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functional agents on growth,
nutrient accumulation, and
rhizosphere bacterial
communities in flue-cured
tobacco (Nicotiana tabacum L.)
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Dehu Xiang®, Cheng Qu?, Chongwen Zhu', Pengfei Yi*
and Lili Yang ®*

!Changde Municipal Company, Hunan Provincial Tobacco Corporation, Changde, China, ?College of
Botanical Science and Technology, Hunan Biological and Electromechanical Polytechnic,
Changsha, China

Introduction: Sustained nutrient supply and dry matter accumulation during the
late field growth stage are crucial for the final yield and quality of flue-cured
tobacco. However, the slow nutrient release of conventional organic fertilizers
often restricts plant growth during this critical period.

Methods: This study evaluated the comprehensive effects of supplementing
conventional organic fertilizer with a carbon polymer water-soluble fertilizer
alone (T2), or in further combination with an anti-continuous cropping agent
(T3) and a microbial inoculant (T4).

Results: The results demonstrated that, compared to the sole application of
organic fertilizer, both the T3 and T4 combined treatments effectively promoted
late-stage growth. Specifically, the T4 and T3 treatments significantly increased
leaf dry matter accumulation by 39.84% and 29.62%, respectively. Regarding
nutrient uptake, the T4 treatment significantly enhanced whole-plant nitrogen
and phosphorus accumulation by 41.76% and 154.28%, respectively. Meanwhile,
the T3 treatment significantly boosted whole-plant and leaf potassium
accumulation by 62.43% and 124.59%, respectively. Crucially, multivariate
analysis confirmed that the T4 treatment maximized dry matter by alleviating
soil compaction (reducing bulk density), increasing soil available nutrients, and
significantly activating glutamine synthetase and invertase in the leaves while
maintaining the stable abundance of core dominant bacterial taxa. In contrast, the
T3 treatment significantly altered soil acid-base conditions and selectively
enriched specific taxa, including Tepidisphaera and Gpl6, thereby improving
the root zone microenvironment to facilitate a unique source-sink
nutrient allocation.

Discussion: In conclusion, supplementing the organic and carbon polymer
fertilizer base with either an anti-continuous cropping agent or a microbial
inoculant effectively overcomes late-stage growth bottlenecks. Specifically, the
microbial inoculant combination (T4) demonstrated the optimal overall
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performance in maximizing dry matter accumulation and nitrogen/phosphorus
uptake, while the anti-continuous cropping agent combination (T3) was optimal
for enhancing leaf potassium accumulation. These combined applications
achieve this by ameliorating soil physicochemical properties, improving the
rhizosphere microenvironment, promoting carbon and nitrogen metabolism,
and optimizing source-sink nutrient allocation. Ultimately, these findings provide
practical fertilization strategies to alleviate late-stage premature senescence and
optimize field nutrient management in flue-cured tobacco.

KEYWORDS

carbon and nitrogen metabolism, dry matter accumulation, flue-cured tobacco,
functional agents, rhizosphere bacterial community, source-sink allocation

1 Introduction

Flue-cured tobacco (Nicotiana tabacum L.) is an important cash
crop (Eickholt and Lewis, 2014). Its yield and economic benefits
closely depend on cultivation and management measures during the
field stage (Yang et al., 2024a). The field growth period is a critical
stage for tobacco development. In particular, growth vigor and dry
matter accumulation during the late growth stage directly deter-
mine the final yield and industrial quality of tobacco leaves (Lin
et al,, 2020; Liu et al., 2024). In recent years, tobacco production has
widely adopted the increased application of organic fertilizers. This
practice helps improve the physicochemical properties of tobacco-
growing soil and mitigates microecological imbalances caused by
excessive chemical fertilizer use (Bonanomi et al., 2020; Jiang et al.,
2022). However, conventional organic fertilizers release nutrients
relatively slowly. This slow release often fails to precisely match the
intense demand for quick-acting nutrients during the rapid growth
stage. Consequently, plants are highly susceptible to nutrient
deficiency, premature senescence, or nutritional imbalance during
the crucial late yield-forming stage. This ultimately limits further
improvements in tobacco leaf quality (Guo et al., 2023).

Functional agents are agricultural inputs that effectively en-
hance fertilizer efficiency and improve the rhizosphere environ-
ment. Their primary growth-promoting pathways include
providing quick-acting nutrients, activating soil nutrients, improv-
ing microecology, and enhancing plant stress resistance (Jalal et al.,
2023; Ying et al., 2024). Difterent functional agents exhibit distinct
modes of action and physiological effects. Carbon polymer organic
water-soluble fertilizer is a polymeric organic water-soluble fertil-
izer that utilizes small-molecule carbon as a carrier. Roots can
rapidly absorb and utilize these sources, providing direct energy for
early plant growth and soil microorganisms (Wang et al., 2023).
Anti-continuous cropping agents can improve the soil physico-
chemical and microbiological environment by degrading autotoxic
substances or inhibiting soil-borne diseases. This process maintains
late-stage root vitality and delays premature senescence (Trivedi
et al,, 2021). Meanwhile, microbial inoculants can colonize the
rhizosphere and secrete phytohormones or extracellular enzymes
(Dutta et al., 2022). These actions significantly activate insoluble
phosphorus and potassium resources in the soil. Furthermore, they
regulate plant endogenous hormone levels and carbon-nitrogen
metabolism (Ahmad et al., 2018; Ouf et al., 2023). Beyond these
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direct physiological effects, these functional agents specifically alter
the composition of the rhizosphere microbial community. This
alteration is crucial for soil nutrient cycling (Malgioglio et al., 2022).

Existing research confirms the growth-promoting benefits of
single functional agents. However, most studies remain limited to
greenhouse experiments or the evaluation of a single product. These
studies fail to fully capture the comprehensive fertilizer efficiency in
complex field environments. This limitation is particularly evident
in actual tobacco production. The relative fertilizer efficiency of
combining organic fertilizers with different functional agents re-
mains unknown. Furthermore, the comprehensive impact of these
combinations on key physiological processes during the late growth
stage is still unclear. To fill this gap, we investigated the practical
application effects of supplementing conventional organic fertilizers
with a carbon polymer water-soluble fertilizer alone, or in further
cumulative combination with an anti-continuous cropping agent or
a microbial inoculant under field conditions. Therefore, the specific
objectives of this study are to compare the differences in the effects
of various functional agents on the growth, nutrient accumulation,
and source-sink allocation of flue-cured tobacco, to select the most
suitable targeted fertilization strategy to improve the quality and
efficiency of flue-cured tobacco in this region, and to elucidate the
underlying mechanisms of action by characterizing the responses of
leaf carbon-nitrogen metabolism and rhizosphere bacte-
rial communities.

