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ABSTRACT

The increasing demand for food production and the decline in soil fertility highlight the need for sustainable
strategies to improve the crop productivity while maintaining soil health. Humic acid (HA) is a complex organic
material formed during the decomposition and transformation of plant, animal and microbial residues. Its diverse
functional groups and biological activity enable HA to influence soil properties, nutrient dynamics and plant
growth. This review provides insights into the role of HA in maximizing crop yield, improving nutrient use
efficiency (NUE), and sustaining soil health. The sources, formation, extraction protocols are discussed. Particular
emphasis is given to its influence on soil physical, chemical and biological properties, including aggregation,
water retention, cation exchange capacity, nutrient availability and microbial activity. The potential of HA to
improve nitrogen, phosphorus and potassium use efficiency through enhanced nutrient retention, reduced losses,
improved root development and nutrient uptake is also examined. Its effects on crop growth, yield and quality and
its potential for mitigating soil degradation are summarized. However, HA effectiveness varies with its source,
composition, application rate, formulation, soil properties, crop and environmental conditions. Therefore,
standardization of HA products, optimized application strategies and long-term field evaluation are required.
Overall, HA offers a promising approach for integrating crop productivity, efficient nutrient management and
sustainable soil health.

KEYWORDS: Humic acid; Soil health; Crop yield; Nutrient use efficiency; Soil fertility; Plant growth; Soil
degradation; Sustainable agriculture.

1. INTRODUCTION

Global agriculture must increase food production while maintaining the long-term quality of soil resources.
Continuous cultivation, intensive tillage, unbalanced fertilizer use and insufficient return of organic residues can
accelerate the loss of soil organic matter. Declining organic matter can affect soil structure, nutrient cycling, water
storage and biological activity. These changes may reduce soil productivity and increase the dependence on
external inputs. Therefore, maintaining soil organic matter and improving soil functions are important for
sustainable crop production (Lal, 2020; Oldfield et al., 2019).

Humic acid (HA) is an important fraction of soil humic substances. It develops during the transformation and
humification of plant, animal and microbial residues. HA contains several reactive functional groups, including
carboxyl, phenolic and hydroxyl groups. These groups enable interactions with minerals, nutrient ions and other
components of the soil environment. The chemical structure of humic substances also varies according to their
origin and degree of humification (Lehmann & Kleber, 2015). Such structural characteristics allow HA to
influence both soil processes and plant responses. The importance of HA is closely related to its ability to modify
the soil environment. Humic substances can interact with soil minerals and contribute to aggregation, nutrient
retention and water-related processes. Piccolo and Drosos (2025) emphasized that humified organic matter is
closely associated with important soil functions, including fertility, water cycling and carbon storage. These
functions are important for maintaining the capacity of soil to support crop growth over the long term. Thus, HA
can be viewed not only as an organic amendment but also as a functional component of soil management.
Improvement in the soil environment can create favourable conditions for root growth and crop development.
HA can influence root architecture, membrane activity and plant physiological processes. The interaction between
humic substances and plant roots may stimulate root elongation and lateral root development, increasing the soil
volume explored by the plant (Canellas et al., 2015). Better root development can improve access to water and
nutrients and may consequently support biomass production and yield formation.

Genetics and Molecular Research 25 (19s): 2026 1


maragatham.s@tnau.ac.in

Crop productivity is strongly dependent on the availability and efficient use of essential nutrients. Fertilizer
application does not always result in complete nutrient recovery by crops. Nutrients may be lost from the soil
through leaching, volatilization, fixation, runoff and other transformation processes.

Improving nutrient use efficiency is therefore important for obtaining greater crop productivity from a given
quantity of fertilizer. The use of organic amendments can help regulate nutrient dynamics by modifying the soil
environment and nutrient retention processes (Said-Pullicino et al., 2007). The role of HA in nutrient management
is particularly important because nitrogen, phosphorus and potassium behave differently in soil. Nitrogen is
relatively mobile and can be lost through leaching and gaseous pathways. Phosphorus may become strongly
retained by iron and aluminium minerals in acidic soils or associated with calcium compounds in alkaline soils.
Potassium may be lost through leaching or become temporarily fixed within certain clay minerals.

Humic substances can interact with soil minerals and nutrient ions and thereby modify nutrient retention and
availability (Gao et al., 2022). These interactions provide a possible basis for improving nutrient acquisition and
utilization by crops. Nitrogen use efficiency is especially important because excessive nitrogen application can
result in economic losses and environmental problems. Nitrogen recovery by crops is affected by the timing and
amount of fertilizer application as well as soil and climatic conditions. Improving synchronization between
nutrient supply and crop demand is therefore an important component of efficient fertilizer management
(Congreves et al., 2021). HA may contribute to this process by modifying nitrogen retention, nutrient availability
and root development. However, its effectiveness depends on the interaction between HA characteristics, soil
conditions and fertilizer management. Phosphorus and potassium also require careful management because their
availability is strongly controlled by soil properties. Phosphorus fixation can limit its movement towards plant
roots, particularly in soils with high contents of iron, aluminium or calcium compounds.

Potassium availability is influenced by exchange reactions, leaching and clay mineralogy. Humic substances can
modify these processes through their interactions with soil colloids and nutrient ions. Such effects may increase
the proportion of nutrients available for plant uptake and improve the efficiency of fertilizer use (Sparks, 2003;
Gérard, 2016). The influence of HA extends beyond nutrient availability to the broader concept of soil health.
Healthy soil must maintain physical structure, chemical fertility and biological functioning at the same time.
Humified organic matter contributes to these functions by supporting soil aggregation, carbon storage, nutrient
cycling and water regulation. Piccolo and Drosos (2025) highlighted that soil health should be considered in
relation to multiple soil functions rather than fertility alone. This broader perspective is particularly relevant for
agricultural soils experiencing organic matter depletion and structural degradation. The interaction between HA,
soil and plants therefore provides a potential link between crop productivity and long-term soil quality. Improved
aggregation and water retention can favour root development. Better nutrient retention can reduce nutrient losses
and increase nutrient availability. Changes in the rhizosphere environment can also influence microbial processes
and nutrient cycling. These interconnected processes indicate that the value of HA should not be assessed only
from changes in crop yield but also from its contribution to nutrient management and soil functioning.

However, the response to HA is not uniform across agricultural systems. Differences in source material, chemical
composition, molecular characteristics and extraction procedures can influence its properties. Application rate,
formulation and method of application can further modify its performance. Soil texture, pH, organic carbon,
nutrient status, crop species and climatic conditions may also determine the magnitude of the response. Lehmann
and Kleber (2015) emphasized the highly heterogeneous nature of humic matter, which helps explain why
materials identified as humic substances can show different chemical and functional behaviour. Another important
issue is the distinction between nutrient availability, nutrient uptake and nutrient use efficiency. An increase in
soil nutrient availability does not necessarily result in greater plant uptake. Similarly,

greater nutrient uptake does not always produce a proportional increase in yield. Nutrient use efficiency therefore
needs to be evaluated by considering both nutrient recovery and crop productivity. This distinction is particularly
important when assessing the contribution of HA to nitrogen, phosphorus and potassium management.

Thus, a comprehensive evaluation of HA requires consideration of its source and development, effects on soil
properties, influence on crop growth and yield, and contribution to nutrient use efficiency. Its potential role in
addressing soil degradation also needs to be considered together with application methods, limitations and
practical constraints. Such an integrated assessment can help identify where HA provides meaningful benefits and
where its response is dependent on specific soil, crop and environmental conditions. Therefore, this review
provides an integrated assessment of humic acid as a potential strategy for maximizing crop yield, improving
nutrient use efficiency and sustaining soil health.

The review discusses the sources and examines its effects on soil physical, chemical and biological properties. It
further evaluates its influence on crop growth, yield and quality and its role in improving the use efficiency of
nitrogen, phosphorus and potassium. In addition, the review considers the potential of HA for mitigating soil
degradation, its major agricultural applications, current limitations and future research priorities. The overall
objective is to identify effective and soil- and crop-specific strategies for integrating HA into sustainable and
resilient agricultural production.
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2. Sources of humic acid

Humic acids are heterogeneous organic compounds formed during the humification process, in which plant,
animal and microbial residues undergo decomposition and transformation (Albrecht, 2019). They constitute the
alkali-soluble and acid-insoluble fraction commonly found in soils, peat, freshwater systems and marine
environments. Based on their solubility characteristics, humic substances are classified into three principal
fractions: humic acid (HA), fulvic acid (FA), and humin (Pettit, 2004) (Didonato et al., 2016). The major sources
of HA include leonardite, lignite, peat, soil organic matter, compost, vermicompost, animal manure, crop residues
and agro-industrial wastes (Yakhin et al., 2017). The major natural, commercial and renewable sources of humic
acid are illustrated in Fig.1.Among these, leonardite and lignite are important commercial sources because of their
high content of humified

organic carbon (Ertem et al., 2024). Leonardite, an oxidized form of lignite formed through the long-term
geological transformation of organic matter, is one of the richest commercial sources of humic acid and is
extensively utilized for the production of humic-based agricultural products (Karr, 2001). Peat is another naturally
occurring source, formed from the gradual accumulation and decomposition of plant material under waterlogged
conditions (Cameron et al., 1989).

Soil organic matter acts as a natural reservoir of humic substances, while compost and vermicompost provide
humified organic matter through the transformation of biodegradable materials. Animal manure, crop residues
and agro-industrial wastes are increasingly considered alternative sources because they can be processed into
humic or humic-like substances, providing an opportunity to utilize locally available organic resources. The use
of these alternative feedstocks can support organic waste recycling, carbon stabilization and circular nutrient
management (Maffia et al., 2024). However, the characteristics and agronomic effectiveness of HA

vary according to the source material, degree of humification, decomposition conditions, extraction procedure and
chemical composition.

Compost

Peat Vermicompost

Lignite

i

HUMIC ACID
SOURCES

Leonardite Microalgae

Lake

Fig. 1. Different sources of humic acid

3. Protocols in developing humic acid

The development and isolation of humic acid (HA) from natural organic matter rely primarily on alkaline
extraction followed by acid precipitation, a methodology standardized by the International Humic Substances
Society (IHSS) to ensure reproducibility and structural integrity (Chin et al., 2023). This protocol exploits the pH-
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dependent solubility of humic substances, where HA is soluble in alkaline conditions but precipitates under acidic
conditions, allowing for its separation from fulvic acids and humin (Li et al., 2024; Jarukas et al., 2021). The
efficiency and structural fidelity of the extracted HA are critically influenced by the choice of extractant, the
nature of the raw material, and the specific process parameters employed during extraction (Allahkarami et al.,
2025; Y. Yang et al., 2024).

3.1 Standard alkaline extraction and acid precipitation protocol

The foundational procedure for HA isolation involves treating organic-rich materials, such as peat, lignite, or soil,
with an alkaline solution to dissolve the humic substances (Wu et al., 2024). Sodium hydroxide (NaOH) and
potassium hydroxide (KOH) are the most commonly used extractants due to their strong basicity, which
effectively breaks hydrogen bonds and ionizes acidic functional groups within the HA matrix (Jarukas et al.,
2021b). Following extraction, the mixture is typically centrifuged or filtered to remove insoluble residues,
primarily humin and mineral matter. The resulting supernatant, containing dissolved humic and fulvic acids, is
then acidified to a pH of approximately 1-2 using strong acids like hydrochloric acid (HCI) or sulfuric acid
(H2S04) (Li et al., 2024b). At this low pH, HA becomes protonated and insoluble, forming a precipitate that can
be collected via centrifugation (Y. Yang et al., 2024b).

The precipitate is subsequently washed with dilute acid and deionized water to remove residual salts and
impurities before being dried, often via freeze-drying to preserve its native structure (Radwan et al., 1997).

Extraction of Humic Acid
(Standard Alkaline Extraction and Acid Precipitation Protocol)

o Raw material preparation

« Air dry and grind (if needed).

? + Remove large debris (stones,
roots, etc.).

¥

Alkaline extraction

« Treat with alkaline solution
(NaOH or KOH).

« Strong basicity breaks hydrogen bonds
and ionizes acidic functional groups in HA.

e Separation of insoluble residue
« Centrifuge or filter to remove insoluble
residues (humin and mineral matter).
« Collect the supernatant (contains dissolved
humic and fulvic acids).

¥

o Acidification

« Acidify the supernatant to pH 1-2 using
strong acids (HCI or H,SO,).

» HA becomes protonated and insoluble,
forming a precipitate.

¥

e Collection of HA precipitate
« Collect the precipitate via centrifugation
(or filtration).

¥

/; e Washing
+ Wash the precipitate with dilute acid and

deionized water to remove residual salts
and impurities.

L 4
0 Drying

Peat / lignite / soil
(organic-rich material)

Dry the washed precipitate, preferably
by freeze-drying, to preserve its
native structure.

Humic Acid
(final product)

Fig. 2. Standard protocol for humic acid extraction

3.2 Emerging sustainable extraction technologies

Sustainability challenges in HA extraction have driven the development of greener and more efficient methods
(Allahkarami et al., 2025b). Artificial humification technologies, such as hydrothermal treatment of lignocellulosic
biomass (e.g., rice straw), offer a sustainable alternative to traditional mining of peat and coal (Wang et al.,
2022).These methods simulate natural humification processes under controlled conditions, producing artificial
HA with tailored properties for specific applications, such as slow-release fertilizers. Urea-assisted artificial
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humification at room temperature has been demonstrated as an energy-efficient approach to producing water-
soluble HA from agricultural waste, concurrently generating crude cellulose as a valuable byproduct. These
innovations not only reduce environmental impacts but also expand the potential feedstocks for HA production,
aligning with circular economy principles (Ore et al., 2023).

