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Intercropping system modulated
soil-microbe interactions that
enhanced the growth and quality
of flue-cured tobacco by
Improving rhizospheric soil
nutrients, microbial structure,
and enzymatic activities

Mugiu Zhou', Chenglin Sun*', Bin Dai?,
Yi He* and Jun Zhong™

!College of Agriculture, Hunan Agricultural University, Changsha, Hunan, China, ?Technology center,
Bijie Branch of Guizhou Tobacco Company, Bijie, Guizhou, China

As the promotive/complementary mechanism of the microbe—soil-tobacco
(Nicotiana tabacum L.) interaction remains unclear and the contribution of this
triple interaction to tobacco growth is not predictable, the effects of
intercropping on soil nutrients, enzymatic activity, microbial community
composition, plant growth, and plant quality were studied, and the regulatory
mechanism of intercropping on plant productivity and soil microenvironment
(fertility and microorganisms) were evaluated. The results showed that the soil
organic matter (OM), available nitrogen (AN), available phosphorus (AP), available
potassium (AK), the urease activity (UE) and sucrase activity (SC), the diversity,
abundance, and total and unique operational taxonomic units (OTUs) of bacteria
and fungi as well as plant biomass in T1 (intercropping onion), T2 (intercropping
endive), and T3 (intercropping lettuce) treatments were significantly higher than
those of the controls (monocropping tobacco). Although the dominant bacteria
and fungi at the phylum level were the same for each treatment, LEfSe analysis
showed that significant differences in community structure composition and the
distribution proportion of each dominant community were different.
Proteobacteria, Acidobacteria, and Firmicutes of bacteria and Ascomycota and
Basidiomycetes of fungi in T1, T2, and T3 treatments were higher than those of
the controls. Redundancy analysis (RDA) suggested a close relation between soil
characteristic parameters and microbial taxa. The correlation analysis between
the soil characteristic parameters and the plant showed that the plant biomass
was closely related to soil characteristic parameters. In conclusion, the flue-
cured tobacco intercropping not only increased plant biomass and improved
chemical quality but also significantly increased rhizospheric soil nutrient and
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enzymatic activities, optimizing the microbial community composition and
diversity of rhizosphere soil. The current study highlighted the importance of
microbe-soil-tobacco interactions in maintaining plant productivity and
provided the potential fertilization practices in flue-cured tobacco production
to maintain ecological sustainability.

KEYWORDS

flue-cured tobacco, intercropping, rhizospheric soil, soil nutrients, enzymatic activity,
microbial community structure

1 Introduction

The growing demands for staple food and the limited arable
land have resulted in flue-cured tobacco production with high
cropping intensity and long monocropping periods (Chen et al,
2016; Fu et al,, 2018; Li et al., 2022), but long-term monocropping
may adversely affect the diversity and abundance of microbial
community in the soil, thereby reducing soil quality, hindering
the growth and development of tobacco plants, and ultimately
affecting tobacco yield and quality (Wang, 2016; Gong et al,
2018; Ma et al., 2021).

However, intercropping, which simultaneously grows multiple
crop species in a single field, has been widely practiced due to its
economic, ecological, and environmental benefits (Martin-Guay
et al, 2018; Dowling et al,, 2021). Many researchers have shown
that intercropping, in addition to affecting crop yield, may also
cause functional and architectural alterations in the soil microbiota
(Duchene et al,, 2017; Yu et al., 2018). In the intercropping systems,
the soil, microbes, and plants may interact with each other in
various ways; e.g., microbes might influence soil nutrient turnover
by decomposing soil organic matter (OM), which in turn influences
soil enzymatic properties and secretion (Lauber et al., 2008; Peng
et al., 2015). Soil enzymes facilitate the decomposition of soil
microbes and plant debris, providing plants with nutrients to
survive (Veres et al., 2015).

