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Abstract: Intensive agricultural farming practices, such as monoculture, require long bare fallow
periods and the overuse of agrochemicals, which compromise soil health over time. Increasing
plant diversity in agroecosystems with service crops represents a promising alternative to achieving
sustainability goals. However, how specific cover crop species influence the abundance and structure
of soil bacterial communities remains to be solved. In this study, we assessed the effects of B. brizantha
in two different agricultural cycles for 10 years in a common bean monoculture system in the
northwestern region of Argentina (NWA) by measuring chemical, physical, and microbiological
parameters in the rhizosphere, as well as by screening the rhizobiome using 16S rRNA sequencing.
The ten-year inclusion of B. brizantha had a positive impact on properties in the rhizosphere compared
to the common bean monoculture. The bacterial beta-diversity was different among treatments, but
not the alpha-diversity. The most abundant phyla were Actinobacteria, Proteobacteria, Acidobacteria,
Chloroflexi and Myxococcota. The predicted functions related to chemoheterotrophy and aerobic
chemoheterotrophy were increased under B. brizantha treatments compared to the bean monoculture.
The inclusion of the pasture B. brizantha contributed to restoring soil health and minimizing soil
degradation.

Keywords: service crops; bacterial rhizobiome; monoculture; sustainability; common bean; Brachiaria
brizantha; soil properties; 16S rRNA gene amplicon sequencing

1. Introduction

The common bean (Phaseolus vulgaris L.) is a major grain legume consumed worldwide,
and is an inexpensive and significant source of protein, complex carbohydrates, fibers,
vitamins and minerals, especially in South America, Africa, and Asia [1]. In the last decades,
Argentina has been one of the top five major exporters of the common bean, and exports
up to 95% of its production. Common beans are grown mainly in the northwestern region
of Argentina (NWA), principally in the Salta province. For several decades, the traditional
common bean management system consisted of monoculture with intensive agricultural
practices (monoculture, conventional tillage, plowing, excessive pesticides application)
focused on crop productivity and economic yields, which in turn caused progressive
soil degradation, yield decline, and quality deterioration. Although no-tillage has been
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included in recent years as a sustainable agricultural method to increase soil productivity,
the monoculture has provided a low replacement of carbon, total nitrogen, and associated
nutrients to the soil, as well as an altered and/or diminished physical-chemical quality
with consequent effects that include a reduction in diversity and microbial activity and an
increased incidence of diseases caused by soil-borne fungi [2–4].

In the last decades, the idea that agroecosystems should be managed more like nat-
ural ecosystems has grown considerably, because intensive farming, which involves soil
degradation, the overuse of agrochemicals, the loss of biodiversity, and greenhouse gasses
emissions, affects climate change and human health [5,6]. In this context, the inclusion
of service crops, also known as cover crops, has been proposed to improve soil health
to thereby contribute to sustainable food production and preservation of the long-term
sustainability of the agricultural system [7–9]. The use of service crops is an agronomic
conservationist practice that aims to reduce soil erosion by replacing bare fallows, which
provides a great amount of crop residues. In addition, service crops reduce the presence of
weeds, promote nutrient cycling, carbon sequestration, biological activity, and crop yield
as a result of agroecosystem diversification [10]. In general, the systematic use of service
crops leads to a lower need for the application of chemical products, such as fungicides and
nitrogenous fertilizers [11–13]. Several studies have addressed the benefits of service crops,
which are particularly useful to increase SOC storage, nitrogen, and micronutrients [14–17],
and also improve other soil physical properties, such as aggregate stability, water infiltra-
tion and retention, and bulk density [18–20]. Among the numerous service crops species,
Brachiaria brizantha is a widely distributed African native grass and a valuable fodder crop
in the tropics that is well adapted to soil fertility restrictions and management systems.
This forage grass provides an abundant and highly nutritious volume of plant and root
residues that increases carbon supply, favors the activity and diversity of soil microorgan-
isms [3], enhances nitrogen use efficiency, and subsequently minimizes greenhouse gas
emissions [21,22]. Previous studies have reported the benefits of Brachiaria brizantha on
some chemical, physical and biochemical soil parameters in a degraded common bean
monoculture system in northwest Argentina. [3,19]. However, the effect of service crops
like B. brizantha on the abundance and composition of rhizosphere microbial communities
still remains poorly understood.

Soil microbial communities and their associations with plants have been intensively
studied over the past several years, due to growing evidence that these communities can
affect the development, productivity, and resilience of crops [23–25]. The rhizosphere soil
is the narrow zone of soil where complex interactions occur between plant roots and their
resident microorganisms (rhizobiome) [26,27]. The rhizobiome plays a critical role in plant
health and growth by providing key functions involved in nutrient acquisition, growth
factor production, tolerance to biotic and abiotic stress, and protection against pathogen
infection [24,28–30]. Edaphic factors and plant genotype are the main drivers that shape
the composition and metabolic activities of the rhizobiome [26,31,32]. The rhizobiome
can be altered by different agronomic practices, such as tillage, agrochemical applications,
crop rotation, and the inclusion of service crops, which thus influence the plant–soil
interactions [33]. A better understanding of how the applied agricultural management
practices affect soil microbiota in determined edapho-climatic contexts is needed in order to
promote sustainable agriculture [34,35] and to develop strategies for enhancing soil health
and plant productivity.

The objective of this study was to analyze how B. brizantha, as a service crop, affected
the rhizosphere soil’s chemical, physical, and microbiological parameters in the subsequent
cash crop (the common bean). First, the rhizosphere samples were collected to determine
the characteristics of the common bean rhizosphere. Then, we extracted the DNA from
the rhizosphere of the common bean to study the abundances of bacteria and fungi using
quantitative PCR (qPCR). Furthermore, we assessed the bacterial composition of the com-
mon bean rhizobiome using amplicon sequencing of the 16S r RNA gene. We hypothesized
that (i) the use of service crops, specifically B. brizantha, would contribute to improve the
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chemical, physical, and biological fertility of the soil by favoring an enrichment of the
rhizobiome that would promote plant performance, and (ii) the inclusion of B. brizantha as
a long-term cover crop would increase the abundance and change the diversity of microbial
groups.

