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Abstract: Excessive water and fertiliser inputs, as well as long-term monocropping, not only cause
resource waste and environmental pollution but also drive soil degradation and the occurrence of
soil-borne diseases. Anaerobic soil disinfestation (ASD) is a widely used technique in greenhouse
vegetable production to replace the use of agrochemicals in disinfestation and improve product quality.
While the short-term effects of ASD on the soil microbial community have been well documented in
the past 15 years, only a few studies have investigated the multiseason effects of ASD, particularly on
the soil microbial community composition and stability, as well as on pathogens and antagonistic
microorganisms. Field experiments were conducted in three adjacent greenhouses used for tomato
production for at least 20 years. Three treatments were included: CK (control: no irrigation, no
plastic film covering, incorporation of chicken manure), ASD (irrigation, plastic film covering, and
incorporation of rice husks), and ASD+M (ASD plus incorporation of chicken manure). Results
showed that (1) ASD significantly reduced the diversity of soil bacteria and fungi and improved the
complexity and stability of the soil bacterial community at the end of the ASD, but the soil microbial
diversity recovered to the level before the experiment after 1.5 years. (2) Compared with CK, ASD
significantly increased the relative abundance of antagonistic bacteria Bacillus, Paenibacillus and
Streptomyces, decreased the relative abundance of pathogens Fusarium and the quantity of nematodes
and could still effectively eliminate soil pathogens after 1.5 years. (3) Chicken manure application did
not increase the pathogenic microorganisms Fusarium and nematodes, but it significantly decreased
the relative abundance of antagonistic bacteria. Our results highlight that ASD not only showed an
inhibitory effect on soil-borne diseases after 1.5 years but also significantly increased the relative
abundance of antagonistic bacteria. However, the additional incorporation of chicken manure for
ASD should be avoided due to its negative effects on the abundance of antagonistic bacteria and its
contribution to environmental pollution due to N leaching and increased emissions of GHG N2O.

Keywords: anaerobic soil disinfestation; greenhouse vegetable production; microbial community;
pathogens; nematodes; antagonistic bacteria

1. Introduction

Off-season vegetable production in greenhouses plays an important role in meeting the
increasing demand for vegetables due to a growing population [1,2]. China has experienced
significant growth in greenhouse vegetable production over the past three decades, with a
production area of 4.7 million hectares [3]. In northern China, where winter temperatures
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can drop to as low as −20 ◦C, unheated sunken solar greenhouses are used to produce off-
season vegetables such as tomatoes, cucumbers, and eggplant. This technology has spread
quickly to other countries, including Russia, Japan, and Korea, due to its simplicity [4].

During winter nights, the roofs of sunken solar greenhouses (located 0.5–2.0 m under-
ground) are covered with 1.5 cm thick thermal insulation felt to maintain the minimum
temperature inside the greenhouse above 10 ◦C [5]. However, since fertile topsoil is used to
build the back wall of solar greenhouses, the remaining soil’s water and nutrient holding
capacity is too low to support vegetable crop production [5,6]. Consequently, high rates
of nitrogen fertiliser (up to 2000 kg N ha−1 yr−1) and irrigation (1500–2000 mm yr−1) are
applied, which exceed crop water and nutrient demands by 4–6 times [6,7]. Furthermore,
due to farmers’ cultivation habits and simple marketing channels, vegetables are typi-
cally cropped for decades [8]. These factors contribute to environmental pollution [9], soil
degradation [10], an increase in soil-borne diseases and an imbalance in the soil microbial
community [11].

