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Introduction: Tobacco, as an important economic crop, shows significant

growth and yield responses to soil conditions and nutrient supply. In recent

years, microbial organic fertilizers (MOF) have garnered significant attention as a

novel fertilizer category due to their demonstrated potential for soil quality

improvement and plant growth promotion. This study aims to evaluate the

effects of MOF on tobacco growth in Hunan Province, with particular focus on

its long-term impacts on soil physicochemical properties and rhizosphere

microbial communities throughout the tobacco growth cycle.

Methods: We evaluated the effects of T1 (Basic fertilizer + Bacillus), T2 (Basic

fertilizer + Pseudomonas), and T3 (Basic fertilizer + Bacillus and Pseudomonas)

treatments on tobacco quality, soil parameters, and microbial communities. Soil

physicochemical properties were measured using standardized analytical

methods. Microbial community dynamics under different treatments were

analyzed via 16S rRNA sequencing and PICRUSt2 analysis.

Results and Discussion: The results indicate that microbial fertilizers can

significantly enhance soil fertility and promote tobacco growth by modulating

soil microbial communities. Specifically, the T1 organic fertilizer treatment

demonstrated the most pronounced effect in reducing microbial abundance,

as evidenced by a lower Sobs value of 4, 222 compared to 4, 825 in the control

group (p < 0.05). Furthermore, this treatment significantly enhanced the visual

quality of tobacco leaves. This study provides a scientific foundation for the

application of microbial fertilizers in tobacco cultivation and offers new

perspectives for sustainable agricultural development.
KEYWORDS

microbial organic fertilizer, tobacco cultivation, soil physicochemical properties,
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1 Introduction

As the world’s largest producer and consumer of tobacco, this

crop represents a vital economic commodity in China, where its

taxation revenue simultaneously safeguards national income and

promotes societal development (1, 2). Tobacco is a soil-sensitive

crop whose growth and development are fundamentally dependent

on edaphic conditions and nutrient supply, requiring precise

pedosphere-plant equilibrium to achieve optimal development.

Optimal soil fertility and a balanced microbial community are

critical for healthy tobacco development (3), while environmental

factors such as soil physicochemical properties also exert significant

impacts on its growth and yield (4).

Traditional tobacco farming employs an exploitative cultivation

model. Within constrained cultivation areas, farmers typically adopt

continuous monocropping practices (1), relying heavily on chemical

fertilizers and pesticides to increase yields. However, prolonged

monoculture has resulted in multiple adverse consequences: soil

acidification, severe salinization degradation, reduced soil fertility,

disrupted soil structure, decreased organic matter (OM) content, and

imbalanced microbial community (5). These issues further lead to

poor disease resistance, frequent pest outbreaks, and severely

compromise tobacco yield and quality (4), ultimately threatening

the sustainable development of the tobacco industry. Crop rotation

has been demonstrated to enhance bacterial diversity and nitrogen

cycling in tobacco-growing soils, while also improving tobacco

growth efficiency (6). Nevertheless, during crop rotation, other

crops absorb significant amounts of soil nutrients from the soil,

resulting in the depletion of soil fertility (7). Therefore, fertilizer

application to replenish these depleted nutrients is essential for

meeting tobacco growth requirements. Nevertheless, long-term use

of inorganic fertilizers alters soil microbial diversity and community

structure, which not only affects soil ecological functions but may also

further impact tobacco health by impairing plant disease resistance

(8). In contrast, organic fertilizers are derived from natural organic

materials; they can improve soil structure while minimizing

environmental damage. As a specialized type of organic fertilizer,

microbial organic fertilizer (MOF) enhances soil quality by increasing

organic carbon input and enriching microbial populations, thereby

exerting a positive influence on crop production (8, 9).

MOF, as a novel organic fertilizer, exhibits remarkable soil

conditioning effects. It has garnered increasing attention in

agricultural applications, particularly in tobacco cultivation.

Consequently, improving the soil environment and promoting

tobacco growth through MOF application is of great significance.

MOF can significantly alter soil microbial community structure. The

MOF application increases the abundance of beneficial bacteria while

reducing pathogenic populations (10). For instance, numerous

microorganisms such as Bacillus, Escherichia, and Pseudomonas can

solubilize insoluble inorganic phosphorus compounds in soil by

producing organic and inorganic acids, thus lowering soil pH and

enhancing phosphorus solubility (11). Furthermore, potassium-

solubilizing bacteria in MOF increase soil available potassium (AK)

content. As potassium is a crucial element affecting tobacco

combustibility, its enhanced availability significantly improves leaf
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flammability (12). The application of MOF increases soil organic

carbon content. Specifically, microbial-derived organic substances

and residues from microbial metabolic processes contribute to soil

organic carbon accumulation (11). Furthermore, MOF exhibits

significant growth-promoting effects on tobacco plants. Its

application significantly improves tobacco growth parameters such

as plant height, stem circumference, and leaf number, which is

attributed to MOF’s dual functions of enhancing soil nutrient

transformation and stimulating root development (8). These

modifications not only improve soil ecological functions but also

enhance plant disease resistance, thereby further promoting healthy

tobacco growth. Research demonstrates that a combination of 70%

compost and 30% chemical fertilizer is more effective than chemical

fertilizer alone. Organic fertilizers increase soil organic carbon

content, consequently stimulating heterotrophic microbial growth

(13). The combination of organic fertilizers with microbial fertilizers

can achieve sustained high crop yields while maintaining soil

ecological balance. Furthermore, the application of low-

concentration chemical fertilizers and high-concentration MOF

enhances soil microbial diversity (14). In MOF, Bacillus spp.

