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Abstract

Nitrogen application rate and topping are two key agronomic factors affecting tobacco leaf
quality, but the synergistic regulatory mechanisms remain unclear. This study aimed to
elucidate the physiological and molecular mechanisms by which nitrogen application rate
and topping synergistically regulate tobacco leaf quality, and to identify key candidate genes
involved in nicotine biosynthesis. Using the tobacco cultivar K326, three nitrogen applica-
tion levels were established: low (0 kg/ha), medium (120 kg/ha), and high (210 kg/ha).
Agronomic traits and rhizosphere soil physicochemical properties were monitored, carbon
and nitrogen metabolism enzyme activities were measured before and after topping, and
mature leaf chemical composition was determined, integrated with transcriptomic and
metabolomic analyses. The results showed that medium nitrogen achieved high yield while
enhancing organic matter turnover efficiency, reducing rhizosphere water-soluble chloride
content, and alleviating soil acidification and ammonium—potassium ion uptake competition
caused by excessive fertilization. Combined with topping, it significantly enhanced carbon
and nitrogen metabolism, promoted starch-to-soluble-sugar conversion, and increased nico-
tine accumulation, thereby optimizing leaf chemical composition. Integrated transcriptomic
and metabolomic analyses revealed that medium nitrogen combined with topping exerted
the most pronounced effects on gene expression and metabolite accumulation. Weighted
gene co-expression network analysis (WGCNAs) identified a module highly correlated with
nicotine biosynthesis, with hub genes mainly annotated as cytochrome P450 and terpene
synthase family members. In conclusion, this study elucidated the molecular mechanisms
by which the combination of medium nitrogen application and topping, as an integrated
agronomic practice, improves tobacco leaf quality through coordinating carbon-nitrogen
metabolism and optimizing chemical composition, and identified key candidate genes po-
tentially regulating nicotine biosynthesis, providing a theoretical basis for nitrogen fertilizer
management and high-quality cultivation of tobacco.
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1. Introduction

Tobacco (Nicotiana tabacum L.) is an important economic crop cultivated worldwide. Ac-
cording to statistics from the Food and Agriculture Organization, global tobacco production
reached approximately 6.048 million tonnes in 2024 (https://ourworldindata.org/grapher/
tobacco-production?time=latest, accessed on 17 October 2026). Major producing countries
include China, India, Brazil, and the United States, endowing tobacco with significant
economic value [1]. Leaf quality is a critical factor influencing its economic value. Tobacco
leaf quality is a comprehensive concept that refers to the overall characteristics exhibited
during use. It is influenced by numerous factors, including the sugar-to-alkaloid ratio,
potassium-to-chloride ratio, phenols, and terpenoids [2]. Nicotine is the most abundant
alkaloid in tobacco leaves, typically accounting for over 90% of total alkaloids; it directly
affects leaf quality and usability and is the main addictive component driving tobacco
product consumption [3]. Glucose and fructose, classified as reducing sugars, primarily
improve tobacco taste by balancing the sensory effects of other alkaloids [4]. Consequently,
tobacco leaves with high reducing sugar content are preferred for tobacco products [5], and
the potassium-to-chloride ratio mainly improves flavor, enhances combustion quality, and
contributes to overall leaf quality [6].

Nitrogen is an essential macronutrient and a fundamental constituent of nucleic acids,
proteins, chlorophyll, alkaloids, vitamins, and phytohormones, and it plays an indispensable
role in plant growth and development [7]. In commercial tobacco production, substantial
nitrogen fertilization is typically required to achieve optimal yield and quality, which often
results in excessive nitrogen application [8]. However, excessive fertilization can induce soil
degradation, manifesting as soil compaction, reduction in organic matter content, disruption
of soil nutrient homeostasis, and even soil acidification [9]. Tobacco plants generally rely
on high rates of nitrate (NO;~) uptake from the soil to sustain growth and ensure quality.
Nitrate enters the plant through root-localized nitrate transporters (NRTs), with only a
minor fraction assimilated in the roots [10]; the majority is translocated to the leaves, where
nitrate reductase (NR) and nitrite reductase (NiR), localized in the cytosol and plastids,
respectively, sequentially reduce it to ammonium (NH,"). The resulting ammonium is
then incorporated into glutamine (Gln) and glutamate (Glu) via the glutamine synthetase
(GS) glutamate synthase (GOGAT) pathway [11]. Previous studies have shown that
overexpression of the nitrate-transporter-encoding gene NtNRT2.11 enhances nitrogen use
efficiency, biomass accumulation, and potassium (K*) content in tobacco [12].

Nicotine, one of the most critical indicators of tobacco leaf quality, is predominantly
synthesized in the roots, subsequently translocated to the leaves via the xylem, and se-
questered in vacuoles. Insect herbivory and physical damage have been shown to increase
nicotine accumulation. The nicotine content in tobacco is modulated by multiple factors,
including cultivation practices and environmental conditions [13]. As a nitrogen-containing
and typically alkaline compound, nicotine is composed of a pyrrolidine ring and a pyridine
ring, and its biosynthesis proceeds mainly from amino acids and their derivatives, catalyzed
by a series of enzymes [14]. Consequently, the nitrogen application rate significantly in-
fluences nicotine content. To date, the complete biosynthetic pathway of nicotine and the
enzymes responsible for it have been fully characterized [15].

Topping is a conventional agronomic practice in which the apical inflorescence and
a portion of the upper young leaves are removed when tobacco plants reach the budding
stage [16]. At this stage, tobacco transitions from vegetative to reproductive growth, and
nutrients are redirected toward the apical floral meristems. This shift is detrimental to
leaf development, biomass accumulation, and the balance of endogenous chemical con-
stituents, ultimately compromising leaf quality. Topping significantly affects carbon and
nitrogen metabolism in tobacco by eliminating apical dominance, redistributing nutrients,
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enhancing dry matter accumulation, and promoting leaf senescence and ripening, thereby
improving tobacco leaf quality [17,18]. Furthermore, topping influences source-sink rela-
tionships, hormonal homeostasis, root system development, and secondary metabolism in
tobacco [19].

Although considerable research has examined the regulation of nitrogen application
rates and topping as individual practices, systematic investigations into the synergistic
mechanisms through which these two practices jointly modulate tobacco leaf quality re-
main limited. Therefore, we hypothesized that an optimal nitrogen application rate exists
that can balance vegetative growth and leaf quality, and that topping under this nitrogen
regime would better coordinate leaf chemical composition, thereby improving quality. Ac-
cordingly, our objectives were to (1) evaluate the effects of different nitrogen application
rates on agronomic traits, leaf quality, and rhizosphere soil physicochemical properties
across growth stages; (2) elucidate the physiological and molecular responses of carbon and
nitrogen metabolism to topping under different nitrogen application rates; (3) identify key
genes involved in nicotine biosynthesis through integrated transcriptomic and metabolomic
analyses; and (4) elucidate the molecular mechanisms by which nitrogen application rate
and topping synergistically regulate tobacco leaf quality. Given the economic importance of
tobacco, our findings not only deepen the fundamental understanding of carbon-nitrogen
metabolism coordination under agronomic interventions but also provide a theoretical
basis for optimizing nitrogen fertilizer management in tobacco production, with potential
application value for sustainable agricultural practices, improved nitrogen use efficiency,
and quality-oriented cultivation strategies. Collectively, these results provide a theoretical
foundation and technical support for nitrogen fertilizer management and high-quality
cultivation practices in tobacco production.

2. Materials and Methods
2.1. Plant Materials, Growth Conditions, and Treatments

The tobacco cultivar K326 used in this study was provided by the Chuxiong Prefecture
Company of Yunnan Tobacco Company, China. The experimental site (which had been
continuously cropped for 4 years prior to the experiment) is a typical tobacco-growing area
in Yunnan Province: Donghua Town, Chuxiong City, Chuxiong Yi Autonomous Prefecture
(24°58' N, 101°28" E), with an altitude of 1803.9 m. The planting period in 2024 was from
April to August, with seedling raising in April and transplanting in May. The average
temperatures from April to August were 28, 27, 27, 27, and 28 °C, respectively, and the
average precipitation was 0.3, 3.05, 4.78, 6.75, and 5.4 mm, respectively. According to the
Chinese Soil Classification System, the soil in Donghua Town, Chuxiong City, is purple
soil. Before planting, the soil pH was 5.83, with soil organic matter of 29.8 g/kg, alkaline
hydrolyzable nitrogen of 186 mg/kg, available phosphorus of 39.3 mg/kg, and available
potassium of 211 mg/kg.

To elucidate the molecular and physiological mechanisms by which nitrogen appli-
cation rate and topping affect tobacco quality, three different nitrogen applications were
established: low nitrogen (0 kg/ha pure N), medium nitrogen (120 kg/ha pure N), and high
nitrogen (210 kg/ha pure N). Each nitrogen concentration consisted of three replicate plots
(each plot approximately 23 m?, with a total area of approximately 207 m?), with 35 plants
per plot and a planting density of 16,725 plants/ha (row spacing of 1.2 m, plant spacing of
approximately 60 cm). Protective rows were set around the perimeter. Tobacco seedlings
were raised using the floating seedling method, and healthy seedlings with 4-5 leaves and
a height of 5-7 cm were selected for transplanting. The basal fertilizer used was a special
compound fertilizer for flue-cured tobacco (N-P,05-K,0 = 15-15-18), and the topdressing
fertilizer was a nitrogen—potassium fertilizer (N-P,05-K,O = 12.5-0-33.5). The basal fertil-
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izer was applied via hole application (placed into the planting holes), while the topdressing
was applied by dissolving the fertilizer in water and directly applying it to the root zone
of the tobacco plants (root drenching/fertigation). The low-nitrogen treatment received
no fertilizer. For the medium-nitrogen treatment, the basal fertilizer application rate was
480 kg/ha, with topdressing applied once each at the rosette and vigorous growing stages
at 192 kg/ha per application. For the high-nitrogen treatment, the basal fertilizer applica-
tion rate was 840 kg/ha, with topdressing applied once each at the rosette and vigorous
growing stages at 336 kg/ha per application. Agronomic traits and soil physicochemical
properties were systematically monitored across different growth stages of tobacco. Key
enzyme activities related to carbon and nitrogen metabolism, as well as transcriptomic and
metabolomic analyses, were measured before and after topping under different nitrogen
concentrations, and a comprehensive evaluation of the quality of mature tobacco leaves
was conducted.

