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Abstract: Restructuring tilth layers (RTL) is a tillage method that exchanges the 0–20 and 20–40 cm soil layers that can be applied during cotton cultivation to increase cotton yield, eliminate weeds and alleviate severe disease, including Verticillium wilt. However, the mechanism by which RTL inhibits Verticillium wilt is unclear. Therefore, we investigated the distribution of microbial communities after rotary tillage (CK) and RTL treatments to identify the reasons for the reduction of Verticillium wilt in cotton fields subjected to RTL. Illumina high-throughput sequencing was used to sequence the bacterial and fungal genes. The disease incidence and severity of Verticillium wilt decreased by 28.57% and 42.64%, respectively, after RTL. Moreover, RTL significantly enhanced bacterial richness and evenness at 20–40 cm and -reduced the differences in fungal evenness and richness between soil depths of 0–20 and 20–40 cm. The number of Verticillium dahliae decreased, while the relative abundance of biocontrol bacteria such as Bacillus and Pseudoxanthomonas increased significantly following RTL. Overall RTL improved bacterial diversity, decreased the number of Verticillium dahliae and increased the relative abundance of biocontrol bacteria, which may have suppressed the occurrence of Verticillium wilt in cotton fields.
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1  Introduction

Tillage, which is one of the main components of traditional farming, dates back thousands of years [1]. Tillage plays a vital role in agricultural systems by providing suitable soil structure for seeds, repressing pests and weeds [2] and influencing crop root growth and yield [3]. Tillage not only improves the physical and chemical properties of soil, but also changes soil microbial communities [4,5]. Moreover, different tillage practices can promote the growth of microbes with different niches and alter the vertical distribution of soil microbial communities [6,7].

Rotary tillage is an influential management practice that improves soil structure [8] and has therefore long been applied in the Huang-Huai-Hai cotton region of China [9]. The tillage depth of rotary tillage is 15 cm in general. However, continuous long-term rotary tillage results in a hard ploughing pan and increased subsoil compaction, which restricts cotton root penetration, increases soil surface water evaporation, and aggravates disease occurrence [10–12]. In recent years, a new tillage practice, restructuring tilth layers (RTL), has been implemented in cotton cultivation in China. This practice completely exchanges the topsoil (0–20 cm) with the subsoil (20–40 cm) vertically and disturbs the soil below 40 cm. Notably, deep tillage is conducted to mix the soil in tilth layer, while RTL is conducted to exchange the two soil layers (Fig. S1). Previous research has shown that RTL could increase cotton yield [13], improve soil water conservation in deep soil (below 20 cm) [14], and eliminate weeds [15]. Moreover, RTL has been shown to effectively alleviate severe diseases, especially Verticillium wilt [16]. However, the mechanisms responsible for the soil microbial of RTL effects remain unclear.

The pathogen responsible for Verticillium wilt of cotton in China is Verticillium dahlia Kleb [17], which produces a large number of microsclerotia in infected plant tissue. As crop residues decompose, these microsclerotia are released into the soil, where they can survive for 10 years or more [18,19]. The severity of Verticillium wilt disease depends largely on the number of V. dahliae in soil [20,21]. For example, a higher concentration of V. dahliae in soil resulted in severer in strawberry [20]. The development of Verticillium wilt is also influenced by various environmental factors such as soil moisture and microbial community composition [22,23]. Infection with V. dahliae and subsequent disease development can lead to large changes in cotton microbiomes [24], while beneficial microbes can inhibit soil pathogens and reduce the incidence of soil borne plant diseases [25].

In this study, we conducted a field experiment to explore the effects of RTL on the occurrence of Verticillium wilt in cotton field and applied high-throughput sequencing to investigate the mechanisms of this effects. We hypothesized that 1) the occurrence of Verticillium wilt would decrease after RTL treatment; 2) such decreases would be associated with changes in the microbial community related to Verticillium wilt after RTL treatment; 3) decrease would be related to the changes in the V. dahliae population after RTL treatments. The results of this study can provide further insight into the spatial and temporal variations of soil microorganisms during RTL.

2  Materials and Methods

2.1 Study Site

This study was conducted in 2020 during cotton growing season at the Weixian Agricultural Experimental Station of the Institute of Cotton, Hebei Academy and Forest Science in Hebei Province, China (36°98′N, 115°25′E). The area is characterized by a warm and mild temperate continental semi-arid monsoon climate, seasonal changes, and sufficient sunshine. A continuous rotary tillage cotton field underlaid by sandy loam with base nutrients of 11.3 g kg−1 organic matter, 0.9 g kg−1 total nitrogen, 45.6 mg kg−1 available phosphorus and 45.6 mg kg−1 available potassium in the 0–20 cm layer, that was naturally infested with V. dahliae, was selected as the experimental site.

2.2 Experimental Design

“Hengmian HD008”, a susceptible cultivar, was selected as the experimental material. The seeding date was April 25, 2020 and the harvest date was September 15, 2020. The planting depth was 5 cm, the planting density was 66,000 plants/hm2, and the row spacing was 76 cm. The fertilizer regime consisted of application of N fertilizer at 180 kg/hm2, P2O5 at 90 kg/hm2, K2O at 120 kg/hm2. Weeds control and irrigation management were conducted according to local production techniques.

The experiment consisted of two treatments. Rotary tillage with a tillage depth of 15 cm was the control (CK), while RTL using rotary deep plowing to exchange the 0–20 cm soil layer with the 20–40 cm soil layer and loosen the 40–55 cm soil layer was the treatment. Three 8 m × 6 m plots were established in each treatment and a randomized block approach was employed.

