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Abstract: Conservation farming practices, such as no-tillage and crop residue retention, have been
proposed as sustainable management practices. However, it remains unclear how different tillage
practices and rice straw retention affect the soil bacterial community (SBC) and the soil C/N ratio in
the long term. The objective of this study was to evaluate changes in SBC composition and abundance
and soil properties (e.g., carbon (C), nitrogen (N)) and determine their relationship to the soil C/N
ratio under long-term no-tillage and straw retention techniques. This study investigates the effect
of a long-term field experiment begun in 2008 and continued until 2019 to measure the response of
the SBC and soil properties and their relation to different tillage practices, including no-tillage (NT),
no-tillage and straw mulching (NT-SM), conventional tillage (CT), conventional tillage and straw
mulching (CT-SM), and conventional tillage and straw retention (CT-SR). Soil samples were collected
at depths of 0–5 cm (A), 5–10 cm (B), and 10–20 cm (C) after rice harvesting in the early and late
growing seasons in 2018–2019. The Illumina MiSeq sequencing and quantitative polymerase chain
reaction (PCR) technology was used to analyze changes in SBC diversity in soil and determined the
changes in the soil C/N ratio and their relationship with the SBC diversity. The results showed that
the Proteobacteria, Acidobacteria, and Chloroflexi were the dominant phyla in the soil and accounted
for 61.26%, 59.39%, and 55.62% of the total bacteria in the A, B, and C soil layers, respectively. The NT
treatment increased SBC diversity, the number of operational taxonomic units (OTUs), and the
proportion of Proteobacteria across the soil depths. Similarly, straw retention also significantly
improved SBC diversity, soil organic C (SOC), total N (TN), soil C/N ratio, and the abundance of
Proteobacteria and Acidobacteria in the soil layers A and B. The NT-SM treatment increased the SOC,
TN, and soil C/N ratio by 30%, 21%, and 6% in 2018 and by 33, 25% and 7% in 2019, respectively,
across the seasons and layers compared to the CT treatment. The NT-SM treatment had the highest
soil bacterial diversity index, and the CT-SR treatment had the highest soil bacterial abundance
and number of OTUs. The redundancy analysis showed that Acidobacteria were highly positively
correlated with the soil C/N ratio. The results demonstrate that conservation tillage practices, i.e.,
no-tillage and straw retention, increase the SBC diversity and soil C/N ratio, thereby enhancing soil
organic C and total N and changing soil microbial ecology. As a result, sustainable crop production
and profitable agro-ecosystems are ensured.
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1. Introduction

Soil microorganisms provide important ecosystem services, which are necessary to maintain
agricultural productivity and ecosystem health [1,2]. Soil bacteria account for about 70–90% of the
total amount of soil microorganisms [3], which participate directly or indirectly in soil biochemical
processes and contribute to nutrient cycling and energy transformation in soil. Examples include
the decomposition and synthesis of organic substances, which improve the soil structure due to the
formation of organic matter [4]. The abundance and community structure of soil microorganisms,
including bacteria, fungi, microbivores (protozoa and nematodes), and predators (nematodes) highly
depend on soil management practices [5,6]. Changes in the soil bacterial community (SBC) can affect
mineralization and decomposition of organic matter [7]. Therefore, an understanding of the changes
in SBC and the relationship with the soil C/N ratio for different soil management practices may lead
to better management of the SBC to achieve sustainable crop production [8,9]. In-addition, the SBC
plays a pivotal role in soil ecological processes, including the decomposition of organic matter and
the formation of soil aggregates, thereby affecting soil fertility and improving soil ecosystems [10,11].
The SBC has a primary role in the degradation of plant residues and the transformation of organic
matter by secreting specific extracellular enzymes for the decomposition of macromolecular organic
substances into monomer substances for plant absorption and utilization. This mechanism improves
the turnover and circulation of soil nutrients, such as carbon (C) and nitrogen (N) [12]. It was
reported that the SBC composition was affected by soil pH, organic matter content, and soil tillage
practices [13,14]. Many studies have shown that the soil fertility status, especially the soil C and N
content, is an important factor affecting the abundance of the bacterial community.

