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The transition toward sustainable agriculture requires fertilisation strategies that improve nutrient use efficiency,
enhance resilience to abiotic and biotic stress, and minimise environmental impacts. Bio-based fertilisers, bio-
stimulants, and novel delivery systems have emerged as promising alternatives or complements to conventional
agrochemicals, yet their physiological bases remain only partially understood. This review examines current
knowledge on the mechanistic pathways through which these products act and identifies research gaps to enable
predictive use in diverse cropping systems.

Evidence indicates that bio-based inputs influence plant performance by modulating nutrient uptake and
assimilation, hormonal and redox signalling, stress perception and defence priming, and biomass allocation.
Protein hydrolysates, humic substances, and seaweed extracts alter root morphology, ion transport, and stress
signalling, while microbial inoculants such as rhizobia, phosphate-solubilising bacteria, and arbuscular mycor-
rhizal fungi provide nutrient mobilisation and immune priming. Novel delivery systems, including clays and
encapsulation systems, extend these effects by improving the stability and targeted release of bioactive com-
pounds. Despite these advances, the lack of standardised protocols, incomplete dose-response characterisation,
and strong context dependence of plant responses remain major obstacles to reproducibility and scalability.
Progress in this field requires a mechanistically anchored approach that links molecular events (such as trans-
porter activation, hormone dynamics, and antioxidant activity) to agronomic outcomes under variable envi-
ronments. Embedding mechanistic descriptors into both experimental design and regulatory frameworks could
accelerate the translation of bio-based inputs into reliable tools for sustainable crop production, supported by
environmental impact assessments.

1. Introduction Jalal and Bondarenko, 2025) (see Table 1).

These inputs have significantly advanced productivity since the

The global population currently surpasses 8 billion, and is projected
to reach 9-10 billion by 2050 (Assylkhankyzy and Seitmagzimova,
2024; Chaudhary et al., 2022; United Nations Population Fund, 2023).
Meeting the associated increase in food demand while preserving
environmental integrity remains one of the defining challenges of
modern agriculture. Despite advances in crop breeding, agronomy, and
input management, food insecurity continues to affect 7.8-8.8 % of the
global population (Food and Agriculture Organisation et al., 2025). To
enhance yields and maintain crop quality, farmers have relied heavily
on agrochemicals, including fertilisers, soil amendments, pesticides,
herbicides, and plant growth regulators. The types and quantities vary
with crop species, climate, and technological capacity (Devi et al., 2022;
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Green Revolution. However, their excessive and inefficient use poses
well-documented environmental and human health risks, including
nutrient leaching, eutrophication, biodiversity loss, and contamination
of food chains (Brownlie et al., 2023; Brunelle et al., 2024; Fayiga and
Nwoke, 2016). Such concerns have accelerated the search for bio-based
and low-impact alternatives, such as biostimulants, biofertilisers, and
novel delivery systems. These products aim to improve nutrient use ef-
ficiency (NUE), abiotic stress resilience, and crop quality while reducing
dependency on synthetic inputs (du Jardin, 2015; Rouphael and Colla,
2020; Zhao et al., 2024).

These products act primarily by modulating plant physiological
processes rather than supplying bulk nutrients. Documented
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Table 1

Current biostimulants (BS), biofertilisers (BF) and novel delivery systems (NDS) actuation sites, physiological results and known constraints.

Product type

Example molecule(s)

Primary molecular/biochemical target

Physiological outcome

Constraints/limitations

References

(BS) Amino acid
and protein
hydrolysates

(BS) Humic/
fulvic acids

(BS) Secondary
metabolites
(phenolics)

(BS) Plant growth
regulators

(BS) Seaweeds
and microalgae
extracts

(BS) Inorganic
compounds

(BF) Microbial
inoculants

(BS) Chelated
micronutrients

(NDS)
Nanoparticles,

L-tryptophan, L-methionine, glutamic

acid, signalling peptides

Humic acids extracts, leonardite-
derived fulvics

Caffeic acid, ferulic acid, flavonoids,
terpenoids, alkaloids

Gibberellic acid (GA), abscisic acid
(ABA), salicylic acid (SA)

Ascophyllum nodosum, Ecklonia
maxima, Chlorella vulgaris, Spirulina
platensis

Al, Co, Na, Se, Si (amorphous forms)

Rhizobium spp., Azospirillum spp.,
Azotobacter spp., Bacillus spp.,
Trichoderma spp., Pseudomonas spp.,
Enterobacter spp., AMF (Rhizophagus
irregularis, Funneliformis mosseae,
Claroideoglomus etunicatum, Glomus

spp.), ECM fungi (Pisolithus tinctorius)

Cu-EDTA, Fe-EDDHA, Fe-DTPA, Mn-
EDTA, Mn-DTPA, Zn-EDTA

ZnO-NPs, Fe;03-NPs, Ag-NPs, Si-NPs,

MgO-NPs, GO-NPs, Au-NPs, Ca3(PO4)-

Phytohormone precursors (auxin, ethylene,
and polyamines), stimulation of amino acid
permeases (AAP family), expression of
hormone responsive genes (SAUR, AUX/IAA,
ARF); upregulation of cytokinin riboside 5'-
monophosphate phosphoribohydrolase;
modulation of nitrate reductase and
glutamine synthase activity; regulation of
MAPK cascades and SA pathways

Auxin signalling components (IAA
mimicking), activation of plasma membrane
H'-ATPases; photosynthetic enzymes
(RuBISCO, photosystem II, ATPase),
upregulation of nutrient transporters (PHT,
LAX, PIN, nitrate/ammonium transporters,
CsIRTI)

Antioxidant and redox signalling activation,
root development, modulation of auxin
transport proteins (PIN family), activation of
MAPK, lignin synthesis, regulation of proline
metabolism (proline dehydrogenase)
Hormone receptors (GID1, PYR/PYL, NPR1),
flowering genes (CsIPT1b and CsUGT85A2),
phenylpropanoid metabolism modulation,
upregulation of RuBISCO, NADH, CXE and
cytochrome P450

Cytokinin and auxin pathways, cell division
regulation, root-shoot balance modulation,
upregulation antioxidant enzymes (SOD,
CAT, POD), activation of phenylpropanoid
pathways, induction of ABA genes
(cryoprotection and drought tolerance),
expression of aquaporin genes,
brassinosteroid synthesis, polysaccharide-
mediated MAMP signalling

Cell walls strengthening, osmotic regulation,
crystal deposition for reducing transpiration,
cofactors in enzymatic reactions, activation
of phytohormone signalling (ABA, auxin),
chelation of heavy metals

Nod genes and nif genes (nitrogenase);
phosphatases, organic acids (pho, pqq, gdh
families); phosphate transporters (PHT,
PSR); siderophore-mediated Fe acquisition;
ACC deaminase (ethylene regulation); VOC
signalling; mycorrhiza-induced resistance
(JA, ABA); H"-ATPase activity; MAPK
cascades

Metal transporters (IRT1, ZIP family), ferric
reductase oxidases (FRO2), metal tolerance
proteins (MTP)

Regulation of ion transporters (Zn-ZIP, Fe
transporters, Ag via K channels, Si

Modulation of hormonal balance,
improved root development, nitrogen
assimilation, stress tolerance, enhanced
photosynthesis, and higher yield

Root elongation and lateral root
formation, nutrient solubilisation and
uptake, metabolic activation, and
osmoregulation

UV protection, ROS scavenging and
stress tolerance, improved root growth,
seed germination, modulation of
rhizosphere microbiota

Control of germination and flowering,
enhanced stress tolerance, antioxidant
activity, and pathogen defence

Improved stress tolerance and
antioxidant capacity, delayed
senescence, enhanced water relations,
better yield quality

Thermotolerance, NUE improvement,
heavy metal detoxification, antioxidant
activity, drought tolerance

Biological N fixation, improved P and
micronutrient uptake, altered root
architecture, induced systemic
resistance, improved antioxidant
response, enhanced soil fertility, and
pathogen protection

Correction of deficiency symptoms,
improved enzyme function, higher
reproductive success, nutrients uptake,
antioxidant response