2.2. Soil Sampling and Physicochemical Property Determination

Rhizosphere soil samples were collected at the rosette (week 5), vigorous growing
(week 11), and budding (week 14) stages under three different nitrogen concentration
treatments. Using an “S”-shaped sampling method, plants were uprooted and large clods
of loose soil were gently shaken off. The soil tightly adhering to the root surface (0-2 mm)
was brushed off and collected as rhizosphere soil. Three plants from each plot were pooled
as one biological replicate. After removing fine roots and gravel, the pH, soil organic matter
(SOM), total nitrogen (TN), alkaline hydrolyzable nitrogen (AN), available phosphorus
(AP), available potassium (AK), and water-soluble chloride (WSC) of the rhizosphere soil
were determined according to the Chinese agricultural and forestry industry standards
NY/T 1377-2007, NY/T 1121.6-2006, LY /T 1228-2015, NY/T 1121.7-2014, NY/T 889-2004, and
NY/T 1378-2007, respectively. The above was performed with reference to Liao et al. [20]).

2.3. Investigation of Agronomic Traits and Quality of Tobaccos

Agronomic traits, including plant height, stem girth, number of effective leaves, intern-
ode length, and length and width of the fifth leaf, were measured at the rosette, vigorous
growth, and budding stages under the three nitrogen application rates. All measurements
were conducted according to YC/T 142-2010 using a random sampling method. For each
nitrogen treatment, three plants were selected from each of the three replicate plots, totaling
nine plants per treatment. At the budding stage, topping was performed when plants
reached 95-110 cm in height, and 18-20 leaves were retained per plant. The 9th mature
leaves from the top (middle leaves) of the tobacco plants were harvested and flue-cured
according to the Chinese National Standard GB/T 23219-2008. The contents of total sugar
and reducing sugar in the cured leaves were determined according to YC/T 159-2002, while
those of total alkaloids, total nitrogen, potassium, and chloride were determined according
to YC/T 160-2002, YC/T 161-2002, YC/T 173-2002, and YC/T 162-2002, respectively. The
above was performed with reference to Liao et al. [21].

2.4. Measurement of Key Carbon and Nitrogen Metabolism Indicators After Topping

At the budding stage, topping was performed at a plant height of 95-110 cm, and
18-20 leaves were retained per plant. The 9th leaves from the top (middle leaves) were
collected under the three nitrogen treatments before topping and 10 days after topping to
determine carbon- and nitrogen-metabolism-related enzyme activities, as well as the con-
tents of nicotine, free ammonia, sucrose, starch, and total sugar. Three biological replicates
were set for each treatment.
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Nitrate reductase (NR) and glutamine synthetase (GS) activities in tobacco leaves
were determined as described in reference [22]. Tobacco leaves were collected and cut
into 0.5 cm? segments. A 0.5 g aliquot of leaf segments was placed into test tubes. To
each tube, 9 mL each of potassium nitrate, isopropanol, and phosphate buffer were added,
and one tube was supplemented with trichloroacetic acid (TCA) to serve as the blank
control. The remaining tubes were incubated at 30 °C for 30 min, after which TCA was
added to terminate the enzyme reaction, followed by vortexing to ensure thorough mixing.
After standing for 2 min, a 1 mL aliquot of the supernatant was transferred to a new test
tube, to which 2 mL of sulfanilamide reagent and 2 mL of x-naphthylamine reagent were
sequentially added. The mixture was vortexed, left to stand for 30 min, and the absorbance
at 540 nm was measured to calculate nitrate reductase activity.

For the measurement of glutamine synthetase (GS) activity, 1 g of tobacco leaves was
placed in a pre-chilled mortar, cut into small pieces, and ground on ice. The resulting
homogenate was transferred to a centrifuge tube and centrifuged at 12,000 rpm for 20 min
at4 °C. A 0.7 mL aliquot of the supernatant was transferred to a new centrifuge tube and
combined with 0.7 mL of ATP solution and 1.6 mL of reaction mixture. After thorough
mixing, the reaction mixture was incubated at 37 °C for 30 min. Subsequently, 1 mL of
chromogenic reagent was added, and the solution was vortexed to mix thoroughly, followed
by centrifugation at 7300 rpm for 10 min. The supernatant was carefully collected, and its
absorbance at 540 nm was measured.

Nicotine content was determined according to the method described in reference [23].
Dried tobacco leaf samples (0.1 g) were soaked in 1 mL of 10% (w/v) NaOH solution
for 15 min and then extracted with an equal volume of dichloromethane, followed by
vortexing. Nicotine content was subsequently quantified by LC-MS (Agilent 1260 Infinity
II-7900; Agilent Technologies, Santa Clara, CA, USA). For each nitrogen application rate
and topping treatment, data were obtained from three individual plants.

Fresh tobacco leaf samples were rapidly frozen in liquid nitrogen, ground into pow-
der, and extracted in an ice bath with pre-chilled extraction buffer containing Tris-HCL
Then, the homogenate was centrifuged at 12,000x g for 15 min at 4 °C, and the super-
natant was collected for use as the enzyme reaction system. Free ammonium concentration
was determined by monitoring the glutamate dehydrogenase (GDH)-catalyzed reductive
amination of x-ketoglutarate with ammonium ions, coupled to the oxidation of NADPH,
which resulted in a decrease in absorbance at 340 nm. The rate of absorbance change
at this wavelength was recorded, and the free ammonium concentration in the samples
was quantified against an NH,Cl standard curve. The results were expressed as pg-g"
(FW)-h~! [24]. The activities of sucrose phosphate synthase (SPS) and sucrose synthase
(SUS) were measured using commercial assay kits (HRK1522 and HRK1520, respectively;
Herui Biotechnology, Fuzhou, China). Each treatment was performed in triplicate, and
mean values were calculated. All experimental procedures were conducted strictly in
accordance with the manufacturer’s instructions.

2.5. Metabolomic Profiling

At the budding stage, the largest middle leaves and corresponding roots (washed
with distilled water to remove soil and root-associated debris) were collected from each
nitrogen treatment before topping and at 10 days after topping. All samples were imme-
diately frozen in liquid nitrogen and stored at —80 °C for subsequent transcriptomic and
metabolomic analyses, with three biological replicates per treatment. Sample preparation
and metabolomic data acquisition were performed by Shanghai Applied Protein Technology
Co., Ltd. (Shanghai, China). Data were acquired and analyzed using ultra-performance
liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) [25]. Metabolites were
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identified and quantified using the MetWare Database (MWDB). Metabolomic data were
analyzed as described by Wang et al. [26]. Differentially accumulated metabolites (DAMs)
between comparison groups were screened based on fold change and Variable Importance
in Projection (VIP) values derived from the OPLS-DA model, with screening criteria set at
VIP > 1 and [log, (fold change)| > 1. Metabolomics-related results were visualized using
the MetWare Cloud Platform (https://cloud.metware.cn).

2.6. Transcriptomic Profiling

Aliquots of the same samples used for metabolomic analysis were subjected to transcrip-
tomic analysis. Total RNA extraction, library construction, and sequencing were performed
by Shanghai Applied Protein Technology Co., Ltd. (Shanghai, China). After quality filter-
ing, clean reads were aligned to the tobacco reference genome using HISAT2 (v2.2.1) [27] to
generate BAM files. Gene expression levels were then quantified using featureCounts, and
an expression matrix was generated. Transcripts per million (TPM) were used to estimate
gene expression levels. The tobacco reference genome (Nicotiana tabacum cv. SR1, ver-
sion 1) and corresponding annotation files were downloaded from the Nicomics database
(http://lifenglab.hzau.edu.cn/Nicomics/, accessed on 15 March 2025) [28]. Subsequently,
functional annotation of the identified genes was performed using the eggNOG-mapper
(v2.1.9) tool based on the eggNOG database [29]. Differential expression analysis was
performed using the DESeq2 (v1.38.3) R package [30], with differentially expressed genes
(DEGs) screened at |log, (fold change)| > 1 and p < 0.05. Pearson correlation coefficients
among samples within and between groups were calculated based on the TPM values of
all genes across each sample, and sample correlation heatmaps and principal component
analysis (PCA) were generated. Gene Ontology (GO) [31,32] enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) [33] pathway enrichment analysis
were performed using the clusterProfiler (v4.17.0) R package [34].

