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Abstract

Biostimulants mediated direct or indirect regulation of plant response to environmental cues including drought have been
extensively studied in various crop plants for several decades. However, there is scarce information available on the mecha-
nism that regulates plant development and yield under different stressors such as drought, salinity, elevated temperature, radia-
tion, heavy metal toxicity, and pathogens. Thus, biostimulants could open great opportunities for the researcher to develop
climate resilience and sustainable agriculture technology for crop growers and small stakeholders. Plant biostimulants are
organisms or their products or organic or inorganic compounds that improve the plant's health or agronomic performance
(yield stability and productivity) by providing a nutrient-rich environment and protection from adverse environmental factors.
This review article accentuates information about biostimulants that enhance plant morphological, physiological, biochemi-
cal, and molecular intrinsic development signals, and ameliorate plant's stress tolerance. Therefore, this review might provide

tangible outcomes for biostimulants mediated balancing of agronomic traits and yield in crop plants.
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Introduction

The increasing demand for food due to population explo-
sion and food quality needs the imposition of sustainable
agriculture technology. Currently, biostimulants provide a
great choice to fill the knowledge gap in the improvement
of agriculture productivity (Singh et al. 2024). In general,
biostimulants are substances, not synthetic fertilizers, which
enhance plant growth and production, when they are exog-
enously applied in cropland. Initially the term "biostimu-
lant" was defined by Kauffman et al. (2007) as materials,
distinct from bio-fertilizers that enhance plant growth when
applied in small quantities. They include algae, fungi, and
bacteria, as well as bio-organic substances including mela-
tonin and polyamines (Tan et al. 2012; Colla and Rouphael
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2015; Liu et al. 2015; Vargas-Hernandez et al. 2017; Yakin
et al. 2017; Rouphael and Colla 2018). Several reports have
vastly described the role of biostimulants in the regulation of
plant growth features in response to various environmental
challenges and beneficial for both agriculture and horticul-
ture crop species (Cardarelli et al. 2024; Singh et al. 2024).
They naturally enhance the phytohormone content, stimulate
endogenous development signals, and improve plant produc-
tion and nutritional quality of various plant products. All
kind of biostimulants obtained from plants or microorgan-
isms provides an organic environment, which is traditionally
very crucial for sustainable agriculture solutions for stressful
environments. By contrast, several other alternative meth-
ods such as plant breeding and genetic engineering are very
time-consuming and expensive methods in modern agricul-
ture systems (Calvo et al. 2014; Brown and Saa 2015; Colla
and Rouphael 2015; Bulgari et al. 2015, 2019; Drobek et al.
2019).

Presently, several sensors and imaging-based plant phe-
notypic methods are being used for the fast screening of
biostimulants and their mode of action on model plants such
as Arabidopsis (Pieruschka and Schurr 2019; Mansoor and
Chung 2024). The identification of plant traits, which are
induced by particular biostimulants is considered a vital
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approach for plant breeding and modern agriculture prac-
tices (Rouphael et al. 2018a). However, very scarce informa-
tion is available about the effect of biostimulant treatment
on specific plant responses to a particular stress (Vargas-
Hernandez et al. 2017; Rouphael and Colla 2020). Thus,
the utilization of biostimulants for the development of a
sustainable ecological agriculture system is required, which
will improve the quantity and quality of crops under adverse
environmental conditions. In this review, we have mainly
discussed the role of various biostimulants viz., algal, micro-
bial, melatonin, and polyamines in plants to ameliorate water
stress.

Algal biostimulants: a retaliation program
to abiotic stress

Several species of brown algae are used as biostimulants also
popularly known as non-microbial biostimulants (Table 1).
They are members of the class Phaecophyceae and the most
commonly used seaweeds in agriculture practices because
they improve soil health by providing a nutrient-rich envi-
ronment, and improving soil texture and microbiota (Stirk
and van Staden 2006; Singh et al. 2011). The ground pow-
der or extract of seaweed is called seaweed concentrates

