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Microbes in the rhizosphere make significant contributions to nutrient cycling 
and plant health maintenance. Tobacco is an important commercial crop, and 
the methods used for seedling cultivation significantly influence the rhizosphere 
soil microenvironment. Compared to conventional seedling practices, the use of 
agricultural waste—such as sunflower straw—to fabricate biodegradable nursery 
containers represents an environmentally friendly alternative technology. This 
approach may exert specific potential effects on the structure and function of 
microbial communities in the tobacco rhizosphere. In this study, Yunyan-301 
was used as the test material, and field experiments were carried out at two test 
sites (BT and HCZ). Each site included two treatments: conventional seedling 
cultivation (CK) and sunflower straw-based natural bowl seedling cultivation 
(T). While tobacco was harvested, a rhizosphere soil sample of tobacco was 
collected for microbial analysis. The results showed that sunflower straw-based 
natural bowl seedling cultivation led to a less diverse but functionally specialized 
microbial community. The specific alterations in the abundance of core taxa (e.g., 
Proteobacteria, Acidobacteria, Sphingomonas, Pseudoduganella, Luteitalea) suggest 
a potential ecological advantage, where the enriched community may be more 
efficient in utilizing sunflower straw-derived compounds and providing host-
beneficial functions. Predictions of microbial community functions revealed that 
sunflower straw-based natural bowl seedling cultivation significantly enhanced the 
capacity of carbon fixation and oxidative phosphorylation, effectively improving the 
metabolic activity and carbon cycling ability of tobacco rhizosphere microbes. In 
summary, sunflower straw-based natural bowl seedling cultivation effectively alter 
the microenvironment of tobacco rhizosphere soil, thereby enriching functional 
microbial taxa and related metabolic pathways that were beneficial to soil health 
and tobacco growth. However, its effect was modulated by the environmental 
background of the test sites. In future research and actual production, further 
optimization of the sunflower straw-based natural bowl seedling cultivation should 
be conducted, and attempts should be made to assist in green and sustainable 
tobacco cultivation from the perspective of microbial community management.
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1 Introduction

Tobacco (Nicotiana tabacum L.) is a crucial economic crop that 
plays a pivotal role in the national economy (Chen et al., 2022). As the 
world’s largest producer and consumer of tobacco, China’s tobacco 
industry contributes substantial tax revenues and provides 
employment for millions of farmers, serving as a vital pillar for rural 
revitalization and regional economic development. However, the 
sustainability of tobacco production is challenged by constraints in 
seedling cultivation. Conventional methods are plagued by issues such 
as soil-borne diseases, prolonged seedling periods, and low transplant 
survival rates, which are often linked to detrimental changes in soil 
microecology and ultimately hinder the industry’s sustainable 
development (Antoneli et  al., 2023). In this context, innovative 
seedling cultivation techniques have emerged as critical breakthroughs 
for optimizing tobacco cultivation systems and achieving green 
sustainable development. Among these, utilizing agricultural waste 
(e.g., sunflower straw) to produce biodegradable nursery pots has 
shown promise not only in improving seedling quality but also in 
modulating the rhizosphere microenvironment. Yet, how this 
environment-friendly alternative specifically influences the structure 
and function of rhizosphere microbial communities—a key 
determinant of plant health—remains poorly understood.

In production, commonly used methods for tobacco seedling 
nursery include seedbed seedling technology and floating-seedling 
technology. Among emerging innovations, the seedling bowl 
technique has attracted considerable attention due to its efficient use 
of space, improved seedling uniformity, and enhanced root protection, 
which collectively contribute to higher transplant survival rates. While 
traditional plastic bowls offer mechanical strength and effective root 
containment, their widespread use poses environmental risks such as 
microplastic pollution from improperly discarded residues—a 
growing concern in sustainable agriculture (Piehl et al., 2018; Qi et al., 
2018). In response, research on biodegradable alternatives derived 
from agricultural waste has gained momentum (Anirudh et al., 2024; 
Qi et  al., 2023). Sunflower straw, in particular, has emerged as a 
promising material for manufacturing eco-friendly seedling bowls. Its 
rigid structure provides mechanical protection during handling and 
transport, while its porous internal architecture, high cellulose 
content, structural stability conferred by lignin, and substantial 
potassium content make it ideally suited for supporting seedling 
growth. Using sunflower straw as a seedling bowl can effectively 
ensure the survival rate of tobacco seedlings, and transplanting to the 
field is more convenient. After transfer, the roots of tobacco seedlings 
can be well buffered and grown in the straw, avoiding the influence of 
unfavorable factors in the soil when the root system is not fully 
developed. Moreover, as the straw decomposes, it releases bioactive 
compounds such as phenolic acids and soluble carbon, which can 
stimulate microbial activity and modulate plant–soil feedback (Bailey 
and Lazarovits, 2003). This gradual degradation process also promotes 
a stable rhizosphere environment—an important factor since the 
assembly and stability of microbial communities require extended 
periods of development (Kaurin et al., 2020). Thus, sunflower straw-
based bowls not only support early root growth but may also 
contribute to the stabilization of the rhizosphere microbial community, 
offering a synergistic benefit for sustainable tobacco production.

