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Effects of tobacco plant residue return 
on rhizosphere soil microbial community
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Abstract 

Purpose:  Based on the recycling principle, returning of tobacco crop residues into the field is a common agronomic 
practice. However, comprehensive knowledge about the effects of tobacco plant residue return on the rhizosphere 
soil microbial community is very limited.

Methods:  After tobacco crop residue returning into the potted soil, 16S ribosomal RNA (rRNA) and internal tran-
scribed spacer (ITS) amplicon sequencing were employed to investigate the bacterial and fungal communities, 
respectively, from the tobacco rhizosphere soils.

Results:  The results showed that tobacco residue returning increased the diversity of microbial communities (bacte-
ria and fungi) and changed the species composition. It further increased the relative abundance of beneficial micro-
organisms. After tobacco residue returning, the structure of the rhizosphere soil microbial community network was 
found more complex with strong interactions among microbial species. In addition, the keystone species of bacterial 
and fungal communities associated with tobacco rhizosphere soil were altered. This had exerted a driving force to the 
beneficial bacteria such as Sphiningomonas and Psathyrella to the keystone microorganisms which played important 
roles in microbial species interaction.

Conclusions:  Tobacco residue return into soil showed significant effects on the microbial diversity, community 
composition, network structure, keystone microorganisms, and ecosystem functions of tobacco rhizosphere soils. This 
study provides a scientific basis for the improvement of tobacco field ecosystem functioning and ensuring soil health.

Keywords:  Tobacco residues, Bacterial community, Fungal community, Network analysis, Keystone species, 
Functional prediction
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Introduction
Tobacco-rice multiple cropping rotation is one of the 
main double-cropping systems in tobacco planting areas 
in Hunan, Jiangxi, and Guangdong and in other provinces 
of China (Hu et al. 2021). In this system, planting tobacco 
in spring and rice in autumn in the same farmland and 

year are practiced. The cropping system, thus men-
tioned, can improve the physicochemical properties 
of soil ensuring a full use of soil fertility. It also helps to 
reduce the occurrence of tobacco pests and diseases and 
the damage caused by weeds in the field. As a result, a 
good harvest of both grain and tobacco can be obtained 
(Zou et  al. 2018). The cropping system also played a 
major role in stabilizing tobacco cultivating fields with 
improved yield and quality in the major tobacco farm-
ing areas of China (Zhang et  al. 2015). A large number 
of tobacco residues are produced in the farming patterns 
of tobacco-rice multiple cropping rotation. Returning 
the residues (stem and root) into the field is a common 
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agronomic practice. Previous studies indicated that 
returning tobacco residues to the field can improve soil 
organic matter and physical and chemical properties 
(Murage et al. 2007; Wang et al. 2008). However, system-
atic research to find the effects of tobacco residue return-
ing into the tobacco-grown fields on the rhizosphere 
microbial community is still limited.

Soil microorganisms are one of the components of the 
agroecosystem functioning and contribute to the forma-
tion and development of soil, material recycling, fertility 
evolution, ecological functions, etc. (Singer 2008). The 
plant rhizosphere is considered to be the most active 
region in the soil and plays an important role in the 
growth, health, and productivity of plants (Luan et  al. 
2021). Plant rhizosphere microbial communities were 
found closely related to climate, soil types, agricultural 
management practices, and plant species (Berg et  al. 
2009; Garbeva et  al. 2004; Jangid et  al. 2008). And as a 
whole, soil microorganisms are involved in the decom-
position of the plant residues, running nutrient cycles, 
and the corresponding responses of the soil microbial 
community to plant residue returning function precisely 
(Williams et  al. 2006; Xu et  al. 2020). Previous stud-
ies have shown that the return of crop residues into the 
soil ecosystems can elevate water retention of crop soil, 
improve soil structure, enhance soil fertility, increase soil 
microbial diversity, and change microbial community 
structure (Luan et  al. 2021; Chen et  al. 2021; Cui et  al. 
2021). However, the response of soil microbial commu-
nities to crop straw returning may be inconsistent with 
respect to different climates, regions, soil types, agri-
cultural measures, and crops (Chen et al. 2015). At pre-
sent, there is a dearth of knowledge on the systematic 
understanding of the effects of tobacco residue return-
ing on the microbial diversity, community structure and 
composition, and network interactions among species of 
tobacco rhizosphere microbial communities.

The aims of this study are to (i) compare the bacterial 
and fungal diversity and community composition and 
structural differences between tobacco residue returned 
and control tobacco rhizosphere; (ii) reveal the effects of 
tobacco residue returning on the molecular ecological 
network and on the interactions between species through 
network analysis, and (iii) predict the differences of eco-
logical function between tobacco residue returned and 
control tobacco rhizosphere. This study provided a scien-
tific basis for improving the ecosystem multifunctionality 
of a tobacco field and ensuring soil health.