(SWCs). Alginic acid is the principal natural carbohydrate
found in SWCs and it is biodegradable, non-toxic, and main-
tains soil carbon content when exogenously applied in crop-
land (Johnson et al. 2023). Seaweeds are a rich source of
macro and micronutrients, vitamins, and amino acids that
stimulate plant growth (Bagh et al. 2014). When given exog-
enously to plants, seaweeds have demonstrated properties
similar to those of auxin and cytokinin (Ferreira et al. 2023).
However, there is some controversy on the function of cyto-
kinin and gibberellins in SWCs (Baltazar et al. 2021; Chan-
dimali et al. 2023). Furthermore, abscisic acid was reported
in seaweeds, however, its role is ambiguous in SWCs (Sun
et al. 2020). Betaines is a compound that is obtained from
seaweed and exhibits cytokinin-like activity (Rana et al.
2023). Due to the presence of various plant growth regula-
tors in seaweeds, the SWCs induce seed germination and
ameliorate plants from various abiotic and biotic stresses
(Ferreira et al. 2023). The SWCs also improve root architec-
ture and nutrient use efficiency, as well as control stomatal
response, antioxidant system, and balance osmotic homeo-
stasis thereby enhancing plant growth and yield in agricul-
ture species under abiotic stress (Khan et al. 2009; Chiaiese
et al. 2018). Furthermore, several reports suggested this
algal-based biostimulants control the expression of several
genes responsible for stress tolerance in agriculture plants

Table 1 List of most commonly

L Type of biostimulant
used biostimulants

Name of species References

Algal

Seaweed
Seaweed
Seaweed
Seaweed
Seaweed
Seaweed
Seaweed
Seaweed

Single cell green algae
Microbial

PGPB

PGPB

PGPB

PGPB

PGPR

PGPR

PGPR

PGPR
Mycorrhizal fungi
Non mycorrhizal fungi
Melatonin

Ascophyllum nodosum
Fucus vesculosus
Fucus serratus
Laminaria spp.
Sargassum spp.
Ecklonia maxima
Durvillea potatorum
Turbinaria spp.
Chlorella spp.

Bacillus spp.
Pseudomonas spp.
Streptomyces spp.
Achromobacter spp.
Rhizobium spp.
Azospirillum spp.
Azotobacter spp.
Ochrobactrum spp.
Glomus spp.
Trichoderma spp.
Both plants and animals

Polyamines (spermidine, spermine and  Both Plants and Animals

putrescine)

Francesca et al. (2020)
Calvo et al. (2014)
Carillo et al. (2020)
Carillo et al. (2020)
Carillo et al. (2020)
Carillo et al. (2020)
Khan et al. (2019)
Hong et al. (2007)
Carillo et al. (2020)

Bulgari et al. (2019)
Bulgari et al. (2019)
Drobek et al. (2019)
Bulgari et al. (2019)
Bulgari et al. (2019)
Bulgari et al. (2019)
Bulgari et al. (2019)
Drobek et al. (2019)
Szczatba et al. (2019)
Szczatba et al. (2019)
Chen and Arnao (2022)
Li et al. (2020)

@ Springer



62

Proceedings of the Indian National Science Academy (2025) 91:60-67

(Gonzalez-Morales et al. 2021; Van Oosten et al. 2017).
Recently, several reviews emphasized that microalgal-based
biostimulants extensively induce plant growth traits (viz.,
seed germination, plant growth, yield), physiological perfor-
mance, nutrient procurement, and utilization as well as toler-
ance to different abiotic stresses including drought, salinity,
heat, chilling and metal toxicity (Colla and Rouphael 2020).
The microalgal extract is considered a source of essential
plant growth-promoting substances such as primary metab-
olites, osmoprotectants, and essential amino acids as well
as vitamins and phytohormones-like compounds (Ferreira
et al. 2023). Among the phytohormones, the selection of
auxin and cytokinins-producing microalgae are critical
for enhancing plant growth features and amelioration of
drought stress. Despite less exploration of the molecular
mechanism, microalgal extract has several bio-stimulatory
activities including increased biosynthesis of chlorophylls,
carotenoids, and transcript level of genes associated with
metabolite production (Craigie 2011; Colla and Rouphael
2020). In addition, microalgal extract improves root growth
traits, root microbial consortia interaction, and reduces plant
senescence (Gonzalez-Morales et al. 2021). Earlier, it was
reported that seaweed improves soil physicochemical prop-
erties by weathering (i.e. aeration and reduction of eco-haz-
ardous compounds) (Dtugosz et al. 2020). Furthermore, the
application of algal extract protects plants from pathogenic
bacteria, fungi, and pests (insects and nematodes) (Craigie
2011). Silver nanoparticles developed by using Chlorella
spp- showed antimicrobial activity to several bacteria and
fungi. Additionally, these nanoparticles exhibited plant
growth-promoting properties in wheat and beans by boost-
ing the antioxidant defense system (EI-Naggar et al. 2020).

