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Abstract: Organic materials added to soil create anaerobic conditions that can reduce soil-borne
pathogens that reduce the yield and quality of agricultural crops. Anaerobic soil disinfestation (ASD)
requires relatively large quantities of readily available, inexpensive organic materials. We evaluated
the impact of ASD with rice bran and biochar organic materials on changes to the soil’s physico-
chemical properties, microbial taxa, and strawberry fruit yield. We found that the organic materials
applied at different dose rates significantly increased the control effect of the soil Fusarium spp. and
Phytophthora spp. to 69-99% and 63-98%, respectively. In addition, ASD significantly increased
soil organic matter and ammonium nitrogen contents. Strawberry yield also increased significantly
after ASD treatment with biochar applied at 10 t/ha, which was positively correlated with increased
soil nutrients and a significant reduction in pathogens. High-throughput gene sequencing showed
that ASD significantly increased the abundance of some beneficial microorganisms such as Bacillus,
Pseudomonas, and Mortierella, possibly due to changes in the soil’s physicochemical properties that
favored their survival. We found for the first time that biochar applied at 10 t/ha could create
anaerobic conditions that effectively reduced soil-borne pathogens and increased crop yield.

Keywords: anaerobic soil disinfestation; soil physicochemical properties; soil microbial community;
soil-borne pathogens; strawberry fruit yield

1. Introduction

Strawberry (Fragaria x ananassa Duch.) is an economical crop globally because of
the fruit’s pleasant aroma, bright color, and high nutritional value [1]. Strawberries are
most often re-planted in the same soil, which reduces their suitability for continuous
production [2]. In addition, monocropping is easy to cause an accumulation of soil-borne
pathogens that increase plant disease, which reduces fruit yield and quality [3]. For example,
Fusarium oxysporum and Rhizoctonia solani in soil can cause strawberry root rot, which can
seriously reduce the yield and quality of strawberries, and even lead to a zero harvest [4].
Verticillium dahliae spp. and Fusarium spp. can cause strawberry verticillium wilt, resulting
in stunted growth and even the death of strawberry plants [5]. In order to promote the
sustainable production of strawberries, it is necessary to find suitable methods to control
soil pathogens.

Soil disinfestation before crop planting is often used to control soil-borne pathogens in
crops that are produced on a large scale [6]. The chemical fumigants chloropicrin, metam
sodium, and dazomet are expensive to use, and their prolonged use increases the risk of
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environmental damage and poses a potential threat to human health [7]. Physical and
biological soil disinfestation is less likely to cause harm to the soil environment, but they
have not been widely used because they are expensive and have a slow and unstable effect
on pests [8]. Anaerobic soil disinfestation (ASD) overcomes many of the deficiencies of
many soil disinfestation methods because it has a broad spectrum of pest control, and the
materials necessary for ASD are widely available, generally inexpensive, and can often be
sourced locally [9].

ASD technology is also known as reductive soil disinfestation (RSD) or biological
soil disinfestation (BSD) [10]. The process of ASD includes adding an organic carbon
source to the soil, followed by irrigation, and covering the soil surface with plastic film for
2-15 weeks to minimize gas exchange. This series of operations will create an anaerobic
soil environment that is in a strong reduction state, thus killing the pathogens and pests
in the soil [11]. Previous research has reported that anaerobic conditions generated by
incorporating broccoli and weed materials into the soil significantly reduced the number
of Fusarium oxysporum and Verticillium dahlia pathogens [12]. Song et al. [13] generated
anaerobic conditions using maltose that reduced soil pathogens and increased strawberry
yield. The effect of ASD is determined mostly by the organic material used as the carbon
source, the soil’s properties, the availability of water, and the size of the field [14]. Effective
pest control has been achieved using rice bran and straw as organic materials, but it is still
necessary to find additional organic materials for ASD.

Biochar can be obtained by the pyrolysis and carbonization of biomass in anoxic or low-
temperature environments [15]. Biochar significantly improved the soil microecological
environment, increased soil organic carbon content, and was conducive to soil health [16].
Biochar’s ability to adsorb gases significantly improved the efficiency of nitrogen use
by plants, which promoted crop growth and yield [17]. However, little is known about
biochar as a carbon source for ASD, and the ability of biochar used for ASD to change the
relationship between the soil’s physicochemical properties and the microbial taxa present
in the soil is unclear.

Soil microorganisms are critical in the transformation of nutrients, humus decomposi-
tion, and maintaining soil ecological functions [18]. Monocropping increases the number
of pathogenic bacteria in the soil and reduces the resistance of beneficial microorgan-
isms [19,20], which ultimately leaves the soil unusable for crops. ASD technology can
change the soil microbial community structure and species diversity and reduce soil-borne
diseases by rebuilding and optimizing the soil microecological environment [11].