Chemical soil disinfestations are effective measures to control soil-borne diseases and
continuous cropping obstacles [12]. However, these methods inevitably produce secondary
environmental pollution and reduce the quality of agricultural products [13]. Anaerobic soil
disinfestation (ASD) has been developed and widely used in Japan, the Netherlands and the
United States [14]. The principle of this approach is to create an anaerobic soil environment
by adding organic amendments with a high C/N ratio into the soil during the summer
high-temperature fallow period (July), followed by irrigating the soil to water saturation
and covering it with plastic film to induce full soil anaerobicity for 20–25 days [15]. ASD
is usually conducted every three to four years and has been found to effectively control
soil-borne pests and diseases [16,17]. However, most reports only assess the seasonal
effects of ASD, and observations on multiseason effects on soil microbial communities
and soil-borne diseases are lacking. In China, the usual ASD practice has been modified
since the Chinese government introduced a series of subsidy policies, such as the “Action
Plan for Zero Growth of Fertiliser Use by 2020”, to promote the use of organic fertilisers.
Vegetable farmers have started to use large amounts of organic fertilisers, such as chicken
and cow manure, for the ASD [7], although the overuse of chicken manure may result in
serious environmental pollution [7,9]. However, whether the use of chicken manure for
ASD affects the soil microbial community and diminishes its effect on soil-borne diseases
has yet to be reported.

To address these points, we monitored the effects of a 25-day ASD period and its
post-effect (1.5 years after the ASD) in three adjacent greenhouses used for over 20 years
for tomato production on soil microbial diversity, community composition, network com-
plexity, relative abundance of pathogenic fungi and antagonistic bacteria and nematode
numbers. Soil samples were collected during the ASD period and 1.5 years after the ASD.
Our hypotheses are as follows: (1) Compared with the control (without ASD measures),
ASD effectively improves the complexity and stability of the bacterial network; (2) ASD
induces changes in the soil microbial composition for more than one season and remains de-
tectable after 1.5 years; and (3) Compared with classical ASD, the incorporation of chicken
manure for ASD has no significant additional effect on the soil microbial community or the
abundance of soil-borne diseases.

2. Materials and Methods
2.1. Description of the Experimental Site

An initial ASD experiment was conducted in Luojiazhuang village, Shouguang city
(36◦55′ N; 118◦44′ E), from 26 June to 22 July 2019, to assess the immediate effects, with
sites resampled on 30 December 2020, to evaluate the post-effects. The region has an
average annual precipitation and temperature of 592 mm and 12.4 ◦C, respectively [18].
The minimum temperature in winter is −12 ◦C, and the maximum temperature in summer
is 39 ◦C. Three adjacent greenhouses (<100 m) were built in 1999 and have since been used
to produce tomatoes (Solanum lycopersicum. L.) during two growing seasons each year:
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winter−spring (WS) and autumn−winter (AW). The summer fallow period between the
two growing seasons lasts approximately 1.5 months (late June to mid-August). Soil type
is classified as meadow cinnamon with soil organic carbon 1.2 ± 0.15 g kg−1, C/N ratio
6.6 ± 0.21, pH 7.1 ± 0.14, the electrical conductivity 479 ± 53.1 µs cm−1, and the inorganic
nitrogen content 143 ± 8.7 mg kg−1 at the topsoil (0–30 cm) [2]. The topsoil texture was
sandy loam with sand (20–2000 µm) 62 ± 2.1%, silt (2–20 µm) 34 ± 1.9% and clay (<2 µm)
4 ± 0.2%. The soil physicochemical properties of the three selected greenhouses were
basically the same.

2.2. Experimental Design and Field Management

A field experiment was performed in three adjacent greenhouses with a randomized
plot design in each greenhouse. The three greenhouses had areas of 8.2 m × 142 m,
9 m × 133 m, and 7.6 m × 119 m, respectively. The three treatments were as follows:
(1) control (CK), which involved usual field management with chicken manure (Runqiang
Fertiliser Co., Ltd., Shouguang, China) application but no irrigation or covering with plastic
film (Runqiang Fertiliser Co., Ltd., Shouguang, China); (2) ASD, the standard procedure,
which included incorporating rice husks (Runqiang Fertiliser Co., Ltd., Shouguang, China),
applying irrigation water to soil saturation, and covering the soil with plastic film; and
(3) ASD+M (ASD plus chicken manure). Each treatment was replicated six times, with
two replicates in each greenhouse. Each plot had an area of 14.5 m × 8.2 m, including
10 raised beds.

