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Abstract

To scientifically evaluate the effects of three environmentally friendly fumigants, dazomet, metham
sodium, and calcium cyanamide, on soil microbial community changes, soil from a greenhouse with
7 years of continuous cropping was studied. Soil samples were collected from unfumigated soil (CK),
dazomet-fumigated soil (DZ1), metham sodium-fumigated soil (MSI1), calcium cyanamide-
fumigated soil (CC1) at seedling recovery stage, dazomet-fumigated soil (DZ2), metham sodium-
fumigated soil (MS2), and calcium cyanamide-fumigated soil (CC2) at fruiting stage. The effects of
different fumigant treatments and treatment periods on soil microbial community changes, tomato
yield, and soil-borne diseases were analyzed. The results showed that the application of soil
fumigants significantly reduced the richness and diversity of soil bacterial and fungal communities
at the seedling recovery stage. Three months after transplanting (at the fruiting stage), the soil
microbial diversity gradually recovered. After fumigation, the relative abundance of soil bacteria and
fungi at the phylum level changed. Under different fumigation treatments, the trends in the relative
abundance changes of species during the seedling recovery and fruiting stages after fumigation
exhibited certain differences. Analysis of the dominant soil microbial communities at the genus level
revealed that fumigation effectively eliminated pathogenic genera such as Fusarium, but the
inhibition rate of pathogens increased during the seedling recovery stage after fumigation. By
comprehensively considering microbial community changes during the seedling recovery and
fruiting stages after fumigation, as well as indicators such as yield, incidence of soil-borne diseases,
and disease index, among the three fumigation treatments, the DZ treatment demonstrated the best
overall performance. It increased beneficial genera while reducing the majority of pathogenic genera
in the soil. Even after three months, when the plants transitioned from the seedling recovery stage to
the fruiting stage, the relative abundance of harmful genera remained suppressed, and the abundance
of some beneficial genera increased. However, given the broad-spectrum microbial eradication by
fumigants and the time-limited suppression of pathogenic communities, it is essential to supplement
beneficial microorganisms promptly after soil fumigation, such as by applying microbial fertilizers
in combination.

Keywords: dazomet; metham sodium; calcium cyanamide; seedling recovery stage;fruiting stage;
bacteria; fungi

1. Introduction

Tomato (Solanum lycopersicum L.) is an important economic crop in China that is rich in nutrients
such as carotene, vitamin C, and lycopene and is widely favored [1,2]. Compared with open-field
cultivation, greenhouse cultivation of tomatoes not only significantly increases yield but also

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1920.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2026 d0i:10.20944/preprints202601.1920.v1

2 of 16

promotes early maturation, enabling year-round production and supply [3]. However, facility
agriculture commonly faces challenges in terms of crop rotation, leading to the degradation of soil
physicochemical properties and the accumulation of soil pathogens, resulting in increasingly severe
issues such as continuous cropping obstacles and soil-borne diseases. These problems cause declines
in tomato yield and quality, severely limiting the healthy development of the tomato industry [4-6].

The formation of soil-borne diseases is closely linked to imbalances in soil microbial
communities, often manifested as a significant reduction in beneficial bacterial populations and the
enrichment of pathogens. Therefore, reconstructing soil microbial communities and improving soil
microecological balance are crucial for preventing and controlling soil-borne diseases in continuously
cropped plants [7-10]. Currently, in practical production, soil fumigation is the most rapid and
effective method for controlling soil-borne diseases. This involves the application of fumigants to
sealed soil and the use of volatile active gases to suppress or kill soil-borne pathogens [11]. Dazomet,
metham sodium, and calcium cyanamide are the three most common chemical fumigants in
production and are characterized by low toxicity and easy decomposition. Owing to their effective
control outcomes, they have been successfully used in the production of crops such as tomatoes [12],
strawberries [13], potatoes [14], apples [15], and cucumbers [16].

However, evaluations of the effectiveness of different soil fumigants in continuously cropped
soils vary, and some scholars have suggested that soil fumigants and their degradation metabolites
may have certain negative effects on soil microbial communities and the soil environment,
particularly on beneficial microorganisms. After dazomet fumigation, Chen et al. reported that the
relative abundance of biocontrol bacteria such as Mortierella in the soil increased, whereas the
relative abundance of pathogenic fungi such as Fusarium decreased [17]. Wu et al. reported that after
dazomet fumigation, the relative abundance of pathogenic genera such as Ilyonectria and Fusarium
in the soil significantly decreased, but the relative abundance of beneficial genera such as
Streptomyces, Flavobacterium, Mortierella, and Talaromyces also decreased [18]. Liu et al. reported
that calcium cyanamide effectively controlled bacterial wilt and had a relatively small adverse effect
on soil microbial activity and community structure [19].

Additionally, fumigation cannot completely eliminate harmful microorganisms in the soil. A
certain number of pathogens may survive and proliferate, potentially leading to disease
outbreaks[20]. However, research on the duration of disease suppression efficacy by fumigants is
limited. Therefore, this study focuses on severely monocropped tomato greenhouses with replanting
issues. Three fumigants—dazomet, metham sodium, and calcium cyanamide —were selected. Soil
samples were collected during the tomato seedling recovery stage and fruiting period to analyze
changes in microbial communities at different postfumigation intervals, as well as direct indicators
such as yield and major soil-borne diseases. The aim of this study is to scientifically evaluate the
effects of dazomet, metham sodium, and calcium cyanamide fumigation on soil microecosystems and
provide theoretical support for the selection of environmentally friendly fumigants.