The rotary deep plow was equipped with two sets of plowshares, that were symmetrically distributed. Each group of plowshares consisted of one main plowshare and one auxiliary plowshare, with a deep loosening shovel on the main plowshare. The main plowshare was in front of the auxiliary plowshare (Fig. S2). During operation, the rotary deep plow was pulled by a tractor. The main plowshare was responsible for trenching to a depth of 40 cm, while the deep loosening shovel loosened the soil at 40–55 cm. The auxiliary plowshare turned the 0–20 cm soil layer next to the ditch into the furrow. When the auxiliary plowshare reached the boundary of the community, the tractor turned around and flipped the 20–40 cm soil layer into the furrow, achieving the replacement of the 0–20 cm soil layer with 20–40 cm soil layer and loosening of the 40–55 cm soil layer.

2.3 Soil Sampling

The five-spot-sampling method [26] was used to collect samples from all plots on June 20 (budding stage) and August 21 (boll opening stage), 2020. Twelve soils samples were collected from 0–20 and 20–40 cm in June (three replicates in one plot, 2 × 2 × 3 = 12) and 12 soil samples were collected from 0–20 and 20–40 cm in August (three replicates per plot, 2 × 2 × 3 = 12). All 24 soil samples were collected using an auger (5 cm diameter and 20 cm long). Plant residues, stones, and other impurities were removed from soil samples, then fully mixed to form composite soil samples. Samples were divided into two parts, one that was sieved through 2-mm mesh sieves for physical analysis and another that was stored at −80°C until DNA extraction. Another 24 soil samples were collected using a ring knife on June 20 (budding stage) and August 21 (boll opening stage), 2020. Twelve soil samples were collected from 0–20 and 20–40 cm in June (3 replicates in one plot, 2 × 2 × 3 = 12) and Twelve soil samples were collected from 0–20 and 20–40 cm in August (three replicates per plot, 2 × 2 × 3 = 12). Following collection, samples were stored intact until they were returned to the laboratory and analyzed for soil bulk density, capillary porosity, and non-capillary porosity.

2.4 Measurement of Soil Physical Properties

2.4.1 Soil Bulk Density

The bulk density of soil from the 0–20 and 20–40 cm soil layers was measured using the cutting ring method [27]. Briefly, samples were placed into an aluminum box and then dried in an oven (105°C) to constant weight, after which the soil bulk density was calculated. The formula for calculating the soil bulk density was as follows:


SBD=(Mt−Ma)∗100/[Vr∗(100+Mw−MdMw)]
(1)

where SBD is the soil bulk density, Mt is the weight of the aluminum box and wet soil sample, Ma is the weight of the aluminum box, Vr is the volume of the ring knife, Mw is the weight of the fresh soil sample, and Md is the weight of the dried soil sample.

2.4.2 Total Soil Porosity

The specific gravity of soil was determined by the pycnometer method [28]. Briefly, soil samples were placed into water to remove the air, after which the volume of liquid that replaced the air in the soil was calculated. The dry soil weight (105°C) was then divided by the volume to obtain the specific gravity of the soil. The formula used to calculate the specific gravity of the soil was as follows:


SGS=(Ms∗St)/(Ms+Ma−Mta)
(2)

where SGS was the specific gravity of soil, Ms was the weight of the dried soil sample, St was the specific gravity of water at t°C, Ma was the weight of the pycnometer and water at t°C, and Mta was the weight of the pycnometer, water, and soil sample at t°C.

Next, the soil porosity was calculated from the soil bulk density and soil specific gravity as follows:


TSP=(1−SBD/SGS)∗100
(3)

where TSP was the total soil porosity.

2.4.3 Capillary Porosity and Non-Capillary Porosity

Capillary porosity was also calculated by the cutting ring method [29]. Briefly, undisturbed soil samples were collected using a ring knife and then placed in a tray with a water depth of 2–3 mm for 12 h, after which each soil sample was weighed. Next, the sample was dried in an oven (105°C) to constant weight, after which the mass of the dried soil sample was calculated. The formulas used to calculate the soil capillary porosity and non-capillary porosity were as follows:


CP=Mw−Md−MrMw∗Vr
(4)


NCP=TSP−CP
(5)

where CP was the capillary porosity, Mw was the weight of soil samples after water absorption and the weight of the ring knife, Md was the weight of the dried soil sample, Mr was the weight of the ring knife, Vr was the volume of the ring knife, and NCP was the non-capillary porosity.

2.4.4 Soil Temperature

Soil temperature was recorded on June 20 (bud stage) and August 21 (boll opening stage), 2020 using a geothermometer set at soil depths of 10 and 30 cm to represent the temperature of topsoil and subsoil, respectively.

2.4.5 Soil Moisture Content

The soil moisture content on April 16 (pre-planting), May 22 (seeding stage), June 20 (bud stage), July 21 (flower and boll stage), August 21 (boll opening stage) and September 21 (boll opening stage) was measured in each cotton field using a soil moisture recorder (Tengyu® TY-JL/02, Zhengzhou, China).

2.5 Incidence Rate and Disease Index of Verticillium Wilt

A total of 20 continuous cotton samples from each plot were selected to measure the Verticillium wilt incidence rate and disease index. The disease index was divided into five grades based on the extent of Verticillium wilt in cotton plants. Specifically, 0 = no diseased leaves in the cotton plants; 1 = less than 25% diseased leaves; 2 = more than 25% but less than 50% diseased leaves; 3 = more than 50% but less than 75% diseased leaves; 4 = more than 75% diseased leaves [16]. The incidence index was calculated using the following formula:


Incidence index=∑i=0n⁡in∗Y∗Xi
(6)

where i was the disease progression, Xi was the number of cotton plants with a disease progression of i, n was the highest disease progression, and Y was the number of investigated cotton plants.

