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ABSTRACT

	The increasing adoption of agroecological systems requires a deeper understanding of soil biology, particularly microbial enzymatic activity, which is a key element in nutrient dynamics and availability. Enzymes produced by soil bacteria, such as urease, phosphatase, and β-glucosidase, directly participate in the transformation of organic matter into plant-assimilable forms. This literature review aims to gather and analyze recent scientific evidence on the role of bacterial enzymatic activity in soils managed under agroecological practices, discussing its implications for nutrient cycling and agricultural sustainability. The reviewed studies indicate that practices such as organic fertilization, cover cropping, and crop rotation favor the functional biodiversity of soils, enhancing enzymatic activity and the efficiency of biogeochemical processes. It is concluded that valuing the microbiological and biochemical aspects of soils is fundamental for the development of sustainable agricultural practices.
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1. INTRODUCTION

Soil is a living and dynamic system whose functionality strongly depends on the microbiota and its biochemical activities. In agroecological contexts, where the use of synthetic fertilizers is reduced, soil bacteria play a central role in the decomposition of organic matter and the release of essential nutrients (Fernandes et al., 2022). The production of extracellular enzymes by these microorganisms, such as urease, which catalyzes the release of ammonia, phosphatase, which mobilizes phosphorus, and β-glucosidase, which contributes to carbon cycling, is vital for maintaining productivity on sustainable bases (Lima et al., 2021; Raiesi, 2020).
Soil biological quality has increasingly been recognized as an essential component of the sustainability of agricultural production systems. The soil microbiota, composed of a wide diversity of bacteria, fungi, and other microorganisms, performs key functions in biogeochemical cycles, promoting the decomposition of organic matter and nutrient release for plants (Fernandes et al., 2022; Barbosa et al., 2023). Among these processes, the production of extracellular enzymes stands out as an indicator of soil metabolic activity and ecological functionality (Sainju, 2022).
Among soil microbial enzymes, urease, phosphatase, and β-glucosidase are particularly relevant as they actively participate in the release of nitrogen, phosphorus, and carbon, respectively. These enzymes transform organic compounds into plant-assimilable forms, thus being fundamental to nutrient cycling and plant growth (Raiesi, 2020; Li et al., 2023). Their activity is modulated by factors such as organic matter availability, moisture, pH, microbial density, and, above all, the type of management adopted in agricultural systems (Han et al., 2024).
Agroecological systems, by prioritizing crop diversification, the use of organic inputs, and the reinforcement of natural processes within agroecosystems, provide favorable conditions for soil microbiota development. Several studies have demonstrated that these systems promote greater microbial functional diversity, reflected in higher enzymatic activity compared to conventional systems (Silva et al., 2020; Yu et al., 2024). This dynamic contributes to the increase of the soil’s natural fertility and reduces dependency on synthetic fertilizers (Huang et al., 2023).
According to Lima et al. (2021), soils managed under agroecological principles show higher expression of enzymes such as acid phosphatase, particularly in areas with continuous addition of plant residues and compost. The cycling of organic phosphorus mediated by these enzymes is crucial in tropical soils, where phosphorus is often present in poorly available forms. The ability of soil bacteria to produce such enzymes ensures a continuous nutrient supply, favoring the sustainability of agricultural systems (Nauanova et al., 2024).
In addition, β-glucosidase has been widely used as a marker of organic matter degradation and carbon cycle activity, showing higher activity in areas with crop rotation and legume integration (Ferreira et al., 2023). Urease, on the other hand, is directly linked to the nitrogen cycle, with its activity enhanced in soils with a high input of organic matter, as observed by Cunha et al. (2021). The synergy between microbial diversity and ecological management results in soils that are both more fertile and resilient (Pan et al., 2025).
From an agricultural perspective, efficient nutrient cycling represents both economic and ecological benefits, enabling the maintenance of crop productivity with lower environmental impact. Enhancing soil structure and biological activity through microbial enzymatic processes also contributes to water conservation, carbon sequestration, and pathogen control (Fernandes et al., 2022; Gerlach et al., 2023). Such findings reinforce the potential of agroecological practices in promoting more sustainable agricultural systems.
Despite these advances, further studies are needed to expand our understanding of the complex interactions between microbial communities and soil environments, particularly considering regional edaphoclimatic variations and different agroecosystem models. Monitoring enzymatic activity, together with the characterization of soil microbiota, provides valuable tools for more efficient natural resource management and for consolidating agroecology as both science and practice (Lori et al., 2024; Yu et al., 2024).
In this context, the present review aims to provide an updated overview of scientific evidence related to the enzymatic activity of soil bacteria in agroecological systems, discussing their contributions to nutrient cycling and their impacts on soil fertility, resilience, and sustainability.