Different intercropping patterns may differentially affect soil
physicochemical properties and microbial characteristics. Although
previous studies have reported the tobacco-corn and tobacco-
wheat (Zhou et al., 2015) intercropping systems, the effects of
intercropping onion, endive, and lettuce with tobacco on soil
nutrients, enzymatic activities, microbial community structure,
and tobacco yield have been rarely reported. Therefore, we used
high-throughput sequencing to investigate the impact of tobacco
monocropping and intercropping systems on soil physio-
biochemical and biological properties in Guizhou Province, which
in turn affected tobacco productivity. The main objectives of the
present study were as follows: 1) investigating the effects of tobacco
intercropping with various other crops on the soil physio-
biochemical properties, soil enzymatic activities, and tobacco
yield; 2) comparing the differences in the microbial diversity and
soil microflora composition between tobacco monocropping and
intercropping; 3) determining the relationships among soil
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microbes, soil enzymatic activities, and physio-biochemical
properties as well as flue-cured tobacco plants.

2 Materials and methods
2.1 Experimental design and sampling

The experiment was carried out in Weining County, Bijie City,
Guizhou Province, China (103°80’E, 27°20’N, altitude 1,100 m)
from April to October 2022, with the climate belonging to a humid
subtropical monsoon and an average yearly temperature of 15.5°C,
precipitation of 909 mm, and 1,812 hours of photoperiod. The
prevailing soil composition in this geographical region primarily
consists of clayey soil. The field has been continuously planted with
tobacco for 10 years. The tested variety of flue-cured tobacco was
the main local variety Yunyan 87, with a planting density of 16,500
plants/hectare at a row spacing of 1.2 m x 0.5 m.

Three treatments were used to intercrop the flue-cured tobacco:
scallions (T1), endive (T2), and rapeseed (T3). A non-intercropped
monoculture tobacco field was used as the control (CK). The total
experimental area was 66.7 m’. After transplanting tobacco
seedlings in April 2022, the intercropping plants were respectively
on both sides of the flue-cured tobacco, with 82,500 plants/hectare,
33,000 plants/hectare, and 16,500 plants/hectare planted for
scallions, endive, and rapeseed, respectively.

Rhizospheric soil samples were collected in June by scooping
the surface soil around the tobacco plants to a depth of 3 cm,
followed by digging with a shovel approximately 25 cm away from
the stem of the tobacco plant. After the rhizosphere of the tobacco
plant was exposed, the soil was taken as a sample. The whole
process was replicated three times. The collected soil samples were
temporarily stored in a polyethylene box with an ice pack and then
completely homogenized through a soil screen of 2 mm. Each soil
sample was equally divided into two parts. The samples for
biochemical analysis were air-dried for 1 week and kept at —20°C.
Samples for microbial community analysis were kept at —80°C
(Zhao et al., 2019).

Biomass analysis was conducted three times during the entire
growth period of tobacco plants. The destructive sampling was
carried out at 30 days, 60 days, and 90 days after transplanting.
Three representative tobacco plants were selected from each
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treatment with the roots, stems, and leaves dried for biomass
measurement. After tobacco leaves were roasted, the contents of
water-soluble sugar (including total sugar and reducing sugar),
total alkali, total nitrogen, and potassium were determined with
the tobacco industrial standards YC/T 159-2019, YC/T 160-2002,
YC/T 33-1996, and YC/T 217-2007, respectively.

2.2 Soil properties and enzymatic activity

The available nitrogen (AN), available phosphorus (AP),
available potassium (AK), and OM contents were measured
following the instructions of the Kjeldahl method, the
molybdenum antimony anti-chromogenic extraction method,
inductively coupled plasma (ICP) spectrometer method, and the
K2Cr207-H2SO4 oxidation approach (Zhao et al., 2020),
respectively. Urease (UE), sucrase (SC), and peroxidase (POD)
activities were measured using the phenol sodium hypochlorite
colorimetric method, the 3,5-dinitrosalicylic acid colorimetric
method, and spectrophotometry method (Jia, 2016), respectively.

