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Abstract 

Intensive agricultural practices based on continuous monocropping and prolonged bare-soil fallows 

have contributed to soil degradation and loss of biological functioning. Replacing fallows with cover 

crops (CC) is a promising strategy to restore soil quality, yet their legacy effects on rhizosphere fungal 

communities remain poorly understood. This study evaluated the legacy effects of Urochloa (syn. 

Brachiaria) brizantha cover cropping on rhizosphere fungal communities, as well as soil 

physicochemical and biological properties, in a degraded common bean system. A field experiment 

with a randomized complete block design included: bare fallow (BM), one (B1) or two (B2) CC cycles 

before bean, a perennial pasture (PB), and a pristine soil reference (PS). High-throughput sequencing 

showed that Urochloa-based treatments significantly shifted fungal community composition 

compared to BM, increasing saprotrophic and beneficial taxa (e.g., Mortierella, Penicillium, Coprinellus) 

and reducing potential pathogens such as Fusarium. These changes were associated with higher soil 

organic carbon, aggregate stability, microbial biomass, and enzyme activities, especially in B2 and 

PB. Indicator taxa identified by LEfSe were linked to organic matter decomposition and nutrient 

cycling. Multivariate analyses revealed strong associations between fungal community structure and 

soil properties. Overall, U. brizantha cover cropping induced measurable legacy effects, promoting 

soil biological recovery even after short-term implementation. 

Keywords: metagenomics; cover crops; soil health 

 

1. Introduction 

Intensive agricultural practices, including monoculture, excessive tillage, and the overuse of 

chemical inputs have contributed to widespread soil degradation, loss of biodiversity, and declines 

in soil fertility [1]. In agroecosystems, these degradation processes compromise essential soil 

functions ultimately threatening the long-term sustainability of food production systems. 

Consequently, restoring soil ecological functioning while maintaining crop productivity has become 

a major goal of sustainable agriculture [2].  

Soil microorganisms are fundamental drivers of soil ecosystem functioning, contributing to 

organic matter turnover, nutrient cycling, soil aggregation, and plant health [3,4]. Among them, fungi 
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are key drivers of soil structure and nutrient dynamics due to their ability to decompose complex 

organic substrates and form extensive hyphal networks [5–7]. These interactions are especially 

pronounced in the rhizosphere, the narrow soil zone strongly influenced by root exudation and 

rhizodeposition [8]. As a dynamic interface, the rhizosphere represents a hotspot of biological activity 

where microbial communities are actively selected by plants and, in turn, regulate nutrient 

availability, plant growth, and defense against soil-borne pathogens [4,9,10]. Recent studies indicate 

that rhizosphere microbial communities are shaped not only by the current host plant, but also by 

antecedent vegetation and management history, generating soil legacy effects that persist across 

cropping cycles [11–14]. Through plant–soil feedback mechanisms, management-driven shifts in 

microbial communities can modify soil physicochemical and biological properties, which 

subsequently influence soil functioning and plant–soil interactions in subsequent crops [15–17]. 

Within this context, cover crops (CCs), are key components of sustainable agricultural systems 

[18,19]. CCs can enhance soil structure, improve nutrient cycling, increase soil organic matter inputs, 

suppress weeds, and support diverse and functionally active soil microbial communities. Among 

them, grasses of the genus Urochloa (syn. Brachiaria) are particularly promising due to their high 

biomass production, extensive root systems, and adaptability to low-fertility soils [20]. 

In South America, Urochloa species are widely used in livestock systems and have increasingly 

been integrated into cropping systems or in crop–livestock rotations, where they improve soil quality 

properties [21–24]. While several studies have described microbial communities associated with 

Urochloa spp. roots and residues, their legacy effects on the rhizosphere microbiome of subsequent 

crops remain poorly understood [25–27]. 

In the main common bean–producing region of Argentina, agricultural systems are 

predominantly based on continuous monocropping, prolonged bare-soil fallows, limited crop 

rotation, and intensive agrochemical use, leading to soil organic matter losses, reduced aggregate 

stability, and increased incidence of soil-borne diseases [28,29]. In this regional context, the 

integration of U. brizantha as a cover crop during fallow periods represents a promising strategy to 

restore soil ecological functioning in degraded agroecosystems.  

Therefore, the objective of this study was to evaluate the legacy effects associated with the 

inclusion of U. brizantha during fallow periods, by assessing rhizosphere soil properties and the root-

associated fungal community under different durations of cover crop exposure. We hypothesized 

that the inclusion of U. brizantha during fallow periods would modify soil conditions, driving shifts 

in the rhizosphere of the subsequent crop fungal community structure and functional potential. 

2. Materials and Methods 

2.1. Experimental Design  

A medium-term field trial (2009–2019) was conducted at the Salta Agricultural Experimental 

Station of the National Agricultural Technology Institute (EEA-INTA) in Cerrillos, Salta, Argentina 

(S 24°53'52.84"; W 65°27'59.11", 1420 m.a.s.l.; Figure S1.). The region is characterized by a subtropical 

climate with a pronounced dry winter and a rainy summer, with most annual precipitation 

concentrated between November and March. Mean annual precipitation and temperature during the 

study period are presented in Figure 1. The soil type of the region is predominantly loam with 1.31% 

organic matter (32% sand, 44% silt, 24% clay), Ustocrepte Udico (USDA Soil Taxonomy) soil, Cerrillos 

series with A, AC, and C horizons. Before trial establishment, the study site had been subjected to 

more than five decades of intensive agricultural use under conventional management. The system 

was initially dominated by tobacco cultivation, a crop historically associated with frequent soil 

disturbance and intensive tillage practices. Then, the system was later replaced by long-term common 

bean monocropping. Together with extended fall–winter fallow periods, this prolonged history of 

intensive management led to a degraded soil condition at the onset of the trial, characterized by 

reduced soil quality and biological functioning. A detailed description of the historical management 

of the site is provided in Abán et al. [30].  
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Figure 1. Monthly precipitation (bars) and mean temperature (line) with error bars showing the range of 

minimum and maximum temperatures during the period 2009–2019. 

The field experiment followed a randomized complete block design (RCBD) with three 

replicates. Each plot measured 15 × 50 m and constituted an independent experimental unit. The 

treatments were: 1) BM: bare-soil fallow followed by common bean; B1: one cycle of U. brizantha cover 

cropping before common bean; B2: two consecutive cycles of U. brizantha cover cropping before 

common bean; PB: a perennial U. brizantha pasture. A pristine soil (PS) was included as an external, 

non-cropped reference. Treatments B1, B2 and BM were previously described in detail in previous 

studies [30]. Briefly, in BM, common bean was cultivated as a continuous monoculture under 

conventional management, with long fall–winter fallow periods between crop cycles and no fertilizer 

application. In treatments B1 and B2, U. brizantha was used as a cover crop during the fallow period. 

In B1, U. brizantha was sown in September during the fallow period and at the end of November, 

during flowering, the grass was chemically desiccated prior to common bean sowing. In B2, U. 

brizantha was maintained as pasture for two consecutive crop cycles before common bean 

reintroduction and then desiccated before common bean planting. No fertilizers, pesticides, or other 

agrochemicals were applied during the pasture phase. In PB, U. brizantha was established in 2009 and 

maintained continuously as perennial pasture without further management, serving as a reference 

for soil recovery under permanent plant cover. Finally, pristine soils (PS) were sampled as a reference 

site to establish a baseline for soil properties in the absence of anthropogenic disturbance. These soils 

were located approximately 50 m from the experimental field, adjacent to the agricultural treatments. 

Unlike PB, PS was not part of the experimental design and was only used as an external reference. 

2.2. Soil Sampling 

Soil sampling was performed at the flowering stage (R5) of common bean plants at the end of 

the field experiment in 2019. A total of 12 composite samples were collected from the experimental 

plots (4 treatments × 3 replicates), plus 3 additional composite samples from the reference site. For 

each replicate, composite samples were collected, by removing 15 common bean plants with a shovel 

to a depth of 10 cm. First, loosely bound soil adhering to the roots was collected by vigorously shaking 

the roots by hand, then sieved (2 mm), homogenized, and subdivided for physicochemical and 

microbiological analyses. Then, one subsample was air-dried (20 ± 2 °C for 24 h) for physical and 

chemical characterization, while the other was stored at 4 °C for microbial biomass and enzymatic 

activity measurements. In addition, rhizosphere soil, defined as the tightly bound soil adhering to 

the root surface, was collected by gently brushing the root surface and stored at –20 °C for DNA 

extraction and molecular analyses [30].  
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2.3. Soil Chemical, Physical, and Microbiological Analyses 

Soil organic carbon (SOC) and organic matter (OM) was determined by the wet oxidation 

method of Walkley and Black [31]. Total nitrogen (TN) was quantified using the micro-Kjeldahl 

method [32]. Extractable phosphorus (eP) was determined according to the Bray and Kurtz method 

[33]. Exchangeable cations, including sodium (Na⁺), potassium (K⁺), calcium (Ca²⁺), and magnesium 

(Mg²⁺), were determined using an atomic absorption spectrometer (Perkin Elmer 5100 PC).  