2 Materials and methods
2.1 Experimental site

The experiment was conducted in Nanbei Town, Shimen
County, Changde City, Hunan Province (110°32'42"E, 29°52'14"
N). The experimental site is located in a region with a subtropical
humid monsoon climate, featuring an annual average temperature
of 13.5 °C and an annual average precipitation of 1650 mm. The
basic soil physicochemical properties were as follows: pH 6.50, soil
bulk density (BD) 1.18 g/cm?, soil organic matter (SOM) 27.06 g/kg,
total nitrogen (TN) 1.39 g/kg, alkali-hydrolyzable nitrogen (AN)
179.13 mg/kg, available phosphorus (AP) 19.56 mg/kg, and avail-
able potassium (AK) 379.88 mg/kg.
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2.2 Fertilizer types

The fertilizers used in this study primarily included: tobacco-
specific basal fertilizer (N:P,05:K,O = 8:15:7, Hunan Jinye
Zhongwang Technology Co., Ltd.); straw and rapeseed cake organic
fertilizer (N + P,Os + K,O = 5%, organic matter > 30%, Hunan Biye
Agricultural Technology Development Co., Ltd.); carbon polymer
organic water-soluble fertilizer (organic matter > 100 g/kg, Tianjin
Saimeile Import & Export Co., Ltd.); anti-continuous cropping
agent primarily consists of Actinomycetes (viable count > 5 x 10°
CFU/g, Beijing England Environmental Technology Co., Ltd.);
microbial inoculant primarily consists of Bacillus amyloliquefaciens
and Bacillus subtilis (viable count > 6 x 10'® CFU/g, Tianjin
Saimeile Import & Export Co., Ltd.); seedling-promoting fertilizer
(N: P,Os:K,0 = 20:9:0, Hunan Jinye Zhongwang Technology Co.,
Ltd.); Jinye Zhongwang compound fertilizer (N:P,05:K,0 =
10:5:29, Hunan Jinye Zhongwang Technology Co., Ltd.); and
potassium sulfate (N:P,O5:K,0 = 0:0:52, SDIC Xinjiang Luobupo
Potash Co., Ltd.).

2.3 Field trials and design description

Field trials were conducted using the tobacco cultivar “Yun 87°.
Before transplanting, the field was prepared for tobacco cultivation
by raising ridges and applying basal fertilizer. Tobacco seedlings at
the 8-leaf stage were selected and transplanted on ridges (in rings)
with a plant-to-row spacing of 50 x 120 cm. Four treatments were
established: T1, organic fertilizer (750 kg/ha); T2, organic fertilizer
(750 kg/ha) + carbon polymer organic water-soluble fertilizer (60
kg/ha); T3, organic fertilizer (750 kg/ha) + carbon polymer organic
water-soluble fertilizer (60 kg/ha) + anti-continuous cropping agent
(30 kg/ha); and T4, organic fertilizer (750 kg/ha) + carbon polymer
organic water-soluble fertilizer (60 kg/ha) + microbial inoculum (30
kg/ha). The application rates and methods of other standard
fertilizers were consistent across all treatments. Specifically, the
tobacco-specific basal fertilizer, organic fertilizer, carbon polymer
organic water-soluble fertilizer, anti-continuous cropping agent,
microbial inoculum, and potassium sulfate were thoroughly
mixed and applied in bands as basal fertilizers. On the day of
transplanting and at 7 days post-transplanting, the seedling-

TABLE 1 Application methods of different treatments.

Fertilization time

Type of fertilizer

10.3389/fpls.2026.1840341

promoting fertilizer was applied with water. At 30 days post-
transplanting, the compound fertilizer and potassium sulfate were
applied as an aqueous solution via hole application, followed
immediately by intertillage and hilling. Detailed fertilization
schemes are presented in Table 1. The experiment was carried
out under a randomized complete block design and repeated thrice
with 12 plots (plot size = 6 m x 11 m per replication; 3 plots
per treatment).

2.4 Determination of agronomic traits

The agronomic traits of tobacco plants, including plant height
(cm), stem circumference (cm), number of effective leaves, and
maximum leaf length (cm) from each treatment after 30, 60 and 90
days of transplanting, were recorded according to the “Tobacco
Industry Standard YC/T 142-1988 Tobacco Agronomic Trait
Survey Methods” in China. Briefly, data were collected from 5
plants from each plot per treatment. The average value of these 5
plants was calculated to represent a single biological replicate for
that plot, resulting in three true biological replicates (n=3) per
treatment. The leaf area (cm”) was calculated using the following
formula: leaf length x leaf width x 0.6345.

2.5 Determination of the accumulation of
dry matter, total nitrogen, total
phosphorus, and total potassium contents
of tobacco plants

The accumulation of dry matter contents (g/plant) in different
parts (root, stem, and leaf) of tobacco plants was determined at 30,
60 and 90 days of post-transplanting under various treatments.
Briefly, 5 plants were randomly uprooted per plot from each
treatment. These 5 plants were pooled to represent a single
biological replicate for that plot (resulting in n=3 per treatment),
and then divided into three parts (root, stem, and leaf). The
collected samples were dry at 105 °C for 30 min, dried to constant
weight at 80 °C for 48 h, and the contents of dry matter were
measured in each part. The contents (mg/plant) of N, phosphorus
(P), and potassium (K) were determined in different parts (root,
stem, and leaf) of tobacco plants from the samples collected after 90

Tobacco-specific basal fertilizer (kg/ha) 900 900 900 900
Organic fertilizer (kg/ha) 750 750 750 750
Carbon polymer organic water-soluble fertilizer (kg/ha) 0 60 60 60
10 days before transplanting
Anti-continuous cropping agent (kg/ha) 30 0 30 0
Microbial inoculum (kg/ha) 0 30 0 30
Potassium sulfate (kg/ha) 75 75 75 75
Day of transplanting Seedling-promoting fertilizer (kg/ha) 37.5 37.5 37.5 375
7 days after transplanting Seedling-promoting fertilizer (kg/ha) 375 375 375 375
Compound fertilizer (kg/ha) 300 300 300 300
30 days after transplanting
Potassium sulfate (kg/ha) 300 300 300 300
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days of transplanting. The samples were digested with H,SO,-
H,0,, and the contents of N, P, and K were determined with
continuous flow analyzer, molybdenum-antimony anti-colorimet-
ric, and flame photometric methods, respectively. Total dry matter
accumulation and total nutrient accumulation of the plant were
equal to the sum of roots, stems, and leaves (Yang et al., 2024b).