2.6 Soil DNA Extraction and Amplification

DNA was extracted from 0.5 g aliquots of soil samples using a MN NucleoSpin 96 Soil (Macherey-Nagel Germany) according to the manufacture’s specifications. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was then amplified by PCR using the primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [30]. The fungal ITS1 region was amplified using the primers ITS2-F (5′-GCATCGATGAAGAACGCAGC-3′) and ITS2-R (5′-TCCTCCGCTTATTGATATGC-3′) [31]. Following amplification, the samples were sent to BMK (Beijing, China) for sequencing.

2.7 DNA Copy Numbers of V. dahliae in Soil

The copy numbers of V. dahliae DNA were measured by real time fluorescence quantitative PCR (RT-qPCR) using the method described by Zhao et al. [32]. An analysis of each sample was repeated three times.

2.7.1 DNA Extraction, Preparation and Verification of Recombinant Plasmids

The genomic DNA of V. dahliae was extracted via the CTAB method, after which ITS gene sequences were amplified by PCR using the DB19 specific primers (CGGTGACATAATACTGAGAG)/DB20(GACGATGCGGATTGAACGAA). The PCR products were then transformed into the vector pMD19-T (Takara) for 4 h at 16°C, after which they were transformed into Escherichia coli DH5α cells and cultured overnight at 37°C. Next, randomly selected white colonies were transferred to LB liquid medium containing 100 μg·mL−1 ampicillin and cultured overnight at 37°C and 200 rpm. The recombinant plasmid was subsequently extracted from positive clones using a TIAN prep Mini Plasmid Kit (Tiangen Biotech Co., Ltd., Beijing, China). The concentration was then measured on a Nanodrop 2000 spectrophotometer, after which the recombinant plasmid was sent to Sangon Biotech (Shanghai) Co., Ltd. for sequencing. The sequencing results showed that the inserted sequence of the recombinant plasmid was 100% homologous with the ITS gene sequences of V. dahliae.

2.7.2 Establishment of Real-Time Quantitative PCR System and Standard Curve

Plasmid was diluted with a 10-fold gradient and then used as a template for real-time PCR amplification. PCR was performed in the following reaction system: 10 µL of 2 × Master Mix (DBI Bioscience, Germany), 1 µL of primer-F (CCCGCCGGTCCATCAGTCTCTCTG), 1 µL of primer-R (CGGGACTCCGATGCGAGCTGTAAC) [33], 0.4 μL of ROX, 1 μL of template, and ddH2O to 20 µL. The amplification procedure was as follows: denatured at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. A standard curve was established with the log value of the plasmid copy number as the horizontal ordinate and the cycle threshold (Ct) as the longitudinal ordinate.

2.7.3 DNA Copy Numbers of V. dahliae

DNA was extracted from different soil samples and used as a template for real-time PCR. The analysis of each sample was repeated three times to obtain the average Ct values of different soil samples. The DNA copy numbers of V. dahliae in the soil were calculated based on the above standard curve.

2.8 Statistical Analysis

Raw sequences were processed using FLASH (version 1.2.11) [34], and the quality of the reads was filtered using Trimmomatic (version 0.33) [35]. Chimeric sequences were detected and removed using the USEARCH program (version 8.1) [36], which yielded high-quality tags. The sequences were clustered at the 97% similarity level using USEARCH (version 10.0) [37], with 0.005% of all high-quality tags sequences as the threshold to filter OTUs [38]. The phyla and families of bacteria were identified using the Silva reference database (http://www.arb-silva.de) [39] with the RDP classifier (version 2.2, https://anaconda.org/bioconda/rdp_classifier) [40] and a confidence threshold of 0.8. The phyla and families of fungi were identified using the Unite reference database (http://unite.ut.ee/index.php) [41].

One-way analysis of variance (ANOVA) and the multiple comparisons test were conducted using SPSS 21.0 (IBM Inc., Chicago, IL, USA). The number of OTUs and microbial diversity were further analyzed by post-hoc comparisons using Duncan’s new multiple range test. Different species between CK and RTL were identified by Metastats analysis based on a p < 0.05 [42]. Principal coordinate analysis (PCoA) based on the Bray–Curtis distances and permutation multivariate analysis of variance (PERMANOVA) were used to evaluate differences in the microbial community structure. Redundancy analysis was conducted by Vegan package in R. PICRUSt2 [43] based on KEGG database and Bugbase [44] was used to predict 16S rRNA gene sequences.

3  Results

3.1 Cotton Yield, Incidence Rate and Disease Index of Verticillium Wilt

Compared to CK, the cotton yield increased 9.19% after RTL treatment (Table 1). In the CK treatment, the incidence rate of Verticillium wilt in cotton fields was as high as 87.50%, while it decreased to 62.50% in the RTL treatment. When compared to CK, the disease index of Verticillium wilt in cotton fields decreased by 42.64% in the RTL treatment (Table 1, Fig. S3). These results showed that RTL can simultaneously decrease the incidence rate and disease index of cotton Verticillium wilt.
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3.2 Soil Physical and Chemiacl Properties

Compared to CK, the soil physical properties changed significantly in response to RTL treatment (Table 2). Soil bulk density decreased by 4.12% and 3.55% in the 20–40 cm soil layer in the RTL treatment in June and August, respectively. Total soil porosity increased by 8.78% and 8.71% significantly in the 20–40 cm soil layer in August, while capillary porosity decreased by 7.31% and 4.66% in June and decreased by 6.27% and 6.74% in August, respectively. Non-capillary porosity increased by 30.50% and 101.47% in the 0–20 and 20–40 cm soil layer in June and increased by 21.14% and 104.52% in August, respectively.