2. Materials and Methods
2.1. Field Experiment

A field trial was established in 2009 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 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. The climate
is subtropical serrano with an average temperature of 23 ◦C in the summer and 15 ◦C in
the winter [36], and the mean annual precipitation is 900 mm, which occurs mainly during
spring–summer, with a prolonged dry season in the winter. Before the establishment of the
trial, the site was cropped under intensive monoculture for more than 50 years, with long
periods of fall–winter fallow.
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The experimental design was carried out in randomized complete blocks with three
replicates. The treatments were: one crop cycle of B. brizantha (B1: B. brizantha/common
bean); two consecutive crop cycles of B. brizantha (B2: B. brizantha/B. brizantha/common
bean); and a common bean monoculture without a service crop (BM: fallow/common bean).
Each replicate consisted of independent plots (experimental units) measuring 15 m wide by
50 m long, at a distance of 2.5 m from one another. Regarding treatment B1, B. brizantha was
sown in the spring (in September) by seed drill (a sowing machine) at a distance of 0.26 m
between rows. Then, at the end of November until flowering, the service crop was killed
with glyphosate (48% i.a., 3 L ha-1). In B2, the grass B. brizantha was sown during the spring
(in September) and allowed to grow until it naturally dried in the autumn of the following
year. Then, during the spring of the following year, the grass B. brizantha was sown for the
second consecutive time and followed the same drying process explained previously for
B1. During the service crop period, no fertilizers, pesticides, or other agrochemicals were
applied to service crops treatments (B1, B2). In the case of BM, long periods of fall–winter
fallow were maintained. In January, at the beginning of the rainy season, the common
bean was planted in the plots corresponding to B1, B2, and BM with seed drill at a distance
of 0.52 m to result in 28 rows, so no ploughing was done during the experiment. During
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the crop cycle, the common bean was managed using recommended production practices,
including pesticide applications (Dimethoate 40% p/v EC (Perfekthion®, BASF, Mexico,
Mexico) at a dose of 300 mL ha−1 and 2-metaxicarbamoil-bencimidazol (Carbendazim® 50,
Nufarm, Buenos Aires, Argentina)). In the plots where the common bean was sown (B1, B2,
and BM) pesticide applications were made twice during the crop cycle. The first application
was made 30 days after planting and the second 15 days after the first application if the
environmental conditions favored the development of diseases. No chemical fertilizers
were used during the growth of the common bean crop. Weeds were controlled using
the pre-emergent herbicides Pivot® H BASF (imazethapyr 10.59%) and Dual Gold® (S-
Metolachlor: 96%p/v Syngenta at a dose of 400 mL ha−1 and 500 mL ha−1, respectively).
Thirty days after sowing, herbicide was applied (Flex® fomesafen: 25% p/v Syngenta) at a
dose of 500 mL ha−1.

2.2. Rhizosphere Soil Sampling and Sample Preparation

In 2019, 10 years after starting the field trial, rhizosphere soil samples, defined as
soil loosely adhered to the roots, were collected from the common bean, which was at the
phenological stage of flowering (R5). For each replicate, composite rhizosphere soil samples
were collected from 10 common bean plants that were extracted by digging around the
plant with a shovel, to a depth of 10 cm. Then, plants were shaken to sample the soil loosely
adhering to the roots, placed in polyethylene bags, and processed immediately. These
composite samples were sieved (2 mm) to remove roots and small stones, homogenized,
and divided into three parts: the first subsample was air dried at 20 ± 2 ◦C/24 h and stored
for chemical and physical analysis; the second subsample was stored at 4 ◦C for measuring
microbial activities and microbial biomass; and the third subsample (10 g) was stored at
−20 ◦C for later DNA extraction and subsequent molecular analysis.

2.3. Rhizosphere Soil Chemical and Physical Analyses

Soil organic carbon (SOC) content was determined by the Walkley and Black method [37].
Total nitrogen (N) was determined by the micro-Kjeldahl method [38], and extractable
phosphorus (eP) was quantified by the Bray and Kurtz method [39]. Soil bulk density (BD)
was measured by the core method described by Blake and Hartge [40], using cores that
were 3 cm in diameter, 10 cm in length, and 70.65 cm3 in volume. Aggregate stability (AS)
was estimated by following the method of micro-sieves (1–2 mm), according to Corvalán
et al. [41]. The water holding capacity (WHC) was determined gravimetrically, and the soil
pH and electrical conductivity (EC) were measured potentiometrically in a 1:2.5 soil/water
suspension.

2.4. Rhizosphere Soil Microbial Biomass and Respiration

The concentrations of microbial biomass carbon (MBC) and microbial biomass nitrogen
(MBN) were determined based on the chloroform fumigation–inoculation method [42,43].
Microbial respiration (MR) was determined as potentially mineralizable C (CO2–C respi-
ration) according to Alef [44]. Briefly, the amount of CO2 released was measured from
rhizosphere soil samples (20 g) that were previously treated with chloroform, de-fumigated,
inoculated with non-fumigated rhizosphere soil (1 g), and incubated with 0.2 M of NaOH
at 28 ◦C for 10 days in the dark. Non-fumigated rhizosphere soil samples were incubated
at the same time. The released CO2 was measured using 0.2 N of HCl. Control treatments
(tubes with non-fumigated rhizosphere soil, that is, soils without chloroform) were included
for the quantification of C in soil microbial biomass and for microbial respiration (without
rhizosphere soil, only bottles with 15 mL of 0.1 N of NaOH).

2.5. Rhizosphere Soil Enzymatic Activities

General microbial activity was assessed by the hydrolysis of fluorescein diacetate
activity (FDA) derived from extracellular and membrane enzymes (esterase, protease,
and lipase) involved in this reaction, which followed the modified method of Adam and
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Duncan [45]. Dehydrogenase activity (DHA) was determined according to García et al. [46],
which reflects the total range of the oxidative activity of soil microorganisms. The activity of
acid phosphatase (AP) was determined using the procedure of Tabatabai and Bremner [38].

2.6. Rhizosphere Soil DNA Extraction

Total rhizosphere soil DNA was extracted using the PowerSoil® DNA Isolation kit
(MoBIO, USA) according to the manufacturer’s instructions. DNA yield and quality were
measured using a DeNovix DS-11 spectrophotometer (DeNovix, Wilmington, DE, United
States). DNA samples were stored at −20 ◦C.