Enhanced NUE and bioavailability,
chlorophyll and DNA synthesis,

Lack of standardisation; overdosing
can cause inhibitory effects or
osmotic stress; composition
depends on the origin and
hydrolysis process

Activity varies with soil pH and
organic matter; solubility and
chelation efficiency is environment
dependent; heterogeneity of sources
limits reproducibility

Highly variable across species and
doses; excessive application can
alter soil microbial balance and
redox homeostasis

Unstable under field conditions;
regulatory restrictions on use;
effective within a narrow dose
range, excessive doses cause
toxicity

Batch-to-batch, species and
extraction method variability;
undefined active compounds limit
reproducibility

Risk of toxicity or metal
accumulation; species and dose
dependent

Field performance depends on soil

physicochemical properties, native

microbiota, and climate; high N and
P fertilisation suppresses symbiosis
and efficiency; unpredictable strain-
host-environment interaction

Limited persistence in the soil; rick
of metal leaching; high production
cost

Lack of standardised release and
toxicity testing; environmental

(Colla et al., 2015; Herrmann et al., 2024;
Malécange et al., 2023; Paskovic et al.,
2024; Rouphael and Colla, 2020)

(Ampong et al., 2022; Antu et al., 2025;
du Jardin, 2015; Nardi et al., 2017)

(Aina et al., 2022; Ampong et al., 2022;
Antu et al., 2025; de Melo et al., 2016; du
Jardin, 2015; Ghadirnezhad Shiade et al.,
2024; Nardi et al., 2017; Sun et al., 2024;
Wang et al., 2023)

Rouphael and Colla (2020)

(Ferreira et al., 2023; Gonzalez-Pérez
et al., 2022; Herrmann et al., 2024;
Parmar et al., 2023)

Rajesaheb et al. (2025)

(Bisht et al., 2025; Cruz et al., 2022,
2023; Dasgupta et al., 2023; Delaeter

et al., 2024; Gupta et al., 2022; Herrmann
et al., 2024; Ikram et al., 2025; Jones and
Oburger, 2011; Liu et al., 2025; Panda,
2022; Rodriguez-Vazquez and
Mesa-Marin, 2023; Wei et al., 2024)

(Rahman et al., 2021)

(Balla et al., 2022; Fadiji et al., 2024;
Hajihashemi and Kazemi, 2022; Kaboosi

(continued on next page)
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Table 1 (continued)

References

Physiological outcome Constraints/limitations

Primary molecular/biochemical target

Example molecule(s)

Product type

al., 2023; Lopes

., 2021, 2024; Moradi et al., 2024;
Pinho et al., 2025; Rajesaheb et al., 2025;

Shoukat et al., 2024; Singh et al., 2025)

o
E"
E]
Z
o
Iy
o
It

dependent; possible nano-

osmolyte production, stress tolerance

downregulating IRT1/NRAMPS5); MAPK and
SOS1 signalling; controlled release, enzyme-

NPs; encapsulated NPK,

encapsulated,

coats

ecotoxicity; unclear regulation

(salinity, drought, UVB, heat, heavy
metals), immune priming (PAMP-

microorganisms, BVOCs, urea

mediated and osmoregulatory mechanisms;
stimulation of antioxidant enzymes (SOD,

CAT, POD, APX, GR, PAL, GST);

(chitosan, alginate, Si-based capsules)

triggered), improved plant growth and

yield, prolonged microbial survival

accumulation of metabolites (proline, sugars,

proteins); alginate/chitosan as

osmoregulators and carbon sources

(Ali et al., 2024; Chamorro et al., 2025;

Activity dependent of temperature,
salinity and degradation rates;

Water retention, reduced leaching and
fertilisation frequency, soil aeration,

Nutrient diffusion and active; crosslink

Chitosan, cellulose, starch hydrogels

(cross-linked polymers)

(NDS) Hydrogel

Fadiji et al., 2024; Mandal et al., 2025)

density and swelling influencing release;

formulations

polymer residues accumulations in
the soil; high production cost

stress tolerance, enhanced nutrient
uptake, improved microbial carrier

survival

stimulation of plant defence mechanisms
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mechanisms include: enhanced root nutrient acquisition via regulation
of membrane transporters (e.g., NRTs, AMTs, PHTs, K" channels) and
rhizosphere pH adjustment by plasma membrane H-ATPases; hor-
monal modulation (auxin, abscisic acid, cytokinins, ethylene) and redox
signalling involving reactive oxygen and nitrogen (N) species (ROS,
NO); increased photosynthetic efficiency, osmotic adjustment, and
activation of antioxidant defences under abiotic stress; and altered
ionomic and metabolomic profiles, improving nutrient partitioning and
accumulation of beneficial metabolites (Ikram et al., 2025; Irineu et al.,
2023; Martinez-Lorente et al., 2024; Roche et al., 2024).

Emerging delivery technologies, such as clay-based carriers (smec-
tites, palygorskite, halloysite), nanoparticles (NPs), encapsulation and
coatings, further expand the toolbox by enabling controlled release of
bioactives, stabilisation of microbial inoculants, and synchronisation of
nutrient availability with plant demand (Kumar et al., 2018; Moradi
et al., 2024; Rajesaheb et al., 2025).

Regulatory definitions vary between jurisdictions (e.g., EU Regula-
tion (EU) 2019/1009 versus the US Plant Biostimulant Act 2022),
leading to inconsistencies in product categorisation and research
comparability (Ghorui et al., 2024; Malusa and Vassilev, 2014). Also,
terminological boundaries between “biofertilisers” and “biostimulants”
remain fluid in the literature. Microbial inoculants frequently act
beyond nutrient mobilisation by influencing signalling and stress re-
sponses, thus overlapping with classical biostimulant functions (Santos
et al., 2024). Conversely, several non-microbial products can indirectly
affect soil microbial activity and nutrient availability (du Jardin, 2015;
du Jardin et al., 2025). Herein, a pragmatic distinction aligned with EU
Regulation (EU) 2019/1009: microbial products are discussed as bio-
fertilisers, while non-microbial substances are treated as biostimulants.
This framework facilitates clarity in mechanistic analysis, while recog-
nising the functional overlap between categories.

This review focuses on the mechanistic basis for the action of bio-
based fertilisers, biostimulants, and novel delivery systems in plants.
We synthesise current evidence linking product classes to nutrient up-
take, signalling pathways, stress responses, and ionomic shifts, and
identify key research priorities to bridge the gap between agronomic
performance and mechanistic understanding.

2. Physiological pathways and responses

Bio-based inputs exert their effects mainly by modulating physio-
logical processes in plants rather than supplying bulk nutrients (Verma
et al., 2024). Their reported impacts include improved nutrient uptake
and assimilation, modulation of hormonal and redox signalling path-
ways, enhanced tolerance to abiotic and biotic stresses, and adjustments
in biomass partitioning that influence yield and quality (Priya et al.,
2023).

Specifically, these bio-based inputs can improve nutrient uptake and
assimilation through the upregulation of nitrate and ammonium trans-
porter genes (NRTs, AMTs), phosphate (PHT) transporters, and plasma
membrane H*-ATPases. Thus, increasing ion influx and driving rhizo-
sphere acidification (Albornoz and Godoy, 2025; Ngosong et al., 2022).
They can also impact nodulation activities and root architecture,
improving growth, nutrient uptake and yield (Liu et al., 2025; Ngosong
et al., 2022; Pooja et al., 2025).

Extracts from seaweeds, humic acids, and microbial elicitors modu-
late auxin, cytokinin, salicylic acid (SA), and jasmonic acid (JA) path-
ways, thereby influencing both growth and defence (Maciel-Rodriguez
et al., 2025). These effects in hormonal signalling networks often
converge with redox regulation, where shifts in antioxidant enzyme
activity and ROS signalling integrate metabolic and developmental re-
sponses (Faria de Souza et al., 2025).