[image: images]

Soil moisture content was measured from April to September (Fig. 1). When compared to CK, the moisture content of the 0–20 and 20–40 cm layers increased by 23.40% and 24.00%, 18.10% and 9.30%, and 22.10% and 13.10% in the RTL treatment at the bud stage (6/20), full blooming stage (7/20) and boll opening stage (9/21), respectively. The effects of RTL treatment on moisture content in the topsoil (0–20 cm) were greater than in the subsoil (20–40 cm). Overall, soil moisture content was increased in response to RTL treatment, which may have been related to changes in soil porosity.

[image: images]

Figure 1: Soil moisture content of cotton fields

The average soil temperature at the same soil depth did not differ significantly between CK and RTL. In August, the average soil temperature at 30 cm was lower than that at 10 cm (Table 3). Additionally, the daily temperature range increased at 10 cm in both June and August.
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3.3 Taxonomic Characterization of Soil Microbiota

After quality filtering, a total of 1,705,825 bacterial 16S rRNA reads (ranging from 68,746 to 73,951 per sample) (Tables S1, S2) and 1,568,465 fungal ITS reads (ranging from 62,745 to 70,146 per sample) were obtained from the 24 analyzed soil samples (Tables S1, S3). All of the sequences clustered into 2257 bacterial and 1358 fungal OTUs with 97% similarity (Table S4).

Bacterial analysis revealed no significant differences in the number of OTUs between RTL and CK during June, but the number of OTUs increased significantly in the subsoil in August (Fig. S4A). Comparison of the number of OTUs among soil layers revealed that, under CK, the number of OTUs in the subsoil was significantly lower than that in the topsoil in August, but there was no significant difference in the number of OTUs in the two layers of soil under RTL. From June to August, the number of OTUs in topsoil remained stable in CK, but decreased significantly in the subsoil. In RTL, the number of OTUs in topsoil increased significantly, while the number of OTUs in subsoil showed no significant difference.

There was no significant difference in the number of fungal OTUs between CK and RTL in June (Fig. S4B), but the number of OTUs in the 20–40 cm layer was significantly higher than that in the 0–20 cm layer. In August, the number of OTUs in the topsoil of the CK treatment was significantly higher than that in the RTL treatment, whereas the number of OTUs in subsoil did not differ significantly between CK and RTL. We also found that the number of OTUs in topsoil was significantly higher in August than June, while that it tended to be uniform between topsoil and subsoil in August.

3.4 Changes in Microbial Diversity and Composition

We further evaluated the microbial diversity of all soil samples based on the Chao1 index and the Shannon index (Table 4). The Chao1 and Shannon indexes of bacteria in June did not differ significantly between CK and RTL. However, these indexes both increased in subsoil after RTL in August, indicating that RTL t significantly enhanced bacterial richness and evenness in subsoil relative to CK. Moreover, the results suggested that the alpha-diversity of bacteria changed over time.
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When compared with the 20–40 cm soil layer in the CK treatment, the Chao1 and Shannon indexes of the bacterial community increased significantly in the 0–20 cm soil layer in the RTL treatment in August; however, there was no significant difference in June. Comparison of samples from different soil depths in the same treatment revealed that the Shannon index of subsoil was higher than that of topsoil after RTL, while there was no significant difference between soil depths in CK in June. The Chao1 and Shannon indexes became more uniform between topsoil and subsoil after RTL in August.

Evaluation of the fungal community revealed no significant change in the Chao1 and Shannon index after RTL, except for samples collected from the 0–20 cm soil layer during June (Table 4). However, the RTL treatment decreased the variation in fungal evenness and richness between the topsoil and subsoil. Comparison of topsoil from CK with subsoil from RTL revealed that the Chao1 index increased significantly after RTL in June, while the Shannon index decreased significantly after RTL in August. Comparison of subsoil from CK with topsoil from RTL revealed that the Chao1 and Shannon indexes did not change significantly in June or August. Taken together, these results indicated that the bacterial and fungal diversity responded differently to RTL. PCoA based on the Bray–Curtis distance was conducted to evaluate the microbial community composition of soil samples subjected to different tillage practices (Fig. 3). For bacteria, PCoA1 and PCoA2 explained 43.03% and 15.12% of the bacterial community composition variance, respectively (Fig. 2A). Moreover, PCoA showed that samples in the CK and RTL treatments fell into different groups, indicating that RTL could change the microbial community composition. Samples from the 20–40 cm layer in the RTL treatment were clustered with samples from the 0–20 cm layer in CK in June and August. Samples collected from the 0–20 cm layer in the RTL treatment and the 20–40 cm layer in CK in August formed two groups. When combined with the alpha diversity data, these findings suggested that the community composition changed significantly after moving soil from 20–40 to 0–20 cm.
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Figure 2: Principal co-ordinate analysis (PCoA) of bacterial and fungal communities. PCoA based on Bray–Curtis distance. (A) PCoA of the bacterial community derived from June and August; (B) PCoA of the fungal community derived from June and August
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Figure 3: Relative abundance of microbial community. The top 10 and top 15 families are shown in this figure. The remaining families were merged in “Others”, “Unknown” and “Unclassified” are those that were not taxonomically annotated. (A) Top 10 most abundant of bacterial phyla in the 0–20 and 20–40 cm soil layers; (B) top 10 most abundant of fungal phyla in the 0–20 and 20–40 cm soil layers; (C) top 15 most abundant of bacterial families in 0–20 and 20–40 cm soil layers; (D) top 15 most abundant of fungal families in 0–20 and 20–40 cm soil layers

Among fungi, PCoA1 and PCoA2 contributed 34.68% and 19.49% of the total variation, respectively (Fig. 2B). PCoA indicated that the samples were mainly divided into three groups. Samples from the 0–20 cm layer in June in CK and RTL were clustered together, as were samples from the 20–40 cm layers in CK and RTL; however, samples from June and August were divided into two groups. These results suggested that the fungal community composition changed with the original soil layer and was affected by the soil layer depth and cotton growth stage.

