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Abstract: Rapeseed (Brassica napus L.) is an important oil crop species and plays a crucial role in
supplying edible oil worldwide. However, rapeseed production in the field is often severely inhibited
due to nitrogen (N) deficiency. Metabolites play key roles in plant growth and resistance to environ-
mental stress, but little is known about the differential synthesis and accumulation of metabolites
underlying rapeseed adaptation to N deficiency. Here, we studied the phenotypic response and used
LC-electrospray ionization (ESI), ESI-MS/MS, and widely untargeted metabolomic approaches to
detect differences in rapeseed under normal N (HN) and N-deficient (LN) conditions. The results
showed that N deficiency severely inhibited rapeseed shoot growth and promoted rapeseed root
architectural changes under LN conditions. In total, 574 metabolites were detected, and there were
175 and 166 differentially accumulated metabolites in the leaves and roots between the HN and LN
conditions, respectively. The significantly differentially accumulated metabolites were involved in
four primary metabolic pathways, namely, sucrose, phenylalanine, amino acid, and tricarboxylic
acid cycle metabolism. Notably, we found that plant hormones have distinct accumulation patterns
in rapeseed and coordinate to play crucial roles in both maintaining growth and protecting against
damage from plant disease under HN and LN conditions. Moreover, our results indicated that
flavonoid compounds, especially anthocyanins and rutin, may play important roles in increasing
root cell resistance to oxidative damage and soil pathogen infections. Overall, this work provides
valuable information for understanding the overall metabolite changes in rapeseed under N defi-
ciency conditions, which may be beneficial for improving and producing new varieties of rapeseed
capable of high yields under low N conditions.
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1. Introduction

Nitrogen (N), a basic building block of fundamental biological molecules such as
nucleic acids, amino acids, and proteins, and scores of secondary metabolites, plays crucial
roles in ensuring high crop yields. Nitrogen deficiency can severely affect crop growth and
development, such as by decreasing chlorophyll synthesis, promoting plant dwarfing, and
decreasing yields [1-3]. In the major agricultural countries of the world, increasing the
chemical N fertilization supply is an important way to ensure that crop production does not
decrease. However, using too many chemical N fertilizers in the field has caused serious
environmental problems, such as soil acidification, eutrophication, groundwater pollution,
and global warming [3-5]. Therefore, it is necessary to understand how crops adapt to low
N field conditions either physiologically or molecularly, and to find useful solutions for
reducing the need for chemical N fertilization without decreasing crop production.
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Plants have developed precise regulatory mechanisms for soil N deficiency stress
adaptation or tolerance, such as slowing growth, altering root architecture, enhancing N
uptake and translocation, remobilizing N from old organs to young new tissues, improving
the coordination of carbon (C) and N metabolism, and increasing flavonoid and derived
compound accumulation [3,6,7]. Metabolites are important basic molecules that plants
produce or consume during metabolic processes. When plants face stress conditions,
they can increase or decrease the accumulation of stress-related metabolites in some key
pathways to help adapt to stress conditions [8,9]. In the model plant species Arabidopsis
thaliana, it has been proven in several studies that plants under N-deficient conditions can
change the accumulation and redistribution of specific metabolites to integrate internal and
external N availability signals, and then remodel root architecture [3,10,11]. C-terminally
encoded peptides (CEPs) have emerged as regulators of systemic N signaling and are
produced in roots experiencing N limitation in order to activate NO3~ transporters, such
as NRT2.1, in roots, where NO3 ™ is plentiful [12-14]. Under low N conditions, the roots
of plants can sense N deficiency and increase the biosynthesis of cytokinins, which acts
as a root-to-shoot signal of high N availability and coordinates with the CEPs signal to
regulate root development, especially the lateral root architecture, in order to adapt to a
N-deficient environment [15]. Such root-shoot-root signaling is fundamental to ensure
that plants make use of local N nutrients, but not only when there is a sufficient need for
that N nutrient. The stress-related plant hormones jasmonic acid (JA) and salicylic acid
(SA) also play important roles in affecting N uptake and allocation in plants. Wu et al.
(2018) suggested that JA signaling could mediate large-scale systemic changes in N uptake
and allocation in rice plants against stress conditions [16]. Plant flavonoid compounds
also play essential roles in plants under N deficiency conditions. Flavonoids have been
proven to play various crucial roles in plant growth, development, and defense [17,18].
For example, flavonoids can function as auxin transport inhibitors and act as positional
signals that integrate hormonal and ROS pathways to affect the direction and rate of root
development under many stress conditions [17,18]. It has been demonstrated that the
lateral root primordia of Arabidopsis are rich in flavonoids, which suggests that flavonoids
may play essential roles in plant root growth [19]. Anthocyanins belong to a specific branch
of the flavonoid pathway [20,21]. Glucosinolates are a group of plant secondary metabolites
in Brassica vegetables. Glucosinolates are N-rich metabolites and, therefore, sufficient N
availability is essential for their biosynthesis. Glucosinolates can promote various kinds
of stress resistance in plants, such as plant defense, drought stress, and salt stress [22,23].
Although many plant metabolites have been identified and characterized in many studies,
the use of widely untargeted metabolomics methods to identify and analyze the changes in
the metabolites in crop plants under N deficiency conditions is rare.

To cope with environmental N limitation, plants have evolved sophisticated mecha-
nisms in unfavorable environments. These coordination mechanisms include regulating
N uptake system activity and modulating root system architecture. Under N-deficient
conditions, plant metabolites act as key molecules throughout various changes in physiol-
ogy and molecular regulatory processes involved in plants under N deficiency. In recent
years, advances in high-throughput metabolomic detection methods have led to large-scale
screening and identification of metabolites in various plant issues [24]. In this work, we
focus on metabolite content changes in the leaves and roots of rapeseed (Brassica napus L.)
under N-deficient conditions. The objective of this research is to provide new insight into
revealing the key metabolite pathways and metabolites of rapeseed leaves and roots, in
order to cope with N deficiency stress. This information could be used for selecting new
rapeseed varieties, and for managing rapeseed field nutrients.