2.6 Determination of key carbon and
nitrogen metabolism enzymes and
metabolites

At 90 days post-transplanting, three representative tobacco
plants were selected from each treatment. Fresh leaf samples were
collected from the middle leaves (the 10th to 12th leaf positions) of
each plant and pooled. For enzyme activity assays, the composite
samples were wrapped in aluminum foil and gauze, immediately
snap-frozen in liquid nitrogen for transport, and stored at —80 °C.
Additional fresh leaf samples were oven-dried for the determination
of carbon and nitrogen metabolites, including starch and reducing
sugars. Nitrate reductase activity was determined using the in vivo
method, and glutamine synthetase activity was measured via
spectrophotometry (Gao et al., 2015). Invertase and amylase activ-
ities were assayed using the 3, 5-dinitrosalicylic acid colorimetric
method (Li et al., 2017; Lei et al., 2022). The contents of starch and
reducing sugars were quantified using a continuous flow analyzer
(Zhang et al., 2024).

2.7 Sampling and determination of
rhizosphere soil samples

Rhizosphere soil samples were collected 90 days after trans-
planting using the five-point sampling method. In each plot, soil
from five plants was mixed thoroughly to form one composite
sample. This sample was divided into two parts: one was stored at
-80 °C for microbial analysis, and the other was air-dried for the
analysis of soil properties.

For DNA extraction, 0.5 g of fresh soil was processed using the
UltraClean Microbial DNA Isolation Kit (Mo Bio, USA). The V3-
V4 region of the bacterial 16S rRNA gene was amplified using
primers 338F (5-ACTCCTACGGGAGGCAGCA-3’) and 806R
(5'-GGACTACHVGGGTWTCTAAT-3’). The PCR reaction (25
uL) contained 12.5 pL 2x Premix Taq (TaKaRa), 1 uL of each
primer (10 uM), 1 puL template DNA, and 9.5 uL distilled water. The
PCR program was set as follows: 95 °C for 5 min; 35 cycles of 95 °C
for 30 s, 55 °C for 30 s, and 72 °C for 45 s; and a final extension at
72 °C for 7 min. The PCR products were checked on a 1% agarose
gel, purified, and sequenced on the Illumina HiSeq platform. Raw
sequencing reads were assigned to each sample based on unique
barcodes and trimmed to remove barcode and primer sequences.
Paired-end reads were merged using FLASH (v1.2.11). Quality
filtering of the raw reads was conducted using fqtrim (v0.94) to
obtain high-quality clean reads. Chimeric sequences were detected
and removed using Vsearch (v2.3.4). The high-quality sequences
were then clustered into Operational Taxonomic Units (OTUs) at a
97% similarity threshold. Taxonomic classification of the represen-
tative bacterial sequences was assigned based on the SILVA data-
base (release 132).
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Standard methods were adopted to assess soil physicochemical
attributes. BD was determined using the cutting ring method (Bao,
2000). For chemical properties, 10.0 g of air-dried soil was used to
measure soil pH in a soil-water suspension (1:2.5, w/v) using a
digital pH meter (Bao, 2000). SOM was quantified from 0.5 g of soil
via the potassium dichromate oxidation method with external
heating (Wang et al., 2025b). TN was measured using the
Kjeldahl digestion method (Wang et al., 2025b). Available nutrients
were determined as follows: AN was assayed using the alkali
hydrolysis diffusion method with 2.0 g of soil; AP was extracted
from 2.5 g of soil using 0.5 mol/L NaHCO; and determined
colorimetrically using the molybdenum blue method; and AK was
extracted from 5.0 g of soil using 1 mol/L NH,OAc and measured
by flame photometry (Wang et al., 2025b).

2.8 Statistical analysis

Data were initially organized using Microsoft Excel. Statistical
analyses were performed using R software (version 4.5.3). One-way
analysis of variance (ANOVA) followed by the least significant
difference (LSD) test was used to determine significant differences
among treatments at p < 0.05. Pearson correlation analysis was also
conducted using R software. Redundancy analysis (RDA) was
performed using the Chiplot online platform (https://
www.chiplot.online/, accessed on 29 April 2026). For microbial
community analysis, a-diversity was evaluated using the Shannon,
Chaol, ACE, and Simpson indices. B-diversity was assessed via
Non-metric Multidimensional Scaling (NMDS). Stacked bar plots
were employed to visualize the taxonomic composition and varia-
tions in species abundance at the genus level.

3 Results

3.1 Effects of combined application of
organic fertilizer and different functional
agents on agronomic trait

The results demonstrated that at 30 days after transplantation, all
agronomic trait indices showed no significant differences among the
fertilization treatments (Table 2). At 60 days of post-transplantation,
the stem girth under treatment T4 was significantly higher than that
under treatments T1, T2, and T3. Meanwhile, the maximum leaf
width and leaf area under treatments T3 and T4 were significantly
higher than those under T2. Other indices showed no significant
differences among all treatments during this period. However, after 90
days of transplantation, the plant height under treatment T3 was
significantly higher than that under T1 (p < 0.05). In addition, the
maximum leaf width and the number of leaves under treatment T4
were significantly higher than those under T2 and T3. These indicates
that the combined application of an anti-continuous cropping agent
(T3) or a microbial inoculum (T4) promotes the middle and late-stage
growth of flue-cured tobacco. Specifically, these treatments improve
stem development, leaf expansion, and plant height. In contrast, the
sole addition of the carbon polymer organic water-soluble fertilizer
(T2) does not significantly improve these agronomic traits.
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TABLE 2 Effects of different fertilization treatments on main agronomic traits of flue-cured tobacco at different growth stages.

Days after

Plant height
(cm)

Stem girth

Treatments
(cm)

transplantation

Maximum
leaf width
(cm)

Maximum
leaf length
(cm)

Leaf area
(cm?)