Many bio-based inputs contribute to improved abiotic stress toler-
ance by modulating stress signalling pathways. They often functioning
as priming agents rather than direct stress mitigators, and can enhance
signals from receptor-like kinase (RLK) and histidine kinases (HK),
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enabling downstream responses involving cytosolic calcium (Ca®"),
mitogen-activated protein kinase (MAPK) and late embryogenesis
abundant (LEA) class genes (Johnson et al., 2023; Lephatsi et al., 2022).
Certain bio-based inputs provide solutes such as proline or glycine
betaine, that stabilise proteins and membranes under osmotic stress and
modulate dehydrin and aquaporin genes to improve plants’ water status
and drought tolerance (Crespo-Barreiro et al., 2025). Others can also
attenuate ethylene accumulation, alleviating growth inhibition under
adverse conditions and aiding in the regulation of SA and JA signalling
pathways (Feng et al., 2025).

The physiological improvements induced by bio-based inputs can
ultimately translate into enhanced yield stability and quality attributes.
Enhanced nutrient acquisition and abiotic stress tolerance modify car-
bon allocation patterns, often favouring reproductive over vegetative
sinks (Rouphael and Colla, 2020). Inoculants that improve nutrient
status and water-use efficiency can sustain photosynthetic performance
during reproductive phases, thereby stabilising yield under adverse
conditions (dos Reis et al., 2024; Nadarajah and Abdul Rahman, 2023).
The effectiveness of bio-based inputs, however, is strongly modulated by
environmental and edaphic factors. Soil pH regulates both microbial
activity and nutrient solubility, while soil texture and organic matter
influence the retention and diffusion of active compounds (Mitter et al.,
2021). Climatic variability further shapes degradation rates and plant
physiological demand, introducing strong genotype x environment in-
teractions that remain insufficiently characterised (Baum et al., 2024).
These factors interact in feedback loops, where each influence subse-
quent nutrient uptake and stress responses (Khoulati et al., 2025). Such
complexity means that mechanistic effects observed under controlled
conditions cannot be assumed to hold under variable field environments
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(Ullah et al., 2021). Hence, studies pinpoint particularly pronounced
genotype x environment x management interactions in various crops’
physiological responses to bio-based products, especially under abiotic
stress regimes such as drought, heat, and elevated CO, (Janni et al.,
2023; Machado et al., 2025).

Biostimulants derived from protein hydrolysates, humic substances,
or seaweed extracts contain bioactive molecules that can influence root
development, ion transport, and stress signalling (Matthews et al.,
2025). Microbial inoculants, including rhizobia, phosphate-solubilising
bacteria, and arbuscular mycorrhizal fungi, contribute to nutrient
mobilisation and assimilation, while also acting as elicitors of systemic
plant responses (Kurniawati et al., 2023). Novel delivery systems,
ranging from clay minerals to encapsulation technologies, extend these
effects by stabilising bioactive compounds, protecting sensitive micro-
organisms, and synchronising the release of nutrients or elicitors with
plant demand (Nwankwo et al., 2025; Verma et al., 2024). Together,
these product classes converge on a set of common physiological path-
ways (Fig. 1), which will be examined in greater mechanistic detail in
the following section.

3. Agrochemical categories and emerging delivery technologies
3.1. Microbial biofertilisers

Microbial biofertilisers are formulations containing living beneficial
microorganisms, both bacteria or fungi. They play a key role in nutrient
cycling, soil fertility, plant health, and biotic and abiotic stress tolerance

(Bisht et al., 2025). Their primary mechanisms of action involve direct
nutrient acquisition, modulation of root physiology, and induction of

3

& @

Delivery
systems

Environmental and genotypic modifiers

Soil pH

Microbiota

Climate
Genotype

Fig. 1. Biostimulant-mediated processes influencing plant physiology. Applications of microbial biofertilisers, non-microbial biostimulants, and novel delivery
systems are shaped by environmental and genotypic factors (soil pH, microbiota, climate and plant genotype). The resulting physiological outcomes as improved
NUE, enhanced photosynthesis, greater abiotic stress tolerance and higher yield and quality. These effects are mediated by mechanisms involving nutrient uptake and
assimilation, hormonal and redox signalling, stress resilience and biomass allocation.
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plant signalling pathways (Bisht et al., 2025; Tkram et al., 2025; Irineu
et al., 2023; Lephatsi et al., 2022).

Nitrogen-fixing bacteria, such as Rhizobium spp., establish symbiotic
or associative interactions with their hosts (Lindstrom and Mousavi,
2020). Also, their free-living homologous, including Azotobacter spp.
and Agzospirillum spp. (Fukami et al., 2018; Martin del Campo et al.,
2022), provide bioavailable N through the activity of nitrogenase en-
zymes encoded by nif genes (Alleman and Peters, 2023; Sharma et al.,
2023). These associations frequently alter root system architecture
through the production of auxins, leading to enhanced soil exploration
and improved nutrient capture. Phosphate-solubilising microorganisms
contribute to phosphorus (P) acquisition by excreting organic acids,
phosphatases, and chelating compounds that mobilise insoluble soil P
fractions (Bargaz et al., 2021; Bisht et al., 2025; Jones and Oburger,
2011; Liu et al., 2025). These processes are often accompanied by an
upregulation of plant phosphate transporter genes, such as members of
the PHT family and PSR (phosphate starvation response) transcription
factors, thereby increasing uptake efficiency under phosphorus-limited
conditions (Albornoz and Godoy, 2025; Bisht et al., 2025; Khan et al.,
2023; Lephatsi et al., 2022).

Arbuscular mycorrhizal fungi (AMF), including Rhizophagus irregu-
laris, Funneliformis mosseae, and Claroideoglomus etunicatum and Glomus
spp., are obligate symbionts commonly associated with crops, whereas
ectomycorrhizal (ECM) fungi, such as Pisolithus tinctorius, are mainly
symbionts of trees and form a mantle structure in the intracellular spaces
of the root (Panda, 2022). Both AMF and ECM extend the functional root
system through extensive hyphal networks, enhancing the acquisition of
low-mobility nutrients such as P and zinc (Zn), and regulating devel-
opmental processes (budding, flowering, and rooting) (Panda, 2022).
Arbuscular mycorrhizal fungi play a key role in protecting plants from
soil-borne diseases, along with providing abiotic stress tolerance, even
under extreme conditions, and also share capacities with ECM (Panda,
2022). Fungal colonisation is further associated with altered phytohor-
mone profiles, particularly with increases in JA and abscisic acid (ABA),
and can elicit mycorrhiza-induced resistance through the production
and exudation of antibiotics (Delaeter et al., 2024; Salomon et al., 2022).

In addition, several other bacterial genera, such as Pseudomonas spp.,
Bacillus spp., and Enterobacter spp., exhibit multifunctional traits that are
relevant to plant nutrition and stress physiology. These include the
production of siderophores that facilitate iron (Fe) mobilisation, the
synthesis of 1-aminocyclopropane-1-carboxylate (ACC) deaminase that
modulates ethylene levels under stress, and the emission of volatile
organic compounds capable of influencing stomatal conductance and
photosynthetic performance (Bisht et al., 2025; Dasgupta et al., 2023;
Rawat et al., 2021; Sharma et al., 2013; Wei et al., 2024).

At the physiological level, microbial biofertiliser application can lead
to increased expression of key nutrient transporter genes (Bisht et al.,
2025; Pan and Cai, 2023), and elevated activity of plasma membrane
H'-ATPases that acidify the rhizosphere (Gupta et al., 2022; Rodri-
guez-Vazquez and Mesa-Marin, 2023). Under stress conditions, they
enhance antioxidant enzyme activity, including superoxide dismutase
(SOD), catalase, (CAT) and peroxidase (POD) (Cruz et al., 2022, 2023).
These effects are often integrated into broader signalling cascades
involving mitogen-activated protein kinases (MAPKs) and the regulation
of reactive oxygen and nitrogen species homeostasis (Dasgupta et al.,
2023). Nevertheless, the performance of microbial biofertilisers in field
conditions is highly dependent on edaphic factors, climatic variability,
and native microbial community composition. High rates of N and P
fertilisation can suppress symbiotic establishment and reduce efficacy
(Delaeter et al., 2024), emphasising the importance of aligning micro-
bial inoculation strategies with context-specific agronomic practices.

