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Humic-based products (HPs) are carbon-rich organic amendments in the forms of extracted humic substances from manure, compost, and raw and extracted forms of lignites, coals and peats. HPs are widely used in agriculture and have beneficial effects on plants. While the agronomic benefits of HPs have been widely reported, information on their impact on the soil microbial community composition and functions is lacking, despite claims made by companies of humic substances as biostimulants. In this review, we explored published research on microbial responses with HPs application in an agronomic context. Although research data are sparse, current results suggest indirect impacts of HPs on microbial community composition and activities. HPs application changes the physico-chemical properties of the soil and influence root exudation, which in turn impact the microbial structure and function of the soil and rhizosphere. Application of HPs to the soil as biostimulants seemed to favor plant/soil beneficial bacterial community composition. HPs impacts on microbial activities that influence soil biogeochemical functioning remain unclear; existing data are also inconsistent and contradictory. The structural properties of HPs caused inconsistencies in their reported impacts on soil properties and plants. The sources of HPs and forms (whether extracted or raw), soil type, geographic location, crop species, and management strategies, among others, affect microbial communities affecting HPs efficacy as biostimulants. A more holistic approach to research encompassing multiple influential factors and leveraging the next-generation sequencing technology is needed to unravel the impacts of HPs on the soil microbiome. Addressing these knowledge gaps facilitates sustainable and efficient use of HPs as organic agricultural amendments reducing the use of chemical fertilizers.
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Introduction

The increasing demand for food production has intensified crop production, leading to the depletion of agricultural lands and soil and water pollution due to the intensive use of fertilizer and pesticide (Glibert et al., 2006; Galloway et al., 2008; Silva et al., 2019). Other main challenges that current agricultural practices face with are high inorganic fertilizer prices and low nutrient use efficiency by crops (e.g., nitrogen) due to the loss of nutrients by leaching, denitrification and volatilization (Malhi et al., 2001; Cassman et al., 2002). These environmental and economic concerns necessitate environmentally friendly agricultural management strategies that improve soil health and resilience. One strategy for sustainable farming practice is using less agrochemical input and more soil organic amendments, such as humic-based products (HPs).

Humic-based products are carbon-rich organic amendments in the forms of extracted humic substances from manure, compost, and raw and extracted forms of lignites, coals and peats. For decades, HPs have been widely reported to improve soil health and crop productivity (Guo et al., 2019; Nardi et al., 2021; Ampong et al., 2022). HPs can be synthetic, recycled wastes, or natural and have wide industrial applications (El-shazly et al., 2015; Dong et al., 2017; Bezuglova et al., 2019; Guo et al., 2019; Zhou et al., 2019). Natural HPs are geological deposits formed out of the natural decomposition of animal and plant material from millions of years ago that make up to 80% of soil organic matter (Olk et al., 2018). Humic acids (HAs) have been widely used in the world, with a market value exceeding USD 532.7 million in 2021 and a projected growth rate of 11.8% from 2022 to 2028 (Pulidindi and Prakash, 2021).

Numerous research studies have demonstrated positive crop responses to HPs from various sources in fields, greenhouse, and controlled environmental studies (Rose et al., 2014; Nardi et al., 2021; Yang et al., 2021; Bezuglova and Klimenko, 2022). Ampong et al. (2022) recently provided a comprehensive review on the significant positive impacts of humic acid (HA) on crop growth, yield, and soil physical and chemical properties. Plants are more stress-tolerant, productive, healthier, and yield better quality in soil with high humic acid content (Nardi et al., 2021; Ampong et al., 2022). Although the effect of HPs on the soil's physical and chemical properties and crop responses are well-studied, their effects on microbial structure and functions are poorly understood.

Soil is the most diverse and complex habitat containing more than 1,000 kg of microbial biomass carbon per hectare (Suttle, 2007; Paez-Espino et al., 2016). Soil microorganisms play vital roles in soil ecosystem functions and services, such as nutrient cycling, biogeochemical cycles, soil fertility and resilience, thereby affecting plant growth and health (Berg, 2009; Madsen, 2011; Chaparro et al., 2012). Soil microbial community structure and functions are well-known as soil health indicators. Parameters like basal respiration, nitrogen (N) mineralization, N2 fixation and microbial enzyme activities are used to determine microbial functional activities in the soil. Biochar-based humic products induced changes in microbial biomass, community composition and diversity, and biogeochemical processes (Xu et al., 2016). While HPs are known to stimulate soil microbial communities that drive vital soil processes needed for plant growth and health, we have yet to unravel these key microbiome players. The interactive effects of HPs with crop and soil types, various agricultural practices, and the soil microbiome structure and function are poorly understood.