Number of
leaves

T1 26.53 + 4.50a 4.07 £ 0.25a 48.40 + 3.99a 28.10 + 1.91a 13.33 £ 0.58a 861.27 + 67.19a
T2 30.50 + 1.68a 4.63 £ 0.45a 48.03 + 3.33a 27.53 £ 2.40a 12.67 £ 1.15a 836.71 + 50.44a
04 T3 25.93 + 6.06a 493 £ 0.81a 48.77 + 5.00a 29.23 £ 1.62a 13.67 £ 1.53a 902.40 + 71.68a
T4 25.50 + 3.34a 4.97 £ 0.81a 49.70 + 1.90a 28.70 + 2.25a 12.33 £ 0.58a 904.55 + 71.06a
T1 92.60 + 12.97a 9.73 + 0.40b 71.63 + 2.47a 34.33 + 0.06ab 20.67 + 0.58a 1560.44 + 51.17ab
T2 99.90 + 9.83a 9.67 + 0.15b 72.27 + 1.50a 31.67 £ 1.14b 21.00 + 1.00a 1452.74 + 81.81b
o0 T3 104.03 + 3.55a 10.00 + 0.26b 76.00 + 4.92a 37.50 + 2.70a 21.33 + 0.58a 1811.89 + 221.04a
T4 103.30 + 6.22a 10.93 £ 0.75a 75.17 + 1.60a 36.83 + 2.35a 20.67 + 0.58a 1757.81 + 139.30a
T1 103.83 + 7.29b 10.77 £ 0.23a 84.10 + 6.99a 40.50 + 2.86ab 14.33 + 0.58ab 2165.65 + 286.35a
T2 111.53 + 2.72ab 11.00 + 0.44a 79.87 + 5.65a 37.43 £ 0.47b 13.33 + 0.58b 1896.51 + 127.75a
04 T3 118.00 + 5.22a 11.03 + 0.55a 80.20 + 4.76a 37.73 £ 1.63b 13.33 + 0.58b 1922.95 + 192.72a
T4 112.67 + 3.06ab 11.27 £ 0.21a 84.37 + 6.03a 42.67 £ 2.81a 14.67 £ 0.58a 2282.68 + 197.05a

Data are presented as mean + standard deviation (n = 3). Different lowercase letters within the same column indicate significant differences among treatments at p < 0.05 according to the least

significant difference (LSD) test.

3.2 Effects of combined application of
organic fertilizer and different functional
agents on dry matter accumulation and
distribution ratio in flue-cured tobacco

Different fertilization treatments significantly affected total dry
matter accumulation and its distribution ratio among organs of
flue-cured tobacco at various growth stages, showing clear stage-
specific characteristics (Table 3). At 30 days after transplantation,
T2 and T4 effectively promoted early dry matter accumulation.
Total dry matter accumulation of the whole plant under T2 and T4
was significantly higher than under T1 (p < 0.05). Leaf dry matter
accumulation showed no significant differences among treatments
during this stage. The increase in total accumulation mainly
resulted from root and stem development, with root dry matter
under T2 significantly higher than T1 and T3, and stem dry matter
under T4 being significantly the highest. At 60 days after trans-
plantation, dry matter accumulation exhibited different trends.
Total dry matter accumulation under T1 and T2 was significantly
higher than T3 and T4. Regarding the dry matter distribution
pattern, T2, T3, and T4 all began showing a trend of optimizing
dry matter transfer to leaves, where total leaf dry matter accumu-
lation and leaf distribution ratio under T2 reached the highest
levels, significantly outperforming T1. At 90 days after transplan-
tation, T3 and T4 demonstrated obvious late-stage growth advan-
tages and material synthesis capabilities. Total dry matter
accumulation under T4 reached the highest level, significantly
exceeding all other treatments, followed by T3, which was also
significantly higher than T1 and T2. For the core economic
organs, leaf dry matter accumulation under T4 and T3 significantly
increased by 39.84% and 29.62%, respectively, compared to T1.
Based on the final material distribution ratios, leaf dry matter
distribution ratios under T3 and T4 were significantly higher
than T1 and T2, with stem distribution ratios significantly reduced
accordingly.
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3.3 Effects of combined application of
organic fertilizer and different functional
agents on nitrogen accumulation and
distribution in flue-cured tobacco

The combined application of organic fertilizer and different
functional agents significantly affected N accumulation in flue-
cured tobacco, while their effects on N distribution ratios were
relatively minor. Compared with the control (T1), all combined
application treatments (T2, T3, and T4) significantly increased N
accumulation in the whole plant and leaves (p < 0.05) (Figure 1A).
Specifically, N accumulation in the whole plant and leaves under T4
reached the highest levels, significantly increasing by 41.76% and
33.02% compared to T1, respectively, followed by T2 and T3.
Regarding root and stem N accumulation, only root N accumula-
tion under T3 was significantly higher than T1, whereas other
treatments showed no significant differences. N distribution anal-
ysis (Figure 1B) revealed that N was primarily distributed in leaves
(66.44%-70.84%) across all treatments, and neither leaf nor stem N
distribution ratios under T2, T3, and T4 differed significantly from
T1. Only T3 specifically altered the distribution pattern, exhibiting a
significantly higher root N distribution ratio than T1.

3.4 Effects of combined application of
organic fertilizer and different functional
agents on phosphorus accumulation and
distribution in flue-cured tobacco

The combined application of organic fertilizer and different
functional agents significantly affected P accumulation and distri-
bution patterns in flue-cured tobacco (Figure 2A). Compared with
the control (T1), all combined application treatments (T2, T3, and
T4) significantly increased P accumulation in the whole plant and
leaves (p < 0.05). Specifically, P accumulation in the whole plant and
leaves under T4 reached the highest levels, significantly increasing
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https://doi.org/10.3389/fpls.2026.1840341
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al. 10.3389/fpls.2026.1840341