2.7. Statistical Analysis and Data Integration

Statistical analyses were performed using IBM SPSS Statistics 26. Given the multi-factorial
experimental design, two-way analysis of variance (ANOVA) was performed using the gen-
eral linear model (GLM) univariate procedure to assess the main effects of leaf position,
topping (or growth stage), and nitrogen application rate, as well as their interactions (leaf
position x nitrogen application rate, topping x nitrogen application rate, and stage x nitrogen
application rate). When the interaction was significant, simple effects analysis was performed
to examine the effect of one factor at each level of the other factor, followed by Duncan’s
post hoc test for multiple comparisons. When the interaction was not significant, the main
effects were interpreted directly, and comparisons among levels of each factor were further
performed using one-way ANOVA with Duncan’s post hoc test after fixing the levels of the
other factor via the “Select Cases” function in SPSS. A significance level of p < 0.05 was applied.
Chemical structures of metabolites were visualized using ChemDraw (v20.0), and figures
were assembled and refined using Adobe Illustrator (v26.4.1).

3. Results

3.1. Effects of Different Nitrogen Application Rates and Topping Treatments on Key Quality Traits
and Physiological Characteristics of Tobacco

3.1.1. Key Agronomic Traits of Tobacco at Different Growth Stages Under Different
Nitrogen Application Rates

As shown in Figure 1, all measured agronomic traits increased with increasing nitrogen
application rate. Significant differences in plant height, stem girth, effective leaf number, and
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internode length were detected among nitrogen treatments at the rosette, vigorous growing,
and budding stages (Figure 11-XII). For fifth-leaf length and width, significant differences
among nitrogen treatments were observed at the rosette and vigorous growing stages.
At the budding stage, no significant differences in fifth-leaf length or width were found
between the medium- and high-nitrogen treatments, whereas both differed significantly
from the low-nitrogen treatment (Figure 1XV,XVIII). These results indicate that nitrogen
application exerts a stage-dependent regulatory effect on tobacco growth. At the rosette
and vigorous growing stages, agronomic traits were highly responsive to nitrogen supply.
After the onset of the budding stage, plant height, stem girth, effective leaf number, and
internode length continued to respond to nitrogen application rate; however, fifth-leaf
length and width no longer differed significantly between the medium- and high-nitrogen
treatments. Therefore, ensuring adequate nitrogen supply before the budding stage is
critical for achieving high-yielding tobacco plants, whereas nitrogen application can be
appropriately reduced after the budding stage to improve nitrogen use efficiency.
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Figure 1. Major agronomic traits of tobacco at different growth stages under different nitrogen
concentrations. (I-IIT) Plant height. (IV-VI) Stem diameter. (VII-IX) Number of effective leaves.
(X-XII) Internode length. (XIII-XV) Length of the fifth leaf (cm). (XVI-XVIII) Width of the fifth
leaf (cm). LN, low nitrogen; MN, medium nitrogen; HN, high nitrogen. Different lowercase letters
above the boxplots indicate significant differences (p < 0.05) among nitrogen treatments at the same
growth stage based on Duncan’s multiple range test. Each column represents the measured values of
the same agronomic trait at different growth stages under different nitrogen treatments.
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3.1.2. Effects of Nitrogen Supply on Quality of Mature Leaves from Different Positions

Two-way ANOVA showed that leaf position significantly affected total nitrogen, soluble
sugar, potassium, and chloride contents, but had no significant effect on total alkaloid or total
sugar contents. Nitrogen application rate significantly affected total nitrogen, total alkaloid,
total sugar, soluble sugar, potassium, and chloride contents. The leaf position x nitrogen
application rate interaction significantly affected potassium contents, but had no signifi-
cant effect on total alkaloid, total sugar, total nitrogen, soluble sugar, or chloride contents
(Table S1).

Nitrogen application significantly affected total nitrogen content and total alkaloid
content in tobacco leaves. Within the same leaf position, both total nitrogen content and total
alkaloid content increased with increasing nitrogen application rate; however, total alkaloid
content did not differ significantly between the medium- and high-nitrogen treatments. At
the same nitrogen level, total nitrogen content and total alkaloid content differed significantly
among leaf positions. Under low-nitrogen conditions, total nitrogen content increased
with ascending leaf position, with lower leaves containing significantly less nitrogen than
upper leaves. Under medium-nitrogen conditions, total nitrogen content did not differ
significantly between middle and lower leaves, but both were significantly lower than that
of upper leaves, possibly due to higher metabolic activity and greater nitrogen demand in
upper leaves than in lower and middle leaves. Under high-nitrogen conditions, however, no
significant differences in total nitrogen content were observed among the three leaf positions
(Figure 2I). Under low-nitrogen conditions, total alkaloid content tended to decrease with
ascending leaf position, although the differences were not statistically significant. Under
medium-nitrogen conditions, total alkaloid content in middle leaves was significantly lower
than in both upper and lower leaves. Under high-nitrogen conditions, although middle
leaves exhibited the highest total alkaloid content, no significant differences were found
among leaf positions (Figure 21II).

Except for the total sugar content of the lower leaves and the soluble sugar content
of the upper leaves, the total sugar content of each position (Figure 2III) and the soluble
sugar content (Figure 2IV) significantly decreased with increasing nitrogen concentration,
possibly because the increase in nitrogen content enhanced related secondary metabolic
activities, thereby consuming energy and carbon skeletons. Under the same nitrogen
concentration, there was no significant difference in total sugar content among leaves at
different positions, and under low and medium nitrogen conditions, there was no significant
difference in soluble sugar content among leaves at different positions; under high nitrogen
conditions, the middle leaves were significantly lower than the lower leaves. Overall, with
the increase in nitrogen application rate, the accumulation of carbohydrates exhibited an
inhibitory effect.

Within the same leaf position, potassium content decreased significantly with increas-
ing nitrogen application. Potassium participates in nitrogen assimilation and enzyme
activation and competes with NH,* for uptake, which may explain the reduction in potas-
sium content under higher nitrogen supply. At the same nitrogen level, potassium content
in lower leaves was significantly higher than that in upper and middle leaves (Figure 2V),
indicating that nitrogen application should be maintained at an appropriate level, because
excessive nitrogen fertilization reduces potassium content and consequently impairs leaf
combustibility. Under low- and medium-nitrogen conditions, chloride content in upper
and middle leaves was significantly lower than that in lower leaves, with the lowest values
observed under the medium-nitrogen treatment. In lower leaves, chloride content increased
with increasing nitrogen level, although the differences were not statistically significant. Un-
der high-nitrogen conditions, chloride content in middle leaves was significantly lower than
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that in lower leaves (Figure 2VI). These results suggest that moderate nitrogen application
helps coordinate chloride content in tobacco leaves, thereby improving leaf combustibility.
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Figure 2. Bar charts showing the effects of nitrogen supply on the quality of mature leaves from
different positions. (I) Total nitrogen content (%). (II) Total alkaloid content (%). (III) Total
sugar content (%). (IV) Reducing sugar content (%). (V) Potassium content (%). (VI) Chloride
content (%). LN, low nitrogen; MN, medium nitrogen; HN, high nitrogen. Data are presented as
the mean * standard deviation (SD). Different lowercase letters above the grouped bars indicate
significant differences in each quality indicator among nitrogen treatments within the same leaf
position, and different uppercase letters indicate significant differences among leaf positions within
the same nitrogen treatment, based on Duncan’s multiple range test (p < 0.05).

3.1.3. Effects of Topping Treatment on Carbon and Nitrogen Metabolism in Tobacco

Two-way ANOVA showed that both topping and nitrogen application rate significantly
affected nicotine content, free ammonium content, nitrate reductase activity (NR), and glu-
tamine synthetase activity (GS), whereas the topping x nitrogen application rate interaction
significantly affected nicotine content, nitrate reductase activity, and glutamine synthetase
activity, but had no significant effect on free ammonium content (Table S2).

Before topping, nicotine content and nitrate reductase activity increased with increas-
ing nitrogen application, with significant differences among all treatments (Figure 3LIII).
Glutamine synthetase activity also increased with rising nitrogen supply and differed sig-
nificantly among treatments before topping; however, no significant difference was detected
between the medium- and high-nitrogen treatments after topping (Figure 31V). Compared
with the pre-topping stage, nicotine content, NR activity, and GS activity all increased
significantly after topping across all nitrogen treatments. Free ammonium content under
the medium-nitrogen treatment was significantly lower than that under both the high- and
low-nitrogen treatments before and after topping, and topping significantly reduced free
ammonium content across all nitrogen treatments (Figure 31II).
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Figure 3. Effects of topping treatment on carbon and nitrogen metabolism in tobacco. (I) Nicotine
content (g/kg). (II) Free ammonia content (nmol/g). (IIT) Nitrate reductase activity (pg/g(FW)-h).
(IV) Glutamine synthetase activity (U/mg(pro)-h). (V) Sucrose phosphate synthase activity
(mg/g(FW)-h). (VI) Sucrose synthase activity (U/g(FW)-h). (VII) Sucrose content (g/kg).
(VIII) Starch content (g/kg). (IX) Total sugar content (g/kg). LN, low nitrogen; MN, medium
nitrogen; HN, high nitrogen. Data are presented as the mean =+ standard deviation (SD). Different
lowercase letters above the bars indicate significant differences among nitrogen treatments (LN, MN,
and HN) within the same topping stage (before or after topping), and different uppercase letters
indicate significant differences between before and after topping within the same nitrogen treatment,
based on Duncan’s multiple range test (p < 0.05).

Two-way ANOVA showed that topping significantly affected sucrose phosphate syn-
thase (SPS) activity, sucrose content, starch content, and total sugar content, but had no
significant effect on sucrose synthase (SUS) activity. Nitrogen application rate significantly
affected all five indicators. The topping x nitrogen application rate interaction significantly
affected starch content and total sugar content, but had no significant effect on SPS activity,
SUS activity, or sucrose content (Table S3).