Soil physical properties included bulk density (BD), measured using the core method described 

by Blake and Hartge [34], and aggregate stability (AS), determined using the wet-sieving method of 

Corvalán et al. [35]. Water holding capacity (WHC) was determined gravimetrically, while soil pH 

and electrical conductivity (EC) were measured potentiometrically in a 1:2.5 soil-to-water suspension.  

Microbial biomass carbon (MBC) and nitrogen (MBN) were determined using the chloroform 

fumigation–extraction method [36], and microbial respiration (MR) was determined as CO₂–C 

evolution following Alef [37]. Easily extractable glomalin (GRSP/EEG) was obtained from 1 g of 

sieved rhizosphere soil using citrate extraction, autoclaving and centrifugation, and the protein 

content in the supernatant was quantified by the Bradford assay with bovine serum albumin as the 

standard [38]. Enzymatic activities associated with overall microbial activity were assessed by 

fluorescein diacetate hydrolysis (FDA) [39] and dehydrogenase activity (DHA) [40]. Acid 

phosphatase activity (AP) was determined following Tabatabai and Bremner [41].  

2.2. DNA Extraction, Amplicon Sequencing and Bioinformatic Processing 

DNA was extracted from 0.250 g of rhizosphere soil using a PowerSoil® DNA Isolation kit 

(Qiagen, Hiden, Germany) following the manufacturer’s instructions. The quality and quantity of the 

DNA extracted were determined using a DeNovix DS-11 spectrophotometer (DeNovix, Wilmington, 

DE, United States), and by agarose gels electrophoresis (1.0 %).  

Fungal communities were analyzed using PacBio amplicon sequencing targeting the full-length 

internal transcribed spacer (ITS) region, a standard DNA barcode for fungi [42]. Amplification was 

performed at the Integrated Microbiome Resource (IMR), Dalhousie University, Halifax, Nova Scotia, 

Canada, using the primer set ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-

TCCTCCGCTTATTGATATGC-3′). High-accuracy circular consensus (HiFi) reads were generated to 

obtain full-length ITS sequences. Sequence processing and amplicon sequence variant (ASV) 

inference were conducted using DADA2, including quality filtering, denoising, and chimera removal 

[43]. Taxonomic assignment was performed in QIIME 2 using a Naive Bayes classifier trained on the 

UNITE fungal database (version 10) [44,45]. 

2.5. Statistical and Bioinformatic Analyses  

Soil chemical, physical, and microbiological variables were analyzed using analysis of variance 

(ANOVA) considering a randomized complete block design, with management treatment as a fixed 

effect and block as a random effect. When treatment effects were significant (p < 0.05), mean 

comparisons were performed using Fisher’s least significant difference (LSD) test. All statistical 

analyses were conducted using R software (version 4.1.1), primarily with the stats and agricolae 

packages. 

Alpha diversity was estimated using the Shannon diversity index. Beta diversity was assessed 

using Aitchison distance based on centered log-ratio (CLR)–transformed ASV abundances, 

accounting for data compositionality [46]. Differences in community composition among groups 

were tested using PERMANOVA with 1,000 permutations [47]. Indicator taxa were identified using 

Linear discriminant analysis Effect Size (LEfSe), with an LDA score threshold of 2.0 and α = 0.05. 

Functional potential was inferred by assigning ASVs to ecological guilds with the FUNGuild 

database [48]. Differential abundance of fungal guilds among treatments was evaluated using the 

DESeq2 R package [49], based on negative binomial generalized linear models with Wald tests and 

Benjamini-Hochberg correction for multiple testing; guilds with adjusted p < 0.05 were considered 
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significantly differentially abundant. Relationships between fungal community structure and 

physicochemical and microbiological variables were examined using redundancy analysis (RDA) 

implemented in the vegan R package, with statistical significance assessed by permutation tests 

[50,51]. To further evaluate the relative contribution of biological and physicochemical variables, 

partial redundancy analyses were performed. Environmental variables were grouped into biological 

(GRSP, MR, MBN, MBC) and physicochemical (Mg, WHC, eP, C:N) categories. Partial RDAs were 

performed to quantify the unique and shared fractions of variance explained by each group, and 

adjusted R² values were reported to account for model complexity. Pairwise associations between 

dominant fungal genera and environmental variables were examined using Spearman’s rank 

correlation coefficients using the corrplot version 0.84 package in R [52].  

3. Results 

3.1. Sequencing Results and Diversity Analysis  

The sequencing run produced 165689 raw reads across 15 input libraries (Supplementary Table 

S2). After primer removal, filtering, and denoising, 75–80% of reads were retained on average, 

resulting in ~7,500 high-quality sequences per sample. After chimera removal, 122,805 non-chimeric 

reads were retained, corresponding to ~77% of the raw sequences. Alpha diversity of the fungal 

community did not differ significantly among treatments, as indicated by Kruskal–Wallis tests for 

Shannon diversity (H = 5.33, p = 0.255), evenness (H = 6.10, p = 0.192), and observed features (H = 3.43, 

p = 0.488) (Figure S1). 

PERMANOVA analysis revealed that fungal communities differed significantly across 

treatments (R² = 0.378, F = 2.0, p < 0.001) (Figure 2). According to PC1 (22.31%), the fungal communities 

of B1 and B2 had a high similarity among each other, with a slight separation between them. In 

addition, B1 and B2 were positioned close to BM. The PB samples occupied an intermediate position 

between the cover crop treatments and the pristine site, while the PS samples were located separately 

to the right, clearly distinct from all managed systems. Along PC2 (16.92%), the BM treatment was 

clearly separated from the other treatments, highlighting a distinct fungal community, whereas B1, 

B2, PB, and PS remained on the opposite side of this axis, highlighting the marked effect of the 

monoculture system.  

 

Figure 2. Principal component analysis of fungal communities based on the Aitchison distances measured in the 

rhizosphere of common bean following different cover crop treatments (n = 3): BM, bare-soil fallow followed by 

common bean; B1, one cycle of U. brizantha cover cropping before common bean; B2, two consecutive cycles of 

U. brizantha cover cropping before common bean; PB, a perennial U. brizantha pasture; PS, Pristine soils under 

native vegetation, included as a reference site. 
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3.1. Fungal Community Composition 

The relative abundance of fungal taxa differed among treatments (Figure 3A). At the phylum 

level, Ascomycota dominated all treatments followed by Basidiomycota (4–36%), Mortierellomycota (2–

7%), Chytridiomycota (<7%) and Glomeromycota (<3%). Ascomycota dominated all treatments, 

particularly in PB and PS, while Basidiomycota was more abundant in treatments under U. brizantha 

and BM. Mortierellomycota were relatively enriched in PS, in treatments under U. brizantha, and in 

BM, Chytridiomycota were most frequent in B1 and B2, and Glomeromycota appeared mainly in BM. 

At genus level, Fusarium was consistently present across treatments, with the highest abundance 

in BM (19.3%) (Figure 3B). Mortierella was relatively enriched in PB (6.8%) and PS (6.9%), while 

Penicillium was most abundant in PS (9.58%) and lowest in BM (0.45%). Some genera such as Entoloma 

and Conocybe were mainly detected in B1(13.8% and 12.8%, respectively), whereas Fusicolla reached 

higher abundance in BM (6.61%) than the rest of the treatments. Other genera, including 

Cladosporium, Chaetomium, and Monocillium, were detected at lower proportions across treatments 

(≤3%). 

 

Figure 3. Average of relative abundance at phyla a) and genera b) taxonomic levels in the total fungal community 

associated with common bean rhizosphere following different cover crop treatments: BM, bare-soil fallow 

followed by common bean; B1, one cycle of U. brizantha cover cropping before common bean; B2, two 

consecutive cycles of U. brizantha cover cropping before common bean; PB, a perennial U. brizantha pasture; PS, 

Pristine soils under native vegetation, included as a reference site. 

3.3. LEfSe Analysis  

The linear discriminant analysis effect size (LefSe) revealed treatment-specific fungal biomarkers 

in the rhizosphere across the different management treatments (Figure 4). At the genus level, LEfSe 

analysis identified a total of 36 biomarker genera, with 8 biomarkers in BM, 6 in B1, 6 in B2, 4 in PB, 

and 12 in PS (Figure 4). Among the most representative genera, BM showed enrichment of Fusarium, 

Fusicolla, and Bipolaris. B1 was mainly associated with Immersiella, Torula, and Lectera, while 

Coprinopsis, Alternaria, and Psathyrella were the most representative genera in B2. PB showed 

enrichment of Gamsia, Chaetomium, and Pyrenochaeta. Finally, PS was characterized by Penicillium, 

Mycoleptodiscus, Purpureocillium and Knufia. 
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Figure 4. Differential abundance fungal taxa in the rhizosphere samples identified by LEfSe analysis following 

different cover crop treatments: BM, bare-soil fallow followed by common bean; B1, one cycle of U. brizantha 

cover cropping before common bean; B2, two consecutive cycles of U. brizantha cover cropping before common 

bean; PB, a perennial U. brizantha pasture; PS, Pristine soils under native vegetation, included as a reference site. 

