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Abstract

Background and aim Nitrogen (N) is crucial for plant growth and is distributed across various N morphologies
within plant organs. However, the mechanisms controlling the distribution of these N morphologies are not fully
understood. This study investigated key amino acid (AA) biosynthesis pathways regulating N distribution and their
impact on plant physiology and growth.

Methods We examined N distribution in the leaves, stems, and roots of two tobacco cultivars (Hongda and K326)
under different N treatments at 75, and 100 days after transplanting (DAT). Transcriptome analysis was performed
at 75 and 100 DAT to explore N distribution and AA metabolism pathways. Weighted gene co-expression network
analysis (WGCNA) identified pathways regulating N distribution, and the Mantel test assessed the impact of N
treatments, growth stages, and cultivars on N distribution.

Results Statistically significant differences in N distribution were observed across environmental conditions, growth
stages, cultivars, and plant organs (p < 0.05). WGCNA identified phenylalanine metabolism (ko00360), alanine,
aspartate, and glutamate metabolism (ko00250), and glycine, serine, and threonine metabolism (ko00260) pathways
regulating the distribution of N, cps (sodium dodecyl sulfate insoluble N), Ny, (water soluble N), and N¢ (sodium
dodecyl sulfate soluble N), respectively. Increased N application promoted Nj, <ps accumulation, while earlier growth
stages and cultivar Hongda favored N, distribution. Ng distribution was inhibited under high N conditions. Gene
expression in these pathways correlated with N distribution, biomass, and N accumulation.

Conclusion This study elucidates the mechanisms regulating N distribution in tobacco, emphasizing the role of
AA metabolism pathways. These findings are essential for improving N utilization and optimizing N management
practices, ultimately enhancing crop productivity and supporting sustainable agricultural practices.
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Introduction
Nitrogen (N) is essential for crop growth and develop-
ment and plays crucial roles in fundamental physiological
processes such as photosynthesis, respiration, and pro-
tein synthesis [1, 2]. Within plants, N has various mor-
phologies, each with distinct functions: water soluble
N (Ny) for respiration, sodium dodecyl sulfate soluble
N (Ng) for electron transfer and light absorption, non-
protein N (Nyp) for storage, and sodium dodecyl sulfate
insoluble N (N, gps) for structural development [3-6].
Despite the known importance of N distribution, the
mechanisms governing the distribution of different N
morphologies and the implications of that distribution
have yet to be elucidated. Factors such as environmental
conditions, growth stages, plant organ types, and culti-
var characteristics substantially influence N distribution
patterns [5, 7]. For instance, increased N application has
been associated with an altered distribution of N mor-
phologies in various crops, impacting electron transfer,
light capture (functions of N;), and overall plant growth.
Excess N can inhibit photosynthesis and negatively affect
plant growth [5, 7]. Additionally, N fertilization influ-
ences traits such as effective tiller number in rice and
vascular bundle structure in maize, potentially through
modulation of the N ¢ps distribution, thereby influenc-
ing the N harvesting capacity as the plant matures [8, 9].
Diverse physiological activities at different stages lead
to notable variations in N distribution. For example, pri-
mary N assimilation declines in senescent leaves, with
released N remobilized into developing tissues such as
new leaves and seeds, influencing physiological activi-
ties [10]. This process is closely related to Ny, degrada-
tion and its transformation into Ny, Ng, and N, ¢pg for
respiration, photosynthesis, and the development of
new leaves [5, 11]. Furthermore, the N distribution var-
ies markedly among plant organs, with roots and stems
exhibiting higher Ny, and N, ¢ps levels than leaves [2].
This variation underscores the importance of N, gps in
roots for lignification, while higher levels of Ny, and Ng
in leaves contribute to photosynthesis, highlighting the
association between N morphologies and organ func-
tion [2]. Genetic diversity among cultivars also contrib-
utes to variations in N distribution, with disparities in
respiration (function of Ny,) observed among wheat and
sugar beet cultivars, ultimately contributing to differ-
ences in yield [12, 13]. Despite extensive research on the
molecular mechanisms of N absorption and assimilation,
relatively little attention has been given to elucidating the
molecular mechanisms underlying N distribution within
plants.

Amino acids (AA) play a central role in various physi-
ological processes in plants, overlapping with the func-
tions of different N morphologies. The AA biosynthetic
pathway is crucial for N utilization, as it facilitates the
synthesis of AAs from N [14]. Furthermore, AAs are
involved in vital plant functions such as photosynthesis,
respiration, and structural support [15]. For example,
AAs activate photosynthesis, enhance light absorption,
and serve as biological activators in respiration by pro-
viding energy and compensating for losses during res-
piration and degradation [16, 17]. Additionally, AAs are
the building blocks of proteins, which are essential for
maintaining the plant’s structural integrity and support-
ing growth [18]. These overlapping functions highlight
the critical role of AAs in N distribution. Like other N
morphologies, AAs are influenced by factors such as N
applications, growth stages, cultivar characteristics, and
plant organs, all of which impact N morphologies distri-
bution [18, 19].

Although N distribution across various plant organs
has been extensively studied to improve N recovery and
utilization, a substantial gap remains in research focused
on the distribution of N morphologies in tobacco [20,
21]. To date, no studies have specifically explored the dis-
tribution of these N morphologies in tobacco. Moreover,
even in other crops, comprehensive studies synthesiz-
ing the distribution patterns of different N morpholo-
gies across plant organs and exploring the mechanisms
behind their transformation and allocation are scarce.
Given the essential role of N in plant growth and devel-
opment, there is an urgent need for research addressing
both the distribution patterns and molecular mecha-
nisms regulating these processes [22, 23].

We hypothesize that the AA synthesis pathway serves
as a primary regulator of N allocation within plants, as
AAs represent a key channel for N utilization, regulated
by factors similar to those influencing N morphologies.
Considering varying N application, cultivars, organs, and
growth stages, distinct N distributions and genes in AA
pathways are expected. By observing these distributions
simultaneously, we aim to gain insights into the under-
lying mechanisms. Using weighted gene co-expression
network analysis (WGCNA) based on transcriptome
data, we will explore these mechanisms and analyze cor-
relations among N morphologies across different factors,
with a particular focus on AA pathways. Our objec-
tives are as follows: (1) to explore how AA pathways
regulate the transformation and distribution of N mor-
phologies across plant organs (leaves, stems, and roots)
at various growth stages; (2) to evaluate how cultivar
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characteristics, N application rates, and growth stages
influence N morphologies distribution; and (3) to identify
key genes within AA pathways that modulate N distribu-
tion. The findings from this study will provide valuable
insights into N metabolism and the role of AA pathways
in N distribution. By enhancing our understanding of N
use efficiency at the molecular level, this research will
inform strategies to optimize N management, ultimately
improving crop productivity and supporting sustainable
agricultural practices in response to the growing global
demand for N resources.