2. methodology 

The methodology adopted in this study was based on a systematic literature review, with the objective of gathering, analyzing, and discussing scientific articles published in journals indexed in the SciELO, PubMed, Scopus, and Web of Science databases, within the time frame of 2020 to 2025. The search was guided by descriptors related to soil enzymatic and microbial activity, agroecological systems, and nutrient cycling, in order to ensure thematic breadth and the up-to-date nature of the sources. Only full-length articles published in nationally or internationally recognized scientific journals were selected, prioritizing those with DOI availability and full access. The final curation resulted in 56 articles that met the established criteria of relevance, quality, and thematic pertinence.
The analysis process consisted of a critical reading of the selected articles, with emphasis on the authors’ objectives, experimental methodologies, main results, and conclusions. The content was organized into thematic categories, such as enzymatic activity as an indicator of soil quality, stimulation of microbial activity in agroecological systems, and nutrient cycling mediated by bacteria. The interpretation of findings followed a qualitative approach, aiming to integrate different contexts and productive realities, with a focus on identifying common patterns and unique contributions from each study. This systematization enabled the construction of a robust discussion, grounded in recent evidence and aligned with current demands in soil science and agroecology.
 

3. results and discussion

3.1 Enzymatic Activity as an Indicator of Soil Quality
Enzymatic activity is considered an excellent bioindicator of soil quality, as it reflects both microbial activity and nutrient availability (Raiesi, 2020). Studies demonstrate that urease, phosphatase, and β-glucosidase are sensitive to changes in soil management, showing higher activity in environments with greater microbial diversity and continuous organic matter input (Ferreira et al., 2023).
Soil enzymatic activity has been consolidated as one of the most sensitive and reliable indicators of soil quality and ecosystem health. This occurs because enzymes, produced mainly by microorganisms and plant roots, participate in key processes such as the cycling of carbon, nitrogen, phosphorus, and sulfur, which are directly related to soil fertility and resilience (Han et al., 2024; Li et al., 2023). Unlike physicochemical parameters, which tend to reflect the static state of the soil, enzymatic activity provides rapid responses to changes in land use and management, functioning as a “biological thermometer” of ecosystem functions.
Recent studies reinforce that enzymes such as β-glucosidase, urease, phosphatase, and arylsulfatase are particularly effective in indicating changes in nutrient availability and organic matter quality (Sainju, 2022; Yao et al., 2023). β-glucosidase, for example, has been widely used as a bioindicator because it is directly associated with the carbon cycle and organic matter decomposition, showing significant correlation with total organic carbon content.
Agricultural management exerts strong influence over enzymatic activity. Research in different production systems, such as wheat crops with cover plants (Gerlach et al., 2023) and coffee areas under different water regimes (Rodrigues et al., 2022), shows that conservation practices increase microbial diversity and stimulate enzymatic reactions. This effect results in greater stability of soil fertility and resilience to environmental stresses.
Conversely, intensive and inadequate land use tends to reduce enzymatic activity, compromising agroecosystem sustainability. Studies in the Caatinga biome revealed that anthropogenic disturbance significantly reduced soil enzyme activity, evidencing biological degradation and impaired nutrient cycling (Cavalcante et al., 2020). Similarly, Barbosa et al. (2023) found that land-use changes in different Brazilian biomes decreased enzymatic activity, reinforcing the need for sustainable management.
The relationship between enzymatic activity and organic matter also deserves emphasis. Han et al. (2024) demonstrated that the quality and composition of organic matter are determinants for the intensity and diversity of enzymatic activities, as they serve as both energy and structural substrates for microorganisms. This explains why practices such as green manuring, the addition of organic residues, and the use of composted sewage sludge can restore or enhance enzymatic activity (Nauanova et al., 2024).
From a methodological perspective, the quantification of enzymatic activity has been refined through kinetic approaches, such as the Vmax parameter, which reflects the maximum capacity of enzymatic reactions in the soil. Li et al. (2023) argue that this metric provides a more precise assessment of biochemical functionality than single-point measurements, proving useful in scenarios of environmental and climatic change.
Enzymatic activity is also closely correlated with agricultural productivity. In cover-cropping systems, enzymatic increments were associated with higher grain yields, as observed in wheat under different rotation schemes (Gerlach et al., 2023). This association reinforces that soil enzymes are not only ecological indicators but also practical tools to monitor the agronomic efficiency of production systems.
The response of enzymes to contaminants and environmental stresses further underscores their importance as bioindicators. Liu et al. (2024), in a global meta-analysis, showed that heavy metals drastically reduce the activity of enzymes such as phosphatase and dehydrogenase, indicating severe impacts on soil microbiota. Thus, enzymatic monitoring can be employed to assess the recovery of degraded and contaminated areas.
