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Abstract

Agriculture faces increasing challenges in ensuring food security under a changing climate,
where abiotic stresses such as salinity and drought represent major constraints to crop
productivity. These stresses induce complex physiological and biochemical alterations
in plants, including osmotic imbalance, oxidative damage, and disruption of metabolic
pathways, ultimately impairing growth and yield. In this context, the application of
biostimulants has emerged as a sustainable strategy to enhance plant resilience. While
synthetic products are widely available, growing attention is being directed toward natural
bio-based products, particularly those derived from renewable biomasses and organic
wastes, in line with circular economy principles. This review critically examines the current
literature on bio-based products with biostimulant properties, with particular emphasis on
vermicompost-derived extracts, humic-like substances, and macro- and microalgae extracts,
focusing on their role in mitigating salt and drought stress in plants. The reviewed studies
consistently demonstrate that these bio-products enhance plant tolerance to abiotic stress by
modulating key physiological and biochemical processes, including hormonal regulation,
activation of antioxidant defence systems, accumulation of osmoprotectants, and regulation
of secondary metabolism. Moreover, evidence indicates that these bio-based inputs can
improve nutrient use efficiency, photosynthetic performance, and overall plant growth
under stress conditions. Overall, this review highlights the potential of non-microbial
bio-based biostimulants as effective and sustainable tools for climate-resilient agriculture,
while also underlining the need for further research to standardize formulations, clarify
mechanisms of action, and validate their performance under field conditions.

Keywords: abiotic stress; biostimulants; resilience; plant biochemical response

1. Introduction

Abiotic stresses, such as salinity and drought, are related to environmental factors and
agronomic practices. Agriculture has to deal with several challenges to guarantee food
security for a growing population and in a climate-changing scenario [1-3].

These stresses induce a complex response, involving both physiological and biochemi-
cal alterations in plants, including osmotic imbalances, ion toxicities, oxidative damage,
and disorders of metabolic pathways. In general, when plants are exposed to abiotic stress,
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their growth will be compromised, reducing photosynthetic efficiency and reproductive
development, generating one of the most relevant agronomical aspects related to yield
losses [1,4].

Due to the increasing impact of climate change on abiotic stress events, it is crucial to
develop sustainable and resilient agricultural strategies. In this context, the integration of
bio-products, which have biostimulant properties, could be an important and sustainable
approach [5,6].

In the scientific literature and within the framework of international policies, “bio-
based products” are defined as materials, chemicals, and goods manufactured either entirely
or in part from renewable biological resources, such as biomasses and various forms of
organic wastes. The European Commission defines bio-based materials as those derived
from sources including urban bio-wastes, organic residues, and crops, as direct alternatives
to fossil-based materials [7]. Similarly, the USDA (U.S. Department of Agriculture) classifies
“bio-based products” as commercial or industrial goods (excluding food and feed) made
from renewable domestic, agricultural, forestry, or marine materials. The importance
of these products is related to their potential in reducing non-renewable resources and
converting waste into valuable resources, hence contributing to a circular and sustainable
economy [7].

The European Union regulation (2019/1009) defines plant biostimulants as “a product
stimulating plant nutrition processes independently of the product’s nutrient content with
the sole aim of improving one or more of the following characteristics of the plant or the
plant rhizosphere: nutrient use efficiency, tolerance to abiotic stress, quality traits, availabil-
ity of confined nutrients in soil or rhizosphere”. In other words, biostimulants are different
substances or microorganisms that, when applied to plants, can improve physiological
processes and nutrient uptake efficiency, increase stress tolerance, and enhance crop quality,
regardless of their nutritional content [8,9]. In this context, biostimulants represent an
important eco-friendly approach required to minimize the use of chemical inputs, such
as fertilizers, and maintain productivity in abiotic stress conditions. In particular, these
products represent an alternative to conventional synthetic agrochemicals, and, by enhanc-
ing nutrient use efficiency, directly align with the objectives of the “Farm to Fork” strategy
(European Green Deal) [10,11].

Although microbial biostimulants such as arbuscular mycorrhizal fungi (AMF) and
plant growth-promoting rhizobacteria (PGPR) play a well-established role in enhanc-
ing plant tolerance to abiotic stress, they have not been included in the present review.
This choice was intentional and reflects the aim of focusing specifically on non-microbial,
extract-based bio-products derived from renewable biomasses and organic wastes, such
as vermicompost, humic-like substances, and macro- and microalgae. These bio-based
products are characterized by complex mixtures of bioactive molecules whose effects are
largely independent of microbial colonization and are more directly linked to the biochem-
ical modulation of plant metabolism. Furthermore, compared to microbial inoculants,
extract-based biostimulants often present greater formulation stability, easier handling and
application, and higher compatibility with large-scale agricultural practices and circular
economy approaches. Microbial biostimulants have already been extensively addressed in
several dedicated reviews; therefore, they were considered to be beyond the scope of this
work, which aims to highlight less-reviewed yet highly promising non-microbial bio-based
solutions for mitigating salt and drought stress.

In this scenario, this review aims to analyze the current knowledge of bio-based prod-
ucts with biostimulant properties, focusing on their roles in modulating the biochemical
and physiological responses of plants during abiotic stress. The flow chart of contents of
the review is reported in Figure 1. Particular attention is given to extracts from vermicom-
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post, organic waste, and macro- and microalgae due to their high abundance, renewable
nature, and proven biostimulant potential. Vermicompost and organic waste are widely
available by-products of agricultural and food systems, providing a sustainable source
of nutrients, humic substances, and bioactive compounds that can enhance soil fertility
and, consequently, plant growth. Microalgae, on the other hand, are rich in bioactive
molecules, such as polysaccharides, phytohormones, and antioxidants, which can improve
plant stress tolerance and productivity. By focusing on these sources, it is possible to
analyze the bio-based products that have the most practical application in sustainable and
eco-friendly agriculture.

Abiotic Stress
Salt & Drought

l

Plant Responses
Oxidative Damage
Osmotic Imbalance

Hormonal Disruption

l

Application of
Bio-based Biostimulants

[ !

Vermicompost Extracts Humic-like Substances Macro- & Microalgae Extracts

l )

Key Mechanisms

Lalll

( l

Improved Growth & Yield Stress Tolerance Sustainable Agriculture

Figure 1. Graphical flow chart of review’s contents. Upward arrows (1) indicate an increase
in parameters.

2. Bio-Products and Their Biostimulant Effects

In recent years, a growing number of studies have explored the potential of bio-based
materials as sustainable sources of plant biostimulants. Among these, extracts derived from
vermicompost, humic-like substances, macroalgae, and microalgae have attracted particular
attention due to their rich composition in bioactive compounds, such as humic substances,
amino acids, phytohormones, and polysaccharides. These natural formulations have been
shown to enhance plant growth, nutrient uptake, and stress tolerance, contributing to
improved crop productivity and soil health. Table 1 summarizes the main biostimulant
effects reported for these different types of bio-based extracts, highlighting their modes of
action and the specific plant responses observed across various studies.
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Table 1. Biostimulant effects of different bio-based products.
Bio-Based Product Plant Species Effects References
. Lactuca sativa Enhancing crop yield, fresh weight,
Vermicompost (lettuce) diameter, and size of plants. [16]
Increasing chlorophyll a, carotenoid,
Vermicompost Lettuce nitrogen, potassium, and phosphorus [17]
contents.
Zea mays (maize)
Gossypium hirsitum (cotton)
Arachis hypogaea (peanuts)
Vermicompost leachate Beta vulgaris subsp. vulgaris Increasing yield and chlorophyll [18]
(chard)
Capsicum annuum
(red pepper)
Improving growth, content of vitamin C,
Vermicompost-tea Lettuce vitamin E, photosynthetic activity, and [19]
relative water content.
Vermicompost extract Trifolium alexandrinum Improving shoot biomass. [20]
(berseem clover)
Increasing shoot biomass, grain yield, and
. Helianthus annuus oil concentration. Enhancing mycorrhizal
Vermicompost extract . . [20]
(sunflower) inoculum potential and arbuscular
mycorrhizal fungi root colonization.
Humic-like substances ' Improving germination, stimulating
.. Maize a-amylase, 3-amylase, catalase, protease, [24]
from lignin X :
and enhancing primary and lateral roots.
Humic-like substances . . . . o
from lignin B. chinensis (pak choi) Improving germination. [25]
Humlc—llkg substances Lettuce Improving biomass gr.owth, such as fresh [26]
from digestate and dry biomass.
Humic-like substances Solanum lycopersicum Increase shoot length, dry biomass, [27]
from hydrochar (tomato) chlorophyll content, and root length.
Enhancing nitrogen metabolism and
Bio-products derived from Phaseolus vulgaris enzyme activities (nitrate reductase,
VR : [29]
municipal biowastes (common bean) glutamine synthetase, and glutamate
synthase) in leaves and roots.
Bio-products derived from . .
municipal biowastes Red pepper Improving yield and chlorophyll content. [29]
. . Improving growth, fresh weight of edible
Bio-products derived from Lettuce part, chlorophyll content, and enzyme [30]