function as plant growth-promoting rhizobacteria (PGPR) that

significantly enhance tobacco growth. These bacteria synthesize

indole-3-acetic acid (IAA), a phytohormone that promotes root

development throughout tobacco’s growth cycle. Additionally, they

enhance ACC (1-aminocyclopropane-1-carboxylic acid) deaminase

activity, which degrades root-secreted ACC, thereby reducing

ethylene levels in tobacco plants and alleviating abiotic stress (15).

In soil, Bacillus can solubilize insoluble inorganic phosphorus and

potassium, thereby increasing the content of available nutrients.

Furthermore, certain Bacillus strains possess nitrogen-fixing

capacity, enabling the conversion of atmospheric nitrogen into

plant-available ammonia (16). Beyond Bacillus, Pseudomonas also

exhibits significant potential in MOF. Studies have demonstrated that

Pseudomonas significantly improves tobacco seed germination rate

and root length, thereby promoting seedling growth (17). Moreover,

certain Pseudomonas strains are capable of producing siderophore,

and possess nitrogen fixation and phosphate solubilization

capabilities. This enables them to colonize tobacco seedling roots

efficiently and stably while significantly increasing biomass and plant

height (18). However, despite progress in MOF applications for

tobacco cultivation, current challenges include high production

costs for standalone MOF use, inconsistent performance across

different regions, and a lack of targeted research.

Therefore, this study aims to investigate the effects of MOF

containing either Bacillus or Pseudomonas on tobacco growth in

Hunan Province. Three experimental groups and one control group

were set up: the control group received only basal fertilizer, while

the three experimental groups were further supplemented with

Bacillus, Pseudomonas, or a mixture of these two strains in

addition to the basal fertilizer. The experiment was conducted in

Changjiang Village, Renyi Town, and Guiyang County. This study

evaluated the impacts of microbial fertil izers on soil

physicochemical properties and rhizosphere microbial

communities during the prosperously growing stage growth stage

of tobacco, laying a scientific foundation for the application of
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microbial fertilizers in tobacco cultivation and presents new insights

into sustainable agricultural development.
2 Materials and methods

2.1 Experimental site

The study was conducted in Changjiang Village, Renyi Town,

Guiyang County, Chenzhou City, Hunan Province (112°23′26″E to

112°55′46″E, 25°37′15″N to 26°13′30″N). The selected tobacco field
historically employed a tobacco-rice rotation system, with red soil

as the dominant soil type. The experimental site experiences an

annual average temperature of 16–23°C.
2.2 Experimental design

This study used tobacco plants at the prosperously growing

stage and set up four different treatment methods. The experimental

groups were T1, T2, and T3, and the CK group served as the control

group, which only applied basic fertilizers. The basic fertilizers

included a one-time application of 900 kg ha-¹ special tobacco

compound, 227 kg ha-¹ potassium silicate mineral fertilizer (a slow-

release potassium fertilizer), and 136 kg ha-¹ special tobacco

seedling fertilizer. In addition to conventional fertilization in the

experimental groups, the T1 treatment group applied 10 mL of

Bacillus per plant, with the viable count exceeding 9×108 CFU/mL.

The T2 treatment group applied Pseudomonas at a dose of 10 mL

per plant, with the viable counts exceeding 3×109 CFU/mL. The T3

treatment group applied a 1:1 mixture of Bacillus and Pseudomonas

at 10 mL per plant. The viable count of Bacillus exceeded 9×108

CFU/mL, and that of Pseudomonas exceeded 3×109 CFU/mL. Four

sample plots were selected for both the control and experimental

groups, each consisting of 5 rows, with each row 10 m long and a

total area of 80 m². To facilitate inspection and sampling, a 0.5 m

wide walkway was set between the test plots, and protective

measures were implemented at the test site. The fertilization time

was determined according to the past years’ experience in this

region. The daily management of tobacco plants was uniformly

supervised in accordance with the national standard GB/T 23221-

2008, and the soil moisture levels among different treatment groups

were ensured to be consistent.
2.3 Soil sample collection and soil
physicochemical analysis

According to the scope of the experimental plots, the S-shaped

sampling method was adopted, with 9 sampling points evenly set

along the trajectory to ensure coverage of both the edge and central

areas of the plot. Tobacco plants near the sampling points that were

well-grown, with dark green leaves, undamaged, and free from pests

and diseases were randomly selected. A total of 9 tobacco plants for

each group. Soil samples from 10–20 cm were obtained for each
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sampling point, and the soil was collected along the plant roots with a

stainless-steel soil drill (5 cm in diameter), taken out with a sterile

brush, put into a sampling bag, transported to the laboratory with ice

bags for refrigeration, and stored at -80 °C for detection (19, 20). The

total weight of soil samples in each treatment group was 500g. The 9

samples were collected at a time and uniformly mixed into one-third

to ensure the uniformity of the collected samples. The subsequent

experiments were conducted with 3 replicates. The potting soil

obtained by screening through a 60-mesh sieve (diameter 0.25 mm)

was used to avoid the presence of smoke, debris, etc., in the test soil. A

glass electrode digital pH meter was used to mix 10 g of air-dried soil

with 25 mL of distilled water for determining the pH value in the

samples. Soil available phosphorus (AP) was extracted using 0.5 M

sodium bicarbonate and quantified by molybdenum blue colorimetry.

