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Abstract: There are multiple mechanisms by which enhanced diversity of plant communities improves
soil structure and function. One critical pathway mediating this relationship is through changes to
soil prokaryotic communities. Here, nine different cropping systems were studied to evaluate how
legume and grass cover crops influence soil fertility and microbial communities in a maize-based
no tillage system. The soil’s bacterial and archaeal communities were sequenced (Illumina GAIIx,
12 replicates for treatment) and correlated with eight different soil features. The microbial community
composition differed widely between planting treatments, with three primary “community types”
emerging in multivariate space: (1) A community type associated with bare soil linked with low P, low
pH, and high aluminum [Al]; (2) a community type associated with Lablab beans linked with high
soil N, total organic carbon and other base cation concentrations, and high pH; and (3) a community
type of all other non-lablab planting arrangements linked with higher soil P (relative to bare soil),
but lower soil fertility (N and base cations). Lablab-based arrangements also expressed the highest
microbial richness and alpha diversity. The inclusion of Lablab in maize-based cropping systems
represents a potential alternative to reduce the use of chemical fertilizers and increase the chemical
and biological quality in agricultural soils under the no-tillage system.
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1. Introduction

Management strategies that reduce chemical fertilizer use and increase soil quality in agricultural
systems are essential for sustainable agricultural systems. This is particularly true for the world’s
most commonly planted crops, including soy, wheat, maize, and rice, which as of 2014 cumulatively
occupied nearly 50% of the world’s ~1.38 billion ha of agricultural lands [1]. For instance, in 2014
maize (the primary focus of the present study) is the second-most widespread crop, grown on ~185
million ha of land globally, second only to wheat at ~220 million ha [1]. As maize has a high demand
for nutrients, especially nitrogen (N), supplying the N fertilizer for this crop alone has a high cost and
contributes substantially to the input of the anthropogenic N to the atmosphere. No-tillage systems
naturally increase the soil organic carbon and N levels, but the addition of legume cover crops can
further increase natural inputs of N and other nutrients, reducing the need for expensive chemical
fertilizers [2,3].
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Spatial intercropping and crop rotations are well-known agricultural practices that maintain or
enhance multiple aspects of chemical, physical, and biological components of soil, while mitigating
negative environmental externalities associated with conventional management [4,5]. Specifically,
as compared to conventional systems (often conceptualized as intensively managed monocultures),
diverse intercropping arrangements and crop rotations have been widely associated with enhanced
nutrient uptake by plants and water retention and availability [6–10], soil aggregate stability [11,
12], soil organic carbon accumulation [13–20], enhanced natural pest control [21–23], and yield
advantages [24–26]. Studies have traditionally pointed to niche differentiation, complementarity, and
competition as the processes that give rise to these and other positive biodiversity-agroecosystem
functional relationships [27,28]. However, the role of plant diversity in altering the microbial community
composition is now becoming better understood as a primary mechanism enhancing agroecosystem
functioning and mediating key environmental processes in agricultural systems including crop
responses to biotic and abiotic stress, and enhanced crop nutrient uptake [29–35]. In turn, maintaining
and/or enhancing the abundance and diversity of soil microbiota is now being identified as a key goal
when managing and restoring previously degraded agricultural soils [36,37].

The rhizosphere is a critical interface for the exchange of resources between roots and the soil
environment [38]. Plant roots exude sugars, carbohydrates, and secondary metabolites that shape
microbial community structures and influence specific activities in the rhizosphere zone. The quality
and quantity of these root exudates varies according to the plant species and it can select for specific
groups of microbes, both bacteria and fungi, that play various roles in the soil [39–41]. The rhizosphere
of maize has been found to have a consistent, heritable core microbial community [42,43]. Other crop
species-planted in rotation or alongside maize – have been shown to impact the both the soil microbial
communities, as well as the rhizosphere microbiome and therefore the health of the maize crop [44,45].
However, the effect of different plant arrangements and their influence over the soil microbiome has
not been extensively studied, therefore it is also not well understood.

The hypothesis was that cover-crop arrangements have a significant impact on soil chemical
variables and on microbial community structure and diversity. To test the hypothesis, an extensive
sampling effort (n = 108) derived from Illumina NGS was employed, to evaluate how different
cover-crops based maize cropping systems influenced microbial diversity in a subtropical Acrisol of
southern Brazil.