In conclusion, the protocol for developing humic acid involves a careful balance of extraction efficiency and
structural preservation. While the standard alkaline extraction-acid precipitation method remains the cornerstone,
optimization of extractants, process conditions, and source materials is essential for producing high-quality HA.
Emerging sustainable technologies further enhance the viability of HA production, offering environmentally
friendly alternatives to traditional methods. Rigorous characterization using spectroscopic and elemental analysis
ensures the consistency and functionality of the final product, supporting its diverse applications in agriculture,
environmental remediation, and industry.

4. Effects of humic acid on soil and crop performance

4.1 Humic acid and soil health improvement

Humic acid (HA) has the potential to improve the physical, chemical and biological properties of soil, thereby
contributing to overall soil health and plant development. These effects include improvements in soil aggregation,
relative particle distribution, water-holding capacity, cation exchange capacity (CEC), soil carbon content,
enzyme activity, macronutrient cycling and nutrient availability (Ampong et al., 2022).

4.1.1 Effect of humic acid on soil physical properties

HA improves soil physical properties through its interactions with soil minerals, cations and soil organic matter.
The functional groups such as - COOH and - OH present in HA facilitate its adsorption onto clay minerals and
soil particles. HA can also complex with polyvalent cations such as Ca”, Mg" and Fe”, which act as bridges
between HA and clay surfaces, promoting the formation of stable organo-mineral complexes. These interactions
enhance the binding of individual soil particles and promote the formation of stable macroaggregates, resulting in
increased mean weight diameter and aggregate stability. Humic substances have also been reported to improve
aggregate stability and promote macroaggregate formation in sandy, saline—alkali, reclaimed and degraded soils
(Ashokan et al., 2024; Kandra et al., 2024). Application of bentonite-humic acid increased macroaggregate
formation in degraded sandy soil under 7 years of continuous maize cultivation (Zhou et al., 2019). Coal-derived
humic acid also increased soil structural stability irrespective of soil type under controlled wetting—drying
conditions (Piccolo et al., 1997). Humic fractions from manure and peat improved aggregate-size distribution,
while artificial humic acid increased macroaggregates and mean weight diameter through enhanced fungal activity
and binding agents (Fortan et al., 1990; Ai et al., 2023). In saline—alkali soil, humic acid combined with alkali
residue produced maximum macroaggregate formation at approximately 3% application, mainly through Ca™
mediated binding of humic substances with soil colloids (Liu et al., 2024).

The improvement in aggregate stability modifies soil pore-size distribution and connectivity, thereby increasing
favourable pore spaces and reducing excessive compaction. Consequently, HA application can decrease soil bulk
density, particularly in degraded and poorly structured soils, while improving total porosity. A combined
amendment of humic acid, superabsorbent polymer and biochar reduced bulk density by approximately 24% and
increased porosity by 27%, indicating that complementary amendments can enhance the physical benefits of
humic acid (Li et al., 2020). In albic soil, modified humic acid mainly improved aggregate stability, whereas
composite amendments were more effective in improving pore connectivity (Ling-Li et al., 2025).

The hydrophilic functional groups of HA, together with the improved pore structure, enhance soil water retention
and plant-available water. Changes in aggregation and pore distribution can also regulate water movement through
the soil, with the response of hydraulic conductivity depending on soil texture, HA source and application rate. In
addition, HA-induced stimulation of fungal growth and microbial activity can contribute to aggregate
stabilization, as fungal hyphae and microbial extracellular substances function as additional biological binding
agents. HA application under continuous peanut cropping increased fungal abundance but decreased bacterial
numbers, whereas its application in sweet-potato cultivation increased the populations of Firmicutes bacteria,
Basidiomycota fungi and Mortierellomycota fungi (Li et al., 2019). These findings indicate that HA can influence
microbial communities, and that the response varies with crop type, soil conditions and cropping history. Thus,
HA-mediated improvement in aggregation, pore structure, water relations and microbial activity contributes to a
more stable, less compact and physically favourable soil environment for plant growth.

4.1.2 Effect of humic acid on soil chemical properties

HA is an important component of soil organic matter. Its chemical effects are mainly attributed to its abundant
functional groups, large surface area, negative charge, and ability to interact with soil minerals and nutrient ions.
Through these properties, HA improves nutrient retention, modifies soil chemical conditions, and supports long-
term soil fertility.One of the most important effects of HA is its influence on soil cation exchange capacity (CEC).
The carboxyl (-COOH) and phenolic hydroxyl (-OH) groups present in HA provide negatively charged sites that
can retain nutrient cations such as calcium (Ca?"), magnesium (Mg?"), potassium (K*), and ammonium (NH*").
Consequently, HA can reduce nutrient leaching and improve the retention and availability of nutrients in the root
zone. In a combined treatment involving organic fertilizer, montmorillonite, and HA, soil CEC increased by
41.07%, reaching 27.10 cmol kg™ (Yang et al., 2024). Similarly, the addition of 1% HA to soilless substrates
increased CEC in sand, cocopeat, and mixed growing media (Xu & Mohamed, 2021). Incubation of an Alfisol
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with potassium humate also produced a significant increase in CEC up to an application rate of 40 kg HA ha™
(M. et al.,, 2023). In acidic latosol, the application of an alkaline HA fertilizer increased CEC and reduced
exchangeable aluminium by 56—67% (Deng et al., 2021).

Humic acid also contributes to the regulation of soil pH. Its functional groups can donate or accept protons
depending on the surrounding soil conditions, allowing HA to buffer rapid changes in soil acidity or alkalinity.
However, the direction and magnitude of the pH response depend on the source, chemical nature, application rate,
and initial pH of the soil. In some cases, acidic HA formulations may slightly reduce soil pH, whereas alkaline
humates may increase pH in acidic soils. Thus, HA generally helps stabilize the soil chemical environment rather
than producing a uniform pH response.

Another important chemical function of HA is the chelation of micronutrients. Humic acid can form stable
complexes with iron (Fe), zinc (Zn), manganese (Mn), and copper (Cu). This process helps prevent the
precipitation, fixation, or conversion of these elements into unavailable forms, particularly in alkaline and
calcareous soils. As a result, the solubility and bioavailability of micronutrients may be improved, supporting
balanced plant nutrition. Humic acid can also improve phosphorus availability, especially in acidic soils. In such
soils, phosphate is commonly fixed by iron and aluminium oxides and becomes less available to plants. HA can
interact with these metal ions and mineral surfaces, thereby reducing phosphate fixation and maintaining a greater
proportion of phosphorus in plant-available forms. Its effects on phosphorus availability may also be associated
with changes in soil pH, organic matter content, and microbial activity.

Through its interaction with soil minerals and nutrient ions, HA can improve nutrient retention and influence the
cycling of nitrogen, phosphorus, potassium, and sulfur. These interactions may reduce nutrient losses and enhance
the efficiency of applied fertilizers. In addition, HA contributes to soil carbon accumulation and stabilization,
thereby supporting the maintenance of soil organic matter and long-term soil fertility (Ampong et al., 2022).
Humic acid may further influence soil salinity and ionic balance. By increasing the soil’s capacity to retain and
exchange cations, it can contribute to salt buffering and help moderate the effects of excessive soluble salts.
However, its effect on electrical conductivity (EC) depends on the composition and application rate of the HA
product, as well as the quantity of accompanying soluble salts. Therefore, HA should not be assumed to increase
or decrease EC uniformly under all soil conditions.

The application of HA can also affect soil redox reactions and the transformation of organic and inorganic forms
of nitrogen, phosphorus, and sulfur. These changes are closely related to its role as a reactive form of soil organic
matter and its interactions with minerals, metal ions, and microorganisms. For example, HA application under
continuous peanut cultivation altered the soil microbial community by increasing fungal abundance while
decreasing bacterial abundance (Li et al., 2019). This response may have been partly associated with changes in
soil pH and nutrient availability, since many soil bacteria grow optimally at a pH near 6—7.0verall, humic acid
improves soil chemical quality by increasing CEC, buffering pH fluctuations, enhancing nutrient retention,
chelating micronutrients, reducing phosphorus fixation, modifying aluminium toxicity, and supporting nutrient
and carbon cycling. These changes create a more favourable rhizosphere environment, improve the efficiency of
fertilizer use, and contribute to sustainable soil fertility management. However, the magnitude and direction of its
effects depend on soil type, initial chemical properties, HA source and composition, application rate, and
environmental conditions.

4.1.3 Effect of humic acid on soil biological properties

HA consistently enhances soil biological properties by stimulating microbial biomass, increasing enzyme
activities, and reshaping microbial community structure across diverse soil types and cropping systems (Zhou et
al., 2024) (Ennan et al., 2022). These biological improvements are driven by HA's rich functional groups, which
provide carbon sources and energy that facilitate microbial growth and alter metabolic activity (Zhang et al., 2026)
(Guo et al., 2025) (Al-Malaky et al., 2024). HA application significantly increases soil microbial biomass and
total microbial populations. In acolian sandy soils, a single lignite HA application enhanced microbial biomass C
and N four years post-treatment, with more pronounced effects at higher rates (Zhou et al., 2024b). Coastal Entisol
rice paddies saw a 68.73% increase in total microbial population following HA addition (Wahyuni et al., 2023).
HA also increased bacterial and fungal colony counts, actinomycetes, and microbial biomass nitrogen in black
soil paddy fields under water-saving irrigation. However, one study in Lei bamboo plantations found that water-
soluble HA fertilizer decreased microbial biomass carbon (MBC), likely because nondegradable carbon reduced
SOC mineralization and microbial carbon utilization efficiency (Ni et al., 2024).

Humic acid application effectively modulates soil microbial community structure, promoting the proliferation of
beneficial bacteria and fungi while suppressing pathogenic fungal populations. These shifts in microbial dynamics
contribute significantly to enhanced soil physicochemical properties, enzymatic activity, and overall microbial
diversity (Li et al., 2019).A study on humic acid-based biodegradable film in yam cultivation demonstrated that
humic acid reshapes soil microbial communities by increasing the abundance and diversity of beneficial
microorganisms—such as Acidobacteriota, Myxococcota, and Proteobacteria which play key roles in nutrient
cycling and organic matter decomposition. This application also enhanced rhizosphere microbial activity and soil
biochemical processes, thereby improving nutrient availability, soil health, and crop productivity (Lu et al., 2026).
Artificial humic acid significantly reshaped soil microbial diversity, increasing humic acid content by 41.60% in
soybean soil and 56.88% in paddy soil, while stimulating beneficial bacterial groups such as Cyanobacteria,
Chloroflexi, and Actinobacteriota—organisms involved in carbon sequestration, organic matter decomposition,
and humus synthesis. It also enhanced microbial metabolic pathways related to amino acid metabolism, carbon
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cycling, and polyphenol biosynthesis, thereby improving soil fertility and microbially driven humification
processes (Meng et al., 2026). The combined application of humic acid, mineral fertilizers, and phosphate-
solubilizing bacteria improved vegetative growth and nutrient acquisition in pea plants, underscoring the role of
humic acid in biofertilization practices (El-Sayed & El-Sayed, 2020). Humic substances promote microbial
activity and nutrient uptake, reducing dependence on synthetic fertilizers and serving as a crucial component of
sustainable agricultural practices. Through their dual function of enhancing nutrient availability and stimulating
microbial dynamics (Li et al., 2019; Lu et al., 2026), humic acids serve as effective tools for improving soil health
and increasing plant productivity (Chen & Aviad, 1990; Lumactud et al., 2022).

4.2 Humic acid and nutrient availability

Humic substances comprising humic acid, fulvic acid, and humin enhance nutrient bioavailability and soil fertility
primarily through high cation exchange capacity, reactive functional groups, and the formation of organo-mineral
complexes (Wang et al., 2024). In degraded soils, HS facilitate the restoration of nutrient equilibrium by mitigating
losses due to leaching, fixation, erosion, and volatilization. HS optimize nutrient availability by increasing soil
CEC, thereby improving cation retention and reducing leaching. Coal-derived HS have been shown to increase
soil CEC more effectively than conventional organic amendments such as compost and manure (Yang et al.,
2021). Humic acid improves nitrogen availability by stabilizing ammonium and providing organically bound
nitrogen for microbial mineralization (Ampong et al., 2022); nitrogen uptake is further enhanced by low-
molecular-weight HA and the presence of carboxylic functional groups (Tavares et al., 2019).

According to a recent study by Castro et al., 2021, the aliphatic and aromatic functional groups of HA increased
soluble sugars and N uptake, which in turn increased rice yield. Consequently, HA application consistently
improves crop yield, nitrogen uptake, and nitrogen use efficiency (Ma et al., 2024).Beyond nitrogen, HS facilitate
phosphorus availability by attenuating P fixation and promoting solubilization. HA and FA stimulate microbial
phosphatase activity, accelerating the release of plant-available phosphorus (Sharma et al., 2013), while HA
reduces phosphate sorption and enhances desorption, increasing phosphorus concentrations in the soil solution
(Zhu et al., 2017).Micronutrient bioavailability is similarly optimized through the chelating and complexing
properties of HS. HA forms stable complexes with nutrients like Fe, Zn, Mn, and Cu, facilitating their transport
and uptake (Sible et al., 2021; Yang & Antonietti, 2020; Zanin et al., 2019) . Furthermore, HS increase plasma
membrane permeability, directly enhancing root nutrient absorption (Nardi et al., 2002). However, effects vary
by soil condition (Yang et al., 2021); for instance, FA increases Mn availability in calcareous soils, whereas HA
may reduce Cu availability through strong complexation (Barzgar et al., 2025).

