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Abstract

Modern fruit crop production increasingly seeks sustainable strategies to enhance
Plant
biostimulants—naturally derived substances or beneficial microorganisms, such as sea-

growth, yield, and fruit quality while minimizing environmental impacts.

weed and plant extracts, Plant-Growth-Promoting Rhizobacteria (PGPR), humic substances,
protein hydrolysates, and Si—emerge as promising tools to achieve these goals by stim-
ulating key physiological and biochemical processes. They can improve nutrient uptake
and efficiency, modulate hormonal and metabolic pathways, and enhance the activity
of enzymatic and non-enzymatic antioxidants, leading to improved plant vitality and
fruit quality. Biostimulants also influence rhizosphere microbial communities and soil
health, promoting nutrient cycling, beneficial microbial diversity, and soil structure. This
review evaluates the application of biostimulants in fruit crops and their effects on growth,
physiology, productivity, fruit quality, both chemical and nutritional composition and phys-
ical parameters. Challenges related to variability in efficacy, formulation standardization,
and crop-specific responses are discussed, alongside future perspectives on integrating
biostimulants into sustainable orchard management. Overall, biostimulants represent multi-
functional tools that support both productivity and ecological sustainability in modern fruit
production systems.

Keywords: abiotic stress tolerance; antioxidant activity; climate resilience; circular economy;
endogenous hormonal regulation; marketable grade fruits; nutrient use efficiency; precision
agriculture; soil health; sustainable agriculture

1. Introduction

Modern fruit crop production faces significant challenges due to adverse weather
events, which are increasing in frequency because of climate change. All abiotic stressors,
such as drought, salinity, and temperature extremes, cause membrane damage, disrupt
ionic and osmotic homeostasis, and promote the accumulation of reactive oxygen species
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(ROS), which can impair fruit quality and reduce yields [1,2]. These frequently occurring
stress events can also increase crop susceptibility to diseases and pests [2,3]. The overuse
and overreliance on chemical fertilizers and other synthetic agri-inputs, such as pesticides,
herbicides, fungicides, and synthetic growth regulators, may also have the potential to
impact ecosystems and soil fertility [4]. In this context, ‘Plant Biostimulants” may be used
as sustainable and environmentally friendly alternatives to the conventional approaches
to crop production [5]. Unlike conventional fertilizers that primarily supply nutrients,
biostimulants are naturally derived substances or microorganisms that, when applied
to plants, seeds, or the rhizosphere, stimulate essential metabolic processes [6—8]. This
stimulation enhances nutrient uptake and efficiency, increases tolerance to environmental
stress, and improves crop yield and quality, influencing traits such as °Brix, firmness, and
phenolic content in fruit trees [9,10]. The EU Regulation 2019/1009 defines Plant Biostim-
ulants as products “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: (a) nutrient use efficiency; (b) tolerance to abiotic
stress; (c) quality traits; (d) availability of confined nutrients in soil or rhizosphere” [11].
Biostimulants can be classified into different categories based on their origin and mode
of action, including humic substances, protein hydrolysates, seaweed extracts, microbial
inoculants, and other natural compounds (Figure 1).

Main Categories of Biostimulants Used in Fruit Crops

3. Humic and Fulvic
Substances (HSs)

Organic compounds from decomposed
matter in soil. Enhance nutrient
availability and soil structure.

1. Seaweed Extracts (SWE)
From brown seaweeds like
Ascophyllum nodosum and Ecklonia
maxima. Rich in alginates, fucoidans,
polyphenols and glycolipids.

%

&

4. Beneficial Microorganism
(PGPRs, Mycorrhizae & Yeasts)
Symbiotic microbes that promote plant
growth, root health, and nutrient

5. Plant-Derived Compounds
Essential oils and extracts from various
plant parts and cultures. Natural origin
and biodegradable.

6. Nanobiostimulants
Materials <100 nm like carbon
nanotubes, chitosan, and nano clays.
Enhance uptake and precision delivery.

efficiency.

Figure 1. Classification of biostimulants for fruit growing.

This review aims to explore the current knowledge on the use of biostimulants in
fruit crop production, with a focus on their impacts on plant growth, yield, and fruit
quality. Furthermore, it discusses key limitations, challenges, and future directions for their
sustainable integration into modern orchard systems.

2. Categories of Biostimulants Used in Fruit Crops
2.1. Seaweed Extracts (SWE)
Wild seaweeds are harvested as raw materials for the manufacture of products

for the plant biostimulant, animal feed, and human food industries. Brown seaweeds
(class Phaeophyceae) are primarily used in the manufacture of biostimulants, particularly
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species that grow at high densities in the wild, can be sustainably sourced and are commer-
cially viable (reviewed by [12,13]). Commercially available seaweed-based biostimulants
are primarily derived from species such as Ascophyllum nodosum and Ecklonia maxima. Sci-
entific studies on biostimulants derived specifically from A. nodosum are well-documented,
highlighting their benefits across various crop species, including fruit crops. Extracts
from A. nodosum contain unique carbohydrates like alginates, fucoidans, and laminar-
ins, along with proteins, glycolipids, betaine lipids, non-polar glycerolipids, polyphenols,
and phlorotannins. Polysaccharides act as molecular priming agents to trigger specific
plant responses [14]. Proteins and peptides aid nutrient assimilation and hormonal regula-
tion, while glycolipids and betaine lipids stabilize membranes and osmotic balance [15].
Polyphenols and phlorotannins function as antioxidants, reducing oxidative stress [15].
Together, these metabolites improve drought tolerance and nutrient-use efficiency through
coordinated metabolic and physiological regulation (as reviewed by [12]). The European
Biostimulants Industry Council [16] reviewed the latest scientific literature and found that
seaweed-based biostimulants, particularly those derived from A. nodosum, improve abiotic
stress tolerance and crop performance by modulating gene expression and metabolism
via complex carbohydrates and biomolecules. These molecular mechanisms have been
shown to operate independently of any plant growth hormones that may (or may not) be
present in seaweed extracts; they most likely induce endogenous hormone-like activity
by modulating hormone biosynthesis and signaling pathways, potentially through the
complex carbohydrate compounds present in these extracts [8,12,16]. Functional studies
also show that growth hormones are not responsible for biostimulant effects observed on
treated plants (reviewed by [12]). In terms of efficacy, it has been shown that seaweed-based
biostimulants can vary significantly depending on the species of seaweed, the extraction
methods employed during the manufacturing process, and application parameters such as
the timing or growth stage of application, the method of application (foliar, soil, or seed),
as well as the concentration of the product used [17,18]. In recent years, research on the
use of seaweed-based biostimulants in crop production has focused on the modes of action
of these extracts, particularly their ability to enhance tolerance to abiotic and oxidative
stresses through processes known as ‘Molecular Priming’ [8,12,14]. For example, studies
on the effects of Ascophyllum nodosum extracts have demonstrated the effects of molecular
priming within plants, which involves extensive modulation of gene expression at the tran-
scriptomic level and extensive changes at the metabolic level—these changes involve genes
which influence key molecular pathways and responses in plants, such as those related
to plant tolerance abiotic stresses (such as cold, drought, heat, and salinity), tolerance to
oxidative stress, and defense responses [15,19,20]. The role of molecular priming as a key
mechanism underlying the effects of seaweed-based biostimulants in fruit crop production
warrants further investigation in future molecular and functional studies.

2.2. Protein Hydrolysates (PHs) and Bioactive Peptides

Protein hydrolysates (PHs) are complex mixtures of free amino acids and short-chain
bioactive peptides. They are produced through chemical (acid or alkaline), thermal, or
enzymatic hydrolysis of proteins derived from either animal or plant sources [21]. En-
zymatic hydrolysis of these raw materials is superior to chemical and thermal meth-
ods, as it minimizes the loss of functional peptides due to racemization and denatura-
tion, while preserving the nutritional value of the original protein sources (as reviewed
by [22-24]). Although they are inactive within their parent protein structure, they can exert
specific physiological functions upon release through enzymatic hydrolysis or fermenta-
tion. However, their bioactivity is not only dependent on their liberation from the parent
protein but also on factors such as peptide size, charge, hydrophobicity, and structural
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conformation, as these determine their interaction with biological targets and stability in
physiological conditions [23]. These peptides, derived from various plant, animal, and
microbial sources, are gaining significant attention for their potential as biostimulants due
to their diverse biological activities [25]. Some of these bioactive peptides can potentially
regulate plant growth, root development, and improve plant resistance to stresses [26].
Bioactive peptides derived by enzymatic hydrolysis can improve fruit tree health and pro-
ductivity by enhancing nutrient uptake, promoting stress resistance, and boosting overall
plant vigor [27,28].

PHs may have beneficial effects on various physiological processes, including pho-
tosynthetic activity, nutrient assimilation and translocation, as well as improvements
in quality parameters [29,30]. Their action can be direct, influencing the plant’s carbon
and nitrogen metabolism and hormonal profile, or indirect, through interactions with
plant-associated microbes that alter the microflora community in the rhizosphere or phyllo-
sphere [31-33]. The application of PHs to fruit crops can potentially lead to improvements
in yield, quality, and nutrient use efficiency [33]. The variable composition of amino acids
based on the origin of raw materials and production processes, along with differential
plant responses, poses limitations in understanding the precise mode of action of PHs [22].
Current research in PHs must also focus more on the role of amino acids as precursors for
aroma and color in fruits, as well as on metabolomic profiling and functional level studies
to elucidate cellular responses to PH applications.

2.3. Humic and Fulvic Substances (HSs)

Humic and fulvic acids are natural organic compounds present in humus, which is the
decomposed organic matter found in soil [10]. Humic acids are larger molecules soluble in
alkaline solutions but precipitating under acidic conditions, while fulvic acids are smaller
and remain soluble across all pH levels. Their absorption by plants depends not only on
molecular size but also on molecular weight, charge, functional groups, soil properties,
and application method. These acids are essential components of soil organic matter and
play a significant role in promoting soil health and enhancing plant growth [34]. Humic
substances (HSs) improve various soil properties, including water retention, aeration, and
tilth, while also enhancing nutrient uptake through the chelation of soil nutrients [35].
Additionally, HSs promote beneficial microbial activity in the soil and stimulate root and
plant growth (as reviewed by [36]). Research on HSs primarily focuses on their impact on
nutrient uptake and the modulation of biochemical properties in treated crops, which leads
to improved crop performance [37,38]. The application of fulvic acid derived from corn
straw to fruit-bearing crops, such as tomato, has been shown to enhance root development
and nutrient absorption, thereby contributing to superior crop performance [39]. Also,
application of fulvic acid in fruit trees has likewise enhanced carbon-nitrogen metabolism,
stress tolerance, nutrient uptake, and quality traits, with demonstrated benefits in apple
and citrus [40-42]. However, the effectiveness of HSs can vary considerably based on
their source, extraction method, composition, and environmental conditions, resulting in
uncertainties regarding plant responses [43]. Future research on HSs should aim to elucidate
structure-function relationships, optimize application methods, develop standardized
guidelines, and investigate the synergistic potential of combining HSs with other organic
amendments, such as compost or biochar [44].

