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ABSTRACT

Nitrogen (N) is one of the basic nutrients and signals for plant development and deficiency of it would always
limit the productions of crops in the field. Quantitative research on expression of N-stress responsive proteins
on a proteome level remains elusive. In order to gain a deep insight into the proteins responding to nitrogen stress
in rapeseed (Brassica napus L.), comparative proteomic analysis was performed to investigate changes of protein
expression profiles from the root, stem and leaf under different N concentrations, respectively. More than 200 dif-
ferential abundance proteins (DAPs) were detected and categorized into groups according to annotations, includ-
ing “binding and catalytic activity”, “involved in primary metabolism and cellular processes”, “stress-response”
and so on. Variation in chlorophyll (Chl) content and antioxidant activities further revealed that oxidative stress
raised with the increase of N concentration. Bioinformatics analysis based on the expression level of total proteins
suggested these DAPs might play important roles in adaptation to N-stress conditions. Generally, these results
provides a new aspect into N-stress responding proteins in Brassica plants.
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1 Introduction

Nitrogen (N) is one of the essential nutrients for plants serving as a constituent of nucleotides and
proteins [1], and more importantly, it also serves as a signal molecule to regulate the metabolism, as well
as the development of plants [2,3]. Improving crop production with less N fertilizer input and high
nitrogen use efficiency (NUE) is a major aim for sustainable agriculture [4—8]. Nitrate in soil is labile,
hard to be maintained and easy to be returned to the environment [1], making biologically available
nitrogen always in short supply in terrestrial ecosystems. With low NUE, nonlegume plants need 20-50 g
N element absorbed by their roots to produce 1 kg dry biomass, and the natural supply of soil N usually
restricts plant yields in most agricultural cropping systems [1,9]. Every year, millions of tons of N
fertilizer are used to ensure agriculture production, which has played an important role in maintaining
high crop yield and decreasing world hunger during the past decades [10]. However, the increasing usage
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amount, on the other hand, has also led to the growing burden to farmers and arisen well-documented energy
and environmental costs [9,11]. Therefore, it is necessary to reduce the N fertilizer usage amount or increase
NUE of crops [12]. Thus, it reveals the molecular mechanisms underlying acclimation and response to N
deficiency is an emerging issue in this field.

Many studies indicate that plants have evolved complicated strategies to adapt themselves to either
short-term or long-term N-deficiency stress [2,3,13]. A large set of genome-wide data is available
regarding the transcriptional and proteome changes induced by N deficiency in Arabidopsis, sorghum or
other plant species [14—18]. Those studies have laid a valid foundation for revealing the molecular
mechanism underlying N deficiency response in plants. As one of the dominant oilseed crops worldwide,
rapeseed (Brassica napus L.) requires high amounts of N element but suffers low use efficiency of it
[19]. Additionally, as a rotation crop, rapeseed is always cultivated in soils with nutrient deficiency
conditions, including N-deficiency. Although protein expression profiles in response to boron (B) or
phosphorus (P) deficiency on proteomic level were reported previously [20,21], there have been seldom
reports about proteomic data under N-stress in rapeseed to date. Therefore, having a deep understanding
of the mechanism for N response is essential to improve its use efficiency.

Comparative proteomic analysis between untreated and stress-treated conditions has been used to
identify major proteins involved in stress responses in rice [22]. Throughout understanding of the cellular
process in rapeseed associated with N-stress conditions it could be revealed based on the analysis of
proteome complement. In this study, we treated rapeseed seedlings under different N concentrations and
then detected proteins from roots, stems and leaves, respectively; followed by DAPs identification and
their functional analysis. Moreover, some basic metabolisms such as carbohydrate metabolism,
photosynthesis processes, enzyme activities and organic acid production were also found regulated by N
stresses. Thus, it provided new insights into the proteome changes of rapeseed response to N stress.

2 Materials and Methods

2.1 Plant Materials and Growth Conditions

Seeds of rapeseed were surface-sterilized for 20 min in 0.5% (w/v) sodium hypochlorite solution and
washed at least three times by distilled water. After that, seeds were germinated on moistened gauze in a
black plastic tray filled with deionized water. Rapeseeds were cultivated as described by Basu et al. [23].

After the emergence of the first true leaf, seedlings were transferred into a modified system consisting of
four different N concentrations respectively: 0%, 10%, 50% and 100% N element relative content compared
with standard MS media (100% N element relative content), where N element was supplied in the form of
ammonium nitrate (NH4NQO3), for 18 days. The MS solution [24] was refreshed once a week. Roots, stems
and leaves from each plant under different treatments were sampled [20] respectively, for further research.
The first two euphylla next to the cotyledon from five seedlings were sampled, respectively. Three
biological repetitions were conducted for each sample.

2.2 Total Protein Extraction

After N treatments, the leaf, stem and root were sampled respectively for protein extraction, according to
the description by Hurkman et al. [25]. Liquid nitrogen was used to grind the samples (1 g each).
Consequently, four volumes of lysis buffer was added to the sample in each centrifuge tube, followed by
sonication for three times on ice. After centrifugation at 12,000 g at 4°C for 10 min, the remaining debris
was removed. Then, the supernatant was collected and the protein concentration was determined by BCA
kit (Meilun Biotechnology, Dalian, China).
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2.3 Tryptic Digestion and TMT Labeling

Protein solution from each sample was treated successively with 5 mmol/L dithiothreitol at 56°C for
30 min and alkylated with 11 mmol/L iodoacetamide at RT in darkness for 15 min. The protein sample
was then diluted by 100 mmol/L triethyl ammonium bicarbonate (TEAB) to make sure urea concentration
<2 mol/L. Digestion was performed by adding trypsin at a 1:50 (trypsin:protein) ratio at 37°C overnight;
then at a 1:100 (trypsin:protein) ratio for another 4 h.

After trypsin digestion, peptide was desalted by Strata X C18 SPE column (Phenomenex, California,
USA) and vacuum-dried. Peptide was reconstituted in 0.5 M TEAB and labeled according to the
instruction for TMT kit (ThermoFisher, Massachusetts, USA).

2.4 HPLC Fractionation, Mass Spectrometry and Database Searching

The tryptic peptides were fractionated into fractions by high pH reverse-phase HPLC using Agilent
300 Extend C18 column as the earlier report [26]. The LC-MS/MS analysis was performed based on a
minor modified description by Cai et al. [27].

