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Abstract

Agricultural bio-inputs offer a promising tool for enhancing the sustainability of modern farming
systems and decreasing reliance on synthetic agrochemicals. We review agronomic performance,
environmental benefits, economic viability and commercialization concerns of agricultural bio-inputs
including biofertilizers, biostimulants, microbial inoculants and biopesticides. A systematized critical
narrative review approach was used to synthesize evidence from peer-reviewed literature and
institutional reports published during 2014-2024. The reviewed evidence suggests that bio-inputs can
improve nutrient-use efficiency, increase soil microbial activity, support crop productivity and increase
resilience to environmental stresses, while contributing to reduced environmental impacts. Their
performance is however influenced by type of crops, environmental conditions, management practices
and quality of product. The review also identifies several barriers to wider adoption, including
regulatory uncertainty, inconsistent field performance, limited farmer awareness, and
commercialization constraints. Notwithstanding these challenges, the increasing demand for
sustainable agricultural methods provides promising opportunities for innovation and market
expansion in the bio-input segment. The findings underscore the need for supportive policy
frameworks, harmonized regulations, ongoing investment in research and greater cooperation among
researchers, industry stakeholders and policy makers to enable the effective integration of bio-inputs
into sustainable and economically viable agricultural systems.
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1. Introduction 206 million tons in 2024 [1-3]. Application rates rose from
90 to 113 kg ha™ between 2002 and 2022, with a global
average of 129 kg ha™ in 2020 [4-6]. Nitrogen fertilizers
account for approximately 57% of total use [3,5]. Despite
increased production volumes, efficiency gains have not
progressed proportionally.

The extensive use of chemical fertilizers and pesticides
has facilitated a sustained increase in crop yields through
more intensive fertilizer application. Global fertilizer use
rose from 46.3 million tons in 1965 to 137.18 million tons in
2001, 200.57 million tons in 2020, and is expected to exceed
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While this model delivers short-term productivity
gains, it generates significant environmental and economic
externalities. Gaytancioglu & Yilmaz indicate that the
unbalanced application of plant nutrients (69.2%) and
limited soil analysis practices increase production costs
and environmental risks [7]. Excessive fertilizer application
causes nitrous oxide emissions, chemical and biological soil
deterioration,  microbial = disruption, and  water
contamination, which affect ecosystems and human health
[8-10]. Moreover, the instability of agrochemical pricing
raises the risks for manufacturers and uncertainties over
profitability [11,12].

Therefore, agricultural bio-inputs have become more
and more important as complementary or alternative tools
in more sustainable production systems. Biofertilizers and
bioproducts from microbial and plant origins may improve
the functionality of the soil and mitigate biotic and abiotic
stresses [13-15]. This transition has been hastened by the
rise in fertilizer costs, tightening environmental regulations
and pressures on global food security [16-18].
Nevertheless, agronomic efficacy is still context-specific
and is influenced by soil-climate interactions, technology
design and management practices [15,19].

Bio-inputs can contribute to decrease production costs
by up to 35% of total expenditure, stimulate local value
chains and green innovation [20-21] with economic
benefits. However, adoption requires agro-industrial
capacity, clear regulatory structures, technical expertise,
and a competitive position [11,22]. Technoeconomic
evaluations suggest that microalgal bio-inputs and plant
growth-promoting rhizobacteria are promising
biosustainable technologies, but their scalability is reliant
on efficient production systems, appropriate regulation
and structurally viable business models [15,18-19,23].

Therefore, bioproducts should not be considered
direct substitutes for conventional inputs, but rather
technical alternatives that represent a balance between
productivity and environmental sustainability, taking into
account cost and operational complexity. This critical
review evaluates their agronomic effectiveness and the
associated economic and institutional constraints to
discern the structural conditions that define their
contribution to sustainable agribusiness.

2. Review Methodology

The objective of this study was to integrate
interdisciplinary evidence and identify trends, knowledge
gaps, and structural constraints in the agronomic,
economic, and business dimensions of agricultural bio-

inputs through a systematized critical narrative review
[24-25].

Supplemented by targeted searches in ScienceDirect,
PubMed, and Google Scholar, a structured literature search
was conducted in Scopus and Web of Science for
publications between January 2022 and March 2026. The
search was conducted using combined keywords for
biofertilizers,  bioproducers, = microbial inoculants,
agronomic performance, nutrient use efficiency, market
dynamics, scalability, regulation, and bioeconomy.