2.4. Beneficial Microorganisms (PGPRs, Mycorrhizae and Yeast)

The beneficial categories of plant growth-promoting rhizobacteria (PGPRs) and my-
corrhizal fungi are frequently employed in the production of biostimulants. PGPRs en-
compass a diverse array of plant growth-promoting bacterial genera such as Acetobacter,
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Achromobacter, Arthrobacter, Actinobacteria, Azospirillum, Azotobacter, Bacillus, Paraburkholde-
ria, Exiguobacterium, Flavobacterium, Gluconacetobacter, Herbaspirillum, Methylobacterium,
Paenibacillus, Pseudomonas, Rhizobium, Serratia, and Staphylococcus, which are associated
with plant root systems [45]. Mycorrhizae represent symbiotic fungi that establish mutual-
istic relationships with the roots of the majority of terrestrial plants, extending their hyphal
networks into the rhizosphere [46]. Additionally, microscopic eukaryotic organisms, pri-
marily from the phyla Ascomycota and Basidiomycota (e.g., Saccharomyces spp.), are often
derived from fermentation processes and utilized in the production of microbial-based
biostimulants (as reviewed by [47]).

PGPRs enhance nutrient acquisition through mechanisms such as nitrogen fixation,
phosphorus and potassium solubilization, and siderophore production for iron uptake,
while also suppressing pathogenic microorganisms [48]. They can also influence the archi-
tecture of the plant root system, promoting deeper and denser root growth, which facilitates
improved water and nutrient absorption [49]. Arbuscular mycorrhizal fungi (AMF) play a
critical role in extending hyphal networks, significantly increasing the effective root surface
area for water and nutrient uptake, thereby reducing reliance on chemical fertilizers [50].
Yeasts are capable of producing volatile organic compounds (VOCs) and toxins that inhibit
the growth of pathogens [51]. They also compete for space and nutrients on plant surfaces,
forming biofilms and producing lytic enzymes (such as chitinases and glucanases) that
degrade pathogen cell walls, consequently reducing pathogen ingress [52].

Microbial biostimulants have been documented to improve overall plant growth,
including increases in shoot and root length, dry and fresh weight, and final yield across
various crops, including many fruit-bearing vegetables and fruit trees. Research on these
microorganisms often focuses on elucidating the complex interactions between microbes
and plants [53]. However, challenges persist, including inconsistent efficacy based on
the soil types, competition with indigenous microflora, and varying survival rates across
different soil types and pH conditions [54]. Also, regulatory obstacles, high production
costs, and a lack of standardized methods for evaluation and comparison further limit
their market penetration and consistent performance. Additionally, understanding host
specificities and population dynamics within agricultural ecosystems remains a challenge
(as reviewed by [55]). Effective biodegradable carriers and formulations are also essential
for ensuring the viability and efficiency of biostimulants based on microbials [54].

2.5. Plant-Derived Compounds (Essential Oils, Botanical Extracts)

Plant-derived compounds encompass essential oils and botanical extracts, and are
heterogeneous mixtures obtained from various parts of higher plants, including byproducts,
whole plants, specific organs, or cell cultures. Their diverse composition includes protein
hydrolysates, complex polysaccharides, phenolic compounds, hormones, amino acids, vita-
mins, and specialized metabolites [56]. Biostimulants based on plant-derived compounds
may consist of bioactives with natural growth-enhancing properties, antioxidants, or an-
timicrobial agents. Plant-derived biostimulants regulate physiological processes in plants
from germination to fructification, influencing mineral nutrition, primary and secondary
metabolism, photosynthetic processes, oxidative metabolism, and signaling-related pro-
cesses [57]. Plant-derived biostimulants can enhance crop production, impacting flowering,
fruit development, root biomass, and response to stresses [58].

The revalorization of agricultural waste by-products (e.g., vine-shoot residues) into a
plant-derived biostimulant product is an innovative and sustainable approach [59,60]. The
diverse origins of plant materials and the various preparation methods, such as ultrasound-
assisted extraction and mechanical homogenization, complicate the understanding of the
mechanisms of action of plant-derived biostimulants and their effects on plant physiol-
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ogy [58]. Additionally, the application techniques further contribute to this complexity. For
instance, biostimulants derived from essential oils present challenges, as these formulations
necessitate effective stabilization processes, including microencapsulation [61].

2.6. Nanobiostimulants

Nanoparticles of metals, semimetals, and non-metals and nanomaterials of carbon
(such as carbon nanotubes), organic (such as chitosan), and other materials such as nano
clays, characterized by at least one dimension below 100 nm, that have the potential to
exhibit biostimulatory properties [62,63]. The nanoparticles can be synthesized chemically
or biologically. Biologically produced nanoparticles, particularly those derived from plant
extracts, are more environmentally friendly, cost-effective, and involve milder reaction
conditions, making them suitable for agricultural applications [64]. For instance, the
halophytic leaf extract of Salvadora persica-zinc oxide nanoparticles (5-ZnONPs), used as
nano-seed priming agents, has demonstrated a significant enhancement in seed germination
and plant growth [65]. Additionally, silver nanoparticles from Citrus hystrix extracts have
been reported to increase water uptake and enzymatic activity, thereby contributing to
improved plant vigor [66].

Integrating nanotechnology with traditional biostimulants represents another cutting-
edge approach for the future. This technique involves utilizing nanoscale materials, typi-
cally ranging from 1 to 100 nm, to deliver bioactive compounds derived from traditional
biostimulants. Such integration is expected to significantly enhance the efficacy, targeting,
and controlled release of bioactives sourced from these biostimulants [67]. For example,
lecithin/chitosan-based nanoparticle formulations used as carriers for an Arthrospira platen-
sis-derived protein hydrolysate have been shown to enhance the efficacy of the hydrolysate
in promoting tomato plant metabolism and growth [68].

3. Modes of Action of Biostimulants in Fruit Crops

Biostimulants play a pivotal role in enhancing the growth and development of
fruit crops by modulating several biological pathways. Their effects on vegetative
and root growth are multifactorial, involving molecular, physiological, and microbio-
logical mechanisms that interact synergistically to improve plant vigor, resilience, and
productivity [69-71]. Their integration into sustainable horticultural practices enables
better resource use, increased resilience to abiotic stress, enhanced nutrient uptake, and
improved growth performance [72-74]. Therefore, continued research on crop-specific re-
sponses and molecular mechanisms will help optimize biostimulant application to achieve
high-quality and sustainable fruit production.

3.1. Stimulation of Vegetative and Root Growth

Biostimulants have emerged as valuable tools in promoting sustainable intensification
of fruit crop production, contributing to improved vegetative growth and overall plant
performance. Biostimulants, used as a complement to traditional fertilization practices,
enhance nutrient use efficiency and strengthen plants’ resilience, supporting both pro-
ductivity and environmental sustainability [6,75]. Plant growth and development result
from the coordinated action of three fundamental cellular processes: cell division, cell
expansion, and cell differentiation. Cell division, or mitosis, entails the duplication and
segregation of complete sets of genetic material. This genetic information is then selectively
transcribed and translated, guiding cell expansion and differentiation to establish final cell
form and function [76,77]. Thus, cell expansion and division are fundamental processes
that underpin vegetative growth and organ development in fruit crops [78]. Together, cell
division and expansion determine the number and size of cells in a mature organ, thereby
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directly influencing organ size and yield [77]. In plants, a family of serine/threonine kinases
known as cyclin-dependent kinases (CDKs) plays a pivotal role in regulating cell division
by controlling the progression of the cell cycle [79]. CDKs are heterodimeric enzymes
composed of an inactive catalytic subunit and an associated regulatory cyclin that activates
the kinase, whereby CDK/cyclin complexes are required for normal cell cycle progression,
as the consequent cell division and expansion. These complexes are codified by a huge
amount of genes encoding CDKs [79,80].

Biostimulants such as protein hydrolysates can influence the expression of genes
responsible for cell wall synthesis and modification. This leads to changes in cell wall de-
velopment and plasticity, promoting cell wall expansion, enhancing plant growth and
biomass, and improving root development, nutrient uptake, and tolerance to abiotic
stresses [23,24,81]. Among them, expansins (EXP) play a crucial role in loosening cell
walls, allowing cell expansion [82], while xyloglucan endotransglucosylase/hydrolase
(XTH) is involved in breaking and rejoining xyloglucan chains within the cell wall, reg-
ulating cell wall extensibility and elongation, without compromising its structural in-
tegrity [83], promoting overall plant growth. Moreover, biostimulants can stimulate the
activity of meristems, the regions of plant growth responsible for cell division and dif-
ferentiation. This leads to increased growth and development of new tissues, including
roots, shoots and leaves, and fruits. Simultaneously, it can promote the elongation of plant
tissues, contributing to larger fruits and overall plant size [70,84]. For example, an extract
from Ascophyllum nodosum (SuperFifty) has a key role as a regulator of HISTONE H4 and
CYCLIN P21, enhancing cell division at the shoot apical meristem [19]. On the other hand,
biostimulants can enhance a plant’s water-use efficiency by improving root development,
promoting soil moisture retention, and optimizing water uptake [85]. Due to the osmotic
potential within the cell and storage in the vacuole by water uptake, cell enlargement
is often facilitated [86]. Thus, the morphological response through biostimulants appli-
cation results in enhanced plant growth and vigor, with increased shoots, leaves, and
roots development.