municipal biowastes

nitrogen metabolism.
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Table 1. Cont.

Bio-Based Product

Plant Species Effects References

Microalgae mix

C. vulgaris, Scenedesmus
quadricauda, and
Klebsormidium sp. K39

C. vulgaris and S. platensis

Macroalgae

Macroalgae extract

Ascophyllum nodosum

Improving germination, early growth,
Tomato height of the plant, leaf number, fresh and [39]
dry biomass, and chlorophyll content.
Improving their growth by increasing
Lettuce seedlings weights, chlorophyll, carotenoid, and [40,41]
protein contents, and ashes.

Increasing shoot and root length, number of
Vigna radiata leaves, leaf area index, and leaf chemical
(green gram) composition such as nitrogen, phosphorous,
potassium, and phenols.

[42]

Increases the macronutrient content in leaf
Red pepper tissue, root fresh and dry mass, root length, [37]
fruit production, and dimensions.

Influencing fruit yield, morphology (axial
Tomato and equatorial dimensions), and acidity. [34]
Increase the accumulation of proline

Improving plant height, leaf area and
number, chlorophyll content, fruit quantity,
weight, and size. Improving soil fertility,
macronutrients, and organic carbon content

Tomato [38]

2.1. Vermicompost and Its Extracts

Vermicompost is an organic product obtained through a complex process involving
the crucial role of earthworms (e.g., Eisenia foetida) and the activity of microorganisms. This
technology can be applied to different matrices, such as waste or manure, to produce a
fertilizer rich in humic substances, macro- and micronutrients, and plant growth regula-
tors (such us auxins, cytokinins, and gibberellins) released during the vermicomposting
process [3,12]. While the use of vermicompost added to the soil as a biofertilizer and
biostimulant has been extensively studied, the literature specifically focused on vermicom-
post extracts and derivates remains somewhat limited compared to other well-established
biostimulants or traditional compost. This may be due to the relatively recent interest in the
liquid form of vermicompost, compared to the traditional research primarily addressing
solid vermicompost applications. Therefore, the studies cited in this review represent
the most significant contributions to date in the field, while acknowledging the need for
further research to fully explore the potential of vermicompost extracts as biostimulants.
The literature also reported the use of vermicompost extract, such as vermicompost tea, or
vermicompost leachate, in order to obtain a spray product that can maintain many of these
beneficial properties. In fact, spray products offer practical advantages over solid formula-
tions, including simpler application, more homogeneous coverage, and the possibility of
integrating with existing irrigation or spraying systems [13,14].

The quality of vermicompost and its extracts depends on the matrix, production, and
storage conditions. Some characteristics are influenced by aeration during the process
or by the dilution rate [3]. Several studies have investigated the effects of vermicompost
and its extracts on soil properties, plant growth, and biochemical parameters, consistently
reporting positive outcomes across a variety of crops and experimental conditions. For
example, at soil level, Wu et al. [15] demonstrated that vermicompost, applied as an
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amendment, positively affects soil physicochemical properties and promotes urease activity.
In Lactuca sativa L., several studies reported that their application on soil increases crop
yield, fresh weight, plant size, and chlorophyll a and carotenoid contents [16,17].

As regards vermicompost derivates, Torres-Garcia et al. [18] showed that vermicom-
post leachate improved the growth and yield of corn, cotton, peanuts, chard, and pepper,
with results comparable to or exceeding those obtained with chemical fertilization. Simi-
larly, Hamed et al. [19] observed that vermicompost tea enhanced growth, photosynthetic
activity, and vitamin C and E contents in lettuce, while Koskey et al. [20] confirmed that lig-
uid vermicompost extract increased shoot biomass in berseem clover (Trifolium alexandrinum
L.) and sunflower (Helianthus annuus L.), also improving grain yield and oil concentration in
sunflower. These studies collectively highlight the biostimulant potential of vermicompost
and its derivatives across different plant species and agronomic contexts.

2.2. Humic-like Substances

Humic-like substances (HLSs) are a class of macromolecular (or supramolecular)
organic materials extracted from different biomass matrices, particularly agro-industrial
residues. These compounds are traditionally obtained from natural sources such as low-
rank coal (e.g., lignite and leonardite), peat, and sediments of water bodies, but they can also
be isolated from soils, composts, and agro-industrial residues [21,22]. Their biostimulant
effect is related to their composition, generally characterized by bioactive compounds
such as indole-3-acetic acid (IAA) and soluble phenols, which have been shown to directly
influence plant metabolism, growth, and resilience to stress [21,23].

Several studies have demonstrated that the application of HLSs positively affects
seed germination, plant growth, and physiological processes across a variety of crops.
For instance, the HLS extracted from lignin enhanced germination in maize (Zea mays
L.) and pak choi (Brassica chinensis L.) [24,25]. Savy et al. [24] studied the effect of an
HLS isolated by alkaline oxidative hydrolysis from lignin-rich agro-industrial residues.
They reported that these bio-products positively impact germination activity and stimulate
enzymatic activities, including «-amylase, 3-amylase, catalase, and protease. Moreover,
their application promotes the elongation of the coleoptile, and enhances the formation
of primary and lateral roots, effects attributed to their content of phenolic molecules.
Similarly, Guilayn et al. [26] found that HLSs derived from digestate increased biomass
accumulation in L. sativa, while Mondek et al. [27] observed that hydrochar-derived HLSs
improved shoot height, dry biomass, chlorophyll content, and root length in tomato plants.
More recently, Montoneri et al. [28,29] characterized bio-products obtained from digestate
biowaste (BPs), demonstrating their multifunctional properties, including soil fertilization,
stimulation of plant growth, and potential enhancement of tolerance to abiotic and biotic
stresses. Moreover, they reported that BPs enhanced nitrogen metabolism and enzyme
activities in leaves and roots of common bean (Phaseolus vulgaris), while in red pepper
(Capsicum annuum), BPs improved both yield and chlorophyll content [29]. Likewise,
Fragala et al. [30] showed that the same BPs positively influenced growth, chlorophyll
content, and key nitrogen metabolism enzymes in L. sativa L., with effects dependent on BP
concentration and attributed to their humic-like substances content.