Materials and methods

Experimental site

The experiment was conducted in Yongping County, Dali
Prefecture (25.6065°N, 100.2676°E), during the growing
season from May to September in 2022. The site had an
average annual precipitation of approximately 919.0 mm
and an average temperature of 16.7 °C. The soil, classi-
fied as loam, had an organic matter content of 36.58 g/
kg, with total nitrogen, phosphorus, and potassium levels
of 1.95 g/kg, 0.82 g/kg, and 17.88 g/kg, respectively. The
available nitrogen, phosphorus, and potassium concen-
trations were 233.10 mg/kg, 49.34 mg/kg, and 236.00 mg/
kg, respectively. The climate and soil conditions at the
site are suitable for the normal, high-quality growth of
flue-cured tobacco, thus environmental factors, such
as soil nutrient availability, were not controlled in this
experiment and followed the natural conditions of the
local area.

Experimental design and treatments

In this study, two flue-cured tobacco cultivars, Hongda
and K326, were selected based on their distinct nitro-
gen use efficiencies. Hongda is recognized for its higher
nitrogen use efficiency, making it particularly well-suited
for nitrogen (N)-limited environments, while K326 has
a higher N fertilizer requirement for optimal growth [2,
24]. Both cultivars, with distinct N use efficiencies, were
individually transplanted into pots measuring 25 cm x
24 cm, each filled with 15 kg of loam soil. Each pot was
irrigated with 1000 mL of water three times a week. The
pots were arranged in rows, spaced 110 cm apart, with
plants spaced 55 cm apart, resulting in a planting den-
sity of 16,500 plants per hectare [25]. Thirty plants were
planted per treatment for each condition and experiment
was repeated three times. N treatments were applied to
the two tobacco cultivars, Hongda and K326, with three
levels of N: 0 g (control), 4 g, and 8 g per plant. The treat-
ments for Hongda were labeled HO (no N), H4 (4 g N),
and H8 (8 g N), while the treatments for K326 were
labeled KO (0 N), K4 (4 g N), and K8 (8 g N), respectively.
The 0 g N treatments served as the control. The N con-
centrations of 4 g and 8 g were chosen to reflect typical
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local agricultural practices, with 8 g corresponding to the
recommended application rate for K326 and 4 g for Hon-
gda, based on their N uptake characteristics.

In all experimental pots, each plant received 2.5 g
of pure phosphorus (P) and 10 g of pure potassium (K)
fertilizer. Fertilizer was applied in two stages: 100% of
N, 100% of P, and 80% of K were applied as base fertil-
izer at transplantation, followed by top-dressing with
20% of K 21 at days after transplantation (DAT). Man-
agement practices adhered to the National Standards of
the Tobacco Industry in China [26], with no control over
external environmental conditions, which were consis-
tent with the local climate. In addition to the cultivars
and N treatments, the study also investigated the effects
of growth stages and plant organs.

Harvesting and sample analysis

Dry samples

After the tobacco plants were transplanted, samples
were collected from the plants at 50, 75, and 100 DAT.
After being harvested, the plants were divided into 3 dis-
tinct parts: roots, stems, and leaves by cutting the plant
organs apart from each other. For each treatment, three
tobacco plants per replicate were uprooted and destruc-
tively sampled at each growth stage. To remove excess
soil, the sampled plants were thoroughly rinsed with
running water, as described by Yang [27]. The fresh and
dry weights of each plant part were recorded before and
after curing. To ensure consistency, each plant part was
initially dried at 105 °C for 30 min and then at 75 °C for
72 h as part of the curing process [28]. After being thor-
oughly crushed with a grinder, each dried plant part was
sifted through a 2 mm mesh sieve before being crushed
and digested with H,SO,-H,0,. Following the method
outlined by Liu and fellows [5], the total N content of the
digested plant material was determined through continu-
ous flow analysis using an AA3 instrument (Seal Analyti-
cal Inc., Southampton, UK).

Fresh samples

Triplicate samples of middle leaves, middle stems, and
root tips were collected from the plants directly at 75
and 100 DAT. The samples were rapidly frozen in liquid
N. Each sample was then divided into two portions, with
one portion allocated for RNA analysis and the other for
N morphologies analysis.

Nitrogen morphologies in tobacco

The assessment of the N morphologies in the frozen
tobacco plant samples followed the protocol outlined
by Takashima [3]. 1 gram of each plant part, including
leaves, roots, and stems, was frozen in liquid N. Subse-
quently, the frozen samples were homogenized with 1
mL of 100 mM sodium phosphate buffer consisting of 2
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mM MgCl,, 0.4 M d-sorbitol, 5 mM dithiothreitol, 5 mM
iodoacetate, 10 mM NaCl, and 5 mM phenylmethylsul-
fonyl fluoride. The supernatant, containing water soluble
N (Ny), was separated by centrifugation at 12,000 x g
at 4 °C for 10 min. The residual samples were then dis-
solved in 1 mL of phosphate buffer containing 3% sodium
dodecyl sulfate and heated at 90 °C for 5 min. Afterward,
centrifugation at 5500 x g for 8 min was performed to
collect the supernatant as sodium dodecyl sulfate soluble
N (N,). The insoluble residues, termed sodium dodecyl
sulfate insoluble N (N,, ¢pg), were purified with a 20 mL
anhydrous ethanol wash and filtered through medium-
speed filter paper. The supernatant was mixed with an
equal volume of 20% trichloroacetic acid, filtered through
quantitative filter paper, and thoroughly rinsed with 20
mL of anhydrous ethanol to denature the N compounds.
Following natural air-drying, the residue on the quan-
titative filter paper underwent digestion using H,SO,-
H,0O, following the methods of Luo and colleagus[29].
The N content of the digested solution was determined
using continuous flow analysis (AA3; Seal Analytical Inc.,
Southampton, UK). The non-protein N (Nyp) content
was calculated by subtracting the values of Ny, Ng, and
N, sps from the total N content. The relative proportions
of the various N morphologies to the total N content
throughout the entire plant were determined using the
subsequent equation.
Each N morphologies inleaves (%) =
The content of each N

morphologiesinleaves
xBiomass of leaves

Thetotal nitrogen
accumulation of whole plant
(sumof leaves, and roots)

* 100%

The results for the calculation of N morphologies in the
stems and roots were similar to that for the leaves.

