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Comparative transcriptome analysis 
reveals major genes, transcription factors 
and biosynthetic pathways associated with leaf 
senescence in rice under different nitrogen 
application
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Abstract 

Background  Rice (Oryza sativa L.) is one of the most important food crops in the world and the application of nitro-
gen fertilizer is an effective means of ensuring stable and high rice yields. However, excessive application of nitrogen 
fertilizer not only causes a decline in the quality of rice, but also leads to a series of environmental costs. Nitrogen 
reutilization is closely related to leaf senescence, and nitrogen deficiency will lead to early functional leaf senescence, 
whereas moderate nitrogen application will help to delay leaf senescence and promote the production of photosyn-
thetic assimilation products in leaves to achieve yield increase. Therefore, it is important to explore the mechanism 
by which nitrogen affects rice senescence, to search for genes that are tolerant to low nitrogen, and to delay the pre-
mature senescence of rice functional leaves.

Results  The present study was investigated the transcriptional changes in flag leaves between full heading 
and mature grain stages of rice (O. sativa) sp. japonica ‘NanGeng 5718’ under varying nitrogen (N) application: 0 kg/ha 
(no nitrogen; 0N), 240 kg/ha (moderate nitrogen; MN), and 300 kg/ha (high nitrogen; HN). Compared to MN condition, 
a total of 10427 and 8177 differentially expressed genes (DEGs) were detected in 0N and HN, respectively. We selected 
DEGs with opposite expression trends under 0N and HN conditions for GO and KEGG analyses to reveal the molecular 
mechanisms of nitrogen response involving DEGs. We confirmed that different N applications caused reprogramming 
of plant hormone signal transduction, glycolysis/gluconeogenesis, ascorbate and aldarate metabolism and photo-
synthesis pathways in regulating leaf senescence. Most DEGs of the jasmonic acid, ethylene, abscisic acid and salicylic 
acid metabolic pathways were up-regulated under 0N condition, whereas DEGs related to cytokinin and ascorbate 
metabolic pathways were induced in HN. Major transcription factors include ERF, WRKY, NAC and bZIP TF families have 
similar expression patterns which were induced under N starvation condition.

Conclusion  Our results revealed that different nitrogen levels regulate rice leaf senescence mainly by affecting 
hormone levels and ascorbic acid biosynthesis. Jasmonic acid, ethylene, abscisic acid and salicylic acid promote early 
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Background
Rice (Oryza sativa L.) is one of the most important food 
crops in the world, with more than half of the global pop-
ulation depending on rice as their main source of food, so 
rice production would need to meet the demands of pop-
ulation growth [1, 2]. Nitrogen is a large amount of nutri-
ents necessary for plant growth and development, and is 
one of the basic elements of biomolecules such as amino 
acids, proteins, chlorophyll, plant hormones and nucleic 
acids [3, 4]. At present, over-application of nitrogen fer-
tilizer is still the main problem facing rice production in 
China, which not only causes a decline in rice quality, but 
also leads to a series of environmental problems [5, 6].

Plants utilize nitrogen in the soil mainly in organic and 
inorganic nitrogen, as the main form of plant uptake of 
inorganic nitrogen and include nitrate nitrogen (NO3

−) 
and ammonium nitrogen (NH4

+). Plants in the long-term 
successional process gradually formed the high efficient 
utilization of nitrogen regulatory mechanisms [7, 8]. 
NO3

− taken up by roots from the soil is usually reduced 
to NH4

+, and only then can it be utilized by the plant; 
the entire chemical reaction process takes place in roots, 
stems, and leaves, but is dominated by the leaves [9]. 
In addition, N can be stored transiently in plant above-
ground tissues as amino acids, nitrates or proteins and 
subsequently retransported to provide nitrogen to grow-
ing rice seeds [5].

Numerous studies have shown that 90% to 95% of rice 
yield comes directly or indirectly from photosynthesis 
[10]. Leaf is the main organ of rice photosynthesis, and 
leaf area, photosynthetic rate, photosynthetic functional 
period, etc. are important indicators reflecting the pho-
tosynthetic production capacity of rice. leaf nitrogen con-
tent is closely related to photosynthetic intensity, which 
in turn affects the dry matter production capacity of 
the plant [11]. Nitrogen as an important limiting factor 
in rice yield formation, plays a role in rice yield forma-
tion by affecting the accumulation and distribution of dry 
matter and nutrients with different application rates [12]. 
Increased nitrogen application not only increases rice 
leaf area, but also facilitates the synthesis of macromol-
ecules related to photosynthesis such as chlorophyll and 
Rubisco enzymes, and improves the photosynthetic rate 
[13]. However, too much nitrogen fertilizer will reduce 

the starch synthesis ability and the transfer of stored sub-
stances from leaves, stalks and other tissues to the seed 
grain capacity [14].

It was shown that different nitrogen dosages had signif-
icant effects on leaf morphology, photosynthetic rate and 
population quality, and that nitrogen application could 
promote the increase of leaf area, which in turn increased 
the area of light capture [15]. The flag leaves of rice have 
been identified as a major source of carbohydrate pro-
duction due to their higher photosynthetic efficiency [8]. 
Studies have shown that more than 80% of the 14C in flag 
leaves is transported to grains [16]. Therefore, the bal-
ance of C and N in flag leaves and the allocation to the 
seed are considered to be the key factors for nitrogen uti-
lization efficiency and yield in rice [17].

Leaf senescence is an effective strategy of adaptation to 
the environment that has developed over a long period of 
evolution [18]. In the nutrient growth stage, the leaf con-
verts light energy into bioenergy and produces nutrients, 
and then carbon assimilation in the leaf is replaced by 
chlorophyll and macromolecular catabolism and gradu-
ally enters into the senescence stage, at which time nutri-
ents continue to be transferred to the seed, and its role 
is changed from a "reservoir" to a "source" [19]. Timely 
leaf senescence is essential for source/store balance and 
crop yield stabilization [20]. Leaf senescence is closely 
related to nitrogen reutilization. Studies have shown 
that 90% of the nitrogen in seeds comes from the reuti-
lization of nitrogen-containing complexes stored in the 
plant [21]. When nitrogen is deficient, a large amount 
of sugar accumulates in the cells during the early stages 
of leaf senescence in tobacco, barley, etc., and feedbacks 
inhibit physiological processes such as photosynthesis 
[22]. However, leaf senescence is not the result of carbon 
or nitrogen action alone, but the result of carbon and 
nitrogen balance regulation [23]. It has been reported 
that excessive application of nitrogen also accelerates leaf 
senescence, while moderate application of nitrogen helps 
to delay leaf senescence and promotes the production of 
photosynthetic assimilation products in leaves [24].

Effah et  al. revealed that increased nitrogen fertiliza-
tion caused reprogramming of photosynthesis, phytohor-
mone signaling and several other biosynthetic pathways 
in wheat [25]. In a recent study of rice senescence, it was 

leaf senescence under low nitrogen condition, ethylene and ascorbate delay senescence under high nitrogen condi-
tion. In addition, ERF, WRKY, NAC and bZIP TF families promote early leaf senescence. The relevant genes can be used 
as candidate genes for the regulation of senescence. The results will provide gene reference for further genomic stud-
ies and new insights into the gene functions, pathways and transcription factors of N level regulates leaf senescence 
in rice, thereby improving NUE and reducing the adverse effects of over-application of N.
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found that co-expression of NB-ARC protein RLS1 and 
RMC resulted in altered patterns of subcellular locali-
zation, triggering the cell death process and resulting in 
reduced activity of the antioxidant enzyme APX1 [26]. 
Zhang et  al. found from the whole genome sequences 
of soybean roots, stems, leaves, flowers and seeds that 
GATA44 and GATA58 might be involved in the regula-
tion of nitrogen metabolism in soybean under low nitro-
gen stress [27]. Jagadhesan et al. revealed the role of NLP 
transcription factor in low nitrogen stress resistance in 
rice [28]. However, there are fewer reports on the effects 
of nitrogen application in rice on genes, transcription 
factors and biosynthetic pathways involved in senes-
cence. The discovery of genes for low-nitrogen toler-
ance in rice will contribute to the understanding of the 
molecular mechanisms of senescence and low-nitrogen 
tolerance in rice, as well as to the genetic improvement 
of rice. Therefore, to improve the potential of manipulat-
ing the rate and onset of senescence in rice, the present 
study profiled the transcriptional changes of flag leaves 
sampled from full heading stage to mature grain stage 
under conditions of no, moderate, and high N conditions 
to identify the genes, transcription factors, and signaling 
pathways involved under these conditions.