Available potassium (AK) content was measured by leaching soil with

ammonium acetate and using flame photometry (21). According to

the Agricultural Industry Standard of the People’s Republic of China

(NY/T 1378–2007), soil chloride content was determined by titrating

soil leachate with silver nitrate. Organic matter (OM) was quantified

using the potassium dichromate volumetric method with external

heating. Nitrate nitrogen (NO3
-–N) was measured using the phenol-2,

4-disulfonic acid colorimetric method; soil ammonium nitrogen

(NH4
+–N) was determined via KCl extraction-indophenol blue

colorimetry. Each physicochemical parameter of each sample group

(n = 3) was measured in triplicate. Significant differences were

analyzed using analysis of variance (ANOVA). Different letters

indicate significant differences between groups (p < 0.05).
2.4 Collection of tobacco leaf samples

Tobacco leaves in each group were divided into upper, middle,

and lower leaves, and were subjected to curing. Then, 5 well-grown

and uniform leaves were randomly selected from each of the upper,

middle, and lower leaves, respectively, for the characterization of

tobacco appearance quality.
2.5 Extraction of sample DNA

The total genomic DNA of the microbial community was

extracted according to the instructions of the E.Z.N.A.® soil DNA

kit (Omega Bio-tek, Norcross, GA, U.S.). The quality of the

extracted genomic DNA was detected by 1% agarose gel

electrophoresis, and the DNA concentration and purity were

determined using a NanoDrop2000 (Thermo Scientific, U.S.).
2.6 PCR Amplification and sequencing
library construction

Using the extracted DNA as a template, the V3-V4 variable region

of the 16S rRNA genewas amplified by PCRwith the upstream primer

338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and downstream

primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’) carrying
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Barcode sequences (Liu et al., 2016). The PCR products were

recovered using 2% agarose gel electrophoresis, purified with a

DNA gel recovery purification kit (PCR Clean-Up Kit, Yuhua,

China), and quantified using Qubit 4.0 (Thermo Fisher Scientific,

USA). The NEXTFLEX® Rapid DNA-Seq Kit was used to construct

libraries from the purified PCR products.
2.7 High-throughput sequencing data
analysis

The high-throughput sequencing data were analyzed on the

online platform of Majorbio Cloud Platform (22). The raw paired-

end sequencing reads were subjected to quality control using fastp

(23) (https://github.com/OpenGene/fastp, version 0.19.6) and

subsequently merged with FLASH (https://github.com/ebiggers/

flash, version 1.2.11). Quality-controlled and merged sequences

were processed using UPARSE v7.1 (24, 25) (Stackebrandt and

Goebel, 1994) (http://drive5.com/uparse/) to cluster operational

taxonomic units (OTUs) at 97% similarity and remove chimeric

sequences. To minimize the impact of sequencing depth on

subsequent alpha and beta diversity analyses, all samples were

rarefied to 20, 000 sequences. After rarefaction, the average Good’s

coverage of each sample remained at 99.09%. OTUs were

taxonomically annotated using the RDP classifier (26) (https://

sourceforge.net/projects/rdp-classifier/, version 2.11) by aligning to

the Silva 16S rRNA gene database (v138) with a confidence threshold

of 70%. Community composition was then statistically analyzed for

each sample at different taxonomic levels. Functional prediction based

on 16S rRNA sequences was performed using PICRUSt2 (version

2.2.0) (27).
2.8 Statistical analysis

All sequence data were submitted to the Sequence Read Archive

(Accession Number: PRJNA1205160) and can be freely accessed

through the NCBI website (https://www.ncbi.nlm.nih.gov/sra/

PRJNA1205160).The alpha diversity indices, such as Chao 1 and

Shannon index, were calculated using mothur software, and the

Wilxocon rank-sum test was used to analyze the inter-group

differences in alpha diversity. Principal coordinate analysis

(PCoA) based on the bray-curtis distance algorithm was used to

test the similarity of microbial community structures among
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samples, and combined with PERMANOVA non-parametric test

to analyze whether the differences in microbial community

structures among sample groups were significant. LEfSe analysis

(Linear discriminant analysis Effect Size) (LDA>2, P<0.05) was

employed to identify bacterial taxa with significantly differential

abundances from phylum to genus level among groups (http://

huttenhower.sph.harvard.edu/LEfSe) (28). Distance-based

redundancy analysis (db-RDA) was used to investigate the effects

of soil physicochemical properties on bacterial community

structure. Linear regression analysis was applied to evaluate the

influence of key soil physicochemical/clinical indicators identified

by db-RDA on microbial alpha diversity indices. Species with |

Spearman’s correlation coefficient| > 0.6 and p<0.05 were selected

for correlation network analysis (29).
3 Results and analysis

3.1 Effects of microbial inoculants on
physicochemical properties of tobacco soil

This study investigated the effects of different treatments on the

physicochemical properties of tobacco-planted soil during the

prosperously growth stage (Table 1). The pH values of soils in all

treatment and control (CK) groups remained stable at

approximately 6.5 during this stage, indicating that MOF

application had minimal impact on soil pH. Although organic

matter (OM) content decreased after MOF application, no

significant differences were observed among the treatment groups

compared to the CK. During the prosperously growth stage, the T3

treatment group exhibited significantly higher levels of available

potassium (AK), nitrate nitrogen (NO3
–N), and ammonium

nitrogen (NH4
+-N) compared to other treatments (p < 0.05).