Before and after topping, sucrose phosphate synthase and sucrose synthase activities
differed significantly among nitrogen treatments, with the highest enzyme activities and
sucrose content observed under the medium-nitrogen treatment. However, a significant
increase in SPS activity after topping relative to before topping was observed only under the
medium-nitrogen condition (Figure 3V,VI). Sucrose content was highest under the medium-
nitrogen treatment both before and after topping, and topping significantly increased
sucrose content under all nitrogen treatments, whereas starch content showed the opposite
trend (Figure 3VII, VIII). Total sugar content decreased with increasing nitrogen application
but increased significantly after topping (Figure 3IX). Collectively, these results indicate
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that soluble sugar and starch contents can be modulated by adjusting nitrogen application
rate and topping treatment, thereby improving tobacco leaf quality.

3.1.4. Effects of Different Nitrogen Application Rates on Rhizosphere Soil Physicochemical
Properties at Different Growth Stages

Two-way ANOVA showed that nitrogen application rate had no significant effect on soil
pH but significantly affected soil organic matter (SOM), total nitrogen, alkali-hydrolyzable
nitrogen, available phosphorus, available potassium, and water-soluble chloride contents,
whereas stage significantly affected all of the above indicators. The stage x nitrogen appli-
cation rate interaction significantly affected soil pH, organic matter, available phosphorus,
available potassium, and water-soluble chloride contents but had no significant effect on
total nitrogen or alkali-hydrolyzable nitrogen contents (Table 54).

At the rosette and vigorous growing stages, thizosphere soil pH increased with increas-
ing nitrogen application, with no significant difference between medium- and high-nitrogen
treatments, whereas both differed significantly from the low-nitrogen treatment. At the
budding stage, however, pH significantly decreased with increasing nitrogen application
(Figure S1I). Soil organic matter content under medium-nitrogen treatment was signifi-
cantly higher than that under both low- and high-nitrogen treatments across all growth
stages, with the lowest values observed under low-nitrogen treatment. SOM content exhib-
ited a decreasing then increasing trend over the three growth stages; under low-nitrogen
conditions, SOM at the vigorous growing stage was significantly lower than that at the
rosette and budding stages, whereas under medium- and high-nitrogen conditions, SOM
at the vigorous growing stage was significantly lower than that at the rosette stage, with
no significant change between the rosette and budding stages (Figure S1II). Total nitrogen
(g/kg) and hydrolyzable nitrogen (mg/kg) contents in rhizosphere soil increased with
increasing nitrogen application at the same growth stage. Except for total nitrogen content
under low-nitrogen treatment, which differed significantly between the rosette and bud-
ding stages, no significant differences in total nitrogen or hydrolyzable nitrogen contents
were observed across growth stages under the other treatments (Figure S1IILIV). Available
phosphorus content showed no significant difference between low- and medium-nitrogen
treatments except at the vigorous growing stage, whereas both differed significantly from
the high-nitrogen treatment; significant differences in available phosphorus content among
nitrogen treatments were observed at the vigorous growing stage (Figure S1V). At the
same growth stage, soil available potassium content (mg/kg) was highest under medium-
nitrogen treatment; however, no significant differences among nitrogen treatments were
detected at the rosette stage, whereas significant differences were observed at the vigorous
growing and budding stages. Under the same nitrogen concentration, available potassium
content significantly increased with advancing growth stage, a trend consistent with that
observed for potassium content in tobacco leaf quality (Figure S1VI). Except under low-
nitrogen treatment, water-soluble chloride content exhibited a decreasing then increasing
trend across growth stages, with the lowest values at the vigorous growing stage; under
low-nitrogen treatment, water-soluble chloride content decreased with advancing growth
stage, though the differences were not significant (Figure S1VII). At the rosette stage, ni-
trogen treatment exerted no significant effect on chloride content; at the vigorous growing
stage, water-soluble chloride content was lowest under medium-nitrogen treatment; and at
the budding stage, chloride content under high-nitrogen treatment was significantly higher
than that under low- and medium-nitrogen treatments. Collectively, these results indicate
that nitrogen treatment affects soil physicochemical properties, which in turn influence
tobacco leaf quality, and that appropriate regulation of nitrogen application can modulate
the contents of potassium, chloride, and other elements, thereby improving leaf quality.
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3.1.5. Relationships Between Major Agronomic Traits and Mature Leaf Quality of Tobacco
and Soil Physicochemical Properties Under Different Nitrogen Application Rates

To elucidate the relationships between soil physicochemical properties at different
growth stages and the major agronomic traits and mature leaf quality of tobacco under
varying nitrogen application rates, correlation analyses were performed. At the rosette
stage, major agronomic traits—including stem diameter (Sd), plant height (Ph), number
of effective leaves (Nel), fifth-leaf length (LI), internode length (II), and fifth-leaf width
(WI)—were positively correlated with soil organic matter (SOM), pH, total nitrogen (TN),
and hydrolyzable nitrogen (AN) across nitrogen treatments (Figure 4A). Compared with
the rosette stage, soil pH at the vigorous growing stage showed no correlation with agro-
nomic traits, whereas available phosphorus (AP) was positively correlated with these traits
(Figure 4B). At the budding stage, in contrast to the previous two stages, pH was negatively
correlated with agronomic traits, while water-soluble chloride (WSC) was positively corre-
lated with them (Figure 4C). Collectively, these results suggest that appropriate application
of nitrogen and phosphorus fertilizers helps improve tobacco agronomic traits and yield.
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Figure 4. Correlation analysis of soil physicochemical properties at different growth stages with major
agronomic traits at corresponding growth stages (A—C), correlation analysis of soil physicochemical
properties at different growth stages with mature tobacco leaf quality under different nitrogen
application rates (D-F), and correlation analysis of carbon and nitrogen metabolism under topping
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treatment and different nitrogen application rates (G,H). SOM, soil organic matter content; pH, soil
pH; TN, soil total nitrogen content; AN, hydrolyzable nitrogen content; AP, soil available phosphorus
content; WSC, soil water-soluble chloride content; AK, soil available potassium content; Ph, plant
height; Sd, stem diameter; Nel, number of effective leaves; LI, fifth-leaf length; II, internode length;
Tn, total nitrogen content of mature leaves; TA, total alkaloid content of mature leaves; TS, total sugar
content of mature leaves; RS, reducing sugar content of mature leaves; Cl, chloride content of mature
leaves; K, potassium content of mature leaves. In the carbon and nitrogen metabolism correlation
analysis, L, low-nitrogen treatment. M, medium-nitrogen treatment; H, high-nitrogen treatment;
B, before topping; T, after topping; FA, free ammonia content; NR, nitrate reductase activity; GS,
glutamine synthetase activity; Nic, nicotine content; SPS, sucrose phosphate synthase activity. SUS,
sucrose synthase activity. SC, sucrose content; TS, total sugar content; StC, starch content. Asterisks
indicate significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001).

With increasing nitrogen application, leaf potassium (K), reducing sugar (RS), and
total sugar (TS) contents were negatively correlated with soil pH, total nitrogen (TN),
hydrolyzable nitrogen (AN), soil organic matter (SOM), and available phosphorus (AP) at
the rosette stage, whereas total alkaloid (TA) and leaf total nitrogen (Tn) contents showed
the opposite trend (Figure 4D). Compared with the rosette stage, soil pH at the vigorous
growing stage exhibited no correlation with leaf quality traits; however, available potassium
(AK) was positively correlated with leaf potassium (K), reducing sugar (RS), and total
sugar (TS) contents, and negatively correlated with total alkaloid (TA), leaf total nitrogen
(Tn), and chloride (Cl) (Figure 4E). At the budding stage, soil total nitrogen, hydrolyzable
nitrogen, available phosphorus, and water-soluble chloride were negatively correlated with
leaf potassium, reducing sugar, and sucrose contents, and positively correlated with leaf
chloride (Cl), leaf total nitrogen (Tn), and total alkaloid (TA) contents, whereas pH and
available potassium showed the opposite correlations (Figure 4F).

3.1.6. Relationships Between Carbon and Nitrogen Metabolism in Tobacco Leaves Under
Different Nitrogen Application Rates and Topping Treatments

To elucidate the relationships between carbon and nitrogen metabolism in tobacco
leaves under different nitrogen application rates and topping treatments, correlation
analyses were conducted among physiological indicators related to nitrogen and carbon
metabolism across the various treatments. As nitrogen application increased, free ammonia
content (FA) both before and after topping was positively correlated with total sugar content
(TS) and starch content (S5tC) but negatively correlated with sucrose phosphate synthase
(SPS) activity, sucrose content (SC), and sucrose synthase (SUS) activity. In contrast, ni-
trate reductase (NR) activity, glutamine synthetase (GS) activity, and nicotine content
(Nic) were correlated with the aforementioned leaf quality traits in a manner opposite
to that of free ammonia (Figure 4G). Topping significantly affected carbon and nitrogen
metabolism across nitrogen application rates. After topping, free ammonia content was
positively correlated with starch content and was lower than before topping, whereas it
was negatively correlated with total sugar and sucrose contents. The correlations of NR
activity, GS activity, and nicotine content were opposite to those of free ammonia. Notably,
SPS activity was correlated with nitrogen metabolism only under the medium-nitrogen
treatment (Figure 4H), consistent with the highest sucrose content observed under this
condition (Figure 3VII). Collectively, these results indicate that topping enhanced both
carbon and nitrogen metabolism. Carbon metabolism primarily consumed starch and
increased the contents of soluble sugars such as sucrose, whereas nitrogen metabolism
mainly utilized free ammonia to promote nicotine accumulation and enhanced nitrogen
assimilation to increase total nitrogen content, thereby improving tobacco leaf quality.
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3.2. Effects of Different Nitrogen Application Rates and Topping Treatments on Gene Expression in
Tobacco Roots and Leaves

3.2.1. Transcriptomic Data and Distribution of Differentially Expressed Genes

To better understand the regulatory mechanisms by which different nitrogen applica-
tion rates and topping treatments affect gene expression in tobacco, RNA-Seq was performed
on leaves and roots before topping, as well as on leaves and roots after topping, under low-,
medium-, and high-nitrogen treatments. The Q30 base quality (percentage of bases with
a sequencing error rate < 0.1%) exceeded 95.59% for all RNA-Seq libraries, including the
supplementary sequencing data (Table S5). In principal component analysis (PCA), the
first principal component (PC1) accounted for 31.59% of the total variance, and the second
principal component (PC2) accounted for 10.40%, with clear separation among samples
under different nitrogen application rates and topping treatments (Figure 5A). Correlation
analysis among samples revealed high correlations between replicates for all samples except
NLT24LT1 and NMT24RT1, indicating that the data were reliable and suitable for further
analysis (Figure 5B).