Relative abundance of each genus is shown and color-coded according to standardized Z-scores, with red 

indicating enrichment (positive values) and blue indicating depletion (negative values) relative to the overall 

mean abundance across treatments. Grey bars represent LDA scores (log10) indicating the effect size of each taxon 

as a discriminant feature among treatments. 

3.4. Functional Potential of Rhizosphere Fungal Communities  

Functional guild (FUNGuild) analysis showed that the most abundant guilds included plant 

pathogens, plant saprotrophs, wood saprotrophs, endophytes, and undefined saprotrophs, which 

together accounted for the majority of the community in all treatments (Figure 5). In particular, the 

BM treatment exhibited a higher relative abundance of plant pathogens and plant saprotrophs, 

whereas B1 was characterized by a greater contribution of undefined saprotrophs and a 

comparatively lower representation of plant pathogens. B2 displayed intermediate values, 

maintaining relatively high saprotrophic abundance but with lower representation of plant-
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associated pathogenic guilds compared to BM. Perennial U. brizantha (PB) and pristine soil (PS) 

treatments were characterized by a shift toward more balanced functional profiles, with lower 

relative abundance of plant pathogens and a greater contribution of saprotrophic and symbiotrophic 

guilds. 

 

Figure 5. Relative abundance of fungal guilds following different cover crop treatments: BM, bare-soil fallow 

followed by common bean; B1, one cycle of U. brizantha cover cropping before common bean; B2, two 

consecutive cycles of U. brizantha cover cropping before common bean; PB, a perennial U. brizantha pasture; PS, 

Pristine soils under native vegetation, included as a reference site. 

3.4. Effect of U. Brizantha on Chemical, Physical and Microbiological Soil Properties 

The chemical, physical, and microbiological properties of soil responded to the inclusion of 

Urochloa brizantha as a cover crop or pasture (Figure 6). SOC, as the main component of soil organic 

matter, indicates the lowest values under common bean monoculture without CC (BM), while 

treatments including U. brizantha showed higher values, particularly under B2 and PB. In contrast, 

total nitrogen (TN) did not differ significantly among treatments, although low levels were observed 

in BM. Extractable phosphorus (eP) was similar among treatments, except for PB, which exhibited 

significantly lower values compared to BM. 

Regarding soil physical properties, water-holding capacity (WHC) did not differ significantly 

among treatments, however, it was lower in BM (Figure 6, Table S1). Soil electrical conductivity (EC) 

increased significantly only in B1, whereas values under the remaining U. brizantha treatments were 

comparable to those observed under BM. No significant differences were observed in soil pH among 

the treatments. Aggregate stability was lowest under BM and increased significantly under U. 

brizantha treatments, reaching values comparable to the reference site. Bulk density was highest 

under BM, while treatments with U. brizantha showed lower and similar levels.  

Microbiological indicators also varied in response to management. Microbial respiration was 

significantly higher under U. brizantha treatments, with values comparable to the reference site. 

Microbial biomass C and N varied among treatments, with the lowest values consistently observed 

under BM. Higher MBC values were observed in B1, while MBN was higher in B2 and PB, whereas 

the remaining treatments showed intermediate responses. The glomalin-related soil protein (GRSP) 

content increased significantly under perennial U. brizantha (PB), compared to BM and B1, which 

showed similarly low values, whereas B2 exhibited intermediate levels. 
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Figure 6. Mean values of soil chemical, physical and microbiological properties measured in the rhizosphere 

following different cover crop treatments: BM, bare-soil fallow followed by common bean; B1, one cycle of U. 

brizantha cover cropping before common bean; B2, two consecutive cycles of U. brizantha cover cropping before 

common bean; PB, a perennial U. brizantha pasture; PS, Pristine soils under native vegetation, included as a 

reference site. Different letters indicate values that are significantly different (p < 0.05). 

Enzymatic activity differed significantly among treatments (Figure 7, Table S1). For FDA, the PB 

treatment exhibited the highest activity, while B1, B2, and BM did not differ significantly from each 

other (Figure 7). AP activity differed significantly among treatments: PB and B1 had the highest 

activities and did not differ from each other, followed by B2 with intermediate values, and BM, which 

showed the lowest activity (Figure 7). No significant differences were observed among treatments for 

DHA (Figure 7). 
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Figure 7. Mean values of fluorescein diacetate (FDA) hydrolysis, acid phosphatase (AP) activity and 

dehydrogenase activity (DHA), following different cover crop treatments: BM, bare-soil fallow followed by 

common bean; B1, one cycle of U. brizantha cover cropping before common bean; B2, two consecutive cycles of 

U. brizantha cover cropping before common bean; PB, a perennial U. brizantha pasture; PS, Pristine soils under 

native vegetation, included as a reference site. Different letters indicate significant differences among treatments 

(p < 0.05). 

3.6. The Associations Between Fungal Communities and Environmental Factors   

Redundancy analysis (RDA) was performed to assess the influence of soil biological and 

physicochemical properties on microbial community composition at the genus level (Figure 8). The 

first axis RDA1 explained 26.26% of the total variation, and separated treatments along a clear 

gradient from BM, through B1, B2, and PB towards PS. The second axis RDA2 explained 11.79% of 

the variation and further distinguished BM, B1, and B2. Pristine soils (PS) were clearly separated from 

managed treatments and were positively associated with indicators of microbial biomass and activity 

(MBC, MBN, MR and AP), as well as with soil structural and chemical properties such as GRSP, Mg, 

and WHC. These variables were associated with the fungal genera Mortierella, Trechispora, 

Mycoleptodiscus, and Penicillium. The PB treatment occupied an intermediate position and showed 

associations with similar environmental variables and fungal taxa as PS. In contrast, B1 and B2 

treatments were associated with the soil C/N ratio and with the genera Entoloma, Conocybe, Immersiella 

and Phaeosphaeria. The BM treatment clustered separately from all other treatments and was 

associated with Fusicolla and Fusarium genera. 
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Figure 8. Redundancy Analysis (RDA) plot showing the relationship between fungal communities (orange 

arrows) and rhizosphere soil properties (black arrows) following different cover crop treatments: BM, bare-soil 

fallow followed by common bean; B1, one cycle of U. brizantha cover cropping before common bean; B2, two 

consecutive cycles of U. brizantha cover cropping before common bean; PB, a perennial U. brizantha pasture; PS, 

Pristine soils under native vegetation, included as a reference site. 

Forward selection retained eight environmental variables: GRSP, MR, MBN, MBC, Mg, WCH, 

AP, and C:N, and all variance inflation factors remained below 10, indicating no multicollinearity 

issues. The constrained model was globally significant (pseudo-F = 2.34, p = 0.001), explaining 75.7% 

of the total variance in community composition (R² = 0.757, adjusted R² = 0.433). The first three RDA 

axes were significant (RDA1: F = 6.49, p = 0.001; RDA2: F = 2.91, p = 0.005; RDA3: F = 2.67, p = 0.028), 

collectively capturing the major gradients structuring the community. Marginal permutation tests 

revealed that GRSP (F = 2.73, p = 0.002), C:N (F = 1.97, p = 0.020), and AP (F = 1.90, p = 0.042) exerted 

the strongest independent effects on community structure. Variation partitioning further showed that 

soil biological properties (GRSP, MR, MBN, MBC) explained a substantially larger unique fraction of 

community variation (adj. R² = 0.246, p = 0.002) than physicochemical properties (Mg, WCH, AP, C:N; 

adj. R² = 0.125, p = 0.018), while the shared fraction between both sets was relatively small (adj. R² = 

0.062), suggesting that biological and physicochemical drivers shape microbial community assembly 

through largely independent mechanisms. 

3.7. Correlation Analysis Between Fungal Communities and Soil Properties 

Spearman correlation analysis revealed significant associations between fungal taxa and soil 

properties (Figure 9). A group of fungal taxa was positively associated with indicators of microbial 

activity and organic matter content, including dehydrogenase activity, fluorescein diacetate 

hydrolysis, microbial biomass nitrogen, soil organic carbon, organic matter, and glomalin-related soil 

protein, while showing negative correlations with soil bulk density. In contrast, another group of taxa 

exhibited the opposite pattern, being associated with higher bulk density and reduced biological 

activity. For example, Epicoccum and Bipolaris were positively and significant associated with FDA 

activity and AP correlated positively and significantly with Epicoccum, Pyrenochaetopsis, and 

Phaeosphaeria. 
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Figure 9. Heatmap of Spearman correlation coefficients between soil properties and fungal communities. Red 

indicates positive correlations and blue negative correlations. Asterisks denote significance: *: p ≤ 0.05, **: p ≤ 

0.01, ***: p ≤ 0.001. BD: bulk density; Mg: magnesium; pH: soil pH; DHA: dehydrogenase activity; AP: acid 

phosphatase activity; GRSP: glomalin-related soil protein; FDA: fluorescein diacetate hydrolysis; MBC: 

microbial biomass carbon; AS: aggregate stability; MBN: microbial biomass nitrogen; TN: total nitrogen; SOC: 

soil organic carbon; OM: organic matter; WHC: water-holding capacity; K: potassium; EC: electrical 

conductivity. 

