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Abstract: The actctivated carbon + solar radiation membrane is an eco-friendly soil disinfestations
method for managing soil-borne plant pathogens. However, little was known the impact of Activated
carbon + solar radiation membrane on bacterial community structure in strawberry production
systems under field conditions. A comprehensive evaluation of the impacts of different soil disinfection
methods on the bacterial community structure is fundamental to understand the role of disinfection in
maintaining soil health. The changes in the soil bacterial diversity and community composition were
detected using realtime fluorescence quantitative PCR (RTFQ PCR) and next-generation sequencing
techniques to better understand the effect of soil disinfection. The bacterial community composition
was monitored after disinfection using dazomet (DZ), chloropicrin (CP), 100 kg/ha activated carbon
+ solar radiation membrane (AC1), 200 kg/ha activated carbon + solar radiation membrane (AC2),
and 300 kg/ha activated carbon + solar radiation membrane (AC3) and compared with the control
(CT). The results indicated that the different dosages of activated carbon (AC1, AC2, and AC3)
did not affect the bacterial community structure. On the other hand, DZ and CP considerably
reduced the soil biomass and abundance of bacterial species. Chemical fumigants influenced the
bacterial community structure, with DZ treatment leading to the dominance of the phylum Firmicutes,
accounting for approximately 54%. After fumigation with CP, Proteobacteria and Acidobacteria were the
dominant phyla. Beta diversity analysis and principal coordinate analysis revealed that the bacterial
communities in the soil treated with DZ and CP formed clusters. Redundancy analysis indicated that
soil pH, available potassium, and available phosphorus were the key factors influencing microbial
metabolic functional diversity. Thus, it was verified that the damage caused by activated carbon
+ solar radiation membrane—a potential alternative for chemical fumigant—to the soil bacterial
community was less than that caused by chemicals DZ and CP.

Keywords: soil disinfection; solar radiation membrane; chemical fumigants; next-generation
sequencing; bacterial community

1. Introduction

As aresult of the shortage of land resources, the changes in the cultivation habits of farmers to reap
economic benefits such as planting the same crop (including continuous cropping and simple rotation)
and high input of water and fertilizers has become common phenomena in the cultivation of protected
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crops in China [1,2]. Plantation of the same crop every year can result in changes in soil microflora and
predominant microorganisms [3,4]. This makes the soil vulnerable and leads to the deterioration of
soil physicochemical properties, accumulation of plant autotoxins, reduction in microbial diversity,
and increased abundance of pathogenic bacteria, thus leading to continuous cropping obstacles.
Although complex factors result in continuous cropping obstacles, they are ultimately owing to the
imbalance of the soil ecosystem [5].

The soil microbial community is widely accepted as an integrative component of soil quality
owing to the crucial involvement of soil microbes in multiple ecosystem processes [6-9]. At the same
time, the soil microbial community plays a crucial role in the recycling of nutrients and maintenance
of soil structure. Therefore, microbial diversity is a sensitive indicator of soil quality that can reflect
subtle changes in the soil and provide information for the evaluation of soil functions [10]. In a healthy
soil ecosystem, the species of beneficial microorganisms are significantly more abundant than those of
harmful microorganisms. Continuous cropping can destroy the soil microbial community structure
and species diversity, promote the growth and accumulation of pathogenic microorganisms, inhibit the
propagation of beneficial microorganisms, and significantly reduce the crop yield [11-13]. Therefore,
it is important to study the role of soil microorganisms in preventing continuous cropping obstacles
to control soil-borne diseases effectively and to realize the sustainable development of a protected
cultivation system.