The initial screening and database consolidation
resulted in 220 records. After removal of non-peer-
reviewed material and duplicates, full-text assessment was
conducted using predefined inclusion criteria: (i) peer-
reviewed journal articles; (ii) empirical field or greenhouse
studies, systematic  reviews, meta-analyses, or
technoeconomic assessments; (iii) explicit methodological
description; and (iv) relevance to at least one analytical
dimension (agronomic performance, economic feasibility,
or institutional and regulatory analysis).

Following eligibility assessment, the final analytical
corpus comprised 140 peer-reviewed articles, distributed
across agronomic, economic, and institutional dimensions.
Furthermore, 35 institutional reports (FAO, OECD,
governmental agencies, CGIAR, and related bodies) were
exclusively  incorporated to contextualize policy
frameworks and market dynamics [26-28]. However, they
were not incorporated into the core analytical synthesis.
The analytical corpus was restricted to descriptive
contextual reference and did not include market
intelligence reports or technical press sources.

A thematic comparative approach was employed to
analyze the retained literature, which enabled the
identification of structural conditions, variability patterns,
and convergences that influence the integration of bio-
inputs into sustainable agribusiness systems.

3. Agricultural Bio-Inputs: Concept and
Classification
3.1. Definition of agricultural bio-inputs

A group of agricultural bio-inputs includes
biostimulants, biopesticides, biosurfactants, biofertilizers,
phytohormones, and microbial inoculants. These inputs
can be derived from microbes, plant extracts, organic
matter, or natural substances. Their purpose is to improve
crop growth, nutrition, and health, increase soil fertility,
and balance the biological complex [29-30].

From a regulatory perspective, bio-inputs are
primarily classified as biofertilizers, biostimulants, and
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microbial inoculants. These products also include seeds,
plant and animal nutrition products, biocontrol agents, and
biotechnology products with active ingredients of
biological origin. Different regulations consider them as
instruments to dispense with chemical inputs and for the
sustainability of agricultural systems, although the
definitions and scopes differ from one institution to
another [31-33].

3.2 Differences between bio-inputs and conventional fertilizers

For decades, chemical fertilizers have been essential in
agriculture, supplying crops with necessary nutrients in a
very short period. The overuse of chemical fertilizers leads
to soil degradation, nutritional imbalance, water pollution

and has adverse effects on ecosystems and human health
[34-36].

In contrast, bio-inputs improve soil fertility and
nitrogen use efficiency in plants through biological
processes. Well managed systems can maintain
competitive yields [37-39]. This functional difference is a
disadvantage in that bio-inputs deliver results in a slow
manner, unlike conventional fertilizers which are fast
acting. They are greatly affected by environmental factors,
crop management practices, microbial activity and
interaction of production systems. The comparative
characteristics of bio-inputs and conventional fertilizers,
including their composition, mechanisms of action,
environmental impacts, performance, costs, and
application methods, are summarized in Table 1.

Table 1. Comparative characteristics of bio-inputs and conventional fertilizers

Appearance Bio-inputs Conventional Fertilizers References
Composition Live microorganisms, inoculants, plant extracts, organic Industrially refined inorganic chemicals; mainly [29,33,37]
residues; naturally contain macro- and micronutrients N, P, K
Mechanism of Fix nutrients (N, P, K), solubilize minerals, promote They provide nutrients immediately and evenly; [34,38-39]
action microbial symbiosis, stimulate plant growth and they do not interact with microbiota or promote
microbiota. natural fertility.
Impact on the Improves structure, increases natural fertility, maintains Soil degradation, loss of natural fertility, [35-36]
ground biological balance accumulation of toxic substances
Environmental Low pollution, promotes sustainability and biodiversity Runoff causes eutrophication and damage to [34-35]
impact aquatic ecosystems
Performance and Competitive yields, but slower to release nutrients; Fast-acting nutrients; immediate results, but [37,39]

efficiency effectiveness depends on environmental conditions and increasing dependence
microbial compatibility

Costs Generally, more economical, efficient use of nutrients More expensive due to industrial production and  [37]
non-renewable resources

Shelf life / nutrient Lower nutrient density, short shelf life High nutrient density, extended shelf life [37]

density

Application Seed treatment or field application; gradual and natural Direct application to soil or fertigation; rapid [37]
absorption

3.3. Classification of agricultural bio-inputs
3.3.1. Biofertilizers

Biofertilizers, sometimes referred to as inoculants,
bioinoculants, or bioformulations, consist of a swarm of
beneficial microorganisms that inhabit the rhizosphere or
the interior of plant tissues. They can be single-strain or
mixtures, as long as they are beneficial to the rhizosphere
or endosphere and to plant reproduction [17,40].