Rhizosphere microbes, which are considered to be  part of the 
second genome of plants, play a fundamental role in plant growth and 

health (Edwards et al., 2015). Microorganisms from the rhizosphere 
interact with tobacco roots can promote the improvement of soil quality 
by mobilizing nutrients and transforming organic matter in soil; In 
addition, the specific root metabolites released by plant roots may 
recruit a specific rhizosphere microbiome and then enhances plant 
adaptation and resistance to adverse environments (Mokabel et al., 
2022). Gu et al. (2020) isolated plant growth-promoting rhizobacterial 
Pseudomonas mediterranea from tobacco rhizosphere and found that 
they exhibited strong antagonistic effects against a series of plant 
pathogenic fungi and bacteria. It has been reported that about 35–40% 
of straw carbon can be converted into different types of organic carbon 
during straw decomposition, such as soluble organic carbon and 
microbial biomass carbon, which can be used as energy and nutrient 
sources by soil microbes, thereby changing the composition of soil 
microbial communities (Su et al., 2020). Xie et al. (2025) conducted a 
shotgun metagenomic sequencing analysis and found that the treatment 
of straw notably altered soil microbial functions in corn rhizosphere, 
especially in carbon cycling and nutrient metabolism. Furthermore, a 
study on rice seedling cultivation using straw as a growth substrate 
showed that the bacterial biomass associated with carbon and nitrogen 
cycling was significantly greater in the straw-based treatment compared 
to the control. This approach also markedly improved the growth 
performance of the rice seedlings (Wang et al., 2021). Together, these 
findings offer further evidence that the rational incorporation of straw 
into agricultural practices actively enhances the soil carbon pool.

Therefore, investigating the specific effects of sunflower stalks 
bowl on the structure and ecological functions of tobacco rhizosphere 
microbial communities during the seedling stage will provide a 
theoretical basis for developing environment-friendly seedling 
cultivation techniques. In this study, sunflower straw was processed 
for used as seedling bowl, and high-throughput sequencing practices 
was applied to reveal the potential impact of this technique on the 
modulation of tobacco rhizosphere bacterial communities. This study 
is expected to provide a reference for the innovation of tobacco green 
cultivation technology and the utilization of straw resources.

2 Materials and methods

2.1 Site description

The experiment was conducted from June to September 2024 in 
Beipiao City, Liaoning Province. Experimental fields were established 
at two tobacco-growing sites, Beita Township (BT) and Heichengzi 
Township (HCZ), located approximately 20 km apart. The soil 
physicochemical properties for each site are summarized in Table 1. 
The experimental sites located between 41°20′ to 42°30′N latitude and 
120°16′ to 121°20′E longitude. This region experiences a 
mid-temperate monsoonal continental climate, with an average 
annual temperature of 8.6 °C and annual rainfall of 509 mm. The 
frost-free period extends approximately 153 days annually, while the 
mean annual sunshine duration reaches 2,983 h.

2.2 Experimental design

The tobacco variety used in this study was Yunyan-301, a widely 
cultivated cultivar in China. A randomized complete block design 
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(RCBD) was employed at each experimental site separately, with each 
site treated as an environmental block. Within each site, the two 
treatments, conventional seedling cultivation (CK) and sunflower 
straw-based natural seedling bowl cultivation (T), were randomly 
assigned to plots. This resulted in four distinct treatment groups: BTCK, 
BTT, HCZCK, and HCZT. Each treatment replicated three times.

For conventional seedling cultivation, 128-cell plastic trays were 
utilized with a substrate mixture of peat soil and vermiculite (3:1 
ratio), followed by plastic film mulching for thermal insulation after 
sowing. The sunflower straw-based natural seedling bowl were 
prepared by sectioning uniform sunflower straw (4 cm diameter) into 
5 cm segments, and the inner pulp of the sunflower straw were 
compacted to the bottom with a 3 cm diameter wooden rod. After 
filling the identical substrate, the tobacco seeds were evenly scattered 
on the surface of the sunflower straw-based natural seedling bowl, 
covered with a layer of thin soil, and watered to keep the soil moist 
(Figure 1).

Before transplanting, basal fertilizers were applied at a rate of 
1,500 kg/ha decomposed farmyard manure combined with 50 kg/ha 
tobacco-specific compound fertilizer (N-P₂O₅-K₂O = 10–10-20). 
After 45 days of growing seedlings, uniform healthy tobacco seedlings 
with 4–5 leaves stage were transplanted into the field at a spacing of 
1.1–1.2 m between rows and 0.45–0.5 m between plants, and a 
transplanting density was of 16,500–19,500 plants per hectare. All the 
tobacco plants were in-followed standard local field management 
throughout the whole growth periods.

2.3 Soil sample collection

Before the harvesting of tobacco leaves, five healthy plants 
were randomly collected in each plot. When taking soil samples, 
the topsoil was removed first, and then, the loose soil was shaken 
off from roots (the depth of roots was about 10 cm), and the soil 
closely attached to the root system was collected as rhizosphere 
soil by brushing it off. After sampling, the soil from five plants in 
each plot was mixed to create one composite sample, then sieved 
with a 2 mm mesh to remove large particles. Each composite 
sample were packed into three 15 mL sterilized centrifuge tubes 
(three biological triplicates), placed in iceboxes, and brought 
back to the laboratory, where they were maintained in the 
refrigerator at −80 °C for extracting soil DNA and high-
throughput sequencing.