The generated data was then processed using Maxquant search engine (v.1.5.2.8), with the same
parameters to Sun et al. [28], and the B. napus protein database (www.brassicadb.org) was used.

2.5 Bioinformatics Analysis

Proteins with at least a two-fold change in expression level between treated sample and control and a
p-value smaller than 0.05 were defined as DAPs. Gene Ontology (GO) annotation proteome was derived
from the UniProt-GOA database (http://www.ebi.ac.uk/GOA/). GO enrichment analysis was performed
with topGO (www.bioconductor.org). For each category, a two-tailed Fisher’s exact test was employed
and a GO term with a p-value < 0.05 was regarded as significantly enriched. Metabolism pathway
annotation and subcellular localization prediction of proteins were employed by Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and WoLFPSORT (http://wolfpsort.org/), respectively.
Unsupervised clustering was performed using the fuzzy c-means algorithm as implemented in the Mfuzz
[29] package in R.

2.6 Chlorophyll Content and Activities of Antioxidant Enzymes

To investigate the effect of N-deficiency stress on rapeseed leaves, the contents of chlorophyll (Chl) and
malonyldialdehyde (MDA), and the enzyme activities of superoxide dismutase (SOD), catalase (CAT) and
peroxidase (POD) were determined. Leaves under NLO.1, NLO.5 and NLI1 treatments were sampled,
respectively. 0.08 g leaves from each sample were collected and then the Chl content was determined
[30,31]. The MDA content was measured with TBA method [32]. Activities of antioxidants enzymes
[33], like SOD [34], POD and CAT [35], were determined according to the instructions of their Kkits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The mean values for the abovementioned
biochemical indexes and standard deviations were calculated from the results of three independent tests.
Significance of differences were compared by Student’s ¢ tests by using Microsoft Excel 2013 at a level
of p-value < 0.05.

3 Results

3.1 Identification of DAPs in Response to N-Stress
To gain a global view of the N-stress responsive proteome in rapeseed, seedlings were treated under four
N concentration conditions. Samples of root, stem and leaf were separately named as NR, NS and NL,
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respectively; while 0%, 10%, 50%, 100% of relative N concentration treatments were assigned as NO, NO.1,
NO.5 and N1, respectively. In N-free condition (NS0), stem failed to be sampled because they were too puny
to be collected.

In all rapeseed samples, the relative concentration of N at 50% was the appropriate concentration for
rapeseed seedlings in our test, whereas either higher or lower N concentration conditions would limit the
development of rapeseed at the two-leaf or five-leaf stage in NO, NO.1 and N1 condition (Figs. 1a and
1b). Therefore, the NO.5 group, including NRO.5, NL0.5 and NS0.5, was selected as control in this study.
For those rapeseed seedlings samples, peptides identification was carried out by the freely available
software Maxquant searching against B. napus protein database. Finally, a total of 14813 proteins were
identified with LC-MS/MS analysis, and 12,452 among them were successfully quantified, including
1,075 proteins which showed significant expression levels between control and the treated samples.
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Figure 1: Morphological and comparative proteomic analyses of roots, stems and leaves of rapeseed
samples under different N concentration conditions. (a) The morphological appearance of rapeseed
seedlings under 0%, 10%, 50% and 100% of N concentration in MS media from left to right (1-4) at
two-leaf stage. (b) The morphological appearance of rapeseed seedlings under 0%, 10%, 50% and 100%
of N concentration in MS media were shown from left to right (1-4) at five-leaf stage. (c) DAPs between
the same tissues at different N concentration conditions and between different tissues at the same N
concentration were identified based on protein expression level

Compared with the control (N0.5), samples in NRO, NRO.1 and NR1 obtained 146, 109 and 64 proteins
increasing their expression abundance, respectively; while 177, 130 and 101 proteins were down-regulated in
the three treatments, respectively (Fig. 1¢). In stem, there are 44 proteins which were up-regulated both in
NSO0.1 and NS1 samples. 50 and 34 proteins were down-regulated separately as a result of NSO.1 and
NSI1 treatments, respectively (Fig. 1c). In leaf, 75, 112 and 57 proteins were up-regulated, while 294,
74 and 52 proteins exhibited a decreasing expression tendency in NLO, NLO.1 and NL1 samples,
respectively (Fig. 1c). In N-free condition, no stem was collected because of the failure of its sampling.
The above results indicated that the NO treatment produced the most DAPs in the leaf, while NO.1 and
N1 treatments generated more DAPs in the root.
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3.2 Functional Analysis of DAPS in the Root

To deeply understand the functions of the identified DAPs in N-stress in roots, we further performed the
Gene Ontology (GO) analysis. Functional classifications were defined using level 2 GO terms. Finally, all of
the proteins were categorized into various groups according to their GO terms. In root, most of those DAPs
were involved in metabolism processes, cellular processes and single-organism processes under different N-
stress conditions. Surprisingly, over 60 proteins related to metabolism were affected in other three N
concentration conditions when compared with NRO.5 as control (Figs. 2a—2f). In addition, proteins with
catalytic activity and binding functions were the most DAPs affected by N-free condition, accounting for
more than 70% of all DAPs.

Due to the fundamental role of N element, plants could adjust the basic metabolism processes in
response to different N concentrations. In order to gain an insight into the cellular processes affected by
N-stress, functional enrichment analysis was performed to identify GO terms, including biological
process (BP), molecular function (MF) and cellular component (CC) ontologies. GO enrichment analysis
of DAPs between NRO and NRO.5 suggested that the photosynthesis process, response to stimulus,
especially for oxidative stress, lipid metabolic process as well as carbohydrate metabolic process were all
affected by N-deficiency condition (Figs. 2g and 2j). Many proteins involved in metabolic process of
carbohydrate, organ nitrogen compound, chitin and amino glycan were all up-regulated in N-deficient
condition while other proteins response to kinds of stress were down-regulated (Figs. 2h and 2k).
Conversely, high-N stress mainly affected the photosynthesis and monosaccharide metabolic processes
(Figs. 2i and 2I), with several proteins carrying electron carrier activity function, and were down-
regulated in their expression level.