At present, the research on rice bran used in ASD is relatively mature. In this study,
rice bran was selected as the experimental control group to determine the effect of biochar
used in ASD. Our study aimed to compare the effects of ASD with rice bran and biochar
that had been continuously cropped for more than 20 years. The objectives of the research
were to (1) study the effects of different organic materials for ASD on strawberry growth
and soil-borne pathogens; (2) identify the soil physicochemical properties and microbial
community variations under different organic materials and concentrations; and (3) clarify
the feasibility and response mechanism of using biochar for ASD. The purpose of our study
was to determine the feasibility of using biochar for anaerobic soil disinfestation, which
could provide a new option for soil anaerobic disinfestation.

2. Materials and Methods
2.1. Site Description

The experiment was conducted in Changping (40°12" N, 116°25’ E, Trial I) and Daxing
(39°41’ N, 116°36' E, Trial I) districts in Beijing in July 2017. The soil in the glasshouses had
not been chemically fumigated in more than 20 years of continuous strawberry production
(Table 1). Fusarium and Phytophthora spp. recorded in the soil of the Changping and Daxing
glasshouses prior to any experimental treatment exceeded 4000 and 6000 cfu/g, respectively
(Table S1).
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Table 1. The physicochemical properties of glasshouse soil used for growing strawberries.

Silt Ammonium Nitrate Available Available Organic Electrical

Glasggioluses S?,/?d C.,l/fy % Nitrogen Nitrogen = Phosphorus  Potassium Matter (11.)2H 5) Conductivity
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) - (uS/cm)
Trial I 60 3 37 10.4 188.4 1102.3 982.8 23.6 7.9 895.4
Trial IT 57 6 37 6.6 146.9 734.9 470.9 16.9 7.5 954.3

Note: Soil composition was determined by a particle size analyzer. Soil ammonium nitrogen and nitrate nitrogen
were extracted with 2 M KCl, available phosphorus was extracted with 0.5 M NaHCO3, and then analyzed by a
UV-2600 Spectrophotometer. Available potassium was extracted with 1 M CH3COONH, and analyzed by an
AP1302 flame spectrophotometer. Organic matter was determined by the wet oxidation method. Soil pH and
electrical conductivity were measured with a compound electrode (soil/water = 1:2.5).

2.2. Experimental Design

The experiment included six treatments: (1) CK: No rice bran or biochar added to the
soil and no film applied; (2) ST: Soil covered by Totally Impermeable Film (TIF) without
rice bran or biochar; (3) RB10: 10 t/ha rice bran plus TIF; (4) RB20: 20 t/ha rice bran plus
TIF; (5) BC5: 5 t/ha biochar plus TIF; (6) BC10: 10 t/ha biochar plus TIF. All treatments
were arranged in a randomized complete block design with three replications, and the plot
size was 24 m?. TIF 0.05 mm thick was sourced from Longxing Plastic Film Technology Co.,
Ltd., Shandong, China. Rice bran and biochar were applied to the soil. The basic properties
of both organic materials are shown in Table S52.

After the biochar and rice bran were artificially scattered on the surface of the soil,
they were mixed into the soil using a rotary tiller to a depth of 5-20 cm. The soil was
then irrigated with water to achieve a soil moisture content of 70%. Finally, it was covered
with TIF and sealed with compacted soil on the edges of the film. After four weeks,
the film was removed. Then, the oxidation-reduction potential (ORP) of each treatment
was immediately measured with an ORP potentiometer produced by BELL Analytical
Instruments Co., Ltd., Dalian, China, and the measured result was 190-220 mV, indicating
that our ASD treatments were all under anaerobic conditions [21]. Strawberry (cv “red
face”) seedlings were then planted 10-15 days later in seedbeds. Strawberry plants were
planted on a seedbed 20 cm high and 50 cm wide. Each 15 cm long seedbed was planted
with two rows of strawberry plants, which in total contained 120 plants. Strawberry plants
were about 25 cm apart, and the spacing between the two seedbeds was 50 cm.

2.3. Soil Sampling

On the first day after removing the TIF, three locations were randomly selected in each
plot of the two glasshouses, and we used a graduated earth boring auger with a scale to
collect soil samples from the top surface (5-20 cm depth). Fresh soil samples were mixed
as a composite sample and then sieved to pass through a 2 mm sieve. They were divided
into three parts: The first part was refrigerated at 4 °C for later analysis of soil inorganic
nitrogen content; the second part was air-dried and used to determine the physicochemical
properties of the soil; and the third part was refrigerated at —80 °C for determination of the
bacterial and fungal taxonomic composition. We collected further soil samples from each
treatment 10 and 120 d after removing the TIF to determine the soil pathogens.

2.4. Detection of Soil-Borne Pathogens

According to the methods of [22,23], 5 g of fresh soil samples were shaken in sterilized
distilled water, from which 1 mL of soil suspension was absorbed and added to the selective
medium of Fusarium spp. and Phytophthora spp, respectively. Colonies were counted after
3 days at 28 °C The ingredients of selective media for the cultivation of Fusarium spp. and
Phytophthora spp. are reported in Table S3.

