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The rational application of fertilization methods and the timing of film removal are
crucial for enhancing tobacco yield and quality, as well as for promoting soil
health. In our study, we established fertilization methods (hole fertilization and
band fertilization) and film removal timing treatments (film removal 30 days after
transplanting, T1; 60 days after transplanting, T2; and no film removal, T3). We
analyzed differences in soil nutrients, microbial community composition, and
tobacco growth under different treatments. The results showed that, compared
with other treatments, the combination of hole fertilization and T2 significantly
promoted tobacco growth. Compared to band fertilization, hole fertilization
increased plant height, as well as the area of middle and upper leaves, by
0.62%-5.01%, 4.71%—-9.85%, and 4.71%—-9.67%, respectively. In addition, root
length, average diameter, root volume, number of tips, forks, and crossings all
showed varying degrees of improvement with hole fertilization. Furthermore,
hole fertilization combined with the T2 treatment contributed to enhanced soil
pH, nutrient availability, and bacterial diversity. At the maturity stage, soil pH and
soil organic matter (SOM) increased by 0.26-0.35 units and 9.09%-16.44%,
respectively, with hole fertilization compared to band fertilization. Moreover,
these agronomic practices influenced the relative abundance of functional
microorganisms (p_Nitrospirota, p_Desulfobacterota, and p_Actinobacteriota)
by regulating soil nutrient levels. In conclusion, the use of hole fertilization
combined with film removal 60 days after transplanting effectively improves
soil chemical properties, optimizes the microbial community structure, and
increases tobacco vyield in southern Anhui, representing an efficient
fertilization management strategy.
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1 Introduction

The unique flavor and distinctive characteristics of the tobacco
planting area in southern Anhui, China, make it an important
specialty tobacco production base in the country (Shen et al,
2025). An adequate supply of water and fertilizer is crucial for
ensuring the normal growth and development of flue-cured
tobacco, as well as for maintaining its desirable flavor
characteristics (Liu et al, 2021). In recent years, the fertility of
tobacco-growing soils in southern Anhui has declined due to
cropping,
unreasonable timing of film removal, all of which can reduce the

continuous improper fertilization methods, and
quality of cured tobacco leaves (Yang et al., 2021). Therefore, it is
imperative to explore appropriate cultivation practices to enhance
both the yield and quality of tobacco leaves in this region.

Different fertilization methods can influence soil structure and
nutrient availability, thereby affecting the efficiency of nutrient
uptake by crops (McLaughlin et al., 2011). In traditional farming
practices, fertilizers are primarily applied to the surface soil, which
often leads to significant nutrient loss due to water runoff
(MacDonald et al, 2011; Li et al, 2015). Band application can
prevent ‘seedling burning’ during the early growth stages and
continuously supply nutrients during later stages; however, it also
increases the risk of nutrient loss due to rainfall (Liu et al., 2022).
Compared to traditional applications, band fertilization can enhance
both fertilizers use efficiency and crop yield (Wu et al., 20215 Liu
et al, 2023). Hole application ensures a sufficient nutrient supply
during the transplanting stage, thereby reducing the risk of nutrient
loss and water volatilization, although it may result in insufficient
nutrient availability during later stages (Dekyi et al, 2024).
Optimizing fertilization methods is essential for achieving higher
nutrient efficiency and improved crop productivity.

Plastic film mulching is a crucial agronomic practice in tobacco
cultivation, significantly contributing to drought resistance,
waterlogging resistance, and low-temperature resilience during
the growth period of flue-cured tobacco (Yang et al., 2022). The
timing of film removal significantly impacts tobacco plant growth
and the quality of cured leaves. In response to the unique climatic
characteristics of southern Anhui, early film removal may lead to
fertilizer loss due to rainfall, resulting in inadequate fertility in later
stages (Wang et al., 2018). Conversely, delayed film removal may
result in excessively high soil temperatures, causing premature root
aging and accelerated ripening of tobacco plants, ultimately
2019).
identifying the optimal film removal period for the ecological

reducing yield and quality (Fan et al, Therefore,
conditions of the Wannan tobacco-growing area is essential for
regulating hydrothermal conditions and improving tobacco yield
and quality. Under optimal soil moisture conditions, microbial
activity and biomass can reach peak levels; however, excessively
high soil moisture can negatively affect the composition and
metabolic activity of soil microbial communities (Muhr et al., 2010).