Results
Phenotype, N and photosynthetic pigments content of rice 
leaves under different N conditions
As shown in Fig. 1, the growth of rice flag leaves was sig-
nificantly weak under 0N condition, and the difference of 
growth status between MN and HN was not obvious. The 
difference of leaf color gradually appeared from dough 
grain stage, with leaves turning yellow under N-deficient 
condition and normal color under N-sufficient condition.

In this study, we assessed the effect of three N applica-
tion rates on leaf N content of rice cultivars. The results 
showed a positive correlation between N application and 
N content in leaves during full heading and filling grain 
stages, whereas during dough and mature grain stages, N 
content in leaves was higher in MN than HN condition 
(Fig.  2A), which indicated that excessive N application 
didn’t necessarily increase the rate of N translocation.

The photosynthetic pigment content of rice under dif-
ferent nitrogen conditions are shown in Fig. 2. The total 
Chl levels at full heading stage were 5.6, 3.7 and 3.2 
higher than those at mature grain stage under 0N, MN 
HN, respectively (Fig. 2B). Total Car levels showed a sim-
ilar trend. The total Car levels at full heading stage were 
2.8, 1.8 and 1.7 higher than those at mature grain stage 
under 0N, MN HN, respectively (Fig. 2D). However, the 
Chl a/b ratio showed the opposite trend. The Chl a/b 
values gradually increased with rice growth and were 

significantly higher under N-deficient conditions than 
under N-sufficient conditions (Fig. 2C).

Photosynthetic parameters of rice leaves under different N 
conditions
The photosynthetic parameters of rice under differ-
ent N conditions are shown in Fig.  3. The net photo-
synthetic rate (Pn)under N-sufficient conditions was 
2.8–5.9 times higher than that under N-deficient condi-
tions, and this difference was most significant after the 
dough grain stage (Fig.  3A). Until mature grain stage, 
the stomatal conductance (Gs) was reduced by 88.3%, 
80.3%, and 79.3% under 0N, MN, and HN conditions, 

Fig. 1  Photographs showing phenotypic changes of rice leaves 
under different levels of nitrogen fertilizer application between full 
heading stage and mature grain stage. A FH: Full heading stage; B 
FG: Filling grain stage; C DG: Dough grain stage; D MG: Mature grain 
stage. 0N: 0 kg/ha; MN: 240 kg/ha; HN: 300 kg/ha
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respectively (Fig.  3B), and the trend of transpiration 
rate (Tr) was similar to it (Fig.  3D). The internal CO2 
concentration (Ci) was shown to be a non-stomatal lim-
iting factor in the reduction of photosynthetic rate due 
to nitrogen deficiency at filling grain and mature grain 
stage (Fig.  3C). As rice matured, water use efficiency 
(WUE) declined more in N deficiency and more slowly 
in N sufficiency (Fig. 3E).

Hormones content of rice leaves under different N 
conditions
Salicylic acid content reached its highest value at dough 
grain stage under 0N conditions, whereas it peaked at 
mature grain stage under nitrogen-sufficient conditions 
(Fig. 4A). Jasmonic acid content varied significantly due 
to different nitrogen treatments after filling grain stage 
and gradually increased under 0N conditions (Fig.  4B). 

Fig. 2  Nitrogen (N) and photosynthetic pigments contents of rice leaves under different levels of nitrogen fertilizer application between full 
heading stage and mature grain stage. A Nitrogen content; B Total Chl; C Chl a/b; D Total Car
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Fig. 3  Photosynthetic parameters of rice leaves under different levels of nitrogen fertilizer application between full heading stage and mature grain 
stage. A Pn: Net photosynthetic rate; B Gs: Stomatal conductance; C Ci: Intercellular CO2 concentration; D Tr: Transpiration rate; E. WUE: Water use 
efficiency



Page 6 of 18Zhang et al. BMC Plant Biology          (2024) 24:419 

Fig. 4  Hormones content of rice leaves under different levels of nitrogen fertilizer application between full heading stage and mature grain stage. 
A Salicylic acid; B Jasmonic acid; C Abscisic acid; D Cytokinins; E. Brassinosteroids
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In general, abscisic acid content increased gradually and 
was lower under MN conditions among the different 
nitrogen treatments (Fig. 4C). Cytokinin content gradu-
ally increased with increasing nitrogen application while 
the trend was diametrically opposite from dough grain 
stage onwards (Fig.  4D). Brassinosteroids content was 
significantly elevated under nitrogen-deficient conditions 
and sharply elevated under nitrogen-sufficient conditions 
at mature grain stage (Fig. 4E).

Transcriptome sequencing and assembly
To get more insights into the nitrogen-responsive mecha-
nisms in rice, leaves samples of 0N, MN, and HN from 
four periods of rice in three biological replicates, were 
subjected to RNA sequencing via the Illumina sequenc-
ing platform. The summary of the transcriptomics data 
is presented in Table  1. The total clean reads generated 
varied from 43.81 to 76.28 million. The Q30 and GC 
content ranged 93.6–95.03 and 49.34–54.31%, respec-
tively. A set of 604 transcripts length below 200 bp and 
sequence length of the longest transcript at 50% of the 
total transcripts number above 1,800  bp was obtained 
(Table S1). Transcripts are between 200-800 bp in length 
with about 6000 transcripts per 200 bp interval and the 
detailed length distribution of all transcripts is shown in 
Fig. S1. Among the total number of clean reads from the 
36 samples in this study, 83.67% to 97.46% were success-
fully mapped against the assembled unigenes. Moreover, 
the unique mapping reads matching the sesame refer-
ence genome ranged from 81.09 to 94.54% (Table S2). We 
further subjected the FKPM of the three nitrogen con-
centrations samples at 4 stages to principal component 
analysis (PCA). Three biological replications were tightly 
grouped, and the three nitrogen concentrations of the 
four developmental stages separated from each other in 
the PCA plot (Fig. S2).

Functional annotation
The unigenes were annotated using the NCBI GO, 
KEGG, COG, NR, Swiss-Prot, and Pfam databases. In 
this analysis, all unigenes exhibited high sequence simi-
larity with known gene sequences (Table S3). Based on 
the GO annotation, 55986 unigenes were grouped into 
three functional GO categories, i.e., Cellular Component 
(CC; 26314), Biological Process (BP; 24345), and Molecu-
lar Function (MF; 34007), with subsets of sequences fur-
ther divided into 8, 8, and 4 subcategories in these three 
groups, respectively (Fig. 5). There was a high representa-
tion of “cellular process” and “metabolic process” in the 
category BP, which included 18660 and 16995 unigenes 
in these subcategories, respectively. Furthermore, there 
was an enrichment of “binding” (24808 unigenes) and 
“catalytic activity” (21554 unigenes) in the MF parental 

category, and a high representation of “cell part” (16305 
unigenes), “membrane part” (14209 unigenes), and “orga-
nelle” (10272 unigenes) in the CC category.