To characterize transcriptomic differences in tobacco roots and leaves under different
nitrogen application rates and between pre- and post-topping stages, 14 pairwise com-
parisons were established. In the NLB24L_vs_NMB24L comparison, 11,128 DEGs were
identified (4912 upregulated and 6216 downregulated); in NMB24L_vs_NHB24L, 3414
DEGs (2707 upregulated and 707 downregulated); in NLT24L_vs_NMT24L, 12,723 DEGs
(6549 upregulated and 6174 downregulated); in NMT24L_vs_NHT24L, 5091 DEGs (2507
upregulated and 2584 downregulated); in NLB24R_vs_NMB24R, 1822 DEGs (908 up-
regulated and 914 downregulated); in NMB24R_vs_NHB24R, 49 DEGs (27 upregulated
and 22 downregulated); in NLT24R_vs_NMT24R, 12,090 DEGs (5711 upregulated and
6379 downregulated); in NMT24R_vs_NHT24R, 17 DEGs (6 upregulated and 11 down-
regulated); in NLB24L_vs_NLT24L, 13,390 DEGs (6580 upregulated and 6810 downreg-
ulated); in NMB24L_vs_NMT24L, 10,861 DEGs (6285 upregulated and 4576 downregu-
lated); in NHB24L_vs_NHT24L, 9583 DEGs (4041 upregulated and 5542 downregulated);
in NLB24R_vs_NLT24R, 11,156 DEGs (5875 upregulated and 5281 downregulated); in
NMB24R_vs_NMT24R, 1277 DEGs (797 upregulated and 480 downregulated); and in
NHB24R_vs_NHT24R, 2357 DEGs (1603 upregulated and 754 downregulated). With
increasing nitrogen application, the number of DEGs in the low-nitrogen versus medium-
nitrogen comparisons was markedly higher than that in the medium-nitrogen versus high-
nitrogen comparisons. At the same nitrogen concentration, topping resulted in more DEGs
in leaves than in roots, indicating that gene expression in tobacco is more sensitive to the
transition from low to medium nitrogen and that topping exerts a stronger effect on gene
expression in leaves than in roots (Figure 5C). To further investigate the effects of increasing
nitrogen application before and after topping, as well as the effects of topping at the same
nitrogen concentration, on gene expression in tobacco roots and leaves, union sets of DEGs
from the 14 comparisons were generated. NBLU denotes the union set of DEGs in leaves in
response to increasing nitrogen application before topping; NBRU denotes the union set in
roots in response to increasing nitrogen application before topping; NTLU denotes the union
set in leaves in response to increasing nitrogen application after topping; NTRU denotes the
union set in roots in response to increasing nitrogen application after topping; TLU denotes
the union set of DEGs in leaves after topping at the same nitrogen concentration; and TRU
denotes the union set in roots after topping at the same nitrogen concentration.
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Figure 5. Effects of different nitrogen application rates and topping treatments on the transcriptomes of

tobacco roots and leaves. (A) Principal component analysis (PCA) of transcriptomes across treatments.
(B) Correlation analysis among samples. (C) Numbers of up-regulated and down-regulated genes in
each comparison group. (D) GO enrichment analysis of the TLU differentially expressed gene union

set. (E) KEGG enrichment analysis of the TLU differentially expressed gene union set.

3.2.2. Transcriptional Differences in Roots and Leaves in Response to Increasing Nitrogen
Application Before and After Topping

To investigate the effects of increasing nitrogen application on tobacco roots and leaves
before and after topping, the union sets of differentially expressed genes (DEGs) NBLU,
NBRU, NTLU, and NTRU were subjected to GO and KEGG enrichment analyses. GO
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enrichment analysis revealed that DEGs in roots and leaves before and after topping were
mainly enriched in the Biological Process (BP) and Molecular Function (MF) categories.

In the NBLU set, the top 10 significantly enriched BP terms included response to nitrate
(GO:0010167), auxin-activated signaling pathway (GO:0009734), and others; the top 10
significantly enriched MF terms included calcium ion binding (GO:0005509), carbohydrate
binding (GO:0030246), auxin transmembrane transporter activity (GO:0080161), and others
(Figure S2A; Table S6). In the NTLU set, the top 10 significantly enriched BP terms included
organic acid transport (GO:0015849), amino acid transport (GO:0006865), and others; the
top 10 significantly enriched MF terms included organic acid transmembrane transporter ac-
tivity (GO:0005342), amino acid transmembrane transporter activity (GO:0015171), auxin
binding (GO:0010011), and others (Figure S2B; Table S8). KEGG pathway analysis re-
vealed that DEGs in the NBLU set before topping were mainly enriched in amino acid
metabolism pathways (Figure S2C), whereas those in the NTLU set were mainly enriched
in amino acid metabolism and secondary metabolite metabolism pathways (Figure S2D;
Tables 512 and S14). Collectively, these results indicate that before topping, increasing
nitrogen concentration accelerated nitrate metabolism and carbohydrate metabolism in
tobacco leaves, whereas after topping, increasing nitrogen concentration accelerated amino
acid metabolism and secondary metabolite metabolism.

In the NBRU set, the top 10 significantly enriched BP terms included hormone catabolic
process (GO:0042447), gibberellin catabolic process (GO:0045487), and others; the top MF
terms included polysaccharide binding (GO:0030247) and others (Figure S3A; Table S7).
In the NTRU set, the top 10 significantly enriched BP terms included response to iron ion
(GO:0010039), response to herbivore (GO:0080027), lignin metabolic process (GO:0009808),
and secondary metabolite metabolism; MF terms were mainly enriched in oxidoreductase ac-
tivity (GO:0016722), carbohydrate binding (GO:0030246), and others (Figure S4A; Table S9).
KEGG enrichment analysis revealed that genes in the NBRU set were mainly enriched
in pathways such as pentose and glucuronate interconversions (Figure S3C; Table 513),
whereas genes in the NTRU set were mainly enriched in amino acid metabolism, car-
bon metabolism, and secondary metabolite metabolism pathways (Figure S4B; Table S15).
These results indicate that before topping, tobacco roots responded to increasing nitro-
gen concentration primarily through hormone-related processes, whereas after topping,
roots responded to increasing nitrogen concentration through amino acid metabolism and
secondary metabolite metabolism.

3.2.3. Effects of Topping Treatment on the Transcriptomes of Tobacco Roots and Leaves

To investigate the effects of topping treatment on tobacco roots and leaves, enrichment
analyses were performed on the union sets of differentially expressed genes (DEGs) TLU
and TRU. GO enrichment analysis revealed that the DEGs were mainly enriched in the
Biological Process (BP) and Molecular Function (MF) categories.

In the TLU set, the top 10 significantly enriched BP and MF terms primarily in-
cluded carboxylic acid transport, amino acid transport, organic acid transport, and carbohy-
drate metabolism, such as carboxylic acid transport (GO:0046942), organic acid transport
(GO:0015849), amino acid transmembrane transport (GO:0003333), carbohydrate catabolic
process (GO:0016052), organic acid transmembrane transporter activity (GO:0005342),
carbohydrate binding (G0:0030246), and amino acid transmembrane transporter activity
(GO:0015171) (Figure 5D; Table S10). In the TRU set, the top 10 significantly enriched
BP and MF terms mainly included response to metal ions, carbohydrate transport, and
amino acid metabolism, such as response to iron ion (GO:0010039), carbohydrate transport
(GO:0008643), glutathione metabolic process (GO:0006749), and carbohydrate transmem-
brane transporter activity (GO:0015144) (Figure S3B; Table S11). KEGG enrichment analysis
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revealed that the top 10 significantly enriched pathways for genes in both TLU and TRU
were mainly associated with amino acid metabolism and the Calvin cycle, including cysteine
and methionine metabolism, alanine, aspartate and glutamate metabolism, and carbon fixa-
tion in the Calvin cycle. These results indicate that topping enhanced carbon metabolism
and amino acid metabolism in both roots and leaves of tobacco (Figures 5E and S3D;
Tables S16 and S17).