Changes in the soil physicochemical properties due to conservation tillage resulted in changes in
the SBC composition [15,16]. Conservation tillage practices i.e., no-tillage, mulch tillage, strip or zonal
tillage, ridge till (including no-till on ridges), reduced or minimum tillage, straw retention on the soil
surface, and crop rotation minimize soil disturbance and maintain or improve the soil quality, thereby
increase crop productivity [17–19].The most common conservation tillage practices are no-tillage and
straw retention on the soil surface [18]. No-tillage is a tillage method that requires no actual tillage of
land. Further, in no-tillage systems plant residue is left unharmed in fields so it can naturally decay
over time, thus stores more C in soil for long time, rather than breaking it down side faster and letting
C escape into the atmosphere [19,20]. Straw mulching or retention consists of placing a uniform layer
of straw and incorporating it into the soil [20]. Straw retention practices have a major effect on soil
water holding capacity and C conservation [21,22]. Moreover, other studies have found that no-tillage
and straw retention increases soil microbial biomass, bacterial diversity, and enzymatic activities in
soil [19–22]. The soil chemical properties of the surface layer are generally more favorable under
no-tillage than tillage conditions, and the C storage is also improved due to minimal soil disturbance
and the slow decomposition of organic C [23–25]. In-addition, significant changes were observed in
the soil bulk density, soil aeration, soil water holding capacity, and water aggregate stability under
no-tillage, straw retention, biochar and organic manure fertilization and these practices ultimately
improved soil fertility and health [26–28]. Several studies have found that conservation tillage had
significant effects on the physicochemical properties of paddy fields, such as improvements in the soil
aggregation and permeability, soil organic C, N, bacterial community composition, and a reduction in
the soil bulk density of the topsoil layer [29–31]. The SBC diversity and abundance exhibited significant
changes in the topsoil layer under no-tillage with rice straw retention [32,33]. Lin et al. [34] stated
that the abundance and diversity of SBC under no-tillage with straw mulching were significantly
higher than traditional tillage practices. In contrast, in other studies, no-tillage with straw retention
did not change soil microbial biomass, diversity, and soil enzymatic activities [31,32]. These results
may be attributed to the study area, climatic conditions, soil nutrients status, and temporal and
spatial factors. There is a lack of knowledge on the effect of different conservation tillage practices,
i.e., no-tillage and rice straw retention, on soil bacterial diversity and community composition at
different soil depths (layer).
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Additionally, soil organic carbon (SOC) and total nitrogen (TN) are key indicators of soil
fertility [33].The soil C/N ratio is a sensitive indicator of soil quality, and the soil microbial activities
and plant growth are affected by the soil C/N ratio and play a vital role in soil nutrient status and
cycling [34]. The soil C/N ratio is significantly affected by external C and N inputs, which regulate the
soil C and N cycle. Generally, the C/N ratio of rice straw is approximately 60/100, and that of soil is
3/50. Hence, rice straw addition improves the soil C/N ratio. In the process of depolymerization and
mineralization of organic matter, microorganisms absorb C and N for self-regulation. Changes in the
soil C/N ratio are closely related to SBC [35]. Similarly, Liu et al. [36] reported that an improvement
in the soil C/N ratio might have adverse effects on the reproduction of soil microorganisms. Further,
changes in soil C/N ratio affect soil microbial biomass and the fixation and release of nutrients from
organic fertilizers, thus affecting soil fertility [37,38]. The soil C/N ratio also significantly influences
soil microbial activity, organic matter decomposition and accumulation, the soil C and N cycle, and
nutrient availability. Therefore, changes in the soil C/N ratio and SBC abundance can be used to predict
soil fertility. It has been demonstrated that conservation tillage practices, such as no-tillage and straw
retention, have significant impacts on soil microbial diversity and soil quality. However, the long-term
impact of no-tillage and straw retention on soil bacterial community diversity and abundance and
its relationship with changes in the soil C/N ratio is not fully understood, particularly in the humid,
warm climate region of Guangxi in southern China.

The objectives of this study are (1) to determine changes in the SBC composition and abundance
in response to long-term no-tillage and straw retention, (2) to determine changes in soil organic C
and N and their relationship with changes in the SBC composition under long-term conservation
tillage practices, and (3) to determine the bacterial diversity and community composition in different
soil layers.

2. Materials and Methods

2.1. Site Description

The long-term experiment was performed at the experimental research station of Guangxi
University (22◦49′12′′ N, 108◦19′11′′ E; 75 m). The climate is classified as a subtropical monsoon
climate region, with a mean annual rainfall of 990 mm and a mean annual temperature of 21.6 ◦C (local
weather station). The soil (0–20 cm) is an Ultisol, which is slightly acidic, with a pH of 5.94 (H2O).
A soil test indicated the following contents: the SOC was 30.96 g kg−1, the TN was 1.04 g kg−1, and the
available N, phosphorus (P), and K were 155.29 g kg−1, 212.08 g kg−1, and 121.44 g kg−1, respectively.

2.2. Experimental Design

The long-term field experiment in two rice growing seasons began in the fall of 2008 and continued
until 2019; the system consisted of the early season (March to July) and the late season (July to
November). The experiment was a randomized complete block design (RCBD) with five treatments
and three replications. The plot size was 6 m × 6 m. The treatments in this study included (1) no-tillage
(NT), (2) no-tillage and straw mulching (NT-SM), (3) conventional tillage (CT), (4) conventional tillage
and straw mulching (CT-SM), and (5) conventional tillage and straw retention (CT-SR). In the NT
treatment, there was no soil disturbance except for rice planting. The NT-SM treatment involved
no-tillage, and after the rice harvest in each season, the plot area was evenly covered by the rice straw.
In the CT-SM treatment, after rice harvesting, all the straw was removed from the plot area, and the
plot was plowed with a micro-tiller (tillage); after plowing, the rice straw was evenly distributed on
the surface of the plot area. In the CT treatment, after the rice harvest in each season, the rice straw
was completely removed from the plot area, and the area was plowed (0–20cm) with a micro-tiller.
In the CT-SR treatment, the rice straw was evenly distributed on the soil surface, and the area was
plowed with a micro-tiller to incorporate the rice straw into the soil. The plots were surrounded by
ridges (30 cm high and 20 cm wide) covered by thin polythene plastic to prevent water and fertilizer
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from other plots to enter the plot area. The rice seeds were started in plastic seedling trays, and the
25-day-old seedlings with uniform size were transplanted into the field.

The same dose of NPK fertilizer at a ratio of 232:98:180 (kg ha−1) was used for each treatment,
and each plot received 1800 g urea, 2220 g superphosphate, and 1080 g potassium. N and K were
applied three times, i.e., 50% of the amount was applied initially, 30% was applied seven days after
transplanting, and 20% was applied at the jointing stage. All superphosphate was applied as a basal
dose one day before transplanting. Uniform flooding (about four cm deep) was continued from
transplanting until physiological maturity. Throughout the growing season, standard agricultural
practices, such as irrigation and applications of insecticides and herbicides, were performed in the
same manner for all pots during both seasons.

2.3. Soil Sampling

Soil samples were collected from three soil depths, i.e., 0–5 cm (A), 5–10 cm (B), and 10–20 cm
(C) at the end of the 11-year study after post-harvest in the early and late seasons in 2018–2019.
Five subsamples were collected randomly from each plot and were mixed evenly to create a bulk
sample. There were 45 samples (five treatments with three replicates at three soil depths). Each soil
sample was homogenized, and the plant roots and large rocks were removed. All the samples were
divided into two parts: the first part was stored at −80 ◦C and was used to determine the SBC structure
and for DNA extraction and the second part was air-dried and used for the determination of the soil
chemical properties.