2. Materials and Methods

2.1. Experimental Materials

The tested tomato variety was 'Provence’, a locally predominant cultivar. Dazomet (purity 298%)
was produced by Nantong Shizhuang Chemical Co., Ltd., China. Metham sodium aqueous solution
(purity >42%) was manufactured by Shenyang Fengshou Pesticide Co., Ltd., China. Calcium
cyanamide (purity 260%) was obtained from Shizuishan Pengsheng Chemical Co., Ltd., China.

2.2. Experimental Design

The experiments were conducted from July 15, 2024, to February 15, 2025, at Shupeng Farm in
Luquan District, Shijiazhuang city, China. Prior to the experiment, the greenhouse had undergone 7
years of continuous tomato cropping, resulting in severe continuous cropping obstacles. The site is
located at an altitude of 52 m (35°74'57"N, 105°36'70"E), with basic soil physicochemical properties as
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follows: organic matter content of 45.63 g-kg-1, total nitrogen content of 2.34 g-kg-1, alkali-
hydrolyzable nitrogen content of 186.14 mg-kg-1, available phosphorus content of 109.98 mg-kg-1,
available potassium content of 461.23 mg-kg-1, and a pH value of 6.17.

Before soil fumigation, soil samples were collected from the test area using the five-point
method. The collected samples were thoroughly mixed and placed in sampling bags and then stored
at -80 °C until microbial analysis. Soil fumigation was conducted as follows: On July 30, 2025,
dazomet, metham sodium, and calcium cyanamide were applied uniformly in the experimental plots
at rates of 20 kg-667 m-2, 40 kg-667 m-2, and 80 kg-667 m-2, respectively. Three fumigation treatments
were implemented, each with three replicates. Each plot covered an area of 50 m-2, with a 1 m buffer
between plots. The soil was then tilled to a depth of 30 cm using a rotary tiller to ensure thorough
mixing of the fumigants with the soil. Subsequently, drip irrigation tubes were laid, and the plots
were covered with polyethylene film (thickness >0.8 mm) to ensure airtightness. After sealing, water
was applied via drip irrigation to achieve a soil moisture content of 50-70%. The film remained in
place for 30 days. After fumigation, the film was removed, and the soil was aerated for 20 days before
healthy tomato seedlings were transplanted. During the seedling recovery period (September 20),
soil samples were collected using the prefumigation method, labeled dazomet fumigation (DZ1),
metham sodium fumigation (MS1), and calcium cyanamide fumigation (CC1). Three months after
transplanting, when the tomatoes entered the fruiting stage (December 25), soil samples were
collected again and labeled as dazomet fumigation (DZ2), metham sodium fumigation (MS2), and
calcium cyanamide fumigation (CC3), with nonfumigated soil serving as the control (CK). The
collected soil samples were ventilated in a fume hood to remove residual fumigants and then stored
at -80 °C until analysis.

2.3. Tomato Soil-Borne Disease Survey

Throughout the growth period of the tomatoes in each fumigation treatment, 5 random
sampling points were selected per treatment, with 30 plants per point, to investigate tomato Fusarium
wilt, bacterial wilt, and root rot. The incidence rate of each disease was calculated, and the disease
index was determined. Incidence rate (%) = (number of infected plants/total number of plants
surveyed) x 100; disease index = (X(disease severity level x number of plants at that level)/maximum
disease severity level x total number of plants) x 100.

2.4. Tomato Yield Survey

Within each fumigation treatment plot, 30 tomato plants were randomly selected. The entire
harvest process of these plants was recorded, with the yield of each harvest documented. After
uprooting, the number of fruits per plant, single-fruit weight, and plot yield were tallied, and the
yield per 667 m? was calculated (total yield = theoretical yield x 85%).

2.5. Data Analysis

The analysis of microbial diversity was performed by Shanghai Personal Biotechnology Co.,
Ltd., in China. On the basis of the Illumina platform, QIIME2 (2019.4), R language, and the ggplot2
package were used to analyze alpha diversity; R scripts and the VennDiagram package were used to
construct Venn diagrams; R language and pheatmap were used to construct species composition
heatmaps; and QIIME2 (2019.4) and other software programs were used to compare and perform
differential significance analysis on the abundance of taxonomic units at the phylum and genus levels
across different soil treatments. Excel 2021 and SPSS 22.0 were used to conduct variance analysis and
significance tests for differences between treatments in terms of single-fruit weight, number of fruits
per plant, yield, disease incidence, and disease index.
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3. Results

3.1. Effects of Different Fumigant Treatments on Soil Bacterial and Fungal Communities
3.1.1. Soil SamplesDepth Evaluation and ASV Clustering Analysis

A total of 1,317,895 pairs of reads were obtained from the bacterial sequencing of 7 soil treatment
samples. After clustering at 100% similarity, splicing, and chimera removal, 682,814 high-quality
sequences were obtained following paired-end read splicing and filtering, resulting in 46,062 ASVs.
Fungal sequencing yielded 1,378,166 pairs of reads. After clustering at 100% similarity, splicing,
chimera removal, paired-end read splicing, and filtering, 1,154,809 high-quality sequences were
obtained, which were subsequently clustered into 4,887 ASVs. Random subsampling of sequencing
sequences was performed, and rarefaction curves were constructed using the number of sampled
sequences and the species they represented. As shown in Figure 1, the rarefaction curves for species
numbers gradually flattened, indicating sufficient sequencing depth and reasonable data quantity for
subsequent analysis.

