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Altitude is a comprehensive ecological factor, along with temperature, humidity, light, etc., that
has an important effect on the growth and development of tobacco. This study was carried out
in the typical mountainous tobacco-growing areas of Enshi Prefecture, Hubei Province, China. To
understand the effects of different altitudes on the microbial community diversity in tobacco rhizo-
sphere soil, we analyzed the differences in bacterial community structure in tobacco rhizosphere
soil at high (>1300 m), medium (800-1300 m), and low altitudes (<800 m) using high-throughput
sequencing technology. The results showed that as altitude increased, the number of soil bacterial
operational taxonomic units (OTUs) across taxonomic levels decreased, and species richness also
declined. At the phylum level, the relative abundance of Proteobacteria was the highest at low alti-
tudes, and that of Actinobacteria and Acidobacteria was the highest at high altitudes. At the genus
level, the abundance of Sphingomonas and Subgroup_6 was relatively higher at low altitudes than
at medium and high altitudes. The relative abundance of other species in the tobacco rhizosphere
soil was lower at different altitudes. The abundances of Firmicutes (phylum level) and Chujaibacter
(genus level) were relatively higher at medium altitudes than those at low and high altitudes. In
conclusion, there were significant differences in the bacterial species of the tobacco rhizosphere
soil among the three altitudes. The difference in species composition was greatest at low altitudes,
whereas bacterial species composition was similar at medium and high altitudes.
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1. Introduction conditions, leading plant roots to exhibit specific rhizosphere
effects (Waldrop and Firestone, 2006; Puissant, 2015). Altitude is

Soil microorganisms are the main components of soil eco- a comprehensive ecological factor which includes temperature,

systems and play an important role in the transformation of soil
materials and energy (Schloter et al., 2003; Butler et al., 2003).
The structure and diversity of soil microbial communities are
closely related to soil quality and are important indicators of soil
health (Yao et al., 2000; Bartelt-Ryser et al., 2005). Rhizosphere
soil is an important soil interface for various processes of plant
metabolism. A large number of microorganisms inhabit plant
rhizosphere soil; their number is much higher in rhizosphere
soil than that in non-rhizosphere soil, and they interact with
plants and form various associations (Xu et al., 2018; Lynch,
2007; Jousset et al., 2008; Yang, et al. 2013). Previous studies have
shown that the species composition and abundance of micro-
organisms in rhizosphere soil vary under different ecological

humidity, light, and other environmental factors. Differences in
the ecological environment across altitudes significantly affect
soil microbial community composition (Ma et al., 2004; Bryant
et al.,, 2008; Gong et al., 2024; Jin et al., 2024).

Tobacco is one of the most important economic crops in
China. Its planting area has a large altitude span and a wide
distribution range. Different ecological conditions, such as light,
temperature, and precipitation, at different altitudes lead to pro-
nounced regional differences in tobacco growth and develop-
ment (Mangora et al., 2005; Yang et al., 2018; Yamori et al., 2010).
Therefore, altitude has been used as a key indicator for evaluat-
ing the quality characteristics of tobacco (Shen et al., 2013; Yu
et al,, 2010; Tang et al., 2020). Rhizosphere microorganisms play

Supplementary materials for this article are available at: https://www.soilsa.com/SuppFile/240186/1/

© 2026 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 1

240186



Lin Gao et al.