4. Discussion 

4.1. U. Brizantha Integration Shapes Fungal Communities in the Common Bean Rhizosphere 

Alpha diversity metrics (Shannon, Pielou’s evenness, observed features) did not differ 

significantly among treatments, indicating that management practices did not alter the overall 

taxonomic diversity of fungal communities. However, beta diversity analyses revealed a clear 

differentiation in community composition across treatments, suggesting that the inclusion of U. 

brizantha promoted species turnover, likely through changes in the quantity and quality of carbon 

inputs as well as soil microenvironmental conditions (Figure 2). In this context, fungal communities 

shifted from monoculture toward a structure more similar to that observed in systems with greater 

plant cover and continuous living roots. Previous studies in common bean systems have shown that 

management practices oriented toward sustainability, such us the inclusion of cover crops, promote 

more diverse and functionally complex fungal communities [53]. These results suggest that changes 

in vegetation structure and belowground carbon inputs are key drivers of fungal community 

assembly. Moreover, they support the existence of legacy effects of U. brizantha, whereby past cover 
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cropping influences current rhizosphere fungal community structure even after the reintroduction of 

the cash crop. 

The dominance of Ascomycota, Mortierellomycota, and Basidiomycota across all treatments is 

consistent with previous reports in agricultural soils [54–56]. However, clear shifts at the genus level 

reflected differences among management regimes. The common bean monoculture was characterized 

by higher relative abundances of Fusarium and Fusicolla, genera that include plant pathogens, 

suggesting that continuous monocropping may favor fungal groups potentially associated with 

increased disease risk [57,58]. Similar patterns have been reported in simplified agroecosystems, 

where reduced plant diversity can facilitate pathogen accumulation, whereas diversified systems 

promote beneficial microbial communities and greater overall microbial stability [53,59–61].  

In contrast, the inclusion of U. brizantha promoted greater representation of saprotrophic genera, 

including Mortierella, Penicillium, and Coprinellus, taxa frequently associated with organic matter 

turnover and nutrient mobilization [62,63]. Penicillium species, besides acting as saprotrophs, 

contribute to plant nutrition and health through the production of solubilized phosphorus, 

siderophores, and phytohormones [64,65]. Likewise, Mortierella species are capable of degrading 

complex carbon polymers and improving access to bioavailable P and Fe, even under unfavorable 

conditions, thereby supporting plant resilience [66]. The increase in acid phosphatase activity in the 

U. brizantha treatments indicates enhanced biological P mobilization [67]. However, the absence of 

differences in extractable P, even after long-term management, suggests that mobilized P is rapidly 

taken up by plants or immobilized within the microbial biomass [68].  

This pattern is likely reinforced by the high P demand of common bean, particularly considering 

that soil sampling was conducted during the reproductive stage of the crop, when nutrient uptake is 

maximal.  

4.2. Biomarker Taxa Revealed by LEfSe Analysis 

The LEfSe analysis revealed distinct fungal phyla associated with each management practice. 

The common bean monoculture (BM) was characterized by Ascomycota and genera such as Fusarium, 

Fusicolla, and Bipolaris, indicating a community enriched in taxa that includes well-known plant 

pathogens. This pattern is consistent with previous reports showing that continuous monoculture 

can favor pathogenic fungi and reduce microbial functional balance [69,70]. In contrast, one and two 

cycles of U. brizantha were associated with saprotrophic and potentially beneficial genera, including 

Immersiella, Clonostachys, Torula, Lectera, Alternaria, and Psathyrella, suggesting an enhancement of 

decomposition processes and nutrient cycling in response to pasture cover cropping. Cover crops 

have been shown to enhance saprotrophic fungal communities involved in residue breakdown and 

nutrient cycling, thereby increasing soil functional capacity [54]. Perennial U. brizantha (PB) was 

enriched in Gamsia, Chaetomium, and Pyrenochaeta, taxa associated with soil stability and biocontrol, 

indicating that longer-term cover crop management may foster a more resilient fungal community 

[71,72]. Finally, pristine soil (PS) harbored Penicillium, Mycoleptodiscus, and Purpureocillium, reflecting 

a fungal community structure characteristic of undisturbed systems. Overall, these findings reinforce 

that cover crop rotations can substantially modulate rhizosphere fungal communities, shifting them 

away from pathogen-enriched assemblages typical of monoculture toward saprotroph-dominated 

and potentially more functionally resilient configurations. 

4.3. Functional Guilds of the Rhizosphere Fungal Community  

The functional guild analysis suggests that soil management history influences the balance of 

fungal ecological roles by modifying plant residue inputs, root activity, and soil biological conditions. 

These factors likely shape the relative abundance of saprotrophic, pathogenic, and endophytic fungi 

in the rhizosphere. In particular, the monoculture system (BM) showed a marked increase in plant 

pathogenic fungi, consistent with previous studies indicating that continuous monocropping 

promotes pathogen accumulation, decline of beneficial microbes, and microbial imbalance, which 

together drive disease and yield loss [73]. In contrast, the B1 treatment showed a shift toward a more 
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regulated functional profile, with lower representation of pathogenic guilds while maintaining 

saprotrophic activity, indicating that using cover crops can help disrupt pathogen cycles and promote 

more balanced plant–soil interactions [74]. This shift suggests that diversification practices may 

contribute to enhancing rhizosphere resilience and reducing the risk of disease development in 

cropping systems. 

4.4. Effects of U. Brizantha in Soil Properties and Enzymatic Activities  

The inclusion of U. brizantha markedly influenced soil structural and biological indicators 

compared with the common bean monoculture, which consistently showed the lowest values across 

most variables. Higher SOC and organic matter levels under U. brizantha, particularly in the B2 and 

perennial pasture treatments suggest greater organic inputs and enhanced C stabilization, likely 

associated with sustained root biomass, rhizodeposition, and reduced soil disturbance [75,76]. These 

changes were accompanied by lower bulk density and higher aggregate stability, indicating 

improved soil structural resilience [77]. Tropical grasses with dense root systems are widely 

recognized for promoting aggregation through both physical root entanglement and microbial-

mediated binding processes, reinforcing the role of U. brizantha in enhancing soil physical quality. 

Importantly, the response followed a management gradient. While one or two cover crop cycles 

(B1 and B2) already promoted improvements relative to monoculture, the perennial pasture showed 

the strongest effects, approaching values observed in the reference site. This pattern suggests that 

both the presence and the duration of plant cover are key drivers of soil structural recovery [78]. 

However, although perennial U. brizantha maximized soil improvements, maintaining consecutive 

years without a cash crop may represent a practical limitation for grain-oriented systems. In this 

context, the intermediate responses observed under B1 and B2 indicate that shorter-term integrations 

may provide a realistic compromise, achieving substantial gains in soil quality while preserving 

production feasibility.                    

Microbial respiration, microbial biomass C and N, and GRSP were generally higher under U. 

brizantha treatments, particularly in PB, indicating enhanced microbial activity. Together with the 

observed shifts in fungal community composition, these results suggest that the inclusion of U. 

brizantha not only restructures fungal assemblages but also strengthens their functional contribution 

to soil processes related to nutrient cycling and aggregation [63,79]. 

4.5. Relationships Between Soil Properties and Fungal Communities 

The RDA analysis revealed a clear gradient in fungal community structure associated with 

management intensity, ranging from the bare-soil fallow system toward the pristine soil condition, 

indicating a consistent response of fungal community assembly to management practices. Along this 

gradient, treatments progressively shifted toward conditions characterized by higher microbial 

biomass, respiration, and improved soil structural properties. This pattern suggests that soil 

management practices strongly influence rhizosphere fungal communities by modifying the 

biological functioning of the soil environment [80]. In particular, the results suggest that soil 

biological processes are primary determinants of fungal community structure, as variation 

partitioning showed that biological variables (GRSP, MBC, MBN, and MR) explained a larger unique 

fraction of community variation than physicochemical properties [81]. GRSP emerged as a key driver 

of fungal community organization, likely due to its role in promoting aggregate stability and 

facilitating hyphal network development [82–84]. Since GRSP is closely associated with fungal 

biomass production and soil structural maintenance, this result suggests that management practices 

capable of stimulating fungal-mediated carbon stabilization may contribute to the reorganization of 

rhizosphere communities. Importantly, the incorporation of Urochloa brizantha cover cropping shifted 

fungal community composition along the ecological recovery gradient. Even a single cover crop cycle 

(B1) produced detectable changes in community structure, indicating that implementation of one 

cycle of cover crop can initiate soil biological restoration processes. The association of B1 and B2 with 

higher C:N ratios suggests that residue quality and nutrient stoichiometry may regulate transitional 
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stages of microbial community restructuring. These patterns collectively indicate that cover cropping 

does not merely increase fungal diversity but promotes a functional reorganization of the rhizosphere 

microbiome toward communities associated with organic matter turnover, structural stabilization, 

and nutrient cycling [85–87]. These findings reinforce that legacy effects operate through both 

biological and physicochemical pathways, integrating changes in microbial activity, residue inputs, 

and soil structure to drive long-term shifts in fungal community assembly. 