RNA extraction and transcriptome profiling

Total RNA was extracted from 108 frozen samples (3 N
treatments x 2 DAT stages x 2 cultivars x 3 organs x 3
biological replicates per treatment) using TRIzol (Invit-
rogen Life Technologies, USA) according to the manufac-
turer’s instructions. RNA degradation and contamination
were monitored on 1% agarose gels [30, 31]. RNA purity
was checked using a NanoPhotometer® spectrophotom-
eter (IMPLEN, CA, USA). The RNA concentration was
measured using a Qubit® RNA Assay Kit in a Qubit® 2.0
Fluorometer (Life Technologies, CA, USA). RNA integ-
rity was assessed using the RNA Nano 6000 Assay Kit for
the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA).
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Library Preparation

A total of 1 ug of RNA per sample was used as input
material for the RNA sample preparations. Sequencing
libraries were generated using the NEBNext® UltraTM
RNALibrary Prep Kit for Illumina® (NEB, USA) follow-
ing the manufacturer’s recommendations. First-strand
cDNA was synthesized using a random hexamer primer
and M-MuLV reverse transcriptase (RNase H-). Second-
strand cDNA synthesis was subsequently performed
using DNA Polymerase I and RNase H [32, 33]. To pref-
erentially select cDNA fragments 250-300 bp in length,
the library fragments were purified with the AMPure
XP system (Beckman Coulter, Beverly, USA) [32]. Then,
3 pl of USER Enzyme (NEB, USA) was incubated with
size-selected, adaptor-ligated cDNA at 37 °C for 15 min,
followed by 5 min at 95 °C before PCR. Then, PCR was
performed with Phusion High-Fidelity DNA polymerase,
universal PCR primers, and Index (X) Primer. Finally, the
PCR products were purified (AMPure XP system), and
library quality was assessed on an Agilent Bioanalyzer
2100 system [34].

Data quality control, processing, and functional annotation
analysis

Fastp v0.19.4 was used to filter the original data to
remove reads with adapters, reads with N content >10%
of the total bases, and sequencing reads with low-quality
(Q<20) bases contained in the reads that exceeded 50%
of the bases to produce clean reads [35]. Transcriptome
assembly was performed using Trinity (v2.11.0), and Cor-
set was used to regroup relevant transcripts into ‘gene’
clusters (https://github.com/trinityrnaseq/trinityrnaseq)
[36]. TransDecoder (https://github.com/TransDecoder/T
ransDecoder/wiki) was used to identify candidate coding
regions within transcript sequences generated by de novo
RNA-Seq transcript assembly using Trinity [35]. Gene
function was annotated using Diamond or HMMER with
the following databases: Nr, Swiss-Prot, Trembl, Kyoto
Encyclopedia of Genes and Genomes (KEGG) [37], and
Gene Ontology (GO) [38]. Gene expression levels were
estimated with RNA-seq by expectation maximiza-
tion, and then the fragments per kilobase of transcript
per million mapped reads (FPKM) of each gene were
calculated based on the gene length. DESeq2 v1.22.1
was used to analyze the differentially expressed genes
between the two groups, and a difference analysis was
performed using edgeR [36]. The p value was corrected
using the Benjamini and Hochberg method. A corrected
p value<0.05 and|log2foldchange| >1 were used as the
thresholds of statistical significance for analyzing differ-
ences in expression [39]. The enrichment analysis was
performed based on the hypergeometric test [40]. For the
KEGG analysis, the hypergeometric distribution test was
performed according to the unit of the pathway, and for
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the GO analysis, it was performed according to GO terms
[32]. Missing data in the transcriptomic analysis were
handled using multiple imputation to replace the missing
values. This approach ensures a more robust dataset by
considering the uncertainty introduced by missing data,
allowing for more reliable downstream analysis and sta-
tistical inference [41, 42].

Validation of RNA-seq data by RT-qPCR

Total RNA was isolated utilizing the KKFast Plant RNA-
pure Kit (ZP405K-2, Zoman Biotech, Beijing, China).
cDNA was synthesized using a SuperMix cDNA synthe-
sis kit (AT311-03, Transgene Biotech, Beijing, China).
RT-qPCR was performed using Universal SYBR qPCR
Mastermix (Q712-02, Vazyme, China) under the follow-
ing conditions: initial denaturation at 95 °C for 30 s, fol-
lowed by 40 cycles of denaturation at 95 °C for 10 s and
annealing/extension at 58 °C for 30 s. The relative gene
expression was determined utilizing the 224t method
[43] and all experiments were performed in triplicate.
The sequences of primers used in this study are listed in
Table S1.

Data analysis

The statistical analysis was performed using analysis of
variance (ANOVA) with the F-test in SPSS Version 23.0,
where statistical significance was determined based on
the F-value and its associated p<0.05 [44]. Waterfall
plots for biomass and N accumulation were generated
using OriginLab Version 2022. Sector figures to describe
N distribution were generated using the “ggplot2” pack-
age in R. Before conducting the transcriptome data anal-
ysis, the data were normalized using the DESeq2 package
in R, and the scale function was applied to standardize
the data by rows [45]. Heatmaps were created using the
“pheatmap” package in R. Constrained principal coordi-
nates analysis (CPCoA) charts to visualize the differences
among the different treatments were generated using the
“ggplot2” package in R [45]. Weighted gene co-expression
network analysis (WGCNA) was performed using Met-
Ware Cloud (https://cloud.metware.cn) to construct
co-expression networks. No gene filtering was applied

Table 1 ANOVA test (F-test, p <0.05) conducted on biomass and
nitrogen accumulation across different organs at various stages,
under different treatments, and in different cultivars

Index Biomass Nitrogen

F p F p
Days after transplanting 31.885 0.001 419375 0.001
Treatments 20.394 0.001 995.956 0.001
Cultivars 13.277 0.001 481.799 0.001
Organs 181.196 0.001 7246.603 0.001

Here, F-values and p-values were derived from the F test. Statistical significance
was defined as p <0.05
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before the analysis. Modules were merged with a mini-
mum height of 0.2 for pruning, and a minimum of 400
genes were required for each module. An R* value of
0.85 was used as the threshold for selecting the genes
involved in co-expression [46]. The chord diagram figure
was created using the “circlize” package in R. Network
charts were created using Cytoscape 3.10.1 [47]. Pathway
charts were generated using Office Publisher 365. Mantel
test charts were generated using the “vegan” and “ggcor”
packages [48], with the Mantel test conducted using the
mantel test function, applying Bray-Curtis dissimilar-
ity for species data and Euclidean distance for environ-
mental data. The statistical significance was determined
using p values, categorized as: p<0.001, p<0.01, p<0.05
(statistical significance) and p>0.05 (not statistical sig-
nificance). The figures were refined and compiled using
Adobe Illustrator Version 2019.

Results
The accumulation of nitrogen and biomass
All results were derived from three independent biologi-
cal replicates, with plants grown in separate pots under
controlled conditions to minimize variability. One-way
ANOVA (F-test) revealed statistically significant differ-
ences in biomass and nitrogen (N) accumulation across
treatments, cultivars, growth stages, and organs (Table 1).
Specifically, the effects of treatments (F=20.394,
p<0.001), cultivars (F=13.277, p<0.001), growth stages
(F=31.885, p<0.001), and organs (F=181.196, p<0.001)
were all statistically significant for biomass accumulation
(Table 1). Similarly, Treatments statistically significantly
influenced N accumulation (F=995.956, p<0.001), cul-
tivars (F=481.799, p<0.001), growth stages (F=419.375,
p<0.001), and organs (F=7246.603, p<0.001) (Table 1).
To elucidate the N distribution mechanism, our initial
focus was on determining biomass and N accumulation
across various stages. Differences in biomass accumula-
tion among the various treatments were assessed for sta-
tistical significance in relation to quantity of days after
transplanting (DAT), plant organs, and cultivars (Fig. 1).
Notably, compared to the non-N application treatments,
among the different treatments, the application of 4 g and
8 g of pure N resulted in a 52.07% and 76.14% increase
in biomass, respectively. As the stages progressed, bio-
mass accumulation increased by 95.13% from 50 DAT
to 75 DAT and by 25.41% from 75 DAT to 100 DAT. The
analysis of the different tobacco organs revealed a greater
biomass concentration in the leaves, which accounted for
54.24% of the total plant biomass, while stems and roots
accounted for 40.23% and 5.54%, respectively. The Hon-
gda cultivar exhibited 1.29 times greater biomass accu-
mulation than did the K326 cultivar.