2. Material and Methods

2.1. Site Description

This study was situated in a 29-year-old field experiment established at the Agronomical
Experimental Station at the Federal University of Rio Grande do Sul, in southern Brazil (30◦50′52′′ S,
51◦38′08′′ W). The site has a subtropical climate with an annual mean temperature of 19.4 ◦C, and
annual mean rainfall of 1440 mm. The soil in the experiment is classified as Acrisol according to the
FAO classification system, as Typic Paleudult by the US taxonomy, and is composed of 54% sand, 24%
silt, and 22% clay in the 0–0.2 m layer. The experiment was installed in 1983 in a previously degraded
soil due to the adoption for 15 years of the conventional tillage system that promoted extensive soil
disturbance and erosion.

2.2. Experimental Design, Treatments, and Soil Sampling

The experimental arrangement followed a randomized block design, with three replicates. Eight
different no-till cropping systems were selected for this study (a-i), as well as a bare soil as a control
treatment. Six cover crop-based cropping systems were designed to employ mainly combinations
of winter and summer cover-crops, respectively, in rotation or intercropped with maize as a target
crop: [(i) Fallow/ maize (Zea mays L.), (ii) oats (Avena strigosa Schreb.)/ maize, (iii) oats + vetch (Vicia
sativa L.)/maize, (iv) oats + vetch/ maize + cowpea (Vigna unguiculata [L.] Walp.), (v) lablab (Lablab
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purpureus) + maize, and vi) pigeon pea (Cajanus cajan L. Millsp.) + maize]. In addition, a permanent
pasture [pangola (Digitaria eriantha) (vii) and a continuous lablab cropping system (Lablab/lablab) (viii)
were evaluated.

Soil sampling was carried out in 2012. Four soil sub-samples were collected per plot. Thus,
the microbial community composition data presented here represents data from n = 4 sub-samples
from n = 3 replicates per cropping system (Figure 1). All soil samples were collected at 0–10 cm depth
using sterilized PVC columns. Once collected in the field, approximately 200 g of the sampled soil
from the middle of each column was separated and stored in a cooler with ice packs and transported to
the laboratory. Approximately 20 g and 180 g of soil was allocated for DNA sequencing and chemical
analysis, respectively.
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Figure 1. Experimental design and sampling points. Four core soil samples were taken from each one
of the three replicates of the nine treatments (n = 108). Each plot has 10 m × 2 m.

2.3. Soil Chemical Analysis

Soil samples were air dried and sieved (0.2-mm sieve). The pH, P-Mehlich, Ca, Mg and Al levels
were analyzed as described by Tedesco et al. (1995) [46]. A neutral solution of KCl mol L−1 was used to
extract Ca, Mg and Al. Levels of Ca and Mg were determined by atomic absorption spectrophotometry,
and Al concentration by neutralization with NaOH titration [46]. Potassium was extracted by using a
solution of H2SO4 0.05 mol L−1 + HCl 0.05 mol L−1 and determined by flame photometry [46]. The soil
C total N concentrations were determined by dry combustion using a Fisher Scientific analyser. Mineral
N was performed using Kjeldahl [46]. Total acidity (H + Al) was extracted using the calcium acetate
solution (0.5 mol−1 L) buffered to pH 7 and quantified by titration with NaOH neutralization [46].

2.4. DNA Extraction and Sequencing of the 16S rRNA Gene

The genomic DNA was isolated from 0.5 g of soil using the MoBio PowerSoil™ DNA Isolation
Kit (Carlsbad, CA, USA) according to the manufacturer protocols.

Primers 304F and 806R [47] were used to target the V3-V4 region of the 16S rRNA gene, with the
addition of a barcode sequence and the required Illumina adapters [48]. The PCR reactions conditions
for 16S amplification were: An initial denaturation temperature of 94 ◦C for 3 min, followed by 20
cycles of 94 ◦C for 45 s, 53 ◦C for 30 s, 65 ◦C for 90 s, and a final elongation step at 65 ◦C for 10 min.
The sequencing was performed on an Illumina GAIIx sequencer (Illumina, Inc., San Diego, CA, USA).
The sequence analysis and the taxonomic identification were based on the methods of Dias et al.
(2014) [49] and Richardson (2012) [50].

The removal of low-quality bases and primer region was performed using the FastX-Toolkit v0.0.13
(http://hannonlab.cshl.edu/fastx_toolkit/). Barcode separated reads were aligned to the Ribosomal
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Database Project database (RDP Version D633-D642) using MPI-blastn [49]. The results were mapped
to their respective classification using sequence identity thresholds/ Matches were filtered at 80% length
fraction and classified at the 80% identity level for domain and phylum, 90% identify for class, order
and family, and 95% identity for genus level [50]. Pairs that did not match to the same sequence in
the RDP database [51] were annotated according to their Last Common Ancestor (LCA), and pairs
that did not have an LCA, or any match in the RDP database, were considered to be unclassified. All
sequencing data reported and analyzed here are available on DDBJ/EMBL/GenBank database under
the BioProject number PRJNA301687.