Overall, these findings highlight that management interventions involving cover crops can 

rapidly influence rhizosphere fungal community assembly by enhancing soil biological functioning. 

The results suggest that even short-term cover crop implementation may initiate ecological recovery 

trajectories in degraded agroecosystems, supporting the integration of cover crops as a sustainable 

soil management strategy. 

4.6. Correlation Analysis 

Correlation analysis indicated that specific fungal taxa were associated with fertile and 

biologically active soils. The positive relationships with enzymatic activities (DHA, FDA, AP), 

microbial biomass (MBN), and nutrient pools (SOC, TN, OM) suggest that these taxa are favored in 

soils with enhanced organic matter turnover and nutrient cycling [80,88].The negative correlations 

with bulk density indicate an association with less compacted soils, characterized by greater porosity 

and more favorable conditions for microbial activity [89]. Genera such as Penicillium and 

Purpureocillium have been reported to exhibit saprophytic and nutrient-solubilizing capacities [65,90], 

while Gamsia and Knufia has been associated with stress tolerance and organic matter decomposition 

[91]. In this context, the observed associations are consistent with a role of these taxa in organic matter 

turnover and nutrient cycling. 

Positive associations of Knufia, Aplosporella, Purpureocillium, and Penicillium with enzymatic 

activity, nutrient availability, and soil organic matter indicate that these taxa may contribute to 

nutrient cycling, organic matter stabilization, and overall soil fertility, in line with their reported 

saprotrophic or plant growth-promoting functions [65,91]. Conversely, negative correlations of 

Fusarium, Clonostachys, Alternaria, and Bipolaris with soil enzymatic activity and nutrient pools, 

together with their positive association with bulk density, suggest that these taxa may proliferate 

under soil compaction, reduced aeration, and lower organic matter content, conditions often linked 

to soil degradation and plant stress [92,93]. These patterns are consistent with the notion that 

management practices enhancing organic matter inputs and enzymatic activity can shift fungal 

communities toward beneficial taxa while suppressing opportunistic or pathogenic groups, thereby 

improving soil resilience and agroecosystem sustainability. 

5. Conclusions 

The integration of Urochloa brizantha into common bean systems reshaped rhizosphere fungal 

community composition without affecting overall diversity, indicating that management primarily 

drives species turnover rather than richness. Cover crop inclusion shifted communities away from 

pathogen-enriched assemblages typical of monoculture toward more functionally balanced 

configurations associated with enhanced soil biological activity. Importantly, even a single cover crop 

sequence was sufficient to induce these changes. These results highlight that interrupting 

monoculture through strategic cover crop inclusion can improve soil biological functioning without 

compromising cropping frequency, supporting more sustainable and agronomically viable 

production systems. 

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure 

S1: Diversity indices of fungal communities in rhizosphere soils: a) Shannon, b) Pielou ś eveness, c) Observed 

features, measured in the rhizosphere of the following treatments (n = 3): BM = common bean monoculture; B1 

= U. brizantha/common bean; B2 = U. brizantha/U. brizantha/common bean; PB = perennial U. brizantha; PS = 

Pristine soils under native vegetation, included as a reference site. Different lowercase letters indicate statistically 
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significant differences among treatments based on ANOVA followed by Tukey’s HSD test (p ≤ 0.05); Table S1: 

Mean values of chemical, physical and microbiological soil properties in the rhizosphere soil (0–10 cm depth) of 

common bean across treatments: BM, bare-soil fallow followed by common bean; B1, one cycle of U. brizantha 

cover cropping before common bean; B2, two consecutive cycles of U. brizantha cover cropping before common 

bean; PB, a perennial U. brizantha pasture; PS, Pristine soils under native vegetation, included as a reference site. 

In each row, different upper-case letters indicate significant differences (p ≤ 0.05) between treatments according 

to LSD’s test; Table S2: Trimming summary showing the number of initial reads, reads that pass quality control, 

reads after denoising step, number of sequences after merging them by their 3’, and the resulting non-chimeric 

sequences. BM = common bean monoculture; B1 = U. brizantha/common bean; B2 = U. brizantha/U. 

brizantha/common bean; PB = perennial U. brizantha; PS = Pristine soils under native vegetation, included as a 

reference site.  

Author Contributions: Conceptualization, C.P.B. and C.L.A.; methodology, C.L.A.,G.L. and C.P.B.; software, 

G.L. and C.L.A.; validation, G.L., C.L.A., A.F. and J.O.; formal analysis, C.L.A., G.L., A.F. and C.P.B; investigation 

C.L.A., G.L. and C.P.B.; formal analysis, C.L.A., G.L., A.F., J.O. and C.P.B.; resources, C.P.B. and S.V.G.; data 

curation, C.L.A., G.L., A.F., J.O.; writing—original draft preparation, C.L.A., CP.B. and G.L.; writing—review 

and editing, C.L.A., G.L. and C.P.B.; visualization, C.P.B, S.V.G., G.L., A.F. and J.O.; supervision, C.P.B. and 

S.V.G.; project administration, C.P.B. and S.V.G.; funding acquisition, C.P.B. and G.L. All authors have read and 

agreed to the published version of the manuscript.  

Funding: This research was funded by the National Institute of Agricultural Technology (INTA) (2023-705 PD-

I093-INTA), FONCyT-PICT 2019-00896, the National Scientific and Technical Research Council (CONICET) by 

PIP 2022-2024 112202101 00162CO and by the Concurso Anillos de Investigación en Á reas Temáticas, ANID 

project, ATE220038.  

Data Availability Statement: The original contributions presented in this study are included in the 

article/Supplementary Material. Further inquiries can be directed to the corresponding authors.  Please be 

informed that the high-throughput sequencing data has been uploaded to the NCBI database, under BioProject 

ID: PRJNA1459626. You can access the data through the following link: 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1459626 

Acknowledgments: We thank the members of the Soil, Water, and Fertilizer Laboratory group of INTA EEA 

Salta, especially Mr. David Alvarez. The authors also acknowledge the supercomputing infrastructure of 

Soroban (SATREPS MACH—JPM/JSA1705) at Centro de Modelación y Computación Científica at Universidad 

de La Frontera. 

Conflicts of Interest: All authors declare that there is no conflict of interest in this work.  

References 

1. Pozza, L.E.; Field, D.J. The Science of Soil Security and Food Security. Soil Security 2020, 1, 100002, 

doi:https://doi.org/10.1016/j.soisec.2020.100002. 

2. Suman, J.; Rakshit, A.; Ogireddy, S.D.; Singh, S.; Gupta, C.; Chandrakala, J. Microbiome as a Key Player in 

Sustainable Agriculture and Human Health. Frontiers in Soil Science 2022, 2. 

3. Brussaard, L. Biodiversity and Ecosystem Functioning in Soil. Ambio 1997, 26, 563–570. 

4. Berendsen, R.L.; Pieterse, C.M.J.; Bakker, P.A.H.M. The Rhizosphere Microbiome and Plant Health. Trends 

Plant Sci. 2012, 17, 478–486, doi:10.1016/j.tplants.2012.04.001. 

5. Nguyen, N.H.; Song, Z.; Bates, S.T.; Branco, S.; Tedersoo, L.; Menke, J.; Schilling, J.S.; Kennedy, P.G. 

FUNGuild: An Open Annotation Tool for Parsing Fungal Community Datasets by Ecological Guild. Fungal 

Ecol. 2016, 20, 241–248, doi:https://doi.org/10.1016/j.funeco.2015.06.006. 

6. Kramer, S.; Marhan, S.; Ruess, L.; Armbruster, W.; Butenschoen, O.; Haslwimmer, H.; Kuzyakov, Y.; 

Pausch, J.; Scheunemann, N.; Schoene, J.; et al. Carbon Flow into Microbial and Fungal Biomass as a Basis 

for the Belowground Food Web of Agroecosystems. Pedobiologia (Jena). 2012, 55, 111–119, 

doi:https://doi.org/10.1016/j.pedobi.2011.12.001. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 22 

 

7. Vega, F.E.; Goettel, M.S.; Blackwell, M.; Chandler, D.; Jackson, M.A.; Keller, S.; Koike, M.; Maniania, N.K.; 

Monzón, A.; Ownley, B.H.; et al. Fungal Entomopathogens: New Insights on Their Ecology. Fungal Ecol. 

2009, 2, 149–159, doi:https://doi.org/10.1016/j.funeco.2009.05.001. 

8. Hinsinger, P.; Bengough, A.G.; Vetterlein, D.; Young, I.M. Rhizosphere: Biophysics, Biogeochemistry and 

Ecological Relevance. Plant Soil 2009, 321, 117–152. 