Among all groups, the T1 treatment group had the highest

content of available phosphorus (AP).
3.2 Effects of microbial inoculants on the
composition of rhizosphere soil
microorganisms at the prosperously
growing stage

As shown in Supplementary Figure S1, the dilution curve tends

to flatten, and the coverage reaches 97.44%. These results together
TABLE 1 The physicochemical properties of tobacco-planted soil under different treatments.

Sample pH OM AK AP NO3
–N NH4

+-N

P_CK 6.56 ± 0.05b 10.52 ± 0.60a 250.00 ± 6.39b 55.20 ± 1.19a 78.78 ± 1.23c 1.83 ± 0.04c

P_T1 6.50 ± 0.02b 9.42 ± 0.98a 254.17 ± 5.68b 58.34 ± 2.26a 90.65 ± 2.61b 1.97 ± 0.51bc

P_T2 6.65 ± 0.02a 9.66 ± 0.29a 231.10 ± 5.70c 43.74 ± 1.61b 51.68 ± 1.39d 2.58 ± 0.49b

P_T3 6.52 ± 0.02b 9.12 ± 0.14a 279.76 ± 0.85a 32.47 ± 1.06c 108.18 ± 2.24a 4.79 ± 0.43a
Within the same data column, shared prefix letters indicate the same growth period, while different lowercase letters denote significant differences between control and experimental groups (p <
0.05). P, Prosperously growing stage; CK, Control group; T, Treatment group; pH, Soil pH; OM, Organic matter; AK, Available potassium; AP, Available phosphorus; O3

–N, Nitrate nitrogen;
NH4

+-N, Ammonium nitrogen.
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indicate that the detection rate of the microbial community in

tobacco-planting soil is close to saturation. The current sequencing

volume can cover most species in the samples, and the sequencing

depth meets the experimental requirements.

To characterize the microbial composition in soils of the three

experimental groups and the control group, we analyzed the microbial

community using a Venn diagram and a phylum-level species

composition heatmap (Figure 1). In the Venn diagram (Figure 1A),

the application of MOF significantly altered the bacterial composition

in tobacco rhizosphere soil. At the genus level, T1 exhibited 1, 414

unique bacterial genera, T2 showed 1, 494, T3 had 1, 397, and CK

displayed 2, 230. The experimental groups and the control group

shared a total of 3, 392 common bacterial genera. In the species

composition heatmap (Figure 1B), the dominant bacterial phyla in all

treatment and control groups remained unchanged, but the relative

abundances of these dominant phyla differed. The top four dominant

phyla were Proteobacteria, Actinobacteriota, Chloroflexi, and

Acidobacteriota, which collectively accounted for more than 70% of

the total soil bacterial community. Among these, the relative

abundances of the first dominant phylum (Proteobacteria) and the

second dominant phylum (Actinobacteriota) in both T1 and T3 were

higher than those in CK. This indicates that MOF containing Bacillus

can alter the relative abundances of soil microbial communities in

tobacco-planting soil.
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To investigate how microbial organic fertilizers (MOFs) with

different compound microbial inoculants affect soil microbial

composition, we analyzed the diversity and richness of microbial

communities in tobacco-planting soil across treatment and control

groups using a-diversity analysis (Table 2). Alpha diversity analysis
reflects microbial richness and diversity; the Shannon and Simpson

indices microbial community diversity; the Sobs, Chao, and Ace

indices indicate microbial community richness; and the Coverage

index reflects microbial community coverage. The results showed

that sequencing coverage for all samples exceeded 99%, indicating

sufficient data coverage. After applying the three MOFs, the

Shannon, Sobs, Ace, and Chao indices all decreased, suggesting

reduced microbial community diversity and overall richness in soil.

Compared with T1 and T3 (which contain Bacillus), the decrease in

Shannon index in the Pseudomonas-containing group was not

significant relative to CK.

PCoA analysis was performed at the phylum level on tobacco-

planting soil during the prosperously growing stage to assess the

differences in soil bacterial community composition following MOF

application. The results (Figure 2) showed significant differences in

microbial communities between the microbial inoculant-treatment

groups (T1, T2, T3) and the control group (CK) (PERMANOVA,

R = 0.50, p=0.01). The microbial communities of the T2 and T3

groups were also distinct, while separation between T1 and the T2/
FIGURE 1

Phylum-level species composition analysis. (A) Venn diagram analysis. (B) Community composition analysis.
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T3 groups was less obvious. This suggests that microbial inoculant

addition significantly affects soil bacterial community composition.