Recent advances in marker genes, genomic and metagenomic research have significantly increased our ability to differentiate the microbial activities under different agricultural management practices. These advances enhance our knowledge of microbial metabolic capabilities and their influence on soil fertility, plant growth and health. The reliability of humic-based products as biostimulants/biofertilizers will improve as we learn and understand more about their impact on the microbiome community and functions across ranges of biotic and abiotic factors.

This review aims to provide key insights into the impact of HPs on soil microbial structure and activities and gain further insights into opportunities for future research with a specific emphasis on agriculture. We have summarized what has been learned from recent work on soil microbial communities and functions under humic-based amendments. This review is focused on HPs as an amendment to soil microbial community structure and functions. HPs have been used as biocontrol, but that is outside the scope of this review. While we acknowledge the controversies surrounding humic substances (Lehmann and Kleber, 2015; Kleber and Lehmann, 2019), the research work presented in the following sections are based on all forms of humic products, including the raw and extracted forms of lignite-based HPs and those that were extracted from humic-rich materials (i.e., vermicompost, sewage sludge, etc.) (Figure 1). Challenges and opportunities associated with managing soil microbial communities to maximize agricultural productivity and sustainability using naturally sourced humic-based products are discussed. This review also highlights key research directions that could shape the future of humic-based products.
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FIGURE 1
 Different forms of raw and extracted humic-based products (Humalite).




Humic-based products in agriculture: A historical perspective

In agricultural systems, humic-based products are organic amendments in the forms of extracted humic substances from manure, compost, and extracted or raw naturally-sourced humic substances from earth's soils and sediments derived from decayed biomatter through the humification process. HPs are thought to stimulate soil microbiota that are beneficial to plants. Plant-beneficial microbiota have been shown to improve soil nutrient availability and thus plant growth and productivity.

The earliest account where humans used soil organic amendment was in Brazil's Amazon basin more than 2,000 years ago, where the ancient soil practice was using Terra Preta, also known as black soil (Neves et al., 2004). Terra Preta is the conceptual basis for the use of biochar to improve the fertility of soils. The native Indians in the Amazon basin would generate charcoal, mix it with organic matter, and apply it to their agricultural lands. This Amazonian black earth is characterized by its rich black color. It has been known that the black soil is due to high plant carbons that accumulated in the soil for thousands of years (Neves et al., 2004). Since the discovery of black soil, researchers around the world have explored the potential of charcoal and partially combusted organic waste or biochar to mimic the soil organic matter of the Amazonian black soil (Novotny et al., 2009).

There have been constant explorations of soil amendments for carbon addition to the soil. The agronomic potential of humic-based products has been investigated. Humic acid, as a part of humic substances in general, affects the soil physicochemical characteristics, nutrient availability, and plant growth and physiological characteristics (Khaled and Fawy, 2011). Most humic acids that are currently being used today come from lignite and sub-bituminous coal. These low-grade coals form mineable humic substances when oxidized. They are known as humalite in Alberta and leonardite in other parts of the world (Leonard, 2012). Leonardite deposits have been produced in North Dakota (since the 1920's) and Mexico.

Over 200 years ago, components of humic substances (HS)– humic acid, fulvic acid (FA), and humin were extracted as three distinct fractions. However, the alkali extraction process of HA is still hounded by controversy as the HA that is synthesized is not really an acid (Kleber and Lehmann, 2019). The mechanisms of the humic substances' formation, as well as their structure, are still a subject of discussion and controversy. While the agronomic benefits of humic substances have been well-studied, the debatable nature of HS slogs the flow of scientific data as regards humic products or humic substances' impact on the microbial communities in the plant-soil interface.



Impact of HPs on soil microbial communities

HPs serve as the sources of carbon and energy for the soil microbes. HPs alter the soil physicochemical characteristics and physiological responses of plants which in turn affect the soil microbial community composition (Figure 2) (Puglisi and Trevisan, 2013; Puglisi et al., 2013). Table 1 presents selected studies on the impact of HPs on soil microbial communities.
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FIGURE 2
 An illustration showing complex interactions determining impacts of humic-based products (HPs) application in agricultural soil. Multiple factors shape the microbial community assembly and functioning, such as sources of humic-based products and various biotic and abiotic factors (crop species, soil environmental parameters, microclimatic conditions, etc.). HPs application impacts the soil (physicochemical properties) and plant (root growth, root exudates, phytohormonal responses, shoot growth) and subsequent effects on microbial community composition and functions, such as soil nutrient transformations, a crucial soil ecosystem process for plant growth and health.