According to previous studies, soil fumigation is currently the most effective method of controlling
soil-borne pests and diseases in high-value crops [14]. Soil fumigation, also known as soil disinfection,
uses chemical, physical, and biological methods to kill harmful soil organisms, control insect pests,
and prevent the occurrence of soil-borne diseases to ensure sustainable agricultural production [15].
Methyl bromide (MB) has been the most widely used fumigant since 1940 because of its broad-spectrum
activity. However, it has been gradually phased out in developed countries because of its detrimental
effects on the stratospheric ozone layer [16]. In recent years, some substitutes for MB, such as
1,3-dichloropropene (1,3-D), chloropicrin (CP), metam sodium, dazomet (DZ), and dimethyl disulfide,
as well as various substitution technologies, have been continuously developed for controlling
soil-borne diseases [17-19]. However, soil chemical fumigation is recognized as a destructive method
non-selective to soil biological targets, resulting in different degrees of change in the diversity and
abundance of soil microorganisms, as well as soil enzymatic activities. Besides, there are significant
differences in the effects of various chemical fumigants on soil microorganisms [20]. A large number
of studies have indicated that the combination of CP and 1,3-D has a significant impact on the
prevention and control of soil-borne diseases and insect pests and thus is widely considered a good
MB substitute [21-24]. However, in recent years, some reports have indicated that 1,3-D leads to
environmental pollution, and the combination of CP and 1,3-D would be impeded. Moreover, the use
of a large volume of chemical pesticides can lead to a series of problems, including environmental
damage, soil ecological imbalance, food pollution, and declining public health [25-30]. Therefore, it is
crucial to seek efficient and environment-friendly soil-disinfection methods to reduce the number of
soil pathogenic bacteria and improve the soil environment such that it is no longer suitable for the
growth of pathogenic bacteria.

Activated carbon, as an environment-friendly soil disinfectant, is a charcoal powder obtained by
plant carbonization, which has a rich porous structure with complex and diverse features. The porous
structure can provide a better environment and habitat for microorganisms that can aid the growth of
beneficial microorganisms and inhibit the reproduction of pathogenic bacteria [31]. Activated carbon
management can improve the soil physicochemical properties such as the water-holding capacity.
Concurrently, it can be used for soil improvement to increase the crop yield without affecting the soil
bacterial community structure [32,33]. Pasquale et al. [34] developed a novel solarization method based
on activated carbon in addition to the transparent thermal film, simulating a domestic “solar panel”
useful to produce hot water. This method can increase the water temperature in the soil, thus resulting
in a high soil temperature and better sterilizing effect in a short time. However, there are only a few
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reports on the influence of disinfection using the combination of activated carbon and solar radiation
membrane on the soil bacterial community structure. Therefore, considering the strawberry continuous
cropping field with severe soil-borne diseases Xingshou town in Changping, Beijing as the research site,
the effects of different soil disinfection methods on the soil bacterial community structure and diversity,
as well as the relationship between bacterial community and soil environmental factors, were evaluated
using 16S rRNA macro genomics on the Illumina MiSeq Sequencing platform. This research can
provide a scientific basis for the adoption of appropriate adjustment and control measures to overcome
continuous cropping obstacles in protected strawberry cultivation.

2. Materials and Methods

2.1. Study Site

Trials were arranged in the strawberry crop area of Huaxiang garden located in Xingshou
city of Changping. The experimental area has four distinct seasons and is characterized by a
temperate continental climate. The mean annual average temperature was 11.8 °C, and the annual
average precipitation was 550.3 mm. The experimental greenhouse was 50-m long and 8-m wide.
The strawberries were grown in the greenhouse over the past ten years, with the last stubble harvested
in May 2019. The soil pH was 7.44, and the soil organic matter (SOM) content was 19.59 g/kg with
0.76 g/kg of total nitrogen (TN), 25.77 mg/kg of available phosphorus (AP), and 334.60 mg/kg of
available potassium (AK).

2.2. Experimental Design

Tests were performed, adopting a randomized-block method. The disinfection was carried out
using DZ, CP, 100 kg/ha activated carbon + solar radiation film (AC1), 200 kg/ha activated carbon +
solar radiation film (AC2), and 300 kg/ha activated carbon + solar radiation film (AC3), with three
replicates for each treatment. The treated samples were compared with the control (CT). The special
injection equipment was used to inject chlorinated bitters liquor into the ground at a depth of 15 cm,
and then immediately covered with the film after fumigant application. In the case of AC1, the soil
was thoroughly watered the day before application, and the activated carbon was uniformly spread
on the soil surface in order to create a sort of “solar collector” able to collect, like a black body;,
totally the incident radiation. The parcels were covered with transparent plastic films with special
optical properties able to block a wide percentage of the radiation emitted from the soil in the medium
Infrared (IR) region. After 20 days, the plastic film was removed.