3.2. Non-microbial biostimulants

Non-microbial biostimulants comprise a diverse group of substances
of plant, algal, or animal origin, including humic and fulvic substances,
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protein hydrolysates, amino acids, phenolic compounds, and plant
hormones, as well as whole algae or algal extracts (Ngosong et al.,
2022). These products act primarily by modulating plant physiological
processes rather than supplying substantial amounts of nutrients,
thereby improving nutrient use efficiency, abiotic stress tolerance, and
crop quality (du Jardin, 2015; Martinez-Lorente et al., 2024; Parmar
et al., 2023).

Humic substances, derived from the decomposition of organic mat-
ter, possess a high tolerance to withstand microbial reactions, allowing
for a long-lasting effect (Ampong et al., 2022; Antu et al., 2025), which
influences nutrient acquisition. They are rich in phenolic and carboxylic
groups, which dissociate to form free functional groups, and they can
chelate metals in the soil (Ampong et al., 2022; de Melo et al., 2016).
Their high-molecular-weight compounds stimulate the activation of the
plasma membrane H'-ATPases, leading to rhizosphere acidification and
enhanced solubilisation of nutrients such as P and micronutrients. They
also upregulate the expression of nitrate, ammonium, and iron (Fe)
transporters genes (ZMNrtl.1, ZMNrt2.1, BnNRT1.1, BnNRT2.1,
CsIRT1), thereby improving N uptake (Ampong et al., 2022; du Jardin,
2015; Nardi et al., 2017). In addition, humic fractions can alter root
morphology and enhance lateral root formation via auxin and cytokinin
activity (Antu et al., 2025). Because their solubility is dependent on pH,
their performance may vary across soils (de Melo et al., 2016).

Protein hydrolysates (PHs) are obtained mainly by enzymatic hy-
drolysis and also by chemical hydrolysis or fermentation of plant or
animal by products. They contain short peptides and free amino acids,
with glutamic acid, glutamine, and proline often abundant (Malécange
et al., 2023). Depending on the source and process, they may also
contain carbohydrates, minerals, phenolic compounds, and trace phy-
tohormones (Colla et al., 2015; Paskovic et al., 2024). Applied to roots,
protein hydrolysates can stimulate amino acid uptake via the amino acid
permease family, including carriers of glutamate (Paskovic et al., 2024).
The released amino acids and short peptides act as precursors of meta-
bolic intermediates and stress related metabolites, and they also func-
tion as signalling molecules (Monterisi et al., 2024). At low
concentrations, PHs elicit auxin and gibberellin like responses, in part by
increasing tryptophan availability and enhancing indole-3-acetic acid
(IAA) related signalling (Colla et al., 2015; Malécange et al., 2023;
Paskovic et al., 2024). Root architecture is modified by the upregulation
of cytokinin riboside 5-monophosphate phosphoribohydrolase
(Paskovic et al., 2024). Exogenous amino acids can also modulate N
assimilation by affecting the activity of key enzymes, such as nitrate
reductase and glutamine synthetase, and stimulate antioxidant systems
that mitigate oxidative stress (Colla et al., 2015; Paskovic et al., 2024;
Rouphael and Colla, 2020). In particular, oxidative stress mitigation is
accompanied by transcriptional upregulation of key elements in the
photosynthetic electron transport chain (Malécange et al., 2023;
Paskovic et al., 2024).

Algal extracts, from macroalgae, such as Ascophyllum nodosum and
Fucus spiralis, and from diverse microalgal species, e.g., Coccomyxa
onubensis, Chlorella vulgaris, are complex mixtures containing phyto-
hormones, sterols, vitamins, minerals, and N-containing compounds
(Ferreira et al., 2023; Maciel-Rodriguez et al., 2025; Martins et al., 2024;
Parmar et al., 2023). These constituents enhance photosynthetic per-
formance, modulate hormonal balance, improve abiotic stress tolerance,
and promote nutrient uptake by stimulating enzymatic activities,
including dehydrogenases, RNase, acid and alkaline phosphatase, and
nitrate reductase (Faria de Souza et al., 2025; Ferreira et al., 2023;
Gonzalez-Pérez et al., 2022). Phytohormones present in the mixtures
promote faster plant growth, development, and metabolism regulation
(Gonzalez-Pérez et al., 2022). In addition, algal polysaccharides can act
as microbial-associated molecular patterns (MAMPs), eliciting antioxi-
dant responses that include the induction of ROS scavenging enzymes
(Gonzalez-Pérez et al., 2022). Microalgae are also used to recover nu-
trients in wastewater treatment stations, supporting the circular bio-
economy (Mau et al., 2021; Solovchenko et al., 2016).
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Phenolic compounds, more specifically tannins, lignins, flavonoids,
phenolic acids and terpenoids, from plant residues or algal biomass,
have gained importance for their antioxidant capacity and free radical
scavenging activity (Aina et al., 2022; Ghadirnezhad Shiade et al., 2024;
Sun et al., 2024). Several phenolic classes enhance plant growth and soil
fertility (Aina et al., 2022; Wang et al., 2023). They contribute to seed
germination, protection against UV damage, and they induce enzymes
important for seed nutrition and redox balance, including a-amylase,
f-amylase, CAT, POD and proteases (Aina et al., 2022; Ghadirnezhad
Shiade et al., 2024; Sun et al., 2024). Beyond UV protection, phenolic
compounds support cell wall formation through stimulation of lignin
biosynthesis, modulation of auxin signalling, and promotion of root
growth (Aina et al., 2022; Ghadirnezhad Shiade et al., 2024). Under
stress conditions, they modulate the proline cycle, including proline
dehydrogenase and pyrroline-5-carboxylate synthase, supporting pro-
line accumulation and osmotic adjustment (Aina et al., 2022).

Inorganic compounds are also used. They are considered as not
essential, but generally beneficial to plants growth, such as aluminium
(Al), cobalt (Co), sodium (Na), selenium (Se), silica (Si) and their
amorphous forms (Nunes da Silva et al., 2022). Their function is mostly
focused on strengthening cell walls, osmoregulation, reduction of tran-
spiration via crystal deposits, thermotolerance, cofactors supply, NUE,
antioxidant activity, heavy metals chelation and phytohormone syn-
thesis and signalling (Rajesaheb et al., 2025).

The physiological outcomes of non-microbial biostimulant applica-
tion are strongly context-dependent, influenced by factors such as soil
PH, texture, and organic matter content, as well as plant developmental
stage and prevailing stress conditions (Li et al., 2022). Typical responses
include improved chlorophyll content, increased photosynthetic effi-
ciency, and enhanced root growth, reflecting improved nutrient acqui-
sition and allocation (Boutahiri et al., 2024; Ciriello et al., 2025;
Herrmann et al., 2024; Roche et al., 2024). However, reproducibility of
these effects remains a challenge, partly due to variability in product
composition, extraction processes, and the lack of standardised experi-
mental protocols (Herrmann et al., 2024). Application dose also plays a
decisive role, as low concentrations tend to elicit positive effects,
whereas higher concentrations may induce inhibitory responses (Aina
et al,, 2022). Moreover, secondary metabolites within these bio-
stimulants can influence microbial communities associated with host
plants, with potential implications for plant health and productivity
(Ghadirnezhad Shiade et al., 2024).
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3.3. Novel delivery systems

Novel delivery systems (NDS) for agrochemicals, largely represented
by controlled-release fertilisers and stimulants (CRFs), provide more
precise and targeted delivery compared to traditional applications.
Materials with high surface areas, strong adhesion, permeability to
water and nutrient, tuneable pore sizes, controlled degradability, and
ion exchange capacities, such as silica, cellulose, iron oxide, hydroxy-
apatite, and lignin, are selected for adsorption, encapsulation, or inter-
calation of active ingredients (Moradi et al., 2024; Rajesaheb et al.,
2025). These systems protect sensitive molecules from degradation,
modulate their release kinetics, and improve their bioavailability. This
enhances nutrient use efficiency and mitigates environmental losses,
while reducing fertiliser use up to 30 % without compromising yield
(Kumar et al., 2018; Moradi et al., 2024). Slow-release fertilisers (SRFs)
release nutrients more gradually than conventional fertilisers but are not
typically encapsulated like the CRFs (Fig. 2), and their release rates are
strongly influenced by microbial activity, and on soil and environmental
conditions, which makes precise nutrient delivery more challenging
(Moradi et al., 2024).

