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Nitrogen (N) deficiency is one of the pivotal environmental factors that induce leaf senescence. 
However, little is known regarding the impact of low N on root senescence in cotton. Thus, 
the objective of this study was to investigate the effect of low nitrogen on root senescence. 
In this study, the molecular mechanism of cotton root senescence in response to nitrogen 
deficiency was investigated by combing physiological and transcriptomic analysis when no 
nitrogen and normal nitrogen (138 mg N·kg−1 soil). The results showed that: (1) nitrogen 
starvation induced the premature senescence of leaf, while delaying root senescence. (2) 
The increase in catalase (CAT) activity at 60, 80, and 100 days after emergence (DAE), 
combined with decrease of malonaldehyde content at 60, 80, and 100 DAE, and the content 
of abscisic acid (ABA), all of these contributed to the delay of root senescence by low nitrogen 
treatment. (3) To study the molecular mechanisms underlying root senescence, the gene 
expression profiling between low nitrogen and normal nitrogen treatments were compared 
pairwise at 20, 40, 60, 80, and 100 DAE. A total of 14,607 genes were identified to 
be differentially expressed at these five points. (5) Most genes involved in glutathione (GSH) 
and ascorbate peroxidase (APX) synthesis were upregulated, while ABA, apoptosis, caspase, 
and cell cycle-related differentially expressed genes (DEGs) were downregulated. Coupled 
with the physiology data, these results provide new insights into the effect of nitrogen 
starvation on root senescence.

Keywords: cotton, low nitrogen, root senescence, physiological, transcriptomic

INTRODUCTION

Senescence represents the final stage of plant development and is characterized by nutrient 
redistribution from senescing organs to young organs (Urs and Fischer, 1994; Masclaux et  al., 
2000). Natural, age-dependent senescence is a well-orchestrated process that plays a vital role 
in plant development, and its initiation is dependent on the life cycle of the organism undergoing 
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senescence (Lim et  al., 2007; Woo et  al., 2013). Cotton is one 
of the most important commercial crops in the world, 
contributing approximately 35% of the fiber used worldwide 
(Ma et  al., 2018). However, early senescence in cotton plants, 
which is referred to as premature senescence, has appeared 
more frequently in cotton-growing countries due to various 
reasons (Dong et al., 2006; Dai and Dong, 2011), resulting in 
reduced lint yield and poor fiber properties (Wright, 1999). 
Therefore, clarifying the underlying mechanism of senescence 
of cotton will significantly improve cotton fiber quality and yields.

Senescence is a complex process influenced by the expression 
of thousands endogenous genes and various environmental 
factors (Noodén et  al., 2010; Breeze et  al., 2011), such as the 
light cycle (Wu et  al., 2012), temperature (Li et  al., 2021), 
water (Zhang et al., 2015), mineral nutrition (Yang et al., 2017), 
and pathomycete (Bancal et  al., 2016). Phytohormones play 
pivotal roles in the regulation of senescence. Abscisic acid 
(ABA), jasmonic acid (JA), and ethylene (ETH) can promote 
senescence, whereas cytokinin can delay senescence (Ye, 2012; 
Jibran et  al., 2013; Khan et  al., 2013; Kong et  al., 2013a; Feng 
et al., 2021). Senescence is usually accompanied by an increase 
in reactive oxygen species (ROS), such as superoxide and 
hydrogen peroxide, which leads to lipid peroxidation and cell 
damage (Trippi et  al., 1989; De Simone and Johanningmeier, 
1998). Meanwhile, maintaining the membrane intactness is a 
key issue in senescence regulation based on current information 
(Stefan and Urs, 2002). Cotton senescence is a process of 
gradual deterioration that terminates growth and eventually 
results in plant death. Chen and Dong (2016) proposed that 
source-sink coordination, the relationship between vegetative 
and reproductive growth, root–shoot relation, and the balance 
of carbon and nitrogen (N) metabolism are the crucial 
mechanisms involved in cotton senescence.

For decades, senescence has been exhaustively studied in 
leaves. Leaf senescence is usually evaluated by leaf yellowing 
or a decrease in chlorophyll content (Levey and Wingler, 2005). 
However, leaf senescence is far more complicated than the 
color change due to chlorophyll loss and chloroplast disassembly 
(Astrid et  al., 2006; Zhao et  al., 2012; Tang et  al., 2015). Leaf 
senescence is a developmental process that involves the 
degradation of macromolecules such as nucleic acids, proteins, 
and ribulose-1,5-bisphosphate carboxylase, together with the 
accumulation of ROS and increases in proteinase activities, 
lipid peroxidation, and membrane leakiness (Vicky, 1997; Río 
et al., 1998; Saeid et al., 2003; Assaf et al., 2014). Leaf senescence 
can dramatically affect crop production (Gregersen et al., 2010). 
In severe cases, the leaves are small and thin, with yellowing 
extending throughout the whole leaves along the veins 
(Ma et  al., 2014).

However, although roots play pivotal roles in plant 
development, including in the main organs’ uptake of water 
and nutrients, as well as the biosynthesis and transport of 
hormones such as ABA and cytokinins (Rachmilevitch et  al., 
2006; Ehdaie et  al., 2010), less research has focused on roots 
than on the leaves of plants because of their limited accessibility 
in the soil. The root system can regulate leaf senescence directly 
or indirectly through the biosynthesis and transport of cytokinins 

and ABA (Dong et  al., 2008). A strong negative correlation 
was observed between the extent of plant senescence and root 
biomass in wheat (Hebbar et  al., 2014). In Alhagi sparsifolia, 
the inhibition of root respiration accelerated leaf senescence 
(Tang et  al., 2019). In wheat, a deep root system is pivotal 
in regulating plant senescence (Kong et  al., 2013b). Fanello 
et  al. (2019) suggested that roots may not undergo a clear-cut 
senescence process as leaves do. Moreover, it is currently not 
clear whether sustained root growth is the cause or the 
consequence of delayed leaf senescence (Kamh et  al., 2005).

As a major macronutrient and limiting factor for agricultural 
crops, N has a profound influence on plant growth and 
development, and nitrogen deficiency induces crop senescence 
(Hirel et  al., 2007; Tschoep et  al., 2010). Nitrogen stress is 
one of the dominant causes of leaf senescence in wheat (Criado 
et  al., 2007). In Arabidopsis, Park et  al. (2019) proved that 
ORE1 is the key factor that induces leaf senescence under 
nitrate starvation. In winter oilseed rape, transcription factors 
(TFs) of the AP2/ERF, WRKY, NAC, and MYB families are 
involved in nitrogen deficiency-related regulatory networks 
(Koeslin-Findeklee et  al., 2015). Nitrogen deficiency results in 
poor cotton plant development and premature senescence (Zhang 
et  al., 2011). Increasing soil nitrogen content can delay cotton 
leaf senescence (Dong et  al., 2012). Moreover, Si and H2S can 
delay leaf senescence through alleviating damage by regulating 
the expression of senescence associated genes (SAGs) under 
nitrogen starvation (Cylia et  al., 2018; Zhang et  al., 2020).

To date, although several mechanisms involved in leaf 
senescence have been identified under nitrogen stress in some 
plants, there is still little published information about the 
regulatory mechanism of nitrogen during root senescence in 
cotton at the physiological level and through transcriptomics. 
To address this knowledge gap, we conducted a transcriptomics 
study with the aim of explaining the molecular mechanisms 
through which nitrogen affects root senescence. Therefore, the 
objectives of this study were to: (i) examine the effects of 
nitrogen deficiency on root senescence; (ii) determine whether 
root senescence is consistent with leaf senescence; and (iii) 
characterize the physiological and transcriptomics response of 
root senescence under nitrogen starvation.

MATERIALS AND METHODS

Plant Material, Growth Conditions, and 
Nitrogen Treatments
The experiment was conducted during August to November 
of 2020 in a smart greenhouse at Hebei Agricultural University 
(38°85'N, 115°30'E) in Baoding Hebei Province, China. A 
commercial transgenic Bacillus thuringiensis cotton (Gossypium 
hirsutum L.) cultivar, Guoxin9, developed by the Guoxin Rural 
Technical Service Association was used in this experiment.

The seeds were surface-sterilized with a solution of 5% (v/v) 
NaClO for 10 min followed by five washes with sterile distilled 
water and then germination in an incubator at 25°C for 24 h 
without light. Seeds that consistently germinated were 
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transplanted into polyvinylchloride (PVC) columns (55 cm in 
height and 20 cm in diameter; one plant per PVC column) 
containing a 16-kg mixture of topsoil. Infertile sandy loam 
was selected after being air-dried and passed through a 20-mesh 
sieve as a culture medium. The loam was collected at a depth 
of 10–30 cm to ensure N deficiency along the fence line of a 
long-term experimental site in Baoding, Hebei, China (38°85'N, 
115°30'E). It contained 0.86 g·kg−1 organic matter, 13.23 mg·kg−1 
alkali-hydrolyzable N, 3.94 mg·kg−1 available P, and 100.42 mg·kg−1 
available K. There were two levels of nitrogen: low nitrogen, 
at 0 g N·kg−1 soil; and normal nitrogen, at 138 mg N·kg−1 soil 
(Coviella et  al., 2002), in which urea was used as the nitrogen 
fertilizer. Next, 70 mg P·kg−1 soil (Ye, 2012) and 14 mg K·kg−1 
soil (Read et  al., 2006) were applied to each PVC column, 
using superphosphate [Ca(H2PO4)2·H2O] and potassium chloride 
(KCl) as sources of phosphorus and potassium, respectively. 
After emergence, 500 ml of a solution of supplemental 
micronutrients and iron salts was added to each PVC column 
per week, which included (mM) 2.5 CaCl2, 1 MgSO4, 2 × 10−4 
CuSO4, 1 × 10−3ZnSO4, 0.1 Fe Na EDTA, 2 × 10−3 H3BO3, 5 × 10−6 
H2MoO4, and 1 × 10−3 MnSO4 (Ye, 2012). The plant was grown 
in a smart greenhouse under day/night temperatures of 28/25°C 
and a 14/10 h (light/dark) photoperiod, a relative humidity of 
45–50%, and a light intensity of 600 μmol·m−2·s−1 during the 
day. For the physiological and gene expression analyses of the 
roots, samples were obtained by washing the roots (remove 
the taproot) with running water in a 20-mesh nylon mesh 
bag and then frozen immediately in liquid nitrogen at 20, 40, 
60, 80, and 100 days after emergence (DAE), and then stored 
at −80°C.

Measurement of Aboveground Traits
From 20 DAE, the net photosynthetic rate (Pn) and soil and 
plant analyzer development (SPAD) value of the cotton were 
determined every 20 days until harvest (at 20, 40, 60, 80, and 
100 DAE). The relative chlorophyll content of the top four 
functional leaves were determined using a SPAD meter (SPAD-
502, Konica-Minolta, Tokyo, Japan) with eight replicates. The 
Pn of the top four leaves was measured using a portable 
photosynthesis system (LI-6400, Li-COR, Lincoln, NE, 
United  States) from 9:00 to 11:00 with eight replicates. The 
main parameters of the photosynthesis system were established 
as follows: irradiation = 600 μmol·m−2·s−1, air flow = 500 μmol·s−1, 
and CO2 concentration = 400 μmol·mol−1.