2. Results
2.1. Phenotypic Characterization of Rapeseed between the HN and LN Treatments

To investigate how the growth of rapeseed responds to N deficiency, we analyzed the
phenotypic changes of rapeseed seedlings under HN and LN conditions. As shown in
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Figure 1A, the young leaves of the HN seedlings remained green, while the young leaves of
the LN seedlings turned yellow. In addition, the LN seedlings accumulated anthocyanins
in the stem, while none were observed in the HN seedlings. The roots of the LN seedlings
turned slightly yellow, while the roots of the HN seedlings remained white (Figure 1A).
The root biomass of the LN seedlings was significantly higher than that of the HN seedlings
(Figure 1B). In contrast, the shoot biomass of the HN seedlings was higher than that of
the LN seedlings (Figure 1C). The lengths of the total roots (Figure 1D) and primary roots
(Figure 1E) of the LN seedlings were significantly greater than those of the HN seedlings.
The lateral root number of the LN seedlings was greater than that of the HN seedlings
(Figure 1F). Moreover, the root surface area and root volume of the LN seedlings were
significantly greater than those of the HN seedlings (Figure 1G,H). Furthermore, the RD of
the LN seedlings was shorter than that of the HN seedlings (Figure 1I). Taken together, these
results indicated that rapeseed seedlings could alter their root architecture and synthesize
stress-related components to adapt to LN conditions.
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Figure 1. Phenotypic characterizations of rapeseed under HN and LN treatment. (A) Phenotypes
of rapeseed seedlings under HN and LN treatment; root biomass (B), shoot biomass (C), RL (D),
primary root length (E), lateral root number (F), root surface area (G), root volume (H), and RD (I) of
rapeseed seedlings under HN and LN treatment. Each point represents the mean value of three
independent experiments performed in triplicate + the SE. Statistically significant differences were
assessed using Student’s t-test (* p < 0.01; ** p < 0.005).
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2.2. Multivariate Analysis of Identified Metabolites

Based on the results of metabolome detection, we carried out a principal component
analysis (PCA) of the 574 identified metabolites. It was determined that PC1 (44.11%)
clearly separated the leaf and root samples (Figure 2A), while PC2 (17.02%) also clearly
distinguished between the HN and LN treatments (Figure 2A), and that the combined
group was significantly different. These results revealed that the leaves and roots of
rapeseed had distinct metabolite profiles. The PCA also indicated significant differences
between the HN and LN treatments. Moreover, we also carried out a cluster analysis of
the 574 detected metabolites. The results shown in Figure 2B suggested that the leaves and
roots of rapeseed are two distinct groups in the metabolite clustering. The cluster analysis
results also indicated that HN and LN treatments could significantly affect the metabolite
clustering (Figure 2B). Together, PCA and cluster analysis suggested that the leaves and
roots of rapeseed and the HN and LN treatments had distinct metabolite profiles.
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Figure 2. PCA and heatmap analysis of all metabolites detected in the leaves and roots of rapeseed
under HN or LN conditions. (A) PCA score plots were derived from the relative contents of all
detected metabolites by LC-ESI-MS/MS, with six replicates per treatment. (B) Heatmap showing
574 differentially accumulated metabolites of the leaves and roots between HN and LN conditions.
The values of the metabolites were normalized and are shown as a color scale. The high and low
metabolite levels are represented as red and green scales, respectively.

2.3. Metabolic Changes in the Leaves and Roots of Rapeseed during the HN and LN Treatments

Based on the orthogonal projections to latent structures discriminant analysis (OPLS-
DA) results, 175 metabolites differentially accumulated between HN and LN (Ifold
change| > 2 and variable importance in projection (VIP > 1) in leaf tissues, namely,
102 increased and 73 decreased metabolites under LN condition (Figure 3A). As shown in
Figure 3B, 166 metabolites differentially accumulated between HN and LN (|fold change
> 2 and VIP > 1) in root tissues, namely, 77 increased and 89 decreased metabolites
under LN condition. Among the differentially accumulated metabolites, the accumula-
tion of 113 and 104 significantly changed in the leaves and roots, respectively, under the
LN treatment, as compared to the HN treatment (Figure 3C). Moreover, the contents of
62 metabolites significantly changes in both the leaves and the roots during LN treatment
(Figure 3C). These results indicated that metabolites differentially accumulated in the leaf
and root tissues of rapeseed in response to LN treatment.



Int. . Mol. Sci. 2022, 23, 5784

50f19

Lo 4
I
A L . B
I I .
3 Do .
I I
Do
[ . .
[ <
I ]
I I
I I .
I I .
e :
I I .
2 - IR
PRI AT
o LR P
fe I et &
B L A .
> e >
AL .
Jolge . o .
‘X I' : :
e | . . .
1 77777777777 * : o 7; 7777777777777777
*
Significant B Significant
! « up regulated: 102 ! « up regulated: 77
% « down regulated: 73 i’ + down regulated: 89
0 i -1" = unchanged: 399 : » unchanged: 408
| ! (Fold Change 2 2 or Fold Change < 0.5; VIP 2 1) | |(Fold Change =2 or Fold Change < 0.5; VIP 2 1)
-10 0 10 20 -10 -5 0 5 10
log2 (Fold. Change) log2 (Fold. Change)
HN-L vs LN-L HN-R vs LN-R

113

HN-L vs LN-L HN-R vs LN-R

Figure 3. Volcano plot and Venn diagram analysis of differentially accumulated metabolites of
rapeseed. (A) Volcano plot of differentially accumulated metabolites of rapeseed between HN-L
and LN-L; (B) Volcano plot of differentially accumulated metabolites of rapeseed between HN-R
and LN-R. The red points, green points, and black points indicate metabolites whose accumulation
significantly increased, decreased, and was not significantly different, respectively. (C) Venn diagrams
of the numbers of significantly differentially accumulated metabolites in leaves and roots between HN
and LN conditions. The green and pink represent significantly differentially accumulated metabolites
only in HN/LN-L and HN/LN-R, respectively. The brown represents significantly differentially
accumulated metabolites detected both in HN/LN-L and HN/LN-R.