2.5. Statistical Analysis

Microbial diversity was estimated for each treatment using both classified and unclassified
sequences. The script used for these analyses can be found in https://gist.github.com/3078251.

We first used the analysis of variance (ANOVA) to assess how the soil chemical composition,
abundance (genus level), richness, and diversity differed across planting treatments, and coupled
this with a Tukey’s honestly significant difference (HSD) test to assess all pairwise differences among
treatments. Spearman correlations (p ≤ 0.01) were performed using XLSTAT-Pro 2016 (Addinsoft’s
core software).

2.6. Multivariate Analysis of Microbial Community Composition

To assess the environmental drivers of the microbial community composition we employed a
number of complementary multivariate analyses. First, we used the redundancy analysis (RDA) to
evaluate how the planting arrangement and soil parameters influenced the microbial community
composition. The RDA was implemented based on the Hellinger-transformed abundance data using
the ‘rda’ function in the “vegan’ R package [52], and the statistical significance of all predictor variables
was assessed using a permutational multivariate analysis of variance (PERMANOVA) implemented
using the ‘anova.cca’ function in the ‘vegan’ package with 999 permutations used.

Based on the results of the PERMANOVA (detailed below), we then analyzed multivariate
community dissimilarities across planting treatments. To do so we generated a dissimilarity matrix
among all samples based on Bray-Curtis distances using the ‘vegdist’ function in the ‘vegan’ R package,
and then used the ‘betadisper’ function to test if the average community composition within treatments
(where n = 12 samples per treatment) differed significantly in comparison to the average community
composition observed across all samples (i.e., a “global centroid”, where n = 108). Finally, we used
a permutation test to evaluate if the microbial community composition differed significantly across
treatments using the ‘permutest’ function with 999 permutations used. For all multivariate analyses,
block identity was included as a random effect to account for potential spatial autocorrelation in the
community composition.

3. Results

3.1. Impacts of Cropping Systems on Soil Chemical Variables

Soil chemical features differed significantly as a function of crop arrangements (Table 1).
The mineral N concentration in the soil under the pigeon pea/ maize and maize/ lablab (16.7 mg and
15.3 mg N·kg−1) cropping systems were 8-fold higher than in the bare soil (1.8 mg N·kg−1); the same
treatments presented twice the total N when compared with the bare soil. While the highest observed
pH (5.5) was detected in the soil planted with the pangola pasture, the lowest pH (4.6) was detected in
the soil under the pigeon pea+maize intercropping system. In the lablab/ lablab and lablab + maize,
the Al3+ (toxic) concentration was respectively five and ten-fold smaller when compared with the bare
soil. The soil organic carbon was 2-fold higher in the pigeon pea + maize and lablab/ lablab than in the
bare soil.

https://gist.github.com/3078251
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Table 1. Soil chemical features under different no-till cropping systems. Values presented are a mean from n = 4 values. Lower-case letters denote significant
differences in a given soil variable according to the Tukey’s test (p ≤ 0.01).

Category Oats +
Vetch/Maize

Oats +Vetch/Maize
+ Cowpea Oat/Maize Fallow/Fallow Lablab/Lablab Maize/Pigeon

pea Bean
Maize/Lablab

Bean Pangola/Pangola Fallow/Maize

pH 4.7 ± 0.4 c 4.7 ± 0.2 de 4.9 ± 0.3 cd 5.0 ± 0.2bc 5.1 ± 0.2 bc 4.6 ± 0.2 e 5.3 ± 0.1 ab 5.5 ± 0.2 a 5.0 ± 0.4 bc
P (mg dm−3) 22.9 ± 2.6 b 21.4 ± 2.7 b 34.7 ± 8.2 a 8.4 ± 1.0 cd 14.2 ± 1.6 c 32.7 ± 3.4 a 29.1 ± 5.2 a 7.3 ± 1.1 d 31.9 ± 7.8 a
K (mg dm−3) 232 ± 19 bc 224 ± 24.4 bc 220 ± 24.3 bc 130 ± 5.6 e 253 ± 41.6 b 219 ± 16.9 c 317 ± 37.6 a 174 ± 14.1 c 221 ± 31.1 bc