To further understand the biological functions and 
interactions of the transcripts, a total of 12549 unigenes 
were mapped to 133 KEGG pathways and assigned to 
five major categories: Organismal Systems, Cellular Pro-
cesses, Environmental Information Processing, Genetic 
Information Processing and Metabolism. The most 

Table 1  Statistics of the sequencing for rice transcriptome

FH Full heading stage, FG Filling grain stage, DG Dough grain stage, MG Mature 
grain stage, 0N Nitrogen application 0 kg/ha, MN Nitrogen application 240 kg/
ha, HN Nitrogen application 300 kg/ha

Sample Clean reads Error rate (%) Q30 (%) GC content (%)

FH_0N_1 50329498 0.0242 95 53.98

FH_0N_2 56941334 0.0249 94.28 54.15

FH_0N_3 52409938 0.0242 94.98 54.31

FH_MN_1 47686474 0.0248 94.38 54.17

FH_MN_2 51288656 0.0244 94.71 53.94

FH_MN_3 52586658 0.0246 94.5 53.96

FH_HN_1 55525066 0.0245 94.6 54.03

FH_HN_2 49787128 0.0244 94.75 53.35

FH_HN_3 53776066 0.0243 94.83 53.78

FG_0N_1 46699010 0.0243 94.9 52.34

FG_0N_2 47115674 0.0244 94.78 53.09

FG_0N_3 45128784 0.0243 94.9 52.12

FG_MN_1 58706588 0.0244 94.81 53.79

FG_MN_2 51291540 0.0247 94.44 53.53

FG_MN_3 55204304 0.0244 94.81 53.75

FG_HN_1 50067512 0.0244 94.72 52.62

FG_HN_2 48666832 0.0245 94.68 52.74

FG_HN_3 55965900 0.0247 94.43 52.02

DG_0N_1 52524718 0.0243 94.88 50.4

DG_0N_2 53952090 0.0242 94.95 50.18

DG_0N_3 49546018 0.0244 94.77 50.4

DG_MN_1 47424076 0.0248 94.38 50.9

DG_MN_2 48629710 0.0246 94.55 50.69

DG_MN_3 43807124 0.0245 94.66 50.97

DG_HN_1 51447500 0.0246 94.56 50.88

DG_HN_2 51538942 0.0248 94.35 51.31

DG_HN_3 60381832 0.0244 94.75 49.34

MG_0N_1 65007422 0.0244 94.74 52.62

MG_0N_2 66869118 0.0242 94.96 52.04

MG_0N_3 76278628 0.0241 95.03 52.12

MG_MN_1 56692606 0.0244 94.8 51.05

MG_MN_2 51143286 0.0247 94.51 50.6

MG_MN_3 62492172 0.0242 94.97 50.33

MG_HN_1 56991418 0.0247 94.48 52.54

MG_HN_2 53195166 0.0256 93.6 52.18

MG_HN_3 49951358 0.025 94.14 51.61
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abundant category was “carbohydrate metabolism”, fol-
lowed by “translation”, “folding, sorting and degradation”, 
“amino acid metabolism”, and “transcription” (Fig.  6). 
These annotations and predicted pathways will aid the 
understanding of the nitrogen-responsive gene function 
in rice.

Dynamic transcriptome changes in rice under different 
nitrogen levels
To uncover nitrogen-induced changes in transcriptional 
levels in rice, we carried out differentially expressed 
genes (DEGs) analysis along with the nitrogen fertilizer 
application at various fertility stages. In total, we iden-
tified 10,427 DEGs, including 4,995 and 5,432 up- and 
down- regulated genes in no nitrogen, respectively. 
Meanwhile, 8,177 DEGs, including 3,469 and 4,708 up- 
and down- regulated genes, respectively, were identified 
in high nitrogen. In different nitrogen levels, the number 
of up-regulated DEGs showed opposite patterns with fer-
tility, while the number of DEGs down-regulated under 
low and high nitrogen conditions was highest at filling 
grain and mature grain stage, respectively (Fig. 7A). We 
searched for genes that were significantly affected at all 
time points in different nitrogen levels. We detected 59 

and 36 overlapped DEGs at the different time points in 
low and high nitrogen condition, respectively (Fig. 7B, C).

We selected DEGs with opposite expression trends 
under 0N and HN conditions for GO and KEGG analy-
ses to reveal the molecular mechanisms of nitrogen 
response involving DEGs. The most GO terms that 
involve DEGs that up-regulated under N starved condi-
tion and down-regulated under N sufficient condition 
included hormone-mediated signaling pathway, response 
to temperature stimulus, protein folding, RNA modifica-
tion and photosynthesis (Fig. S3A). The most GO terms 
that involve DEGs that up-regulated under N sufficient 
condition and down-regulated under N starved condition 
included protein folding, response to temperature stimu-
lus, response to oxygen-containing compound, alpha-
amino acid metabolic process and response to heat (Fig. 
S3B).

The KEGG analysis revealed that several pathways 
related to nitrogen response mechanisms were signifi-
cantly induced during the fertility period. For instance, 
the DEGs that up-regulated under N starved condi-
tion and down-regulated under N sufficient condition 
were mainly assigned to ribosome, plant hormone sig-
nal transduction, ribosome biogenesis in eukaryotes and 
photosynthesis (Fig.  8A). the DEGs that up-regulated 

Fig. 5  Gene Ontology (GO) classifcation of the assembled unigenes. Three main GO categories were shown in diferent colors (Green: Biological 
Process, Red: Cellular Component, Blue: Molecular Function). The GO terms name were shown at the vertical axis, the gene number were 
given at the horizontal axis
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under N sufficient condition and down-regulated under 
N starved condition were mainly enriched to glycolysis / 
gluconeogenesis, ascorbate and aldarate metabolism and 
Photosynthesis-antenna proteins (Fig. 8B).

DEGs participate in plant hormone signal transduction
Phytohormones play a crucial role in plant adaptation to 
adverse conditions, and the main hormones that regu-
late plant responses to abiotic stresses are gibberellin, 
abscisic acid, ethylene, jasmonic acid, and salicylic acid 
[29]. A total of 13 genes comprising 9, 2, 1 and 1 linked 
to auxin-responsive protein IAA (AUX/IAA), auxin 
response factor (ARF) as a transcription factor regulat-
ing the expression of growth hormone response genes, 
auxin responsive Gretchen Hagen 3 (GH3) gene family 
and Small Auxin Upregulated RNA (SAUR) family pro-
tein in the early response to auxin (Fig. 9). Compared to 
MN, Majority of these genes were upregulated in 0N and 
down-regulated in HN. For instance, LOC_Os01g08320 
expressed 2.51 and 1.12 fold change in 0N and HN, 
respectively, but could not expressed in MN. In addition, 
LOC_Os04g36054, LOC_Os01g54990 (ARF) were mostly 
detected in 0N compared with HN. LOC_Os01g55940 
(GH3) expressed higher in 0N and HN than MN. LOC_
Os05g08570, LOC_Os01g13030, LOC_Os05g14180 and 

LOC_Os02g57250 expressed higher in 0N than either 
MN or HN. The results on auxin signal transduction sug-
gest that N deficiency induced AUX/IAA, ARF, SAUR 
and GH3 genes.

Dissimilar to above, N concentration induced 4 genes 
in cytokinin signaling pathway with 2 histidine-contain-
ing phosphotransfer peotein (AHP) and 2 Arabidopsis 
response regulators (ARR) in the former whereas the lat-
ter B-ARR involved a gene LOC_Os06g08440 that is sig-
nificantly up-regulated in HN. Phytochrome-interacting 
factor 4 comprised 2 genes exhibit similar expression pat-
terns in gibberellin signaling (Fig. 9).

Abscisic acid signaling had the highest number of 
genes (14) link to abscisic acid receptor PYR/PYL family 
(PYL), PP2C-type protein phosphatase (PP2C), sucrose 
non-fermenting-1-related protein kinase 2 (SnRK2), 
ABA-responsive-element binding factor (ABF) with 1, 5, 
4 and 4 genes respectively (Fig. 9) of these, were mostly 
expressed under 0N or MN conditions. The results indi-
cate that N deficiency in rice induced gene expression in 
the abscisic acid signaling pathway.