by 154.28% and 274.17% compared to T1, respectively, followed by
« o @l ololalalsl vl 8 g T2 and T3, which were also significantly higher than T1. Regarding
g 3R 8 5 23838 % 2 stem and root P accumulation, only T3 showed significantly higher
ol e |t alalolnlala ol stem accumulation and lower root accumulation than T1, whereas
e g S % d a de =& . .
9 NI § 5 2?3 &3 &5 3 E S E other treatments showed no significant differences from T1. P
o distribution analysis revealed that all combined application treat-
0 Y pPp
© ments significantly optimized P distribution within the plant
o g y op p
c Figure 2B). Compared to T1, treatments T2, T3, and T4 signifi-
o - - g p g
—_— =) 0 < < =l < < < =} - . . . . . .
21 S I Z(glg|2[2|8/2|%|R cantly increased the leaf P distribution ratio, with T4 and T2
— q — — — (o] (=] S (o] - s
':g H E o Hlalalale < Hix E g reaching the highest levels. Concurrently, the root and stem P
- 2252 g S F 4 2 E S g |5  distribution ratios under all combined application treatments were
ST = IR g A
o = significantly lower than those under T1, indicating that the com-
9 8 8 Y 8
© Z bined applications not only promoted P absorption but also
g 8 pp Yy P p
~ bt strongly drove the directional transfer of P to core economic organs.
< g
= g181818 185 9|28 2€ 3¢
s ¥ - s <slc = o =< 5 35 Effects of combined application of bio-
HH | H | H | H ] H | H| H| H H | H | R B i . - R
922 8 % @ 8 3 % = % g i organic fertilizer and different functional
A4S |d d|N S| = |b ¢ alala|= . .
- T T T T T T T e e e e agents on potassium accumulation and
¥ % distribution in flue-cured tobacco
o £
o o
g :
< ol | sl eleolelalelslelalald The combined application of bio-organic fertilizer and different
H e 2 5¢ 3 & . L . .
2 Zleleldlglg 89 3 A2 S 2 functional agents significantly affected K accumulation and distri-
= - H| H | H v 8 & Y
+l . . . .
‘? o g g ; g g ; n % 2 % |3 | g &  bution in flue-cured tobacco (Figure 3A). Compared with the
2 y ! 3 Y | ! i 5 | = 2 .
N R Falgld s 38 el control (T1), treatments T3 and T4 significantly increased total K
g o — 154 g Y
5 o 5 accumulation in the whole plant (p < 0.05) by 62.43% and 48.45%,
S g p P Y
© — ™ respectively, while T2 showed no significant difference from T1. For
. c o P Y; g
9 _g ol s g leaf K accumulation, all combined application treatments (T2, T3,
Q a2 s | 020|220 s |
S R 282 388 ¥ B8 88 g 8 and T4) were significantly higher than T1, with T3 reaching the
- > D e T B B B B B T = 20 AR N VA S B o Y S & y hig &
g g R R I s B I I R AP e 8 highest level, representing a 124.59% increase over T1. Regarding
— — b Sl o|wn =
3 é I gs dls F ERS 2 é stem accumulation, T3 and T4 were significantly higher than T1;
& 5 ué however, root K accumulation showed no significant differences
2 = % between any combined application treatments and T1. K distribu-
] 2 . T . C
= S S tion analysis (Figure 3B) indicated that all combined application
> L
:§ 5 2 &8 ’é 8§32 8288 28 g é treatments significantly promoted K transfer to leaves. Compared to
E Slal5S A I Il IVl IV O P I 2 T1, treatments T2, T3, and T4 significantly increased the leaf K
© o> o 9
5 h E E s 404 E % § i § Sl distribution ratio, with T3 achieving the highest rate. Concurrently,
c <+ (a1l N — — Yo} Yo} o o~ b=
2 s the root K distribution ratios under all combined application
= = treatments were significantly lower than T1, while stem K distri-
2 £ 8 y
3 % bution ratios showed no significant differences among
Q (= @
O
< =~ 0 s | s | 2|2 o S| 8
s g == —93 rgv § lg:g g 8 8 & g & 2 § 2 all treatments.
- == C -l q R 2 B o T o o B BN= T B I o
E €32 Lg._ T R R R R R R - . . .
Ed s 5 s =R 3 =888 49yt 3.6 Effects of combined application of
o S 5 O ISEE T T e T e e\ e B B G B S I Bt B . . N .
S Nalhel 0 ¢ 8 ¢ %o DD & 8 & 5 £ organic fertilizer and different functional
© S . .
P £ agents on carbon and nitrogen metabolism
2 = in the late growth stage of flue-cured
F 9 . tobacco
[ - =
E = <
c o 5
o € | N F =N F | = | en | 4; . I s -1: .
% = FlF|F R B |H F BB H| BB 3 The combined application of organic fertilizer and different
= |“:" s functional agents had varying effects on key carbon and nitrogen
£ E metabolism enzyme activities and related product contents in the
& f late growth stage of flue-cured tobacco (Table 4). Compared with
g - g 8 p
£ S £ the control (T1), treatment T4 significantly increased the activities
e
“53. S © ks of glutamine synthetase and invertase (p < 0.05), by 29.10% and
9 °8 2 3 3 £ 26.59%, respectively. However, nitrate reductase activity showed no
i 5 4  significant differences among all treatments. Regarding o-amylase
S 2 g g g g Y
] & . [
s o s activity, only T3 was significantly lower than T1, whereas other
o =
& 8 treatments showed no significant differences from T1. For

Frontiers in Plant Science 06 frontiersin.org


https://doi.org/10.3389/fpls.2026.1840341
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

10.3389/fpls.2026.1840341

L I B

Plant and leaf N accumulation (mg/plant)

g

FIGURE 1

o
SR>

ab ab

S

RN
Treatments

&

Stem and root N accumulation (mg/plant)

0
ARG

Leaf N distribution ratio (%)

2 b3

=
Stem and root N distribution ratio (%)

NN SR R SR R R N R
Treatments

[ prant (et axis)

B oot et ais)
. Stem (Right axis)
B Root (Right axis)

Effects of combined application of organic fertilizer and different functional agents on nitrogen (N) accumulation and distribution in flue-cured

tobacco. (A) N accumulation in the whole plant, leaf, stem, and root across different treatments. (B) N distribution ratio in the leaf, stem, and root.
Data are presented as mean + standard deviation (n = 3). Different lowercase letters indicate significant differences among treatments at p < 0.05
according to the least significant difference (LSD) test.

1800

500

1200

Plant and leaf P accumulation (mg/plant)

FIGURE 2

Data are presented as
according to the least

0
S

D

R RN

Treatments

g g ]
Stem and root P accumulation (mg/plant)

g

Ed

0
AR R

ution ratio (%)

100

ution ratio (%)

g
Stem and root P dist

ISP} SR, R R Y

R R R
Treatments

B prane enanis)

B oot et ais)

B stem Right axis)
B Root (Right axis)

Effects of combined application of organic fertilizer and different functional agents on phosphorus (P) accumulation and distribution in flue-cured
tobacco. (A) P accumulation in the whole plant, leaf, stem, and root across different treatments. (B) P distribution ratio in the leaf, stem, and root.

mean + standard deviation (n = 3). Different lowercase letters indicate significant differences among treatments at p < 0.05
significant difference (LSD) test.

6000

Plant and leaf K accumulation (mg/plant)

FIGURE 3

AR

DQC QR

Treatments

3500

H b H
H H H
Stem and root K accumulation (mg/plant)

z
H

z
H

SRR

Leaf K distribution ratio (%)

NN EIE S

RN R

Treatments

8 g
Stem and root K distribution ratio (%)

S

. Plant (Left axis)
Leaf (Left axis)

B stem Right axis)
B Root (Right axis)

Effects of combined application of organic fertilizer and different functional agents on potassium (K) accumulation and distribution in flue-cured

tobacco. (A) K accumulation in the whole plant, leaf, stem, and root across different treatments. (B) K distribution ratio in the leaf, stem, and root.
Data are presented as mean + standard deviation (n = 3). Different lowercase letters indicate significant differences among treatments at p < 0.05
according to the least significant difference (LSD) test.

