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Abstract: Flame disinfection is a new technology that uses high temperatures to kill pathogens
and control soil-borne diseases. In order to determine the feasibility of applying flame disinfection
technology to flue-cured tobacco, a field experiment was conducted in Pianpo Village (test site I)
and Liihuai Village (test site II), Luquan County, Yunnan Province. The effects of flame disinfection
on soil-borne disease control, flue-cured tobacco growth agronomic traits, the tobacco yield and
quality, and the soil microbial community in the flue-cured tobacco field were investigated. The
results were as follows. (1) After flame disinfection, the control rates of the four main soil-borne
diseases—Dblack root rot, root rot, wilt, and root knot nematodes—were all over 70%. (2) Samples
were taken from the experimental site of Pianpo Village at 0 and 114 days after disinfection (tobacco
boom period) to study the effects of soil microbial communities by high-throughput sequencing.
Compared with the control group, after 0 days of flame disinfection, the abundance of bacterial
actinobacteria, Nocardia, Streptomyces, and fungal ascomycetes decreased, while the abundance
of bacterial Proteobacteria, Bacteroidetes, Arthrobacter, and mycospora increased. After 114 days
of disinfection, the abundance of bacterial actinobacteria, Proteobacteria, chloromyces, and fungal
ascomycetes decreased. The abundance of Mortierella was recovered, the abundance of Gibberella
and Fusarium increased, and the abundance of Trichospora and Basidiomycetes decreased in both
periods. (3) After flame disinfection treatment, the tobacco yield in the two experimental areas was
increased by 50.80% and 54.70%, respectively, and the proportion of high-quality tobacco was also
increased. In conclusion, flame disinfection before tobacco planting can improve the soil conditions,
effectively control soil-borne tobacco diseases, and improve the quality and yield of tobacco leaves.

Keywords: tobacco-growing soil; flame disinfection; soil microbial community; tobacco yield
and quality

1. Introduction

Yunnan is the main producing area of high-quality tobacco in China. Over the years,
the planting area of flue-cured tobacco has been relatively fixed, and continuous cropping
is very common. However, continuous cropping has degraded the soil environment of
flue-cured tobacco and caused soil-borne pathogens to be continuously accumulated in the
soil, resulting in frequent soil-borne pests and diseases in flue-cured tobacco and leading to
cropping obstacles that have seriously affected the development of the flue-cured tobacco
planting industry [1].

Even with good field management systems, crops under long-term continuous crop-
ping systems may experience slow growth, reduced yields and quality, and an increased
incidence of soil-borne diseases [2,3]. Soil-borne diseases are the most important factor
in terms of continuous cropping obstacles. Studies have shown that when the same crop
is continuously planted on a piece of land for more than three crop rounds, soil-borne
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diseases will cause a 30%~40% crop yield reduction and even lead to no harvest in serious
cases [4,5].

The soil-borne diseases that seriously affect the growth of flue-cured tobacco include
black shin disease, root black rot, bacterial wilt disease, root knot nematode disease,
etc. [6,7], which are caused by invasion and infection by Phytophthora nicotianae, Thielaviopsis
basicola, Ralstonia solanacearum, and root knot nematodes, respectively [8-10]. At present,
regarding the prevention and control of soil-borne diseases among crops and obstacles to
continuous cropping, researchers have proposed various prevention and control measures.
Among these, the regulation of the soil micro-environment is one of the research hotspots,
mainly including the selection of different planting systems and the selection of crop-
resistant varieties, the application of organic fertilizers, soil-intensive reduction treatment
and biological fumigation, and the application of biochar, etc. [11]. Soil disinfection is a
measure to kill or reduce harmful organisms such as weeds [12], phytopathogenic fungi,
bacteria [13,14], and nematodes [15,16] in the soil before planting crops.

Soil disinfection mainly includes chemical fumigation, biological material fumigation,
and physical disinfection [17].

Flame disinfection technology is a type of physical disinfection that uses high-temperature
flames to kill insects. The flame disinfection machine consists of three parts: one is
the power traction device that enables the machine to drive forward, one is the high-
temperature fuel-burning device for the combustion of natural gas or liquefied gas, and the
other is the soil rotary tillage equipment. When the machine rolled along, it produces a
series of flames and rotates the soil. The machine rotary tillage device can extract soil from a
depth of 30~50 cm to the equipment body for crushing and send it into the high-temperature
box for instant high-temperature sterilization and insect killing via software for temperature
control. The soil created by rotary tillage passes through the 400~600 °C high-temperature
flame box for 2~3 s treatment, so as to achieve high-temperature disinfection.

The flame sterilizer refurbishes the soil after high-temperature sterilization and effec-
tively removes the residual organic compounds in the soil [18-20]. It does not destroy the
nutrients, such as organic matter and inorganic salts, in the soil [21]. The flame disinfection
technique has many advantages, such as low time consumption, no secondary pollution,
good prevention efficiency, and labor and time savings [22-24]. In recent years, flame soil
disinfection technology has mostly been used in facility agriculture, and it can effectively
prevent and control the damage caused by diseases, insects, and grasses in combination
with high solar temperatures and the increased application of microbial agents [25,26].
Cao and his research team applied the soil flame disinfection technique to cucumber and
pepper greenhouses; the yields of the two crops increased significantly and the number
of pathogenic nematodes, such as Fusarium and Phytophthora infestans, in the soil, as well
as the number of grass weeds and broad-leaved weeds, decreased, reducing the crop root
knot index. Moreover, the effect of two flame disinfection treatments was better than that
of one treatment [20]. Yue et al. showed that flame disinfection was suitable for the control
of sweet potato stem nematodes, root rot disease, and weeds; specifically, the control effect
for sweet potato stem nematodes reached up to 100% [27].

At present, there are few reports about flame disinfection used in flue-cured tobacco
field trials at home and abroad. In this study, flame disinfection experiments were carried
out in a tobacco field in Luquan County, Kunming City, Yunnan Province of China, to
study the effect of flame disinfection on the prevention and control of four soil-borne
tobacco diseases and its influence on tobacco growth and development and the production
quality. Through high-throughput sequencing, the differences in the microbial community
structure, such as bacteria and fungi, in the soil after flame disinfection were examined to
determine whether flame disinfection could be used as an effective soil disinfection method
in flue-cured tobacco cultivation.
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2. Materials and Methods
2.1. Test Materials

The two experimental fields were located on Pingshan Street, Luquan County, Kun-
ming City, Yunnan Province, China (102°32" E, 25°35’ N, 1,950 m above sea level) and
Lithuai Village (102°54’ E, 25°58" N), where tobacco has been cultivated for many years.
The distance between the two test sites was 2 km. The physical and chemical properties of
the soil in the two experimental plots of Pianpo (field I) and Lithuai (field II) are shown in
Table 1.

Table 1. Soil physical and chemical properties at different experimental sites.

Physical or Chemical Property Field I Field II
pH (water-to-soil ratio = 2.5:1) 7.46 7.32
Organic material (g/kg) 22.7 21.56
Moisture (%) 5.01 6.28
Ammonium nitrogen (mg/kg) 2.88 2.95
Total nitrogen (g/kg) 1.13 1.03

Flame disinfection machine: self-propelled precision rotary soil flame disinfection
machine (3SHJG-135) produced by Anhui Chunhui Ecological Environment Technology
Co., Ltd. (Wuhu, China) Transplanting flue-cured tobacco variety: K326. The transplanting
date was 5 April 2023.