The selection of fertilization methods and the timing of film
removal are critical agronomic practices that significantly influence
soil moisture and nutrient availability, thereby altering the
composition of the rhizosphere microbial community (Peng
et al, 2022). Fertilization affects soil quality, biological fertility,
productivity, and the stability of farmland ecosystems by

modifying the soil's nutrient status as well as the structure and
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function of microbial communities (Wang et al., 2020). It alters the
nutrient balance and supply status in the soil, leading to changes in
the quantity, diversity, and structure of microbial communities,
including bacteria and fungi (Ma et al., 2021; Molina and Matilla,
2020). The deep application of chemical fertilizers can, on the one
hand, prevent volatilization losses by minimizing contact with air,
and on the other hand, increase the contact area with the soil,
thereby reducing runoff losses (Ibrahim et al., 2014).

The objective of this study is to explore appropriate fertilization
methods and film removal timings suited to the climatic conditions
of the southern Anhui tobacco-growing region. This research aims
to provide a theoretical basis and practical reference for scientific
fertilization practices to achieve high yield and quality in flue-cured
tobacco production in this area. To achieve this objective, a field
study was conducted in the tobacco-growing region of southern
Anhui to investigate the effects of different film removal periods and
fertilization methods on tobacco growth, soil nutrients, and
microbial communities. The hypotheses to be tested are as
follows: 1) hole application can reduce nutrient loss, promote the
root development of flue-cured tobacco, and consequently increase
crop yield; and 2) hole application combined with timely film
removal can enhance soil microbial communities and improve
plant yield.

2 Materials and methods
2.1 Site description and experimental design

The experiment was conducted in 2024 in Jingxian, Xuancheng
City, Anhui Province (30°56'N, 118°45'E), and the region has a
subtropical monsoon climate, with an average annual temperature
of 16.0" and an average annual precipitation of 1429.6 mm. The soil
type in this area is classified as paddy soil, and the basic
physicochemical ~properties of the soil are presented in
Supplementary Table S1. The experiment included six treatments
based on a two-factor design: fertilization method (hole fertilization,
H; and band fertilization) and film removal timing (30 days after
transplanting, T1; 60 days after transplanting, T2; and no film
removal, T3). Film removal at 30 days after transplanting
the traditional

cultivation method used in the tobacco-growing region of southern

combined with band fertilization represents
Anhui. Each treatment consisted of three replicate plots (4 m x 6 m),
resulting in a total of 18 plots. The tobacco variety used in the field
study was Yunyan 87, the main cultivar in Anhui Province. The
fertilizers used in this study included potassium nitrate, potassium
sulfate, and calcium magnesium phosphate, with fertilization
occurring in early March. Fertilizers were applied at the following
rates: P,Os5 at 200 kg/ha, K,O at 300 kg/ha, and N at 200 kg/ha.

2.2 Sampling and analyses

Soil samples were collected at three growth stages of flue-cured
tobacco-rosette stage (RS), rapid growth stage (RGS), and mature
stage (MS)-and were divided into two portions for analysis. One
portion was air-dried for the determination of basic soil nutrients
(Bao, 2000), while the other portion was stored at —80°C for the
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TABLE 1 Effects of varieties treatments on the agronomic traits of tobacco.

Treatments Plant

height (cm)

Lower leaf

Leaf area (cm?)