Collectively, these studies highlight the significant biostimulant potential of HLSs
and related bio-products, which can enhance seed germination, plant growth, enzymatic
activity, and stress resilience across diverse crops. Their multifunctional properties, includ-
ing modulation of root architecture, photosynthetic efficiency, and nutrient metabolism,
underscore their promising role as sustainable tools for improving crop productivity and
resilience in modern agriculture.
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2.3. Macroalgae and Microalgae Extracts

Macroalgae and microalgae are emerging as promising and sustainable resources
for the extraction of their bio-compounds useful for the development of plant biostimu-
lants. Macroalgae are a large group of photosynthetic organisms commonly known as
seaweed. They are classified on the basis of their pigmentation into red, brown, and green
algae [31,32]. Microalgae are photosynthetic single-cell microscopic organisms that live in
freshwater, saltwater, and wastewater. They are classified by different characteristics, such
as pigmentation, life cycle, and morphology. Based on their metabolic adaptation, they are
classified in autotrophic, heterotrophic, and mixotrophic [32,33].

These photosynthetic organisms exhibit remarkable biochemical diversity, reflecting
adaptations to different environmental conditions as well as ecological habitats. Conse-
quently, macroalgae, microalgae, and their extracts possess complex mixtures of bioactive
molecules with multiple functions relevant to plant growth and stress tolerance. Their
biochemical composition typically includes plant growth regulators (such as auxins, cy-
tokinins, and gibberellins), polysaccharides, amino acids, vitamins, polyunsaturated fatty
acids, and antioxidants, all of which contribute to enhancing plant metabolism and re-
silience to stress [32,34]. The extraction and characterization of these bioactive compounds
have gained increasing attention, as these extracts represent a natural and renewable source
of molecules capable of promoting plant health while reducing the use of synthetic agro-
chemicals. Understanding the relationship between algal biochemical profiles and their
biostimulant effects may be therefore essential for optimizing formulation strategies and
improving agricultural sustainability.

Recent studies have highlighted the effectiveness of both macroalgae and microalgae
extracts as plant biostimulants, demonstrating their potential to enhance seed germination,
growth performance, and crop productivity. As regards macroalgae-based biostimulants,
their role in promoting plant growth and yield has been extensively investigated [35,36].
Other studies have confirmed that macroalgae extracts can enhance nutrient uptake and
nutrient accumulation in tissues. For instance, Melo et al. [37] found that the combined
application of Kappaphycus alvarezii and Sargassum vulgare extracts to pepper plants (C.
annuum L.) increased macronutrient concentrations in leaf tissues, root length, and fruit
production. Spagnuolo et al. [34] investigated the effect of different macroalgae extracts
(S. muticum, Ulva ohnoi, Furcellaria lumbricalis, Ascophyllum nodosum, and a commercial
A. nodosum extract) on tomato plants and confirmed that the application of macroalgae
extracts significantly affected fruit morphology and biochemical composition. The effect on
°Brix, pH, and flavour resulted differently, depending on the species applied: for example,
S. uticum resulted in the sweetest flavour, while A. nodosum made the fruits more aromatic,
due to the proline content, but more acidic. Similarly, Villa and Vila et al. [38] reported
that foliar and drench applications of A. nodosum extract improved plant height, leaf area
and number, chlorophyll content, and fruit yield, both in terms of quantity and weight;
additionally, this treatment enhanced soil fertility by increasing pH, macronutrient levels,
and organic carbon content.

As regards microalgae-based biostimulants, particularly promising results in improv-
ing early plant development and physiological traits were observed. Kolli et al. [39]
reported that seed treatment with a microalgae mixture improved germination and early
growth; furthermore, the application of this extract to tomato plants enhanced plant height,
leaf number, fresh and dry biomass, and chlorophyll content. Similarly, La Bella et al. [40]
reported that the application of three microalgae biomasses, Chlorella vulgaris, Scenedesmus
quadricauda, and Klebsormidium sp. K39, on lettuce seedlings improved growth by increasing
fresh weight and chlorophyll, carotenoid, protein, and ash contents. Moreover, Puglisi
et al. [41] observed that the application of a C. vulgaris extract, by foliar spray and root
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drenching, positively affected the growth of lettuce seedlings, increasing the dry matter,
chlorophyll, carotenoid, and protein contents. Dineshkumar et al. [42] also demonstrated
that extracts from C. vulgaris and Spirulina platensis significantly enhanced growth pa-
rameters in green gram (Vigna radiata L.), including shoot and root length, leaf number,
and leaf area index. Moreover, treated plants showed increased levels of nitrogen (N),
phosphorus (P), potassium (K), and phenolic compounds, indicating improved nutritional
and metabolic profiles.

Due to the large volume of studies available on macro- and microalgae, a compre-
hensive list of all relevant works is beyond the scope of this review, also considering
that other reviews [43-45] already address this topic in detail. Instead, we have selected
key examples that illustrate the broad trends and main findings in this field. Overall,
the literature confirms that both microalgae and macroalgae extracts can exert significant
biostimulant effects, improving plant growth, physiological performance, and soil quality,
while contributing to more sustainable agricultural practices.

Although all the bio-based products reviewed exhibit biostimulant activity, they dif-
fer in efficacy, mechanisms of action, and practical applicability. Vermicompost-derived
extracts and humic-like substances primarily act by improving nutrient availability, root ar-
chitecture, and redox homeostasis through humic components and hormone-like molecules,
showing strong effects at low concentrations. Macro- and microalgae extracts, by contrast,
are particularly rich in phytohormones, polysaccharides, and antioxidants, and often exert
rapid effects on plant metabolism and stress signalling pathways. From an application
perspective, extract-based products generally offer advantages in terms of formulation
stability, ease of handling, and compatibility with foliar or fertigation systems, while their
performance may vary depending on crop species, dose, and environmental conditions.

3. Biochemical Responses of Plants to Abiotic Stress

This section summarizes the main physiological and biochemical responses of plants
to abiotic stress, not with the aim of providing an exhaustive review of stress physiology,
but to establish a mechanistic framework for interpreting how bio-based biostimulants
modulate these pathways under salinity and drought conditions.

Environmental stress conditions lead to the production of reactive oxygen species
(ROS), including superoxide (O, ), hydrogen peroxide (H,O;), and hydroxyl radicals
(#OH). ROS are toxic, causing oxidative damage to lipids, proteins, and nucleic acids.
Under oxidative stress conditions, ROS start the abstraction of hydrogen atoms from
polyunsaturated fatty acids (PUFAs) in cellular membranes. This leads to the formation
of lipid radicals (Le), which subsequently react with molecular oxygen to generate lipid
peroxyl radicals (LOOe). These radicals propagate the chain reaction of lipid peroxidation,
ultimately yielding unstable lipid hydroperoxides (LOOH). The decomposition of lipid
hydroperoxides gives rise to a range of reactive aldehydes, among which malondialdehyde
(MDA), 4-hydroxynonenal (4-HNE), and acrolein are the most biologically relevant. MDA,
in particular, is widely used as a biomarker of oxidative stress and lipid peroxidation
damage [46]. High MDA levels indicate severe oxidative stress and a low membrane
integrity. On the other hand, a reduction in MDA levels indicates stress tolerance and
protection of cellular membranes [47]. To mitigate this stress, plants activate defence
mechanisms by enzymatic antioxidants (e.g., superoxide dismutase, catalase, and ascorbate
peroxidase) and non-enzymatic antioxidants (e.g., ascorbate, glutathione, and phenolic
compounds). Moreover, ROS signalling is interconnected with hormonal pathways and the
production of different compounds that act as scavengers for toxic molecules, osmolytes,
or signalling molecules [48-50].
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3.1. Hormonal Regulation

Abscisic acid (ABA) is a crucial plant hormone that regulates various developmental
processes and responses to abiotic stress. In particular, under drought stress, the rapid
production and accumulation of ABA act as an alert signal, promoting physiological
responses that mitigate water loss. One of the most important responses induced by ABA
accumulation is stomatal closure, which reduces transpiration and helps maintain internal
water balance [51,52]. ABA also enhances the accumulation and activity of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT), contributing to the
establishment of defence mechanisms under environmental stress. Moreover, ABA interacts
with other hormonal pathways, including auxin, gibberellins (GAs), cytokinins (CKs), and
ethylene (ET), to regulate plant stress responses [51,53].