As shown in Figure 2a, the 7 treatments shared 405 bacterial ASVs, with the number of unique
ASVs in the CK treatment (3,849) being the greatest. The unique ASVs for DZ1, MS1, CC1, DZ2, MS2,
and CC2 were 11.56%, 24.06%, 33.31%, 16.24%, 24.4%, and 20.11% lower than those of the CK,
respectively, with MS2 having the fewest unique ASVs. The data in Figure 2b indicate that the 7
treatments shared 34 fungal ASVs, with DZ2 having the greatest number of unique ASVs, which was
44.56% greater than that in the CK. During the fruiting period, the unique ASV counts for the DZ,
MS, and CC treatments were 50.64%, 6.62%, and 28.47% greater, respectively, than those during the
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Figure 1. Dilution curves of bacteria (a) and fungi (b) in soils under different fumigation treatments. Note: DZ1:
Soil during the seedling recovery period after dazomet fumigation; DZ2: Soil during the fruiting period after
dazomet fumigation; MS1: Soil during the seedling recovery period after metham sodium fumigation; MS2: Soil
during the fruiting period after metham sodium fumigation; CC1: Soil during the seedling recovery period after
calcium cyanamide fumigation; CC2: Soil during the fruiting period after calcium cyanamide fumigation. The

following charts and figures use the same representations.
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Figure 2. Effects of different fumigation treatments on the distribution of soil bacteria (a) and fungal (b) ASVs.

3.1.2. Effects of Different Fumigation Treatments on the a Diversity of Soil Bacteria and Fungi

As shown in Table 1, compared with those in the other treatments, the Chaol index and observed
species index in the CK treatment were significantly greater. The Chaol index and observed species
index of MS2 and CC2 were significantly greater than those of MS1 and CC1. In terms of the bacterial
community diversity indices, the Shannon index of the CK treatment was significantly greater than
that of the other treatments. The Shannon index and Simpson index of MS2 and CC2 were
significantly greater than those of MS1 and CC1. These findings indicate that soil fumigation
significantly reduces the richness and diversity of soil bacterial communities. Three months after
fumigation, the richness and diversity indices of the bacterial communities in the soils treated with
MS and CC increased.

In terms of the fungal community richness indices, compared with those in the CK treatment,
the Chaol index and observed species index in the DZ1, MS1, and CC1 treatments were significantly
lower (by 31.53%, 27.96%, and 37.35% and by 32.13%, 27.98%, and 37.55%, respectively). Compared
with those of DZ1, MS1, and CCl1, the Chaol index and observed species index of DZ2, MS2, and
CC2 significantly increased by 36.88%, 17.07%, and 20.35% and by 37.36%, 16.98%, and 20.5%,
respectively. Among the fungal community diversity indices, compared with those in the CK
treatment, the Shannon indices in the DZ1, MS1, and CC1 treatments were significantly lower (by
8.7%, 7.75%, and 14.24%, respectively). The Shannon index of DZ2 and MS2 was significantly greater
than that of DZ1 and MS1. The Simpson index of MS2 was significantly greater than that of MS1.
These findings indicate that soil fumigation can significantly reduce the richness and diversity of soil
fungal communities. Compared with those in the slow seedling stage, the soil fungal community
richness indices increased during the fruiting stage in the DZ, MS, and CC treatments, and the soil
fungal community diversity indices increased in the DZ and MS treatments.

Table 1. This is a table. Tables should be placed in the main text near to the first time they are cited.

Community abundance index Community diversity index
. treatment
Kingdom . . .
Chaol index Observed species Shannon Simpson
CK 3882.774211.97a 3366.47+88.34a 10.73+0.05a  0.9989+0.0001a
DZ1 3466.94+134.27b  3001.10+162.29b  10.00 +0.15¢  0.9961+0.0008bc
Bacteria DZ2 3019.60+98.12cd ~ 2653.87+51.71cd ~ 9.88+0.12cd  0.9964+0.0007b

MS1 2892.61+259.11d 2488.50+168.63d 9.7310.24de  0.9949+0.0017c
MS2 3354.01+134.27bc 2988.30+65.43b 10.49+0.04ab  0.9986+0.0001a
CcC1 2845.14+275.04d 2426.53+226.33d 9.50£0.16e  0.9950+0.0007bc
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cC2 3105.69+215.78cd  2801.47+132.86bc 10.29+0.07b 0.9982+0.0001a
CK 369.17+16.94a 368.83+17.02a 6.32+0.10ab 0.9676+0.0051a
DZz1 252.78+36.41cd 250.33+33.30cd 5.77+0.14cd  0.9577+0.0091ab
DZ2 400.45 +22.41a 399.63+21.60a 6.62+0.46a 0.9745+0.0082a
Fungi MS1 265.94 +11.48cd 265.63+11.47cd 5.83+0.16bc  0.9571+0.0079ab
MS2 320.68+40.62b 319.97+40.94b 5.22+0.33e 0.9202+0.0222¢
cC1 231.30+19.48d 230.33+19.16d 5.42+0.23cde  0.9403+0.0064bc
cC2 290.40+9.46bc 289.73+9.48bc 5.28+0.37de 0.9324+0.0209¢

Note: Significant (P < 0.05) differences are expressed with different letters.