Middle leaf

10.3389/fenvs.2025.1607410

SPAD

Upper leaf  Lower leaf Middle leaf Upper leaf

Hole T1  96.00 + 2.50b 1056.88 + 78.63a

1096.54 + 25.03bc

825.78 + 17.54bc | 40.92 + 0.38ab 26.57 + 1.35abc | 19.13 + 1.40ab

fertilization(H)

T2  98.67 + 4.25ab 1123.49 + 84.87a

T3  103.56 + 3.10a 1155.19 £ 59.79a

1107.77 + 23.37abc

1244.75 + 85.41a

834.83+18.10abc | 42.32 + 0.98a 30.32 £ 1.71a 21.98 + 0.87a

936.83 + 65.71a | 41.86 + 2.06ab = 29.33 + 1.29ab 20.99 + 0.65ab

Band T1  93.00 + 3.21b 1037.37 £79.84a | 998.21 + 120.93¢c 753.00 + 90.87¢ 35.48 + 1.62¢ 23.82 + 3.62¢ 17.62 + 3.00b
fertilization(B)
T2  98.06 + 3.14ab 1081.84 + 78.11a  1178.62 + 17.91ab | 885.76 + 15.02ab | 37.31 + 1.09¢ 24.31 + 3.20c 18.62 + 2.72ab
T3  99.00 + 3.61ab 1060.47 £ 95.12a  1188.77 + 96.41ab = 894.68 + 74.46ab | 39.79 + 1.01b 25.89 + 1.32bc 18.35 + 0.88b

Lower case letters indicated significant differences among different treatments with a Duncan test (P < 0.05). Values are means + SD (n = 3).

analysis of soil microbial communities (Xia et al., 2023a). Soil pH was
measured using a pH meter (Soil: H,O = 1:2.5), and soil organic
(SOM) using  the
oxidation—ferrous sulfate titration method. Available phosphorus

matter was  determined dichromate
(AP) and available nitrogen (AN) were measured using a
continuous-flow analyzer (AA3; Bran Luebbe, Germany), and
available potassium (AK) was determined by flame photometry
(AP-1200, Shanghai Precision Instrument Co., China). Plant and
soil samples were collected at three growth stages (RS, RGS, and MS).
Agronomic traits, root growth parameters, and nutrient
concentrations in different plant parts were recorded at each stage.
Root growth parameters were measured using a root scanner in
combination with WinRHIZO Pro software. Plant samples were
oven-dried at 80°C, and nutrient concentrations were determined
following H,SO,-H,0, digestion (Ansquer et al., 2009).

Fresh soil samples were stored at —80°C, and total soil DNA was
extracted using a commercial kit (Omega Bio-tek, Norcross, GA,
USA). The purity and concentration of the extracted DNA were
assessed by 2% agarose gel electrophoresis. The primers used for
amplifying bacterial and fungi DNA were 338F-506R and
ITSIF-ITS2R, respectively. Microbial data analysis was performed
using a cloud platform with technical support from Shanghai

Majorbio Bio-Pharm Technology Co., Ltd. (Xia et al., 2023b).

2.3 Data analysis

Experimental data were organized and statistically analyzed
using Excel 2022. One-way ANOVA was conducted using SPSS
22.0, with significance set at P < 0.05. R software was used to perform
joint analyses of soil microorganisms and environmental factors,
(RDA),
correlation analysis, and network analysis, using the vegan
package (Xia et al., 2024).

including redundancy analysis Procrustes  analysis,

3 Results

3.1 Effects of different treatments on the
agronomic traits of tobacco

Compared to band fertilization, plant height increased by
0.62%-5.01% under hole fertilization (Table 1). The areas of
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the middle and upper leaves increased by 4.71%-9.85% and
4.71%-9.67%, respectively, under hole fertilization compared
to band fertilization (Table 1). Furthermore, compared to
band fertilization, the SPAD values of the lower, middle,
and upper leaves increased by 5.20%-15.33%, 11.54%-

24.72%, and 8.57%-18.05%, respectively, under hole
fertilization (Table 1). Moreover, compared with the
T1 treatment, the agronomic traits of tobacco were

improved under other treatments with different fertilization
methods. Specifically, compared to T1, plant height and the leaf
area of the middle and upper leaves increased significantly by
6.41%-7.88%, 13.52%-19.09%, 13.45%-18.81%,
respectively, under the T3 treatment (Table 1). Root growth
parameters were also affected by the fertilization method and

and

the timing of film removal (Table 2). At the MS stage, compared
to band fertilization, root length, average diameter, root
volume, number of tips, forks, and crossings increased by
16.56%-68.54%, 2.45%-46.79%, 36.55%-39.40%, 57.11%-
108.41%, 7.21%-74.99%, and 22.74%-89.56%, respectively,
under hole fertilization (except for T2) (Table 2). Compared
the TI1 the of
significantly decreased under the T2 treatment with hole

to treatment, number root tips

fertilization, while significantly increasing with band
fertilization (Table 2). Root volume, number of forks, and
the
T3 treatment with both fertilization methods, compared to

the T1 treatment (Table 2).