Among the multifaceted effects of biostimulants, the enhancement of photosynthetic
efficiency represents a central mechanism [56]. Biostimulants influence photosynthesis
through biochemical, physiological, and structural modifications that enhance light cap-
ture, stomatal conductance, chlorophyll synthesis, and carbon assimilation efficiency [56].
Enhanced vegetative growth and productivity can, in part, be attributed to improved
photosynthetic efficiency and optimized resource allocation [87]. Specifically, an enhanced
capacity for carbon fixation results in increased synthesis of sugars and other organic
compounds, which serve as vital substrates for biomass accumulation [87]. This leads to
an increase in plant biomass accumulation and, consequently, to better plant growth and
productivity [87]. The use of biostimulants has been proven to improve photosynthesis,
intensifying the activity of RubisCO, a key enzyme in photosynthesis, through an increase
in CO, sequestration [88]. For instance, fulvic acid improves photosynthetic efficiency by
modulating stomatal conductance and reducing transpiration [89]. Thus, biostimulants
positively influence fruit crops by promoting meristematic activity, tissue elongation, and
overall biomass accumulation, ultimately enhancing productivity and resilience [84,85,90].

Table 1 provides examples of biostimulant effects on vegetative and root growth in
fruit crops. Additionally, biostimulants have been shown to enhance vegetative and root
growth by modulating hormonal pathways, nutrient use efficiency, antioxidant defense
mechanisms, tolerance to abiotic stresses, and rhizosphere microbiota and soil health,
by synergistically stimulating molecular, physiological, and microbiological pathways,
modifying gene expression, enzymatic activity, and cell wall remodeling mechanisms.
For example, carrageenans, a biostimulant obtained from red seaweeds Rhodophyta
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(such as Hypnea, Gigartina, Eucheuma, Kappaphycus, and Chondrus crispus), stimulate several

biochemical and metabolic processes, including nutrient uptake, photosynthesis, antioxi-

dant activity, production of secondary metabolites, and defense responses against biotic

and abiotic stresses, thereby improving plant growth [91].

Table 1. Effects of biostimulants on vegetative and root growth of fruit crops.

Biostimulant Fruit Crop

Biological Pathways

Effect Reference

4 or 6% moringa leaf extract (MLE)
0.3 or 0.4% seaweed extract (SWE;

MLE, SWE, and FA and their combinations

unknown species); ° Photosynthetic increased shogt length and diameter, leaf
. 0.1% or 0.2% fulvic acid (FA) Apple (Malus domestica L.) efficiency area, and relative leaf chlorophyll content (92]
e 4%MLE +0.3%SWE +0.1% FA cv. Anna e Plantvigor Combined biostimulants increased shoot
(combination 1) length, shoot diameter, leaf chlorophyll
o 6%MLE +0.4% SWE +0.2% FA (shoots and leaves) content, and leaf area
(combination 2)
. 1.0 g L~! of humic acids (HA)
. 3.0 g L~ of alfalfa protein
hydrolysate (APH)
e 40gL"!of macroseaweed extract APH, SWE, SPI, VIT, and CHI promoted
(SWE; EPknOWn species) biomass accumulation in roots
° 4.0gL"" of microalga hydrolysate . Roots development APH, VIT, CHI, and SIL increased leaf area
from Sf”]" ulina spp. (SPI) Strawberry (Fragaria x . Plant vigor (shoots (+15-30%)
° 30gL" of mix of amino ananassa Duch.) and leaves) HA, ZIN, and SIL increased leaf [93]
acids (ly{AA) . ) cv. Elsanta . Photosynthetic photosynthetic rate at 57 DAT (days
° 30gL " of MAA com;bmed with efficiency after transplanting)
pure p};lienylalamne (1%) (PHE) APH increased chlorophyll content at the
° 3.0gL™" of MAA combined with end of the experiment (88 DAT)
zinc (2%) (ZIN);
. 1.0 g L~ of B-group vitamins (VIT)
. 10 mL L~ of chitosan (CHI)
. 0.3mL L~ of siliforce® (SIL)
. 3.0gLtand 4.0 gL ! of fulvic
acid (FA)
. 3.0gL 'and4.0gL ! of seaweed .
extract (SE; unknown o i ° Pl:iinlt vigor (shoots FA and SE, and their combinations,
species)—extract composition: Guava (Psidium guajava and leaves) increased shoot length and diameter, leaf [89]

alginic acid 15-18%, organic matter L.) cv. Maamoura
45-55%, potassium K,O 16%, N

2.5-3%, P, 05 4.5-5% and water

solubility 99.1%

FA +SE

. Photosynthetic
efficiency

area, and total chlorophyll

250 and 500 ppm of Glu, Met, L-Try,
and Lys amino acids
250 ppm Glu + 250 ppm Met + 250

. Plant vigor (shoots

Foliar application of Glu, Try, Met, Lys, and

ppm L-Try +250 ppm Lys Peach (Prunus persica L.) and leaves) ) th.eir combinations increased shoot [94]
(combination 1) cv. Florida Prince . Photosynthetic thickness, leaf area, and total
. 500 ppm Glu + 500 ppm Met + 500 efficiency chlorophyll content
ppm L-Try + 500 ppm Lys
(combination 2).
. 25,50,and 100 mg L~! of )
putrescine (Put) . Plant vigor (shoots Put, Brs, and (;HI increased shoots number,
. 0.5,1,and 2mgL~! of Mango (Mangifera indica and leaves) length, and tthkl‘{ESS [95]
brassinosteroids (Brs) L.) cv. Keitt . Photosynthetic P‘ut, Brs, and CHI improved leaf area, trunk -
. 500, 1000, and 1500 mg L~ of efficiency girth, and leaf chlorophyll content
chitosan (CHI)
. Soil fertilization with 0,1, and 2 k. A
per tree of 100% water-soluble H Ag o Plant vigor (shoots Shoot length and diameter, and total leaf

Foliar fertilization with 0,0.2, 0.3, Navel Orange (Citrus

and leaves)

chlorophyll increased as the amount of HA,

X SWE, and MLE increased

andk0'4% of SWE sinensis L) cv. Osbeck ¢ Photosynthetic 2kg HA with 0.4% SWE + 6% MLE sprays el

(unknown species). efficiency lted in th . .
. Foliar fertilization with 0, 2, 4, and resulted in the greatest vegetative

6% of MLE. growth increases

Improvement of shoot and root growth
. Plant vigor (shoots parameters (leaf number, number of roots,

. 1,5, 10, and 50% solutions of: and leaves) number of branches, plant height, shoot
. Gracilaria edulis (G Sap) Kiwifruit (Actinidia . Roots development diameter, root length, root diameter, and
. Kappaphycus alvarezii (K Sap) deliciosa) cv. Monty, Abott,  ® Photosynthetic root weight) in all treatments [97]
. Ascophyllum nodosum (AN) Hayward, Allison. Bruno. efficiency Higher chlorophyll and secondary
. Ecklonia maxima (EM) y ’ ! . Gene expression metabolites content
. Humic acid (HA) modulation Higher expression of root promoting

candidate genes (GH3-3, LBD16, LBD29
and LRPI)
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Table 1. Effects of biostimulants on vegetative and root growth of fruit crops.
Biostimulant Fruit Crop Biological Pathways Effect Reference
Increased fresh and dry biomass, shoot
Plant vigor (shoots length, root length, and stem width
. BC204 (citrus-based plant ) and leaves) Increased plant growth as a result of
biostimulant containing extracts Tomato (S. lycopersicum) Roots development upregulation of genes involved in 98]

from Citrus aurantium and other
plant extracts and acids)

cv. Moneymaker

Gene expression
modulation

photosynthesis, various aspects of cell wall
biogenesis, remodeling and restructuring,
carbohydrate metabolism, signaling, stress
response, and secondary metabolism

. CBL (CropBioLife, Aussan
Laboratories Pty Ltd.,
Campbellfield, VIC, Australia,
containing 12% of flavonoids,
3mLL1)

Plant vigor (shoots
and leaves)

Vigorous growth in the aerial or productive
part of the plants

Larger cell area and leaves

Increased photosynthetic rate, CO, fixation,
stomatal conductance, and number

. Photosynthetic of stomata
Tomato (5. lycopersicum L.) efficiency Increase in water transport, evidenced by [99]
cvMarmande Osmotic regulation the upregulation of most
Gene expression aquaporin isoforms
modulation . Greater nutrient uptake by the plant
. Upregulation of several key genes involved
in different metabolic pathways related to
plant growth

3.2. Endogenous Growth Hormone Signaling and Modulation

Proper plant growth, development, reproduction, senescence, and stress toler-
ance require the coordinated regulation of multiple physiological and biochemical pro-
cesses [56,90]. This regulation is largely mediated by phytohormones, which act as signaling
molecules [56,90]. Hormonal regulation in plants is highly interconnected, with individual
hormones often modulating diverse biological functions, and multiple hormones collec-
tively contributing to the control of a single physiological response [100]. Key plant growth
phytohormones include auxins, cytokinins, gibberellins, ethylene, and abscisic acid. Other
important hormones are brassinosteroids, jasmonates, and salicylic acid [56,101]. Some
biostimulants may contain phytohormones or hormone-like compounds that can directly
regulate plant growth and developmental processes [102]. While some studies have sug-
gested that the application of seaweed extracts may increase plant growth or modulate
the expression and localization of growth hormones within plants, it has not been demon-
strated that such effects are due to the presence of hormones in such extracts [12]. Moreover,
Sujeeth et al. [12] reviewed functional studies showing that the trace amounts of plant
hormones detected in some seaweed extracts are not directly responsible for the observed
effects on treated plants. Using phytohormone-insensitive and biosynthetic mutants, these
studies demonstrated that the growth responses were more likely driven by changes in the
plants” own endogenous hormone pathways, rather than by exogenous phytohormones
present in the extracts [8]. As such, the “growth hormone model” of how seaweed extracts
affect plant growth has not been fully supported by the literature, and other modes of
action have been considered [8]. In this context, new research indicates that different
molecular mechanisms are involved in the effects of seaweed extracts on plants, which are
independent of any plant growth hormones that may (or may not) be present in seaweed
extracts; for example, studies show that A. nodosum extracts improve abiotic stress toler-
ance and crop performance by modulating gene expression and metabolism, effects that
are likely due to the activity of complex carbohydrates and biomolecules found in these
extracts (reviewed by [8,12,16]). Further research in this area is required to fully elucidate
the changes and pathways induced by seaweed extracts at the molecular level [16].

Biostimulants can modulate the expression of genes associated with hormone
metabolism, such as auxin, gibberellin, and cytokinin —key hormones that play crucial roles
in regulating cell division and differentiation [103]. Modulation of phytohormone levels
can initiate signaling cascades that regulate numerous physiological processes. Acting
as central signaling messengers, phytohormones activate stress-responsive genes and in-
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duce physiological and structural adjustments, thereby enhancing the plant’s tolerance to
abiotic stress [90].