3.1.3. Analysis of Bacteria and Fungi in Soil under Different Fumigation Treatments at the Phylum
Level

As shown in Figure 3a, at the bacterial phylum level, Actinobacteria and Proteobacteria were the
predominant phyla across all the treatments, accounting for 43.7%~61.25% of the total. The relative
abundance of Actinobacteria was greatest in the DZ1, DZ2, and CC1 treatments, at 40.59%, 30.38%,
and 28.65%, respectively. Proteobacteria was most abundant in the CK, MS1, MS2, and CC2 treatments
(28.28%, 27.42%, 27.69%, and 33.86%, respectively). Compared with those in the CK treatment, the
relative abundance of Actinobacteria in all the treatments except MS1 was greater, whereas the relative
abundance of Proteobacteria was lower in all the treatments except CC2 than in the CK. The relative
abundance of Actinobacteria in DZ2 and CC2 decreased by 10.21% and 1.26%, respectively, compared
with that in DZ1 and CC1, whereas that in MS2 increased by 10.92% compared with that in MSI.
Compared with those in DZ1 and MS], the relative abundance of Proteobacteria in DZ2 and MS2 did
not significantly change, whereas that in CC2 increased by 10.24% compared with that in CC1.

As shown in Figure 3b, at the fungal phylum level, Ascomycota was the dominant phylum
common to all the treatments, accounting for 56.16%~80.61%. Compared with that in the CK
treatment, the relative abundance of Ascomycota in the DZ1, MS2, and CC2 treatments increased by
7.43%, 13.33%, and 1.58%, respectively, whereas in the DZ2, MS1, and CCl1 treatments, it decreased
by 0.42%, 8.37%, and 11.11%, respectively. The relative abundance of Ascomycota in DZ2 decreased
by 7.85 compared with that in DZ1, whereas in MS2 and CC2, the relative abundance of Ascomycota
increased by 21.7% and 12.68% compared with that in MS1 and CCl, respectively. In summary, after
soil fumigation, the relative abundances of bacterial and fungal phyla in the soil changed. Under
different fumigation treatments, the trends in relative abundance changes during the recovery and
fruiting periods postfumigation exhibited certain differences.

Relative Abundance (%)
N oW s oW

00- 100
via sc0
9
80
gn
g
2 o
B
Z 50
o
EX
g
g
30
b 20-
1
T o D2 MsL oMl o "&b D2 NSt Ms ccl R

Treatment

(@)

Relative Abundance (%)

Treatment

(b)

Figure 3. Community structure of soil bacteria (a) and fungi (b) at the phylum level under different treatments.
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3.1.4. Analysis of the Dominant Bacterial and Fungal Genera in Soil Under Different Fumigation
Treatments

The relative abundance > 1 % was used as the dominant genus standard. According to table 2,
there were 16,17,12,19,16,16 and 18 dominant bacterial genera in CK, DZ1 ~ CC2, respectively. The
abundance of dominant bacterial genera accounted for 32.88 %, 44.71 %, 42.05 %, 39.63 %, 33.12 %,
41.84 % and 35.95 %, respectively. Among the seven treatments, six common dominant bacterial
communities were identified: Subgroup_6, Micromonospora, KD4-96, Gitt-GS-136, MNDI1, and
AKYG1722. With respect to the dominant fungal genera, the seven treatments (CK, DZ1 to CC2) had
13,11, 11, 9, 10, and 7 dominant fungal genera, respectively, accounting for 56.71%, 65.59%, 53.43%,
52.53%, 55.44%, 49.17%, and 52.04% of the total, respectively. Among the seven treatments, three
common dominant fungal communities were identified: Aspergillus, Mortierella, and Remersonia.

After fumigation, the relative abundance of beneficial and harmful bacterial genera in the
dominant flora of each treatment also changed. Two beneficial bacterial genera, Bacillus and
Streptomyces, were detected among the dominant bacterial genera. Compared with that of the control,
after the DZ fumigation treatment, the relative abundance of Bacillus increased by 1.28% during the
seedling recovery stage but further increased to 11.76% upon entering the fruiting stage. Compared
with that of the control, the relative abundance of Streptomyces increased by 0.53% and 0.73% after
the DZ and CC treatments, respectively, during the seedling recovery stage. After the seedling
recovery stage, the relative abundance of Streptomyces in the DZ treatment increased to 1.58%,
whereas that in the CC treatment decreased to 0.95%.

Beneficial fungal genera such as Aspergillus, Remersonia, Talaromyces, Chaetomium, Penicillium,
Humicola, and Trichoderma were detected among the dominant fungal genera. Compared with those
in the CK treatment, the relative abundances of Remersonia and Penicillium increased to varying
degrees after fumigation during the seedling recovery period. Compared with that in the seedling
recovery period, the relative abundance of Penicillium in the fruiting period decreased, whereas the
relative abundance of Remersonia significantly increased by 5.07% in the DZ treatment. The relative
abundance of Aspergillus increased by 10.86% and 10.02% in the DZ and MS fumigation treatments,
respectively, during the seedling recovery period but rapidly decreased after the fruiting period
began. The relative abundances of Chaetomium, Humicola, and Trichoderma decreased during the
seedling recovery period after fumigation, but in the CC treatment during the fruiting period, the
relative abundance of Trichoderma increased from 0.25% to 1.2%. Harmful fungal genera such as
Amesia, Fusarium, Rhizopus, and Ascobolus were detected among the dominant fungal genera.
Compared with those of the control, the relative abundances of these four harmful genera decreased
during the seedling recovery period after fumigation. Amesia decreased by 2.79%, 8.4%, and 10.75%
in DZ1, MS1, and CC1, respectively. Fusarium decreased by 3.09%, 0.39%, and 3.06% in DZ1, MSI,
and CCl1, respectively. During the seedling recovery period, the relative abundances of Rhizopus and
Ascobolus in the three fumigation treatments decreased to 0%. Compared with that in the control
treatment, the relative abundance of Amesia in all the fumigation treatments continued to decrease,
with a reduction of 6.24% in the DZ treatment compared with that in the seedling recovery period.
However, the relative abundance of Fusarium gradually recovered in all the fumigation treatments,
although it remained significantly lower than that in the CK in the DZ and CC treatments but
increased to 8.25% in the MS treatment. The relative abundance of Ascobolus in the CC treatment
group recovered to 0.9% during the fruiting period, which was still 0.58% lower than that in the CK
group. The results indicate that among the three fumigation treatments, the DZ treatment increased
the abundance of beneficial genera while reducing the abundance of most of the pathogenic genera
in the soil. Even after three months, which transitioned from the seedling recovery period to the
fruiting period, the relative abundance of harmful genera remained suppressed.

