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Abstract: Soil microbiological indicators are essential tools to understand how the management
with cover crops interferes in the activity and the soil microbial community. Thus, the objective of
the study was to evaluate microbiological attributes and performance of the bacterial community
in the soil of the Brazilian Cerrado with different cover crops. The experiment was performed
in a randomized block design, evaluating seven cover crops, Sorghum bicolor, Crotalaria ochroleuca,
Pennisetum americanum, Panicum miliaceum, Raphanus sativus, Urochloa brizantha, Urochloa ruziziensis,
and a fallow area. Cover aerial biomass dry weight (CB), microbial biomass carbon (MBC), basal soil
respiration (BR), metabolic quotient (qCO2), and abundance and structure of bacterial community
based on the rrs 16S rRNA gene were evaluated. In the soil cultivated with S. bicolor there was the
highest CB and MBC at the same time as there was less microbial activity (lower BR and qCO2).
The structure of the bacterial community was more differentiated in soils cultivated with S. bicolor,
P. americanum, and C. ochroleuca. The MBC was more associated with cover crops of the Urochloa genus,
while BR was positively correlated with S. bicolor. Bacterial abundance was positively correlated with
P. miliaceum.

Keywords: no-till; microbial activity; organic carbon; soil quality

1. Introduction

One of the main modulators of the microbial community in the soil is pH, which can
influence the availability of nutrients. Other attributes, such as soil carbon and organic
nitrogen, are also essential to the permanence, adaptability, and modulation of the soil
microbiome [1]. In this way, the physical, biological, and chemical parameters are strictly
related to sustaining soil life and health [2].

Among important biochemical processes that occur in the soil and are driven by
microbial biomass for nutrient availability, there are mineralization (nutrient release) and
immobilization (temporary nutrient entrapment) [2]. Thus, when organic material is
deposited in the soil, fragmentation by the soil fauna occurs (macro and mesofauna), then,
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by the action of enzymatic oxidation catalyzed by the soil microorganisms, there is the
availability or unavailability of the nutrients, depending on the quality of the material
that was brought into the soil. Soil enzymes have several origins, from those temporarily
complexed in the enzyme–soil complex (enzyme–humus or enzyme–clay) to those excreted
by plants and microorganisms, the latter being the main source of enzymes in the soil [3].

Soil microbial attributes are sensitive indicators that can be used to monitor envi-
ronmental changes resulting from agricultural use. These indicators can also guide the
planning and management of the soil and crops to be used [4–6]. In addition to soil enzyme
activity, other indicators are widely used, such as carbon from soil microbial biomass (MBC)
and basal soil respiration (BR). The structure of the soil microbial community has also
been investigated using the terminal restriction fragment length polymorphism (T-RFLP)
technique, in which the microbial community (bacterial, fungal, or specific groups of these)
can be accessed from the region conserved in the genome of these groups [7]. Thus, asso-
ciating these indicators with soil management in field studies is essential to understand
the actions of the soil microbial community, and consequently, assist in the management
decision-making process that can bring greater economic profitability to the producer and
ecological quality for the soil [8].

In the Brazilian agricultural scenario, some studies have shown how the diversity
of plant residues in areas under no-tillage affects the soil’s chemical and microbiological
attributes [9,10]. This is because plant residues from different cover crops have distinctions
regarding chemical composition and release of organic compounds in the rhizosphere,
which can result in different associated microbial communities [11,12]. With that, it was
noticed that the quality and quantity of vegetal residue deposited in the soil are essential
factors for the increase in the stocks of organic carbon [13,14]. In soybean (Glycine Max L.)
cultivation, the use of cover crops of the genus Urochloa sp. has been promising for
increasing the carbon of microbial biomass, probably due to the increase in dry matter in
the soil [9]. In contrast, in corn (Zea Mays L.) cultivation, the second most-produced grain
crop in Brazil, the use of plants of the genus Urochloa sp. in succession does not provide
increases in dry matter of residues in the soil [10]. Many of the studies that evaluate the
dynamics of microbiological attributes in the cultivation of corn in succession to cover
crops do not address the responses of the soil bacterial community through access to the
soil’s genetic material.

This work hypothesizes that the different cover crops modulate the abundance and
structure of the soil bacterial community, translated into different responses of the mi-
crobiological attributes. Thus, the objective of the work was to evaluate microbiological
attributes sensitive to management practices to understand the response of the bacterial
community in Brazilian Cerrado soil with different cover crops.