Frontiers in Plant Science

07

frontiersin.org


https://doi.org/10.3389/fpls.2026.1840341
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chen et al.

10.3389/fpls.2026.1840341

TABLE 4 Effects of different treatments on key carbon and nitrogen metabolism enzyme activities and related product contents in the late growth stage
of flue-cured tobacco.

o-Amylase (mg/ Glutamine Nitrate Reductase Invertase Reducing 5
Treatments : o Starch (%)
min/g) Synthetase (U/g) (U/g) (U/g) Sugar (%)
T1 1.43 + 0.12ab 6.46 + 0.34b 0.22 + 0.02a 65.28 + 8.53b 1.00 + 0.07ab 31.46 + 0.31b
T2 1.28 + 0.09bc 6.66 + 0.37b 0.22 + 0.03a 64.96 + 2.09b 1.05 + 0.03a 35.07 + 0.71ab
T3 1.04 + 0.06¢ 5.74 +0.33b 0.22 + 0.02a 65.94 + 5.73b 0.90 + 0.06b 32.61 + 1.45ab
T4 1.57 + 0.21a 834 + 1.08a 0.24 + 0.02a 82.64 + 3.35 0.98 + 0.05ab 36.52 + 3.95a

Data are presented as mean + standard deviation (n = 3). Different lowercase letters within the same column indicate significant differences among treatments at p < 0.05 according to the least

significant difference (LSD) test.

metabolites, T4 significantly increased the starch content in tobacco
leaves by 16.08% compared to T1, while T2 and T3 showed no
significant differences from T1. Furthermore, the reducing sugar
contents under all combined application treatments (T2, T3, and
T4) were not significantly different from the T1 control. Overall, the
combined application of the microbial inoculum (T4) effectively
enhanced the activities of key carbon and nitrogen metabolism
enzymes and significantly promoted starch accumulation during
the late growth stage.

3.7 Effects of combined application of
organic fertilizer and different functional
agents on physicochemical properties of
tobacco-planting soil

The combined application of organic fertilizer and different
functional agents significantly affected the physicochemical prop-
erties of tobacco-planting soil (Table 5). Compared with T1, the
combined application treatments (T2, T3, and T4) all significantly
increased soil nutrient contents and improved the soil environment
(p < 0.05). Compared to T1, treatments T2, T3, and T4 significantly
increased AN, AP, AK, and SOM by 24.64% to 50.20%, 18.52% to
39.29%, 19.30% to 47.39%, and 2.71% to 8.66%, respectively, with
all indicators reaching their highest levels under the T4 treatment.
Regarding soil acidity and physical structure, the T3 treatment
showed the most prominent effect in increasing pH, which was
significantly higher than T1 by 10.31%. Concurrently, the BD under
all combined treatments was significantly lower than that of T1,
with T4 showing the largest reduction of 4.13%. These results
indicate that the combined application of functional agents not
only effectively promoted the activation and accumulation of key
soil nutrients but also markedly ameliorated soil acidification
and compaction.

3.8 Diversity and differential analysis of soil
bacterial communities

Different treatments had varying effects on the o diversity of the
soil bacterial community (Table 6). Regarding indices reflecting
community species richness, compared with the control (T1),
treatments T2 and T4 significantly increased the Chaol and Ace
indices of soil bacteria (p < 0.05), reaching the highest levels with no
significant difference between them. Conversely, the Chaol and Ace
indices under T3 were significantly lower than those under T1.
However, concerning the Shannon and Simpson indices, which
reflect overall community diversity and evenness, there were no
significant differences between any of the combined application
treatments (T2, T3, and T4) and T1 (p > 0.05). Overall, these results
indicate that the combined application of carbon polymer organic
water-soluble fertilizer (T2) and microbial inoculum (T4) signifi-
cantly increased soil bacterial species richness, whereas the anti-
continuous cropping agent (T3) significantly decreased bacterial
richness; nevertheless, none of these combined treatments funda-
mentally altered the overall diversity structure of the soil bacte-
rial community.

Genus-level bacterial community composition analysis
(Figure 4A) indicated that the community structures in treatments
T2 and T4 were highly similar to the T1 control, with Gp6 and
Nitrososphaera remaining the absolute dominant genera (account-
ing for 17.09%-18.91% and 14.28%-15.84% of the total sequences,
respectively). In contrast, the T3 treatment (combined application
of an anti-continuous cropping agent) caused a distinct shift in
community composition. Under this treatment, the relative abun-
dances of the dominant resident taxa Gp6 and Nitrososphaera
decreased to 13.71% and 12.17%, respectively, while the proportions
of specific functional taxa such as Tepidisphaera and Gpl6 signif-
icantly increased to 5.92% and 5.29%, respectively. This shift in

TABLE 5 Effects of combined application of organic fertilizer and different functional agents on physicochemical properties of tobacco-planting soil.

Treatments D 3 G AL A8
(g/cm?) (mg/kg) (mg/kg) (mg/kg)
Tl 5.53 + 0.14c 28.05 + 0.75b 1.35 + 0.01c 1.21 +0.02a 143.44 + 6.51c 27.16 + 1.08¢ 307.67 + 4.59d
T2 5.73 + 0.05bc 28.81 + 1.08ab 1.39 + 0.04bc 1.19 + 0.02ab 178.79 + 3.94b 3219 + 2.63b 367.06 + 4.72¢
T3 6.10 + 0.12a 29.83 + 0.72a 1.4 + 0.06ab 1.17 + 0.03ab 185.56 + 3.69b 33.42 + 1.34b 425,67 + 3.01b
T4 5.80 + 0.07b 30.48 + 0.99a 1.47 + 0.04a 1.16 + 0.03b 215.44 + 4.19a 37.83 + 1.24a 453.46 + 2.53a

Data are presented as mean + standard deviation (n = 3). Different lowercase letters within the same column indicate significant differences among treatments at p < 0.05 according to the least
significant difference (LSD) test.
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species abundance suggests that the T3 treatment promoted the
proliferation of adaptable microbial populations, partially replacing
sensitive resident taxa.

Non-metric multidimensional scaling (NMDS) analysis
(Figure 4B) confirmed these structural shifts. The scatter plot
(Stress = 0.042) displayed distinct clustering patterns. Notably,
the T3 samples formed a cluster clearly separated from T1, T2,
and T4. This separation indicates that, compared with the T1
control, the T3 treatment significantly altered the overall structure
of the soil bacterial community.