2.4. KEGG Analysis

The differentially accumulated metabolites in the leaves and roots were classified into
six categories according to the KEGG classification results: organismal systems, metabolism,
human diseases, genetic information processing, drug development and cellular processes
(Figure 4A,B). According to the KEGG classification results, as shown in Figure 4, the
number of secondary metabolic pathways was different between the leaves and roots during
LN treatment. For example, there were 22 enriched secondary metabolic pathways in the
leaves and 13 in the roots in the organismal systems classification. Furthermore, the statistics
of KEGG enrichment analysis showed that the most significantly enriched pathways of
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differentially accumulated metabolites during LN treatment were biosynthesis of secondary
metabolites and biosynthesis of phenylpropanoids (Figure 5A). In the leaf tissues, the
differentially accumulated metabolites were mainly enriched in the flavonoid biosynthesis,
biosynthesis of secondary metabolites, and biosynthesis of phenylpropanoids pathways
(Figure 5A). Furthermore, in the root tissue, the differentially accumulated metabolites
were largely enriched in the microbial metabolism in diverse environments, biosynthesis of
amino acids, tryptophan metabolism, and lysine biosynthesis pathways (Figure 4B). These
results suggested that the leaf tissues of Brassica napus L. primarily accumulated metabolites
involved in the plant response to stress, while the metabolites in the root tissues were mainly
involved in the response to plant development and rhizospheric microorganisms.
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Figure 4. KEGG analysis of the detected metabolites. Functional annotations of the detected metabolites
based on metabolite KEGG categorization of the HN-L vs. LN-L (A) and HN-R vs. LN-R (B).
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Figure 5. Enrichment analysis of the detected metabolites. Significantly enriched KEGG pathways
(p < 0.05) from detected metabolites in HN-L vs. LN-L (A) and HN-R vs. LN-R (B). The x-axis shows
the fold enrichment. The y-axis shows the metabolic pathway terms. The size of the plotted circle
indicates the number of metabolites. The red solid box represents the key enrichment pathway.

2.5. LN Treatment Increased Flavonoid and Sugar Accumulation in Rapeseed

Flavonoids have been demonstrated to protect plants from various biotic and abiotic
stresses [12,17,25-28]. In the present study, our results showed that the flavonoid contents
in the leaves under LN conditions were significantly different compared to those under
HN conditions (Table 1); among them, 25 were increased (3 anthocyanins, 22 flavonols),
and 9 were decreased (1 anthocyanin, 3 flavones, 5 flavanones). In the root tissues, under
LN conditions, there were 25 flavonoids whose content significantly changed compared to
those under the HN conditions (Table 1). Namely, 13 increased (2 anthocyanins, 6 flavonols,
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1 flavone C-glycoside, and 4 flavanones) and 12 decreased (3 anthocyanins, 5 flavones, and
4 flavone C-glycosides). The above results suggested that more flavonoids differentially
accumulated in the leaves than in the roots under LN conditions.

Table 1. Fold change of flavone and flavonoid metabolites detected in the HN leaf when compared to
the LN leaf and, HN root compared to the LN root, respectively. Asterisk marks indicate that the
metabolite was detected both in the leaf and root.

HN-L vs. LN-L
ID Class Fold Change Compounds Type
Bra(0152 Anthocyanins 3.728 Delphinidin 3-O-glucoside (Mirtillin) up
* Bra0166 Anthocyanins 17.390 Petunidin 3-O-glucoside up
* Bra0194 Anthocyanins 7.650 Delphinidin up
Bra(0232 Flavone 29.870 Selgin 5-O-hexoside up
* Bra0256 Flavone 177.398 Apigenin 7-rutinoside (Isorhoifolin) up
* Bra0282 Flavone 4.529 Chrysoeriol 7-O-hexoside up
Bra(0284 Flavone 7.519 Selgin O-malonylhexoside up
Bra0593 Flavone 6.265 Acacetin O-acetyl hexoside up
Bra0636 Flavone 3.709 Velutin O-glucuronic acid up
Bra0641 Flavone 47.791 Chrysoeriol 5-O-hexoside up
Bra0648 Flavone 649.644 Chrysoeriol 7-O-rutinoside up
Bra0692 Flavone 3.292 Butin up
Bra0230 Flavonol 41.507 Quercetin 3-O-rutinoside (Rutin) up
* Bra0245 Flavonol 143.514 Kaempferol 3-O-robinobioside (Biorobin) up
Bra0249 Flavonol 38.440 Quercetin 7-O-rutinoside up
* Bra0255 Flavonol 145.810 Kaempferol 3-O-rutinoside (Nicotiflorin) up
Bra0258 Flavonol 172.283 methylQuercetin O-hexoside up
* Bra0261 Flavonol 27.174 Isorhamnetin 5-O-hexoside up
Bra0286 Flavonol 42.274 Isorhamnetin O-hexoside up
Bra0314 Flavonol 13.310 Kaempferol up
Bra0629 Flavonol 51.798 Quercetin 3-O-glucoside (Isotrifoliin) up
Bra0630 Flavonol 428.117 Quercetin 7-O-3-D-Glucuronide up
* Bra0658 Flavonol 58.168 Quercetin 4'-O-glucoside (Spiraeoside) up
Bra0680 Flavonol 35.875 Quercetin up
Bra0682 Flavonol 79.744 Morin up
* Bra0178 Anthocyanins 0.146 Pelarg?g;iizt:éiifﬁl-gﬁgcoSIde down
Bra0277 Flavone 0.317 Apigenin 7-O-glucoside (Cosmosiin) down
Bra0320 Flavonol 0.141 Isorhamnetin down
Bra0614 Flavonol 0.001 Dihydromyricetin down
Bra0370 Flavanone 0.320 Xanthohumol down
Bra0611 Flavanone 0.315 Afzelechin (3,5,7 4'-Tetrahydroxyflavan) down
Bra0678 Flavanone 0.191 Liquiritigenin down
Bra0342 Isoflavone 0.007 Biochanin A down
Bra0364 Isoflavone 0.037 Rotenone down
HN-R vs. LN-R
ID Class Fold Change Compounds Type
Bra0554 Anthocyanins 6.529 Cyanidin O-syringic acid up
Bra0151 Anthocyanins 2.347 Cyanidin 3,5-O-diglucoside (Cyanin) up
* Bra0265 Flavone 1759.926 Tricin 5-O-rutinoside up
* Bra0245 Flavonol 282.185 Kaempferol 3-O-robinobioside (Biorobin) up
* Bra0255 Flavonol 219.556 Kaempferol 3-O-rutinoside (Nicotiflorin) up
Bra0626 Flavonol 6.621 Fustin up
* Bra0239 Flavonol 3.191 Isorhamnetin 3-O-neohesperidoside up
* Bra0658 Flavonol 2211 Quercetin 4'-O-glucoside (Spiraeoside) up
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Table 1. Cont.
HN-R vs. LN-R
ID Class Fold Change Compounds Type
Bra0283 Flavone C-glycosides 2.323 Apigenin 8-C-pentoside up
Bra0652 Flavanone 25.210 Hesperetin 7-rutinoside (Hesperidin) up
Bra0663 Flavanone 16.040 Hesperetin 7-O-neohesperidoside up
(Neohesperidin)
* Bra0677 Flavanone 10.653 Isosakuranetin-7-neohesperidoside (Poncirin) up
Bra0647 Flavanone 3.206 Hesperetin O-malonylhexoside up
* Bra0194 Anthocyanins 0.0105 Delphinidin down
" . Pelargonidin 3-O-beta-D-glucoside
Bra0178 Anthocyanins 0.213 (Callistephin chloride) down
* Bra0166 Anthocyanins 0.282 Petunidin 3-O-glucoside down
Bra0301 Flavone 0.0005 Tricetin O-malonylhexoside down
* Bra0282 Flavone 0.0117 Chrysoeriol 7-O-hexoside down
Bra0664 Flavone 0.184 Tricin 7-O-hexoside down
Bra0293 Flavone 0.237 Apigenin O-malonylhexoside down
* Bra0261 Flavonol 0.009 Isorhamnetin 5-O-hexoside down
. Eriodictiol 6-C-hexoside
Bra0182 Flavone C-glycosides 0.009 8-C-hexoside-O-hexoside down
Bra0197 Flavone C-glycosides 0.009 Eriodictiol C-hexosyl-O-hexoside down
* Bra0229 Flavone C-glycosides 0.255 Vitexin 2”-O-beta-L-rhamnoside down
Bra0612 Flavone C-glycosides 0.329 Luteolin C-hexoside down