Numerous studies have demonstrated the potential of
biostimulants derived from microalgae and cyanobacteria in
enhancing plant growth and mitigating stress (Llamas et al.
2023; Chabili et al. 2024). Microalgae and cyanobacteria
exhibit symbiotic relationships with soil microorganisms,
leveraging their coexistence in the phycosphere to mutually
benefit from the production of bioactive compounds such as
exopolysaccharides, amino acids, proteins, and vitamins, as
well as high levels of auxin- and/or cytokinin-like activity
(Caputo et al. 2019; Gautam et al. 2019).

Green microalgae have demonstrated various growth-
enhancing effects on crops. Among green microalgae strains,
the Chlorella genus stands out as the most utilized in agri-
culture. (Wijffels et al. 2013). Chlorella vulgaris is the pre-
dominant strain within the green algae category known for
its production of beneficial metabolites that hold potential
for agricultural applications (Ortiz-Moreno et al. 2019).
Initial trials involving the use of fresh biomass or extracts
from strains of the Chlorella genus showed phyto-benefi-
cial impacts on a range of crops (Ortiz-Moreno et al. 2019;
Gharib et al. 2024). Recently, there has been a growing
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interest in the biostimulant properties of green microal-
gae within the scientific community. Ongoing research is
focused on identifying potential green microalgae candidates
for agricultural use, with findings indicating that this group
possesses numerous characteristics that can be beneficially
utilized in agriculture.

Microbial biostimulants alleviate damages
caused by abiotic stress

Microbial biostimulants including several bacteria, yeast,
fungi, and their products interact either directly or indi-
rectly with plant species to accelerate growth and pro-
tect them from various stress conditions (Fig. 1). These
microbes stimulate the growth of plants by stimulating
protective signaling or reducing suppressing signaling
responses by accelerating the population of microbial
endophytes, rhizospheric microorganisms, and synthesiz-
ing plant growth-promoting molecules (Sangiorgio et al.
2020; Semwal et al. 2023; Misra et al. 2023; Kar et al.
2024). Recently, several reports suggested the positive
effect of microbial biostimulants on plant productivity
and combat during stress conditions (Hamid et al. 2021,
Ansari et al. 2023). Complex carbohydrates, in their vari-
ous forms, stimulate a plant's immune system through
diverse defense metabolism-related molecules, including
damage-associated molecular patterns (DAMP), microbe-
associated molecular patterns (MAMP), and pathogen-
associated molecular patterns (PAMP) (Brown and Saa
2015; Vargas-Hernandez et al. 2017). The application of
plant growth-promoting rhizobacteria (PGPR) and plant
growth promoting bacterium (PGPB) are special types of
microorganisms that accelerate plant growth by enhancing
the rate of nutrient uptake and assimilation under low N,
P, and water status in the soil as well as alleviating from
stress conditions (Misra et al. 2019; Misra et al. 2020;
Mishra et al. 2023). They also modulate phytohormones
(i.e. auxin cytokinin gibberellins and abscisic acid) levels
in the host plant (Mishra et al. 2020). Nutrient metabolism
and plant hormonal signaling together define plant pro-
ductivity and the ability to combat environmental stress.
The most common PGPR/PGPB genus used in agriculture
practices is listed in Table 1. Moreover, PGPR, arbuscular
mycorrhizal fungi (AMFs) of genus Glomus spp., and non-
mycorrhizal fungi Trichoderma spp. have been extensively
used in agriculture practices as biostimulants for several
decades (Kaushal et al. 2023; Falcdo and da Silva 2023).
They improve plant yield by releasing signaling molecules
that regulate their interaction with plants, and root growth
(i.e. root length, branch, hair density, surface area, and
vasculature). The elevated root growth improves the nutri-
ent uptake and utilization capacity of agriculture plants.
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Fig. 1 Diagrammatic representation of biostimulant mediated growth promotion and abiotic stress tolerance in plants