2.7. Quantification of Bacterial and Fungal Genes

The bacterial 16S rRNA gene copy numbers, as well as the fungal 18S rRNA gene copy
numbers, were amplified from rhizosphere DNA by (qPCR) with primers 338F/534R [47]
and SSU 1536/Fu 1851 [48], respectively, which followed the protocol by Liu et al. [49]. For
each sample, three independent PCR reactions were performed in a Line-Gene 9600 and by
fluorometric monitoring with SYBR Green PCR Master Mix (Mezcla Real®, Biodynamics).
The qPCR amplifications were performed in 25 µL reactions containing 10 ng of DNA, 0.2
µM of each primer, and 12.5 µL of premix SYBR Green PCR Master Mix (Mezcla Real®,
Biodynamics). Standard curves were generated using triplicate 10-fold dilutions of plasmid
DNA. For the bacterial 16S rRNA gene, standards were between 2.07 × 102 to 2.07 × 108

copies, the slope was −3.502 with an amplification efficiency of 93%, and the R2 value
was 0.998. For the fungal 18S rRNA gene, standards were between 4.60 × 102 to 4.60 ×
108 copies, the slope was −3.345 with an amplification efficiency of 99%, and the R2 value
was 0.995. The melt curve and 1.5% agarose gel electrophoresis were used to confirm the
specificity of the PCR products (Table S1).

2.8. High Throughput Sequencing of 16S rRNA Gene Amplicons and Bioinformatic Analysis

Extracted DNA was sent to Novogene Inc. (Beijing, China) for library prepara-
tion and amplicon sequencing in a NovaSeq 6000 platform for 250 cycles in paired-
end mode. The 16S rRNA V3–V4 gene regions were amplified using primers 341F (5′-
CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) with bar-
codes attached (Table S1; [50]). The quality of the resulting reads was analyzed using
QIIME2 [51] built-in applications and was used to train an error correction model using
DADA2 to obtain the amplicon sequence variants (ASV) [52]. The taxonomic assignment
of the ASV was performed using a pre-trained Naïve Bayes classifier of the V3–V4 region
of 16S gene deposited in the SILVA138 database. The phylogenetic relationship between
ASV was obtained by constructing a phylogenetic tree using the FastTree algorithm [53]
based on a masked alignment constructed with MAFFT [54].

2.9. Statistical and Bioinformatic Analyses

The chemical, physical, and microbiological parameters were analyzed by analysis of
variance (ANOVA) using InfoStat Professional v2017 [55]. The assumptions of the ANOVA
of normality, homogeneity of variances, and independence of errors were tested using
the Shapiro–Wilk test and visual inspection of residuals. When confirming a statistically
significant p value, the LSD Fisher test (p < 0.05) was used for comparison.

For the bioinformatics analysis, the samples were rarified at a sampling depth of
56,325 amplicons for the measurements of alpha diversity (Shannon’s diversity index and
Faith’s phylogenetic diversity), richness (observed ASV), and evenness (Pielou’s even-
ness) using QIIME2, and the statistical significance among treatments was tested using
the Kruskal–Wallis test. The beta diversity was explored using a principal component
analysis (PCA) of Aitchison distances computed from raw abundances. The statistical
determination of differences between treatments was evaluated by permutational mul-
tivariate analysis of variance (PERMANOVA) with 999 random permutations using the
adonis function from the vegan package contained in the R environment. The differences
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at the taxon level were assessed using a Zero-Inflated Gaussian Mixture Model (ZIGMM)
using the metagenomeSeq R package [56] on cumulative sum scaling (CSS) normalized
abundances. The functional potentials of the microbial communities were analyzed using
functional annotation of the prokaryotic taxa (FAPROTAX) [57] by following the prescribed
guidelines. A PCA was carried out in order to determine the structure and relationship
between physicochemical and biological properties using the R package “stats”. The rela-
tionships between soil parameters were determined by Pearson’s correlation (r) using the
R package “corrplot” version 0.84 [58], with the statistical significance set at p ≤ 0.01. Then,
a redundancy analysis (RDA) was performed to identify the relationship among bacterial
families with some physicochemical and biological properties parameters using the rda
function from the vegan R package.

3. Results
3.1. Effect of the Inclusion of B. brizantha Service Crop on Soil Chemical and Physical Parameters

Soil chemical and physical properties were changed by the inclusion of different cycles
of B. brizantha after 10 years of starting the field assay (Table 1). The soil organic carbon
(SOC) and organic matter (OM) content in the B2 (B. brizantha/B. brizantha/common bean)
and B1 (B. brizantha/common bean) was significantly increased (p < 0.01) after 10 years,
and was 44% and 25% higher than the common bean monoculture (BM), respectively. The
Total N followed the same dynamics as the SOC, and was 33% and 22% significantly higher
(p < 0.01) in the B2 and B1, respectively, than the BM. A slight decrease in C/N ratios was
observed under the BM. Regarding extractable phosphorus (eP), no significant differences
were registered between treatments.

Table 1. Rhizosphere soil chemical and physical parameters for different service crop treatments:
B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = fallow/common
bean monoculture (control). In each row, different lower-case letters indicate significant differences
(p ≤ 0.05) between treatments.

B1 B2 BM

Chemical parameters
SOC (%) a 1.24 ± 0.12 ab 1.42 ± 0.04 a 0.99 ± 0.18 b
OM (%) b 2.13 ± 0.2 ab 2.44 ± 0.07 a 1.7 ± 0.32 b

Total N (%) c 0.11 ± 0 ab 0.12 ± 0.01 a 0.09 ± 0.02 b
C/N d 11 ± 1 ab 12 ± 0 a 10.67 ± 0.58 b

eP (p.p.m.) e 22 ± 1.73 a 20.33 ± 5.03 a 23.33 ± 3.79 a
Physical parameters

Bulk density 1.42 ± 0.04 b 1.36 ± 0.07 b 1.66 ± 0.11 a
Agregate stability 36.99 ± 8.17 b 50 ± 1.93 a 14.75 ± 1.47 c

WHC (%) f 32.67 ± 1.53 a 31.33 ± 1.15 ab 28 ± 2.65 b
pH 7.07 ± 0.38 a 6.83 ± 0.06 a 7.07 ± 0.06 a

EC (mmhos/cm) g 0.65 ± 0.23 a 0.37 ± 0.02 ab 0.27 ± 0.08 b
a SOC: Soil organic carbon. b OM: Organic matter. c Total N: Total nitrogen. d C/N: Carbon nitrogen ratio. e eP:
Extractable phosphorus. f WHC: Water holding capacity. g EC: Electrical conductivity.