HS also stimulate microbial activity and nutrient cycling. They regulate interactions between soil
microorganisms and nutrient-based nano agrochemicals, thereby preserving microbial-mediated nutrient
transformations and improving nutrient use efficiency (Gonzalez-Feijoo et al., 2026). Artificial humic and fulvic
acids enhance soil humification, microbial biomass, and enzymatic activities involved in nutrient cycling (Meng
et al., 2025). Additionally, HA mitigates nutrient fixation and leaching, increasing the availability of N, P, K, Fe,
Zn, and Mn (Antu et al., 2025). In maize, HA application has been shown to increase N, P, and K uptake through
synergistic improvements in root growth and soil nutrient availability (Sharif et al., 2002).In conclusion, humic
substances act as essential regulators of nutrient cycling by bolstering nutrient retention, bioavailability, and plant
uptake. Their capacity to enhance nutrient use efficiency makes them valuable amendments for restoring fertility
and productivity in degraded soils.

4.3 Humic acid and nutrient use efficiency

Nutrient use efficiency (NUE) refers to the ability of crops to absorb, utilize and convert applied nutrients into
economic yield. Humic acid (HA) improves nutrient use efficiency through its influence on nutrient retention,
nutrient availability, root development and plant nutrient metabolism. The efficiency of HA depends on its source,
chemical characteristics, application rate, soil properties, crop species and method of application.Humic acid
contains several reactive functional groups, particularly carboxyl and phenolic groups, which interact with soil
minerals and nutrient ions. These interactions can improve the retention of ammonium and influence the
availability of phosphorus and micronutrients. In addition, HA may improve soil aggregation, moisture retention
and root-zone conditions, thereby facilitating nutrient acquisition by plants. Its hormone-like activity can stimulate
root elongation, lateral root formation and root hair development, increasing the root surface area available for
nutrient absorption.

4.3.1 Nitrogen use efficiency

Humic acid (HA) improves nitrogen use efficiency through its combined effects on nitrogen retention, fertilizer
nitrogen release, root development and plant nitrogen metabolism. The process begins with the interaction of HA
functional groups, particularly carboxyl and phenolic groups, with soil minerals and nutrient ions. These
interactions influence ammonium retention and nitrogen mobility in the soil, thereby potentially reducing nutrient
losses. When applied with urea, HA may regulate urea hydrolysis and nitrogen release, reducing the rapid
accumulation of ammonia and subsequent ammonia volatilization. Liu et al. (2019) demonstrated that humic acid
extracted from sludge fermentation liquid inhibited urease activity and prolonged the release of ammonia nitrogen,
suggesting a possible mechanism for regulating urea decomposition. In a maize - wheat rotation system, Kong et
al. (2022) reported that humic acid urea reduced nitrogen losses through leaching, ammonia volatilization and
nitrous oxide emission by 25.51%, 23.07% and 23.08%, respectively, compared with conventional urea. These
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findings indicate that HA-based nitrogen fertilizers can reduce nitrogen losses and improve the retention of
fertilizer-derived nitrogen under suitable conditions.

In addition to reducing nitrogen losses, HA may enhance nitrogen uptake by promoting root development and
regulating nutrient transport. Humic substances exhibit hormone-like activity and can stimulate lateral root
formation, root elongation and root hair development, thereby increasing the root surface area available for
nutrient absorption. They may also activate plasma membrane H'-ATPase, which generates the electrochemical
gradient required for the transport of mineral nutrients across root cell membranes. Nardi et al. (2021) described
the role of humic substances in regulating root growth, nutrient transporters, plasma membrane H*- ATPases and
enzymes involved in nitrogen assimilation. Enhanced root activity and nutrient transport can increase the plant’s
capacity to absorb available nitrogen from the soil. Following nitrogen uptake, HA may influence nitrogen
assimilation and plant metabolism by affecting nitrate reduction and the incorporation of inorganic nitrogen into
organic compounds. Enzymes such as nitrate reductase, glutamine synthetase and glutamate synthase play
important roles in the conversion of absorbed nitrogen into amino acids and proteins. Improved nitrogen
assimilation can support chlorophyll formation, photosynthetic activity and biomass production. However, the
response of these enzymes depends on the humic substance source, application rate, crop species and nutritional
conditions.

Humic acid may also improve the synchronization between nitrogen supply and crop demand by regulating
fertilizer nitrogen release and improving nutrient retention in the root zone. Guo et al. (2022) reported that the
addition of humic acid to controlled-release fertilizer increased nitrogen use efficiency by 4.6—5.4% compared
with controlled-release fertilizer alone and reduced annual nitrous oxide emissions by 29%. Furthermore, a meta-
analysis by Ma et al. (2024) showed that humic acid application increased crop yield, nitrogen use efficiency and
nitrogen uptake by 12%, 27% and 17%, respectively, on average. Thus, humic acid can improve nitrogen use
efficiency through a combination of reduced nitrogen losses, enhanced root uptake, improved nitrogen
assimilation and better synchronization of nitrogen supply with crop demand. Nevertheless, these effects are
dependent on soil properties, fertilizer formulation, humic acid characteristics and crop management practices.
4.3.2 Phosphorus use efficiency

Phosphorus (P) use efficiency is generally low because phosphorus is strongly fixed or precipitated in the soil and
moves very slowly towards plant roots. In acidic soils, P is mainly fixed by iron (Fe) and aluminium (Al), whereas
in alkaline and calcareous soils, it can precipitate with calcium (Ca). Therefore, improving the availability and
movement of P in the soil is essential for increasing phosphorus use efficiency. Humic acid (HA) can improve P
use efficiency by reducing P fixation, increasing P availability around the root zone and promoting plant P uptake.
The main mechanism begins with the interaction of HA with Fe, Al and Ca present in the soil. The carboxyl and
phenolic groups of HA can bind with these metal ions and modify their interaction with phosphate. HA can also
compete with phosphate for adsorption sites on soil minerals. As a result, less phosphate may become strongly
fixed, while more P remains available for plant uptake. HA can therefore increase the soluble and plant-available
forms of phosphorus in the rhizosphere. This effect is particularly important in soils where P fixation is high.
HA also improves P acquisition by promoting root development. Since phosphorus moves through soil mainly by
diffusion, its availability to plants depends strongly on the contact between roots and P-containing soil. HA-
induced increases in root length, lateral roots and root hairs can increase the volume of soil explored by the plant
and consequently improve P absorption. In addition, HA may stimulate phosphatase activity and other biological
processes that convert organic or poorly available P into forms that can be taken up by plants. HA-induced changes
in root exudation and microbial activity may further contribute to P mobilization in the rhizosphere.

The beneficial effect of HA on P use efficiency has been demonstrated in several crops. Haider et al. (2026)
reported that HA application to potato grown under saline conditions increased phosphorus uptake efficiency by
approximately 2.8-fold compared with the untreated control. Similarly, Jing et al. (2022) reported that HA-
modified phosphate fertilizer increased P uptake in maize by 9.6-35.1% at lower HA concentrations of 2.5-5 mg
C Lt However, higher HA concentrations negatively affected nutrient absorption, indicating that the response
depends on the application rate. The combination of HA with phosphate fertilizers can further improve P
utilization. Zhang et al. (2024) reported that co-application of HA with coated diammonium phosphate reduced
available phosphorus leaching by 49-63% and increased wheat grain yield by 17.2% compared with the
corresponding fertilizer treatment. This indicates that HA can help retain P within the soil-root zone and improve
its availability to crops. In acidic paddy soil, Hartina et al. (2025) found that HA application alone resulted in the
highest phosphorus use efficiency and phosphorus agronomic efficiency, whereas combining HA with gypsum
did not provide additional improvement. This suggests that the effectiveness of HA depends on soil conditions
and its interaction with other amendments.

The improved P availability and uptake ultimately enhance phosphorus utilization within the plant. Phosphorus is
essential for ATP formation, energy transfer, nucleic acid synthesis, membrane development and reproductive
growth. Therefore, improved P acquisition can support photosynthesis, biomass production and grain or tuber
development. Selladurai and Purakayastha (2016) reported that a humic acid-based multi nutrient fertilizer
increased P use efficiency in potato by 9.3% compared with chemical fertilizer, while also improving N and K
use efficiencies by 16.4% and 18.3%, respectively.

4.3.3 Potassium use efficiency

Potassium (K) is an essential macronutrient involved in enzyme activation, osmotic regulation, stomatal
movement, water balance and photosynthesis. Unlike nitrogen, K does not undergo significant volatilization;
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however, applied K may be lost through leaching in sandy and low-cation-exchange-capacity (CEC) soils or
become temporarily unavailable through fixation within the interlayers of 2:1 clay minerals such as illite and
vermiculite. Therefore, improving K retention and maintaining an adequate supply of plant-available K in the root
zone are important for increasing potassium use efficiency (KUE).HA can improve KUE by modifying soil K
retention and availability. The negatively charged carboxyl and phenolic functional groups of HA increase the
number of exchange sites capable of retaining K, thereby contributing to greater K adsorption and reduced K
movement below the root zone. HA addition has been reported to increase total K adsorption and the proportion
of exchangeable K, which represents an important plant-available K pool. HA-K interactions may also regulate
the release of applied K and maintain K availability in the rhizosphere. Thus, HA can improve the synchronization
between soil K supply and crop demand, particularly in coarse-textured and low-CEC soils.

HA may further influence K dynamics in clay-rich soils by modifying interactions among clay minerals, organic
matter and exchangeable cations. Potassium can become fixed between layers of certain 2:1 clay minerals,
reducing its immediate availability to plants. The interaction of HA with clay surfaces and soil cations may modify
K fixation—release processes and influence the proportion of K maintained in exchangeable or solution forms.
However, this response is strongly dependent on clay mineralogy, soil pH, moisture conditions and initial K status
and should therefore not be considered universal.

In addition to improving soil K availability, HA can enhance plant K acquisition by stimulating root development.
Increased root length, lateral root formation and root hair development expand the volume of soil explored by
roots and increase contact with available K. Humic substances may also influence cell membrane properties and
plasma membrane H'-ATPase activity, supporting ion transport and K" uptake. Consequently, HA-mediated
improvement in root growth and membrane activity can increase K absorption and improve nutrient acquisition
even when changes in soil-available K are relatively small. The improvement in K uptake can subsequently
support physiological processes such as enzyme activation, photosynthesis, osmotic regulation and stomatal
control. This is particularly important under drought and salinity, where adequate K helps maintain cellular
osmotic balance and water relations. Under saline conditions, potassium humate has also been reported to improve
K" uptake and reduce Na* accumulation, contributing to a more favourable K*/Na* balance and improved plant
performance.

Several studies have demonstrated the potential of HA-based treatments to improve K utilization. Ding et al.
(2021) reported that combined application of 40 kg HA ha™! with potassium-solubilizing bacteria (PSB) produced
a maximum KUE of 40% in faba bean, compared with 14% under full mineral K fertilization alone. The combined
treatment also allowed mineral K application to be reduced to 50% of the recommended rate while maintaining
improved crop performance. Similarly, Selladurai and Purakayastha (2016) reported an 18.3% increase in KUE
in potato with the humic-acid-based multi nutrient fertilizer Grow Flow 45H compared with conventional
chemical fertilizer. The treatment also increased N and P use efficiencies by 16.4% and 9.3%, respectively,
demonstrating the potential of humic-based fertilization for improving overall nutrient-use efficiency. The
interaction between HA and K can also influence crop productivity and nutrient allocation.

Combined K and HA application has been reported to maximize garlic yield, photosynthetic pigments and nutrient
allocation, with a moderate Ki2o + HA 10 treatment producing the best response. Similarly, application of HA with
80% of the recommended NPK rate, together with foliar HA application, improved wheat productivity, nutrient
uptake and economic returns to levels comparable with full fertilization (Alharby et al., 2026). These findings
suggest that appropriate HA application may improve nutrient utilization and potentially permit partial reduction
of mineral fertilizer inputs without substantial yield penalties.

However, the response to HA is strongly dose dependent. In maize seedlings, HA at 20 mg C L resulted in
maximum K uptake, whereas increasing the concentration to 50 mg C L™! inhibited K absorption (Jing et al.,
2020). Similarly, excessive HA application may reduce nutrient availability when strong interactions between HA
functional groups and nutrients alter their mobility or accessibility to roots. In saline—alkali wheat systems, HA
application increased soil available K by approximately 22-45%, with 7.5 Mg ha™! identified as the optimum
application rate. Therefore, increasing HA concentration does not necessarily produce a proportional increase in
K availability or KUE, and excessive application may result in diminishing returns.

The effectiveness of HA in improving KUE is therefore governed by multiple interacting factors, including HA
source, molecular characteristics, application rate, application method, soil texture, CEC, clay mineralogy, initial
K availability and crop species. Ampong et al. (2022) emphasized that the relationship between HA-induced
changes in soil K availability and subsequent plant K uptake remains insufficiently characterized. Earlier work
has also suggested that excessive HA application should be avoided because nutrient-use responses may decline
beyond an optimum dose. Therefore, HA should be applied at an appropriate rate rather than assuming that higher
application rates will always improve K utilization.

Thus, HA has considerable potential to improve KUE by integrating soil K retention, regulated K availability,
enhanced root acquisition and efficient plant utilization. Future research should focus on identifying crop- and
soil-specific HA x K combinations and clarifying the mechanisms governing K adsorption, fixation—release, root
uptake and utilization under contrasting soil and environmental conditions.