In terms of the abundance of soil bacteria and fungi, the main bacteria and fungi in the soil of
each treatment were concentrated in the top 30 genera. Therefore, a heatmap of the abundance of the
top 30 genera was constructed, and a cluster analysis was conducted. The bacterial community
composition at the genus level in the different treatments can be divided into three categories: DZ1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and MS1 cluster closely as the first category; DZ2 and CC1 cluster closely as the second category; and
MS2, CC2, and CK cluster closely as the third category (Figure 4a). The fungal community
composition at the genus level in different treatments can be divided into five categories: DZ1 and
CC1 cluster closely as the first category; MS1 and MS2 cluster closely as the second category; and
CC2, CK, and DZ2 cluster as the third to fifth categories (Figure 4b). The results indicate that after the
MS and CC treatments, the bacterial community structure gradually approached the prefumigation
level during the fruiting stage. The fungal communities in the fumigated treatments significantly
differed from those in the CK treatment during both the seedling recovery stage and the fruiting
stage. Additionally, the fungal communities in the MS treatments remained similar between the
seedling recovery and fruiting stages.

Table 2. Changes in the relative abundance of dominant bacterial and fungal genera in soil under different

fumigation treatments.

CK | Dz1 | DZ2 | MS1 | Ms2 | cC1 | cc2
Kingd | Serial
on{? Numb Genus %
er
1 Subgroup_6 8.10 5.01 419 423 | 572 | 3.74 5.72
2 Bacillus 3.48 4.76 1176 | 329 | 341 | 227 0.89
3 SBR1031 3.04 0.99 4.95 258 | 3.77 | 5.33 4.44
4 Actinomadura 0.26 11.08 2.31 1.02 | 091 6.57 0.48
5 Micromonospora 1.88 3.82 7.63 1.29 | 191 1.58 1.73
6 Adb 2.01 0.84 2.12 126 | 295 | 273 2.35
7 KD4-96 1.53 191 2.22 1.77 | 2.03 | 215 1.55
8 Meiothermus 0.00 3.32 0.28 3.43 | 0.00 | 6.05 0.01
9 Gitt-GS-136 1.40 191 1.77 204 | 1.78 | 2.09 1.65
10 MND1 1.91 1.70 1.17 154 | 214 | 148 1.54
11 AKYG1722 1.11 1.67 1.26 190 | 146 | 175 1.17
12 Truepera 0.25 0.28 0.38 6.90 | 0.82 | 0.70 0.29
Bacter 13 CCD24 1.11 0.83 1.09 1.03 | 1.23 | 124 1.95
) 14 Sphingomonas 1.64 0.77 0.76 121 | 1.03 | 1.12 1.60
° 15 Streptomyces 0.73 1.26 1.58 050 | 090 | 1.46 0.95
16 Saccharimonadales | 1.33 0.41 0.54 095 | 059 | 0.85 2.07
17 20134 terrestrial g 0.95 0.92 0.97 1.57 | 059 | 116 0.54
roup
18 Steroidobacter 0.71 0.88 0.70 117 | 0.80 | 0.87 1.54
19 Haliangium 1.07 1.02 0.75 0.55 | 098 | 0.94 1.11
20 Virgisporangium 0.73 0.19 0.75 037 | 1.01 0.53 2.80
21 67-14 0.96 1.02 0.54 1.09 | 1.16 | 0.82 0.71
22 Gaiella 0.98 1.19 0.66 095 | 092 | 0.80 0.67
23 Nocardioides 1.06 1.43 0.47 033 | 1.23 | 047 0.87
24 Dongia 0.69 0.45 0.38 0.64 | 1.03 | 0.45 1.38
25 Solirubrobacter 1.12 0.61 0.26 0.43 | 1.26 | 0.36 0.85
26 Lysobacter 1.08 0.37 0.33 035 | 0.71 0.38 1.21
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27 Brevibacillus 0.06 1.19 0.87 1.02 | 0.02 | 0.85 0.00
28 Acidibacter 0.46 0.30 0.63 0.53 | 0.52 | 047 1.07
29 Vulcaniibacterium 0.00 1.27 0.03 0.94 0.0 1.11 0.00
30 Paenisporosarcina 0.19 0.17 0.17 1.28 | 0.68 0.09 0.33
31 Thermopolyspora 0.00 1.17 0.51 0.09 | 0.00 | 0.80 0.00
32 Rhodomicrobium 0.26 0.10 0.19 018 | 041 | 0.24 1.07
The relative abundance > 1
16 17 12 19 16 16 18
% of the genus number.
Dominant genus
32.88 | 44.71 | 4205 | 39.63 | 33.12 | 41.84 | 35.95
proportion / %
1 Aspergillus 15.67 | 26.53 2.89 | 25.69 | 20.14 | 15.05 | 20.55
2 Alternaria 3.70 0.59 10.78 | 1.69 | 13.56 | 3.38 4.16
3 Mortierella 4.65 2.16 2.67 575 | 424 | 2.78 5.96
4 Zopfiella 0.00 0.00 5.99 0.00 | 0.00 | 123 | 17.65
5 Moyceliophthora 3.54 9.16 0.87 116 | 1.96 | 7.01 0.29
6 Amesia 10.75 | 7.96 1.72 235 | 030 | 0.00 0.00
7 Remersonia 1.39 2.39 7.46 2.87 | 1.28 5.70 1.41
8 Fusarium 3.30 0.21 1.15 291 | 825 | 0.24 0.69
9 Talaromyces 0.57 493 0.18 333 | 1.06 | 4.10 0.92
10 Acremonium 3.15 2.25 4.01 0.85 | 2.01 1.96 0.78
11 Sodiomyces 1.75 1.68 0.82 426 | 294 | 0.38 0.11
Funei