Measurement of Root Morphological Traits 
and Nitrogen Content
After harvest, the roots and aboveground part of the plant 
were separated at the cotyledonary node. The root system was 
obtained by washing the roots with running water in a 20-mesh 
nylon mesh bag. The roots were placed separately in a transparent 
polyvinyl chloride box containing 2 mm of water. The roots 
were then scanned using an EPSON-V700 scanner (Epson-
V700, Suwa, Japan) at 600 dpi, and then by means of the 
software WinRHIZO REG2009 (Regent Instruments, Inc., QC, 

Canada) to obtain the root length, root surface area, root 
diameter, and root volume.

The harvested leaves and roots samples from each treatment 
were exposed to 105°C for 30 min, and then dried at 80°C 
to a constant weight, and then ground into powder for the 
determination of total N content. The total N was determined 
by the semi-trace kjeldahl method using a continuous flow 
analyze (AA3, SEAL, Germany).

Measurement of Root Physiological Traits
The activity of superoxide dismutase (SOD), peroxidase (POD), 
catalase (CAT), and the content of soluble sugar, soluble protein, 
and malonaldehyde (MDA) were determined with the 
corresponding assay kits (Jiancheng Biotechnology, 
Nanjing, China).

Phytohormones, indole-3-acetic acid (IAA), gibberellin A3 
(GA3), zeatin riboside (ZR), methyl jasmonate (JA-ME), and 
ABA in roots were extracted and purified according to the 
method described in Wu et  al. (2019). About 0.3 g of fresh 
roots was homogenized in 2 ml 80% methanol and stored at 
20°C for 48 h. The extract was centrifuged at 4,000 g for 15 min 
at 4°C, and then the supernatant was passed through C18 
Sep-Pak cartridges (Waters Corp., Millford, MA, United States). 
The sediments were re-suspended with 10 ml of 100% (v/v) 
methanol and 10 ml of ether. Afterward, the eluate was dried 
using pure N2 at 20°C, and then stored at 40°C. Endogenous 
free IAA, GA3, ZR, JA-ME, and ABA contents were calculated 
according to the description by Weiler et  al. (1981).

RNA Extraction, Sequencing, and Data 
Processing
Total RNA of each sample was extracted using the RNeasy 
Plant Mini kit (Qiagen, Valencia, CA, United  States). RNA 
degradation and contamination were monitored on 1% agarose 
gels. RNA purity was checked using the NanoPhotometer® 
spectrophotometer (IMPLEN, CA, United States). RNA integrity 
was assessed using the RNA Nano 6000 Assay Kit of the 
Bioanalyzer 2100 system (Agilent Technologies, CA, 
United  States). The library was constructed on an Illumina 
HiSeq  6000 platform, and a total of 30 transcriptome libraries 
were constructed. Raw data (raw reads) of the fastq format 
were firstly processed through in-house perl scripts. In this 
step, clean data (clean reads) were obtained by removing reads 
containing adapters, reads containing Ploy-N, and low quality 
reads from raw data. After removing the low mass readings, 
201.15 GB of clean data were obtained (Supplementary Table S1). 
At the same time, the Q20, Q30, and GC contents of the 
clean data were calculated. The percentage of Q20 and Q30 
values of all clean reads exceeded 98 and 94%, respectively. 
The error rate was less than 0.02%. All the downstream analyses 
were based on the high quality clean data.

The reference genome and gene model annotation files were 
downloaded from the genome website directly. The statistics 
of the comparison between reads and the conference genome 
were shown in Supplementary Table S2. The index of the 
reference genome was built using Hisat2 v2.0.5 and paired-end 
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clean reads were aligned to the reference genome using Hisat2 
v2.0.5. We  selected Hisat2 as the mapping tool because Hisat2 
can generate a database of splice junctions based on the gene 
model annotation file and thus produce a better mapping result 
than other non-splice mapping tools. FeatureCounts v1.5.0-p3 
was used to count the read numbers mapped to each gene. 
Then the fragments per kilobase of transcript sequence per 
million base pairs sequenced (FPKM) of each gene was calculated 
based on the length of the gene and the read count mapped 
to this gene. FPKM considers the effect of sequencing depth 
and gene length for the read count at the same time, and is 
currently the most commonly used method for estimating gene 
expression levels.

Differential expression analysis between the low nitrogen 
treatment and the normal nitrogen treatment was performed 
using the DESeq2 R package (1.16.1). DESeq2 provides 
statistical routines for determining differential expression in 
digital gene expression data using a model based on the 
negative binomial distribution. The resulting p-values were 
adjusted using Benjamini and Hochberg’s approach for 
controlling the false discovery rate. Genes with an adjusted 
value of p < 0.05 found by DESeq2 were assigned as differentially 
expressed genes (DEGs). Prior to differential gene expression 
analysis, for each sequenced library, the read counts were 
adjusted by the edgeR program package through one scaling 
normalized factor. Differential expression analysis of two 
conditions was performed using the edgeR R package (3.18.1). 
The p-values were adjusted using the Benjamini and Hochberg 
method. A corrected p-value of 0.05 (value of p < 0.05) and 
absolute fold change of 2 (≥1) were set as the threshold 
for significantly differential expression.

Gene ontology (GO) enrichment analysis of DEGs was 
implemented by the clusterProfiler R package, in which the 
gene length bias was corrected. GO terms with a corrected 
p-value less than 0.05 were considered significantly enriched 
by differentially expressed genes. The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) is a database resource for 
understanding high-level functions and utilities of biological 
systems, such as the cell, the organism, and the ecosystem, 
from molecular-level information, especially large-scale molecular 
datasets generated by genome sequencing and other high-
throughput experimental technologies.1 We  used the 
clusterProfiler R package to test the statistical enrichment of 
differentially expressed genes in KEGG pathways.

A weighted gene co-expression network analysis (WGCNA) 
was executed using R software on differentially expressed 
transcripts. The WGCNA algorithm is based on the assumed 
gene network without scale distribution. It then constructs a 
gene co-expression correlation matrix and gene network, defines 
them as adjacency functions, and analyzes and calculates the 
dissimilarity coefficients of different nodes to construct a 
hierarchical clustering tree (Chen et al., 2020a). Cytoscape_3.7.1 
was used to draw the weighted gene co-expression network 
graph. Each node in the network represents a gene, and the 
edges represent the regulatory relationship between genes.

1 http://www.genome.jp/kegg/

qRT-PCR Validation
To determine the reliability of transcriptomic results, we selected 
10 candidate DEGs that were highly related to nitrogen stress 
for qRT-PCR. The same total RNA that had been isolated 
from the roots of three biological replicates was used for qPCR. 
The yield of RNA was determined using a NanoDrop  2000 
spectrophotometer (Thermo Scientific, United  States), and the 
integrity was evaluated using agarose gel electrophoresis stained 
with ethidium bromide. Quantification was performed under 
following parameter on LightCycler® 480 II Real-time PCR 
Instrument (Roche, Swiss): in the first cycle of 95°C for 5 min, 
in the second cycle, of 95°C for 10 s, and 60°C for 30 s. All 
primer sequences were designed using Generay Biotech (Generay, 
PRC; Supplementary Table S3).

Data Processing and Statistical Analysis
All of the statistical analyses were performed using SPSS Statistics 
26.0 (IBM, Armonk, NY, United  States). Data are presented 
as means ± SE values. A one-way ANOVA was conducted, and 
a Student’s t-test was used to compare treatment means at the 
5% level.

RESULTS

Responses of Aboveground Traits to 
Nitrogen Stress
Nitrogen starvation significantly inhibited the growth of shoots 
(Figure 1). The Pn and SPAD value under low nitrogen treatment 
significantly decreased after 20 DAE as the leaves etiolated 
(Supplementary Figure S1). The low nitrogen treatment reduced 
the Pn and SPAD value by 26.77 and 41.29% at 40 DAE, 
respectively, compared with the normal nitrogen treatment. At 
100 DAE, the Pn and SPAD value of the low nitrogen treatment 
were only 52.42 and 36.45% of normal nitrogen treatment, 
respectively. These results indicated that nitrogen starvation 
induced the premature senescence of the aboveground part of 
cotton plants.

Morphological Responses of Roots to 
Nitrogen Stress
Roots under low nitrogen treatment showed significantly higher 
morphological parameters except diameter than those for normal 
nitrogen treatment at 20 DAE (Supplementary Figure S2). 
However, all morphological parameters under low nitrogen 
treatment were markedly lower than those values under normal 
nitrogen treatment after 20 DAE. The total root length, surface 
area, and volume under normal nitrogen treatment were twice 
as large as those under low nitrogen treatment. The dynamic 
change in root diameter was basically the same under different 
nitrogen treatments. The low nitrogen treatment significantly 
decreased root diameter by 3.22 and 3.38% at 40 and 100 
DAE, respectively, compared with the normal nitrogen treatment. 
These results suggested that nitrogen stress promoted root 
growth at the early stage, whereas inhibited root growth with 
the extension of stress time.
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Physiological Responses of Roots to 
Nitrogen Stress
The low nitrogen treatment significantly decreased the  
soluble protein content, which remained low throughout 
the growth period, compared with the normal nitrogen 
treatment (Supplementary Figure S3). The soluble protein 
content under the low nitrogen treatment ranged from 1.31 
to 4.30 mg/g, whereas it ranged from 4.12 to 10.26 mg/g 
under the normal nitrogen treatment. Similarly, the low 
nitrogen treatment significantly decreased soluble sugar 
content. However, the dynamic change in soluble sugar 
content was basically the same under different 
nitrogen treatments.

Peroxidase activity differed significantly between the two 
nitrogen treatments, while there was no difference in SOD 
activity between the two nitrogen treatments until 80 DAE 
(Figures  2A,D). POD activity under the low nitrogen 
treatment was significantly lower than that under the normal 
nitrogen treatment. Compared with the normal nitrogen 
treatment, the SOD activity under the low nitrogen treatment 
was reduced by 19.67% at 80 DAE, whereas it increased 
by 31.42% at 100 DAE. Like the SOD activity, the low 
nitrogen treatment decreased CAT activity at 40 DAE, but 
increased CAT activity at 60, 80, and 100 DAE (Figure 2C). 
There were no statistical differences in MDA content between 
the two nitrogen treatments until 60 DAE (Figure  2D). At 
60, 80, and 100 DAE, low nitrogen treatment markedly 

reduced the MDA content by 41.35, 55.16, and 48.17%, 
respectively, compared with the normal nitrogen treatment.

Compared with the normal nitrogen treatment, at 20, 40, 
60, 80, and 100 DAE, low nitrogen treatment significantly 
reduced the IAA content of roots by 23.87, 29.58, 25.63, 25.14, 
and 29.38%, respectively (Figure 3). There were no statistically 
significant differences in GA3 content, except for at 40 DAE, 
and there were no statistically significant differences in ZR 
content, except for at 60 DAE. There was no difference in 
JA-ME content between the two nitrogen treatments until 80 
DAE. JA-ME content under low nitrogen treatment was decreased 
by 19.67% at 80 DAE, whereas it increased by 19.07% at 100 
DAE, compared with normal nitrogen treatment. ABA content 
under the low nitrogen treatment was increased by 55.68% at 
20 DAE, whereas it decreased by 47.31% at 80 DAE and 48.82% 
at 100 DAE, compared with normal nitrogen treatment. 
Meanwhile, we found that the root color under normal nitrogen 
treatment was darker than that under low nitrogen treatment 
(Figure  1).

To verify the reliability of ABA content, the relative quantitative 
expressions of two ABA synthesis genes and two ABA catabolic 
genes were measured. The results showed that the relative 
quantitative expressions of ABA synthesis genes NCED1 and 
NCED6 and ABA catabolic genes CYP707A2 and CYP707A4 
for low nitrogen treatment were downregulated except for at 
80 DAE of NCED1 (Figure  4). This was basically consistent 
with the results of ABA content analysis.