Several studies cited indicate that
biofertilizers do indeed help crops achieve higher levels of
nutrient absorption, suppress diseases, and make their
defenses more resilient to biotic and abiotic stresses,

we have

including pathogens, and especially to external
environmental variations [16,41]. These products are
composed almost exclusively of bacteria that, in addition
to being biodegradable and non-polluting, enrich the soil
and improve soil fertility [42—43].

3.3.2. Biostimulants

Biostimulants are chemical substances or bacteria
applied to plants or the rhizosphere that improve certain
physiological processes in plants. This enhances nutrient
use, abiotic stress management, and crop quality,
regardless of the crop's nutritional content [44—45].
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These products consist of microorganisms, plant
extracts, algae, and other organic substances. These may
include degradation products of organic materials, low
molecular weight molecules, polysaccharides, metabolites
of inorganic chemicals, and microbial assemblages [46]. At
the plant level, these compounds alter gene expression,
metabolize and synthesize certain phytohormones, and
mitigate oxidative stress. This results in beneficial effects
on yields, quality, and the use of water and fertilizers
[19,47].

3.3.3. Microbial inoculants

Microbial inoculants are bio-inputs based on
beneficial microorganisms, particularly plant growth-
promoting microorganisms (PGPM/PGPR). They are a
novel approach for agriculture [48—49]. These inoculants
improve soil-plant interaction through biological nitrogen
fixation, nutrient solubilization, and the synthesis of
phytohormones, siderophores, and antimicrobial enzymes
[50]. They are an alternative to chemical fertilizers because
they help maintain bacterial balance in the soil, which
increases crop resilience and productivity [51].

3.3.4. Seaweed extracts, amino acids, and humic
substances

People utilize natural biostimulants like seaweed
extracts, amino acids, and humic substances a lot because
they help plants grow better, produce more, and handle
stress better. Seaweed extracts are rich in bioactive
phytochemicals, such as polysaccharides, betaines,
phenols, carotenoids, minerals, and
phytohormones. These molecules help plants get the
nutrients they need and stay strong [52-53].

Amino acids, obtained from animal or plant protein
hydrolysates, enhance photosynthesis, nitrogen uptake,
and above-ground biomass [54-55]. Humic compounds,
particularly fulvic acids, function as natural chelating
agents that enhance the uptake of micronutrients and
promote soil fertility [56-57].

vitamins,

4. Agronomic Impact of Bio-inputs
4.1. Productivity and yield performance

Biostimulants applied alone or in combination with
conventional fertilization have been shown to improve
crop productivity and even exceed mineral fertilization in
some cases [58]. The use of foliar biostimulants and root
fertilization in wheat led to an increase in yield of 55%;
however, the responses depended on the genotype, the
fertilizer, and the management.

Biostimulants, both microbial and non-microbial,
improve maize grain yield, especially when combined with
mineral fertilization. However, a large variation exists
among the production systems [59-60]. Microbial
inoculation, in addition to practices such as cover crops, is
a large component of yield variation in field studies, which
highlights the systemic nature of bio-input performance
[61].

Use of plant growth-promoting rhizobacteria like
Bacillus subtilis and Azospirillum brasilense in
combination with NPK fertilization has been reported to
increase the nutritional efficiency and yields under
favorable soil and climate conditions [62-64]. Similarly,
positive effects have been observed on potatoes,
strawberries, and fruit orchards using macroalgal extracts,
mycorrhizae, compost and bioorganic fertilizers, but these
responses vary depending upon location and stage of
growth [65-67].

Overall, these studies demonstrate that the primary
function of bio-inputs is as supplements to integrated
nutrient management systems rather than as substitutes for
synthetic fertilizers [68].

4.2. Resource use efficiency and root functionality

Through mechanisms such as biological nitrogen
fixation, phosphorus solubilization, stimulation of soil
enzymatic activity, and enhanced photosynthetic
performance, bio-inputs improve nutrient assimilation and
utilization [69-70]. In field and horticultural systems, their
use—independently or alongside reduced mineral
fertilization—has increased plant tissue concentrations of
N, P, K, Ca, Zn, and Fe while sustaining yield and quality
[71-73].