2.4 DNA extractions and microbial 
community sequencing

Fresh soil samples (0.5 g) were used for DNA extraction with 
the E.Z.N.A.® Soil DNA Kit (MO BIO Laboratories Inc., Carlsbad, 

CA, USA). The DNA extract was checked on 1% agarose gel, and 
the concentration and purity of DNA were determined by 
NanoDrop  2000 UV–Vis spectrophotometer (Thermo Fisher 
Scientific, Wilmington, NC, United  States). The V1-V9 
regions of the bacterial 16 s rRNA genes were amplified using 
primers 27F (5′- AGAGTTTGATCMTGGCTCAG-3′) and 1492R 
(5′-CRGYTACCTTGTTACGACTT-3′). The PCR amplification 
reaction system containing 5 × FastPfuBuffer 4 μL, 2.5 mM dNTPs 
2 μL, Forward Primer (5 μM) 0.8 μL, Reverse Primer (5 μM) 0.8 μL, 
FastPfu Polymerase 0.4 μL, BSA 0.2 μL, Template DNA 10 ng, and 
finally DDH2O reached 20 μL. PCR reaction parameters were 
pre-denaturation for 5 min at 94 °C, followed by 40 cycles of 94 °C for 
30 s, 55 °C for 30 s and 72 °C for 1 min, and held at 10 °C 
until analysis.

The PCR product was extracted from 2% agarose gel and purified 
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 
Union City, CA, USA), according to manufacturer’s instructions, and 
quantified using Quantus™ Fluorometer (Promega, USA). High 
quality genomic DNA was used to prepare a SMRTbell library by 
using a SMRTbell Template Prep Kit 2.0 and then sequenced using the 
Sequel II sequencing platform (Shanghai Biozeron Biotechnology Co. 
Ltd., Shanghai, China).

2.5 Amplicon sequencing data processing

After sequencing data were generated, PacBio SMRT 
sequencing data were filtered for quality control (minimum 
number of passes = 3, minimum predicted accuracy = 0.99) 
employing SMRT Link (version 11.0) software, to obtain circular 
consensus sequence (CCS) reads for subsequent analysis. The 
SMRT portal assembly software was used to filter out the 
low-quality reads (<1,000 bp or >1800 bp), and further filter out 
barcode and primer sequences with lima pipeline to obtain high-
quality CCS reads.

High quality sequence clustering was performed using UPARSE 
v10 software to obtain Operational Taxonomic Units (OTUs) based 
on 98.65% similarity (Edgar, 2013). The phylogenetic affiliation of 
each 16S rRNA gene sequence was analyzed by uclust algorithm1 
against the Silva (SSU138.1) 16S rRNA database2 using confidence 
threshold of 80% (Quast et al., 2013). The community composition of 
each sample was subsequently determined at the phylum, class, order, 
family, genus, and species levels.

1  https://github.com/topics/uclust

2  http://www.arb-silva.de

TABLE 1  Physicochemical properties of soil at the experiment site.

Experimental 
sites

Soil types Organic 
matter (%)

Total nitrogen 
(g/kg)

Available phosphorus 
(mg/kg)

Available potassium 
(mg/kg)

pH

BT Sandy loam 1.24 1.32 8.89 169.00 7.80

HCZ Sandy loam 1.00 1.21 8.29 207.56 7.64
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2.6 Bioinformatic and statistical analysis

Alpha diversity indices (Observed species, ACE, and Chao1) were 
calculated on a rarefied OTU table to correct for uneven sequencing 
depth. The rarefaction depth was set to 17,500 sequences per sample. 
Differences in alpha diversity between groups were statistically 
evaluated using the non-parametric Kruskal-Wallis test, followed by 
pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg false 
discovery rate (FDR) correction. Beta diversity was assessed based on 
Bray-Curtis and Jaccard distances, the resulting distance matrices 
were visualized using Principal Coordinate Analysis (PCoA). 
Permutational Multivariate Analysis of Variance (PERMANOVA) 
with 9,999 permutations was applied using the adonis2 function in the 
vegan package to test for significant differences in microbial 
community structure between samples.

To identify communities or species that had a significant 
differential effect on sample delineation, we used the non-parametric 
factorial Kruskal-Wallis sum-rank test method to detect characteristics 
with significant abundance differences and to identify taxa that 
differed significantly in abundance. Finally, linear discriminant 
analysis (LDA) effect sizes (LEfSe) was used for identifying differences 
in population abundance, and assessing the magnitude of the effect of 
each species abundance on the differences (Segata et  al., 2011). 
Functional potential of the microbial communities was predicted from 
the normalized OTUs table using PICRUSt2 against the 
KEGG database.

3 Results

3.1 Alpha diversity of the microbial 
communities

As shown in Figure 2, the curve of OTUs numbers (Figure 2A) 
constructed with sequencing reads and the rate of new OTUs 
discovery curves (Figure  2D) gradually plateaued with increasing 
sequencing depth, indicating that the sample size was sufficient and 
the sequencing depth met the requirements for subsequent analyses. 
Compared with the control (BTCK and HCZCK), the Observed 
species, Shannon, ACE and Chao1 of the microbial community in the 
rhizosphere soil of tobacco under sunflower straw-based natural bowl 
seedling (BTT, HCZT) exhibited a decreasing trend. Notably, in the 
HCZ experimental site, significant decreases in Observed species and 
Shannon indices were observed in tobacco rhizosphere soil under the 
HCZT treatment (Figures 2B,C,E,F).