TABLE 1 The effects of humic-based products on microbial communities and activities.
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Previous studies show that the application of HPs into the soil strongly affects the bacterial community composition and abundance and to a lesser extent the bacterial group actinomycetes, soil fungi, and microalgae (Dong et al., 2009; Puglisi et al., 2009). A combined application of diverse microbial consortium and humic substances significantly changed the bacterial community structure, but not the fungal communities in the blueberry rhizosphere (Schoebitz et al., 2016). Application of vermicompost enriched with commercial alkaline-extracted HAs to the soil increased the diversity of rhizosphere bacteria and fungi as revealed by denaturing gradient gel electrophoresis (DGGE) profiles and enhanced nodulation of Pisum sativum by nodule-forming nitrogen-fixing bacteria was also found with HPs applications (Maji et al., 2017).

Studies using 16S rRNA gene-based phylogenetic microarrays revealed the impact of commercial HPs on the resident bacterial community in differing soil profiles (van Trump et al., 2011; Puglisi et al., 2013). The most probable number (MPN) enumeration of agricultural soils amended with HPs revealed large populations of nitrate-reducing bacterial communities. These nitrate-reducing bacterial communities were phylogenetically diverse and included members of Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria (van Trump et al., 2011).

A leonardite-derived HA changed the microbiome structure of soil grown with potato plants under greenhouse conditions (Akimbekov et al., 2020). HA-treated plants showed higher microbial diversity and richness compared to the control and observed predominance in Proteobacteria. This study also demonstrated the beneficial impacts of HAs on potato plant growth (Akimbekov et al., 2020). Hita et al. (2020) isolated the cultivable bacteria from sedimentary humic acid-treated cucumber plants and recovered isolates from the phyla– Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes. The isolates were also assayed for plant growth-promoting traits and found that most of the isolates were able to fix N2 and produce plant hormones–indole-3-acetic acid and several cytokinins (Hita et al., 2020).

The effects of humic acid extracted from vermicompost on rice plants have been investigated under growth chamber conditions, where the microbial groups (e.g., Chitinophaga and Pseudomonas) that were enriched in the presence of HA were known to be related to plant defense against pathogens (da Silva et al., 2021). It was noted that in stressful environments, such as pathogen attacks, HA may modulate the plants' physiological mechanisms, triggering the plants to recruit microbes with biocontrol potential (da Silva et al., 2021). Inoculation of plant growth-promoting bacteria and HA regulates genes related to plant protection, oxidative stress, and chitin metabolism even under non-stressful conditions in tomato plants (Galambos et al., 2020). These adaptive metabolic changes may alleviate plant stress in biotic and abiotic stress conditions (Galambos et al., 2020). It was found that secondary and plant defense metabolisms were stimulated in tomato plants when plant growth-promoting bacteria and HPs were applied together (Olivares et al., 2015).

In a long-term field experiment with peanuts amended with HA and inorganic fertilizers, changes in soil enzyme activity alter the soil microbial community structure: the number of beneficial bacteria increased while harmful bacteria decreased (Li et al., 2019a). Furthermore, taxonomic groups that were reported to be beneficial to plants, including Firmicutes (bacteria), Basidiomycota (fungi) and Mortierellomycota (fungi), increased following HA application (Li et al., 2019a).

The microbial community data involving HPs applications that are currently available are based on culture-dependent and molecular fingerprint methods. While these are informative, these data are unable to decipher microbial taxonomic compositions and the identification of potential key species. In addition, the culturable microbial community is largely underestimated as only a very small percentage can be cultivated. The next generation sequencing has been around in the last decade and has been pivotal in unraveling microbial community composition and function. These high throughput technologies will enable us to systematically identify microbial interactions and functions toward identifying the major players in nutrient cycling processes. While indirect effects of HPs on microbial communities have been demonstrated through their effects on rhizodeposition (Puglisi et al., 2013), much research still needs to be completed to investigate responses under differing biotic and abiotic stress conditions. Addressing these knowledge gaps facilitates a clear understanding in developing an optimal use of HPs toward reduction of chemical fertilizer use.



Impact of humic-based products on microbe-mediated biochemical activities in the soil

As discussed above, HPs alter microbial communities in the soil. Plants treated with HPs trigger phytohormone production in plants, causing changes in root and shoot growth, and rhizodeposition that will then influence the microbial community composition in the plant-soil system (Figure 2) (Puglisi et al., 2009, 2013; Canellas and Olivares, 2014; Olivares et al., 2017). This change in microbial communities influences microbial activities, particularly the soil enzyme activities that catalyze various key biogeochemical processes (Zhang et al., 2018; Dai et al., 2020). Table 1 provides a list of research work showing the impacts of HPs to soil microbial activities and functions.