Auxins, primarily indole-3-acetic acid (IAA), are phytohormones that regulate plant
growth and development, including cell elongation, division, and differentiation. Under
stress conditions, auxins interact antagonistically with ABA through hormonal crosstalk,
altering auxin localization and synthesis within plant tissues, and consequently affecting
root architecture and shoot growth to support plant survival and recovery [54]. Beyond
growth modulation, auxin—ABA crosstalk under stress also influences the production of
ROS and the activation of antioxidant defence systems, including enzymes such as SOD
and CAT [55]. Changes in auxin distribution under stress can affect ROS-mediated sig-
nalling, which serves as a secondary messenger to coordinate ABA signalling pathways and
control the expression of stress-responsive genes. Furthermore, auxin and ABA interactions
affect the expression of stress-responsive transcription factors, which coordinate osmotic
adjustment, osmoprotectant accumulation, and cell wall remodelling. At the physiological
level, this hormonal interplay regulates stomatal aperture, leaf senescence, and hydraulic
conductance, optimizing water use efficiency and resource allocation during stress. Collec-
tively, these integrated responses illustrate how auxin—ABA crosstalk not only modulates
growth but also orchestrates a multilayered defence network that enhances plant resilience
to environmental challenges [56].

Cytokinins (CKs) are hormones involved in cell division, shoot development, nutrient
metabolism, and senescence. Under abiotic stress conditions, they play a key role in main-
taining cellular homeostasis, enhancing plant resilience. Several studies demonstrated the
relationship of CKs with other phytohormones, such as ABA and auxins. In particular, the
antagonist interaction between CK and IAA enhances plant resilience to stress conditions
such as drought and salt stress [57,58]. Recent evidence has expanded the understanding
of how cytokinins contribute to plant adaptation under salt stress. Yu et al. [59] empha-
sized that salinity greatly alters CKs metabolism and signalling pathways, affecting not
only their synthesis and degradation but also the spatial distribution and sensitivity of
target tissues of the plant. These hormonal adjustments influence both key physiological
responses, including the regulation of ion transporters and maintenance of photosynthetic
efficiency, and the activation of antioxidant systems that limit oxidative damage caused
by excess sodium and chloride ions. Moreover, CKs act as integrators of environmental
and developmental signals, modulating gene expression networks that balance growth and
stress tolerance. Their interaction with ABA, ethylene, and other hormones may determine
whether plants need to activate the defence mechanisms or can continue growth under
adverse conditions [59].

Ethylene (ET) is a gaseous phytohormone, also acting as stress hormone in the same
way as ABA, induced by abiotic stress such as drought and salinity due to regulating
stomatal closure, root growth, and leaf senescence. In fact, in response to abiotic stress,
ET increases the plant’s tolerance through different mechanism to promote plant survival,
such as promoting adventitious root formation and controlling stomatal opening [58,60].
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Moreover, there is a complex interaction between ET and other phytohormones, such as
ABA, that both improves the antioxidant defence and shelf-life of fruits [61,62]. Fatma
et al. [63] described the multifaceted role of ET in plant adaptation to stressful environments,
highlighting its function as both a growth regulator and a modulator of defence responses.
Abiotic stresses, such as salinity, drought, heat, flooding, and heavy metals, influence ET
biosynthesis by altering the activity of key enzymes, including 1-aminocyclopropane-1-
carboxylic acid synthase and oxidase. Through its receptors and downstream transcription
factors (EIN2, EIN3, and EIL1), ET signalling modifies gene expression to regulate ion
homeostasis and the activation of antioxidant and detoxification mechanisms. Depending
on its concentration, duration of exposure, and tissue specificity, ET can either promote
stress tolerance or enhance growth inhibition and senescence. Moreover, it interacts with
other phytohormones, such as ABA, auxins, jasmonates, and salicylic acid, coordinating
growth and defence responses under adverse conditions [63].

3.2. Antioxidant Enzymes

Plants activate the production of antioxidant enzymes in order to detoxify cells from
ROS. SOD represents the first line of defence against ROS and catalyzes the dismutation of
superoxide anion (O, ™) into hydrogen peroxide (H,O;) and molecular oxygen (O;). These
enzymes act in different cell compartments and can be classified into different isoforms,
including manganese-SOD (Mn-SOD), copper/zinc-SOD (Cu/Zn-SOD), and iron-SOD
(Fe-SOD) [64,65]. The produced HyO; is subsequently removed by other enzymes acting in
different parts of cells [63,66].

CAT is the fastest enzyme to convert H,O, molecules into H,O and O, and it is found
in higher concentrations in peroxisomes, but it is also present in other parts of the cell, such
as the mitochondria, cytosol, and chloroplast. CAT has a conserved structure but with
different isoforms depending on the subcellular localization [67,68]. Its high catalytic rate
makes CAT particularly important for removing the large peaks of HyO, generated during
intense metabolic activity or stress.

Ascorbate peroxidase (APX) scavenges H,O, to water and monodehydroascorbate
by the ascorbate—glutathione cycle, using ascorbate as an electron donator. It has a higher
affinity for HyO,, making it more efficient than CAT at low peroxide concentrations. APX
is categorized based on subcellular isoforms, such as cytosolic (cAPX), mitochondrial
(mtAPX), or cloroplastic (chlAPX). APX provides precise regulation of H,O; levels, particu-
larly in chloroplasts, where ROS production is high during photosynthesis [64,69].

Glutathione peroxidase (GPX) is a marker of intracellular oxidative stress and scav-
enges HyO, into H,O and lipid alcohols, using glutathione as a reducing substrate. GPX
plays a role in maintaining membrane lipid stability catalyzing the reduction in lipid
hydroperoxides produced in the membrane after reacting with O,~ [70,71].

While APX and GPX directly catalyze H,O; and lipid peroxides, the regeneration
of the ascorbate—glutathione cycle is sustained by glutathione reductase (GR). GR is a
flavoenzyme that plays a crucial role in catalyzing electron transfer, and it is located in
different parts of cell, such as the chloroplast, mitochondria, cytosol, and peroxisomes.
Specifically, GR uses NADPH as a reductant to convert inactive, oxidized-form, glutathione
disulfide (GSSG), into the active, sulfhydryl form (GSH). This continuous activity is key
for this cycle and detoxification by APX and GPX activity [72]. GR ensures a continuous
supply of reduced glutathione, maintaining the efficiency of HyO, scavenging under
prolonged stress.

Another crucial enzyme involved in HO, scavenging is the peroxidases (POX). Simi-
larly, to CAT, APX, and GPX, POX contribute to scavenging H,O, by oxidation of phenolic
compounds. The POX play a crucial and dual role in H;O, homeostasis and plant de-
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fence, generating and detoxifying H,O; in the apoplast. Moreover, they are involved in
auxin metabolism and cell wall reinforcement (e.g., lignification and suberification). POX
activity is therefore important not only for ROS detoxification but also for modulating
cell wall properties and plant development under stress. They are mainly located in the
extracellular space (apoplast) and the vacuole, but they can also be detected in the plasma
membrane [73,74].

Overall, the coordinated action of SOD, CAT, APX, GPX, GR, and POX ensures efficient
detoxification of ROS and maintenance of redox homeostasis in plant cells under abiotic
stress. Each enzyme contributes in a compartment-specific and isoform-dependent manner,
allowing plants to rapidly respond to oxidative stress while integrating ROS scavenging
with signalling, metabolism, and structural processes. Consequently, the activities of these
antioxidant enzymes are frequently monitored in experimental studies as key indicators
of plant responses to abiotic stress. This intricate network highlights the essential role of
antioxidant enzymes in plant adaptation, stress tolerance, and cellular protection.