2. Materials and Methods
2.1. Experimental Characterization

The experiment was conducted in an area of the Federal University of Mato Grosso
do Sul, Chapadão do Sul Campus, Brazil (latitude 18◦48′459′ ′ south; longitude 52◦36′003′ ′

west; altitude of 820 m). The climate of the region, according to the Köppen–Geiger
classification, is of the Cwa type (humid tropical) with a rainy season in summer (December–
March) and drought in winter (June–September). The climatic records for the period of the
experiment were obtained in the database POWER Data Access Viewer (2019) (Figure 1).

The soil of the experimental area was classified as Latossolo Vermelho distrófico [15],
used in a no-till system. The experimental area had been under a no-tillage system for
five years, during which the rotation of crops with soybeans/corn was done during the
harvest (October to March) and sowing of cover crops in the offseason (March). For this
experiment, cover crops were sown in March 2018.
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Figure 1. Climogram for 2018. Source: POWER Data Access Viewer database, 2019. PREC: precipitation, MAXT: maximum 
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temperature, MINT: minimum temperature, AVET: average temperature.

2.2. Experimental Design

The experimental design used was a randomized block with eight treatments and four
replications, totaling 32 plots. For molecular analyzes, only three repetitions were used for
each treatment. The treatments were composed of different cover crops: Sorghum bicolor (L.)
Moench, Crotalaria ochroleuca G. Dom, Pennisetum americanum (L.) leek, Panicum mili-
aceum L., Raphanus sativus L., Urochloa brizantha (Hochst. ex. A. Rich) Stapf cv. Xaraés,
U. ruziziensis Germain and Evrard, and a fallow area. The plots were of 2.25 m wide and
5 m long. Before sowing the cover crops, the total area was desiccated using glyphosate
(1.0 kg i.a ha−1) + 2.4D (1.0 kg i.a ha−1).

Cover crops were sown manually in furrows spaced 0.45 m apart and which were
opened by a mechanized seeder, then they were covered with a thin layer of soil, also
manually. At sowing, no fertilization, weed control or any other management on the cover
crops cultivation was carried out. Chemical characteristics [16] and texture of the soil [17]
were determined by laboratory analysis (Table 1).

Table 1. Soil composition of the experimental area.

Cover Crop Clay Silt Sand OM pH P K Zn Ca Mg H + Al CEC
% CaCl2 mg·dm−3 cmolc·dm−3

Sorghum bicolor 41.0 19.0 40.0 2.9 5.1 14.8 53.0 9.5 2.3 1.16 3.5 7.1
Crotalaria ochroleuca 40.0 20.0 40.0 3.0 6.0 17.4 71.0 6.5 4.0 1.42 3.0 7.5

Pennisetum americanum 41.0 17.0 42.0 3.2 6.2 12.4 78.0 5.5 4.8 1.65 1.7 8.3
Panicum miliaceum 42.0 20.0 38.0 3.0 5.8 21.2 70.0 5.7 3.1 1.47 2.3 7.0
Urochloa ruziziensis 38.0 11.0 51.0 2.7 5.6 20.6 86.0 8.1 3.2 1.63 1.9 6.9

Raphanus sativus 39.0 19.0 42.0 2.3 5.4 17.3 53.0 6.7 2.9 1.21 2.8 7.0
Urochloabrizantha 38.0 20.0 42.0 2.9 5.4 25.1 71.0 7.4 3.4 1.54 2.3 7.4

Fallow 44.0 18.0 38.0 2.6 5.8 24.4 65.0 7.2 3.9 1.9 2.1 8.1

OM: organic material; pH; P: phosphorus; K: potassium; Zn: zinc; Ca: calcium; Mg: magnesium; H + Al: potential acidity; CEC: cation
exchange capacity.
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2.3. Soil Sampling for Microbiological Determination and Plant Biomass

Soil samples for microbiological analysis and cover crop aerial biomass were collected
60 days after cover crops sowing. Soil sampling to determine microbiological attributes was
carried out at a depth of 0–10 cm, collecting five subsamples in each plot at four different
points, on rows and between rows. To increase the representativeness of the study area,
five simple equidistant samples were taken at each point, 12 cm apart, creating a composite
sample [9]. The soil was sieved through a 4.0 mm mesh and stored in a cold chamber at
4 ◦C. For molecular analysis, soil fractions were stored at −80 ◦C.