4.3.4 Micronutrient use efficiency.

Humic acid can influence the availability and uptake of micronutrients such as iron, zinc, manganese and copper
through complexation and changes in soil chemical conditions. Its functional groups may bind micronutrient ions
and modify their mobility and retention in the rhizosphere. Improved root development and microbial activity
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may further contribute to micronutrient acquisition. However, the effect of HA on micronutrient availability is
nutrient-specific and depends on soil pH, mineral composition and the stability of metal-humic complexes.
Overall, humic acid has the potential to improve nutrient use efficiency through the combined effects of nutrient
retention, regulated fertilizer release, enhanced root development and improved nutrient assimilation. The
integration of HA with balanced fertilizer application and appropriate nutrient management may contribute to
improved crop productivity and reduced nutrient losses. Nevertheless, further research is required to establish
nutrient-specific mechanisms and standardized application rates under diverse soil and cropping conditions.

4.4 Humic acid and crop growth and productivity

Humic acid (HA) plays an important role in promoting crop growth and productivity by improving soil conditions,
nutrient availability and plant physiological processes. Its application can influence root development, nutrient
uptake, photosynthetic activity and overall plant growth, thereby contributing to improved crop establishment and
yield formation

Table 1 Impact of Humic Substances on Crop Productivity.

Crop HS Type/Source Yield Response Quality Response Reference

Tomato  (Solanum d 1 Fruit yield by 35%; 1 fruit 1 Ca, Fe, Zn, amino acids, Zhang et al.

Straw-derived fulvic aci

lycopersicum) number by 44.4% citric acid and malic acid ~ (2021)
Lemon (Citrus Watf-:-r-sol.uble hurx}lc acid, 1 Fruit weight, edible rate and 1 Vltamln G, TSS’. sugars, et al
. fulvic acid potassium and . . " . flavonoids, phenolics and

limon) juice yield (2022)

fulvic acid distillate antioxidants

1 Grain yield (5.21 t ha™
Humic acid (4%) biological yield, straw yiel
and harvest index

Wheat (Triticum

é 1 Protein, starch, gluten, N, Lamlom et
aestivum)

P and K contents al. (2023)

Barley  (Hordeum Humic acid + fulvic acid + 1 Grain yield by 44-65%; Alsudays et

1 TN, P and K uptake

vulgare) P fertilizer straw yield and harvest index al. (2024)
. . . . 1 Protein (11.9-13.4%) and Kadam et al.
£ 00
Rice (Oryza sativa) Humic acid 1 Grain yield by 5.75-6.0% starch (90-93%) (2024)
Triticale L L 1 Grain yield, forage yield and 1 Protein and carbohydrate Mosaad et al.
(xTriticosecale) Humic acid + fulvic acid 1000-grain weight content (2024)

1 Grain yield up to 8.09 t ha™'; 1 Protein (9.11%) and oil Leiby et al.

Maize (Zea mays)  Humic acid + fulvicacid 1y 556 coin weioht (379.9 @) content (5.32%) (2025)

4.5 Humic acid in mitigating soil degradation

4.5.1 Salinity stress

Soil salinization is a pervasive form of degradation that severely impairs soil structure, limits nutrient availability,
suppresses microbial activity, and diminishes crop productivity (Abd-Elzaher et al., 2022; Huang, 2022). Humic
substances have emerged as effective amendments for mitigating salinity stress and restoring the quality of salt-
affected soils (Mosa et al., 2020) . Coastal soils, in particular, are frequently subject to salinization, a process that
degrades soil structure, exacerbates nutrient leaching, and depletes soil organic matter (Zhao et al., 2025).The
application of HA and biochar, known to increase soil water content while reducing salinity and pH (Khaled &
Fawy, 2011; Sun et al., 2020).Organic matter-rich amendments, such as HA and AA, increase soil water content
by promoting soil aggregation and water retention, which reduces water loss through evaporation and drainage
and mitigates salt stress. Furthermore, the acidic organic components in these amendments help neutralize free
OH~ ions, thereby improving the soil microenvironment.
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The combined application of humic acid and attapulgite significantly improved the quality of coastal saline-
alkali soils by reducing salinity and exchangeable sodium levels while enhancing soil moisture retention, cation
exchange capacity, nutrient availability, and soil organic carbon content. These improvements promoted soil
aggregation and nutrient retention, demonstrating the potential of humic substances to ameliorate saline soils
through improved soil structure, nutrient retention, and salt leaching, thereby restoring degraded saline soils (Zhao
et al., 2025).Humic acids possess numerous acidic functional groups. In alkaline saline soils, these groups
dissociate and release negative charges, which bind with cations such as Na™, thereby reducing the salt
concentration around plant roots. The study further found that humic acids react with carbonate and bicarbonate
salts commonly present in saline-sodic soils. This reaction releases carbon dioxide and helps neutralize alkalinity,
thereby lowering soil pH and improving soil conditions (Moro et al., 2025).Numerous studies have demonstrated
the efficacy of humic substances in mitigating salinity stress and restoring the quality of salt-affected soils through
enhancements in soil physical properties, nutrient dynamics, microbial activity, and crop productivity. Key
research findings are summarized in Table 2.

Table 2 Influence of Humic Substances on Saline Soil Reclamation and Crop Productivity

Source of HS ~ Soil/ Dose/Rate  Major Effects Reference
Crop Type on Salinity
Potassium Sandy 10 and 20 Increased (Abd-
humate (K- saline soil / kgha! nutrient Elzaher et
humate) Wheat availability, al., 2022)
K*/Na* ratio,
and wheat
yield
BLACKJAK® Lettuce Root: Improved (Atero-
(humic under 100 0.40-0.60  growth, Calvo et
substances) mM NaCl mL  L7'; photosynthesis, al., 2024)
Foliar: and salt
7.50— tolerance
10.00 mL
L71
Humic acid Salt- Seed Improved (Shukry
stressed priming growth and et al.,
rice with40 mg reduced 2023)
L salinity
damage
Humic  acid Saline- Field Reduced (Pang et
soil modifier alkali soil / application salinity  and al., 2023)
Rice increased rice
yield
Humic  acid Saline- HA + Reduced (Wang et
(HA) alkali soil / chemical salinity  and al., 2023)
Maize fertilizer increased
maize yield
Bio-humic Saline- 3000 kg Reduced soil (Zhang et
acid soil alkali soil / ha™ pH and al., 2024)
amendment Rice increased rice
yield
Humic acid Saline soil / 25 and 50 Improved plant (Al-
Sweet kg ha™ growth under Kubissi et
pepper saline al., 2024)
irrigation
Humic acid Salt- Foliar Improved (Lasheen
stressed spray of growth and K et al.,
pittosporum 150 mg L™ uptake 2023)

4.5.2 Heavy metal toxicity

Humic substances act as natural chelators that bind to heavy metals, forming stable organo-mineral complexes
that effectively immobilize contaminants and reduce their bioavailability in soil and water systems (Wang et al.,
2024).For instance, humic acid-modified coal gangue removed over 99% of Zn, Cu, and Pb from contaminated
runoff and simultaneously improved plant growth, microbial diversity, and tolerance to heavy metal stress(Zhang
et al., 2025).Straw-derived humic substances, particularly those produced under aerobic conditions, exhibited
strong heavy metal detoxification potential by forming stable complexes with toxic metals through phenolic and
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carboxylic functional groups, achieving removal efficiencies of up to 96.18% for Cd and substantially reducing
the bioavailability of Cu, Zn, and Pb in contaminated soils(Zhong et al., 2023).
The combined application of humic acid and hydroxyapatite effectively detoxified cadmium-contaminated soil
by reducing Cd bioavailability through complexation and immobilization processes. The treatment also enhanced
beneficial microbial communities, decreased Cd accumulation in wheat grains, and improved crop productivity
(Lu et al., 2025).
The study showed that humic substances, particularly fulvic acids, influence the sorption and immobilization of
Cd and Pb in soils. Increased humification and structural stability of humic substances reduced the bioavailability
of heavy metals, highlighting their important role in heavy metal detoxification and soil remediation.(Feszterova
et al,, 2024).The humic substances can remediate heavy metal-contaminated soils by acting as natural
biosurfactants and complexing agents. The carboxyl and phenolic groups present in humic substances bind with
heavy metal ions, forming soluble complexes that can be washed out of the soil. By mobilizing and removing
toxic metals, humic substances reduce the overall heavy metal burden in contaminated soils. The study also
showed that after humic substance washing, the remaining metals became more accessible for further remediation
methods such as phytoextraction (removal by plants)(Piccolo et al., 2019).
4.5.3 Soil organic carbon depletion and restoration:
Soil organic carbon (SOC) depletion, driven by intensive cultivation, excessive tillage, residue removal, erosion,
and insufficient organic matter inputs, represents a significant form of soil degradation. This decline adversely
affects essential parameters—such as soil fertility, nutrient cycling, aggregate stability, water-holding capacity,
and microbial activity—ultimately compromising soil productivity and ecosystem sustainability (Lal, 2015).SOC
is a fundamental pillar of soil fertility and quality, acting as a pivotal element for terrestrial ecosystems with
significant implications for food security and agricultural sustainability (Amanullah & Khan, 2024). By enhancing
soil structure, aggregate stability, and nutrient retention, SOC supports superior crop growth, efficient nutrient
cycling, and robust ecosystem functioning. Consequently, restoring SOC levels is an essential strategy for
maintaining soil health and ensuring sustainable agricultural production (Cambronero et al., 2025).
Humic substances represent the most stable and significant fraction of soil organic carbon, playing a central role
in preventing SOC depletion and restoring degraded soils (Maffia et al., 2025). As carbon stabilizers, structural
binders, and biological regulators, HS constitute 50-80% of SOC, forming the most microbially resistant pool of
soil organic matter. By shielding labile molecules from decomposition, HS mitigate mineralization and facilitate
long-term carbon storage (Gerke, 2021; Sun et al., 2022). Their persistence relies heavily on hydrophobic and
aromatic domains, which provide “hydrophobic protection”. Furthermore, applications of artificial humic and
fulvic acids can enhance total organic carbon beyond direct additions by promoting microbially amplified
sequestration and stimulating CO.-fixing microbes (Lan et al., 2024; Tang et al., 2021).
Humic molecules bind metals and other substrates, forming stable organo-mineral associations that immobilize
carbon. Humic substances also strongly bind toxic metals and influence nutrient availability, consistent with their
role in maintaining stable SOC (Gerke, 2022). Furthermore, the increased hydrophobic character of humic matter
reduces microbial access to labile inputs, thereby limiting mineralization. Research indicates that root cellulose
and root-derived carbon preferentially contribute to fulvic acid formation, which serves as a significant driver of
SOC accumulation during grassland revegetation and restoration processes (Bai et al., 2020).Microbial synthesis
of HS from residues (e.g., coir pith) can accelerate humification and enhance soil C sequestration capacity
(Muniraj et al., 2021).Long-term alfalfa revegetation on semiarid abandoned farmland significantly enhances soil
organic carbon sequestration compared to natural fallow. This accumulation is driven by intensified
humification—notably higher humic acid and humin levels—and the promotion of stable soil micro-aggregates
that protect carbon from decomposition.
These findings underscore the critical role of humic substances and aggregate formation in long-term carbon
storage and effective ecological restoration strategies (Song et al., 2024).Thus, integrating humic substance-based
approaches into soil management practices offers a promising pathway for rebuilding SOC stocks in degraded
landscapes.
4.5.4 Soil erosion and aggregation
Soil erosion accelerates the degradation of soil structure by disrupting aggregates and removing organic carbon-
rich surface layers. Because a substantial proportion of soil organic carbon is stored within macroaggregates, their
breakdown during erosion leads to significant carbon losses. Humic substances enhance aggregate stability
through their amphiphilic properties, promoting the formation of water-stable aggregates and improving soil
resistance to erosion. In particular, labile humic substances associated with microaggregates play a crucial role in
maintaining structural integrity. Therefore, the content of labile humic substances within soil aggregates can serve
as an indicator of soil aggregation and erosion resistance (Gromovik et al., 2023).Humic substances act as soil
conditioners that reinforce the soil surface structure, allowing it to withstand heavy rainfall while significantly
reducing water and sediment losses from the field (SINKPEHOUN & Yénter, 2018). Increased soil aggregation
facilitated by humic substances enhances erosion resistance, as stable aggregates are less susceptible to
disintegration under erosive forces.

According to (Hayes & Roulia, 2025), humic substances enhance soil erosion resistance by promoting the
formation of stable organo-mineral aggregates that improve soil structural integrity and protect organic carbon
from erosive losses. Furthermore, studies indicate that specific forest management practices can enhance the
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positive effects of humic substances on soil stability, thereby reducing erosion risks (Meng et al., 2022).The role
of humic substances in erosion control has also been demonstrated through their effects on soil mechanical
properties. The incorporation of humic substances increased aggregate stability and soil tensile strength through
the formation of stable cementing structures, resulting in greater resistance to particle detachment and erosion
over time (Miranda et al., 2020).

Similarly, humic acid combined with polyacrylamide copolymers enhanced soil structural stability, increased soil
strength, and effectively reduced simulated wind and water erosion, demonstrating its potential as an
environmentally friendly soil stabilizer for erosion control and land restoration (Bekturganova & Mirzaeian,
2025).However, the influence of humic substances on erosion-related nutrient dynamics may vary depending on
soil mineralogy. Humic acid can influence soil erosion-induced nutrient losses by competing with phosphorus for
adsorption on clay minerals, particularly kaolinite, thereby increasing phosphorus mobilization and transport in
runoff (Chen et al., 2022).Collectively, these findings underscore the essential role of humic substances in
bolstering soil aggregation and mitigating erosion susceptibility, positioning them as critical components in soil
restoration and conservation strategies.