Materials and methods
Materials
The outdoor pot experiment was conducted in the 
Key Laboratory of Tobacco Science & Health of Hunan 

Agricultural University for three consecutive years 
(2018–2020). The tobacco (Nicotiana tabacum L., Fam-
ily: Solanaceae) residues were composed of stems and 
roots and collected from the tobacco field located in 
Ningxiang County, Hunan Province, China. The experi-
ment was carried out in plastic pots having individual 
size of 71.0 × 45.5 × 18.0  cm. The rice (Oryza sativa L., 
Family: Poaceae) variety used in the experiment was 
Xiangzaoxian No. 45 which was hybridized by the Agri-
cultural Science Institute, Yiyang City, Hunan Province. 
The experiment was based on the crop rotation cycle 
with late rice cultivation after the harvest of flue-cured 
tobacco. The late rice variety, Xiangzaoxian No. 45 is a 
conventional medium maturity type early indica rice and 
widely cultivated in Hunan Province as a double-crop-
ping early rice, having a whole growth period of about 
106 days with a high yield and a good quality.

Experimental design
In July 2018, the stems and roots of the tobacco were cut 
into 5–10 cm pieces and dried. An amount of 25 kg of air-
dried soil and the same amount of water were added into 
each plastic pot and mixed thoroughly with the designed 
amount of tobacco residues. Two treatments and 8 rep-
licates for each treatment were designed, one named as 
PT (60  g tobacco stems + 40  g tobacco roots per pot, 
dry matter weight) and the other was a control CK (no 
tobacco residue returning). The late rice seeds were 
sown in the pots. In 2019, after the planting of tobacco 
in the 2018-potting soils, 60  g (dry weight) of tobacco 
stems + 40 g (dry weight) of tobacco roots was added to 
each pot, then rice was planted. In March 2020, tobacco 
was planted in the 2019-potting soils, for a total of two 
tobacco-rice cycles across 3 years.

Soil sampling
After 80  days of tobacco growth, the adhering rhizo-
sphere soil samples after shaking off bulk soils were 
collected in PBS (0.1% Tween 80) with a brush. After 
removing the gravel and unwanted plant debris from the 
soil, the target sample was isolated and quickly placed in 
a labeled 50-mL sterilized centrifuge tube. The sample 
was frozen at − 20℃ in a refrigerator and preserved for 
future use.

DNA extraction and high‑throughput sequencing
The total DNA was extracted using the FastDNA™ Spin 
kit (MP Biomedicals) following the instructions. The 
method of Zhang et al. (2017) was used to conduct PCR 
amplification and high-throughput sequencing of 16S 
rRNA. The V5-V6 region of 16S rRNA was amplified 
using primers 799F (5′-AACMGGA​TTA​GAT​ACC​CKG-
3′)/1115R (5′-AGG​GTT​GCG​CTC​GTTG-3′) (Hu et  al. 
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2020), and the internal transcribed spacer 2 (ITS2) was 
amplified using primers 5.8F (5′-AAC​TTT​YRR​CAA​YGG​
ATC​WCT-3′)/4R (5′-AGC​CTC​CGC​TTA​TTG​ATA​TGC​
TTA​ART-3′) (Tan et al. 2021). The PCR reaction system 
was 50 µL, including 5 µL DNA template, 2.5 U Taq DNA 
polymerase (TaKaRa), 1 × Taq buffer, 75  µM dNTPs, 
and 0.3 µM primers (Gao et al. 2022; Jin et al. 2021). The 
PCR program for ITS2 was as follows: 94  °C for 1  min; 
followed by 35 cycles of (94  °C for 20  s, 57  °C for 25  s, 
and 68 °C for 45 s) and then 68 °C for 10 min. The PCR 
products were stored at 4 °C. The recovered product was 
qualified and quantitatively determined by a nanodrop 
spectrophotometer (Nano-100, Aosheng Instrument Co., 
Ltd.). Subsequently, the purified amplicons were pooled 
together and were used to prepare the sequencing library 
with VAHTS™ Nano DNA Library Prep Kit, subsequently 
sequenced on the Illumina HiSeq 2500 System.

Amplicon sequence processing and analysis
The raw sequences were quality screened and analyzed 
with the Quantitative Insights into Microbial Ecology 
(QIIME) pipeline (v1.9.1). After the barcode and primer 
sequences were removed, the opposite end sequences of 
the 16S rRNA gene were merged, and their quality was 
checked by Flash Program (Kong et  al. 2011). The ITS2 
sequence of forward and reverse primers were removed. 
Subsequently, the sequences were passed through the 
ITX program to remove the ITS flanking regions and 
non-fungal sequences. Next, sequences were clustered 
into operational taxonomic units (OTUs) using UPARSE 
with a sequence similarity threshold of 97%. At the end, 
OTU tables were created for downstream bioinformatic 
analysis.