9. Jones, D.L.; Hinsinger, P. The Rhizosphere: Complex by Design. In Proceedings of the Plant and Soil; 

November 2008; Vol. 312, pp. 1–6. 

10. Mendes, R.; Garbeva, P.; Raaijmakers, J.M. The Rhizosphere Microbiome: Significance of Plant Beneficial, 

Plant Pathogenic, and Human Pathogenic Microorganisms. FEMS Microbiol. Rev. 2013, 37, 634–663. 

11. Bardgett, R.D.; van der Putten, W.H. Belowground Biodiversity and Ecosystem Functioning. Nature 2014, 

515, 505–511, doi:10.1038/nature13855. 

12. Nannipieri, P.; Hannula, S.E.; Pietramellara, G.; Schloter, M.; Sizmur, T.; Pathan, S.I. Legacy Effects of 

Rhizodeposits on Soil Microbiomes: A Perspective. Soil Biol. Biochem. 2023, 184, 109107, 

doi:https://doi.org/10.1016/j.soilbio.2023.109107. 

13. Li, X.; Jousset, A.; de Boer, W.; Carrión, V.J.; Zhang, T.; Wang, X.; Kuramae, E.E. Legacy of Land Use History 

Determines Reprogramming of Plant Physiology by Soil Microbiome. ISME J. 2019, 13, 738–751, 

doi:10.1038/s41396-018-0300-0. 

14. Iqbal, S.; Begum, F.; Nguchu, B.A.; Claver, U.P.; Shaw, P. The Invisible Architects: Microbial Communities 

and Their Transformative Role in Soil Health and Global Climate Changes. Environ. Microbiome 2025, 20, 

36, doi:10.1186/s40793-025-00694-6. 

15. van der Putten, W.H.; Bradford, M.A.; Pernilla Brinkman, E.; van de Voorde, T.F.J.; Veen, G.F. Where, When 

and How Plant–Soil Feedback Matters in a Changing World. Funct. Ecol. 2016, 30, 1109–1121, 

doi:https://doi.org/10.1111/1365-2435.12657. 

16. Kuerban, M.; Cong, W.-F.; Jing, J.; Bezemer, T.M. Microbial Soil Legacies of Crops under Different Water 

and Nitrogen Levels Determine Succeeding Crop Performance. Plant Soil 2023, 485, 167–180, 

doi:10.1007/s11104-022-05412-6. 

17. Li, Y.; Shi, C.; Wei, D.; Gu, X.; Wang, Y.; Sun, L.; Cai, S.; Hu, Y.; Jin, L.; Wang, W. Soybean Continuous 

Cropping Affects Yield by Changing Soil Chemical Properties and Microbial Community Richness. Front. 

Microbiol. 2022, Volume 13-2022. 

18. García-González, I.; Hontoria, C.; Gabriel, J.L.; Alonso-Ayuso, M.; Quemada, M. Cover Crops to Mitigate 

Soil Degradation and Enhance Soil Functionality in Irrigated Land. Geoderma 2018, 322, 81–88, 

doi:10.1016/j.geoderma.2018.02.024. 

19. Tittonell, P.; Piñeiro, G.; Garibaldi, L.A.; Dogliotti, S.; Olff, H.; Jobbagy, E.G. Agroecology in Large Scale 

Farming—A Research Agenda. Front. Sustain. Food Syst. 2020, Volume 4-2020. 

20. Baptistella, J.L.C.; de Andrade, S.A.L.; Favarin, J.L.; Mazzafera, P. Urochloa in Tropical Agroecosystems. 

Front. Sustain. Food Syst. 2020, Volume 4-2020. 

21. Merloti, L.F.; Bossolani, J.W.; Mendes, L.W.; Rocha, G.S.; Rodrigues, M.; Asselta, F.O.; Crusciol, C.A.C.; 

Tsai, S.M. Investigating the Effects of Brachiaria (Syn. Urochloa) Varieties on Soil Properties and 

Microbiome. Plant Soil 2024, 503, 29–46, doi:10.1007/s11104-023-06225-x. 

22. Galdos, M. V; Brown, E.; Rosolem, C.A.; Pires, L.F.; Hallett, P.D.; Mooney, S.J. Brachiaria Species Influence 

Nitrate Transport in Soil by Modifying Soil Structure with Their Root System. Sci. Rep. 2020, 10, 5072, 

doi:10.1038/s41598-020-61986-0. 

23. Prado, L.G.; Habermann, E.; Costa, K.A. de P.; da Silva, L.M.; Costa, J.V.C.P.; da Costa Severiano, E.; Costa, 

A.C.; Silva, J.A.G. e; Vilela, L.; Silva, F.G.; et al. Impact of Different Brachiaria Ruziziensis Management 

Practices in a Crop-Livestock Integration System on Soil Health, Soybean Physiology, and Yields. Agric. 

Ecosyst. Environ. 2025, 393, 109808, doi:https://doi.org/10.1016/j.agee.2025.109808. 

24. Brito, L. de C.R. de; Souza, H.A. de; Araújo Neto, R.B. de; Azevedo, D.M.P. de; Sagrilo, E.; Vogado, R.F.; 

Carvalho, S.P.; Ferreira, A.C. de M.; Cavigelli, M.A. Improved Soil Fertility, Plant Nutrition and Grain Yield 

of Soybean and Millet Following Maize Intercropped with Forage Grasses and Crotalaria in the Brazilian 

Savanna. Crop Pasture Sci. 2023, 74, 438–448, doi:10.1071/CP22251. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 22 

 

25. Calonego, J.C.; Raphael, J.P.A.; Rigon, J.P.G.; Oliveira Neto, L. de; Rosolem, C.A. Soil Compaction 

Management and Soybean Yields with Cover Crops under No-till and Occasional Chiseling. European 

Journal of Agronomy 2017, 85, 31–37, doi:10.1016/j.eja.2017.02.001. 

26. Momesso, L.; Crusciol, C.A.C.; Leite, M.F.A.; Bossolani, J.W.; Kuramae, E.E. Forage Grasses Steer Soil 

Nitrogen Processes, Microbial Populations, and Microbiome Composition in A Long-Term Tropical 

Agriculture System. Agric. Ecosyst. Environ. 2022, 323, 107688, 

doi:https://doi.org/10.1016/j.agee.2021.107688. 

27. Tanaka, K.S.; Crusciol, C.A.C.; Soratto, R.P.; Momesso, L.; Costa, C.H.M.; Franzluebbers, A.J.; Oliveira 

Junior, A.; Calonego, J.C. Nutrients Released by Urochloa Cover Crops Prior to Soybean. Nutr. Cycl. 

Agroecosyst. 2019, 113, 267–281, doi:10.1007/s10705-019-09980-5. 

28. Pérez Brandán, C.P.; Chavarría, D.; Huidobro, J.; Meriles, J.M.; Brandan, C.P.; Vargas Gil, S. Influence of a 

Tropical Grass (Brachiaria Brizantha Cv. Mulato) as Cover Crop on Soil Biochemical Properties in a 

Degraded Agricultural Soil. Eur. J. Soil Biol. 2017, 83, 84–90, doi:10.1016/j.ejsobi.2017.10.009. 

29. Taboada, G.; Abán, C.L.; Mercado Cárdenas, G.; Spedaletti, Y.; Aparicio González, M.; Maita, E.; Ortega-

Baes, P.; Galván, M. Characterization of Fungal Pathogens and Germplasm Screening for Disease 

Resistance in the Main Production Area of the Common Bean in Argentina. Front. Plant Sci. 2022, 13. 

30. Abán, C.L.; Larama, G.; Ducci, A.; Huidobro, J.; Abanto, M.; Vargas-Gil, S.; Pérez-Brandan, C. Soil 

Properties and Bacterial Communities Associated with the Rhizosphere of the Common Bean after Using 

Brachiaria Brizantha as a Service Crop: A 10-Year Field Experiment. Sustainability (Switzerland) 2023, 15, 

doi:10.3390/su15010488. 

31. Walkley, A.; Black, I.A. An Examination of the Degtjareff Method for Determining Soil Organic Matter, and 

a Proposed Modification of the Chromic Acid Titration Method. Soil Sci. 1934, 37. 

32. Bremner, J.M. Nitrogen-Total. In Methods of Soil Analysis; SSSA Book Series; 1996; pp. 1085–1121 ISBN 

9780891188667. 

33. Bray, R.H.; Kurtz, L.T. Determination of Total, Organic, and Available Forms of Phosphorus in Soils. Soil 

Sci. 1945, 59. 

34. Blake, G.R.; Hartge, K.H. Bulk Density. In Methods of Soil Analysis; SSSA Book Series; 1986; pp. 363–375 

ISBN 9780891188643. 

35. Corvalan, Franzoni, Huidobro - Unknown - Microsieves Method to Estimate Soil Aggregate Stability 

1−2mm. 

36. Vance, E.D.; Brookes, P.C.; Jenkinson, D.S. An Extraction Method for Measuring Soil Microbial Biomass C. 

Soil Biol. Biochem. 1987, 19, 703–707, doi:10.1016/0038-0717(87)90052-6. 