Furthermore, a statistically significant difference in N
accumulation was detected (Fig. 2). Compared with the
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Fig. 1 Waterfall chart illustrating the accumulation of biomass in different plant organs (leaves, stems, and roots) at various growth stages. The chart
shows the progression of biomass accumulation across treatments and cultivars, highlighting the differences in biomass allocation at each growth stage
(see Table 1 for F-values and p values, p<0.05). Panels A to F depict nitrogen accumulation in the Hongda (HO, H4, H8) and K326 (KO, K4, K8) cultivars
under 0 g, 4 g, and 8 g pure nitrogen conditions, respectively. Here, HO, H4, and H8 represent the Hongda cultivar under 0 g, 4 g, and 8 g pure nitrogen
conditions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen condition
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Fig. 2 Waterfall chart illustrating the accumulation of nitrogen in different plant organs (leaves, stems, and roots) at various growth stages. The chart
shows the progression of nitrogen accumulation across treatments and cultivars, highlighting the differences in nitrogen allocation at each growth
stage(see Table 1 for F-values and p values). Panels A to F depict nitrogen accumulation in the Hongda (HO, H4, H8) and K326 (KO, K4, K8) cultivars under
09,4 g, and 8 g pure nitrogen conditions, respectively. Here, HO, H4, and H8 represent the Hongda cultivar under 0 g, 4 g, and 8 g pure nitrogen condi-
tions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen condition
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non N treatments, the application of 4 g and 8 g of pure
N resulted in a 58.06% and 96.12% increase in N, respec-
tively. Similar to biomass accumulation, N accumulation
increased with DAT, with an 82.75% from 50 DAT to 75
DAT and a 35.96% from 75 DAT to 100 DAT. N enrich-
ment was more pronounced in leaves, which accounted
for 63.37% of the total plant N, while stems and roots
accounted for 30.53% and 6.10% of N, respectively. Addi-
tionally, between the two cultivars, Hongda accumulated
29.42% more N than did the K326 cultivar.

Nitrogen distribution across various plant morphologies
All results were based on three biological replicates,
with samples processed in parallel to reduce technical
variability. Statistically significant differences in N dis-
tribution were observed across treatments, cultivars,
and organs (Table 2). Specifically, the distribution of
sodium dodecyl sulfate insoluble N (N, ¢ns) was statis-
tically significantly affected by treatments (F=49.551,
p<0.001), cultivars (F=380.823, p<0.001), and organs
(F=6062.689, p<0.001) (Table 2). Similarly, the distribu-
tions of water-soluble N (ANw) and sodium dodecyl sul-
fate soluble N (Ng) showed strong effects of treatments
(F=66.611 and 15.158, p<0.001), cultivars (F=326.590
and 194.212, p<0.001), and organs (F=1767.426 and
2568.270, p<0.001) (Table 2). However, no statistically
significant differences in Ny distribution were observed
across growth stages (F = 0.644, p=0.527; Table 2).

Furthermore, we aimed to determine N distribution in
plants. The N distribution statistically significantly dif-
fered among the different treatments, after transplanting,
and between the Hongda and K326 cultivars (Fig. 3). In
leaves, a decrease in N application led to an increase in
non-protein N (Nyp) distribution, while N;, ¢ initially
increased and then decreased with increased N appli-
cation. Conversely, the patterns of Ny and Ng showed
the opposite trend to that of N;, ¢p¢. In stems, greater N
application resulted in greater distributions of Ny, and
N;. However, in roots, increased N application notably
decreased the ratio of various N morphologies.

Between 75 and 100 DAT, the percentages of Ny and
Nyp in the leaves decreased from 17.62 to 15.38% and
from 11.83 to 7.33%, respectively. Among the different
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organs, in leaves, more N was distributed in the mor-
phologies of N, sps and Ny, which constituted 30.03%
and 29.82% of the total N accumulation in the leaves,
respectively. In stems, more N was distributed in the
morphologies of Ny, and Ny, accounting for 42.56% and
31.56% of the total stem N accumulation, respectively.
In roots, more N was distributed in the morphologies
of Ny, and N, ¢pg, comprising 39.00% and 27.98% of the
total N accumulation, respectively. Regarding the differ-
ences between the Hongda and K326 cultivars, in Hon-
gda, more N was distributed as Ny in stems and leaves,
with levels 6.86% and 3.85% greater than those in K326,
respectively. Conversely, in K326, more N was distrib-
uted in the morphologies of Ny, in stems and in the mor-
phologies of N, ¢n¢ in leaves, with levels 8.44% and 6.80%
greater than those in Hongda ( Figure 3).

Transcriptome analysis

Transcriptome sequencing was performed on the leaves,
stems, and roots of the two tobacco cultivars harvested
at 75 and 100 DAT under 0 g, 4 g, and 8 g pure N treat-
ments (Tables S2—S7) using the Illumina HiSeq platform.
In amalgamating the data from leaves, stems and roots,
the number of clean reads ranged from 40.43 million to
60.08 million, averaging 45.98 million. The effective base
counts varied between 6.07 and 9.01 GB, with the Q20
content averaging 97.19% and the Q30 content averag-
ing 92.12%. Quality control assessments consistently
indicated mismatch rates below 0.03% for the datasets,
confirming the suitability of the transcriptome data for
subsequent analyses. The constrained principal coor-
dinates analysis (CPCoA) analysis revealed that gene
expression substantially varied among different N con-
ditions, organs, stages, and cultivars (Fig. 4). Under the
same N conditions, the gene expression profiles of the
three replicates exhibited high similarity.