Microbial network construction and analysis
The OTUs of microorganisms (fungi and bacteria) 
obtained by high-throughput sequencing were analyzed 
on the Molecular Ecological Network Analyses Pipeline 
(MENA) website (http://​ieg4.​rccc.​ou.​edu/​mena). Based 
on random matrix theory (RMT) with threshold set, 
the data thus obtained was used to construct phyloge-
netic molecular ecological networks (pMEN) of tobacco 
rhizosphere microorganisms for the two treatments PT 
and CK, with network topology parameters generated. 
Microbial networks were visualized and analyzed by 
Gephi (0.9.2).

Data analysis
Two measurements of alpha-diversity were calculated 
to assess the biodiversity of tobacco rhizosphere micro-
bial community. Richness was obtained by counting the 
number of species displayed in the OTU table. Shannon 
diversity index was calculated using the “vegan” package 

in R. The Alpha diversity indices (Richness and Shannon) 
were calculated using “alpha_diversity.py” from QIIME. 
The significant differences were checked using analysis of 
variance (ANOVA) and Student’s t test. And the differ-
ences for microbial community structures were investi-
gated by detrended correspondence analysis (DCA).

Results
Effects of tobacco residue return on rhizosphere microbial 
diversity and community structure
The bacterial diversities of tobacco rhizospheres with 
control (CK) and tobacco residue (PT) treatment based 
on 16S rDNA sequencing are shown in Fig. 1a, b. Accord-
ing to the diversity indices Richness and Shannon 
(Fig.  1b), the bacterial diversity of tobacco rhizosphere 
was significantly different between CK and PT (P < 0.01), 
with significantly higher bacterial diversity in PT than 
that of CT. The fungal diversities of tobacco rhizospheres 
with CK and PT treatments based on ITS sequencing 
are shown in Fig. 1c, d. According to the diversity indi-
ces Richness and Shannon, the rhizosphere fungal com-
munity diversity was significantly different between CK 
and PT (P < 0.01), with significantly higher fungal diver-
sity in the PT treatment. The results demonstrated that 
the returning of tobacco residues enhanced the diversity 
of both bacterial and fungal communities in the tobacco 
rhizosphere.

The DCA was performed to test the differences for 
bacterial (Fig. 2a) and fungal (Fig. 2b) community struc-
tures between CK and PT treatments. Both the bacterial 
or fungal community structures of CK- and PT-treated 
rhizosphere soils were clearly separated. The results 
showed that the returning of tobacco residues altered the 
microbial (bacterial and fungal) community structure.

Effects of tobacco residue return on microbial community 
composition
Based on 16S rRNA and ITS high-throughput sequenc-
ing results, Venn diagrams were made to investigate the 
shared and unique OTUs between CK- and PT-treated 
rhizosphere soils (Fig.  3). The results showed that PT-
treated rhizosphere soils had higher number and per-
cent of unique OTUs for both bacteria (Fig. 3a) and fungi 
(Fig. 3b), but lower percent of shared OTUs compared to 
CK treatments.

The microorganisms were identified and classified, and 
the detected OTUs for bacteria were classified into 8 
phyla, and 15 genera and for fungi 6 phyla, and 18 genera 
with relative abundance > 1%. The phylum-level composi-
tions of bacterial communities (relative abundance > 1%) 
in the CK and PT treatments are shown in Fig. 4a. The 
bacterial phyla with the highest relative abundance 
were Actinobacteria and Proteobacteria, followed by 

http://ieg4.rccc.ou.edu/mena
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Fig. 1  Microbial diversities of tobacco rhizospheres with the CK and PT treatments based on 16S and ITS sequencing (a bacterial Richness index, 
b bacterial Shannon index, c fungal Richness index, d fungal Shannon index). CK and PT represent the control treatment and tobacco residue 
treatment, respectively, similarly hereinafter. * < 0.05; ** < 0.01