To analyze the significant characteristics of soil microbial

communities following MOF application during the prosperously

growing stage, we conducted LEfSe analysis (Figure 3). Through

LEfSe multi-level species difference analysis (with taxa defined from

phylum to genus and an LDA threshold of 2), a total of 105 distinct

bacterial taxa with detailed information were identified. At the

phylum level, LEfSe analysis revealed that Verrucomicrobiota and

Planctomycetota were significantly enriched in CK; Dadabacteria

and Armatimonadota were significantly enriched in T1; and

Actinobacteriota and Gemmatimonadota were significantly

enriched in T3.

To further illustrate how soil physicochemical properties

influence the microbial community in tobacco-planting soil, and

vice versa, db-RDA analysis was performed (Figure 4A). CAP1 and

CAP2 explained 15.48% and 9.72% of the bacterial community

variation, respectively. Compared with the control group, AP, NH4

+-N, and NO3
–N exerted stronger influences on the bacterial

communities of T2 and T3, while pH had a more significant

influence on the T1 bacterial community. The control group

bacterial community was more strongly associated with OM.

Considering the influence of varying species abundances, we also
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analyzed the correlation between the top 30 phyla and soil

physicochemical properties (Figure 4B). The results showed that

bacterial communities at different phylum levels exhibited

significant correlations with soil physicochemical properties.

Myxococcota and Entotheonellaeota were significantly positively

correlated with NO3
–N content; Nitrospirota was significantly

positively correlated with soil OM; Armatimonadota was

significantly negatively correlated with AK content; and

Acidobacteriota and Latescibacterota were negatively correlated

with NO3
–N content.

To further explore the effects of MOF on the functional

characteristics of bacterial communities in tobacco rhizosphere

soil, we conducted analysis using the BugBase database (Figure 5).

The results showed that MOF addition significantly improved soil

aerobic conditions, thereby promoting root respiration, supporting

beneficial microbial activities, and enhancing soil structure.

Meanwhile, significant differences were observed in Gram-positive

bacterial functional characteristics, with levels significantly higher

than those in the control group.

Additionally, the BugBase database was used to analyze the

functional characteristics of soil microbial communities under each

tobacco treatment (Figure 6). The results showed that T1 microbial

organic fertilizer significantly enhanced mobile genetic element
FIGURE 2

Principal co-ordinate analysis at the phylum level.
TABLE 2 Bacterial a-diversity indices under different treatments.

Sample Shannon Sobs Ace Chao Coverage

P_CK 7.33 ± 0.04a 4825 ± 125.90a 5621.03 ± 152.70a 5479.40 ± 133.84a 0.9954 ± 0.0007a

P_T1 7.02 ± 0.07c 4222 ± 180.6b 4985.13 ± 213.8b 4861.01 ± 161.80b 0.996 ± 0.0017b

P_T2 7.18 ± 0.04b 4477 ± 99.43ab 5258.50 ± 92.5ab 5128.41 ± 106.70ab 0.9965 ± 0.0001ab

P_T3 7.07 ± 0.11bc 4435 ± 285.2b 5257.00 ± 236.06ab 5135.77 ± 286.30ab 0.9782 ± 0.0012ab
In the same column of data, the same prefix letter represents the same period, and different lowercase letters indicate significant differences (p<0.05) between the treatment groups and the control
group. P, Prosperously growing stage.
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content, Gram-positive characteristics, and oxygen utilization; T2

microbial organic fertilizer had significant effects on Gram-positive

characteristics and oxygen utilization; and T3 significantly

enhanced soil stress resistance, Gram-positive characteristics, and

oxygen utilization. These results collectively indicate that the

application of compound microbial organic fertilizers is an

important factor influencing the abundance and structural

changes of soil microbial communities. It can reduce the

abundance of certain microbial taxa in tobacco-planting soil to

some extent while significantly enhancing the functional
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characterist ics of soil microbiota, thereby promoting

tobacco growth.
3.3 Effects of microbial inoculants on
tobacco leaf physical characteristics

During the prosperously growing stage of tobacco, application

of different MOFs showed distinct impacts on tobacco leaves

(Figure 7). The T1 treatment exhibited the most pronounced
FIGURE 3

LEfSe multi-level species difference analysis.
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FIGURE 4

Environmental factor correlation analysis. (A) Class-level db-RDA analysis. (B) Phylum-level correlation heatmap analysis.
FIGURE 5

BugBase phenotypic prediction.
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effects, with significant differences relative to the CK group in leaf

length and width of lower leaves, leaf length of middle leaves, and

leaf width of upper leaves. Although the leaf width of middle leaves

and leaf length of upper leaves did not show significant differences,

there were still observable increases.