These improvements are closely linked to
modifications in root architecture. In crops such as lettuce,
wheat, maize, and tomato, microbial consortia and PGPR
promote auxin- and gibberellin-mediated root branching
and elongation, thereby increasing root biomass and fine-
root formation [74-78]. Bacterial-mycorrhizal co-
inoculation enhances nutrient efficiency, but its efficacy is
contingent upon agronomic management,
availability, and soil type [73,79-80].

It is true that many studies are site-specific and of
limited scale, but there are studies that have documented
positive responses, even under stress from lack of water
and nutrients, suggesting that bio-inputs can increase
nutrient efficiency in different production contexts [81-84].

water

4.3. Stress tolerance and soil functional resilience
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Under biotic and abiotic stress conditions, mineral
fertilizers may not fully translate into productivity
increases. Bio-inputs trigger complex physiological
responses, including activation of the antioxidant defense
system and modulation of primary and secondary
metabolic pathways, thereby improving resilience to stress
[46,85-86].

Seaweed extracts and plant-derived compounds have
enhanced nitrogen assimilation and growth in the presence
of water, salinity, and thermal stress [87-89]. However,
performance is not universally consistent and remains
influenced by management  [90-91].
Bibliometric analyses emphasize formulation
heterogeneity and environmental variability as major
barriers to standardization [92-93].

When combined with organic amendments, bio-input
integration enhances biological and biochemical
functionality at the soil level by increasing microbial
activity, organic carbon, nutrient cycling, and network
stability [38,94-96]. Although there have been reports of
enhancements in nitrogen efficiency and resilience,
sustained benefits necessitate appropriate management
[97-99]. Reviews consistently link the use of bio-inputs to
improved soil physical properties, carbon sequestration,
and long-term agroecosystem resilience [100-101].

agronomic

5. Bio-inputs as a Basis for Agricultural
Ventures
5.1. Entrepreneurial emergence and competitive landscape

The expansion of startups using bio-inputs reflects a
broader shift towards more sustainable and knowledge-
integrated agri-food systems. This has been driven by both
economic and environmental constraints on agrochemical
use models and by the increasing demand for lower-impact
solutions. Startups like KM ZERO and MicroIN have
developed microencapsulation technologies that improve
product stability and reduce costs, two of the main barriers
to adoption [102]. Similarly, research by Bioomix and
Agrobiomics on biological alternatives that promote
resilience to climate change and reduce dependence on
chemicals has been funded [103,104].

Maintaining a strong market position, on the other
hand, requires consistently delivering replicable
agronomic performance in real-world field scenarios,
which are influenced by variations in soil, climate, and
system management. At the same time, the field of
biological inputs has also been invaded by large
transnational corporations, such as Bayer, Corteva, and
Syngenta, leading to greater market concentration, vertical

integration, and increased pressure on the competitiveness
of biological producers and entrepreneurs [105,106].

5.2. Scalability, innovation, and production models

Particularly in the case of biofertilizers and microbial
and microalgal biostimulants, bio-input production has
significant scalability potential due to recent advances in
bioprocess engineering, formulation standardization, and
circular economy techniques [107, 101]. However, technical
scalability does not always translate into agronomic
scalability, as a product's effectiveness depends on
inoculum quality, environmental conditions, and
management practices.

For successful scaling up, agronomic validation for the
region, the existence of standardized quality protocols, and
congruence between production infrastructure and
conventional agricultural practices are required [108]. For
continued commercial expansion, effective public policy
design, a robust regulatory framework, and investments in
research and innovation are essential [109]. Experiences in
Brazil and other contexts show that scaling up can be
achieved through industrial or decentralized models, each
with its own trade-offs in terms of cost structure, quality
control, and producer confidence [110, 111, 19].

Technological innovations such as metagenomics,
gene editing, nanoencapsulation, and advanced
formulation have improved microbial strain selection and
product stability, and reduced variability in complex
applications [15]. The integration of biostimulants with
nanotechnology promotes improvements in plant nutrition
and food quality within the circular economy, although
this involves high development costs and complex
regulatory requirements [112]. In Latin America,
innovative formulations of commercially viable bio-inputs
have reduced production costs when combined with
agronomic validation and technology transfer strategies
[113,114]. Biocontrol agents, in particular, improve soil-
plant interactions and nitrogen use efficiency, thereby
enhancing productivity and environmental sustainability
[50,115,116].