et Thermomyces 004 | 452 | 008 | 000 | 0.00 | 448 | 087
13 Schizothecium 0.00 0.00 8.82 0.00 | 0.00 | 0.00 0.96
14 Mycothermus 0.25 1.15 1.82 0.49 | 0.07 | 3.50 0.96
15 Chaetomium 3.16 0.17 0.25 0.76 | 0.65 | 0.05 0.15
16 Rhizophlyctis 0.51 0.00 3.56 0.00 | 0.00 | 0.00 0.00
17 Penicillium 0.05 1.62 0.29 0.74 | 030 | 041 0.14
18 Humicola 2.24 0.00 0.00 0.00 | 0.00 | 0.00 0.01
19 Mycosphaerella 0.2 1.24 0.1 1.23 | 0.03 0.3 0.03
20 Rhizopus 1.92 0.00 0.00 0.00 | 0.00 | 0.00 0.00
21 Trichoderma 0.12 0.06 0.70 020 | 0.02 | 025 1.20
22 Solicoccozyma 0.28 0.00 0.07 1.30 | 0.84 | 0.00 0.00
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23 Ascobolus 1.48 0.00 0.00 0.00 | 0.00 | 0.00 0.9
24 Curvularia 0.00 0.04 1.44 0.00 | 0.16 | 0.06 0.14
25 Naganishia 0.12 0.00 0.00 0.09 | 036 | 0.00 111
26 Idriella 0.00 0.00 111 0.00 | 0.05 | 0.00 0.00
The relative abundance > 1
13 11 13 11 9 10 7
% of the genus number.
Dominant genus
56.71 | 65.59 | 53.43 | 52.53 | 55.44 | 49.17 | 52.04
proportion / %

Figure 4. Cluster analysis of soil bacteria (a) and fungi (b) at the genus level under different treatments.

3.1.5. Special communities of soil bacteria and fungi under different fumigation treatments

LEfSe was used to study the biomarkers with significant differences at different taxonomic levels
in the bacterial and fungal communities under different treatments, as shown in Figure 5a, revealing
that the bacterial community (LDA threshold of 3.61) generated a total of 100 differential indicator
species, among which 9 were from the CK treatment, including Acidobacteria, Subgroup_6 (from class
to genus), Sphingomonadales (from order to family), and Myxococcales. The DZ treatment resulted in
the identification of 10 differential indicator species during the seedling recovery period and 15
during the fruiting period. DZ1 included Acidobacteria (from phylum to class), Propionibacteriales,
Streptosporangiales, Nocardioidaceae, Thermomonosporaceae, Thermopolyspora, Actinomadura, Brevibacillus,
and Vulcaniibacterium; DZ2 included Firmicutes, Bacilli, Micromonosporales, Streptomycetales, Bacillales,
Micromonosporaceae, ~ Streptomycetaceae, ~ Streptosporangiaceae,  Bacillaceae, =~ Methylophilaceae,
Micromonospora, Streptomyces, Bacillus, and MM2. The MS treatment resulted in 16 differential
indicator species during the seedling recovery period and 8 during the fruiting period. MS1 included
Deinococcus_Thermus, Rhodothermia, Deinococci, Clostridia, S0134_terrestrial_group (from class to
genus), Actinomarinales, Deinococcales, Clostridiales, Rhodothermaceae, Trueperaceae, Paenibacillaceae,
Xanthomonadaceae, and Truepera; MS2 included Acidimicrobiia, Thermoleophilia, Deltaproteobacteria,
Solirubrobacterales, Micrococcaceae, Solirubrobacteraceae, and MND1. The CC treatment resulted in 14
differential indicator species during the seedling recovery period and 28 during the fruiting period.
CC1 included Chloroflexi, Anaerolineae, Gemmatimonadetes, SBR1031 (from order to genus), Thermales,
Thermaceae, Burkholderiaceae, Chryseolinea, and Schlegelella; CC2 included Bacteroidetes, Patescibacteria,
Proteobacteria, Bacteroidia, Saccharimonadia, Saccharimonadales (from order to genus), Dongiales,
Rhizobiales, and CCD24 (from order to genus), and Xanthomonadales, Xanthobacteraceae,
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Microbacteriaceae, Microscillaceae, Dongiaceae, Rhodomicrobiaceae, Nitrosomonadaceae, Virgisporangium,
Dongia, Rhodomicrobium, and Lysobacter.