crossings  were  significantly enhanced under

3.2 Effects of different treatments on the
nutrient absorption of tobacco

At both the RGS and MS stages, compared to band
fertilization, the nutrient content in various parts of the
tobacco plant increased significantly under hole fertilization,
particularly in potassium (K) content (Table 3). In the MS stage,
the K contents in the roots, stems, and leaves were 10.34%—
15.65%, 7.14%-8.87%, and 3.85%-8.88% higher, respectively,
under hole fertilization compared to band fertilization
(Table 3). Among all film removal treatments, the highest
nutrient contents in different parts of the plant were
observed under the T2 treatment with both fertilization
methods (Table 3).

frontiersin.org
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TABLE 2 Effects of varieties treatments on the root growth parameters of tobacco.

Treatments

Hole
fertilization(H)

Band
fertilization(B)

Length (cm) AvgDiam (mm) RootVolume Crossings
(cm?)
RGS MS RGS MS RGS MS RGS MS
T1 | 5047.44 + 1923040 = 123 + 229 + 847 + 2827 + 1721567 + 53592.00 + 1471233 = 84861.00 + 261233 + 16692.00 +
1111.05a 414.83ab 0.27a 0.06a 1.21a 1.90b 1891.15ab 1321.00a 3899.78ab 1259.00ab 727.42a 899.00ab
T2 | 491580 + 17658.06 + 112+ 207 + 7.63 + 29.39 + 18434.00 + 40137.00 = 15841.50 + 77513.50 + 2619.00 + 15544.00 +
675.73a 2427.84ab 0.26a 0.21ab 1.66a 3.32b 3893.00a 3185.00b 2525.50ab 8798.50b 357.00a 1825.00b
T3 | 4709.76 + 19363.02 + 119 + 167 + 741 + 32.99 + 18091.33 + 51933.67 + 15021.00 + 96721.33 + 2288.67 + 18730.00 +
1764.19a 1134.38a 0.27a 0.17b 2.58a 2.05a 5239.70a 1843.61a 6270.71ab 8868.40a 988.09a 1247.00a
T1 | 4696.77 + 11410.22 + 131+ 1.56 + 1173 + 2028 + 15583.00 + 25715.00 = 19654.67 + 48493.00 + 2895.67 + 8805.50 +
805.10a 476.04c 0.28a 0.23b 3.41a 0.32¢ 3987.15ab 634.00d 3466.27a 1341.00¢ 766.20a 341.50d
T2 | 3957.38 + 19668.87 + 138 + 199 + 934 + 3140 + 12090.00 + 42195.00 = 13020.50 + 72297.50 + 1834.00 + 1264350 +
207.28a 222.12ab 0.45a 0.51ab 233 6.42a 1702.00ab 6630.00b 2110.50ab 14439.50b 394.00a 1819.50¢
T3 | 3939.67 = 16611.51 + 1.36 + 1.63 + 9.06 + 24.16 + 11044.50 + 33056.50 = 11566.50 + 69513.50 + 1635.00 + 13001.00 +
1151.91a 2399.77b 0.19a 0.30b 1.76a 2.01bc 1604.50b 2679.50¢ 3699.50b 7803.50b 536.00a 1415.00¢

Lower case letters indicated significant differences among different treatments with a Duncan test (P < 0.05). Values are means + SD (n = 3). RGS, and MS, were rapid growth stage and mature stage. Values in bold indicate the best results.
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TABLE 3 Effects of varieties treatments on the nutrient absorption of tobacco.