In addition to flavonoids, sugars have also been proven to play crucial roles in plants
in response to various stress conditions [7,29-31]. In this work, except for 2-deoxyribose
1-phosphate, whose content decreased in the leaves under LN conditions, the other detected
sugars all increased in the leaves or roots under LN conditions compared to HN conditions
(Table 2). Six sugars significantly increased in the leaves under LN conditions, while
four sugars increased in the roots. Among these sugars, D-sucrose, D-glucuronic acid,
and DL-arabinose all increased both in the leaves and roots in response to LN conditions
compared to HN, which suggested that those sugars could be stress-related sugars in
rapeseed. Trehalose 6-phosphate, which is involved in source transport and feedback
regulation in leaves, might be a signaling molecule in plants [32]. In the present work,
trehalose 6-phosphate significantly increased in the leaves compared to the roots, but only
under LN conditions (Table 2), which indicated that LN treatment could significantly affect
photosynthesis and regulate trehalose 6-phosphate synthesis.

2.6. LN Treatment Affects Amino Acids and Their Derivative Metabolites in Rapeseed

Nitrogen is the basic elemental ingredient from which amino acids are synthesized. In
this work, 12 amino acids (4), and their derivatives (8), increased significantly in the leaves
under LN conditions, while 9 amino acids and their derivatives decreased compared to
those under the HN conditions (Table 3). In the roots, 12 amino acid-related metabolites
increased, and 14 decreased (Table 3). Among these different amino acid-related metabolites,
six metabolites increased, and four metabolites decreased (asterisks in Table 3) in the leaves
and roots, respectively. Moreover, the aspartic acid content increased 42-fold in the leaves
and decreased 3-fold in the roots under LN conditions. Furthermore, the L-Cysteine
content increase 104-fold in leaves in HN conditions compared to the LN conditions. The
L-alanine content increased 3-fold in the roots and decreased 6-fold in the leaves under
LN conditions (Table 3). The above results suggested that more amino acids and their
derivative metabolites were differentially accumulated in the leaves compared to the roots
under LN conditions.
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Table 2. Fold change of sugars metabolites detected in the HN leaf when compared to the LN leaf
and, HN root compared to the LN root, respectively. Asterisk marks indicate that the metabolite was
detected both in the leaf and root.

HN-L vs. LN-L
ID Class Fold Change Compounds Type
* Bra0436 Carbohydrates 25.867 D-(+)-Sucrose up
Bra0437 Carbohydrates 31.017 L-Gulonic-y-lactone up
* Bra0443 Carbohydrates 8.515 D-glucoronic acid up
* Bra0445 Carbohydrates 5.894 DL-Arabinose up
Bra0449 Carbohydrates 3.364 Trehalose 6-phosphate up
Bra0453 Carbohydrates 3.854 L-Fucose up
Bra(0456 Carbohydrates 0.160 2-Deoxyribose 1-phosphate down
HN-R vs. LN-R
ID Class Fold Change Compounds Type
* Bra0443 Carbohydrates 11.008 D-glucoronic acid up
* Bra0436 Carbohydrates 2.702 D-(+)-Sucrose up
* Bra0445 Carbohydrates 2.286 DL-Arabinose up
Bra(0447 Carbohydrates 2.212 D-(+)-Glucono-1,5-lactone up

Table 3. Fold change of amino acid metabolites detected in the HN leaf when compared to the LN
leaf, and HN root compared to the LN root, respectively. Asterisk marks indicate that the metabolite
was detected both in the leaf and root.

HN-L vs. LN-L
ID Class Cfl;’ii’,e Compounds Type
* Bra0056 Amino acids 2922 2-Aminoadipic acid (L-Homoglutamic acid) up
Bra0082 Amino acids 3.617 L-Methionine up
* Bra0421 Amino acids 4.185 L-Threonine up
Bra0435 Amino acids 104.407 L-Cysteine up
* Bra0057 Amino acids 41.650 Aspartic acid up
Bra0222 Amino acids derivative 3.361 N-Phenylacetylglycine up
Bra0440 Amino acids derivative 17.621 L-Saccharopine up
* Bra0451 Amino acids derivative 5.508 Allysine(6-Oxo DL-Norleucine) up
Bra0483 Amino acids derivative 3.663 v-Glu-Cys up
* Bra0487 Amino acids derivative 90.556 (—)-3-(3,4-Dihydroxyphenyl)-2-methylalanine up
* Bra0515 Amino acids derivative 6.176 3-Hydroxy-3-methylpentane-1,5-dioic acid up
* Bra0656 Amino acids derivative 3.674 N-(3-Indolylacetyl)-L-alanine up
Bra0009 Amino acids 0.018 L(+)-Ornithine down
* Bra0431 Amino acids 0.001 L-(—)-Cystine down
Bra0101 Amino acids derivative 0.196 N-Acetyl-L-glutamic acid down
Bra0439 Amino acids derivative 0.300 L-Glutamine O-hexside down
* Bra0470 Amino acids derivative 0.179 Glutathione oxidized down
* Bra0510 Amino acids derivative 0.146 L-alanine down
* Bra0553 Amino acids derivative 0.263 Asp-phe down
* Bra0560 Amino acids derivative 0.079 N-Acetylmethionine down
Bra0561 Amino acids derivative 0.372 2,3-dimethylsuccinic acid down
HN-R vs. LN-R
ID Class CII:ZLie Compounds Type
Bra0421 Amino acids 5.571 L-Threonine up
Bra0043 Amino acids 3.255 L-Homocitrulline up
Bra(0426 Amino acids 3.105 L-Citrulline up
* Bra0056 Amino acids 2.208 2-Aminoadipic acid (L-Homoglutamic acid) up