Al (cmolc dm−3) 0.75 ± 0.7 a 0.97 ± 0.4 a 0.77 ± 0.5 a 0.70 ± 0.3 a 0.15 ± 0.1 b 0.75 ± 0.3 a 0.07 ± 0.05 b 0.10 ± 0.01b 0.60 ± 0.5 ab
Ca (cmolc dm−3) 2.37 ± 1.1 bc 2.05 ± 0.4 c 2.02 ± 0.5 c 1.93 ± 0.4 c 4.37 ± 0.3 a 3.09 ± 0.3 b 3.95 ± 0.3 a 2.95 ± 0.3 b 1.95 ± 0.49 c
Mg (cmolc dm−3) 1.35 ± 0.7 cd 1.02 ± 0.3 d 1.02 ± 0.3 d 1.35 ± 0.3 cd 2.00 ± 0.2 ab 1.55 ± 0.3 c 2.08 ± 0.2 a 1.65 ± 0.2 bc 1.27 ± 0.32 cd

TOC (%) 1.56 ± 0.06 c 1.77 ± 0.09 d 1.42 ± 0.06 f 1.20 ± 0.08 g 2.24 ± 0.12 b 2.59 ± 0.2 a 2.03 ± 0.2 c 1.86 ± 0.1 de 1.34 ± 0.1 fg
Total N (%) 0.13 ± 0.01 e 0.15 ± 0.01 d 0.12 ± 0.01 f 0.09 ± 0.01 g 0.18 ± 0.01 b 0.20 ± 0.01 a 0.17 ± 0.01 c 0.15 ± 0.01 e 0.11 ± 0.01 f

Mineral N (mg kg−1) 8.16 ± 2.1 c 6.31 ± 0.8 cd 4.27 ± 1.2d 1.83 ± 0.9 e 12.12 ± 1.5 b 16.73 ± 3.4 a 15.26 ± 4.2 a 4.01 ± 1.4 de 4.29 ± 0.7 de



Soil Syst. 2019, 3, 50 6 of 17

3.2. Impacts of Cropping Systems on Soil Microbial Diversity

A total of 6,354,218 reads (Table 2) were obtained from Illumina sequencing after trimming
(average of 60,000 reads per sample). The domains Bacteria and Archaea detected were distributed
among 30 phyla with 13 phyla with relative abundance lower than 1%, according the Ribosomal
Database Project (RDP) database. When assessed at different taxonomic levels, overall diversity was
highest in the lablab + maize treatment (Table 3). The lowest diversity was detected in the samples
were the pigeon pea/ maize were being cultivated, as well as in the oats+vetch/ maize treatments
(Table 3).

Table 2. Summary of total classified and unclassified DNA reads, and reads at each taxonomic level,
detected across nine cropping systems.

Cropping Systems Averaged Reads per
Treatment

Nº of Replicates per
Treatment

Sum of Reads / All
Replicates

Bare Soil 53,531 12 642,375
Fallow/ Maize 56,992 12 683,900
Oats/ Maize 47,800 12 525,804

Oats + Vetch / Maize 54,351 12 652,212
Oats + Vetch / Maize + Cowpea 65,135 12 781,620

Pigeon pea + Maize 49,137 12 589,645
Lablab + Maize 65,176 12 782,115
Pangola pasture 79,635 12 875,985
Lablab/ Lablab 68,380 12 820,562

TOTAL (SUM) 540,138 N = 108 5,378,124

Table 3. Fisher alpha diversity and richness for nine planting treatments. All unclassified sequences
were clustered and considered in the diversity analysis. Means that differ significantly indicated by
different lower-case letters (Tukey’s test, 95% confidence, p ≤ 0.01).

Cropping Systems Fisher Alpha Diversity Richness
Phylum Family Genus Species Phylum Family Genus Species

Bare Soil 2.5 ± 0.78 a 15.4 ± 0.14 a 43.0 ± 0.15 b 152.7 ± 0.15 b 24 ± 1.8 103 ± 12 b 305 ± 52 b 898 ± 166 b
Fallow/Maize 2.4 ± 0.80 ab 14.5 ± 0.14 ab 42.5 ± 0.22 c 144.3 ± 0.22 c 23 ± 1.9 105 ± 18 b 312 ± 53 b 878 ± 170 b
Oats/Maize 2.3 ± 0.91 b 13.2 ± 0.22 c 39.7 ± 0.30 c 125.0 ± 0.30 d 22± 1.5 106 ± 15 b 280 ± 48 c 736 ± 175 bc