3.9 Multivariate analysis of soil, plant, and
microbial factors

Redundancy analysis (RDA) illustrates the differences in the soil
microenvironment under various fertilizer combinations
(Figure 5A), with the first two axes cumulatively explaining 76.2%
of the variance. In the RDA biplot, the vectors representing SOM,
TN, AN, AP, and AK are clustered together and point in the
opposite direction to the BD vector. The sample distributions for
the control (T1) and the application of carbon polymer alone (T2)
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FIGURE 5

align mainly with the BD vector, indicating relatively higher BD and
a limited increase in available nutrients under these basal treat-
ments. The distribution of the treatment with the anti-continuous
cropping agent (T3) aligns primarily with the pH vector, showing
that this treatment notably changed the soil acid-base conditions. In
contrast, the sample points of the treatment with the microbial
inoculum (T4) align with all core nutrient vectors, demonstrating
that this treatment is more effective in increasing AN, AP, and AK,
promoting SOM accumulation, and reducing BD, thereby provid-
ing a favorable physicochemical environment for tobacco growth.

Pearson correlation analysis demonstrates that soil physico-
chemical properties significantly affect tobacco growth and nutrient
absorption (Figure 5B). The results show that the nitrogen, phos-
phorus, and potassium contents, as well as dry matter accumulation
in tobacco plants, exhibit significant or highly significant positive
correlations with SOM, TN, AN, AP, and AK. This confirms that
increasing SOM and available nutrient contents plays a key role in
promoting plant biomass accumulation. Conversely, BD shows a
significant negative correlation with dry matter and multiple
nutrient indices, indicating that soil compaction restricts tobacco
growth and development. Furthermore, pH is highly significantly
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Relationships among soil physicochemical properties, tobacco growth, and bacterial diversity under different fertilization treatments. (A) Redundancy
analysis (RDA) biplot illustrating the distribution of soil samples under different treatments constrained by soil physicochemical factors. (B) Pearson
correlation heatmap evaluating the relationships among soil physicochemical properties, bacterial a-diversity, and plant growth metrics (N_Plant,
P_Plant, K_Plant, and Dry matter). Red and blue circles indicate positive and negative correlations, respectively. Color intensity and circle size are
proportional to the correlation coefficients (r). Asterisks denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001). Abbreviations: SOM, soil
organic matter; BD, bulk density; TN, total nitrogen; AN, available nitrogen; AP, available phosphorus; AK, available potassium.
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TABLE 6 Analysis of the a diversity of bacteria.

10.3389/fpls.2026.1840341

Treatments Shannon Chaol Ace Simpson
T1 6.08 + 0.25a 22036.73 + 249.39b 22028.10 + 214.92b 0.10 + 0.00a
T2 635 + 0.34a 23402.26 + 206.09a 23355.95 + 109.29a 0.11 + 0.03a
T3 5.92 + 0.26a 19889.75 + 641.29¢ 1948032 = 612.51¢ 0.12 + 0.03a
T4 634 + 0.06a 23878.88 + 1031.96a 23779.14 + 1032.99a 0.12 £ 0.02a

Data are presented as mean + standard deviation (n = 3). Different lowercase letters within the same column indicate significant differences among treatments at p < 0.05 according to the least

significant difference (LSD) test.

and positively correlated with plant potassium content, whereas
bacterial $\alpha$-diversity shows a highly significant negative
correlation. This indicates that under specific micro-ecological
conditions, variations in bacterial community diversity may alter
the microenvironment and consequently affect potas-
sium bioavailability.

4 Discussion

Favorable agronomic traits and dry matter accumulation form
the material basis for the yield of flue-cured tobacco. The results of
this study show that the growth-promoting effects of different
functional agents exhibit significant stage-specific characteristics.
During the early transplanting stage, the combined application of
the carbon polymer organic water-soluble fertilizer (T2) showed an
initial growth-promoting advantage. This occurred because tobacco
roots could rapidly absorb its quick-acting carbon sources and
small-molecule nutrients (Wang et al., 2025a). However, relying
solely on these quick-acting nutrients (T2) cannot sustain the
vigorous demands of the plants during the late growth stage.
Building upon this carbon polymer fertilizer base, the further
addition of an anti-continuous cropping agent (T3) or a microbial
inoculant (T4) effectively overcame this obstacle. During the late
growth stage, both the T3 and T4 treatments significantly increased
plant height and stem girth. Furthermore, their total dry matter
accumulation was higher than that of the T2 treatment alone. This
promoting effect is directly supported by our redundancy analysis
(RDA) and Pearson correlation analysis. Specifically, the correlation
analysis demonstrates a significant positive relationship between
soil available nutrients, soil organic matter, and dry matter accu-
mulation, alongside a significant negative correlation with bulk
density. The RDA biplot confirms that the T4 treatment provides a
favorable physicochemical environment by aligning with core
nutrient vectors and opposing the bulk density vector.
Concurrently, the microenvironmental shift driven by the T3
treatment aligns with the established ecological function of anti-
continuous cropping agents in degrading autotoxic substances and
inhibiting soil-borne pathogens, thereby fundamentally improving
the soil physicochemical and microbiological environment (Wang
et al., 2022). Meanwhile, the introduced microbial inoculant stim-
ulated root development by secreting phytohormones, maintaining
robust plant vitality during the late stage (Saeed et al., 2021).

Frontiers in Plant Science

Furthermore, the “source-sink” allocation pattern of dry matter
directly determines the final economic value of tobacco leaves
(Andrews et al., 2005; Smith et al,, 2018). In this study, the T3
and T4 treatments significantly increased total dry matter during
the late growth stage. More importantly, they drove the directional
transfer of photosynthates to the leaves, which significantly in-
creased the dry matter distribution ratio in the leaves. During the
late growth stage, tobacco leaves act as both the “source” for
photosynthesis and the main “sink” for dry matter accumulation.
This significant advantage in growth and material allocation inev-
itably requires stronger underlying nutrient supply and metabolic
activities for support. This highly efficient dry matter accumulation
is directly supported by the optimized soil microenvironment
demonstrated in our multivariate analysis.