In addition to the above, 4 structural genes involved in 
ethylene signal transduction mitogen-activated protein 
kinase kinase 4/5 (MKK4/5) and ethylene-insensitive pro-
tein 2 and 3 (EIN2 and EIN3) were significantly induced 

Fig. 6  Histogram of KEGG pathway annotation of the unigenes in rice. The five main KEGG classifications were shown in different colors as shown 
at the right side. The x-axis and y-axis represent the annotated pathway and the number of annotated unigenes
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Fig. 7  Differentially expressed genes (DEGs) along with different nitrogen application conditions between full heading stage and mature grain 
stage in rice. A Number of up- and down-regulated genes at different time points in rice. B Venn diagrams between DEGs at different time points 
for the 0N and MN comparison groups. C Venn diagrams between DEGs at different time points for the HN and MN comparison groups. respectively

Fig. 8  An overview of the KEGG pathways significantly enriched in DEGs. A KEGG pathway of DEGs that up-regulated in 0N and down-regulated 
in HN conditions. B KEGG pathway of DEGs that up-regulated in HN and down-regulated in 0N conditions



Page 11 of 18Zhang et al. BMC Plant Biology          (2024) 24:419 	

by 0N and MN during mature grain stage (Fig. 9). Similar 
trend was observed for LOC_Os06g48180 link to xylo-
glucosyl transferase TCH4 (TCH4) and the opposite in 
BR-signaling kinase (BSK) in brassinosteroid metabolism 
(Fig. 9).

Similarly, 2 structural genes mainly jasmonate ZIM 
domain-containing protein (JAZ) involve in jasmonic 
acid signal transduction mostly increased expression in N 
dearth (Fig. 9). 2 TGA genes, 2 regulatory protein (NPR1) 
and 1 pathogenesis-related protein 1 (PR-1) involve in 
salicylic acid metabolism expressed higher in low N con-
dition relative to high N condition (Fig. 9). These suggest 
that the structural genes involved in jasmonic acid and 
salicylic acid signal transduction may be responsible for 
the increased low N content.

In summary, the above results indicate that rice repro-
gram a number of phytohormones in responding to 
either 0N or HN condition. Specifically, under 0N, ARF, 
IAA, ABF, EIN, JAZ, TGA, and NPR1 genes involve in 
auxin, abscisic acid, ethylene, jasmonic acid and salicylic 
acid signal transduction, respectively, were induced in 
order to survive, accumulate and remobilize N whereas 
under HN, cytokinin and brassinosteroid signal trans-
duction may have accounted for the increased remobi-
lized N compared to the N shortage conditions.

DEGs participate in photosynthesis, glycolysis/
gluconeogenesis, ascorbate and aldarate metabolism
A total of 37 genes were associated with photosynthesis 
as well as photosynthesis-antenna proteins (Table S4, 

Table S5 and Fig. S4A). All with the exception of LOC_
Os06g39708 involve in photosystem II CP47 chlorophyll 
apoprotein (psbB) and LOC_Os01g57962 involve in 
photosystem I P700 chlorophyll a apoprotein A2 (psaB) 
expressed higher in the N deprivation condition com-
pared to either of N abundant conditions. These suggest 
that rice repairs damage to chlorophyll due to nitrogen 
deficiency under low-nitrogen condition by inducing 
many photosynthesis structural genes.

Similarly, 26 DEGS were enriched in the glycolysis/
glycolysis pathway associated with 15 enzymes of known 
function (Table S4, Table S5 and Fig. S4B). Most of 
these genes were up-regulated under both 0N and HN 
conditions and were significantly up-regulated under 
HN condition in mature grain stage, while two genes 
were highly expressed only under low nitrogen condi-
tion, among them include 1 pyruvate kinase (PK: LOC_
Os01g47080) and 1 dihydrolipoyl dehydrogenase (DLD: 
LOC_Os03g45990).

In addition, there are 14 genes involved in ascorbate 
and aldarate metabolism that have inconsistent expres-
sion patterns (Table S4, Table S5 and Fig. S4C). LOC_
Os01g62860, LOC_Os01g62870, LOC_Os01g62880 
(AKR1A1), LOC_Os03g39000 (VTC4) and LOC_
Os07g09330 (IMPL2) were mostly detected in either 0N 
or HN compared with 0N which only LOC_Os06g36560 
(MIOX). 4 genes including LOC_Os05g02530 (DHAR), 
LOC_Os02g54890 (GAE), LOC_Os08g41090 and LOC_
Os09g39380 were significantly expressed only in N short-
age condition.

Fig. 9  Significantly enriched plant hormone signal transduction in the KEGG pathway. A Schematic diagram of plant hormone signal transduction 
involved with differentially expressed genes in the current study. B Key enzymes expressed in our study have colored shaded rectangles and genes 
link to these enzymes as well as their expression are presented in the heatmap
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Response of differentially expressed TFs to N rates
Transcription factors (TFs) are a class of proteins that 
exercise their biological functions by regulating the tran-
scription of target genes, and play a key role in plants to 
stressed condition [30]. We analyzed TFs derived from 
DEGs under different nitrogen conditions, which belong 
to 30 different expressed transcription factor fami-
lies (Table S6). The major transcription factor families 
include MYB (33 genes), MYB-related (25 genes), ERF 
(24 genes), WRKY (23 genes), NAC (21 genes), bHLH (19 
denes) and bZIP (18 genes) with varied levels of regula-
tion of DEGs (Fig. 10).

Most of the genes in these three TF families (MYB, 
MYB-related and bHLH) have similar expression pat-
terns under low and high nitrogen. This implies that 
these three TF families can be both positively and nega-
tively regulated. In contrast, ERF, WRKY, NAC and bZIP 

TF families have similar expression patterns under 0N 
and MN suggesting that these TFs play crucial roles in 
transcriptional regulation in response to nitrogen.

qRT‑PCR validation
To validate the results of RNA-seq, 8 DEGs from some 
significantly enriched pathways were selected for qRT-
PCR. The results of this experiment showed that the 
expression patterns of the RNA-Seq results were consist-
ent with the qRT-PCR validation results (Fig.  11), indi-
cating that the transcriptome data were accurate and 
reliable.

Discussion
N content of rice leaves under different N conditions
In recent decades, the application of large amounts of 
N fertilizer in agricultural production has become an 

Fig. 10  DEGs encoded for major transcription factor families. A MYB B MYB-related C NAC D WRKY E ERF F bHLH G. bZIP
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important measure to increase crop yields, but crop 
nitrogen use efficiency (NUE) has not increased as a 
result [31]. Therefore, improving NUE is an effective 
strategy for sustainable agricultural development [32]. 
Studies have shown that about 75% of the N is enriched 
in chloroplasts during the early stages of growth, so the 
N content of leaves has an important effect on its pho-
tosynthesis [33]. Leaf senescence is the result of N reuse, 
which can provide the required N source for seed growth 
and development, and delayed senescence is a favourable 
measure to prolong the time of seed filling to obtain high 
yields [34]. The results of this study show that N content 
of leaves in dough and mature grain stage was highest 
in MN treatment (240 kg/ha) followed by HN treatment 
(300 kg/ha), respectively, and the least were observed in 
0N (0 kg/ha) (Fig. 2A). These results suggest that there is 
not necessarily a direct causal relationship between high 
N application and N transport to leaves [35].

Photosynthetic parameters and pigments of rice leaves 
under different N conditions
The phenotype of rice showed significant differences in 
flag leaves growth under different nitrogen treatments 
(Fig.  1). It has been shown that plants under low nitro-
gen conditions inhibit leaf growth by reducing the water 
potential for leaf expansion [36]. Leaf expansion is asso-
ciated with Pn, enabling rice to maintain photosynthesis 

under low nitrogen conditions [37]. In addition, nitro-
gen application optimized water use strategies in rice 
and improved WUE (Fig. 3). Shangguan et al. concluded 
that nitrogen levels were positively correlated with WUE 
and nitrogen application could promote above-ground 
growth [38]. In the present study, low nitrogen caused 
significant reduction in total Chl and Car content (Fig. 2). 
It indicated that N deficiency affected the absorption and 
capture of light energy in rice [39], Carotenoids counter-
acted photoinhibition through xanthophyll cycle, thereby 
reducing chlorophyll degradation [40]. The elevation of 
Chl a/b under N-deficient condition suggested that rice 
resisted low nitrogen stress by optimizing pigment ratios 
[41].