2.4. Soil Analysis

Soil organic C was determined by the oxidation method with K2Cr2O7-H2SO4. For the chemical
analysis, 0.5 g of the soil was digested with 5 mL of 1M K2Cr2O7 and concentrated H2SO4 and heated
at 175 ◦C for 5 min, followed by titration of the digests with FeSO4 [39]. For the TN analysis, 200 mg of
the samples were digested using the salicylic acid–sulfuric acid–hydrogen peroxide method described
by Ohyama et al. [40], and the TN was determined using the micro-Kjeldahl procedure [41]. The soil
C/N ratio was calculated by dividing the SOC concentration by the soil TN concentration.

2.5. DNA Extraction, Bacterial 16S rRNA Gene Amplification and MiSeq Sequencing

Soil DNA was extracted from 0.25 g of wet soil using an E.Z.N.ATM Mag-Bind Soil DNA
Kit (Shanghai Sangon Biotech Co., Ltd., Shanghai, China) according to the manufacturer’s
protocol. The DNA extracts were quantified with a nano spectrophotometer. An aliquot
(50 ng) of DNA from each sample was used as a template for bacterial 16SrRNA gene
amplification. Briefly, the bacterial hypervariable domain V3–V4 was amplified with region-specific
primers (341F:5′-CCTACGGGNGGCWGCAG-3′ and 805R:5′-GACTACHVGGGTATCTAATCC-3′)
that included the Illumina (San Diego, CA, USA) flow-cell adapter sequences [42]. The index sequences
were added, and enrichment was performed after extraction. The polymerase chain reaction (PCR)
amplification procedure was as follows: 94 ◦C for 3 min, 94 ◦C for 30 s, 45 ◦C for 20 s, 65 ◦C for 30 s
5 cycles, 94 ◦C for 20 s, 55 ◦C for 20 s, 72 ◦C for 30 s, 20 cycles, and extension at 72 ◦C for 5 min. A Qubit
3.0 (Thermo Fisher Scientific, Waltham, MA, USA) and Bio-RAD T100TM(Bio-Rad Laboratories,
Hercules, CA, USA) Thermal Cycler were used to quantify the concentration and determine the
purity of the library to ensure quality. Subsequently, the library was sequenced with an Illumina
MiSeq instrument.

2.6. Processing of Illumina Sequencing Data

According to the overlap of the clean data, we spliced the paired reads using PEAR [43] software
to merge the sequences. We used the software QIIME and MOTHER (Northern Arizona University:
United State) to filter and remove the chimera of the sequences at the connection, and clustering
into operational taxonomic units (OTUs) based on 97% pair-wise identity was performed using
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UCLUST [44]. Taxonomic classification of the representative sequence for each OTU was performed
using the RDP classifier or QIIME’s Closed Reference strategy against the 16S rRNA database.

2.7. Statistical Analysis

Analysis of variance (ANOVA) was performed to determine the differences in the soil properties
and SBC composition among the five treatments using Statistics 8.1 analytical software. The data were
first checked for normal distribution and then the assumptions were followed. A Venn graph was used
to count the number of common and unique OTUs of the samples and determine the similarity and
overlap of the number of OTUs of the environmental samples. The abundance index and diversity
index of the bacterial community were calculated using Mothur software. The species were classified
using R software R Foundation for Statistical Computing (Math Soft Company: New Zealand).We
used redundancy analysis (RDA) to analyze the strength of the association between the soil properties
and SBC diversity [45]; the analyses were conducted in R 3.2 software. The Simpson index [46] was
calculated as follows:

1− λ = Σ
(
Pi2
)

(1)

where λ is the Simpson diversity index and P is the proportion of an individual peak height relative to
the sum of all peak heights. The Shannon’s diversity index [47] was calculated as follows:

`Η = −Σ(Pi)(lnPi) (2)

and this index is commonly used to characterize species in a community. The Pielou evenness index [48]
was derived from Shannon’s diversity index and was calculated as follows:

Ĵ = `Η/`Ηmax (3)

where `Η max = In (S) and S represents the total number of species. The other data were analyzed
using Excel 2016(Microsoft Corporation, Redmond, WA, USA) and DPS software (DPS Software Ltd.,
Enfield, UK).

3. Results

3.1. Sequencing Reads and Bacterial Diversity

A total of 1,043,940 effective sequences were obtained from the Illumina MiSeq high-throughput
sequencing, as shown in Table 1. There were 349,635 sequences in soil layer A, 341,446 sequences in soil
layer B, and 352,859 sequences in soil layer C. In layer A, the number of sequences was highest for the
CT-SR treatment (72,301) and the lowest for the NT-SM treatment (66,550). In soil layer B, the number
of sequences was the maximum for the NT treatment (71,404) and lowest for the NT-SM treatment
(66,134). In soil layer C, the number of sequences was highest for the CT-SM treatment (76,541) and the
lowest for the NT-SM treatment (63,036). The length of the high-quality sequences was in the range of
400–430 bp, which is approximately equal to the length of the 16SrRNA v3–v4 region (about 400 bp).
The library coverage rate of the soil samples was 95%, indicating that the data of the soil bacterial
library reflect the microbial community in the samples.

Table 1. The number of sequences at different soil depths for different conservation tillage practices.

Soil Depth Treatment Number of Sequences

A (0–5 cm)

NT 70,909.33 ab
NT-SM 66,549.67 b
CT-SM 69,558.67 ab

CT 70,315.67 ab
CT-SR 72,301.00 a
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Table 1. Cont.

