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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
(524°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 Aban 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 x 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 x 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 (Ca?*), and magnesium
(Mg?"), 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
Corvalan 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 CO,-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 DADAZ2, 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 a = 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 R? 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 Bl 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.

5.0 4
© e
™ Treatments
I (@] [ J
8" oe .
e ° b
™ [ O B2
E PB
5.0 ® Ps
-10.0
-5.0 0.0 5.0 10.0

PC1 (22.31%)

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
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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; Bl, 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. Bl 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,
Moycoleptodiscus, Purpureocillium and Knufia.

© 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/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0870.

8 of 22

9.38 9.49 - g. Fusarium z-score
1.02 1.84 - g. Fusicollo ' 2
0.20 055 0.09 - g. Bipolaris 1
0.42 145 0.20 - g. Phoeosphaerio 0
0.56 0.76 0.09 - g. Epicoccum .
0.01 0.00 0.00 - g. Neoascochyto i
0.06 0.00 0.00 B g Honnoello =2
006 | 001 0.00 I g Artculospora Marker

023 0.25 0.00 - g. Immersielia BM

0.33 100 | 01 B o Toruie M B

0.67 066 | 0.10 B g lectero B2

0.03 113 | 005 0.06 B 9 Sesguicilium PB

0.76 0.69 - g. Clonostachys . PS

0.02 042 | 000 | 0.00 B ¢ Curvierio

0.04 0.74 0.00 0.00 I 9 Coprinopsis

1.05 0.87 - 0.02 1&@ - g. Alternaria

0.35 0.03 0.00 0.00 Bl o Psathyrella

074 | 065 0.08 B o Pseudopithomyces

0.05 071 001 | 019 - g. Rhizophlyctis

003 | 051 0.01 0.00 B ¢ Thanatephorus

000 | 001 | 003 0.1 B o Gomsio

004 | 013 0.72 0.25 B g Choetomium

0.07 0.02 0.30 0.00 I o Pyrenochoeta

015 | 040 | 046 Bl 9 Periconio

045 1.54 2.39 418 I o Penicitium

0.00 | 000 | 000 | 000 I 9 Mycoleprodiscus

0.04 0.24 0.22 0.35 B g rPurpureocillivm

000 | 000 | 000 | 0.0 Bl o knufic

000 | 000 | 001 | 0.00 B g Auxarthron

014 | 009 | 003 | 025 B o Paroconiothyrium

000 | 020 | 005 | 0.00 B o /driela

000 | 000 | 001 | 0.02 I 5 Aplosporelia

0.05 | 0.00 051 | 0.0 B o Chrysosporium

000 | 000 | 000 | 0.00 B g Absidia

000 | 000 | 0.00 | 0.0 B o lepiowo

0.00 | 000 | 000 | 0.00 B s /iyonectria

o

BM  B1 B2 PB PS

o
=
on
>-l=-

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 (logi) 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 Bl 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.
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Figure 5. Relative abundance of fungal guilds following different cover crop treatments: BM, bare-soil fallow
followed by common bean; Bl, 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,
Muycoleptodiscus, 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.

@
Treatment
@
BM
@ B1
0.5 1 O B2
9 PB
[ @ Ps
-
=
L]
< A Entaloma
E ii Con )L‘}'L-w‘l
0.0+ C. Immersiella
D.  Phaeosphaeria
E.  Fusicolla
F. Fusarium
GRSP G.  Mortierelia
H.
I
J.
-0.51
0.0 0.5 1.0

RDA 1 (26.26%)

© 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/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2026 d0i:10.20944/preprints202605.0870.v1

12 of 22

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 (R? = 0.757, adjusted R? = 0.433). The first three RDA
axes were significant (RDA1: F = 6.49, p = 0.001; RDA2: F =291, 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. R?=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. R? =
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 Bl 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’s eveness, ¢) Observed
features, measured in the rhizosphere of the following treatments (n = 3): BM = common bean monoculture; Bl
= 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; Bl = 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.
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