2.3 Soil DNA extraction, PCR amplification,
and sequencing

Total soil DNA was extracted from a 3-g soil sample using a
Power Soil DNA Kit (MOBIO Inc., Carlsbad, CA, USA). PCR was
performed to amplify the V3-V4 region of the bacterial 16S rRNA
gene using primer pair 338F 5'-ACTCCTACGGGAGGCAGCA-3’
and 806R 5'-GGACTACHVGGGTWTCTAAT-3'. As for the
fungal community, the ITS1 region of ITS gene was amplified
using primer pair ITS1 5-GGAAGTAAAAGTCGTAACAAGG-3’
and ITS2 5-GCTGCGTTCTTCATCGATGC-3'. Finally, paired-
end sequencing of the bacteria and fungi was performed on an
Mumina MiSeq sequencer at Novogene Co., Ltd. (Beijing, China)
(Wang, 2016).

2.4 Statistical analysis

The relative abundance of the rhizosphere soil microorganism
community was analyzed by one-way ANOVA using SPSS 16.0

TABLE 1 Soil nutrients and enzymatic activity of the soil.

10.3389/fpls.2023.1233464

software. Uparse software was used to cluster Effective Tags into
operational taxonomic units (OTUs) with a threshold value of 97%
similarity, and the sequences with the largest number of OTUs were
selected as the representative sequences of the OTUs for species
annotation (citation). QIIME software was used to calculate the
Alpha diversity index (citation). R language tool was used to make
the composition of the community (citation). Circos software was
used to analyze the composition proportion of the dominant
community and its distribution proportion in samples (xxxx).
LEfSe software was used to analyze soil communities with
significant differences, and principal coordinate analysis (PCoA)
in R was used to analyze the difference in community structure
(xxxx). Tax4Fun and FUNGuild methods were used to compare the
existing 16S rRNA and ITS gene sequencing data with the SILVA
database used to compare the abundance differences of functional
genes in biological metabolic pathways (xxxx). The “vegan”
redundancy analysis R software (RDA) and Mantel test were used
to analyze the relationship between soil nutrients, enzymatic
activities, and microbial community (Tang et al., 2020).

3 Results

3.1 Effects of intercropping on soil
nutrients and enzymatic activities in the
rhizospheric soil of flue-cured tobacco

The OM, AN, AP, and AK contents in the soil of the
intercropping treatment groups of flue-cured tobacco were
significantly higher than those in CK (Table 1), in which T1
treatment reached the highest. Compared to the controls, T1, T2,
and T3 increased OM content by 44.87%, 34.55%, and 40.32%,
respectively; the AN contents were increased by 36.59%, 26.85%,
and 33.12%, respectively; the AP contents were increased by
48.23%, 28.17%, and 36.84%, respectively; the AK contents were
increased by 39.61%, 21.08%, and 30.59%, respectively. The
enzymatic activity of the soil under intercropping treatments
(T1, T2, and T3) decreased by 14.49%, 5.15%, and 7.30% in
terms of POD contents, respectively. The UE contents were
increased by 46.42%, 11.81%, and 34.48%, respectively, and the
SC contents were increased by 40.92%, 17.94%, and
31.67%, respectively.

Treatment Organic Available Available Available Peroxidase Urease activity = Sucrase
matter nitrogen phosphorus potassium activity (U/g) activity
(9/kg) (mg/kg) (mg/kqg) (mg/kqg) (U/g) (U/q)
CK 1473 +038c | 62.49 +0.15b 127.39 + 0.45¢ 56.92 + 0.46b 38.64 + 0.39¢ 65.86 + 0.42¢ 188.31 + 0.57b
Tl 2134 +022a | 8536+ 0.26a 188.84 + 0.37a 79.47 + 0.38a 33.04 + 0.31a 96.43 + 0.28a 265.37 + 0.46a
T2 19.82 +036b | 79.27 + 0.45ab 163.27 + 0.33b 68.92 + 0.43ab 36.65 + 0.18b 73.64 + 0.41b 222.09 +
0.51ab
T3 20.67 + 0.55ab | 83.19 * 0.39% 174.33 + 0.28ab 74.33 + 0.22a 35.82 + 0.27a 88.57 + 0.37ab 247.95 + 0.37a
Different lowercase letters indicate significant differences (p < 0.05).
Frontiers in Plant Science 03 frontiersin.org
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3.2 Effects of intercropping on microbial
community diversity and structure in the
rhizosphere soil of flue-cured tobacco