Microbial nitrogen cycling

Mineralization and nitrification are the most crucial processes in the soil N cycle as these steps influence plant N uptake, nitrate leaching, and reactive N gas emissions (Philippot et al., 2007; Norton and Stark, 2011). Microbial-mediated mineralization of organic N into ammonium ([image: image]) and its subsequent nitrification processes– nitrite ([image: image]) or nitrate ([image: image]), is of major importance of N availability (Jackson et al., 2008). Understanding the effects of HPs on the microbial N cycle in the soil is key toward modern sustainable agriculture. Humic-based input affects the soil physical and chemical structure of the soil, which in turn affects the microbial N cycling in the soil. Furthermore, microbial N cycling in the soil is also controlled by environmental factors. Specifically, oxygen availability is one of the most important parameters; high oxygen soil concentrations promote nitrification whereas anoxic conditions stimulate microbial denitrification (Braker and Conrad, 2011; Lam and Kuypers, 2011). Air-filled and water-filled pores affect the moisture content in the soil, which will then directly affect the oxygen supply. High water-filled soil pores result in the depletion of dissolved oxygen concentrations due to increased microbial respiration facilitating anaerobic processes (Drenovsky et al., 2004). Besides oxygen availability and soil moisture, pH, soil organic carbon contents, and N availability control the microbial N cycling processes (Nicol et al., 2008; Hsu and Buckley, 2009; Saarnio et al., 2013). As the impacts of HPs on various soil physical and chemical structures, such as soil pores, soil moisture, pH, soil organic carbon, etc. of the soil remain inconclusive (Ampong et al., 2022), and so their effects on microbial N cycling remain unknown.

Soil amended with HPs will affect the availability of many nutrients, trace elements, electron acceptors, and other compounds such as carbon substrates that determine microbial growth and activity (Figure 2). The addition of HPs (humic acids) as seed coating was reported to improve root growth (Gorim and Asch, 2012), resulting in increased root exudates, stimulating microbial activity in the rhizosphere of cereal plants. In addition, enhancement in plant growth also increases plant nutrient uptake, thus decreasing the bioavailable N in the soil affecting microbial activity (Saarnio et al., 2013).

While research is scarce on the impact of HS on microbially-mediated N cycling processes in agricultural systems, several research works have been completed in landfill leachate/wastewater treatments that will be incorporated in the subsections below. Humic acids, the main component in the endogenous substances in the landfill leachate system, usually account for ~4 to 44% of the total organic carbon (Liu et al., 2022). Humic acids play a dual role as both an organic pollutant and natural electron shuttle in the landfill leachate systems' concurrent nitrification, annamox, and denitrification technology (Liu et al., 2022). The system facilitates efficient HA biodegradation and efficient removal of N resulting from faster electron transfer efficiency that enhances enzymatic activity (Liu et al., 2022).


Nitrification

Many of the beneficial N-fixing bacteria live in root nodules of leguminous plants, while others are free-living in the soil (a.k.a diazotrophs). In the landfill leachate nitrification process, HA could enhance nitrifying bacteria's cellular permeability and act as an electron shuttle to reduce membrane transporter genes (Luo et al., 2019). Increasing HA concentration subsequently enriches Nitrospira abundance, which can oxidize nitrite to nitrate under aerobic conditions (Luo et al., 2019). In anaerobic conditions, the mechanism of redox action of HS is complex, as it participates in redox reactions as both an electron acceptor and electron donor for microbial respiration (Li Y. et al., 2019).

Several studies have demonstrated the positive effects of soil organic amendments, specifically biochar– another carbon-rich soil amendment product, on microbial N fixation. A combination of isotopic analysis and molecular techniques revealed increases in nitrogenase activities, proportion of soil N input originated from microbial N fixation, and abundance of N-fixing microorganisms in soil amended with biochar (Quilliam et al., 2013; Harter et al., 2014; Mia et al., 2014). Increased nifH gene copy numbers were also observed in controlled soil microcosm experiments (Ducey et al., 2013; Harter et al., 2014). Increase in the relative abundance of many known N-fixing families: Bradyrhizobiaceae, Frankiaceae, and Rhizobiaceae were observed in biochar-amended pot experiments and rice paddy study (Anderson et al., 2011; Chen et al., 2015). In a greenhouse experiment using a broad range of biochars from different feedstocks, Güereña et al. (2015) observed increased plant biomass, nodule number and biomass, and the proportion of N derived from symbiotic N fixation in common beans (Phaseolus vulgaris L.).