Oats + Vetch/ Maize 2.3 ± 0.82 bc 13.5 ± 0.19 c 37.4 ± 0.22 d 118.3 ± 0.22 e 22 ± 2 98 ± 11 bc 270 ± 37 c 716 ± 107 bc
Oats + Vetch/ Maize

+ Cowpea 2.2 ± 0.91 c 13.3 ± 0.20 c 41.0 ± 0.17 c 136.4 ± 0.17 c 21 ± 2.4 97 ± 20 bc 301 ± 73 b 833 ± 238 b

Pigeon pea + Maize 1.9 ± 0.86 d 11.4 ± 0.58 d 32.2 ± 0.24 d 99.6 ± 0.29 e 19 ± 2.2 82 ± 10 c 234 ± 49 d 611 ± 141 c
Lablab + Maize 2.3 ± 0.97 bc 14.9 ± 0.12 a 51.4 ± 0.33 a 182.0 ± 0.24 a 22 ± 2.2 129 ± 11 a 342 ± 46 a 967 ± 256 a
Pangola pasture 2.2 ± 0.78 c 14.4 ± 0.25 b 43.4 ± 0.33 b 137.0 ± 0.33 bc 22 ± 1.7 119 ± 16 ab 303 ± 60 b 838 ± 227 b
Lablab/Lablab 2.2 ± 0.88 c 14.4 ± 0.10 b 46.0 ± 0.19 b 159.3 ± 0.19 b 22 ± 1.7 122 ± 10 a 366 ± 37 a 1066 ± 185 a

Four archaeal phyla were detected with relative abundances varying between 0.01 and 0.9%
of total reads (Figure 2). Crenarchaeota was the most abundant archaeal phylum detected in all
cropping systems. Thaumarchaeota was significantly higher in the bare soil and in fallow/maize plots.
The phylum Crenarchaeota was detected in the experiment with relative abundance ranging between
0.1% and 1% of total reads.
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Figure 2. Relative abundance of archaeal 16S rRNA partial gene from agricultural no-tilled soil under
eight different cropping systems, showing that Crenarchaeota was higher were lablab was planted, and
that Thaumarcheota was higher in the bare soil.

Only seven bacterial phyla presented a relative abundance higher than 1% of the total reads
(Figure 3), representing up to 60% of the total sequences. Proteobacteria and Acidobacteria were the
most abundant phyla, with relative abundance ranging from 20%–60%. Firmicutes relative abundance
ranged from 4%–15% of the classified reads. At the family level (Figure 4), Acidobacteriaceae and
Clostridiaceae were the most abundant families in all soils, with abundance varying between 5%–10%.
Pedosphareaceae (former Verrucomicrobia subdivision 3) presented higher abundance where only
grasses were planted. Bacillaceae abundance was higher in oats/ maize soil.
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553 genera were distributed among all the treatments (Table S1). The seven most abundant genera
(Table 4) were compared using ANOVA (Tukey, p-value < 0.001) and Clostridium abundant in oats/
maize and in pangola pasture soils was about 60 times higher than in the bare soil. Sphingomonas
abundance in the bare soil and lablab + maize was three times higher than in the pigeon pea + maize
soil. Burkholderia, a well-known nitrogen fixing organism presented twice the abundance in lablab/

lablab when compared with all other treatments. Bacillus, Candidatus Koribacter, and Bradyrhizobium
relative abundances varied but did not differ significantly.

Table 4. Differences in the relative abundances of the eight most abundant genera (where mean relative
abundance for a given genus in a given treatment was >0.5%). Lower-case letters denote statistically
significant differences (where ANOVA p ≤ 0.001).

Cropping Systems Clostridium Bacillus Sphingomonas Candidatus
Koribacter Burkholderia Rhodoplanes Bradyrhizobium Geobacter

Bare Soil 0.103 d 0.769 a 1.898 a 0.795 a 0.625 b 0.476 cd 0.542 a 0.113 b
Fallow/Maize 3.823 bc 1.479 a 1.322 b 1.086 a 0.820 b 0.559 bcd 0.584 a 0.636 a
Oats/Maize 6.200 a 1.229 a 1.093 bcd 0.921 a 0.644 b 0.494 cd 0.459 a 0.739 a

Oats + Vetch/Maize 3.862 b 1.074 a 1.023 cd 1.219 a 0.544 b 0.578 bcd 0.551 a 0.929 a
Oats + Vetch/Maize