an important role in the growth, development, and quality of
tobacco. The difference in microbial diversity among tobacco-
planting soil at different altitudes has received increasing atten-
tion in recent years (Wang et al., 2019; Zhang et al., 2018; Ding et
al,, 2021). The aim of this study is to investigate the differences
in bacterial community structure among tobacco rhizosphere
soil at high, medium, and low altitudes using high-throughput
sequencing technology. Given that tobacco is a unique economic
crop with nicotine primarily synthesized in its roots, and its root
exudates significantly influence the rhizosphere soil microbial
community, we hypothesize that there are distinct differences
in microbial diversity across different altitudes due to varying
ecological conditions such as light, temperature, and precipita-
tion. While recent studies have begun to explore the microbial
diversity in tobacco-planting soils at different altitudes, com-
prehensive analyses of bacterial community structure in this
context remain limited. Our research fills this gap by providing
a detailed investigation of how altitude affects the composition
of bacterial communities in tobacco rhizosphere soil. The nov-
elty of this study lies in its in-depth analysis of bacterial diversity
across a wide altitude range, which has not been extensively re-
ported. Our findings are expected to contribute significantly to
the existing knowledge by offering new insights into the relation-
ship between altitude and rhizosphere microbial diversity in to-
bacco. Furthermore, the results will provide theoretical support
for regulating tobacco rhizosphere microecological health and
the development and application of related microbial products,
thereby advancing the understanding and practical applications
of microbial ecology in agricultural practices.

2. Materials and methods
2.1. Site description

The sampling site was located in the high-quality tobac-
co-planting area of Enshi Tujia and Miao Autonomous Prefec-
ture of Hubei Province, China, with the altitude ranging from
500-1400 m. The climate type of the sampling area is a mid-
subtropical monsoon mountain humid climate, characterized
by distinct seasons, abundant rainfall, and moderate tempera-
tures, which are favorable for tobacco cultivation. During the
flue-cured tobacco growing period, the average temperature is
around 24.8°C, with the most suitable temperature range for
tobacco growth being 25-28°C. The total precipitation during
this period is approximately 400-600 mm, with higher rainfall
in the later stages of growth. The region also receives adequate
sunlight, with a total of around 500-700 h of sunshine during
the growing season, which is beneficial for tobacco growth.
The flue-cured tobacco variety planted in the area is Yunyan
87, which is well-adapted to local conditions. In terms of tobac-
co growing conditions, the region typically employs integrated
pest management practices to protect against pathogens, en-
suring the health and quality of the tobacco crops. The soil type
in the sampling area is Luvisols (according to the FAO World
Reference Base for Soil Resources classification).
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2.2. Soil sampling

In the high-quality tobacco-planting area, three repre-
sentative altitudes of tobacco fields were selected: low altitude
(<800 m, H1), medium altitude (800-1300 m, H2), and high alti-
tude (>1300 m, H3). These altitudes were chosen to reflect the di-
verse environmental conditions that may affect tobacco growth
and soil properties across the region. Each tobacco field had an
area of 0.20 hectares. Within each field, three tobacco plants
with consistent growth were randomly selected. The plants were
collected during the mature period of tobacco growth (July 30)
to ensure that the rhizosphere soil samples reflected the soil
conditions during the critical growth stage. Mix the rhizosphere
soil of 3 tobacco plants collected from each tobacco field into
a composite sample, obtaining a total of 15 soil samples, each
weighing approximately 500 grams. The rhizosphere soil sam-
pling method was as follows: we dug out the roots of tobacco
plants with a sterilized sampling shovel, shook off the loose soil
from the roots, and brushed off the soil that was closely attached
to the roots using a small brush and placed it into a sterilized
self-sealed bag. The rhizosphere soil samples were immediately
transported to the laboratory in plastic bags using a portable
refrigerator. Plant residues and other organic debris were care-
fully removed using forceps. The samples were kept moist and
stored at -40°C for more than one month until the analysis of
microbial community structure.

The soil characteristics for each altitude are described as
follows:

* Low altitude (H1): The soil at low altitude had an alkaline
nitrogen content of 107.61 mg-kg?, available phosphorus
of 15.09 mg-kg, and available potassium of 280.20 mg-kg'.
The soil pH was 6.50, indicating a slightly acidic to neutral
condition. The total nitrogen content was 1.49 g-kg?, and
the organic carbon content was 12.78 g-kg.

* Medium altitude (H2): The soil at medium altitude had
an alkaline nitrogen content of 115.80 mg-kg™, available
phosphorus of 20.95 mg-kg?, and available potassium of
298.92 mg-kg. The soil pH was 6.15, which is slightly acidic.
The total nitrogen content was 1.58 g-kg™, and the organic
carbon content was 15.06 g-kg.