2.5. Analysis of Soil Physicochemical Properties

Soil ammonium nitrogen (AN) and nitrate nitrogen (NN) were extracted by 2 M KCl,
and soil available phosphorus (AP) was extracted by 0.5 M NaHCOj3, then oscillated and
filtered, and the filtrate was quantified by a UV-2600 Spectrophotometer (Shimadzu, Kyoto,
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Japan). Available potassium (AK) was extracted with 1 M CH3COONHy, then oscillated
and filtered, and the filtrate was determined by an AP1302 flame spectrophotometer
(Shanghai Instruments Group Co., Ltd., Shanghai, China). Soil organic matter (OM) was
determined by the dichromate digestion method using K,Cr,O7 at 170-180 °C. Soil pH
(soil/water = 1:2.5) and electrical conductivity (EC) were quantified using a Starter 3C pH
meter (Ohaus Instrument Co. Ltd., Parsippany, NJ, USA) and a Five Easy Plus EC meter
(Mettler Toledo Co., Shanghai, China), respectively.

2.6. Strawberry Plant Growth and Yield

At harvest, forty strawberry plants were randomly selected in each treatment plot,
and plant height and stem diameter were measured with a tape measure and a digital
display electronic vernier caliper, respectively. When measuring the plant height, the plant
was held upright by hand, and a tape measure was used to measure the height of the
unearthed part to the longest leaf. The stem thickness was measured from the stem closest
to the root soil. And two rows of strawberries were randomly selected to assess strawberry
plant mortality. The date and total weight of mature strawberries collected at each harvest
were recorded. The strawberry yield from each treatment was calculated at the end of the
production period.

2.7. High-Throughput Gene Sequencing

The soil sample (0.25 g) was used to extract total DNA following the instructions of
the MoBio Power Extraction kit (MoBio, Carlsbad, CA, USA). Each treatment was repeated
three times. DNA quality and concentration were analyzed using a Nanodrop spectropho-
tometer (ND-1000, Thermo Scientific, USA). The V4-V5 region of the bacterial 16 S TRNA
gene was amplified using the primer sets 338F (5'-ACTCCTACGGGAGCAGCAG-3')-806R
(5"-GGACTACHGGGTWTCTAAT-3 *), and fungal ITS genes were amplified using the
primer sets ITS1F (5'-CTTGGTCATTTAGGAAGTAA-3')-ITS2R(5'-GCTGCGTTCTTCAT
CATGATGC-3'). The MiSeq PE300 platform was used for high-throughput sequencing at
Majorbio Biopharm Technology Co. Ltd. (Shanghai, China).

The soil microflora DNA data sequences were analyzed using FLASH (version 1.2.7)
and Fastp (version 0.20.0) software for stitching and quality control, respectively. All
samples were extracted according to the minimum number of sample sequences required.
Under the condition of a confidence threshold of 0.7 and using the Ribosomal Database
Project (RDP) classification tool, the bacterial 165 rRNA and fungal ITS gene sequences
were compared with the Silva bacterial and Unite fungal databases, respectively.

2.8. Statistical Analysis

When calculating the Alpha diversity of the soil microbial community, the Shan-
non index represents diversity and the Chao index represents richness. Qiime (V.1.9.1)
software was used to calculate principal coordinate analysis (PCoA) and non-metric
multidimensional scaling analysis (NMDS), and the similarity or difference of soil bac-
terial and fungal community composition was studied based on the Bray—Curtis algo-
rithm. Linear discriminant analysis effect size (LEfSe) was used to detect species with
significant differences in relative abundance between treatments (LDA score = 2.0), and
they were plotted with R (3.3.1) software. R (V.4.2.2) software heat map and statis-
tical correlation were used. We analyzed the sequencing data on the cloud platform
(https:/ /cloud.majorbio.com/page/project/overview.html, accessed on 6 September 2022)
provided by Majorbio Biopharm Technology Co. Ltd. (Shanghai, China).

SPSS 20.0 statistical software was used to conduct a one-way analysis of variance
(ANOVA) with Duncan’s range test on the soil physicochemical properties, strawberry
growth and yield, and abundance of soil pathogens (p < 0.05).

The formulae for calculating the effects of different treatments on the number of
Fusarium or Phytophthora species were Y = (X1 — X3)/X; x 100%, where X; represents the
number of pathogens in the control soil and X; represents the number of pathogens in
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the treated soil. The mortality of strawberry plants was calculated by X = N1 /(N7 + N2)
x 100%, where Nj is the number of dead strawberry plants per treatment and N is the
number of surviving strawberry plants per treatment.