Soil Depth Treatment Number of Sequences

B (5–10 cm)

NT 71,403.67 a
NT-SM 66,134.33 d
CT-SM 67,705.67 c

CT 67,061.33 cd
CT-SR 69,141.00 b

C (10–20 cm)

NT 68,210.67 b
NT-SM 63,035.67 c
CT-SM 76,540.67 a

CT 68,950.00 b
CT-SR 76,122.33 a

Note: NT—no-tillage, NT-SM—no-tillage and straw mulching, CT—conventional tillage, CT-SM—conventional
tillage and straw mulching, CT-SR—conventional tillage and straw retention. Different letters in the same column
for the same soil depth indicate significant differences at p ≤ 0.05.

3.2. Soil Properties

Tillage practices and straw retention significantly affected the SOC, TN, and soil C/N ratio after
harvesting of the rice crop in the early and late growing seasons in 2018–2019 after long-term (11 years)
experimentation in the same field (Table 2). The SOC, TN, and soil C/N ratio showed a decreasing
trend with the soil depth from soil layer (0–5) A to (5–10) B to (10–20) C. The results were similar for
both seasons. The average values of the SOC, TN, and soil C/N ratio for both seasons were 33.09%,
32.82%, and 3.51% lower in 2018 and 38.05%, 37.85%, and 5.23% lower in 2019, respectively, in soil
layer C than soil layer A.

Table 2. Changes in soil chemical traitsat different soil depths under different conservation
tillage practices.

Year Soil Depth Treatment
Early Season Late Season

SOC
(g kg−1)

TN
(g kg−1)

C/N SOC
(g kg−1)

TN
(g kg−1)

C/N

2018

A (0–5 cm)

NT 18.99 b 1.70 c 9.93 c 19.28 b 1.98 b 9.73 c
NT-SM 21.21 a 2.00 a 10.61 a 23.51 a 2.28 a 10.30 a
CT-SM 18.19 bc 1.81 b 10.05 b 19.25 b 1.88 cd 10.23 a

CT 17.19 c 1.73 c 9.84 c 17.49 c 1.83 d 9.58 c
CT-SR 19.14 b 1.87 b 10.24 b 19.32 b 1.94 bc 9.95 b

Average 18.94 1.87 10.13 19.77 1.98 9.96

B (5–10 cm)

NT 14.52 c 1.50 c 9.53 b 15.24 d 1.61 c 9.45 c
NT-SM 15.03 c 1.55 c 9.66 b 16.55 c 1.70 b 9.74 bc
CT-SM 16.55 a 1.68 a 9.86 ab 18.31 a 1.78 a 10.75 a

CT 15.64 b 1.62 b 9.83 ab 16.94 b 1.71 b 9.88 b
CT-SR 16.06 ab 1.64 ab 10.14 a 18.17 a 1.80 a 9.69 bc

Average 15.56 1.60 9.80 17.04 1.72 9.90

C (10–20 cm)

NT 12.42 bc 1.21 c 10.21 a 11.68 c 1.24 c 9.44 b
NT-SM 12.53 ab 1.25 bc 10.23 a 12.71 b 1.30 b 9.76 a
CT-SM 12.87 a 1.31 a 9.80 b 13.68 a 1.41 a 9.73 a

CT 12.11 c 1.26 b 9.59 c 13.42 a 1.41 a 9.56 b
CT-SR 12.57 ab 1.26 b 9.93 b 13.65 a 1.41 a 9.73 a

Average 12.50 1.26 9.95 13.03 1.35 9.64
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Table 2. Cont.

Year Soil Depth Treatment
Early Season Late Season

SOC
(g kg−1)

TN
(g kg−1)

C/N SOC
(g kg−1)

TN
(g kg−1)

C/N

2019

A (0–5 cm)

NT 21.09 c 2.14 d 9.84 d 24.52 b 2.43 b 10.43 c
NT-SM 23.48 a 2.40 a 10.23 a 28.51 a 2.75 a 10.68 a
CT-SM 22.28 b 2.21 c 10.09 bc 24.39 b 2.33 c 10.56 b

CT 20.82 c 2.08 e 10.02 c 21.91 c 2.12 d 10.38 c
CT-SR 23.23 a 2.28 b 10.18 ab 24.24 b 2.41 b 10.52 b

Average 22.18 2.22 10.07 24.71 2.41 10.51

B (5–10 cm)

NT 15.65 c 1.57 c 9.99 a 17.85 e 1.70 d 10.48 ab
NT-SM 14.64 d 1.58 c 9.54 b 19.39 d 1.84 c 10.56 a
CT-SM 18.07 a 1.87 a 9.97 a 21.59 b 2.08 ab 10.39 b

CT 16.70 b 1.75 b 9.52 b 20.82 c 2.01 b 10.34 b
CT-SR 18.86 a 1.88 a 10.03 a 22.63 a 2.13 a 10.62 a

Average 16.78 1.72 9.81 20.46 1.95 10.48

C (10–20 cm)

NT 12.92 c 1.36 b 9.53 b 14.01 d 1.39 c 10.08 c
NT-SM 13.59 b 1.44 a 9.64 a 14.84 c 1.48 b 10.00 cd
CT-SM 13.47 b 1.43 a 9.44 b 15.01 c 1.51 ab 10.42 b

CT 13.36 b 1.42 a 9.43 b 15.63 b 1.50 b 9.92 d
CT-SR 13.91 a 1.44 a 9.43 b 16.49 a 1.54 a 10.69 a

Average 13.45 1.42 9.49 15.20 1.48 10.22

Note: NT—no-tillage, NT-SM—no-tillage and straw mulching, CT—conventional tillage, CT-SM—conventional
tillage and straw mulching, CT-SR—conventional tillage and straw retention, SOC–soil organic carbon, TN—total
nitrogen, C/N—soil carbon to nitrogen ratio. Different lowercase letters in the same column for the same soil depth
indicate significant differences at p ≤ 0.05.