The inclusion of service crops significantly improved physical parameters in the
rhizosphere of the common bean (p < 0.01). The bulk density (BD) decreased in the service
crop treatments compared to the BM (p < 0.01). By contrast, the aggregate stability (AS)
was 239% and 151% higher in the B2 and B1 treatments, respectively, when compared to
the BM (p < 0.01). Likewise, the WHC increased in the service crop treatments, and was
higher in B1 (17%) and B2 (12%) than in BM. The pH was similar among all treatments
(p > 0.05). Finally, the highest values of EC were observed in both service crop treatments,
with the highest recorded in B1 (140%), followed by B2 (37%).
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3.2. Rhizosphere Soil Microbial Biomass and Respiration

The inclusion of B. brizantha during the fallow period had significant and positive
effects on the common bean rhizobiome biomass (Figure 2). The MBC was significantly
increased when compared to the BM, with the highest values found for the B1 (46%),
followed by B2 (14%) (Figure 2a). The MBN also increased with the inclusion of service
crops, but the highest values were observed in the B2 (42% higher than the BM), followed
by the B1 (22% higher than the BM) and the BM (Figure 2b). Likewise, the MR increased
significantly in the B2, followed by the B1, with their values being 35% and 29% higher
than the BM, respectively (Figure 2c).
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3.3. Rhizosphere Soil Enzyme Activities

The inclusion of B. brizantha in different agricultural cycles for 10 years had a significant
effect on enzyme activities (Figure 3). The FDA of both service crop treatments (B1 and B2)
was 10% higher than the BM (Figure 3a). Regarding DHA activity, no significant differences
were found between treatments and the control BM (Figure 3b). The AP activity increase
significantly in the service crops, and the highest values were observed in the B1 treatment,
which was 86% higher than the BM, while B2 was 48% higher than the BM (Figure 3c).
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Figure 3. Mean values of fluorescein diacetate (FDA) hydrolysis (a), dehydrogenase activity (DHA)
(b) and acid phosphatase (AP) activity (c), measured under different service crop treatments:
B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture (control). Different letters indicate values that are significantly different (p ≤ 0.05). Error
bars indicate standard error.

3.4. Bacterial and Fungal Abundance Via qPCR

The bacterial and fungal abundance of the common bean rhizobiome were affected by
the inclusion of B. brizantha (Figure 4). The mean values of bacterial abundance were similar
among the different cycles of B. brizantha, at 2.98 × 1025 (B1) and 3.22 × 1025 (B2) copy
numbers per gram of soil, but were significantly lower than the BM (2.90× 1026) (Figure 4a).
The number of rDNA copies of fungal 18S showed the opposite trend to bacterial 16S rDNA.
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The mean values of fungal abundance were significantly different among the different
cycles of B. brizantha, at 1.59 × 1015 (B1) and 2.47 × 1015 (B2) copy numbers per gram of
soil, but were significantly higher than the BM (4.27 × 1014 copy numbers per gram of soil)
(Figure 4b).
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Figure 4. Quantitative results of bacteria 16S rRNA gene (a) and fungal 18S rRNA gene (b), mea-
sured under different service crop treatments: B1 = B. brizantha/common bean; B2 = B. brizan-
tha/B. brizantha/common bean; BM = common bean monoculture (control). Different letters indicate
values that are significantly different (p ≤ 0.05). Error bars indicate standard error.

3.5. Bacterial Community Structure and Composition: Abundance and Diversity

We analyzed the influence of B. brizantha as a service crop on the common bean
rhizosphere bacterial community using Illumina sequencing. The sequencing run produced
a total of 1,546,670 raw reads across nine input libraries. After the quality filtering step,
a total of 722,422 sequences were retained, and ranged from 65,603 to 97,005, with an
average of 80,269 (Table S2). Regarding bacterial diversity, the Kruskal–Wallis test did
not show significant differences between treatments in the following measures: Shannon
diversity (H = 4.3556, p = 0.1133), Pielou´s evenness (H = 3.4667, p = 0.1767), observed
features (H = 2.4889, p = 0.2881), nor Faith´s phylogenetic diversity (H = 3.2889, p = 0.1931)
(Figure 5).
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Figure 5. Analysis of alpha-diversity indices: Shannon (A) Pielou´s (B), observed OTU´s (C),
Faiths´s phylogenetic diversity (D), measured under different service crop treatments: B1 = B. brizan-
tha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean monoculture
(control).

These results indicated that no obvious difference in alpha diversity was noted in
the common bean rhizobiome with or without service crop treatments. However, visual
observation of the boxplot shows that most alpha diversity parameters between the B1 and
B2 treatments tended to be similar among them, but lower than the BM.

The beta diversity of the bacterial community in the common bean rhizosphere was
tested using PERMANOVA on an Aitchison distance matrix constructed based on raw
ASV count, and it showed significant differences among the treatments (p value = 0.004,
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F = 1.8648, r2 = 0.3833), which explained 39.23% of the observed variation. Bacterial com-
munities were also visualized in a PCA (Figure 6). Three replicates usually clustered closely,
underscoring the reproducibility of the bacterial community profiles. Rhizosphere soil sam-
ples from the service crop treatments (B1 and B2) were clearly separated from the common
bean monoculture without service crop treatment (BM) by principal component 1 (PC1),
which represented 22.31% of the total variation (Figure 6). The rhizosphere-associated
bacterial microbiota of B1 and B2 were more homogeneous to each other according to
PC1 (22.31%), but were clearly separated by PC2, which represented 16.92% of the total
variation (Figure 6).
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B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture (control).

The composition of the bacterial communities at the phylum level was similar among
the different treatments. Based on the analysis of the top 20 most abundant bacterial phyla,
the dominant phyla in the common bean rhizosphere included Actinobacteria (30.34~32.36%)
and Proteobacteria (25.60~27.48%), followed by Acidobacteriota (7.28~9.02%), Chloroflexi
(6.12~7.35%), Myxococcota (5.89~7.21%), and other less abundant phyla (Figure 7a, Table S3).
The common bean bacterial rhizobiomes under treatments with B. brizantha showed slight
but higher relative abundances of Acidobacteriota and Verrumicrobiota when compared to the
BM (Figure 7a, Table S3). In particular, in the B1, relative abundances of Proteobacteria and
Acidobacteriota were 1.36% and 1.74% higher than the BM, respectively (Table S3). In the B2,
the relative abundances of Acidobacteriota, Firmicutes, Verrumicrobiota and Entotheonellaeota
were 1.17%, 1.09%, 0.59% and 0.3% higher than the BM, respectively (Table S3).
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Figure 7. Average of relative abundance at phyla (a) and family (b) taxonomic levels in the total bac-
terial community associated with common bean rhizosphere under different service crop treatments:
B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture (control). Relative abundances are based on the proportional frequencies the ASV that
could be classified at the phylum and family levels, related to the total ASV identified in the samples.