3.2 Dissimilarities between microbial 
communities

As shown in Figure  3A, the relative abundances of microbial 
phyla, including Proteobacteria, Acidobacteria, Bacteroidetes, 
Actinobacteria, Planctomycetes, and Gemmatimonadetes, were the 
highest among all soil samples. PERMANOVA analysis revealed that 

FIGURE 1

Flow chart of sunflower straw-based natural bowl seedling and transplanting. (A) The inner pulp of the sunflower straw was compacted; (B) Straw bowl 
substrate filling and seeding; (C) Tobacco seedling emergence; (D) Screening of tobacco seedlings before transplanting; (E) Field transplanting of 
tobacco seedlings.
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the variation in microbial community structure among samples had 
an R2 value of 0.5297 and a p-value of 0.001 (Figure  3B). Core 
microbiota identification analysis indicated that the total relative 
abundance of core OTUs in the rhizosphere soil samples of BTT and 
HCZT was higher than that in BTCK and HZCCK, although the 
differences were not statistically significant (Figure 3C). Among the 
identified core microbial taxa, Proteobacteria accounted for the 
highest proportion (45.03%), followed by Acidobacteria (23.51%), 
Bacteroidetes (6.99%), Actinobacteria (6.01%), and Planctomycetes 
(5.55%) (Figure 3D).

3.3 Dominant species among microbial 
communities

Among the microbial phyla with the highest relative abundances 
(Figure 4A), the relative abundance of Proteobacteria was significantly 
higher in the rhizosphere soils of HCZT and BTCK compared to 
HCZCK and BTT, respectively. In the rhizosphere soils of BTCK and 
BTT, the relative abundance of Acidobacteria was higher than that in 
HCZCK and HCZT, whereas Bacteroidetes exhibited the opposite 
trend. Additionally, significant differences were observed in the 
relative abundances of Cyanobacteria, Actinobacteria, Spirochaetes, 
and Abditibacteriota between BTT and HCZT samples, but no 
significant differences were detected between BTCK and HCZCK 
samples (Figure  4C). At the genus level, Luteitalea, Pyrinomonas, 
Ramlibacter, Sphingomonas, and Hylemonella exhibited high 
dominance, with Luteitalea and Pyrinomonas belonging to the 

Acidobacteria phylum, and Ramlibacter, Sphingomonas, and 
Hylemonella classified under the Proteobacteria phylum (Figure 4B). 
The relative abundances of Luteitalea and Pyrinomonas were generally 
higher in the rhizosphere soils of BT compared to HCZ, whereas 
Ramlibacter showed the opposite pattern. Notably, the abundance 
differences of these three microbial genera between BTT and HCZT 
reached significant levels. Furthermore, significant differences were 
observed in the relative abundances of Variovorax, Pseudoduganella, 
Microvirga, Dolichospermum, and Gaiellad between BTT and HCZT 
samples, but no significant differences were detected between BTCK 
and HCZCK samples (Figure 4D).

3.4 Identification of key microbial taxa

Key microbial taxa were identified using LEfSe analysis and LDA 
scores (Supplementary Figure S1). In the BTCK vs. BTT comparison 
group, microbial phyla with higher LDA scores in the rhizosphere soil 
of BTCK included Proteobacteria, while the genus-level taxa were 
Ramlibacter, Devosia, and Dolichospermum. In the rhizosphere soil of 
BTT, microbial phyla with higher LDA scores were Acidobacteria and 
Actinobacteria, and the corresponding genus-level taxa were 
Pyrinomonas, Luteitalea, and Microvirga (Figure 5A). In the HCZCK 
vs. HCZT comparison group, microbial phyla with higher LDA scores 
in HCZCK rhizosphere soil included Acidobacteria, Planctomycetes, 
and Cyanobacteria, while the genus-level taxa were Pyrinomonas, 
Luteitalea, and Microvirga. In the rhizosphere soil of HCZT, microbial 
phyla with higher LDA scores were Proteobacteria, and the 

FIGURE 2

Alpha diversity of the microbial communities in different groups. (A) OTUs rarefaction curve. (B) Observed species. (C) Shannon index. (D) OTUs 
discovery curves. (E) ACE index. (F) Chao1 index. The lowercase letters indicate contrasts that are significantly different (p < 0.05) among different 
treatments.
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corresponding genus-level taxa were Ramlibacter, Variovorax, 
Niastella, and Methylotenera. Overall, the HCZCK vs. HCZT 
comparison group identified more differentially abundant microbial 
taxa (Figure 5B).

3.5 The functional predictions of microbial 
communities

Functional prediction of the microbial community was conducted 
based on the KEGG database. The results showed that the 
“Metabolism” category accounted for the highest proportion in the 
level-1 KEGG pathway annotation. Further analysis at the level-2 
revealed that “Carbohydrate metabolism,” “Amino acid metabolism,” 
“Energy metabolism,” and “Metabolism of cofactors and vitamins” 
exhibited significantly higher relative abundances compared to other 
functional categories (Figure  6A). At the level-3, key metabolic 
functions such as “Oxidative phosphorylation,” “Propanoate 

metabolism,” “Carbon fixation pathways in prokaryotes,” and “Citrate 
cycle (TCA cycle)” displayed higher relative abundances in the BTT 
and HCZTT samples compared to BTCK and HCZCK samples 
(Figure 6B). UPGMA clustering analysis indicated that the microbial 
community functions were most similar between BTCK and HCZCK, 
which indicated that the straw-based seedling cultivation treatment 
strongly influenced the functional potential of soil microbial 
communities in the tobacco rhizosphere (Figure 6C).