Functional enrichment analysis of differentially expressed
genes in KEGG pathways

Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed organ-specific N modula-
tion of metabolic pathways. In leaves (Fig. 5A), N applica-
tion differentially regulated amino acid (AA) biosynthesis

Table 2 ANOVA test (F-test, p < 0.05) conducted on different morphologies nitrogen across different organs at various stages, under

different treatments, and in different cultivars

Index Nin.sps Nw N Nye

F p F p F p F P
Days after transplanting 49.275 0.001 13.044 0.001 0.644 0.527 333406 0.001
Treatments 49.551 0.001 66.611 0.001 15.158 0.001 25454 0.001
Cultivars 380.823 0.001 326.590 0.001 194212 0.001 28.036 0.001
Organs 6062.689 0.001 1767426 0.001 2568270 0.001 96.229 0.001

Here, N presents nitrogen, N;,_¢ps represents sodium dodecyl sulfate insoluble nitrogen, N represents sodium dodecyl sulfate soluble nitrogen, Ny, represents water

soluble nitrogen and Ny, present non-protein nitrogen
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Fig. 3 Sector figures illustrating the distribution of various nitrogen (N) morphologies in different plant organs. Each sector represents the relative distri-
bution of these nitrogen forms in leaves, stems, and roots, offering insight into how nitrogen is allocated within the plant under varying conditions (see
Table 2 for F-values and p values). Panels A and B represent the nitrogen distribution at 75 days and 100 days after transplanting, respectively. Figures A
(1) to A (6) and B (1) to B (6) represent the distributions under different treatments: HO, H4, H8, KO, K4, and K8, respectively. Here, HO, H4, and H8 denote
the Hongda cultivar under 0 g, 4 g, and 8 g pure nitrogen conditions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen
treatment. Here, N, sps represents sodium dodecyl sulfate insoluble nitrogen, N represents sodium dodecyl sulfate soluble nitrogen, Ny, represents water
soluble nitrogen and Ny, present non-protein nitrogen
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Fig. 4 Constrained principal coordinates analysis (CPCoA) analysis revealing differences among different nitrogen conditions, organs, stages, and culti-
vars, as well as similarities within the same condition across three replications. Panels A (1) to (3) illustrate the expression patterns of each replication in
leaves, stems, and roots, respectively, at 75 days after transplanting (DAT). Panels B (1) to (3) show the expression patterns of each replication in leaves,
stems, and roots at 100 DAT. Here, HO, H4, and H8 denote the Hongda cultivar under 0 g, 4 g, and 8 g pure nitrogen conditions, respectively, while K0, K4,

and K8 represent the K326 cultivar under each nitrogen condition

(ko01230), glutathione metabolism (ko00480), and ala-
nine, aspartate, and glutamate metabolism (ko00250),
with the most pronounced transcriptional shifts occur-
ring in late-stage treatments. Cultivar-specific responses
were particularly evident under low N, where Hongda
exhibited greater differential expression than K326 at 75
DAT. Stems (Fig. 5B) showed N-dependent reprogram-
ming of cysteine and methionine metabolism (ko00270)
and carbon metabolism (ko01200), especially under
prolonged N limitation, while roots (Fig. 5C) prioritized
phenylpropanoid biosynthesis (ko00940) and amino
sugar metabolism (ko00520) in response to high-N con-
ditions. Cross-organ comparisons (Fig. 5D) further dem-
onstrated systemic coordination: glutathione metabolism
and AA biosynthesis were consistently regulated across
all organs at 75—100 DAT, with late-stage treatments (100
DAT) driving stronger divergence than earlier phases.
Notably, Hongda displayed enhanced metabolic plastic-
ity compared to K326, particularly under low-N stress.
These findings collectively establish N availability as a
central orchestrator of spatiotemporal metabolic adap-
tation, fine-tuning organ-specific pathways to balance
growth and stress resilience.

Our findings demonstrate that N application regu-
lates the expression of key AA-related pathways, includ-
ing Biosynthesis of AA, Cysteine and methionine

metabolism, Glutathione metabolism, and Amino sugar
and nucleotide sugar metabolism. These pathways
showed differential gene expression patterns across N
treatments, with particularly pronounced changes. Nota-
bly, across all two cultivars, three organs, and two growth
stages, these pathways exhibited consistent and substan-
tial changes under different N treatments, indicating that
N application induces similar alterations in these path-
ways regardless of the cultivars, organs, or growth stages.

Functional enrichment analysis of differentially expressed
genes in GO pathways

Gene Ontology (GO) enrichment analysis revealed
N-dependent regulation of metabolic and transport func-
tions across organs. In leaves (Fig. 6A), treatments with
contrasting N availability showed pronounced differ-
ences in glucosyltransferase activity (GO:0008194) and
photosystem components (GO:0009521)—processes
critical for nitrogen-dependent carbon fixation. Similarly,
stems (Fig. 6B) exhibited nitrogen-responsive variations
in plasma membrane anchoring (GO:0046658) and pho-
tosystem I/II activity, particularly under prolonged N
limitation. Roots (Fig. 6C) displayed N-modulated shifts
in UDP-glucosyltransferase activity (GO:0035251) and
polysaccharide catabolism (GO:0000272), with marked
differential expression in high-N treatments. Cross-organ
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Fig.5 Heatmap depicting the results of enrichment analysis for differential gene expression in Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways across various comparisons. The analysis compares the effects of different nitrogen (N) application rates, cultivars, growth stages, and plant organs

on gene expression. Panels (A) to

(C) display differences observed in leaves, stems, and roots, respectively, while Panel (D) illustrates variations among dif-

ferent organs. Within Panels A to C, subpanels (1) to (3) correspond to differences among different nitrogen treatments, stages, and cultivars, respectively.
Panel D includes subpanels (1) and (2), indicating variances at 75 and 100 days after transplantation, respectively. Here, HO, H4, and H8 denote the Hongda
cultivar under 0 g, 4 g, and 8 g pure nitrogen conditions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen condition
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Fig. 6 Heatmap depicting the results of enrichment analysis for differential gene expression in Gene Ontology (GO) pathways across various compari-
sons. The analysis compares the effects of different nitrogen (N) application rates, cultivars, growth stages, and plant organs on gene expression. Panels
(A) to (C) display differences observed in leaves, stems, and roots, respectively, while Panel (D) illustrates variations among different organs. Within Panels

Ato C, subpanels (1)

to (3) correspond to differences among different nitrogen conditions, stages, and cultivars, respectively. Panel D includes subpanels

(1) and (2), indicating variances at 75 and 100 days after transplantation, respectively. Here, HO, H4, and H8 denote the Hongda cultivar under 0 g, 4 g, and
8 g pure nitrogen conditions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen condition
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comparisons (Fig. 6D) further highlighted N-linked adap-
tations: transmembrane receptor kinases (GO:0019199)
and inorganic anion transporters (GO:0015103) were dif-
ferentially regulated, particularly at 75-100 DAT under
N-varying conditions.

We further identified notable variations in specific GO
categories: glucosyltransferase activity (G0O:0046527),
UDP-glycosyltransferase activity, and organic anion
transport in the plant-type vacuole (GO:0015698). These
observations reveal N-dependent modulation of meta-
bolic functions spanning cell wall biogenesis, secondary
metabolite modification, and nutrient partitioning under
contrasting cultivation conditions across the different
cultivars, organs, or growth stages.

WGCNA between DEGs and nitrogen distribution

To identify genes associated with N distribution in
plants, we utilized Weighted Gene Co-expression Net-
work Analysis (WGCNA) to define key modules, con-
struct a gene co-expression network, and pinpoint hub
genes. This analysis was conducted using transcriptome
data from 108 samples, incorporating N morphologies
at 75 and 100 DAT, as well as biomass and N increase
between 50 and 75 DAT and 75-100 DAT. The clustering
results from the dendrogram (Fig. 7A) revealed 16 dis-
tinct modules, each representing a cluster of highly cor-
related genes.