In the CK treatment plots, 522 kg N ha−1 of chicken manure (fresh material-based rate
12 t ha−1) was applied to the surface soil (0–20 cm). In the ASD treatment plots, 8.8 t C ha−1

of rice husks (fresh material-based rate 23 t ha−1) were incorporated into the soil. The
carbon, nitrogen and water content of rice husks was 38.2%, 0.51% and 8% respectively,
while for the chicken manure it was 34.8%, 4.35% and 11%, respectively. The ASD+M
treatment plots received rice husks together with the chicken manure (8.8 t C ha−1 and
522 kg N ha−1). All ASD and ASD+M plots, except for the CK plots, were covered with
transparent polyethylene film after ploughing. The ASD and ASD+M treatment plots
received 129 mm of flood irrigation on 27 June 2019 to increase the soil water content
to saturation.

After plot preparation, the greenhouses were completely closed for 25 days (27 June–22
July 2019), which increased indoor air temperatures up to 60 ◦C during the daytime. On 22
July, the plastic films were removed, and the greenhouses were opened. Before 29 July 2019,
one-month-old tomato seedlings were transplanted. Thereafter, all treatment plots were
flood irrigated with approximately 115 mm. In the following tomato growing season, flood
irrigation was performed every six to fifteen days. For the ASD treatment, the average
nitrogen application amount was 80 kg N ha−1, and the average irrigation amount was
553 mm for the three greenhouses. The average nitrogen application amount of the CK and
ASD+M treatments was 118 kg N ha−1, and the average irrigation amount was 722 mm [2].
In the three growing seasons during the 1.5-year post-ASD period, the average annual
application rate of nitrogen fertiliser was 1800 kg N ha−1 yr−1, and the annual irrigation
rate was 1400 mm yr−1 according to the usual field management by local farmers.

2.3. Soil Sample Collection, DNA Extraction and High-Throughput Sequencing

A 4 cm-diameter soil drill was used to collect 0–30 cm surface soil samples at days
0, 8, 17 and 25 during the ASD period in June/July 2019. Among them, soil samples
in 25 days were taken after the plastic film had been removed. In addition, soils were
resampled 1.5 years after that period on 30 December 2020. For each plot, three sub-
samples were collected, mixed to form a composite soil sample, and sieved through a
2 mm mesh. The samples were divided into two parts and stored at −20 ◦C and −80 ◦C,
for subsequent analysis of soil physicochemical properties and molecular biology. The
soil inorganic nitrogen content was analysed using an autoanalyzer (AA3; Bran + Luebe,
Nordstadt Hamburg, Germany). Soil organic carbon and total N content were measured
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by using an elemental analyser (Flash-EA 1112; Thermo Electron Inc., Milan, Italy). The
electrical conductivity and pH were determined using EC (FE30; Mettler Toledo Inc., Zurich,
Switzerland) and pH meters (IS126; Insmark Instrument Technology Co., Ltd., Shanghai,
China) with a soil: water solution ratio of 1:5, respectively. Soil nematodes were isolated
and extracted from 100 g fresh soil samples by a shallow dish method and counted with a
microscope (Olympus Inc., Tokyo, Japan) [14].

After extracting soil DNA from 0.5 g of a freeze-dried sample according to the FastDNA
Kit (MP Biomedicals LLC, Santa Ana, CA, USA) operating manual, a NanoDrop® ND-2000c
ultramicronic nucleic acid protein analyser (NanoDrop Technologies, Wilmington, DE,
USA) was used to detect the concentration and quality of the extracted DNA. The qualified
DNA samples were then stored in a −80 ◦C refrigerator. The primers selected for bacteria
polymerase chain reaction (PCR) were barcoded-515F (GTGCCAGCMGCCGCGGTAA)
and barcoded-806R (GGACTACVSGGGTATCTAAT) [19]. The primers selected for fungi
were barcoded-ITS1 (CTTGGTCATTTAGAGGAAGTAA) and barcoded-ITS2 (TGCGTT
CTTCATCGATGC) [20]. The PCR product was purified directly, and a 1% agarose gel was
prepared. Samples were added to TAE buffer and electrophoresed at 120 V for 30 min. The
gel was cut with the target band under an ultraviolet lamp and purified with a PCR product
purification kit (Aidlab Biotechnologies Co., Ltd., Beijing, China). Sequencing libraries were
generated using NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® (New England
Biolabs, Ipswich, MA, USA) following the manufacturer’s recommendations and index
codes were added: (1) Adapter ligation; (2) Screening and removing the self-connecting
fragment of adapter by using magnetic bead; (3) Enrichment of library templates by PCR
amplification; (4) Post-PCR clean-up. The library quality was assessed on the Qubit@
2.0 Fluorometer (Thermo Fisher Scientific, Peabody, MA, USA). Finally, the library was
sequenced on an Illumina Nova6000 platform (Magigene Technology Co., Ltd., Guangzhou,
Guangdong, China).