3.3. Effects of Different Nitrogen Application Rates and Topping Treatments on the Metabolomes
of Tobacco Roots and Leaves

3.3.1. Metabolomic Data and Distribution of Differentially Accumulated Metabolites

To investigate the effects of different nitrogen application rates and topping treatments
on the metabolomes of tobacco roots and leaves, metabolomic profiling was performed on
root and leaf samples from the various treatment groups. OPLS-DA revealed clear separa-
tion among samples under different nitrogen application rates and topping treatments, with
distinct clustering between root and leaf samples (Figure 6B). Permutation tests showed that
all permuted points (red and blue) on the left were lower than the rightmost point, and the
Y-axis intercept of the Q? regression line was below zero, indicating that the OPLS-DA mod-
els were reliable (Figure 6C). These results demonstrate that different nitrogen application
rates and topping treatments exert profound effects on the metabolomes of tobacco roots
and leaves, and that roots and leaves jointly respond to environmental changes through
distinct metabolic pathways. A total of 1118 metabolites were detected under the mixed ion
mode, which were classified into 17 categories: Alkaloids, Amino acids and Peptides, Car-
bohydrates, Coumarins, Diarylheptanoids, Fatty acids, Flavonoids, Isoflavonoids, Lignans,
Phenanthrenoids, Phenolic acids (C6-C1), Phenylethanoids (C6—C2), Phenylpropanoids
(C6-C3), Polyketides, Terpenoids, Xanthones, and others (Figure 6A; Table S518).

To investigate the effects of different nitrogen application rates and topping treatments
on the metabolomes of roots and leaves, analysis of differentially accumulated metabolites
(DAMs) was performed on samples from each nitrogen treatment and topping treatment
group. A total of 766 DAMs were identified (Figure 6D; Table S519). The comparison groups
for DAM analysis were consistent with those for differential gene expression analysis, and
the same union set strategy used for differentially expressed genes was adopted for DAMs.
The highest numbers of DAMs were observed in the low- versus medium-nitrogen compar-
isons and in the medium-nitrogen topping treatment comparisons, indicating that tobacco
metabolism is most sensitive to medium-nitrogen conditions, particularly when medium-
nitrogen treatment is combined with topping, which strongly perturbs the metabolomes of
both roots and leaves.

3.3.2. Effects of Different Nitrogen Application Rates on Tobacco Root and Leaf Metabolism
Before and After Topping

To elucidate the effects of different nitrogen application rates and topping treatments
on tobacco metabolism, K-means clustering analysis was performed on the union sets of
differentially accumulated metabolites (DAMs), and the numbers of upregulated and down-
regulated metabolites in response to increasing nitrogen concentration and topping were
statistically analyzed. Before topping, as nitrogen concentration increased, the upregulated
metabolites in tobacco leaves were mainly alkaloids, terpenoids, and fatty acid metabolites,
while the downregulated metabolites also belonged predominantly to these three classes;
however, the number of upregulated metabolites exceeded that of downregulated ones
(Figure S5B). In roots before topping, as nitrogen concentration increased, most DAMs
decreased in content, including terpenoids, fatty acids, alkaloids, amino acids, and carbo-
hydrates, whereas the upregulated metabolites were mainly plant alkaloids, lignans, and
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Perm utation testing

carbohydrates (Figure S5D). After topping, the most prominently altered DAMs in both
roots and leaves were also terpenoids, alkaloids, and fatty acids; however, compared with be-
fore topping, the variety of DAM species increased in both roots and leaves (Figure SSEH).
These results indicate that with increasing nitrogen concentration, tobacco roots and leaves
primarily adapt to nitrogen variation through differential regulation of distinct metabolite
species within the same metabolite classes.
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Figure 6. Effects of different nitrogen application rates and topping on the metabolomes of tobacco
roots and leaves. (A) Proportion of metabolite classes. (B) OPLS-DA analysis of metabolomic
data. (C) Permutation test of the OPLS-DA model. (D) Distribution of differentially accumulated
metabolites in each comparison group.

3.3.3. Effects of Topping on Tobacco Root and Leaf Metabolism

Topping significantly altered metabolite accumulation patterns in tobacco, with the
most prominent changes observed in terpenoids, alkaloids (including nicotine), and fatty
acids. Overall, the diversity of differentially accumulated metabolites was greater in
leaves than in roots (Figure S6B). Compared with nitrogen treatment alone, topping had
a greater effect on the differential accumulation of terpenoids, alkaloids, lignans, amino
acids, and other metabolites in leaves, and it also promoted alkaloid accumulation in roots
(Figure S6D). Collectively, these results indicate that tobacco primarily responds to topping
through the differential accumulation of specific metabolite species within classes such as
alkaloids, amino acids, fatty acids, and terpenoids.

3.4. Weighted Gene Co-Expression Network Analysis (WGCNA)

To investigate potential regulatory relationships between metabolites and genes,
WGCNA was first performed on the differentially accumulated metabolites using a soft-
thresholding power of 6 (Figure S7A). Based on similar accumulation patterns, a total of
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seven expression modules (excluding the grey module) were identified for the metabolites
(Figure S7B). For genes, the top 75% of genes were retained based on median absolute
deviation, followed by selection of the top 60% based on interquartile range (IQR). Using
dynamic tree cutting and module merging algorithms, a total of 37 expression modules
(excluding the grey module) were identified (Figure 7B). Representative metabolites were
selected from each metabolite expression module for correlation analysis with gene module
eigengenes. These metabolites included Nicotine, DL-Glutamine, D-Psicose, Jasmonic acid,
21-Hopen-3-one, h-gamma-Glu-Leu-OH, and Scoparone. Among these, the co-expression
module most highly correlated with nicotine was MEdarkturquoise (Figure 7A). The dark-
turquoise module contained 52 genes, with domain annotations predominantly comprising
P450, Terpene_synth, and Terpene_synth_C (Table S20). To elucidate potential interactions
among these genes, a gene interaction network was constructed for the 52 genes in the mod-
ule (Figure 7C), in which nodes represent genes and edges represent connections between
genes. Network analysis revealed that genes Nta09¢04330 and Nta10g03250 exhibited the
highest connectivity, and their Pfam annotations were Terpene_synth and Terpene_synth_C
(Table S20).
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Figure 7. Weighted gene co-expression network analysis (WGCNA). (A) Correlation analysis between
modules and metabolites. (B) Module clustering dendrogram of gene WGCNA analysis. (C) Gene
co-expression network of the darkturquoise module.

3.5. Effects of Different Nitrogen Application Rates and Topping Treatments on Tobacco Physiology

3.5.1. Effects of Different Nitrogen Application Rates and Topping Treatments on Carbon
and Nitrogen Metabolic Pathways in Tobacco Roots and Leaves

Different nitrogen application rates and topping treatments influenced carbon and
nitrogen metabolism in tobacco roots and leaves, thereby affecting leaf quality. Gene
expression levels were mapped to pathways related to carbon and nitrogen metabolism,
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including starch degradation, sucrose degradation, sucrose synthesis, glucose metabolism,
and nitrate assimilation (Figure 8).
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Figure 8. Effects of different nitrogen application rates and topping treatments on genes encoding

enzymes involved in carbon and nitrogen metabolism in tobacco leaves and roots.

Starch was broken down into maltose by B-amylases (BAMs). In leaves before topping,

the expression of BAM-encoding genes decreased with increasing nitrogen concentration.

At the same nitrogen concentration, BAM expression was down-regulated after topping

under low-nitrogen conditions but up-regulated after topping under medium- and high-
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nitrogen conditions. In roots, BAM expression under low-nitrogen conditions was higher
than under medium- and high-nitrogen conditions. These results indicate that topping
enhances starch metabolism in tobacco leaves, whereas increasing nitrogen supply reduces
starch metabolism in leaves. The gene encoding DPE2, which catalyzes the breakdown
of maltose into glucose, was significantly up-regulated after topping in leaves under low-
nitrogen conditions but down-regulated under medium- and high-nitrogen conditions after
topping; in roots, it was up-regulated after topping. The hexokinase (HK)-encoding genes
Nta14g02740, Nta13g03640, and Nta0725170 were up-regulated after topping in leaves,
whereas the opposite pattern was observed in roots. In contrast, Nta05¢25850, Nta11g29290,
and Nta06g28240 were up-regulated after topping in roots, indicating that hexokinase
in roots and leaves is regulated by different homologous genes in response to topping.
Genes encoding phosphoglucomutase (PGM) exhibited irregular changes under different
nitrogen application rates and topping treatments. Two genes encoding phosphoglucose
isomerase (PGI) showed opposite expression patterns in leaves after topping. Genes
encoding sucrose phosphate synthase (SPS) and sucrose—phosphate phosphatase (SPP) in
the sucrose synthesis pathway were up-regulated in leaves after topping. Genes encoding
SUS, which catalyzes sucrose breakdown, showed no significant changes in leaves but
were up-regulated in roots under medium- and high-nitrogen conditions. INV genes
were down-regulated in leaves after topping but showed no significant changes in roots
(Figure S8). These results indicate that under medium- and high-nitrogen conditions,
topping up-regulated genes related to sucrose synthesis and down-regulated INV genes,
thereby promoting sucrose accumulation.

In nitrogen metabolism, leaf NR-encoding genes showed decreased expression with
increasing nitrogen application before topping, whereas their expression was up-regulated
after topping at the same nitrogen concentration. In roots, NR expression increased with
increasing nitrogen application; however, after topping at the same nitrogen concentration,
NR was up-regulated only under low-nitrogen conditions, with no significant changes under
medium- or high-nitrogen conditions. Leaf GS-encoding genes were up-regulated under
low-nitrogen conditions and after topping, whereas in roots, no significant changes were
observed except for up-regulation after topping under low-nitrogen conditions (Figure S8).