3.3. Antioxidant Compounds

Plant defence against ROS involves a complex network of non-enzymatic antioxidants,
including ascorbate, glutathione, carotenoids, flavonoids, and other polyphenolic compounds.

Ascorbate (AsA) is the major water-soluble, low-molecular-weight, non-enzymatic
antioxidant involved in the plant abiotic stress responses. It is distributed across different
cellular compartments, including the cytosol, chloroplasts, and apoplast, and exerts multi-
ple roles as an antioxidant, enzymatic cofactor, and redox regulator. AsA reduces HyO; to
water and serves as the primary electron donor for APX in the ascorbate—glutathione cycle,
contributing to membrane stability. Moreover, it acts as a cofactor for enzymes involved in
the biosynthesis of phytohormones such as ABA. Finally, AsA functions as a redox sensor,
coordinating signalling pathways under abiotic stress conditions [72,75].

Glutathione (GSH) is the most abundant non-protein thiol in plant cells, predominantly
localized in chloroplasts. It plays a key role in cellular redox regulation. In particular,
GSH acts directly and indirectly: scavenging ROS and acting as an electron donor in the
ascorbate—glutathione cycle. Moreover, GSH has other functions, such as being a metabolic
sink for sulphur and as a cofactor in xenobiotic detoxification. Finally, GSH influences
phytohormone activity, such as ABA and salicylic acid, in order to modulate the stress
response pathways [76,77].

Carotenoids are lipophilic isoprenoid pigments fundamental for both light harvesting
and photoprotection. This photoprotective role is mediated by the xanthophyll cycle
(violaxanthin—antheraxanthin—-zeaxanthin), a mechanism that converts excess light energy
into thermal dissipation to prevent photo-oxidative damage. In particular, this modification
allows the release of excess light energy as heat, preventing ROS formation. Carotenoids
are classified as membrane antioxidants because their structure is able to delay the radical
propagation chain during lipid peroxidation. Moreover, carotenoid levels are modulated
through cultivation, postharvest storage, and processing. Environmental factors, such as
light intensity, temperature, and oxygen availability, influence carotenoid biosynthesis
and stability, thereby enhancing plant stress resilience and the nutritional quality of plant-
derived foods [78,79].

Flavonoids, including flavonols, flavones, anthocyanins, and isoflavones, are synthe-
sized via the phenylpropanoid pathway. Predominantly localized in epidermal tissues and
vacuoles, they exert antioxidant activity through three main mechanisms: ROS scavenging,
metal chelation, and UV screening. Flavonoids neutralize ROS via hydrogen atom or
single-electron transfer, chelate transition metals, such as Fe?t and Cu?*, which catalyze
hydroxyl radical (¢OH) formation, and absorb UV radiation, thus preserving photosystem
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integrity. Under abiotic stress, flavonoid biosynthesis is regulated by phytohormones and
reactive nitrogen species (RNS). Their synergistic action with carotenoids and ascorbate
contributes to redox balance in chloroplasts and enhances plant resilience [80,81]. Similarly,
polyphenols, such as phenolic acids, tannins, and lignin precursors, also deriving from
the phenylpropanoid pathway, participate in antioxidant defence by scavenging radicals,
chelating metals, and enhancing cell wall resistance. Their biosynthesis and accumulation
are related to crosstalk with the redox status of cells and phytohormones. These compounds
contribute to the detoxification of radical scavenging, metal chelation, and enhance cell
wall resistance [82].

3.4. Osmoregulators

Osmoregulation is a crucial adaptive mechanism that enables plants to maintain
cellular homeostasis under abiotic stress conditions such as drought and salinity. Plants
accumulate compatible solutes, known as osmolytes or osmoregulators, to counteract
osmotic imbalance, preserve cell turgor, and stabilize proteins and membranes. Among
these, proline and glycine betaine (GB) are the most studied osmoprotectants.

Proline plays a key role as an organic osmolyte that accumulates to high concentrations
in the cytoplasm of plants under abiotic conditions, particularly drought and salinity. Its
primary functions include maintaining cell turgor and osmotic adjustment, protecting pro-
teins and enzymes from denaturation, scavenging ROS, and stabilizing cell membranes [82].
Several studies have indicated that proline accumulation enhances plant tolerance by con-
tributing to osmotic regulation and protecting macromolecular structures. Moreover, in
abiotic stress conditions, proline can interact with proteins, forming a hydrophobic skeleton
that preserves cell membrane integrity. This accumulation contributes to maintaining the
osmotic balance between the cell and the external environment, improving water uptake
and preventing cellular dehydration [83].

GB is a another major osmoprotectant that plays a crucial role in stabilizing macro-
molecular structures and maintaining osmotic homeostasis under stress conditions. The
accumulation of GB is closely correlated with plant responses to abiotic stress, and it is
produced to preserve the efficiency of the photosystem and the membrane’s stability. GB
is synthesized and primarily accumulated in chloroplasts, where it protects proteins and
enzymes by maintaining their native conformations. In fact, its accumulation maintains cell
turgor and osmotic adjustment, through stabilization of the structure of macromolecules
(proteins and enzymes). Moreover, GB interacts with antioxidant systems by modulating
the activity of ROS-detoxifying enzymes, such as APX, CAT, and GR, as well as enhancing
AsA levels, thereby reinforcing cellular protection mechanisms [84].

Plants can also accumulate a wide range of other compatible solutes that function as
osmoprotectants to mitigate the detrimental effects of salinity and drought. Among these,
non-reducing sugars, polyols, and amino acid derivatives play pivotal roles in maintaining
osmotic balance, protecting cellular macromolecules, and stabilizing membranes under
stress conditions. Trehalose, a non-reducing disaccharide, has been extensively reported
to accumulate in plants subjected to abiotic stresses, where it enhances tolerance by sta-
bilizing proteins and membranes, maintaining photosynthetic activity, and modulating
ROS metabolism and hormone signalling pathways [85,86]. Polyols, such as mannitol and
sorbitol, also function as key osmoprotectants in many plant species. These sugar alcohols
accumulate in response to water deficit and drought stress, acting as osmotic buffers and
ROS scavengers while preserving protein and lipid structure by enhancing cell turgor and
photosynthetic stability [87]. In addition, amino acid derivatives, such as 3-alanine betaine,
v-aminobutyric acid (GABA), and other quaternary ammonium compounds, have been
identified as compatible solutes involved in osmoprotection and stress signalling. These
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compounds not only contribute to osmotic adjustment but also regulate the activity of
stress-responsive genes and enzymes [88].

3.5. Phenolic Compounds and Phenylalanine Ammonia-Lyase

Phenolic compounds constitute one of the largest and most diverse classes of sec-
ondary metabolites in plants. They include a wide range of molecules, such as flavonoids,
anthocyanins, phenolic acids, tannins, and lignins, all derived from the shikimate and
phenylpropanoid pathways. These compounds are characterized by one or more aromatic
rings bearing hydroxyl groups, which confer strong antioxidant properties. Beyond their
direct radical-scavenging capacity, phenolics play multifaceted roles in plant physiology,
contributing to the stabilization of cell structures, modulation of enzyme activities, and
regulation of signalling pathways under stress conditions [89,90]. The antioxidant func-
tion of phenolic compounds primarily relies on their ability to donate hydrogen atoms or
electrons to neutralize ROS and RNS, preventing oxidative damage of lipids, proteins, and
nucleic acids. Furthermore, phenolic compounds may often act as modulators of antiox-
idant enzymes, influencing the activity of CAT, POX, and SOD, and thereby integrating
non-enzymatic and enzymatic defence systems [89,90].