2.3. Sampling and Analysis

2.3.1. Soil Sampling

A 5-point sampling and mixing method was used. The soil layer (approximately 0-10 cm) was
collected before and after soil disinfection (after removing the membrane). The collected samples
were placed in an icebox and transported to the laboratory. All the freshly collected soil samples were
divided into two parts: one stored at 4 °C for chemical analysis and the other stored at =80 °C for
DNA extraction.

2.3.2. Analysis of Soil Chemical Properties

The soil chemical properties were measured using the methods described by Bao [35].
Soil organic carbon (SOC) was measured with the vitriol acid-potassium dichromate oxidation
method, with 0.8 mol/L 1/6 K,CrOy7 at 170-180 °C for 5 min, followed by titration of the digestates with
FeSOy; total nitrogen (TN) was measured using the Kjeldahl method; available potassium (AK) in the
soil was measured using flame photometry; available phosphorus (AP) was analyzed by the NaHCO3
method. The pH of the soil was measured with a glass electrode in a 1:5 soil/water suspension.
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2.3.3. DNA Extraction and PCR Amplification

The soil DNA was extracted using the PowerSoil DNA Isolation Kit (MoBio Laboratories,
Carlsbad, CA, USA), following the manual provided with the kit. The purity and quality of the
genomic DNA were checked on 1% agarose gel and a NanoDrop Spectrophotometer (Thermo Scientific).
The V3-V4 hypervariable region of the bacterial 165 rRNA gene was amplified using the primers
338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) [36]. For each
soil sample, an 8-digit barcode sequence was added to the 5’end of the forward and reverse primers
(Allwegene Company, Beijing). The Polymerase Chain Reaction (PCR) was carried out on a Mastercycler
Gradient (Eppendorf, Germany) using 25 uL of the reaction volume, containing 12.5 pL of KAPA 2G
Robust Hot Start Ready Mix, 1 uL of Forward Primer (5 uM), 1 pL of Reverse Primer (5 uM), 5 uL of
DNA (total template quantity of 30 ng), and 5.5 pL of H,O. The cycling parameters were as follows:
95 °C for 5 min, followed by 28 cycles of 95 °C for 45 s, 55 °C for 50 s, and 72 °C for 45 s with a final
extension at 72 °C for 10 min. The PCR products were purified using the Agencourt AMPure XP Kit.

2.3.4. [llumina MiSeq Sequencing

The PCR products were used for constructing a microbial sequence repository, and Illumina MiSeq
PE300 high-throughput sequencing platform was used for paired-end sequencing at Beijing allwegene
gene technology co., LTD. The original sequence was uploaded to the Sequence Read Archive (SRA)
database of National Center of Biotechnology Information (NCBI).

2.4. Statistical Analysis

In the barcode sequencing technique, the offline data were separated with QIIME1 (v1.8.0) software.
Further, the data were filtered and spliced using PEAR (v0.9.6) software by removing the low score
value of 20, containing fuzzy base and primer mismatch sequences [37,38]. For stitching, the minimum
overlap was set at 10 bp, and the mismatch rate was 0.1. After splicing, VSEARCH (v2.7.1) software
deleted the sequences with a length of less than 230 bp, and the chimeric sequences were compared
and removed by the UCHIME method based on the Gold database. In the end, the VSEARCH software
UPARSE algorithm conducted the operational taxonomic unit (OTU) clustering for high-quality
sequences, and the observed similarity value was 97% [39]. RDP classifier algorithm compared the
observed sequences with the SILVA128 database. A 70% confidence coefficient was set to obtain
the information on the classification of species corresponding to each OTU [40]. To identify the
phylogenetic relationships between different OTUs and different predominant bacterial genera in the
samples, MUSCLE software implements a multi-sequence comparison [41]. Based on the minimum
number of sequences in the samples, the OTU chart was modified to obtain results showing a relative
comparison of average sequences in the samples. Further, the relative abundance of each OTU was
calculated based on the diluted OTU chart.