3. Results
3.1. Soil Pathogens Control

Populations of Fusarium and Phytophthora species were significantly reduced 10 d
after the application of ASD (Figure 1A,B). Fusarium and Phytophthora species mortality
in response to the treatments was 74.8-92.2% and 85.4-97.4% in Trial I, respectively, and
69.1-98.6% and 63.2-98.3% in Trial II, respectively (Table S4). In Trial I, BC10 significantly
increased the mortality of Fusarium and Phytophthora species compared with ST. In Trial II,
both RB and BC significantly increased the mortality of Fusarium and Phytophthora species
compared with ST. BC10 caused the highest mortality of Fusarium and Phytophthora species
in Trials I and II. However, there was no significant difference in the number of Fusarium
and Phytophthora species after 120 d of ASD treatments (Figure 1C,D), indicating that ASD
treatments were only effective shortly after they started (Table S5).
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Figure 1. Effects of different treatments on the number of Fusarium and Phytophthora species at 10 d
(A,B) and 120 d (C,D) after the removal of TIF. Different letters above the columns indicate significant
differences between treatments for each trial (p < 0.05). CK = No rice bran or biochar added to the
soil and no film applied; ST = Soil covered by TIF without rice bran or biochar; RB10 = 10 t/ha rice
bran plus TIF; RB20 = 20 t/ha rice bran plus TIF; BC5 = 5 t/ha biochar plus TIF; BC10 = 10 t/ha
biochar plus TIF.

3.2. Physicochemical Properties of Soil

Compared to CK, the contents of ammonium nitrogen in ST, RB, and BC treatments
were significantly increased by 76.0-216.0%, and the contents of nitrate nitrogen content
were significantly decreased by 41.5-69.4% (Table 2). ASD treatments significantly de-
creased the available phosphorus content by 15.2-29.1% (except RB20) and decreased the
available potassium content by 13.6-37.0% (except RB10). Furthermore, ASD treatments
significantly increased the organic matter content (13.9-35.6%), among which BC10 was
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the highest. Compared to CK, ST, BC, and RB treatments significantly increased soil pH by
9.3-18.2% and electrical conductivity by 161.4-486.8%. Compared with ST, ASD treatment
significantly increased the content of the soil ammonium nitrogen and organic matter,
indicating that RB and BC can improve soil fertility in an anaerobic environment.

Table 2. Effects of different treatments on soil physicochemical properties 2.

Treatment AN NN AP AK oM pH EC
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (g/kg) (1:2.5) (uS/cm)
CK 6924+ 040f 282.60 + 5.44 2 944 + 20.552 605 + 29.57 b 14.40 4+ 047 © 6.54+021¢ 228 + 3.06 4
ST 12.18 4 0.60 © 87.55 +7.394 882 +£57.293b 469 4 41.68 ¢ 14.58 4 0.55 ¢ 7.41 40272 1142 + 56.82 b
RB10 1822 +£0.72P 165.32 +£12.67° 801 =+ 34.64 b¢ 710 4 57.83 2 18.30 £1.202 7.154+0.21P 1372 4+ 33.47 2
RB20 14.89 + 043¢ 86.46 + 7.97 4 914 + 24342 408 +22.11 de 18.22 +0.56 2 7.38 +0.25 b 614 + 59.02
BC5 13.82 + 04449 138.98 + 4.10 ¢ 669 + 32.52 d 523 + 41.00 16.40 £ 0.36 P 7.73+0292 1338 4+ 115.76 2
BC10 21.87 +0.452 98.34 £+ 2.874 774 4+ 8591 ¢ 381 +34.65¢ 19.52 + 0.87 2 7.22 + 0.40 2 596 + 84.07 ¢

2 Abbreviations: AN, NH4*-N; NN, NO; ~-N; AP, available phosphorus; AK, available potassium; OM, organic
matter; EC, electrical conductivity. Means (N = 3) within the same column accompanied by the different letters
indicate significant differences between treatments (p < 0.05). CK = No rice bran or biochar added to the soil
and no film applied; ST = Soil covered by TIF without rice bran or biochar; RB10 = 10 t/ha rice bran plus TIF;
RB20 = 20 t/ha rice bran plus TIF; BC5 = 5 t/ha biochar plus TIF; BC10 = 10 t/ha biochar plus TIF.

3.3. Strawberry Growth and Yield

The strawberry plant heights in Trials I and II were significantly increased by all
treatments (except ST in Trial II) (Figure 2A). The stem diameter of strawberry plants was
significantly increased by all treatments in Trial II, and there was no significant difference
between the treatments (Figure 2B), but in Trial I, only BC10 significantly increased the stem
diameter of strawberry plants. Strawberry plant mortality was significantly reduced in both
Trials (Trial I by 41.3-80.4%; Trial II by 25.7-80.0%) (Figure 2C). Compared with ST, each
treatment further reduced the mortality of strawberry plants (Table S6), which indicated
that in anaerobic conditions, RB and BC improved the survival of plants. Strawberry
fruit yield was significantly increased in both Trials (Trial I by 47.2-131.9%; Trial II by
39.3-109.1%) (Figure 2D). In Trials I and II, the strawberry yield from high to low was as
follows: BC10 > RB10 > RB20 > BC5 > ST > CK.