A

F G H I

B C D E

FIGURE 1 | Photographs of dynamic changes in cotton plants and roots under different nitrogen (N) treatments. (A–E) represent the cotton plant at 20, 40, 60, 80, 
and 100 days after emergence (DAE), respectively. (F,G) Represent the cotton root at 80 and 100 DAE under low N treatment; (H,I) represent the cotton root at 80 
and 100 days after emergence under normal nitrogen treatment. For each picture of (A-E), the left side is the low nitrogen treatment, and the right side is normal 
nitrogen treatment. Scale bar (A-E) = 2 cm.
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Compared with the normal nitrogen treatment, low nitrogen 
treatment significantly reduced the nitrogen content of leaves 
and roots (Supplementary Figure S4). The nitrogen content 
of leaves under the low nitrogen treatment at 20, 40, 60, 80, 
and 100 DAE was 30.86, 37.62, 29.80, 32.90, and 28.46% of 
that under normal nitrogen treatment, respectively. Similarly, 
the nitrogen content of roots under the low nitrogen treatment 
at 20, 40, 60, 80, and 100 DAE was 36.34, 52.65, 47.16, 72.51, 
and 56.21% of that under normal nitrogen treatment, respectively. 
Compared with normal nitrogen treatment, low nitrogen 
treatment reduced the nitrogen content in leaves and promotes 
leaf senescence, while reduced the nitrogen content in roots 
but delaied root senescence, indicating that nitrogen content 
was a negative regulator of leaf senescence, but a positive 
regulator of root senescence.

Identification of Differentially Expressed 
Genes
Differentially expressed genes were selected according to a 
threshold of |log2 fold change| ≥ 1 with value of p (adjusted) ≤ 0.05 
between low nitrogen and normal nitrogen treatment. Compared 
with the nitrogen treatment, a total of 14,607 genes were 
identified to be  differentially expressed (Figure  5). There were 
2,194 (1,027 upregulated/1,169 downregulated), 7,271 (2,714 
upregulated/4,557 downregulated), 6,740 (1,833 upregulated/4,907 
downregulated), 4,778 (1,680 upregulated/3,098 downregulated), 
and 5,228 (1,735 upregulated/3,493 downregulated) DEGs at 

20, 40, 60, 80, and 100 DAE, respectively. The highest numbers 
of DEGs was found at 40 DAE. The number of DEGs expressed 
only at 20, 40, 60, 80, and 100 DAE was 1,009, 2,440, 1,699, 
1,246, and 1,311, respectively. There were 170 DEGs expressed 
at all five time points. These DEGs were clustered into two 
groups according to their log2 fold change values. Group I was 
primarily the vegetative growth stage, and Group II was the 
reproductive growth stage.

Analyses of Growth-Stage-Specific DEGs
There were 1,009 DEGs only expressed in Group I, with 463 
genes upregulated and 546 genes downregulated. For the 
upregulated genes, GO terms were mainly enriched in drug 
transmembrane transport (GO: 0006855, p < 0.01), drug transport 
(GO: 0015893, p < 0.01), and response to drug (GO: 0006855, 
p < 0.01) in the biological process (BP) categories; apoplast (GO: 
0048046, p < 0.001), and extracellular region (GO: 0005576, 
p < 0.01) in the cellular component (CC) categories; and 
transferase activity (GO: 0016747, p < 0.001) and ATPase activity 
(GO: 001687, p < 0.01) in the molecular function (MF) categories 
(Supplementary Figure S5A). For the downregulated genes, 
GO terms were mainly enriched in small molecule catabolic 
process (GO: 0044282, p < 0.001) in the BP categories; 
photosynthetic membrane (GO: 0034357, p < 0.0001), thylakoid 
(GO: 0009579, p < 0.0001), and thylakoid part (GO: 0044436, 
p < 0.0001) in the CC categories; and acyl-CoA dehydrogenase 
activity (GO: 0003995, p < 0.0001), oxidoreductase activity 
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FIGURE 2 | Dynamic changes in the superoxide dismutase (SOD) activity (A), peroxidase (POD) activity (B), catalase (CAT) activity (C), and malondialdehyde (MDA) 
content (D) of cotton roots under different nitrogen treatments. Depicted are the means of three replicates ± SE. ns, not significant (p > 0.05), *p < 0.05, **p < 0.01.
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(GO: 0016627, p < 0.001), flavin adenine dinucleotide binding 
(GO: 0050660, p < 0.01), and phosphoric ester hydrolase activity 
(GO: 0042578, p < 0.01) in the MF categories 
(Supplementary Figure S5C). KEGG enrichment analysis showed 
that the pathways of upregulated genes were mapped to ether 
lipid metabolism (ath00565, p < 0.01), glycerophospholipid 
metabolism (ath00564, p < 0.05), ascorbate and aldarate 
metabolism (ath00053, p < 0.05), and galactose metabolism 
(ath00052, p < 0.05; Supplementary Figure S5B). The 
downregulated genes were mapped to valine, leucine, and 
isoleucine (ath00280, p < 0.0001), glycolysis (ath00010, p < 0.05), 
photosynthesis (ath00195, p < 0.05), lysine degradation (ath00310, 
p < 0.05), and propanoate metabolism (ath00640, p < 0.05; 
Supplementary Figure S5D).

There were 965 DEGs only expressed in Group II. The 
DEGs were significantly enriched into the GO terms anion 
transport (GO: 0006820, p < 0.0001), inorganic anion transport 
(GO: 0015698, p < 0.001), organic anion transport (GO: 0015711, 
p < 0.01), organic acid transport (GO: 0015849, p < 0.01), and 
carboxylic acid transport (GO: 0046942, p < 0.01) in the BP 
categories; and anion transmembrane transport activity (GO: 
0008509, p < 0.0001), phosphoric ester hydrolase activity (GO: 
0042587, p < 0.0001), peroxidase activity (GO: 0004601, p < 0.01), 
oxidoreductase activity, acting on peroxide as acceptor (GO: 
0016684, p < 0.01), antioxidant activity (GO: 0016209, p < 0.01), 
and active transmembrane transporter activity (GO: 0022804, 
p < 0.01) in the MF categories (Supplementary Figure S6A). 
Enriched KEGG showed that the DEGs enrichment analysis 
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FIGURE 3 | Dynamic changes in the indole-3-acetic acid (IAA; A), gibberellin A3 (GA3; B), zeatin riboside (ZR; C), methyl jasmonate (JA-ME; D), and abscisic 
acid (ABA; E) content of cotton roots under different nitrogen treatments. Depicted are the means of three replicates ± SE. ns, not significant (p > 0.05), 
*p < 0.05, **p < 0.01.
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were mapped onto alanine, aspartate and glutamate metabolism 
(ath00250, p < 0.05), phosphatidylinositol signaling system 
(ath04070, p < 0.05), phenylpropanoid biosynthesis (ath00940, 
p < 0.05), inositol phosphate metabolism (ath00562, p < 0.05), 
nitrogen metabolism (ath00910, p < 0.05), and carotenoid 
biosynthesis (ath00906, p < 0.05; Supplementary Figure S6B).

Co-expression Network Analysis by 
WGCNA
To further represent a global view of transcriptional patterns 
throughout the growth period, we applied a WGCNA to define 
clusters of coregulated genes throughout the growing season. 
We  obtained a total of 16 transcript expression (Figure  6). 
The module “MEmagenta” was positively correlated with low 
nitrogen treatment, but it was negatively correlated with normal 
nitrogen treatment. “MEmagenta” had significantly enriched 
GO functions, such as protein folding (GO: 0006457, p < 0.0001), 
dicarboxylic acid transport (GO: 0006835, p < 0.001), C4-
dicarboxylate transport (GO: 0006457, p < 0.001), ribosome 
binding (GO: 0043022, p < 0.001), uridylyltransferase activity 

(GO: 0070569, p < 0.001), and ribonucleoprotein complex binding 
(GO: 0043021, p < 0.001), and KEGG analysis showed that the 
DEGs were mapped onto beta-alanine metabolism (ath00410, 
p < 0.05; Supplementary Figure S7). Correlations were computed 
between each module and phenotypic trait. Interestingly, 
significantly correlations were found between each trait and 
at least one module. The module “MEbrown” had significantly 
positive correlation with root traits, soluble sugar, and protein, 
MDA, and ABA content, while “MEmagenta” and 
“MEgreenyellow” had significantly negative correlation with 
these traits. The DEGs of “MEbrown” were significantly enriched 
in the GO terms metal ion transport (GO: 0030001, p < 0.01), 
anion transport (GO: 0006820, p < 0.01), response to oxidative 
stress (GO: 0006979, p < 0.05), inorganic diphosphatase activity 
(GO: 0004427, p < 0.001), and acid phosphatase activity (GO: 
0003993, p < 0.05), and KEGG analysis showed that the DEGs 
were mapped onto circadian rhythm (ath04712, p < 0.01) and 
plant hormone signal transduction (ath04075, p < 0.05). 
Subsequently, we  identified 5 hub genes in the module 
“MEmagenta”: Ghir_A05G025560, Ghir_A11G025240, 

A B

C D

FIGURE 4 | Relative quantitative expressions of NCED1 (A), NCED6 (B), CYP707A2 (C), and CYP707A4 (D) in cotton roots under different nitrogen treatments. 
Depicted are the means of three replicates ± SE. ns, not significant (p > 0.05), *p < 0.05, **p < 0.01.
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Ghir_A03G004210, Ghir_A02G001380, and Ghir_D02G002510 
(Supplementary Figure S8).

Phytohormone-Related Gene Analysis
A total of 90 DEGs involved in plant hormone pathways were 
identified, including 56 IAA pathway genes, 14 cytokinein 
(CTK) pathway genes, eight ABA pathway genes, three gibberellic 
acid (GA) genes, three JA pathway genes, five ETH pathway 
genes, and one brassinolide (BR) pathway gene (Figure  7). 
Interestingly, more than half of the auxin and CTK pathway 
genes were upregulated at 20 DAE, while most of the auxin 
and CTK pathway genes were downregulated at the other four 
phases. On the contrary, three GA pathway genes were down 
regulated at 20 DAE, but upregulated after 20 DAE. Four ETH 
genes were upregulated and one was downregulated after 20 
DAE. There were three ABA genes were downregulated and 
five were upregulated after 20 DAE. One BR gene was 
downregulated at 20, 40, and 60 DAE, but upregulated at 80 
and 100 DAE. Three JA genes were upregulated at 20 DAE.

ROS Detoxification System Gene Analysis
The reactive oxygen species scavenging system consists of a 
variety of enzymes and non-enzymatic antioxidants. In this 
study, a total of 187 DEGs involved in ROS scavenging pathways 
were identified, including 99 POD related genes, 55 glutathione 
(GSH) related genes, 14 ascorbate peroxidase (APX) related 
genes, nine asparagine synthetase (AS) related genes, seven 
glutathione synthetase (GS) related genes, two CAT related 
genes, and one SOD related gene (Figure  8). Most of the 
POD, AS, and APX related genes were downregulated; whereas, 
a small number of genes were upregulated at 80 and 100 
DAE. About one-third of the GSH related genes were upregulated 
and two-third of the GSH related genes downregulated. Most 
GS, CAT, and SOD related genes were downregulated.