In addition, the appearance quality of flue-cured tobacco leaves

was analyzed (Table 3). In T1, the improvement in upper leaves was

most evident. Significant differences were observed between T1 and

CK in terms of color, maturity, leaf structure, leaf body, oil content,

chroma, and total worth, with all parameters higher than those in

CK. In T2, significant differences were only found in the oil content

of upper leaves, as well as the color, maturity, oil, and total worth of

middle leaves. In T3, relative to CK, significant differences were

observed in the color and chroma of upper leaves, and the oil and

total worth of middle leaves. Among leaves at different tobacco

positions, the three experimental groups exerted the least influence

on the total worth of lower leaves.
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FIGURE 7

Tobacco leaf conditions during the prosperously growing stage
under different treatments.
FIGURE 6

BugBase phenotypic group difference test. (A) The five functional traits that differ between T1 and CK. (B) The four functional traits that differ
between T2 and CK. (C) The six functional traits that differ between T3 and CK.
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4 Discussion

The study found that the application of microbial fertilizers

exerted little influence on changes in soil pH. During the

prosperously growing stage, soil pH remained stable at 6.5, which

falls within tobacco’s optimal growth pH range (5.5–6.5), thus

providing a suitable growth environment for tobacco. This is

consistent with the findings of previous research (30). Under this

condition, the availability of soil nutrients, soil enzyme activity, and

soil fertility are all high (31). Soil organic matter (OM) also plays an

important role in tobacco cultivation. Although the content of soil

OM did not change significantly, the content range remained

suitable for tobacco growth. Nitrogen, phosphorus, and potassium

are among the essential macronutrients for tobacco, playing a

crucial role in its growth and development (32). Available

potassium (AK) is involved in various physiological and

metabolic processes in tobacco, such as photosynthesis,

respiration, and enzyme activation, all of which are vital for

maintaining the normal physiological functions of tobacco. In

tobacco’s response to abiotic stress, AK helps plants maintain

water status and enhance stress resistance by regulating stomatal

opening-closing and osmotic pressure balance (33). Available

phosphorus (AP) can promote the growth and development of

tobacco roots, and enhance roots’ ability to absorb nutrients and

water from the soil, thereby improving the stress resistance and

growth potential of tobacco (34). The combined application of

microbial fertilizers containing Bacillus and Pseudomonas can

significantly increase soil AK content during the prosperously

growing stage. Bacillus and Pseudomonas can convert insoluble

potassium minerals in the soil into soluble potassium through their

metabolic activities, thereby increasing soil AK content. These

microorganisms dissolve soil potassium minerals by secreting
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organic acids (such as oxalic acid and citric acid) and

extracellular enzymes (such as phosphatase), thus increasing the

potassium availability (35). Bacillus can destroy mineral lattices

through organic acids to release K+, but cannot efficiently remove

Fe³+ and Al³+ in the lattices, resulting in the re-adsorption of some

K+ (36). In contrast, Pseudomonas can secrete siderophores that

specifically chelate Fe³+ and Al³+, preventing them from adsorbing

K+ (37). In the mixed treatment, the organic acids of Bacillus

destroy the lattices, while the siderophores of Pseudomonas

remove the adsorbed ions, leading to a higher content of AK in

the soil compared with the single-strain treatment. In addition, the

combined inoculation of Bacillus and Pseudomonas significantly

increases soil soluble and exchangeable potassium content. This

synergistic effect not only boosts soil AK content but also promotes

tobacco’s absorption and utilization of potassium, which is

consistent with the findings of Maysoon et al. (38). The combined

application of biological fertilizers and Bacillus increased soil AP

content during the prosperously growing stage. When Bacillus

decomposes insoluble phosphorus sources (e.g., calcium

phosphate), soil AP content can be significantly increased (39)-a

result consistent with our findings. In addition, Bacillus not only

increases soil AP content but also further enhances plants’

absorption efficiency by regulating root growth and development

(40). Bacillus spp. can increase the activity of phosphorylase by

secreting organic acids, thereby increasing the content of AK in soil.

The increase in AK content in the soil can enhance the uptake of AK

by tobacco plants, which results in an improvement in plant

chlorophyll (41), and thereby promotes enhancements in the

color and chroma of tobacco leaves. NH4
+-N is one of the

nitrogen forms that can be directly absorbed and utilized by

tobacco. It mainly exists in soil in the form of ammonium ions

and can be directly taken up by tobacco roots. Meanwhile, NO3
–N is
TABLE 3 Analysis of the appearance quality of tobacco leaves.

Tobacco leaves Sample Color Maturity Leaf structure Leaf body Oil Chroma Total worth

Upper

P-T1 7.93 ± 0.15a 7.97 ± 0.15a 7.43 ± 0.40a 7.43 ± 0.40a 6.77 ± 0.06a 5.43 ± 0.32a 7.49 ± 0.16a

P-T2 7.07 ± 0.12bc 6.53 ± 0.40b 6.30 ± 0.87b 6.00 ± 0.87b 6.77 ± 0.06a 4.37 ± 0.12b 6.44 ± 0.09b

P-T3 7.50 ± 0.30ab
7.17 ±
0.58ab

6.33 ± 0.58ab 6.10 ± 0.69b 6.37 ± 0.12b 5.03 ± 0.25a 6.76 ± 0.31b

P-CK 6.80 ± 0.50c 6.43 ± 0.51b 6.27 ± 0.25b 6.40 ± 0.36ab 6.43 ± 0.12b 4.17 ± 0.29b 6.33 ± 0.34b

Middle

P-T1 8.33 ± 0.21a 8.20 ± 0.10a 8.33 ± 0.15a 8.20 ± 0.10a 6.60 ± 0.26a 5.90 ± 0.17a 7.92 ± 0.13a