*  High altitude (H3): The soil at high altitude had the high-
est alkaline nitrogen content at 170.90 mg-kg?, available
phosphorus of 21.78 mg-kg™", and available potassium of
256.50 mg-kg. The soil pH was 6.18, also slightly acidic. The
total nitrogen content was 1.67 g-kg', and the organic car-
bon content was 15.37 g-kg.

The soil physicochemical properties were determined using
standard soil agrochemical analysis methods. Soil pH was meas-
ured with a pH meter (water-to-soil ratio = 2.5:1). Alkaline nitro-
gen was determined by the alkali-hydrolyzed diffusion method.
Available phosphorus was extracted with 0.5 mol/L. NaHCO, and
measured by the molybdenum blue colorimetric method. Avail-
able potassium was extracted with 1 mol/L NH,OAc and deter-
mined by flame photometry. Total nitrogen was measured using
the Kjeldahl method, and organic carbon was determined by the
potassium dichromate oxidation-external heating method.
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2.3. DNA extraction and PCR amplification

Total genomic DNA was extracted from soil samples using
the QIAamp PowerFecal Pro DNA Kit (51804) (Qiagen, Germany)
with three biological replicates and three technical replicates
for each sample, following the manufacturer’s instructions, and
the extracted DNA was stored at —20°C prior to further analy-
sis. The quantity and quality of extracted DNAs were measured
using a NanoDrop NC2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and agarose gel electrophoresis,
respectively.

PCR amplification of the bacterial 16S rRNA genes V3-V4
region was performed using the forward primer 338F (5’-ACTC-
CTACGGGAGGCAGCA-3’) and the reverse primer 806R (5-GGAC-
TACHVGGGTWTCTAAT-3’) (Fadrosh et al., 2014). The PCR com-
ponents contained 5 pl of buffer (5x), 0.25 pyl of Fast pfu DNA
Polymerase (5U/yl), 2 pl (2.5 mM) of dNTPs, 1 pl (10 uM) of each
Forward and Reverse primer, 1 yl of DNA Template, and 14.75 pl
of ddH,0. Thermal cycling consisted of initial denaturation at
98°C for 5 min, followed by 25 cycles consisting of denatura-
tion at 98°C for 30 s, annealing at 53°C for 30 s, and extension
at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR am-
plicons were purified with Vazyme VAHTSTM DNA Clean Beads
(Vazyme, Nanjing, China) and quantified using the Quant-iT Pi-
coGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). And
then sequencing libraries were constructed using KAPA DNA
HyperPlus kit (KAPA,KK8514). After the individual quantifica-
tion step, amplicons were pooled in equal amounts, and pair-
end 2x250 bp sequencing was performed using the Illlumina
NovaSeq platform.

2.4. Library preparation and sequencing

Sequencing libraries were generated using a NEB Next® Ul-
tra™ DNA Library Prep Kit for Illumina (New England Biolabs,
Ipswich, MA, USA) following the manufacturer’s instructions,
and index codes were added. The Qubit 4 quantitative library

Table 1
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was utilized, and the PCR-enriched fragments were subjected to
quality control using the Agilent 2100 to verify the fragment size
and distribution of the DNA library. The libraries were then se-
quenced on an llumina MiSeq platform, and 250-300 bp paired-
end reads were generated.

2.5. Data analysis

Microbiome bioinformatics were performed with QIIME2
(2022.11) and R software (4.2.0). Sequences were then quality fil-
tered, denoised, merged and chimera removed using the DADA2
plugin. Non-singleton amplicon sequence variants (ASVs) were
aligned with mafft and used to construct a phylogeny with fast-
tree2. Then, operational taxonomic unit (OTU) clustering was
performed on the obtained high-quality sequences based on
a 97% similarity level, and species annotation was performed us-
ing the Greengenes database(http://greengenes.secondgenome.
com/). According to the results of the OTU cluster analysis, Moth-
ur was used to calculate alpha diversity of the samples, and R was
used to analyze the bacterial diversity, after which histograms
and Venn charts were prepared. LefSe (Linear discriminant
analysis Effect Size) was used to analyze the differences in the
microbial community composition at each classification level.