3.5 Taxonomic Distribution

The dominant phyla (top 10) identified from the bacterial 16s rRNA genes were the same across both treatments and soil depths (Proteobacteria, Acidobacteria, Actinobacteria, Gemmatimonadetes, Choroflexi, Rokubacteria, Planctomycetes, Bacteroidetes, Nitrospirae and Verrucomicrobia) (Fig. 3A). However, the relative abundance of the dominant phyla varied among treatments. For example, the relative abundance of Proteobacteria in the RTL treatment was higher than that in CK at 0–20 and 20–40 cm. The dominant families (top 15) which can be recognized was 8 in both soil layers, Gemmatimonadaceae, Pyrinomonadaceae, Nitrosomonadaceae, Sphingomonadaceae, Nitrospiraceae, bacteriap25 and Soilbacteraceae_subgrop3 and A4b (Fig. 3C). When compared with CK, the relative abundance of Sphingobacteriaceae and Nitrospiraceae increased significantly, while that of Pyrinomonadaceae decreased significantly in the topsoil after RTL treatment in June. In August, the relative abundance of Nitrosomonadaceae and Pyrinomonadaceae in the topsoil changed significantly after RTL treatment in topsoil, while that of Sphingomonadaceae, Gemmatimonadaceae and Nitrospiraceae in the subsoil changed significantly after RTL. Among these organisms, the abundance of Sphingomonadaceae increased, whereas that of all other species decreased (Table S5).

The dominant phyla (top 10) identified for the fungal ITS2 gene across both treatments and soil depths are shown in Fig. 3B. The relative abundance of Ascomycota, Mortierellomycota and Basidiomycota represented more than half of the total, ranging from 67.6% to 92.7% in the different treatments. The dominant families (top 15) in both soil layers were Mortierellaceae, Aspergillaceae, Nectriaceae, Cladosporiaceae, Chaetomiaceae, Plectosphaerellaceae, Mycosphaerellaceae, Debaryomycetaceae, Stachybotryaceae, Lasiosphaeriaceae, Hypocreales_fam_Incertae_sedis, Bulleribasidiaceae, Pleosporaceae, Clavicipitaceae and Cordycipitaceae (Fig. 3D). In June, the relative abundance of Pleosporaceae, Plectosphaerellaceae, Clavicipitaceae, Aspergillaceae and Mortierellaceae changed significantly after RTL treatment compared with CK. Specifically, the abundance of Pleosporaceae increased in topsoil, whereas that of Plectosphaerellaceae and Clavicipitaceae decreased. Additionally, the abundance of Aspergillaceae increased in subsoil, while that of Mortierellaceae decreased. The abundance of Chaetomiaceae, Lasiosphaeriaceae and Plectosphaerellaceae also changed significantly after RTL treatment in August, with that of Lasiosphaeriaceae decreasing in the topsoil and that of Chaetomiaceae and Plectosphaerellaceae increasing in the subsoil (Table S6).

Metastats analysis showed that, the relative abundance of V. dahliae decreased significantly after RTL in the 0–20 cm soil layer in June, but increased in the 20–40 cm soil layer. In August, the relative abundance of V. dahliae did not differ significantly between CK and RTL (Table 5). RT-PCR showed that the abundance of V. dahliae decreased after RTL in the 0–20 cm soil layer in both June and August, while there was no significant difference between CK and RTL in the 20–40 cm layer (Fig. 4). The change in V. dahliae in topsoil after RTL may partially explain for the decline in the incidence rate and index of cotton Verticillium wilt that was observed in this study.

[image: images]

[image: images]

Figure 4: RT-PCR of genes of Verticillium dahliae. Different letters on different columns indicate a significant difference at p < 0.05

Sequencing of the 16S gene revealed the presence of biocontrol bacteria, such as Bacillus, Pseudomonas and Pseudoxanthomonas (Table 6). The relative abundance of Bacillus and Pseudomonas, which are often reported as efficient biocontrol agents, increased by 61.24% and 887.22% in topsoil, respectively, while it decreased by 63.77% and 87.98% in subsoil after RTL treatment. Pseudoxanthomonas can inhibit root knot nematodes, which can cause plant root wounds and promote the occurrence of soil borne diseases [45,46]. The relative abundance of Pseudoxanthomonas increased more than 6 times and 14 times in June and August after RTL treatment, respectively, in the 0–20 cm soil layer.
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To investigate the function differences between CK and RTL treatment, we performed a functional analysis of microbiota using Pircust2 (Tables S7–S10). There had no significant difference between CK and RTL in June, and the top 3 pathway is Metabolic pathway, Biosynthesis of secondary metabolites and Biosynthesis of antibiotics (Tables S7, S8). ABC transporters and Quorum sensing are more active in 0–20 cm soil layer in August after RTL (Fig. 5, Table S9). Bugbase phenotype analysis showed that aerobic, facultatively anaerobic, gram positive, stress tolerant and contains mobile element increased in after RTL in August (Fig. 6).
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Figure 5: Predictive analysis of CK and RTL microbial function. The differential analysis of metabolic pathways based on the KEGG database, Light blue represent CK treatment and light purple represent RTL treatment. The right ordinate is the corrected p-value and the left ordinates are different pathway labels
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Figure 6: Phenotype prediction of bacterial community in CK and RTL by Bugbase in August. Asterisk indicate a significant difference