2.2. Test Design and Flame Disinfection Operation

The flame disinfection operation time was 8 March 2023. According to a completely
randomized block design, flame disinfection treatment F and control CK were set up at
site I and site II, respectively. There were 3 replicates in both F and CK. The area of each
replicate at test site I was 200 m? (20 m long and 10 m wide), and that at site IT was 300 m?
(30 m long and 10 m wide).

Flame disinfection operation: The flame disinfection rotary tiller was operated by the
company’s professionals, with a 1 m/min moving forward speed, a 30 cm rotary tillage
depth in the soil, and a 1200 °C flame temperature. The soil temperature dropped to
55~60 °C after landing.

Day of seedling transplanting: 5 April 2023.

The day of flame disinfection was 8 March, which was set as 0d_F in the flame
disinfection treatment and as 0d_CK in the control. During the rapid growth of the tobacco,
the second soil samples were taken on July 1, marked as 114d_F and 114d_CK. The soil
was sampled according to the five-point sampling method, placed into a dry-ice box, and
brought back to the laboratory. All samples were divided into two parts: one was stored
in a —80 °C refrigerator for the subsequent extraction of the soil microbial DNA, and the
other was placed in a 4 °C refrigerator for soil physicochemical property and soil-borne
pathogen determination.

2.3. Determination of Soil Physical and Chemical Properties

The physical and chemical properties of the soil were determined according to soil
agrochemical analysis [28]. The soil total nitrogen and ammonium nitrogen were detected
using the continuous flow method; organic matter was measured using the potassium
dichromate volumetric method; the moisture content was detected by the oven method;
and the pH value was detected using the glass electrode method.

2.4. Evaluation and Detection Method for the Effect of Flame Disinfection on Soil-Borne Pathogens

There are many types of pathogens that cause soil-borne diseases. In this study,
the effects of flame disinfection on soil-borne pathogens were evaluated by measuring
the numbers of Fusarium spp., Phytophthora spp., and Meloidogyne spp. in the soil before
and after flame disinfection at trial site I. The colonies of Fusarium and Phytophthora in



Agriculture 2024, 14, 1868

40f19

the soil were detected according to the methods of Komada [29] and Masago et al. [30],
respectively. The heavy sugar separation method was used for the isolation and counting
of root knot nematodes [31]. Pathogen inhibition rate (%) = (number of colonies in control
treatment — number of colonies in flame disinfection treatment)/number of colonies in
control treatment x 100%, root knot nematode control effect (%) = (number of nematodes
in control area — number of nematodes in treatment area)/number of nematodes in control
area x 100% [32].

2.5. Incidence of Four Soil-Borne Diseases of Flue-Cured Tobacco

The incidence of the soil-borne diseases in flue-cured tobacco was investigated accord-
ing to the National Standard for Grade and Investigation Methods of Tobacco Diseases and
Insect Pests (GB/T 23222-2008) [33]. Black shank disease and bacterial wilt disease were
investigated in the two experimental plots during the rapid growth period of flue-cured
tobacco (1 July). After all tobacco leaves were harvested on 30 August, the tobacco roots
were dug up to investigate root knot nematode disease and root black rot on 5 September,
and the rate of diseased plants and the control effectiveness were calculated.

The rate of the diseased plants (%) = (number of diseased plants/total number
of plants) x 100%; disease index (%) = X (disease progression x number of diseased
plants)/(maximum disease progression X total number of plants) x 100%; control effect
(%) = (control group disease index — treatment group disease index)/control disease index
x 100%).

2.6. Agronomic Characteristics and Yield Quality of Flue-Cured Tobacco

Ten days after the top of the tobacco plant was knocked off (26 July), 10 tobacco plants
were randomly selected from each treatment plot in the two experimental plots to measure
the agronomic traits of flue-cured tobacco, such as the plant height, stem diameter, leaf
length and leaf width of maximum effective leaf, effective leaf number, and chlorophyll,
according to the YC/T 142-2010 Survey Method for Tobacco Agronomic Traits [34]. Maxi-
mum single leaf area = leaf area coefficient 0.6345 x maximum leaf length x maximum leaf
width. Chlorophyll was detected with an OPTI-Science CCM-200 plus portable chloro-
phyll analyzer.

Measurement of yield: Before tobacco harvesting and baking, the effective tobacco
leaves that could be harvested from the tobacco plants under the flame disinfection treat-
ment and the control were labeled. A 5-point method was used to select 4 consecutive
tobacco plants at each point, i.e., 60 tobacco plants were listed for both flame disinfection
and the control.

After picking and baking, the yields of the cured tobacco leaves were measured and
graded by professional tobacco leaf grading personnel, and the proportions of first-class
tobacco rated as medium orange—1, medium orange—2, medium orange—3, medium
lime—1, medium lime—2, upper orange—1, upper orange—2, upper lime—1, and lower
orange were calculated. Tobacco leaf samples of middle tangerine three—C3F and upper
tangerine two—B2F were selected for chemical composition analysis.

2.7. Effects of Flame Disinfection on Soil Microbial Community

The diversity of the bacterial and fungal communities in the soil samples from test
point 1’s flame disinfection treatment and the CK at 0 d and 114 d was analyzed. The
soil samples stored in the —80 °C refrigerator were extracted using a Powersoil ®DNA
extraction kit (Mo Bio, Carlsbad, CA, USA).

The DNA quality and purity were tested and it was sent to Shanghai Meiji Biomed-
ical Technology Co., LTD (Shanghai, China). The bacterial universal primer 338F (5'-
ACTCCTACGGGAGCAGCAG-3')-1146R (5'-GGACTACHGGGTWTCTAAT-3) [35] and
the fungal universal primer ITS1F were used (5'-CTTGGTCATTTAGGAAGTAA-3')-ITS2R
(5’-GCTGCGTTCTTCATCATGATGC-3') [36] to amplify the V3-V4 region of the 16S rRNA
gene in the soil bacteria and the ITS region in the fungi, respectively. After quality filtering
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and merging the raw sequencing data using the Illumina MiSeq platform, the OTU was
obtained by clustering at a 97% similarity level.

2.8. Data Analysis

The sequencing data were analyzed and a cloud diagram was drawn with the cloud
platform (https:/ /cloud.majorbio.com/page/project/overview.html accessed on 24 March
2024) provided by Meiji biological Medicine Science and Technology Co., LTD., in Shanghai.
Mothur was used to analyze the alpha diversity; the R language tool was used to encode
the soil microbial relative abundance percentage data and draw a soil microbial community
histogram. The OTU sequence data were used for UPGMA clustering and principal coordi-
nate analysis (PCoA) based on the weighted Bray—Curtis distance, in order to evaluate the
microbial community structure under the different treatments [37]. The IBM SPSS Statistics
20 software and the Kruskal-Wallis H test were used to test the significance between the
different treatments.

3. Results and Analysis
3.1. Prevention and Control of Soil Pathogens and Four Diseases

The killing and control effects of flame disinfection regarding the genera Fusarium and
Phytophthora and nematodes in the soil of experimental site I are shown in Table 2.

Table 2. The preventive and therapeutic effects of flame disinfection on three pathogens in experi-
mental site L.