Cell Cycle Pathway Analysis
In this study, a total of 70 DEGs were found to be  involved 
in the cell cycle, including 57 cyclin (CYC) genes, nine caspase 
genes, and four apoptosis genes (Figure  9). Interestingly, most 
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FIGURE 5 | Differentially expressed genes (DEGs) in roots in response to nitrogen stress. (A) Venn diagrams of five comparisons (20, Low N 20 vs. Normal N 20; 40, 
Low N 40 vs. Normal N 40; 60, Low N 60 vs. Normal N 60; 80, Low N 80 vs. Normal N 80; and 100, Low N 100 vs. Normal N 100). DEGs at different stages, (B) up- and 
downregulated genes of five comparisons at different stages, and (C) hierarchy clustering of five comparisons of DEGs. The rows in the heat map represent genes, and 
the columns indicate comparisons between low nitrogen and normal nitrogen. The colors in the heat map indicate the values of log2 fold changes.
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of the CYC and caspase genes were upregulated at 20 DAE, 
while most of the CYC and caspase genes were downregulated 
at the other four phases. All of the apoptosis genes were 
downregulated, except for Ghir_A08G006980 at 40 and 100 DAE.

Carbon and Nitrogen Metabolism Gene 
Analysis
There were 48 and 21 DEGs involved in carbon and nitrogen 
metabolism, respectively (Figure  10). For carbon metabolism, 
nearly half of DEGs were upregulated at 20 and 100 DAE, 
while most genes were downregulated at 40, 60, and 80 DAE. 
On the contrary, most of the nitrogen metabolism genes were 
upregulated at 20 DAE, but most genes were downregulated 
at 40 and 60 DAE. Interestingly, nearly half of nitrogen 
metabolism genes were upregulated at 80 and 100 DAE.

Transcription Factor Genes’ Analysis
A total of 6,000 DEGs encoding the TF family were identified 
in cotton roots. Here, we  focused on the top  10 TFs families 
during each period. We  found that the TFs families’ Pkinase, 

P450, Pkinase_Tyr, 2OG-FeII_Oxy (2OG), and Myb_
DNA-binding (Myb) were identified in five periods (Figure 11). 
There were more downregulated genes among these five TF 
family genes than upregulated genes, except for Pkinase genes 
at 20 DAE, P450 and Myb genes at 40 DAE, and Pkinase_Tyr 
genes at 20, 80, and 100 DAE. Meanwhile, the number of 
upregulated genes of HLH and ABC2 at 20 DAE, WRKY at 
60, 80, and 100 DAE, and NB-ARC and AP2 at 100 DAE 
was much greater than the number of downregulated genes. 
In contrast, the number of downregulated genes of UDPGT 
and GRAS at 20 DAE, Histone and Kinesin at 40 and 60 
DAE, Myb at 60, 80, and 100 DAE, and DUF6 at 80 and 100 
DAE was much greater than the number of upregulated genes.

Validation of DEGs by qRT-PCR
To validate the RNA-Seq data, qrRT-PCR analysis was performed 
to examine the expression profiles of 10 randomly chosen 
DEGs. As a result, the expression levels of these selected genes 
showed a strong correlation with the data of RNA-Seq data 
(R2 = 0.8691, p < 0.0001; Supplementary Figure S9).

A B

C D

FIGURE 6 | Weighted gene co-expression network analysis (WGCNA) for all DEGs. (A) Clustering diagram of all expressed genes together with assigned module 
colors, (B) the correlation between modules, (C) the relationship between modules and samples, and (D) the module-trait association.
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DISCUSSION

Nitrogen Stress Delays Root Senescence
Nitrogen is the basis for plant growth and development. A 
lack of nitrogen leads to reduced photosynthetic properties, 
root growth inhibition, and organ senescence, ultimately affecting 
the yield and quality (Stefan and Urs, 2002; Sandrine, 2018). 
Many studies have demonstrated that nitrogen starvation can 
induce leaf senescence (Diaz et  al., 2008; Dong et  al., 2012; 
Yang et  al., 2016; Kitonyo et  al., 2018; Zakari et  al., 2020). 
In the present study, leaf senescence was assessed by leaf color 
change and SPAD value (Chen and Dong, 2016). Both of 
these indicators showed that nitrogen deficiency induced 
premature senescence in leaves (Figure  1; 
Supplementary Figure S1). These results were generally 
consistent with previous studies.

Compared with leaves, little research has been conducted 
on root senescence in response to nitrogen stress. A large 
body of evidence has demonstrated that nitrogen starvation 
can increase the lifespan of roots (Burton et al., 2000; Eissenstat 
et  al., 2000). However, conflicting reports were also obtained 
by other researchers (Aber et  al., 1985). In general, the degree 
of root senescence can be  determined by the change in root 

color, roots were regarded as dead when the roots became 
entirely black (Hendrick and Pregitzer, 1992). Our results 
showed that the root color under nitrogen treatment was lighter 
than that under normal nitrogen treatment at 80 and 100 
DAE (Figure 1). Therefore, we deduced that nitrogen starvation 
delayed root senescence. Low nitrogen treatment significantly 
reduced the total root length (Supplementary Figure S2). 
We speculated that plants chose to prolong root lifespan instead 
of producing new roots under nitrogen depletion. This was 
mainly due to the fact that building new roots would consume 
a large amount of metabolic energy (Schoettle et  al., 1994; 
Eissenstat et  al., 2000; Janssens et  al., 2002), which would 
result in the inhibition of aboveground growth.

Taken together, low nitrogen (extreme nitrogen deficiency) 
induced leaf senescence while delaying root senescence. Fanello 
et  al. (2019) demonstrated that roots of soybean are under 
the control of the aboveground parts until the final stage, and 
survive independently for some time following leaf senescence. 
Similarly, Arabidopsis thaliana roots maintain their respiratory 
activity until the final stage even when the aboveground tissues 
are fully withered (Fanello et  al., 2017). In other words, the 
continued activity of root systems following leaf senescence 
suggests that roots may not undergo a clear-cut senescence 
process as leaves do.

Low Nitrogen Delayed Root Senescence 
by Regulating the ROS Detoxification 
System
In plants, reactive oxygen species are by-products of aerobic 
metabolism including singlet oxygen (1O2), hydroxyl radicals 
(OH), superoxide anions (O2· )- , and hydrogen peroxide (H2O2; 
Apel and Hirt, 2004; Mittler et  al., 2004; Dietz et  al., 2016). 
The accumulation of ROS will aggravate membrane lipid 
peroxidation. MDA is one of the products of membrane lipid 
peroxidation, further lead to irreversible DNA damage, and 
premature cell death (Xie et  al., 2014). Some evidence 
demonstrates that ROS participate in senescence initiation and 
signal transduction (Ye et  al., 2000; Saeid et  al., 2003; 
Zimmermann et  al., 2010). Plants employ an ROS scavenging 
system to protect them from oxidative damage (Fischer, 2012) 
that includes enzymes such as CAT, SOD, POD, and APX, 
and antioxidant molecules including GSH, ascorbate, and others 
(Apel and Hirt, 2004).

In this study, the POD activity was significantly inhibited 
by low nitrogen treatment (Figure 2). Meanwhile, we identified 
99 POD-related DEGs, most of which were downregulated 
(Figure  8). In contrast, the activity of SOD at 100 DAE and 
CAT activity at 60, 80, and 100 DAE under low nitrogen 
treatment were higher than that of normal nitrogen treatment 
(Figure  2). This may be  the reason why MDA content was 
reduced by low nitrogen treatment at 60, 80, and 100 DAE. 
However, only one SOD- and two CAT-related genes were 
identified, all of which were downregulated. The transcriptome 
data was not well correlated with the results of physiological 
analysis. This might have been because few DEGs were identified, 
or due to post-transcriptional and post-translational modification 
(Chen et  al., 2020b). In addition, we  identified 55 GSH-related 
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FIGURE 7 | Heatmap illustrating differential expression of auxin (A), 
gibberellic acid (GA), jasmonic acid (JA), ABA, cytokinein (CTK), ethylene 
(ETH), and brassinolide (BR; B) at 20, 40, 60, 80, and 100 days after 
emergence. Different scale color represents the size of log2 fold change value.
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DEGs (Figure  8). Although more than half of these genes 
were downregulated, a small percentage was markedly upregulated 
such as HSP26-A (Ghir_D13G010870) and GSTU8 (Ghir_
A09G017000). We  found that APX genes MIOX2 (Ghir_
A06G007270) and MIOX4 (Ghir_D06G007460) were significantly 
upregulated at 80 and 100 DAE. Previously, upregulation of 

MIOX family genes has been reported at rice under drought 
stress, which significantly improved the activity of ROS scavenging 
enzymes (Duan et  al., 2012). Therefore, we  speculated that 
cotton roots enhanced the activity of SOD and CAT at the 
late growth stage, and that SOD and CAT combined with 
APX and GSH to scavenge ROS and reduce the MDA content, 
eventually delaying the senescence of roots under 
nitrogen starvation.

Low Nitrogen Delayed Root Senescence 
by Modulating Phytohormones
The relationship between hormones and plant senescence has 
long been studied (Richmond and Lang, 1957; Stoddart and 
Thomas, 1982). Many studies have shown that the genes coding 
ABA synthesis and signaling are upregulated during leaf 
senescence (Buchanan et  al., 2005; Jukanti et  al., 2008). In this 
study, we  found that the ABA content under low nitrogen 
treatment was significantly higher than that under normal 
nitrogen treatment at 20 DAE, while the opposite results were 
shown at 80 and 100 DAE (Figure  3). Meanwhile, the relative 
quantitative expression of ABA synthesis genes NCED1 and 
NCED6 and ABA catabolic genes CYP707A2 and CYP707A4 
under low nitrogen treatment were downregulated, except for 
at 80 DAE (Figure  4). We  identified eight ABA related DEGs, 
with three downregulated and five upregulated (Figure 7). ABA 
receptor gene PYL12 (Ghir_D05G015750) was significantly 
downregulated under low nitrogen treatment at 80 and 100 
DAE (Figure  7). Zhao et  al. (2016) demonstrated that PYL9 
promoted ABA-induced leaf senescence and the PYL9 single 
mutant showed delayed leaf senescence. Similarly, ETH (Weaver 
et al., 1998), BR (Graaff et al., 2006), and jasmonate (JA; Rossato 
et  al., 2002) promoted senescence. Our transcriptome results 
showed that BR-related DEG BKI1 (Ghir_D05G020640) was 
downregulated at 20, 40, and 60 DAE, while it was upregulated 
at 80 and 100 DAE. BKI1 was the negative regulator of BR 
signaling. In contrast, CTK can delay senescence because 
endogenous cytokinin levels decrease during leaf senescence 
and elevated cytokinin levels accompany delayed senescence 
(Dong et  al., 2008; Zhao et  al., 2013). In this study, there was 
no significant difference in ZR content between nitrogen 
treatments, except for at 60 DAE (Figure 3). Most of the DEGs 
identified to be  involved in CTK dehydrogenase were 
downregulated (Figure 7). Compared with the normal nitrogen 
treatment, there was no significant reduction in CTK content 
under low nitrogen treatment due to the downregulated of 
CTK dehydrogenase genes.