3.6 Redundancy Analysis (RDA)

Redundancy analysis (RDA) was conducted to investigate the relationship between the relative abundance of V. dahliae, Bacillus, Pseudomonas and Pseudoxanthomonas and soil physical properties in August (Fig. 7). A Monte Carlo test showed that the soil bulk density (SBD), total soil porosity (TSP), non-capillary porosity (NCP) and capillary porosity (CP) were significantly correlated with changes in soil pathogens and biocontrol bacteria (Table S11). Specifically, V. dahliae and Pseudoxanthomonas were correlated with SBD and TSP, while Bacillus and Pseudomonas were correlated with NCP and CP. Additionally, Bacillus were negatively correlated with V. dahliae. The relationships between the relative abundance of V. dahliae, Bacillus, Pseudomonas and Pseudoxanthomonas and soil physical properties of soil samples from June were also analyzed (Fig. S5). Environmental factors were not significantly correlated in June (Table S12).
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Figure 7: Redundancy analysis (RDA) of the relationship between microbial communities and soil properties of samples in August. SMC: soil moisture content, SBD: soil bulk density, TSP: total soil porosity, NCP: non-capillary porosity, AT: average temperature

4  Discussion

4.1 Effects of Restructuring Tilth Layers on Soil Physical Properties

In this study, RTL was found to increase soil total porosity and non-capillary porosity (Table 2), which was consistent with the results of previous studies [47]. Soil porosity is one of the factors that influences microbial communities [48]. Bugbase phenotype analysis suggesting that aerobic function increased and anaerobic function decreased after RTL, therefore, we speculate that the improvement of the total soil porosity and noncapillary porosity increased the soil permeability and may have enhanced the proportion of aerobic microorganisms, thereby affecting the composition of microbial communities. RDA and a Monte Carlo permutation test showed that soil bulk density, total soil porosity, non-capillary porosity and capillary porosity were significantly correlated with changes in V. dahliae and biocontrol bacteria in August, suggesting that the changes in soil physical properties may affect the relative abundance of V. dahliae, Bacillus, Pseudomonas and Pseudoxanthomonas. Previous research showed that soil bulk density was the dominant environmental factors impacting soil pathogens [49], indicating that the decrease in soil bulk density after RTL treatment may had an inhibitory impact on the relative abundance of V. dahliae. However, it was not clear soil bulk density regulated the relative abundance of V. dahliae directly or indirectly. Further explorations is required to determine whether there is a complex network regulatory relationship between physical properties (e.g., soil bulk density and soil porosity) and V. dahliae and biocontrol bacteria.

4.2 Effects of Restructuring Tilth Layers on Microbial Diversity and Community Composition

The soil microbial community is an important indicator of soil quality and tillage impacts soil microbes [4]. In this study, RTL exchanged the subsoil with the topsoil, after which the microbial groups of the different soil depths changed accordingly. The Chao1 and Shannon indexes indicated that RTL treatment increased the alpha-diversity of the bacterial communities in subsoil in August (Table 4). Meanwhile, functional predication analysis suggesting that the stress tolerant of bacterial community enhanced in August. The diversity of soil microbial communities can be essential to the capacity of soils to suppress soil-borne plant pathogens, with a higher microbial diversity resulting in more competitors and antagonists that soil borne diseases must compete with [50]. Accordingly, increased bacterial diversity may play a positive role in inhibition of Verticillium wilt. In this study, we compared samples from original soil depths with those from exchanged soil depths (CK-topsoil vs. RTL-subsoil, CK-subsoil vs. RTL-topsoil). Although we found no significant changes in the Chao1 and Shannon indexes after replacement of the subsoil with topsoil, they both increased after replacement of the topsoil with subsoil. These results indicated that the soil microbial diversity could be rapidly adjusted after the transfer of subsoil to topsoil, while the soil microbial diversity remained unchanged or changed slowly. Notably, these changes were not observed in samples collected in June, possibly because there was no difference in the alpha-diversity of samples from different soil depths at this time. The Chao1 index of the fungal community increased after RTL in the 0–20 cm soil layer in June relative to CK (Table 5), while fungal variance of diversity between the topsoil and subsoil decreased in August, indicating that the community distribution had become more uniform. However, a difference in bacterial diversity between CK and RTL emerged in August. Taken together. these results suggest that three fungal community responded to treatment faster than the bacterial community.

PCoA showed that samples in CK and RTL could be divided into different groups (Fig. 3A), indicating that the bacterial community composition changed after RTL. Samples from the 0–20 cm layer in CK and the 20–40 cm layer in RTL were clustered, but samples from the 20–40 cm in CK and the 0–20 cm layer in RTL were divided into two groups, demonstrating that the bacterial community composition changed greatly after soil was transferred from 20–40 to 0–20 cm. Analysis of the fungal community revealed that samples from the same soil depth for CK and RTL were clustered together, except for those collected from the 0–20 cm layer in August (Fig. 3B). Specifically, the fungal community composition at 0–20 cm differed between CK and RTL in August, while the others showed no difference. Samples of the original soil layers and the replaced soil layers (0–20 cm soil layer in CK and 20–40 cm soil layer in RTL, 20–40 cm soil layer in CK and 0–20 cm soil layer in RTL) were also not clustered together, indicating that fungal community composition changed after exchange of topsoil and subsoil. Soil microbial diversity and community composition not only play important roles in soil quality, but also in the sustainable development of soil [51]. Reduced biodiversity weakens the functionality and productivity of soil ecosystems, because the number and type of species in the soil ecosystem are responsible for the ecosystem’s overall functional activities [52]. Therefore, soil with higher diversity is more resistant to stresses and protected plants against soil-borne diseases [53], and the change in community composition after RTL treatment may have been associated with the decrease in Verticillium wilt.