3.5.2. Effects of Different Nitrogen Application Rates and Topping Treatments on the
Nicotine Biosynthetic Pathway

Oxaloacetate from the TCA cycle is converted to L-aspartate, which is then transformed
into nicotinic acid via the NAD pathway under the catalysis of NAMNH (Figure 9). AOis a
key enzyme in this process, and genes encoding AO were up-regulated in roots after topping
under medium- and high-nitrogen conditions. Genes encoding A622 were up-regulated
under medium-nitrogen conditions, whereas genes encoding other key enzymes in this
pathway showed no significant changes under different nitrogen or topping treatments.
N-Methylpyrrolinium is synthesized from L-ornithine and L-arginine, with ODC and ADC
serving as the key enzymes. Genes encoding ODC were strongly induced under high-
nitrogen conditions, while genes encoding ADC were highly expressed after topping under
medium-nitrogen conditions and under high-nitrogen conditions (Figure S9). These results
indicate that topping is the primary factor inducing high expression of AO-encoding genes,
whereas nitrogen concentration is the primary factor inducing high expression of ODC-
and ADC-encoding genes.
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Figure 9. Effects of different nitrogen application rates and topping treatments on nicotine metabolism.

4. Discussion
4.1. Stage-Dependent Regulation of Agronomic Traits by Different Nitrogen Application Rates

In this study, the regulation of tobacco agronomic traits by nitrogen supply exhibited
pronounced stage-dependent characteristics. During the rosette and vigorous growing
stages, these agronomic traits increased significantly with increasing nitrogen application
(Figure 11-VI). Nitrogen is a critical component of chlorophyll, phytohormones, amino
acids, nucleic acids, and secondary metabolites and is a major factor influencing photosyn-
thesis, indicating that nitrogen is the primary limiting factor for photosynthetic capacity
and biomass accumulation during the vigorous growth phase of tobacco [35,36]. However,
after entering the budding stage, although traits such as plant height and stem diameter
continued to respond to nitrogen concentration, fifth-leaf length and width no longer dif-
fered significantly between the medium- and high-nitrogen treatments. This suggests that
leaf sensitivity to nitrogen may decline after the budding stage, with more nitrogen translo-
cated to reproductive organs or allocated to secondary metabolism. This phenomenon
has been verified in Arabidopsis and oilseed rape, in which nitrogen can be remobilized
from senescing leaves and transported to organs during the vegetative and reproductive
growth stages [37-39]. Therefore, maintaining a medium nitrogen level before the budding
stage is sufficient to achieve high yield; continued fertilization beyond this level not only
fails to further expand leaf area but may also lead to decreased soil pH and soil acidifica-
tion [40]. Correlation analysis between soil pH and agronomic traits further supported
this conclusion, as soil pH was negatively correlated with agronomic traits as nitrogen
application increased at the budding stage. Although plant height, stem diameter, and
effective leaf number continued to increase with higher nitrogen rates at the budding stage
(Figure 1), excessive vegetative growth is not desirable for flue-cured tobacco. Through
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continuous observation across the three growth stages, this study identified the rosette and
vigorous growing stages as the critical periods for nitrogen fertilizer input. Considering the
comprehensive effects on agronomic traits, leaf quality, and soil environment, a medium
nitrogen level is optimal for achieving high yield without inducing excessive vegetative
growth or soil acidification.

4.2. Differential Regulation of Tobacco Leaf Quality by Different Nitrogen Application Rates

The effects of different nitrogen application rates on tobacco leaf quality exhibited trait-
specific responses, with interactive effects between leaf position and nitrogen concentration.
At the same leaf position, both total nitrogen and total alkaloid contents increased with
increasing nitrogen application; however, total alkaloid content did not differ significantly
between the medium- and high-nitrogen treatments. This suggests the existence of a satura-
tion threshold for total alkaloid synthesis in tobacco leaves. When nitrogen concentration
exceeds the medium level, total alkaloid content may continue to increase with rising nitro-
gen supply but no longer differs significantly from that under medium-nitrogen conditions,
as nitrogen is preferentially allocated to amino acids, proteins [41], and other compounds,
while also coordinating root and other organ growth [42,43]. Total nitrogen content in
upper leaves was higher than that in middle and lower leaves, which may be attributed
to the fact that upper leaves serve as the primary sites for active growth, metabolism, and
photosynthesis [16], consistent with previous studies showing greater nitrogen uptake
in upper leaves than in lower leaves [44]. Total sugar content decreased with increasing
nitrogen concentration, a trend closely linked to carbon-nitrogen metabolism [45-47] and
consistent with studies showing that nitrogen availability affects organic acid and carbohy-
drate synthesis in plants [48,49]. Potassium and chloride contents in tobacco leaves have
important implications for leaf quality [50]. In this study, potassium content decreased with
increasing nitrogen application, likely due to competitive uptake and transport between
NH,* and K* [51]. A decrease in K* influx in the presence of NH,* has been observed
in various crops [52,53]. Chloride content was lowest under medium-nitrogen conditions
across all leaf positions. Therefore, appropriate nitrogen application helps reduce chloride
content, maintain reasonable potassium levels, and improve leaf quality and combustibility.
Considering all quality indicators comprehensively, although the medium-nitrogen treat-
ment reduced total sugar and reducing sugar contents compared with the low-nitrogen
treatment, it enhanced the coordination between total alkaloids and total nitrogen while
optimizing the potassium-to-chloride ratio, thereby more effectively improving tobacco
leaf quality.

4.3. Associations Between Soil Physicochemical Properties and Tobacco Leaf Quality Under
Different Nitrogen Application Rates

In this study, soil pH exhibited an initial increase followed by a decrease as growth
progressed. At the rosette and vigorous growing stages, pH increased with increasing
nitrogen application, whereas the opposite trend occurred at the budding stage. This may
be attributed to the high nitrogen demand during vegetative growth, when nitrogen is
taken up predominantly as nitrate [23]. Nitrate transport requires co-transport with H*
into root cells, thereby alkalizing the rhizosphere [54,55]. Upon entering the budding stage,
tobacco transitions to reproductive growth, nitrate demand decreases, and nitrification of
ammonium ions may contribute to soil acidification. Recent studies have reported that
under acidified conditions, viruses can influence soil phosphorus accumulation by modu-
lating prokaryotic phosphate cycling processes, consistent with the highest phosphorus
content observed under high-nitrogen conditions in this study [56]. Correlation analysis
between soil physicochemical properties and leaf quality revealed dynamic relationships
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across growth stages. At the rosette stage, soil pH, total nitrogen, hydrolyzable nitrogen,
organic matter, and available phosphorus were positively correlated with agronomic traits.
However, these soil properties were negatively correlated with leaf quality indicators such
as potassium, reducing sugar, and total sugar contents, but positively correlated with total
alkaloid and total nitrogen contents. This indicates that soil fertility at the rosette stage
establishes the baseline for subsequent quality formation, wherein high fertility promotes
vegetative growth and nitrogen accumulation but suppresses sugar and potassium accu-
mulation. At the vigorous growing stage, available potassium emerged as a key factor,
positively correlated with potassium, reducing sugar, and total sugar contents, and nega-
tively correlated with total alkaloid and chloride contents. This may be because the vigorous
growing stage is a period of rapid enhancement of photosynthetic capacity in leaves, during
which potassium, as a stomatal regulator and enzyme activator [57,58], influences carbon
assimilation and sugar accumulation.

The soil organic matter (SOM) content under the medium-nitrogen treatment was sig-
nificantly higher than that under the low- and high-nitrogen treatments, which is consistent
with previous related studies [59,60]. The ratio of fungi to bacteria (F:B ratio) has a signifi-
cant impact on soil organic matter (SOM) [61]; fungal-dominated soils can sequester more
carbon and retain more nitrogen [62]. Previous studies have shown that under high nitrogen
input, the soil microbial community shifts towards bacterial dominance, and the relatively
stronger bacterial metabolism consumes soil organic carbon. However, optimized nitrogen
application promotes an increase in the proportion and activity of soil fungi, thereby facili-
tating long-term carbon storage [60]. In contrast, under no nitrogen application, microbial
growth is limited due to nitrogen deficiency [63]. In our study, SOM was calculated from
SOC (SOM = SOC x 1.724); therefore, we inferred that the medium-nitrogen treatment
could promote organic matter turnover. Furthermore, both soil chloride content and mature
leaf chloride content under the high-nitrogen level were higher than those under the low-
and medium-nitrogen levels. However, the specific interaction between nitrogen application
rate and rhizosphere chloride dynamics has rarely been reported; hence, the underlying
mechanisms warrant further investigation.

4.4. Molecular Mechanisms Underlying the Synergistic Effects of Medium Nitrogen and Topping
on Tobacco Leaf Quality

The combination of medium nitrogen and topping exerted the most profound effects
on both the transcriptome and metabolome, optimizing the carbon—nitrogen metabolic
balance and nicotine metabolism, thereby improving tobacco leaf quality. After topping,
differentially expressed genes were mainly enriched in amino acid metabolism and energy
metabolism, while differentially accumulated metabolites were predominantly amino acids,
alkaloids, and terpenoids.

With respect to nitrogen metabolism, topping significantly increased the activities of
nitrate reductase (NR) and glutamine synthetase (GS), as well as the expression of their
corresponding genes in leaves across all nitrogen levels, while significantly reducing free
ammonia content. Notably, free ammonia content was highest under low-nitrogen condi-
tions, which may be attributed to NH,* production via protein degradation under nitrogen
deficiency, impaired chloroplast function, insufficient carbon skeletons, and reduced GS
activity, collectively leading to excessive NH,* accumulation [64,65]. Topping promoted
nitrogen metabolism by converting free ammonia into nitrogen-containing compounds such
as nicotine. Although NR and GS activities were highest under high-nitrogen conditions,
GS activity did not differ significantly between the medium- and high-nitrogen treatments.
The assimilation of NH, " into glutamine requires the carbon skeleton x-ketoglutarate [66];
therefore, under high-nitrogen conditions, NH,* assimilation may be constrained by an
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insufficient carbon skeleton supply. Under medium-nitrogen conditions, free ammonia
content was lowest, indicating that tobacco plants utilized free ammonia most efficiently
under this regime.