However, the role of auxin (IAA) and gibberellin (GA) in 
regulating senescence was much less clear. Noh and Amasino 
(1999) showed that the expression of developmental senescence 
gene SAG12 was downregulated in Arabidopsis leaves induced 
by 5 μM IAA. In Alstroemeria, GA4 levels dramatically reduced 
after the onset of senescence (Kappers et  al., 2010), but the 
experiments did not determine whether the drop in GA content 
was the cause or the consequence of senescence onset. In the 
current study, low nitrogen treatment significantly reduced the 
IAA content, while there was no significant impact on GA3, 
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FIGURE 8 | Heat-map illustrating differential expression of glutathione (GSH), 
ascorbate peroxidase (APX), asparagine synthetase (AS), glutathione 
synthetase (GS), CAT, and SOD (A), and POD (B) at 20, 40, 60, 80, and 
100 days after emergence. Different scale color represents the size of log2 fold 
change value.
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except for at 40 DAE (Figure 3). Consistently, most IAA-related 
DEGs identified here were downregulated, whereas the GA 
related DEGs were upregulated, except for at 20 DAE. Hormones 
play crucial roles in senescence regulation, but there is extensive 
crosstalk between different hormones (Fischer, 2012). In this 
study, the low nitrogen treatment reduced root diameter and 
length by means of decreasing the IAA content, which reduced 
carbon and energy costs (Lynch, 2007). This may lead to a 
delay in root senescence under low nitrogen. Therefore, 
we  concluded that auxin plays a negative regulatory role in 
root senescence.

Low Nitrogen Delayed Root Senescence 
by Modulating Apoptosis and Cell Cycle 
Pathway
Apoptosis, a type of programmed cell death, plays an integral 
role in plant. It is controlled by cellular oxidative status, 
hormones, and NDA methylation and plays vital roles in 
plant development and adaptive responses (Vanyushin et al., 
2004; Chen et  al., 2021). Research has shown that leaf 
senescence and apoptosis are linked by the downstream of 
the ethylene trifurcate pathway (Jin et  al., 2009). In recent 
years, increasing evidence has suggested the existence of 

A

B

C

FIGURE 9 | Heat-map illustrating differential expression of apoptosis (A), caspase (B), and cyclin (CYC; C) at 20, 40, 60, 80, and 100 days after emergence. 
Different scale color represents the size of log2 fold change value.
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caspase-like activity in plant apoptosis. Interestingly, we found 
that four apoptosis-related DEGs were downregulated, and 
caspase-related DEGs were also downregulated except 20 
DAE (Figure  9). Thus, we  speculated that apoptosis-related 
genes played crucial roles in cotton root senescence. In 
other words, this result confirmed that low nitrogen treatment 
delayed cotton root senescence.

Cell cycle regulators can affect the growth, division, and 
differentiation of plant cells by influencing the cell cycle, 
further regulating plant growth and development (He and 
Zheng, 2010). CYC is one of the main cell cycle regulators 
(Andersen et al., 2008). In this study, most of the CYC-related 
genes were downregulated, except for at 20 DAE (Figure 9). 
This result may verify that plants choose to prolong the 
lifespan of their roots instead of producing new roots under 
nitrogen deficiency.

Low Nitrogen Delayed Root Senescence 
by Regulating the Expression of TFs
To date, NAC and WRKY TFs have been found to be  involved 
in the regulation of leaf senescence (Bakshi and Oelmüller, 
2014; Chen et  al., 2017). Kong et  al. (2013a) identified 11 
NAC and eight WRKY TF genes were upregulated in early 
senescence in cotton leaves. WRKY TFs regulated leaf senescence 
by interacting with proteins via GA, JA, IAA, and salicylic 
acid (Jiang et  al., 2014). Moreover, numerous genes, including 
C2H2, AP2, MYB, and GRAS TFs, were upregulated during 
senescence (Chen et  al., 2002; Buchanan et  al., 2005; Guo 
et al., 2010; Breeze et al., 2011). Pourtau et al. (2006) demonstrated 
that the gene PAP1 of MYB was upregulated under low nitrogen 
conditions in Arabidopsis and induced senescence. However, 
we  are far from a comprehensive understanding of all TFs 
involved in plant senescence.

A B

FIGURE 10 | Heatmap illustrating differential expression of carbon (A) and nitrogen (B) metabolism at 20, 40, 60, 80, and 100 days after emergence. Different 
scale color represents the size of log2 fold change value.
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In the current study, we  found that most of the genes 
among the WRKY TFs were upregulated at 60, 80, and 100 
DAE, and the genes were positive regulators of plant stress 
tolerance (Figure 11). WRKY22 was significantly upregulated 
under low nitrogen treatment (Ghir_A12G024530), which 
could delay senescence (Miao et al., 2007). Whereas WRKY53 
was downregulated (Ghir_A12G024820), which could promote 
senescence (Miao et  al., 2004). Moreover, we  identified five 
WRKY75 and three WRKY72 TF genes were significantly 
upregulated under low nitrogen treatment. Hence, 
we  speculated that these two WRKY TFs may play critical 
roles in delay root senescence. In addition, we  found that 
most of MYB TF genes of low nitrogen treatment were 
downregulated at 60, 80, and 100 DAE.

The Underlying Pathway of Low Nitrogen 
Regulates Root Senescence
Weighted gene co-expression network analysis revealed that 
the module “MEmagenta” had significant negative correlation 
with MDA and ABA contents, while it had positive correlation 
with low nitrogen treatment (Figure 6). Therefore, we speculated 
that “MEmagenta” may play a crucial role in delaying root 
senescence under low nitrogen treatment. Further GO enrichment 
analysis showed that “MEmagenta” genes were significantly 
enriched in protein folding (GO: 0006457, p < 0.0001), anion 
transport (GO: 0006820, p < 0.001), dicarboxylic acid transport 
(GO: 0006835, p < 0.001), ribosome binding (GO: 0043022, 
p < 0.001), and uridylyltransferase activity (GO: 0070569, 
p < 0.001), and KEGG mapped these genes onto beta-alanine 
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FIGURE 11 | Top 10 transcription factor (TF) statistics. Top 10 TFs at 20 DAE (A), 40 DAE (B), 60 DAE (C), 80 DAE (D), and 100 DAE (E). 2OG, 2OG-FeII_Oxy; 
Myb, Myb_DNA-binding; ABC2, ABC2_membrane.
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FIGURE 12 | Model showing the mechanism of cotton root senescence under nitrogen stress. The red and green arrows represent a decrease and increase in an 
indicator, respectively. Cubes represent the value of log2 fold change (from left to right: comparisons between low nitrogen and normal nitrogen treatment at 20, 40, 
60, 80, and 100 DAE). Red color indicates upregulated, while blue indicates downregulated.

metabolism (ath00410, p < 0.05). Meanwhile, we  identified five 
hub genes in the module “MEmagenta.” Hence, all of these 
pathways and hub genes merit further study and may play 
crucial roles in the regulation of cotton root senescence.

CONCLUSION

Our investigation conducted in cotton indicated that low nitrogen 
delays root senescence through ways (Figure  12). First, cotton 
roots reduced IAA and ABA contents by downregulating 
expression of IAA and ABA pathway related key genes 
(Supplementary Table S3). Second, cotton roots promoting 
the activity of SOD, CAT, GSH, and APX by upregulating of 
antioxidase pathway related key genes. Finally, cotton roots 
downregulated expression of apoptosis, caspase, and cell cycle 
related key genes. In addition, we  found that roots senescence 
might be  negatively correlated with nitrogen content of root. 
Overall, we clarified the effect of low nitrogen on root senescence 
and the possible mechanism, which may serve as a basis for 
the study on root senescence in cotton and other crops.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly 
available. This data can be found at: the Genome Sequence Archive 
of the National Genomics Data Center (NGDC) under accession 
number CRA004678 (https://bigd.big.ac.cn/gsa/browse/CRA004678).

AUTHOR CONTRIBUTIONS

LZ, LL, and CL conceived the idea, proposed the method, 
and acquired the financial support for the project leading to 
this publication. LZ, HS, YZ, and KZ contributed to the 
preparation of equipment and acquisition of the data. AL, ZB, 
and GW validated results. LZ wrote the paper. LL, JZ, and 
CL revised the paper. All authors contributed to the article 
and approved the submitted version.

FUNDING

This study was supported by grants from the National Natural 
Science Foundation of China (No. 31871569), the National 
Key R&D Program of China (Nos. 2018YFD0100306 and 
2017YFD0201900), Natural Science Foundation of Hebei Province 
(C2021204140), Graduate Innovation Funding Project of Hebei 
Province (CXZZBS2020089), and the Modern System of 
Agricultural Technology in Hebei Province (No. 
HBCT2018040201).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2021.748715/
full#supplementary-material

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://bigd.big.ac.cn/gsa/browse/CRA004678
https://www.frontiersin.org/articles/10.3389/fpls.2021.748715/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.748715/full#supplementary-material


Zhu et al. Low Nitrogen Delayed Root Senescence

Frontiers in Plant Science | www.frontiersin.org 17 October 2021 | Volume 12 | Article 748715

 

REFERENCES

Aber, J. D., Melillo, J. M., Nadelhoffer, K. J., and Pastor, M. C. (1985). Fine 
root turnover in forest ecosystems in relation to quantity and form of 
nitrogen availability: a comparison of two methods. Oecologia 66, 317–321. 
doi: 10.1007/BF00378292

Andersen, S. U., Buechel, S., Zhao, Z., Ljung, K., Novak, O., Busch, W., et al. 
(2008). Requirement of B2-type cyclin-dependent kinases for meristem 
integrity in Arabidopsis thaliana. Plant Cell 20, 88–100. doi: 10.1105/
tpc.107.054676

Apel, K., and Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative 
stress, and signal transduction. Annu. Rev. Plant Biol. 55, 373–399. doi: 
10.1146/annurev.arplant.55.031903.141701

Assaf, D., Raz, A., and Fischer, A. M. (2014). Senescence, nutrient remobilization, 
and yield in wheat and barley. J. Exp. Bot. 65, 3783–3798. doi: 10.1093/
jxb/ert477

Astrid, W., Sarah, P., Maclean, J. A., and Nathalie, P. (2006). The role of sugars 
in integrating environmental signals during the regulation of leaf senescence. 
J. Exp. Bot. 57, 391–399. doi: 10.1093/jxb/eri279

Bakshi, M., and Oelmüller, R. (2014). WRKY transcription factors: jack of 
many trades in plants. Plant Signal. Behav. 9:e27700. doi: 10.4161/psb.27700

Bancal, M. O., Slimane, R. B., and Bancal, P. (2016). Zymoseptoria tritici 
development induces local senescence in wheat leaves, without affecting 
their monocarpic senescence under two contrasted nitrogen nutrition. Environ. 
Exp. Bot. 132, 154–162. doi: 10.1016/j.envexpbot.2016.09.002

Breeze, E., Harrison, E., Mchattie, S., Hughes, L., Hickman, R., Hill, C., et al. 
(2011). High-resolution temporal profiling of transcripts during Arabidopsis 
leaf senescence reveals a distinct chronology of processes and regulation. 
Plant Cell 23, 873–894. doi: 10.1105/tpc.111.083345

Buchanan, W. V., Page, T., Harrison, E., Breeze, E., Lim, P. O., Nam, H. G., 
et al. (2005). Comparative transcriptome analysis reveals significant differences 
in gene expression and signalling pathways between developmental and 
dark/starvation-induced senescence in Arabidopsis. Plant J. 42, 567–585. doi: 
10.1111/j.1365-313X.2005.02399.x

Burton, A. J., Pregitzer, K. S., and Hendrick, R. L. (2000). Relationships between 
fine root dynamics and nitrogen availability in Michigan northern hardwood 
forests. Oecologia 125, 389–399. doi: 10.1007/s004420000455

Chen, P., Chen, J., Sun, M., Yan, H., and Huang, L. (2020b). Comparative 
transcriptome study of switchgrass (Panicum virgatum L.) homologous 
autopolyploid and its parental amphidiploid responding to consistent drought 
stress. Bio. Biofuels 13:170. doi: 10.1186/s13068-020-01810-z