To determine the cover aerial biomass dry weight, the aerial part of three rows of one
meter from each plot was collected. Each portion was weighed, and aliquots were removed
from the original sample. The aliquots were weighed on an analytical balance and the
plants were taken to dry in an oven with forced air ventilation, at a temperature of 65 ◦C,
until reaching constant mass, and then weighed again.

2.4. Determination of Microbial Biomass Carbon (MBC), Basal Soil Respiration (BR), and
Metabolic Quotient (qCO2)

The MBC was estimated through the fumigation-extraction method [18]. Each sample
was divided into two groups of four subsamples. Four subsamples were submitted to
fumigation followed by extraction and four for immediate extraction after weighing,
without fumigation. Twenty grams of soil were stored in a 100 mL flask, which was
transferred to a desiccator, together with a flask with water and another containing 10 mL
of chloroform ethanol-free CHCl3, remaining under fumigation in an incubation room kept
in the dark, with controlled temperature (37 ◦C), for 24 h. Then, the CHCl3 was removed
by successive aspirations. K2SO4 (50 mL of 0.5 mol L−1) with the pH adjusted in the range
of 6.5 to 6.8 was followed by the extraction in a shaker with horizontal circular motion at
220 rpm for 30 min. The determination of C in the fumigated and non-fumigated extracts
was performed by dichromatometric titration. From removing an 8 mL aliquot of the extract,
2 mL of K2Cr2O7 0.066 mol L−1, 10 mL of concentrated H2SO4 and 5 mL of concentrated
H3PO4 were added. 80 mL of distilled water and three drops of diphenylamine (indicator)
were added. With the addition of the indicator, the solution turned from yellow to violet.
The excess dichromate was titrated with (NH4)2Fe(SO4)2·6H2O 0.033 mol·L−1 (turning
point: violet to green). Bottles without soil, blank test containing all reagents received the
same treatment given the samples being used as a control.

To quantify basal respiration (BR), a 40 mL wide-mouth reservoir containing 25 mL of
NaOH (2 N) was used. The determination of BR was based on the technique of respirom-
etry [19] consisting of measurement through the difference between the volume of acid
necessary to neutralize sodium hydroxide. At predetermined intervals of 7 days, the
containers were opened, and the solution was titrated with 2N HCl in the presence of
an acid/phenolphthalein base indicator. After reading, the same amount of NaOH was
replaced, and the containers closed again. The difference between the volume of acid
needed to neutralize sodium hydroxide for control and that in treatments is equivalent to
the amount of carbon dioxide produced by soil microorganisms.

To determine the metabolic quotient (qCO2), the procedure described by Anderson
and Domsch [20] was used, according to the equation qCO2 = C-CO2/MBC, where C-CO2
is the soil basal respiration rate (mg of C-CO2 kg−1), and MBC is the microbial biomass
carbon (mg of CO2 kg−1).

2.5. Soil Total DNA Extraction

The soil total DNA was extracted with the commercial kit Power Soil DNA extraction
(MoBio, USA), following the manufacturer’s instructions, from 0.4 g of the soil. After
extraction, the integrity and quality of the obtained DNAs were verified by electrophoresis
on 1% agarose gel (w/v), followed by visualization in ultraviolet light.



Sustainability 2021, 13, 8318 5 of 14

2.6. Abundance of the Bacterial Community by Quantitative PCR (qPCR)

The abundance of bacteria was estimated by amplifying the V3 region of the 16S rRNA
gene. The quantification of the target gene was performed using the StepOne™ Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA), with the SYBR® GreenER™ dye.
Primers Eub338 (5’- CCT ACG GGA GGC AGC AG-3′) and Eub518 (5’- ATT ACC GCG
GCT GCT GG - 3’) [21] were used, generating a fragment of 193 base pairs (bp). The
conditions of the reaction cycles were as follows: 95 ◦C for 10 min, 40 cycles of 95 ◦C for
27 s, 62 ◦C for 60 s, and 72 ◦C for 30 s. The melting curve (denaturation) was performed at
the end of each quantification with a gradual increase in temperature, from 72 ◦C to 96 ◦C,
to verify the specificity of the amplification. The final volume of the reactions was 20 µL,
containing 10 µL of SYBR® Select Master Mix (Applied Biosystems, Foster City, CA, USA),
0.5 µL of each primer diluted 1:9 (0.2 µM), 1 µL (approximately 50 ng) of template DNA,
and 8 µL of autoclaved ultrapure water to complete the reaction volume.