RTL did not change the dominant soil bacterial and fungal phyla or families (Fig. 5), which agrees with the results of previous research [54,55]. These findings suggest that these communities are likely dominated by taxa that have adapted to the environmental conditions or that a stable dynamic balance mode was formed after long-term manual management [56]. However, the relative abundance of microbial communities changed significantly after RTL. Gemmatimonadaceae have been found have a biofertilization function [57], while Nitrosomonadaceae and Nitrospiraceae have been reported to be involved in nitrification and denitrification [58], therefor, these organisms may have influences the changes in soil nutrient concentration that occurred after RTL.

4.3 Effects of Restructuring Tilth Layers on Soil-Borne Pathogens and Biocontrol Micro-Bacteria

We found that RTL decreased the incidence rate and incidence index of cotton Verticillium wilt. Previous research showed that deep tillage, which is similar to RTL, reduced the incidence of Verticillium wilt in soil and that the occurrence of wilt was less frequent in deep tillage fields than in conventional cotton fields [59]. Additionally, ITS sequencing and RT-PCR showed that the abundance of V. dahliae decreased in topsoil. Pervious research demonstrated that the final severity of Verticillium wilt was positively correlated with the density of V. dahliae [60]; therefore the reduced incidence of Verticillium wilt may be related with the decreased abundance of V. dahliae that was observed in the present study.

The relative abundance of biocontrol bacteria increased significantly in the 0–20 cm soil layer. Li et al. [61] found that Bacillus exerts excellent biological control of soil-borne diseases, including Verticillium wilt. In the present study, redundancy analysis showed that Bacillus was negatively correlated with V. dahliae, indicating that Bacillus may have inhibited the multiplication of V. dahlia, and therefore be related to the decrease in Verticillum wilt. The relative abundance of V. dahliae and Pseudoxanthomonas was positively correlated (Fig. 6). As mentioned above, root knot nematodes can cause plant root wounds and promote the occurrence of soil-borne diseases [45,46]. Recent research has shown that Pseudoxanthomonas has strong nematostatic activity against root-knot nematodes on tomatoes [62]. The relationship between V. dahliae and Pseudoxanthomonas showed that Pseudoxanthomonas may have repressed the infection of cotton by V. dahliae by controlling root-knot nematodes, thereby reducing the occurrence of Verticillium wilt. Pseudomonas spp. have long been known to confer disease suppression through multiple mechanisms [63]. For example, Pseudomonas inhibits soil-borne pathogens via the production of a wide spectrum of bioactive metabolites [64]. However, there was almost no correlation observed between Pseudomonas and V. dahliae in this study. These findings suggest that the increase of Bacillus and Pseudoxanthomonas were related to the decrease of Verticillium wilt in cotton fields. However, further study is needed to elucidate the mechanism through which Bacillus and Pseudoxanthomonas decrease Verticillium wilt.

The tillage effect on soil bacteria showed a certain temporal dependency and its effects on soil fungi became more consistent over time. We conducted a one-year investigation of RTL in this study. After RTL implementation, the soil structure may gradually return to the previous structure over the next few years or change in other ways. In future studies, we intend to investigate these aspects of the soil environment after RTL implementation.
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Table 1: Cotton yield, incidence rate and disease index of Verticillium wilt after rotary tillage (CK) and
restructuring tilth layers (RTL) treatment

Treatment Yield (kg hm ?) Incidence rate Disease index
CK 3962 + 168.00b 87.50 + 6.45%a 41.93 £ 2.80%a
RTL 4326 + 145.50a 62.50 + 6.45%b 24.05 £ 2.60%b

Note: Different letters following the data in the same column indicate a significant difference at p < 0.05.
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Table 3: Average soil temperature and daily temperature range for both growth stages and two soil depths
after CK and restructuring tilth layers (RTL) treatments

Date 6/20 8/21
Soil depth  Treatment  Average Daily temperature ~ Average Daily temperature
temperature range temperature range
0-20 cm CK 23.83 £ 0.84a 5.67 +£0.45b 32.83 £ 0.60a  5.83 £ 0.60b
RTL 23.00 + 0.30ab  7.87 + 0.70a 3220+ 0.36a 7.40+ 0.62a
2040 cm CK 22.67 +0.50ab  2.03 £ 0.31c 30.77 £ 0.65b  2.10 = 0.30c
RTL 22.17 £ 0.47b 2.07 £0.42¢c 30.70 £ 1.05b  2.23 + 0.30c

Note: Different letters following data in the same column within each soil depth indicate a significant difference at p < 0.05.
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Table 6: The differential species between rotary tillage (CK) and restructuring tilth layers (RTL) treatments
of bacteria at the genus level