In the context of agroecological transitions, Serrano-Grijalva et al. (2024) reported that extracellular enzyme activity gradually increases during conversion to organic systems, reflecting a positive reorganization of the microbiota and nutrient cycling. This result highlights the potential of enzymatic activity as a monitoring tool in sustainable agriculture policies.
Beyond its practical relevance, recent reviews have synthesized the mechanisms by which enzymes regulate soil quality. Daunoras et al. (2024) emphasized that the interaction between enzymes and microbiota not only governs nutrient fluxes but also enhances the soil’s ability to resist disturbances. Understanding these processes broadens the applicability of enzymatic indicators across regional and global scales.
At the local level, the application of wood ash as an alternative input demonstrated positive effects on enzymatic activity in soils cultivated with Urochloa brizantha (Oliveira et al., 2023). Similarly, pigeon pea cultivation under different management practices promoted increments in soil biological activity, suggesting that diversified agricultural practices represent an effective strategy to maintain enzymatic functionality (Bicalho et al., 2024).
Therefore, recent literature converges on the understanding that soil enzymatic activity constitutes an integrated, sensitive, and multifunctional indicator of soil quality. Whether in the monitoring of agricultural practices, the evaluation of environmental impacts, or the promotion of sustainability, enzymatic measurement emerges as an indispensable tool to guide both scientific research and decision-making in public policies and management strategies (Jat et al., 2021; Sainju, 2022).


3.2 Agroecological Systems and the Stimulation of Microbial Activity
Agroecological systems favor the maintenance of functional soil biodiversity. The introduction of green manures, organic composts, and practices such as intercropping provides a substrate-rich environment for the microbiota, stimulating the production of hydrolytic enzymes (Cunha et al., 2021). This intensifies nutrient mineralization and promotes greater ecological stability in agroecosystems.
These systems have been consolidated as promising alternatives for promoting agricultural sustainability, largely due to their capacity to stimulate microbial activity in soils. Unlike conventional models, based on synthetic inputs and monocultures, agroecology emphasizes species diversity, permanent soil cover, and the use of organic inputs. Such practices create favorable environments for the multiplication of microorganisms and the maintenance of essential biogeochemical processes (Rocha et al., 2022).
Studies have shown that practices such as organic management, green manuring, and crop integration significantly stimulate microbial diversity. In tea plantations under organic management, an increase in beneficial microorganisms and greater stability of microecological networks in soils were observed, reinforcing the balance of edaphic systems (Huang et al., 2023). This finding supports the thesis that the structural complexity of agroecological systems generates resilience and environmental stability.
Another relevant aspect is the positive effect of agroforestry on carbon sequestration and enzymatic activity. Recent research has shown that the introduction of tree species in agricultural systems increases soil organic matter and promotes microbial activity, contributing both to fertility and to combating climate change (Pan et al., 2025; Xu et al., 2025). This increase results from the greater availability of plant residues and the complexity of rhizosphere interactions.
The influence of agroecology is not limited to the quantity of microorganisms but is also reflected in the functionality of edaphic communities. Yu et al. (2024) observed that organic management in arid regions enhanced soil multifunctionality by strengthening microbial metabolism and increasing enzymatic activity. Such effects have direct implications for agricultural productivity and sustainability in water-stressed areas.
Crop integration, another central principle of agroecology, also contributes to the reorganization of microbial communities. In soybean–corn intercropping systems under saline coastal soils, significant changes were observed in microbial composition and edaphic functions, highlighting the potential of diversified management in limiting environments (Nyimbo et al., 2025). This microbial plasticity is fundamental for the adaptation of agroecosystems to climatic and edaphic challenges.
In agroforestry systems associated with cocoa cultivation, microbial diversity increased substantially, accompanied by higher soil biological activity. These results demonstrate that the structural diversification of agroforests expands rhizosphere interaction networks, stimulating ecological functions linked to nutrient cycling (Nahon et al., 2024). Thus, perennial agroecological practices are strategic for maintaining tropical ecosystems.
In addition to international studies, Brazilian research reinforces the relevance of agroecology in promoting soil life. In semiarid regions, soil quality indicators revealed that agroecological systems increase microbial biomass, basal respiration, and enzymatic activity, even under conditions of low water availability (Rocha et al., 2022; Silva et al., 2023). This confirms the role of agroecology in strengthening the resilience of fragile ecosystems.
Another set of studies highlights the importance of accessible biological indicators for monitoring soil health in agroecological systems. Krewer et al. (2024) emphasized that parameters such as basal respiration, enzymatic activity, and mycorrhizal colonization can be practically applied to assess soil quality in agroecological maize cultivation. These metrics make monitoring tools feasible for rural communities and smallholder farmers.