The bacterial species diversity in each sample known as alpha diversity analysis was conducted by
calculating five diversity indices: Observed species, Chaol, Shannon, Simpson, and Good’s coverage.
All these indices were calculated using QIIME1 (v1.8.0) software. Beta diversity analysis was used
to assess the differences in the bacterial species in different samples. Further, QIIME1 (v1.8.0) was
used to calculate the beta diversity distance matrix [42]. Shifts inbacterial community composition
were visualized using PrincipalCoordinate Analysis (PCoA) of pairwise Bray-Curtis dissimilarity
matrices based on 97% OTU similarity across different samples. The PCoA results were displayed
using the WGCNA package, stat packages and ggplot2 package in R (Version 2.15.3). Based on the
beta diversity distance matrix [43], a hierarchical clustering analysis can be conducted. The UPGMA
(Unweighted pair group method with arithmetic mean) was used to construct the tree-like structure
for visual analysis.

The single-factor variance and multiple comparative analysis (p < 0.05) to determine statistical
differences between the effects of different disinfection methods on soil chemical quality and bacterial
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diversity was performed using SPS519.0 software. The relationship between the soil environmental
factors and predominant bacterial flora was analyzed using CANOCO 4.5 for redundancy analysis
(RDA) [44].

3. Results

3.1. Soil Physicochemical Properties

As can be seen in Table 1, there were no significant changes in SOM, TN, and pH after DZ and CP
treatment (p > 0.05) when compared with CT. AP decreased by 38.39% and 26.47% after DZ and CP
treatment, respectively. There was no change in AK after DZ treatment; however, AK significantly
reduced by 10.88% after CP treatment. When the treatment was carried out using different dosages of
activated carbon—AC1, AC2, and AC3—no significant changes were observed in TN, AK, and AP
in soil (p > 0.05). Although, there was an increase in the activated carbon content, no significant
changes in SOM were observed after AC1 and AC2 treatment. On the other hand, the OM increased
significantly by 11.02% after AC3 treatment.

Table 1. Effects of different soil disinfection methods on soil nutrients.

T Soil Organic Total Nitrogen Avalla.ble Available
reatment Matter (g/kg) (g/kg) Potassium Phosphorus pH
(mg/kg) (mg/kg)
CT 21.77 £ 1.03b 0.95+0.02a 294 + 8.02 ab 2579 +£157ab  7.80+0.13 ab
Dz 2034 +1.24b 1.08+0.15a 292 +11.68 ab 15.89 +1.93 ¢ 7.88 £0.09 a
CP 20.71 £ 0.63 b 1.01+0.10a 262 +9.07b 19.04 +2.71 ¢ 7.62+0.10b
AC1 2040+ 1.83b 1.03 +0.03a 281 + 23.76 ab 23.34£2.62Db 784+0.17 a
AC2 20.83 £ 1.67b 1.06 +0.03 a 285 + 23.67 ab 23.34+1.32b 7.83 £0.06 a
AC3 2417 £1.07 a 1.07 +£0.08 a 322 +11.14 ab 28.07 +1.57 a 7.89 +£0.06 a

Data represented as mean + standard deviation. Different letters in the same column indicate significant differences
(p <0.05).