Fulvic acid induced the growth of Sinorhizobium meliloti, and this combination showed an increase in active nodules and yield in Medicago sativa (Capstaff et al., 2020). These FA-treated plants showed up-regulation in not only early nodulating genes, but also in various processes, such as defense, oxidoreduction, and carbon and nitrogen metabolism (Capstaff et al., 2020).



Denitrification

Denitrification is a key microbial process resulting in N loss to the atmosphere, where nitrate or nitrite is reduced to gaseous NO (nitric oxide), N2O (nitrous oxide), and N2 (dinitrogen), by denitrifying microbes (Conrad, 1996). NO and N2O are important greenhouse gases, with the latter holding the warming capacity that is 296 times higher than CO2 (Zumft, 1997). Thus, understanding the microbiome underpinning the biogeochemical processes is crucial due to the economic loss of N and greenhouse gas emissions resulting from incomplete denitrification.

Many of the denitrification processes were driven by heterotrophic denitrifying microorganisms. Fulvic acid can serve as electron shuttles between bacteria and electron acceptors (Li et al., 2016). These electrons are consumed by four key denitrifying enzymes (NAR, NIR, NOR, and NOS) that are mainly encoded by the genes narG, nirK/S, norB, and nosZ (Li et al., 2016). The authors observed that the addition of FA into denitrification bacterial culture accelerated the metabolism of carbon sources to generate ATP and NADH through microbial glycolysis metabolism. Increased dosage of FA (from 0.5 to 1 mM) improved anammox (conversion of ammonium and nitrite to N2 gas) bacterial activity, thereby increasing the production of extracellular polymeric substances, implying its potential role in quorum sensing performance, and enhanced N removal efficiency (Liu et al., 2020).

HPs have significant impacts in the N removal process in industrial sewage/wastewater treatment facilities. The data from this system would shift microbial composition and functional genes in relation to the soil N cycle. Concentration of FA affects microbial community, N conversion efficiency, and abundance of functional genes responsible for ammonia-N oxidation. The presence of low FA concentration (0–50 mg/L) enhances NADH generation that favors denitrification and nitrite reduction (Zhang et al., 2023).

The effect of HA on the simultaneous nitrification, anammox and denitrification (SNAD) treatment method in the landfill leachate system was investigated (Liu et al., 2022). The electron transfer efficiency of the SNAD system was enhanced due to the redox properties of HA. This efficient transfer enhanced the electron transport system activity resulting in an increase in adenosine triphosphate (ATP) that plays an essential role in microbial N metabolism. The enhanced metabolic activity by the SNAD method increased the enzymatic activities of ammonia-oxidizing bacteria, nitrite-oxidizing bacteria, and heterotrophic denitrifying bacteria, thereby facilitating efficient N removal (Liu et al., 2022).




Phosphorus solubilization

Phosphorous (P) is an essential element that can be solubilized by root exudates or microbes and is an essential macro nutrient for crop growth (Holford, 1997). Although soils generally contain a large amount of total P, only a small proportion is immediately available for plant uptake. Plants obtain P as orthophosphate anions (predominantly as [image: image] and [image: image]) from the soil solution. In most soils, the concentration of orthophosphate is low (Richardson et al., 2009).

HPs affect the phosphorus cycle by altering the P uptake of plants by (1) providing a source of organic P, (2) enriching the microbial activity of P-solubilizing microbes, (3) increasing organic acid levels in soil, thereby stimulating P solubilization, and (4) increasing P availability in soil by forming a complex linkage with humic substances and metal ions (Jindo et al., 2020). Microbes involve in P cycling activities of the soil-rhizosphere interface are classified into two groups based on their P solubilizing strategies. The first group is microbes that produce nuclease enzymes, phospholipases, and phytases that hydrolyze P-organic compounds. Phytases are key enzymes in P cycling as 50% of the soil organic P is in phytate form. The second group is P-solubilizing microbes that convert sources of inorganic P into soluble orthophosphate ions.

The relationship between HPs and bioavailable P mediated by microbes is yet complex, wherein HPs are itself sources of organic P (Jindo et al., 2020). Interactions between HPs and rhizosphere microbiomes reportedly involve the central component in the auxin hormonal pathway. HPs affect the formation of lateral roots and root hair length and density, thereby stimulating the release of root exudates (O'donnell, 1973; Gorim and Asch, 2012). Some of these root exudates are precursors of IAA and other AUX-like compounds, including the amino acid L-Tryptophan (Jindo et al., 2020). Increased IAA in the rhizosphere results in acidification and consequent release of inorganic P into the soil (Chaiharn and Lumyong, 2011).