4 Discussion

Tobacco, as a critical economic crop, the dynamic changes of soil 
microbial community during its cultivation process exhibits profound 
impacts on tobacco plant health, nutrient absorption and disease 
prevention and control. In recent years, with the popularization of 
sustainable agriculture concepts, eco-friendly cultivation technologies 
utilizing agricultural waste (such as sunflower straw) as seedling 

FIGURE 3

Microbial community differential analysis. (A) Percentage of microbial community abundance at phylum. (B) Permutational multivariate analysis of 
variance (PERMANOVA) of microbial communities of different groups at the phylum level. (C) Relative abundance of shared species. (D) Percentage of 
the phyla in core microbiome. The lowercase letters indicate contrasts that are significantly different (p < 0.05) among different treatments.
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substrates have garnered significant attention. This approach not only 
mitigates environmental pollution caused by conventional plastic 
seedling bowl but also potentially regulates the composition and 
function of microbial communities by altering the physicochemical 
properties of rhizosphere soil.

4.1 Effects of sunflower straw-based bowl 
seedling on the microbial communities of 
tobacco

Using sunflower straw-based natural seedling bowl ensures a 
longer development buffer period for the root system after tobacco 

transplantation. Additionally, the decomposition process of sunflower 
straw in the soil can alter the microenvironment of tobacco rhizosphere 
soil (such as soil C/N, pH, etc.). It reported that during the process of 
straw decomposition, approximately 40% of the carbon (C) in the straw 
can be converted into dissolved organic C and microbial biomass C, 
which can serve as energy and nutrient sources for soil microorganisms, 
thereby changing the composition of the soil microbial community (Su 
et al., 2020). Changes in the structural characteristics of the microbial 
community in the rhizosphere soil of tobacco play a significant role in 
the expression of its ecological functions. Many studies have found that 
the addition straw can provide more complex soil microenvironment 
for microorganisms, thereby increasing the diversity index of soil 
bacterial community, particularly under high nitrogen, or continuous 

FIGURE 4

Dominant species among microbial communities. (A) Dominant phyla in microbial communities. (B) Dominant genera in microbial communities. 
(C) Relative abundance of dominant microbial phyla. (D) Relative abundance of dominant microbial genera. The lowercase letters indicate contrasts 
that are significantly different (p < 0.05) among different treatments.

https://doi.org/10.3389/fmicb.2025.1661023
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shi et al.� 10.3389/fmicb.2025.1661023

Frontiers in Microbiology 08 frontiersin.org

straw return (Zhang et al., 2024). However, our study found that the 
diversity index of microbial community structure in tobacco 
rhizosphere soil did not show an increasing trend under the sunflower 
straw-based natural bowl seedling mode, but rather a significant 
decrease. The lack of significant response in microbial diversity to low 
amounts of sunflower straw may be  attributed to microbial niche 
saturation, where the limited supplemental resources were insufficient 
to alter the established community structure or overcome community 
filtering mechanisms in the stable soil environment (Lu et al., 2017; 
Hargreaves et  al., 2015). Additionally, it is also possible that the 
addition of crop straw can specifically recruit certain key microbial 
taxa, thereby influencing microbial community diversity (Guo et al., 
2015). This selection is likely driven by the phenolic acids and complex 
lignin prevalent in sunflower straw. These compounds may serve as a 
selective substrate, stimulate microbial activity and modulate plant–soil 
feedback (Bailey and Lazarovits, 2003).

PERMANOVA analysis reflects the differences in microbial 
communities between sunflower straw-based natural bowl seedling 
cultivation and conventional seedling cultivation, with changes often 
associated with the impact of straw on the rhizosphere 
microenvironment of tobacco. For instance, the abundant carbon and 

nitrogen sources in the organic substrates of straw can promote the 
multiplication of specific functional microbes (Zhao et  al., 2016). 
Additionally, plant straw may release various specific secondary 
metabolites during decomposition, further influencing the dynamic 
balance of microbial communities (Liu et al., 2023). Notably, sunflower 
straw-based natural bowl seedling may indirectly affect microbial 
activity by altering soil water retention and aeration capacities. For 
example, organic matrices typically have high water-holding capacities, 
which may provide a more stable environment for aerobic microbes 
while reducing soil redox potential, thereby promoting the growth of 
anaerobic microbes. Such complex environmental changes could lead 
to significant differences in microbial community structures. Research 
has shown that under organic matter input, the relative abundances of 
Acidobacteria and Proteobacteria in the soil exhibit different trends 
(Shi et al., 2022). Our study also found that in two experimental sites, 
the relative abundances of Acidobacteria and Proteobacteria in 
tobacco rhizosphere soil under straw-based natural bowl seedling and 
conventional seedling exhibited different trends. Acidobacteria and 
Proteobacteria are considered microbial taxa with different nutritional 
strategies (r-strategy microbes and k-strategy microbes), and the 
differences in their abundances may reflect the specific effects of 

FIGURE 5

LEfSe analysis of the different microbial taxa in BTCK vs. BTT comparison group (A) and HCZCK vs. HCZT comparison group (B).
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different soil fertility levels and different seedling treatments on the 
microbial community structure of tobacco rhizosphere soil.

4.2 Key microbial taxa in microbial 
communities and the potential functional 
role

After comparing the microbial community structure between 
sunflower straw-based natural seedling bowl cultivation and 
conventional seedling cultivation, the identification of key microbial 
taxa is of great significance for understanding the ecological functions 
of microbial communities. The differences in core microbial taxa may 
reflect their adaptability to environmental changes and their potential 
roles in soil nutrient cycling, plant growth promotion or pathogen 
inhibition. The results showed that many microbial taxa, such as 
Pyrinomonas, Luteitalea, Microvirga under BTT treatment and 
Ramlibacter, Variovorax, Niastella, Methylotenera under HCZT 
treatment, were functionally related to organic matter degradation in 
soil ecosystems, and influence soil carbon and nitrogen transformation 
and cycling by releasing specific substances (Chen et al., 2020).