Phytophthora Fusarium Root Knot Nematode
Treatment Colony Number Control Effect Colony Number Control Effect Number Control Effect
(cfu-g™1) % (cfu-g™1) % (per -100 g—1) %
0d_CK 760.0 +72.1b - 3693.3 £424.0b - 2233 +513a -
0d_F 60.0 £20.0d 92.11 360.0 + 120.0 90.25 13.3+58b 94.01
114d_CK 1253.3 £ 140.5 a - 5680.0 + 1180.5a - 256.7 £55.1a -
114d_F 366.7 £122.2 ¢ 70.74 1093.3 £ 260.3 ¢ 80.75 76.7£153b 70.13

Note: The data in the table are the mean =+ standard deviation; different lowercase letters indicate significant
differences between treatments (p < 0.05) according to the Kruskal-Wallis H test.

The occurrence of harmful pathogens in the tobacco field was serious, and the num-
ber of pathogens increased rapidly with the growth of the tobacco plant. In the control
group, at 0 d and 114 d, the number of Phytophthora colonies in the soil was 760 cfu-g~!
and 1253.3 cfu-g ™!, respectively; the number of Fusarium colonies was 360 cfu-g~! and
5320 cfu-g~!, respectively; and the number of root knot nematodes was 223 per 100 g~ and
256 per 100 g~ !, respectively. Compared with the control group, the number of pathogens
in the soil decreased significantly after the flame disinfection treatment. At 0 d and 114 d,
the number of Phytophthora colonies was 60 cfu-g~! and 366 cfu-g~!, respectively, with
the corresponding control effects reaching 92.11% and 70.74%; the number of Fusarium
colonies was 360 cfu-g~! and 1093 cfu-g~!, with the corresponding control effects reaching
90.25% and 80.75%, respectively; and there were 223 and 256 root knot nematodes per
100 g soil, respectively, with corresponding control effects of 94.01% and 70.13%. The
results showed that flame disinfection had a good control effect on the three soil pathogens
(p <0.05).

The incidence rates of the two experimental sites are shown in Table 3 with the
incidence indices abbreviated as follows: disease plant rate—DPR; disease index—DI;
control effect—CE. The incidence indices of the three main soil-borne diseases did not show
a significant difference (p < 0.05), either in the control group or in the treatment group,
between test points 1 and 2. However, there was a significant difference in the incidence
indices of each disease between the control group and the treatment group. Taking test
point 1 to illustrate, the disease indices of black shank disease, wilt disease, root rot disease,
and nematode disease in the tobacco in control group were 12.48, 14.03, 16.70, and 29.33,
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respectively, and those for the flame sterilization treatment were 1.60%, 3.33%, 3.33%, and
2.78%, respectively, while the corresponding control effects were 87.18%, 76.27%, 80.06%,
and 90.52%. The results also indicated that flame disinfection had the strongest effect on
root knot nematode disease, followed by black shank disease.

Table 3. Incidence of four soil-borne diseases of flue-cured tobacco under different treatments.

Field I Field II
Disease Index (%)
CK F CK F

DPR 19.39 £ 1.05a 3.19+3.13b 2346 +4.62a 1.60+141Db

Black shank DI 12.48 + 0.73 a 1.60 + 1.56 b 17.09 + 8.69 a 3.05+3.28b
CE - 87.18 - 82.14

DPR 2217 £ 355 a 3.33+577b 1754 +£4.95a 224 +218b

Bacterial wilt DI 14.03 £ 453 a 3.33 £5.77b 8.37 £ 3.86a 2.38 £2.38b
CE - 76.27 - 71.56

DPR 25.76 +5.17 a 1.11+192b 16.16 £ 4.37 a 072 +1.26b

Black root rot DI 16.70 £ 1.28 a 3.33 £5.77b 841+240a 217 £3.77b
CE - 80.06 - 74.14

Root knot DPR 33.23 £3.18a 2.78 £255b 1856 £ 1.01 a 210£0.22b

nematode DI 29.33 = 15.03 a 278 £255b 18.46 +10.46 b 240 +0.22b
disease CE - 90.52 - 87.03

Note: The data in the table are the mean =+ standard deviation; different lowercase letters indicate significant
differences between treatments (p < 0.05) according to the Kruskal-Wallis H test.

3.2. Effect of Flame Disinfection on Agronomic Characteristics, Yield, and Quality of Flue-

Cured Tobacco

After the leaves of the flue-cured tobacco were mature and the top of the tobacco plant
was removed, the agronomic characteristics of the tobacco plant and the tobacco yield after
roasting were as shown in Table 4. The flame disinfection treatment significantly increased
the plant height, stem diameter, maximum leaf area, leaf number, chlorophyll, and other
relevant agronomic traits of flue-cured tobacco.

Table 4. Agronomic characteristics and yields of flue-cured tobacco at maturity stage when treated
by flame disinfection.

Prime
. Plant Height Stem Maximum Leaf Number of Chlorophyll Yield Tobacco
. Treatment (cm) lecrlrl‘ster Area (cm?) Blades (Slice) (%) (kg/hm?) Prol(ag/)r)tion
Field 1 CK 10590 £16.29b  3.87 £0.53a  1640.50 +24729b 1720 £2.15b 19.11 £2.34b 2173.8b 51.37b
F 132.60 £9.25a 4.07 +£021a 207298 +363.40 a 2020+ 181a 20.63 +3.82a 2776.8 a 69.71 a
Field IT CK 91.30 +8.62b 3.62+033a 1473.25+240.03b 1730 £2.16 b 18.63 +£2.27b 1995.15b 48.51b
F 128.50 £ 1048a 418 +0.22a 2047.79 £294.75 a 20.30 £ 1.60 a 2221 +264a 2531.13 a 72.06 a

Note: The data in the table are the mean =+ standard deviation; different lowercase letters indicate significant
differences between treatments (p < 0.05) according to the Kruskal-Wallis H test.

The yield in plot I increased by 603 kg/hm?, and the proportion of high-grade to-
bacco was 35.70% higher than that in the control. The yield in test site II increased by
535.98 kg/hm?, and the proportion of high-grade tobacco was 48.55% higher than that in
the control.

The main chemical components of B2F and C3F tobacco leaves after baking were
analyzed (Table 5). Compared with the control, flame disinfection had no significant effect
on the content of total sugars, reducing sugars, total nitrogen, total plant alkaloids, K;O,
and Cl-, as well as the ratio of reducing sugars to total sugars, the ratio of sugars to plant
alkaloids, and the ratio of chlorine to potassium. The ideal chemical composition for
tobacco leaves is as follows: total sugars 18%~24%; reducing sugars 16%~22%; total plant
alkaloids 1.5%~3.5%; total nitrogen 1.5%~3.5%; potassium content greater than 2%; chlorine
content less than 1%, with a recommended potassium to chlorine ratio of 4~10; a sugar to
alkaloid ratio of around 10; and a nitrogen to alkaloid ratio of around 1 [38]. After the flame
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disinfection treatment, the main chemical components of the tobacco leaves fell within the
appropriate range.

Table 5. Chemical composition indices of tobacco leaves in test plot I.