5.3. Market dynamics, costs, and structural barriers

Over the past five years, the bio-inputs market in Latin
America has experienced substantial growth, accompanied
by increasing investment in agroecology, bioeconomy, and
regenerative  agriculture  [117,118].  International
institutions such as the World Bank, the IDB, and IFAD
have incorporated bio-inputs into their agricultural
development projects, resulting in reduced financial risk
and greater incentives for their implementation [18].
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Internationally, the bio-input markets (biostimulants,
biocontrol agents, and biofertilizers) are growing between
12% and 15% annually. Given the current regulatory
pressures and evolving demand, these markets are
projected to be valued at between US$6 billion and US$29
billion by 2030 [119-124].

Despite this growth, high development, registration,
certification, and marketing costs continue to restrict
market entry. Over the medium term, the costs of
production and acquisition may be 20-30% higher than for
conventional chemical inputs, especially where technical
assistance is required [123, 125]. In addition, the special
storage and transportation needs and short shelf life of live
products reduce competitiveness, particularly in regions
with limited infrastructure [125].

A major impediment to uptake is a mistrust from
producers, often coming from a perceived superiority of
chemical inputs, inconsistent field results, and a lack of
validated local technical information [126]. Regulatory
ambiguity limited technological standards, and the high
cost of advanced technologies further raise barriers to entry
for new businesses [127]. This implies that market growth
does not necessarily mean that everyone will use it. The
bioeconomy must be consistent with economic viability
and environmental sustainability through increased public
investment, harmonization of regulations, reinforcement of
extension systems, and promotion of public-private
collaboration [128].

6. Business Models Associated with Bio-inputs
6.1. Industrial versus decentralized production models

Bio-input production industry can be either industrial
or decentralized (local/community-based). Legislation
controlling and requiring quality control and
standardization of formulations has allowed industrial
models to achieve economies of scale, certification, global
reach and distribution, and even the contracting of new
and/or big agro-industrial players [129, 113, 130, 110].
However, the large scale of industrial production usually
constrains adapting production to the diversity of local
agronomic conditions.

Decentralized models, such as biofactories and
community-based systems, tend to reduce dependencies
on external inputs, optimize the use of resources, and
enhance territorial autonomy. Local operating systems and
community banks are examples of entities that
simultaneously promote rural development, family
farming, and ecosystem sustainability [131-133]. Although
their systems tend to improve flexibility and adaptation to

the context, they present limitations regarding quality
control, scalability, and market penetration.

Therefore, the choice between industrial and local
production is a structural dilemma that pits control and
standardization against flexibility and adaptation to the
context.

6.2. Direct commercialization and cooperative integration

Direct sales to producers involve marketing of the
product, but also giving technical support, training, and
assistance to make producers feel more confident in
adopting new technologies, in line with farmers” behavior
and perceptions of risk [134]. These tactics generally
involve digital platforms, private extension services, and
distributors that serve as technology advisors and offer
management packages that are tailored [135-138].

Partnerships with agricultural cooperatives are
another important model. Cooperatives improve
connectivity, input availability, training, and financial
services, as well as marketing for farmers, which, in turn,
increases the adoption of sustainable technologies
[139,140]. They increase collective bargaining, information
exchange and technology integration, which increases
sustainability, productivity, food security, and, at the same
time, reduces poverty in the supply chain [141,142].
International organizations emphasize their role in
facilitating the attainment of economies of scale and the
adherence to sustainability standards by smallholders
[143-146].

However, both direct and cooperative models depend
on institutional capacity, governance quality, and the
availability of technical services. Direct commercialization
increases operating costs and limits scalability in
heterogeneous markets, while cooperative effectiveness
varies according to internal organization and social
cohesion.

6.3. Service integration and circular bioeconomy models

Integrated service models reduce the uncertainty
associated with bio-input performance by integrating
product provision, technical assistance, digital tools, and
participatory extension systems within Agricultural
Innovation Systems (AIS) [147]. Evidence indicates that
smallholders experience increased productivity, resilience,
and adoption when they have access to technological
bundles, advisory services, and training simultaneously
[148,149]. However, these models need continued funding
and may rely on public support or blended funding
sources [150].
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At the same time, circular bioeconomy systems use
agricultural and agro-industrial by-products to produce
biofertilizers and other bioproducts, thus closing nutrient
cycles and reducing environmental consequences [151, 18].
Initiatives in Latin America have demonstrated that
productivity,  carbon  sequestration, and  rural
entrepreneurship may be reconciled through territorial
coordination, technical availability, and public-private
partnerships [152, 153]. The policy frameworks of the
European Union and national governments are gradually
including bio-inputs and food processing waste as crucial
elements for territorial development and sustainable
innovation [154-156].