Agroecological practices with legumes have also shown significant effects. Pigeon pea cultivation under different management practices increased soil biological and enzymatic activity, demonstrating that species with a high capacity for biological nitrogen fixation are fundamental for promoting soil fertility and microbial life (Bicalho et al., 2024). This type of result reinforces the importance of species diversification in maintaining soil quality.
Literature reviews also highlight the positive impacts of agroecological systems on soil microbiota. Lori et al. (2024) showed that organic farming practices across different regions not only increased microbial biomass but also shaped communities that were more stable and better adapted to environmental variation. This microbial resilience is a cornerstone of the success of agroecological practices in global contexts.
Ritcey-Thorpe et al. (2025) demonstrated that the combination of interventions such as green manuring, crop rotation, and biofertilizers promotes simultaneous gains in plant nutrient acquisition and microbial performance in soils. This confirms that agroecology must be understood as an integrated set of practices that, in synergy, enhance the vitality of agroecosystems.


3.3 Nutrient Cycling Mediated by Bacteria
Soil bacteria, such as those belonging to the genera Bacillus, Pseudomonas, and Rhizobium, actively participate in biological nitrogen fixation, phosphate solubilization, and the degradation of organic compounds (Silva et al., 2020). These biochemical processes are mediated by specific enzymes that catalyze key reactions in the carbon, nitrogen, and phosphorus cycles, directly contributing to the biological fertility of soils.
Nutrient cycling in soil is a dynamic process, closely associated with the activity of microbial communities, especially bacteria. These microorganisms are involved in fundamental biochemical reactions responsible for organic matter decomposition and nutrient mineralization, thereby promoting the availability of essential elements such as carbon, nitrogen, phosphorus, and sulfur for plants (Han et al., 2024; Yu et al., 2024). The ecological relevance of this process is so significant that many authors describe bacterial activity as the “invisible engine” of agroecosystems.
One of the main mechanisms by which bacteria participate in nutrient cycling is the production of extracellular enzymes. These enzymes catalyze the breakdown of complex compounds into assimilable forms, as in the case of β-glucosidase, urease, and phosphatase, which regulate carbon, nitrogen, and phosphorus fluxes, respectively (Sainju, 2022; Li et al., 2023). Enzymatic activity thus reflects both the vitality of bacterial communities and the efficiency of the system in making nutrients available.
In conventional agricultural systems, intensive use of chemical inputs and inadequate management practices tend to reduce bacterial diversity and enzymatic activity, thereby compromising nutrient cycling. Barbosa et al. (2023) observed that the replacement of native vegetation with commercial crops led to a reduction in enzymatic activity, indicating lower bacterial functionality. Similarly, Cavalcante et al. (2020) demonstrated that anthropogenic disturbance in the Caatinga biome reduced the microbial capacity to mediate cycling processes.
On the other hand, agroecological and sustainable practices have shown positive effects in stimulating bacterial activity. Huang et al. (2023) reported that organic management increased the abundance of beneficial bacteria in tea plantations, promoting greater stability of soil microecological networks and, consequently, greater efficiency in nutrient cycling. This result reinforces the notion that diversified systems provide favorable environments for microbial development.
The adoption of agroforestry systems is another factor that promotes bacterial activity. Pan et al. (2025) showed that the introduction of trees into agricultural systems increased bacterial biomass and the activity of enzymes related to carbon sequestration and nutrient availability. In addition to improving fertility, such practices also enhance soil resilience to climate change.
Nitrogen cycling is particularly dependent on bacterial activity. Processes such as biological nitrogen fixation (BNF), nitrification, and denitrification are mediated by specialized bacterial groups, regulating both agricultural fertility and greenhouse gas emissions. Studies with pigeon pea (Cajanus cajan) demonstrated that legumes under agroecological management enhance bacterial activity associated with BNF, improving nitrogen availability in soils (Bicalho et al., 2024).
Alongside nitrogen, phosphorus represents a critical nutrient in agriculture, and its cycling depends strongly on microbial activity. Enzymes such as phosphatase are essential for the mineralization of organic phosphorus compounds, rendering the nutrient available to plants (Yao et al., 2023). In intercropping systems, Nyimbo et al. (2025) observed that bacterial diversity directly influenced phosphorus cycling efficiency, thereby expanding soil multifunctionality.
Bacteria also play a crucial role in carbon cycling by regulating organic matter decomposition and humus stabilization. Liu et al. (2024) emphasized that contaminants such as heavy metals significantly reduce the activity of enzymes linked to decomposition, thereby impairing the carbon cycle. Conversely, agroecological practices such as the addition of organic residues or composts restore bacterial activity and consequently soil carbon stability (Nauanova et al., 2024).