Treatments Leaf
P (%)
MS RGS MS
Hole T1 216 + 0.59 + 0.94 + 0.75 + 2.30 + 133 + 257 + 041 + 0.98 + 0.80 + 593 + 221 + 312 + 0.64 + 0.98 + 0.71 + 5.94 + 2.82 +
fertilization 0.13bc 0.02ab 0.07a 0.04a 0.10b 0.05ab 0.21ab 0.02ab 0.04a 0.03a 0.05a 0.01a 0.25b 0.01ab 0.01ab 0.02b 0.52a 0.04a
(H)
T2 235+ 0.62 + 0.95 + 0.82 + 2.61 + 137 2.85 + 0.45 + 1.00 + 0.72 + 5.86 + 215 + 3.71 0.66 + 1.02 + 0.70 + 6.13 + 2.84 +
0.04ab 0.02a 0.04a 0.02a 0.05b 0.03a 0.16a 0.03a 0.04a 0.05b 0.07ab 0.02a 0.04a 0.02a 0.04a 0.02b 0.05a 0.02a
T3 250 + 0.46 + 092 + 0.76 2.87 + 1.28 + 2.82 = 0.36 + 0.98 + 0.68 + 6.05 + 2.10 3.66 + 0.62 + 0.94 + 0.72 + 6.08 + 2.70
0.05a 0.04c 0.07a 0.07a 0.11a 0.04b 0.12a 0.03ab 0.05a 0.02bc 0.08a 0.03ab 0.02a 0.02ab 0.03b 0.01b 0.21a 0.05b
Band T1 199 + 042 + 0.89 + 0.77 £ 235+ 1.15 237 = 0.35 + 1.02 + 0.67 + 538 = 2.03 + 2.80 0.51 + 0.86 + 0.72 + 541 = 2.59 +
fertilization 0.08¢c 0.03¢ 0.01a 0.04a 0.07¢ 0.01c 0.05b 0.02b 0.04a 0.01bc 0.23d 0.01bc 0.10b 0.04d 0.02¢ 0.03b 0.20b 0.10c
(B)
T2 231+ 0.54 + 0.87 + 0.80 + 2.57 1.26 + 2.74 = 0.37 + 1.06 + 0.61 + 5.60 = 2.10 291 + 0.67 £ 0.88 + 0.74 + 5.58 = 2.59 +
0.10ab 0.01b 0.03a 0.06a 0.09¢ 0.09b 0.05a 0.05ab 0.06a 0.05¢cd 0.04cd 0.05ab 0.21b 0.02a 0.02¢ 0.01ab 0.37b 0.02¢
T3  2.06 + 042 + 0.87 + 0.75 + 2.39 + 1.16 + 238 + 0.31 + 1.05 + 0.58 + 5.67 = 1.96 + 2.78 + 0.59 + 0.86 + 0.76 + 577 2.60 +
0.17bc 0.06¢ 0.01a 0.08a 0.06¢ 0.01c 0.30b 0.08b 0.06a 0.05d 0.17bc 0.14c 0.26b 0.04c 0.03c 0.02a 0.41ab 0.03¢

Lower case letters indicated significant differences among different treatments with a Duncan test (P < 0.05). Values are means + SD (n = 3). RGS, and MS, were rapid growth stage and mature stage. Values in bold indicate the best results.
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3.3 Effects of different treatments on soil
chemical properties and soil
microorganisms

Compared to the T1 treatment, soil AN, AP, and AK levels were
significantly reduced under the T2 treatment during the RGS and RS
stages (Figures 1A-C). Soil pH and soil organic matter (SOM) were
affected by the fertilization method and film removal timing during
the MS stage (Figures 1D,E). Specifically, compared to band
fertilization, soil pH increased by 0.26-0.35 units under hole
fertilization. Additionally, SOM increased by 9.09%-16.44%
under other treatments with both fertilization methods compared
to the T1 treatment in the MS stage (Figure 1E). Compared to band
fertilization, the number of bacterial OTUs increased under hole
fertilization (Supplementary Figure S1A-C), while the number of
fungi OTUs decreased (Supplementary Figure SID-F). Compared
to the T1 treatment, the number of fungi OTUs increased by
14.71%-43.25% (RG), 6.92%-23.79% (RGS), and 5.92%-33.81%
(MS) under the T2 treatment (Supplementary Figure S1). In
addition, the a-diversity of soil microorganisms was generally
higher under hole fertilization across various stages compared to
band fertilization (Supplementary Figure S2). The a-diversity also
increased under other treatments with both fertilization methods
compared to the T1 treatment, with the highest levels observed
under T2 (Supplementary Figure S2). As shown in Figure 2, the -
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diversity of soil microorganisms exhibited significant variation
under different treatments at various growth stages of tobacco.
Compared to bacteria, the P-diversity of fungi showed more
pronounced differentiation across treatments (Figure 2).