Among these 16 modules, three were strongly cor-
related with N-related traits: the brown module with
N, spss the green module with Nw, and the magenta
module with Ng. Each of these modules exhibited a statis-
tically significant positive correlation with N and biomass
increment (Fig. 7B). Notably, the brown module showed
a correlation coefficient of 0.84 with N, ¢ps the green
module had a 0.83 correlation with Nw, and the magenta
module exhibited a 0.92 correlation with N (p <0.05).

To validate the reliability of the WGCNA modules, we
integrated two key statistical approaches. First, the strong
positive correlation between module membership and
gene statistical significance confirmed that hub genes
in core modules regulate the target phenotype (Fig. 7C,
p<0.05). Second, the gene co-expression network heat-
map showed high topological overlap measure values
within modules, indicating consistent co-expression,
while low inter-module topological overlap measure
values validated module independence (Fig. 7D). These
results demonstrate the biological relevance and struc-
tural coherence of the WGCNA modules, linking them
to phenotypic traits and ensuring functional unity for
further mechanistic study.

Further KEGG pathway analysis (Fig. 7E1) revealed
that the brown module is associated with phenylalanine
metabolism (ko00360), the green module with alanine,
aspartate, and glutamate metabolism (ko00250), and
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the magenta module with glycine, serine, and threonine
metabolism (ko00260). These pathways showed distinct
enrichment patterns, highlighting their unique roles
in N metabolism. The GO analysis (Fig. 7E2) also iden-
tified substantial enrichment in genes involved in the
biosynthesis, regulation, and transport of organic N com-
pounds, underscoring their relevance in N distribution
regulation.

The gene co-expression network was further analyzed
using Cytoscape, identifying hub genes within the brown,
green, and magenta modules (Fig. 7F). Key hub genes
such as LOC107788402 and LOCI107762576 in the brown
module (Fig. 7F1), LOC107802035 and LOCI107766022
in the green module (Fig. 7F2), and LOC107803058 and
LOC107765918 in the magenta module (Fig. 7F3) were
found to play critical roles in regulating N distribution
(Table 3).

Functional pathway analysis from WGCNA modules

To further understand the molecular mechanisms regu-
lating N distribution, we analyzed the relationships
between the pathways of each hub gene in the brown,
green, and magenta modules and the distribution of
different N morphologies. To validate these observa-
tions, quantitative real-time polymerase chain reac-
tion (RT-qPCR) was performed. RT-qPCR analysis was
conducted on the examined genes, further emphasizing
their relevance through the highest number of linked
genes they displayed. The RT-qPCR results confirmed
consistent expression patterns among the different treat-
ments, growth stages, organs, and cultivars, as illustrated
in Fig. 8, and the RT-qPCR results are shown in Table
S8-S10.

The functional annotation of key modules revealed
distinct AA metabolic pathways driving N distribu-
tion across morphologies. In the brown module related
to phenylalanine metabolism (Fig. 8A), key processes
include the interconversion of phenethylamine and phen-
ylacetaldehyde, L-phenylalanine and phenylpyruvate, as
well as phenylpyruvate to 2-hydroxy-3-phenylpropeno-
ate, and the conversion of 2-phenylacetamide to phen-
ylacetic acid. In the green module of alanine, aspartate,
and glutamate metabolism (Fig. 8B), genes are involved
in processes such as the interconversion of L-aspartate
and L-asparagine, adenylosuccinate transformation to
fumarate, L-glutamate to L-glutamine, and L-glutamine
to D-glucosamine phosphate. In the magenta module
of glycine, serine, and threonine metabolism (Fig. 8C),
key processes include the interconversion of hydroxypy-
ruvate and D-glycerate, L-serine and glycine, and the
transformation of choline to betaine aldehyde and subse-
quently to betaine.
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Fig. 7 WGCNA (Weighted Gene Co-expression Network Analysis) was used to explore the relationship between the ratio of each nitrogen morpholo-
gies and gene expression. Panel (A) presents the cluster dendrogram results, while Panel (B) depicts module-trait relationships. Panel (C) shows scatter
plots illustrating the significance between module membership and genes, with subpanels (1) to (3) detailing the results of the selected brown, green,
and magenta modules, respectively.Panel (D) displays a network heatmap illustrating the connectivity strength between nodes. Panel (E) features chord
diagram figures revealing the enrichment analysis results of differential gene expression in brown, green, and magenta modules, with subpanels (1) to (2)
presenting the results of the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses, respectively. Finally, Panel (F) presents
the results of network analysis, with subpanels (1) to (3) delineating the results of the brown, green, and magenta modules, respectively. Here, N;, sns
represents sodium dodecy! sulfate insoluble nitrogen, Ng represents sodium dodecyl sulfate soluble nitrogen, N, represents water soluble nitrogen and

Nyp present non-protein nitrogen
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Table 3 Functional prediction of hub genes
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Module Hub gene ID KEGG Pathway Gene Function
Brown LOC107788402 Phenylalanine metabolism K07253 phenylpyruvate tautomerase [EC:5.3.2.1]] (RefSeq) macro-
phage migration inhibitory factor homolog (A)
LOC107762576 Phenylalanine metabolism K07253 phenylpyruvate tautomerase [EC:5.3.2.1]| (RefSeq) macro-
phage migration inhibitory factor homolog (A)
Green LOC107802035 Alanine, aspartate and glutamate ~ K01915 glutamine synthetase [EC:6.3.1.2]| (RefSeq) nepGS; gluta-
metabolism mine synthetase, chloroplastic-like (A)
LOC107766022 Alanine, aspartate and glutamate ~ K01915 glutamine synthetase [EC:6.3.1.2]| (RefSeq) nepGS; gluta-
metabolism mine synthetase, chloroplastic (A)
Magenta LOC107803058 Glycine, serine and threonine K14272 glutamate—glyoxylate aminotransferase [EC:2.6.1.4 2.6.1.2

metabolism

LOC107765918
metabolism

Glycine, serine and threonine

2.6.1.44]| (RefSeq) glutamate—glyoxylate aminotransferase 2-like (A)

K15893 glycerate dehydrogenase [EC:1.1.1.29]| (RefSeq) glycerate
dehydrogenase (A)

