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Abstract

Sustainable agriculture requires innovative approaches to enhance crop productivity while minimizing
environmental pollution, especially with an escalating population. Bio-stimulants are the substances or
microorganisms applied to plants gives promising solution by enhancing nutrient efficiency, stress
tolerance, and crop quality. These organic materials and microorganisms improve nutrient uptake,
growth, and resilience to environmental stresses, offering a sustainable alternative to synthetic
protectants. These are categorized as acids, microbes, plant-derived bioactive substances. Bio-
stimulants support productive, resilient, and environmentally friendly farming. This review
consolidates the current scientific understanding of bio-stimulants, examining their definition, modes of
action, regulatory status, market dynamics, and potential to mitigate abiotic stresses such as salinity,
drought, and extreme temperatures.
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Introduction

The agricultural sector has recently faced simultaneous challenges of raising productivity to
feed the growing global population and increasing resource use efficiency while reducing the
impact on ecosystems and human health. Fertilizers and pesticides play a vital role in
agriculture, representing a powerful tool for growers to increase yield and guarantee
continuous productivity but at the cost of soil deterioration. In the last few decades, several
innovations have been made to enhance the sustainability of agricultural production systems
by significantly reducing synthetic agrochemicals like pesticides and fertilizers. The growing
need for food production through sustainable cultivation practices, without reducing crop
yield and producer income, is a significant objective due to increased environmental
pollution and the gradual degradation of cultivated soil. In the context of global climate
change and food security, there is a need to grow crops and sustain the use of valuable and
finite natural resources through biodiversity protection. Modern agriculture aims to reduce
inputs without reducing the yield and quality. A promising and environmental-friendly
innovation would be the use of natural plant bio-stimulants that enhance flowering, fruit set,
plant growth, crop productivity, and nutrient use efficiency, and are able also to improve the
tolerance against abiotic stress (Colla and Rouphael, 2015) '3, A plant bio-stimulant is any
substance or living microbe applied to plants to enhance nutrition efficiency, abiotic stress
tolerance and crop quality traits. These are a diverse class of compounds that positively
impact plant growth, yield and chemical composition and boost effects to biotic and abiotic
stress tolerance. These are the substances or microorganisms applied to plants or soil to
enhance crop quality traits, nutrient efficiency, nutrient uptake and tolerance to abiotic stress
without being considered fertilizers or pesticides. Unlike fertilizers, which directly provide
essential nutrients to plants, bio-stimulants enhance the plant's natural processes, improving
its resilience and productivity. They are plant extracts and contain a wide range of bioactive
compounds that are still unknown. The expected market growth in the bio-stimulant sector is
at a compound annual growth rate of 11.24% and up to USD 4.9 billion by 2025 (Caradonia
et al., 2019) 1. Therefore, there is increasing interest in the farming sector for new bio-
stimulant products, and much research is carried out in this gradually evolving section of the
industry.
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Several commercial products are currently applied to
various crops in sustainable and organic farming. Hence,
bio-stimulant application can be considered an effective and
sustainable nutritional crop supplementation and may
alleviate the environmental problems associated with
excessive fertilization. Based on this definition, PBs are
classified as (i) Acids, (ii) protein hydrolysates, (iii)
macroalgae seaweed extracts, and (iv) silicon, as well as
beneficial microorganisms: (i) arbuscular mycorrhizal fungi
(AMF) and (ii) N-fixing bacteria of strains belonging to the
genera  Rhizobium, Azotobacter, and  Azospirillum
(Rouphael and Colla, 2020) B4, This review paper aims to
provide an overview of the application of plant
biostimulants and its effects on different crops within the

https://www.biochemjournal.com

framework of sustainable crop management, aiming to
maximize the yield and quality of the final product. The
review underscores the diverse effects of biostimulants on
plant growth and stress resilience, with a particular focus on
their ability to mitigate abiotic stresses such as salinity,
drought and extreme temperature. Moreover, this paper
explains the potential of biostimulants as a sustainable
solution for enhancing agricultural productivity by exploring
current research, case studies, and practical applications.
Furthermore, it seeks to provide a comprehensive
understanding of the role of biostimulants in modern
farming practices and will showcase the efficacy of
biostimulants in diverse agricultural contexts.