P-T2 8.30 ± 0.01a
8.13 ±
0.06ab

8.27 ± 0.06a 8.13 ± 0.12a 6.67 ± 0.06a 5.93 ± 0.12a 7.88 ± 0.03a

P-T3 8.10 ± 0.2ab 8.00 ± 0.10bc 8.23 ± 0.15a 8.27 ± 0.21a 6.67 ± 0.15a 5.67 ± 0.42a 7.78 ± 0.10a

P-CK 8.00 ± 0.10b 7.83 ± 0.12c 8.20 ± 0.02a 8.00 ± 0.17a 6.17 ± 0.15b 5.57 ± 0.12a 7.61 ± 0.03b

Lower

P-T1 8.13 ± 0.06a 8.03 ± 0.06a 8.13 ± 0.06a 6.33 ± 0.29a 5.10 ± 0.17b 5.67 ± 0.12a 7.39 ± 0.03ab

P-T2 8.10 ± 0.17a 8.10 ± 0.10a 8.17 ± 0.06a 6.20 ± 0.36a 6.00 ± 0.70a 5.60 ± 0.10a 7.47 ± 0.10a

P-T3 8.07 ± 0.06a 8.03 ± 0.06a 8.13 ± 0.12a 6.33 ± 0.29a 5.53 ± 0.40ab 5.53 ± 0.06a 7.40 ± 0.08ab

P-CK 7.77 ± 0.25b 7.53 ± 0.35b 7.90 ± 0.35a 5.00 ± 0.92b 4.80 ± 1.00b 5.20 ± 0.61a 6.89 ± 0.39b
Flue-cured tobacco appearance quality weight: color, 0.3; maturity, 0.25; leaf structure, 0.15; leaf body, 0.12; oil, 0.1; chroma, 0.2. “Total worth” = “color” × 0.3 + “maturity” × 0.25 + “leaf
structure” × 0.15 + “leaf body” × 0.12 + “oil” × 0.1 + “chroma” × 0.2. Within the same data column, shared prefix letters indicate the same growth period, while different lowercase letters denote
statistically significant differences between control and experimental groups (p < 0.05). P, Prosperously growing stage; CK, Control group; T, Treatment group.
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another main nitrogen form absorbed by tobacco: it is produced in

soil via nitrification, can be absorbed by tobacco roots, and then

converted into amino acids and proteins required by tobacco. Both

forms of nitrogen are key factors that drive tobacco cell division,

protein synthesis, and photosynthesis (42). The increase of

ammonium nitrogen could promote the synthesis of fatty acids,

thereby increasing the oil content in tobacco leaves. Therefore, the

utilization of nitrogen can promote tobacco growth and improve

tobacco quality (43). Microorganisms such as Bacillus and

Pseudomonas can convert insoluble soil nitrogen sources into

soluble nitrogen through their metabolic activities and boost soil

available nitrogen content, which is consistent with the results of

Liang et al. (44). Moreover, Bacillus secretes proteases and ureases

to lyse proteins and decompose urea in the soil into NH4
+-N (45).

NH4
+-N can be oxidized to nitrite nitrogen (NO2

–N), and through

nitrification, NO2
–N can be converted to NO3

–N (46). When

Bacillus and Pseudomonas are used in combination, they can

synergistically enhance the contents of NH4
+-N and NO3

–N in

the soil through multiple complementary pathways.

Based on the strong correlation between plant growth and

microbial ecological characteristics, this study investigated the

rhizosphere soil microbial composition of tobacco during the

prosperously growing stage. a-diversity analysis showed that each

treatment group significantly affected the bacterial diversity in

tobacco rhizosphere soil. The increased nutrient demand of

tobacco intensified the competit ion among microbial

communities. In addition, the application of Bacillus accelerated

the succession process of bacterial communities (e.g., those

dominated by Bacillus), and further exacerbated bacterial

competition, which in turn led to reduced diversity and richness.

Previous studies have shown that the application of Bacillus can

alter soil microbial community structure and reduce the abundance

of soil microbial pathogens (47). In this study, the sampling period

was the prosperously growth stage of tobacco, during which AK in

the soil was absorbed in large quantities by tobacco plants.

Moreover, the experimental site is located in southern China,

with red soil as the soil type and low soil pH. Such soil

conditions provide a favorable growth environment for the

Bacillus genus, enabling it to quickly occupy a dominant position

in the soil microbial community. Furthermore, Bacillus can secrete

organic acids such as gluconic acid and citric acid, which can

further reduce soil pH. This change can inhibit the enrichment of

most gram-negative bacteria, resulting in a decrease in microbial

abundance (48). While the application of Pseudomonas showed

some differences from the control group, the degree of difference

was less than that of the Bacillus treatment group. Analysis at the

phylum level revealed that the top four phyla in each treatment

group were Proteobacteria, Actinobacteriota, Chloroflexi, and

Acidobacteriota. The application of Bacillus significantly increased

the abundance of Proteobacteria and Actinobacteriota.