The literature reinforces that agricultural systems managed under agroecological principles increase bacterial multifunctionality. Yu et al. (2024) demonstrated that organic management in arid regions enhanced bacterial metabolic activity, thereby increasing efficiency in the cycling of multiple nutrients. These results suggest that microbial resilience should be regarded as a central attribute of soil sustainability.
Another important aspect is the use of biological indicators to monitor nutrient cycling mediated by bacteria. Krewer et al. (2024) pointed out that parameters such as basal respiration and mycorrhizal colonization can be employed to evaluate bacterial functionality in agroecological systems. The simplicity of these indicators favors their adoption by family farmers and extension technicians.
The importance of bacterial diversity also extends to tropical agroforestry systems. Nahon et al. (2024) demonstrated that in cacao-based agroforests there was a significant increase in bacterial diversity associated with nitrogen and phosphorus cycling. This improvement strengthens the sustainability of perennial crops and reinforces the role of microbiota in the ecological functioning of agroecosystems.
Beyond elemental cycling, recent studies indicate that bacteria contribute to the regulation of broader ecosystem processes, such as water retention and stress tolerance. Rocha et al. (2022) and Silva et al. (2023) showed that agroecological systems in the Brazilian semiarid region promoted greater bacterial biomass and basal respiration, which were associated with water resilience and increased efficiency of nutrient cycling.
Another emerging issue is the impact of pollution and intensive agrochemical use on bacterial activity. Liu et al. (2024) found that the presence of heavy metals compromised community functionality, reducing cycling potential. This finding underscores the urgency of adopting conservation practices to avoid the degradation of ecosystem services mediated by bacteria.
Understanding bacterial interactions within agricultural systems also informs the development of bioinputs and microbial inoculants. Lori et al. (2024) highlighted that organic management shapes more stable bacterial communities, favoring the use of microbial consortia to promote soil fertility. This knowledge is fundamental for public policies aimed at supporting agroecological transitions.
The literature reviewed converges on the conclusion that nutrient cycling mediated by bacteria is not merely a biochemical process but a cornerstone of agricultural sustainability. The ability of these communities to transform, release, and recycle nutrients ensures both agricultural productivity and environmental conservation. Promoting bacterial diversity, whether through agroecological systems, agroforestry, or organic management, therefore constitutes an essential pathway to strengthen soil resilience and guarantee food security (Ritcey-Thorpe et al., 2025; Sainju, 2022).

3.4 Main Groups of Microorganisms Associated with Soil Enzymatic Activity
Soil enzymatic activity is intrinsically linked to the presence, diversity, and functionality of microbial groups, among which bacteria, fungi, and actinobacteria stand out. These organisms play central roles in nutrient cycling, regulating the fluxes of carbon, nitrogen, phosphorus, and sulfur across agricultural and natural ecosystems (Han et al., 2024; Yu et al., 2024). The enzymes produced by these microbial groups function as biochemical mediators that transform complex compounds into plant-available forms.
Bacteria constitute one of the most studied groups in the context of soil enzymatic activity. Genera such as Bacillus, Pseudomonas, and Rhizobium are notable for producing enzymes like urease, phosphatase, and β-glucosidase, which regulate nitrogen, phosphorus, and carbon cycling, respectively (Raiesi, 2020; Cunha et al., 2021). In addition to organic matter mineralization, these bacteria participate in biological nitrogen fixation and phosphate solubilization, processes that are essential for biological fertility.
The role of bacteria in enzymatic activity is particularly evident in agroecological systems, where the addition of organic residues stimulates bacterial abundance and diversity. Huang et al. (2023) found that organic management in tea plantations enhanced the abundance of beneficial microorganisms, resulting in greater stability of soil microecological networks and increased enzymatic activity. Such findings demonstrate how conservation practices favor bacterial multiplication and their capacity to produce extracellular enzymes.
Fungi are another highly relevant group, particularly those associated with plant residue decomposition. Filamentous fungi such as Aspergillus and Penicillium are well known for producing hydrolase enzymes, including cellulases, ligninases, and β-glucosidases, which are essential for the breakdown of complex organic matter (Daunoras et al., 2024). Fungal activity complements bacterial processes in mineralization, ensuring the continuity of carbon cycling.
In tropical soils, arbuscular mycorrhizal fungi play a central role in nutrient mobilization. These organisms produce acid phosphatases that increase phosphorus availability in soils where this nutrient is often in poorly available forms (Lima et al., 2021). Their symbiotic association with plant roots also positively influences bacterial diversity, creating synergistic interactions between microbial groups that enhance enzymatic production.
Actinobacteria also represent an important group for soil enzymatic activity. These microorganisms are recognized for their ability to degrade recalcitrant compounds such as lignin and cellulose through the production of oxidative and hydrolytic enzymes (Sainju, 2022). In systems with continuous organic matter input, actinobacteria play a key role in organic matter stabilization and the maintenance of biological fertility.