3.3 Functional Analysis of DAPs in the Leaf

DAPs identified from leaf tissue were also classified based on their GO analysis (Fig. 3). In
NLO conditions, more than 20 proteins were located in the chloroplast and involved in the photosynthesis
process, and their expression levels were significantly down-regulated, while proteins in the carbohydrate
metabolic process were also down-regulated at the same time (Figs. 3a and 3d). Moreover, generally, in
N-deficient conditions (Figs. 3b and 3e), expression levels of the oxidative stress associated proteins were
significantly up-regulated while proteins in metabolism processes which related to glucose, oxoacid, and
carboxylic acid were markedly down-regulated. Under high-N conditions (Figs. 3c and 3f), some
peroxidases involved in hydrogen peroxide metabolic process and oxidative stress response were induced
by high-N stress, exhibiting an up-regulated expression tendency, and some other peroxidase family
proteins were down-regulated. Apart from that, proteins in glycolytic process were also significantly up-
regulated in high-N stress. GO enrichment analysis of DAPs (Figs. 3g-31) suggested that hydrogen
peroxide metabolic process (GO:0042743) was significantly enriched under high-N conditions with the
increased expression levels of six peroxidase proteins, including AO0A078IQH8, AO0A078CESS,
AO0A078G4Z5, AOA078DYG3, AOA078HM16 and AOAO78C7QS5. Some other peroxidase like proteins
involved in ROS response were down-regulated under N-high conditions, including A0OA078DC38,
AO0AO078F2Y3, AOAO78IWI1 and AOAO78EDRA4. Collectively, these results suggested that the abnormal
N concentration in the environment could trigger the oxidative stress with aberrant hydrogen peroxide
metabolic process, while N-free conditions mainly affected the basic photosynthesis processes in rapeseed
leaves.
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Figure 2: Functional classification and GO enrichment analysis of DAPs in the root of rapeseed. (a, b and c)
functional classification of up-regulated proteins in NRO, NRO.1 and NRI1, respectively; (d, e and f)
functional classification of down-regulated proteins under the three treatments, respectively; (g, h and 1)
GO enrichment analysis of up-regulated proteins in NRO, NRO.1 and NR1, respectively; (j, k and 1) GO
enrichment analysis of down-regulated proteins under the three treatments, respectively. NR0O.5 was used
as control, and GO terms with p-value < 0.05 were identified as significantly enriched



Phyton, 2023, vol.92, no.3

(a) (b)

anism
Q

response to

stimulus, 5%
biological

regulation, 4%

reproduction, 3%

localization, 3%

multi-organism
process, 3%

\

other, 3%

(d) ©

localization, 7%
biological
regulation, 4%

response to
stimulus, 3%

other, 1%

(€9)

-log10(Fisher' exact test p value)
0051 15 2 25 3

chromatin

S chromosomal part _— .37
non-membrane-bounded organelle |- —— 2.28
intracellular non-membrane-bounded organelle - 2.28
chromosome | I—— 2.03
E protein heterodimerization activit 71
protein dimerization activity 1.6
o sexual reproduction 1.57
=) oxidation-reduction process 132
multi-organism reproductive process 131

®

-log10(Fisher' exact test p value)
5 1 15 2 2. 35 4 45

intracellular membrane-bounded organelle 2.58

o
=}
N
[
w
e}

©

response to
stimulus, 7%

biological
regulation, 4%

localization, 3%

other, 1%

®

biological
regulation, 4%

cellular component

\ organization or

biogenesis, 3%
Tesponse to

stimulus, 2%

(h)

localization, 2%

651

response to
stimulus, 10%

cellular component
organization or
biogenesis, 6%

biological
regulation, 6%

localization, 3%
other, 1%

<)

other, 2%

response to
stimulus, 10%

localization, 3%

-log10(Fisher' exact test p value)
05 1 15 2 25 3 35 4

protein heterodimerization activit
hydrolase activity, acting on gl

w rotein dimerization activit

S hydrolase activity, hydrolyzing O-gl!

__peroxidase activity | 1

nucleic acid binding — 1.

oxidoreductase activity, acting on peroxide as acceptor |—— 1
DNA packaging complex
nucleosome
protein-DNA complex

Q
o

n-membrane-bounded organelle
—intracellular non-membrane-bounded organelle |

chromatin

chromosomal part .
chromosome 3.14
nol 2.28
intracellular non-membrane-bounded organelle 2.28

response to oxidative stress | IEEEE———— 1.83

a
o

hydrogen peroxide metabolic process |IE—— ) 1.61
hydrogen peroxide catabolic process |mum—m————n 1.61

reactive oxygen species metabolic process |EE——1.38

()

0

photosynthetic membrane # 13.31

-log10(Fisher' exact test p value)

5 10 15 20 25 30 35

45

id_ —
membrane-bounded organelle I 2.49 thyi tkh .:fkmd —— gg}
S organellc —2.09 —thviawidport EE— 1331
intracellular organelle G——— 2.09 ] —}t)to_os‘{%_ 1172
endoplasmic reticulum _j—1.59 Wp_o_osw :
peroxidase activity 3.74 _____thylakoid membrane j——11.59
oxidoreductase activity, acting on peroxide as acceptor 3.69
E antioxidant activity EEEG——— 3.35
heme binding | n—— 3.2 -
tetrapyrrole binding _ EEG——— 3.15 e IPIG DINAING p
oxidoreductase activity |mmm— 1.37 —__calcium ion binding e 3.88
hydrogen peroxide metabolic process 4.56 5 ____o)_(ldﬂ@_qgt__a_ge_qc_t‘l_\l}_ty_ 291
hydrogen peroxide catabolic process 456 = —metalion binding_mm 2.71
reactive oxygen species metabolic process 4.14 . wi .53
response to oxidative stress 3.76 protein disulfide oxidoreductase activity .
& catabolic process | IE——— 2.1 antioxidant activity .26
response to stress | — 2.19 _ photosynthesis 30.81
cellular catabolic process 212 _lipid transport e 5.35
m:l- 85 Tipid localization s 5.19
oxidation-reduction process 1.51 single-organism transport W 2.65
single-organism localization [ 2.65
hotosynthesis, light reaction 2.43
~ cell redox homeostasis 2.4
(k) @  generation of precursor metall)lollite?]and ener; 2.24
" cellular homeostasis 212
-log10(Fisher' exact test p value) carbohydrate metabolic 2.08
0 05 1 15 2.5 disaccharide metabolic 2.07
— ﬁ_l oligosaccharide metabolic 2.03
. carbohydrate binding 2.05 homeostatic 2.01
’ pephhddase reghugator activity —— %.g% urine nucleoside triphosphate biosynthetic 1.93
endopeptidase inhibitor activity | EE———— 1. .
w peptidase inhibitor activity 1.62 (l) -log10(Fisher' exact test p value)
s endopeptidase regulator activity 1.62 0. 1 . 2 25
aspartate kinase activity |—— 1.49 - —
glucose binding _——1.12 : Jp— peroxidase activity 18
“hexokinase activity —— 1 42 If)udoreductase activity, @g(m%_%ag@eé&_l 17252
carboxylic acid metabolic process — 1.2 s eme pincing :
oxoacid metabolic process 1.79 t:—:ﬁg’—-—m g'cnf\;ns 1 16; 1
organic acid metabolic process . 1.78 response to stress a 234
a B ___ response tostress | .
@ small molecule metabolic process 1.41 response to oxidative stress 1.88
cor S Pomeotae s ¥ ; ikl ool s I
I - response to stimulus .
carbohydrate homeostasis 14 hydrogen peroxide metabolic process I ————— 1.34
hydrogen peroxide catabolic process |- ———— 1.34