3.2. Soil Bacterial Abundance and Diversity Indices

A total of 1099708 effective reads and 42591 OTUs were obtained from 16S rRNA amplification
sequencing following quality trimming. As shown in Table 2, the sequencing coverage of all the
samples was above 97%, indicating the measurement of most of the sample sequences. When compared
with CT, the number of microbial species declined after different disinfection methods, with the highest
decline observed after CP treatment (p < 0.05). Both Shannon and Simpson indices followed the order
AC2 > CT > AC1 > AC3 > DZ > CP, indicating that the indices were lowest in CP treatment followed
by DZ treatment. Further, the indices in AC1, AC2, and AC3 treatment were not significantly different
from those in CT (p > 0.05). According to the bacterial richness index Chaol, significant differences
were observed between CT and CP treatment, but no significant differences were observed between
CT and other treatments. This indicated that the treatment with chemical fumigants DZ and CP led to
a significant decrease in the soil bacterial abundance and diversity, whereas treatment with AC1, AC2,
and AC3 had minimal influence.

3.3. Effects of Different Disinfection Methods on the Bacterial Community Composition and Predominant
Bacterial Species

3.3.1. Distribution Characteristics of Predominant Soil Bacterial Phyla

UPGMA clustering dendrogram (Figure 1) was used to assess the differences between the bacterial
compositions of the samples after different disinfection methods. The CT samples and samples subjected
to AC1, AC2, and AC3 treatment were grouped. Both DZ and CP treated samples were observed
to be distinct from other samples. The phyla Firmicutes, Proteobacteria, Actinobacteria, Acidobacteria,
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Gemmatimonadetes, and Chloroflexi were predominant across all the samples. The results revealed
that different soil disinfection methods did not cause significant changes in the soil bacterial species
but significantly altered the proportion of predominant bacterial flora. After fumigation with DZ,
Firmicutes and Proteobacteria accounted for the highest proportions with 54.41% and 12.91%, respectively.
Compared with that in CT, the relative abundance of Firmicutes significantly increased in the DZ treated
sample, whereas the relative abundance of Proteobacteria and Acidobacteria reduced. After fumigation
with CP, Firmicutes were the predominant phylum accounting for approximately 30.25% of the total
bacteria flora. Compared with that in CT, the relative abundance of Actinobacteria in CP fumigated
samples significantly increased, but the relative abundance of Proteobacteria and Gemmatimonadetes
significantly reduced. However, the relative abundance of bacterial population was not affected by
AC1, AC2, and AC3. These results indicated that the original soil bacterial community structure
was damaged after fumigation with DZ and CP. On the other hand, AC1, AC2, and AC3 did not
lead to any significant changes in the composition and relative abundance of the original microbial
community structure.

Table 2. Effects of different disinfection methods on the diversity indices of soil bacterial community.

Observed Good’s Shannon

Treatment Species Coverage Index Simpson Index  Chaol Index
CT 2457 (55) 97.12 (0.09) 8.64 (0.07) 0.989 (0.001) 3488.73 (114.23)
DZ 2359 (54) 97.26 (0.10) 8.27 (0.08) * 0.984 (0.002) *  3356.27 (132.39)
cp 2308 (32) * 97.36 (0.05) * 7.99 (0.11) ** 0.981 (0.001) **  3211.44 (72.37) *

AC1 2348 (41) 97.22 (0.06) 8.54 (0.06) 0.988 (0.001) 3351.14 (56.35)
AC2 2422 (87) 97.23 (0.04) 8.68 (0.19) 0.990 (0.002) 3389.39 (43.34)
AC3 2322 (127) 97.17 (0.05) 8.44 (0.29) 0.987 (0.003) 3436.68 (99.97)

Data represented as mean (standard error) of three independent biological replicates. Compared with the control
group, the statistical significance is showed by * (* p < 0.05, ** p < 0.01).
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3.3.2. Distribution Characteristics of Predominant Soil Bacterial Llasses

The analysis of samples subjected to different soil disinfection methods determined that twenty

bacterial classes were present (Figure 2). Among these, Clostridia, Bacillus, Alphaproteobacteria,
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Gammaproteobacteria, and Subgroup-6 were the major bacterial classes. Compared with that in CT,
the relative abundance of Clostridia and Bacillus was pronouncedly found to increase (i.e., by 96.2%
and 95.9%, respectively) after DZ fumigation, whereas the relative abundance of Alphaproteobacteria,
Gammaproteobacteria, and Subgroup-6 drastically reduced (i.e., by 30.7%, 66.5%, and 61.1%, respectively).
Compared with that in CT, the relative abundance of Clostridia, Alphaproteobacteria, Gammaproteobacteria,
and Subgroup-6 largely declined (i.e., by 87%, 17.8%, 45.2%, and 48.1%, respectively) after CP fumigation.
On the contrary, the relative abundance of Bacillus increased by 232.6%. There were no significant
differences in the bacterial community structure at the class level under the influence of AC1, AC2,
and AC3.
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1 1
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1 1 1
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Relative abundance (%)