Major biosynthetic pathways and genes involved in leaf 
senescence in rice under different N application
Plant leaf senescence is the result of a combination of 
internal gene expression regulation and external envi-
ronment, and timely leaf senescence is important for 
ensuring rice yield [42]. In this study, DEGs responsive to 
N were found to be significantly enriched in plant hor-
mone signal transduction (Fig.  8). It is well known that 
plants regulate the process of leaf senescence by inducing 
changes in hormone levels [18]. It is currently believed 
that hormones such as ethylene, ABA, SA, JA and BR 
promote plant leaf senescence, whereas cytokinin and 

Fig. 11  Validation of eight differentially expressed genes in rice by qRT-PCR
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gibberellin suppress leaf senescence [43], the results of 
the present study are not entirely consistent. Most of 
the genes involved in the abscisic acid signaling pathway 
using carotenoid as a precursor substance are up-reg-
ulated under 0N and MN conditions. ABA induced leaf 
senescence begins with disruption of chloroplast struc-
ture, chlorophyll degradation and reduced photosynthe-
sis [44]. ABA-OsPYL-OsPP2C is a signaling pathway that 
has been shown to promote leaf senescence by ABA [45].

Ethylene is well known as a senescence hormone, and 
it regulates leaf senescence and abscission [46]. In this 
study, 3 ethylene insensitive genes (MKK4/5: LOC_
Os02g54600; EIN2: LOC_Os07g06300; and EIN3: LOC_
Os08g39830) were significantly expressed in 0N and 
MN conditions (Fig.  9). Recent studies have confirmed 
that EIN2 is one of the core components of the ethyl-
ene signaling pathway, and its loss-of-function mutant 
ein2 exhibits a delayed leaf senescence phenotype; EIN3, 
a transcription factor located downstream of EIN2, can 
directly bind to the promoter of the senescence-associ-
ated gene ORE1 and positively regulate its expression, 
and ethylene promotes Arabidopsis leaf senescence 
through the cascade of signaling mediated by EIN2-
EIN3-ORE1 [47].

ARR is a key gene for cytokinin signaling, and A-ARR 
is a negative regulator of cytokinin signaling, which can 
inhibit the transcription of B-ARR by competing for 
arabidopsis his phosphotransfer protein (AHP), and 
exerts the function of negative feedback regulation of 
cytokinin signaling, B-ARR activates the expression of 
cytokinin-responsive genes and functions as a positive 
regulator of cytokinin signaling [48]. Consistent with 
the above, the present study found that B-ARR and 
A-ARR involved genes with opposite expression pat-
terns under different nitrogen concentration conditions, 
B-ARR involved a gene LOC_Os06g08440 that is signif-
icantly up-regulated in 0N and HN (Fig.  9). It has been 
reported that cytokinin and nitrogen uptake and utilise 
together play an important role in leaf senescence, and 
that root cytokinin can be induced by nitrogen synthe-
sis and transported to aboveground tissues to inhibit leaf 
senescence [49]. B-ARR delays senescence and improves 
tolerance in Arabidopsis thaliana [50]. Therefore, the pre-
sent study speculates that cytokinin may exert molecular 
functions through B-ARR in regulating senescence delay 
and low nitrogen tolerance.

Ascorbic acid is involved in plant senescence regulation 
by regulating the expression of SAG [51]. In this study, 
we found that VTC4 involved gene LOC_Os03g39000 
was significantly induced under HN condition in mature 
grain stage (Table S4 and Fig. S4). It has been demon-
strated that the Arabidopsis vtc-1 mutant induces an 
increase in the contents of ABA, SA, and ethylene, which 

in turn promotes the up-regulation of SAG expression 
and ultimately leads to senescence [52]. Arabidopsis 
vtc4-1 mutant has half the ascorbic acid content of WT 
and has a premature senescence phenotype [53]. There-
fore, rice in this study may have delayed senescence by 
inducing VTC4-related gene under HN condition. More 
studies have shown that MIOX regulates ascorbic acid 
synthesis and plays an important role in abiotic stresses 
such as drought and low nitrogen tolerance [54, 55]. In 
this study, MIOX was found to be significantly induced 
under MN and HN conditions. It is surmised that under 
N sufficient conditions, the MIOX-related gene is sig-
nificantly induced to increase ascorbic acid synthesis and 
thereby retard senescence.

In addition to these, rice under 0N promotes the accu-
mulation and catabolism of sugars and their related sub-
stances, regulates osmotic potential, and provides energy 
and precursors for the synthesis of secondary metabolites 
to the plant body, and also delayed senescence under HN 
condition through the regulation of glycolysis / gluconeo-
genesis pathway. DEGs involved in photosynthesis and 
glycolysis / gluconeogenesis pathways can also be used as 
target genes to delay senescence under N deficiency con-
dition, thereby minimize N application in rice without 
affecting yield.

Major TFs involved in leaf senescence in rice 
under different N application
TFs can activate or inhibit gene transcription and regu-
late gene activity and expression [56]. We detected 30 TF 
families regulating gene expression from DEGs respon-
sive to N in the present study (Table S6). The major tran-
scription factor families include MYB, MYB-related, ERF, 
WRKY, NAC, bHLH and bZIP with varied levels of regu-
lation of DEGs (Fig. 10). These TFs have been shown to 
be involved in leaf senescence regulation and N remobi-
lisation in previous studies [57–60]. We found that ERF, 
WRKY, NAC and bZIP TF families have similar expres-
sion patterns under 0N and MN, suggesting that these 
TFs can promote leaf senescence. OsNAC5 expression 
is up-regulated during rice maturation, is regulated by 
ABA, and plays a role in senescence-associated nutrient 
reactivation by directly or indirectly controlling phloem 
sodium biosynthesis and metal translocation [61]. 
OsWRKY42 induces senescence in rice leaves by repress-
ing the expression of the reactive oxygen scavenger gene 
OsMT1d [62]. BrERF72 is induced by methyl jasmonate 
and up-regulates jasmonic acid synthesis gene expression 
thereby accelerating leaf senescence via the jasmonic acid 
signaling pathway [63]. The results of this study provide a 
basis for leaf senescence in rice in order to optimise yield 
while minimising N application.
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Conclusion
This study has showed the usefulness of the transcrip-
tomic approach in identifying DEGs in rice under vary-
ing N conditions by profiling the transcriptional changes 
induced by 0N, MN and HN in understanding the regula-
tion of leaf senescence by nitrogen levels. We confirmed 
that different N applications caused reprogramming of 
plant hormone signal transduction, glycolysis/gluconeo-
genesis, ascorbate and aldarate metabolism and photo-
synthesis pathways in regulating leaf senescence. Most of 
the genes involved in the abscisic acid signaling pathway 
using carotenoid as a precursor substance are up-regu-
lated under 0N and MN conditions. The genes detected 
in the ascorbate and aldarate metabolism pathway (VTC4 
and MIOX) can delay leaf senescence in rice under N 
sufficient condition. We also found that ERF, WRKY, 
NAC and bZIP TF families can promote leaf senescence 
under 0N and MN conditions. The results provided new 
insights into the gene functions and pathways of N level 
regulates leaf senescence in rice, thereby improving NUE 
and reducing the adverse effects of over-application of N.

Methods
Plant materials and treatments
Rice (O. sativa) sp. japonica ‘NanGeng 5718’ was used 
in this study, which was cultivated at Jiangsu Academy 
of Agricultural Sciences. N fertilizer at four levels 0, 240 
and 300 kg/ha designated 0N, MN and HN, respectively, 
were applied on each plot before planting. Base fertilizer, 
tiller fertilizer and spike fertilizer in the ratio of 4:3:3. 
Flag leaves were collected in liquid nitrogen after meas-
urement of photosynthetic parameters in the field. The 
experiment was arranged in randomized complete block 
design with 3 replicates. Sword Leaves from five individ-
ual plants in 0N, MN and HN were sampled at full head-
ing stage, filling grain stage, dough grain stage and mature 
grain stage and were divided in two samples; one sample 
was used to quantify N contents and the other one was 
immediately frozen in liquid nitrogen. Thirty-six sam-
ples, including the leaves sampled at full heading stage, 
filling grain stage, dough grain stage and mature grain 
stage from 0N, MN and HN were used for transcriptome 
analysis. Each sample was analyzed in triplicate.