3.4. Changes to the Taxonomic Composition of Soil Microbial Communities
3.4.1. Base Pair Length and Rarefaction Curves

We obtained 2,886,380 bacterial high-quality gene sequences and 3,822,555 fungal
high-quality gene sequences from a total of 18 soil samples. The average sequence lengths
of bacterial and fungal DNA were 418 and 249, respectively. We obtained 9249 OTUs of
bacteria and 1697 OTUs of fungi in total.

3.4.2. Alpha Diversity

The bacterial and fungal Shannon and Chao diversity indices increased in each treat-
ment except RB20 (Figure 3A,B for bacteria; Figure 3C,D for fungi), which suggested ASD
increased bacterial and fungal taxonomic diversity and richness, respectively, in those treat-
ments. BC5 significantly increased the Shannon and Chao indices of bacterial and fungal
communities compared to CK (for bacteria, p = 3.37 X 1072, p=3.77 X 1072, separately; for
fungi, p = 1.68 x 1072, p = 2.37 x 102, separately). BC5 also significantly increased the
Chao index of the fungal community compared to ST treatment (p = 4.26 x 10~2, BC5-ST).
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Figure 2. Effects of different treatments on the strawberry plant (A) height, (B) stem diameter, and
(C) mortality rate, and (D) the strawberry fruit yield. Error bars represent the standard deviation
between multiple replicates of the same treatment. Different letters above the columns indicate
significant differences between treatments for each trial (p < 0.05). The treatments are described in

Figure 1.
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3.4.3. Beta Diversity and Venn Diagram

The PC1 and PC2 axes explained 40.9 and 16.8% (16S region, bacteria) and 25.1 and
17.4% (ITS region, fungi) of the differences in the taxonomic compositional response to
the different treatments, respectively (Figure 4A,B). The PCoA results showed that the
taxonomic composition of the soil microflora was changed by the treatments, which was
also supported by our NMDS analysis (stress—bacteria = 0.054 < 0.2; stress—fungi =
0.072 < 0.2, Figure S1).
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Figure 4. Principal Coordinate Analysis (PCoA) of soil (A) bacterial and (B) fungal communities
in different treatments. Venn diagrams of operational taxonomic units (OTU) classification for
soil (C) bacterial and (D) fungal communities exposed to different treatments. Different petals
represent different treatments, overlapping numbers represent the number of species common to
multiple treatments, and non-overlapping numbers represent the number of species unique to the
corresponding treatment. The treatments are described in Figure 1.

There were 2617 bacterial OTUs common to all treatments (Figure 4C). OTUs for
bacteria unique to the CK, ST, RB10, RB20, BC5, and BC10 totaled 193, 273, 192, 275, 329,
and 294, respectively. The common bacterial OTUs accounted for 51.7, 44.6, 46.3, 50.4, 41.5,
and 42.8%, respectively, of the total OTUs exposed to CK, ST, RB10, RB20, BC5, and BC10,
respectively. The proportions of unique OTUs in the total OTUs of bacteria exposed to CK,
ST, RB10, RB20, BC5, and BC10 were 2.1, 3.0, 2.1, 3.0, 3.6, and 3.2%, respectively. There
were 256 fungal OTUs common to all treatments (Figure 4D). In addition, OTUs for fungi
unique to the CK, ST, RB10, RB20, BC5, and BC10 treatments totaled 76, 95, 141, 61, 157,
and 110, respectively. The common fungal OTUs accounted for 36.6, 33.4, 28.9, 43.5, 28.1,
and 30.5%, respectively, of the total OTUs exposed to CK, ST, RB10, RB20, BC5, and BC10,
respectively. The proportions of unique OTUs in the total OTUs of fungi exposed to CK, ST,
RB10, RB20, BC5, and BC10 were 4.5, 5.6, 8.3, 3.6, 9.3, and 6.5%, respectively.