+ Cowpea 3.820 bc 1.349 a 0.846 cd 1.238 a 0.506 b 0.645 abc 0.625 a 0.892 a

Pigeon pea + Maize 2.996 bcd 0.068 a 0.613 d 1.069 a 0.886 b 0.816 a 0.652 a 0.489 ab
Lablab + Maize 1.700 cd 1.597 a 1.713 ab 0.698 a 0.878 b 0.701 ab 0.464 a 0.152 b
Pangola pasture 5.642 a 1.256 a 0.506 d 0.631 a 0.423 b 0.454 d 0.515 a 0.513 ab
Lablab/Lablab 0.860 cd 1.374 a 0.754 cd 0.911 a 1.920 a 0.657 abc 0.668 a 0.128 b

ANOVA p-value <0.001 0.333 <0.001 0.061 <0.001 <0.001 0.182 <0.001

3.3. Linkages between Changes in Soil Chemical Variables and Microbial Diversity

Cropping systems significantly influenced microbial diversity at the genus level (p < 0.005) and
based on the dissimilarly analysis, three treatments that differed significantly from one another could
be broadly discerned (Figure 5A).



Soil Syst. 2019, 3, 50 9 of 17
Soil Syst. 2019, 3, x FOR PEER REVIEW 9 of 17 

 

 
Figure 5 A and B. Dissimilarity indices among the soil microbial community composition across eight 
different management regimes. Panel A represents a Principal Coordinates Analysis (based on a Bray-
Curtis dissimilarity matrix) across eight different planting treatments, with ellipses corresponding to 
95% confidence intervals surrounding treatment-specific centroids. In this Principal Coordinates 
Analysis, average distances to the global centroid were largest for the Pangola pasture treatments 
(average Euclidean distances to centroid = 0.293) and lowest for fallow treatments (average Euclidean 
distances to centroid = 0.208). Boxplots in Panel B represent summaries of treatment-specific distances 
to an overall mean centroid calculated for all data points. 

First, the community composition of all samples derived from the bare soil treatment separate 
from all other treatments along the first principal coordinate/ RDA axis (Figure 6).  

Figure 5. (A) and (B) Dissimilarity indices among the soil microbial community composition across
eight different management regimes. Panel A represents a Principal Coordinates Analysis (based on a
Bray-Curtis dissimilarity matrix) across eight different planting treatments, with ellipses corresponding
to 95% confidence intervals surrounding treatment-specific centroids. In this Principal Coordinates
Analysis, average distances to the global centroid were largest for the Pangola pasture treatments
(average Euclidean distances to centroid = 0.293) and lowest for fallow treatments (average Euclidean
distances to centroid = 0.208). Boxplots in Panel B represent summaries of treatment-specific distances
to an overall mean centroid calculated for all data points.

First, the community composition of all samples derived from the bare soil treatment separate
from all other treatments along the first principal coordinate/ RDA axis (Figure 6).
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correlated positively with organic C and total N; and Rodhodoplanes and Phenylobacterium correlated 
with mineral N as well. Opitutus correlated with P concentration. Ca. Koribacter, Bradyrhizobium, 
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Figure 6. Redundancy analysis (RDA) evaluating the microbial community composition in eight
different management treatments in relation to 10 soil parameters. The first RDA axis explained 44.9%
of the variation in the community composition and was strongly associated with the bare soil and
Pangola pasture treatments as well as soil P; the second RDA axis explained an additional 20.9% of
the variation in the community composition, and was strongly associated with two Lablab treatments,
as well as all other soil parameters. Ellipses correspond to 95% confidence limits surrounding the
centroids for each planting treatment.

These differences were largely correlated with the low soil P present in the bare soil as compared
to all other treatments (Table 3). The second grouping within a similar community composition was
comprised of lablab/ lablab and lablab + maize cropping systems, which differentiated from other
cropping systems along the second RDA/ principal coordinate axis (Figure 6). This axis of community
variation was largely correlated with the two lablab-based treatments expressing high soil fertility
and pH, largely correlated with lower soil Al (Figure 6). Finally, the remaining six cropping systems
expressed microbial community compositions that were largely undifferentiated from one another in
multivariate space but differed from the previous two groupings. These differences in the community
composition were largely interrelated with this group expressing high soil P (relative to lablab-based
treatments) and lower soil fertility and pH linked with higher Al (relative to bare soil) (Figure 6; Table 1;
Table S2). The distance to average community composition is shown in Figure 5B.