Research in Brazilian agroecosystems highlights that ecological management supports balance among bacteria, fungi, and actinobacteria. Rocha et al. (2022) reported that agroecological practices in the semiarid region increased basal respiration and microbial biomass, which was reflected in greater enzymatic activity. This improvement is directly associated with the diversification of microbial communities and the stimulation of functional groups responsible for producing key enzymes.
β-glucosidase is an emblematic example of an enzyme produced by multiple microbial groups. This enzyme, strongly associated with the carbon cycle, is synthesized by bacteria, fungi, and actinobacteria. Studies have demonstrated that its activity correlates with total soil organic carbon, making it a reliable indicator of soil organic matter quality (Yao et al., 2023; Ferreira et al., 2023).
Nitrogen cycling is especially dependent on bacterial activity. Genera such as Rhizobium and Azotobacter synthesize nitrogenase, the enzyme responsible for biological nitrogen fixation (Bicalho et al., 2024). Urease, which is found in many bacterial groups, regulates the hydrolysis of urea, releasing ammonia and making nitrogen available to plants (Cunha et al., 2021).
Phosphorus cycling is also closely tied to microbial activity. Phosphatases, produced by both bacteria and mycorrhizal fungi, are critical for the mineralization of organic phosphorus compounds (Lima et al., 2021; Yao et al., 2023). Nyimbo et al. (2025) showed that soybean–corn intercropping enhanced bacterial diversity, directly improving phosphorus cycling efficiency. Sulfur cycling also depends on specific microbial groups. Arylsulfatase, produced by bacteria and fungi, catalyzes the mineralization of organic sulfur compounds, making sulfur available in plant-assimilable forms (Han et al., 2024). This process is particularly important in tropical soils, where sulfur cycling contributes to agricultural stability.
The degradation of recalcitrant compounds such as lignin and cellulose is intensified by saprophytic fungi and actinobacteria. These organisms secrete enzymes such as ligninases, cellulases, and chitinases, which are crucial for humus formation and organic matter stabilization (Daunoras et al., 2024). Such processes guarantee carbon cycling and soil structure maintenance.
In agroforestry systems, microbial diversity is expanded, encouraging synergistic interactions between groups. Pan et al. (2025) demonstrated that tree introduction increased bacterial and fungal biomass, stimulating enzymatic activity associated with carbon sequestration and nutrient cycling. This type of system illustrates how plant diversity amplifies the functional diversity of microbiota.
Microbial responses to pollution also require attention. Liu et al. (2024), in a global meta-analysis, reported that heavy metals compromise phosphatase and dehydrogenase activities, leading to a decline in bacterial and fungal functionality. Such findings reinforce the importance of monitoring microbial groups as bioindicators of environmental degradation. In agroecological transitions, Serrano-Grijalva et al. (2024) observed that extracellular enzyme activity progressively increased, accompanied by positive reorganization of microbial communities. This trend reflects not only the recovery of bacterial and fungal diversity but also the reactivation of enzyme-producing groups essential for nutrient cycling.
The relationship between microbial groups and organic matter was highlighted by Nauanova et al. (2024), who showed that the addition of sewage sludge compost stimulated bacteria and fungi decomposers. These microorganisms enhanced the production of enzymes such as phosphatase and β-glucosidase, helping to restore the biological functionality of degraded soils. In the Brazilian context, Oliveira et al. (2023) found that the application of wood ash in soils cultivated with Urochloa brizantha increased enzymatic activity and microbial biomass, involving both bacteria and fungi. This demonstrates the potential of alternative inputs to stimulate microbial groups and improve soil biological quality.
Another example comes from Gerlach et al. (2023), who showed that cover cropping in wheat systems increased bacterial diversity and enzymatic activity. The continuous presence of plant residues favored the proliferation of decomposer groups and boosted β-glucosidase and phosphatase production. In cacao agroforestry systems, Nahon et al. (2024) reported greater bacterial diversity associated with nitrogen and phosphorus cycling. Tree presence promoted the production of enzymes such as phosphatase and urease, underscoring the role of microbial communities in sustaining fertility in tropical ecosystems.
Overall, the literature converges on the understanding that bacteria, fungi, and actinobacteria are directly associated with enzymatic activity and, consequently, soil quality. Promoting microbial diversity through agroecological, agroforestry, and sustainable management practices ensures soil multifunctionality and supports both agricultural productivity and environmental sustainability (Ritcey-Thorpe et al., 2025; Lori et al., 2024).