2.7. Determination of the Structure of the Bacterial Community by the Terminal Restriction
Fragment Length Polymorphism (T-RFLP)

The structure of the bacterial community was assessed through the terminal restriction
fragment length polymorphism (T-RFLP) polymorphism of the bacterial rrs gene (16S
rRNA). The reaction cycles started with denaturation at 95 ◦C for 4 min, followed by 30
denaturation cycles at 95 ◦C for 30 s, annealing at 57 ◦C for 30 s, extension at 72 ◦C for
45 s, and a final extension of 72 ◦C for 10 min. The final volume of the reactions was 50 µL,
containing 6 µL of MgCl2 (final concentration of Mg2 + of 3 mM), 0.2 µL (equivalent to 1U)
of taq polymerase, 5 µL of Mg2 + free buffer for taq polymerase (100 mM Tris-Cl (pH 8.8),
500 mM KCl, 1% Triton-X-100) (Sinapse Inc, São Paulo, Brazil), 4 µL deoxynucleoside
triphosphate (dNTP) (0.2 mM of each nitrogenous base), 0.1 µL of each primer (0.01 mM)
and 1 µL of template DNA, completing with 33.6 µL of autoclaved ultrapure water.

The amplification reactions were performed in a thermocycler model Veriti 96-well
Thermal Cycler (Applied Biosystems, Foster City, CA, USA). The quality of the reactions
was verified by electrophoresis in 1.5% agarose gel run at 90 V for 60 min in tris-acetate-
EDTA buffer (1x TAE) using 5 µL of the PCR product stained with GelRed™ (0.5 µg mL−1),
visualized and photo-documented in a transilluminator under ultraviolet light. The PCR
products were purified and evaluated by electrophoresis on 2% agarose gel after an 8 h
hydration period and analyzed in an ABI Prism 3500 automatic sequencer (Applied Biosys-
tems, Foster City, CA, USA) after staining with GeneScan™ 1200 LIZ®.

2.8. Statistical Analysis

The evaluation of the normal distribution of data was performed using the Shapiro–
Wilk test, while the homogeneity of variances was verified using the Bartlett test. After
confirming the normal distribution of the data and the homogeneous variance, the analysis
of variance (ANOVA) was performed and when the significant F was obtained, the com-
parison of means was performed by the Scott-Knott Test at 5% significance (p < 0.05) in
the SISVAR software [22]. The results of the T-RFLP were obtained from a peak area table,
in which it was exported, and the patterns grouped using non-metric multidimensional
scaling analysis (NMDS) for the bacterial rrs 16S rRNA gene using the Bray–Curtis distance.
Similarity analysis (ANOSIM) was coupled in the NMDS to search for differences among
the treatments. In addition, the Wealth index and the Shannon index were calculated
considering the peak area matrix of the T-RFLP.

To integrate the microbiological data (MBC, BR, qCO2, and abundance of bacteria) and
data on the production of dry matter from cover crops with the structure of the bacterial
community, a Spearman correlation was performed. For this, the first NMDS score was
considered as the bacterial community index for each cover [23,24]. For this analysis, the
program R [25] and the statistical package “vegan” [26] were used.
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3. Results and Discussion
3.1. Cover Crops Biomass

The assessment of the cover crop biomass indicates an intense variation of plant
material on the soil, thus providing different conditions for microbial activities (Figure 2).
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Figure 2. Aerial dry biomass of different cover crops. Sor = Sorghum bicolor; Cro = Crotalaria ochroleuca;
Pen = Pennisetum americanum; Pan = Panicum miliaceum; UrR = Urochloa ruziziensis. Rap = Raphanus
sativus L., and UrB = Uroclhoa brizantha cv. Xaraés. Bars with different lowercase letters above indicate
significant differences (p < 0.05).