Figure 3: Functional classification and GO enrichment analysis of DAPs in the leaf of rapeseed. (a, b and c)
functional classification of up-regulated proteins in NLO, NLO.1 and NL1, respectively; (d, e and f) functional
classification of down-regulated proteins under the three treatments, respectively; (g, h and i) GO enrichment
analysis of up-regulated proteins in NLO, NLO.1 and NLI1, respectively; (j, k and ) GO enrichment analysis
of down-regulated proteins under the three treatments, respectively. NLO.5 was used as control, and GO
terms with p-value < 0.05 were identified as significantly enriched
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3.4 Functional Analysis of DAPs in the Stem

In stem tissue, only samples cultivated in MS medium with 10%, 50% and 100% of N concentrations,
i.e., NS0.1, NSO0.5 and NS1, were collected because of the failure of stem tissue collection from the rapeseed
seedling in N-free (NS0) samples. Comparing with control (NS0.5), less than 100 DAPs were obtained in the
treatment of N-deficiency (Figs. 4a and 4c) or high-N (Figs. 4b and 4d). Under N-deficient conditions,
besides the four common biological processes, single-organism process, metabolic process, localization
and cellular process, proteins involved in response to stimulus, such as peroxidase proteins
(AOAO078IZ52 and AOAO078IQHS) and ras-like protein (AOA078JCX4), were also up-regulated after the
N-deficient treatment. GO enrichment analysis (Figs. 4e—4h) suggested that processes involved in
carbohydrate metabolism and other metabolic processes were also inhibited under N-deficient conditions.
Under high-N conditions, some proteins (AOA078JFZ1, AO0A078D829 and AOA078DYG3) that
associated with oxidative stress were significantly influenced, while the proteins involved in oxoacid
metabolic and organic acid metabolic were down-regulated.
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Figure 4: Functional classification and GO enrichment analysis of DAPs in the stem of rapeseed. (a and b)
functional classification of up-regulated proteins in NS0.1 and NSI1, respectively; (¢ and d) functional
classification of down-regulated proteins under the two treatments, respectively; (e and f) GO enrichment
analysis of up-regulated proteins in NS0.1 and NS1, respectively; (g and h) GO enrichment analysis of
down-regulated proteins under the two treatments, respectively. NS0.5 was used as control, and GO terms
with p-value < 0.05 were identified as significantly enriched
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3.5 Expression Profiling Analysis

As described above, a large majority of DAPs were identified based on different tissues and various N
concentration treatments (Table 1). To gain a deeper insight into the expression profiles of these DAPs,
cluster analysis was performed by using the unsupervised clustering method. Multiple repeats of the
expression level of each protein were used to calculate the average value, and those proteins with
minor expression level variation among various treatments in the root were filtered out. According to
their expression trend under different treatments, in particular, NRO, NRO.1, NR0.5 and NR1, these DAPs
were clustered into six clusters (Fig. 5). For instance, the 851 proteins which represented the lowest
expression level under NO, and had their expression level raised with the increase of N contestation, then
had their expression level peaking at N1, were sorted into Cluster 5 (Fig. 5e). In general, significant more
proteins were clustered into the glycolytic process and oxidative stress group under different N-
concentration conditions (Fig. 5). In addition, more than 100 proteins involved in oxidation-reduction
process significantly increased their expressions in roots. Since N is one of the essential nutrients for
plants development, it is not rare that the expression levels of many RNA, nucleoside, cellular
carbohydrate and sucrose biosynthesis and other primary metabolism processes related proteins were up-
regulated under N-stress conditions in both root and leaf tissues. Interestingly, from the clusters of high N
concentrations, significant more DAPs were enriched into protein translation process, glycolysis process,
oxidative stress process etc., and these suggested that higher N concentrations might enhance the protein
translation process and glycolysis process. At the same time, it also caused serious oxidative stress to
rapeseed and limited the photosynthesis capacity, due to a large amount of down-regulated proteins
involved in the photosynthesis process. The same to the higher N concentration, Cluster 1 and 2 indicated
that low N conditions facilitated protein folding and refolding processes since Cluster 3 represented
proteins involved in the tricarboxylic acid cycle and other kinds of primary biosynthesis and metabolic
processes. The DAPs enriched in this cluster all exhibited an up-regulated expression tendency. In leaves,
some photosynthesis related proteins, such as the PSBO1 (BnaA10g28000D), were found induced by the
N-stress, since some previous studies confirmed that PSBO1 was a critical protein for stabilizing the
manganese cluster in the photosynthesis process. In addition, under N stress, some chromatin and
nucleosome assembly associated proteins and also some proteins involved in sexual reproduction were
induced. However, in stem tissue, N-stress mainly influenced the expression levels of translation,
transporter, photosynthesis and primary metabolic process-related proteins.