Microbials

Beneficial fungi
Beneficial bacteria
Microbial symbiosis

Others

Inorganic salts
Enzymatic extracts
Proteins

Source: https://encyclopedia.pub/entry/21473

Agro-industrial byproducts

Fig 1: Types of biostimulants

Major categories of biostimulants and their mechanism
1. Microbial Biostimulants

Microbial inoculants are commonly utilized as biostimulants
because of their potential contribution to sustainable, green
agriculture practices. The most prevalent types of microbial
inoculants  include  Trichoderma  spp., arbuscular
mycorrhizal fungi (AMF), and plant growth-promoting
rhizobacteria (PGPR). Under unfavorable environmental
circumstances, the yield gap can be reduced by microbial

biostimulant-induced plant growth enhancement, through
improved biological N, fixation, solubilization of minerals
and other nutrients, and increased plant access to soil
resources (Pascale et al., 2017) [*°1. In addition, microbial
inoculants produce volatile organic compounds (VOCs),
while PGPR can improve plant abiotic stress tolerance by
modulating different physiological processes
(Hasanuzzaman et al., 2021) 2,
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(Source: https://chembioagro.springeropen.com/articles/10.1186/s40538-017-0089-5)

Fig 2: Key mechanism targeted by microbial inoculation based biostimulants
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Moreover, PGPR also induce the biosynthesis of plant
hormones including auxins, ethylene, gibberellins,
cytokinins, and ABA and thus contribute to stimulating
growth, nutrient uptake, delayed leaf senescence, fruit and
flower formation, seed maturation, and dormancy
regulation. Bacteria with potential to act as biostimulants
have been isolated from a number of ecosystems such as
saline, alkaline, acidic, and arid soils. (Oosten et al., 2017)
[0, Members of these genera have developed strategies to
adapt and thrive under adverse conditions (Upadhyay et al.,
2009) B9, Inoculation of maize with Azotobacter strains has
been shown to have general positive effects under saline
stress by facilitating uptake of K+ and exclusion of Na+ as
well as increasing phosphorous and nitrogen availability
(Rojas-Tapias et al., 2012) 3. In wheat, inoculation of salt
tolerance Azobacter strains increased biomass, nitrogen
content, and grain yield under salt stress (Chaudhary et al.,
2013) [0,

2. Acid based biostimulants

Humic substances (HS) are organic matter that naturally
occurs in soil formed by decomposition of plant, animal and
microbial residues and also from the metabolic activity of
soil microbes. Humic substances (humic acid (HA); fulvic

https://www.biochemjournal.com

acid (FA); humins, fatty acids, amino acids, and organic
acids comes under this group of biostimulants. Humic
substances are mainly produced from soil organic matter not
only from the decomposition process but also from
microbial activity (Hasanuzzaman et al., 2021) 2, Humic
substances improve plant uptake of nutrients and water,
which promotes plant growth and stress tolerance. These
chemicals are useful at increasing plant abiotic stress
tolerance because they boost water status, antioxidant
capacity, and endogenous cytokinin levels. Humic materials
lead to greater concentrations of Ca, Mg, P,N, K, Fe, S, Mn,
and Cu, which are linked to improved salt tolerance, and
lower concentrations of harmful Na. (Cimrin et al., 2010)
(11 Fulvic acids are the humic acids containing higher
oxygen content and lower molecular weight (Bulgari et al.,
2015) B (Arjumend et al., 2015) ¥ stated humic acid
applied to wheat increased stem length by 18%, root length
by 29%, leaf chlorophyll content by 96%, and soil organic
matter content by 9%. In line with it, applying humic acid to
durum wheat enhanced grain production by 21% when
compared to the control. Extracts from wvermicompost
applied to rice (Oryza sativa L.) helps in activating anti-
oxidative enzymatic function and increased ROS scavenging
enzymes (Van Oosten et al., 2017) 9],

Humic and Fulvic
Acids

Root Targets

Nutrient
Availability

Metal Chelation

Whole Plant Responses

ROS Scavenging

Membrane
Stability

Osmoprotection

r N
) lon Homeostatis

(Source: https://chembioagro.springeropen.com/articles/10.1186/s40538-017-0089-5)

Fig. 2.2: Key mechanism targeted by Humic and Fulvic acid based biostimulants.