In soil layer A, the SOC, TN, and the C/N ratio were significantly higher in the NT-SM treatment
than in all other treatments. Averaged across the seasons, the SOC, TN, and the C/N ratio were 20.95%,
16.15%, and 5.86%, respectively higher in 2018 and 22.52%, 17.85%, and 6.15% higher in 2019 in the
NT-SM treatment than the NT treatment. The SOC, TN, and the C/N ratio were 33.54%, 22.85%,
and 6.98%, respectively higher in 2018 and 35.85%, 25.58%, and 7.84% higher in 2019 in the NT-SM
treatment than the CT treatment in soil layer A. Similarly, in soil layer B, the SOC, TN, and C/N ratio
was significantly higher in the CT-SM treatment than in all other treatments, as shown in Table 2.
The SOC and TN content in soil layer B was 18% and 12%, respectively higher in 2018 and 20%,
and 26% higher in 2019 in the CT-SM treatment than the NT treatment across the seasons. However,
the difference between the NT-CM and CT-SR treatments was statistically (p < 0.05) non-significant.
In-addition, the conservation tillage practices also increased the SOC and TN in soil layer C. The CT-SR
treatment significantly increased the SOC and TN by 10% and 12% in 2018 and 17% and 15% in 2019,
respectively, compared with the NT treatment across the seasons.

3.3. SBC Composition and Structure

3.3.1. Soil Bacterial Diversity and Abundance Index

The Chao1 index and abundance-based coverage estimator (ACE) index represents the SBC
abundance in the soil; the higher the value, the higher the species abundance is. Similarly, Shannon and
Simpson indices indicate the degree of diversity of the SBC. The higher the Shannon index, the higher
the SBC diversity is, and the higher the Simpson index, the lower the bacterial community diversity is.

In the present study, the tillage practices and straw retention significantly affected the soil microbial
community composition and diversity, which showed decreasing, trends with increasing soil depth
(Table 3). In soil layer C, the Shannon, ACE, and Chao1 indices were 7.19%, 21.31%, and 21.80% lower,
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respectively than in soil layer A, and the Simpson index was 44.90% higher in soil layer C than in soil
layer A as shown in Table 4.

Table 3. Changes in bacterial abundance and diversity indices at different soil depths for different
conservation tillage practices.

Soil Depth Treatments Shannon Simpson ACE Chao1

A (0–5 cm)

NT 6.73 b 0.0066 a 12,980 b 9950 b
NT-SM 7.09 a 0.0038 d 13,257 ab 10,419 ab
CT-SM 7.00 a 0.0046 c 13,995 a 10,989 a

CT 6.85 ab 0.0057 b 13,626 ab 10,480 ab
CT-SR 7.08 a 0.0038 d 13,673 ab 10,726 ab

Average 6.95 0.0049 13,506.2 10,512.8

B (5–10 cm)

NT 6.75 ab 0.0060 b 13,435 ab 10,377 a
NT-SM 6.73 b 0.0070 a 12,916 b 9883 a
CT-SM 6.94 a 0.0047 c 13,362 ab 10,303 a

CT 6.86 ab 0.0050 c 13,351 ab 10,083 a
CT-SR 6.86 ab 0.0052 bc 13,752 a 10,575 a

Average 6.828 0.00558 13,363.2 10,244.2

C (10–20 cm)

NT 6.47 ab 0.0063 b 10,402 b 7975 ab
NT-SM 6.53 a 0.0062 b 10,403 b 8014 ab
CT-SM 6.36 b 0.0081 a 8945 c 7501 b

CT 6.49 ab 0.0069 ab 11,534 a 8686 a
CT-SR 6.40 ab 0.0080 a 11,853 a 8930 a

Average 6.45 0.0071 10,627.4 8221.2

Different lowercase letters in the same column for the same soil depth indicate significant differences at p ≤ 0.05.
ACE—abundance-based coverage estimator.

Table 4. Changes in bacterial abundance and diversity indices under different conservation
tillage practices.

Treatments Shannon Simpson ACE Chao1

NT 7.08 c 0.0047 b 27,089 c 25,419 c
NT-SM 7.17 a 0.0042 c 26,229 e 24,711 e
CT-SM 7.07 c 0.0046 b 26,727 d 25,373 d

CT 7.03 d 0.0050 a 27,161 b 25,511 b
CT-SR 7.10 b 0.0046 b 27,363 a 25,629 a

Note; NT: no-tillage, NT-SM: no-tillage and straw mulching, CT: conventional tillage, CT-SM: conventional tillage and
straw mulching, CT-SR: conventional tillage and straw retention, SOC: soil organic carbon, TN: total nitrogen, C/N:
soil carbon to nitrogen ratio; different lowercase letters in the same column indicate significant differences at p ≤ 0.05.

Table 3 shows that the conservation tillage practices significantly affected the SBC abundance and
diversity in soil layers A, B, and C. In soil layer A, the NT-SM treatment resulted in the highest diversity
index of the soil bacteria, whereas the CT-SM treatment exhibited the highest abundance of soil bacteria.
In soil layer B, the CT-SM treatment had the highest diversity index of soil bacteria, whereas higher soil
bacterial abundance was observed in the CT-SR treatment. The NT-SM treatment exhibited the highest
bacterial diversity, whereas the CT-SR treatment had the highest bacterial abundance in soil layer C.