Fig. 2  Detrended correspondence analysis (DCA) of microbial community structures of tobacco rhizospheres with the CK and PT treatments (a 
bacterial community, b fungal community)
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Firmicutes, Bacteroidetes, Acidobacteria, and Chloroflexi. 
The genus-level compositions of bacterial communi-
ties (relative abundance > 1%) in the CK- and PT-treated 
rhizosphere soils are displayed in Fig.  4b. The bacterial 
genus with the highest relative abundance was Arthro-
bacter, followed by Massilia, Sphingomonas, Gaiella, 
Terrabacte, and Nocardioides. The bacterial genera also 
included Rhodanobacter, Pseudomonas, Bradyrhizobium, 
Burkholderia, Falsibacillus, Conexibacter, and Clostrid-
ium sensu stricto. The phylum-level compositions of fun-
gal communities (relative abundance > 1%) in the CK- and 
PT-treated rhizosphere soils are exhibited in Fig. 4c. The 
fungal phylum with the highest relative abundance was 
Ascomycota, followed by Zygomycota and Basidiomy-
cota. The fungal phyla also included Chytridiomycota and 
Glomeromycota. The genus-level compositions of fungal 
communities (relative abundance > 1%) in the CK- and 
PT-treated rhizosphere soils are shown in Fig.  4d. The 
fungal genera with the highest relative abundance were 
Aleuria and Mortierella, followed by Cyberlindnera and 
Plectosphaerella. The fungal genera also included Ento-
loma, Podospora, Cryptococcus, Guehomyces, Gibberella, 
Rhodotorula, Monoblepharis, Conocybe, Fusarium, Para-
phoma, Paraconiothyrium, and Mucor.

Further, the significant differences of microbial com-
munity compositions between CK- and PT-treated rhizo-
sphere soils at the phylum level were investigated, and 
the results are listed in Table 1. At the bacterial phylum 
level, the relative abundance of Actinobacteria in PT-
treated rhizosphere soil was significantly increased com-
pared to CK (P < 0.01), while the relative abundances of 
Proteobacteria, Firmicutes, and Chloroflexi were sig-
nificantly decreased (P < 0.01 or P < 0.05), and no signifi-
cant differences were seen for the other bacterial phyla. 
At the fungal phylum level, the relative abundance of 
Chytridiomycota in PT-treated rhizosphere soil was sig-
nificantly increased compared to CK rhizosphere soil 
(P < 0.05), while the relative abundance of Zygomycota 
was significantly lower (P < 0.05). And no significant 
differences were seen for the other fungal phyla. The 

significant differences of microbial community compo-
sitions between CK- and PT-treated rhizosphere soils 
at the genus level are shown in Table 2. At the bacterial 
genus level, the relative abundance of Arthrobacter in 
PT-treated rhizosphere soil was significantly higher than 
that of CK (P < 0.001), while the relative abundances of 
Sphingomonas, Terrabacter, Conexibacter, Falsibacillus, 
and Clostridium sensu stricto were significantly lower 
(P < 0.01 or P < 0.05). At the fungal genus level, the rela-
tive abundances of Mortierella, Gibberella, Conocybe, 
Paraphoma, and Mucor in PT-treated rhizosphere soil 
were significantly higher than those of CK (P < 0.01 or 
P < 0.05), while the relative abundances of Aleuria, Plec-
tosphaerella, Entoloma, Guehomyces, and Fusarium were 
significantly lower (P < 0.01 or P < 0.05). Therefore, the 
tobacco residue returning altered the bacterial and fungal 
community compositions of rhizosphere soils.

Effects of tobacco residue return on bacterial community 
network structure and keystone species
MENA was carried out to explore the effects of tobacco 
residue returning on the species interactions in bacte-
rial communities. In the bacterial community network 
of tobacco rhizosphere, compared with CK rhizosphere 
soil, the bacterial network of PT-treated rhizosphere 
soil showed more nodes and links, exhibiting rather a 
complex structure. The topological characteristics are 
listed in Table  3. Regarding network nodes, CK rhizos-
phere soil had 107 and PT-treated rhizosphere soil had 
217 and thus for the number of links, and CK- and PT-
treated rhizosphere soils had 103 and 257, respectively. 
On the other hand, the number of modules, CK- and 
PT-treated rhizosphere soils had 34 and 41, respectively. 
In addition, the average clustering coefficient (avgCC) of 
CK- and PT-treated rhizosphere soils in the empirical 
network (0.46 and 0.34, respectively) were higher than 
the corresponding avgCC in the random network (0.030 
and 0.051, respectively), and the modularity (M) values 
of CK- and PT-treated rhizosphere soils in the empiri-
cal network (0.83 and 0.86, respectively) were higher 

Fig. 3  Venn diagrams of unique and shared OTUs between the CK- and PT-treated rhizosphere soils based on 16S and ITS high-throughput 
sequencing results (a bacterial OTUs, b fungal OTUs)
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than the corresponding M values in the random network 
(0.754 and 0.716, respectively). The results indicated that 
the constructed networks had small-world network char-
acteristics (Watts and Strogatz 1998) and modular topol-
ogy features (Newman 2016). The constructed networks 
were visualized, with the bacterial networks of CK- and 
PT-treated rhizosphere soils shown in Fig. 5a, b. Overall, 
there were significant differences in the bacterial commu-
nity network structures of tobacco rhizosphere between 
the CK and PT treatments.