A pivotal role in the biosynthesis of phenolic compounds is played by phenylala-
nine ammonia-lyase (PAL), which catalyzes the deamination of L-phenylalanine to trans-
cinnamic acid and represents a crucial enzyme in the phenylpropanoid pathway, through
the shikimate pathway. As a result, PAL represents an early biochemical marker of plant
stress responses and adaptive mechanisms [90]. Several studies have demonstrated that
enhanced PAL activity correlates with increased accumulation of phenolic antioxidants
under both biotic and abiotic stresses. This upregulation contributes to the reinforcement of
plant cell walls through lignin deposition, the synthesis of phytoalexins with antimicrobial
properties, and the accumulation of soluble phenolics that mitigate oxidative damage.
Consequently, PAL is not only a key enzyme for understanding the metabolic flux towards
phenolic biosynthesis but also a crucial indicator of the plant’s ability to maintain redox
homeostasis and resilience under adverse environmental conditions [82,91-94]. The phenyl-
propanoid pathway represents a central node in plant secondary metabolism, integrating
environmental signals with metabolic reprogramming aimed at enhancing antioxidant
capacity, stress tolerance, and overall plant performance.

4. Types of Abiotic Stress and Plant Responses

Soil salinity, water deficit, and heat stress represent three of the most important abiotic
stresses that reduce crop productivity. In response, plants have evolved physiological and
biochemical adaptations to mitigate the damage caused by ionic imbalance, osmotic stress,
and oxidative damage.

4.1. Salt Stress

Soil salinity stress represents a severe challenge for agriculture, significantly affecting
crop development, yield, and overall productivity. High salinity levels in soils are caused
by the accumulation of Na* and Cl™ ions, and other salts, such as HCO; ™, Mgz’, S0,2%-,
K*, Ca?*, and CO52~ ions. These salts tend to accumulate in soils, due to high evaporation
rates of water, the use of saline irrigation water, and inappropriate agricultural irrigation
practices, particularly in arid and semi-arid regions [95].

Moreover, high salt concentrations cause osmotic stress, which reduces water uptake
and creates drought-like conditions, and ionic toxicity from the accumulation of ions in
plant tissues. This toxicity negatively affects seed germination, plant morphology, and
stomatal behaviour, decreasing photosynthetic efficiency. Therefore, plants respond to
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salinity by modulating different biochemical traits that help maintain ion homeostasis and
promote intracellular compartmentalization [96]. In addition, salinity stress influences soil
properties by reducing hydraulic conductivity and nutrient availability, which limits soil
fertility and thereby plant growth and productivity.

In the literature, many studies are available on the mitigation effect of bio-products.
In the context of sustainable agriculture, bio-products, including vermicompost-derived
extracts, humic-like substances, and microalgae formulations, have emerged as promising
bioeffectors capable of modulating plant metabolism and improving resilience to salt stress.
The following review aims to examine the current evidence regarding their role in mitigat-
ing salt stress through the regulation of antioxidant systems, metabolic reprogramming,
and signalling pathways. Bziouech et al. [97] suggested vermicompost as an amendment
(20% vermicompost + 80% organic soil) for reducing the negative effects produced by salt
stress in tomato plants (S. Iycopersicum L. var. Firenze); the results showed that the treatment
increased the morpho-physiological parameters (shoot and root length, leaf number, and
chlorophyll and carotenoid contents) and biochemical response (reduced MDA).

Similarly, Thimothy et al. [98] confirmed that different concentrations of vermicompost
(from 5% to 100%) and, in particular, a 25% dose, applied as a soil amendment in Solanum
melongena L., can improve plant growth and the activities of crucial antioxidant enzymes,
such as CAT, POX, and SOD, enhancing the defence system through enzymatic antioxi-
dant response. Several other studies demonstrated that aqueous and alkaline extracts of
vermicompost significantly mitigate the adverse effects of salt stress. Alamer et al. [99]
reported that the soil application of vermicompost (0, 5%, and 10%) and foliar application
of sorghum water extract (0, 1%, and 2%) significantly impact maize seedlings, increasing
the activity of key antioxidant enzymes, such as SOD, POD, and CAT. It also improved
ionic balance, raising the potassium/sodium ratio and decreasing the levels of cellular
damage indicators, such as MDA and H;O; content.

Salehi et al. [100] investigated that the aqueous extract of vermicompost applica-
tion in Arabidopsis (Arabidopsis thaliana L.) plants exerted significant biochemical and
metabolic effects. The extract was obtained with distilled water in a 1:10 ratio and ap-
plied in a hydroponic growth system in non-stressed and salt-stressed conditions. In
particular, the application of vermicompost extract significantly mitigated salt oxidative
damage, reducing the MDA level, electrolyte leakage, and ribulosio-1,5-bifosfato (RuBP)
accumulation. Furthermore, it improved the photosynthetic activity and antioxidant de-
fence, such as GABA, flavonoids, alkaloids, and phenylpropanoids, in roots and decreased
their concentration in leaves, suggesting a different tissue response. The glutathione ratio
(GSH/GSGG) was increased. Interestingly, treatment with vermicompost extract appeared
to redirect metabolic fluxes from the synthesis of stress-induced secondary metabolites
toward primary metabolism, thereby supporting plant growth and enhancing resilience
under stress conditions.

Chanthini et al. [35] observed that a liquid macroalgal extract of Chaetomorpha an-
tennina, a green alga, enhanced the growth of tomato (S. lycopersicum) in salinity stress
conditions. The seaweeds were boiled in sterile distilled water to obtain the extract at
100 g L~! of concentration and used in experimental trials at 80%. The results showed a
significant increase in the germination index and morphological traits such as root and
shoot length, plant height, and leaf area. Treatments with macroalgal extract improved
physiological resilience (relative water content and membrane stability index) and the
biochemical response of plants (superoxide dismutase, lipoxygenase, and phenols com-
pound contents). Furthermore, the positive effect of the treatment influenced fruit quality,
improving nutraceutical quality and organoleptic characteristics (lycopene, carotenoids,
ascorbic acid, firmness, and fresh weight).
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Also, Francioso et al. [101] showed that a microalgae-based commercial preparation
of various microalgae extracts (1 mL L), applied in fertirrigation, performed as priming
agents in L. sativa L. var. Gentile Rossa: the treatment enhanced chlorophylls content,
biomass, and seedling growth. Moreover, microalgae extract significantly increased the
plant’s tolerance to salt stress through biochemical response and antioxidant defence. In
particular, the treatment increased antioxidant enzymes such as ascorbate peroxidase and
decreased lipid peroxidation.

Similarly, Jalalian et al. [9] reported a foliar spray application of Chlamydomonas sp.
extract (0, 20, and 40 mL L) on strawberry (Fragaria ananassa Duch) under salinity
stress. The results showed a tolerance to salinity, optimizing photosynthetic pigments and
activating antioxidant enzymes (SOD, guaiacol peroxidase, and peroxidase), phenolics, and
flavonoid compounds production.

A study conducted by Chen et al. [25] treated pak choi (B. chinensis) with humic-like
substances from lignin. Lignin was treated with different concentrations of potassium
hydroxide (0.05 g, 0.25 g, and 0.50 g) and potassium persulfate (2% p/v). The results
showed that the application of these substances significantly improves the salt tolerance of
pak choi, improving the activity of superoxide dismutase and catalase.

Table 2 summarizes the bio-based product types retrieved from the recent literature
and the plant species tested, showing a salinity mitigation effect.

Table 2. Mitigation effects of different bio-based product to salinity stress.