The largest aerial biomass obtained was with S. bicolor (9.0 t ha−1), followed by
P. americanum (6.2 t ha−1) and R. sativus (5.8 t ha−1). These three cover crops presented
biomass with greater potential for covering the soil. However, the quality of the plant
material, as measured by the C/N ratio, is different for the R. sativus, which has a C/N
ratio of 17/1 [27], while P. americanum and S. bicolor have a C/N ratio of 54/1 and 49/1,
respectively [28], consequently present different rates of decomposition in the soil. Silva
et al. [29], when evaluating the phytomass and the C/N ratio in a combination of sorghum
and corn with different cover crops, found that sorghum cultivated alone has high values
for the C/N ratio when compared to the treatments in combination (sorghum + crotalaria,
sorghum + pigeon pea, sorghum + turnip, sorghum + sunflower, sorghum + lupine). It
is important to consider that the decomposition process of organic matter and the soil
microbial community are influenced by the C/N ratio.

The cover crop with the lowest biomass production was P. miliaceum (1.6 t ha−1) and
should therefore be considered with great care in its use since it does not provide a good
production of dry biomass for covering the soil. A phytomass production of 6 t ha−1

deposited on the soil surface provides a good soil cover rate [13]. The two species of the
genus Urochloa did not differ in terms of the aerial biomass provided in the soil (Figure 2).

3.2. Microbial Biomass Carbon, Basal Soil Respiration, Metabolic Quotient, and Abundance of the
Rrs Gene (16S rRNA)

Cover crops, with their characteristics and biomass production, influenced the mi-
crobiological attributes of the soil differently (Table 2), where the highest values for the
attributes MBC, C-CO2, qCO2, and abundance of the 16S rRNA gene were obtained with
cover crops S. bicolor, U. ruziziensis, U. ruziziensis, and P. americanum, respectively.
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Table 2. Microbial biomass carbon (MBC), basal soil respiration (BR), metabolic quotient (qCO2), and the abundance of the
16S rRNA gene (log number of copies per gram of soil) in soils cultivated with different cover crops.

Cover Crop MBC µg Microbial C
G−1 Soil C-CO2 100 G Soil−1 Qco2

16S Rrna N◦ of 16S
Rrna Gene Copies

G−1 Soil

Sorghum bicolor 199.52a 120.40c 6.04d 1.61 × 108b
Crotalaria ochroleuca 187.98b 123.20c 6.56d 1.18 × 108c

Pennisetum americanum 152.93c 84.30e 5.52d 2.38 × 108a
Panicum miliaceum 90.09e 67.41f 7.50c 9.83 × 107c
Urochloa ruziziensis 71.93f 142.27a 19.79a 1.42 × 108b

Raphanus sativus 83.46e 129.47b 15.57b 1.07 × 108c
Urochloabrizantha 123.06d 102.30d 8.33c 1.15 × 108c

Fallow 180.85b 119.17c 6.59d 3.95 × 107d

Means followed by the same letter in the column do not differ by the Scott-Knott test at 5% significance.

Cover crops contributed differently to the carbon of the soil’s microbial biomass
(Table 2). The highest MBC values were found in the soil with S. bicolor, followed by
C. ochroleuca and fallow, respectively. However, only S. bicolor had the highest plant biomass.
For Roscoe et al. [30], high MBC values indicate the process of temporary immobilization
of nutrients by microbial cells, thus reducing nutrient losses directly to the soil. In the soil
with R. sativus and P. miliaceum, there was no difference regarding MBC. The lowest MBC
values were observed for soils with U. ruziziensis (Table 2).

The specificity of organic material and the diversity of compounds from invasive
plants, which usually happens in fallow, can contribute to the highest MBC values.
In our study, the following invasive plants were found in fallow: Eleusine indica (L.)
Gaertn, Chamaesyce hirta (L.) Millsp., Digitaria horizontalis Willd, Leonotis nepetifolia (L.) R.Br.,
Cenchrus echinatus L., Richardia Brasiliensis Gomes and D. insularis (L.) Fedde. Hungria
et al. [31] found that the presence of different invasive plants (Conyza bonariensis (L.) Cron-
quist, Tridax procumbens (L.) L., Chromolaena maximilianii (Schrad. ex DC.) R.M. King &
H. Rob, Ageratum conyzoides L., Commelina benghalensis L., Ipomoea grandifolia (Dammer)
O’Donell, and Cyperus rotundus L.) in fallow soil under no-tillage system influenced soil
microbial biomass, as it presents different depositions of plant fractions in the soil, causing
an increase in the population of microorganisms.