Application of the humic acid-rich vermicompost to plants resulted in increasing available P due to the promotion of phosphatase secretion and activity, microbial diversity, and abundance compared to fertilizer-only treatment (Maji et al., 2017). The authors observed increase in diversity and abundance of P-solubilizing microorganisms following humic acid-rich vermicompost treatments (Maji et al., 2017). Bezuglova et al. (2019) observed positive effect of HPs on P mobilization and crop productivity, possibly due to the activation of the rhizosphere microbiota through root exudates. Research on the interaction of HPs and soil/rhizosphere microbiomes in relation to P cycling is sparse; more research needs to be conducted.



Soil microbial biomass and enzyme activities

Microbial activities drive soil organic matter transformation and nutrient cycling processes. Understanding the impact of HPs on the soil microbial-mediated biogeochemical processes has important implications on soil health management and sustaining agricultural productivity. Microbial extracellular enzymes regulate the carbon degradation and nutrient release. Thus, enzymatic activities are sensitive indicators of soil health and can be used to determine soil responses to agricultural management practices and environmental changes (Xiao et al., 2018; Li et al., 2019b; Nannipieri et al., 2020). The key soil enzymes involved in soil C, N and P cycles are glucosidases, cellulases, hydrolases, ureases, invertases, laccases, peroxidases, proteases, nitrate reductases, and phosphatases (Nannipieri et al., 2012).

The complexity of humic substances deters the complete understanding of their impact on soil microbial activity. Previous studies show that the application of HPs had substantial impacts on soil enzyme activity (Mato et al., 1971, 1972; Malcolm and Vaughan, 1979; Pflug, 1980; Pflug and Ziechmann, 1981; Allison, 2006; Dou et al., 2018). A research study with nuclear magnetic resonance (NMR) spectroscopy showed that soil enzymes are encapsulated in humic substances, thereby causing a reduced or inhibited catalytic activity (Tomaszewski et al., 2011). Humic substances can alter bacterial enzymes causing the inactivation of extracellular enzymatic activity (van Trump et al., 2006; Mazzei et al., 2013). Humic acid fractions have been shown to inhibit phosphatase activities in several agricultural crops, and thus may have implications in relation to the humic acids' role in P nutrient cycling processes (Malcolm and Vaughan, 1979). The role of soil extracellular enzymes may be reduced because of contact with HS (Allison, 2006). Nuclear magnetic resonance revealed that β-glucosidase enzyme activity was substantially reduced by increasing fulvic acid concentration (Mazzei and Piccolo, 2013), possibly due to fulvic molecules covering the β-glucosidase active sites or the modification of the enzyme conformational structure during the humic-enzyme complex formation.

The inhibitory effects of HS on enzyme activity may be offset by increased stability and/or resistance to enzyme degradation (Marzadori et al., 2000a,b; Dong et al., 2008). The effects of humic substances on enzymes are dependent on pH, ionic strength, and mass ratio of HS/enzyme (Li et al., 2013). In particular, the enzyme activity in the HS-enzyme complexes was suppressed when ureases, the enzyme that catalyzes the hydrolysis of urea to form ammonia and carbamates, were oppositely charged to the humic substances (Li et al., 2013). Conversely, no enzyme complexes were formed when both ureases and HS were both negatively charged (Li et al., 2013). Structural characteristics of HAs affect urease activity. The high molecular weight HA fraction significantly improved urease activity and stability especially in alkaline soil (Dong et al., 2008).

Up to now, very limited research has been conducted on the impact of HPs on the microbial enzyme in the soil, and the results are contradictory. A combined application of NPK and humic acid in sugarcane rhizosphere significantly increased catalase, dehydrogenase, phosphatase activities, and microbial biomass (Sellamuthu and Govindaswamy, 2003). This enhanced soil enzymes activities and increased microbial biomass in the presence of HPs may be due to a greater carbon-rich substrates availability to microbes, thereby promoting heterotrophic growth (Blagodatskaya et al., 2014). A combined application of inorganic fertilizer and HA changed the soil microbial community structure that consequently changed the soil enzyme activities– sucrase, urease, and phosphatase (Li et al., 2019a). Changes in the C/N ratio of the soil due to the addition of HA favor conditions for microbial growth (Griffiths et al., 2012). A study by Dong et al. (2017) in landfill leachate system showed that HA shape bacterial community, increase enzyme activities and upregulate microbial genes related to denitrification. HA positively affected the denitrification process in landfill leachate that promoted the growth of denitrifying bacteria with the predominance of Thauera (Dong et al., 2017), thereby facilitating removal of N from leachate.