Bio-Based . o .
Product Extraction Application Dose Plant Species Effects Ref.
Increasing shoot and root length,
. . Soil From 10% to S. Zycop.erszcum leaf numbe.r, chlorophyll and
Vermicompost Solid form . var. Firenze carotenoid contents, and [97]
amendment 20% . .
(tomato) decreasing malondialdehyde
level.
Improving plant growth and
. . Soil From 5% to S. melongena antioxidant enzymes, such as
Vermicompost  Solid form amendment 100% (eggplant) catalase, peroxidase, and 98]
superoxide dismutase.
Soil Increasing biomass, ionic
. . balance (K*/Na™*), and K*
application Vermicompost: .
. . o content. Decreasing
Vermicompost . . for vermicom- 0.5 and 10%; .
1:10 (w/v) in . . . malondialdehyde and H,O,
and sorghum post; foliar sorghum Maize seedlings . [99]
water . o content, and enhancing
extract application extract: 0.1% s
o antioxidant enzymes, such as
for sorghum and 0.2% . .
peroxidase, superoxide
extract .
dismutase, and catalase.
Reducing malondialdehyde
level, electrolyte leakage, and
RuBP accumulation. Improving
photosynthetic activity and
Vermicompost Hvdroponic antioxidant defence (such as
p 1:10 (w/v) in ydrop . A. thaliana GABA, flavonoids, alkaloids,
aqueous water growth Not available (Arabidopsis) and phenylpropanoids) [100]
extract system P phenyprop .

Increasing glutathione ratio
(GSH/GSSG). Shifting the
metabolism from stress-induced
secondary compounds to
primary metabolites.
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Table 2. Cont.

Bio-Based
Product

Extraction

Application

Dose Plant Species

Effects

Ref.

C. antennina

Microalgae
extract

Chlamydomonas

sp.

Humic-like
substances
from lignin

Boiled in
sterile
distilled
water

Commercial
extract

Not available

KOH and
potassium
persulfate

Fertilization

Fertilization

Foliar spray
application

Liquid
application

80% of stock
solution

(100 g L1

Tomato

1mLL™! Lettuce

Fragaria
ananassa
(strawberry)

0,20, and
40 mL L1

25,50, 100, and

200 mg L1 Pak choi seeds

Enhancing germination indexes,
growth, morphological traits
(root and shoot length, plant

height, and leaf area), and
physiological resilience, such as
relative water content and
membrane stability index.
Improving superoxide
dismutase, lipoxygenase, and
phenols compounds. Increasing
fruit quality, such as lycopene,
carotenoids, ascorbic acid,
firmness, and fresh weight.

Enhancing photosynthetic
efficiency and pigments, relative
water content, biomass, seedling

growth, and biochemical
response (ascorbate peroxidase,
guaiacol peroxidase, proline,
and phenol content). Decreasing
lipid peroxidation and
improving K* /Na* ratio in both
leaves and roots.

Increasing leaf area, petiole
length, and relative water
content; decreasing electrolyte
leakage, malondialdehyde
content, and hydrogen peroxide.
Optimizing photosynthetic
pigments and antioxidant
enzymes (superoxide dismutase,
guaiacol peroxidase, and
peroxidase). Increasing total
antioxidants capacity, total
phenolic compound, flavonoids,
and anthocyanins.

Improving seed germination.

[35]

[101]

[]

[25]

4.2. Drought Stress

Drought stress results from a lack of significant rainfall and the depletion of water
reserves. It triggers various physiological and molecular responses in plants, including
the accumulation of osmoprotectants, such as proline, and the activation of antioxidant
enzymes to counteract the generated oxidative stress [66]. Drought stress negatively affects
plant leaves by reducing the synthesis of photosynthetic pigments and minimizing stomatal
water loss, which is directly related to plant biomass accumulation. Typical symptoms
in water-stressed plants include leaf rolling, chlorosis, and permanent wilting [102,103].
Drought stress disrupts cellular homeostasis and limits CO, assimilation due to stomatal
closure, leading to an imbalance between light capture and energy utilization in chloroplasts.
As a result, cells accumulate ROS, such as superoxide and hydrogen peroxide. These
compounds can induce lipid peroxidation, which leads to chlorophyll degradation and
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impairs photosynthetic pigment synthesis [104]. Furthermore, a water deficit interferes
with the transport and uptake of nutrients from the soil, compromising the metabolism
and development of plants [105].

In recent years, the application of bio-products has emerged as an effective strategy
to mitigate the detrimental effects of drought stress in plants. These products enhance
plant tolerance by improving water use efficiency, maintaining photosynthetic activity, and
stimulating antioxidant and osmoprotective mechanisms.

Mohammadi et al. [103] showed that the soil application of vermicompost (3% w/w)
and mycorrhizal fungi (1:1:1 of Rhizophagus fasciculatus, Funneliformis mosseae, and Rhi-
zophagus irregulari) enhanced antioxidant defences in buckwheat under drought stress by
increasing the content of phenols, flavonoids, and rutin; moreover, the treatment improved
the content of N, P, and K, chlorophyll levels, and osmolyte accumulation, supporting
the role of bio-products in mitigating drought stress. Other studies demonstrated that
the application of liquid vermicompost significantly influences biochemical responses.
Ghaffari et al. [14] studied the effects of vermicompost tea on sugar beet (Beta vulgaris
L.). The vermicompost tea was prepared at a 1:20 (w/v) ratio by soaking vermicompost
with water for three days and was filtered to obtain an extract for foliar spray application.
After the application of the extract, at concentrations of 0, 27, and 54 L ha~!, the results
showed that its application enhanced relative water content, chlorophylls, and antioxidant
enzymes, such as CAT, APX, and POD. Furthermore, the treatment alleviated oxidative
stress by reducing hydrogen peroxide and malondialdehyde levels, which, in turn, led
to significant improvements in both plant growth and sugar beet quality under drought
conditions. Veobides-Amador et al. [106] investigated the effects of a humic vermicompost
extract, obtained with a basic solution (KOH, Urea, and KH,POy), on lettuce (L. sativa)
under low water supply at levels of 25% and 50% of the maximum water-holding capacity.
Foliar spray application was performed at three different concentrations: 1:40, 1:60, and
1:80 (v/v). The authors reported that the extract markedly enhanced biochemical responses
in the plants, including increased proline accumulation and leaf protein content, although
chlorophyll levels remained unaffected by the treatment. The study of Voko et al. [107]
found that the application of vermicompost leachate (1:20 in water) positively influences
the biochemical activity of cowpea plants during drought stress, which was simulated with
two deficit regimes (watering twice and once a week). In particular, the analysis confirmed
that the treatment increased the levels of photosynthetic pigments, soluble sugars, and
proteins. Marques et al. [8] demonstrated that foliar spray application of Asterarcys quadri-
cellularis significantly mitigates the effects of water stress on common bean (P. vulgaris)
plants. The microalgae were atomized using the spray drying method, obtaining a fine
powder; thereafter, it was diluted with distilled water in order to obtain a stock solution
of 0.25 mL L~! and applied to crops in 0.5 mL L~! and 1.0 mL L~! concentrations. Their
application improved water use efficiency and gas exchange, important parameters for
plants’ resilience to stress. Among bio-products, the application of microalgae and its
derivates also alleviates damage due to drought stress. Kusvuran [108] demonstrated that
the application of C. vulgaris methanolic extract on broccoli (Brassica oleracea var. italica)
mitigated oxidative damage, increasing the activity of antioxidant enzymes such as SOD,
APX, CAT, and GR. In particular, concentrations of 1%, 3%, and 5% were applied, but
the highest concentration had the best response. Moreover, treated plants under drought
stress enhanced nutrient uptake and phenolic compounds. Other studies suggest that the
application of humic-like substances can mitigate the oxidative damage caused by water
stress conditions. Fascella et al. [109] obtained HLSs from hydrolyzed biowaste (organic
humid fraction and compost) and applied 100 mL plant~!. The results indicate that the
drench application of this bio-product on Orange Jasmine (Murraya paniculata L. Jacq.)
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increased water use efficiency through increasing chlorophyll content and photosynthesis
activity. Similarly, Fascella et al. [110,111] reported that bio-products obtained from urban
and agricultural wastes (extracted as reported before) applied on different ornamental
species with 100 mL plant~! (Euphorbia x lomi Rauh, Lantana camara L., and L. sellowiana
Link and Otto) can enhance plants” water use efficiency and leaf gas exchanges.