N content analysis
Take the same part of the leaf and put it in the oven at 
110°C for 30  min, and then dry it at 70°C to constant 
weight. The nitrogen content of leaves was determined 
using the Elementar vario MACRO CUBE⁃CHNS mode 
[64]. The statistical analyses were performed using Sig-
maPlot 12.0 and IBM Statistics7.0 software.

Phenotype and determination of photosynthetic pigments 
content
For each treatment, two flag leaves in the same state of 
growth were selected and photographed. The determi-
nation of photosynthetic pigment content was based 
on the method of Arnon [65] with slight modifications. 
0.2 g of leaves were weighed and soaked in 95% ethanol 
for 24 h in dark environment, the absorbance values at 
470 nm, 649 nm and 665 nm were determined spectro-
photometrically and the content of each pigment was 
calculated using the formula.

Determination of hormones content
The hormones content was determined using enzyme-
linked immunosorbent assay (ELISA) kit (Jiangsu Su 
Enzyme Tech Biotechnology Co., Ltd.). The opera-
tion procedure was carried out with reference to the 
instruction manual of the kit.

Determination of photosynthetic gas exchange 
parameters
Photosynthetic gas exchange parameters of flag leaves 
were determined between 8:00 and 11:00 using a port-
able photosynthesis system LI-6400 (Li-Cor, USA). The 
photosynthetically active radiation intensity was set 
at 1200  μmol  m–2  s–1, the flow rate at 300  mL  min–1, 
and the ambient CO2 concentration was controlled at 
390–400 mmol L–1 using a buffer bottle. The net pho-
tosynthetic rate (Pn), stomatal conductance (Gs), tran-
spiration rate (Tr), and intercellular CO2 concentration 
(Ci) were recorded after reaching a constant steady 
state with 10 biological replicates for each treatment.

Sequencing and assembly
Sequencing libraries were created for the 36 samples 
and Illumina paired-end (PE) sequencing using the Illu-
mina Novaseq 6000 platform was performed at Shang-
hai Majorbio Bio-pharm Technology, Shanghai, China, 
following the manufacturer’s instructions (Illumina, 
San Diego, CA). To ensure the production of high-
quality clean reads, reads were were trimmed and qual-
ity controlled by fastp [66]. The mapped reads of each 
sample were assembled by StringTie in a reference-
based manner [67].

Differential expression analysis and Functional enrichment
RSEM [68] was used to quantify gene abundances. 
Differential expression analysis was performed 
using the DESeq2 [69]. DEGs with |log2FC|≧1 and 
FDR ≤ 0.05were considered to be significantly dif-
ferent expressed genes. The HISAT2 program [70] 
was used to align the clean reads to the rice reference 
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genome (“Oryza_sativa”, http://​rice.​uga.​edu/), provid-
ing information about the unique genomic loci and 
characteristics of the sequenced samples. In addition, 
functional-enrichment analysis including GO and 
KEGG were performed to identify which DEGs were 
significantly enriched in GO terms at P-value ≤ 0.05. 
GO functional enrichment and KEGG pathway analysis 
were performed utilizing Goatools and KOBAS [71].

qRT‑PCR
The HiScript II RT Reagent Kit (Vazyme, Nanjing, China) 
was used to reverse transcribe RNA samples to cDNA. 
Configure the degenome reaction system in a 200 μL 
RNase-free centrifuge tube. qRT-PCR was performed 
using gene-specific primers and SYBR Green Master Mix 
reagents (Vazyme, Nanjing, China) as well as the RoChe-
LC480 system according to the manufacturer’s instruc-
tions. The primers were designed with Primer Premier 
5.0 and are listed in Table S7.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12870-​024-​05129-x.

Supplementary Material 1. 

Supplementary Material 2. 

Supplementary Material 3. 

Supplementary Material 4. 

Supplementary Material 5. 

Supplementary Material 6. 

Supplementary Material 7. 

Supplementary Material 8. 

Supplementary Material 9. 

Supplementary Material 10. 

Supplementary Material 11. 

Acknowledgements
We would like to thank the College of Life Sciences, Nanjing Normal University 
for supporting this work. We are also grateful to the Jiangsu Academy of 
Agricultural Sciences for experimental materials support.

Authors’ contributions
C.G.X., G.Z.P. and Z.Y.F. designed the study. Z.Y.F., W.N. and H.C.G. performed the 
experiments. Z.Y.F. analyzed the data and wrote the manuscript. All authors 
reviewed the manuscript.

Funding
Our work was funded by the Priority Academic Program Development of 
National Natural Science Foundation of China (32101639), Jiangsu Higher 
Education Institutions (Grant No. PAPD) and the National Key Research and 
Development Program of China (2022YFD2300301).

Availability of data and materials
All of the raw data used in this study have been deposited in NCBI (Bio-
Project accession: PRJNA1020267, website: http://​www.​ncbi.​nlm.​nih.​gov/​
biopr​oject/​10202​67). Experimental materials were stored in the Institute of 

Plant Resources and Environment, College of Life Sciences, Nanjing Normal 
University.

Declarations

Ethics approval and consent to participate
This study does not involve any human tissue materials or animal tissue mate-
rials. It does not require ethical approval. We declare that the rice (O. sativa) sp. 
japonica ‘NanGeng 5718’ used in this study are cultivated species, and do not 
involve the conservation of wild and endangered resources. The ‘NanGeng 
5718’ cultivated seedlings used in this study were collected from Jiangsu 
Academy of Agricultural Sciences, China. Experimental researches with Oryza 
sativa L. species comply with Nanjing Normal University guidelines (http://​
bwc.​njnu.​edu.​cn/​info/​1085/​1433.​htm), preserving the genetic background of 
the species used. The authors’ organizations (College of Life Sciences, Nanjing 
Normal University and Jiangsu Academy of Agricultural Sciences approved the 
publication of this paper.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 College of Life Sciences, Nanjing Normal University, Nanjing 210023, China. 

Received: 26 September 2023   Accepted: 10 May 2024

References
	1.	 Gamage D, Thompson M, Sutherland M, Hirotsu N, Makino A, Seneweera 

S. New insights into the cellular mechanisms of plant growth at 
elevated atmospheric carbon dioxide concentrations. Plant Cell Environ. 
2018;41(6):1233–46.

	2.	 Wang W, He J, Wang Z, Gu J, Liu L, Zhang W, Ziska LH, Zhu J. Leaf char-
acteristics of rice cultivars with a stronger yield response to projected 
increases in CO2 concentration. Physiol Plant. 2021;171(3):416–23.

	3.	 Kusano M, Fukushima A, Redestig H, Saito K. Metabolomic approaches 
toward understanding nitrogen metabolism in plants. J Exp Bot. 
2011;62(4):1439–53.

	4.	 O’Brien JA, Vega A, Bouguyon E, Krouk G, Gojon A, Coruzzi G, Gutiér-
rez RA. Nitrate transport, sensing, and responses in plants. Mol Plant. 
2016;9(6):837–56.

	5.	 Dechorgnat J, Nguyen CT, Armengaud P, Jossier M, Diatloff E, Filleur S, 
Daniel-Vedele F. From the soil to the seeds: the long journey of nitrate in 
plants. J Exp Bot. 2011;62(4):1349–59.

	6.	 Gutiérrez RA. Systems biology for enhanced plant nitrogen nutrition. 
Science. 2012;336(6089):1673–5.

	7.	 Cañas RA, Quilleré I, Gallais A, Hirel B. Can genetic variability for nitrogen 
metabolism in the developing ear of maize be exploited to improve 
yield? New Phytol. 2012;194(2):440–52.

	8.	 Hawkesford MJ. Genetic variation in traits for nitrogen use efficiency in 
wheat. J Exp Bot. 2017;68(10):2627–32.

	9.	 Staswick PE. Storage proteins of vegetative plant tissues. Annu Rev Plant 
Biol. 1994;45(1):303–22.

	10.	 Zhang YH, Fan JB, Zhang YL, Wang DS, Huang QW, Shen QR. N accumula-
tion andtranslocation in four Japonica rice cultivars at different N rates. 
Pedosphere;17(6):792–800.