3.2.1 Microbial community diversity

The order of bacterial abundance was ranked as
T1>T3>T2>CK, and the bacterial abundance in T1 was
significantly higher than that in T2 and T3 treatments
(Figure 1A) . Compared to the controls, the bacterial abundance
in the T1, T2, and T3 treatments increased by 16.52%, 12.10%, and
6.28%, respectively. Among the Shannon, Ace, and Chao diversity
indices of the T1, T2, and T3 treatments, only Ace indices between
T1 and T2 treatments showed significant differences (Figure 1A).
The PCoA showed (Figure 1C) that there was an obvious separation
between the four treatments, with the X and Y axes explaining
49.72% and 21.08% of the overall variation of the bacterial
population, respectively. The OTU analysis showed that the
unique bacterial OTUs of CK, T1, T2, and T3 were 498, 852, 508,
and 644, respectively (Figure 1E).

The changes in fungal abundance as well as the three Alpha
diversity indices of Shannon, Ace, and Chao were ordered as
T1>T3>T2>CK (Figure 1B). The differences between the T2 and
the control were not significant, but both of them were significantly
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lower than the T1 and T3 treatments (Figure 1B). PCoA results
indicated that the X and Y axes explained 38.63% and 25.69% of the
overall variation of the fungal community, respectively (Figure 1D).
The unique OTUs of the tobacco fungi in the rhizospheric soil were
ranked as T1 (816)>T2 (784)>T3 (563)>CK (253) (Figure 1F).

3.2.2 Microbial community structure

Although the bacteria with relative abundance>3% at the phylum
level were the same, Proteobacteria, Acidobacteria, Bacteroidota,
Gemmatimonadetes, Firmicutes, and Actinobacteriota were the
main bacterial communities. These were present in much higher
quantities than other dominant bacterial groups and accounted for
approximately 86.73% of the total bacterial groups (Figure 2A).
However, the community structure composition from the phylum
level to the genus level among different treatments was shown from
the LEfSe analysis. Among them, nine groups in T1, seven groups in
T2, three groups in T3, and two groups in CK were identified as
differential bacterial communities (Figure 2B).

The top 100 fungi in each treatment group at the genus level
belonged to six phyla, namely, Ascomycota, Basidiomycota,
Chytridiomycota, Mortierellomycota, Mucormycota, and
Glomeromycota, which accounted for 78.11%-95.32% of the total
fungi (Figure 3A). However, the community structure composition
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diversity of bacteria; (B) Abundance and diversity of fungi; (C) PCoA analysis of bacteria; (D) PCoA analysis of fungi; (E) OTU analysis of bacteria; (F)
OTU analysis of fungi. Different lowercase letters above the column indicate significant differences (p<0.05), the same as below.
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Bacterial dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments. (A) Evolutionary map of
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among different treatments identified 22 groups in the T1
treatment, 16 groups in the T2 treatment, 15 groups in the T3
treatment, and 9 groups in the control as differential fungal
communities (Figure 3B).

3.2.3 Effects of intercropping on the distribution
of dominant microorganism communities

The Circos analysis showed the distributions of dominant
bacteria3and fungi in different treatments (Figures 4A, 5A). Based
on the phylum level of bacteria, the proportions were ranked as T1
(40%)>T3 (34%)>T2 (33%)>CK (28%) for Proteobacteria, T3
(15%)>T2 (14%)>T1 (12%)>CK (11%) for Acidobacteria,
T1 (13%)>CK (12%)>T3 (11%)>T2 (10%) for Bacteroides,
T2=CK (6%)>T3 (5%)>T1 (3%) for Gemmatimonadetes, T2
(15%)>CK (14%)>T3 (12%)>T1 (10%) for Actinobacteria, and
T1 (14%)>T3 (12%)>T2=CK (11%) for Firmicutes (Figure 4B).