The Spearman correlation (p-value ≤ 0.001) between microbial genera and soil chemical features
(Table S3) showed that Paenibacillus correlated positively with soil pH; Duganella, Nitrospira, Pseudomonas,
Leptothrix, Variovorax, and Flavobacterium were positively correlated with soil pH, Ca, and Mg contents;
Rodhodoplanes, Phenylobacterium, Pseudomonas, Leptothrix, and Flavobacterium correlated positively
with organic C and total N; and Rodhodoplanes and Phenylobacterium correlated with mineral N as
well. Opitutus correlated with P concentration. Ca. Koribacter, Bradyrhizobium, Actinoallomurus,
and Actinomadura, correlated negatively with pH and positively with Al (which is soluble in acidic
soils). A negative correlation between some genera and soil features were also observed, such as
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Streptomyces, Paenibacillus, Flavisolibacter, Actinomadura, Kitsatospora, and Chthoniobacter with organic C
and total N content (both total and mineral); Paenibacillus and Flavobacterium with P concentration;
and Ca. Koribacter, Actinoallomurus, Ca. Solibacter, Actinomadura, and Mycobacterium with Ca and Mg
concentrations in soil.

Some genera abundance correlated positively with specific crops, such as Burkholderia, Pseudomonas
and Leptothrix with lablab; Flavobacterium with pangola pasture; Clostridium with oats; Rhodoplanes and
Ca. Solibacter with pigeon pea; Sphingomonas, Sphingobacterium, Nitrospira, Pseudomonas, Variovorax,
and Flavobacterium with oats+vetch; and the bare soil correlated with the abundance of Sphingomonas,
Actinoallomurus, Streptomyces, Paenibacillus, Flavisolibacter, Actinomadura, Mycobacterium, Kitasatospora,
and Chthoniobacter.

4. Discussion

In this study it was explored how crop succession and intercropping changed the soil chemical
features and affected the soil microbial communities. By employing a long-term agricultural experiment
that included a wide range of agroecological crop arrangements, it was found that soils planted to
Lablab purpureus alone or intercropped with maize were significantly different from soils of the other
treatments. Lablab plantings correlated with high N (total and mineral), organic C, and exchangeable
cations (Ca, Mg, K). This study showed that cropping systems affect soil chemical features and
the microbial community structure, influencing the overall soil quality and fertility. The results
found elucidated a more detailed mechanistic understanding of how certain species, in rotation or
intercropped, can reduce the use of chemical fertilizers in maize-based agroecosystems.

4.1. Impacts of Legume Cover Crop-Based Cropping Systems on Soil Chemical Variables

The results indicate that the lablab and pigeon pea led to increases in the soil organic C and total N
contents. When cover crops are cultivated in succession or intercropped with maize as the main crop in
agroecosystems, the C and N input and recycled nutrients have a sensible impact on soil organic matter
contents in soil, as well on nutrient supply of cash crops cultivated in succession (maize, in this case)
and to soil microorganisms [5]. This process improves the biological, chemical, and physical quality of
the soil. Lablab, for example, produces about 50 Mg ha−1 of fresh matter and releases annually to the
soil about 246 kg N, 133 kg P, 484 kg K, and 51 kg Mg per hectare [53].

It was detected that an increase in the soil pH in the plots containing Maize + Lablab or Pangola
pasture. In highly weathered and acid soils from the tropics [54], lime additions are widely employed
as a means raise pH (generally to pH levels ≥ 6.0) and therefore enhance cation availability. However,
certain crops can naturally increase the soil pH in tropical systems and therefore is a viable means to
reduce agrochemical inputs (specifically, Ca- or Mg-based amendments).

4.2. Impacts of Legume Cover Crop-Based Cropping Systems on Soil Microbial Diversity

Cropping systems can increase soil microbial diversity [55] and enhance agroecosystem
functions [56]. In this study it was detected that lablab previously or intercropped with maize
significantly increased microbial alpha diversity; a trend possibly due to lablab roots exudate quality
and concentration, which may stimulate certain group of microorganisms. This explanation is consistent
with the growing literature that demonstrates soil microbial diversity and composition are linked with
plant species composition vis-à-vis root exudates [57–60]. Zhalnina et al. (2018) [61] used comparative
genomics and exo-metabolomics to study how plant exudates can attract microorganisms in Avena
barbata and detected that bacteria were specially attracted by aromatic organic acids exudate by the
plant roots. Rhizodeposition products (exudates, lysates, mucilage, secretions) can account for up to
40% of the dry matter produced by plants [62], and these compounds can regulate the communication
processes between plant and rhizospheric bacteria (quorum-sensing) [63,64].