	11.	 Ranathunge K, El-Kereamy A, Gidda S, Bi YM, Rothstein SJ. AMT1;1 
transgenic rice plants with enhanced NH4(+) permeability show superior 
growth and higher yield under optimal and suboptimal NH4(+) condi-
tions. J Exp Bot. 2014;65(4):965–79.

	12.	 Ntanos DA, Koutroubas SD. Dry matter and N accumulation andtranslo-
cation for Indica and Japonica rice under Mediterraneanconditions. Field 
Crops Res. 2002;74(1):93–101.

http://rice.uga.edu/
https://doi.org/10.1186/s12870-024-05129-x
https://doi.org/10.1186/s12870-024-05129-x
http://www.ncbi.nlm.nih.gov/bioproject/1020267
http://www.ncbi.nlm.nih.gov/bioproject/1020267
http://bwc.njnu.edu.cn/info/1085/1433.htm
http://bwc.njnu.edu.cn/info/1085/1433.htm


Page 17 of 18Zhang et al. BMC Plant Biology          (2024) 24:419 	

	13.	 Bao A, Zhao Z, Ding G, Shi L, Xu F, Cai H. Accumulated expression level 
of cytosolic glutamine synthetase 1 gene (OsGS1;1 or OsGS1;2) alter 
plant development and the carbon-nitrogen metabolic status in rice. 
PLoS ONE. 2014;9(4):e95581.

	14.	 Jiang LG, Dai TB, Jiang D, Cao WX, Gan XQ, Wei SQ. Characterizing 
physiological N-use efficiency as influenced by nitrogen management 
in threerice cultivars. Field Crops Res. 2004;88(2–3):239–50.

	15.	 Reynolds M, Foulkes MJ, Slafer GA, Berry P, Parry MA, Snape JW, Angus 
WJ. Raising yield potential in wheat. J Exp Bot. 2009;60(7):1899–918.

	16.	 Thorne GN. Distribution between parts of the main shoot and the 
tillers of photosynthate produced before and after anthesis in the top 
three leaves of main shoots of Hobbit and Maris Huntsman winter 
wheat. Ann Appl Biol. 1982;101(3):553–9.

	17.	 Dong G, Zhu L, Hu J, Zhang G, Zeng D, Guo L, Xu G, Teng S, Harberd 
NP, Qian Q. The indica nitrate reductase gene OsNR2 allele enhances 
rice yield potential and nitrogen use efficiency. Nat Commun. 
2019;10(1):5207.

	18.	 Woo HR, Kim HJ, Lim PO, Nam HG. Leaf senescence: systems and 
dynamics aspects. Annu Rev Plant Biol. 2019;70:347–76.

	19.	 Gregersen PL, Culetic A, Boschian L, Krupinska K. Plant senescence and 
crop productivity. Plant Mol Biol. 2013;82(6):603–22.

	20.	 Buchanan-Wollaston V. The molecular biology of leaf senescence. J Exp 
Bot. 1997;48(2):181–99.

	21.	 Himelblau E, Amasino RM. Nutrients mobilized from leaves of 
Arabidopsis thaliana during leaf senescence. J Plant Physiol. 
2001;158(10):1317–23.

	22.	 Parrott D, Yang L, Shama L, Fischer AM. Senescence is accelerated, and 
several proteases are induced by carbon “feast” conditions in barley 
(Hordeum vulgare L.) leaves. Planta. 2005;222(6):989–1000.

	23.	 Aoyama S, Huarancca Reyes T, Guglielminetti L, Lu Y, Morita Y, Sato T, 
Yamaguchi J. Ubiquitin ligase ATL31 functions in leaf senescence in 
response to the balance between atmospheric CO2 and nitrogen avail-
ability in Arabidopsis. Plant Cell Physiol. 2014;55(2):293–305.

	24.	 Distelfeld A, Avni R, Fischer AM. Senescence, nutrient remobilization, 
and yield in wheat and barley. J Exp Bot. 2014;65(14):3783–98.

	25.	 Effah Z, Li L, Xie J, Karikari B, Liu C, Xu A, Zeng M. Transcriptome profil-
ing reveals major structural genes, transcription factors and biosyn-
thetic pathways involved in leaf senescence and nitrogen remobiliza-
tion in rainfed spring wheat under different nitrogen fertilization rates. 
Genomics. 2022;114(2):110271.

	26.	 Wang Y, Teng Z, Li H, Wang W, Xu F, Sun K, Chu J, Qian Y, Loake GJ, Chu 
C, Tang J. An activated form of NB-ARC protein RLS1 functions with 
cysteine-rich receptor-like protein RMC to trigger cell death in rice. 
Plant Commun. 2023;4(2):100459.

	27.	 Zhang C, Hou Y, Hao Q, Chen H, Chen L, Yuan S, Shan Z, Zhang X, Yang 
Z, Qiu D, Zhou X, Huang W. Genome-wide survey of the soybean GATA 
transcription factor gene family and expression analysis under low 
nitrogen stress. PLoS ONE. 2015;10(4):e0125174.

	28.	 Jagadhesan B, Sathee L, Meena HS, Jha SK, Chinnusamy V, Kumar A, 
Kumar S. Genome wide analysis of NLP transcription factors reveals 
their role in nitrogen stress tolerance of rice. Sci Rep. 2020;10(1):9368.

	29.	 Verma V, Ravindran P, Kumar PP. Plant hormone-mediated regulation of 
stress responses. BMC Plant Bi. 2016;16:1–10.

	30.	 Jin J, Zhang H, Kong L, Gao G, Luo J. PlantTFDB 3.0: a portal for the 
functional and evolutionary study of plant transcription factors. 
Nucleic Acids Res. 2014;42:D1182-7.

	31.	 Zhang X, Davidson EA, Mauzerall DL, Searchinger TD, Dumas P, 
Shen Y. Managing nitrogen for sustainable development. Nature. 
2015;528(7580):51–9.

	32.	 Tegeder M, Masclaux-Daubresse C. Source and sink mechanisms of 
nitrogen transport and use. New Phytol. 2018;217(1):35–53.

	33.	 Garnett T, Conn V, Kaiser BN. Root based approaches to improv-
ing nitrogen use efficiency in plants. Plant Cell Environ. 
2009;32(9):1272–83.

	34.	 Schlüter U, Mascher M, Colmsee C, Scholz U, Bräutigam A, Fahnenstich H, 
Sonnewald U. Maize source leaf adaptation to nitrogen deficiency affects 
not only nitrogen and carbon metabolism but also control of phosphate 
homeostasis. Plant Physiol. 2012;160(3):1384–406.

	35.	 Alpuerto JB, Brasier KG, Griffey CA, Thomason WE, Fukao T. Accelerated 
senescence and nitrogen remobilization in flag leaves enhance nitrogen 
use efficiency in soft red winter wheat. Plant Prod Sci. 2021;24(4):490–504.

	36.	 Radin JW, Boyer JS. Control of leaf expansion by nitrogen nutrition in 
sunflower plants role of hydraulic conductivity and turgor. Plant Physiol. 
1982;69:771–5.

	37.	 Gastal F, Lemaire G. N uptake and distribution in crops: an agronomical 
and ecophysiological perspective. J Exp Bot. 2002;53:789–99.

	38.	 Shangguan ZP, Shao MA, Dyckmans J. Nitrogen nutrition and water stress 
effects on leaf photosynthetic gas exchange and water use efficiency in 
winter wheat. Environ Exp Bot. 2000;44:141–9.

	39.	 Martin RE, Asner GP, Sack L. Genetic variation in leaf pigment, optical and 
photosynthetic function among diverse phenotypes of Metrosideros pol-
ymorpha grown in a common garden. Oecologia. 2007;151(3):387–400.

	40.	 Demmig‐Adams B, ADAMS III WW. Carotenoid composition in sun and 
shade leaves of plants with different life forms. Plant, Cell & Environ. 
1992;15(4):411–9.

	41.	 Perrine Z, Negi S, Sayre RT. Optimization of photosynthetic light energy 
utilization by microalgae. Algal Res. 2012;1(2):134–42.