3.4.4. Changes in Soil Microbial Communities

The dominant phyla in the bacterial community were Proteobacteria (27.7%), Chlo-
roflexi (16.3%), Firmicutes (12.7%), Actinobacteria (10.5%), Acidobacteria (10.3%), Gemma-
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timonadetes (7.9%), and Bacteroidetes (6.6%) (Figure 5A). The dominant phylum in the
fungal community was Ascomycota (75.4%), followed by Basidiomycota (12.0%), Mortierel-
lomyecota (7.69%), and unclassified_k_Fungi (4.6%) (Figure 5B). Each treatment reduced the
relative abundance of Proteobacteria, Firmicutes, and Gemmatimonadetes in the bacterial
community by 9.1-15.8%, 2.9-30.9%, and 15.5-43.8% compared to CK, respectively. Each
treatment increased the relative abundance of Chloroflexi and Acidobacteria by 1.5-52.5%
and 83.9-203.9%, respectively. In the fungal community, each treatment reduced the rel-
ative abundance of Ascomycota by 2.1-30.6% and increased the relative abundance of
Mortierellomycota (except RB20) by 26.6-618.0%.
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Figure 5. Microbial composition of soil bacterial communities ((A) at phylum level; (C) at genus level)
and fungal communities ((B) at phylum level; (D) at genus level) exposed to different treatments.
(A,B): the horizontal coordinate is the treatment group, the vertical coordinate is the proportion of
species in the treatment, the columns of different colors represent different species, and the length
of the columns represents the size of the proportion of species. (C,D): The horizontal coordinate is
the processing group, and the vertical coordinate is the species name. The variation in abundance
of different species in the sample is shown through the color gradient of the color block. The value
represented by the color gradient is shown on the right side of the figure. The treatments are described
in Figure 1.

We examined the responses of the top 20 most abundant bacterial genera to differ-
ent treatments. Compared with ST, each treatment significantly increased the relative
abundance of Bacillus by 8.1-61.8% (Figure 5C). RB20 significantly decreased the relative
abundance of Sphingomonas, which had a higher relative abundance when exposed to
ST, RB10, BC5, and BC10 than CK by 4.0-31.0%. The relative abundance of Pseudomonas
increased by 0.7-101.6% in each treatment. All the treatments decreased the relative abun-
dance of Melanocarpus by 65.3-98.7% in the fungal community (Figure 5D). ST and RB20
significantly decreased the relative abundance of Fusarium, but RB10, BC5, and BC10
significantly increased the relative abundance of Fusarium by 16.3-225.5%. The relative
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abundance of Mortierella increased by 14.0-533.4% (except RB20) and Aspergillus increased
by 15.3-227.4% in each treatment (except ST).

3.5. Biomarker Analysis of Soil Microbial Communities

A total of 28 significantly different microbiota were identified by LEfSe analysis within
the bacterial communities that had an LDA threshold of 2.0 and p < 0.05 (Figure 6A). There
were 6, 3, 0, 10, 6, and 3 biomarkers in CK, ST, RB10, RB20, BC5, and BC10 treatments,
respectively. For example, Microtrichales (order), unclassified_c__Dehalococcoidia (genus),
Sphingobacterium (genus), Dehalococcoidia (class), and Rubeoparvulum (genus) were the pre-
dominant biomarkers found in the CK, ST, RB20, BC5, and BC10 treatments, respectively.
In addition, we found that 32.8% of the biomarkers of the flora could be attributed to
Proteobacteria, which was evident in the CK, RB20, and BC5 treatments.
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Figure 6. LEfSe cladogram analysis of (A) bacterial and (B) fungal communities exposed to different
treatments. The figure shows five rings in the cladogram, from inside to outside, representing the
phylum, class, order, family, and genus, respectively. The different color nodes (except yellow) on the
ring represent significant changes in taxonomic composition due to the treatments. The treatments
are described in Figure 1.

The results of LEfSe analysis within the fungal communities showed that there were 5
significantly different microflora that had an LDA threshold of 2.0 and p < 0.05 (Figure 6B).
There were 4 and 1 biomarkers in the CK and RB20 treatments, respectively, but no biomark-
ers were detected in the other treatments. Biomarkers in CK treatment included unclas-
sified_c__Sordariomycetes (order to genus) and Cantharellales (order), and biomarkers in
RB20 treatment included unclassified_f__Aspergillaceae (genus). We found that 90.5% of the
biomarkers of the flora could be attributed to Ascomycota, which was evident in the CK
and RB20 treatments.