- _-’
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Figure 2. Composition and relative abundance of bacterial classes after different disinfection methods.

3.3.3. Distribution Characteristics of Predominant Soil Bacterial Genera

As described in Figure 3, 20 genera were identified from the heat maps and clustering analysis of
the samples subjected to different disinfection methods. When compared with that in CT, the relative
abundance of Schlegelella, Bryobaacter, Vulcaniibacterium, and Steroidobacter significantly decreased after
DZ fumigation, whereas the relative abundance of Caldinitratiruptor and Symbiobacterium significantly
increased, and some new predominant bacterial genera, such as Thermicanus, were identified.
Moreover, the relative abundance of Bryobacter, Steroidobacter, and Symbiobacterium significantly
reduced whereas that of Acidibacter and Bacillus significantly increased. Schlegelella, Vulcaniibacterium,
and Caldinitratiruptor completely disappeared after fumigation with CP. There was no change in the soil
bacterial community and composition on the addition of activated carbon, but the relative abundance
of Steroidobacter and Symbiobacterium significantly increased. Thus, significant differences were detected
in the bacterial community structure at the genus level in the DZ and CP treated samples. Contrarily,
no significant changes were found in the soil bacterial community of the samples subjected to AC1,
AC2, and AC3.

3.4. Beta Diversity Analysis

The major effects of different soil-disinfection methods on the soil bacterial community structure
can be determined using OUT hierarchical clustering analysis, as described in Figure 4. There was a
shorter distance between AC1, AC2, and AC3 and CT, indicating that there were not many differences
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between CT and activated carbon treated samples. DZ and CP were located away from CT, implying
significant differences between CT and chemical fumigated samples.
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Figure 3. Representation of the differences in soil bacterial genera after the use of different disinfection
methods by clustering and heat maps.
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UniFrac-weighted PCoA based on the OTU composition also clearly demonstrated variations
between the different soil samples, with the first two axes explaining 41.49% and 22.62% of the total
variation in the bacterial composition (Figure 5). Thus, the two components, PC1 and PC2, together
accounted for 64.11% of the total variance in all the variables. The data from CT samples and samples
subjected to AC1, AC2, and AC3 were distributed in the same quadrant (third quadrant), implying that
there were not many differences in the soil bacterial community composition between CT and activated
carbon-treated samples. The data from DZ- and CP-treated samples were distributed in the first
and second quadrants, respectively, implying that the bacterial community composition significantly
changed after chemical fumigation.

L 2
0.11 O 4
-
A
0.0 —
ACH
;\? -0.14 AC2
3 A
© A AC3
N
= e cP
O
a O CT
-0.21 /A DZ
-0.3- A
A
70,4-
0.00 0.25 0.50

PC1(41.45%)
Figure 5. PCoA based on Bray-Curtis distance.