3.4 The relationship between environmental
factors and microorganisms under different
treatments

Compared to fungi, the correlation between bacterial a-diversity
and environmental factors was more significant (Figure 3). At the
RG stage, there was a significant positive correlation (P < 0.05)
between soil factors (AP and AK) and the a-diversity of bacteria
(Figure 3). Soil pH was a key environmental factor that exhibited a
significant correlation with soil nutrients throughout all growth
stages of tobacco (Figure 3). Compared to fungi, soil bacterial
communities showed a closer association with soil chemical
factors across various stages (Figure 4; Supplementary Table S2).
Throughout all growth stages of tobacco, pH emerged as a
the
community (Figure 4; Supplementary Table S2). Additionally, as

significant environmental factor influencing bacterial
the plant developed, the relationship between soil chemical
properties and fungi communities became increasingly complex

(Supplementary Table S2). At the MS stage, soil pH and SOM
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also affected the community composition of both fungi and bacteria
(Supplementary Table S2). The results of the Procrustes analysis
confirmed that soil nutrients significantly affected microbial
community composition across all growth stages (P < 0.05)
(Supplementary Table S3). For example, at the RG stage, the
relative abundances of p_Bdellovibrionota, p_Myxococcota, p_
Desulfobacterota, and p_Nitrospirota were negatively correlated
with soil AP and AK, while p_RCP2-54, p_Methylomirabilota,
and p_Latescibacterota showed significant positive correlations
(P < 0.05) (Supplementary Figure SIA). At the RGS stage, p_
Desulfobacterota, p_Methylomirabilota, p_Latescibacterota, and p_
Nitrospirota were significantly positively correlated with soil AK

Frontiers in Environmental Science

(Supplementary Figure SIA). For fungi, the relative abundance of p_
Glomeromycota was significantly influenced by soil AN, AP, AK,
and SOM at the MS stage (Supplementary Figure S1F). In the RG
stage, soil pH and AP were key environmental factors for bacterial
communities, whereas AN was the most important factor for fungi
communities (Figures 5A,D). Soil pH showed a significant positive
correlation with the relative abundances of p_Desulfobacterota, p_
Methylomirabilota, p_Latescibacterota, and p_RCP2-54. In contrast,
soil AP showed a significant negative correlation with the relative
abundances of p_RCP2-54, p_Latescibacterota, p_Nitrospirota, p_
Methylomirabilota, p_Desulfobacterota, and p_Myxococcota during
the RG stage (Figure 5A). At the RGS stage, soil AK was a key
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environmental factor influencing bacterial communities such as p_
Latescibacterota, p_Nitrospirota, and p_Actinobacteriota, whereas
soil AN was a significant factor for fungi communities such as p_
Rozellomycota  and  p_Basidiobolomycota 5B,E).
Additionally, the relative abundances of p_Cyanobacteria and p_

(Figures

Glomeromycota were affected by soil factors (Figures 5C,F).

4 Discussion

This study demonstrates that hole fertilization combined
film after transplanting
(T2 treatment) can synergistically enhance tobacco growth

with plastic removal 60 days
and soil environment. Compared to strip fertilization, hole
fertilization significantly increased tobacco plant height and
the area of upper leaves, while also optimizing root
morphology parameters such as root length, root volume, and
branching number. This planting pattern simultaneously
improved soil physical and chemical properties, reduces
acidification, and increases organic matter content.
Furthermore, by regulating soil nutrients, it activated the
abundance of functional microorganisms, thereby enhancing
bacterial diversity. Ultimately, the synergistic effect of hole
film 60 days

transplanting forms an efficient fertilization strategy that can

fertilization and plastic removal after

optimize soil micro-ecology, strengthen nutrient supply, and

significantly increase tobacco yield in the southern

Anhui region.
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4.1 Effects of different treatments on the
agronomic traits and nutrient absorption
of tobacco