7. Limitations and Structural Challenges for
Bio-input Adoption
7.1. Agronomic variability and standardization constraints

Although Dbio-inputs enhance yield, nutrient
efficiency, and stress tolerance, their effectiveness remains
highly context-dependent. Performance varies according
to product formulation, soil and climate conditions, crop
genotype, and management practices [157-159]. Reviews
consistently highlight heterogeneity in results under both
controlled and  field conditions,  complicating
standardization and reducing producer confidence [15,84].

Additional constraints include limited shelf life,
environmental sensitivity, formulation specificity for
different latitudes, and higher operational complexity, all
of which increase commercialization challenges [160-162].
These factors reinforce uncertainty and slow adoption in
heterogeneous production systems.

7.2. Regulatory Fragmentation and Institutional Gaps

The growth of the industry, in contrast to the
uncertainty in the regulatory sector, demonstrates a lack of
confidence and investment in the industry. Regulated
biological inputs, such as agrochemicals, exhibit unclear
and/or inconsistent coverage and criteria in the regulation
of biofertilizers and biostimulants, especially in the US and
some organic certification systems [163,164].

Standards in quality control, validation protocols, and
digital traceability integration systems increase
implementation costs, despite the combination of control
and validation within the system, and the digital
traceability of quality control across quality control,
engineering, and the system, and the cost control of quality
in medicine, not biology, engineering, and medicine [165-
167]. The lack of regulatory harmonization is a widely

recognized obstacle in the literature to the integration of
sectoral regulation [48,168,169,11].

7.3. Behavioral barriers, capacity gaps, and structural
competition

The risk that producers assume significantly impacts
how they implement new strategies. Although farmers
have shown certain levels of knowledge about
environmental problems and have shown a willingness to
pay more for sustainable inputs, their inclination towards
the use of industrial fertilizers, which they perceive as
safer, more concentrated and faster [170]; As they say,
“distrust stems from a lack of agronomic data, poor
technical communication, locally validated agronomic
data, and disparate commercial data” [171].

Training and capacity building have proven to have a
significant impact on adoption, especially among
smallholder farmers [140,172,173]. However, evidence
suggests that implementation time, the time it takes for
results to become visible, and the short timeframe for
extension results have been linked to low adoption rates
[134,174,138]. Therefore, technical support must be
complemented by financial incentives [175,176,11].

In addition to behavioral factors, structural market
concentration faces further constraints. Large agrochemical
corporations, such as Bayer, BASF, Corteva, Syngenta,
FMC, UPL, Yara, and The Mosaic Group, have entered the
bio-inputs sector through mergers and acquisitions and
currently control approximately 80% of the global
biopesticide market [106,177]. Their financial capacity,
control of distribution logistics, patent ownership, and
ongoing subsidies for chemical fertilizer production create
competitive asymmetries that limit market entry
opportunities for smaller companies [178,179,22,180-181].

8. Future Opportunities and Emerging Trends
8.1 Regenerative integration and technological convergence

Biostimulation, and in some cases bio-inoculation,
contribute to regenerative agriculture because they help
implement and/or improve conservation agriculture
practices [48,84], which generally reduce the use of
chemical inputs. However, its contribution to biological
and/or regenerative systems depends on the existence of
adequate methodologies and long-term research in the
context of adaptive management of systems, particularly in
systems with high environmental variability and organic
integration [182,183].

The convergence of bio-inputs with circular
bioeconomy strategies, omic tools, and supportive public
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policies especially in Latin America and Brazil acts as an
enabling condition for expansion, though not a guarantee
of ecological sustainability [165,184-186].

Customization strategies represent another promising
frontier. Formulations that combine microbial consortia,
biosurfactants, natural polymers, and multi-omics
approaches at the soil and crop levels allow for adjustments
to increase nutritional efficiency and stress tolerance
[187,188]. Advances in Argentina, Brazil, and Mexico show
how biotechnology, combined with government programs
and private investment, can enhance local adaptation
[113,189,184]. However, tailored solutions require greater
investment in R&D, higher regulatory approval costs, and
specialized technical capabilities, which limit their
dissemination beyond industry niches [190].