3.6 ROS Stress in the Leaf of Rapeseed

Based on the results obtained above, the photosynthesis process, oxidative stress and hydrogen peroxide
metabolic process of rapeseed were significantly affected by the N-stress. To further ascertain these changes
resulting from the different N concentrations, the contents of protein in leaves, chlorophylls (chl a, chl b and
total chl), CAT, SOD, POD and MDA were analyzed. Our results indicated that both NO.1 and N1 could
restrain the protein biosynthesis when compared with the control (N0.5). The chlorophyll (chlorophyll a,
chlorophyll b and total chlorophyll) contents analyses showed that they were increased with the increase
of N concentrations, and these suggested that the N content positively regulated the synthesis of
chlorophylls (Table 2). Interestingly, despite the minor modifications of the POD and MDA contents
under N1 condition compared with NO.5, we found that both low and high N concentrations could induce
the oxidative stress response of rapeseed. This resulted in that the contents of CAT, SOD, POD and MDA
significantly increased under NO.1 condition, and CAT and SOD significantly increased under N1
(Table 3), and these results were consistent with reality.
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Table 1: Summary of DAPs from different root, stem and leaf under N-deficiency and N-excess treatments

Up/down Tissue N deficiency

N excess

Up-
regulated

Root

AO0A078H2C2, AOAO078H752,
A0A078J6D0, AOA078J902,
AOAO078E3T7

AO0A078DDZ0, AOAO78F768, AOAO78EF82, AOAO78ISDS,
A0A078JBG2, AOAO78EAKS, AOA078GSP3, AOA078D2R9,
AOAO078FA32, AOAO78HV12, AOAO78FU54,
A0A078BWB3, AOA078CLGS, AOAO78D3ES,
AO0A078GX94, AOA0O78H4N9, AOA078DI76, AOAO78ILVS,
AO0A078HXQ3, AOAO78ITD6, AOA078CVP2,
A0A078EGZ0, AOAO78ES97, AOA078J7M7, AOAO78HVPO,
A0A078GQ84, AOAO78HIF4, AOA078]785, AOAO78I0V1,
AO0A078JHYO0, AOA0O78HU21, AOA078CTQI,
A0A078D0B4, AOA078HCV6, AOAO78CR59, AOAO78E3F9,
AOA078IDVS5, AOA078J902, AOAO78EKV7, AOAO78HXV1,
AO0A0781263, AOA0O78GB75, AOA078GSS0, AOAO078F4Q8,
AOA078DUNS, AOA078HZV6, AOAO78F6S6,
A0A078D4M6, AOA078JZM9, AOAO78HBRO,
AO0AO078IKT4, AOA078GC16, AOA0781G72, AOAO78ERHS,
AO0A078DP99, AOAO78EAG3, AOA078GQ95, AOAO78H752,
AO0AO078JFR2, AOAO78IGH2, AOAO78H1R4,
A0A078GMU3, AOA078H2C2, AOA078CAI7

Stem

AOQA078JW50, AOAO78FCML,
A0A078J4Z5, AOAO78FNYO,
A0A078JJB9, AOA078CUP3,
AO0A078DAQS, AOAO78H2C2,
AO0A078GCN9, AOA078IQQO0,
AOA078CLB6, AOAO78EWSS,
AO0A078CBH6, AOAO78IKT4,
A0A078H752, AOA078GU87,
AOAO078FB75, AOA078CW34,
A0A078J624, AOA078ISZO0,
AOAO078HN33, AOAO78JAVS,
A0A078J0B7, AOA078IGPO,
A0A078J6D0, AOAO78FOBS,
AO0AO078IQHS, AOA078CU21,
A0A078J902, AOAO78E3T7,
AO0A078JZB1, AOA078BU25,
AOAO078JTE2, AOA078D831,
AOAOQ78IFF7, AOA078CMW4,
AO0A078FKBS8, AOA078HEOS,
AOAO078ES15, AOA078G0C3,
AO0A078JCX4, AOA0O78HRM3,
AO0A0781Z52, AOA0O78HCQ8

AOAOQ78EIS2, AOA078D4S4, AOAO78IW15, AOAO78FLDO9,
AO0AO078IQE7, AOAO78CWV1, AOA078H752, AOAO78E1P2,
AOAO078EWEO, TISRR1, AOA078HO6W 1, AOA078]344,
A0A078D0Z9, AOAO78FX05, AOAO78JFHS, AOAO78ES86,
AO0A078F4Q8, AOA078GX90, AOA078J9VSE, AOAO78FQDO,
AO0A078JZM9, AOA078DD40, AOAO78H7D9, A0OA078J902,
A0AO0781784, AOA078GU91, AOAO78FNYO0, AOAO78EWSS,
AO0A078HN30, AOAO78H5H9, AOA078D829, AOAO78JFZ1,
AO0A078GC16, AOAO78CKB1, AOA078H3S0, AOA078IKT4,
AO0AO078F3P0, AOA0O78CW34, AOA078D0B4,
A0A078DYG3, AOA0O78H8QO, AOA078H2C2,
AOA078HLYO0, AOAO78CAI7

(Continued)
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Table 1 (continued)

Up/down Tissue N deficiency N excess

AO0A078CBH6, AOAO78JTE2, AO0A078HMI16, AOAO78JTHG6, AOA078G4ZS, AOAO78JFX9,
AOAO078FI39, AOA078HIO9,  AO0A078E4MO0, AOAO78E0TO0, AOA078DD79, AOA078D0Z9,
AO0A078DAQS, AOA078JZB1, AO0A078J1Z0, AOA078D6Q8, AOA078DI76, AOA0O78DM76,
AOAO078I9R1, AOAO78JHG6, AO0A078FCW6, AOAO78HDH3, AOA078ISZ0,
A0A078J0B7, AOAO78H7DY9, AO0A078E9DO0, AOAO78FX05, AOAO78HAT9, AOAO78F5MS,
A0AO0781083, AOAO78FNYO0, AO0A078HCG2, A0OA0781J41, AOA078G3K2, AOAO78DVLES,
AOAO078FTP1, AOAO78F776, AOA078H8VSE, AOA078DXZ1, AOA078J9]8, AOA078GTX9,
AO0A078G2S9, AOAO78CYM4 AO0AO0781JK1, AOAO78EIS2, AOA0O78HLJ2, AOAO78CKBI,
A0A078HW44, AOAO78I9R1, AOAO78EAGS3,
AOAO078HN1S5, AOA0781G72, AOA078IR26, AOA078GX74,
A0A078HV35, AOAO78CESS8, AOA078CIK6, AOAO78GNIJ7,
A0A078CD81, AOA078C3H6, AOAO78FA43, AOA078I8CS,
AO0A078DYG3, AOA078H4Z3, AOA078FQDO,
AOA078DWY2, AOAO78CXA7, AOAO78H7DO9,
AO0A078C7Q5, AOAO78E586, AOAO78HLYO0, AOAO78IQHS,
A0A078CAI7