The soil fertility significantly impacts plant growth and
development, as well as crop yield and quality (Wang et al,
2025). and film
indirectly influence the yield and quality of flue-cured tobacco by

Fertilization methods removal treatments
regulating soil moisture and nutrient availability (Guo et al., 2024).
In our study, the combination of hole fertilization and film removal
60 days after transplantation (T2) significantly enhanced tobacco
plant growth and promoted root development (Tables 1, 2). Due to
the varying placement of fertilizer, different fertilization methods
exert different effects on the migration and transformation of
available soil nutrients, as well as on crop growth and
development (Jing et al,, 2012). It also increases root mass, root
volume, and root surface area, while promoting deeper root growth
(Yuetal, 2013). Besides, the timing of film removal is closely related
to the geographical and climatic conditions of the southern Anhui
tobacco-growing region. The climate in this area is characterized by
low temperatures and high rainfall in the early stage, followed by
high temperatures and low rainfall in the later stage (Zu et al., 2004).
In the tobacco-growing region of Southern Anhui, transplanting
after 60 days of film removal not only ensures a lower moisture
content and higher soil temperature within the film during the early
stages, which is conducive to root growth, but also guarantees the
moisture required for the later growth stages of the tobacco plants
(Huang et al., 2003). Biodegradable films have been shown to
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The network analysis between soil environment and microorganism [soil bacterium (A—C) and fungus (D—F)]. RS, RGS and MS were rosette stage,
rapid growth stage and mature stage. Colors represent the correlation type (purple and red for negative and positive correlations, respectively).

positively influence the growth and development of tobacco leaves
by improving soil water retention and thermal insulation (He et al.,
2024). Timely film removal is beneficial for the root development of
tobacco plants, enhances soil permeability,
temperature, and prevents poor growth and development of
tobacco plants in the later stages (Li et al, 2004). In our study,

the application of hole fertilization combined with appropriate film

regulates  soil

removal timing significantly increased nutrient content in various
parts of the plant, particularly potassium levels (Table 3). There are
some explanations for these results: 1) Hole fertilization can enhance
root vigor and development, thereby enabling crops to absorb and
utilize soil nutrients more effectively (Nkebiwe et al., 2016; Chen
et al, 2022); 2) Deep fertilizer application effectively reduces
nutrient volatilization and runoff losses, directly targets the crop
root zone, and enhances nutrient uptake by plants (Li et al., 2020).
Timely membrane removal can regulate the soil temperature and
moisture, which can facilitate the absorption of nutrients and water
by the roots, resulting in a more balanced internal chemical
composition of the tobacco leaves (Ji et al., 2017).

4.2 Effects of different treatments on soil
chemical properties and microorganism

The present study found that hole fertilization combined with
film removal 60 days post-transplantation (T2) increased soil
pH and soil organic matter (SOM) (Table 3). This effect may be
attributed to the ability of deep fertilization to promote more
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complete absorption of nutrients by crops, thereby reducing
nitrogen loss and residue, as well as mitigating soil acidification
(Zhang et al., 2010). That was the other reason the secretion of acidic
substances from the roots is reduced, preventing the accumulation
of acidic exudates from the roots with the washing effect of rainwater
(Li et al, 2004). In addition, the deep application of fertilizer
improves soil porosity and aeration, which in turn enhances the
population and activity of soil microorganisms and contributes to
greater stability of soil organic carbon (Jeewani et al., 2021). As the
primary carrier of nutrients, water plays a crucial role in the
transport and absorption of soil substances (Zhao et al, 2021).
Appropriate soil moisture facilitates the decomposition of organic
matter and the release of available nutrients, thereby reducing
nutrient loss through volatilization and surface runoff (Vin
et al., 2023).