ENHANCE NUTRIENT
AVAILABILITY
ENHANCE NUTRIENT USE
EFFICIENCY

MITIGATE HEAVY METAL ENHANCES
TOXICITY AGGREGATION

STIMULATE BENEFICIAL s g g A INCREASE CEC
MICROBES ; 2 1

Fig. 3. Multitional role of humic acid

5. Limitations and challenges

Humic acid research and application face several notable limitations and challenges that constrain its widespread
adoption and consistent efficacy in agricultural systems. One of the foremost challenges lies in the variability of
humic acid sources and extraction methods, as humic substances derived from different raw materials such as
leonardite, peat, compost, or lignite exhibit significant differences in molecular structure, functional group
composition, and biological activity, making it difficult to standardize products or compare results across studies.
This heterogeneity is compounded by the lack of

universally accepted protocols for characterizing and quantifying humic acid content and quality, leading to
inconsistencies in commercial formulations and difficulties in establishing clear structure-function relationships.
Additionally, the mechanisms by which humic acid influences plant growth, nutrient uptake, and soil properties
are not yet fully elucidated at the molecular level, particularly regarding its interactions with plant hormone
signalling pathways, root architecture modification, and rhizosphere microbial communities, which limits the
ability to optimize application strategies for specific crops and soil conditions.

Dose-dependent and context-specific responses present another major challenge, as the effectiveness of humic
acid varies considerably depending on soil type, pH, organic matter content, climatic conditions, and crop species,
often resulting in inconsistent or contradictory findings across field trials conducted in different agroecological
zones. The interaction of humic acid with other soil amendments, fertilizers, and agrochemicals remains poorly
understood, raising concerns about potential antagonistic or synergistic effects that could compromise nutrient
use efficiency if not properly managed. From a practical standpoint, the cost-effectiveness of humic acid
application at commercial scales, particularly for resource-limited farmers, remains a concern, as does the
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challenge of ensuring product authenticity and preventing adulteration in a market where quality control standards
are not rigorously enforced globally.

Furthermore, most existing research is based on short-term greenhouse or pot studies, and there is a notable
scarcity of long-term field experiments that can validate the sustained benefits of humic acid on soil health
indicators, carbon sequestration, and crop productivity across multiple growing seasons. The lack of standardized
application rates, timing, and methods (soil application versus foliar spray versus seed treatment) further
complicates the development of universal best-practice guidelines. Finally, regulatory frameworks governing
humic acid products differ widely across countries, creating challenges for quality assurance, labelling accuracy,
and international trade, while also highlighting the need for more robust, multi-location, and multi-year research
to bridge the gap between experimental findings and practical, scalable recommendations for farmers.

6. Future thrust

Future research on humic acid application in agriculture must prioritize several key directions to bridge existing
knowledge gaps and translate scientific findings into practical, scalable solutions for farmers. There is an urgent
need to develop standardized protocols for humic acid extraction, characterization, and quality assessment,
employing advanced analytical techniques such as nuclear magnetic resonance (NMR), Fourier-transform infrared
spectroscopy (FTIR), and high-resolution mass spectrometry to establish clear structure-activity relationships that
can guide the selection of source materials for specific agricultural applications. Future studies should focus on
elucidating the precise molecular mechanisms underlying humic acid's bio stimulant effects, particularly its
interactions with plant hormone signalling pathways (auxin, cytokinin, and gibberellin crosstalk), ion transporter
regulation, and epigenetic modifications that influence stress tolerance and nutrient acquisition, potentially
through integrated multi-omics approaches combining transcriptomics, proteomics, and metabolomics.
Long-term, multi-location field trials spanning diverse agroecological zones and cropping systems are essential
to validate the sustained impacts of humic acid on soil health parameters, including microbial diversity, carbon
sequestration potential, and aggregate stability, moving beyond the current reliance on short-duration greenhouse
studies. Research should also explore the synergistic potential of humic acid when combined with other
sustainable agricultural inputs such as biofertilizers, plant growth-promoting rhizobacteria (PGPR), mycorrhizal
fungi, and nanotechnology-based delivery systems, aiming to develop integrated nutrient management strategies
that maximize resource use efficiency while minimizing chemical fertilizer dependency.

The development of site-specific and crop-specific application guidelines, informed by precision agriculture
technologies and soil-test-based recommendations, represents another critical thrust area, as this would allow
farmers to optimize dosage, timing, and application methods based on real-time soil and crop conditions.
Additionally, there is significant scope for exploring humic acid's role in enhancing plant resilience to abiotic
stresses such as drought, salinity, and heavy metal toxicity in the context of climate change, which could position
it as a valuable tool for climate-smart agriculture.

Future work should also investigate the economic viability and cost-benefit analysis of humic acid products
across different farming scales, particularly for smallholder farmers in developing regions, alongside efforts to
develop low-cost, locally-sourced humic acid extraction technologies that could improve accessibility.
Furthermore, establishing harmonized international regulatory standards and quality certification systems would
help ensure product authenticity, prevent market adulteration, and facilitate global trade while building farmer
confidence.

Finally, interdisciplinary collaboration between soil scientists, plant physiologists, agricultural economists, and
policymakers will be crucial to translate laboratory and field research findings into evidence-based extension
programs and policy frameworks that promote the sustainable and widespread adoption of humic acid
technologies in modern agriculture, ultimately contributing to global food security and environmental
sustainability goals

7. CONCLUSION

Humic acid stands out as a multifaceted and promising natural amendment capable of simultaneously addressing
the interconnected challenges of crop productivity, nutrient use efficiency, and soil health degradation that
threaten the sustainability of modern agricultural systems. The extensive body of research reviewed demonstrates
that humic acid's diverse biochemical and physiological actions ranging from enhanced root proliferation and
improved nutrient chelation to stimulated microbial activity and strengthened plant stress tolerance translate into
tangible benefits across a wide range of crops and growing conditions, offering a viable pathway toward reducing
dependency on synthetic fertilizers while maintaining or even improving yield outcomes.

Its capacity to improve soil physical structure, enhance cation exchange capacity, foster beneficial microbial
communities, and sequester carbon further underscores its value not merely as a yield-enhancing input but as a
long-term investment in soil ecosystem resilience and environmental sustainability. However, realizing the full
potential of humic acid in mainstream agriculture requires overcoming the variability in product quality, filling
critical gaps in mechanistic understanding, and generating robust long-term field evidence that can inform
standardized, region-specific application practices.

As global agriculture confronts mounting pressures from climate change, soil degradation, and the need for more
resource-efficient production systems, humic acid-based technologies offer a scientifically grounded and
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ecologically sound strategy that aligns with the broader goals of sustainable intensification. Continued
interdisciplinary research, coupled with supportive regulatory frameworks and farmer-focused extension efforts,
will be essential to fully harness humic acid's potential, ensuring that this valuable natural resource contributes
meaningfully to global efforts toward achieving food security, economic viability for farmers, and long-term
environmental stewardship in the decades ahead.

ACKNOWLEDGEMENTS
The authors are thankful to the Department of Soil Science and Agricultural Chemistry, Tamil Nadu Agricultural
University, Coimbatore, India for the support and facilitation.

Author contributions

Sadhana K contributed to the conceptualization and preparation of original draft. Maragatham S contributed to
conceptualization and editing the original draft. Malathi P, Sellamuthu K M, Rajeswari R, Senthil A, Kavitha M,
and Divya K Lekshmanan contributed to the review and editing of the manuscript. All authors reviewed and
approved the final version of the manuscript.

Funding

This work did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit
sectors.

Declaration of competing interest

The authors declare that they have no known competing interests.

REFERENCES

1. Abd-Elzaher, M. A., El-Desoky, M. A., Khalil, F. A., Eissa, M. A., & Amin, A. E.-E. A. (2022). Interactive
Effects of K-Humate, Proline and Si and Zn Nanoparticles in Improving Salt Tolerance of Wheat in Arid Degraded
Soils. Egyptian Journal of Soil Science, 0(0), 0. https://doi.org/10.21608/ejss.2022.154365.1523

2. Ai, S., Meng, X., Zhang, Z., Li, R., Teng, W., Cheng, K., & Yang, F. (2023). Artificial humic acid regulates
the impact of fungal community on soil macroaggregates formation. Chemosphere, 332, 138822-138822.
https://doi.org/10.1016/j.chemosphere.2023.138822

3. Albrecht, U. (2019). Plant Biostimulants: Definition and Overview of Categories and Effects. EDIS,
2019(3). https://doi.org/10.32473/edis-hs1330-2019

4. Alharby, H. F., Ansabayeva, A., Alamri, A. M., Alghamdi, S., Alhaithloul, H., Puchkov, M., Gaplaev, M.,
Shehata, Y., Elshamly, A., Al-Harbi, N. A., & Abdelkader, M. (2026). Humic acid and potassium synergy
drives metabolic activation, antioxidant enhancement, and improved nutrient absorption in garlic plants
(Allium sativum L.). Scientia Horticulturae. https://doi.org/10.1016/j.scienta.2026.114706

5. Al-Kubissi, K. Y. K., Salih, S. M., & Saleh, A. M. (2024). Combined Effect of Potassium Fertiliser, Saline
Irrigation Water and Humic Acids On Soil Acidity and Yield Components of Pepper (Capsicum annuum L).
Asian Journal of Water Environment and Pollution, 21(3), 87-87. https://doi.org/10.3233/ajw240038

6. Allahkarami, E., Allahkarami, E., Rezai, B., & Azadmehr, A. (2025). Advancing humic acids extraction
procedures: A review of methods, innovations, and sustainability challenges. Separation and Purification
Technology, 376, 133954, https://doi.org/10.1016/j.seppur.2025.133954

7. Al-Malaky, I. A. Y., Al-Jaberi, M., & Abdulkareem, M. A. (2024). Effect of Humic Acids Extracted From
Different Organic Sources and Inoculation of Bacillus Subtilis or Aspergillus Niger in Alkaline Phosphatase
Activity in Calcareous  Soil. South  Eastern European  Journal of Public  Health.
https://doi.org/10.70135/seejph.vi.980

8. Alsudays, I. M., Alshammary, F. H., Alabdallah, N. M., Alatawi, A., Alotaibi, M. M., Alwutayd, K. M.,
Alharbi, M. M., Alghanem, S. M. S., Alzuaibr, F. M., Gharib, H. S., & Awad-Allah, M. M. A. (2024). Applications
of humic and fulvic acid under saline soil conditions to improve growth and yield in barley. BMC Plant Biology,
24(1). https://doi.org/10.1186/s12870-024-04863-6

9. Amanullah, & Khan, U. (2024). Enriching Soil Organic Carbon for Sustainable Agriculture, Food Security,
and Health. The Journal of Indonesia Sustainable Development Planning, 5(1), 67-75.
https://doi.org/10.46456/jisdep.v5i1.549

10.Ampong, K., Thilakaranthna, M. S., & Gorim, L. Y. (2022). Understanding the role of humic acids on crop
performance and soil health. Frontiers in Agronomy, 4. https://doi.org/10.3389/fagro.2022.848621

11. Antu, U. B, Roy, T. K., Kulsum, T. L., Mitu, P. R., Ismail, Z., Arifin, M. Z., Datta, M., Hossain, S. A., Islam,
S., Islam, Md. S., Mahiddin, N. A., Bakky, A. A., Hossin, S., Islam, S., Islam, S., & Idris, A. M. (2025). Role of
humic acid for climate change adaptation measures to boost up sustainable agriculture and soil health: A potential
review. International Journal of  Biological Macromolecules, 313, 144043-144043.
https://doi.org/10.1016/j.ijbiomac.2025.144043

Genetics and Molecular Research 25 (19s): 2026 15


https://doi.org/10.21608/ejss.2022.154365.1523
https://doi.org/10.1016/j.chemosphere.2023.138822
https://doi.org/10.1016/j.scienta.2026.114706
https://doi.org/10.3233/ajw240038
https://doi.org/10.1016/j.seppur.2025.133954
https://doi.org/10.70135/seejph.vi.980
https://doi.org/10.1186/s12870-024-04863-6
https://doi.org/10.46456/jisdep.v5i1.549
https://doi.org/10.1016/j.ijbiomac.2025.144043

12.Ashokan, A., Mini, V., & Rani, B. (2024). Humic Acid as an Organic Biosurfactant in Amelioration of
Physical Constraints of Sandy Soils. International Journal of Plant & Soil Science, 36(8), 671-681.
https://doi.org/10.9734/ijpss/2024/v36184897

13. Atero-Calvo, S., Magro, F., Masetti, G., Navarro-Leon, E., Blasco, B., & Ruiz, J. M. (2024). Salinity stress
mitigation by radicular and foliar humic substances application in lettuce plants. Plant Growth Regulation, 104(1),
151-167. https://doi.org/10.1007/s10725-024-01151-z

14. Bai, X., Guo, Z., Huang, Y., & An, S. (2020). Root cellulose drives soil fulvic acid carbon sequestration in the
grassland restoration process. CATENA, 191, 104575-104575. https://doi.org/10.1016/j.catena.2020.104575

15. Barzgar, Z., Towfighi, H., Fathi-Gerdelidani, A., Shahbazi, K., Heidari, A., Etesami, H., Verrillo, M., Savy,
D., & Spaccini, R. (2025). Molecular determinants of humic and fulvic acids in enhancing micronutrient
availability in calcareous soils: a comparative study on Fe, Mn, Zn, and Cu dynamics. Scientific Reports, 15(1),
34142-34142. https://doi.org/10.1038/s41598-025-06678-3

16. Bekturganova, N. Ye., & Mirzaeian, M. (2025). The effect of humic acid in composition with polyacrylamide
copolymers on wind and water soil erosion. Scientific Reports, 16(1), 139—139. https://doi.org/10.1038/s41598-
025-28807-8

17.Cameron, C. C., Esterle, J. S., & Palmer, C. A. (1989). The geology, botany and chemistry of selected
peat-forming environments from temperate and tropical latitudes. International Journal of Coal
Geology, 12(1-4), 105-156.