Chen, Y., and Dong, H. (2016). Mechanisms and regulation of senescence and 
maturity performance in cotton. Field Crop Res. 189, 1–9. doi: 10.1016/j.
fcr.2016.02.003

Chen, L., Ma, Y., Peng, M., Chen, W., and Li, H. (2021). Analysis of apoptosis-
related genes reveals that apoptosis functions in conidiation and pathogenesis 
of fusarium pseudograminearum. mSphere 6, e01140–e01120. doi: 10.1128/
mSphere.01140-20

Chen, W. Q., Provart, N. J., Glazebrook, J., and Katagiri, F. (2002). Expression 
profile matrix of Arabidopsis transcription factor genes suggests their putative 
functions in response to environmental stresses. Plant Cell 14, 559–574. 
doi: 10.1105/tpc.010410

Chen, C., Wang, C., Liu, Z., Cai, Z., and Liu, X. (2020a). iTRAQ-based proteomic 
technique provides insights into salt stress responsive proteins in Apocyni 
Veneti Folium (Apocynum venetum L.). Environ. Exp. Bot. 180:104247. doi: 
10.1016/j.envexpbot.2020.104247

Chen, L., Xiang, S., Chen, Y., Li, D., and Yu, D. (2017). Arabidopsis WRKY45 
interacts with the DELLA protein RGL1 to positively regulate age-triggered 
leaf senescence. Mol. Plant 10, 1174–1189. doi: 10.1016/j.molp.2017.07.008

Coviella, C. E., Stipanovic, R. D., and Trumble, J. T. (2002). Plant allocation 
to defensive compounds: interactions between elevated CO2 and nitrogen 
in transgenic cotton plants. J. Exp. Bot. 53, 323–331. doi: 10.1093/
jexbot/53.367.323

Criado, M. V., Roberts, I. N., Echeverria, M., and Barneix, A. J. (2007). Plant 
growth regulators and induction of leaf senescence in nitrogen-deprived wheat 
plants. J. Plant Growth Regul. 26, 301–307. doi: 10.1007/s00344-007-9016-5

Cylia, H., Mustapha, A., Franck, J., Adrian, S., Jean, C. Y., Philippe, E., et al. 
(2018). Silicon promotes growth of Brassica napus L. and delays leaf senescence 

induced by nitrogen starvation. Front. Plant Sci. 9:516. doi: 10.3389/
fpls.2018.00516

Dai, J., and Dong, H. (2011). Stem girdling influences concentrations of 
endogenous cytokinins and abscisic acid in relation to leaf senescence in 
cotton. Acta Physiol. Plant. 33, 1697–1705. doi: 10.1007/s11738-010-0706-4

De Simone, M., and Johanningmeier, W. U. (1998). Degradation of active-
oxygen-modified ribulose-1,5-bisphosphate carboxylase/oxygenase by 
chloroplastic proteases requires ATP-hydrolysis. Planta 205, 459–466. doi: 
10.1007/s004250050344

Diaz, C., Lemaitre, T., Christ, A., Azzopardi, M., Kato, Y., Sato, F., et al. (2008). 
Nitrogen recycling and remobilization are differentially controlled by leaf 
senescence and development stage in Arabidopsis under low nitrogen nutrition. 
Plant Physiol. 147, 1437–1449. doi: 10.1104/PP.108.119040

Dietz, K. J., Turkan, I., and Krieger-Liszkay, A. (2016). Redox- and reactive 
oxygen species-dependent signaling into and out of the photosynthesizing 
chloroplast. Plant Physiol. 171, 1541–1550. doi: 10.1104/pp.16.00375

Dong, H., Li, W., Eneji, A. E., and Zhang, D. (2012). Nitrogen rate and plant 
density effects on yield and late-season leaf senescence of cotton raised on 
a saline field. Field Crop Res. 126, 137–144. doi: 10.1016/j.fcr.2011.10.005

Dong, H. Z., Li, W. J., Tang, W., Li, Z. H., Zhang, D. M., and Niu, Y. (2006). 
Yield, quality and leaf senescence of cotton grown at varying planting dates 
and plant densities in the Yellow River Valley of China. Field Crop Res. 
98, 106–115. doi: 10.1016/j.fcr.2005.12.008

Dong, H. Z., Niu, Y., Li, W., and Zhang, D. (2008). Effects of cotton rootstock 
on endogenous cytokinins and abscisic acid in xylem sap and leaves in 
relation to leaf senescence. J. Exp. Bot. 59, 1295–1304. doi: 10.1093/jxb/
ern035

Duan, J., Zhang, M., Zhang, H., Xiong, H., and Li, Z. (2012). OsMIOX, a 
myo-inositol oxygenase gene, improves drought tolerance through scavenging 
of reactive oxygen species in rice (Oryza sativa L.). Plant Sci. 196, 143–151. 
doi: 10.1016/j.plantsci.2012.08.003

Ehdaie, B., Merhaut, D. J., Ahmadian, S., Hoops, A. C., and Waines, J. G. 
(2010). Root system size influences water-nutrient uptake and nitrate leaching 
potential in wheat. J. Agron. Crop Sci. 196, 455–466. doi: 
10.1111/j.1439-037X.2010.00433.x

Eissenstat, D. M., Wells, C. E., Yanai, R. D., and Whitbeck, J. L. (2000). Building 
roots in a changing environment: implications for root longevity. New Phytol. 
147, 33–42. doi: 10.1046/j.1469-8137.2000.00686.x

Fanello, D. D., Bartoli, C. G., and Guiamet, J. J. (2017). Qualitative and 
quantitative modifications of root mitochondria during senescence of above-
ground parts of Arabidopis thaliana. Plant Sci. 258, 112–121. doi: 10.1016/j.
plantsci.2017.01.013

Fanello, D. D., Kelly, S. J., Bartoli, C. G., Cano, M. G., Alonso, S. M., and 
Guiamet, J. J. (2019). Plasticity of root growth and respiratory activity: root 
responses to aboveground senescence, fruit removal or partial root pruning 
in soybean. Plant Sci. 290, 110296–110305. doi: 10.1016/j.plantsci.2019. 
110296

Feng, Y., Wang, Y., Zhang, G. F., Gan, Z. Y., Gao, M., Lv, J. H., et al. (2021). 
Group C/S1 bZIP heterodimers regulate MdIPT5b to negatively modulate 
drought tolerance in apple species. Plant J. 107, 399–417. doi: 10.1111/
tpj.15296

Fischer, A. M. (2012). The complex regulation of senescence. Crit. Rev. Plant 
Sci. 31, 124–147. doi: 10.1080/07352689.2011.616065

Graaff, E. V., Schwacke, R., Schneider, A., Desimone, M., Flugge, U. I., and 
Kunze, R. (2006). Transcription analysis of Arabidopsis membrane transporters 
and hormone pathways during developmental and induced leaf senescence. 
Plant Physiol. 141, 776–792. doi: 10.1104/pp.106.079293

Gregersen, P. L., Holm, P. B., and Krupinska, K. (2010). Leaf senescence and 
nutrient remobilisation in barley and wheat. Plant Biol. 10, 37–49. doi: 
10.1111/j.1438-8677.2008.00114.x

Guo, Y., Cai, Z., and Gan, S. (2010). Transcriptome of Arabidopsis leaf senescence. 
Plant Cell Environ. 27, 521–549. doi: 10.1111/j.1365-3040.2003.01158.x

He, Y. Q., and Zheng, C. X. (2010). Research progress on cell cycle regulators 
and their functions in plant. Plant Physiol. 30, 521–528. doi: 10.3724/
SP.J.1142.2010.40521

Hebbar, K. B., Rane, J., Ramana, S., Panwar, N. R., Ajay, S., Rao, A. S., et al. 
(2014). Natural variation in the regulation of leaf senescence and relation to 
N and root traits in wheat. Plant Soil 378, 99–112. doi: 10.1007/s11104-013-2012-6

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/BF00378292
https://doi.org/10.1105/tpc.107.054676
https://doi.org/10.1105/tpc.107.054676
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1093/jxb/ert477
https://doi.org/10.1093/jxb/ert477
https://doi.org/10.1093/jxb/eri279
https://doi.org/10.4161/psb.27700
https://doi.org/10.1016/j.envexpbot.2016.09.002
https://doi.org/10.1105/tpc.111.083345
https://doi.org/10.1111/j.1365-313X.2005.02399.x
https://doi.org/10.1007/s004420000455
https://doi.org/10.1186/s13068-020-01810-z
https://doi.org/10.1016/j.fcr.2016.02.003
https://doi.org/10.1016/j.fcr.2016.02.003
https://doi.org/10.1128/mSphere.01140-20
https://doi.org/10.1128/mSphere.01140-20
https://doi.org/10.1105/tpc.010410
https://doi.org/10.1016/j.envexpbot.2020.104247
https://doi.org/10.1016/j.molp.2017.07.008
https://doi.org/10.1093/jexbot/53.367.323
https://doi.org/10.1093/jexbot/53.367.323
https://doi.org/10.1007/s00344-007-9016-5
https://doi.org/10.3389/fpls.2018.00516
https://doi.org/10.3389/fpls.2018.00516
https://doi.org/10.1007/s11738-010-0706-4
https://doi.org/10.1007/s004250050344
https://doi.org/10.1104/PP.108.119040
https://doi.org/10.1104/pp.16.00375
https://doi.org/10.1016/j.fcr.2011.10.005
https://doi.org/10.1016/j.fcr.2005.12.008
https://doi.org/10.1093/jxb/ern035
https://doi.org/10.1093/jxb/ern035
https://doi.org/10.1016/j.plantsci.2012.08.003
https://doi.org/10.1111/j.1439-037X.2010.00433.x
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1016/j.plantsci.2017.01.013
https://doi.org/10.1016/j.plantsci.2017.01.013
https://doi.org/10.1016/j.plantsci.2019.110296
https://doi.org/10.1016/j.plantsci.2019.110296
https://doi.org/10.1111/tpj.15296
https://doi.org/10.1111/tpj.15296
https://doi.org/10.1080/07352689.2011.616065
https://doi.org/10.1104/pp.106.079293
https://doi.org/10.1111/j.1438-8677.2008.00114.x
https://doi.org/10.1111/j.1365-3040.2003.01158.x
https://doi.org/10.3724/SP.J.1142.2010.40521
https://doi.org/10.3724/SP.J.1142.2010.40521
https://doi.org/10.1007/s11104-013-2012-6


Zhu et al. Low Nitrogen Delayed Root Senescence

Frontiers in Plant Science | www.frontiersin.org 18 October 2021 | Volume 12 | Article 748715

Hendrick, R. L., and Pregitzer, K. S. (1992). The demography of fine roots in 
a Northern hardwood forest. Ecology 73, 1094–1104. doi: 10.2307/1940183

Hirel, B., Gouis, J. L., Ney, B., and Gallais, A. (2007). The challenge of improving 
nitrogen use efficiency in crop plants: towards a more central role for 
genetic variability and quantitative genetics within integrated approaches. J. 
Exp. Bot. 58, 2369–2387. doi: 10.1093/jxb/erm097

Janssens, I. A., Sampson, D. A., Curiel-Yuste, J., Carrara, A., and Ceulemans, R. 
(2002). The carbon cost of fine root turnover in a scots pine forest. For. 
Ecol. Manag. 168, 231–240. doi: 10.1016/S0378-1127(01)00755-1