Functional predictive analysis can further reveal the impact of 
sunflower straw-based natural bowl seedling cultivation on the 

functional aspects of the tobacco rhizosphere soil ecosystem. 
Research findings indicate that at the level 1 KEGG functional 
annotation, categories such as “Carbohydrate metabolism,” “Amino 
acid metabolism,” and “Energy metabolism” exhibit relatively high 
abundance. Notably, under sunflower straw-based natural bowl 
seedling cultivation, the relative abundance of “Carbon fixation 
pathways” in the level 3 KEGG functional annotation was 
significantly higher compared to conventional seedling cultivation. 
This observed increase in carbon fixation-related functions aligns 
with the understanding that organic matter inputs, such as those 
derived from sunflower straw, can enhance microbial activity via the 
“rhizosphere priming effect.” As demonstrated by Insam and Markt 
(2016), this mechanism simultaneously stimulates both carbon 
fixation (anabolism) and organic matter decomposition (catabolism) 
among rhizosphere microorganisms, collectively promoting the 
transformation and mineralization of soil organic matter. The 
enhanced metabolic activity under sunflower straw treatment 
suggests that this cultivation practice may activate decomposer 
microorganisms, thereby accelerating the mineralization of organic 
matter (Deng et  al., 2021). Such functional enhancements likely 
contribute to an increased supply of available carbon sources in the 
soil, which could in turn improve nutrient availability and support 
the growth of tobacco root systems.

FIGURE 6

Functional prediction of microbial communities. (A) The bar graph shows the main potential function of the tobacco rhizosphere soil microbial 
community on KEGG level-1 and level-2. (B) Cluster heat map analysis on the relative abundance of KEGG microbial function at level-3 pathways 
between different groups. (C) The UPGMA clustering of the microbial function.
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“Oxidative phosphorylation” is a metabolic pathway that generates 
ATP by utilizing energy released from the oxidation of nutrients (Luo 
et  al., 2017). Under sunflower straw-based natural bowl seedling 
cultivation, the increased relative abundance of this pathway suggests 
a potential enhancement of energy production within the tobacco 
rhizosphere soil microbial communities. This may provide more 
energy for microbial metabolism, which could facilitate straw 
decomposition and improve nutrient availability in the rhizosphere. 
However, it is important to note that these functional inferences are 
based on 16S rRNA gene sequencing and performed by using 
PICRUSt2, which may not fully capture the actual enzymatic activities 
or in situ metabolic rates. Thus, the link between gene abundance 
predictions and improved ATP generation should be interpreted as a 
plausible mechanistic hypothesis rather than a confirmed outcome.

4.3 The ecological advantage and potential 
challenges of sunflower straw-based bowl 
seedling

From an ecological perspective, sunflower straw-based natural 
bowl seedling cultivation may demonstrate advantages in multiple 
aspects. First, its use as an organic substrate can reduce environmental 
pollution caused by traditional plastic seedling bowl, while increasing 
soil organic matter content, improving soil structure, and enhancing 
soil water retention and aeration capabilities. Second, the abundant 
carbon source in sunflower straw may provide more energy sources 
for microbes, thereby promoting the functional diversity of microbial 
communities. Additionally, sunflower straw may contain specific 
secondary metabolites (such as lignin, flavonoid compounds, etc.), 
which may regulate microbial community composition and further 
influence soil ecological functions.

However, sunflower straw-based natural bowl seedling cultivation 
may also face some potential challenges. For instance, the 
decomposition process of straw may require a certain amount of time, 
which could affect the nutrient supply during the initial stage of 
seedling growth. Additionally, some organic substrates such as 
sunflower straw can release volatile organic compounds or other toxic 
substances during decomposition, which might negatively affect 
microbial community stability and plant health. Moreover, the 
physicochemical properties of sunflower straw, such as its carbon-to-
nitrogen ratio and lignin content, can vary significantly depending on 
its geographic origin, which may in turn influence the consistency and 
effectiveness of the method across different regions.

Given these potential variabilities and risks, long-term field studies 
are essential to evaluate the sustainability of this cultivation practice. 
Future research should focus on assessing the stability of the soil 
microbial community over time, as well as the long-term impacts on soil 
health under continuous application. Further investigations could also 
explore optimized straw amendment ratios, combinations with other 
organic amendments, and tailored agronomic practices to enhance the 
reliability and ecological benefits of this seedling cultivation system.

5 Conclusion

Overall, sunflower straw may influence the ecological functions of 
tobacco rhizosphere soil by altering the soil microenvironment and 

microbial community composition. Our results indicate that sunflower 
straw-based natural bowl seedling cultivation may promote the 
proliferation of certain beneficial microorganisms, including members 
of Proteobacteria, Acidobacteria, Sphingomonas, and Luteitalea. 
Additionally, functional prediction analysis suggests that this 
cultivation method may enhance carbon cycling-related functions, 
potentially improving soil nutrient supply capacity. Furthermore, it 
may strengthen the ability of tobacco rhizosphere microorganisms to 
participate in straw decomposition and nutrient cycling by increasing 
microbial energy metabolic processes. However, these functional 
insights are based on predictive bioinformatics methods and do not 
directly measure metabolic activity or enzyme expression, thus 
introducing inherent uncertainties. Future studies should therefore 
employ metagenomic or enzymatic assays to experimentally validate 
the predicted microbial functions and pathways.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found at: https://www.ncbi.nlm.nih.gov/, 
PRJNA1281805.