3.6. Correlation between Soil Physicochemical Properties and Microorganisms

We applied Spearman’s rank correlation to determine any significant correlation
between the main species of microorganisms and the soil physicochemical properties. In
bacterial phyla, the relative abundances of Chloroflexi and Nitrospirae were significantly
positively correlated with the soil pH (R = 0.49, p < 0.05; R = 0.49, p < 0.05), but the
relative abundances of Gemmatimonadetes and Firmicutes were significantly negatively
correlated with the soil pH (R = —0.61, p < 0.01; R = —0.57, p < 0.05) (Figure 7A). The
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relative abundance of Acidobacteria was significantly positively correlated with the soil
pH (R =0.57, p < 0.05) and significantly negatively correlated with available phosphorus
and available potassium (R = —0.48, p < 0.05; R = —0.51, p < 0.05). In fungal phyla, the
relative abundance of Ascomycota and Entomophthoromycota was significantly negatively
correlated with electrical conductivity (R = —0.58, p < 0.05; R = —0.47, p < 0.05), but
the relative abundance of Olpidiomycota and Mucoromycota was significantly positively
correlated with electrical conductivity (R = 0.47, p < 0.05; R = 0.49, p < 0.05) (Figure 7B).
The relative abundance of Chytridiomycota and Blastocladiomycota was significantly
positively correlated with pH (R = 0.49, p < 0.05; R = —0.57, p < 0.01). Cercozoa, however,
was significantly negatively correlated with available phosphorus (R = —0.53, p < 0.05).
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Figure 7. Heatmap analysis of the correlation between (A) bacterial and (B) fungal communities at
the phylum level with soil physicochemical properties (defined in Table 2). Correlation analysis was
performed using Spearman’s rank correlation method. Red represents a positive correlation, and
blue represents a negative correlation. Significance levels: * p < 0.05, ** p < 0.01. The treatments are
described in Figure 1. Abbreviations: AN, NH;*-N; NN, NO; ™ -N; AP, available phosphorus; AK,
available potassium; OM, organic matter; EC, electrical conductivity.

In bacterial genera, the relative abundance of Bacillus and Truepera was significantly
negatively correlated with pH (R = —0.53, p < 0.05; R = —0.50, p < 0.05), and the rela-
tive abundance of RB41 was significantly negatively correlated with available potassium
(R=—-0.49, p < 0.05) (Figure S2A). In fungal genera, the relative abundance of Trichosporon
was significantly negatively correlated with nitrate nitrogen (R = —0.49, p < 0.05), and
the relative abundance of Fusarium was significantly negatively correlated with available
phosphorus (R = —0.51, p < 0.05) (Figure S2B). The relative abundance of Mycothermus
and Melanocarpus was significantly negatively correlated with pH (R = —0.47, p < 0.05;
R=-0.63,p<0.01).

We carried out an ordinal regression analysis of soil microbial diversity and pH because
our results showed that the presence of some bacterial and fungal taxa was strongly corre-
lated with the soil pH. Shannon and Chao indices in the bacterial and fungal communities
were significantly positively correlated with soil pH (for bacteria, R? = 0.2507; R? = 0.3750
(Figure S3A,C); for fungi, R? = 0.0821; R? = 0.2117 (Figure S3B,D)). The correlation was
weaker in the fungal community compared to the bacterial community.

4. Discussion
4.1. Effects of ASD on Soil Pathogens
ASD can create conditions that are anaerobic, strongly reducing, and relatively warm

that produce volatile gases, organic acids, metal ions, and other substances that collectively
reduce the abundance of soil-borne pathogens [24,25]. Overbeek et al. [26] found that
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ASD reduced the abundance of Ralstonia solanacearum in soil by more than 99.4%, and
that such reductions also reduced bacterial wilt incidence. Our previous research had
shown that ASD could be applied in pre-plant fumigation to control strawberry soil-borne
pests, strengthen soil fertility, improve crop yield, and increase growers’ income [13,27]. In
this experiment, we found that Fusarium and Phytophthora species in Trials I and II were
significantly reduced by as much as 98.6% 10 d after disinfestation. In addition, BC10 was
particularly effective in reducing Fusarium and Phytophthora species, which indicated the
potential for biochar to be used commercially for that purpose. Li et al. [28] found that
biochar reduced the reproductive rates of both species. The efficacy of the treatment is
transient because 120 d after the TIF was removed, we found that pathogen levels were
similar to the control in all treatments and unacceptable as a season-long control measure.
However, ASD with the selected carbon sources did not reduce crop yield.

4.2. Effects of ASD on Soil Physicochemical Properties

Soil denitrification is enhanced in an anaerobic environment, resulting in a rapid
reduction in nitrate concentration in ASD-treated soil [29]. ASD significantly increased the
concentration of ammonium nitrogen, which may be related to an increase in nitrogen-
generating microorganisms in the soil [30]. During the ASD treatment, the carbon sources
used can significantly increase the soil nutrient content and enhance microbial activity
through mineralization and degradation [31].

We found that ASD significantly increased the organic matter content. ASD with
biochar significantly reduced the concentrations of available phosphorus and potassium
in the soil. Similar results were found previously; soil organic matter content is usually
positively correlated with crop production [32]. The soil pH increased in the treatments that
involved biochar and rice bran, possibly because the soil undergoes a reduction reaction
under anaerobic conditions; it forms a large amount of highly oxidative alkaline substances
that consume H* [33]. The increase in soil conductivity may be due to the release of a
large number of ions from organic carbon sources during ASD treatment, resulting in an
increased ion concentration in the soil [21].