Based on the phylum level of fungi with the proportion
larger than 1%, Ascomycota was distributed as T1 (97.22%)>T2
(80.89%)>CK (74.21%)>T3 (37.21%), Basidiomycetes as T3
(60.51%)>T2 (12.81%)>CK (11.77%)>T1 (1.26%), and
Mortierella as CK (12.86%)>T2 (5.91%)>T3 (2.23%)>T1
(1.41%) (Figure 5B).

3.3 Effects of intercropping on growth and
quality of flue-cured tobacco plants

Except for the biomass of tobacco root (Figure 6A), stem
(Figure 6B), leaf (Figure 6C), or total biomass (Figure 6D) on the
30th day after transplanting, little differences were observed
among the four treatments. However, on the 60th day after
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Fungal dominant communities in the rhizosphere soil of flue-cured tobacco under different intercropping treatments.(A) Evolutionary map of
phylum level of fungi; (B) LEfSe analysis of differences in fungi community structure composition
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transplanting, there were slight differences in the root, stem, leaf,
and total biomass of the four treatments, among which the T2
treatment was the largest and the CK treatment was the smallest.
On the 90th day after transplanting, significant differences
appeared in the total biomass of the roots, stems, and leaves
among the four treatments, but they were still the largest in the T2
treatment and the smallest in the CK treatment.
When compared with the control, the tobacco leaves of the

three intercropping systems were closer to the standard of high-
quality tobacco leaves (Table 2).

3.4 Correlation analysis

3.4.1 Redundancy analysis between dominant
microbial communities and soil nutrients

RDA showed that the contents of OM, AN, and AP were
positively correlated with Proteobacteria, Acidobacteria,
Gemmatimonadetes, Actinobacteriota, and Firmicutes but
negatively correlated with Bacteroidota; the contents of AK, UE,
and SC were positively correlated with Acidobacteria,
Gemmatimonadetes, Actinobacteriota, and Firmicutes but
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The root, stem, and leaf biomass of flue-cured tobacco under different intercropping treatments. (A) the root biomass of tobacco plant; (B) the stem
biomass of tobacco plant; (C) the leaf biomass of tobacco plant; (D) the total biomass of tobacco plant.

negatively correlated with Proteobacteria and Bacteroidota. The
POD activity was positively correlated with Gemmatimonadetes
and Firmicutes but negatively correlated with Proteobacteria,
Acidobacteria, Actinobacteriota, and Bacteroidobacteria
(Figure 7A). Moreover, various soil nutrient contents (OM, AN,
AP, and AK) and enzymatic activities (POD, UE, and SC) were
positively correlated with Ascomycota and Basidiomycota but
negatively correlated with Chytridiomycota, Mortierellomycota,
Mucoromycota, and Glomeromycota (Figure 7B).

3.4.2 Correlation analysis between soil properties
and flue-cured tobacco plants

According to the correlation analysis, the total biomass was
positively correlated with all the soil nutrients and enzymatic
activity. The total biomass after 60 days and 90 days of
transplanting reached a significant level at p < 0.01, while the
total biomass after 30 days of tobacco plant transplanting reached a
significant level at p < 0.05. The contents of RS, TS, TN, and
nicotine were significantly negatively correlated with all the soil
nutrients and enzymatic activities (Figure 8).

4 Discussion

4.1 Soil nutrients and enzymatic activities
in the intercropped tobacco fields

Intercropping has become increasingly popular over the past
decade to maintain soil biodiversity and improve nutrient content
(Dai et al., 2019). One of the biggest advantages of intercropping is to
make use of the interaction among different plants to improve soil
physio-biochemical properties and enzymatic activities as well as to
promote crop growth and development (Gong et al., 2019). Previous
studies have demonstrated that intercropping peanuts with maize
changed the abundance of nitrogen-fixing microbes in the rhizosphere
(Chen et al., 2018). Cassava-peanut intercropping enriched
Actinomycetes in the soil rhizosphere and boosted the absorption of
soil-available nutrients, thus increasing the peanut yield (Chen et al,
2020). The present study also verified that the nutrients of all flue-
cured tobacco intercropping treatments were significantly higher than
those of the controls (Table 1), suggesting that intercropping could
contribute to elevating the levels of soil nutrients.