A0A078HH74, AOA078GLF6, AO0A078CXA7, AOAO78FUK6, AOA078I8CSE, AOAO78F1A3,

A0A078K038, AOA0O78E4C7, F8SPGO, AOA078GQA6, AOAO78BXN2, AOAO78C3H6,

AOAO078HTSS5, AOAO78HFRO, AO0A078CX90, AOAO78HTAS, AOA078DQ41,

AO0A078J7K4, AOAO78FRF3, AOA078BXAS8, AOAO78INR3, AOAO78E9IS, AOAO78FA6I,

AOA078G2P1, AOAO78ES77  AO0A078HV35, AOAO78EHL4, AOA078GP82, AOA0781427,
AO0AO078IC76, AOAO78HTSS, AOAO78JPM1, AOAO78JEKS,
AO0A078G355, AOA078BUC2, AOA078JPL2, AOAO078G3T]I,
AO0AO078CIES, AOA078CQS6, AOA078CU21, AOAO78EIWY,
AO0A078GWX8, D1L8QS5, AOAO78F0S8, AOAO78EYI7,
AOAO078E382, AOAO78FKS57, AOAO78HRZ2, AOAO78E3MY,
AOA078GUTS, AOAO78C9H1, AOAO78DSFS, AOAO78ELA4S,
AO0A078HOR6, AOA078D197, AOAO78FV38, AOA078F4A0,
AO0AO078HBB1, AOAO78JRES, AOAO78HKY6,

Root AO0A078DAMO, AOAO78CTWS5, AOAO78IBN4,

AOA078BVHY9, AOAO078FA16, AOA078C335, AOAO78FRY4,
A0A078J564, AOA078DDHS5, AOA07810B6, AOA078DJHS,
A0A078JMKO, AOA078D660, AOA078BTL6, AOA078CY 15,
A0A078J3S0, AOA0O78HDS3, AOAO78FC13, AOAO78JW135,
AO0A078CC83, AOAO78IIX1, AOA078IX79, AOAO78E317,
AO0AO078CNX8, AOA078GARY9, AOAO78EWED,
AO0A078DY92, AOAO78EB95, AOA07812K9, AOA078GXV7,
AO0AOQ78I113, AOA0781433, AOAO78IHT2, AOAO78I8C4,
I7DDY9, AOA078DV43, AOA078GX98, AOAO78HK?20,
AO0A078GGI1, AOAO78JFCS8, AOAO78HTYS5, AOA078DZ35,
AO0A078BZY8, AOA078DV07, AOAO78DB47,
AOAO078GNY7, AOAO78HFQS, AOA078JXS4,
AOAO078GEW2, AOAO78HSN4, AOA078IZK1

Leaf

(Continued)
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Table 1 (continued)

Up/down Tissue N deficiency

N excess

AO0A078CEAS, Q42386,
AO0AO078DIN3, AOA078HV35,
AO0A078JP31, AOAO78FUIO,
AO0A078HMH2,
A0A078EU97, AOA078HH74,
A0A078CAKO, AOA078D821,
AO0A078CIVS, AOAO078GFI9,
AO0A078GBK6, AOAO78GLF6,
A0A078JRR6, AOAO78FRAO,
AOA078DEWY, AOA078K038,
A0A078GDJ9, AOA078H2Z4,
A0A078F572, AOA078CI9Ke6,
AO0AO078IWY9, AOA078JD19,
Stem AO0A078E4C7, AOAO78H1B6,
AOAO078EWPO,
A0A078HYD7, AOAO78CPB3,
AO0A078CTMS5, AOAO78HTSS,
AOAO078HFRO, AOA078J7K4,

AOAO78FAMS4,
AOAO078HLA3, AOA078JQI5,

Down- AOAO7SEWN3,

regulated AOA078EDEO, AOA07SF710,

AO0AO078CJN2, AOAO78FREF3,
AO0A078DPS3, AOA078CTO8,
AO0A078E9W6, Q43392,
AO0A078JQH4, AOA078J0L4,
A0A078G2P1, AOAO78ES77

G1EIM2, AOA078C3H6, F8SPGO, AOA078HH28,
AO0A078HK20, AOAO78EJG4, AOAO78JEKS, AOAO78HTYS,
AOAO078HTS85, AOA078CI9K6, AOAO78CF19, AOAO78ESYO,
A0A078G963, AOA078I8C4, AOAO78CQSS, AOAO78HMKI,
AO0A078C7WS5, AOAO78HV35, AOA0781JS3, AOAO78C6AS,
AO0AOQ78I8C8, AOA0781250, AOAO78IA81, AOA0781J50,
AO0A078CRC2, AOAO78DVLI1, AOA078DY92,
AO0AO078HRZ2, AOA078DV43, AOAO78CTMS5, AOAO78I3H]I,
A0A078D803, AOA078JDL6, AOAO78EL76

AOAQ078E8P8, AOA078BWO1,
AO0AO078FMH7, AOA078CTOS,
AO0A078CPB3, AOA078ICUY,
AOAO078IWHY, AOAO78E6UO,
AO0AO078F8I0, AOA078I5B6,

A0A078G2P1, AOAO78C1DG6,
AO0AO078GUKI1, AOA078J7K4,
AOAO078ES77, AOAO78DINS3,
A0A078GUS87, AOA078HIDS,
AOA078FBV1, AOA078GQS2

Leaf

AO0AO0781JS3, AOA078CIMS5, AOAO78E5YO0, AOAO78FK32,
AO0A078BTL6, AOA078G280, AOAO78HC25, AOA078DC38,
AO0A078F4V4, AOA0O78IBUI, AOA078GSP3, AOA078C5V6,
AOAO078EL37, AOA078GT29, AOAO78EYX7, AOA078JIG3,
AO0A078E3M2, AOA0O78HV12, AOAO78EZQS,
AOAO078HTYS, AOAO78FAM4, AOA078F2Y3,
AO0AO078CF19, AOA078C1D6, AOA078H2C2, AOAO78IA&I,
AO0AO078CND1, AOA078I5B6, AOAO78C6AS,
A0A078GBX7, AOA078IG50, AOAO78INF7, AOAO78I8C4,
AOAO078FLD9Y, Q42625, AOA078IC76, AOA078GKBO,
A0A078CUS52, AOA078C253, AOAO78IR76, AOAO78I7K4,
AO0AO078GRY2, AOAO78FEK1, AOAO78HWPO,
AOAO078EDR4, AOA078J1J0, AOA078J257, AOAO78F366,
AO0A078GGZ1, AOA078IWI1, AOA078F9V9, AOAO7S8EWEOQ