Auxins regulate multiple aspects of plant growth, including cell division, cell elon-
gation, root and shoot development, and apical dominance [101,104]. It is primarily
synthesized in actively growing tissues such as the shoot apical meristems, young leaves,
and developing fruits and seeds, where its concentration is typically higher compared
to other parts of the plant, such as the roots [101,104]. Auxins are essential for enabling
plants to cope with abiotic stresses by integrating environmental signals and modulating
downstream physiological responses [105,106]. Under abiotic stress conditions such as
drought, salinity, and extreme temperatures, auxin operates in coordination with other
hormones—particularly salicylic acid and abscisic acid—to precisely regulate plant stress
responses [105,106]. Auxin-responsive genes are genes whose expression is altered in
response to the plant hormone auxin. These genes play crucial roles in various plant
developmental processes, including cell growth, division, and differentiation, and are
generally upregulated in response to auxin-like stimuli. Among them, auxin/indole-3-acetic
acid (Aux/IAA), Gretchen Hagen 3 (GH3), auxin response factors (ARFs), and small auxin-up
RNA (SAUR) are the main families of early auxin-responsive genes [107,108]. The Aux/IAA
gene family encodes Aux/IAA proteins, which are key regulators of the auxin signaling
pathway. Together with ARFs, these proteins modulate the expression of auxin-responsive
genes, acting as intermediaries that translate auxin perception into specific changes in gene
expression [107-110]. GH3 genes play a critical role in both normal plant development and
in plant defense responses to various abiotic and biotic stress factors, regulating hormone
homeostasis [108,111]. SAUR genes encode small, rapidly induced proteins involved in
auxin-mediated cell elongation. They are thought to play a role in cell wall loosening and
other processes related to cell expansion [112,113]. Lateral organ boundary domain (LBD)
genes are transcription factors involved in multiple aspects of plant development, particu-
larly in the formation of lateral organs such as roots and leaves, and they also contribute to
the plant’s responses to abiotic stress [114,115]. PIN proteins, encoded by the PIN-formed
(PIN) gene family, are transmembrane transporters responsible for the directional transport
of auxin within plant tissues. By establishing and maintaining auxin gradients, they play a
crucial role in regulating key developmental processes, such as root branching and organ
patterning [116,117]. Actually, the application of certain brown seaweed extracts has been
shown, via molecular analyses, to upregulate auxin-related genes and increase the total
length and number of fine roots, enhancing root architecture and boosting yield in fruit
crops, as tomato and apple [118].

Cytokinins are a class of plant hormones that play a pivotal role in promoting cell
division and proliferation, particularly within the shoot apical meristem [119]. They also
regulate multiple aspects of plant growth and development, including leaf formation, apical
dominance, and the mobilization of nutrients [119]. Cytokinins are widely recognized as
key promoters of mitotic cell division in the shoot, where they drive meristem activity and
organ formation [120,121]. Their signaling pathway integrates into the core machinery
controlling cell cycle progression by regulating the expression of key cell cycle regulators,
such as cyclins (CYCD) and cyclin-dependent kinases (CDKs) [120,121]. Through this
regulation, cytokinins promote the G1-to-S phase transition, facilitating active cell prolif-
eration [120,121]. Additionally, cytokinin promotes cell cycle progression by stimulating
the nuclear translocation of the Myb-domain protein 3R4 (MYB3R4), a transcription factor
that activates mitosis-related genes [121]. Beyond cell cycle control, cytokinins signaling
activate the expression of the homeobox gene STIMPY (STIP or WOXD9) in meristematic
tissues, a gene essential for preserving meristematic cell identity and sustaining continuous
growth [122]. This cytokinin-driven regulation of WOX9 also interacts with other develop-



Horticulturae 2025, 11, 0

11 of 39

mental pathways, such as auxin signaling, and the WUSCHEL (WUS) regulatory network,
to balance stem cell maintenance and differentiation within the shoot apical meristem [123].

Biostimulants, such as humic substances, seaweed extracts, and plant or microbial
derivatives, can enhance cytokinin biosynthesis or signaling, either by upregulating genes
like isopentenyl transferase (IPT), involved in cytokinin production, or by downregulating
cytokinin oxidase/dehydrogenase (CKX) genes, which degrade cytokinins [124,125]. This
modulation amplifies cytokinin’s effects on meristematic activity, promoting shoot growth,
delaying senescence, and improving the plant’s ability to tolerate abiotic stresses [124,125].
For instance, Bacillus velezensis 83 induced the upregulation of cytokinin-related genes
ARRS5 and LBD3, enhancing cell proliferation and plant growth [126]. Furthermore, the
synergistic interaction between cytokinins, which promote cell division by modulating
mitotic activity, and auxins, which trigger cell cycle initiation and facilitate DNA replication,
is critical for the precise regulation of plant cell proliferation [101].

Gibberellins (GAs) are diterpenoid plant hormones that promote organ elongation
by inducing cell wall remodeling and cell expansion [127]. They play key roles in various
developmental processes such as stem and leaf growth, seed germination, and phase transi-
tions [128]. GA signaling interacts closely with other hormones—including auxin, cytokinin,
brassinosteroids, and abscisic acid—to regulate growth under changing environmental
conditions [129]. Their biosynthesis is controlled by genes like GA200x, GA30x, and GA2ox,
which maintain optimal GA levels for coordinated plant development [128]. GAs signal-
ing is initiated upon GA perception by the GIBBERELLIN INSENSITIVE DWARF1 (GID1I)
receptor, which undergoes a conformational change enabling high-affinity binding to
GRAS-domain DELLA repressors [127,130-132]. The resulting GA-GID1-DELLA complex
is recognized by the SCF (GID2/SLY1) E3 ubiquitin ligase, promoting polyubiquitination
and subsequent 26S proteasome-mediated degradation of DELLA proteins [128,130-132].
This proteolytic depression permits the activation of downstream transcriptional regula-
tors, such as PHYTOCHROME-INTERACTING FACTORS (PIFs), thereby reprogramming
GA-responsive gene expression and modulating organ growth, developmental phase tran-
sitions, and stress-adaptive responses [127,128,130-132]. Exogenous application of GA is
frequently employed in agricultural practices, which can enhance vegetative growth and
crop yield [133].

Abscisic acid (ABA) has emerged as a central regulator of leaf senescence, acting
predominantly through transcriptional networks that coordinate chlorophyll degrada-
tion and cellular dismantling [134-136]. ABA signaling activates key transcriptional
regulators—including NAC-domain and WRKY transcription factors, as well as ABF/ABI5—
which collectively upregulate senescence-associated genes such as NYE1, SGR, and NYC1,
which are critical for chlorophyll catabolism and the disassembly of photosynthetic
structures [134-136]. The underlying ABA perception involves PYL/RCAR receptors form-
ing complexes that inhibit PP2C phosphatases, thereby enabling SnRK2 kinases to phospho-
rylate ABI5 and related ABFs, initiating transcription of senescence genes [136,137]. These
ABA-responsive cascades are further integrated with ethylene- and jasmonic acid-mediated
pathways, as well as environmental stimuli such as drought, ensuring coordinated con-
trol of senescence timing [135,138]. Biostimulants, including microbial, plant-derived,
and seaweed extracts, can enhance plant resilience to abiotic stress by modulating ABA
signaling pathways [84].

Ethylene is produced and active in multiple plant tissues, such as the stems, leaves,
flowers, roots, seeds, and fruits, where it regulates diverse physiological processes, being
often referred to as an “aging hormone”, as it accelerates, and is sometimes essential for,
processes such as fruit ripening, senescence, and organ abscission [139-141]. However,
when cytokinin levels rise in a plant, the roots produce more ethylene, which negatively
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impacts the plant by causing damage to the integrity of its cell membranes [101]. In the
ethylene biosynthetic pathway, S-adenosyl-L-methionine (SAM), derived from the me-
thionine cycle, is converted to 1-aminocyclopropane-1-carboxylic acid (ACC) through the
catalytic action of ACC synthase (ACS), which represents the key regulatory step. Subse-
quently, ACC is oxidized to ethylene, along with by-products CO, and cyanide, via ACC
oxidase (ACO) in an oxygen-dependent reaction, completing the terminal step of the Yang
cycle [141,142]. Once produced, ethylene functions as a key regulator of numerous physio-
logical and developmental processes, including organ growth, ripening, senescence, and
stress adaptation, through a signaling cascade involving endoplasmic reticulum-localized
receptors (ETR/ERS), CTR1 kinase, EIN2, and downstream EIN3/EIL transcription factors
that orchestrate ethylene-responsive gene expression [141]. Biostimulants have been shown
to modulate ethylene biosynthesis by attenuating stress-induced ethylene production, often
through downregulation of ACS and ACO activity, which can delay premature senescence,
maintain photosynthetic competence, and enhance plant resilience under adverse environ-
mental conditions. This hormonal modulation contributes to sustained growth, biomass
accumulation, and yield stability despite abiotic stress factors such as drought, salinity, or
extreme temperatures [55,143].

Hormonal modulation through biostimulant application can result in numerous effects
in several fruit crops as guava [89], tomato [144], sweet cherry [10,145], blueberry [146], and
strawberry [147], among others. As previously mentioned, biostimulants such as seaweed
extracts, protein hydrolysates, humic/fulvic acids, and beneficial microorganisms enhance
growth, stress tolerance, nutrient uptake, and hormone-related gene regulation in fruit
crops. Table 2 summarizes the effects of major biostimulants on hormonal modulation in
fruit crops.

Table 2. Effects of key biostimulants on hormonal regulation in fruit crops.