TABLE 2 Routine chemical composition of different intercropping treatments.

Treatment Total sugar% Reducing sugar% Total nitrogen% Nicotine% Potassium% Chlorine%
Contrast 23.67 + 151a 23.12 + 4.92a 3.03 + 1.27a 2.80 + 0.97a 1.65 + 0.44b 031 +0.11a
T1 21.33 + 0.74b 19.42 + 3.17b 275 + 1.19ab 2.60 + 1.04b 1.76 + 0.28ab 0.22 + 0.06b
T2 20.86 + 1.03bc 18.38 + 2.46b 259 +2.22b 246 + 1.37bc 1.89 + 0.32a 0.17 + 0.14b
T3 22.59 + 0.95ab 2027 + 4.28ab 2.86 + 1.68ab 2.68 + 1.46ab 1.63 + 0.47b 021 + 0.25b
High-quality tobacco 18-24 16-22 1.-35 1.5-3.5 >2 <1
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Redundancy analysis (RDA) between dominant microbial communities, nutrients, and enzymatic activity in the rhizospheric soil under different
intercropping treatments. Note: OM, AN, AP, AK, UE, SC, and POD represent respectively organic matter, available nitrogen, available phosphorus,
available potassium, urease, sucrase, and peroxidase. (A) Redundancy analysis of soil nutrients and bacterial communities; (B) Redundancy analysis of

soil nutrients and fungal communities.

Soil enzymatic activity is a vital parameter indicating how
organic matter is degraded and the nutrients are cycled in the soil
(Nannipieri et al., 2012; Hussain et al., 2021). The soil enzymatic
activity can be represented by the physio-biochemical traits and
microbial communities (Gu et al, 2009). For example, sucrase
hydrolyzes sucrose, which reflects the convertibility of the soil
organic carbon, while urease impacts the metabolism of soil
nitrogen through urea hydrolyzation (Cantarella et al,, 2018). In
this study, the intercropping soil systems (T1, T2, and T3)
presented the highest UE and SC activities compared to the CK
(Table 1). Likewise, Zhou et al. (2011) also reported elevation in the
soil urease activity in the cucumber-garlic/onion intercropping
system compared to the monocropping system. Peroxidase
activity is considered a crucial predictor of the dynamics of soil
organic matter (Tian and Shi, 2014).
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FIGURE 8

Correlation analysis between dominant microbial communities in
the rhizosphere soil and total biomass, routine chemical
composition under different intercropping treatments. TBTD, TBSD,
TBND, TS, RS, and TN represent respectively total biomass of 30
days, total biomass of 60 days, total biomass of 90 days, total sugar,
reducing sugar, and total nitrogen.
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4.2 Effects of intercropping on the soil
structure of microbial communities

The intercropping systems led to alterations in the soil physio-
biochemical parameters and enzymatic activities, prompting the
enrichment of a particular subset of functional bacteria and fungi,
which was manifested as elevated diversities of both microbial types
in the intercropped soil compared to the tea monoculture (Zhang
et al, 2019; Bai et al,, 2022; Jing et al., 2022). In agreement with this,
an increase in the abundance and diversity of microbial communities
in the rhizospheric soil of flue-tobacco plants was also observed under
the three intercropping treatments (Figures 1A, B). This may be due
to the fact that the plant root distribution in the top layer of the soil
was expanded by intercropping. Thus, the permeability of the soil
increased and the circulation of nutrient elements became more
efficient, which provided a better microenvironment for the growth
and propagation of microorganisms.