3. Algal Extracts

This is a large category that includes many items made from
many species, such as polyphenols, allelochemicals,
seaweed, chitosan, and bioactive molecules obtained from
plants. Seaweeds have long been employed as a source of
organic matter and fertilizers, but more recently, their
efficacy as biostimulants has been acknowledged. In
commercial formulations, seaweed extracts (SWE) are being
used as biostimulants to promote plant growth and enhance
tolerance to heat, salinity, and drought. Seaweed extracts
(SWE) offer a variety of application methods, such as foliar
treatments and root zone application, and are rich in active
minerals and organic compounds that effectively promote
plant growth, photosynthetic activity, and abiotic stress

tolerance. Therefore, they contribute to water retention and
soil aeration, heavy metal fixation, and soil remediation.
Plant-extracted materials have the potential to be employed
in plant protection in addition to being used as food
additives. (Seiber et al., 2014) BT stated that wheat
production metrics, biochemical parameters, and biometrics
were all  significantly  impacted by Ascophyllum
nodosum extract. The height, dry mass of shoots, and
number of spikes in plants watered with Ascophyllum
nodosum extract increased by 11.72%, 22.22%, and 13.19%,
respectively. Similarly, (Al- Hasanyet al., 2019) [l
explained that using seaweed extracts up to 2 g.I-1 increased
the number of spikes/m2, grain production, and biological
yield by 31.85%, 39.05%, and 39.79%, respectively.
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Fig 2.3: Key mechanism targeted by algal-based biostimulants

4. Others (Inorganic-, carbohydrate-, protein-, amino
acid-, and lipid-based biostimulants)

Lipids, proteins, amino acids, and carbohydrates can all
improve stress tolerance. Plant growth regulators are
frequently included in the formulations of protein
hydrolysates (PH) that are commercialized. Over 90%, are
produced from chemical hydrolysis of animal by-products
while enzymatically processed plant-based products are a
recent development (Colla et al., 2015) [*2 131, Amino-acids
and peptides mixtures are obtained by chemical and
enzymatic protein hydrolysis from agroindustrial by-
products, from animal wastesand plant sources (crop
residues) (e.g. collagen, epithelial tissues) (du Jardin, 2012)
181 The five main beneficial elements are Na, Se, Al, Co,

and Si, present in soils and in plants as different inorganic
salts and as insoluble forms lik amorphous silica
(SiO2.nH,0) in graminaceaous species. These beneficial
functions can be constitutive, like the strengthening of cell
walls by silica deposits, or expressed in defined
environmental conditions, like pathogen attack for selenium
and osmotic stress for sodium. Indirect effects on plant
nutrition and growth are also important in the agricultural
practice when protein hydrolysates are applied to plants and
soils. Protein hydrolysates are known to increase microbial
biomass and activity, soil respiration and, overall, soil
fertility. Chelating and complexing activities of amino acids
and peptides contribute to nutrients availability and
acquisition by roots.
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(Source: https://chembioagro.springeropen.com/articles/10.1186/s40538-017-0089-5)

Fig 2.4: Key mechanism targeted by carbohydrate-, protein-, amino acid-, and lipid-based biostimulants.

Effects of different biostimulants on various crops

1. Microbial inoculants

(Ram et al., 2005) BBU stated that the inoculation with
Azotobacter strains had significant effect on growth
parameters of wheat. The inoculation with Mac-27
significantly increased plant height to maximum i.e. 79.7 cm
and gave highest leaf area index to 4.40 than control at all