Biostimulant Phytohormone Pathway Effect Reference
. Stimulate plant growth and overall production
. Cytokinins . Enhance stress tolerance
. Auxins . Enhanced nutrient absorption [69]
. Gibberellins . Accelerated seed germination
° Is)iaweeﬁ extractsi:)(fr om | . Improved flower and fruit development, leading to higher fruit quality
aeophyceae—brown algae,
Chlorophyceae—green algae, . Auxins .
and Rhodophyceae—red algae), o Cytokinins . Improved phytohormone content through E. maxima application, 146
Ascophyllum nodosum; Ecklonia ° Abscisic acid promoting cell growth and division, and increasing fruit weight and size [146]
maxima; Sargassum spp.; . Gibberellins
Laminaria; Turbinaria; Fucus; . ) - T .
Macrocystis pyrifera o Auxins . Promote cell division, elongation, and differentiation, leading to enhanced
, growth of roots and shoots .
. Cytokinins S [148]
! . . Improve seed germination and development
. Gibberellins . .
. Improve stress tolerance and resistance to pests and diseases
R Auxins . Promote crop performances
: . . Enhance rooting and shoot length [149]
. Gibberellins o . -
. Improve plant nutrition and phytochemical composition
. . Enhance plant growth (root and leaf biomass)
. Auxins : 150]
. Gibberellins N Increase yield [
. Mitigate abiotic stresses
. Protein hydrolysates . Improvements in root development
. Increased shoot length
. . Upregulation of GA 3-beta-dioxygenase, and downregulation of GA
. Auxins ) s -
. . 2-oxidase, genes related to the activation/deactivation of GAs
. Gibberellins lation of cytokinin riboside 5' hosphate phosphoribohydrol 151
o Cvtokinins . Upregulation of cytokinin riboside 5'-monophosphate phosphoribohydrolase, [151]
Y related to cytokinin production, plays a role in modifying root architecture
. Ethylene .
. Induces the accumulation of ethylene precursor

(1-aminocyclopropane-1-carboxylate), stimulating flowering, plant
growth, and cell division
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Table 2. Effects of key biostimulants on hormonal regulation in fruit crops.
. Auxins . Increase crop/plant growth 136]
. Cytokinins . Stimulate root and shoot growth :
. . Upregulation of auxin-responsive protein SAUR20 and gibberellin 2-beta
. Auxins di 2 [152]
e Gibberellins foxygenase 2 genes i ) :
) o . Increase in shoot and root biomass and in the numbers of leaves and fruits
. Humic and fulvic acids
. Auxins . Induce root development in plants [150]
. Auxins . Enhances vegetative growth in plants by stimulating the production of key
. Gibberellins phytohormones, including IAA, GA, and cytokinins [89]
. Cytokinins . Enhancing the biosynthesis of antioxidants and essential vitamins, thereby
supporting cellular function and stress resilience
. Bacillus velezensis 83 (Bv 83) promotes plant growth by increasing total
biomass, shoot and root biomass, lateral root number, density, and length,
. Cytokinins as well as shoot diameter [126]
. Bv 83 induced the upregulation of cytokinin-related genes ARR5 and
LBD3, enhancing cell proliferation and plant growth
. Beneficial microorganisms . Auxins . PGPR promotes plant gr.owth by inducing the expression of 175]
auxin-responsive genes in host-plant roots
. PGPR can alleviate plant oxidative stress by producing
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, which
. Ethylene modulates ethylene [153]

. PGPR has the capacity to regulate ethylene content; however, at higher
amounts, it may inhibit root elongation

3.3. Improvement of Nutrient Use Efficiency

Crop species are frequently exposed to nutrient stresses during their growth cycle,
primarily due to limited bioavailability of essential mineral elements such as nitrogen (N),
phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe). To sustain growth and metabolic bal-
ance, plants have developed complex regulatory networks that integrate nutrient sensing,
signaling, and transport, enabling coordinated adjustments in uptake, translocation, and
utilization to maintain homeostasis under fluctuating nutrient conditions [154]. A key mech-
anism to improve nutrient acquisition and assimilation is through the modulation of root
system architecture, thereby increasing the soil volume explored for nutrient foraging [155].
Plant root system architecture exhibits high plasticity in response to nutrient availabil-
ity [76,156]. These responses include modulation of primary root elongation, lateral root
branching, root hair proliferation, and rhizosphere exudation, processes tightly regulated
by nutrient-specific signaling pathways and hormonal crosstalk. Such adjustments enhance
the plant’s capacity to access water and nutrients from deeper soil strata, thereby playing a
decisive role in determining plant performance and overall productivity, particularly under
adverse environmental conditions such as drought or nutrient limitation [157,158].

Biostimulants such as humic substances, seaweed extracts (e.g., Ascophyllum nodosum),
and microbial inoculants (PGPR and AMF) have been shown to stimulate auxin- and
cytokinin-mediated developmental programs that promote lateral root initiation, elonga-
tion, and root hair proliferation. This morphological plasticity enhances the plant’s capacity
to access both macro- and micronutrients, particularly immobile elements, which are con-
centrated in localized soil microdomains [159,160]. Moreover, seaweed-derived extracts,
particularly those enriched in bioactive polysaccharides such as alginates and fucoidans,
have been shown to enhance the uptake and assimilation of essential macronutrients across
diverse crop species [161]. Similarly, humic and fulvic substances as well as protein hy-
drolysates stimulate root development, leading to increased surface area for absorption and
improved uptake of essential nutrients [89,149,162]. On the other hand, biostimulants such
as humic substances, amino acid complexes, and microbial inoculants enhance nutrient
bioavailability by promoting chelation and solubilization in the rhizosphere. Humic and
fulvic acids chelate micronutrients like Fe, Zn, and Cu, while PGPR and mycorrhizal fungi
release organic acids and siderophores to solubilize phosphate and trace elements. These
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processes collectively improve nutrient uptake efficiency, supporting plant growth and
resilience under nutrient-limited conditions [163,164].

Plasma membrane H*-ATPases (PMAs) are primary active transporters that hydrolyze
ATP to extrude protons (H") from the cytoplasm into the apoplast, playing a central
role in nutrient acquisition, regulating root elongation and branching, facilitating the
uptake and long-distance translocation of macro- and micronutrients, and supporting
the formation of mutualistic interactions with AMF [165]. A core mechanism by which
biostimulants enhance nutrient acquisition is through the activation of PMAs activity in
root cells. Specifically, humic and fulvic acids have consistently been shown to stimulate
PMAs activity at both post-translational and transcriptional levels, leading to increased
extracellular H* efflux, apoplastic acidification, and enhanced energization of nutrient
transporters for nitrate, phosphate, and other ions [166-168]. Actually, humic substances
(HS) act as plant biostimulants by targeting multiple molecular and physiological pathways.
They activate plasma membrane H*-ATPases, upregulate nutrient transporter families,
modulate key phytohormonal signaling routes (auxin, cytokinin, and ABA), and enhance
the transcriptional and enzymatic machinery for nitrogen assimilation. HS also regulates
genes involved in cell division and differentiation, thereby improving nutrient uptake,
metabolic efficiency, and overall plant growth [167,169].

Beyond H*-ATPases activity, root nutrient uptake is mediated by specialized trans-
porter families, whose activity is tightly regulated by nutrient availability, hormones, and
environmental signals. This modulation improves nutrient use efficiency and plant per-
formance, especially under stress [170,171]. Humic substances, seaweed extracts, protein
hydrolysates and amino acids, and microbial inoculants enhance plant nutrient uptake by
modulating the expression and activity of root-localized nutrient transporters [172,173].
These include nitrate transporters (NRT1.1, NRT2.1) [174] and ammonium transporters
(AMT1;1), which enable plants to acquire NH4*, the dominant nitrogen form in flooded
or acidic soils, thereby meeting nitrogen demands and supporting growth under such
conditions [175]. Nitrogen (N) holds particular significance among essential plant nu-
trients, as it is assimilated primarily through nitrate (NO3; ™) reduction and subsequent
incorporation into organic forms, serving as the fundamental precursor for amino acid,
protein, and nucleic acid biosynthesis, as well as chlorophyll formation and photosynthetic
efficiency [174]. Thus, beyond nitrate transporters, this process is accompanied by the
transcriptional upregulation of key genes involved in nitrogen metabolism, including those
encoding nitrate reductase (NR), nitrite reductase (NiR), aspartate aminotransferase (AST),
glutamine-dependent asparagine synthetase (ASN1), ferredoxin- and NADH-dependent
glutamate synthases (GLT and GLS), glutamate dehydrogenase (GDH), and glutamine syn-
thetases (GS1 and GS2), collectively facilitating the efficient assimilation of inorganic nitro-
gen into organic compounds [56]. Other important nutrient transporters include phosphate
transporters (PHT1) [176], potassium transporters (HAK/KUP/KT, AKT) [177], and sulfate
transporters (SULTR) [178], as well as iron and zinc-related transporters, iron-regulated
transporter (IRT/IRT1), zinc-regulated transporter (ZRT), the heavy metal ATPase family
protein (HMA), vacuolar iron transporter (VIT), natural resistance-associated macrophage
protein (NRAMP), and the metal tolerance protein (MTP) family [179,180]. This coordinated
regulation improves nutrient uptake efficiency and supports plant growth, particularly
under nutrient-deficient or stress conditions. Therefore, biostimulants enhance not only the
acquisition of nutrients but also their assimilation and translocation within plants, thereby
improving overall nutrient use efficiency. For instance, humic substances and protein
hydrolysates stimulate the activity and expression of key enzymes involved in nitrogen
metabolism. Likewise, seaweed extracts, rich in polysaccharides, further promote the
mobilization of assimilated nutrients by enhancing phloem loading and xylem transport.
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These effects collectively facilitate the efficient redistribution of macro- and micronutrients
to growing tissues, supporting biomass accumulation, stress resilience, and improved crop
productivity [172,173].

3.4. Activation of Antioxidant Defense System

Biostimulants optimize plant growth conditions and modify key physiological pro-
cesses to enhance plant performance. An important feature of their efficacy, often explored
in targeted research, is their capacity to modulate the plant’s antioxidant response. Stud-
ies have shown that the application of biostimulants directly influences enzymatic and
non-enzymatic antioxidant networks, thereby reinforcing redox regulation and contribut-
ing to plant performance. In fruit crops, oxidative metabolism encompasses a series of
biochemical reactions essential for maintaining cellular redox balance. Under optimal
conditions, reactive oxygen species (ROS) such as superoxide anions (O, ), hydrogen
peroxide (H,O,), and hydroxyl radicals (-OH) are produced at controlled levels, serving as
signaling molecules in various physiological processes [56,181-183].

To maintain this balance, fruit plants rely on antioxidant defense systems that comprise
both enzymatic and non-enzymatic components. Enzymatic antioxidants include superox-
ide dismutase (SOD), which catalyzes the dismutation of superoxide radicals (O, ) into
hydrogen peroxide (H,O5), catalase (CAT), which decomposes H,O, into water and oxy-
gen, and peroxidases (POX), such as ascorbate peroxidase (APX) and glutathione-related
enzymes, which together regulate ROS homeostasis [56,184-186]. The activity of these en-
zymes is finely controlled by signaling cascades, including mitogen-activated protein kinase
(MAPK) pathways, abscisic acid (ABA)-mediated regulation, and NADPH oxidase-derived
ROS signaling [187-193]. Mostly, these enzymes are located across multiple subcellular
compartments, highlighting the compartmentalized regulation of redox homeostasis, and
may selectively upregulate distinct sets of genes or isoenzymes, such as Cu/Zn-SOD is
often upregulated under abiotic stress (e.g., drought and cold), Mn-SOD, and Fe-SOD show
variable expression depending on subcellular site and type of stress [194], and APX iso-
forms (cytosolic, chloroplast, peroxisomal) are differentially expressed depending on ROS
source and signal strength [193]. Non-enzymatic antioxidants, such as ascorbic acid, proline,
glutathione, carotenoids (like -carotene and lutein), and tocopherols, complement these
mechanisms by directly neutralizing ROS and regenerating oxidized forms, thus ensuring
redox stability. In addition, carotenoids and tocopherols, being lipid-soluble compounds,
play a crucial role in stabilizing membrane lipids and protecting photosystem II from
oxidative damage, thereby safeguarding the photosynthetic apparatus [185,186,195-200].