As shown in Figure 5b, the fungal community (LDA threshold of 2) produced a total of 33
differential indicator species, among which 8 were differential indicator species for the CK treatment,
namely, Mucoromycota, Mucoromycetes, Mucorales, Sporormiaceae, Rhizopodaceae, Chaetomium, Humicola,
and Rhizopus. For the DZ treatment, there were 12 differential indicator species during the seedling
recovery stage and 10 during the fruiting stage. DZ1 included Eurotiomycetes, Wallemiomycetes,
Eurotiales, Wallemiales, Trichomeriaceae, Aspergillaceae, Wallemiaceae, Aspergillus, Penicillium,
Thermomyces, Myceliophthora, and Wallemia; DZ2 included Orbiliomycetes, Orbiliales, Xylariales,
Orbiliaceae, Lasiosphaeriaceae, Microdochiaceae, Curvularia, Arthrobotrys, Schizothecium, and Idriella. For
the MS treatment, there was 1 differential indicator species each during the seedling recovery stage
and fruiting stage, namely, Leotiomycetes and Ascomycota, respectively. For the CC treatment, there
was 1 differential indicator species during the fruiting stage, identified as Naganishia. The above
species influence the structural composition of microbial communities in soils subjected to different
fumigation treatments.

The current LDA threshold is 3.61

B cx [l ozz W vs2 |l cc2
Il ozt W vst |l cct

B a:p_Acidobacteria B z o_subgroup 6 B yi: £ Thermoactinomycetaceae [l x2:f ccpz4
B »:p_Actinobacteria B 21: 0 Frankiales | 7o | B3
B c: p_Bacteroidetes B b1: o Micrococcales B a2: £ Xanthobacteraceae W z2:g_subgroup 6
d: p_Chloroflexi B c1: o Micromonosporales B b2: f_Subgroup 6 B 23: g Micromonospora
B e p_Deinococcus Thermus [l d1:0_] B 2 Mi | YA
B £ p_Firmicutes | K | a8 | TR
B g: p_Patescibacteria | G | 28 i | KEXI
B h: p_Proteobacteria B g1: 0_Sol | B2 e
B i c_Subgroup 6 B h1:o_cCytophagales | KZTE H B
Ji ¢_Acidimicrobiia 1:0_SBR1031 | praE W g3:9 ch I
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nl:o_ | B I3: g_Brevibacillus
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Figure 5. Special communities and influence of bacteria (a) and fungi (b) in soil after treatment with different
soil fumigants. Nodes of different colors represent microbial taxa that are significantly enriched in the
corresponding groups and have a significant effect on intergroup differences; lowercase letters represent
differential indicator species, where p represents phylum, c represents class, o represents order, f represents

family, g represents genus, and s represents species.

3.2. Effects of Different Fumigation Treatments on Tomato Yield

As shown in Table 3, the single-fruit weight, number of fruits per plant, and yield were
significantly greater in the fumigated treatments than in the CK treatment. Compared with those in
the CK treatment, the yields in the DZ, MS, and CC treatments increased by 24.76%, 29.2%, and
35.41%, respectively. Among the soil fumigation treatments, the CC treatment resulted in the highest
single-fruit weight (172.2 g), number of fruits per plant (21), and yield (6719.03 kg), but these
parameters did not significantly differ between the DZ and MS treatments.

Table 3. Effects of different fumigation treatments on the yield of tomato.

Treatment Average frlfit per Avere%ge single fruit Yield kg-667 m-2
plant (units) weight (g-1 )

CK 18.00+1.00b 145.67+6.6b 4962.08+119.40b

DZ 20.33+1.53a 163.8+3.72a 6190.66+428.39a

MS 20.67+0.58a 166.57+3.45a 6402.03+247.83a

CC 21.00+1.00a 172.2+7.65a 6719.03+280.19a

Note: Significant (P < 0.05) differences are expressed with different letters.

3.3. Effects of Different Fumigation Treatments on Major Soil-borne Diseases of Tomato

As shown in Table 4, no bacterial wilt occurred in any of the fumigated treatments. The incidence
and disease index of Fusarium wilt and root rot in the DZ and CC fumigation treatments were
significantly lower than those in the CK, while the incidence of Fusarium wilt in the MS treatment
was not significantly different from that in the CK. The results indicate that the DZ treatment had the
lowest incidence and disease index for soil-borne diseases.

Table 4. Effects of Different Fumigation Treatments on Tomato Soil-borne Diseases.

Incidence % Disease Index
Treatment Fusarium Bacterial Fusarium Bacterial
Wit Wilt Root Rot Wilt Wit Root Rot
CK 17.33+2.67a 4.67+1.70a  15.33x1.70a 9.60+2.14a 4.60+2.04a 12.60+1.54a
DZ 4,00+£1.94b  0.00£0.00b  2.67+1.24c 1.60+0.86b  0.00+0.00b  0.80+0.39¢c
MS 12.67+2.86a 0.00+0.00b  8.67+1.33b  6.00+1.67ab  0.00+0.00b  4.53+1.85b
CcC 5.33+#1,70b  0.00£0.00b  4.67+1,33bc 2.4+0.78b 0.00£0.00b  1.47+0.68c

Note: Significant (P < 0.05) differences are expressed with different letters.

4. Discussion

The occurrence and exacerbation of crop continuous cropping obstacles are related to the
combined effects of multiple factors within the plant-soil-microbial system. Among these factors, the
imbalance of soil microecology is a significant cause of frequent soil-borne diseases[21]. An imbalance
in soil microecology is manifested mainly by a reduction in beneficial microorganisms, enrichment
of pathogenic bacteria, and transformation of microbial community characteristics from “bacterial-
type” to “fungal-type” [22]. Soil fumigation can eliminate target microorganisms in the soil,
reconstruct soil microbial community structures, effectively control soil-borne diseases in crops, and
alleviate continuous cropping obstacles[23]. Therefore, evaluating and clarifying the impact and
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persistence of different fumigants on soil microbial communities are important for the prevention
and control of continuous cropping obstacles.