Biochar and lignite-based amendments showed contradictory effects on microbial activities and greenhouse gas emissions in laboratory-incubated microcosms using agricultural soil (Li et al., 2021). This study demonstrated that biochar-amended treatment increased microbial community growth and ability to utilize diverse carbon sources, which contrasted with the lignite-based amended treatment. Biochar-amended treatment also showed increased carbon dioxide emission, which was inhibited in the lignite-based setup. In contrast, nitrous oxide emission decreased in the biochar-amended soil but increased in the lignite-amended treatment (Li et al., 2021).

Increased application of lignite-based HA displayed an increasing trend in soil enzyme activities (Ma et al., 2022). Repeated annual application of HA (1,500 kg/ha) at a dryland experimental farm in North Central China planted with oats found increased urease, invertase and catalase activities. The authors explained that these increased enzyme activities might be the result of increased soil organic carbon and improved soil physicochemical properties that provided a condition conducive to the growth and activities of soil microorganisms (Ma et al., 2022).



Tolerance to abiotic stress

The utilization of biostimulants, such as HPs was reported to potentially mitigate the adverse effects of environmental stresses on plants (Canellas and Olivares, 2014). Previous reports indicated that HPs induce changes in the root morphology to facilitate colonization of plant beneficial microbes (Canellas et al., 2013; Canellas and Olivares, 2017). Canellas and Olivares (2017) demonstrated that the exogenous application of humic acid in maize facilitated the release of border cells from root tips resulting in increased colonization density of the diazotrophic bacteria, Herbaspirillum seropedicae in the roots. Borders cells exuded from the roots are the first living partition at the plant-soil interface in the root cap (Driouich et al., 2012). Borders cells are sources of biologically active chemicals that can modulate the division of root tip cells, expansion and gravitropism in plants (Zhu et al., 1997). Borders cells were also reported to neutralize toxic chemicals near the roots and possibly inhibit or promote the growth of other rhizosphere organisms (Bais et al., 2006).

The soil is a complex habitat with intricate interacting biotic and abiotic components. The application of HPs on the soil affects its physicochemical properties, and on the plants its growth and rhizodeposition, that in turn impact the microbial community composition and function. The plant-soil feedbacks affecting microbial communities are crucial in soil nutrient cycling and plant uptake processes. Up to now, data are scarce, and results are inconclusive on how HPs impact the soil. Specifically, it remains unknown how HPs and their different forms and sources affect the soil pH (Ampong et al., 2022), which is a key predictor of microbial structure and composition at field and continental scales (Lauber et al., 2009; Chu et al., 2010; Banerjee and van der Heijden, 2022). For instance, the complex nature of HPs caused inconsistencies regarding whether HPs form an enzyme complex that stabilizes urease activity, or whether HPs negatively affect urease activity. A stable urease activity in an enzyme complex facilitates the gradual release of plant-available form nitrogen that will then promote plant uptake and lessen nutrient leaching. It also remains unclear whether HP application will have stimulating effects on plant beneficial bacteria. Thus, more research work needs to be done on how the application of HPs and their various forms from different sources in different crop species covering various soil types and environmental conditions impact the soil microbial community composition, structure, and function, which consequently impact plant growth and health (Figure 2).




Interactive effects of humic-based products with other biologicals and amendments on microbial community and function


Microbial inoculants

Inoculants with organic amendments alter soil microbiota and promote plant growth (Olivares et al., 2017). The combined use of humic acids with Pseudomonas spp. and Bacillus amyloliquefaciens in maize demonstrated superior effects on P absorption compared with the inoculation of each bacterial strain alone. The greatest P uptake was observed when B. amyloliquefaciens was combined with HA and AMF and Pseudomonas spp. with HA were applied to soil. This work also noted significant changes in bacterial and fungal diversity with HA application (Cozzolino et al., 2021). Selected studies showing combined effects of HPs with other inputs on microbial community structure and functions are presented in Table 2.


TABLE 2 The effect of humic-based products with other inputs on microbial community and activities.