3. Results
3.1. OTU identification at different taxonomic levels

The OTU number of bacterial species in tobacco rhizo-
sphere soil at different taxonomic levels was relatively lower
at high altitudes than that at medium and low altitudes. With
increasing altitude, the OTU number decreased at various taxo-
nomic levels (Table 1). The total number of OTUs in tobacco
rhizosphere soil at all three altitudes was 1777, and the number
of unique OTUs in the tobacco rhizosphere soil was the highest
at high altitudes (Fig. 1).

Number of soil bacterial operational taxonomic units (OTUs) at different altitudes. H1, low

altitude (<800 m); H2, medium altitude (800-1300 m); H3, high altitude (>1300 m)

Treatment Phylum Class Order Family Genus Species
H1 29.00a 85.00a 181.00a 285.00a 466.00a 144.00b
H2 27.00b 78.00a 171.00a 276.00a 468.00a 158.00a
H3 25.00b 68.00a 144.00b 224.00b 362.00b 123.00c

Different lowercase letters indicate significant differences between values at P<0.05.

Fig. 1. Venn classification map of soil bacterial operational taxonomic units (OTUs) at different altitudes.
H1, low altitude (<800 m); H2, medium altitude (800-1300 m); H3, high altitude (>1300 m) H3
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3.2. Species abundances

At the phylum level, the predominant bacterial popula-
tions in tobacco rhizosphere soil across the three altitudes were
Proteobacteria, Actinobacteria, and Acidobacteria. Specifically,
the relative abundance of Proteobacteria was highest at low
altitudes, while the relative abundance of Actinobacteria and
Acidobacteria was highest at high altitudes (Fig. 2). Additionally,
the relative abundance of Firmicutes was higher at medium alti-
tudes compared to both lower and higher altitudes (Fig. 2). Other
bacterial species detected in the tobacco rhizosphere soil sam-
ples had relatively low abundance across all three altitudes.

At the genus level, Sphingomonas, subgroup_6 (microbial
groups that have not yet been clearly classified into specific
genera), Gemmatimonas, and Rhodanobacter were the dominant
bacterial species groups in the tobacco rhizosphere soil at dif-
ferent altitudes. Among them, the abundance of Sphingomonas
and Subgroup_6 was relatively higher at low altitudes than at
medium and high altitudes (Fig. 3). The relative abundance of
other species detected in the tobacco rhizosphere soil samples at
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the three altitudes was low. However, the relative abundances
of Aquabacterium was the highest at low altitudes, and that of
Chujaibacter was the highest at medium altitudes (Fig. 3).

3.3. Alpha diversity

The Chaol index of bacterial species in tobacco rhizosphere
soil was higher at low and medium altitudes compared to high
altitudes. Specifically, the Chaol index values were 5472.46 and
5410.93 at low (H1) and medium (H2) altitudes, respectively,
while it decreased to 5160.91 at high altitude (H3). This indi-
cates a statistically significant reduction in bacterial species
richness at the highest altitude (H3). In contrast, the Shannon
index, which measures species diversity, did not show a sig-
nificant change across different altitudes. The Shannon index
values were 11.00, 10.88, and 10.86 for low (H1), medium (H2),
and high (H3) altitudes, respectively. Therefore, while bacterial
species richness decreased with increasing altitude, as indicat-
ed by the Chaol index, the overall diversity of bacterial species,
as measured by the Shannon index, remained relatively stable

[l Proteobacteria
B Actinobacteria
B Acidobacteria
B Gemmatimonadetes
Il Chloroflexi