Intercropping may also influence soil microbiota composition
differences (Bainard et al.,, 2012a; Floc’h et al., 2020) In this study, the
PCoA of soil bacterial and fungal communities revealed a separation
between the four treatments, indicating that the microbiota
composition differed between the monoculture and intercropped
plants (Figures 1C, D). The dominant microbial community in the
rhizospheric soil of tobacco plants under four treatments was the
same (Figures 4A, 5A), which is in agreement with previous studies
(Zhang et al,, 2017; De Vries et al,, 2020), but the dominant
community composition and their ratio were different (Figures 2, 3,
4B, 5B), which roughly corresponded to previous studies
investigating agricultural soils (Li et al, 2011; Bai et al, 2020).
Previous reports indicated that many members of Proteobacteria
and Bacteroidetes of the soil bacteria community were closely
associated with the carbon (C) and nitrogen (N) cycles (Leff et al.,
2015; Pardon et al, 2017), while Ascomycota of the soil fungal
community can rapidly metabolize organic substrates of
rhizodeposition in rhizosphere soil (Bastida et al, 2013). As a
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result, the intercropping systems might increase soil nutrient
accumulation and nutrient utilization efficiency by promoting
microbial growth that is closely associated with N fixation or other
C-N processes. In this study, the abundance of Proteobacteria of
bacteria and Ascomycota of fungi in the intercropping systems was
significantly higher than the monocropping ones (Figures 4, 5),
indicating the improved soil nutrient conditions after intercropping.

4.3 Effects of intercropping on tobacco
growth and quality

Positive interactions occur in complex symbiotic systems that
enhance the growth of crops, and these interactions are beneficial for
improving soil fertility and yield (Hauggaard et al., 2001; Qian et al,
2018). In this study, intercropping can substantially increase the
biomass (Figure 6) and improve the quality of routine chemical
composition (Table 2) of tobacco plants. The growth and quality
improvement results of the tobacco plants are consistent with previous
research on Aconitum carmichaeli-rice intercropping systems (Ren
et al, 2018). These results revealed that belowground interaction in
intercropping can induce changes in soil microbial community
structure, such as the increase in Acidobacteria abundance of
bacteria can better degrade plant residue polymers and enhance
photosynthesis, thereby increasing soil nutrients and plant biomass;
the increase of plant residue polymers also promoted the increase of
Ascomycota abundance of fungi, and the fungi can rapidly metabolize
organic substrates of rhizodeposition in rhizosphere soil (Bastida et al.,
2013). Therefore, we concluded that the increased microbial
abundance of the tobacco intercropping system could accelerate the
soil nutrients cycle, which in turn may have been beneficial to
maintaining high soil fertility, growth, and quality of plants.

4.4 Soil-microbe-plant interaction

The direct and positive relationships between microbial diversity
and soil nutrients in this study (Figure 1) coincide with the
documented finding that soils with high microbial community
diversity typically have increased nutrient availability (Zhang et al,
2021). This demonstrated that a diverse microbial community provides
more nutrients for plants to absorb and less competition from
microorganisms. Increased microbial diversity may promote the
accumulation of available N and OM in the soil, all of which could
increase overall plant productivity (Banerjee et al, 2018; Delgado-
Baquerizo et al, 2020). Moreover, three intercropping treatments
increased plant biomass (Figure 6) and improved the chemical
composition of tobacco leaves (Table 2), which strongly suggests the
potential role of intercropping on plant performance. Higher tobacco
biomass and soil fertility of intercropping may depend on the
regulating ability of belowground interactions since soils with high
diversity also have higher plant productivity (Lan et al, 2023) and
decomposition ability in organic matters (Liu et al, 2020b). In
summary, intercropping could increase the abundance of soil
microbes, which can promote the release of soil enzymes to catalyze
various biochemical reactions such as mineralization of organic matter,
synthesis of humus substances, and release of growth active substances,
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thus improving the overall growing environment and ultimately
improving the biomass and quality of the flue-cured tobacco.

5 Conclusion

Our study suggested that intercropping flue-cured tobacco with
other plants could increase the contents of soil AN, AP, AK, and
OM and greatly improve soil nutrient status, thereby facilitating the
improvement of the growth and quality of the flue-cured tobacco
plants. Meanwhile, intercropping also altered the microbial
community structure in the soil rhizosphere, while the microbial
structure was closely related to the soil characteristics. Overall,
intercropping may directly or indirectly increase plant productivity
by regulating soil fertility and microbial dynamics in the
rhizosphere of flue-cured tobacco. Therefore, soil-microbe-plant
interactions should be promoted in arable systems to improve
sustainable crop productivity.
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