The application of biostimulants, particularly those derived from seaweed extracts, pro-
tein hydrolysates, humic substances, and beneficial microorganisms, has been widely rec-
ognized for enhancing the activity of antioxidant enzymes and increasing the concentration
of non-enzymatic antioxidants, which directly improves plant physiological performance.

Seaweed-based biositmulants have been among the most studied for their effects on
antioxidant modulation. SuperFifty®, a seaweed-derived formulation, stimulates the plant
antioxidant defense system, particularly glutathione metabolism and redox-regulating
pathways, thereby protecting against oxidative stress and safeguarding photosynthesis
in raspberries and strawberries [201]. Treated fruits maintained stable levels of key an-
tioxidants such as glutathione, caffeic acid, p-coumaric acid, kaempferol, and quercetin,
improving both stress resilience and nutritional quality [201]. In tomatoes, SuperFifty®
similarly enhanced the ascorbate-glutathione cycle, flavonoid pathways, and antioxidant
metabolite pools (ascorbic acid, dehydroascorbic acid (DHA, DDHA), glutathione, GABA,
caffeic acid, and quercetin), thereby strengthening protection against oxidative stress dur-
ing drought [202]. Seaweed-based biostimulants have also improved phenolic content,
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antioxidant activity, and postharvest maintenance of antioxidant levels in cherries, although
responses varied by cultivar and application strategy [203].

Humic- and fulvic acid-based treatments also promote antioxidant enhancement. In
apricot trees, foliar applications of Hendophyt®, Ergostim®, and Radicon® (vermicompost-
derived humic and fulvic acids) significantly increased total phenolic content and overall
antioxidant capacity relative to untreated controls [204].

Plant-derived and microalgae-based biostimulants have shown similar effects. Foliar
application of moringa leaf extract (MLE) to ‘Kinnow’ mandarin increased ascorbic acid,
total phenolic content, and antioxidant enzymatic activities such as SOD and CAT [205].
In apples, foliar treatments with microalgae extract, B-group vitamins, and alfalfa protein
hydrolysate significantly increased antioxidant capacity and phenolic content, particularly
in the skin [206].

Collectively, these studies demonstrate that biostimulant efficacy in fruit crops depends
on both the biostimulant origin and the mode of application, yet consistently converges
on the activation of antioxidant metabolism and secondary phenolic pathways. Beyond
antioxidant modulation, biostimulants also support plant functionality by promoting
osmotic regulation through the accumulation of compatible solutes, contributing to ion
homeostasis, and influencing stress-related gene expression associated with antioxidant
defense and signaling [152,207,208]. These multifaceted mechanisms demonstrate how
biostimulant application strengthens plant metabolism and performance, with particular
benefits in fruit crops.

3.5. Effects on Rhizosphere Microbiota and Soil Health

Plants host complex and dynamic microbial communities on both external and internal
tissues. The rhizosphere and phyllosphere are key hotspots where microbes actively
interact with plants, influencing development, growth, and productivity. Additionally,
microorganisms colonize internal tissues, continuing to affect plant performance. These
interactions are driven by continuous release of root and leaf exudates—such as amino
acids, sugars, and organic acids—that serve as nutrients or signaling molecules, shaping
microbial populations [209].

Biostimulants play a crucial role in modulating these plant-microbe interactions by
promoting beneficial microbial communities, improving soil functionality, and supporting
overall ecosystem health. Such modulation enhances enzymatic activities in the soil,
promotes nutrient cycling, improves structure and aeration, and contributes to pathogen
suppression through microbial competition or by inducing systemic resistance [210,211].

Microbial and bio-organic fertilizer-based biostimulants have shown particularly
strong impacts on soil microbiome composition and performance. For instance, the appli-
cation of bio-organic fertilizer (BOF), enriched with Bacillus velezensis SQR9, significantly
enhanced pear yield by modulating both soil physicochemical properties and rhizosphere
microbiota [212]. Over a three-year field trial, BOF outperformed conventional fertilizers,
improving soil pH, organic matter, and nutrient availability while fostering microbial rich-
ness and beneficial taxa such as Mitsuaria and Actinoplanes. Metagenomic analyses revealed
enrichment in functional gene clusters related to ion transport and secondary metabolite
biosynthesis, indicating that yield gains were largely mediated through ecological and
functional optimization of the soil microbiome rather than direct nutrient input.

Synthetic microbial consortia (SynComs) and microbial biostimulants containing
nitrogen-fixing bacteria have also demonstrated strong effects on soil microbiota and nutri-
ent dynamics. Novello et al. [213] observed that formulations including Azospirillum and
Rhizobium strains, alone or combined with AMF and Bacillus strains (Micomix), enhanced
rhizosphere microbiota and soil health in open-field tomato cultivation. Treatments en-
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riched beneficial genera such as Azospira, Erythrobacter, Sphingobium, and Rhodopseudomonas,
which are associated with nitrogen cycling, organic compound degradation, and improved
plant performance. These microbial shifts were particularly pronounced during flower-
ing, coinciding with increased root exudation, and contributed to maintaining tomato
productivity under reduced NPK fertilization, underscoring the potential of microbial
biostimulants to sustain yield and soil health simultaneously.

Seaweed fertilizers also influence microbial diversity and soil enzyme activity. Wang
et al. [214] reported that fermented Sargassum horneri fertilizer increased bacterial alpha-
diversity and altered community composition in tomato fields within 60 days, correlating
with higher soil enzyme activities—including invertase, dehydrogenase, protease, polyphe-
nol oxidase, and urease—thereby enhancing nutrient cycling and soil fertility. Similar
results were reported in apple systems, where seaweed fertilizers increased soil enzymatic
activities and microbial diversity, alleviating apple replant disease [215]. Furthermore,
Shang et al. [216] demonstrated that waste seaweed compost combined with Pseudomonas
koreensis HCH2-3 improved the properties of coastal saline soil and fostered beneficial
rhizosphere bacteria, thereby enhancing soil nutrient availability, enzyme activity, and
overall fertility.

AMF further strengthen plant—soil interactions by improving root architecture and soil
structure. Wu et al. [217] showed that AMF inoculation optimized root system architecture
in Citrus tangerine, increasing the proportion of fine roots and enhancing polyamine
metabolism, thereby indirectly improving plant vigor and resource uptake. Wu et al. [218]
further highlighted that AMF inoculation increased glomalin-related soil protein (GRSP)
and soil organic carbon in citrus rhizospheres, strengthening water-stable aggregates and
improving soil structure and fertility, even in soils with low organic matter.

Combined biostimulant strategies that integrate microbial formulations with organic
amendments also demonstrate synergistic benefits for both soil microbiota and fruit quality.
Huang et al. [219] reported that Citrus reticulata Blanco ‘Orah’ trees treated with Strongreen
(rich in fulvic and humic acids, micronutrients, and biological agents) and Yumeiren (en-
zymatic hydrolysate of fish proteins and peanut bran) exhibited increased fruit weight
and enhanced coloration. High-throughput 16S rRNA gene sequencing revealed that com-
bined treatments elevated microbial diversity, enriched beneficial taxa such as Pseudomonas
and Phyllobacteriaceae, and reduced potentially less beneficial genera like Cyanobacteria.
Correlations between microbial community shifts and carotenoid profiles revealed that
specific operational taxonomic units (OTUs) were closely linked with pigments involved
in fruit coloration, directly connecting microbial modulation to improvements in fruit
biochemical quality.

Overall, these studies demonstrate that biostimulants extend their benefits beyond
direct plant nutrition. By reshaping rhizosphere microbial communities, enhancing soil
enzyme activities, and improving soil structure, biostimulants provide multifunctional
advantages that support sustainable crop production, soil fertility, and ecosystem health.

4. Sustainable Applications of Biostimulants in Fruit Crops Production

Sustainable agriculture demands innovative solutions that promote productivity while
preserving environmental integrity. Biostimulants have emerged as promising tools in
horticultural crop production, offering multifaceted benefits that align with sustainabil-
ity goals [10]. These may include, always depending on product/dose/phenology and
environment interaction, improved plant performance, enhanced soil and water health,
greater nutrient use efficiency, reduced reliance on synthetic inputs, and increased resilience
to both biotic and abiotic stresses [8,70,148,160,173,220-224]. Their integration into agri-
cultural systems supports the development of more circular and low-impact agricultural
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practices. This section explores the role of biostimulants in sustainable and resilient orchard
management, their compatibility with green and precision agriculture technologies, and
their contribution to minimizing chemical inputs while fostering resource-efficient and
environmentally friendly production systems.