the stages of crop growth. The highest dry matter was
produced with the inoculation of seed with Mac-27. In line
with it (Baral & Adhikari, 2013) [ explained that
inoculation of Azotobacter increased 15 to 35% grain yield
over non inoculated treatments. Similarly, (Katiyar et al.,
2011) 91, stated that if the wheat seed was inoculated with
Azotobacter it increases the yield up to 1.92 — 2.0% as
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compared to non-inoculated seed. (Jaga et al., 2017) [?2
concluded that with Azotobacter inoculation, significant
increase was seen for protein output (632.7 to 678.0 kg ha-
1) and grain protein content (12.95 to 13.22%). Azotobacter
nitrogen uptake by the crop and the amount of available
nitrogen in post harvest soil increased significantly with
Azotobacter inoculation over no inoculation. (Kaur et al.,
2018) 28 described that application of Azotobacter gave the
maximum net returns of Rs. 277684.1 ha-1 and maximum
benefit: cost ratio 1.65 is also observed in T8. (Mehboob et
al., 2011) 9 jsolates some strains of rhizobium from
chickpea, lentil and mung been nodules. The results
indicated improved plant height (up to 18.66%), tillers per
plant (up to 68.76%), straw yield (up to 35.14%), grain yield
(up to 30.29%), 1000-grain weight (up to 28.40%), root
length (up to 51.72%),% N in grains and straw (up to 15.07
and 33.16%),% P in grains and straw (up to 23.39 and
66.66%) and% K in grains and straw (up to 51.72 and
21.80%) compared with un-inoculated control. (Sajid et al.,
2011) B3 concluded that the maximum plant height (88.43
cm), number of shoots (19.9 plantt), number of leaves

https://www.biochemjournal.com

(173.27 plant?), number of pods (79.8 plant?), number of
nodules (156.27 plant?), yield (252.66 g plant?) and
production (1856 kg ha') was observed in synthetic
rhizobium inoculated seeds. (Ojha et al., 2008) [
concluded that the symbiotic relationship between the
mycorrhizal fungus and the VAM-treated plants results in
higher phosphorus uptake and higher levels of chlorophyll
content, which are subsequently maintained throughout the
plants' developmental stages. Several growth characteristics,
such as the plant's height and the fresh and dry weight the
roots and shoots were observed to be significantly high in
VAM (G. fasciculatum) treated plants compared to the
respective controls. In a pot experiment carried out by
(Reddy et al., 2018) 2, concluded that the strains of
Azotobacter sp. and Azospirillum sp. possess great potential
to be developed as biofertilizer to enhance soil fertility and
plant growth. Maximum germination (%) 90, plant height
51cm, Leaf area 59cm?, Branches per plant 8.66 and Leaf
per branch 17.33cm were obtained by inoculation with these
strains as compared with control.

strain TN10 strain TN14

Control Azospirillum sp. Agrobacterium sp. Pseudomonas sp. Enterobacter sp. Rhizobium sp.

strain TN36

strain TN38 strain TN42

(Source: https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2016.00144/full)

Fig 3.1. Effect of different microbial biostimulants on root of potato

2. Acids

Kandil et al., (2016) I highlighted that when humic acid
was applied topically to wheat grains, the protein and starch
ratios increased by 7-8% and 2-3%, respectively, in
comparison to the control whereas humic acid used as foliar
spray improves plant height, grain yield, protein and gluten
content, and 1000-grain weight Kara, (2015) 4. According
to Elshabrawi et al., (2015) [*9, increasing the dose of foliar
humic acid spray resulted in an increase in the grain yield
from 2990.0 to 3414.1 kg ha* and an increase in the grain
protein ratio of wheat from 10.1 to 11.41%. Similarly
Merwad, (2019) 7 showed that humic acid applied to
durum wheat significantly increased the plant height, grain
yield, and grain weight. In contrary Arjumend et al., (2015)
M also pointed out that humic acid applied to wheat
increased stem length by 18%, root length by 29%, leaf
chlorophyll content by 96%, and soil organic matter content

by 9%. (Braziene et al., 2021) [l concluded that the length
and air-dry weight of spring wheat and barley shoots, as
well as their roots, were both boosted by Fulvic acid. Using
Fulvic acid during plant vegetation consistently enhanced
the yield of sugar beet roots and spring wheat grains while
also improving the quality of the harvest. Fulvic acid
applied as a seed dressing in spring wheat, spring barley,
and sugar beet consistently increased the percentage of final
germination and decreased the mean germination time. (Suh
et al., 2014) B8 stated that fulvic acid could be used to
promote plant growth and increase marketable yield in
tomato production. (Al-Haidary et al., 2020) @ concluded
that the spraying of fulvic acid at 6 mg L-1 was significantly
superior and had the highest means of plant height (80.89
cm), number of grain (44.09 grain spike-1), spike weight
(3.50 g spike-1), 1000 grain weight (33.60 g), grain yield
(4.162 ton hal) and biological yield (17.14 ton ha-1).
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Fig 3.2: Effect of humic acid biostimulants on root and shoot of tuffgrass