18.Canellas, L. P, Olivares, F. L., Aguiar, N. O., Jones, D. L., Nebbioso, A., Mazzei, P., & Piccolo, A. (2015).
Humic and fulvic acids as biostimulants in horticulture. Scientia Horticulturae, 196, 15-27.
https://doi.org/10.1016/j.scienta.2015.09.013

19. Castro, T. A. van T. de, Berbara, R. L. L., Tavares, O. C. H., Mello, D. F. da G., Pereira, E. G., Souza, C. da
C.B. de, Maqueira, L., & Garcia, A. C. (2021). Humic acids induce a custress state via photosynthesis and nitrogen
metabolism leading to a root growth improvement in rice plants. Plant Physiology and Biochemistry, 162, 171—
184. https://doi.org/10.1016/j.plaphy.2021.02.043

20.Chen, M., Li, Y., Wang, C., & Walter, M. T. (2022). An investigation of the effects of humic acid on soil
erosion and loss of phosphorus from soil to runoff: Experiment and modeling. Geoderma, 427, 116121-116121.
https://doi.org/10.1016/j.geoderma.2022.116121

21.Chen, Y., & Aviad, T. (1990). Effects of Humic Substances on Plant Growth. In ASS4, CSSA4 and SSSA (pp.
161-186). https://doi.org/10.2136/1990.humicsubstances.c7

22.Chin, Y.-P., McKnight, D. M., D’Andrilli, J., Brooks, N., Cawley, K., Guerard, J., Perdue, E. M., Stedmon, C.

A., Tratnyek, P. G., Westerhoff, P., Wozniak, A. S., Bloom, P. R., Foreman, C., Gabor, R., Hamdi, J., Hanson,
B., Hozalski, R. M., Kellerman, A., McKay, G., ... Reckhow, D. (2023). Identification of next-generation
International Humic Substances Society reference materials for advancing the understanding of the role
of natural organic matter in the Anthropocene. Aquatic Sciences, 85(1). https://doi.org/10.1007/s00027-022-
00923-x

23.Congreves, K. A., Otchere, O., Ferland, D., Farzadfar, S., Williams, S., & Arcand, M. M. (2021). Nitrogen
use efficiency definitions of today and tomorrow. Frontiers in Plant Science, 12, 637108.
https://doi.org/10.3389/fpls.2021.637108

24.Deng, A., Wu, X., Su, C., Zhao, M., Wu, B.-F., & Luo, J. (2021). Enhancement of soil microstructural
stability and alleviation of aluminium toxicity in acidic latosols via alkaline humic acid fertiliser
amendment. Chemical Geology, 583, 120473. https://doi.org/10.1016/j.chemgeo0.2021.120473

25.Didonato, N., Chen, H., Waggoner, D., & Hatcher, P. (2016). Potential origin and formation for molecular
components of humic acids in soils. Geochimica et Cosmochimica Acta, 178, 210-222.
https://doi.org/10.1016/j.gca.2016.01.013

26.Ding, Z., Ali, E., Almaroai, Y. A., Eissa, M., & Abeed, A. H. A. (2021). Effect of Potassium Solubilizing
Bacteria and Humic Acid on Faba Bean (Vicia faba L.) Plants Grown on Sandy Loam Soils. Journal of Soil
Science and Plant Nutrition, 21, 791 - 800. https://doi.org/10.1007/s42729-020-00401-z

27.El-Sayed, M. A. M., & El-Sayed, M. T. (2020). Effect of Humic Acid, Biofertilizers and Mineral Phosphate
on Soil Microbial Activity and Productivity of Pea Plants under Toshka Conditions. Alexandria Science Exchange
Journal, 41(6), 489-511. https://doi.org/10.21608/asejaiqjsae.2020.129374

28.Ennan, Z., Zhu, Y., Hu, J., & Xu, T. (2022). Effects of Humic Acid Organic Fertilizer on Soil Environment in

Black Soil for Paddy Field Under Water Saving Irrigation. Nature Environment and Pollution Technology.
https://doi.org/10.46488/nept.2022.v21i03.030

29.Ertem, A., Karmaz, E., Avag, K., & Peker, R. M. (2024). Spectroscopic, thermic and metal binding
properties of commercial humic acid and leonardite. Soil Studies, 13(1), 32-42.

Genetics and Molecular Research 25 (19s): 2026 16


https://doi.org/10.9734/ijpss/2024/v36i84897
https://doi.org/10.1007/s10725-024-01151-z
https://doi.org/10.1016/j.catena.2020.104575
https://doi.org/10.1038/s41598-025-06678-3
https://doi.org/10.1038/s41598-025-28807-8
https://doi.org/10.1038/s41598-025-28807-8
https://doi.org/10.1016/j.scienta.2015.09.013
https://doi.org/10.1016/j.plaphy.2021.02.043
https://doi.org/10.1016/j.geoderma.2022.116121
https://doi.org/10.2136/1990.humicsubstances.c7
https://doi.org/10.1007/s00027-022-00923-x
https://doi.org/10.1007/s00027-022-00923-x
https://doi.org/10.3389/fpls.2021.637108
https://doi.org/10.1016/j.chemgeo.2021.120473
https://doi.org/10.1016/j.gca.2016.01.013
https://doi.org/10.1007/s42729-020-00401-z
https://doi.org/10.21608/asejaiqjsae.2020.129374
https://doi.org/10.46488/nept.2022.v21i03.030

30. Feszterova, M., Kowalska, M., & Hudec, M. (2024). Assessing the Impact of Soil Humic Substances, Textural
Fractions on the Sorption of Heavy Metals (Cd, Pb). Applied Sciences, 14(7), 2806-2806.
https://doi.org/10.3390/app 14072806

31.Fortun, A., Alamo, J. B. del, & Fortun, C. (1990). The effects of fulvic and humic acids on soil aggregation:
a micromorphological study. Journal of Soil Science, 41(4), 563-572. https://doi.org/10.1111/j.1365-
2389.1990.tb00226.x

32.Gérard, F. (2016). Clay minerals, iron/aluminum oxides, and their contribution to phosphate sorption in
soils—A myth revisited. Geoderma, 262, 213-226. https://doi.org/10.1016/j.geoderma.2015.08.036

33. Gerke, J. (2021). Carbon Accumulation in Arable Soils: Mechanisms and the Effect of Cultivation Practices
and Organic Fertilizers. Agronomy, 11(6), 1079—1079. https://doi.org/10.3390/agronomy11061079

34. Gerke, J. (2022). The Central Role of Soil Organic Matter in Soil Fertility and Carbon Storage. Soil Systems,
6(2), 33-33. https://doi.org/10.3390/s0ilsystems6020033

35. Gonzalez-Feijoo, R., Martinez-Castillo, C., Campillo-Cora, C., -Ravifia, M. D., Arenas-Lago, D., Pérez-
Rodriguez, P., & Santas-Miguel, V. (2026). Influence of humic acids on the interaction between soil bacterial
communities and  nutrient-based  nanoagrochemicals.  Plant  Nano  Biology, 100279-100279.
https://doi.org/10.1016/j.plana.2026.100279

36. Gromovik, A. I., Gorbunova, N., & Devyatova, T. A. (2023). Sorption of labile humus substances by
structural-aggregate fractions of eroded chernozems. Copoyuonnvie u Xpomamoepaghuueckue Ilpoyeccot, 23(5),
948-957. https://doi.org/10.17308/sorpchrom.2023.23/11729

37.Guo, Y., Ma, Z,, Ren, B., Zhao, B., Liu, P., & Zhang, J. (2022). Effects of humic acid added to controlled-
release fertilizer on summer maize yield, nitrogen use efficiency and greenhouse gas emission. Agriculture,
12(4), 448. https://doi.org/10.3390/agriculture12040448

38.Guo, Z., Gao, J., Ly, T., Zheng, Y., Deng, C., Sun, X., Sun, Y., Wang, C., & Deng, Y. (2025). Humic Acid
Enhances Soil Fertility and Microbial Diversity Under Optimized Nitrogen Fertilization in Quinoa
Rhizosphere. Plants, 14. https://doi.org/10.3390/plants14243850

39.H., Monkham, T., Vityakon, P., & Sukitprapanon, T. (2025). Coapplication of humic acid and gypsum
affects soil chemical properties, rice yield, and phosphorus use efficiency in acidic paddy soils. Scientific
Reports, 15. https://doi.org/10.1038/s41598-025-89132-8

40.Haider, M. W., Abbas, S. M., Hussain, T., Akram, M. T., Waseem, M., Saleem, M. A., Stanciu, A., & Nafees,
M. (2026). Effect of Humic Acid on Morphology, Fluorescence, and Nutrient Uptake of Spring-Sown Potato
Crop Under Saline Sandy Loam Soil. Scientifica, 2026. https://doi.org/10.1155/sci5/6184394

41.Hayes, M. H. B., & Roulia, M. (2025). Relevance of Organic Matter Compositions, Structures and
Associations to Soil Aggregates and to Sustainable Productivity. Agronomy, 15(9), 2182-2182.
https://doi.org/10.3390/agronomy 15092182

42.He, X., Zhang, H., Li, J., Yang, F., Dai, W., Cheng, X., & Zhang, M. (2022). The Positive Effects of
Humic/Fulvic Acid Fertilizers on the Quality of Lemon Fruits. Agronomy, 12(8), 1919-1919.
https://doi.org/10.3390/agronomy 12081919

43.Huang, R. (2022). The effect of humic acid on the desalinization of coastal clayey saline soil. Water Science
& Technology Water Supply, 22(9), 7242-7255. https://doi.org/10.2166/ws.2022.311

44, Jarukas, L., Ivanauskas, L., Kasparaviciene, G., Baranauskaite, J., Marksa, M., & Bernatoniene, J. (2021b).
Determination of organic compounds, fulvic acid, humic acid, and humin in peat and sapropel alkaline extracts.
Molecules, 26(10), 2995. https://doi.org/10.3390/molecules26102995

45.Jing, J., Zhang, S., Yuan, L., Li, Y., Chen, C., &Zhao, B. (2022). Humic Acid Modified by Being Incorporated

Into Phosphate Fertilizer Increases Its Potency in Stimulating Maize Growth and Nutrient
Absorption. Frontiers in Plant Science, 13. https://doi.org/10.3389/fpls.2022.885156

46.Jing, J., Zhang, S., Yuan, L., Li, Y., Lin, Z.-A., Xiong, Q., & Zhao, B. (2020). Combining humic acid with
phosphate fertilizer affects humic acid structure and its stimulating efficacy on the growth and nutrient
uptake of maize seedlings. Scientific Reports, 10. https://doi.org/10.1038/s41598-020-74349-6

47.Kadam, S. R., Suganya, S., Boominathan, P., Thenmozhi, S., Gnanachitra, M., & Kumar, K. D. (2024).
Elemental analysis of humic acid through FTIR and GCMS method and evaluation of humic acid as bio-stimulant
for enhancing the yield and quality of rice. Plant Science Today. https://doi.org/10.14719/pst.5037

48.Kandra, B., Tall, A., Vitkov4, J., Prochazka, M., & Surda, P. (2024). Effect of Humic Amendment on Selected
Hydrophysical =~ Properties of Sandy and  Clayey  Soils. Water, 16(10), 1338-1338.
https://doi.org/10.3390/w16101338

49.Karr, M. (2001). Oxidized lignites and extracts from oxidized lignites in agriculture. Soil Science, 1-23.

Genetics and Molecular Research 25 (19s): 2026 17


https://doi.org/10.3390/app14072806
https://doi.org/10.1016/j.geoderma.2015.08.036
https://doi.org/10.3390/agronomy11061079
https://doi.org/10.1016/j.plana.2026.100279
https://doi.org/10.17308/sorpchrom.2023.23/11729
https://doi.org/10.3390/agriculture12040448?utm_source=chatgpt.com
https://doi.org/10.3390/plants14243850
https://doi.org/10.1038/s41598-025-89132-8
https://doi.org/10.1155/sci5/6184394
https://doi.org/10.3390/agronomy15092182
https://doi.org/10.3390/agronomy12081919
https://doi.org/10.3390/molecules26102995
https://doi.org/10.3389/fpls.2022.885156
https://doi.org/10.1038/s41598-020-74349-6
https://doi.org/10.14719/pst.5037
https://doi.org/10.3390/w16101338

50.Khaled, H., & Fawy, H. (2011). Effect of different levels of humic acids on the nutrient content, plant growth,
and soil properties under conditions of salinity. Soil and Water Research, 6(1), 21-29.
https://doi.org/10.17221/4/2010-swr

51.Kong, B., Wu, Q., Li, Y., Zhu, T., Ming, Y., Li, C., et al. (2022). The application of humic acid urea improves

nitrogen use efficiency and crop yield by reducing the nitrogen loss compared with urea. Agriculture, 12(12),
1996.