. Total Reducing Sugar Sugar to Chlorine to
ToPac® ol geuci® N(%)  Alkaloids K;O(%) Cl- (%)  toTotalSugar  Allaloid  Potassium
8 ° (%) Ratio (%) Ratio (%) Ratio (%)
CK (C3F) 265 1837 248 3.36 2.9 035 0.69 7.89 0.12
CK(B2F)  27.69 194 2.19 234 2.8 023 07 11.83 0.08
F (C3F) 25.07 1757 27 441 251 032 07 5.68 0.13
F (B2F) 28.52 20.09 186 2.06 2.99 022 07 13.84 0.07

3.3. Effects of Flame Disinfection on Soil Microbial Community Diversity

In test site I, thizosphere soil samples of the tobacco plants were taken from the control
area and the flame disinfection area at day 0 and day 114 after flame disinfection, and
they were labeled as 0d_CK, 0d_F, 114d_CK, and 114d_F, respectively. The control and
treatments were repeated three times and yielded 12 soil samples in total.

3.3.1. Analysis of Effectiveness of Soil Sample Sequencing

Twelve trial soil samples were subjected to high-throughput sequencing and optimized
for the original sequences. A total of 6,451,140 effective sequences were obtained by bacterial
16S sequencing, with an average length of 416.5 bp, and a total of 822,943 effective sequences
were obtained after ITS sequencing, with an average length of 236.6 bp.

Figure 1 shows the dilution curves of bacteria (A) and fungi (B) in the soil treated with
flame disinfection. With the increase in the sample size, the dilution curves of all samples
show a tendency to reach a plateau, indicating that the database obtained by the bacterial
165 rRNA and fungal ITS gene sequencing of the 12 samples in this study covered most of
the samples. The results showed that the amount and depth of sequencing were reasonable,
and the sequencing results could reflect the composition and diversity of the bacterial and
fungal communities in the soil.

3.3.2. OTU Specificity Analysis of Microbial Communities

After optimizing the original sequences, the OTUs were divided based on a 97%
sequence similarity threshold. As shown in Figure 2, the total number of bacterial OTUs
and fungal OTUs in the 12 samples was 3517 and 1362, respectively. Among them, there
were 2379 common bacterial OTUs and 329 common fungal OTUs. At 0 d after flame
disinfection, 921 bacterial OTUs were found in the soil, amounting to 169 more than in
the control; at 114 d after flame disinfection, there were six more than in the control. At
0 d after disinfection, the number of fungal OTUs in the soil was higher than that in the
control, at 35, and it was lower than that in the control after 114 d, amounting to 53. The
results showed that the OTUs of bacteria and fungi in the soil increased at 0 d after flame
disinfection, and, with the passage of time, the OTUs of bacteria increased and the OTUs of
fungi decreased during the prosperous tobacco growth period up to 114 d.

3.3.3. Alpha Diversity of Microbial Community in Soil

The alpha diversity index is used to characterize the diversity of microbial commu-
nities. Generally, biodiversity is positively correlated with the “Shannon”, “ACE”, and
“Chaol” indices and negatively correlated with the “Simpson” index [39]. The « diversity
index of the soil microbial community under flame disinfection is shown in Table 6 (Bacte-
ria) and Table 7 (Fungi).The coverage of the bacterial community and fungal community in
all sequenced treatments reached more than 96%, and the coverage of the fungal commu-
nity reached more than 99%. The sequencing depth was sufficient to meet the requirements
for subsequent analyses.
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Figure 1. Rarefaction curves of bacteria (A) and fungi (B) in flame disinfection and control soil samples.
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0d_F 114d_CK

0d_CK 114d_F

(A) Bacteria
114d_CK

0d_CK 114d_F

(B) Fungi

Figure 2. Numbers of specific OTUs of bacteria (A) and fungi (B) in flame disinfection treatment and
control. (Note: Different colors in the figure represent different soil samples, and overlapping areas
indicate the OTU shared by microorganisms among different soil samples).

Table 6. Alpha diversity indices of flame-sterilized soil bacteria.

Richness Index Diversity Index Coverage Index
Soil Sample -
Sobs Chaol Ace Shannon Simpson Coverage
0d_CK 3186.33 +£168.02a  4085.09 +-188.40a  4176.44 +173.65a 6.61 + 0.24 ab 0.0092 +£ 0.0060 a 0.97 + 0.001 b
0d_F 292233 £98.23b 3787.36 £112.21b  3827.26 +131.84b 6.40 £+ 0.08 b 0.0091 £ 0.0012 a 0.97 £0.002 a
114d_CK 3161.67 £37.45a 394777 £165.91ab 412524 17531 a 6.724+0.02a 0.0047 £ 0.0035 a 0.97 £ 0.001 ab
114d_F 3085.33 £ 6824 ab  3893.44 £ 122.26ab  4028.77 £ 111.24 ab 6.70 £ 0.03 a 0.0047 £ 0.0005 a 0.97 4 0.001 ab

Note: The data in the table are the mean =+ standard deviation; different lowercase letters indicate significant
differences between treatments (p < 0.05) according to the Kruskal-Wallis H test.

Effects on bacterial communities: The richness index for 0d_F was significantly lower
than that of 0d_CK, and the diversity, Shannon, and Simpson indices were not significantly
different. Compared with 114d_CK, the richness, Shannon, and Simpson indices were
not significantly different; compared with 114d_F, the richness index and Shannon index
of 114d_F were significantly increased, but there was no significant difference in the
Simpson index. Compared with 114d_F, there were no significant differences in the richness,
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Shannon, and Simpson indices between 114d_CK and 114d_F. The results showed that the
diversity of the soil bacterial community decreased initially after flame disinfection, but the
diversity was recovered with the extension of time after disinfection.

Table 7. Alpha diversity indices of fungi in flame-disinfected soil.

Soil Richness Index Diversity Index Coverage Index
Sample Sobs Chaol Ace Shannon Simpson Coverage
0d_CK 556.33 + 77.53 a 590.22 +94.85 a 591.35 + 109.88 a 431 £0.22 ab 0.0341 + 0.0071 ab 0.9989 + 0.0007 a

0d_F 602.00 + 68.02 a 661.53 +98.44 a 651.96 +92.73 a 413+£0.10b 0.0421 + 0.0047 a 0.9985 + 0.00055 a

114d_CK 586.67 + 62.10 a 61321 7894 a 612.69 4229 a 456 +£0.19 a 0.0231 +0.1024 b 0.9990 £+ 0.00022 a
114d_F 532.33 £ 69.28 a 555.97 +£70.70 a 553.41 £ 73.67 a 4.55+0.08 a 0.0214 4+ 0.0374 b 0.9992 £+ 0.00019 a

Note: The data in the table are the mean =+ standard deviation; different lowercase letters indicate significant
differences between treatments (p < 0.05) according to the Kruskal-Wallis H test.

Effects on fungal communities: There was no significant difference between 0_F
and 0d_CK, as well as between 0d_CK and 114d_CK, regarding the richness, Shannon,
and Simpson indices. Compared with 114_F, the richness index of OF had no significant
difference, while the Shannon index of 114d_F was significantly increased and the Simpson
index was significantly decreased. For 114d_CK compared to 114d_F, there were no
significant differences in the richness, Shannon, and Simpson indices. The results showed
that flame disinfection had no significant effect on the diversity of the soil fungi at the
initial stage, but the diversity increased at a later stage.

The results showed that flame disinfection mainly reduced the diversity and richness
of bacteria, but, after a certain period of time, the bacterial community recovered to the
control level, while the fungal community diversity was higher than the control level.