Furthermore, a Zi-Pi plot was made to demonstrate 
the distribution of OTUs playing typical topological 
roles in tobacco rhizosphere bacterial network struc-
tures of the CK and PT treatments (Fig.  6). Based on 
the thresholds set for Zi = 2.5 and Pi = 0.62, all nodes in 
the network were distributed in the four subcategories: 
peripherals, connectors, module hubs, and network 
hubs. The latter three of which were recognized as key-
stone microbial species that played important roles in 

Fig. 4  Comparison of microbial community compositions of tobacco rhizosphere between the CK- and PT-treated rhizosphere soils (a comparison 
of bacterial OTUs at the level of phylum with relative abundance ≥ 1%, b comparison of bacterial OTUs at the level of genus with relative 
abundance ≥ 1%, c comparison of fungal OTUs at the level of phylum with relative abundance ≥ 1%, d comparison of fungal OTUs at the level of 
genus with relative abundance ≥ 1%)
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ecological networks (Zhou et  al. 2011). It can be seen 
from the plot that no keystone species were shown in 
the network structure of CK rhizosphere soil. Whereas 
in the network structure of PT-treated rhizosphere 
soil, OTU_54 (incomplete taxonomic information) and 
OTU_65 (genus: Sphingonas) were distributed in the 
module hubs. It can be seen that the tobacco residue 
returning resulted in the emergence of keystone species 
in the bacterial community network structure.

Effects of tobacco residue return on fungal community 
network structure and keystone species
MENA was again conducted to investigate the effects 
of tobacco residue return on the species interactions in 
fungal communities. In the fungal community network of 
tobacco rhizosphere, the fungal network structure of PT-
treated rhizosphere soil exhibited more network nodes 
and links. In addition, compared to CK, the fungal net-
work also showed a more complex structure in PT rhizo-
sphere soil. As shown in Table  4, the network nodes in 
CK- and PT-treated rhizosphere soil were 174 and 179, 
respectively. Regarding the number of links, CK- and 
PT-treated rhizosphere soil had 232 and 367, respec-
tively. But the number of modules, in CK- and PT-treated 
rhizosphere soil were 21 and 15, respectively. In addition, 
the avgCC values of CK- and PT-treated rhizosphere soils 
in the empirical network (0.28 and 0.32, respectively) 
were higher than the corresponding avgCC values in the 
random network (0.034 and 0.060, respectively). And 
the M values of CK- and PT-treated rhizosphere soils in 
the empirical network (0.67 and 0.81, respectively) were 
higher than the corresponding M values in the random 
network (0.52 and 0.67, respectively). The results indi-
cated that the networks we constructed had small-world 
network characteristics (Watts and Strogatz 1998) and 
modular topology features (Newman 2016). The con-
structed networks were visualized, with the fungal net-
works of CK- and PT-treated rhizosphere soils shown 

Table 1  The differences for microbial community compositions 
of tobacco rhizosphere between the CK and PT treatments at 
the phylum level.CK and PT represent the control treatment and 
tobacco residue treatment, respectively, similarly hereinafter

* < 0.05; ** < 0.01; *** < 0.001

Bacteria CK PT Fungi PT CK

Actinobacteria 40.29 64.07** Ascomycota 60.30 64.02

Proteobacteria 39.10** 25.39 Zygomycota 17.12* 13.64

Firmicutes 8.10** 1.97 Basidiomycota 18.63 18.15

Bacteroidetes 2.81 2.62 Chytridiomycota 2.77 3.15*

Unclassified 3.15* 1.62 Unclassified 1.11 0.96

Acidobacteria 2.47 2.22 Glomeromycota 0.06 0.08

Chloroflexi 1.05* 0.63

Others 3.04 1.48

Actinobacteria 40.29 64.07**

Proteobacteria 39.10** 25.39

Table 2  The differences for microbial community compositions of tobacco rhizosphere between the CK and PT treatments at the 
genus level

* < 0.05; ** < 0.01; *** < 0.001

Bacteria CK PT Fungi PT CK

Arthrobacter 13.97 45.14*** Aleuria 16.51** 7.89

Unclassified 27.15** 17.88 Unclassified 11.71 15.18*

Massilia 3.29 1.73 Mortierella 12.20 17.79*

Sphingomonas 3.06** 1.69 Unclassified 11.71 15.19*

Rhodanobacter 0.97 1.59 Cyberlindnera 8.38 7.40

Gaiella 2.60 1.34 Plectosphaerella 6.31* 4.75

Terrabacter 2.85* 1.16 Entoloma 3.30** 0.57

Pseudomonas 0.25 1.06 Podospora 2.97 3.21

Nocardioides 1.96 0.97 Cryptococcus 2.94 3.28

Bradyrhizobium 1.02 0.75 Guehomyces 2.50* 1.48

Burkholderia 1.03 0.64 Gibberella 2.15 5.54**

Falsibacillus 2.22* 0.52 Rhodotorula 2.03 2.17

Conexibacter 1.03* 0.50 Monoblepharis 1.77 1.75

Clostridium sensu stricto 2.79* 0.11 Conocybe 1.68 3.18*

Others 35.80 24.91 Fusarium 1.49* 0.43

Paraphoma 1.45 2.37*

Paraconiothyrium 1.35 1.56

Mucor 1.05 1.78*

Others 20.21 19.65
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in Fig.  7a, b. Overall, there were significant differences 
in the fungal community network structure of tobacco 
rhizosphere soils between the CK and PT treatments.