Bra0503 Amino acid derivatives 13.495 S-(5’-Adenosy)-L-homocysteine up
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Table 3. Cont.
HN-R vs. LN-R

ID Class Cllz(a)iﬂge Compounds Type
* Bra0487 Amino acid derivatives 8.523 (—)-3-(3,4-Dihydroxyphenyl)-2-methylalanine up
Bra0050 Amino acid derivatives 5.462 Methionine sulfoxide up
Bra0613 Amino acid derivatives 3.527 Phe-Phe up
* Bra0451 Amino acid derivatives 3.329 Allysine(6-Oxo DL-Norleucine) up
* Bra0510 Amino acid 3.095 L-alanine up
* Bra0656 Amino acid derivatives 2.534 N-(3-Indolylacetyl)-L-alanine up
* Bra0515 Amino acid derivatives 2.247 3-Hydroxy-3-methylpentane-1,5-dioic acid up
Bra0031 Amino acids 0.320 L-alanine down
* Bra0431 Amino acids 0.407 L-(—)-Cystine down
Bra0011 Amino acids 0.469 L-(+)-Lysine down
Bra0497 Amino acid derivatives 0.272 S-(methyl)glutathione down
* Bra0057 Amino acid 0.353 Aspartic acid down
Bra0638 Amino acid derivatives 0.381 Acetyl tryptophan down
Bra0474 Amino acid derivatives 0.418 N-Acetylaspartate down
* Bra0560 Amino acid derivatives 0.429 N-Acetylmethionine down
Bra0022 Amino acid derivatives 0.433 2,6-Diaminooimelic acid down
* Bra0470 Amino acid derivatives 0.445 Glutathione oxidized down
Bra0071 Amino acid derivatives 0.448 (5-L-Glutamyl)-L-amino acid down
Bra0072 Amino acid derivatives 0.457 No-Acetyl-L-arginine down
* Bra0553 Amino acid derivatives 0.483 Asp-phe down
Bra0045 Amino acid derivatives 0.497 N,N-Dimethylglycine down

2.7. LN Treatment Alter Phytohormone Accumulation in Rapeseed

Plant hormones play crucial roles in plant resistant to environment stresses. In the
present study, we detected five significantly different accumulated phytohormones, includ-
ing indole carboxylic acid (ICA), Methyl indole-3-acetate (MeJA), indole 3-acetic acid (IAA),
gibberellin A20 (GA20) and N-[(—)-jasmonoyl]-(L)-isoleucine (JA-L-Ile) (Table 4). Along
these phytohormones, ICA and MeJA were up-regulated in HN leaves compared to LN
leaves, while IAA, gibberellin A20 (GA20) and JA-L-Ile were down-regulated in HN leaves.
In roots, there were only three phytohormones identified, including ICA, trans-zeatin
9-O-glucoside (zeatin) and salicylic acid O-glucoside (SA). All three phytohormones were
down-regulated in HN roots compared to LN roots (Table 4). These results indicated that
LN stress could promote rapeseed accumulation of different kinds of plant hormones in
the leaf and root to regulate self-growth, and to increase resistance ability to adaptation
LN stress.

2.8. LN Treatment Can Modulate the Carbon-Nitrogen Metabolite Balance in the Leaves and Roots
of Rapeseed and Increase the Accumulation of Multiple Stress-Related Metabolites

Carbon and N are the most important fundamental elements of organic compounds in
plants. Shoots and roots depend on each other by exchanging C and N through complex
physiological transport systems, such as the xylem and phloem. Plants have evolved
complex and sophisticated mechanisms to regulate C and N metabolism to counter various
environmental stresses and ensure plant growth and development. In this work, when
rapeseed seedlings were grown under N-deficient conditions, the sugar metabolites and
tricarboxylic acid cycle metabolite accumulation in the leaves and roots were reduced
compared to those in the seedlings grown under a normal N supply (Figure 6). In contrast
to the C metabolites, most N metabolites were decreased in the leaves and roots of seedlings
under the normal N supply compared to the low N supply (Figure 6). Interestingly,
as important stress-related metabolites, flavonoids increased in the roots of seedlings
compared to the leaves of seedlings under both normal and low N supplies (Figure 6).
Furthermore, phenylalanine showed the greatest decrease in content in the low N-supplied
leaves of seedlings, and an increase in the roots of low N-supplied seedlings compared to
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the normal N-supplied seedlings (Figure 6). These results indicated that rapeseed seedlings
could modulate their C-N metabolite balance and reassign the C-N and stress-related
metabolites in the leaves and roots in order to adjust to N-deficient conditions.

Table 4. Fold change of plant hormones metabolites detected in the HN leaf when compared to

the LN leaf, and HN root compared to the LN root, respectively. Asterisk marks indicate that the
metabolite was detected both in the leaf and root.