Nanoparticles (NPs) offer advantages due to their high surface area,
thermal stability and physiochemical properties, which allow lower
nutrient doses to achieve greater delivery efficiency (Moradi et al., 2024;
Rajesaheb et al., 2025; Yadav et al., 2023). Nanofertilisers (NFs), a class
of NPs, include macronutrients, such as N, P, potassium (K), magnesium
(Mg), calcium (Ca), and sulphur (S), and micronutrients like Fe, Zn, and
copper (Cu), formulated as nanoscale particles. To be defined as NFs,
formulations should have at least 50 % of the particles with dimensions
below 100 nm, to provide a high surface-area-to-volume ratio boosting
nutrient absorption, diffusion and uptake, while reducing nutrient losses
up to 50-70 % compared to the conventional water-based fertilisers
(Yadav et al., 2023). These compounds can also be incorporated in
conventional fertilisers as nano-additives or as coatings, and in some
formulations the particles are coated with microorganisms to prolong
survival and interaction time (Elnahal et al., 2022; Karunakaran et al.,
2024; Moradi et al., 2024; Rajesaheb et al., 2025).

Nanoparticle composition strongly influences plant responses.
Chitosan-based NPs loaded with SA buffer cellular redox and stimulate
antioxidant response, including POD, phenylalanine ammonia-lyase
(PAL) and polyphenol oxidase, while promoting shoot and root
growth and chlorophyll accumulation (Rajesaheb et al., 2025; Shoukat
et al., 2024). Carbon-based NPs enhance seed germination and facilitate

Controlled release Slow release

Slow release

£

Novel delivery systems

Precise and targeted release
Rate depend on material characteristics

Metals, polysaccharides, microbial coatings

Fig. 2. Release dynamics of fertilising applications. Three main categories are microbial biosfertilisers, non-microbial biostimulants, and novel delivery systems,
arranged from rapid to slow release. Microbial biofertilisers enable a rapid release of compounds through living microorganism formulations. Non-microbial bio-
stimulants may exhibit intermediate or controlled release behaviour. Novel delivery systems enable a precise and targeted release rates that depend on the material

characteristics, resulting in sustained to slow delivery.
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delivery of DNA and small molecules (Aruna et al., 2025; Lopes et al.,
2021), whereas silver-based (Ag-NPs) and Zn-NPs restore the ionic
balance under salinity and drought stress (Faisal et al., 2024). In addi-
tion, zinc oxide NP (ZnO-NP) regulate ZIP transporters, while Ag-NPs
mimic K* enabling passage through K" transport pathways (Shoukat
et al., 2024). Silica-based (Si-NPs) improve photosynthetic efficiency,
limit the uptake of heavy metals such as cadmium (Cd) via down-
regulation of genes IRT1 and NRAMPS5, immobilise lead (Pb) and arsenic
(As), and increase the activity of several antioxidant enzymes, such as
SOD, CAT, glutathione reductase (GR), PAL, and the
ascorbate-glutathione cycle. Copper-based NPs (Cu-NPs) act as biocides
by enhancing polyphenol oxidase and PAL activity; Mg-NPs promote Mg
uptake and photosynthesis; while Fe-NPs interact with Fe-regulated
transporters, increasing the chlorophyll content and supporting DNA
synthesis (Shoukat et al., 2024). Beyond these, polymeric NPs are being
explored as carriers of micronutrient chelates, increasing plants growth
and chlorophyll content, while modulating nutrient-specific molecular
pathways (Pinho et al., 2025).

On the other hand, CRFs are designed to release nutrients in a
controlled and gradual manner in accordance with the plant’s devel-
opmental requirements. The nutrient granules are coated with water-
resistant polymeric materials that release nutrients via diffusion and
interactions with soil water (Moradi et al., 2024). Encapsulation stra-
tegies are also applied to microbial inoculants and pesticides. Most
capsules are based on chitosan or alginate and can carry microbial cells,
gases or metabolites (Fadiji et al., 2024; Wang et al., 2023). Encapsu-
lation of bacterial volatile organic compounds (BVOCs) in alginate
matrices enhances antioxidant responses under drought (e.g., higher
CAT, glutathione S-transferases (GST), proline, protein and sugar
accumulation), while promoting shoot and root growth (Lopes et al.,
2024). The use of alginate in CRF matrices is supported by evidence that
it functions both as an osmoregulator and a carbon source, similarly to
chitosan. This dual role enhances nutrient release control and soil con-
ditioning effects while providing biodegradable carbon that can support
microbial activity (Balla et al., 2022). Under drought, encapsulated
fungal inoculum induced antioxidant defences, including increases in
carbohydrates, protein, proline, CAT, SOD, ascorbate peroxidase (APX),
and POD, lower lipid peroxidation, and higher growth and yield
(Kaboosi et al., 2023). Under salt stress, Si and chitosan capsules pro-
duced comparable responses (Hajihashemi and Kazemi, 2022), while
urea capsules yielded similar outcomes under non stress conditions
(Singh et al., 2025). Together, these convergent results across materials
and contexts indicate that the capsule matrix itself, not only PGPR traits
or the urea payload, shapes the plant response. In addition, capsules of Si
reduce the effect of UVB damage (Hajihashemi and Kazemi, 2022).

Hydrogel formulations are surging as carriers due to their high-water
absorption capacity, non-toxicity, stability after swelling and storage,
and versatility (Ali et al., 2024; Chamorro et al., 2025). They can be
made from natural polymers, like chitosan, cellulose and starch
(Chamorro et al., 2025; Mandal et al., 2025), making them a sustainable
alternative. These formulations can serve as carriers for microbial in-
oculants and nutrients, minimising nutrient washout, reduce fertilisa-
tion frequency and nutrient loses by leaching and runoff (Rodrigo and
Munaweera, 2025). Their release mechanisms by diffusion and, in the
case of polysaccharide hydrogels, by active transport (Ali et al., 2024),
depend on water penetration, nutrient dissolution, and diffusion ca-
pacity of the polymer matrix, influenced by cross-linking density,
swelling behaviour, and soil conditions (Mandal et al., 2025). Similarly
to the encapsulation materials, some of the materials used in hydrogel
formulations also promote plant defence mechanisms, like chitosan (Ali
et al., 2024). However, the slow release and production costs are still a
limitation (Fadiji et al., 2024; Mandal et al., 2025; Rodrigo and Muna-
weera, 2025).
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4. Linking physiological mechanisms to agronomic performance

While the mechanistic evidence indicates that bio-inputs can
enhance nutrient uptake, stress resilience, and yield formation, their
effects in the field are strongly context-dependent. Responses are larger
in dry climates and are favoured by neutral soil pH and low soil organic
matter, with weaker effects on very high P soils, which points to clear
targeting rules for practice (Schiitz et al., 2018). Field evaluations
generally report stronger and more reproducible agronomic gains than
greenhouse assays, and applications made before planting or at early
vegetative stages tend to produce larger yield responses than late ap-
plications (de Zutter et al., 2022; Pei et al., 2025). Mechanistically, the
meta evidence attributes roughly one half of the benefits to stress alle-
viation, with the remainder split between direct pathogen suppression
and improved nutrient availability, which helps explain why some trials
show large physiological changes without proportional yield gains when
stress is absent or mild (Li et al., 2022).

For example, across thirteen crops under rainfed management, AMF
increased yields by 23 % on average, with gains linked to improved
stress resistance and P capture (Wu et al., 2022). Inoculation with AMF
also increased shoot biomass by 24.2 % and root biomass by 29.6 %,
while delivering increased seed number and pods or fruits per plant (Wu
et al., 2022). A more recent meta-analysis found that AMF inoculation
increased plant biomass by 47 %, N concentration by 16 %, P concen-
tration by 27 %, whole plant N uptake by 67 %, and whole plant P
uptake by 105 %. Gains were larger for P than for N, and responses were
stronger with single AMF species than with mixed AMF species, in lab-
oratory trials than in field trials, and in legumes compared with other
crops (Wu et al., 2024). Soilless and hydroponic systems can support
these biological interactions, but colonisation is generally lower than in
soil and strongly influenced by nutrient supply and system hydraulics
(Othman et al., 2024). In comparative trials, AMF colonisation averaged
52.3 % in hydroponics versus 61.1 % in soil, with performance favoured
by moderate phosphorus concentrations (0.15-15.5 mg L™!) but sup-
pressed at higher levels (40-75 mg LY (Othman et al., 2024). Turbu-
lence from air bubbling or continuous recirculation can further damage
spores and hyphae, reducing colonisation success (Dasgan et al., 2022).
Together, this argues for pilot trials to refine inoculation timing and
placement and to validate sanitation protocols compatible with micro-
bial persistence before attempting large scale deployment in high value
protected cropping.