[ Bacteroidetes

[l Firmicutes

M Patescibacteria
M Rokubacteria

[l Verrucomicrobia
M Others

Fig. 2. Relative abundances of soil bacteria at the
phylum level. H1, low altitude (<800 m); H2, me-
dium altitude (800-1300 m); H3, high altitude
(>1300 m)

W Sphingomonas
M Subgroup 6
W Gemmatimonas
W Rhodanobacter
W KD4-9

W SC-L-34

W Saccharimonadales
W Aquabacterium
M Chujaibacter
B RB/1

Hl Others

Fig. 3. Relative abundances of soil bacteria at the
genus level. H1, low altitude (<800 m); H2, medium
altitude (800-1300 m); H3, high altitude (>1300 m)
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across the altitudes. Altitude had a strong influence on the rich-
ness of soil bacterial species (Table 2).

Table 2

Chaol and Shannon indexes of soil bacterial community richness. H1, low
altitude (<800 m); H2, medium altitude (800-1300 m); H3, high altitude
(>1300 m)

Treatment Chao1l Shannon
H1 5472.46a 11.00a
H2 5410.93a 10.88a
H3 5160.91b 10.86a

Different lowercase letters in the same column indicate significant
differences at P<0.05.

Bacterial community structure in tobacco rhizosphere soil at different altitudes

3.4. Differences in bacterial community composition among
different altitudes

The composition of the bacterial community (at the genus
level) in tobacco rhizosphere soil at low altitudes was different
among samples, whereas that at medium and high altitudes was
similar (Fig. 4).

At different classification levels, there were significant spe-
cies abundance differences in tobacco rhizosphere soil among
the three altitudes; the species abundance differences at low al-
titudes were the most, followed by those at medium and high
altitudes (Fig. 5). Sphingomonas was the most different bacterial
genus in tobacco rhizosphere soil at low altitudes, and Myxo-
coccales was the most different bacterial order at high altitudes
(Fig. 5).

[

MM Chujaibacter

[ |
H3 HIHNEEEENN

Fig. 4. Clustering diagram of soil bacterial species
at the genus level at different altitudes. H1, low al-
titude (<800 m); H2, medium altitude (800-1300 m);
H3, high altitude (>1300 m)
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4. Discussion

Soil microbial diversity is a key factor in maintaining soil
quality (Kennedy et al., 1995). The difference in environmental
conditions at different altitudes affect soil properties, which
leads to changes in soil microbial diversity. In this study, we
examined the characteristics of the tobacco rhizosphere soil
microbial community across low, medium, and high altitudes.
Our results showed that bacterial species richness decreased
with increasing altitude (Table 2), consistent with previous
studies (Bryant et al., 2008; Xu et al., 2023) that have found
a general trend of declining microbial diversity in higher alti-
tude soils. This trend may be attributed to the combined effects
of soil pH, nutrient availability, and other abiotic factors that
vary with altitude(Ma et al., 2004; Zhang et al., 2025). Differ-
ences in climate factors such as temperature and precipitation
at different altitudes can have a large impact on the distribu-
tion of soil bacteria (Maron et al., 2011; Xun et al., 2015). In
addition, low altitudes are conducive to the formation of soil
humus, and adequate soil physical and chemical properties
can promote the formation of the rhizosphere microbial com-
munity. With increasing altitude, soil quality and soil microbial
diversity decrease (Ji et al., 2015; Kostenko, 2017; Ligia et al.,
2020; Gao et al., 2022).