At the family level, the results were also similar among treatments, and showed
the same representative groups with similar abundances. Gemmatimonadaceae and Mi-
cromonosporaceae were the most abundant families, with over 4% relative abundance in
the three treatments (Figure 7b; Table S4). In particular, the relative abundance of Pyri-
nomonadaceae in the B1 and B2 were 1.1% and 0.95% higher than the BM, respectively. The
Rhizobiaceae in the B1 and B2 were 0.7% and 0.58% higher than the BM, respectively. The
relative abundances of Xanthobacteraceae were also higher in the B1 (0.35%) and B2 (0.67%)
than in the BM (Figure 7b; Table S4).

At the genus level, higher abundances of Bacillus, RB41, Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium, Unknown Nitrososphaeraceae, Streptomyces, Unknown Vici-
namibacteraceae, and Bradyrhizobium were observed in the treatments with B. brizantha
when compared to the BM (Figure S1; Table S5). The BM showed higher abundances of
Microvirga and Sphingomonas.

The number and distribution of ASVs among the different service crop treatments are
shown in the UpSet plots (Figure 8). When comparing B1 vs BM, the results showed that
the number of ASVs shared between B1 vs BM represented 46% of all ASVs (1561/3382
ASV), while the BM presented 30% (999) of the unique ASV and the B1 presented 24% (822)
(Figure 8a). In the same trend, the comparison between B2 vs BM showed that the number
of ASV shared among B2 vs BM represented 45% (1508) of the total ASVs (3363), while the
BM presented 31% (1052) of unique ASVs, and the B2 presented 24% (803) (Figure 8b).
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comprises 8312 members belonging to 92 groups. In this study, a total of 42 functional 
groups were obtained, and the top two dominant functional groups were chemohetero-
trophy and aerobic chemoheterotrophy, with a relative abundance range of 86.76–88.01% 
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tion (8.62–9.90%), nitrate reduction (7–7.36%), aerobic ammonia oxidation (4.21–5.79%), 
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Figure 8. (a) UpSet plot showing comparison of ASVs shared between treatments B1 and BM. In the
left panel, the circles indicate their presence in the group, and bars at the top indicate the number of
shared ASV types. The bottom figure shows the number of reads for each sample of ASV in each
group. The right panel shows the relative abundance of the ASVs in B1, BM, and between B1 and
BM. (b) UpSet plot showing comparison of ASVs shared between treatments B2 and BM. In the left
panel, the circles indicate their presence in the group, and bars at the top indicate the number of
shared ASV types. The bottom figure shows the number of reads for each sample of ASV in each
group. The right panel shows the relative abundance of the ASVs in B2, BM, and between B2 and BM.
B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture.

3.6. Predicted Functions of the Bacterial Community

The FAPROTAX analysis was performed to predict the functions of the rhizosphere
soil bacterial community (Figure S2). In the current database, the FAPROTAX database
comprises 8312 members belonging to 92 groups. In this study, a total of 42 functional
groups were obtained, and the top two dominant functional groups were chemoheterotro-
phy and aerobic chemoheterotrophy, with a relative abundance range of 86.76–88.01% and
84.62–85.93%, respectively (Figure S2). Other functional groups included fermentation
(8.62–9.90%), nitrate reduction (7–7.36%), aerobic ammonia oxidation (4.21–5.79%), and
nitrification (4.21–5.79%), among others. In particular, treatments with B. brizantha tended
to increase functional groups related to chemoheterotrophy, aerobic chemoheterotrophy,
and photoheterotrophy. Treatment B1 tended to also increase nitrate respiration and nitro-
gen respiration when compared to the BM. Moreover, both Brachiaria treatments tended to
have lower values of nitrification and aerobic ammonia oxidation when compared to the
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bean monoculture. In general, the rest of the functional groups did not show a clear patron
between B. brizantha treatments, with some functions being increased in the B1, but not in
the B2, and vice versa, when compared to the bean monoculture.

3.7. Variation in Rhizosphere Soil Properties under Different Service Crop Treatments

The PCA revealed a clear distinction between the service crops (B1 and B2) and the
common bean monoculture (BM) (Figure 9a). PCA explained 74.7% of the total variance
(PC1 and PC2 explained about 57.90% and 16.80%, respectively). Based on the PC1, the
B1 and B2 treatments showed a clear differentiation from the common bean monoculture.
Most chemical (SOC, OM, Total N, C:N), physical (AS, EC, pH, WHC), and biological (MBC,
AP, FDA, MR, MBN, 18S rRNA gene) variables influenced the separation between B1 and
B2 treatments from the BM. In contrast, the common bean monoculture was associated
with BD and 16S rRNA gene. The PCA2 separated treatment B2 from treatment B1, with
B1 being allocated more positively than B2. The PCA showed clear relationships between
variables, which were tested through a correlation analysis (Figure 9b). A significant
positive correlation (p ≤ 0.01) between the MR, MBC, MBN, FDA, AP, and 18S rRNA gene
with SOC, OM, Total N, and AS was observed, while BD presented significant negative
correlations (p ≥ 0.01) with these chemical and biological parameters. In addition, the 16S
rRNA gene (determined by qPCR) presented a significant negative correlation with most
of the variables used in this study (Figure 9b).
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Figure 9. (a) Principal component analysis (PCA) based on the rhizosphere soil’s chemical, physical
and biological parameters under different service crop treatments: B1 = B. brizantha/common bean;
B2 = B. brizantha/B. brizantha/common bean; BM = common bean monoculture (control). Circles of
the same color represent each replicate of each treatment. Dark red vectors represent the parameters
used to build the PCA. (b) Triangular heatmap showing the pairwise Pearson’s correlation among
chemical, physical and microbiological parameters. Blue and red colors indicate positive and negative
correlations, respectively. The color intensity and the circle size are proportional to the correlation
coefficients, with bigger circles representing higher correlations. Only the significant correlations
(p value ≥ 0.01) are shown, with blank squares denoting insignificant correlations (p value < 0.01).
Abbreviations: SOC, soil organic carbon; OM, organic matter, Total N, total nitrogen; C/N, Carbon
nitrogen ratio; eP, extractable phosphorus; BD, Bulk density; AS, Soil aggregate stability; WHC,
Water holding capacity; EC, Electrical conductivity; MR, microbial respiration; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen; FDA, fluorescein diacetate hydrolysis; DHA,
dehydrogenase activity; AP, acid phosphatase; 18S, 18S rRNA gene for fungal communities by qPCR;
16S, 16S rRNA gene for bacterial communities by qPCR.