Jiang, Y., Liang, G., Yang, S., and Yu, D. (2014). Arabidopsis WRKY57 functions 
as a node of convergence for jasmonic acid- and auxin-mediated signaling 
in jasmonic acid-induced leaf senescence. Plant Cell 26, 230–245. doi: 10.1105/
tpc.113.117838

Jibran, R., Hunter, D., and Dijkwel, P. (2013). Hormonal regulation of leaf 
senescence through integration of developmental and stress signals. Plant 
Mol. Biol. 82, 547–561. doi: 10.1007/s11103-013-0043-2

Jin, H. K., Woo, H. R., Kim, J., Lim, P. O., Lee, I. C., Choi, S. H., et al. 
(2009). Trifurcate feed-forward regulation of age-dependent cell death involving 
miR164 in Arabidopsis. Science 323, 1053–1057. doi: 10.1126/science.1166386

Jukanti, A. K., Heidlebaugh, N. M., Parrott, D. L., Fischer, I. A., and Fischer, M. 
(2008). Comparative transcriptome profiling of near-isogenic barley (Hordeum 
vulgare) lines differing in the allelic state of a major grain protein content 
locus identifies genes with possible roles in leaf senescence and nitrogen 
reallocation. New Phytol. 177, 333–349. doi: 10.2307/4627269

Kamh, M., Wiesler, F., Ulas, A., and Horst, W. J. (2005). Root growth and 
N-uptake activity of oilseed rape (Brassica napus L.) cultivars differing in 
nitrogen efficiency. J. Plant Nutr. Soil Sci. 168, 130–137. doi: 10.1002/
jpln.200421453

Kappers, I. F., Jordi, W., Maas, F. M., Stoopen, G. M., and Van, D. (2010). 
Gibberellin and phytochrome control senescence in alstroemeria 
leaves independently. Physiol. Plant. 103, 91–98. doi: 10.1034/ 
j.1399-3054.1998.1030111.x

Khan, M., Rozhon, W., and Poppenberger, B. (2013). The role of hormones 
in the aging of plants—a mini-review. Gerontology 82, 547–561. doi: 10.1007/
s11103-013-0043-2

Kitonyo, O. M., Sadras, V. O., Yi, Z., and Denton, M. D. (2018). Nitrogen 
supply and sink demand modulate the patterns of leaf senescence in maize. 
Field Crop Res. 225, 92–103. doi: 10.1016/j.fcr.2018.05.015

Koeslin-Findeklee, F., Rizi, V. S., Becker, M. A., Parra-Londono, S., Arif, M., 
Balazadeh, S., et al. (2015). Transcriptomic analysis of nitrogen starvation- 
and cultivar-specific leaf senescence in winter oilseed rape (Brassica napus 
L.). Plant Sci. 233, 174–185. doi: 10.1016/j.plantsci.2014.11.018

Kong, X., Luo, Z., Dong, H., Eneji, A. E., Li, W., Lu, H., et al. (2013a). Gene 
expression profiles deciphering leaf senescence variation between early- and 
late-senescence cotton lines. PLoS One 8:e69847. doi: 10.1371/journal.
pone.0069847

Kong, L., Si, J., Sun, M., Feng, B., Zhang, B., Li, S., et al. (2013b). Deep roots 
are pivotal for regulating post-anthesis leaf senescence in wheat (Triticum 
aestivum L.). J. Agron. Crop Sci. 199, 209–216. doi: 10.1111/jac.12007

Levey, S., and Wingler, A. (2005). Natural variation in the regulation of leaf 
senescence and relation to other traits in Arabidopsis. Plant Cell Environ. 
28, 223–231. doi: 10.1111/j.1365-3040.2004.01266.x

Li, N., Bo, C., Zhang, Y., and Wang, L. (2021). PIF4 and PIF5 proteins promote 
heat stress induced leaf senescence in Arabidopsis. J. Exp. Bot. 72, 4577–4589. 
doi: 10.1093/jxb/erab158

Lim, P. O., Kim, H. J., and Gil, N. H. (2007). Leaf senescence. Annu. Rev. 
Plant Biol. 58, 115–136. doi: 10.1146/annurev.arplant.57.032905.105316

Lynch, J. P. (2007). Roots of the second green revolution. Aust. J. Bot. 21, 
1006–1022. doi: 10.1016/S0264-410X(02)00552-2

Ma, Z., He, S., Wang, X., Sun, J., Zhang, Y., Zhang, G., et al. (2018). Resequencing 
a core collection of upland cotton identifies genomic variation and loci 
influencing fiber quality and yield. Nat. Genet. 50, 803–813. doi: 10.1038/
s41588-018-0119-7

Ma, W. Y., Li, J. J., Qu, B. Y., He, X., Zhao, X. Q., Li, B., et al. (2014). Auxin 
biosynthetic gene TAR2 is involved in low nitrogen-mediated reprogramming 
of root architecture in Arabidopsis. Plant J. 78, 70–79. doi: 10.1111/tpj. 
12448

Masclaux, C., Valadier, M. H., Brugière, N., and Hirel, M. G. (2000). 
Characterization of the sink/source transition in tobacco (Nicotiana tabacum 

L.) shoots in relation to nitrogen management and leaf senescence. Planta 
211, 510–518. doi: 10.1007/s004250000310

Miao, Y., Laun, T. M., Smykowski, A., and Zentgraf, U. (2007). Arabidopsis 
MEKK1 can take a short cut: it can directly interact with senescence-related 
WRKY53 transcription factor on the protein level and can bind to its 
promoter. Plant Mol. Biol. 65, 63–76. doi: 10.1007/s11103-007-9198-z

Miao, Y., Laun, T. M., Zimmermann, P., and Zentgraf, U. (2004). Targets of 
the WRKY53 transcription factor and its role during leaf senescence in 
Arabidopsis. Plant Mol. Biol. 55, 853–867. doi: 10.1007/s11103-004-2142-6

Mittler, R., Vanderauwera, S., Gollery, M., and Breusegem, F. V. (2004). Reactive 
oxygen gene network of plants. Trends Plant Sci. 9, 490–498. doi: 10.1016/j.
tplants.2004.08.009

Noh, Y. S., and Amasino, R. M. (1999). Identification of a promoter region 
responsible for the senescence-specific expression of SAG12. Plant Mol. Biol. 
41, 181–194. doi: 10.1023/A:1006342412688

Noodén, L. D., Guiamét, J. J., and John, I. (2010). Senescence mechanisms. 
Physiol. Plant. 101, 746–753. doi: 10.1111/j.1399-3054.1997.tb01059.x

Park, S. H., Jeong, J. S., Seo, J. S., Park, B. S., and Chua, N. H. (2019). 
Arabidopsis ubiquitin-specific proteases UBP12 and UBP13 shape ORE1 levels 
during leaf senescence induced by nitrogen deficiency. New Phytol. 223, 
1447–1460. doi: 10.1111/nph.15879

Pourtau, N., Jennings, R., Pelzer, E., Pallas, J., and Wingler, A. (2006). Effect 
of sugar-induced senescence on gene expression and implications for the 
regulation of senescence in Arabidopsis. Planta 224, 556–568. doi: 10.1007/
s00425-006-0243-y

Rachmilevitch, S., Lambers, H., and Huang, B. (2006). Root respiratory 
characteristics associated with plant adaptation to high soil temperature for 
geothermal and turf-type Agrostis species. J. Exp. Bot. 57, 623–631. doi: 
10.1093/jxb/erj047

Read, J. J., Reddy, K. R., and Jenkins, J. N. (2006). Yield and fiber quality of 
upland cotton as influenced by nitrogen and potassium nutrition. Eur. J. 
Agron. 24, 282–290. doi: 10.1016/j.eja.2005.10.004

Richmond, A. E., and Lang, A. (1957). Effect of kinetin on protein content 
and survival of detached Xanthium leaves. Science 125, 650–651. doi: 10.1126/
science.125.3249.650-a

Río, L., Pastori, G. M., Palma, J. M., Sandalio, L., Sevilla, M. F., Corpas, F. J., 
et  al.  (1998). The activated oxygen role of peroxisomes in senescence. 
Plant Physiol. 116, 1195–1200. doi: 10.1104/pp.116.4.1195

Rossato, L., MacDuff, J. H., Laine, P., Le Deunff, E., and Ourry, A. (2002). 
Nitrogen storage and remobilization in Brassica napus L. during the growth 
cycle: effects of methyl jasmonate on nitrate uptake, senescence, growth, 
and VSP accumulation. J. Exp. Bot. 53, 1131–1141. doi: 10.1093/
jexbot/53.371.1131

Saeid, N., Karl, M., Rebecca, A., Elizabeth, H., Soheila, A., and Vicky, B. 
(2003). Expression of senescence-enhanced genes in response to oxidative 
stress. J. Exp. Bot. 54, 2285–2292. doi: 10.1093/jxb/erg267

Sandrine, R. (2018). Nutrient-related long-distance signals: common players 
and possible cross-talk. Plant Cell Physiol. 59, 1723–1732. doi: 10.1093/pcp/
pcy152

Schoettle, A. W., Fahey, T. J., and Shoettle, A. W. (1994). Foliage and fine 
root longevity of pines. Ecol. Bull. 43, 136–153.

Stefan, H., and Urs, F. (2002). Nitrogen metabolism and remobilization during 
senescence. J. Exp. Bot. 53, 927–937. doi: 10.1093/jexbot/53.370.927

Stoddart, J. L., and Thomas, H. (1982). Leaf senescence. Annu. Rev. Plant 
Physiol. 31, 593–636. doi: 10.1007/978-3-642-68237-7_17

Tang, G. L., Li, X. Y., Lin, L. S., Gu, Z. Y., and Zeng, F. J. (2019). Leaf 
senescence can be  induced by inhibition of root respiration. J. Plant Growth 
Regul. 38, 980–991. doi: 10.1007/s00344-018-09907-4

Tang, G., Li, X., Lin, L., and Guo, H. (2015). Combined effects of girdling 
and leaf removal on fluorescence characteristic of Alhagi sparsifolia leaf 
senescence. Plant Biol. 17, 980–989. doi: 10.1111/plb.12309

Trippi, V. S., Xavier, G., and Alain, P. (1989). Effects of oxidative stress caused 
by oxygen and hydrogen peroxide on energy metabolism and senescence 
in oat leaves. Plant Cell Physiol. 30, 157–162. doi: 10.1093/oxfordjournals.
pcp.a077725

Tschoep, H., Gibon, Y., Carillo, P., Armengaud, P., Szecowka, M., Nunes-Nesi, A., 
et al. (2010). Adjustment of growth and central metabolism to a mild but 
sustained nitrogen-limitation in Arabidopsis. Plant Cell Environ. 32, 300–318. 
doi: 10.1111/j.1365-3040.2008.01921.x