Soil archaeal members have been neglected in many studies that just focused on bacterial and
fungal microbial communities, but the knowledge about their functional importance is increasing
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and we believe that significant microbial community assessments should always include Archaea.
In our analysis here, Crenarchaeota presented the highest archaeal abundance in all the samples
where Lablab was planted, indicating a possible beneficial interaction between this legume with
Crenarchaeota members; this correlation indicates a role of the Crenarchaeota in increasing soil N, Ca,
K, Mg, and organic C. Although Crenarchaeota has long been considered rare in the environment,
more recent studies, including our own, suggest it is very common in agricultural soils [65–68].
We also detected that Thaumarchaeota, an archaeal phylum related to ammonia oxidation in soils
and marine environments [69–73], was more abundant in the bare soil. Furthermore, we detected
that Thaumarchaeota did not correlate with the soil pH, but rather correlated positively with Al
concentration, and negatively with Ca, Mg, organic C, and N, contrary to the findings of Zhalnina et al.
(2014) [74] when studying the Florida Everglades agricultural soils.

We observed a large range of bacteria and archaea with relative abundance smaller than 0.01%
(long richness tail). These microorganisms are considered part of the rare bacterial biosphere [75],
organisms that stay in a quiescence state but are genetically viable and can persist in the soil waiting
for an episodic situation of nutrient availability to grow up their population [76]. The rare microbiota
would probably contribute with the soil resilience through storing microbial genetic potential, which
could help plants in a case of drought, disease or nutrient stress.

Some members of the Burkholderia are well-known plant endophytes, and have been proven to
stimulate the plant growth and increase the natural plant resistance to environmental stresses [77,78],
and it is frequently found as a diazotrophic nodulater of legumes in tropical soils [79,80]. Burkholderia
were found in significantly higher abundances in lablab plots as compared to all other treatments.

The Bacillus genus was most abundant in the bare soil treatment. This Gram-positive genus is a
well-known endospore producer, such that they can stay dormant for long periods in poor quality soils,
while “waiting” for more favourable environmental conditions to proliferate. This may explain their
high abundance in soils with no input of nutrients such as a bare soil, which confers them a function
related to resilience [81,82].

Clostridium was the most abundant genera in all agricultural treatments except bare soil treatments.
This is likely linked with the no-tillage bare soil systems tendency to conserve soil humidity, therefore
creating anaerobic microsites which may stimulate Clostridium abundance. Some soil strains of
Clostridium are diazotrophic and may be playing an important role in N cycling in the evaluated
cropping systems [83].

4.3. Linkages between Changes in Soil Chemical Features and Microbial Diversity

Multivariate analyses of soil chemical features, in addition to the soil microbial structure, clearly
showed that the introduction of lablab to the maize in a no-till system improved soil chemical and
biological features. More specifically, in the lablab-based intercropping arrangement, we detected a
group of bacteria that are likely related to soil fertility as they were positively correlated with the TOC
and N content; this includes Rhodoplanes, Phenylobacterium, Pseudomonas, Leptothrix, and Flavobacterium.
Yet on the other hand, in this same arrangement a group related with poor soil conditions and low pH
was also detected including Actinomadura, Kitasatospora, and Chthoniobacter. Finding different microbial
abundances in different planting compositions indicates how sensitive the soil microbial community is
regarding changes in the soil nutrient level and pH. Soil chemical features are totally dependent on the
kind and composition of crop (s) used and the kind of nutrients those plants can release into the soil,
which appears to result in the selection of specific groups of microorganisms.

Lablab (Lablab purpureum) cultivated as a summer cover crop previously or intercropped with
maize increased soil fertility and prokaryotic richness and diversity. These findings are potentially
related to root exudation and highlight the potential of summer legume cover crops to increase soil
quality, in addition to the N supply and maize grain yields.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/3/3/50/s1, Table
S1: Abundance matrix (generated from Illumina sequencing data) including the relative abundance, at genus level,
for each treatment, in 12 replicates (n = 108). Table S2: Results from a constrained ordination (RDA) evaluating
the effects of planting arrangement and nine soil variables on microbial community composition. Statistically
significant parameters (where p ≤ 0.05) are highlighted in bold. Table S3: Spearman rank correlation coefficients
(Spearman’s ρ) between the 30 most abundant genera and soil features. Red cells correspond to correlations where
Spearman’s ρ is statistically significantly negative (where p ≤ 0.01), while blue cells correspond to correlations
where Spearman’s ρ is statistically significantly positive.
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