2.4. Bioinformatics Analysis

Cutadapt (https://github.com/marcelm/cutadapt/; accessed on 1 December 2022)
was used for removing primers, and usearch-fastq_mergepairs (V10, http://www.drive5
.com/usearch/; accessed on 1 December 2022) were applied to filter the non-matching tags
and obtain the raw tags. UPARSE was used for operational taxonomic unit (OTU) clustering
with a threshold of 97%, and taxonomic assignment was conducted by using the SILVA (16S)
and Unite (ITS) databases. Alpha diversity was characterised by the Shannon index. Beta
diversity was evaluated by calculating the Bray−Curtis distance. Network construction
and data analysis were performed by the MENA platform (http://ieg4.rccc.ou.edu/mena;
accessed on 25 December 2022) [21]. Network analysis determines the correlation of two
microorganisms by the Spearman correlation coefficient. Only similar values above a
specific threshold were used to calculate matrix eigenvalues, and the results were then
visualised using Cytoscape (version 3.8.2; JetBrains, Prague, Czech Republic).

2.5. Statistical Analysis

SAS software (version 8.0; SAS Institute Inc., Cary, NC, USA) was used for statistical
analysis. A Shapiro−Wilk test was used to check the normality of all data. The mixed
linear model PROC MIXED was used for two-way variance analysis (ANOVA) to analyse
the effects of different disinfestation days and treatments on soil pathogens, nematodes
and antagonistic bacteria. A Duncan’s multiple comparison test was then performed to
determine the significance among factors (p < 0.05). On the basis of the OTU table, R
software (version 4.1.0; R Foundation for Statistical Computing, Vienna, Austria) was used
to analyse the effects of different disinfestation days and treatments on the Shannon index
and soil microbial community structure. The vegan R package (v.2.5-2; R Foundation
for Statistical Computing, Vienna, Austria) was used for data processing and statistical
analysis (https://cran.r-project.org/package=vegan; accessed on 12 December 2022). The

https://github.com/marcelm/cutadapt/
http://www.drive5.com/usearch/
http://www.drive5.com/usearch/
http://ieg4.rccc.ou.edu/mena
https://cran.r-project.org/package=vegan


Agronomy 2023, 13, 939 5 of 14

correlations between soil physicochemical properties and soil microbial communities were
analysed by Pearson’s correlation.

3. Results
3.1. Soil Microbial Diversity and Composition

Compared with Day 0, the average Shannon index of bacteria and fungi significantly
decreased at the end of the ASD (Day 25) (Figure 1; Table 1; p < 0.05). At 1.5 years after the
ASD, the average Shannon index of bacteria and fungi returned to the original level before
the experiment. No significant differences were found between treatments except during
ASD periods (Days 8 and 17). The bacterial and fungal Shannon indices were negatively
correlated with the soil NO3

− and NH4
+ concentrations, respectively (Figure 2; p < 0.05).
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Figure 1. Soil bacterial (a) and fungal (b) diversity (Shannon index) under different disinfestation
days and treatments at the OTU level (n = 6). The different capital letters represent significant
differences (p < 0.05) between different disinfestation days. The different lowercase letters represent
significant differences (p < 0.05) between different treatments.

Table 1. Results of two-way ANOVA that assesses the effects of disinfestation days and treatments,
as well as their interaction on the Shannon index and community structure of soil bacteria and fungi.