Furthermore, a Zi-Pi plot was also made to demon-
strate the distribution of OTUs playing typical topo-
logical roles in tobacco rhizosphere fungal network 
structures of the CK and PT treatments (Fig.  8). The 
classification information of the keystone OTUs in 
the Zi-Pi plot is shown in Tables  4 and 5. In the CK 
network structure, OTU_13 (genus: Cyberlindnera), 

OTU_347 (genus: Ochroconis), OTU_11714 (genus: 
Monoblepharis), OTU_15497 (genus: Talaromyces), 
and OTU_44 (genus: Humicola) were the keystone 
fungi. While in the PT treatment network structure, we 
found that OTU_18 (genus: Cyberlindnera), OTU_350 
(class: Agaricomycetes), OTU_419 (genus: Psathyrella), 
and OTU_156 (genus: Mortierella) were the keystone 
fungi. It can be seen that the tobacco residue returning 
changed the keystone species in the fungal community 
network structure.

Fig. 5  Molecular ecological network visualization of species interactions in bacterial communities of tobacco rhizosphere between the CK and PT 
treatment. a Rhizosphere bacterial network of CK rhizosphere soil and b rhizosphere bacterial network of PT-treated rhizosphere soil

Fig. 6  The Zi-Pi plot exhibited the distribution of bacterial OTUs based on their topological roles. The thresholds for Zi and Pi for classifying OTUs 
are 2.5 and 0.62, respectively
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Effects of tobacco residue return on the ecological function 
of microbial communities
Functional Annotation of Prokaryotic Taxa (FAPRO-
TAX) was used to predict the bacterial community 
functions of tobacco rhizosphere in CK and PT treat-
ments (Louca et al. 2016), resulting a total of 58 func-
tional categories. The ecological functions of bacterial 
communities with relative abundances > 1% are shown 
in Fig.  9a, including fermentation, aerobic chemohet-
erotrophy, aromatic compound degradation, ureoly-
sis, and chemoheterotrophy. Interestingly, significant 

differences were shown in aerobic chemoheterotrophy, 
chemoheterotrophic, and aromatic compound degrada-
tion functions in the rhizosphere bacterial communi-
ties between CK- and PT-treated rhizosphere soils, and 
their relative abundances in PT-treated rhizosphere soil 
were significantly higher than those of CK (P < 0.05).

FUNGuild (“Fungi” + “Functional” + “Guild”) (Nguyen 
et  al. 2016) was used to perform functional prediction 
of tobacco rhizosphere fungal communities of CK and 
PT treatments. In this study, a total of 4 fungal com-
munity functions with relative abundance > 1% were 

Fig. 7  Molecular ecological network visualization of species interactions in fungal communities of tobacco rhizosphere between the CK and PT 
treatments. a Rhizosphere fungal network of CK. b Rhizosphere fungal network of PT

Fig. 8  The Zi-Pi plot exhibited the distribution of fungal OTUs based on their topological roles. The thresholds for Zi and Pi for classifying OTUs are 
2.5 and 0.62, respectively
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identified (Fig.  9b). They were pathotroph, saprotroph, 
symbiotroph, and others. Interestingly, there were signifi-
cant differences in pathotroph and saprotroph functions 
of rhizosphere fungal communities between CK and 
PT treatments. The pathotroph function in PT-treated 
rhizosphere soil was significantly lower than that of CK 
(P < 0.05), whereas the saprotroph function was signifi-
cantly higher than that of CK (P < 0.01).

Discussion
Soil is one of the most complex ecosystems of our bio-
sphere where a rich variety of microbial communities 
does exist and can act as a microbial reservoir (Mason-
Jones et  al. 2021). Soil microbiome is a collective term 
used to express the existence of its massive microorgan-
isms such as bacteria, archaea, fungi, viruses, protists, 
and other microbial groups (Muller et al. 2016). They play 

Table 5  Classification of the keystone fungal OTUs in Zi-Pi plot

Samples OTUs Zi-Pi Phylum Class Order Family Genus

CK OTU_13 Connectors Ascomycota Saccharomycetes Saccharomycetales Saccharomycetales 
Incertae sedis