	42.	 Li Y, Liao S, Mei P, Pan Y, Zhang Y, Zheng X, Xie Y, Miao Y. OsWRKY93 dually 
functions between leaf senescence and in response to biotic stress in 
rice. Front Plant Sci. 2021;12:643011.

	43.	 Jibran R, A Hunter D, P Dijkwel P. Hormonal regulation of leaf senescence 
through integration of developmental and stress signals. Plant Mol Biol. 
2013;82(6):547–61.

	44.	 Park DY, Shim Y, Gi E, Lee BD, An G, Kang K, Paek NC. The MYB-related 
transcription factor RADIALIS-LIKE3 (OsRL3) functions in ABA-induced leaf 
senescence and salt sensitivity in rice. Environ Exp Bot. 2018;156:86–95.

	45.	 He Y, Hao Q, Li W, Yan C, Yan N, Yin P. Identification and characterization of 
ABA receptors in Oryza sativa. PLoS ONE. 2014;9(4):e95246.

	46.	 Steffens B, Sauter M. Epidermal cell death in rice is confined to cells with 
a distinct molecular identity and is mediated by ethylene and H2O2 
through an autoamplified signal pathway. Plant Cell. 2009;21(1):184–96.

	47.	 Kim HJ, Hong SH, Kim YW, Lee IH, Jun JH, Phee BK, Rupak T, Jeong H, 
Lee Y, Hong BS, Nam HG, Woo HR, Lim PO. Gene regulatory cascade of 
senescence-associated NAC transcription factors activated by Ethylene-
Insensitive2-mediated leaf senescence signalling in Arabidopsis. J Exp 
Bot. 2014;65(14):4023–36.

	48.	 Hwang I, Sheen J. Two-component circuitry in Arabidopsis cytokinin 
signal transduction. Nature. 2001;413(6854):383–9.

	49.	 Takei K, Sakakibara H, Taniguchi M, Sugiyama T. Nitrogen-dependent 
accumulation of cytokinins in root and the translocation to leaf: implica-
tion of cytokinin species that induces gene expression of maize response 
regulator. Plant Cell Physiol. 2001;42(1):85–93.

	50.	 Zwack PJ, Rashotte AM. Cytokinin inhibition of leaf senescence. Plant 
Signal Behav. 2013;8(7):e24737.

	51.	 Fotopoulos V, Kanellis AK. Altered apoplastic ascorbate redox state in 
tobacco plants via ascorbate oxidase overexpression results in delayed 
dark-induced senescence in detached leaves. Plant Physiol Biochem. 
2013;73:154–60.

	52.	 Barth C, Moeder W, Klessig DF, Conklin PL. The timing of senescence and 
response to pathogens is altered in the ascorbate-deficient Arabidopsis 
mutant vitamin c-1. Plant Physiol. 2004;134(4):1784–92.

	53.	 Conklin PL, Gatzek S, Wheeler GL, Dowdle J, Raymond MJ, Rolinski S, 
Isupov M, Littlechild JA, Smirnoff N. Arabidopsis thaliana VTC4 encodes 
L-galactose-1-P phosphatase, a plant ascorbic acid biosynthetic enzyme. 
J Biol Chem. 2006;281(23):15662–70.

	54.	 Duan J, Zhang M, Zhang H, Xiong H, Liu P, Ali J, Li J, Li Z. OsMIOX, a 
myo-inositol oxygenase gene, improves drought tolerance through 
scavenging of reactive oxygen species in rice (Oryza sativa L.). Plant Sci. 
2012;196:143–51.

	55.	 Zhang X, Yu HJ, Zhang XM, Yang XY, Zhao WC, Li Q, Jiang WJ. Effect of 
nitrogen deficiency on ascorbic acid biosynthesis and recycling pathway 
in cucumber seedlings. Plant Physiol Biochem. 2016;108:222–30.

	56.	 Ricci-Tam C, Ben-Zion I, Wang J, Palme J, Li A, Savir Y, Springer M. Decou-
pling transcription factor expression and activity enables dimmer switch 
gene regulation. Science. 2021;372(6539):292–5.

	57.	 Guo YF, Ren GD, Zhang KW, Li ZH, Miao Y, Guo HW. Leaf senescence: 
progression, regulation, and application. Mol Horticult. 2021;1(1):1–25.

	58.	 Hollmann J, Gregersen PL, Krupinska K. Identification of predominant 
genes involved in regulation and execution of senescence-associated 
nitrogen remobilization in flag leaves of field grown barley. J Exp Bot. 
2014;65(14):3963–73.



Page 18 of 18Zhang et al. BMC Plant Biology          (2024) 24:419 

	59.	 Yang J, Worley E, Ma Q, Li J, Torres-Jerez I, Li G, Zhao PX, Xu Y, Tang Y, 
Udvardi M. Nitrogen remobilization and conservation, and underlying 
senescence-associated gene expression in the perennial switchgrass 
Panicum virgatum. New Phytol. 2016;211(1):75–89.

	60.	 Asad MAU, Zakari SA, Zhao Q, Zhou L, Ye Y, Cheng F. Abiotic stresses 
intervene with ABA signaling to induce destructive metabolic pathways 
leading to death: premature leaf senescence in plants. Int J Mol Sci. 
2019;20(2):256.

	61.	 Ricachenevsky FK, Menguer PK, Sperotto RA. kNACking on heaven’s door: 
how important are NAC transcription factors for leaf senescence and Fe/
Zn remobilization to seeds? Front Plant Sci. 2013;4:226.

	62.	 Han M, Kim CY, Lee J, Lee SK, Jeon JS. OsWRKY42 represses OsMT1d and 
induces reactive oxygen species and leaf senescence in rice. Mol Cells. 
2014;37(7):532–9.

	63.	 Tan XL, Fan ZQ, Shan W, Yin XR, Kuang JF, Lu WJ, Chen JY. Association of 
BrERF72 with methyl jasmonate-induced leaf senescence of Chinese 
flowering cabbage through activating JA biosynthesis-related genes. 
Hortic Res. 2018;5:22.

	64.	 Farina A, Piergallini R, Doldo A, Salsano EP, Abballe F. The determina-
tion of CHN by an automated elemental analyzer. Microchem J. 
1991;43(3):181–90.

	65.	 Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in 
Beta vulgaris. Plant Physiol. 1949;24:1–15.

	66.	 Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884–90.

	67.	 Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. 
StringTie enables improved reconstruction of a transcriptome from RNA-
seq reads. Nat Biotechnol. 2015;33(3):290–5.

	68.	 Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-
Seq data with or without a reference genome. BMC Bioinformatics. 
2011;12:323.

	69.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

	70.	 Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low 
memory requirements. Nat Methods. 2015;12(4):357–60.

	71.	 Xie C, Mao X, Huang J, Ding Y, Wu J, Dong S, Kong L, Gao G, Li CY, Wei L. 
KOBAS 2.0: a web server for annotation and identification of enriched 
pathways and diseases. Nucleic Acids Res. 2011;39:W316-22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Comparative transcriptome analysis reveals major genes, transcription factors and biosynthetic pathways associated with leaf senescence in rice under different nitrogen application
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Phenotype, N and photosynthetic pigments content of rice leaves under different N conditions
	Photosynthetic parameters of rice leaves under different N conditions
	Hormones content of rice leaves under different N conditions
	Transcriptome sequencing and assembly
	Functional annotation
	Dynamic transcriptome changes in rice under different nitrogen levels
	DEGs participate in plant hormone signal transduction
	DEGs participate in photosynthesis, glycolysisgluconeogenesis, ascorbate and aldarate metabolism
	Response of differentially expressed TFs to N rates
	qRT-PCR validation

	Discussion
	N content of rice leaves under different N conditions
	Photosynthetic parameters and pigments of rice leaves under different N conditions
	Major biosynthetic pathways and genes involved in leaf senescence in rice under different N application
	Major TFs involved in leaf senescence in rice under different N application

	Conclusion
	Methods
	Plant materials and treatments
	N content analysis
	Phenotype and determination of photosynthetic pigments content
	Determination of hormones content
	Determination of photosynthetic gas exchange parameters
	Sequencing and assembly
	Differential expression analysis and Functional enrichment
	qRT-PCR

	Acknowledgements
	References