8.2 Digitalization, market expansion, and governance

Digitalization and traceability technologies such as
blockchain, IoT, sensors, QR systems, and precision
agriculture are becoming more significant to improve
transparency, certification, and value differentiation along
agri-food chains [191-193]. In addition to certification, pilot
studies have demonstrated that traceability can allow bio-
inputs to obtain and strengthen their market positioning
[67, 194]. interoperability  difficulties,
implementation costs, gaps in standardization, and the
digital divide are still major impediments for small and
medium producers [195-199].

Markets are expected to continue to increase in
sustainable agriculture. The bio-inputs industry increased
from USD 10.6 billion in 2021 to USD 12.7 billion in 2023
and is expected to reach USD 29 billion in 2030 [200-202].
Organic agriculture products, USD 15.1 billion in 2024,
may reach USD 43.58 billion by 2032. Sustainable input
markets USD 31.90 billion or more [181, 203-204]. By 2034,
biostimulants could be worth 11.2 billion USD alone [202].
Especially Brazil and Mexico exhibit high regional
dynamics (around 21% and >12% CAGR, respectively),
driven by regulatory reforms and export pressures [129,
205].

However, market expansion does not guaranty
efficient agronomic integration. Adoption depends on
legislative clarity, technical uniformity, agronomic
validation and economic models capable of
accommodating biological diversity [206-207].

Public policy therefore becomes central. International
evidence indicates that financing, institutional
coordination, market creation, and technical assistance are
essential for translating green innovation into economic
and environmental impact [208-209]. Sustainability-

However,

oriented clustering strategies emphasize biomass
valorization, territorial development, and value-chain
strengthening [210-211]. Bibliometric analyses further
highlight that regulatory incentives, green finance, and
academia—industry collaboration enhance scalability and
SDG contributions when governance capacity and regional
technical expertise are present [212]. At the territorial level,
integrated financing, advisory services, and governance
programs foster rural green entrepreneurship and job
creation [213].

9. Conclusions

The wuse of bio-inputs as part of agricultural
production systems presents itself as a high-potential
strategy for achieving more sustainable and agronomically
viable agriculture. Trials have shown that the use of
microbial inoculants, biofertilizers, and biostimulants,
among others, contributes to increased yields, improved
nutrient utilization, enhanced tolerance to biotic and
abiotic stress, and improved soil health. Under certain
conditions, yields can equal or surpass those of
conventional biofertilization. However, these results are
conditional, not automatic, and depend on the combination
of crop and soil species, climate, product formulation, and
the proper integration of agroecosystem management.

Agricultural bio-inputs represent a significant
business opportunity from an economic perspective in a
context of new environmental restrictions, variable input
prices, and increasing demand for more sustainable goods.
The several forms of production and marketing (industrial
production, biorefineries, cooperative networks, and
integrated service models) illustrate the dynamism of this
industry. However, its medium and long-term success
depends on the management of agronomic variability,
regulatory compliance, and the creation of confidence with
producers through technical support and validation.

The market has grown without a commensurate
sectoral take-off in terms of the number of enterprises,
especially in the case of bioinputs. As for the adoption of
bio-inputs, the growth of the market has presented several
limitations, among other reasons, due to the lack of results
in the adoption of bio-inputs in agriculture,
standardization, regulatory inconsistencies, and a
knowledge gap, which in turn overvalues competitors who
enrich their structures thanks to subsidies.

Bio-inputs should not be seen merely as another input;
rather, they should be viewed as part of the
transformations that need to occur in the agro-industry, as
the argument is that it is a more complex system. The
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successful integration of these into the bioeconomy and
regenerative systems requires, among other things, (i)
robust agronomic validations, (ii) clear and flexible
regulations for the product in question, (iii) business
models incorporating advisory and training services, (iv)
public policies that generate and protect innovation, and
(v) governance systems integrating environmental, social,
and economic considerations.

The role of bioproducts in the agro-industry of the
future will ultimately depend not only on their biological
effectiveness but also on the coordinated interaction of
scientific knowledge, institutional capability, market
structure, and territorial administration. Only through this
incorporation can bioproducts move from emergent
alternatives to structural elements of regenerative
agriculture systems.
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