HN-L vs. LN-L

ID Class Fold Change Compounds Type
* Bra0177 Phytohormones 300.296 Indole carboxylic acid up
Bra0329 Phytohormones 5.791 Methyl indole-3-acetate up
Bra0303 Phytohormones 0.188 Indole 3-acetic acid (IAA) down
Bra0679 Phytohormones 0.168 Gibberellin A20 down
N-[(—)-Jasmonoyl]-(L)-Isoleucine
Bra0701 Phytohormones 0.153 (JA-L-Tle) down
HN-R vs. LN-R
ID Class Fold Change Compounds Type
* Bra0177 Phytohormones 0.057 Indole carboxylic acid down
Bra0156 Phytohormones 0.418 trans-zeatin 9-O-glucoside down
Bra0529 Phytohormones 0.431 Salicylic acid O-glucoside down
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Figure 6. Schematic presentation of the pathway of certain important metabolites whose accumulation
is affected by HN or LN conditions in the leaves and roots of rapeseed. The red represents an
increase, while the green represents a decrease. The colored dotted boxes represent important
metabolic pathways. The solid black arrow represents a direct reaction, while the black dotted arrow
represents an indirect reaction. The asterisk marks indicate that the relative levels of metabolites were
significantly different (fold change > 2 or fold change < 5). VIP > 1.
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3. Discussion
3.1. N Deficiency Led to Architectural Changes in Rapeseed Roots

As fixed organisms, plants have evolved sophisticated mechanisms to cope with
various environmental stresses. In this work, we analyzed the phenotypic changes of
rapeseed under HN and LN conditions. The results showed that the shoot and root
biomass were opposite in the HN and LN seedlings (Figure 1B,C). These results suggested
that rapeseed might inhibit shoot growth and increase root numbers and root density to
reduce nutrient assimilation and increase root nutrient absorption, in order to adapt to N
deficiency. Our previous studies have proven that the elongation zone cells of the roots
of seedlings under the LN treatment of rapeseed were significantly elongated compared
to the cells of the roots of seedlings under the HN treatment [3]. In the present work,
we found that the content of gibberellic acid (GA) in the roots of seedlings under the LN
treatment was five-fold higher than that in the roots of seedlings under the HN treatment
(Table 4), which might partly explain the cell length changes. Moreover, our previous
research also demonstrated that the meristematic zone of root tips increased by 27.6% in
roots of seedlings under the LN treatment [3]. These results indicated that cell expansion,
cell division, and increased GA content might contribute to the increased root length
of rapeseed under LN conditions. Future research could focus on discovering the key
transcription factors that regulate the rapeseed response to N deficiency.

3.2. N Deficiency Led to Substantial Changes in Metabolite Contents in the Leaves and Roots
of Rapeseed

Nitrogen is the essential constitutive nutrition element that drives and promotes plant
growth and crop yields. As a typical winter crop species, rapeseed needs a large amount
of N fertilizer to maintain normal growth and development during the whole rapeseed
growth stage, especially before the bolting stage. If rapeseed seedlings cannot assimilate
enough N fertilizer, they cannot undergo proper vegetative growth and remain safe from
winter frost, which ultimately affects crop yields. However, the N nutrient supply in the
soil is highly dynamic and can cause a large number of nitrate zones to accumulate in the
soil, while long-term use of N fertilizer can also pollute the air, groundwater, and soil. To
respond to N deficiency, rapeseed usually delays its growth or accumulates stress-related
metabolites such as abscisic acid (ABA), flavonoids, and JA to maintain basic growth and
resistance to oxidation damage [16,18,20,23]. Prior to this study, several model and crop
plant species were extensively studied for their changes in metabolites in response to
various nutrition deficiency conditions [33-35]. However, the 0il crop species rapeseed
has not been thoroughly investigated to determine how its metabolite levels respond to N
deficiency. Here, we used a high-throughput metabolomic detection method to elucidate
the metabolite differences in the leaves and roots of rapeseed seedlings between normal
N and low N conditions. Our results revealed 574 differentially accumulated metabolites
in the leaves and roots, and PCA of these 574 detected metabolites indicated that the
metabolites in the leaves and roots belonged to two distinct metabolite cluster groups
under HN and LN conditions. These findings suggested that the leaves and roots of
rapeseed could accumulate metabolites belonging to specific groups to protect against N
deficiency stress.

3.3. Flavonoids Play an Important Protective Role in Rapeseed under N Starvation Conditions

The main skeleton compounds of the phenylalanine and flavonoid biosynthesis path-
way are widely conserved throughout the plant kingdom. It is known that petunidin,
malvidin, and delphinidin exhibit purple and dark colors, whereas cyanidin and pelargoni-
din exhibit red colors. In our study, petunidin and delphinidin were 17.3-and 7.6-fold
higher in the leaves of seedlings under the HN treatment than in the leaves of seedlings
under the LN treatment (Table 1), respectively. These results may partly explain why
rapeseed did not turn red or purple under N deficiency stress. In addition to these common
color-related anthocyanin metabolites, using a widely targeted metabolomic approach,
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we investigated and detected changes in the contents of other known metabolites of the
flavonoid pathway (Figure 6). Our results showed that the contents of most flavonoid
metabolites in the leaves of seedlings under the HN treatment were higher than those in
the leaves of seedlings under the LN treatment. Conversely, the contents of most flavonoid
metabolites in the roots of seedlings under the HN treatment were lower in abundance
than those in the roots of seedlings under the LN treatment were (Figure 6). These results
suggested that flavonoids play a crucial role in the roots of rapeseed seedlings against N
deficiency. One of the explanations for the increased accumulation of flavonoids in the
roots of seedlings under the LN treatment of rapeseed, when compared to the roots of
seedlings under the HN treatment, is that flavonoids might mitigate reactive oxygen species
(ROS) accumulation [18,21,31]. Therefore, we propose that increasing the biosynthesis of
flavonoids could be a potential approach to protect root cells from oxidative damage under
N deficiency. Moreover, the rutin content in the roots was also higher than that in the
leaves in the rapeseed seedlings after HN or LN treatments (Table 1), which indicated
that rutin might also play an important role in the antioxidant reaction in the rapeseed
seedling roots in response to N deficiency. However, previous studies suggested that rutin
usually has a high content in the flowers, leaves, pericarps, seeds, and fruits, but not usually
in the roots [36,37]. Further studies could focus on elucidating the molecular regulatory
mechanism underlying why the rutin content in rapeseed roots is higher than that in leaves
under normal or N-deficient conditions.