Shannon Index Bacterial Community
Structure

Fungal Community
StructureBacteria Fungi

Days (D) 33.60 *** 23.79 *** 10.79 *** 13.56 ***
Treatments (T) 10.42 *** 0.87 ns 4.61 *** 5.04 ***

D × T 2.45 * 1.64 ns 1.76 ns 1.53 ns

Note: Significant level at * p < 0.05, *** p < 0.001. ns, not significant.
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Principal coordinate analysis (PCoA) showed significant clustering distribution of
soil microbial community composition before (Day 0) and after (Day 25) ASD, with axes
1 and 2 explaining 23.7% and 14.8% of the total bacterial community variation and 22.6%
and 14.5% of the fungal community variation (Figure 3; p = 0.001). The composition
of the microbial communities cannot be clearly differentiated according to the different
treatments but according to the time chronology. After 1.5 years, it showed an intermediate
position between the soils currently treated and the initial soil along the x-axis with the
highest explanatory value (Figure 3). The top nine bacterial communities with relative
abundance greater than 2% accounted for about 90% of all identifiable phylum (Figure 4a).
Among them, the relative abundance of Firmicutes and Actinobacteria showed a significant
positive correlation with soil NO3

− and NH4
+ concentrations, respectively (Figure 2a;

p < 0.05). The relative abundance of Acidobacteria, Planctomycetes and Verrucomicrobia
was negatively correlated with soil NO3

− and NH4
+ concentrations (Figure 2a; p < 0.05).

Compared with day 0, the relative abundance of Firmicutes in each treatment increased
significantly on Days 8, 17 and 25 (Figure 4a; p < 0.05). The relative abundance of Firmicutes
in the CK treatment was higher than that in both ASD and ASD+M treatments. In all
identifiable genera, Bacillus was the dominant taxa in each treatment (Figure S1a). Except
for Day 0, the relative abundance of Bacillus in the ASD treatment was highest in each
sampling time. In the fungal community, the relative abundance of Ascomycota and
Mortierellomycota accounted for about 90% of all identifiable phyla (Figure 4b). The
relative abundance of Ascomycota was positively correlated with soil NO3

− and NH4
+
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concentrations (Figure 2b; p < 0.05). Mortierellomycota showed a significant negative
correlation with soil NO3

− and NH4
+ concentrations (Figure 2b; p < 0.05). Compared with

Day 0, the relative abundance of Ascomycota increased significantly in each treatment
during ASD periods, while Mortierellomycota decreased (Figure 4b; p < 0.05). At the genus
level, the relative abundance of Mycothermus was significantly lower in the CK treatment
than in ASD treatments; in contrast, the relative abundance of Cephaliophora was higher in
the CK (Figure S1b).
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3.2. Soil Microbial Network Complexity

The co-occurrence networks of soil bacterial communities differed significantly be-
tween the treatments (Figure 5 and Table S1). The number of nodes, links, and modules
(nodes ≥ 10) as well as the average degree of connectivity were significantly higher in
the ASD and ASD+M treatments than in the CK treatment (Figure 5 and Table S1). No
significant difference was found between ASD and ASD+M treatments. Furthermore, bac-
terial community network analysis revealed that the number of keystone species increased
from one in the CK treatment to 12 in the ASD treatment and 14 in the ASD+M treatment
(Figure S2a–c). The co-occurrence networks of soil fungal communities under different
treatments were similar, with the module numbers in the CK treatment (nodes ≥ 10) being
5 and those in the ASD and ASD+M treatments being 6 (Figure 6 and Table S2). Fungal
network analysis indicated that the keystones species in the ASD treatment were OTU333
(Ascomycota) and OTU692 (unclassified fungi), while those in the ASD+M treatment were
OTU791 (Ascomycota) and OTU2700 (Mortierellomycota) (Figure S2d–f).
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3.3. Plant Pathogens, Soil Nematodes and Antagonistic Bacteria