Earlier studies have revealed the role of microbial biostim-
ulants in the regulation of various abiotic stress-responsive
genes in agriculture species (Singh et al. 2011; Sangiorgio
et al. 2020; Gonzalez-Morales et al. 2021). A foliar spray
of sugar cane molasses and yeast mixture improves plant
growth, fruit nutritional value (i.e. antioxidant and vitamin
C levels), and tolerance in tomatoes during high-temper-
ature stress (Francesca et al. 2020). Mishra et al. (2020)
reported that an exogenous supply of Ochrobactrum spp.
NBRISH6 (a PGPR; Table 1) ameliorates water stress in
maize plants by intensively modulating biochemical traits
including the level of indole acetic acid (IAA), salicylic
acid (SA), simple carbohydrates, and amino acid as well
as improving agronomic traits. Collectively, these traits
define the drought tolerance of maize plants. Furthermore,
Bacillus spp. inoculation regulates ACC deaminase bio-
synthesis that modulates ethylene production, enhances
responses of antioxidant enzyme activities, and proline
accumulation that ultimately confers tolerance in maize
towards salt stress (Misra and Chauhan 2020).
Furthermore, Matsumoto et al. (2021) demonstrated vari-
ability in disease sensitivity towards similar phytopathogen
due to the accumulation of endophyte viz., Sphingomonas
melonis in seed. They explained the underlying mechanism
of disease resistance in susceptible phenotypes against

Burkholderia plantarii by synthesizing anthranilic acid. This
compound could be utilized as a noble phyto-protective sub-
stance for modern agricultural practices across the globe.

Plant-based biostimulants

Plant-based biostimulants are defined as plant-derived
substance(s) that when applied to plants or soil stimulate
the natural processes by enhancing nutrient efficiency, tol-
erance to abiotic stresses, nutrient uptake, and crop quality
(Reddy et al. 2023). These biostimulants are essential to
modern agriculture as they improve the yield and yield nutri-
tional quality when applied exogenously through different
modes. Plant-based biostimulants are generally composed
of plant extracts containing antioxidants, inorganic miner-
als, vitamins, secondary metabolites, and phytohormones
directly influencing plant growth and productivity (Reddy
et al. 2023). Previous research revealed that extracts from
various plant components (roots, shoots, seeds) exhibited
varying reactions based on the method of application, con-
centration levels, and the specific plant species involved
(Chojnacka et al. 2015; Hassanisaadi et al. 2022). In addi-
tion, numerous current reports suggested that the exog-
enous application of tropical plant extract improves plant
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growth and salinity tolerance in basil plants (Cirillo et al.
2021; Gonzalez-Morales et al. 2021). Also, Rouphael et al.
(2018b) have demonstrated that varied chemical composi-
tions present in different parts of the plant altered the growth
when applied exogenously. Plant-based biostimulants are
composed of diverse bioactive compounds, and second-
ary metabolites, including nitriles, flavonoids, alkaloids,
and antioxidant agents that provide tolerance to the plant
against biotic and abiotic stresses (Ahmed et al. 2016). For
instance, the high concentration of sucrose, and fleuric acid
found in sugar beet roots promoted better crop growth and
improved abiotic stress tolerance against drought and salin-
ity (Raza et al. 2012; Malekzadeh 2015). Similarly, Phyto
extracts like zeatin enhance the antioxidant characteristics of
numerous enzymes and safeguard cells from oxidative harm
under stressed conditions (Schifer et al. 2015). Also, Rady
and Mohamed (2015) investigated the impact of applying
moringa seed extract as a foliar spray on enhancing seed
germination and antioxidant properties in Capsicum annuum
L. under conditions of heavy metal stress. Their findings
suggested that this enhancement could be attributed to the
accumulation of phytohormones, proline, sugars, ascorbic
acid, glutathione, vitamins, and essential mineral nutrients.
Likewise, many researchers have reported that the exog-
enous application of leaf extracts has improved the growth
of host plants such as cotton, wheat, fenugreek, sorghum,
and common bean (Ahmad et al. 2016; Latif and Mohamed
2016; Farooq et al. 2017; Latef et al. 2017; Arif et al. 2019).