3.4. Amino Acids and Their Derivative Metabolites May Enhance Rapeseed Resistance to N
Starvation Conditions

It has been proven that L-alanine-rich proteins can regulate metal ion homeostasis,
oxidative stress, and hypoxia stress [38,39]. In this work, the L-alanine content increased
five-fold in leaves and three-fold in roots under LN conditions (Table 3), which suggested
that L-alanine mainly participated in the response to LN stress in the roots of rapeseed.
Aspartic acid has also been suggested to be involved in helping plants protect against
diverse stress conditions, such as salt stress, heavy metal stress, osmotic stress, and cold
stress [40—42]. In the present study, the aspartic acid content decreased significantly in the
leaves, but increased in the roots under LN conditions (Table 3). Our results suggested that
aspartic acid may play an important role in roots in response to LN stress. Further research
could focus on revealing the molecular regulatory network between the N deficiency signal
and stress-related amino acid biosynthesis pathways.

3.5. Plant Hormones Function Synergistically to Regulate and Maintain Rapeseed Growth under
N Starvation

Previous studies have shown that plant hormones play crucial roles in plants which
are faced with environmental stress [18,43]. In the present work, we detected seven kinds
of hormone metabolites that significantly changed in the leaves and roots of rapeseed
seedlings under normal and N-deficient conditions. Among these detected hormone
metabolites, indole-carboxylic acid (ICA) and methyl indole-3-acetate showed a 300-and
5.8-fold increases in accumulation in the leaves of seedlings under the HN treatment com-
pared to the leaves of seedlings under the LN treatment, respectively (Table 4). It has been
reported that ICA is the basal component involved in the plant cell wall against bacterial
infection [44]. This result may provide a new clue as to why the LN rapeseed seedlings are
more susceptible to infection by plant pathogens than the HN seedlings were. Moreover,
the contents of indole 3-acetic acid (IAA), gibberellin (GAjyp), and jasmonoyl-(L)-isoleucine
(JA-L-IIe) in the leaves of seedlings under the HN treatment were 10-fold different from
those in the leaves of seedlings under the HN treatment (Table 4). A previous study demon-
strated that JA is essential for both resistance to leaf disease and leaf senescence [16,45].
Additionally, IAA and GA have been proven to delay leaf senescence [46]. It seems contra-
dictory that IAA, GA, and JA accumulate in the leaves under N deficiency simultaneously.
One possible explanation is that N deficiency may induce and promote the biosynthesis
and location of these key hormones in the leaf to coordinate and maintain leaf growth,
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and to increase resistance to environmental stress damage. Further research could focus
on determining the signal transduction pathway crosstalk between N biosynthesis and
metabolism and these key hormones to elucidate how N deficiency affects the synthesis
and distribution of these hormones. In this work, ICA, trans-zeatin 9-O-glucoside (ZT),
and SA O-glucoside were significantly decreased in the roots of seedlings under the LN
treatment compared to the roots of seedlings under the HN treatment (Table 4). Among
the three hormones, ICA was detected in both the leaves and the roots, but the accumula-
tion patterns were opposite. These results suggested that rapeseed might synthesize and
transport more ICA to the roots to protect them from infection by soil pathogens and to
better take up nutrients to maintain growth under N deficiency. The increased content
of the plant pathogen-related hormones ZT and SA in the roots of seedlings under the
LN treatment also supported our views that rapeseed root cells could be protected from
damage caused by soil pathogens via accumulating ICA, ZT, and SA, which have been
proven to play important roles in resistance to plant pathogens [16,44]. Further research
could focus on elaborating the molecular regulatory mechanism between N deficiency and
plant pathogen-related hormones.

4. Conclusions

In the present study, the changes in metabolites categories and abundance in leaf and
root of rapeseed seedlings after LN treatment were comprehensively analyzed, respectively.
The results showed that the significantly deferentially accumulated metabolites were
involved in four primary metabolic pathways, namely sucrose, phenylalanine, amino acid,
and tricarboxylic acid cycle metabolism. Notably, we found that plant hormones have
distinct accumulation patterns in rapeseed, and that these coordinate to play crucial roles
in both maintaining growth and protecting against damage from plant disease under HN
and LN conditions. Moreover, our results indicated that flavonoid compounds, especially
anthocyanins and rutin, may play important roles in increasing root cell resistance to
oxidative damage and soil pathogen infection. Our results provide worthwhile information
for understanding how rapeseed plants adapt to N deficiency conditions by accumulating
different kinds of metabolites. Our results also provide a scientific theory foundation
for improving and producing new varieties of rapeseed capable of high yields under N
deficiency conditions.

5. Materials and Methods
5.1. Rapeseed Seedlings and N-Deficient Treatment

We used the Brassica napus L. cultivar of ZS11 as the experimental material and
subjected the rapeseed seedlings to a hydroponic nutrient solution with normal N and
N-deficient solutions. After sterilization with 5% NaClO solution, the seeds of ZS11
were sown on a growth plate with 1/4-strength modified Hoagland nutrient solution
for predetermination. After 5 days, we selected uniformly growing seedlings, divided
them into 2 groups, and placed them in a plant culture chamber containing 1/2-strength
modified Hoagland nutrient solution (pH 5.8, normal N supply) and 1/2-strength modified
Hoagland nutrient solution (pH 5.8, 1/50 of normal N supply) under a 16/8 h light/dark
photoperiod at 28 °C for 14 d. After 14 d of treatment, the leaves and roots of the seedlings
in the 2 treatment groups were collected immediately, frozen in liquid nitrogen, and stored
at —80 °C until further analysis. Each analysis was performed in biological triplicate.

5.2. Phenotypic Characterization

To assess the phenotypic and physiological changes of ZS11 at the seedling stage
in response to N-deficient conditions, we used the same treatment method as described
above to treat the ZS11 seedlings. The images of rapeseed seedlings from normal and low
N treatments were recorded with a camera (Nikon D800, Tokyo, Japan). The rapeseed
roots and shoots were separately harvested and dried in an oven at 75 °C to determine
biomass. Roots from each of the treatments were spread out on a transparent plastic tray
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with water and imaged with a scanner (Epson 700V J221A, Nagano, Japan), after which the
total root length (RL), total root surface area (RS), total root volume (RV), and root average
diameter (RD) were analyzed using WinRHIZO software (Pro, 2012b, Regent Instruments
Inc, Quebec City, QC, Canada), as described before [47]. In addition, the primary root length
was measured with a ruler. The differences were statistically assessed using a Student’s
t-test (** p < 0.01, * p < 0.05).