4.3. Effects of ASD on Strawberry Plant Growth and Fruit Yield

ASD increased the plant height and stem diameter of strawberry plants in both
experimental sites, which was consistent with the results found by Zhu et al. [34] that
ASD with ryegrass could significantly increase cucumber plant height and growth. Liu
et al. [35] also found a similar effect: ASD with rice bran significantly increased tobacco
plant height and stem circumference. We also found that strawberry plant mortality
was significantly reduced when rice bran or biochar, both with TIF, were included in
the treatment, and that BC10 produced the highest yield. That result may be related to
the increased nutrient content of organic materials, which promoted the reconstruction
of microbial communities [36]. Previous research reported that increased soil nutrient
levels and reduced levels of pathogens may directly or indirectly reduce strawberry plant
mortality. Shrestha et al. [37] applied a meta-analysis to the research results reported on
the effect of ASD on crop yield and showed that all ASD treatments significantly increased
crop yield. Butler et al. [38] used molasses as a carbon source and found that pepper and
eggplant yields in response to ASD were equal to or greater than those obtained in response
to methyl bromide. Correlation analysis of our results showed that strawberry yield was
also significantly positively correlated with soil ammonium nitrogen and organic matter
content (Figure S4) and significantly negatively correlated with the number of soil-borne
pathogens 10 d after disinfestation (Figure S5), which was consistent with the results of
Wang et al. [39].
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4.4. Effects of ASD on Microbial Taxonomic Composition

PCoA and NMDS analysis showed that the main factors affecting microbial community
composition were the dose and type of organic material, which was consistent with previous
research [40]. Our Venn diagram analysis showed that ASD increased the number of OTUs.

Our results confirmed that ASD changed the relative abundance of the dominant
microbes at both the phylum and genus levels, but the extent varied according to the
type of organic material used and the dose (Figure 5). We found that ASD increased the
relative abundance of Chloroflexi and Acidobacteria, which was significantly positively
correlated with soil pH. Chloroflexi has been proven to inhibit the reproduction of soil
pathogens [41]. Acidobacteria have also been reported to play an important role in plant
residue degradation and ecosystem carbon cycling [42]. We found that the relative abun-
dance of Ascomycota decreased after ASD, which was significantly negatively correlated
with electrical conductivity, which was consistent with Zhao et al. [43].

The relative abundance of Bacillus increased significantly by 61.8% (compared with
ST) in response to RB10, and it was also significantly negatively correlated with soil pH.
Zampieri et al. [44] reported that Bacillus is a growth-promoting bacteria resident in the
plant rhizosphere and can promote healthy plant growth. When present, Bacillus improves
the absorption of nutrients by plants and controls pathogenic bacteria. We found that ASD
increased the relative abundance of Pseudomonas, which has been reported to reduce plant
mortality and promote crop growth [45]. We found that ASD (except RB20) significantly
increased the relative abundance of Mortierella. Liu et al. [46] reported that Mortierella can
decompose cellulose, hemicellulose, and lignin, leading to an increase in soil organic matter
and nutrients. Changes to the microbial taxonomic composition in response to rice bran or
biochar also suggested that ASD could stabilize the soil ecosystem.

Therefore, we speculated that the potential mechanism of ASD to promote plant
growth was to reduce the abundance of soil pathogens by promoting the propagation of
beneficial microorganisms in the soil and further increasing soil nutrients, thus promoting
strawberry growth.

5. Conclusions

Our results showed that ASD effectively controlled Fusarium and Phytophthora species
in the short term, and ultimately significantly increased strawberry yield. In particular,
biochar at a dosage of 10 t/ha increased yield the most of all treatments tested. ASD
significantly increased the content of soil ammonium nitrogen and organic matter, which
was also significantly positively correlated with strawberry yield. Changes in soil physico-
chemical properties significantly affected soil microbial community composition. The soil
pH and electrical conductivity also increased significantly. The relative abundance of some
beneficial microorganisms related to crop disease control was significantly increased in
the anaerobic environment, such as Chloroflexi, Acidobacteria, Bacillus, Pseudomonas, and
Mortierella.

In conclusion, biochar can be used as an option for ASD. In addition, the use of rice
bran and biochar in ASD reduces pollution from agricultural waste, chemical fertilizer
input, and the use of chemicals used for soil disinfestation. However, ASD technology
has not been widely used commercially in China, and the effective combination of ASD
technology and other control measures should be emphasized in monocropping plots in
the future.
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Figure S2: Heatmap analysis of correlations between soil (A) bacterial and (B) fungal communities at
the genus level with soil physicochemical properties; Figure S3: Ordinal regression analysis of alpha
diversity and pH of soil bacterial (A, C) and fungal (B, D) communities. R2 is the coefficient of deter-
mination, which represents the proportion of variation explained by the regression line; Figure S4:
Correlation analysis between strawberry yield and soil physicochemical properties; Figure S5: Corre-
lation analysis between strawberry yield and soil-borne pathogens. Table S1: Approximate number
of soil-borne pathogens before soil anaerobic disinfestation; Table S2: Properties of rice bran and
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