4.1. Role in Sustainable and Resilient Agricultural Management

Sustainable and environmentally friendly biostimulants might enhance resource use
efficiency and crop yield even under challenging environmental conditions [225], thereby
contributing to improved food production while reducing reliance on unsustainable chemi-
cal inputs. When promoting yield improvement through sustainable mechanisms, biostim-
ulants can influence fruit number (fruit set and count per plant), fruit weight (size/mass
of individual fruits), and uniformity (consistency in size or ripening). They are often
particularly effective in improving fruit set and fruit count per plant. For instance, foliar
application of Ascophyllum nodosum extract significantly increased fruit set and number
of fruits in ‘Gala’ apples [226]. In strawberry, repeated foliar sprays of amino-acid-based
biostimulants increased flower and fruit counts by roughly 50-100% relative to untreated
control plants [227]. Similarly, apple orchards sprayed with combinations of natural ex-
tracts (moringa leaf extract, seaweed extract [unknown species]) and fulvic acid showed
higher fruit set percentage and fruits per tree [92]. In grapevines, field studies also report
increased yield with seaweed treatments (implying more clusters or berries); for example,
repeated soil applications of a Durvillaea/Ascophyllum extract boosted wine grape yield by
~15% on average [228], consistent with improved fruit set or retention. Increases in fruit set
after the use of biostimulants have also been recorded in many different fruits, including
sweet cherry [229,230], apricot [204], tomato [231], arctic bramble [232], avocado [233],
almond [234], guava [89], hazelnut [235], grapevine [236], pecan nut [237], or pear [238].
An increase in yield can also be recorded, not only by the increase in fruit set, but also
by the presence of heavier and bigger fruits. Indeed, the use of seaweed-based biostim-
ulants increased the size of tomato [239], sweet cherry [240], apple [241], hazelnut [242],
kiwifruit [222], plum [243], and blueberry [146,244]. On the other hand, an amino acid and
peptide-based biostimulant and a microbial inoculant application resulted in higher straw-
berry size [245], as did a humic acid biostimulant [246]. Trichoderma-based biostimulants
were able to increase melon fruit size [247], and several biostimulants increased fruit size
of arctic bramble [232], as well as in apricot [248], black currant [249], mango [250,251], and
guava [89]. Another key aspect that biostimulants can influence is fruit uniformity. Several
biostimulants appear to improve uniformity, though fewer studies quantify it. Notably,
Gatti et al. [252] observed that applying a commercial seaweed+yeast extract to apricots
significantly improved fruit uniformity and synchronized harvest timing, with treated
apricots more consistent in size and color at harvest. Uniform ripening was also noted,
which can facilitate efficient harvesting. In strawberries, watermelons, and apples, the use
of biostimulants also improved fruit uniformity [253-255], which might indicate a wider
effect on other fruits that are not currently reported in the available works. One of the
key effects of the use of biostimulants is related to fruit quality, particularly regarding the
content of sugars, acids, or bioactive compounds. Indeed, numerous studies on different
biostimulants report their beneficial effects on those fruit characteristics and will only
be briefly addressed here. Seaweed-based biostimulants have been reported to enhance
several quality parameters in tomato, including °Brix values, soluble carbohydrate levels,
total phenolic content, total antioxidant capacity, lycopene and 3-carotene concentrations,
and vitamin C content [256,257]. In grapevine, several biostimulants derived from microor-
ganisms, seaweed, or plants were shown to increase soluble sugar concentration, maturity
index, and polyphenol accumulation, as well as to promote anthocyanin synthesis. These
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improvements contributed to greater consumer acceptability of table grapes [258-260].
Similar benefits have been observed in sweet cherry. Treatments with glycine betaine or
Ascophyllum nodosum-based biostimulants resulted in fruits with higher TSS/TA ratios and
increased total phenolic and anthocyanin content [145]. Additionally, biostimulant applica-
tion improved fruit firmness and sensory attributes, enhancing descriptors such as “overall
aspect,” “firmness,” and “cherry flavor” [240]. Comparable outcomes regarding fruit firm-
ness, TSS, sugar, and vitamin C levels were also documented with other biostimulant
formulations, including a novel tropical plant extract [261,262]. In kiwifruit, biostimulant
treatments positively influenced total solids content [222], whereas in plum, they promoted
carbohydrate accumulation and anthocyanin biosynthesis [243]. Similarly, in strawberry,
seaweed-based biostimulants and combined biostimulant strategies improved fruit color
parameters, soluble solids, and ascorbic acid content [93,263,264]. Positive effects have
also been recorded for tropical fruit species. In mango, A. nodosum extracts increased TSS
content [251], while in guava, treatments with fulvic acid and seaweed extract (species not
specified), either individually or in combination, enhanced TSS as well as total, reduced,
and non-reduced sugar levels [89]. Beyond yield and compositional quality, biostimulant
applications can exert beneficial effects during the post-harvest period. Seaweed-based
products have been shown to maintain or enhance post-harvest fruit quality by improving
firmness and color in avocado [233], and by increasing flesh firmness, total soluble solids,
and titratable acidity in apples [265]. They also reduced the incidence and severity of post-
harvest rots in strawberries [266] and mitigated storage disorders in apples [267]. Although
some compounds discussed in this section (e.g., salicylic acid, chitosan, glycine betaine,
or Si-Ca formulations) may also be categorized as plant growth regulators or bioactive
substances, they are included here as biostimulant-like agents because of their compara-
ble physiological roles and their frequent classification as such in the scientific literature.
Other post-harvest advantages have been associated with different biostimulant types.
For instance, applications of salicylic acid and chitosan have been reported to decrease
firmness loss and decay in strawberries [268]. Spraying kiwifruit with a glycine-betaine—
proline-based biostimulant improved fruit quality traits during cold storage, particularly
antioxidant potential (DPPH and vitamin C) and both fresh and dry weight [269]. Similarly,
the application of a Si—Ca-based compound to mandarin (Citrus clementina) enhanced
quality attributes after cold storage and reduced decay symptoms during shelf life [270].
Integrating biostimulants into orchard management allows growers to move toward
more biologically intensive and ecologically resilient systems, aligning environmental
stewardship with production goals within a sustainable horticultural framework. Although
their agronomic benefits are well documented, the specific impacts of biostimulants on key
fruit quality attributes—such as appearance, chemical composition, and shelf life—remain
insufficiently understood, particularly in perennial fruit systems. To date, most research has
concentrated on stress mitigation, leaving the effects on fruit development and postharvest
performance underexplored. Moreover, little is known about their long-term impact,
as few studies have evaluated biostimulant applications over multiple years. Future
research should therefore address their influence across distinct phenological stages and
over extended periods to fully harness their potential in sustainably improving fruit quality.

4.2. Integration with Green and Precision Agriculture Technologies

The integration of biostimulants with green and precision agriculture technologies
represents a promising frontier for enhancing the sustainability and efficiency of agricul-
tural crop production systems. This approach reinforces the shift from single-product
applications to synergistic, multi-input strategies [271]. By their nature, biostimulants
align well with green agriculture principles—such as reducing chemical inputs, improving



Horticulturae 2025, 11, 0

20 of 39

soil health, and fostering ecological intensification—and their efficacy can be substantially
optimized through the targeted application enabled by precision agriculture tools.

Recent studies highlight that biostimulants not only improve crop quality and stress
resilience but also reduce reliance on synthetic fertilizers, mitigating associated risks to
ecosystems and human health [272]. Given their diverse composition and the variable
responses, they elicit across plant species and environments, site-specific and data-driven
applications are crucial to optimize their effects. Moreover, the potential for synergistic or
antagonistic interactions among bioactive components adds complexity to their mode of
action, further supporting the need for precision strategies [272].

Precision agriculture tools—such as remote sensing (RS), UAVs (unmanned aerial
vehicles), soil sensors, and decision support systems (DSS)—enable the site-specific applica-
tion of biostimulants based on real-time physiological and environmental data [273]. These
technologies, particularly when applied to variable-rate fertilization and irrigation, enhance
input efficiency and environmental sustainability in fruit crop production. Advances in
field data acquisition, geostatistics, and variable-rate application systems offer a solid
foundation for integrating biostimulants into targeted management protocols [274].

UAV-based imaging and vegetation indices (e.g., NDVI, SAVI, EVI) facilitate the spatial
monitoring of crop responses to biostimulants, allowing dynamic adjustments in applica-
tion timing and dosage. For example, in olive and grapevine, biostimulant-treated plots
demonstrated improved vegetative vigor assessed via satellite-derived indices—higher
phenolic content in olive oil, and increased grape yields, compared to controls [275]. Sim-
ilarly, in a two-year study in Sardinian vineyards, unmanned aerial systems (UAS) and
sensing tools effectively monitored growth, but only higher doses of soil-applied bios-
timulant significantly improved canopy greenness and productivity—highlighting the
importance of optimized dosage strategies [276]. Roma et al. [277] applied UAV-based
NDVI mapping and geostatistics to develop variable-rate fertilization in olive groves, re-
ducing waste and improving nutrient uptake. Although focused on mineral nutrients, the
methodology is easily transferable to biostimulant application [277]. However, Marques
et al. [278] noted the lack of standardized, reproducible remote sensing frameworks for
olive systems, limiting decision-making accuracy.

From a green agriculture perspective, biostimulants support the reduction in agro-
chemical dependency by enhancing natural plant processes. When integrated with sensors
and automated irrigation, they can improve water and nutrient use efficiency while main-
taining high productivity. Biostimulants also synergize with eco-friendly practices such as
organic mulching, cover cropping, and biofertilization, forming productive and regenera-
tive orchard systems.

Digital agriculture advances—such as decision-support tools (DSTs), predictive mod-
els, IoT sensors, drones, and artificial intelligence (Al)—are increasingly enabling real-time
identification of stress zones, optimal application windows, and precise dosing. Nonethe-
less, challenges persist, particularly in traditional or smallholder orchard systems. These
include high investment costs, limited technological literacy, infrastructural deficits, and
the absence of standardized sensor-based biostimulant protocols [279]. Moreover, the envi-
ronmental footprint of high-tech equipment must be considered in life cycle assessments.
Still, the convergence of biostimulants and precision agriculture holds strong potential
to transform fruit production into a more data-driven, climate-resilient, and resource-
efficient system.

Unlocking the full potential of biostimulants in precision agriculture requires robust
integration of RS and data analytics, alongside advances in formulation customization,
mechanistic understanding, regulatory harmonization, and knowledge transfer to ensure
safety, efficacy, and widespread adoption [84].
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4.3. Contribution to Reducing Chemical Inputs, Enhancing Circular Practices and Sustainability

Biostimulants are increasingly recognized as essential tools in the transition to low-
input and circular agricultural systems, particularly in fruit production, where sustain-
ability and product quality are critical. Their multifunctional role allows partial substitu-
tion for synthetic fertilizers and pesticides, reducing environmental and health impacts
while improving crop performance and resilience [6,164,280]. Humic substances and mi-
crobial inoculants—including PGPRs such as Pseudomonas spp. and Bacillus spp., and
AMF—enhance nutrient solubilization and mobilization, stimulate root architecture, and
improve uptake of nitrogen (N), phosphorus (P), and micronutrients. These effects have
been demonstrated across multiple fruit crops. In grapes, humic substances increased
N content in must, and iron chelates combined with humic acids improved P and Fe
uptake [281,282]. In pear, low humic acid doses enhanced plant height, shoot biomass,
leaf chlorophyll, and nutrient assimilation [283]. Fulvic acids in lemon improved foliar Fe
and Cu uptake, fruit weight, equatorial diameter, juice pH, and vitamin C content [284].
AMF inoculation in olive improved root uptake of N and P, reducing fertilizer require-
ments [285,286]. Additionally, fulvic acid amendments in wild olive grown on trace
element-contaminated soils increased N and chlorophyll content without elevating arsenic,
cadmium, copper, lead, thallium, or zinc to toxic levels [287]. Collectively, these strategies
support sustainable orchard management by reducing nutrient leaching and environmental
pollution, particularly in orchards with long-term fertilization histories [288].