The average relative abundance of Fusarium, a pathogen that causes tomato wilt,
decreased significantly from 2.5% to 0.3% at the end of the ASD period (Day 25) compared
to Day 0 (Figure 7a; p < 0.05). However, the average relative abundance of Fusarium in
all treatments rebounded at 1.5 years after the ASD, with the largest rebound observed in
the control treatment, which recovered to the level before the experiment and was three
to four times higher than that in the ASD and ASD+M treatments (Figure 7a; p < 0.05).
The average number of nematodes per 100 g of dry soil also significantly decreased from
4079 on Day 0 to 1268 on Day 25 (Figure 7b; p < 0.05). However, soil nematodes in all
treatments rebounded at 1.5 years after the ASD, with the control treatment recovering to
the original level before the experiment, which was significantly higher than that of the
ASD and ASD+M treatments (Figure 7b; p < 0.05).
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The relative abundance of the antagonistic bacteria Bacillus, Paenibacillus and Strepto-
myces significantly increased on Day 25 compared with that before the experiment (Day
0) and fell back at 1.5 years after the ASD (Figure 8a, p < 0.05). Before the experiment, no
significant difference was found in the relative abundance of Bacillus between the three
treatments. However, the relative abundance of Bacillus in the ASD treatment was signifi-
cantly higher than that in the CK and ASD+M treatments on Day 25 and at 1.5 years. The
antagonistic bacteria Paenibacillus and Streptomyces with relative abundances greater than
1% at the genus level showed similar trends to Bacillus (Figure 8b,c). Moreover, a significant
negative relationship of relative abundance of Fusarium was detected with the antagonistic
bacteria Bacillus, Paenibacillus and Streptomyces, respectively (Figure 9).
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4. Discussion

The immediate effects of ASD on soil microbial diversity and community composition
have been well documented in previous studies [17,22,23]. However, there are few reports
on the long-term effects of ASD or the effects of using chicken manure on ASD. Our results
show that 1.5 years after ASD, although soil bacterial and fungal diversity had recovered to
the original level before ASD, the positive effects of ASD were still detectable. Specifically,
the ASD plots had a higher abundance of beneficial microorganisms and lower levels of
the pathogenic microorganisms Fusarium and nematodes than the CK plots. The additional
use of chicken manure for the ASD did not increase the relative abundance of pathogenic
microorganisms Fusarium or the number of nematodes, but it did significantly decrease the
relative abundance of antagonistic bacteria.

4.1. ASD Changed Soil Microbial Community Composition and Increased Bacterial
Network Complexity

The drastic changes in soil environmental conditions caused by the ASD not only
eliminated pathogenic microorganisms but also inhibited the growth and reproduction
of soil nontarget organisms [22–24], leading to a decline in the diversity of soil bacteria
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and fungi, as shown in our study (Figure 1; p < 0.05). In addition, the bacterial and fungal
diversity fully returned to pre-ASD levels after 1.5 years (Figure 1).

In agreement with previous studies, we found that the addition of large amounts of
organic materials and the high temperature, high humidity and strong anaerobic envi-
ronment during the ASD period [25,26] resulted in a significant increase in the relative
abundance of Firmicutes, whereas the relative abundance of Firmicutes in the CK treatment
was significantly higher than that in the ASD and ASD+M treatment [27,28] (Figure 4a;
p < 0.05). This was because Firmicutes have thicker cell walls, and most can produce spores
which are resistant to drought and extreme environments [29]. Our study showed for the
first time that ASD effects on the bacterial community composition are long-lasting and still
detectable after 1.5 years, although differences between treatments diminish (Figure 4a).
Moreover, ASD significantly increased the relative abundance of Ascomycota compared to
Day 0 sampling (Figure 4b), an observation also found in previous studies [30,31] (Figure 4b;
p < 0.05). However, the relative abundance of Mortierellomycota decreased significantly
with a higher nitrate nitrogen content (Figures 2b and 4b; p < 0.05).

Compared to fungi, bacterial networks are more easily affected by soil nutrient concen-
trations and environmental factors [32], as verified by our results. Earlier studies showed
that compared to the CK treatment, ASD and ASD+M not only increased the content of
soil-available carbon and nitrogen, but also provided sufficient energy for the growth,
reproduction and interaction of soil bacteria [33,34], thus increasing the complexity of
bacterial networks and niche differentiation potential, as shown in our study [35] (Figure 5;
Table S1). Keystone taxa are highly connected microorganisms that play an important role
in the structure and function of microbial community and are an indicator of environmental
change [36]. The increase in the species and number of soil bacterial keystones can improve
the complexity and stability of the bacterial community structure (Figure S2), which can
not only maintain the versatility and sustainability of the ecosystem but also help to inhibit
the proliferation of pathogenic microorganisms [37].