52.Kong, B., Wu, Q., Li, Y., Zhu, T., Ming, Y., Li, C., Li, C., Wang, F., Jiao, S. M., Shi, L., & Dong, Z.-L. (2022).
The Application of Humic Acid Urea Improves Nitrogen Use Efficiency and Crop Yield by Reducing the
Nitrogen Loss Compared with Urea. Agriculture, 12(12), 1996. https://doi.org/10.3390/agriculture12121996

53.Lal, R. (2015). Restoring Soil Quality to Mitigate Soil Degradation. Sustainability, 7(5), 5875-5895.
https://doi.org/10.3390/su7055875

54.Lal, R. (2020). Soil organic matter and water retention. Agronomy Journal, 112, 3265-3277.
https://doi.org/10.1002/agj2.20282

55.Lamlom, S. F., Irshad, A., & Mosa, W. F. A. (2023). The biological and biochemical composition of wheat
(Triticum aestivum) as affected by the bio and organic fertilizers. BMC Plant Biology, 23(1), 111-111.
https://doi.org/10.1186/s12870-023-04120-2

56.Lan, Y., Gai, S., Cheng, K., Liu, Z., Antonietti, M., & Yang, F. (2024). Artificial Humic Acid Mediated
Carbon-Iron Coupling to Promote Carbon Sequestration. PubMed Central, 7, 308-308.
https://doi.org/10.34133/research.0308

57.Lasheen, F. F., Hewidy, M., Abdelhamid, A., Thabet, R. S., Abass, M. M., Fahmy, A., Saudy, H. S., & Hassan,
K. M. (2023). Exogenous Application of Humic Acid Mitigates Salinity Stress on Pittosporum (Pittosporum
tobira) Plant by Adjusting the Osmolytes and Nutrient Homeostasis. Greater South Information System.
https://doi.org/10.60692/xshkm-pvs76

58.Lehmann, J., & Kleber, M. (2015). The contentious nature of soil organic matter. Nature, 528(7580), 60—

68. https://doi.org/10.1038/nature1 6069

59. Leiby, H. R., Abotlasha, J. J., Shaker, D. A., Mahmoud, M. R., & SHACHALI N. F. (2025). Effect of humic
and fulvic acids on the yield and quality traits of maize (Zea mays L.) cultivars. Research on Crops.
https://doi.org/10.31830/2348-7542.2025.roc-1175

60.Li, F., Men, S., Zhang, S., Huang, J., Puyang, X., Wu, Z., & Huang, Z. (2020). Responses of Low-Quality Soil
Microbial Community Structure and Activities to Application of a Mixed Material of Humic Acid, Biochar, and
Super Absorbent Polymer. Journal of Microbiology and Biotechnology, 30(9), 1310-1320.
https://doi.org/10.4014/jmb.2003.03047

61.Li, L., Ma, L., Lu, Y., Wang, Y., & Sun, S. (2024). Spectroscopic Analysis of the Effects of Alkaline

Extractants on Humic Acids Isolated from Herbaceous Peat. Spectroscopy, 20-25.
https://doi.org/10.56530/spectroscopy.wk3774u5

62.Li, Y., Fang, F., Wei, J., Wu, X., Cui, R., Li, G., Zheng, F., & Tan, D. (2019). Humic acid fertilizer improved
soil properties and soil microbial diversity of continuous cropping peanut: A three-year experiment.
Scientific Reports, 9(1), Article 12014. https://doi.org/10.1038/s41598-019-48620-4

63.Ling-Li, W., Yuan-Liang, S., Hao-Xin, S., Lei, Z., Zhi-Jie, W. U., Song, Y., Li-bin, T., & Yu, J. (2025).
Regulation of soil amendments on soil physical structure and microbial community in albic layer of albic soil.
PubMed, 36(12), 3659-3667. https://doi.org/10.13287/j.1001-9332.202512.018

64.Liu, C., Shang, H., Han, L., & Sun, X. (2024). Effect of alkali residue and humic acid on aggregate structure
of saline-alkali soil. Soil Science Society of America Journal, 88(2), 291-303. https://doi.org/10.1002/saj2.20624
65.Liu, X., et al. (2019). Inhibition of urease activity by humic acid extracted from sludge fermentation
liquid. Bioresource Technology, 290, 121767. https://doi.org/10.1016/j.biortech.2019.121767

66.Liu, X., Yang, J., Tao, J., Yao, R, Li, W., Xie, W., & Wang, X. (2023). Effects of the combined application
of biochar and humic substances on the improvement of saline cropland in the Yellow River Delta of China. Land
Degradation and Development, 34(15), 4793—48009. https://doi.org/10.1002/1dr.4810

67.Lu, L., Lu, Z., Zou, W., Li, K., Liu, J., Pan, J., Sun, M., Wang, J., Li, Y., & Yan, Y. (2026). Humic Acid
Biodegradable Film Increased Yam Yield and Total Soluble Sugar Content by Reshaping Soil Microbial
Community Structure. Phyton, 95(2), 1-10. https://doi.org/10.32604/phyton.2026.074706

68.Lu, Y., Yue, H., Tan, R., Ding, Z., Chen, G., Zhang, S., Li, Z., Proshad, R., Cheng, X., & Zhao, Z. (2025).
Remediation effects of humic acid and hydroxyapatite on cadmium-contaminated alkaline wheat soil and its
microbial community response: A field trial. Journal of Environmental Sciences, 164, 57-68.
https://doi.org/10.1016/j.jes.2025.09.013

69. Lumactud, R. A., Gorim, L. Y., & Thilakarathna, M. S. (2022). Impacts of humic-based products on the
microbial community structure and functions toward sustainable agriculture. Frontiers in Sustainable Food
Systems, 6. https://doi.org/10.3389/fsufs.2022.977121

Genetics and Molecular Research 25 (19s): 2026 18


https://doi.org/10.17221/4/2010-swr
https://doi.org/10.3390/agriculture12121996
https://doi.org/10.3390/su7055875
https://doi.org/10.1002/agj2.20282
https://doi.org/10.1186/s12870-023-04120-2
https://doi.org/10.34133/research.0308
https://doi.org/10.60692/xshkm-pvs76
https://doi.org/10.1038/nature16069
https://doi.org/10.31830/2348-7542.2025.roc-1175
https://doi.org/10.4014/jmb.2003.03047
https://doi.org/10.56530/spectroscopy.wk3774u
https://doi.org/10.1038/s41598-019-48620-4
https://doi.org/10.13287/j.1001-9332.202512.018
https://doi.org/10.1002/saj2.20624
https://doi.org/10.1016/j.biortech.2019.121767
https://doi.org/10.1002/ldr.4810
https://doi.org/10.32604/phyton.2026.074706
https://doi.org/10.1016/j.jes.2025.09.013
https://doi.org/10.3389/fsufs.2022.977121

70.M, S, G, S., R,, S., & P, S. (2023). Effect of humic acid on nutrient release pattern in an Alfisol
(Typinhaplustalf). Madras Agricultural Journal. https://doi.org/10.29321/maj.10.a00157

71.Ma, Y., Cheng, X., & Zhang, Y. (2024). The impact of humic acid fertilizers on crop yield and nitrogen use
efficiency: A meta-analysis. Agronomy, 14(12), 2763. https://doi.org/10.3390/agronomy 14122763

72.Maffia, A., Marra, F., Canino, F., Battaglia, S., Mallamaci, C., Oliva, M., & Muscolo, A. (2024). Humic
substances from waste-based fertilizers for improved soil fertility. Agronomy, 14(11), 2657.

73.Maffia, A., Oliva, M., Marra, F., Mallamaci, C., Nardi, S., & Muscolo, A. (2025). Humic Substances: Bridging
Ecology and Agriculture for a Greener Future. Agronomy, 15(2), 410-410.
https://doi.org/10.3390/agronomy 15020410

74.Meng, M., Li, C., Zhao, Y., Lin, J., Liu, X., Jia, Z., & Zhang, J. (2022). Long-Term Forest Conversion Affects
Soil Stability and Humic Substances in Aggregate Fractions in Subtropical China. Forests, 13(2), 339-339.
https://doi.org/10.3390/f13020339

75.Meng, X., Liu, J., Ai, S., Liu, Z., Yang, F., & Cheng, K. (2025). Artificial humic acid and fulvic acid for
sustainable soil improvement: Promoting humification and crop growth. Industrial Crops and Products, 237,
122302-122302. https://doi.org/10.1016/j.indcrop.2025.122302

76.Meng, X., Zhang, J., Liu, J., Li, Y., Wang, X., Ai, S., Zhu, J., Liu, Z., Yang, F., & CHENG, K. (2026). Soils
sustainable management: How artificial humic acid reprogram bacterial consortia for enhanced humus synthesis.
Applied Soil Ecology, 220, 106892—106892. https://doi.org/10.1016/j.aps0il.2026.106892

77.Miranda, G. A. P., Jinior, J. T. A, Brocchi, E. de A., & Wang, H. (2020). Humic substances reduce the
erodibility of soils in mining areas. Journal of Cleaner Production, 279, 123700-123700.
https://doi.org/10.1016/j.jclepro.2020.123700

78.Moro, D., Pellegrini, E., Contin, M., Zuccaccia, D., Khakbaz, A., & Nobili, M. D. (2025). The Potential Role
of Humic Substances in the Amelioration of Saline Soils and Its Affecting Factors. Sustainability, 17(19), 8621—
8621. https://doi.org/10.3390/sul 7198621

79.Mosa, A., Taha, A. A., & Elsaeid, M. (2020). Agro-environmental applications of humic substances: A critical
review [Review of Agro-environmental applications of humic substances: A critical review]. Egyptian Journal of
Soil Science, 0(0), 0. https://doi.org/10.21608/ejss.2020.27425.1351

80. Mosaad, 1., Selim, E.-M. M., Gaafar, D., & Al-Anoos, M. A. T. (2024). Effects of humic and fulvic acids on
forage production and grain quality of triticale under various soil salinity levels. Cereal Research
Communications, 53(3), 1811-1829. https://doi.org/10.1007/s42976-024-00609-0

81.Muniraj, I. K., Syed, S., Ramachandran, P., & Uthandi, S. (2021). Bacillus aryabhattai TFG5-mediated
synthesis of humic substances from coir pith wastes. Microbial Cell Factories, 20(1), 48-48.
https://doi.org/10.1186/s12934-021-01538-x

82.Nardi, S., Pizzeghello, D., Muscolo, A., & Vianello, A. (2002). Physiological effects of humic substances on
higher plants. Soil Biology and Biochemistry, 34(11), 1527-1536. https://doi.org/10.1016/s0038-0717(02)00174-
8

83.Nardi, S., Schiavon, M., & Francioso, O. (2021). Chemical structure and biological activity of humic
substances define their role as plant growth promoters. Plants, 10(7), 1354.
https://doi.org/10.3390/plants 10071354

84.Ni, H., Zhao, J., & Yang, Z. (2024). Effects of Compound Fertilizer Decrement and Water-Soluble Humic
Acid Fertilizer Application on Soil Properties, Bacterial Community Structure, and Shoot Yield in Lei
Bamboo (Phyllostachys praecox) Plantations in Subtropical China. Forests.
https://doi.org/10.3390/f15030400

85.0ldfield, E. E., Bradford, M. A., & Wood, S. A. (2019). Global meta-analysis of the relationship between
soil organic matter and crop yields. SOIL, 5(1), 15-32. https://doi.org/10.5194/s0il-5-15-2019

86.0re, O. T., Adeola, A. O., Fapohunda, O., Adedipe, D. T., Bayode, A. A., & Adebiyi, F. M. (2023). Humic
substances derived from unconventional resources: extraction, properties, environmental impacts, and
prospects. Environmental Science and Pollution Research, 30(21), 59106-59127.
https://doi.org/10.1007/s11356-023-26809-5

87.Pang, Z., Li, J., Wang, Q., & Shen, J. (2023). Effects of Different Soil Amendments on Soil Physical and
Chemical Properties, Rice Yield, and Economic Benefits in Low-lying Saline Alkali Land in Northern Shaanxi.
Research Square (Research Square). https://doi.org/10.21203/rs.3.rs-2713554/v1

88. Pettit, R. E. (2004). Organic matter, humus, humate, humic acid, fulvic acid and humin: theirimportance

in soil fertility and plant health. CTl Research, 10, 1-7.

89.Piccolo, A., Pietramellara, G., & Mbagwu, J. (1997). Use of humic substances as soil conditioners to
increase aggregate stability. Geoderma, 75(3-4), 267-277. https://doi.org/10.1016/s0016-7061(96)00092-
4

Genetics and Molecular Research 25 (19s): 2026 19


https://doi.org/10.29321/maj.10.a00157
https://doi.org/10.3390/agronomy14122763
https://doi.org/10.3390/agronomy15020410
https://doi.org/10.3390/f13020339
https://doi.org/10.1016/j.indcrop.2025.122302
https://doi.org/10.1016/j.apsoil.2026.106892
https://doi.org/10.1016/j.jclepro.2020.123700
https://doi.org/10.3390/su17198621
https://doi.org/10.21608/ejss.2020.27425.1351
https://doi.org/10.1007/s42976-024-00609-0
https://doi.org/10.1186/s12934-021-01538-x
https://doi.org/10.1016/s0038-0717(02)00174-8
https://doi.org/10.1016/s0038-0717(02)00174-8
https://doi.org/10.3390/plants10071354
https://doi.org/10.3390/f15030400
https://doi.org/10.5194/soil-5-15-2019
https://doi.org/10.1007/s11356-023-26809-5
https://doi.org/10.21203/rs.3.rs-2713554/v1

90. Piccolo, A., Spaccini, R., Martino, A., Scognamiglio, F., & Meo, V. D. (2019). Soil washing with solutions of
humic substances from manure compost removes heavy metal contaminants as a function of humic molecular
composition. Chemosphere, 225, 150-156. https://doi.org/10.1016/j.chemosphere.2019.03.019

91.Qin, K., Dong, X., & Leskovar, D. I. (2023). Improving tomato nitrogen use efficiency with lignite-derived
humic substances. Scientia Horticulturae, 321, 112243. https://doi.org/10.1016/j.scienta.2023.112243
92.Radwan, A., Willey, R. J., & Davies, G. (1997). Effects of gel processing on the properties of humic acid
isolated from the alga Pilayella littoralis: Ahumic acid aerogel. Journal of Applied Phycology, 9(6), 481-488.
https://doi.org/10.1023/a:1007925001508