37. Alef 5 - Estimation of Microbial Activities. In Methods in Applied Soil Microbiology and Biochemistry; Alef, K., 

Nannipieri, P., Eds.; Academic Press: London, 1995; pp. 193–270 ISBN 978-0-12-513840-6. 

38. Wright, S. F., & Upadhyaya, A. Extraction of an abundant and unusual protein from soil and comparison 

with hyphal protein of arbuscular mycorrhizal fungi. Soil Science, 1996. 161(9), 575–586. 

39. Adam, G.; Duncan, H. Development of a Sensitive and Rapid Method for the Measurement of Total 

Microbial Activity Using Fluorescein Diacetate (FDA) in a Range of Soils. Soil Biol. Biochem. 2001, 33, 943–

951, doi:https://doi.org/10.1016/S0038-0717(00)00244-3. 

40. Casida, L.E.; Klein, D.A.; Santoro, T. Soil Dehydrogenase Activity. Soil Sci. 1964, 98. 

41. Tabatabai, M.A.; Bremner, J.M. USE OF P-NITROPHENYL PHOSPHATE FOR ASSAY OF SOIL 

PHOSPHATASE ACTIVITY; Pzrgamon Press, 1969; Vol. 1;. 

42. Schoch, C.L.; Seifert, K.A.; Huhndorf, S.; Robert, V.; Spouge, J.L.; Levesque, C.A.; Chen, W.; Bolchacova, E.; 

Voigt, K.; Crous, P.W.; et al. Nuclear Ribosomal Internal Transcribed Spacer (ITS) Region as a Universal 

DNA Barcode Marker for Fungi. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 6241–6246, 

doi:10.1073/pnas.1117018109. 

43. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-

Resolution Sample Inference from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583, 

doi:10.1038/nmeth.3869. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 22 

 

44. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, 

E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, Interactive, Scalable and Extensible Microbiome Data 

Science Using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857, doi:10.1038/s41587-019-0209-9. 

45. Nilsson, R.H.; Anslan, S.; Bahram, M.; Wurzbacher, C.; Baldrian, P.; Tedersoo, L. Mycobiome Diversity: 

High-Throughput Sequencing and Identification of Fungi. Nat. Rev. Microbiol. 2019, 17, 95–109, 

doi:10.1038/s41579-018-0116-y. 

46. Aitchison, J. The Statistical Analysis of Compositional Data. Journal of the Royal Statistical Society: Series B 

(Methodological) 1982, 44, 139–160, doi:https://doi.org/10.1111/j.2517-6161.1982.tb01195.x. 

47. Anderson, M.J. A New Method for Non-Parametric Multivariate Analysis of Variance. Austral Ecol. 2001, 

26, 32–46, doi:https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x. 

48. Nguyen, N.H.; Song, Z.; Bates, S.T.; Branco, S.; Tedersoo, L.; Menke, J.; Schilling, J.S.; Kennedy, P.G. 

FUNGuild: An Open Annotation Tool for Parsing Fungal Community Datasets by Ecological Guild. Fungal 

Ecol. 2016, 20, 241–248, doi:10.1016/j.funeco.2015.06.006.  

49. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data 

with DESeq2. Genome Biol. 2014, 15, 550, doi:10.1186/s13059-014-0550-8.  

50. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O'Hara, R.B.; 

Simpson, G.L.; Solymos, P.; Stevens, M.H.H.; Szoecs, E.; Wagner, H. Vegan: Community Ecology Package. 

R Package Version 2.5-7, 2020. Available online: https://CRAN.R-project.org/package=vegan.  

51. Legendre, P.; Legendre, L. Numerical Ecology, 3rd ed.; Developments in Environmental Modelling, Vol. 

24; Elsevier: Amsterdam, 2012; ISBN 978-0-444-53868-0.  

52. Wei, T.; Simko, V. R Package "Corrplot": Visualization of a Correlation Matrix. Version 0.92, 2021. Available 

online: https://github.com/taiyun/corrplot  

53. Suarez-Fernandez, M.; Ferreira, J.J.; Campa, A. Impact of Farming System on Soil Microbial Communities 

Associated with Common Bean in a Region of Northern Spain. Plants 2025, 14, doi:10.3390/plants14091359. 

54. Detheridge, A.P.; Brand, G.; Fychan, R.; Crotty, F. V; Sanderson, R.; Griffith, G.W.; Marley, C.L. The Legacy 

Effect of Cover Crops on Soil Fungal Populations in a Cereal Rotation. Agric. Ecosyst. Environ. 2016, 228, 

49–61, doi:https://doi.org/10.1016/j.agee.2016.04.022. 

55. Muturi, E.J.; Dunlap, C.A.; Ramirez, J.L.; Perry, W.L.; Heller, N.; Rhykerd, R.L. Fungal Community 

Composition and Diversity Across Soil Depths Under Different Cover Crop Treatments. Journal of Fungi 

2026, 12, doi:10.3390/jof12020100. 

56. Grinhut, T.; Hadar, Y.; Chen, Y. Degradation and Transformation of Humic Substances by Saprotrophic 

Fungi: Processes and Mechanisms. Fungal Biol. Rev. 2007, 21, 179–189, 

doi:https://doi.org/10.1016/j.fbr.2007.09.003. 

57. Zhang, Z.; Zhang, J.; Dong, Y. Nitrogen Fertilizer Management Effectively Improves Soil Quality in 

Continuous Monocropping and Alleviates Fusarium Wilt in Faba Bean. Plant Cell Environ. 2025, n/a, 

doi:https://doi.org/10.1111/pce.70092. 

58. Yang, W.; Guo, Y.; Wang, D.; Zhang, Z.; Dong, Y. Intercropping Wheat Alleviated Soil Acidification and 

Suppressed Fusarium Wilt of Faba Bean. Plant Soil 2024, 505, 397–417, doi:10.1007/s11104-024-06680-0. 

59. Li, Q.; Cai, S.; Fang, Y.; Khan, M.U.; Zhang, B.; Duan, X.; Fan, S.; Lu, C.; Li, M.; Gu, L.; et al. Rhizosphere 

Microbiome Assembly Mediated by Consecutive Monoculture Triggers the Replant Disease of Rehmannia 

Glutinosa. Applied Soil Ecology 2023, 190, 104971, doi:https://doi.org/10.1016/j.apsoil.2023.104971. 

60. Chen, S.; Yu, H.; Zhou, X.; Wu, F. Cucumber (Cucumis Sativus L.) Seedling Rhizosphere Trichoderma and 

Fusarium Spp. Communities Altered by Vanillic Acid. Front. Microbiol. 2018, Volume 9-2018. 

61. Zhou, X.; Wu, F. Vanillic Acid Changed Cucumber (Cucumis Sativus L.) Seedling Rhizosphere Total 

Bacterial, Pseudomonas and Bacillus Spp. Communities. Sci. Rep. 2018, 8, 4929, doi:10.1038/s41598-018-

23406-2. 

62. Li, F.; Chen, L.; Redmile-Gordon, M.; Zhang, J.; Zhang, C.; Ning, Q.; Li, W. Mortierella Elongata’s Roles in 

Organic Agriculture and Crop Growth Promotion in a Mineral Soil. Land Degrad. Dev. 2018, 29, 1642–1651, 

doi:https://doi.org/10.1002/ldr.2965. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 22 

 

63. Merloti, L.F.; Bossolani, J.W.; Mendes, L.W.; Rocha, G.S.; Rodrigues, M.; Asselta, F.O.; Crusciol, C.A.C.; 

Tsai, S.M. Investigating the Effects of Brachiaria (Syn. Urochloa) Varieties on Soil Properties and 

Microbiome. Plant Soil 2023, doi:10.1007/s11104-023-06225-x. 

64. Elias, F.; Woyessa, D.; Muleta, D. Phosphate Solubilization Potential of Rhizosphere Fungi Isolated from 

Plants in Jimma Zone, Southwest Ethiopia. Int. J. Microbiol. 2016, 2016, 5472601, 

doi:https://doi.org/10.1155/2016/5472601. 

65. Wakelin, S.A.; Warren, R.A.; Harvey, P.R.; Ryder, M.H. Phosphate Solubilization by Penicillium Spp. 

Closely Associated with Wheat Roots. Biol. Fertil. Soils 2004, 40, 36–43, doi:10.1007/s00374-004-0750-6. 

66. Ozimek, E.; Hanaka, A. Mortierella Species as the Plant Growth-Promoting Fungi Present in the 

Agricultural Soils. Agriculture 2021, 11, doi:10.3390/agriculture11010007. 

67. Nannipieri, P.; Giagnoni, L.; Renella, G.; Puglisi, E.; Ceccanti, B.; Masciandaro, G.; Fornasier, F.; Moscatelli, 

M.C.; Marinari, S. Soil Enzymology: Classical and Molecular Approaches. Biol. Fertil. Soils 2012, 48, 743–

762. 