3.3.4. Beta Diversity Analysis of Soil Microbial Community Structure

The {3 diversity is used to analyze the similarity of microbial species between different
treatments. The smaller the {3 diversity, the more similar the species types between the
populations. The results of the PCoA analysis based on the Bray—Curtis distance showed
that the flame disinfection treatment and sampling period were the main factors that
caused differences in the microbial community compositions of the samples. (Figure 3) The
different sample points were dispersed in four quadrants with a certain distance, indicating
that there were significant differences in the composition of the microbial communities in
different soil samples.

Regarding the first and second principal coordinates, 31.63% and 14.24% of the differ-
ences in the bacterial community and 29.66% and 20.77% of the differences in the fungal
community in the 12 soil samples were detected, respectively. Overall, compared with the
CK, the compositions of the soil bacterial community and fungal community were different
after the flame disinfection treatment. At 0 d and 114 d after disinfection, the difference
between the flame disinfection and control treatments was large, indicating that there was
still a significant difference after flame disinfection treatment over a long period of time.

UPGMA was used to construct a tree structure, and the shorter the tree branch length,
the more similar the species composition among the samples. As can be seen in Figure 4,
with the exception of bacterial 0d_F1 samples, all processing repeats were clustered together,
indicating good repeatability among the samples. According to the bacterial clustering tree,
the samples from 0 d and 114 d contained two different types and were far apart, indicating
that the time had a greater impact on the bacterial community, while the samples after
flame disinfection were closer together. From the fungal clustering tree, the total samples
were clustered into three categories: 0d_F and 0d_CK were grouped into the same category,
and 114d_F and 114d_CK were grouped into two different categories, respectively. The
results showed that flame disinfection had significant effects on the soil bacterial and fungal
community compositions.
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Figure 3. Principal coordinate analysis of flame disinfection and control bacterial and fungal communities.

3.3.5. Effects of Flame Disinfection on Phylum-Level Species of Bacterial and
Fungal Communities

Figure 5 shows the relative abundances of the top 10 phylum levels of the bacterial
(A) and fungal (B) community compositions under the flame disinfection treatment and
the control. In the bacterial community, at the phylum level, Actinobacteriota, Proteobacteria,
Acidobacteria, Chloroflexi, Firmicutes, Bacteroidetes, Myxococcota, Methylomira, and Nitrospirota
were mainly detected in all soil samples. Among them, Actinobacteriota, Proteobacteria,
Acidobacteria, and Chloroflexi were the dominant bacterial groups. According to the mean
values of the samples in the group, the dominant categories of soil bacteria in the different
treatments were the same, but the relative abundance was different.

At 0 d after flame disinfection, the relative abundance of Actinobacteriota and Aci-
dobacteria decreased by 8.45% and 7.78%, respectively, and that of Proteobacteria and
Bacteroidetes increased by 0.5% and 1.78%, respectively. After 114 days of flame disinfection,
the relative abundance of Actinobacteriota and Proteobacteria decreased by 3.95% and
0.47%, respectively, and the relative abundance of Acidobacteria and Chloroflexi increased
by 1.85% and 1.66%, respectively.

Regarding the fungal communities, Ascomycota, Mortierellomycota, Basidiomycota,
and Chytridiomycota were mainly detected in the soil samples at the phylum level. As-
comycota was the dominant bacterial group, with the relative abundance of 71.93~82.84%.
Compared with the control group, the relative abundance of the Ascomycota community
at 0 d and 114 d significantly decreased by 5.82% and 7.82%, respectively. However, the
relative abundance of Mortierellomycota and Basidiomycota increased significantly, by
3.03% and 1.84% at 0 d and 0.34% and 4.73% at 114 d, respectively.
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Figure 4. Hierarchical clustering analysis (based on Bray—Curtis method) of bacteria (A) and fungi
(B) at the OTU level under different treatments.

3.3.6. Effect of Flame Sterilization on Bacterial and Fungal Communities

Figure 6 shows the abundances of the most represented bacterial (A) and fungal (B)
taxa in the soil after the flame disinfection treatment. At the generic level, the top ten most
abundant bacterial communities in all samples were Arthrobacter, norank_f norank_o_Vicin
amibacterales, norank_f Vicinamibacteraceae, Nocardioides and Streptomyces, Bacillus,
norank_f_Gemmatimonadaceae, norank_f_JG30-KF-CM45, norank_f_norank_o_Gaiellales,
and norank_f_6 Wait 7-14. At 0 d after flame disinfection, compared with the control group,
the colony abundance of Arthrobacter increased by 0.52%, and that of Nocardioides and
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Streptomyces decreased by 1.04% and 2.29%. At 114 d, the abundances of Arthrobacter,
norank_f norank_o_vicinamiales, and norank_f Gemmatimonadaceae were significantly
reduced by 0.34% and 0.93%, respectively, 0.9% and 0.78%.
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Figure 5. Taxonomic composition and relative abundance of the top 10 phyla of bacteria (A) and
fungi (B).
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Figure 6. Taxonomic composition and relative abundance of the top 10 genera of bacteria (A) and

fungi (B).

The top ten most abundant fungal communities in all samples were Mortierella, Gibberella,
Fusarium, Plectosphaerella, Penicillium, Chordomyces, Solicoccozyma, unclassified_p_Ascomycota,
Chaetomium, etc. At 0 d after flame disinfection, the colony abundance of Mortierella increased
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by 3.02% compared with the control group, while the colony abundance of Gibberella and
Fusarium decreased by 2.45% and 0.71%, respectively. At 114 d after flame disinfection, the
colony abundance of Mortierella was only 0.01% different from that in the control group,
indicating that the colony abundance of Mortierella returned to a normal level, while that of
Gibberella and Fusarium increased by 2.96% and 4.01%, respectively.

4. Discussion
4.1. Prevention and Control of Soil-Borne Pathogens and Soil-Borne Diseases

Flame disinfection is mostly applied in facility agriculture [40]. The research results
of Lou et al. [41] showed that the number of pathogenic bacteria after high-end flame
treatment was significantly lower than that after mid-range flame treatment, and the
possibility of fungal diseases was lower than that under mid-range flame treatment.

The key to preventing and controlling soil-borne diseases is to reduce the amount of
pathogens in the soil before planting. The flame disinfection machine used in this study can
quickly kill bacteria, pests, and weeds in the soil through high temperatures. The research
results of Wang et al. [25] showed that, after flame disinfection treatment, the presence of
three pathogens, Aspergillus, Fusarium, and nematodes, was significantly lower than in
untreated plots. The results obtained in the present research are consistent with this.

The rapid and efficient killing of pathogens by flame disinfection has a significant
preventive and control effect on soil-borne diseases in tobacco. Compared with untreated
plants, the incidence of shank disease and bacterial wilt disease in flue-cured tobacco in
the rapid growth period was reduced by 87.18% and 76.27%, respectively, and the control
effect of root black rot and root knot nematode disease in the harvest period was 80.06%
and 90.52%.

4.2. Agronomic Traits, Yield, and Quality of Flue-Cured Tobacco

In this study, after flame disinfection, the plant height, stem diameter, leaf number,
and other agronomic characteristics of the two experimental plots were all improved; the
final yield was increased; and the superior tobacco ratio was increased. The reasons are
as follows: first, flame disinfection kills soil pests before the transplantation of tobacco
seedlings so that the tobacco plants grow in healthy soil and grow vigorously; second,
flame disinfection reduces the soil permeability, enhances the vitality of the tobacco roots,
and enhances the absorption of nutrients, so the yield is high.