3.3.2. Bacterial Community Diversity

The total number of OTUs was obtained from the soil samples using Illumina MiSeq sequencing
analysis. The Venn diagram (Figure 1) shows that the total number of OTUs in the soil layers A, B, and C
was 23,221, 22,864, 18,939, respectively, indicating decreasing trend from soil layer A to C. The number
of unique OTUs was 3559, 1952, and 2175 in soil layers A, B, and C, respectively. The results showed
that the number of total OTUs and the number of unique OTUs were maximum in soil layer A.
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Figure 1. Venn diagrams showing the bacterial operational taxonomic units (OTUs) at a 3% sequence
dissimilarity level for the five tillage treatments and three soil depths. Note: NT: no-tillage, NT-SM:
no-tillage and straw mulching, CT: conventional tillage, CT-SM: conventional tillage and straw
mulching, CT-SR: conventional tillage and straw retention; (A): 0–5 cm soil depth, (B): 5–10 cm soil
depth, (C): 10–20 cm soil depth, and (D): 0–20 cm soil depth.

In soil layer A, the number of OTUs in the NT, NT-SM, CT-SM, CT, and CT-SR treatments was
11,431, 11,630, 11,745, 11,422, and 12,086, respectively. The number of unique OTUs was 1593, 1800,
1665, 1686, and 1788 respectively, and the number of common OTUs was 4325. Similarly, in soil layer B,
the number of OTUs in the NT, NT-SM, CT-SM, CT, and CT-SR treatments was 11,039, 10,831, 11,445,
10,963, and 11,485, respectively; the number of unique OTUs was 1914, 1905, 1727, 1762, and 2095,
respectively, and the number of common OTUs was 4114. In soil layer C, the number of OTUs in
the NT, NT-SM, CT-SM, CT, and CT-SR treatments was 8752, 8596, 8865, 9404, and 9680, respectively,
the number of unique OTUs was 1443, 1392, 1539, 1731, and 1889, and the number of common OTUs
was 3378. The results indicated that the number of OTUs was highest for the CT-SR treatment at all
soil depths.

3.3.3. Bacterial Community Composition

The bacterial community analysis of the soil samples of the different tillage treatments and
different soil depths indicated the presence of 19 phyla, as shown in Figure 2. In layer A, the dominant
bacterial phyla included Proteobacteria (44.88%) (average relative abundance), Acidobacteria (11.58%),
and Chloroflexi (4.8%) (Figure 2A). Similarly, in soil layer B, Proteobacteria (40.78%), Acidobacteria
(12.78%), and Chloroflexi (6.33%) were dominant (Figure 2B). In soil layer C, Proteobacteria,
Acidobacteria, Chloroflexi, and Firmicutes were dominant and accounted for 36.64%, 11.56%, 7.42%, and
6.94% of the total, respectively. The results showed that Proteobacteria, Acidobacteria, and Chloroflexi
were the dominant phyla in soil layers A, B, and C. The analysis showed that the percentage of
Proteobacteria decreased significantly with the increase in soil depth, whereas the percentage of
Acidobacteria increased with the increase in soil depth. The proportions of the three dominant phyla
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were 61.26%, 59.39%, and 55.62% in soil layers A, B, and C, respectively; a decreasing trend with
increasing soil depth was observed (Figure 3).Agronomy 2020, 10, x FOR PEER REVIEW 10 of 18 
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Figure 3. The dominant soil bacterial community at different soil depths.

The bacterial community composition at the phylum level in the three soil layers for different
tillage practices are shown in Figure 4. The proportions of the dominant bacterial phyla were different
at different soil depths; however, the diversity was the same. At all soil depths, the proportion
of Proteobacteria was significantly lower in the CT treatment than in all other treatments. In soil
layer A, the proportion of Proteobacteria was significantly higher (by 7.9%) in the NT treatment
than the CT treatment, as well as from all other treatments. The NT-SM treatment had the highest
proportion of Acidobacteria, which was 29.56% higher than that in the NT treatment. The Chloroflexi
proportion in the CT-SR treatment was 44.33% and 19.13% higher than in the NT and CT treatments,
respectively. Similarly, in soil layer B, the Proteobacteria proportion in the CT-SR treatment was 5.65%
and 7.26% higher than in the NT and CT treatments, respectively. The CT-SM treatment had the highest
Acidobacteria proportion among the treatments. The Chloroflexi proportion in the NT-SM treatment
was 34.13% and 11.94% higher than in the NT and CT treatments, respectively. Additionally, in soil
layer C, the NT treatment had the highest Proteobacteria proportion (10.58% higher than in the CT
treatment), and the proportions of Acidobacteria and Chloroflexi were highest in the CT treatment.
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Figure 4. Soil bacterial community composition at soil depths of 0–5 cm (A), 5–10 cm (B), and 10–20 cm
(C) for different tillage practices. Note NT—no-tillage, NT-SM—no-tillage and straw mulching,
CT—conventional tillage, CT-SM—conventional tillage and straw mulching, CT-SR—conventional
tillage and straw retention.