Proteobacteria can promote plant growth and enhance plant

stress resistance through various mechanisms, including nitrogen

fixation, phosphorus solubilization, production of plant hormones

(e.g., indole-3-acetic acid, gibberellins, and polyamines), and

secretion of antifungal compounds and hydrolytic enzymes to
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inhibit soil-borne diseases (49). Actinobacteriota can regulate soil

microbial community structure, mediate nutrient element

transformation and plant uptake, and catalyze the degradation of

organic pollutants and the redox process of heavy metals to protect

tobacco-planting soil (50). Moreover, Actinobacteriota can improve

soil physicochemical properties by secreting substances such as

extracellular polysaccharides, enhance soil aggregate stability, and

boost soil aeration and water retention, thereby providing a better

growth environment for plant roots (51). In addition, our principal

coordinate analysis (PCoA) of each treatment group indicated that

the application of Bacillus and Pseudomonas had a significant

impact on soil structure, which is consistent with the research

results of Mawarda et al. (52). We also conducted LEfSe multi-level

species difference analysis on each component, screening out 105

bacterial taxa with specific detailed information (populations

defined from phylum to genus, LDA threshold = 2). Based on the

db-RDA analysis, it was found that the T1 treatment group showed

a stronger positive correlation with pH, which may be attributed to

the massive secretion of organic acids by Bacillus. The T2 and T3

treatment groups exhibited a stronger positive correlation with

NH4
+-N and NO3

–N, which may be due to Bacillus secreting

various enzymes to decompose proteins and urea into NH4
+-N,

and further increasing NO3
–N in the soil through nitrification (43).

In contrast, Pseudomonas enhances the contents of NH4
+-N and

NO3
–N in the soil via enzymes and metabolites (53). The T2 and T3

treatment groups exerted a greater impact on A-P, NH4
+-N, and

NO3
--N. Both groups contained Pseudomonas, a Gram-negative

bacterium known for its metabolic diversity and strong

environmental adaptability (54). Pseudomonas can secrete low-

molecular-weight organic acids (e.g., citric acid, oxalic acid, and

gluconic acid) through metabolism; this reduces soil pH, promotes

the dissolution of insoluble phosphates (Ca3(PO4)2, FePO4, AlPO4),

and releases soluble phosphate (PO4³
-) (55). Additionally,

Pseudomonas secretes acid phosphatases (encoded by genes such

as phoA and phoD), which hydrolyze organic phosphorus

compounds to increase soil phosphate (PO4³
-) content (56).

Furthermore, it can secrete proteases to dissolve proteins and

ureases to hydrolyze urea, thereby releasing NH4
+ (57, 58).

Meanwhile, Pseudomonas regulates soil NO3
--N content through

its own nitrification activity and by inhibiting denitrification. The

metabolites secreted by Pseudomonas can provide carbon sources or

electron donors for ammonia-oxidizing bacteria (such as

Nitrosomonas), indirectly promoting the conversion of

NH4
+→NO2

-→NO3
- (53). The T1 treatment group was

significantly correlated with changes in soil pH. Bacillus subtilis

can reduce soil pH by secreting acidic substances and organic acids

in saline-alkali soil, thereby alleviating saline-alkali stress (59).

However, some Bacillus species (e.g., Bacillus mucilaginosus and

Bacillus megaterium) can increase soil pH by secreting metabolites

and improving soil organic matter (OM) (60). Furthermore, we

analyzed the correlation between the top 30 phyla and soil

physicochemical properties. The results showed that bacterial

communities at different phylum levels were significantly

correlated with soil physicochemical properties. Myxococcota and

Entotheonellaeota were significantly positively correlated with soil
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NO3
--N content, while Nitrospirota was significantly positively

correlated with soil OM content. Additionally, we used the

BugBase database to analyze the functional characteristics of soil

microbial communities under each tobacco treatment. The results

indicated that T1 microbial organic fertilizer significantly promoted

the increase in mobile genetic elements, Gram-positive

characteristics, and oxygen utilization. T2 microbial organic

fertilizer had significant impacts on Gram-positive bacteria and

oxygen utilization. T3 played an important role in enhancing soil

stress resistance, Gram-positive characteristics, and oxygen

utilization. This indicates that applying microbial organic

fertilizer with mixed bacterial strains may be more conducive to

assisting plants in defense and helping them resist adverse external

environments than that with a single bacterial strain (61).

Here, the results revealed the effects of two microbial inoculants

on soil physicochemical properties, rhizosphere microorganisms,

and tobacco leaf traits. It provides insights for the microbial

regulation of cash crop quality, offers a practical basis for

developing sustainable agricultural management strategies, and

holds important guiding significance for reducing chemical

fertilizer application.
5 Conclusion

This study investigated the changes in soil microbial

communities during the prosperously growth stage of tobacco

after applying different microbial inoculants. The results showed

that the application of various microbial inoculants during this

stage increased soil organic matter, available phosphorus, available

potassium, ammonium nitrogen, and nitrate nitrogen levels.

Notably, the application of T1 significantly increased the relative

abundance of Proteobacteria and Actinobacteriota in the soil,

remarkedly raised the number of Gram-positive bacteria, and

inhibited Gram-negative bacteria, thereby improving the

appearance quality of tobacco leaves during the prosperously

growing stage. These findings provide a valuable basis for further

research into the role of microbial inoculants in promoting tobacco

growth and enhancing agricultural productivity.
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