Cyberlindnera

OTU_347 Connectors Ascomycota Pezizomycotina Incertae 
sedis

Pezizomycotina Incertae 
sedis

Pezizomycotina Incertae 
sedis

Ochroconis

OTU_11714 Connectors Chytridiomycota Monoblepharidomycetes Monoblepharidales Monoblepharidaceae Monoblepharis

OTU_15497 Connectors Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Talaromyces

OTU_44 Module.hubs Ascomycota Sordariomycetes Sordariales Chaetomiaceae Humicola

PT OTU_18 Connectors Ascomycota Saccharomycetes Saccharomycetales Saccharomycetales 
Incertae sedis

Cyberlindnera

OTU_350 Connectors Basidiomycota Agaricomycetes Unclassified Unclassified Unclassified

OTU_419 Connectors Basidiomycota Agaricomycetes Agaricales Psathyrellaceae Psathyrella

OTU_15622 Module.hubs Zygomycota Mucoromycotina Incer-
tae sedis

Mortierellales Mortierellaceae Mortierella

Fig. 9  Comparison of dominant functional groups of microbial communities of tobacco rhizosphere between CK and PT treatments. a Functional 
prediction of bacterial communities using FAPROTAX. b Functional annotation of fungal communities using FUNGuild (p < 0.05*, p < 0.01**)
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an important role in maintaining soil health, participat-
ing in the cycling of soil organic matter, nitrogen, phos-
phorus, and potassium, and engaging in biodegradation 
and biocomposting processes, as well as improving soil 
fertility (Kong 2020; Jan et al. 2020). Soil microbial diver-
sity, community composition and structure, and com-
munity molecular ecological network are the important 
indexes reflecting the status of soil nutrient cycling and 
farmland habitat stability (Wang et  al. 2018). In recent 
years, with the development of microbial high-through-
put sequencing technology and bioinformatics, the 
study of rhizosphere soil microbiome has entered into 
an unprecedented era of development (Gao et al. 2020). 
When the tobacco residues were returned into the field, 
with the increase of the returning years, a series of phys-
icochemical changes occurred in the residues under the 
conditions of soil water and heat and had affected the 
microbial diversity and community composition in the 
soil (Chen et  al. 2021; Song et  al. 2021). Therefore, it is 
of great significance to systematically study the effects of 
tobacco residue returning on the microbial community of 
tobacco rhizosphere soil.

In this study, the effect of tobacco residue returning on 
rhizosphere soil microbial community was comprehen-
sively analyzed using high-throughput sequencing and 
bioinformatics. The results showed that the treatment 
of tobacco residue returning could increase rhizosphere 
soil microbial diversity to a certain extent. As it has been 
indicated by the Richness and Shannon indices of bacte-
rial and fungal communities. Soil microbial diversity is of 
great positive significance in ensuring the quality of soil, 
maintaining soil ecosystem function, disease resistance, 
and promoting healthy growth of crops (Ananthacumar-
aswamy et  al. 2011). Tobacco residue returning treat-
ment changed the composition of microbial community. 
At the bacterial phylum level, the relative abundance of 
Actinobacteria in PT-treated rhizosphere soil was signifi-
cantly higher than that in CK rhizosphere soil (P < 0.01). 
Many members of phylum Actinobacteria were thought 
to have the potential to degrade lignocellulose, which 
may contribute to the degradation of tobacco residues 
(Rong et  al. 2021). At the fungal phylum level, on the 
one hand, the relative abundance of Chytridiomycota in 
PT-treated rhizosphere soil was significantly increased 
compared to that in CK rhizosphere soil (P < 0.05). While 
on the other hand, the relative abundance of Zygomy-
cota was significantly reduced (P < 0.05). Most members 
of the phylum Chytridiomycota favored to live in dry or 
moist soils, while members of phylum Zygomycota might 
be phytopathogenic (Voigt et  al. 2014). At the bacterial 
genus level, the relative abundance of Arthrobacter in PT-
treated rhizosphere soil was significantly higher than that 
in CK rhizosphere soil (P < 0.001). Many members of this 

genus were reported with good bioremediation effects on 
soils (Li et al. 2017). At the fungal genus level, the relative 
abundances of Mortierella and Gibberella in PT-treated 
rhizosphere soil were significantly higher than those in 
CK rhizosphere soil (P < 0.01 or P < 0.05). The secondary 
metabolites of these fungi were reported with antibac-
terial and bacteriostatic abilities. Whereas the relative 
abundances of Aleuria, Plectosphaerella, Entoloma, Gue-
homyces, and Fusarium were significantly lower than 
those in CK rhizosphere soil (P < 0.01 or P < 0.05), among 
which Fusarium was a soil-borne root rot pathogen of 
tobacco (Yang et al. 2020). It can be seen that the tobacco 
residue returning treatment increased the microbial 
diversity, changed the composition of the microbial (bac-
teria and fungi) community, and boosted the abundance 
of beneficial microorganisms.