4.2. Effectively Alleviating Fungal and Nematode Diseases

High temperature and humidity, an anaerobic environment, and the presence of
organic materials improved the complexity and stability of the soil bacterial network,
effectively inhibiting the growth and propagation of soil-borne pathogens and soil nema-
todes [15,38]. Although there were no data on plant-parasitic nematodes in our study,
previous studies showed that ASD decreased the quantity of 2-instar root-knot nematodes
by 59%–97% compared with the control [39]. In ASD treatments, irrigation and application
of soil amendments resulted in an anaerobic state of the soil, which implies that oxygen
was being consumed [40]. Under anaerobic conditions, the survival period of pathogens
decreased when the soil temperature increased [41]. Thus, the abundance of Fusarium
decreased by 93% to 96% on the 25th day compared to Day 0 (Figure 7a). Although the soil
returned to an aerobic state 1.5 years after the end of the ASD, Fusarium was still decreased
by 84% to 95%. Moreover, organic acids and reducing compounds (such as NH3, H2S, low
metal ions) produced during the fermentation of organic materials during the ASD period
were responsible for the significant reduction in the numbers of soil-borne pathogens and
soil nematodes [14,17,38]. Furthermore, changes in soil environmental conditions such
as the dissolved organic carbon and nitrogen as well as soil pH during the ASD period
strongly affected the soil microbial community composition (Figure 4) and soil nematode
trophic group composition in previous studies [39,42]. The ASD conditions promoted the
growth of competitive saprophytic microorganisms known to inhibit the proliferation of
pathogens and soil nematodes [39]. In addition, earlier studies showed that the antago-
nistic bacteria Bacillus, Paenibacillus and Streptomyces in the ASD and ASD+M treatments
produce antibiotics that inhibit soil-borne fungal diseases, such as tomato wilt caused by
Fusarium [43]. Although our study indicates that the addition of chicken manure effectively
improved soil properties and reduced the relative abundance of pathogens and nematodes
(Figure 7), other studies found that the high nitrogen content in the ASD+M treatment may
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cause ammonia toxicity [44] and reduce the soil C/N ratio [42], resulting in a significant
decline in the relative abundance of antagonistic bacteria and the ability to inhibit diseases
and insect pests (Figure 8; p < 0.05).

5. Conclusions

By analysing the complexity of soil microbial networks and the relative abundance of
pathogens and antagonistic bacteria under different treatments, we have shown that ASD
can rapidly improve degraded soil and effectively control soil-borne pests and diseases
while also improving the soil microbial community structure. After three growing seasons,
the ASD remained significantly better than the control treatment in promoting beneficial
microorganisms and inhibiting pathogens. This study highlights the effectiveness of ASD
as a simple and sustainable soil disinfestation method for improving degraded soil quality
in greenhouse vegetable fields. However, further research is needed to explore the effects
of different organic materials, organic fertiliser dosages, irrigation amounts and other
factors on the soil microbial community structure during the ASD process, as well as the
mechanisms underlying the effects of ASD on inhibiting soil-borne diseases. In addition,
because DNA remains stable for quite a long time period outside of living organisms in the
soil, soil RNA analysis should be carried out in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13030939/s1, Table S1: The characteristics of empirical
bacterial network structure constructed in studies; Table S2: The characteristics of empirical fungal
network structure constructed in studies; Figure S1: Soil bacterial (a) and fungal (b) community bar
plot analysis under different treatments at the genus level (n = 6); Figure S2: Z-P plot exhibiting
the distribution of OTU was based on the topological roles (a–c: bacteria; d–f: fungi). Each point
represents an OTU. The location of each OTU determined according to the within-module connectivity
(Zi) and among-module connectivity (Pi). The module hub is defined according to Zi and Pi values
(Zi > 2.5, Pi ≤ 0.62). The four identified module hubs were marked with OTU numbers and phyla.
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