4.1. Cereals

In maize, seed or early vegetative inoculation with Azospirillum
brasilense increased root volume by about 12 %, 4.3 % N leaf concen-
tration, 5.4 % grain yield, and 3.6 % of N in grains. The highest inocu-
lation efficiency was achieved when applications were timed to the V2
to V3 stages, with seed inoculation outperforming in furrow or foliar
applications across environments (Barbosa et al., 2022). In parallel,
phosphate solubilising bacteria reduced the need for mineral P in maize
and increased soil P availability when applied around the V7 stage,
translating into better growth with less fertiliser (Beltran-Medina et al.,
2023). In acidic soils, pairing biofilm forming biofertilisers with organic
ameliorants supports not only soil fertility, but also maize height and
grain yield while cutting mineral NP use by about 40 % with no yield
penalty (Ambarita et al., 2025). In barley and wheat, the mycorrhizal
pathway contributes to total above-ground Zn, improving yield and
spike traits particularly under low to moderate Zn supply, under
greenhouse conditions. At higher Zn availability, additional benefits
diminish but have no negative effects on grain P. These processes appear
to be mediated by genes from the ZIP transporter family, including ZIP13
(Coccina et al., 2019; Watts-Williams and Cavagnaro, 2018).

These biological inputs mesh with NPK management and conserva-
tion practices in ways that matter on farm. For instance, in long-term no-
till maize, Azospirillum-based programs increased yield stability and



J. Santos et al.

produced multi-season net returns near US$ 409 per hectare. Similarly,
integrating A. brasilense into N management raised operating profit by
about 10.5 % across field trials, illustrating that agronomy and eco-
nomics move together when timing and dose are tuned (Caires et al.,
2021; Galindo et al., 2022). Wheat shows a similar pattern, where
inoculation with Bradyrhizobium sp. together with A. brasilense favoured
grain yield, plant N uptake and complemented top dress N without
changing fertiliser recovery, a result that supports moderate reductions
in mineral N when co-inoculation is used judiciously (Galindo et al.,
2022). Beyond yellow and white maize, purple maize maintained key
performance indicators with less 30 kg N per hectare when Azospirillum
was used, reinforcing the substitution potential in low input systems
(Condori et al., 2024). Meta analysis in African cereals further indicates
that adequate P management together with Rhizobium strains inocula-
tion, leads to the highest grain yields (Kanomanyanga et al., 2021). In
turn, nanofertiliser use in rice increased grain yield, improved photo-
synthetic performance and also strengthened tolerance to environ-
mental stress and disease pressure (Kumar et al., 2023).

4.2. Legumes

A continent-wide synthesis in African indigenous soils reported that
rhizobial inoculation significantly increased legume yields, although the
extent of the benefits observed varied between microbial strain and crop
species, with cowpea having the largest average yield gain at 61.7 % and
groundnut the smallest at 19.8 % (Buernor et al., 2022). A recent
meta-analysis estimated average yield gains of around 40 % and seed
protein increases of 11 %, which aligns with the nitrogen fixation
mechanism (Sufar et al., 2024). However, the authors caution that re-
sults were confounded by experiment design, fertiliser regime, legume
species, and country context, and many studies lacked measures of
variation, limiting rigorous, weighted meta-analyses (Sufar et al., 2024).

It becomes clear that practical parameters matter. For example, for
common bean, it is recommended using at least 10 g of Rhizobium
inoculant per kg of seed to secure consistent nodulation and yield ad-
vantages against mineral N alone (dos Santos Sousa et al., 2022). On
average, Rhizobium inoculation was 12.3 % less efficient than mineral N
fertilisation. Yet, when meta-analysis results were stratified by season,
soil management, and soil properties, Rhizobium inoculation out-
performed mineral N fertilisation when common beans were grown in
the dry season, under no tillage, and in soils with high organic matter,
with a likely positive impact on yield. The efficiency gap also narrowed
in clay textured, eutrophic soils with low to neutral acidity and adequate
P availability (dos Santos Sousa et al., 2022). In addition, co-inoculation
with PGPB, such as Nj-fixing rhizobia and Bacillus, tends to amplify
benefits in soybean, cowpea, and common bean by improving nodula-
tion and early vigour (Kaschuk et al., 2022). While co-inoculation
generally enhanced symbiotic function, raising nitrogenase activity in
chickpea, common bean, and pigeon pea in pots, and in faba bean and
lentil in the field, it decreased activity in lentil from a single data point
and in mung bean in pots, and had no effect in other legumes. Plant N
tended to increase with co-inoculation in chickpea, common bean, faba
bean, mung bean, pigeon pea, and soybean, although field studies re-
ported decreases for soybean and cowpea. In addition, P uptake rose in
chickpea, lentil, and urad bean, and vegetative growth was usually
promoted, with larger roots in chickpea, faba bean, groundnut, lentil,
and soybean, smaller roots in common bean, and reduced shoot size only
in cowpea. Yield effects were mostly positive for chickpea, cowpea, faba
bean, lentil, mung bean, and soybean, but lentil grown in pots showed a
negative response (Kaschuk et al., 2022). In field trials, biochar
increased legume productivity by 21.2 %, with shifts in the soil N pool
(total N, nitrate N, ammonium N) and greater plant N uptake emerging
as the primary drivers (Zhang et al., 2022). Taken together, despite
small contradictions across studies, biofertilisers are estimated to in-
crease legume yield, with common bean in particular gaining at least 54
% (Pei et al., 2025).
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Responses can be further enhanced by integrating nanofertilisers.
Under greenhouse conditions, a molybdenum (Mo) NP formulation
increased total green bean biomass by 41.6 % relative to a Mo chelate
and by 36.84 % relative to molybdate, while also improving nutrient use
efficiency (Munoz-Marquez et al., 2024). Similarly, in a field experi-
ment, combining ZnO, MnO, and MoOs NP increased vegetative growth,
fertility, photosynthetic capacity, and yield (Salama et al., 2022).
However, optimal application timing and dose remain crop specific. For
example, in field-grown lentil, a moderate ZnO-NP rate of 2.5 ppm
maximised yield when sowing on favourable dates such as October,
whereas a higher rate of 5 ppm had a buffer effect in sowing stress with
only marginal additional yield (Ali et al., 2025).

4.3. Horticultural crops

In horticultural crops, both biofertilisers and biostimulants demon-
strate agronomically meaningful effects on nutrient management, yield,
and quality. For instance, in floating soilless basil culture, bacterial,
mycorrhizal, and microalgal biofertilisers improved yield, leaf area,
mineral nutrition and antioxidant profile, relative to mineral controls at
matched nutrient strength (Dasgan et al., 2022). Bacteria delivered the
highest total yield and leaf area and, together with mycorrhiza,
increased dry matter and total soluble solids. Mycorrhiza also maxi-
mised canopy development by promoting lateral branching without
stem thickening. All treatments enhanced uptake of N, P, K, Ca, Mg, Fe,
Mn, Zn, and Cu and reduced leaf nitrate at the final harvest, most
notably with microalgae and mycorrhiza, while bacteria increased
phenols by 17.7 % and flavonoids by 35.3 %, outcomes relevant to leafy
green quality standards (Dasgan et al., 2022).