Crotalaria, due to its low C/N ratio (14/1), favors the mineralization process and is
quickly decomposed in the soil, ensuring nutrient cycling [32]. The greater plant diversi-
fication in agricultural systems positively stimulates microbial biomass [33], providing a
habitat for several groups of microorganisms that colonize the soil.

The highest values for basal soil respiration were observed in the coverages of
U. ruziziensis and R. sativus. C-CO2, or basal respiration of the soil, is defined as the
total of all metabolic functions in which CO2 is produced and released, thus, a high rate of
microbial respiration of the soil, depending on the environment, may indicate short-term
release of nutrients, by soil microbial cells [34,35].

The highest values for the metabolic quotient were obtained with U. ruziziensis and
turnip. The higher qCO2 value can show that the microbial community is oxidizing carbon
from its cells for its maintenance and permanence in the soil, representing the occurrence
of stress caused by some environmental factor [36].

The areas of P. americanum, S. bicolor, C. ochroleuca, and fallow had the lowest values
for the metabolic quotient, indicating that they are the most stable areas concerning qCO2,
due to the lower loss of CO2 per unit of biomass. This factor may be related to the
deposition of organic material in the soil layers, providing a greater source of nutrients for
the development of the microbial community, thus avoiding competition for nutrients with
vegetables [37,38].
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3.3. Abundance of the Bacterial Community by Quantitative PCR (qPCR)

The highest bacterial abundance of the rrs 16S rRNA gene was found in the soil
cultivated with P. americanum (Table 2), while the lowest bacterial abundance was found in
fallow. Schmidt et al. [39], when evaluating the effect of different cover crops, management,
and depths on the soil profile, also found a significant increase in the number of bacteria,
assessed by qPCR in the soil layer, with cultivated cover crops when compared to the fallow
system, but found no differences in Shannon’s diversity indices. These authors indicated
that cover crops favor moderately fast growing microorganisms of reduced genome size,
such as bacteria and archaea. Among cover crops, except for P. miliaceum, which showed
an abundance scale of 107, the other cover crops showed high abundance in the order of
108, corroborating the data by Schmidt et al. [39].

There was no difference in abundance between the soil cultivated with S. bicolor
and the soil with U. ruziziensis. However, in these two treatments there was greater
abundance when compared to soils cultivated with C. ochroleuca, P. miliaceum, R. sativus, and
U. brizantha cv. Xaraés, although C. ochroleuca and R. sativus belong to different botanical
families, Fabaceae and Brassicaceae, respectively. It was evidenced that among these
groups there was no difference in the abundance of the rrs 16S RNA gene in the soil,
showing that even with differences in their exudates and allelochemicals excreted, this
does not affect bacterial abundance in the soil [40].

3.4. Changes in the Structure of the Bacterial Community

The results for the structure of the microbial community show that there is a separation
of the bacterial community from the rrs 16S rRNA gene as a function of the cover crops. The
seven cover crops plus the fallow area showed that each environment provides different
conditions according to the type of plant material present in the soil (Figure 3).
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Figure 3. Non-metric multidimensional scaling analysis (nMDS) for the bacterial rrs 16S rRNA
gene, determined by T-RFLP, as a function of the cultivation of different cover crops in soil in the
no-tillage system. Cro = Crotalaria ochroleuca; Pan = Panicum miliaceum; Pen = Pennisetum americanum;
Fal = fallow; Rap = Raphanus sativus L.; Sor = Sorghum bicolor; UrB = Urochloa brizantha cv. Xaraés;
and UrR = Urochloa ruziziensis.
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In the NMDS analysis, in addition to the ANOSIM test posteriori, confidence ellipses
were incorporated (Figure 3) and this enabled the visualization in the diagram of the
possible differences between cover crops and fallow, in which when there is an overlap
between the ellipses, there is an indication of similarity. The NMDS provides a stress value
that informs the adjustment of the data order, in which, according to Clarke [41], acceptable
stress values are below 0.1 and the best stress values are less than 0.05. It was observed
that in this study the stress value was considered acceptable (stress = 0.088, Figure 3) and,
therefore, inferences from diagramming were open to interpretation.

In assessing the similarity of the structure of the microbial community of the rrs 16S
rRNA gene, present in soils grown with cover crops, the ANOSIM test did not show
significant results, probably due to the variability of the data (Table 3). However, the value
of R allowed some inferences related to the structure, as this is an indicator of community
distinction, where the value of 1 indicates the total dissimilarity between groups and 0
indicates total similarity between groups. Negative R values indicate greater dissimilarity
within the group than between groups [42,43].