3.4. Relationship between Bacterial Community Composition and Soil Properties

An RDA was performed to determine the strength of the association between the soil C and
nitrogen N contents and the diversity of the SBC. Figure 5 shows the relationship between the bacteria
communities (at the phylum level) and the soil properties for the different treatments. In soil layer A,
the five treatments (NT, NT-SM, CT-SR, CT, and CT-SR) occurred in different quadrants, which indicated
that the different tillage treatments had significant effects on the SBC (Figure 5A). Moreover, the RDA
showed that the soil chemical properties (TN, SOC, and C/N ratio) in all treatments affected the SBC;
however, a significantly higher correlation existed for TN, SOC, and C/N with NT-SM. In soil layer
A, Proteobacteria were positively correlated with SOC (r = 0.05) and TN (r = 0.12) and negatively
correlated with the C/N ratio (r = −0.11). Acidobacteria were highly correlated with SOC (r = 0.35),
TN (r = 0.22), and C/N (r = 0.52), and Chloroflexi were negatively correlated with SOC (r = −0.10)
and TN (r = −0.19) and positively correlated with the C/N ratio (r = 0.11) in soil layer A. Similarly,
in soil layer B the NT, NT-SM, CT-SM, CT, and CT-SR treatments existed in different quadrants,
indicating that the tillage practices had significant effects on the soil properties and bacterial community
(Figure 5B). The RDA showed the highest correlation for SOC, TN, and C/N for in CT-SR treatment in
soil layer B. In soil layer B, the dominant phylum Proteobacteria was positively correlated with SOC
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(r = 0.39), TN (r = 0.34), and C/N (r = 0.15). Similarly, Acidobacteria were also positively correlated
with SOC (r = 0.11) and C/N (r = 0.42) and negatively correlated with TN (r = −0.25). Chloroflexi
were positively correlated with SOC (r = 0.14) and TN (r = 0.02) but negatively correlated with the
C/N ratio (r = −0.14). Moreover, in soil layer C, the NT, NT-SM, CT-SM, CT, and CT-SR treatments
existed in different quadrants, demonstrating that the tillage practices had significant effects on the soil
properties and bacterial community. A significant positive correlation was observed between the SOC,
TN, and C/N ratio and the bacterial community for the CT-SR treatment (Figure 5C). The Proteobacteria
and Chloroflexi were negatively correlated with SOC (r = −0.44 and r = −0.15), TN (r = −0.44 and
r = −0.13), and C/N (r = −0.16 and r = −0.38), respectively, whereas Acidobacteria were positively
correlated with SOC (r = 0.23), TN (r = 0.19), and the C/N ratio (r = 0.11) in soil layer C. The RDA
results demonstrated that returning rice straw to the field had the most significant influences on soil C,
TN, and the C/N ratio.
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Figure 5. Redundancy analysis ordination diagram showing the strength of association between the
dominant bacterial phylum and the soil chemical properties (represented by red arrows) for different
tillage practices and soil depths, i.e., 0–5 cm, (A), 5–10 cm (B), and 10–20 cm (C). SOC—soil organic
carbon, TN—total nitrogen, C/N—carbon to nitrogen ratio.

4. Discussion

Conservation farming practices, such as no-tillage and crop residue retention, have been
proposed as sustainable management practices because they increase the proportion of beneficial soil
micro-organisms and improve soil quality. Soil micro-organisms provide important ecosystem services,
which are necessary to maintain agricultural productivity and ecosystem health [1,2]. The SBC is the
most important component of soil biology and is vital for improving soil properties, soil quality, and
crop growth. SBC abundance is an indicator of soil health [46,47].

4.1. Bacterial Community Structure and Soil C/N Ratio

In this study, the bacterial diversity and abundance index showed a decreasing trend with
increasing soil depth, which was consistent with the result reported by Zhang [48]. Moreover, the Venn
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diagram of OTU clustering showed that the number of OTUs also exhibited a decreasing trend with
increasing soil depth: A > B > C. Proteobacteria, Acidobacteria, and Chloroflexi were the dominant
bacterial phyla at a depth of 0–20 cm, and the proportion of these phyla decreased with increasing
soil depth. The proportion of Proteobacteria was about 40% at all depths, which agrees with other
studies [49,50].

Proteobacteria are the dominant phylum of soil bacteria and play a vital role in N fixation and soil
quality [51]. Chloroflexi is bacteria that use CO2 as a C source to produce energy for photosynthesis,
and they take part in the transformation of C, which is difficult to degrade under low nutrient
conditions [52]. Acidobacteria is abundant in soil, and Acidobacteria in the sediment participate in the
C cycle and humus decomposition. Similar to our findings, Gao et al. [53] reported that Proteobacteria,
Actinobacteria, and Acidobacteria were the most abundant bacterial phyla under different fertilization
treatments in a continuous soybean cropping system. The possible reason for the higher abundance
of bacteria in the surface soil may be higher nutrient circulation and accumulation [54], resulting in
higher soil fertility. In this study, the bacterial diversity and community abundance in the surface soil
were higher than that in the deep soil.

4.2. Effects of No-Tillage on Soil Properties and Bacterial Community Composition

Our results are consistent with previous studies, which reported that the SOC, TN, soil C/N
ratio, and bacterial community composition were improved significantly by long-term NT practices.
A possible explanation is that NT practices reduce soil disturbance, slow the decomposition of soil
organic matter, and increases the soil C content [55]. Further, NT and residue management practices
increase the soil moisture content because residue left on the soil surface forms a barrier that prevents
loss of soil moisture and nutrients [56]. In the present study, SOC was significantly higher in the NT
treatment than the CT in soil layer A, whereas SOC was significantly lower in the NT treatment than
the CT treatment in soil layers B and C (Table 2). Similarly, the NT treatment resulted in a larger soil
C/N ratio in soil layer A but not in soil layers B and C, as shown in Table 2. Similar to our findings,
many studies showed that NT practices increased the organic C content in the surface soil [56,57].
Liu et al. [58] showed that long-term NT practices increased SOC significantly at a soil depth of 0–10 cm
but resulted in a slight decrease in SOC at a depth of 10–40 cm. Soil TN content in this study was
significantly higher in NT treatment (Table 2). The possible reason is that NT practices reduce N losses,
such as volatilization and leaching, due to less disturbance of the soil [59,60]. Similar to our findings,
Lopez-Fando et al. [61] stated that NT significantly increased the total N content at a depth of 0–5 cm
but resulted in a decrease at a depth of 5–30 cm. NT practices resulted in a higher soil C/N ratio than
traditional tillage at a soil depth of 0–5 cm but a lower C/N ratio at a depth of 5–20 cm [62]. Our results
and those reported in the literature indicate that NT practices resulted in decreases in the soil C and N
with increasing soil depth.