In this study, three fumigants—dazomet, metham sodium, and calcium cyanamide—were
selected. Soil samples were collected during the tomato seedling recovery period and fruiting period
to analyze changes in microbial diversity and community structure after fumigation. After
fumigation, the richness and diversity of the soil bacterial and fungal communities decreased to
varying degrees, which is consistent with the findings of Chen et al. [24]. Compared with those during
the seedling recovery period, the soil fungal community richness index increased during the fruiting
period, and the richness and diversity indices of the soil bacterial communities in the MS and CC
treatments increased. These findings indicate that three months after fumigation, the soil microbial
diversity gradually recovered, which aligns with the results of De et al.

The soil in continuously cropped fields contains a large number of pathogenic bacteria, and soil
fumigation can eliminate most of them. After fumigation, the relative abundances of Amesia,
Fusarium, Rhizopus, and Ascobolus decreased during the seedling recovery period. Amesia can cause
root rot, stem rot, and leaf spot symptoms in plants [25]. Fusarium is a common plant pathogen, and
multiple species within this genus are closely related to soil-borne diseases in crops [26,27]. For
example, wilt pathogens (Fusarium oxysporum) can invade the young roots or wounds of tomato
plants, leading to yellowing and wilting of leaves. This pathogen has a wide host range and is
infectious [28]. Fusarium graminearum causes root rot, and once the disease occurs, it is difficult to
eliminate in the short term [29]. Rhizopus can cause root rot in plants [30]. Ascobolus accumulates in
the soil over time and is strongly positively correlated with disease incidence [31]. However, after
entering the fruiting period, the abundance of Amesia continued to decline in the DZ treatment, with
a decrease of 6.24% compared with that in the seedling recovery period, while the relative abundance
of Fusarium gradually recovered in all the fumigation treatments. Nevertheless, compared with those
in the CK treatment, the relative abundance in the DZ and CC treatments remained significantly
lower, while that in the MS treatment increased to 8.25%. The results of these experiments revealed
that fumigation can effectively control Fusarium species, but the inhibition rate of pathogens is greater
during the seedling recovery period. This finding is also consistent with the findings of this study,
which revealed that fumigation significantly reduced the incidence and disease index of wilt and root
rot.

Soil microorganisms are key for maintaining the stability of soil ecosystems, and an increase in
the number of beneficial microorganisms is crucial for maintaining the dynamic balance of soil
microecology. However, the broad-spectrum nature of fumigation leads to the suppression of some
beneficial microbial communities while eliminating pathogenic bacteria. However, some studies
have shown that the relative abundance of certain soil microbial communities does not decrease after
soil fumigation but instead increases [32]. Compared with those in the CK treatment, the relative
abundances of Remersonia and Penicillium increased to varying degrees during the seedling recovery
period after the fumigation treatment. Compared with that in the seedling recovery period, the
relative abundance of Penicillium in the fruiting period decreased, whereas the relative abundance of
Remersonia significantly increased by 5.07% in the DZ treatment. Remersonia can promote soil
nutrient absorption and inhibit the development of pathogenic bacteria in the soil [33]. Penicillium
can secrete broad-spectrum antimicrobial compounds and has the potential to promote plant growth
[34,35]. The relative abundance of Aspergillus increased by 10.86% and 10.02% in the DZ and MS
fumigation treatments, respectively, during the seedling recovery period but rapidly decreased after
the fruiting period began. After fumigation, the relative abundances of Chaefomium, Humicola, and
Trichoderma decreased during the seedling recovery period. However, in the CC treatment during the
fruiting period, the relative abundance of Trichoderma increased from 0.25% to 1.2%. After the DZ
fumigation treatment, the relative abundance of Bacillus increased by 1.28% during the seedling
recovery period but further increased to 11.76% upon entering the fruiting period. The relative
abundance of Streptomyces increased by 0.53% and 0.73% in the DZ and CC treatments, respectively,
during the seedling recovery period. After the seedling recovery period, the relative abundance of
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Streptomyces in the DZ treatment increased to 1.58%, whereas that in the CC treatment decreased to
0.95%. Aspergillus can purify soil contaminated by microbial toxins [36]. Chaefomium has been
reported to act as a broad-spectrum fungicide for controlling plant diseases [37]. Humicola can reduce
the incidence of wilt and black spot diseases [38,39]. Talaromyces can inhibit various pathogenic
microorganisms [40,41]. Trichoderma is widely used as a plant growth promoter and biocontrol agent
in crop production [42]. Bacillus can secrete antimicrobial peptides to suppress soil-borne pathogens,
such as those causing wilt and bacterial wilt [43]. Streptomyces can secrete multiple antibiotics and
has significant effects on the prevention and control of tomato bacterial wilt and Fusarium wilt [44].

Through genus-level cluster analysis, this study revealed that the bacterial communities treated
with MS and CC gradually approached prefumigation levels after they entered the fruiting stage. The
fungal communities in the fumigation treatments significantly differed from those in the CK
treatment during both the seedling recovery stage and the fruiting stage. Therefore, the three
fumigation treatments (DZ, MS, and CC) effectively eliminated most of the pathogenic bacterial
genera in the soil during the seedling recovery stage. However, by the fruiting stage, only the DZ
treatment continued to suppress the relative abundance of harmful bacterial genera while increasing
the abundance of some beneficial genera. The enrichment of these beneficial genera is important for
reducing soil pathogen abundance, inhibiting population rebound, and maintaining a stable and
healthy soil microecosystem. Under the experimental conditions, the DZ treatment performed
optimally. However, given the broad-spectrum microbial eradication and time-limited suppression
of pathogenic communities by fumigants, it is essential to supplement beneficial microorganisms
promptly after soil fumigation, such as by applying microbial fertilizers.
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