With respect to carbon metabolism, topping significantly increased sucrose phos-
phate synthase (SPS) activity and sucrose content only under medium-nitrogen conditions,
whereas this effect was absent under low- and high-nitrogen conditions. Meanwhile, starch
content decreased significantly after topping across all nitrogen levels, while total sugar and
sucrose contents increased significantly. Consistent with the transcriptomic data, topping
up-regulated the expression of genes encoding sucrose synthesis-related enzymes (SPS
and SPP) under medium- and high-nitrogen conditions while down-regulating invertase
(INV) gene expression. The rationale underlying these carbon metabolic changes may lie in
the enhanced nitrogen metabolism following topping, which demands substantial energy
and carbon skeletons [66]. Plants respond by degrading leaf starch and converting it into
transportable, utilizable soluble sugars such as sucrose, thereby supporting the synthesis of
secondary metabolites, including nicotine. Additionally, starch degradation after topping
may enhance photosynthesis; previous studies have shown that excessive starch can com-
press and damage photosynthetic membrane structures, leading to reduced photosynthetic
efficiency [67]. After topping, tobacco leaves exhibited fewer and smaller starch granules,
as well as increased stomatal density and number, thereby enhancing photosynthesis and
promoting sugar accumulation [68]. Insufficient sugar content in tobacco leaves results in
harsh, irritating smoke, whereas excessive sugar content leads to bland, insipid smoke [69].
Under medium-nitrogen conditions, both the overconsumption of carbon skeletons that
reduces total sugar content under high nitrogen and the insufficient nitrogen supply and
restricted nicotine synthesis observed under low nitrogen were avoided.

Nicotine is the most important secondary metabolite in tobacco, playing a pivotal role
in stimulating the nervous system and inducing pleasurable sensations in smokers. The
promoting effect of topping on nicotine biosynthesis is achieved through multi-pathway,
multi-organ synergistic transcriptional reprogramming [70]. Topping has been shown to
up-regulate the expression of genes encoding nicotine biosynthesis-related enzymes, such
as PMT [71]. In the present study, genes encoding AO in roots were up-regulated after
topping under medium- and high-nitrogen conditions, and genes encoding A622 were
up-regulated under medium-nitrogen conditions, whereas genes encoding ODC and ADC
were primarily influenced by nitrogen concentration. No significant changes were observed
in the expression of other genes encoding enzymes involved in the nicotine biosynthetic
pathway, which may be attributed to factors such as sampling time, at which point their
expression levels may no longer show significant alterations.

4.5. Integrated Analysis of Transcriptomic and Metabolomic Data Under Different Nitrogen
Treatments and After Topping

Topping promotes root development, enhances root vitality, and increases nicotine
synthesis capacity [72]. Weighted gene co-expression network analysis (WGCNA) is a
method for dissecting correlations between gene co-expression networks and target traits
based on transcriptomic data [73]. Through WGCNA, the Pfam annotations of genes in
the module most highly correlated with nicotine content were predominantly cytochrome
P450, Terpene_synth, and Terpene_synth_C. Previous studies have demonstrated that
cytochrome P450 genes are involved in terpenoid biosynthesis [74], the biosynthesis of
plant diterpenoid natural products, and alkaloid biosynthesis [75]; however, no direct
association with nicotine synthesis has been reported to date. Moreover, cytochrome
P450s (CYPs) play critical roles in plant stress adaptation. They are involved in hormone
synthesis and metabolite catabolism, helping plants resist biotic and abiotic stresses and
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enhancing their resistance and adaptability. For example, overexpression of FtCYP94C1 in
Arabidopsis thaliana enhanced disease resistance [76], and topping itself represents a form
of stress in tobacco. Therefore, genes annotated as cytochrome P450, Terpene_synth, and
Terpene_synth_C in the darkturquoise module may have functions that directly or indirectly
regulate nicotine biosynthesis.

5. Conclusions

This study, through integrated analyses of agronomy, soil science, and metabolomics/
multi-omics, demonstrated that a medium nitrogen application rate (120 kg/ha) combined
with topping is the optimal strategy for enhancing tobacco quality. This combination
optimized the chemical composition of tobacco leaves by enhancing carbon and nitro-
gen metabolism, promoting the conversion of starch to soluble sugars, and alleviating
ammonium-potassium competition and soil acidification, while eliciting the most pro-
nounced responses at both the transcriptomic and metabolomic levels. Weighted gene
co-expression network analysis (WGCNA) identified modules highly correlated with nico-
tine biosynthesis, with hub genes predominantly belonging to the cytochrome P450 and
terpene synthase families, providing support for the molecular regulation of nicotine syn-
thesis. However, this study has the following limitations: transcriptomic and metabolomic
analyses were performed only at 10 days after topping, which did not capture the complete
dynamic process; the candidate hub genes have not yet been functionally validated; and
all plants were topped, with no omics analysis of untopped plants at the same stage after
topping. Future research should focus on (1) functional validation of candidate genes via
genetic transformation; (2) dynamic omics analysis at multiple time points after topping, as
well as omics analysis of untopped plants at the same stage after topping; and (3) multi-site,
multi-year field validation trials.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/agronomy16212171/s1. Figure S1: Physicochemical properties of tobacco
rhizosphere soil at different periods under different nitrogen application rates; Figure S2: Enrichment
analysis of the merged differentially expressed genes of NBLU and NTLU; Figure S3: Enrichment
analysis of the merged differentially expressed genes of NBRU and TRU; Figure S4: GO enrichment
analysis (A) and KEGG enrichment analysis (B) of the merged differentially expressed genes of
NTRU; Figure S5: K-means clustering analysis of the merged differentially abundant metabolites
of NBLU, NBRU, NTLU, and NTRU and metabolite statistics after clustering; Figure S6: K-means
clustering analysis of the merged differentially abundant metabolites of TLU and TRU, with the
statistical results of metabolites after clustering displayed; Figure S6: WGCNA analysis of metabolites;
Figure S8: Heatmap of the expression levels of genes encoding carbon and nitrogen metabolism
enzymes in roots and leaves; Figure S9: Heatmap of the expression levels of genes encoding nicotine
metabolism-related enzymes in roots and leaves; Table S1: Analysis of quality traits of mature
leaves at different positions under different nitrogen application rates; Table S2: Effect of topping on
nitrogen metabolism at different nitrogen application rates; Table S3: Effects of topping on carbon
metabolism under different nitrogen application rates; Table S4: Physicochemical properties of tobacco
rhizosphere soil at different periods under different nitrogen application rates; Table S5: Transcriptome
sequencing quality metrics; Table S6: Detailed information of GO enrichment analysis of the merged
differentially expressed genes of NBLU; Table S7: Detailed information of GO enrichment analysis of
the merged differentially expressed genes of NBRU; Table S8: Detailed information of GO enrichment
analysis of the merged differentially expressed genes of NTLU; Table S9: Detailed information of
GO enrichment analysis of the merged differentially expressed genes of NTRU; Table S10: Detailed
information of GO enrichment analysis of the merged differentially expressed genes of TLU; Table S11:
Detailed information of GO enrichment analysis of the merged differentially expressed genes of
TRU; Table S12: Detailed information of KEGG enrichment pathways of the merged differentially
expressed genes of NBLU; Table S13: Detailed information of KEGG enrichment pathways of the

https://doi.org/10.3390/agronomy16212171


https://www.mdpi.com/article/10.3390/agronomy16212171/s1
https://www.mdpi.com/article/10.3390/agronomy16212171/s1
https://doi.org/10.3390/agronomy16212171

Agronomy 2026, 16, 2171

27 of 32

merged differentially expressed genes of NBRU; Table S14: Detailed information of KEGG enrichment
pathways of the merged differentially expressed genes of NTLU; Table S15: Detailed information
of KEGG enrichment pathways of the merged differentially expressed genes of NTRU; Table S16:
Detailed information of KEGG enrichment pathways of the merged differentially expressed genes of
TLU; Table S17: Detailed information of KEGG enrichment pathways of the merged differentially
expressed genes of TRU; Table S18: Detailed information of metabolites in metabolomics; Table S19:
Summary table of differentially abundant metabolites; Table S20: Gene annotation information of the
darkturquoise module.

Author Contributions: Z.L.: Conceptualization and supervision; Y.X. (Yongjun Xiong), Y.L., L.S. and
J.Z.: formal analysis, Investigation, Methodology, Visualization, Writing—original draft, Writing—
review & editing; R.L.,, W.D., M.Y,, Y.X. (Yan'e Xiong) and S.C.: Investigation, formal analysis; Z.L.
and C.L.: Writing—original draft, Writing—review & editing, funding acquisition. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (32360089)
and Yunnan Xingdian Talent Support Program for Young Talents (XDYC-QNRC-2023-0409).

Data Availability Statement: The data presented in this study are openly available in the Genome
Sequence Archive in the National Genomics Data Center, China National Center for Bioinforma-
tion/Beijing Institute of Genomics, Chinese Academy of Sciences (GSA: CRA050673), and are publicly
accessible at https://ngdc.cncb.ac.cn/gsa/s/1PXOxcFM, accessed on 17 October 2026.

Acknowledgments: The authors are grateful to all the farmers who contributed their dedicated efforts
to field management throughout the course of this research.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

NRTs nitrate transporters
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PM Transcripts per million

DEGs differentially expressed genes
PCA principal component analysis
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