Sun et al. found that the application of an organic fertilizer after flame disinfection
could significantly improve the growth of leaf vegetables such as amaranth and green
cabbage in the second crop stage and improve the soil salinization to a certain extent [42].

4.3. Effects of Flame Disinfection on Soil Fungal and Bacterial Communities

Soil microorganisms are an important part of the soil ecosystem and can not only
affect the formation and transformation of organic matter but also affect the nutrient
cycle of the soil [43]. The results showed that the community structure of fungi and
bacteria in the flame disinfection treatment and the control soil changed significantly
before transplanting and during the flourishing period of flue-cured tobacco. The relative
abundance of Acidobacteria decreased at 0 d after flame disinfection, which was consistent
with the results of Liu et al. [44], and it recovered after 114 days.

Bacterial Acidobacteria occupy a relatively high percentage of the soil and belong to
the eutrophic group, often gathering in soil environments with high levels of nutrients,
affecting soil material circulation and ecological environment construction [45]. It was
found that flame disinfection did not reduce the abundance of the Acidobacteria community
in the soil for a long time, but only inhibited it for a short period of time.

After flame disinfection, the relative abundance of actinomycetes decreased in both
periods, and the influence on Proteobacteria was not significant. Most actinomycetes can
decompose plant and animal residues in the soil, and a small number of actinomycetes
belong to pathogenic bacteria. Proteobacteria play a crucial role in nutrient cycling, carbon
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and cellulose degradation, and humus formation [46]. They belong to the eutrophic group
and often gather in soil environments with high levels of nutrients.

At 0 d after flame disinfection, at the bacterial genus level, the abundance of Nocardia
and Streptomyces decreased, but, after 114 days, the abundance of the Nocardia community
was higher than that in the control, and that of the Streptomyces community was higher
than that in the control. Nocardia is a common animal and plant pathogen [47], and most
strains of Streptomyces can be used as root knot nematode biocontrol resources [48,49]. The
results showed that flame disinfection had a short-term killing effect on Nocardia and other
possible pathogenic bacteria, and they could not be prevented for a long period of time.
For some actinomycetes bacteria, it may have a long-term control effect. For Acidobacteria,
Streptomyces, and other beneficial plant bacteria, their levels could recover at a certain
period of time after killing.

In terms of the fungal communities, the abundance of ascomycetes decreased sig-
nificantly in both periods of flame disinfection, while the abundance of Mortispora and
basidiomycetes increased significantly. Ascomycetes can accelerate organic metabolism [50].
Certain Mortierella fungi contribute to soil nutrient transformation and availability [51].
Basidiomycetes mainly decompose refractory organic matter at the later stage of the de-
composition process [52].

At the fungal genus level, the abundance of the Mortierella community increased
at day 0 d after flame disinfection, while the abundance of colonies of Gibberella and
Fusarium decreased. At day 114 d after flame disinfection, the Mortierella community
returned to a normal level, while the populations of Gibberella and Fusarium increased.
Gibberella and Fusarium are some of the main soil pathogens and can infect a variety
of crops and cause serious crop reductions [53,54]. Flame disinfection can increase the
beneficial bacteria such as mortieres and Basidiomycetes, which affect soil fertility, but
it can only reduce the abundance of Gibberella and Fusarium in a short period of time,
indicating that the control effect against soil-borne diseases may be relatively weakened in
the later period.

5. Conclusions

The results of this study show that flame disinfection had a significant control effect
on Phytophthora spp., Fusarium spp., and root knot nematodes in soil obtained from the
continuous cropping of tobacco, and it had a significant control effect on the main soil-
borne diseases of flue-cured tobacco, such as black shin, root black rot, bacterial wilt, and
root knot nematodes. Flame disinfection significantly improved the quality and yield of
flue-cured tobacco.

Flame disinfection significantly affected the composition of the soil microbial com-
munity, reducing the number of soil-borne bacteria from the source before planting and
reducing the colonization of plant pathogens. At the same time, the relative abundance of
some beneficial microbial communities increased, such as those of Acidobacteria, Mortispora
spp., and Streptomyces spp., regulating the proportions of beneficial and harmful bacteria in
the soil.

In summary, flame disinfection technology is technically feasible in preventing and
controlling soil-borne diseases of flue-cured tobacco and increasing production, and it can
provide a new means to overcome the obstacles of continuous tobacco cropping.

Author Contributions: Conceptualization, X.H. and Q.H.; methodology, X.H., Q. H. and L.W,; soft-
ware, L.W.,; validation, R.L.; formal analysis, X.H., Q.H. and L.W.; investigation, X.H. and R.L,;
resources, Q.H.; data curation, L.W.; writing—original draft preparation, X.H.; writing—review and
editing, Q.H.; visualization, X.H. and L.W.,; supervision, Q.H.; project administration, Q.H.; funding
acquisition, Q.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Project of Science and Technology Plan of 24YY
Investigation and Research on the Occurrence and Control of Plant Pests (110824008).



Agriculture 2024, 14, 1868 17 of 19

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.
Acknowledgments: Thanks to Aocheng Cao for his help in coordinating the flame sterilizer.

Conflicts of Interest: Author Liang Wang was employed by the company China RongTong Agricul-
tural Development Group Corporation Limited. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References

1.  Wang, RB; Ye, ].S,; Wu, P; Liu, P.Q.; Lin, W,; Li, B.]. Establishment and application of multiplex PCR detection method for four
important soil borne pathogens in tobacco. Acta Phytopathol. Sin. 2023, 53, 1208-1221.

2. Ye, M,; Sun, M,; Huang, D.; Zhang, Z.; Zhang, H.; Zhang, S.; Hu, F; Jiang, X.; Jiao, W. A review of bacteriophage therapy for
pathogenic bacteria inactivation in the soil environment. Environ. Int. 2019, 129, 488-496. [CrossRef]

3. Zeng,J.R; Liu, ].Z; Lu, CH,; Ou, X.H,; Luo, KK;; Li, CM.; He, M.L.; Zhang, H.Y.; Yan, H.J. Intercropping with Turmeric or
Ginger Reduce the Continuous Cropping Obstacles That Affect Pogosternon cablin (Patchouli). Front. Microbiol. 2020, 11, 579719.
[CrossRef]

4. Cao, A.C. Screening of Alternative Technologies for Methyl Bromide Soil Disinfection in China; China Agriculture Press: Beijing, China,
2003. (In Chinese)

5. Cao, A.C,; Liu, XM.,; Guo, M.X.; Wang, Q.X.; Li, Y,; Yan, D.D.; Ouyang, S.B. Harm and control technology of soil-borne crop
diseases. Plant Prot. 2017, 43, 6-16.

6. Fang, L.; Fan, D.S.; Zhang, D.P; Lan, D.Y.; Lin, W,; Lu, YH.; Yuan, G.Q. Rapid de-tection of five soil borne pathogens in tobacco
using multiplex PCR. Chin. |. Tob. 2022, 28, 95-103.

7. Jiao, Q.; Zhang, E; Guo, C.; Deng, ].H.; Jiang, X.Y.; Wang, J. Study on the indoor toxicity of fluothiazole ethyl ketone against
tobacco phytophthora and its efficacy against tobacco black shank disease. Plant Prot. 2024, 50, 328-333.