In broccoli and lettuce under field conditions, a consortium con-
taining Bacillus megaterium and Pseudomonas fluorescens sustained yield
and mineral accumulation with only 12 to 13 of the usual chemical
fertiliser, indicating real substitution potential when biologicals are
paired with reduced mineral inputs (Demir et al., 2023). In broccoli,
Bacillus spp. enriched minerals, head vitamin C and shoot fresh weight.
Arthrobacter spp. outperformed it belowground, increasing root dry
weight by 47 % and giving the longest roots, while microalgae and
amino acids led for shoot dry matter (Altuntas, 2018). Higher vermi-
compost rates paired with the best planting material, in a pot experi-
ment, also increased broccoli growth, photosynthetic capacity and
quality traits, including vitamin C, alongside greener, sweeter heads at
harvest, highlighting that organic amendments and biobased products
can be combined to tune both yield and quality (Hasan et al., 2024).

In greenhouse grown strawberries under organic management, a
plant derived protein hydrolysate increased leaf CO» assimilation by
34.5 % and fruit yield per unit area by 13.5 %, alongside a broader
mineral improvement, including nitrate and magnesium (Ciriello et al.,
2025). In contrast, a seaweed extract raised fruit antioxidant activity by
17.4 %, illustrating divergent yet complementary modes of action that
can be selected according to quality targets (Ciriello et al., 2025). In
Chinese cabbage under controlled conditions, a liquid biofertiliser made
from livestock manure and Chlorella fusca increased chlorophylls, ca-
rotenoids, and N and P assimilation, with transcriptomics indicating
upregulated photosynthetic and nutrient assimilation pathways (Le
et al., 2025). However, per unit antioxidant concentrations declined,
likely due to dilution by rapid biomass accumulation (Le et al., 2025), a
trade-off that should be factored into dose, harvest timing, and quality
targets.

Even so, with biofertilisers, harvest quality often matches or exceeds
conventional benchmarks. In tomato grown under field conditions,
compost-based fertility programs increased vitamin C, flavonoids, total
phenolics, DPPH radical scavenging activity, and FRAP antioxidant ca-
pacity, while maintaining sensory attributes comparable to mineral
fertilisation across several cultivars (Teshome et al., 2025). By contrast,
chemical fertilisation primarily enhanced p-carotene and lycopene
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across different growing seasons, which should be accounted for when
setting quality targets, choosing cultivars, and defining processing end
uses (Teshome et al., 2025). In celery, pre harvest vermicompost and
biofertiliser improved shelf life and quality, limiting colour change,
weight loss, titratable acidity decline, pH rise, and total soluble solids
drift during 4 weeks at 0-2 °C. They also increased vitamin C, total
phenolics, and antioxidant activity. Overall, these organic programs,
under greenhouse conditions, matched or outperformed higher mineral
N regimes and performed on par with the low urea rate, indicating
quality gains with reduced synthetic N inputs (Babalar et al., 2023).
Under the similar conditions, probiotic microorganisms also increased
carotenoids and antioxidants in carrot without raising nitrate accumu-
lation, a desirable quality profile for fresh market roots (Gaveliene et al.,
2021). Probiotics improved carrot size and quality in organic and
nonorganic systems, with root weight increasing by 18 %, length up to
98 %, monosaccharides by at least 18 %, ascorbic acid up to 15 %, and
antioxidant activity up to 20 % (Gaveliene et al., 2021). Together, these
results indicate that probiotic programs can be applied across organic
and conventional systems to raise marketable yield and enhance nutri-
tional quality while keeping nitrate within standards.

In field-grown okra, nano urea combined with ZnO or TiO, raised
yield, fruit size, and nutritional quality, and strengthened market traits,
achieving these gains with only 75 % of the recommended conventional
fertiliser (Razauddin et al., 2025). In a pot experiment with tomato, Fe
nanofertilisers increased photosynthetic pigments and carotenoids in
leaves (Morfin-Gutiérrez et al., 2025). Mixed nanofertiliser formulations
enhanced plant height, stem diameter, root length, leaf mineral content,
and fruit quality relative to commercial fertiliser. Protein, fibre, Fe, Zn,
and K were also increased, although ash and protein remained below the
untreated control (Rahman et al., 2021). Co-application of commercial
fertiliser with a nanofertiliser increased antioxidant properties and
raised nutrient use efficiency, total production, and the benefit to cost
ratio by 26.08, 26.04, and 25.38 %, respectively (Rahman et al., 2021).
Finally, a 25 % nano composite NPK significantly promoted growth,
yield, and harvest of pot-grown Capsicum annuum compared with both
the control and conventional fertiliser treatments (Abdel-Aziz et al.,
2021).

4.4. Fibre and medicinal crops

Fibre crops present additional constraints that highlight where bio-
fertilisers work and where irrigation quality can suppress gains. In
severely salinised cotton soils, phosphate-solubilising bacteria that
release organic acids such as lactic and tartaric acid and the phytohor-
mone IAA increased yield up to 15.5 %, improved nutrient availability,
and shifted the rhizosphere toward beneficial taxa such as Acidobacteria,
Bacteroidetes, and Verrucobacteria (Ding et al., 2024; Wang et al., 2025).
Compared with conventional fertilisation, biofertilisers lowered soil
specific gravity, improved water and salt distribution, reduced plant
sodium uptake, and alleviated salt stress under fresh water and brackish
water irrigation. They also elevated urease and invertase activities,
increased microbial biomass carbon and nitrogen, promoted crop
nutrient uptake, and raised plant N accumulation (Ding et al., 2024).
Efficacy was weaker under saltwater irrigation, underscoring that water
quality is a decisive parameter for achieving biofertiliser benefits (Ding
et al., 2024). In a semi-field experiment, seed coating with the ento-
mopathogenic fungus Beauveria bassiana delivered a dual benefit,
boosting vegetative vigour leaf number, plant height, stem diameter,
fresh and dry biomass, and total chlorophyll and simultaneously sup-
pressing Aphis gossypii from week five (Mantzoukas et al., 2023). This
positions beneficial fungal coatings as biofertiliser compatible crop
protection tools that couple growth promotion with pest pressure
reduction in intensive cotton systems.

In hemp, biofertiliser efficacy hinges on water quality, substrate, and
the target product. For instance, in an open-field experiment, legume
protein hydrolysate was effective in buffering saline irrigation, restoring
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growth and N uptake and steering phytocannabinoids under higher
salinity, indicating a dual role in nutrient acquisition and stress physi-
ology modulation (Formisano et al., 2024). On the other hand, in an
outdoor pot experiment, organic amendments coupled with seaweed
extracts expanded root length density and root nitrogen, supporting
biomass oriented and nutrient efficient systems (Kosmidis et al., 2023).

Microbial consortia based on Bacillus spp. also seem to enhance both
productivity and secondary metabolism, but their effect depends on the
growing substrate, with coco fibre favouring metabolite enrichment and
potting soil favouring biomass accumulation and higher leaf chlorophyll
across stages (Lyu et al., 2025). Amino acid supplementation acts as a
targeted nutritional signal that reconfigures the ionome and the terpene
and cannabinoid space, but its benefit is contingent on fertigation
strategy. Across recirculating and drain to waste hydroponics, amino
acids increased N and S but lowered Ca and Fe in tissues, reduced can-
nabinolic acid in flowers by 44 %, increased monoterpenes and showed
a strong interaction between amino acid signalling and nutrient cycling
(Malik et al., 2022). This favours quality and yield under recirculation
and aroma focus under drain to waste at the cost of cannabinoid output.
Other complex biostimulant cocktails, such as, a molasses, Aloe vera, and
fish hydrolysate blend, delivered in hydroponics can also modulate seed
nutraceutical potential even when bulk antioxidant readouts are un-
changed. Shifted seed phytochemistry toward compounds with higher
predicted bioavailability and antioxidant capability, with increases or
upward trends in pantothenic acid, rosmanol, tributyrin, and biochem-
ical and bioassay indicators of induced defense related pathways (Wise
et al., 2025).