Author contributions

XS: Writing – original draft, Visualization, Formal analysis. MG: 
Writing  – original draft, Data curation, Investigation. SH: 
Investigation, Writing – original draft, Data curation. QH: Software, 
Writing – original draft, Formal analysis. AX: Writing – original draft, 
Software, Visualization. CJ: Resources, Funding acquisition, Writing – 
review & editing. XM: Writing  – review & editing, Supervision, 
Conceptualization.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This work was supported 
by the Science and Technology Project “Research on Natural Porous 
Container Seedling Technology in Tobacco” funded by China National 
Tobacco Corporation Liaoning.

Conflict of interest

XM was employed by China National Tobacco Corporation 
Liaoning Provincial Company.

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.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

https://doi.org/10.3389/fmicb.2025.1661023
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/


Shi et al.� 10.3389/fmicb.2025.1661023

Frontiers in Microbiology 11 frontiersin.org

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the reviewers. 
Any product that may be evaluated in this article, or claim that may 
be  made by its manufacturer, is not guaranteed or endorsed by 
the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1661023/
full#supplementary-material

References
Anirudh, M. K., Lal, A. M. N., Harikrishnan, M. P., Jose, J., Thasim, J., Warrier, A. S., 

et al. (2024). Sustainable seedling pots: development and characterisation of banana 
waste and natural fibre-reinforced composites for horticultural applications. Int. J. Biol. 
Macromol. 270:132070. doi: 10.1016/j.ijbiomac.2024.132070

Antoneli, V., Bednarz, J. A., and Thomaz, E. L. (2023). Tobacco harvest phase is critical 
to runoff and soil loss in conventional tillage system. Soil Use Manag. 39, 249–259. doi: 
10.1111/sum.12824

Bailey, K. L., and Lazarovits, G. (2003). Suppressing soil-borne diseases with residue 
management and organic amendments. Soil Tillage Res. 72, 169–180. doi: 
10.1016/S0167-1987(03)00086-2

Chen, S., Qi, G., Ma, G., and Zhao, X. (2020). Biochar amendment controlled bacterial 
wilt through changing soil chemical properties and microbial community. Microbiol. 
Res. 231:126373. doi: 10.1016/j.micres.2019.126373

Chen, D., Wang, M., Wang, G., Zhou, Y., Yang, X., Li, J., et al. (2022). Functional 
organic fertilizers can alleviate tobacco (Nicotiana tabacum L.) continuous cropping 
obstacle via ameliorating soil physicochemical properties and bacterial community 
structure. Front. Bioeng. Biotechnol. 10:693. doi: 10.3389/fbioe.2022.1023693

Deng, J., Frolking, S., Bajgain, R., Cornell, C. R., Wagle, P., Xiao, X., et al. (2021). 
Improving a biogeochemical model to simulate microbial-mediated carbon dynamics 
in agricultural ecosystems. J Adv Model Earth Syst 13:e2021MS002752. doi: 
10.1029/2021ms002752

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial 
amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., 
et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of 
rice. Proc. Natl. Acad. Sci. USA 112, E911–E920. doi: 10.1073/pnas.1414592112

Gu, Y., Wang, J., Xia, Z., and Wei, H. L. (2020). Characterization of a versatile plant 
growth-promoting Rhizobacterium Pseudomonas mediterranea strain S58. 
Microorganisms 8:334. doi: 10.3390/microorganisms8030334

Guo, Z., Zhou, A., Yang, C., Liang, B., Sangeetha, T., He, Z., et al. (2015). Enhanced 
short chain fatty acids production from waste activated sludge conditioning with typical 
agricultural residues: carbon source composition regulates community functions. 
Biotechnol. Biofuels 8:192. doi: 10.1186/s13068-015-0369-x

Hargreaves, S. K., Williams, R. J., and Hofmockel, K. S. (2015). Environmental filtering 
of microbial communities in agricultural soil shifts with crop growth. PLoS One 
10:e0134345. doi: 10.1371/journal.pone.0134345

Insam, H., and Markt, R. (2016). Synergistic co-digestion of solid-organic-waste and 
municipal-sewage-sludge: 1 plus 1 equals more than 2 in terms of biogas production and 
solids reduction. Water Res. 87, 416–423. doi: 10.1016/j.watres.2016.02.053

Kaurin, A., Gluhar, S., Tilikj, N., and Lestan, D. (2020). Soil washing with 
biodegradable chelating agents and EDTA: effect on soil properties and plant growth. 
Chemosphere 260:127673. doi: 10.1016/j.chemosphere.2020.127673

Liu, X., Liu, H., Zhang, Y., Chen, G., Li, Z., and Zhang, M. (2023). Straw return drives 
soil microbial community assemblage to change metabolic processes for soil quality 
amendment in a rice-wheat rotation system. Soil Biol. Biochem. 185:109131. doi: 
10.1016/j.soilbio.2023.109131

Lu, X. M., Lu, P. Z., and Yang, K. (2017). Restoration using Azolla imbricata increases 
nitrogen functional bacterial groups and genes in soil. Appl. Microbiol. Biotechnol. 101, 
3849–3859. doi: 10.1007/s00253-017-8108-9

Luo, Q., Peng, M., Zhang, X., Lei, P., Ji, X., Chow, W., et al. (2017). Comparative 
mitochondrial proteomic, physiological, biochemical and ultrastructural profiling reveal 
factors underpinning salt tolerance in tetraploid black locust (Robinia pseudoacacia L.). 
BMC Genomics 18:648. doi: 10.1186/s12864-017-4038-2