Our study showed that NT practices not only resulted in a significant increase in soil C content
but also significantly improved the bacterial diversity and abundance in the soil. The possible reason
is that conventional deep plowing destroys the structure of the soil aggregates, resulting in C losses
from the soil surface C and ultimately affecting the diversity and community composition of soil
microorganisms [63]. Our results also agree with the findings of Lu et al. [32]. Further, our study
revealed that soil bacterial diversity was higher in the NT treatment than the CT treatment, but the soil
bacterial abundance was lower. It was also found that NT did not change the dominant groups of soil
bacteria, but the proportion of the dominant groups changed significantly. The NT treatment increased
the proportion of Proteobacteria in the A and C layers but decreased the proportion of Acidobacteria
and Chloroflexi in the A, B, and C layers.

4.3. Effects of Straw Retention on Soil Properties and Bacterial Community Composition

Straw retention provides available soil nutrients such as C and N, and thus plays a key role in
improving soil fertility [64,65]. Our results revealed that straw retention had a positive effect on the
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SOC and TN content of the soil (Table 2). This might be attributed to organic fertilizer, such as crop
residues, which provided soil nutrients to the soil after decomposition [66]. Our results are also in
line with those of Wei et al. [66], who reported that, in the North China Plain, NT and straw retention
significantly increased the SOC content in the surface layer (0–10 cm), but the SOC content decreased
with increasing soil depth from 10 to 50 cm. Many previous studies concluded that no-tillage with
straw retention could significantly increase the SOC content and soil C/N ratio [67,68]. The likely
reason is that a large amount of straw on the soil surface slows the decomposition rate. The rate of
decrease in the soil C/N ratio with increasing soil depth depends on the amount of straw that is retained
in the field [69]. The results showed that the SOC, TN, and C/N ratio of the NT-SM treatment were
higher or significantly higher than those of the NT treatment. In the CT-SR treatment, the SOC and soil
C/N ratio in the A and B layers were significantly increased. Our results showed that regardless of
whether NT or CT was used, straw retention increased the SOC and TN content.

The SBC plays a key role in regulating soil processes, and the biomass and composition of soil
bacteria affect soil sustainability [70]. Straw can provide energy and nutrients, i.e., carbohydrates,
proteins, vitamins, and polyphenol for soil bacterial growth [65–71]. Our results also revealed that
straw retention had a positive effect on soil bacterial abundance and community composition (Figure 2).
Long-term straw retention practices significantly improve soil bacterial diversity and community
abundance compared with control treatments [72]. In our study, straw retention significantly increased
soil bacterial diversity and community composition. The NT-SM treatment had the highest diversity
index, but the soil bacterial abundance was higher in the CT-SR treatment. The results also showed that
straw retention affected the bacterial community structure. In the 0–10 cm soil layer, the Chloroflexi and
Acidobacteria had significantly higher abundance for straw returning plots, whereas, non-significant
changes were observed in the soil depth 10–20 cm.

4.4. Relationship between Soil Properties and Bacterial Community Structure

Increases in soil pH, organic matter, and soil available nutrients and decreases in electrical
conductivity have been shown to improve bacterial community abundance and diversity. Similar to
our findings, Zhao et al. [73] used RDA and reported complex correlations between soil properties and
bacterial community abundance. An increase in the soil C/N ratio may promote the proliferation of soil
microorganisms in arable land [36]. In this study, we found complex correlations between the dominant
bacterial communities and soil environmental factors, such as organic C, TN, and the C/N ratio. In soil
layer A, the only phylum that was negatively correlated with the C/N ratio in the group of dominant
bacterial phyla was Proteobacteria; in soil layer B (C), only Chloroflexi (Proteobacteria and Chloroflexi)
were negatively correlated with the C/N ratio. Therefore, the results showed that the SBC was not only
affected by environmental factors but also by the soil depth and cultivation practices. Wang et al. [74]
stated that the TN content of the soil significantly influenced the soil microbial community structure.
Proteobacteria can affect different soil properties, i.e., SOC and TN, while changes in soil properties
had little effect on Proteobacteria distribution and relative abundance. Further, Acidobacteria is mainly
found in soil and sediment because they are acidophilic bacteria. Soil pH is the main soil indicator
affecting the bacterial community, but in this study, we did not consider the soil pH and the correlation
with the SBC.

5. Conclusions

In this eleven-year field experiment, we observed that conservation tillage practices significantly
affected the SOC, TN, soil C/N ratio, and SBC. The soil C/N ratio, bacterial diversity, and richness
index decreased with increasing soil depth. Proteobacteria, Acidobacteria, and Chloroflexi were the
three dominant groups in the paddy soil. Soil tillage and straw retention significantly changed the
soil C/N ratio, bacterial diversity, and structure. The SOC, TN, and soil C/N ratio were higher in the
NT treatment than the CT treatment at a soil depth of 0–5 cm but lower at soil depths of 5–10 cm
and 10–20 cm. The soil bacterial diversity index and OTUs were higher in the NT treatment than
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the CT treatment, but the bacterial abundance index was lower. Straw retention also enhanced soil
bacterial diversity and abundance. The highest soil bacterial diversity was observed in the NT-SM
treatment, whereas the highest soil bacterial abundance and OTUs were found in the CT-SR treatment.
Moreover, the RDA showed that the SBC was highly correlated with the soil C/N ratio. The NT-SM
had a significant effect on the SOC, TN, and C/N ratio at the soil depth of 0–5 cm, whereas the CT-SR
treatment had a significant effect on the SOC, TN, and C/N ratio at soil depths of 5–10 cm and 10–20 cm.
The results of this study demonstrate that conservation tillage practices, i.e., no-tillage and straw
retention, increase the SBC diversity and C/N ratio, thereby enhancing soil nutrients and changing soil
microbial ecology. As a result, sustainable crop production and profitable agro-ecosystems are ensured.
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