Despite generally positive agronomic responses to biofertilisers,
predictive rules linking climate, soil pH, soil organic matter, available
phosphorus, and application timing to realized field performance are
still missing, which hampers targeting and slows adoption (Ghimirey
et al., 2025). Signals from beneficial fungi and bacteria that are strong in
controlled studies often attenuate in farmers’ fields, and guidance on
species selection, the use of single strains versus consortia, and how
biomass gains translate into nutrient uptake and yield remains incom-
plete (Liu et al., 2023). In particular, in hydroponic and other soilless
systems, the biological operating envelope is poorly defined, since
colonisation windows, solution phosphorus set points, and hydraulic
constraints are not standardised, making scale up uncertain. Impor-
tantly, genotype by microbe by management interactions also remain
largely unmapped, so strains, doses, and timings are frequently mis-
aligned with crop phenology and local soils, which blunts efficacy (Ali
et al., 2025). Furthermore, protocols for co-inoculation and NDS are not
yet settled, and crop and soil specific limits for the safe substitution of
mineral N and P are missing, complicating nutrient budgets and risk
management. Nevertheless, falling costs in phenotyping technologies,
more robust models powered by machine learning (Kaur et al., 2024;
Zhao et al., 2024), and tighter integration of multi season field trials
(Nguyen et al., 2017), remote sensing (de Souza et al., 2022), and digital
twins can deliver site specific decision rules and dose timing windows.
Embedding these rules in simple advisory tools and benchmarking them
against life cycle and economic outcomes should translate promise into
reliable, scalable practice.

5. Knowledge gaps and research priorities
5.1. Ecosystem services and environmental benefits

Biofertilisation is broadly associated with higher soil organic carbon,
with effect size shaped by climate, soil, and management, which sup-
ports its inclusion in whole farm carbon building strategies (Just et al.,
2024). Manufacturing emissions for bacteria based biofertilisers are
9.8-23.2 times lower than nitrogen fertilisers such as urea, ammonium
nitrate, and ammonium phosphate, and are broadly comparable to po-
tassium and phosphorus fertilisers (Mulya et al, 2024). Most
manufacturing emissions, 64 %, arise from electricity use to run
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bioreactors, mixers, and filling lines, which can be curtailed by cleaner
energy sources, such as on site solar (Mulya et al., 2024). Reported
benchmarks indicate very large advantages versus organic fertilisers, up
to 10 666 times lower emissions, and roughly 10 times lower than
microalgae based biofertilisers, while bacteria based products can
displace N fertilisers and thereby cut sector wide emissions (Mulya et al.,
2024). Across life cycle assessments, biofertilisers often show lower
burdens than mineral dominated baselines when process energy and
transport are optimised, though results depend on functional unit, sys-
tem boundary, and allocation, underscoring the need for consistent
methods when comparing scenarios (Alvarez-Gonzdlez et al., 2025;
Bouhzam et al., 2025; Mulya et al., 2024).

At the product level, anaerobic digestates tend to have the highest
average impacts, especially when manure is used as the functional unit,
whereas composting routes are lower on average (Bouhzam et al., 2025;
Orlandella and Fiore, 2025). Fish hydrolysate carries the greatest acid-
ification burden, with K as the main driver of that impact, while compost
tea is the most water intensive and shows the highest eutrophication and
land use per tonne of N (Bouhzam et al., 2025). By contrast, biochar is
consistently least impactful for acidification, eutrophication, land use,
and water use across N, P, and K, and low biology compost, high biology
compost, and insect frass also perform well across categories (Bouhzam
et al., 2025). Microalgal biofertilisers show a distinct trade-off, higher
freshwater eutrophication that could be mitigated by better nutrient
removal at wastewater treatment, yet they are economically competi-
tive, being about 30 % cheaper than inorganic fertilisers
(Alvarez-Gonzalez et al., 2025). Thermochemical routes that yield bio-
char or ash derived fertilisers generally post the lowest average impacts
among technology families when set against digestates and composting,
reinforcing their value in low footprint nutrient strategies (Orlandella
and Fiore, 2025).

5.2. Policy and regulatory context

The regulatory landscape for bio-based fertilisers, biostimulants, and
related products is heterogeneous, with significant implications for
research design, product claims, and international trade. Within the
European Union, Regulation (EU) 2019/1009 establishes harmonised
rules for placing fertilising products on the market, defining plant bio-
stimulants as materials that “stimulate plant nutrition processes indepen-
dently of the product’s nutrient content” and recognising a limited number
of microbial taxa (Rhizobium sp., Azotobacter sp., Azospirillum sp., and
AMF) (Buss et al., 2025; du Jardin et al., 2025; Ghorui et al., 2024).
Microbial genera with well-documented physiological effects, such as
Pseudomonas sp., Bacillus sp. and other genera, remain excluded under
this definition, restricting the range of microorganisms eligible for bio-
stimulant labelling (Buss et al., 2025). If they cannot be commercialised,
it is not possible to know the effects on a large scale and how effective
they could be.

Non-microbial products, including humic substances, seaweed ex-
tracts, and amino acids, are also regulated under this framework, which
specifies microbiological and heavy metal limits. Complementary CEN
(European Committee for Standardisation) technical specifications
address methods for quality control to be branded as CE made, including
microbial enumeration and molecular characterisation (du Jardin et al.,
2025; Salomon et al., 2022). In parallel, other EU legislation governs the
use of animal by-products (e.g., manure under the Nitrates Directive)
and sewage sludge (Directive 86/278/EEC), as well as maximum residue
levels for pesticides (Regulation (EC) No. 396/2005) and contaminants
in food (Regulation (EU) 2023/915).

Globally, definitions and regulatory scopes vary. The United States
Plant Biostimulant Act adopts a broader definition, encompassing both
microbial and non-microbial products, and explicitly excludes bio-
stimulants from the category of plant regulators (du Jardin et al., 2025).
India’s Fertiliser (Control) Order 1985 provides detailed microbial
composition and viability criteria for biofertilisers, including
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mycorrhizal inoculants (Ghorui et al., 2024; Malusa and Vassilev, 2014).
International standardisation efforts, such as ISO/TC 134, aim to
harmonise terminology and testing methods but have yet to achieve
universal adoption (Ghorui et al., 2024).

The emergence of novel delivery methods like NPs and CRFs, new
frameworks and directives, have to be thought towards regulation and
standardisation. Despite a CEN attempt to categorise CRFs and SRFs, it
does not specify which one is not standardise methods to determine the
nutrient release (Singh et al., 2025). On the other hand, ISO developed
terminology and definitions for nanomaterials (ISO/TS 80004-1:2023)
in a general manner (Kumari et al., 2023). Supposedly, Regulation (EU)
2019/1009 could also be applied since they are fertilisers (Kumari et al.,
2023), despite not being written about them specifically. Additionally, it
will be necessary to have other laws to indicate which products are used
for the matrix, since microplastics and metals are the most commonly
used for coating and surface (Saurabh et al., 2024; Singh et al., 2025). In
addition, regulations like Regulation (EC) 1107/2009, which establish
restrictions and goals for placing plant protection products on the
market, including regulations for trials, should be created (Kumari et al.,
2023). Otherwise, hinders the evaluation of the products in normal
conditions.

These discrepancies affect product categorisation, experimental
comparability, and market access. From a research perspective, they
underscore the need to report product composition and mode of action
in mechanistic terms, enabling physiological evidence to be interpreted
consistently regardless of jurisdiction.

6. Conclusions

Bio-based fertilisers, biostimulants, and novel delivery systems
represent a rapidly expanding frontier in crop management, but their
integration into plant physiology remains incomplete. Most studies
report positive outcomes, yet their mechanisms of action are still
inconsistently described. Without this mechanistic precision, agronomic
responses remain unpredictable and difficult to scale across environ-
ments and genotypes.

The next phase of research must therefore focus in integrative
analysis, including molecular markers, ionomics, metabolomics, and
flux analyses, to establish causal links between input application and
crop function. Equally important is the recognition that plant responses
are embedded in complex soil-microbe-climate interactions, demanding
systems-level approaches that combine physiology with soil ecology,
modelling, and materials science. Also, the sustainability promise of bio-
based inputs cannot rest solely on physiological efficacy. Their envi-
ronmental footprint, persistence in soils, and contribution to circular
economy goals remain poorly quantified. Integrating LCA studies with
mechanistic plant experiments will provide a more holistic framework to
evaluate both agronomic potential and environmental trade-offs.
Finally, regulatory frameworks should evolve to incorporate mecha-
nistic descriptors and sustainability metrics, ensuring that claims are
supported by reproducible physiological evidence and aligned with
environmental goals.
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