3. Algal extracts

Carvalho et al., (2013) [ stated that wheat growth and
yield, biochemical parameters, and biometrics were all
significantly impacted by Ascophyllum nodosum extract.
The plant height, dry mass of shoots, and number of spikes
in plants watered with Ascophyllum nodosum extract
increased by 11.72%, 22.22%, and 13.19%, respectively.
Hasany et al., (2019) Bl explained that compared to the
control treatment, seaweed extracts up to 2 g/l increased the
number of spikes/m?, grain production, and biological yield
by 31.85%, 39.05%, and 39.79%, respectively. Deepana et
al., (2021) 01 on rice explained that higher plant height
(121.1 cm), dry matter production (11390 kg/ha), number of
grains per panicle (166), panicle length (21.8 cm), thousand-
grain weight (14.7g), number of productive tillers per m?

(275), grain yield (5612 kg/ha), and straw yield (7829
kg/ha) were observed when Sea weed extract was applied at
a rate of 12.5 kg/ha in combination with a foliar spray of
seaweed liquid. Abdel et al., (2023) came to the conclusion
that the tallest barley plants (78.48 cm), most spikes/m?
(282.42), most spikelets /spike (46.09), heaviest 1000-grain
weight (35.82 g), highest grain and biological yields (3.87
and 9.06 t/fed., respectively), highest harvest index, and
highest grain protein content (42.72% and 8.88%,
respectively) were all produced by applying the foliar spray
of highest seaweed level (6 I/fed). Although the use of
seaweed extracts can be very positive, it is also worth
mentioning that it is very dependent on the quality and
consistency of the extract being produced.

(Source:

https://scienceinhydroponics.co/2020/11/the-

effect-of-seaweed-kelp-extracts-in-plants.html?print=print)

Fig 3.3: Effect of algal extracts biostimulants on root and shoot A (Control), B (Ascophyllum nodosum), C (Methanol extract), D
(Chloroform), E (Ethyl acetate)

4. Others (Inorganic-,carbohydrate-, protein-, amino
acid-, and lipid-based biostimulants)

(Zhang et al., 2023) 2 explained that foliar biostimulants
(Protein hydrolysate (PH), seaweed extracts (SW)) reduce
the detrimental effects of salinity stress on tomato plants at
both the physiological and agronomic levels. They varied
the buildup of organic acids and the mineral makeup of
tomato leaves. When used, it actively changed key
metabolic pathways that are involved in the stress response.
(Popko et al., 2018) 3 The application of products based
on amino acids influenced the increase of grain yield of
winter wheat (5.4% and 11%), respectively for the

application of Amino Prim at a dose 1.0 L/ha and Amino
Hort at dose 1.25 L/ha) when compared to the control group
without biostimulant. It also showed an increase of
technological characteristics of grain such as ash content,
Zeleny sedimentation index and content of protein. (Ertani
et al., 2017) 4 concluded that applying protein hydrolysate
improved root growth, photosynthetic rate, and the
concentration of soluble sugars and chlorophyll and
phenolic content. It also regulated genes linked to
antioxidant activity, photosynthesis, nutrient uptake, and
primary metabolisms.
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(Source:
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-

Fig 3.4: Effect of Protein hydrolysate (PH), Seaweed extracts (SW) biostimulants on root and shoot

Applications and Advantages of biostimulants

Increased Crop Yield: Studies have shown that the
application of biostimulants can lead to significant
improvements in crop yield, often surpassing the effects
of traditional fertilizers alone.

Reduced Environmental Impact: Biostimulants are
derived from natural sources and generally have
minimal adverse effects on the environment compared
to synthetic chemicals. They promote sustainable
agricultural practices by reducing the reliance on
chemical inputs.

Enhanced Soil Health: Many biostimulants contribute
to the enrichment of soil microbiota and organic matter,

thereby improving soil structure, fertility, and long-term
productivity.

Improved Nutrient Uptake: Biostimulants can
enhance the plant's ability to absorb and assimilate
nutrients from the soil, thereby optimizing nutrient
utilization efficiency.