93.Said-Pullicino, D., Kaiser, K., Guggenberger, G., & Gigliotti, G. (2007). Changes in the chemical
composition of water-extractable organic matter during composting: Distribution between stable and
labile organic matter pools. Chemosphere, 66(11), 2166-2176.
https://doi.org/10.1016/j.chemosphere.2006.09.010

94.Selladurai, R., & Purakayastha, T. (2016). Effect of humic acid multinutrient fertilizers on yield and
nutrient  use efficiency of potato.Journal of Plant  Nutrition, 39, 949 - 956.
https://doi.org/10.1080/01904167.2015.1109106

95. Sharif, M., Khattak, R. A., & Sarir, M. S. (2002). EFFECT OF DIFFERENT LEVELS OF LIGNITIC COAL
DERIVED HUMIC ACID ON GROWTH OF MAIZE PLANTS. Communications in Soil Science and Plant
Analysis, 33, 3567-3580. https://doi.org/10.1081/css-120015906

96. Sharma, S. B., Sayyed, R. Z., Trivedi, M., & Gobi, T. A. (2013). Phosphate solubilizing microbes: sustainable
approach for managing phosphorus deficiency in agricultural soils. SpringerPlus, 2(1), 587-587.
https://doi.org/10.1186/2193-1801-2-587

97. Shukry, W. M., Abu-Ria, M. E., Abo-Hamed, S. A., Anis, G. B., & Ibraheem, F. (2023). The Efficiency of
Humic Acid for Improving Salinity Tolerance in Salt Sensitive Rice (Oryza sativa): Growth Responses and
Physiological Mechanisms. Gesunde Pflanzen, 75(6), 2639-2653. https://doi.org/10.1007/s10343-023-00885-6
98.Sible, C. N., Seebauer, J. R., & Below, F. E. (2021). Plant Biostimulants: A Categorical Review, Their
Implications for Row Crop Production, and Relation to Soil Health Indicators. Agronomy, 11(7), 1297-1297.
https://doi.org/10.3390/agronomy11071297

99. SINKPEHOUN, T. H., & Yénter, G. (2018). Effects of Liquated Humic Substances on Runoff, Soil Losses
by Runoff and by Splash under Artificial Rainfall Conditions. Ege Universitesi Ziraat Fakiiltesi Dergisi, 55(1),
59-65. https://doi.org/10.20289/zfdergi.390882

100. Song, X., Yuan, Z., Fang, C., Hu, Z., Li, F., Sardans, J., & Pefiuelas, J. (2024). The formation of humic acid
and micro-aggregates facilitated long-time soil organic carbon sequestration after Medicago sativa L. introduction
on abandoned farmlands. Diposit Digital de Documents de La UAB (Universitat Autonoma de Barcelona), 445,
116889-116889. https://doi.org/10.1016/j.geoderma.2024.116889

101. Sun, Y., Yang, J., Yao, R., Chen, X., & Wang, X. (2020). Biochar and fulvic acid amendments mitigate
negative effects of coastal saline soil and improve crop yields in a three year field trial. Scientific Reports, 10(1).
https://doi.org/10.1038/s41598-020-65730-6.

102. Tang, C., Li, Y., Song, J., Antonietti, M., & Yang, F. (2021). Artificial humic substances improve microbial
activity for binding CO?2. iScience, 24(6), 102647-102647. https://doi.org/10.1016/j.is¢i.2021.102647

103. Tavares, O. C. H., Santos, L. A., Aratijo, O. J. L. de, Bucher, C. P. C., Garcia, A. C., Arruda, L. N., Souza,
S.R. de, & Fernandes, M. S. (2019). Humic acid as a biotechnological alternative to increase N-NO3- or N-NH4+
uptake in rice plants. Biocatalysis and  Agricultural  Biotechnology, 20, 101226-101226.
https://doi.org/10.1016/j.bcab.2019.101226

104. Van de Wiel, C. C. M., van der Linden, C. G., & Scholten, O. E. (2016). Improving phosphorus use

efficiency in agriculture: Opportunities for breeding. Euphytica, 207, 1-22. https://doi.org/10.1007/s10681-
015-1572-3

105. Wahyuni, D., Bertham, Y. H., & Widiyono, H. (2023). The effect of humic acid on biological properties
of soil and upland rice plants in entisol Coastal Bengkulu City. E3S Web of Conferences.
https://doi.org/10.1051/e3sconf/202337306004

106. Wang, M., Song, G., Zheng, Z., Song, Z., Xiao, M., Hua, J., & Wang, Z. (2024). Effect of humic substances
on the fraction of heavy metal and microbial response. Scientific Reports, 14(1). https://doi.org/10.1038/s41598-
024-61575-5

107. Wang, M., Song, G., Zheng, Z., Song, Z., Xiao, M., Hua, J., & Wang, Z. (2024). Effect of humic substances
on the fraction of heavy metal and microbial response. Scientific Reports, 14(1). https://doi.org/10.1038/s41598-
024-61575-5

108. Wang, R., Li, D., Zheng, G., Cao, Z., & Deng, F. (2022). Co-production of water-soluble humic acid
fertilizer and crude cellulose from rice straw via urea assisted artificial humification under room

temperature. Chemical Engineering Journal, 455, 140916. https://doi.org/10.1016/j.cej.2022.140916

Genetics and Molecular Research 25 (19s): 2026 20


https://doi.org/10.1016/j.chemosphere.2019.03.019
https://doi.org/10.1016/j.scienta.2023.112243
https://doi.org/10.1023/a:1007925001508
https://doi.org/10.1016/j.chemosphere.2006.09.010
https://doi.org/10.1080/01904167.2015.1109106
https://doi.org/10.1081/css-120015906
https://doi.org/10.1186/2193-1801-2-587
https://doi.org/10.1007/s10343-023-00885-6
https://doi.org/10.3390/agronomy11071297
https://doi.org/10.20289/zfdergi.390882
https://doi.org/10.1016/j.geoderma.2024.116889
https://doi.org/10.1038/s41598-020-65730-6
https://doi.org/10.1016/j.isci.2021.102647
https://doi.org/10.1016/j.bcab.2019.101226
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1051/e3sconf/202337306004
https://doi.org/10.1038/s41598-024-61575-5
https://doi.org/10.1038/s41598-024-61575-5
https://doi.org/10.1038/s41598-024-61575-5
https://doi.org/10.1038/s41598-024-61575-5
https://doi.org/10.1016/j.cej.2022.140916

109. Wang, Y., Gao, M., Chen, H., Chen, Y., Wang, L., & Wang, R. (2023). Organic Amendments promote
saline-alkali soil desalinization and enhance maize growth. Frontiers in Plant Science, 14.
https://doi.org/10.3389/fpls.2023.1177209

110. Wu, D, Lu, Y., Liang, H., Ma, L., Huang, T., & Li, R. (2024). Differences in humic acid structure extracted
from different types of peat. International Journal of Coal Preparation and Utilization, 45(7), 1516—1531.
https://doi.org/10.1080/19392699.2024.2393887

111. Xu, J., Mohamed, E., Li, Q., Lu, T., Yu, H.-J., & Jiang, W. (2021). Effect of Humic Acid Addition on
Buffering Capacity and Nutrient Storage Capacity of Soilless Substrates. Frontiers in Plant Science, 12.
https://doi.org/10.3389/fpls.2021.644229

112. Yakhin, O. I., Lubyanoy, A. A., Yakhin, I. A., & Brown, P. H. (2017). Biostimulants in Plant Science: a
Global perspective. Frontiers in Plant Science, 7, 2049. https://doi.org/10.3389/fpls.2016.02049

113. Yang, F., & Antonietti, M. (2020). Artificial Humic Acids: Sustainable Materials against Climate Change.
Advanced Science, 7(5), 1902992—-1902992. https://doi.org/10.1002/advs.201902992

114. Yang, F., Tang, C., & Antonietti, M. (2021). Natural and artificial humic substances to manage minerals,
ions, water, and soil microorganisms [Review of Natural and artificial humic substances to manage minerals,
ions, water, and soil microorganisms]. Chemical Society Reviews, 50(10), 6221-6239. Royal Society of
Chemistry. https://doi.org/10.1039/d0cs01363¢

115. Yang, M., Zhou, D., Hang, H., Chen, S., Liu, H., Su, J., Lv, H., Jia, H., & Zhao, G. (2024). Effects of
Balancing Exchangeable Cations Ca, Mg, and K on the Growth of Tomato Seedlings (Solanum lycopersicum
L.) Based on Increased Soil Cation Exchange Capacity. Agronomy.
https://doi.org/10.3390/agronomy 14030629

116. Yang, Y., Li, Y., Zhang, Y., Wang, M., Wang, P., & Liu, D. (2024b). Process Condition Optimization and
Structural Feature Analysis of Humic Acid Extraction from Weathered Lignite. ACS Omega, 9(37), 38409-
38422. https://doi.org/10.1021/acsomega.4c01840

117. Zanin, L., Tomasi, N., Cesco, S., Varanini, Z., & Pinton, R. (2019). Humic Substances Contribute to Plant
Iron Nutrition Acting as Chelators and Biostimulants. Frontiers in Plant Science, 10, 675-675.
https://doi.org/10.3389/fpls.2019.00675

118. Zhang, C., Qiao, Y., & Song, Q. (2024). Practice of Improving Saline—Alkali Soil with Bio-Humic Acid.
Processes, 12(6), 1250—1250. https://doi.org/10.3390/pr12061250

119. Zhang, K.-L., Feng, W., Gong, M., Bai, X., Song, J., Chen, M., Ding, X., & Zhang, H. (2026). Humic acid
application improves soil quality and wheat yield in saline-alkali soils. Frontiers in Plant Science, 17.
https://doi.org/10.3389/fpls.2026.1807251

120. Zhang, P., Zhang, H., Wu, G., Chen, X., Gruda, N. S., Li, X., Dong, J., & Duan, Z. (2021). Dose-Dependent
Application of Straw-Derived Fulvic Acid on Yield and Quality of Tomato Plants Grown in a Greenhouse.
Frontiers in Plant Science, 12, 736613-736613. https://doi.org/10.3389/{pls.2021.736613

121. Zhang, X., Liu, Z., Zhang, H., Liu, J., Wang, Y., Zhang, Z., Tan, C., & Li, H. (2025). Synergistic removal
efficiency of heavy metals and biological effects in humic acid-modified coal gangue-amended bioretention
systems. Process Safety and Environmental Protection, 205, 108237-108237.
https://doi.org/10.1016/j.psep.2025.108237

122. Zhang, Z.,Y., Tian, Y., Liu, P., Zhang, M., Liu, Z., Zhu, X., Wang, C., Zhuang, Y., Zhang, W., Feng, Z., Wang,
J., & Chen, Q. (2024). Co-Application of Coated Phosphate Fertilizer and Humic Acid for Wheat Production
and Soil Nutrient Transport. Agronomy. https://doi.org/10.3390/agronomy 14081621

123. Zhao, W., Wang, S., Li, T., Xiao, J., & Chen, G. (2025). Combined Application of Humic Acid and
Attapulgite Improves Physical Structure and Nutrients in Coastal Saline-Alkali Soils. Land Degradation and
Development, 36(13), 4415-4424. https://doi.org/10.1002/1dr.5643

124. Zhong, X., Yang, Y., Liu, H., Fang, X., Zhang, Y., Cui, Z., & Lv, J. (2023). New insights into the sustainable
use of soluble straw humic substances for the remediation of multiple heavy metals in contaminated soil. The
Science of The Total Environment, 903, 166274—166274. https://doi.org/10.1016/j.scitotenv.2023.166274

125. Zhou, L., Chu, J., Zhang, Y., Wang, Q., Liu, Y., & Zhao, B. (2024). Impact of a Single Lignite Humic Acid
Application on Soil Properties and Microbial Dynamics in Aeolian Sandy Soils: A Fourth-Year Study in Semi-
Arid Inner Mongolia. Agronomy:. https://doi.org/10.3390/agronomy 14112581

126. Zhou, L., Monreal, C. M., Xu, S., McLaughlin, N. B., Zhang, H., Hao, G., & Liu, J. (2018). Effect of
bentonite-humic acid application on the improvement of soil structure and maize yield in a sandy soil of a
semi-arid region. Geoderma, 338, 269-280. https://doi.org/10.1016/j.geoderma.2018.12.014

127. Zhu, J., Li, M., & Whelan, M. (2017). Phosphorus activators contribute to legacy phosphorus availability in
agricultural  soils: A review. The Science of The Total Environment, 612, 522-537.
https://doi.org/10.1016/j.scitotenv.2017.08.095

Genetics and Molecular Research 25 (19s): 2026 21


https://doi.org/10.3389/fpls.2023.1177209
https://doi.org/10.1080/19392699.2024.2393887
https://doi.org/10.3389/fpls.2021.644229
https://doi.org/10.1002/advs.201902992
https://doi.org/10.1039/d0cs01363c
https://doi.org/10.3390/agronomy14030629
https://doi.org/10.1021/acsomega.4c01840
https://doi.org/10.3389/fpls.2019.00675
https://doi.org/10.3390/pr12061250
https://doi.org/10.3389/fpls.2026.1807251
https://doi.org/10.3389/fpls.2021.736613
https://doi.org/10.1016/j.psep.2025.108237
https://doi.org/10.3390/agronomy14081621
https://doi.org/10.1002/ldr.5643
https://doi.org/10.1016/j.scitotenv.2023.166274
https://doi.org/10.3390/agronomy14112581
https://doi.org/10.1016/j.scitotenv.2017.08.095


  O   H −


  N   a +