Note: N-deficiency stood for NO and NO.1. The DAPs in this category were those which expressed differentially to NO.5 in both NO and NO.1. For the
stem, only DAPs under NO.1 treatment in stem (NS0.1) were identified, because the samples were not collected. N-excess treatment stood for

N1 treatment.
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Figure 5: Dynamic characterization of proteins in rapeseed root. Cluster analysises of regulated proteins
were carried out according to their expression profiles

Table 2: Content of chlorophyll in leaves under NLO.1, NLO.5 and NL1 treatments. In each column, different
lowercase letters indicate significant differences

Treatment Chl a (mg/g) + SD Chl b (mg/g) + SD Total Chl (mg/g) + SD
NLO.1 0.910° + 0.023 0.339% + 0.002 1.249° + 0.006
NLO.5 0.974* £ 0.012 0.356% + 0.008 1.330% + 0.020

NLI 1.023% £ 0.004 0.409° + 0.002 1.432° + 0.006
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Table 3: MDA contents and activities of CAT, POD and SOD enzymes in leaves under NLO.1, NLO.5 and
NL1 treatments. In each column, different lowercase letters indicate significant differences

Treatment CAT (U/mg prot) POD (U/mg prot) SOD (U/mg prot) MDA (nmol/mg prot)

+SD + SD +SD +SD
NLO.1 10.120° + 0.726 57.803° + 6.886 152.296° £ 1.594  3.900° + 0.502
NLO.5 3.050* + 0.191 17.683* + 1.363 86.313% £ 1.481 2.731% £ 0.333
NL1 3.849* + 0.731 16.586 + 1.378 139.223° £ 6.159  2.499* + 0.322

Nitrogen is one of the essential nutrients for life and in plants. Much of the total nitrogen is used in
chlorophyll molecules, which are essential for photosynthesis and proper development. The N-starved
Arabidopsis seedlings have been proved to exhibit typical N-deficient phenotypes [13], such as reduced
chlorophyll content and fresh weight. In this study, the protein concentration and chlorophyll content in
rapeseed leaves were significantly decreased under N-deficiency stress as well as high-N stress conditions
when compared to the control samples (NLO.5) (Tables 1 and 3).

Previous results have proved that over-accumulation of reducing equivalents and elevated lipid
degradation induced the excess ROS molecules under N-deficient conditions [36,37]. Our results also
showed that many proteins related to oxidative stress indeed changed their expression abundance after N-
stress treatment. MDA is an endogenous genotoxic product of enzymatic and oxygen radical-induced
lipid peroxidation. Its content was used to indicate membrane lipid peroxidation state in rapeseed herein.
The variations of MDA content are presented in Table 3. MDA content significantly increased under N-
deficient conditions with no apparent change in high-N stress conditions. MDA content increased 42.85%
in NLO.1 samples, while it decreased slightly in NL1 samples, indicating the high content of ROS stress
in N-deficient conditions. A positive correlation between nitrogen concentration and chlorophyll content
has been well documented in many plant species including rice [38], maize [39], soybean [40] and wheat
[41]. Further, we observed significantly increased levels of antioxidative enzymes, such as CAT, POD and
SOD. CAT is one of the key enzymes for dismutating H,O, into H,O and O,. CAT enzyme activity in
leaves increased more than 230% after N-deficiency treatment, with only 25% detected in high-N stress.
The catalyzing activity of POD, the key enzyme responsible for eliminating H,O, into the chloroplasts,
increased greatly in N-deficient conditions and decreased in some degree in N-high conditions. This
indicates the high oxidative stress in the chloroplast in N-deficient conditions, which is consistent with
the proteomic analysis of rapeseed leaves. SOD is one of the ubiquitous enzymes in aerobic organisms
and mainly function as ROS scavenges in cell, and its catalyzing activity increased significantly in both
two conditions. Those results proved that N-deficient stress could induce more sever oxidative stress and
reduce much more the photosynthesis activity than high-N stress in rapeseed.

4 Discussion

Rapeseed production has undergone a rapid increase in recent decades due to the abundant application of
N fertilizer. However, on the other hand, the application of N fertilizer burdened farmers and led to well-
documented environment problems [1,42]. In the farmers’ and society’s views, most of the N added to
agricultural systems has been wasted and substantially alters downwind and downstream ecosystems.
Solutions to the problems require a comprehensive overview of the adaptation to N-stress conditions. In
order to understand the effect that N-stress has on rapeseed, we treated rapeseed seedlings under different
N concentrations and analyzed the proteomic data from roots, stems and leaves, respectively. The result
in this study showed not only that N-deficiency could limit the development of rapeseed, but also that
high-N stress is also a drawback for the photosynthesis activity.
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4.1 Proteins Related to Primary Biosynthesis and Metabolic Processes

Nitrogen is an essential nutrient to plant growth and development. Because of the complex reasons
contributing to the loss of N in soil, plants must cope with the variation of N concentrations in soil and
other environment to acquire proper N for themselves. N deficiency has been proved to negatively
regulate growth or development [43]. The expression levels of large groups of proteins or genes were
affected under N-stress conditions in Arabidopsis and other plants [14,44,45]. In rapeseed, many proteins
involved in metabolic processes related to proper development remarkably changed their abundance
under N-stress.

Proteomic changes induced by N-stress are shown in their expression profiles in rapeseed tissues under
several N-stresses conditions. Taking 50% N concentration as control, a total of 239 and 165 proteins
significantly changed their expression levels in the NRO.1 and NR1 samples compared to NRO.5. There
were only 124 and 74 DAPs separately identified in NSO.1 and NSO0.5 samples, and 192 and 109 proteins
were relatively affected by N-deficient stress in NL0O.1 and NLO.5 samples. Functional classification and
GO enrichment analysis illustrated that proteins related to metabolism and cellular processes accounted
for two main portions of all DAPs regardless of tissue resource, including many key basic metabolic
processes such as amino acid, protein and carbohydrate metabolic processes.