8. Wang, Y.T.; Zhu, X.C. Research Progress of Tobacco Pest Forecasting and Integrated Control Technology; China Agricultural Science and
Technology Press: Beijing, China, 2002.

9.  Wang, WJ.; Wang, X.Q.; Xu, Y.X.; Wang, EL.; Ren, G.W,; Wang, D.K. Research progress in molecular biology of tobacco black tibia.
Tob. Sci. China 2021, 42, 90-94.

10. Bian, C.H,; Ding, Y.Q.; Zhao, S.M.; Li, S.J.; Kang, Y.B. Molecular identification and pathogenicity analysis of tobacco root black rot
pathogen in Henan Province. Tob. Sci. Technol. 2017, 50, 8-14. (In Chinese)

11.  Gong, S. Research progress of tobacco bacterial wilt control. Trop. Agric. Sci. Technol. 2023, 46, 68-72. (In Chinese)

12.  Shinde, Y.A ; Jagtap, M.P; Patil, M.G.; Khatri, N. Experimental investigation on the effect of soil solarization incorporating black,
silver, and transparent polythene, and straw as mulch, on the microbial population and weed growth. Chemosphere 2023, 336,
139263. [CrossRef]

13. Castello, I.; D’Emilio, A.; Raviv, M.; Vitale, A. Soil solarization as a sustainable solution to control tomato Pseudomonads
infections in greenhouses. Agron. Sustain. Dev. 2017, 37, 59. [CrossRef]

14. Castello, I; D’Emilio, A.; Danesh, Y.; Vitale, A. Enhancing the effects of solarization-based approaches to suppress Verticillium
dahliae in-ocula affecting tomato in greenhouse. J. Agric. Food Res. 2024, 18, 101355.

15.  Yang, M.; Qin, X.Y.; Duan, Y.Q.; Li, Q.P; Song, L.M. Study on occurrence and control of root knot nematode disease of tobacco in
Yunnan. China Tob. Sci. 1995, 10-15.

16. Huh, D.A.; Chae, W.R.; Lim, H.L.; Kim, J.H.; Kim, Y.S.; Kim, Y.W.; Moon, K.W. Optimizing operating parameters of high-
temperature steam for disinfecting total nematodes and bacteria in soil: Application of the box-Behnken design. Int. |. Environ.
Res. Public Health 2020, 17, 5029. [CrossRef]

17.  Su, H.; Zhang, R.P; Wu, S.X,; Yao, H.Y,; Li, Y.Y. Mechanism of continuous cropping disorders and current status of prevention
and control. Soil 2024, 56, 242-254.

18. Castello, I.; D’Emilio, A.; Baglieri, A.; Polizzi, G.; Vitale, A. Management of Chry-santhemum Verticillium wilt through VIF soil
mulching combined with fumigation at label and reduced rates. Agriculture 2022, 12, 141. [CrossRef]

19. Brennan, R.J.B.; Glaze-Corcoran, S.; Wick, R.; Hashemi, M. Biofumigation: An al-ternative strategy for the control of plant
parasitic nematodes. J. Integr. Agric. 2020, 19, 1680-1690. [CrossRef]

20. Cao, A.C,; Zhang, D.Q.; Fang, W.S,; Song, Z.X; Ren, L.R; Li, Q.J; Li, W.J.; Wang, Q.X; Yan, D.D,; Li, Y.; et al. Progress and
challenges of soil-borne disease control technology. Plant Prot. 2023, 49, 260-269.

21. Mao, L.G; Yan, D.D,; Wu, Z.H.; Ma, T.T.; Wang, X.Q.; Li, Y.; Guo, M.X,; Ouyang, C.B.; Cao, A.C. A review of factors influencing
the effectiveness of soil chemical fumigation. Pesticides 2013, 52, 547-551.

22.  Zeid, N.M.A.; Noher, A.M.; BE Gullino, M.L.; Pugliese, M.; Katan, J. Efficacy of DMDS as methyl bromide alternative in controlling

soil borne diseases, root-knot nematode and weeds on pepper, cucumber and tomato in Egypt. Acta Hortic. 2014, 1044, 411-414.
[CrossRef]


https://doi.org/10.1016/j.envint.2019.05.062
https://doi.org/10.3389/fmicb.2020.579719
https://doi.org/10.1016/j.chemosphere.2023.139263
https://doi.org/10.1007/s13593-017-0467-1
https://doi.org/10.3390/ijerph17145029
https://doi.org/10.3390/agriculture12020141
https://doi.org/10.1016/S2095-3119(19)62817-0
https://doi.org/10.17660/ActaHortic.2014.1044.56

Agriculture 2024, 14, 1868 18 of 19

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Cao, A.C,; Wang, Q.X;; Yan, D.D.; Fang, W.S,; Li, Y,; Song, Z.X.; Zhang, Y.; Zhang, D.Q; Jin, Q.; Hao, Z; et al. Research and
Development and application of soil disinfection machinery in China. Mod. Pestic. 2024, 23, 8-14+22.

Cao, A.C.; Zhang, W.J.; Liu, ].H. Research progress of alternative technologies for soil disinfection with methyl bromide. Plant
Prot. 2007, 33, 15-20.

Wang, X.N.; Cao, A.C.; Yan, D.D.; Wang, Q.; Huang, B.; Zhu, ].H.; Wang, Q.X; Li, Y.; Ouyang, C.B.; Guo, M.X. Evaluation of soil
flame disinfestation (SFD) for controlling weeds, nematodes and fungi. J. Integr. Agric. 2020, 19, 164-172. [CrossRef]

Xu, G.H.; Zhao, Q.L.; Gao, Y. Research and experiment of Flame high-temperature disinfection technology for control of soil
diseases and insect pests in farmland. Agric. Eng. 2014, 4, 52-54.

Yue, J.; Yang, ].G.; Yang, W.Q.; Zhang, G.]J.; Dong, J.; Wang, P.S.; Zhang, ]J.L.; Yuan, Z.Q. Study on control technology of stem
nematode, root rot and grass damage of sweet potato by self-propelled flame soil disinfection machine. Anhui Agric. Sci. Bull.
2018, 24, 60+98.

Science Press. China Agriculture Press—National New Bibliography; Science Press: Beijing, China, 2012.

Komada, H. Development of a selective medium for quantitative isolation of Fusarium oxysporum from natural soil. Rev. Plant
Prot. Res. 1975, 8, 114-124.

Masago, H. Selective Inhibition of Pythium spp. on a Medium for Direct Isolation of Phytophthora spp. from Soils and Plants. J.
Phytopathol. 1977, 67, 425-428. [CrossRef]

Liu, W.Z. Plant Pathogenic Nematodes; China Agriculture Press: Beijing, China, 2000.

Li, QJ.; Zang, D.Q.; Ren, L.R; Yan, D.D.; Li, Y.; Wang, Q.X.; Cao, A.C. Effects of chloropicrin and Meron on soil nutrients,
pathogens and microbial communities of strawberry. . Agric. Univ. Hebei 2021, 44, 24-29.

GB/T 23222-2008; Crade and Investigation Methods of Tobacco Pests and Diseases. Standardization Administration of China:
Beijing, China, 2008; 12p.

YC/T 142-2010; Investigating and Measuring Methods of Agronomical Character of Tobacco. State Tobacco Monopoly Adminis-
tration: Beijing, China, 2010; 44p.