Here, KEGG present the Kyoto Encyclopedia of Genes and Genomes

Regulation of factors influencing gene expression in each
amino acid pathway
Furthermore, Mantel tests were conducted to assess the
relationships between gene expression patterns and N
applications, growth stages, organ types, and cultivars.
These tests are important as they help determine the
strength and significance of correlations between multi-
ple variables, allowing us to better understand the factors
influencing gene expression. Specifically, the effects of N
applications, growth stages, organ types, and cultivars on
gene expression were assessed by assigning the following
values: N application rates were based on the actual N
doses applied (0, 4, 8 g N per plant), reflecting the impact
of N supply on gene expression; 75 DAT was designated
as 1, and 100 DAT as 2, representing the progression of
gene expression patterns as the plant develops; leaves
were assigned as 1, stems as 2, and roots as 3, based on
increased lignification, which is closely related to N dis-
tribution within the plant and reflects gene expression
variation among organs; and the Hongda cultivar was
assigned as 1 and K326 as 2, to differentiate the cultivars
with distinct N use efficiencies and analyze their gene
expression patterns. The significance of the Mantel test
was determined based on a p value threshold, with the
following classifications: p<0.001 (), 0.00I1<p<0.01 (),
0.01<p<0.05 (), and p=0.05 (not statistical significance).
The Mantel test revealed statistically significant cor-
relations between gene expression and N applications,
growth stages, organs, and cultivars (all p<0.05). In the
phenylalanine metabolism pathway (Fig. 9A), N appli-
cation statistically significantly decreased the expres-
sion of LOC107759078 and novel.18,015 (p <0.05), while
increasing other genes (p<0.05), with cultivar Hon-
gda exhibiting higher expression of LOCI07759078,
LOCI107764910, and LOC107819268 compared to K326
(p<0.05). Gene expression varied statistically signifi-
cantly across growth stages, showing elevated levels at 75
DAT for LOCI107762576 and LOCI107788402 (p<0.05),
and decreased statistically significantly across organs in

the order of leaves>stems>roots (p<0.05). The N, ¢ng
ratio was positively correlated with LOC107762576,
LOC107764910, LOCI107788402, LOC107804312, and
LOC107819268 (p<0.05).

In the alanine, aspartate, and glutamate metabo-
lism pathways (Fig. 9B), N application negatively corre-
lated with LOC107792671 and novel.22,893 (p<0.05),
and positively correlated with other genes (p<0.05),
while cultivar Hongda displayed higher expression of
LOC107810797 and novel.22,893 compared to K326
(p<0.05). Gene expression at 75 DAT was statistically sig-
nificantly higher than at 100 DAT (p<0.05), and the Nw
ratio showed positive correlations with LOC107766022,
LOC107790669, LOCI107802035, LOC107830560, and
novel. 10,978 (p <0.05).

In the glycine, serine, and threonine metabolism
pathways (Fig. 9C), N application statistically sig-
nificantly suppressed gene expression (p<0.05),
with cultivar K326 showing higher expression of
LOC107764643, LOCI107765918, and LOCI07811392
compared to Hongda (p<0.05). At 100 DAT, expression
of LOCI107764643, LOC107781010, LOCI107783010,
and LOCI07811392 increased statistically significantly
(p<0.05), while expression decreased across organs in
the order of leaves > stems >roots (p <0.05). Additionally,
LOC107765918, LOCI107803058, LOC107811392, and
LOC107827351 correlated statistically significantly with
Ns accumulation (p <0.05).

Discussion

Nitrogen (N) is an essential element for plant physi-
ological activities and exists in four distinct morpholo-
gies: sodium dodecyl sulfate soluble (N), water soluble
N (Ny), sodium dodecyl sulfate insoluble N (N, gps),
and non-protein N (Nyp), each contributing uniquely to
specific physiological functions [5]. However, the pre-
cise molecular mechanisms governing their distribution
remain largely unexplored. Given the functional similari-
ties between these N morphologies and various amino
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Fig. 8 The amino acid pathway is visualized alongside a heatmap illustrating the expression patterns of related genes in leaves, stems, and roots between
the Hongda and K326 cultivars at 75 and 100 days after transplanting under different nitrogen conditions. The bar and line charts present the RT-qgPCR
results. Panels (A) to (C) depict the phenylalanine metabolism pathway; the alanine, aspartate, and glutamate metabolism pathways; and the glycine,
serine, and threonine metabolism pathways, respectively. Here, HO, H4, and H8 denote the Hongda cultivar under 0 g, 4 g, and 8 g pure nitrogen condi-
tions, respectively, while KO, K4, and K8 represent the K326 cultivar under each nitrogen condition
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alanine, aspartate, and glutamate metabolism pathway (ko00250), and the glycine, serine, and threonine metabolism pathways (ko00260), respectively.
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acid (AA), we hypothesized that N distribution is intri-
cately regulated by genes involved in AA biosynthesis
pathways. Distinct AA pathways may modulate N mor-
phologies distribution across different environmental
conditions, growth stages, and cultivars, thereby influ-
encing diverse physiological processes. To elucidate these
mechanisms, we conducted an in-depth analysis of AA
metabolic pathways, aiming to optimize N utilization,
improve crop productivity, and promote agricultural
sustainability. Our investigation revealed statistically sig-
nificant differences in N morphologies distribution and
biomass accumulation under varying N applications,
growth stages, organs, and cultivars. Transcriptome
analysis identified notable variations in N metabolism
and AA biosynthesis pathways, suggesting their poten-
tial roles in regulating N distribution [49]. To enhance

the robustness of our findings, we employed F-tests to
disentangle the direct effects of N applications, growth
stages, cultivars, and organs, enabling precise assess-
ment of individual factor contributions while minimizing
confounding effects [44]. Additionally, weighted gene co-
expression network analysis (WGCNA) categorized tran-
scriptome data into 16 modules, with the brown, green,
and magenta modules positively associated with N;, ¢ns,
Ny, and Nj ratios, respectively. By focusing on gene co-
expression patterns, WGCNA reduced the impact of
multifactorial interference, facilitating the identification
of key molecular mechanisms underlying N distribution.
Together, these approaches provide a comprehensive
framework for understanding N metabolism in plants
[46].
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The hub genes within the brown module that were
markedly related to N, ¢pg wWere classified in the phenyl-
alanine metabolism pathway (ko00360). Phenylalanine
is a critical precursor in lignin synthesis, first converted
into trans-cinnamic acid by phenylalanine ammonia-
lyase. Additionally, phenylalanine can contribute to
lignin production through aromatic AA deaminases,
such as tyrosine ammonia-lyase. The function of phe-
nylalanine in lignin synthesis is essential for enhancing
plant growth, quality, and stress resistance by reinforc-
ing cell walls and supporting the plant’s structural integ-
rity [50, 51]. Notably, phenylalanine shares similarities
with N, ¢pg, which is recognized as a morphology of
structural N in plants, thereby supporting plant growth
[3, 5, 52]. This suggests that the distribution of N, ¢pg
may be influenced by genes involved in the phenylala-
nine metabolism pathway, especially LOCI107762576
(hub gene), LOC107788402(hub gene), LOC107764910,
LOCI107804312, and LOC107819268. Our Mantel analy-
sis further suggested that N application promoted the
expression of these genes, further benefiting the inter-
conversion of L-phenylalanine, phenylpyruvate, and
2-hydroxy-3-phenylpropenoate, which are all crucial for
lignin biosynthesis [53]. These results align closely with
the findings of previous research indicating that N appli-
cation benefits the regulation of gene expression in the
lignin synthesis pathway, ultimately promoting cell wall
structure and properties [54, 55]. The green module,
associated with the Nw ratio crucial for plant respiration,
contains hub genes linked to the metabolism pathways of
alanine, aspartate, and glutamate (ko00250). These AA
are essential for the citrate cycle and energy production.
Glutamate is transaminated into both aspartic acid and
alanine, which are integral to respiration. Aspartic acid
provides key intermediates for the citric acid cycle, while
alanine, through transamination, forms pyruvate, which
is subsequently converted into acetyl-CoA, a vital sub-
strate for ATP synthesis [5, 56—59]. This indicates that
both are related to respiration, and the distribution of Nw
can be expected to be regulated by the alanine, aspartate,
and glutamate metabolism pathways. Moreover, through
the Mantel analysis, we determined that the ratio of Nw
was significantly positively related to LOC107766022
(hub gene), LOC107802035 (hub gene), LOC107790669,
LOC107830560, and novel. 10,978 in the pathway, which
exhibited relatively high expression levels under rela-
tively high N application, at relatively early growth stages,
and in the K326 cultivar. These factors indeed influence
the interconversion of metabolites participating in the
citrate cycle and respiration. Similarly, reports suggest
that N fertilizer enhances the citrate cycle, promoting
metabolic activity and plant growth [60]. Second, stron-
ger respiration stages contribute to faster N and bio-
mass accumulation than weaker respiration stages [61,
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62], as observed in our research between 75 days after
transplanting (DAT) and 100 DAT. Differences in bio-
mass and N accumulation between cultivars may result
from variations in gene expression determined by culti-
var characteristics [63]. Ultimately, genes involved in the
alanine, aspartate, and glutamate metabolism pathways
influenced by N applications, growth stages, and cultivar
characteristics could further shape Nw distribution and
plant respiration.