Mokabel, S., Olama, Z., Ali, S., and El-Dakak, R. (2022). The role of plant growth 
promoting rhizosphere microbiome as alternative biofertilizer in boosting Solanum 
melongena L. adaptation to salinity stress. Plants 11:659. doi: 10.3390/plants11050659

Piehl, S., Leibner, A., Löder, M. G. J., Dris, R., Bogner, C., and Laforsch, C. (2018). 
Identification and quantification of macro- and microplastics on an agricultural 
farmland. Sci. Rep. 8:17950. doi: 10.1038/s41598-018-36172-y

Qi, Y. L., Yang, X. M., Pelaez, A. M., Lwanga, E. H., Beriot, N., Gertsen, H., et al. 
(2018). Macro- and micro- plastics in soil-plant system: effects of plastic mulch film 
residues on wheat (Triticum aestivum) growth. Sci. Total Environ. 645, 1048–1056. doi: 
10.1016/j.scitotenv.2018.07.229

Qi, L., Zhang, B., Ma, Y., and Zhang, W. (2023). Forming and degradation mechanism 
of bowl seedling tray based on straw lignin conversion. Agronomy 13:453. doi: 
10.3390/agronomy13020453

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, 590–596. doi: 10.1093/nar/gks1219

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. 
(2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 
10.1186/gb-2011-12-6-r60

Shi, R., Wang, S., Xiong, B., Gu, H., Wang, H., Ji, C., et al. (2022). Application of 
bioorganic fertilizer on Panax notoginseng improves plant growth by altering the 
rhizosphere microbiome structure and metabolism. Microorganisms 10:275. doi: 
10.3390/microorganisms10020275

Su, Y., Yu, M., Xi, H., Lv, J., Ma, Z., Kou, C., et al. (2020). Soil microbial community 
shifts with long-term of different straw return in wheat-corn rotation system. Sci. Rep. 
10:6360. doi: 10.1038/s41598-020-63409-6

Wang, J., Wei, S., and Wei, L. (2021). Effect of straw decomposition agent on rice 
seedling quality and the substrate microorganism. J. Nucl. Agric. Sci. 35, 2413–2422. doi: 
10.11869/j.issn.100-8551.2021.10.2413

Xie, Y., Xiang, J., Long, L., Ma, Y., Xing, Z., Wang, L., et al. (2025). Impact of different 
treatment methods and timings on soil microbial communities with transgenic maize 
straw return. Sci. Rep. 15:24820. doi: 10.1038/s41598-025-09851-w

Zhang, M., Dang, P., Haegeman, B., Han, X., Wang, X., Pu, X., et al. (2024). The effects 
of straw return on soil bacterial diversity and functional profiles: a meta-analysis. Soil 
Biol. Biochem. 195:109484. doi: 10.1016/j.soilbio.2024.109484

Zhao, S., Li, K., Zhou, W., Qiu, S., Huang, S., and He, P. (2016). Changes in soil 
microbial community, enzyme activities and organic matter fractions under long-term 
straw return in north-Central China. Agric. Ecosyst. Environ. 216, 82–88. doi: 
10.1016/j.agee.2015.09.028

https://doi.org/10.3389/fmicb.2025.1661023
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1661023/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1661023/full#supplementary-material
https://doi.org/10.1016/j.ijbiomac.2024.132070
https://doi.org/10.1111/sum.12824
https://doi.org/10.1016/S0167-1987(03)00086-2
https://doi.org/10.1016/j.micres.2019.126373
https://doi.org/10.3389/fbioe.2022.1023693
https://doi.org/10.1029/2021ms002752
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.3390/microorganisms8030334
https://doi.org/10.1186/s13068-015-0369-x
https://doi.org/10.1371/journal.pone.0134345
https://doi.org/10.1016/j.watres.2016.02.053
https://doi.org/10.1016/j.chemosphere.2020.127673
https://doi.org/10.1016/j.soilbio.2023.109131
https://doi.org/10.1007/s00253-017-8108-9
https://doi.org/10.1186/s12864-017-4038-2
https://doi.org/10.3390/plants11050659
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.3390/agronomy13020453
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.3390/microorganisms10020275
https://doi.org/10.1038/s41598-020-63409-6
https://doi.org/10.11869/j.issn.100-8551.2021.10.2413
https://doi.org/10.1038/s41598-025-09851-w
https://doi.org/10.1016/j.soilbio.2024.109484
https://doi.org/10.1016/j.agee.2015.09.028

	Harnessing sunflower stalk-based bowl for sustainable tobacco seedling and cultivation: influence on rhizosphere microbiome and carbon cycling
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design
	2.3 Soil sample collection
	2.4 DNA extractions and microbial community sequencing
	2.5 Amplicon sequencing data processing
	2.6 Bioinformatic and statistical analysis

	3 Results
	3.1 Alpha diversity of the microbial communities
	3.2 Dissimilarities between microbial communities
	3.3 Dominant species among microbial communities
	3.4 Identification of key microbial taxa
	3.5 The functional predictions of microbial communities

	4 Discussion
	4.1 Effects of sunflower straw-based bowl seedling on the microbial communities of tobacco
	4.2 Key microbial taxa in microbial communities and the potential functional role
	4.3 The ecological advantage and potential challenges of sunflower straw-based bowl seedling

	5 Conclusion

	References