Treatment Genus CK RTL p-value Fold
Mean Std.err Mean Std.err change

June-top Pseudoxanthomonas 0.0005259 0.0001049 0.00006981 0.00001714 0.01401  7.533
Bryobacter 0.004133 0.001525  0.01320 0.001084  0.01127  0.3130
Gemmatimonas 0.0018415 0.0007707 0.006413  0.00029501 0.007501 0.2872
Nitrosomonas 0.001274 0.0001560 0.0002215 0.00005356 0.006090 5.752
Nitrosospira 0.0006961 0.0003158 0.001817  0.0002327 0.04781  0.3838
Nitrospira 0.02170  0.001468  0.01243 0.001205 0.01056  1.745
June-sub  Bacillus 0.004212 0.0009566 0.01163 0.002089  0.02786  0.3623
August-  Bacillus 0.004401 0.0001293 0.002729  0.0002211 0.01257 1.612
top Pseudomonas 0.005756 0.0008132 0.0005831 0.0001165 0.01351  9.872
Pseudoxanthomonas 0.003057 0.0004514 0.0002136 0.00008777 0.01397 14.31
Bryobacter 0.007399 0.0006748 0.01496 0.001217  0.01813  0.4947
Gemmatimonas 0.005068 0.0005087 0.007757  0.0005696 0.03989  0.6534
Sphingomonas 0.01366  0.001952  0.02426 0.001579  0.02967  0.5632
Nitrosomonas 0.0005085 0.00003202 0.0001247 0.00003068 0.007219 4.077
Nitrosospira 0.0004482 0.00004937 0.001832  0.00004505 0.0009318 0.2447
August-  Pseudomonas 0.002703 0.0008453 0.022491  0.004967  0.02905  0.1202
sub Bryobacter 0.008889 0.0009668 0.003332  0.0002979 0.01242  2.668
Gemmatimonas 0.005539 0.0002797 0.0005622 0.0001299 0.0004310 9.853
Sphingomonas 0.01437  0.0003230 0.004957  0.0002656 O 2.899
Nitrospira 0.01957  0.001199  0.03095 0.0003265 0.003673 0.6323

Note: June-ton: tonsoil in June. Jun-sub: subsoil in June. August-ton: tonsoil in August. August-sub: subsoil in August.
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Table 4: Bacterial and fungal Chaol index and Shannon index in two growth stages and two soil depths after

rotary tillage (CK) and restructuring tilth layers (RTL) treatments

Kingdom Stage Treatments Chaol index Shannon index
Bacteria June-top CK 2064.62ab 6.65ab
RTL 2045.99b 6.32b
June-sub CK 2059.42ab 6.54ab
RTL 2163.69ab 6.75a
August-top CK 2099.27ab 6.70ab
RTL 2218.22a 6.92a
August-sub CK 1858.78c¢ 6.33b
RTL 2165.05ab 6.87a
Fungi June-top CK 786.11c 5.13ab
RTL 903.86b 4.71bc
June-sub CK 918.18ab 5.10ab
RTL 922.02ab 5.31a
August-top CK 978.50a 5.30a
RTL 910.76ab 4.75abc
August-sub CK 900.08b 4.42¢c
RTL 926.11ab 4.56bc

Note: June-top: topsoil in June. Jun-sub: subsoil in June. August-top: topsoil in August. August-sub: subsoil in August. Different
letters following the data in the same column with the same month and same kingdom indicated a significant difference at p < 0.05

within each in sampling date.





OEBPS/Images/phyton-logo.png





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: Soil physical properties at the two soil depths after rotary tillage (CK) and restructuring tilth layers

(RTL) treatments

Growth  Soil depth  Treatment Soil bulk density  Total soil Capillary Non-capillary
stage (g cm ) porosity (%)  porosity (%)  porosity (%)
June 0-20cm  CK 1.431 £ 0.00b 46.05+0.29b 34.74 +0.68c 11.31+ 0.40b
RTL 1.424 + 0.00b 46.97 £0.12b 32.20+0.80d 14.76 £ 0.85a
2040 cm  CK 1.498 £ 0.01a 4452 + 1.28¢c 39.08 £ 1.12a 5.44 £ 0.49¢
RTL 1.436 £ 0.01b 48.43 £0.21a 37.26+0.15b 10.96 + 0.44b
August 0-20cm CK 1.423 £ 0.02b 46.13 £0.15b 34.12 +0.43¢ 11.73 £ 0.56b
RTL 1.422 £ 0.01b 46.90 £ 0.27b 31.98+1.22d 1421 £1.32a
2040 cm  CK 1.492 + 0.02a 44.87 £0.76¢c 39.79 +1.23a 5.98 +0.45¢
RTL 1.439 £ 0.03b 48.78 £ 0.54a 37.11 £0.27b 12.23 £ 1.11b

Note: Different letters following data in the same column indicated a significant difference at p < 0.05.
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Table 5: The differential species between rotary tillage (CK) and restructuring tilth layers (RTL) treatments

of fungi at the species level

Treatment Species CK RTL p-value Fold
Mean Std.err Mean Std.err change
June-top  Aspergillus insuetus  0.0000490 0.0000500 0.001835  0.0002938 0.002735 37.45
Thanatephorus 0.003123 0.0009283 0.0007994 0.0002018 0.03974 0.2559
cucmeris
Verticillium dahliae 0.02074  0.002263 0.01201 0.001480 0.01915 0.5789
June-sub  Acremonium 0.0007351 0.0000820 0.00001692 0.0000162 0.001441 0.0231
acutatum
Acremonium 0 0 0.0003131 0.0001176 0.0318 —
fusidioides
Acremonium rutilum 0.0000429 0.0000248 0.0006387 0.0002135 0.02963 15.00
Acremonium tubakii  0.009270 0.001065 0.01325 0.0007904 0.02543 1.429
Verticillium dahliae 0.01052  0.0005683 0.01390 0.001225 0.03982 1.322
August-  Acremonium tubakii  0.01439  0.002710 0.006412  0.001520 0.03666 0.4457
top Aspergillus 0.001522 0.0000136 0.0003054 0.0002832 0.01201 0.1997
austroafricanus
Aspergillus cibarius  0.0003946 0.0001038 0.002573  0.0005491 0.01462 6.521
Aspergillus insuetus  0.003081 0.0004360 0.00003436 0.0000179 0.003053 0.0115
Trichothecium 0.001778 0.0001414 0.004231  0.001020 0.04496 2.380
roseum
August- — — — — — — —

sub

Note: June-ton: tonsoil in June. Jun-sub: subsoil in June. August-ton: tonsoil in August. August-sub: subsoil in August.
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