3.8. Relationships among Rhizosphere Soil Properties and Bacterial Communities

The redundancy analysis (RDA) was used to explore the relationship among rhizo-
sphere soil bacterial communities at the family level with eight explanatory soil variables
(Figure 10). The RDA explained 48.52% (RDA1 and RDA2 explained about 26.10% and
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22.42%, respectively) of total variance, and revealed a clear distinction between service
crops treatments (B1 and B2) and the common bean monoculture (BM) (Figure 10). The
RDA confirmed that service crop treatments B1 and B2 were positively associated with
most chemical (SOC, Total N), physical (AS), and biological (MBC, MBN, AP, FDA) proper-
ties, and these were associated with Bacillaceae, Roseiflexaceae, Pyrinomonadaceae, Dongiaceae,
and Hydrogenophilaceae. In contrast, the common bean monoculture was separated from
most soil parameters, except BD, and the bacterial families associated with the BM were
Beijerinckiaceae, Acetobacteraceae, Micrococcaceae, and Myxococcaceae. The second axis RDA2
showed that B2 was separated from B1 and BM, but B1 was not clearly separated from BM.
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Figure 10. Redundancy analysis (RDA) of the relationship between the relative abundance of bacterial
family and physicochemical and biological soil parameters under different service crop treatments:
B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture (control). Circles of the same color represent each replicate of each treatment. Dark red
vectors represent the parameters used to build the PCA. Dark yellow vectors represent the top ten
most informative bacterial families. Abbreviations: SOC, soil organic carbon; TN, total nitrogen; BD,
Bulk density; AS, Soil aggregate stability; MBC, microbial biomass carbon; MBN, microbial biomass
nitrogen; FDA, fluorescein diacetate hydrolysis; AP, acid phosphatase.

4. Discussion
4.1. Effects of B. brizantha on Rhizosphere Soil Chemical and Physical Properties

Several changes occurred to the chemical and physical rhizosphere soil properties after
10 years of integrating B. brizantha as aservice crop during fallow periods into degraded
soil from continuous common bean monocultures. The SOC and OM content increased
significantly with the service crops, but in particular after two cycles of B. brizantha (B2),
the SOC and OM increased in the common bean rhizosphere by nearly 50% more than
in the B1. In agreement with shorter-term previous studies, the same difference in SOC
between B1 and B2 was observed in the same field trial after six years of service crops [19],
which suggests that the same tendency was maintained over time, and longer periods
of inputs of root biomass and crop residues might have enhanced the microbial activity
transforming residues to stable soil carbon [59]. Furthermore, the higher abundance of
bacterial and fungal communities by qPCR and the high levels of MBC and MBN in the
service crop treatments are indicative of higher microbial biomass residues, which are a
significant source of SOM [60]. Recent studies have demonstrated that microbial residues
account for the chemistry, stability, and abundance of SOM [60,61], which hence contribute
to the long-term viability of agricultural lands, in particular for carbon dynamics [62].

Interestingly, when comparing the SOC stocks at the beginning of the field trial re-
ported in our previous study [19], the SOC content in B1 (B12010 = 0.90) increased by 38%
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after 10 years (B12019 = 1.24; Table 1). Moreover, in B2, the SOC content (B22010 = 0.94)
increased by 51% after 10 years (B12019 = 1.24; Table 1). The SOC of the common bean mono-
culture (BM2010 = 0.86) also increased, and was 15% higher after 10 years (BM2019 = 0.99;
Table 1), which was probably due to the fact that the monoculture treatment was carried
out with no-till, and originally the soil where the field trial was performed had a history of
monoculture with intensive tillage. The carbon of the monoculture also increased slightly
after ten years, and accumulated carbon at much lower rates, which indicates that this
effect was probably due to the increase of carbon stocks by itself, even without cover crops
or other agricultural practices [14]. Another explanation would be that the substitution
of natural successional vegetation by monocultures would thus lead to lower net carbon
releases than Brachiaria treatments, unless this vegetation was managed in a very short
fallow rotation. In fact, it is known that natural fallowing could also provide a substantial
increase in C and N stocks for several decades. Regarding the Total N, the inclusion of B.
brizantha had a positive effect, even when considering that it is a fodder plant with a high
nitrogen demand [3]. Therefore, B. brizantha would be a suitable service crop to maintain
and increase the nitrogen content in fields with soil degradation in a subtropical region, and
would also contribute to establishing the conditions for N2 fixation by the common bean.
In agreement with previous studies [3,19], the inclusion of B. brizantha did not negatively
impact the content of eP, despite the high demand for phosphorus in the tropical forage of
B. brizantha [63,64].

An important indicator of land degradation is soil aggregate stability that conditions
soil fertility [65]. Previous studies have reported the interrelationships among soil biota,
microbial communities, microbial biomass, organic matter, carbon stocks, and soil aggregate
stability [66–68]. In this study, the inclusion of B. brizantha had a strong effect on AS; for
example, B1 increased AS by 144% compared to BM, while B2 increased AS by 239% after
ten years. Furthermore, in both service crop treatments, lower values of bulk density
were observed compared to the monoculture. The PCA analysis revealed that the BD
was strongly associated with the common bean monoculture, while the AS was positively
correlated with the Brachiaria treatments [19]. These results are in line with expectations
that service crops improve soil aggregation, due to slower aggregate turnover caused by
less physical soil disturbance, which is consistent with the higher AS values obtained
in treatments with Brachiaria. Service crops included during fallow periods provide a
continuous addition of root biomass, root exudates, and crop residues that are returned to
the soil, to increase organic matter and nutrient cycling, which in turn contributes to soil
aggregate stability and C sequestration [69,70]. Therefore, the presence of B. brizantha as
a diversified crop benefits the storage of C and N in the soil by increasing the stability of
the soil aggregates. In this sense, microorganisms have a crucial role in the stabilization
of soil aggregates by the precipitation of extracellular polysaccharides and the creation of
hemic materials that lead to polyvalent metal–organic matter complexes [71,72]. Therefore,
using high-residue inputs to maintain and enhance C sequestration is vital to mitigate soil
degradation [73,74].