Furthermore, our results showed that there were signifi-
cant differences in bacterial species abundance among tobacco
rhizosphere soil at the three altitudes, and the differences were
most obvious at low altitudes. The genus Sphingomonas was
the most abundant in tobacco rhizosphere soil at low altitudes,
and the order Myxococcales was the most abundant in tobacco
rhizosphere soil at high altitudes (Fig. 5). Sphingomonas spe-
cies are known for their strong ability to degrade aromatic
pollutants and their robust survival capabilities (Supaka et al.,
2001; He et al., 2017). Moreover, some Sphingomonas strains
can enhance plant resistance to pathogens and promote plant
growth (Chen et al.,, 2014; Khan et al., 2014). The prevalence of
Sphingomonasat low altitudes may reflect its adaptation to the
specific environmental conditions or anthropogenic influences
prevalent in these areas, aligning with its documented meta-
bolic versatility and stress tolerance. Myxobacteria, which be-
long to the order Myxococcales, are micropredators in the soil
ecosystem. They can move cooperatively and forage, preying
on a variety of bacteria and fungi for nutrition (Morgan et al.,
2010; Bull et al,, 2002). Some Myxobacteria strains have been
used to control the spread of fungal plant pathogens in the soil
(Dahm et al,, 2015; Olanya et al., 2015). For instance, Ye et al.
(2020) demonstrated that predatory Myxobacteria (Coralloco-
ccus sp.) can migrate to plant roots and regulate the soil mi-
crobial community to control cucumber fusarium wilt. In this
study, we observed significant differences in the abundance
of Myxococcales between high-altitude tobacco rhizosphere
soil and that at low and medium altitudes (Fig. 5). At higher
altitudes, tobacco plants are more susceptible to soil-borne
rhizome diseases due to adverse climatic conditions (Camp-
bell et al., 1980; Drake-Stowe et al., 2017). A higher abundance
of Myxococcus species can inhibit the growth of pathogens.
The soil characteristics at different altitudes revealed distinct
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patterns. Low-altitude soils had relatively high organic carbon
content and a slightly acidic to neutral pH, which may favor the
growth of certain microbial taxa such as Sphingomonas. These
conditions are similar to those reported in agricultural soils
with high organic matter content, where microbial communi-
ties are often dominated by copiotrophic bacteria that thrive in
nutrient-rich environments. In contrast, high-altitude soils ex-
hibited higher alkaline nitrogen content and slightly acidic pH,
conditions that may support the dominance of Myxococcales.
This is consistent with findings that Myxobacteria are preva-
lent in soils with specific nutrient profiles and pH conditions
(Yoon et al., 2024).

We also found that the abundance of Firmicutes in tobacco
rhizosphere soil was higher at medium altitudes than at high
and low altitudes (Fig. 5). Many Firmicutes species can produce
spores to resist extreme conditions such as drought or low tem-
perature, thereby reducing the impact of harsh climates on soil
and maintaining soil structure and quality stability (Sevasti et
al,, 2016; Michael et al., 2013). Firmicutes are strongly corre-
lated with soil pH and are prevalent in long-term continuously
cropped soils (Li et al., 2020; Anderson et al., 2018). Therefore,
the distinct microbial community compositions at each alti-
tude underscore the complex interplay between abiotic and bi-
otic factors in shaping soil ecosystems. Future research should
further explore the functional roles of dominant microbial
taxa in different altitude soils and investigate how these com-
munities respond to environmental changes and management
practices.

5. Conclusions

The main bacterial populations in the studied tobacco
rhizosphere soil at different altitudes were Proteobacteria,
Actinobacteria, and Acidobacteria (phylum level); and Sphin-
gomonas, Subgroup_6, Gemmatimonas, and Rhodanobacter
(genus level). Among them, the relative abundance of Proteo-
bacteria, Sphingomonas, and Subgroup_6 was the highest at
low altitudes, that of Actinobacteria and Acidobacteria was
the highest at high altitudes, and that of Firmicutes and Chujai-
bacter was the highest at medium altitudes. The relative abun-
dances of other bacterial species was low. At different classi-
fication levels, there were significant differences in bacterial
species abundance in tobacco rhizosphere soil among the three
altitudes, and the most diverse species were found in tobacco
rhizosphere soil at low altitudes. At the genus level, Sphin-
gomonas was the most different in the tobacco rhizosphere soil
at low altitudes. With increasing altitude, the bacterial species
richness in tobacco rhizosphere soil decreased, and the bacte-
rial species composition in tobacco rhizosphere soil was simi-
lar at medium and high altitudes.
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