In the plant rhizosphere soil micro-ecosystem, the 
interactions between microbial species play a crucial 
role in the functional diversification and stability of 
microbial communities (Lurgi et  al. 2014). In recent 
years, molecular ecological network analysis has been 
widely used to explore the interactions between micro-
organisms in various micro-ecological environments 
and to explore the keystone species in the network (de 
Menezes et  al. 2015). The results of the present study 
demonstrated that the soil bacterial and fungal com-
munity network structures of tobacco residue return-
ing treatment exhibited more topology-characterized 
network nodes, links, and complexities than the con-
trol. Previous studies have shown that the interactions 
among microorganisms within the microbial commu-
nity lead to the complexity of the community structure 
and maintained the ecosystem stability (Zhang et  al. 
2014). In the tobacco rhizosphere of PT treatment, 
more connections between OTUs were exhibited, indi-
cating more interactions between species in the micro-
bial community of PT-treated rhizosphere soil. This 
result also showed that the exchange of information, 
energy, and nutrients among different microorganisms 
within PT-treated rhizosphere soil may be more abun-
dant and more diverse and may better cope with differ-
ent biotic and abiotic stresses and better maintain the 
soil micro-ecosystem functions (Chen et al. 2018).

Additionally, the keystone species are thought to 
play an essential role in the microbial community 
network. Zi-Pi plots showed that OTU_54 (incom-
plete taxonomic information) and OTU_65 (genus: 
Sphiningomonas) of bacterial community within PT-
treated rhizosphere soil were located in the module 
hubs, whereas no keystone species were found in CK 
rhizosphere soil network. The genus Sphingomonas 
has a variety of functions from remediating environ-
mental pollution to producing highly beneficial plant 
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hormones and promoting plant healthy growth under 
adverse conditions such as drought, salinity, and heavy 
metals in agricultural soils and are well recognized as 
soil beneficial bacterium (Asaf et al. 2020). In the fun-
gal network structure of PT-treated rhizosphere soil, 
it was revealed that OTU_18 (genus: Cyberlindnera), 
OTU_350 (class: Agaricomycetes), OTU_419 (genus: 
Psathyrella), and OTU_156 (genus: Mortierella) were 
the keystone fungi. And many secondary metabolites of 
these fungi (such as Psathyrella and Mortierella) have 
been reported with antibacterial and bacteriostatic abil-
ities (Li et al. 2018; Gross et al. 2018). They are poten-
tial strains for the biological control of plant diseases.

Based on FAPROTAX function prediction (Fig.  9), 
the relative abundances of aerobic heterotrophic, 
chemoheterotrophic, and aromatic compound degra-
dation functions in the bacterial community of tobacco 
rhizosphere with PT treatment were higher than those 
in CK. Chemoheterotrophic bacteria are generally 
considered to play an important role in the cycling 
of organic matter in all ecosystems (Liu et  al. 2022). 
Furthermore, chemoheterotrophy was the primary 
pathway of carbon cycling in microbial communities 
(McKinley and Wetzel 1979). The degradation function 
of aromatic compounds had been proven to be ben-
eficial to the degradation and restoration of returned 
residues, environmental pollutants, and pesticide resi-
dues (Seo et al. 2009). Based on the FUNguide function 
prediction, the pathogenic function of the rhizosphere 
fungal community in PT-treated rhizosphere soil was 
significantly lower than that in CK (P < 0.05), whereas 
the saprotroph function was significantly higher than 
that in CK (P < 0.01). The results were consistent with 
the Zi-Pi plot result that PT treatment altered the key-
stone microbes, with beneficial microbes playing an 
important role in the fungal community and rendering 
rhizosphere pathogenic fungi recessive. It is speculated 
that these potential functions may serve as the basis for 
future regulation of rhizosphere soil microbial commu-
nities and an improvement of ecosystem functions.

Conclusion
In this study, tobacco residue return to the soil showed 
significant impacts on the microbial diversity, com-
munity composition, network structure, keystone 
microorganisms, and ecosystem functions in tobacco 
rhizosphere. According to the Shannon and Rich-
ness diversity indices, PT-treated rhizosphere soil had 
higher levels of bacterial and fungal diversities than CK 
rhizosphere soil. The DCA results demonstrated a clear 
separation between CK- and PT-treated rhizosphere 
soils regarding bacterial and fungal community struc-
tures. Molecular ecological network analysis showed 

more complex network structures of bacterial and fun-
gal communities in PT-treated rhizosphere soil. And 
PT treatment changed the keystone microorganisms of 
the bacterial and fungal communities in tobacco rhizo-
sphere. In addition, PT treatment demonstrated better 
microbial ecological functions by function predictions.
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