The ratio of Ny was closely associated with photosyn-
thesis, particularly electron transfer and light-harvesting
functions [5, 64], which had a statistically significant
positive correlation with the magenta module. The hub
genes in this module are classified into the glycine, ser-
ine, and threonine metabolism pathways (ko00260),
which play essential roles in optimizing photosynthetic
efficiency and light harvesting. Specifically, serine and
threonine are involved in the phosphorylation of the
light-harvesting system of photosystem II [65-67]. This
phosphorylation process enhances the recycling of pho-
tosystem II, ensuring that photosynthesis can continue
efficiently across various environmental conditions, par-
ticularly when light intensity fluctuates [68, 69]. This
adaptive capacity is critical for plant survival and growth
in competitive environments [70-72]. As hub genes,
LOCI107803058 regulates the interconversion of glycine
and glyoxylate, controlling photorespiratory N flux, while
LOCI107765918 facilitates the conversion of hydroxypy-
ruvate to D-glycerate, linking photorespiration with the
carbon recycling process of the Calvin cycle. Their coor-
dinated activity governs the efficiency of photosynthetic
carbon recovery. However, the regulation of N distribu-
tion (Ng) by these two genes is influenced by external
environmental factors in a more complex manner. Addi-
tionally, genes such as LOC107764643, LOC107781010,
LOC107783010, and LOCI107811392, involved in glycine,
serine, and threonine metabolism pathways, play essen-
tial roles in regulating N distribution, participating in
processes such as the interconversion of 3-phospho-D-
glycerate and 3-phosphonooxypyruvate, the transforma-
tion of betaine aldehyde to betaine, the transformation
of glycine to S-minomethyldihydrolipoyl protein, and
the interconversion of glycine and glyoxylate, all of which
are important components of the citrate cycle and res-
piration. Interestingly, these genes were inhibited by
increased N applications, and N applications have been
confirmed to lead to damage to the mitochondrial struc-
ture of leaves and reduce their number, as well as to dis-
turb leaf N metabolism, eventually restricting electron
transport and light harvesting in plants such as maize
and Crantz [73, 74]. Ultimately, these results illustrate
that the expression of genes involved in the glycine, ser-
ine, and threonine metabolism pathways influenced by N
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application determines the distribution in Ng and influ-
ences plant photosynthesis.

Nyp in plants plays a role in storage of N. However,
we did not find a specific module regulating the ratio of
Nyp in plants, possibly because multiple AA pathways
may regulate Ny, distribution together, which warrants
further study. Moreover, the brown, green, and magenta
modules were all markedly positively related to biomass
and N accumulation, indicating that a greater N distribu-
tion in N, gnsy NW, and Ng plants benefits plant growth
and N distribution on the basis of stronger structural
building, respiration, and photosynthesis abilities [2, 5].

Our findings suggest that the AA biosynthetic path-
way plays a pivotal role in regulating N distribution
within plants. High expression of genes involved in AA
synthesis facilitates N assimilation and directs N toward
specific metabolic pathways essential for growth, stress
resistance, and energy production. Specifically, genes
associated with AA metabolism promote N allocation to
structural and metabolic proteins, supporting cell wall
synthesis and energy production [50, 51, 56-59, 65-67].
Thus, the high synthesis of AA, driven by the upregula-
tion of specific biosynthetic pathways, directs N toward
vital plant processes. This strategic redistribution of
N optimizes the plant’s metabolic and structural func-
tions, improving growth, stress tolerance, and overall
productivity.

While our study provides valuable insights into N dis-
tribution mechanisms and their relationship with gene
expression in AA metabolism pathways, the lack of
metabolomic and proteomic analyses limits the full char-
acterization of the identified hub genes and modules.
Future research should address this gap by incorporating
metabolomic and proteomic approaches to validate these
findings and explore additional regulatory networks [75].
Such efforts are essential to deepen our understanding
of N metabolism dynamics in plants, ultimately refin-
ing N management strategies [76, 77]. This will not only
improve N use efficiency in agriculture but also contrib-
ute to more sustainable and effective N application prac-
tices, guiding future agricultural practices toward better
resource management and environmental sustainability.

Conclusion

This study highlights the pivotal role of amino acid (AA)
metabolism in regulating nitrogen (N) distribution across
plant organs (leaves, stems, and roots) during different
growth stages under varying N application rates. The
distribution of N morphologies is influenced by culti-
var characteristics, N application rates, growth stages,
and environmental conditions, all of which impact plant
growth and physiology. Key genes involved in AA metab-
olism, particularly within the phenylalanine metabolism
pathway (ko00360), the alanine, aspartate, and glutamate
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metabolism pathway (ko00250), and the glycine, serine,
and threonine metabolism pathway (ko00260), promote
the allocation of specific N morphologies: the phenyl-
alanine metabolism pathway enhances sodium dodecyl
sulfate insoluble N (N, sps), the alanine, aspartate, and
glutamate metabolism pathway favors water soluble N
(Nw), and the glycine, serine, and threonine metabolism
pathway facilitates sodium dodecyl sulfate soluble N
(Ng). These findings advance our understanding of how
AA pathways govern N distribution and offer potential
strategies to enhance crop productivity and agricultural
sustainability through optimized N management. Future
research should integrate multi-omics and real-time
physiological assessments to refine nitrogen partitioning
mechanisms and enhance nitrogen use efficiency in field
conditions.
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