3.5 Principal Enzymes Linked to Soil Microbial Activity and Nutrient Cycling
Soil extracellular enzymes (EEAs) are the proximate levers by which microbial communities deconstruct organic substrates and mobilize nutrients, thereby coupling biogeochemical fluxes to ecosystem functioning. As integrators of microbial demand and resource availability, enzyme pools and their stoichiometric ratios provide sensitive, management-responsive indicators of soil health across climates, land uses, and disturbance regimes (Han et al., 2024; Sainju, 2022). Framing soil quality through enzyme-mediated processes thus connects mechanistic microbiology to agronomic outcomes.
Carbon acquisition in soils is largely governed by hydrolases acting on polysaccharides (e.g., β-glucosidase, cellulases, xylanases) and by oxidative enzymes acting on aromatic compounds (e.g., phenol oxidase, peroxidase). Variation in substrate chemistry and soil organic matter (SOM) quality selects for distinct enzymatic portfolios, with measurable shifts in potential activities tracking changes in resource stoichiometry and microbial allocation strategies (Han et al., 2024; Daunoras et al., 2024). In restoration gradients, ecoenzymatic signals often reflect transitions from C to nutrient limitation or vice versa, mirroring plant–microbe feedbacks (Yao et al., 2023).
Among C-cycling enzymes, β-glucosidase is widely adopted as an operational indicator because it targets terminal steps in cellulose deconstruction and correlates with total organic carbon and residue turnover. Management practices that maintain continuous residue inputs—cover crops, reduced disturbance, and diversified rotations—consistently elevate β-glucosidase and related hydrolases relative to conventional baselines, with agronomic co-benefits for yield stability (Barbosa et al., 2023; Gerlach et al., 2023; Yao et al., 2023). These responses underscore how enzyme metrics translate structural changes in SOM into process-based diagnostics.
Dehydrogenase activity (DHA) is frequently used as a proxy for overall microbial respiratory potential, indexing intracellular redox activity linked to heterotrophic metabolism. Because DHA integrates broad physiological status, it is highly sensitive to stressors such as heavy metals, salinity, or land-use intensification, which depress oxidative capacity and cascade into slower decomposition and nutrient release (Liu et al., 2024; Mir et al., 2023). In soil health assessments, DHA complements substrate-specific hydrolases by flagging constraints on the microbial energy engine (Sainju, 2022).
Nitrogen cycling hinges on enzymes that liberate and transform N from organic and inorganic pools. Urease hydrolyzes urea to ammonium, directly coupling manure or fertilizer inputs to plant-available N; its activity rises under organic inputs and residue-rich management but can be suppressed by contamination or acidification (Cunha et al., 2021; Liu et al., 2024). At the community scale, N addition experiments reveal non-linear enzyme responses as microbial demand and stoichiometric balance shift, with consequences for nitrification–denitrification pathways and gaseous losses (Ullah et al., 2023; Jat et al., 2021).
Proteolysis and peptidolysis are additional N-acquisition bottlenecks mediated by enzymes such as N-acetyl-β-D-glucosaminidase (NAG, for chitin-derived N) and leucine aminopeptidase (LAP, for peptide N). Together with β-glucosidase, these enzymes form the classical C:N acquisition triad used to derive ecoenzymatic stoichiometry; shifts in the βG:LAP (C:N) axis often demarcate transitions in microbial nutrient limitation along management or restoration gradients (Han et al., 2024; Kunito et al., 2024). Such ratios integrate demand, supply, and allocation trade-offs better than single enzymes alone.
Phosphorus acquisition is dominated by acid and alkaline phosphomonoesterases that mineralize organic P esters, supplemented by phosphodiesterases and phytases in specific substrates. In many tropical and weathered soils where inorganic P is occluded, elevated phosphatase activity signals microbial investment to overcome P scarcity and is tightly modulated by plant–microbe symbioses, rhizosphere chemistry, and organic amendments (Lima et al., 2021; Yao et al., 2023). Empirically, rotations, composts, and wood-ash inputs frequently raise phosphatase potential and improve P nutrition (Oliveira et al., 2023; Rodrigues et al., 2022).
Sulfur cycling involves arylsulfatase, which releases sulfate from organic esters. Although less commonly monitored than N or P enzymes, arylsulfatase responds strongly to organic inputs and stressors, mirroring shifts in microbial allocation under changing redox and moisture regimes and offering an additional window into micronutrient–macronutrient interactions (Han et al., 2024; Sainju, 2022). Including S-acquisition enzymes can sharpen interpretation of multi-element limitation in diversified systems.
Beyond substrate specificity, composite indicators help operationalize enzyme data. Fluorescein diacetate (FDA) hydrolase integrates broad non-specific esterase/lipase/protease activity and, when parameterized kinetically, can support Vmax-based diagnostics of potential throughput under different contaminant loads or managements (Li et al., 2023). Likewise, multi-enzyme health indices synthesize activities across C, N, and P to benchmark soil condition under differential fertilization regimes (Ahmed et al., 2025).