68. Boitt, G.; Simpson, Z.P.; Tian, J.; Black, A.; Wakelin, S.A.; Condron, L.M. Plant Biomass Management 

Impacts on Short-Term Soil Phosphorus Dynamics in a Temperate Grassland. Biol. Fertil. Soils 2018, 54, 397–

409, doi:10.1007/s00374-018-1269-6. 

69. Li, Y.; Li, Z.; Arafat, Y.; Lin, W. Studies on Fungal Communities and Functional Guilds Shift in Tea 

Continuous Cropping Soils by High-Throughput Sequencing. Ann. Microbiol. 2020, 70, 7, 

doi:10.1186/s13213-020-01555-y. 

70. Pérez-Brandán, C.; Huidobro, J.; Grümberg, B.; Scandiani, M.M.; Luque, A.G.; Meriles, J.M.; Vargas-Gil, S. 

Soybean Fungal Soil-Borne Diseases: A Parameter for Measuring the Effect of Agricultural Intensification 

on Soil Health. Can. J. Microbiol. 2014, 60, 73–84, doi:10.1139/cjm-2013-0792. 

71. Schmidt, R.; Mitchell, J.; Scow, K. Cover Cropping and No-till Increase Diversity and 

Symbiotroph:Saprotroph Ratios of Soil Fungal Communities. Soil Biol. Biochem. 2019, 129, 99–109, 

doi:10.1016/j.soilbio.2018.11.010. 

72. Muhammad, I.; Wang, J.; Sainju, U.M.; Zhang, S.; Zhao, F.; Khan, A. Cover Cropping Enhances Soil 

Microbial Biomass and Affects Microbial Community Structure: A Meta-Analysis. Geoderma 2021, 381, 

114696, doi:https://doi.org/10.1016/j.geoderma.2020.114696. 

73. Schlatter, D.; Kinkel, L.; Thomashow, L.; Weller, D.; Paulitz, T. Disease Suppressive Soils: New Insights 

from the Soil Microbiome. Phytopathology 2017, 107, 1284–1297, doi:10.1094/PHYTO-03-17-0111-RVW. 

74. Vukicevich, E.; Lowery, T.; Bowen, P.; Ú rbez-Torres, J.R.; Hart, M. Cover Crops to Increase Soil Microbial 

Diversity and Mitigate Decline in Perennial Agriculture. A Review. Agron. Sustain. Dev. 2016, 36. 

75. Galdos, M. V.; Brown, E.; Rosolem, C.A.; Pires, L.F.; Hallett, P.D.; Mooney, S.J. Brachiaria Species Influence 

Nitrate Transport in Soil by Modifying Soil Structure with Their Root System. Sci. Rep. 2020, 10, 

doi:10.1038/s41598-020-61986-0. 

76. Prado, L.G.; Habermann, E.; de Pinho Costa, K.A.; da Silva, L.M.; Costa, J.V.C.P.; da Costa Severiano, E.; 

Costa, A.C.; e Silva, J.A.G.; Vilela, L.; Silva, F.G.; et al. Impact of Different Brachiaria Ruziziensis 

Management Practices in a Crop-Livestock Integration System on Soil Health, Soybean Physiology, and 

Yields. Agric. Ecosyst. Environ. 2025, 393, 109808, doi:https://doi.org/10.1016/j.agee.2025.109808. 

77. Ducci, A.; Abán, C.; Huidobro, J.; Vargas-Gil, S.; Acreche, M.; Pérez-Brandan, C. Short-Term Service Crops 

Affect the Spatial Organization of Soil Aggregates, Microbial C[Sbnd]N Biomass, and Microbial Activities 

in a Degraded Monoculture System. Applied Soil Ecology 2024, 199, doi:10.1016/j.apsoil.2024.105419. 

78. Tiemann, L.K.; Grandy, A.S.; Atkinson, E.E.; Marin-Spiotta, E.; Mcdaniel, M.D. Crop Rotational Diversity 

Enhances Belowground Communities and Functions in an Agroecosystem. Ecol. Lett. 2015, 18, 761–771, 

doi:10.1111/ele.12453. 

79. Lehmann, A.; Zheng, W.; Rillig, M.C. Soil Biota Contributions to Soil Aggregation. Nat. Ecol. Evol. 2017, 1, 

1828–1835, doi:10.1038/s41559-017-0344-y. 

80. Schmidt, R.; Mitchell, J.; Scow, K. Cover Cropping and No-till Increase Diversity and 

Symbiotroph:Saprotroph Ratios of Soil Fungal Communities. Soil Biol. Biochem. 2019, 129, 99–109, 

doi:10.1016/j.soilbio.2018.11.010. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 22 

 

81. Lehmann, A.; Zheng, W.; Rillig, M.C. Soil Biota Contributions to Soil Aggregation. Nat. Ecol. Evol. 2017, 1, 

1828–1835, doi:10.1038/s41559-017-0344-y. 

82. Gao, W.Q.; Wang, P.; Wu, Q.S. Functions and Application of Glomalin-Related Soil Proteins: A Review. 

Sains Malays. 2019, 48, 111–119. 

83. Rillig, M.C. Arbuscular Mycorrhizae, Glomalin, and Soil Aggregation; 

84. Bedini, S.; Pellegrino, E.; Avio, L.; Pellegrini, S.; Bazzoffi, P.; Argese, E.; Giovannetti, M. Changes in Soil 

Aggregation and Glomalin-Related Soil Protein Content as Affected by the Arbuscular Mycorrhizal Fungal 

Species Glomus Mosseae and Glomus Intraradices. Soil Biol. Biochem. 2009, 41, 1491–1496, 

doi:10.1016/j.soilbio.2009.04.005. 

85. Cazzaniga, S.G.; van den Elsen, S.; Lombaers, C.; Kroonen, M.; Visser, J.; Postma, J.; Mommer, L.; Helder, 

J. On the Legacy of Cover Crop-Specific Microbial Footprints. Soil Biol. Biochem. 2023, 184, 

doi:10.1016/j.soilbio.2023.109080. 

86. Escobar Ortega, J.S.; Aguilar Vásquez, N.N.; Á vila Alba, T.; García de Salamone, I.E. Impact of Management 

of Cover Crop–Soybean Agroecosystems on Rhizosphere Microbial Communities. Eur. J. Soil Sci. 2021, 72, 

1154–1176, doi:10.1111/ejss.13057. 

87. Tonitto, C.; David, M.B.; Drinkwater, L.E. Replacing Bare Fallows with Cover Crops in Fertilizer-Intensive 

Cropping Systems: A Meta-Analysis of Crop Yield and N Dynamics. Agric. Ecosyst. Environ. 2006, 112, 58–

72, doi:10.1016/j.agee.2005.07.003. 

88. Tiemann, L.K.; Grandy, A.S.; Atkinson, E.E.; Marin-Spiotta, E.; Mcdaniel, M.D. Crop Rotational Diversity 

Enhances Belowground Communities and Functions in an Agroecosystem. Ecol. Lett. 2015, 18, 761–771, 

doi:10.1111/ele.12453. 

89. Torppa, K.A.; Forkman, J.; Maaroufi, N.I.; Taylor, A.R.; Vahter, T.; Vasar, M.; Weih, M.; Ö pik, M.; Viketoft, 

M. Soil Compaction Effects on Arbuscular Mycorrhizal Symbiosis in Wheat Depend on Host Plant Variety. 

Plant Soil 2023, 493, 555–571, doi:10.1007/s11104-023-06250-w. 

90. Girardi, N.S.; Sosa, A.L.; Etcheverry, M.G.; Passone, M.A. In Vitro Characterization Bioassays of the 

Nematophagous Fungus Purpureocillium Lilacinum: Evaluation on Growth, Extracellular Enzymes, 

Mycotoxins and Survival in the Surrounding Agroecosystem of Tomato. Fungal Biol. 2022, 126, 300–307, 

doi:https://doi.org/10.1016/j.funbio.2022.02.001. 

91. Nai, C.; Wong, H.Y.; Pannenbecker, A.; Broughton, W.J.; Benoit, I.; de Vries, R.P.; Gueidan, C.; Gorbushina, 

A.A. Nutritional Physiology of a Rock-Inhabiting, Model Microcolonial Fungus from an Ancestral Lineage 

of the Chaetothyriales (Ascomycetes). Fungal Genetics and Biology 2013, 56, 54–66, 

doi:https://doi.org/10.1016/j.fgb.2013.04.001. 

92. Hartmann, M.; Six, J. Soil Structure and Microbiome Functions in Agroecosystems. Nat. Rev. Earth Environ. 

2023, 4, 4–18, doi:10.1038/s43017-022-00366-w. 

93. Ding, M.; Dai, H.; He, Y.; Liang, T.; Zhai, Z.; Zhang, S.; Hu, B.; Cai, H.; Dai, B.; Xu, Y.; et al. Continuous 

Cropping System Altered Soil Microbial Communities and Nutrient Cycles. Front. Microbiol. 2024, Volume 

15-2024.  

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2026 doi:10.20944/preprints202605.0870.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0870.v1
http://creativecommons.org/licenses/by/4.0/