4.2. Effects of B. brizantha on Soil Microbial Activity

In response to the inclusion of cover crops residues, the rhizosphere soil microbial en-
zymatic activities (FDA and AP) significantly increased after 10 years in comparison to the
common bean mono-cropping, except for DHA activity, as previously reported [3,19]. The
AP activity was significantly higher in B2 than in B1, which suggests that two continuous
cycles of B. brizantha were metabolically more active than the common bean monocul-
ture, and made a greater amount of phosphate compounds available for the subsequent
crop [19,20]. The FDA hydrolysis has been reported as a great indicator of total microbial
activity, since FDA serves as a substrate for different classes of enzymes, such as lipases,
proteases, and esterases [75]. In addition, a positive correlation was observed between FDA
hydrolysis and SOM and Total N, which suggested that the increased substrate availability
was crucial to maximize the efficiency of soil nutrient cycling by the microbial activity.
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This is in agreement with previous studies conducted by our work group that showed
that service crops primarily impact microbial functions [3,20,76]. In fact, bare fallow as
observed in soil under mono-cropping results in a distinct agroecosystem with a lower
microbial C assimilation efficiency and a higher number of negative interactions between
soil microbial biomass and bacterial taxa, which impacts soil functions and, consequently,
reduces the potential to support high crop yield. In agreement with our results, previous
studies have reported that the profile of soil enzymatic activities adapted faster to the
change in agricultural practices than the prokaryotic community structure [77].

Microbial biomass carbon and nitrogen, together with microbial respiration, have
been used for soil monitoring [78]. In this research, the MBC, MBN, and MR increased
significantly with the inclusion of B. brizantha during fallow periods, which was probably
due to a more continuous C input into the system when compared to the monoculture
without a service crop. The decomposition of crop residues and root exudates provides
abundant and readily accessible substrates for microbial growth. Previous studies have
shown that microbial communities rapidly respond to C sequestration and N mineralization
by modifying microbial biomass and enhancing soil microbial activity [79]. These results
suggest that the inclusion of B. brizantha led to an improved microbiological habitat and
may have large impacts on ecosystemic dynamics.

4.3. Effects of B. brizantha on Bacterial Community Structure, Abundance, and Diversity

To our knowledge, our study is the first field-based experiment to evaluate the effects
of B. brizantha as a service crop during fallow periods for 10 consecutive years on the bacte-
rial rhizobiome of the subsequent crop (Phaseolus vulgaris L.). In general, the most abundant
bacterial communities across all our samples were Actinobacteria and Proteobacteria, which
represented >58% of the sequences. Previous studies have reported these dominant phyla
in the common bean [80], lima bean [81] and in other leguminous plants, such as soy-
bean [82]. Actinobacteria and Proteobacteria play major roles in the cycling of organic matter
and nutrient cycling, which may respond to more organic matter input after the inclusion
of service crops. The phylum Actinobacteria comprises important plant-associated spore-
forming bacteria, and their interactions with plants include roles in biocontrol and growth
promotion. Some members of the phylum Proteobacteria are plant growth-promoting rhi-
zobacteria that cooperate with plants and enhance plant nutrition, stress tolerance, or health.
Taken together, these results reveal that the benefits of introducing B. brizantha as a service
crop during fallow periods include an increased abundance of bacterial groups that may
contribute to plant growth promotion. Thus, these processes could potentially contribute
to increasing crop yield [83]. In addition, a relatively high abundance of Acidobacteriota,
Chloroflexi, Myxococcota, Gemmatimonadota and Bacteroidota was also observed, which are
dominant phyla typically found in soils around the world [84]. Other phyla commonly
observed in soils were also encountered in this study, such as Firmicutes, Crenarchaeota
and Verrucomicrobiota. Unlike the common bean monoculture without service crops, the
abundance of Acidobacteriota and Verrumicrobiota was increased in the treatments with B.
brizantha, which was probably due to the higher levels of SOC, SOM, and Total N present in
these treatments, which suggests that B. brizantha residue inputs favored the selection of dif-
ferent phyla involved in N fixation and C cycling. Likewise, previous studies have reported
high levels of Acidobacteria and Verrumicrobia in treatments with cover crops in comparison
with bare fallows [85]. Members of the phylum Acidobacteria and Proteobacteria were the
most distributed in all soil layers, and several analyses have revealed that these bacterial
groups can be a good biological indicator of land-use change [85], since these phyla are
related to the modulation of critical biogeochemical cycles, plant growth promotion, SOM
decomposition, and denitrification, which thus enhance carbon stability [86–88]. In fact, our
results show a positive shift in the levels of Acidobacteria from common bean mono-cropping
to Brachiaria treatments. The results also highlight that, during land-use change, these
bacterial groups can adapt together in soil to share ecological niches, and can further play
an essential role in changes in soil environmental factors, including soil physicochemical
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properties. Interestingly, the genera RB41 increased in both treatments with B. brizantha
compared to the common bean monoculture. Previous studies have suggested that RB41
could be a possible microbial indicator taxon of conventional tillage systems [77]. However,
in our study, all treatments were performed under no-tillage practices, which suggests that
RB41 might not be responder OTUs to no-till or tillage in our site of study. Further research
increasing the number of samples and analyzing different climate zones would be required
to confirm this suggestion. The inclusion of B. brizantha also increased other beneficial
bacterial communities at genera levels, such as Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium, Nitrososphaeraceae, Streptomyces, Bacillus, and Bradyrhizobium, some of which
are potential plant growth promotion bacteria, N2 fixers, and key players in ammonia
oxidation [89].

Analysis of the bacterial rhizobiome revealed that the community did not significantly
change with respect to richness, alpha diversity, and evenness among all treatments. It
is well known that plant species and soil type shape the diversity and composition of
the microbial communities in rhizosphere soil through root exudates [31,90]. Taking into
account that all rhizosphere samples in this study were taken from the same plant species
(Phaseolus vulgaris L.), the crop presence was likely one of the main driving factors behind
the observed bacterial rhizobiome, and probably resulted in a similar microbiota diversity
among all samples. Even so, we have observed small shifts at all taxonomic levels that
show the influence of the incorporation of service crops, although they were not enough
to produce significant differences in the analysis of alpha diversity indices. Previous
studies have suggested that, in rhizocompartments, the microbial community diversity
is lower compared to the bulk soil, due to the recruitment of specific microorganisms by
root exudates [91,92], which confirms that the host plant was the most important driver
behind the assembly of root-associated communities. Furthermore, the loosely bound soil
sampled in this study may have had a role in minimizing the detectable impacts of the
service crop treatments’ plant-driven effects, which are more evident in the tightly-bound
rhizosphere [93]. However, loosely bound communities tend to be more stable than those
tightly bound to the roots [94], and are more robust to change. Further research is needed
in order to confirm the distribution pattern.