Climate extremes and global change drivers modulate enzyme portfolios by restructuring microbial biomass, moisture regimes, and substrate supply. Meta-analysis indicates that drought generally suppresses extracellular enzyme activities by limiting diffusion and enzyme–substrate encounters, with effect sizes mediated by texture and organic matter buffering (Feng et al., 2023). Warming and chronic N deposition can decouple enzyme stoichiometry from SOM pools, altering the partitioning of labile versus mineral-associated carbon (Xu, 2024). These responses complicate inference but also highlight the diagnostic power of enzyme ratios under change.
Land-use conversion remains a dominant control on enzyme patterns. Transitions from native vegetation to croplands typically depress β-glucosidase, phosphatase, and DHA, reflecting reduced litter inputs and disrupted aggregates (Barbosa et al., 2023; Mir et al., 2023). Conversely, conversion from conventional to organic management elevates multiple hydrolases within a few years, tracking increases in residue return, microbial biomass, and rhizosphere signaling (Serrano-Grijalva et al., 2024; Teslya et al., 2024). Such reversibility underscores management leverage over microbial functioning.
Agroforestry and diversified perennial systems strengthen enzyme-mediated cycling via deeper rooting, continuous C inputs, and spatially heterogeneous microsites. Tree–crop mosaics consistently show higher bacterial and fungal biomass with concomitant rises in C- and P-acquisition enzymes, alongside gains in soil C sequestration and aggregate stability (Pan et al., 2025). Even in edaphically constrained landscapes (e.g., karst hillslopes), shifts in land use that enhance organic inputs and canopy cover are mirrored by enzyme recovery (Wang Y. et al., 2024).
Trajectory-based studies clarify timing and directionality. Along vegetation-restoration chronosequences, extracellular enzyme activities and their C:N:P ratios track resource rebalancing—from early N limitation to later P limitation—as plant communities and SOM accrue (Wang Z. et al., 2024; Yao et al., 2023). Temporal robustness of ecoenzymatic stoichiometry across seasons further validates its use as a stable indicator of underlying nutrient constraints in forest and agricultural soils (Kunito et al., 2024).
Methodological advances improve comparability and inference. Kinetic assays (e.g., Vmax, Km) resolve capacity versus affinity shifts; multiplex fluorometric panels enable parallel estimation of β-glucosidase, NAG, LAP, and phosphatase; and ratio-based frameworks formalize links between enzyme allocation and nutrient economics (Han et al., 2024; Li et al., 2023). Harmonizing assay conditions and reporting standards remains essential to aggregate evidence across climates and managements (Teslya et al., 2024).
Critically, enzyme responses are also contingent on stressors and contaminants. Global synthesis shows heavy metals suppress core hydrolases and DHA, with magnitude modulated by pH, clay, and organic matter that mediate metal bioavailability (Liu et al., 2024). Recognizing these constraints helps separate management signals from toxicological artifacts and motivates amendments that immobilize metals while rebuilding microbial function.
Taken together, β-glucosidase, urease, phosphatases, arylsulfatase, NAG, LAP, DHA, and composite indices such as FDA hydrolase kinetics constitute a mechanistic and decision-relevant toolkit for diagnosing soil function. Their responsiveness to cover crops, organic amendments, reduced disturbance, diversified rotations, and perennialization has been demonstrated across biomes and production systems (Gerlach et al., 2023; Serrano-Grijalva et al., 2024; Pan et al., 2025). Embedding enzyme-based diagnostics in climate-smart management can thus align soil health monitoring with nutrient-use efficiency and resilience goals (Jat et al., 2021; Ahmed et al., 2025).


4. Conclusion

The integrated analysis of the reviewed articles shows that soil microbial and enzymatic activity—especially that mediated by bacteria—constitutes one of the cornerstones of nutrient cycling and the maintenance of soil quality. Studies demonstrate that these microbial communities respond quickly and sensitively to different management practices, reflecting both environmental degradation processes and strategies for recovery and sustainability (Han et al., 2024; Rocha et al., 2022). Thus, monitoring bacterial activity should be considered a strategic tool for understanding the resilience of agroecosystems.
Agroecological practices emerge, in this context, as consistent alternatives for stimulating bacterial diversity and functionality, thereby promoting more efficient fluxes of carbon, nitrogen, and phosphorus. Evidence from agroforestry systems, intercropping arrangements, and organic management confirms that diversification and the addition of organic matter enhance microbial vitality and, consequently, increase soil multifunctionality. At the same time, accessible biological indicators such as enzymatic activity and basal respiration make it possible to apply this knowledge in practice, both in family farming contexts and in the design of public policies.
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