Table 3 summarizes the bio-based product types retrieved from the recent literature
and the plant species tested, showing a drought mitigation effect.

Table 3. Mitigation effects of different bio-based product to drought stress.

Bio-Based . . .
Product Extraction Application Dose Plant Species Effects Ref.
Improving plant growth,
Vermicompost Vermicompost: yield, water-holding capacity,
. o . Fagopyrum . .
and . Soil 3% w/w; and cation exchange capacity.
. Solid form .. . esculentum . [103]
mycorrhizal application mycorrhizal Increasing chlorophyll, total
. . (buckwheat) . .
fungi fungi: 60 g phenols, flavonoids, rutin,
and glycine-betaine contents.
Enhancing relative water
content, chlorophylls, and
antioxidant enzymes
Vermicompost 1:20 (w/v) Foliar spray 0,27, and Beta vulgaris (superoxide dismutase,
tea in water application 54 Lha~! (sugar beet) catalase, ascorbate [14]
pp & peroxidase, and peroxidase).
Increasing root yield and
sugar yield. Reducing Hy,O,
and MDA levels.
Basic solution
Vermicompost (KOH, Urea, Foliar spray  1:40, 1:60, and Lettuce Increasing proline content [106]
extract and application 1:80 (v/v) and leaf protein.
KH,POy),
. Increasing photosynthetic
Vermicompost Liquid Vigna pigments, soluble sugars
Leachate 2 1:20 in water unguiculata ’ . ! [107]
leachate application total phenolics, and
(cowpea) .
flavonoids.
Fine powder Improymg chlorophylls.,
. . . carotenoids, total free amino
diluted with . 1 P. vulgaris ) .
Asteracys o Foliar spray 0.5mLL™" and acids, peroxidase, catalase,
. . distilled .. 1 (common . . [8]
quadricellularis application 1.0mLL and superoxide dismutase.
water bean) . .
1 Enhancing proteins and total
(025mL L")
soluble sugars.
Enhancing relative water
content, leaf water potential,
and shoot and leaf area.
Increasing antioxidant
. . . B. oleracea var. enzymes (superoxide
C. vulgaris Methanolic Foha.r sp.ray 1%, 3%, and 5% italica dismutase, ascorbate [108]
extract extract application . .
(broccoli) peroxidase, catalase, and

glutathione reductase),
nutrient uptake, and total
phenolic and flavonoid
contents.
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Table 3. Cont.
Bio-Based . .. .
Product Extraction Application Dose Plant Species Effects Ref.
Enhancing water use
efficiency and net
Humic-like Mu'rmya photo'synthesm‘ .Increasmg
L Root 1 paniculata SPAD index, nutrient uptake,
substances from  Hydrolization NP 100 mL plant . . [109]
. application (Orange and physiologic parameters
bio-wastes . .
Jasmine) (leaf, flower and fruit number,
plant height, root length, and
dry biomass).
Humic-like Euphorbia x
substances from Spray and lomiz Lantana Enhancing water use
urban and Hydrolization drench 100 mL plarlf1 ! efficiency, leaf gas exchanges, [110,111]
- S camara, and L.
agricultural application . and chlorophyll content.
wastes sellowiana

4.3. Current Limitations

Despite the scientific literature demonstrating the agronomic benefits of bio-based
products used as biostimulants, such as seaweed extract and humic substances, several
limitations make it difficult to use them on a large-scale application. The first limitation is
their high context dependency, as the performance of bio-based products strongly depends
on factors such as soil type, microbiome composition, crop genotype, and local climate.
These variables often can determine non-reproducible field results. Another major challenge
is the lack of standardized production and characterization methods. The absence of unique
protocols for the production and chemical characterization of many formulations produces
variability, making reproducibility difficult [112-114].

Moreover, a deeper understanding of the physiological and metabolic mechanisms un-
derlying plant responses to these products is crucial for the rational design of formulations,
dose optimization, and timing of application. These issues currently limit the practical
implementation and standardization of bio-based biostimulants in large-scale production
and distribution systems [7,115].

5. Future Perspective

Bio-based products, such as vermicompost-derived extracts, humic-like substances,
and macro- and microalgae, represent promising tools for mitigating oxidative damage
and enhancing plant resilience under abiotic stress conditions. Their effectiveness is
mainly related to their ability to modulate plant biochemical and physiological processes,
improve soil fertility, increase microbial biodiversity, and enhance water retention capacity.
Despite these advantages, several aspects still limit their full exploitation and require
further investigation.

While a substantial body of literature has focused on microbial biostimulants, such as
plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF),
comparatively fewer studies have addressed non-microbial bio-products, including ver-
micompost extracts and humic-like substances derived from organic wastes [116]. This
imbalance highlights the need to strengthen research efforts on extract-based bio-products,
particularly with respect to their chemical characterization, mode of action, and consistency
of performance under different environmental conditions. Future studies should aim to
establish standardized protocols for extraction, formulation, and application, in order to
reduce variability and improve reproducibility of results.
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Another important research direction concerns the combined or synergistic use of
different bio-products. Evidence suggests that mixtures of bio-based inputs may exert
enhanced effects compared to single applications, as reported for combinations of protein
hydrolysates, plant extracts, and seaweed extracts [117]. Similarly, some studies have
explored the combined use of microbial and non-microbial biostimulants [118,119]. How-
ever, the mechanisms underlying these interactions remain poorly understood. Future
investigations should therefore focus on evaluating the synergistic or antagonistic effects of
bio-product mixtures on soil fertility, microbial activity, and plant stress tolerance, as well
as on identifying optimal combinations, concentrations, and application timings.

Despite promising laboratory and pot-scale results, most studies on bio-based bios-
timulants are still conducted under controlled conditions. Long-term experiments and
open-field trials are urgently needed to assess the agronomic reliability, environmental
impact, and economic sustainability of these products under realistic agricultural scenarios.
In addition, future research should extend beyond plant responses to include soil biochemi-
cal indicators, such as the activity of enzymes involved in nutrient cycling (e.g., alkaline
and acid phosphatases and fluorescein diacetate), in order to better understand the broader
effects of bio-products on soil-plant systems.

In this context, artificial intelligence (AI) and machine learning (ML) approaches offer
valuable opportunities to support the development and application of bio-based biostim-
ulants. By integrating multi-source datasets, including soil properties, climatic variables,
crop phenology, stress indicators, and plant biochemical traits, Al-driven models can help
predict the optimal application timing, dosage, and formulation of bio-products. Such
tools may reduce the variability commonly associated with biostimulant performance
and support precision agriculture strategies, improving both the efficacy and sustainabil-
ity of bio-product use. Moreover, Al-based predictive models could assist in tailoring
biostimulant applications to specific crops, soils, and stress scenarios, thereby enhancing
decision-making processes and minimizing resource inputs.

Opverall, future research should move toward a more integrated and predictive frame-
work, combining plant physiology, bio-product chemistry, soil science, and Al-based tools.
This approach will be essential to optimize the use of bio-based products as sustainable
alternatives to chemical fertilizers and to fully exploit their potential in improving crop
productivity and resilience under abiotic stress conditions.

6. Conclusions

In conclusion, the application of bio-based biostimulants represents a promising
strategy to enhance crop resilience under abiotic stress conditions, such as salinity and
drought. Natural products derived from vermicompost, waste biomasses, and macro- and
microalgae not only mitigate physiological and biochemical damage in plants but also
offer a sustainable and eco-friendly alternative to synthetic substances. While considerable
progress has been made in understanding their effects, further research is needed to opti-
mize extraction methods, determine effective dosages, and assess their performance under
diverse field conditions. Overall, integrating these bio-products into modern agricultural
practices could contribute to increased productivity, reduced environmental impact, and
the development of more resilient and sustainable cropping systems.
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