Stress Tolerance: Biostimulants contain compounds
that help plants cope with environmental stresses such
as salinity, drought,and extreme temperatures. They
stimulate the production of stress-related proteins and
metabolites, enabling plants to thrive under adverse
conditions.

Enhance Germination and Seedling
Growth

Increase Plant growth and
Productivity

® OO

Improve Quality of
Fruits and Vegetables

Positive Effects on the
Plant Microbiome, and
Plant-Microbial
Habitats

(Source: https://www.mdpi.com/2218-273X/11/5/698#B6-biomolecules-11-00698)
Fig 4.1: Advantages of biostimulants
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Root Development: Certain biostimulants promote root
growth and development, thereby enhancing the plant's
capacity to access water and nutrients from the soil.
Plant Metabolism: Biostimulants can influence various
metabolic processes within plants, leading to improved
photosynthesis, hormone regulation, and overall
growth.

https://www.biochemjournal.com

Resilience to Climate Change: By enhancing stress
tolerance and promoting robust growth, biostimulants
help mitigate the negative impacts of climate change on
crop production.

Compatibility with Organic Farming: Biostimulants
are often approved for use in organic farming systems,
providing organic growers with effective tools for
optimizing crop performance while adhering to organic
standards.

Improve visual quality of

Increase shelf-life of
perishable products

Induce tolerance to biotic
and abiotic stressors

final products
s Induce the biosynthesis of
Stimulate immune system TR A
of plants p! ?nt efensive
biomolecules
Remove heavy metals from
Improve crop performance L contami::te d soile
Improve root development Reduce nutrients leaching

Improve seed germination

Improve nutrient uptake
and nutrients use

Accelerate crop
establishment

efficiency

(Source: https://www.mdpi.com/2218-273X/11/5/698#B6-biomolecules-11-00698)
Fig 4.2: Applications of biostimulants.
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application
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- Seawed extracts

« Humic substances
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« Microorganisms

Effects on

Soil
application

Effects on

Effects on

Molecular level

Increased gene expression of:
- SOD, CAT and APX;

« Nutrient transporters;

- Stress-related genes.

- Higher photosynthetic rates;

- Increased chlorophyll content;

- Improved primary and secondary metabolisms;
- Increased antioxidant activity.

- Improved root and shoot growth;

- Higher yield parameters;

- Improved flowering;

- Better fruit nutritional quality;

«» Higher leaf number and vigour;

« Increased stomatal condutance;

- Higher abiotic stress tolerance;

- Increased relative water content;

« Higher nutrient aquisition, uptake and
transportation.

(Source: https://www.mdpi.com/2218-273X/11/8/1096)

Fig 5.1: Summarized effects of biostimulants in plants at the molecular and cellular level, and in the plant phenotype.
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Conclusion

The integration of plant biostimulants (PBs) into modern
agricultural practices offers a promising pathway towards
sustainable and resilient crop production systems. PBs,
defined as substances or microorganisms aimed at
enhancing crop quality traits, nutrition efficiency and abiotic
stress tolerance, emerged as a key solution. Biostimulants
hold immense promise for enhancing the resilience of
agricultural crops to environmental stresses. They have the
capability to increase the vyield of produce along with
maintaining  soil  properties without harming the
environment. Unlike conventional agricultural inputs such
as synthetic fertilizers and pesticides, biostimulants offer a
sustainable alternative that aligns with the principles of
environmental management and resource efficiency.
Moreover, the growing market for biostimulants reflects
increasing interest and recognition within the farming sector
of their potential benefits. Also, PBs demonstrate efficacy
not only in enhancing yield and quality but also in
mitigating abiotic stresses such as salinity, drought and
extreme temperature. This resilience capacity is crucial due
to climate change causing environmental uncertainties,
where maintaining crop productivity under adverse
conditions becomes vital.

This review paper presented here highlights the effects,
potential applications and advantages of biostimulants in
agriculture. Moreover, this paper underscores the significant
potential of plant biostimulants as a sustainable solution for
enhancing agricultural productivity and resilience. By
embracing biostimulants along with sustainable crop
management, it can be used for maximizing yields,
improving product quality, and safeguarding the
environment for future generations.
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