In this study, hole fertilization combined with film removal
60 days post-transplantation (T2) was found to improve bacterial a-
diversity and increase the number of operational taxonomic units
(OTUs) (Supplementary Figures S1, 2). Two main factors likely
contribute to these findings: 1) Chemical fertilizers and abiotic
environmental factors can induce changes in soil microbial
thereby
community structure (Demoling et al, 2007). 2) Fim can
indirectly

communities, affecting microbial richness and

influence the composition of soil microbial
communities by regulating soil moisture, thermal conditions, and
soil fertility (Bandopadhyay et al.,, 2018; Ding et al., 2021). Studies
have demonstrated that various types of mulching films can affect

soil thermal and moisture regimes, indirectly altering soil enzyme
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activities and microbial community composition (Xia et al., 2025a).
On one hand, soil temperature can influence the respiration rate and
cumulative respiration of soil bacteria (Peng et al., 2021). On the
other hand, soil moisture not only directly regulates the life activities
of soil microorganisms but also indirectly regulates the diversity of
soil bacteria (de Vries et al., 2018). Bacterial-dominated pathways
typically prevail in nutrient-rich soils, which are characterized by
rapid carbon turnover and high nutrient cycling rates (Ingwersen
et al,, 2008). Optimal soil moisture promotes microbial activity and
increases nutrient availability, whereas excessive moisture can
inhibit soil organic carbon mineralization, reduce carbon supply
capacity, and shift microbial community composition (Sahrawat,
2003; Vanhala et al., 2021).

4.3 Relationship between environmental
factors and microorganisms

Previous studies have demonstrated that soil moisture, pH, and
chemical properties significantly influence the structure of microbial
communities (Wu et al., 2008; Carney and Matson, 2006). In our
study, fertilization methods and film removal treatments indirectly
affected the composition of soil microbial communities by altering
soil nutrient availability, with bacterial communities exhibiting a
more pronounced response (Supplementary Figures S3, 4; Figure 4).
Increases in soil nutrient availability can enhance carbon
mineralization, microbial biomass, soil enzyme activity, and the
diversity of microbial communities (Galicia and Garcya-Oliva,
2004). Fertilization management practices also have a significant
impact on the structure of microbial communities in soil (Jangid
et al, 2008). The differential responses of fungi and bacteria may be
attributed to the fact that fertilization methods and film removal
primarily affect soil structure and nutrient conditions, creating a
nutrient-rich environment that is particularly favorable for bacterial
growth (Hermans et al.,, 2017). Furthermore, the findings of this
study reveal that changes in soil nutrients influence the relative
abundance of functional microbial groups in the soil (Figure 5). For
instance, the fertilization method and film removal timing can affect
the relative abundance of p_Nitrospirota by regulating soil pH (Koch
et al,, 2015). The relative abundance of p_Desulfobacterota plays a
significant role in soil sulfate reduction, as well as in the
transformation and cycling of sulfur in the soil (Chu et al,
2024). Similarly, the relative abundances of p_RCP2-54, p_
Latescibacterota, and other microbial taxa are influenced by the
nutrient status of the soil environment, which alters habitat
suitability for these organisms (Xia et al, 2024). These findings
suggest that such cultivation measures are effective in alleviating soil
acidification, enhancing soil quality, promoting the colonization of
beneficial microbial communities, and mitigating the toxicity of
sulfate compounds (Fang et al., 2024).

5 Conclusion

The present study was conducted to explore the effects of
different fertilization methods and film removal treatments on
tobacco growth, soil nutrients, and microbial communities. Based
on the results, the following conclusions can be drawn: Compared
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with other treatments, plant height, leaf area, and root parameters of
tobacco were significantly improved under hole fertilization
combined with the T2 treatment. In addition, hole fertilization
increased soil pH and the levels of available nutrients compared
hole fertilization and
T2 treatment significantly enhanced the diversity of soil bacterial

to band application. Furthermore,
communities and increased the abundance of bacteria. Fertilization
methods and film removal treatments also influenced the relative
abundance of soil functional microorganisms (p_Nitrospirota, p_
Desulfobacterota, and p_Actinobacteriota) by regulating key
environmental factors in the soil, including nutrient content,
temperature, and moisture. In response to the unique climatic
characteristics of the Wannan region, this study suggests the use
of hole fertilization combined with plastic film removal 60 days after
transplanting (T2). This approach is beneficial for improving
tobacco yield and quality while simultaneously enhancing the
ecological environment of the soil.
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