[image: Table 2]

Microbial enzymes associated with N assimilation were promoted when HA and Herbaspirillium seropedicae were applied to maize plants (Canellas et al., 2013). Similarly, HA application combined with Enterobacter sp. 32 A inoculant induced genes related to N assimilation in tomatoes (Galambos et al., 2020). Moreover, the combined application of beneficial bacteria and humate form HPs increased productivity in tomatoes and stimulated secondary metabolism and plant defense (Olivares et al., 2017). Galambos et al. (2020) also observed gene expression related to plant hormones, such as jasmonic acid, auxins, gibberellins, and cytokinins with the combined application of HA and plant growth-promoting bacteria.

Application of sodium humate to soybean inoculated with Bradyrhizobium in the presence of molybdate improved soybean yield, nodule number, and biological nitrogen fixation (Til'ba and Sinegovskaya, 2013). The greater efficiency of nodulation in the presence of HPs may be linked to the ability of these substances to regulate quorum sensing in rhizobia. Quorum sensing plays an essential role in the growth and development of legume-rhizobia symbiosis (Bogino et al., 2015). In the presence of water-soluble HPs, a greater increase in N fixation was observed in soybean inoculated with Bradyrhizobium liaoningense in greenhouse experiments (Guo Gao et al., 2015). These results revealed the direct effect of HPs on bacteria and their potential to improve microbial symbiosis with the host plant.

It was found that HPs (at a rate of ~ 800 mg/L) and saprophytic microorganisms as biofertilizers enhanced the growth of mycelium and mycorrhizal fungus formation by Glomus claroideum BEG23 in a hydroponic system, compared with control treatments with either only biofertilizer or no HS (Gryndler et al., 2005). Conversely, mycorrhizal colonization and hyphal length in laurel roots (Laurus nobilis L.) were inhibited by the presence of HS at a concentration of >800 mg/kg (Vallini et al., 1993).



Agrochemical fertilizers

HPs can increase the soil nutrient holding capacity from agrochemical inputs by enhancing the nutrient cycling within different compartments of the soil organic matters as well as the exchange of dissolved nutrients in the soil pore water (Ampong et al., 2022). Consequently, the amount of dissolved nutrients in the pore water can be reduced but is replenished over time. Since organic amendments could act as slow-release fertilizers, this beneficial situation could be maintained over long periods of time, in contrast to the mineral fertilizers alone. The combined application of humic acid and inorganic fertilizers increased peanut yield and quality in a long-term experiment (Li et al., 2019a). HA alleviate problems adherent to continuous cropping systems. In the presence of HA, plant-available NPK, and soil organic matter increase, resulting in increased plant NPK uptake (Li et al., 2019a). Additionally, improvements in soil physico-chemical properties and plant growth leads to enhanced soil microbial diversity and soil enzymatic activities (Li et al., 2019a).




Conclusions, future directions, and perspectives

Environmental problems and increasing production costs of chemical fertilizer use have driven interest in finding sustainable methods to maintain agricultural soil health. Biostimulants, such as humic substances from a raw or extracted form of oxidized lignite and extracted humic products (also popularly known as humic acids) from other organic materials, are being explored for their potential to reduce chemical fertilizer use. Despite extensive research on the agronomic benefits of HPs, their impacts on microbial communities are not fully explored. Interactions of HPs and microbial communities remain unknown, even though HPs are widely sold as biostimulants that purportedly stimulate beneficial bacteria in the rhizosphere. Until substantial research works have been done on the impact of various HPs on the soil across varying ecological zones, it is difficult to draw conclusions about the mechanisms and interactions of HPs regulating the microbial community structure and functions in the plant-soil interface. Current research results are contradictory due to the complex nature of HPs.

HPs are sold in various forms: humic acid, fulvic acid, humate and the properties vary depending on the source or origin. While microbial data on the effects of HPs are scarce, current results on their impacts on biogeochemical enzyme activities have also been contradictory. In addition, most research studies were performed under controlled environmental conditions, thus there is a need for field research across soil types covering various crop species and rotations. The effectiveness of HPs depends on the nature of humic materials and where they have been sourced (Rose et al., 2014). Different HPs properties, experimental setups, and biotic and abiotic conditions will have differing effects on the soil microbial structure and composition (Figure 2). Humic-based products can promote root growth and root exudation, which can also have indirect effects on the soil microbiome. The direct effects of HPs on microbial communities have yet to be unraveled. To decipher the impact of HPs, a more holistic approach to research should be done considering interactions among different crop species/genotype under varying ecosystems and environments.

Knowledge of the long-term effects of HP application on soil physical, chemical, and biological (microbial) properties remains unclear. We hope that the current advancements in sequencing technologies will accelerate more research on investigating humic-based products on microbial community structure and functions. Addressing the fundamental knowledge gaps will facilitate the successful application of HPs in agricultural crop production.
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