The beta diversity analysis through the principal component analysis showed that
the bacterial rhizobiome of the three treatments was significantly different from each other
with good separation between treatments, which suggests that different service crop rota-
tions might be a good method for manipulating the rhizosphere microbiome [95]. A core
microbiome was established between the B. brizantha treatments and the common bean
monoculture, and this was constituted by Actinobacteria, Bacteroidetes, and Proteobacteria,
which were abundant in all samples as previously observed in other species [96,97]. Nev-
ertheless, there was a high percentage of ASVs shared among B1 and B2 with the bean
monoculture, which suggests a greater homogeneity of soil bacterial taxa among distant
locations. Nevertheless, unique ASVs were observed for each treatment, and although they
were found in low abundance, they represented nearly 20% of the different sequences. We
assume that, through the inclusion of B. brizantha during the fallow periods in our mid-term
experiment, root-derived C was enough to increase microbial biomass and microbial activ-
ity, but not community diversity in the soil loosely adhered to the roots. Further studies
including rhizosphere soil (attached soil to the roots) and bulk soil are needed to better
understand the mechanisms that determine the bacterial structure in the subsequent crop,
which will allow for the targeted manipulation of plant/microbe interactions to establish
and optimize beneficial plant–microbe associations.

Previous research has shown that relative abundances do not necessarily follow the
same pattern as the estimated quantitative abundance [98]. The quantification approach
with real-time quantitative PCR (qPCR) provides complementary information that helps
to better understand the microbial communities in environmental samples [98,99]. In this
study, the absolute gene copy numbers of fungi (18S rRNA) increased significantly in
service crop treatments compared to the bean monoculture, while gene copy numbers of
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bacterial (16S rRNA) significantly decreased compared to the bean monoculture, which
resulted in a high F/B ratio [43], which is commonly associated with an improvement in
soil health [100]. In agricultural practices with shifts toward a fungal dominance in the
microbial community, the conversion rate of nutrients and energy is relatively slow, which
is conducive to enhancing soil carbon and nitrogen sequestration [101,102], which results in
more sustainable agroecosystems with low impacts on the environment. It is likely that the
higher plant species diversity in the service crops treatments caused a higher F:B ratio of
the microbial community, due to ecological complementarity effects, such as a higher and
more diverse supply of resources for microorganisms than in common bean monocropping.
In a previous 6 year study of our research group, the effect of the inclusion of B. brizantha
did not show significant differences in both fungal and bacterial communities abundance
values, although a tendency in the monoculture treatment to decrease fungal biomass
and to increase bacterial biomass was informed, which suggested that bacteria were more
resistant than fungus to changes in soil environment [3]. Other authors were also unable to
differentiate different cover crop treatments with monocultures using real-time quantitative
PCR (qPCR) in shorter-term field assays [103,104]. These results suggest that variations in
absolute abundances might be reflected in longer-term field assays of degraded agricultural
soils.

4.4. Predicted Functions of the Bacterial Community

The functional annotation of 16S rRNA genes using FAPROTAX analysis showed that
the predicted functions related to chemoheterotrophy and aerobic chemoheterotrophy were
increased in the B1 and B2 treatments compared to the bean monoculture. These functional
groups were related to the soil carbon cycle process [105], and since B. brizantha increases the
carbon input through crop residues and root exudates, it probably enriched microorganisms
that increased nutrient availability to the cash crop through the microbial decomposition of
soil organic matter [106–108]. In this study, changes in soil carbon pools may have been the
main driving factor in soil bacterial functional structure when grasses were included in the
crop rotation. Regarding functions related to the nitrogen cycle, we observed that nitrate
reduction, nitrate respiration, and nitrogen respiration tended to be higher under one crop
cycle of B. brizantha than in the monoculture. In addition, the functional groups related to ni-
trification and aerobic ammonia oxidation decayed under B. brizantha treatments compared
to the common bean monoculture. Nitrification and ammonia oxidation are key processes
in the global nitrogen cycle that result in losses of nitrogen by leaching and denitrification,
which potentially originate several environmental and health problems [109,110]. Previous
studies have reported that Brachiaria spp. pastures have the capacity to inhibit biological
nitrification through a plant-controlled mechanism by which nitrification inhibitors are
produced and delivered by roots to soil-nitrifier sites [111], thus conserving and using N
more efficiently to result in low-nitrifying and low N2O-emitting agronomic production
systems, which benefit both agriculture and the environment. In general, the rest of the
functional groups did not show a clear pattern between B. brizantha treatments, with some
functions being increased under B1, but not in B2, and vice versa, compared to the bean
monoculture. Further studies are needed to confirm the variation in microbial functions
through metagenomics and transcriptomics.

5. Conclusions

We conclude that the ten-year inclusion of the tropical grass B. brizantha as a service
crop during the fallow period in a degraded monoculture system had a strong impact
on the chemical, physical, and microbiological properties of the rhizosphere soil of the
subsequent cash crop (common bean). However, in this study, the inclusion of B. brizantha
affected beta but not alpha diversity, which suggests a probable adaptation of bacterial
soil microbes to long-period agronomic management without compromising the alpha
diversity values. Among Brachiaria treatments, we suggest the implementation of two
consecutive cycles of B. brizantha, particularly in cases where soil is more degraded. Still,
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one crop cycle would also be a suitable management practice to restore and improve soil
health in cases where the field producer is unable to perform two continuous crop cycles
of B. brizantha in their fields. Service crops´ inclusion contributes to restoring soil health
and constitutes an alternative for rehabilitating degraded agroecosystems in these specific
conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15010488/s1, Table S1. Primer sets used for qPCR and ampli-
con metagenomic sequencing used in this study. 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. B1 = B. brizantha/common bean;
B2 = B. brizantha/B. brizantha/common bean; BM = common bean monoculture. Table S3. Mean
relative abundance of the 20 most abundant bacterial phyla in the three rhizospheric samples: B1
= B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common bean; BM = common bean
monoculture. Table S4. Mean relative abundance of the 20 most abundant bacterial families in the
three rhizospheric samples: B1 = B. brizantha/common bean; B2 = B. brizantha/B. brizantha/common
bean; BM = common bean monoculture. Table S5. Mean relative abundance of the 20 most abun-
dant bacterial genera in the three rhizospheric samples: B1 = B. brizantha/common bean; B2 = B.
brizantha/B. brizantha/common bean; BM = common bean monoculture. Figure S1. Average of
relative abundance at genera taxonomic levels in the total bacterial community associated with the
common bean rhizosphere under different service crop treatments: B1 = B. brizantha/common bean;
B2 = B. brizantha/B. brizantha/common bean; BM = common bean monoculture (control). Relative
abundances are based on the proportional frequencies of the ASV that could be classified at the
genera levels, and are related to the total ASV identified in the samples. Figure S2. Functional groups
of bacteria based on FAPROTAX database. B1 = B. brizantha/common bean; B2 = B. brizantha/B.
brizantha/common bean; BM = common bean monoculture.
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