Eight proteins markedly changed their expression in high-N stress in all three tissues. Among them,
ALIS1 (AOAO78CAI7), the protein that catalyzes flipping of phospholipids across cellular membranes
and contributes to vesicle biogenesis in the secretory and endocytic pathways [46], is commonly up-
regulated in all three tissues under high-N stress. Considering the key role of ALIS in forming the
putative flippase complex, this result indicates the potential higher level of protein with different
subcellular localizations under high-N stress condition. Two proteins, AGT (AOA078HTYS5) and
isoflavone reductase (IFR, AOA078I8C4), decreased their expression. AGT is an enzyme that catalyzes
nitrogenous groups transferring between L-alanine and pyruvate, which is a key process in alanine and
aspartate metabolism and glycine, serine and threonine metabolism. IFR specifically recognizes
isoflavones and participates in isoflavonoid biosynthesis, while isoflavonoid act as signal molecule in
plant—microorganism interactions which then affect multiple metabolic processes in plants [47], including
plant defense, and catalyzes a stereospecific NADPH-dependent reduction.

In N-deficiency stress, the expressions of 14 proteins were universally affected regardless of tissue
source: AOA078CMW4, AOA078CT08, AOAO78DIN3, AOAO78EWN3, AOAO078EWPO, AOA078F710,
AOA078G2P1, AOAO078GLF6, AO0A078H2C2, AO0A078HV35, AOA078IQHS, AO0A078J7K4,
AOAO078FCMI1 and AOA078J4Z5. Among them, two proteins also changed their expression in response
to high-N stress: AOA078H2C2 and AOA078HV35. While N-deficiency stress repressed the expression of
AOA078H2C2 in root and stem, high-N stress induced more of it than the control. AOAO78H2C2 is one
protease enzyme involved in macromolecule and organic substance metabolic processes, and
AOAO078HV35 is a transcription factor that plays an important role in plants development. Low-N stress
enhanced the expression of TF25, which contributes to cell death, in root and stem, while high-N reduced
its expression. AOAO78H2C2 is a protease enzyme involved in protein metabolic processes with
metalloendopeptidase activity. AOAO78HV35 is a transcription factor that plays an important role in plant
development, which specifically increased its abundance in leaf tissues. Those results showed the
common and specific response to N-stress in the three different tissues whereas N-deficient and high-N
stress all affect the primer metabolic process in rapeseed.

4.2 Proteins Involved in the Photosynthesis Process

The photosynthesis capacity of leaves has been reported related to the nitrogen content of plants, mainly
because of the requirement of nitrogen in leaf proteins that are involved in the Calvin cycle [48]. The
limitation of nitrogen in soil and other environments has been one of the greatest limitations for crops
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production. In this study, we identified several DAPs in rapeseed leaves between N-stress and control
conditions. The Chl content decreased under N-deficiency conditions, whereas it increased under N-high
conditions, including Chlorophyll a and Chlorophyll b, which suggested the positive relationship between
N and chlorophyll contents. However, the photosynthesis capability decreased in both N-stress conditions
when referring to the chlorophyll a/b ratio. The chlorophyll a/b ratio in leaves is often considered to
reflect the solar energy use of plants [49]. Herein, more decline of chlorophyll a/b ratio was detected in
high-N stress. Those results suggested that N deficiency reduced seedling’s photosynthesis use efficiency,
while high-N stress could limit the photosynthesis capacity of rapeseed in a greater degree.

Comparative proteomic analysis also indicated some proteins related to the photosynthesis process that
were affected by the N concentration in the environment. N-deficient rapeseed had substantially changed the
abundance of proteins that are involved in the photosynthetic light reaction, electron transport chain, carbon
fixation, and other related regulation processes. Rapeseed in high-N stress conditions significantly decreased
the abundance level of proteins such as photosystem I subunit VII, antenna protein, photosynthetic
membrane protein and psbQ. Further analysis between N-free and control (NLO0.5) samples demonstrated
that the abundance of proteins required for the photosynthesis process was greatly up-regulated compared
with N-deficient condition.

4.3 Proteins Response to Stresses

A large set of proteins related to biotic and abiotic stress-response processes were identified under N
stress. Further GO enrichment analysis of DAPs in N-deficient condition indicated that six DAPs in N-
deficient condition also responded to abiotic and biotic stress.

In N-deficient condition (NLO.1), more proteins were affected by N-starvation stress. AOA078BWD3,
dehydrin ERD14-like protein, was specifically down-regulated in rapeseed root in N-deficient stress
condition, and much more reduction was detected in N-free condition. AOA078J0B7 is one of the
CHB4 family protein that is involved in defense against chitin-containing fungal pathogens, and it was
only significantly up-regulated in rapeseed stem tissue. Besides those proteins induced by N-deficient
stress, we also found some stress-related proteins that were down-regulated, such as MLP-like protein
[50], yxiE protein and SI alpha-3.

N-stress is well-documented to cause plant oxidative stress. In this study, many peroxidase
proteins involved in hydrogen peroxide catabolic process were affected by N-deficient stress and high-N
stress, such as AOA078IQHS, AOAO078CESS, A0A078G4Z5, A0A078DYG3, AOA078HMI16 and
AO0A078C7QS5. Peroxidase protein [51] and peroxidase-like proteins that involved in oxidative stress
significantly increased their expression level in response to N-stress. At the same time, AOAO78IQHS, a
peroxidase protein, was down-regulated in N-deficient conditions in root tissue, while it was induced in
stem and leaf tissues, which indicated the tissue-specific expression pattern of proteins in response to
stress conditions.

Further analysis showed that MDA content increased in N-deficient conditions and decreased in N-high
conditions. Plants have evolved many strategies to defend themselves from oxidative stress with several
antioxidant enzymes, such as POD, SOD and CAT. Our results showed the enhanced enzyme activity of
those antioxidant proteins under N-stress, especially in N-deficient conditions. The activity of several
antioxidant enzymes, including CAT, SOD and POD, was measured in those leaf samples. In addition,
the content of MDA and the activities of antioxidant enzymes under N-deficient conditions were
gradually increased, suggesting the aggravation of oxidative stress with the proceeding N-deficiency stress.

5 Conclusion

This study identified the N-stress responsive genes in rapeseed by investigation of proteomics after
various N-concentration treatments. A large set of genes significantly changed their protein abundance
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under low- and high-N stress conditions, including proteins involved in basic metabolic processes and stress-
response processes, which are essential for plant development. Further analysis revealed that genes/proteins
associated with carbohydrate metabolism, nucleotide metabolism, amino acid metabolism, disease defense,
oxidative stress response and photosynthesis were involved in N-stress responses. This study shed light on
further research for understanding the N-stress response mechanisms in B. napus.
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