3.5. Effects of Different Disinfection Methods on Soil Properties and Predominant Bacterial Communities

The correlations between the soil bacterial community structure and other soil properties were
evaluated using ordination plots of RDA. Five major environmental factors—pH, SOC, TN, AK,
and AP—and the first five bacteria phyla—Firmicutes, Proteobacteria, Actinomycetes, Acidobacteria,
and Gemmatimonadetes—were included in the RDA (Figure 6). According to the RDA, DZ-treated
samples were significantly separated from CT samples, and there was no significant separation between
activated carbon treated samples and CT samples. It can be stated that the explanatory variables
account for 65.7% of the total variance in the model, whereas the first and second axes account for
43.59% and 21.54% of the total variance, respectively. According to the Monte Carlo permutation test
results, soil pH, AP, and AK accounted for 31.2% (p < 0.01), 25.9% (p < 0.01), and 7.3% (p < 0.05) of
the total variation in the predominant soil bacterial flora, indicating that these factors considerably
affected the predominant bacterial community structure.
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Figure 6. Redundancy analysis to determine the effect of soil properties on the bacterial community
structure. (SOC: soil organic carbon; TN: total nitrogen; AK: available potassium; AP: available phosphorus;
Fir: Firmicutes; Pro: Proteobacteria; Act: Actinomycetes; Aci: Acidobacteria; Gem: Gemmatimonadetes).

4. Discussion

4.1. Effects of Different Disinfection Methods on Bacterial Diversity

Soil microorganisms play an important role in maintaining soil stability and restoring the damaged
soil system, thus closely determining the health of the soil system. The ability of the soil microorganisms
to recover after the treatment of the agricultural area with pesticides is critical for the development
of healthy soils. The ideal pesticide is the one that is toxic only to the target organisms. However,
fumigants are a class of pesticides with broad activity and affect many non-target soil organisms [45].
As a highly toxic pesticide, CP produces strong acidic substances after entering the biological tissues,
leading the cells to swell and rot. It can also dehydrate the cells and precipitate intracellular proteins,
thereby causing cell poisoning and death. It can kill soil fungi and bacteria, nematodes, pests, etc.,
and reduce the abundance and diversity of soil bacteria, as observed in previous studies [46—49]. DZ is
a broad-spectrum fumigant. Methyl isothiocyanate (MITC), as an active ingredient in DZ, kills most
bacteria, fungi, and other microorganisms [50,51]. DZ belongs to the category of destructive soil
fungicides that can kill most of the soil microbes and reduce the soil indigenous microbial population,
thus leading to a decrease in the microbial diversity and enrichment index. No significant changes
were observed in the soil bacterial abundance and diversity after treatment with activated carbon.
This was in agreement with the results reported by Li et al. [52]. However, there are certain differences
between the present observations and the results of that study because of the difference in application
dosage and particle size of activated carbon and the variation in soil physicochemical properties.
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4.2. Effects of Different Disinfection Methods on Bacterial Composition

Our study revealed that there was no change in the soil bacterial species after the use of different
soil—disinfection methods. However, disinfection significantly changed the proportion of predominant
bacterial species. In particular, the soil bacterial community structure significantly changed after DZ
and CP fumigation. In many studies, DZ fumigation significantly altered the bacterial abundance
as well as the abundance, diversity, and composition of the overall microbial community [53,54].
The results showed that Firmicutes were the predominant phylum, accounting for 47.4% of the total
bacterial flora. In another study conducted by Rokunuzzaman et al. [46], the phylum Firmicutes
were the predominant bacterial phylum (accounting for approximately 75% of the total). The relative
abundance of Proteobacteria and Acidobacteria decreased after treatment with DZ. After CP fumigation,
there were no significant changes in the predominant bacterial phyla, which was consistent with the
high-throughput sequencing test results observed after soil treatment using 1,3-D [48]. However,
contrary to the results reported by Li et al. [49], our study showed that the phylum Proteobacteria was
predominant (accounting for approximately 75% of the total) after fumigation with CP. The probable
reason for this inconsistency in the result was the difference in the CP application dosage between
the studies [47], as well as the difference in the soil physicochemical properties, which has been
shown to significantly influence the efficacy of the fumigant in the previous study [49]. CP fumigation
can significantly influence the abundance of bacterial species in the bacterial community. Moreover,
the bacterial classes Clostridia, Alphaproteobacteria, Gammaproteobacteria and Subgroup-6 were significantly
reduced, and the relative abundance of original predominant genus reduced or even disappeared.
For example, genera Bryobacter, Steroidobacter, and Symbiobacterium were significantly reduced after CP
fumigation. Moreover, Schlegelella, Vulcaniibacterium, and Caldinitratiruptor completely disappeared
after CP fumigation, implying that these genera were more sensitive to CP. Briefly, it can be stated that
both DZ and CP fumigation severely damaged the predominant soil bacterial community structure.