Xu, N.; Tan, G.; Wang, H.; Gai, X. Effect of biochar additions to soil on nitrogen leaching, microbial biomass and bacterial
community structure. Eur. ]. Soil Biol. 2016, 74, 1-8. [CrossRef]

Adams, R.I; Miletto, M.; Taylor, ].W.; Bruns, T.D. Dispersal in microbes: Fungi in indoor air are dominated by outdoor air and
show dispersal limitation at short distances. ISME J. 2013, 7, 1262-1273. [CrossRef]

Peng, J.W.; Shen, M.C.; Dong, Y.H.; Li, ].G. Effects of seed meal fumigation on eukaryotic microbial community composition and
changes in soil infested with cantaloupe. Soil 2021, 53, 321-328.

Basic Knowledge of Tobacco Planting Workers, Tobacco Leaf Modulation Workers, and Tobacco Leaf Grading Workers; Beijing Publishing
House: Beijing, China, 2013.

Pu, R.F. Analysis of Influencing Factors on Fumigation Effect of Chloropicrin in Planting Soil of Panax Notoginseng. Master’s
Thesis, Kunming University of Science and Technology, Kunming, China, 2021.

Liu, TY,; Zhu, H.; Li, X.L.; Wang, Y.J. A green and efficient soil disinfection technology—Flame high-temperature disinfection.
Yangtze River Veg. 2017, 58-59.

Lou, J.X; Liu, H,; Shen, S.J.; Feng, Z.H.; He, D.D.; Wu, S.S.; Chen, W,; Jiang, G.H.; Chang, P.F.; Peng, G.H. Effects of different
agronomic measures on soil fungal community structure and function in tobacco field. Tob. Sci. China 2020, 41, 38—43+55.

Sun, L.X,; Yu, E; Ge, X.Y. Experimental study on Application of Self-propelled Fine rotating soil Flame insecticidal machine in
plant vegetable production. Jiangsu Agric. Mech. 2020, 12-15. [CrossRef]

Young, I.M.; Crawford, ].W.; Nunan, N.; Otten, W.; Spiers, A. Microbial Distribution in Soils: Physics and Scaling. Adv. Agron.
2008, 100, 81-121.

Liu, J.J.; Cao, A.Q.; Yang, Z.].; Peng, ].H.; Wang, L.X.; Chen, H.Q.; Zhang, ES.; Xue, G. Effects of flame treatment on microbial
diversity and metabolic characteristics of tobacco growing soil in Wushan. Jiangsu Agric. Sci. 2024, 19, 1-19.

Sun, X.J.; Cao, X.Y.; Zhao, D.Y.; Zeng, J.; Yu, Z. The pattern of sedimentary bacterial communities varies with latitude within a
large eutrophic lake. Limnologica 2021, 87, 125860. [CrossRef]

Blaise, D.; Velmourougane, K.; Santosh, S.; Manikandan, A. Intercrop mulch affects soil biology and microbial diversity in rainfed
transgenic Bt cotton hybrids. Sci. Total Environ. 2021, 794, 148787. [CrossRef]

Xiong, W.B.; Lu, H.; Liu, X.C. Isolation, purification and genome analysis of virgine phage vB_Ncarnea_KYD1 from Nocardia.
Chin. ]. Microbiol. 2022, 49, 4832-4847.

Zhang, C.Q.; Dai, ].R. Research status and prospect of actinomycetes. Chin. J. Pathog. Biol. 2019, 14, 110-113+122. (In Chinese)
Chang, T.L.; Huang, TW.; Wang, Y.X.; Liu, C.P.; Huang, C.H. An Actinobacterial Isolate, Streptomyces sp. YX44, Produces
Broad-Spectrum Antibiotics That Strongly Inhibit Staphylococcus aureus. Microorganisms 2021, 9, 630. [CrossRef] [PubMed]
Zhang, SN.; Yan, D.R,; Huang, H.G.; Hu, X.L. Effects of short-term closure on soil microbial community structure of elm sparse
forest in Horqin Sandy land. CJE 2020, 39, 2860-2867.

Ning, Q.; Chen, L.; Li, E; Zhang, C.Z.; Ma, D.H.; Cai, Z.].; Zhang, ].B. Effects of Mortierella on soil nutrient availability and straw
degradation. Acta Pedol. Sin. 2022, 59, 206-217.

Davide, E; Elke, S.; Guillaume, L.; Tesfaye, W.; Franois, B.; Thomas, R. Mineral vs. Organic Amendments: Microbial Community
Structure, Activity and Abundance of Agriculturally Relevant Microbes Are Driven by Long-Term Fertilization Strategies. Front.
Microbiol. 2016, 7, 1446.


https://doi.org/10.1016/S2095-3119(19)62809-1
https://doi.org/10.1094/Phyto-67-425
https://doi.org/10.1016/j.ejsobi.2016.02.004
https://doi.org/10.1038/ismej.2013.28
https://doi.org/10.3969/j.issn.1004-9908.2020.04.005
https://doi.org/10.1016/j.limno.2021.125860
https://doi.org/10.1016/j.scitotenv.2021.148787
https://doi.org/10.3390/microorganisms9030630
https://www.ncbi.nlm.nih.gov/pubmed/33803559

Agriculture 2024, 14, 1868 19 of 19

53. Osorio, W.N.; Habte, M. Soil Phosphate Desorption Induced by a Phosphate-Solubilizing Fungus. Commun. Soil Sci. Plant Anal.
2014, 45, 451-460. [CrossRef]

54. Wang, G.Q.; Hao, X.F; Guo, E.H.; Yang, H.Q.; Zhang, A.Y.; Cheng, Q.L.; Qin, Y.Z.; Wang, J. Distribution characteristics of fungi
community in rhizosphere soil of continuous and rotating millet. CJEA 2023, 31, 677-689.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/00103624.2013.870190

	Introduction 
	Materials and Methods 
	Test Materials 
	Test Design and Flame Disinfection Operation 
	Determination of Soil Physical and Chemical Properties 
	Evaluation and Detection Method for the Effect of Flame Disinfection on Soil-Borne Pathogens 
	Incidence of Four Soil-Borne Diseases of Flue-Cured Tobacco 
	Agronomic Characteristics and Yield Quality of Flue-Cured Tobacco 
	Effects of Flame Disinfection on Soil Microbial Community 
	Data Analysis 

	Results and Analysis 
	Prevention and Control of Soil Pathogens and Four Diseases 
	Effect of Flame Disinfection on Agronomic Characteristics, Yield, and Quality of Flue- Cured Tobacco 
	Effects of Flame Disinfection on Soil Microbial Community Diversity 
	Analysis of Effectiveness of Soil Sample Sequencing 
	OTU Specificity Analysis of Microbial Communities 
	Alpha Diversity of Microbial Community in Soil 
	Beta Diversity Analysis of Soil Microbial Community Structure 
	Effects of Flame Disinfection on Phylum-Level Species of Bacterial and Fungal Communities 
	Effect of Flame Sterilization on Bacterial and Fungal Communities 


	Discussion 
	Prevention and Control of Soil-Borne Pathogens and Soil-Borne Diseases 
	Agronomic Traits, Yield, and Quality of Flue-Cured Tobacco 
	Effects of Flame Disinfection on Soil Fungal and Bacterial Communities 

	Conclusions 
	References