Critical bio-molecules as an agent
to mitigate abiotic stress

Melatonin is a low molecular weight molecule that occurs in
almost all types of living organisms including bacteria, fungi,
plants (called phytomelatonin), and animals (Table 1). It has
several biological activities like regulation of the biological
clock, plant growth, defense responses, and improvement of
human health (Tan et al. 2012; Sharif et al. 2018; Chen and
Arnao 2022). In plants, they may be responsible for the allevia-
tion of growth during environmental stress by improving the
root architecture and photosynthesis (Ramasamy et al. 2023).
Although, gene-assisted elevation in melatonin production
has beneficial effects on plants. Melatonin also plays a cru-
cial role in the germination of seeds, which are sensitive to
light and temperature (Ramasamy et al. 2023). In addition to
this, melatonin is also associated with phytohormone signal-
ing, critically with gibberellins and auxins (Tiryaki and Tales
2012). Earlier it was reported that pretreatment of melatonin
enhances drought tolerance in two contrasting apple species
having variation in drought sensitivity through regulation
of endogenous ABA level and antioxidant system (Li et al.
2015a, b). Together, these two machinery control the stomatal
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aperture that modulates the rate of photosynthesis, and water
loss, and protects plant cells. Thus, an elevated level of mela-
tonin has a positive impact on a plant's tolerance against envi-
ronmental stresses (Li et al. 2015a, b). Recently, Khan et al.
(2019) and Dai et al. (2020) demonstrated the positive regula-
tory role of melatonin in drought tolerance by regulating root
growth, osmotic balance, photosynthetic pigment, and enhanc-
ing antioxidant potential in rapeseed plants. In a recent review,
melatonin has been considered as a phytohormone called phy-
tomelatonin (Chen and Arnao 2022).

Polyamines (PAs) are low molecular weight aliphatic poly-
cationic nitrogenous molecules including spermidine, sper-
mine, and their precursor putrescine (Li et al. 2020). They are
almost ubiquitously present in all living organisms such as
bacteria, plants, and animals (Li et al. 2020). They ameliorate
plants from environmental stresses and regulate the various
developmental processes in plants by increased accumulation
of PA either by exogenous application or up-regulation of the
metabolic genes responsible for their biosynthesis (Li et al.
2015a, b, 2018a; Liu et al. 2015). The previous study sug-
gested that polyamine contents are increased by the exogenous
supply of spermidine in creeping bentgrass, which confronts
plants from drought stress by reducing the production of reac-
tive oxygen species and improving water status, chlorophyll
level, and antioxidant enzyme activities (Bhardwaj et al. 2023).
Furthermore, Spermidine also modulates the level of phyto-
hormones, however, the signaling mechanism still needs inten-
sive research (Li et al. 2015a, b; Li et al. 2020). The positive
stimulatory effect of exogenous foliar application of spermine
was also found in bean plants under water stress by protect-
ing the photosynthetic system and enhancing the free radical
scavenging along with increasing carotenoid and chlorophyll
content (Torabian et al. 2018).

Moreover, spermidine has been demonstrated to enhance
the level of indole acetic acid, zeatin riboside, and gibberel-
lin and reduce the level of salicylic acid and jasmonic acid in
maize under drought stress (Li et al. 2018a, b). Recently, (Li
et al. 2020) reported that exogenous spermidine reduced the
inhibitory effect of drought on grain filling during anthesis
in wheat plants. This effect could have been achieved by
enhanced cytokinin content, improved antioxidant defense
system, and reduced ethylene levels under drought stress.
Furthermore, RNA sequencing data explored the exogenous
application of spermidine regulates protein and carbohydrate
metabolism, and hormonal signaling in the grain-filling
stage of wheat during drought stress (Li et al. 2020).

Conclusion

The most common botanicals utilized in agricultural appli-
cations are algal, microbial, and plant-based biostimulants,
melatonin, and polyamines, particularly spermidine, due to
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their favorable effects on crops and environmentally accepta-
ble characteristics. Several studies cited in the present review
have reported that biostimulants such as algae, microbes,
melatonin, plant-based, and spermidine may improve crop
performance by modulating physiological, morphological,
biochemical, and molecular attributes under environmental
stresses. Nevertheless, very little is understood about the
precise signaling pathway that supports each biostimulant's
function against a given stress. Furthermore, there is lim-
ited information available about these molecules and phy-
tohormones interaction, and responses because of intricate
signaling networks. Therefore, the combination of these
biostimulant compounds can be optimized to improve agro-
chemical-aided agricultural systems by directly enhancing
soil ecology or plant health or by opening up new avenues
for the study of survival mechanisms under adverse environ-
mental conditions.
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