Biostimulants also enable the valorization of agricultural and agro-industrial by-
products, promoting circularity. Protein hydrolysates derived from plant or animal
residues transform waste into high-value bioproducts [23,70,149,151,289-293]. Vermi-
compost, rich in humic substances, enzymes, and plant hormones, can act as a biostim-
ulant, enhancing soil fertility, microbial activity, and plant growth beyond its nutrient
contribution [294-296]. Compost- or vermicompost-based biostimulants enriched with
microbial consortia close nutrient loops, restore microbial biodiversity, and improve soil
fertility [295]. Recent innovations include biodegradable plantlet containers derived from
fruit and vegetable wastes, enriched with biostimulant compounds and beneficial microbes,
providing dual functionality as biofertilizing propagation plugs while reducing inputs and
promoting circularity [297]. Biostimulants derived from agricultural residues such as apple
seeds, rice husks, spelt husks, and vine shoots improve crop productivity, stress tolerance,
and nutraceutical quality, reinforcing circular bioeconomy strategies [60]. Biostimulants
may also be manufactured on a regenerative basis using renewable raw materials; for exam-
ple, species of brown seaweeds are primarily used in the manufacture of biostimulants, as
many can grow at high density in the wild, are commercially viable and can be sustainably
sourced (reviewed by [12]).

Building on these interconnected applications, a holistic framework for sustainable
orchard management is outlined in Figure 2, followed by Table 3, which summarizes the
main attributes of each sustainability pillar.
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Table 3. Summary of key aspects of the sustainable application of biostimulants in fruit crop production.

Sustainability Pillar Key Contributions Representative Examples References
Biostimulants enhance water use efficiency and fruit quality in
[260]
drought-prone orchard systems
Protein hydrolysates stimulate root proliferation and enhance enzymatic
activity related to nitrogen assimilation. Improve growth, yield, product
. >t . [22,27,28,298-303]
. quality, resource use efficiency, and tolerance to both environmental and
Improvement of soil and plant health chemical soil stresses in various horticultural crops
Enhancement of plant vigor, root growth,
Resilient Orchard water /nutrient uptake Microbial biostimulants reinforce the stability of orchard systems by
Management Boosted stress tolerance (e.g., drought, fostering symbiotic nutrient acquisition and enhancing tolerance to abiotic [75,280]

salinity, temperature)
Support for phenological stage-specific management

pressures such as drought and salinity

Foliar-applied biostimulants—including seaweed extracts (Ascophyllum
nodosum, Ecklonia maxima), nettle extract (NE, Urtica spp.) and Japanese
knotweed extract (JKE, Reynoutria japonica), glycine betaine, and humic
substances— reduce fruit cracking, enhance tree vigor, improve nutrient
use efficiency, productivity (fruit set, fruit number, fruit size, and fruit
yield), fruit quality, and stress tolerance in several fruit crops

[10,145,146,162,201,202,222,
238,240,304-315]

Precision and Green
Agriculture

Integration with precision farming and smart
agriculture tools

Enables site-specific, sensor-guided applications
Compatibility with UAVs, variable-rate fertigation,
and remote sensing

Enhanced input efficiency and data-driven
decision-making

UAV-based imaging and vegetation indices (e.g., NDVI, SAVI, EVI)

facilitate the spatial monitoring of crop responses to biostimulants 2751
Unmanned aerial systems (UAS) and sensing tools effectively [276]
monitored growth

Applied UAV-based NDVI mapping and geostatistics to develop [277]
variable-rate fertilization

Green solutions and new technologies for sustainable management of [316]

fungus and oomycete diseases in the citrus fruit supply chain
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Table 3. Summary of key aspects of the sustainable application of biostimulants in fruit crop production.

Circular and
Low-Input Practices

Reduction in synthetic fertilizers/pesticides
Valorization of agri-waste streams for biostimulant
production

Promotion of organic and integrated systems
Contribution to the circular bioeconomy

Seaweed extracts such as Ascophyllum nodosum and protein hydrolysate
integration in crop management strategies as effective and sustainable
green inputs in several crops

[118,161,241,252,317-320]

Protein hydrolysates from agro-industrial residues applied in

[22,23,70,149,151,289-

orchard management 293,321]
Biostimulants can support integrated pest management (IPM) strategies

and contribute to reducing pesticide residues in fruit products, thereby [161,319,322]
safeguarding crops from significant economic losses due to diseases

Compost tea biostimulants used in pest management, and promoter of [323]

root development

Vermicompost-based biostimulants improve soil fertility, restore microbial
biodiversity, enhance growth, productivity, and fruit quality

[294-296,324]

Humic substances and microbial inoculants enhance nutrient
solubilization and root architecture, improving nutrient uptake and
reducing leaching and environmental pollution, particularly in long-term
fertilized orchards

[163,281-288,325,326]

Biodegradable plantlet containers derived from fruit and vegetable wastes,

enriched with biostimulant compounds and beneficial microorganisms (2971
Biostimulants derived from agricultural plant residues—such as apple
seeds, rice husks, spelt husks, and vine shoots—improve crop [60]

productivity and stress tolerance
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Sustainable and Resilient Orchard Management Integrating with Green and Precision Agriculture

* Improved plant vigor and health Technologies
e Stimulation of root growth * Compatibility with precision agriculture
* Mitigation of climatic stresses e, * Application at specific phenological stages
e.g. use of humic acids to improve soil * Use of sensors, drones, and digital platforms
structure e.g. variable application based on
soil/climate sensor data
SUSTANAIBLE
APPLICATIONS OF | | I
BIOSTIMULANTS IN. | |
FRUIT CROP | |
PRODUCTION 4
/ >
<
Reduction of Chemical Inputs and Promotion of Circular
Practices

* Reduced input costs and agrochemical dependency
* Repurposing of agro-industrial wastes for biostimulants
* Contribution to circular horticulture
e.g. biostimulants from fruit residues and local
valorization

Environmental Productive Benefits
Reduced environmental impact | Improved fruit quality and resilience | Long-term sustainability

Figure 2. Conceptual representation of the sustainable applications of biostimulants in fruit crops.
The diagram highlights three interconnected pillars: resilient orchard management, integration with
green and precision agriculture, and the reduction in chemical inputs through circular practices.

5. Limitations, Challenges, and Future Perspectives

Environmental factors, fruit crop species, and application methods (e.g., foliar versus
soil application) strongly influence biostimulant performance. While their short-term
physiological effects are well documented, long-term impacts on soil health, microbial
communities, and fruit quality remain understudied. Moreover, although evidence of
biostimulant efficacy in improving yield and fruit quality is growing, research on perennial
fruit trees is still considerably scarcer than on annual crops.

The sustainable integration of biostimulants in fruit production holds great promise
but faces several challenges that may limit widespread adoption. Despite recognition of
their role in enhancing orchard resilience, supporting green technologies, and reducing
chemical inputs [280], effectiveness is highly context-dependent. Factors such as local cli-
mate, soil health, fruit crop species, and compatibility with other components of integrated
orchard management are critical determinants of success [163].

A key challenge lies in aligning biostimulant applications with precision agriculture
and circular economy approaches. Although potential synergies are evident, there is lim-
ited field-based evidence demonstrating how biostimulants interact with technologies
such as variable rate application systems, remote sensing, or digital decision-support plat-
forms [102]. Similarly, biostimulants derived from agro-industrial waste align with circular
economy principles, but variability in quality and regulatory constraints can affect their
consistent use in sustainable orchard programs [6]. Another limitation is the insufficient
tailoring of biostimulant formulations to specific phenological stages and developmental
cycles in perennial fruit systems. Unlike annual crops, fruit trees undergo complex multi-
year growth and long-term developmental dynamics, necessitating targeted, seasonally
adjusted strategies [280]. Further research is also required to evaluate long-term effects on
soil microbial communities and their contribution to agroecosystem sustainability [327].

Future perspectives in this field include the development of biostimulant formulations
with traceable, standardized compositions suited to sustainable orchard contexts. Interdis-
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ciplinary studies that integrate agronomic, environmental, and technological dimensions
are essential to quantify the sustainability gains achieved through biostimulant use [280].
Strengthening policy support, certification schemes, and farmer education regarding sus-
tainable inputs will be critical to promote broader adoption and fully harness the potential
of biostimulants as tools for ecological intensification in fruit production [73].

6. Conclusions

Biostimulants have demonstrated considerable potential in enhancing fruit crop pro-
duction, yet their evaluation requires extensive experimental setups and substantial labor.
Optimizing application protocols, alongside assessing impacts on yield, fruit quality, shelf
life, and economic returns, is essential for robust and reproducible results. Targeted tran-
scriptional and functional analyses can provide mechanistic insights into sucrose biosyn-
thesis, transport, and other biochemical pathways activated by specific extracts, clarifying
the molecular basis of observed improvements in fruit yield and marketable quality traits.

Biostimulants play multifunctional roles—hormonal, genetic, metabolic, and
microbial—that enhance vegetative growth, root development, and nutrient use efficiency
across diverse fruit crops. When integrated into sustainable orchard management, particu-
larly alongside green and precision agriculture technologies, biostimulants can increase
productivity while preserving environmental integrity. Moreover, biostimulants support
circular economy principles by adding value to sustainably sourced renewable raw ma-
terials, valorizing agricultural and agro-industrial by-products, and transforming waste
into high-value inputs that improve soil fertility, microbial diversity, and plant perfor-
mance. This dual role in productivity enhancement and sustainability aligns biostimulant
application with broader ecological and economic goals in fruit production. Despite these
advantages, widespread adoption of biostimulants is constrained by factors such as vari-
ability in efficacy, lack of standardized protocols, and cost considerations. Addressing
these challenges through interdisciplinary research, innovation, and supportive regulatory
frameworks will be critical to fully exploit their potential in resilient and environmentally
sound fruit production systems. Continued investigation into crop-specific responses,
phenological stage effects, and molecular targets will further optimize their application,
maximizing benefits for high-quality, sustainable fruit production.

In conclusion, biostimulants are not merely agronomic inputs; they are central to
transitioning toward more sustainable, resource-efficient, and resilient fruit production
systems, integrating productivity, quality, and environmental stewardship.
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