Highly efficient absorption and directional allocation of mineral
nutrients serve as the physiological basis for the late-stage surge in
dry matter and quality formation of flue-cured tobacco (Yu et al.,
2026). Previous studies have shown that applying beneficial micro-
organisms and functional organic fertilizers can significantly acti-
vate insoluble soil nutrients by secreting organic acids or enzymes.
This activation improves the absorption efficiency of nitrogen,
phosphorus, and potassium in crops and optimizes their transfer
to the aboveground parts (Ouf et al., 2023; Pavankumar et al., 2024).
Our statistical analysis provides robust evidence for this mecha-
nism: plant nutrient contents exhibit highly significant positive
correlations with SOM and available nutrients. We found that the
combined application of different functional agents (T2, T3, and
T4) significantly increased the overall accumulation of nitrogen,
phosphorus, and potassium during the late stage. These treatments
also drove the directional transfer of phosphorus and potassium to
the leaves. The substantial enrichment of phosphorus and potas-
sium in the leaves is a prerequisite for maintaining high levels of
photophosphorylation and energy metabolism. It is also key to
improving the final combustibility of the tobacco leaves (Mohamed
et al,, 2021). However, different agents exhibited specific response
mechanisms regarding nutrient allocation. Unlike the general trend
of transferring all nutrients to the aboveground parts, the combined
treatment containing the anti-continuous cropping agent (T3)
showed a unique pattern. It promoted the directional transfer of
phosphorus and potassium to the leaves to ensure late-stage
photosynthetic efficiency. Additionally, it specifically increased the
nitrogen distribution ratio in the roots to delay premature root
senescence. The RDA results further elucidate this specific mech-
anism: the T3 treatment distinctly altered soil acid-base conditions,
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aligning with the pH vector, which is highly significantly and
positively correlated with plant potassium content. This synergistic
aboveground and underground nutrient allocation strategy effec-
tively maintained the continuous transport of nutrients and water.
Consequently, this strategy laid a solid material foundation for the
highly efficient dry matter accumulation in the late stage.

Carbon and nitrogen metabolism is a core physiological process
determining substance accumulation and the final quality of to-
bacco leaves. Previous studies indicate that microbial fertilizers can
effectively regulate crop metabolism (Lai et al., 2024; Liang et al.,
2025). Consistent with these findings, our study showed that the
combined treatment incorporating the microbial inoculant (T4)
significantly increased the activities of glutamine synthetase and
invertase in leaves during the late growth stage. Consequently, this
increase significantly boosted starch accumulation, suggesting that
beneficial microbiota enhance nutrient uptake by optimizing the
rhizosphere microenvironment. This improvement further
upregulates key metabolic enzymes in shoots, accelerating carbo-
hydrate synthesis and storage. However, some reports indicate that
biological fertilizers universally increase nitrate reductase activity
and reducing sugar content (Wang et al., 2025c¢). In contrast, these
indicators did not increase significantly in our study. Furthermore,
the T3 treatment even significantly decreased o-amylase activity.
The specific sampling period directly caused this difference in
physiological responses. At 90 days after transplanting, the tobacco
leaves had entered the maturation and yellowing stage. The meta-
bolic focus of the plant had shifted from vegetative growth to
carbohydrate storage. This shift manifested as substantial starch
accumulation and the suppression of starch-degrading ai-amylase
activity (Bonanomi et al., 2020). Concurrently, the demand for
active nitrate reduction naturally weakened. Furthermore, differ-
ences in basic environmental conditions across study regions and
the specific strain characteristics of the applied agents may also
contribute to these stage-specific responses in physiological and
metabolic indicators.

Rhizosphere microorganisms are central to driving soil nutrient
cycling and maintaining plant health (Vejan et al., 2016). This study
found that T4 and T2 significantly increased bacterial community
richness (Chaol and Ace indices). This increase occurred because
the exogenous carbon sources and beneficial bacteria provided
more abundant nutritional substrates for native microbes
(Thepbandit and Athinuwat, 2024). Conversely, T3 significantly
decreased community richness. This decrease indicates that this
specific agent exerted a strong environmental screening or inhibi-
tory effect on certain native microorganisms. Regarding community
structure, different treatments exhibited distinctly different succes-
sional pathways. NMDS and genus-level analyses showed that the
T4 treatment optimized the overall community structure. It
achieved this optimization while maintaining the stable abundance
of dominant native bacteria such as Gp6 and Nitrososphaera. In
contrast, the T3 treatment triggered a distinct shift in community
structure. It substantially reduced the abundance of the aforemen-
tioned original dominant taxa and significantly enriched specific
groups like Tepidisphaera and Gpl16. Rather than relying solely on
presumed microbial functions from the literature, our correlation
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analysis provides direct statistical support linking these microbial
community shifts to plant performance. Specifically, bacterial o-
diversity showed a highly significant negative correlation with plant
potassium content and soil pH. The enrichment of these specific
taxa aligns with their unique ecological functions in SOM turnover.
Members of Tepidisphaera (phylum Planctomycetota) are known
for their robust stress tolerance and ability to degrade complex
biopolymers (English et al., 2025). This allows them to survive the
initial environmental screening of the anti-continuous cropping
agent and assist in degrading root exudate autotoxins.
Concurrently, Gp16 belongs to the phylum Acidobacteriota, which
are widely known for decomposing recalcitrant carbon sources in
soil (Shi et al., 2021). Therefore, the enrichment of these two groups
helps break down complex organic matter and potential autotoxins.
As verified by our multivariate analysis, this directional succession
of the underlying rhizosphere microecological structure is statisti-
cally linked to the improved soil environment around the roots,
directly facilitating the uptake and transfer of nutrients like phos-
phorus and potassium to the leaves during the late growth stage.
These findings suggest that the T4 treatment tends to promote
growth synergistically with native flora. Conversely, the T3 treat-
ment improves the restricted microenvironment by disrupting the
original community structure and promoting the proliferation of
adaptable microbial populations. However, since this study lacks
pre-transplanting baseline soil microbiome data, future research
should incorporate initial soil sampling to dynamically track the
successional pathways of these microbial communities over the
entire growth period.

5 Conclusion

This study demonstrates that supplementing conventional
organic fertilizers with functional agents can effectively overcome
late-stage growth bottlenecks in flue-cured tobacco. Specifically, the
addition of carbon polymer water-soluble fertilizer primarily pro-
vides early quick-acting nutrients. Building upon this foundation,
the further addition of a microbial inoculant or an anti-continuous
cropping agent exhibits significant late-stage growth-promoting
advantages through distinct mechanisms. T4 maximizes late-stage
dry matter accumulation by alleviating soil compaction (reducing
BD), significantly increasing soil available nutrients, and synergis-
tically activating leaf carbon and nitrogen metabolism. Conversely,
T3 significantly alters soil acid-base conditions and drives the
succession of the microbial community, enriching specific func-
tional taxa to break down complex organic matter, thereby facili-
tating a unique nutrient allocation strategy. These distinct
fertilization strategies can be flexibly applied in practical production
based on specific soil conditions to optimize the rhizosphere
environment. Given the limitations of this single-year, single-site
field study, future multi-location field trials integrating multi-omics
approaches and initial soil microbiome tracking are required to
verify the stable efficacy of these combined strategies across broader
ecological regions.
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