Table 3. Dissimilarity (R value) obtained through similarity analysis (ANOSIM) comparing the structure of the bacterial
community of the rrs 16S rRNA gene in soils managed with different cover crops.

S. bicolor C. ochroleuca P. americanum P. miliaceum U. ruziziensis R. sativus U. brizantha Fallow

S. bicolor 0
C. ochroleuca 0.22 ns 0

P. americanum 1 ns 0.25 ns 0
P. miliaceum 1 ns 0.37 ns 0.44 ns 0

U. ruziziensis 1 ns 0.33 ns 0.70 ns 0.18 ns 0
R. sativus 0.96 ns 0.33 ns 0.51 ns −0.33 ns 0.22 ns 0

U. brizantha 1 ns 0.33 ns 0.48 ns −0.33 ns 0.40 ns −0.40 ns 0
Fallow 1 ns 0.33 ns 0.77 ns 0.18 ns 1 ns 0.11 ns −0.07 ns 0

significant values (p < 0.05); ns = non-significant values.

The structure of the bacterial community in the soil cultivated with S. bicolor, except
for the soil with C. ochroleuca, differed completely from the other cover crops and fallow
and presented R values close to 1 (Table 3). In the study by Schlemper et al. [44], when
studying different sorghum genotypes, it was concluded that the changes in the bacterial
community caused in the rhizosphere of the evaluated cultivars were influenced by the
composition of the different strigolactones exuded by the sorghum roots. This may be one
of the reasons that led to the total differentiation of the sorghum community with the other
cover crops and fallow in this study. Furthermore, this difference in the structure of the
bacterial community of the rrs 16S rRNA gene may be related to the greater contribution of
plant biomass and soil microbial biomass carbon favored by S. bicolor (8996.99 kg ha−1 and
199.25 µg C microbial g−1 soil, respectively) and the lower qCO2 value (6.04) indicating
less efficiency in the use of the substrate by soil microorganisms. The lower efficiency of
the use of plant material may be related to its C/N ratio, in which sorghum corresponds to
49/1 [28], being of slow decomposition, due to the higher lignin content, being difficult to
decompose by soil microorganisms.

As observed in NMDS (Figure 3) and ANOSIM (Table 3), the bacterial community
in the soil with P. americanum is distinct from the bacterial community in the soil with
U. ruziziensis (R = 0.70) and fallow (R = 0.77). In addition, in the P. americanum soil, the
community was partially similar to the bacterial communities of P. miliaceum, R. sativus,
and U. brizantha. It was observed that among the soil bacterial communities with cover
crops concerning fallow, U. ruziziensis and P. americanum were the ones that most differed
(R = 1.0 and R = 0.77, respectively), while U. ruziziensis and R. sativus were the ones most
similar (R = −0.07 and R = 0.11, respectively). In U. ruziziensis there was a high variation
within the system (represented by its negative R-ANOSIM value). In general, C. ochroleuca,
P. americanum and S. bicolor are more similar to each other and show greater dissimilarity
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between the other cultivated areas with the different cover crops and the fallow area
(Figure 3).

Romdhane et al. [45], when studying the effect of 12 cover crops, observed that the
composition of the bacterial community was highly affected by the type of cover crop
grown, showing some patterns regarding the botanical level of the family of studied species.
Although the species studied by these authors are different from the present study, they
used two grass, four leguminous, two brassica, and another four different species. The
values found in this work corroborate the study by Romdhane et al. [45] because when
considering the level of botanical families among cover crops, a greater similarity was
observed among Urochloa, P. miliaceum, and P. americanum. However, Peixoto et al. [46],
under conditions of Brazilian Cerrado, when evaluating the effects of different management
systems (conventional and no-tillage), soil depths, and cover crops, observed that only
cover crops did not affect the structure of the bacterial community assessed by using the
PCR/DGGE technique.

Although changes in the structure of the bacterial community were observed in the
different cover crops, there were no differences in the diversity indices (Figure 4A,B).
Similar results were also found by Schmidt et al. [39], who verified no differences in the
bacterial community’s diversity indices in soils cultivated with cover crops.

