Technical Committee (TC) 455 specifications (CEN/TC 455) [273] and
emerging international guidelines (iTeh Standards) [274], aimed at harmonizing method-
ologies for biostimulant production, testing, and usage, including efficacy evaluation and
safety assessment [275]. To date, over 30 technical specifications (CEN/TS) for CE-marked
plant biostimulants have been published [260], covering terminology, claims substantiation,
sampling protocols, and analytical methods. Nevertheless, global regulatory heterogeneity
highlights the need for harmonized standards outside the EU to ensure consistent product
quality and application [24,32].

Recent methodological frameworks support stepwise development of biostimulants
from active compound identification to validation under controlled and field conditions,
offering practical guidance for context-specific application [276]. Furthermore, modern
technologies such as precision agriculture tools and AI-driven decision systems offer
promising opportunities to optimize product performance under variable environmental
conditions [32].

6. Conclusions and Future Directions
Biostimulants represent a promising strategy to enhance plant growth and resilience

under both abiotic and biotic stresses, contributing to sustainable agriculture by improv-
ing physiological, biochemical, and molecular responses, including antioxidant activity,
osmolyte accumulation, photosynthetic efficiency, and regulation of defense-related genes.
However, their effectiveness strongly depends on product composition, production method,
application timing, soil conditions, and plant developmental stage.

Future research should move beyond descriptive studies toward mechanistic and
technology-driven approaches. Key priorities include: (i) the integration of multi-omics
platforms (genomics, transcriptomics, proteomics, and metabolomics) to elucidate molec-
ular modes of action and identify biomarkers of biostimulant response; (ii) the use of
high-throughput phenotyping and advanced imaging techniques to link physiological
responses with molecular changes under controlled and field conditions; and (iii) the
application of artificial intelligence and machine learning models to predict biostimulant
efficacy based on environmental, soil, and crop-specific datasets.

A further important direction is the application of systems-level approaches integrat-
ing plant physiology, microbiome dynamics, and environmental variability, enabling a more
holistic understanding of plant–biostimulant–soil interactions. These approaches should
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be combined with standardized experimental protocols and long-term field validation to
ensure reproducibility and practical applicability under real agricultural conditions.

From an applied perspective, such advances will support the development of precision
biostimulant strategies, optimizing input efficiency, reducing environmental impacts, and
improving crop resilience under climate change. Importantly, these innovations should be
aligned with harmonized regulatory and methodological frameworks to facilitate reliable
product assessment and adoption in agricultural practice.
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ABA Abscisic acid
ACC 1-aminocyclopropane-1-carboxylate
AMF Arbuscular Mycorrhizal Fungi
AMP Antimicrobial peptide
APX Ascorbate peroxidase
BABA-IR β-aminobutyric acid (BABA)-induced resistance
BDs Botanical derivatives
CAT Catalase
DAMPs Damage-associated molecular patterns
ET Ethylene
ETI Effector-triggered immunity
FAAs Free amino acids
HAs Humic acids
HS Humic substance
IAA Indole-3-acetic acid
ISR Induced systemic resistance
JA Jasmonic acid
MAMPs Microbe-associated molecular patterns
MDA Malondialdehyde
PAMPs Pathogen-associated molecular patterns
PGPB Plant Growth Promoting Bacteria
PGPF Plant Growth Promoting Fungi
PGPM Plant Growth Promoting Microorganisms
PGPR Plant Growth Promoting Rhizobacteria
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PHs Protein hydrolysates
POD Peroxidase
PR Pathogenesis-related
PRRs Pattern recognition receptors
PTI Pattern-triggered immunity
ROS Reactive oxygen species
SA Salicylic acid
SAR Systemic acquired resistance
SWEs Seaweed extracts
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