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.2307/1940183
https://doi.org/10.1093/jxb/erm097
https://doi.org/10.1016/S0378-1127(01)00755-1
https://doi.org/10.1105/tpc.113.117838
https://doi.org/10.1105/tpc.113.117838
https://doi.org/10.1007/s11103-013-0043-2
https://doi.org/10.1126/science.1166386
https://doi.org/10.2307/4627269
https://doi.org/10.1002/jpln.200421453
https://doi.org/10.1002/jpln.200421453
https://doi.org/10.1034/j.1399-3054.1998.1030111.x
https://doi.org/10.1034/j.1399-3054.1998.1030111.x
https://doi.org/10.1007/s11103-013-0043-2
https://doi.org/10.1007/s11103-013-0043-2
https://doi.org/10.1016/j.fcr.2018.05.015
https://doi.org/10.1016/j.plantsci.2014.11.018
https://doi.org/10.1371/journal.pone.0069847
https://doi.org/10.1371/journal.pone.0069847
https://doi.org/10.1111/jac.12007
https://doi.org/10.1111/j.1365-3040.2004.01266.x
https://doi.org/10.1093/jxb/erab158
https://doi.org/10.1146/annurev.arplant.57.032905.105316
https://doi.org/10.1016/S0264-410X(02)00552-2
https://doi.org/10.1038/s41588-018-0119-7
https://doi.org/10.1038/s41588-018-0119-7
https://doi.org/10.1111/tpj.12448
https://doi.org/10.1111/tpj.12448
https://doi.org/10.1007/s004250000310
https://doi.org/10.1007/s11103-007-9198-z
https://doi.org/10.1007/s11103-004-2142-6
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1023/A:1006342412688
https://doi.org/10.1111/j.1399-3054.1997.tb01059.x
https://doi.org/10.1111/nph.15879
https://doi.org/10.1007/s00425-006-0243-y
https://doi.org/10.1007/s00425-006-0243-y
https://doi.org/10.1093/jxb/erj047
https://doi.org/10.1016/j.eja.2005.10.004
https://doi.org/10.1126/science.125.3249.650-a
https://doi.org/10.1126/science.125.3249.650-a
https://doi.org/10.1104/pp.116.4.1195
https://doi.org/10.1093/jexbot/53.371.1131
https://doi.org/10.1093/jexbot/53.371.1131
https://doi.org/10.1093/jxb/erg267
https://doi.org/10.1093/pcp/pcy152
https://doi.org/10.1093/pcp/pcy152
https://doi.org/10.1093/jexbot/53.370.927
https://doi.org/10.1007/978-3-642-68237-7_17
https://doi.org/10.1007/s00344-018-09907-4
https://doi.org/10.1111/plb.12309
https://doi.org/10.1093/oxfordjournals.pcp.a077725
https://doi.org/10.1093/oxfordjournals.pcp.a077725
https://doi.org/10.1111/j.1365-3040.2008.01921.x


Zhu et al. Low Nitrogen Delayed Root Senescence

Frontiers in Plant Science | www.frontiersin.org 19 October 2021 | Volume 12 | Article 748715

Urs, F., and Fischer, A. (1994). Nitrogen metabolism in senescing leaves. Crit. 
Rev. Plant Sci. 13, 241–273. doi: 10.1080/07352689409701916

Vanyushin, B. F., Bakeeva, L. E., Zamyatnina, V. A., and Aleksandrushkina, N. I. 
(2004). Apoptosis in plants: specific features of plant apoptotic cells and 
effect of various factors and agents. Int. Rev. Cytol. 233, 135–179. doi: 
10.1016/S0074-7696(04)33004-4

Vicky, B. W. (1997). The molecular biology of leaf senescence. J. Exp. Bot. 48, 
181–199. doi: 10.1093/jxb/48.2.181

Weaver, L. M., Gan, S., Quirino, B., and Amasino, R. M. (1998). A comparison 
of the expression patterns of several senescence-associated genes in response 
to stress and hormone treatment. Plant Mol. Biol. 37, 455–469. doi: 
10.1023/A:1005934428906

Weiler, E. W., Jourdan, P. S., and Conrad, W. (1981). Levels of indole-3-acetic 
acid in intact and decapitated coleoptiles as determined by a specific and 
highly sensitive solid-phase enzyme immunoassay. Planta 153, 561–571. doi: 
10.1007/BF00385542

Woo, H. R., Kim, H. J., Nam, H. G., and Lim, P. O. (2013). Plant leaf senescence 
and death-regulation by multiple layers of control and implications for aging 
in general. J. Cell Sci. 126, 4823–4833. doi: 10.1242/jcs.109116

Wright, P. R. (1999). Premature senescence of cotton (Gossypium hirsutum 
L.)–predominantly a potassium disorder caused by an imbalance of source 
and sink. Plant Soil 211, 231–239. doi: 10.1023/A:1004652728420

Wu, Q., Du, M., Wu, J., Wang, N., Wang, B., Li, F., et al. (2019). Mepiquat 
chloride promotes cotton lateral root formation by modulating plant hormone 
homeostasis. BMC Plant Biol. 19:573. doi: 10.1186/s12870-019-2176-1

Wu, X. Y., Kuai, B. K., Jia, J. Z., and Jing, H. C. (2012). Regulation of leaf 
senescence and crop genetic improvement. J. Integr. Plant Biol. 54, 936–952. 
doi: 10.1111/jipb.12005

Xie, H. T., Wan, Z. Y., Li, S., and Zhang, Y. (2014). Spatiotemporal production 
of reactive oxygen species by NADPH oxidase is critical for tapetal programmed 
cell death and pollen development in Arabidopsis. Plant Cell 26, 2007–2023. 
doi: 10.1105/tpc.114.125427

Yang, X., Li, C., Zhang, Q., Liu, Z., Geng, J., and Zhang, M. (2017). Effects 
of polymer-coated potassium chloride on cotton yield, leaf senescence and 
soil potassium. Field Crop Res. 212, 145–152. doi: 10.1016/j.fcr.2017.07.019

Yang, J. D., Worley, E., Ma, Q., Li, J., Torres-Jerez, I., Li, G. Y., et al. (2016). 
Nitrogen remobilization and conservation, and underlying senescence-
associated gene expression in the perennial switchgrass Panicum virgatum. 
New Phytol. 211, 75–89. doi: 10.1111/nph.13898

Ye, W. (2012). Mechanism of phytohormone involvement in feedback regulation 
of cotton leaf senescence induced by potassium deficiency. J. Exp. Bot. 63, 
5887–5901. doi: 10.1093/jxb/ers238

Ye, Z., Rodriguez, R., Tran, A., Hoang, H., Santos, D., Brown, S., et al. (2000). 
The developmental transition to flowering represses ascorbate peroxidase 
activity and induces enzymatic lipid peroxidation in leaf tissue in Arabidopsis 
thaliana. Plant Sci. 158, 115–127. doi: 10.1016/S0168-9452(00)00316-2

Zakari, S. A., Asad, M., Han, Z., Zhao, Q., and Cheng, F. (2020). Relationship 
of nitrogen deficiency-induced leaf senescence with ROS generation and 
ABA concentration in rice flag leaves. J. Plant Growth Regul. 39, 1503–1517. 
doi: 10.1007/S00344-020-10128-X

Zhang, H. J., Dong, H. Z., Li, W. J., and Zhang, D. M. (2011). Effects of soil 
salinity and plant density on yield and leaf senescence of field-grown cotton. 
J. Agron. Crop Sci. 198, 27–37. doi: 10.1111/j.1439-037x.2011.00481.x

Zhang, Y. J., Song, X. Z., Yang, G. Z., Li, Z. H., Lu, H. Q., Kong, X. Q., et al. 
(2015). Physiological and molecular adjustment of cotton to waterlogging 
at peak-flowering in relation to growth and yield. Field Crop Res. 179, 
164–172. doi: 10.1016/j.fcr.2015.05.001

Zhang, N. N., Zou, H., Lin, X. Y., Pan, Q., Zhang, W. Q., Zhang, J. H., et al. 
(2020). Hydrogen sulfide and rhizobia synergistically regulate nitrogen (N) 
assimilation and remobilization during N deficiency-induced senescence in 
soybean. Plant Cell Environ. 43, 1130–1147. doi: 10.1111/pce.13736

Zhao, Y., Chan, Z., Gao, J., Xing, L., Cao, M., Yu, C., et al. (2016). ABA 
receptor PYL9 promotes drought resistance and leaf senescence. Proc. Natl. 
Acad. Sci. U.S.A. 113, 1949–1954. doi: 10.1073/pnas.1522840113

Zhao, P., Zhang, N., Yin, Z. J., Liu, Y. D., and Shen, F. F. (2013). Analysis of 
differentially expressed genes in response to endogenous cytokinins during 
cotton leaf senescence. Biol. Plant. 57, 425–432. doi: 10.1007/s10535-013-0324-2

Zhao, L. F., Zhang, H. S., Zhang, B. J., Bai, X. J., and Zhou, C. J. (2012). 
Physiological and molecular changes of detached wheat leaves in responding 
to various treatments. J. Integr. Plant Biol. 54, 567–576. doi: 
10.1111/j.1744-7909.2012.01139.x

Zimmermann, P., Heinlein, C., Orendi, G., and Zentgraf, U. (2010). Senescence-
specific regulation of catalases in Arabidopsis thaliana (L.) Heynh. Plant 
Cell Environ. 29, 1049–1060. doi: 10.1111/j.1365-3040.2005.01459.x

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhu, Liu, Sun, Zhang, Zhu, Zhang, Li, Bai, Wang and Li. This 
is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1080/07352689409701916
https://doi.org/10.1016/S0074-7696(04)33004-4
https://doi.org/10.1093/jxb/48.2.181
https://doi.org/10.1023/A:1005934428906
https://doi.org/10.1007/BF00385542
https://doi.org/10.1242/jcs.109116
https://doi.org/10.1023/A:1004652728420
https://doi.org/10.1186/s12870-019-2176-1
https://doi.org/10.1111/jipb.12005
https://doi.org/10.1105/tpc.114.125427
https://doi.org/10.1016/j.fcr.2017.07.019
https://doi.org/10.1111/nph.13898
https://doi.org/10.1093/jxb/ers238
https://doi.org/10.1016/S0168-9452(00)00316-2
https://doi.org/10.1007/S00344-020-10128-X
https://doi.org/10.1111/j.1439-037x.2011.00481.x
https://doi.org/10.1016/j.fcr.2015.05.001
https://doi.org/10.1111/pce.13736
https://doi.org/10.1073/pnas.1522840113
https://doi.org/10.1007/s10535-013-0324-2
https://doi.org/10.1111/j.1744-7909.2012.01139.x
https://doi.org/10.1111/j.1365-3040.2005.01459.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Physiological and Comparative Transcriptomic Analysis Provide Insight Into Cotton ( Gossypium hirsutum L.) Root Senescence in Response
	Introduction
	Materials and Methods
	Plant Material, Growth Conditions, and Nitrogen Treatments
	Measurement of Aboveground Traits
	Measurement of Root Morphological Traits and Nitrogen Content
	Measurement of Root Physiological Traits
	RNA Extraction, Sequencing, and Data Processing
	qRT-PCR Validation
	Data Processing and Statistical Analysis

	Results
	Responses of Aboveground Traits to Nitrogen Stress
	Morphological Responses of Roots to Nitrogen Stress
	Physiological Responses of Roots to Nitrogen Stress
	Identification of Differentially Expressed Genes
	Analyses of Growth-Stage-Specific DEGs
	Co-expression Network Analysis by WGCNA
	Phytohormone-Related Gene Analysis
	ROS Detoxification System Gene Analysis
	Cell Cycle Pathway Analysis
	Carbon and Nitrogen Metabolism Gene Analysis
	Transcription Factor Genes’ Analysis
	Validation of DEGs by qRT-PCR

	Discussion
	Nitrogen Stress Delays Root Senescence
	Low Nitrogen Delayed Root Senescence by Regulating the ROS Detoxification System
	Low Nitrogen Delayed Root Senescence by Modulating Phytohormones
	Low Nitrogen Delayed Root Senescence by Modulating Apoptosis and Cell Cycle Pathway
	Low Nitrogen Delayed Root Senescence by Regulating the Expression of TFs
	The Underlying Pathway of Low Nitrogen Regulates Root Senescence

	Conclusion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