There was no change in the soil bacterial community structure treated with different dosages
of activated carbon. Activated carbon has a strong adsorption capacity [55-57] and can adsorb
ammonium, nitrate, phosphorus, and other water-soluble salt ions, thus exhibiting a fertilizer-retention
property [58]. It can also adsorb pesticides and heavy metals, thus reducing soil and environmental
pollution [59]. At the same time, activated carbon consisting of carbon, hydrogen, oxygen, nitrogen,
and other nutrient elements provides effective nutrients for plant growth and development and
considerably increases soil nitrogen and phosphorus contents [60]. As an excellent soil improver,
activated carbon can not only promote the growth of plant seedlings but also help in controlling
soil-borne diseases and insect pests [61]. Similar results were reported by Sun, et al. [62], indicating
that the addition of activated carbon increased the soil enzymatic activity and reduced the influences
of auto-toxic substances on soil enzymes and microorganisms, thereby alleviating the continuous
cropping obstacle of processing tomato. A comparative study was conducted to evaluate the effects
of AC1, AC2, and AC3 on the bacterial community. The results revealed that different dosages of
activated carbon did not significantly affect the structure and composition of the original soil bacterial
community, which was also consistent with the previous results [32,33].

4.3. Correlation between Soil Characteristics and Predominant Soil Bacterial Flora

A certain correlation was observed between soil microbial community structure and environmental
factors [63]. Subsequently, pH, organic matter, and soil nutrients were considered important factors
affecting the soil bacterial community structure [64,65]. The change in the soil bacterial community
structure affects the stability and health of the ecosystem. In our study, the RDA analysis demonstrated
a clear distinction between soil samples subjected to different disinfection methods based on the soil
parameters (Figure 6). The RDA analysis and Monte Carlo test revealed that there was a certain
correlation between the dominant bacterial community structure and soil environmental factors
(p < 0.05) after the use of different disinfection methods. Among the factors, soil AP, AK, and pH had
a most significant impacts on the bacterial community, which was in agreement with the previous
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studies [66-68]. The first and second axes explained 43.59% and 21.54% of the total variation in
the samples, respectively, indicating that the dominant soil bacterial community structure was not
only influenced by the environmental factors but also by other factors such as rotation, plant species,
temperature, water, and soil type [69-72]. In short, it can be stated that there were varying influences
of different disinfection methods and environmental factors on the soil bacterial community structure.

5. Conclusions

1. The fumigation using both DZ and CP significantly altered the bacterial community structure and
significantly reduced the bacterial abundance and diversity. Although there was no change in the
composition of the bacterial community at the phylum level, few predominant bacterial genera
significantly decreased or disappeared, and a few new predominant bacterial genera emerged
after fumigation with DZ and CP. However, no significant change was observed in the abundance
and diversity of soil bacterial communities after treatment with AC1, AC2, and AC3.

2. Beta diversity analysis revealed that no significant differences were observed in the soil bacterial
community composition after treatment with AC1, AC2, and AC3. However, significant changes
were observed in the soil bacterial community composition after treatment with DZ and CP.

3. RDA revealed that soil pH, AK, and AP were the major factors affecting the soil bacterial
community structure.

4. Our experimental results indicate that the new solarization system has big potentialities in soil
disinfections. We believe that it is possible a further improvement of the system, here presented,
increasing the quantity of black powder in order to obtain a more homogeneous black film on the
soil, and using a cover plastic film with special optical proprieties able to trap highly the heat
energy in the soil. This study is in progress. The goal is to demonstrate that the increased efficiency
of the new solarization will be able to eliminate totally pathogens in the soil, like fumigation,
thanks to the extraordinary increasing of temperatures (around 70 °C). The environment respect,
the safeguard of human health and a better quality of crops, using innovative and natural
methodological approach for soil treatment, represent the real challenge of the future agriculture.
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