3.5. Correlation of the Structure of the Bacterial Community with the Microbiological Attributes
Evaluated

To integrate the response of the bacterial community structure evaluated using T-RFLP
with microbiological data and plant biomass, Spearman’s correlation was performed (due
to the residues of the data not meeting normality) (Table 4).

A maximum positive correlation was observed between the bacterial community of
the cultivated soils with plants of the genus Urochloa and the microbial biomass carbon
(Table 4). This fact may be related to the expressive soil exploration by the root system
of plants of the genus Urochloa [47]. It was observed that fallow system presented one of
the highest MBC values (Table 2), but it was also the only one that showed a maximum
negative correlation of MBC with the bacterial community structure (Table 4). In addition,
fallow was the only system with a maximum positive correlation with the qCO2, while the
other cover crops had negative correlations with the qCO2. This reinforces the importance
of maintaining ground cover to optimize ecosystem services.

The positive correlation of the bacterial community with the basal respiration of the soil
was maximum for soils cultivated with S. bicolor and P. miliaceum, while for P. americanum
and U. ruziziensis the correlation was negative. For bacterial abundance, it was observed
that there was a maximum correlation with the bacterial community only for the soil
cultivated with P. miliaceum, which showed the maximum negative correlation with the
aerial dry biomass (Table 4).

Given these results, there was a dynamic response of the bacterial community and
the microbiological attributes evaluated for the different cover crops. Further studies are
needed to access the bacterial groups that can contribute to this differentiation, in addition
to studies that evaluate the responses of the plant and soil microbiome in long-term
experiments at different stages of cover crop development.
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Figure 4. (A) Wealth indices for the bacterial gene rrs 16S rRNA, determined by T-RFLP, as a
function of the cultivation of different cover crops in the soil under the no-tillage system. (B)
Shannon’s H index for the bacterial gene rrs 16S rRNA, determined by T-RFLP, as a function
of the cultivation of different cover crops in the soil under no-tillage system. Sor = Sorghum
bicolor; Cro = Crotalaria ochroleuca; Pen = Pennisetum americanum; Pan = Panicum miliaceum;
UrR = Urochloa ruziziensis; Rap = Raphanus sativus L.; UrB = Uroclhoa brizantha cv. Xaraés; and
Fal = fallow. CV = coefficient of variation. LSD = least significant difference. Equal lowercase letters
above the bars indicate that there was no significant difference (p < 0.05).

Table 4. Spearman’s rank correlation coefficient of the bacterial community of the different cover
and fallow plants with the different microbiological attributes evaluated, as well as the aerial dry
biomass.

MBC BR qCO2 qPCR ADB

Sorghum bicolor 0.50 ns 1.00 ** −0.50 ns 0.50 ns −0.50 ns

Pennisetum americanum 0.87 ns −0.87 ns −0.87 ns −0.87 ns 0.00 ns

Panicum miliaceum 0.50 ns 1.00 ** −0.50 ns 1.00 ** −1.00 **

Urochloa Ruziziensis 1.00 ** −0.50 ns −1.00 ** 0.50 ns 0.50 ns

Raphanus sativus 0.50 ns 0.50 ns −0.50 ns −0.50 ns −1.00 **

Urochloa brizantha 1.00 ** 0.00 ns −1.00 ** −0.50 ns −1.00 **

Fallow −1.00 ** −0.50 ns 1.00 ** 0.50 ns NA
MBC: microbial biomass carbon, BR: baseline respiration, qCO2: metabolic quotient, qPCR: bacterial abundance
assessed by the rrs 16S rRNA gene, ADB: aerial dry biomass. ns: not significant, ** p < 0.001, NA: not evaluated
because there was no measurement of dry matter at fallow.
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4. Conclusions

S. bicolor, P. Americanum, and C. ochroleuca were the cover crops that showed greater dif-
ferentiation in the structure of the soil bacterial community, with S. bicolor and P. americanum
being the plants with the highest production of plant biomass.

The microbiological attributes, as well as the community structure, were shown to be
sensitive to the different cover crops.

Urochloa genus had a maximum positive correlation with the structure of the bacterial
community, and this attribute may be a predictor of the structure of the bacterial community
in the soil. In addition, in soils with U. ruziziensis, high bacterial abundance was observed,
as well as high basal soil respiration and metabolic quotient, and the latter may indicate an
imbalance in the environment.
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