5.3. Plant Sample Preparation and Extraction of Secondary Metabolites

The freeze-dried leaves and roots were crushed using a mixer mill (MM 400, Retsch)
with zirconia beads for 1.5 min at 30 Hz. Then, 100 mg powder was weighed and ex-
tracted overnight at 4 °C with 1.0 mL of 70% aqueous methanol. Following centrifuga-
tion at 10,000 g for 10 min, the extracts were absorbed (CNWBOND Carbon-GCB SPE
Cartridge, 250 mg, 3 mL; ANPEL, Shanghai, China, www.anpel.com.cn/cnw, accessed
on 17 April 2022) and filtered (SCAA-104, 0.22 um pore size; ANPEL, Shanghai, China,
http:/ /www.anpel.com.cn/, accessed on 17 April 2022), before liquid chromatographic
mass spectrometry (LC-MS) analysis.

The sample extracts were analyzed using an LC-ESI-MS/MS system (HPLC, Shim-
pack UFLC Shimadzu CBM30A system, www.shimadzu.com.cn/, accessed on 17 April
2022; MS, Applied Biosystems 6500 Q TRAP, www.appliedbiosystems.com.cn/, accessed
on 17 April 2022). The HPLC analytical conditions were as follows: column, Waters
ACQUITY UPLC HSS T3 C18 (1.8 um, 2.1 mm * 100 mm); solvent system, water (0.04%
acetic acid):acetonitrile (0.04% acetic acid); gradient program, 95:5 v/v at 0 min, 5:95 v/v
at 11.0 min, 5:95 v/v at 12.0 min, 95:5 v/v at 12.1 min, and 95:5 v/v at 15.0 min; flow
rate, 0.40 mL/min; temperature, 40 °C; and injection volume: 2 uL. The effluent was
alternatively analyzed through an ESI-triple quadrupole-linear ion trap (Q TRAP)-MS.

5.4. LC-MS Analysis

Subsequently, LIT and triple quadrupole (QQQ) scans were acquired on a triple
quadrupole-linear ion trap mass spectrometer (Q TRAP), API 6500 Q TRAP LC/MS/MS
System, equipped with an ESI Turbo Ion-Spray interface, operating in positive ion mode
and controlled by Analyst 1.6 software (AB SCIEX). The ESI source operation parameters
were as follows: ion source, turbo spray; source temperature 500 °C; ion spray voltage
5500 V; ion source gas I, gas II, and curtain gas, 55, 60, and 25.0 psi, respectively; and
collision gas, high. Instrument tuning and mass calibration were performed with 10 and
100 umol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. The QQQ
scans were acquired as MRM experiments with collision gas set to 5 psi. The DP and CE
for individual MRM transitions were performed with further DP and CE optimization. A
specific set of MRM transitions was monitored for each period according to the metabolites
eluted within the period.

5.5. Metabolite Profiling

Metabolite profiling was carried out using a widely targeted metabolome method
by Wuhan Metware Biotechnology Co., Ltd. (Wuhan, China) (http://www.metware.
cn/, accessed on 17 April 2022). The freeze-dried samples were extracted as previously
described, before analysis using an LC—electrospray ionization (ESI)-MS/MS system. The
extracts were absorbed (CNWBOND Carbon-GCB SPE Cartridge, 250 mg, 3 mL; Shanghai
ANPEL Scientific Instrument Co., Ltd., Shanghai, China). Metabolites were quantified using
a multiple reaction monitoring method. PCA was used to analyze the variability between
groups and within groups. Partial least squares-discriminant analysis (PLS-DA) was
performed to differentially accumulated metabolites (DAMs). The HCA (hierarchical cluster
analysis) results of samples and metabolites were presented as heatmaps with dendrograms,
while pearson correlation coefficients (PCC) between samples were calculated by using the
cor function in R version 4.1.0), and then presented as heatmaps. Both HCA and PCC were
carried out using the R package ComplexHeatmap. For HCA, normalized signal intensities
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of metabolites (unit variance scaling) are visualized as a color spectrum. Significantly
regulated metabolites between groups were determined by VIP (VIP > 1) and absolute
Log2FC (1 Log2FC| > 1.0). The VIP values were extracted from OPLS-DA results, which
also contain score plots and permutation plots, generated using R package MetaboAnalystR.
The data was log transformed (log2) and underwent mean centering before OPLS-DA. In
order to avoid overfitting, a permutation test (200 permutations) was performed. Identified
metabolites were annotated using the KEGG Compound database (http:/ /www.kegg jp/
kegg/compound, accessed on 17 April 2022), and annotated metabolites were then mapped
to the KEGG Pathway database (http://www.kegg.jp/kegg/pathway.html, accessed on
17 April 2022). Pathways with significantly regulated metabolites mapped to them were
then fed into MSEA (metabolite sets enrichment analysis), and their significance was
determined by a hypergeometric test’s p-values.
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C Carbon

N Nitrogen

HN Normal nitrogen

LN Nitrogen deficient

VIP Variable importance in projection
PLS-DA Partial least squares discriminant analysis
OPLS-DA  Orthogonal partial least squares discriminant analysis
DAMs Differentially accumulated metabolites
HCA Hierarchical cluster analysis

CEPs C-terminally encoded peptides

PCC Pearson correlation coefficients

PCA Principal component analysis

TIAA Indole-3-acetic acid

ICA Indole-carboxylic acid

ZT Trans-zeatin 9-O-glucoside

IAA Indole 3-acetic acid

GA Gibberellin

JA Jasmonic acid

SA Salicylic acid

ABA Abscisic acid

ROS Reactive oxygen species

KEGG Kyoto encyclopedia of genes and genomes
RL Root length

RS Root surface area

RV Root volume

RD Root average diameter

LC-MS Liquid chromatographic mass spectrometry


http://www.kegg.jp/kegg/compound
http://www.kegg.jp/kegg/compound
http://www.kegg.jp/kegg/pathway.html

Int. . Mol. Sci. 2022, 23, 5784 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Schluter, U.; Mascher, M.; Colmsee, C.; Scholz, U.; Brautigam, A.; Fahnenstich, H.; Sonnewald, U. Maize Source Leaf Adaptation
to Nitrogen Deficiency Affects Not Only Nitrogen and Carbon Metabolism But Also Control of Phosphate Homeostasis. Plant
Physiol. 2012, 160, 1384-1406. [CrossRef] [PubMed]

Kant, S. Understanding Nitrate Uptake, Signaling and Remobilisation for Improving Plant Nitrogen Use Efficiency. Semin. Cell
Dev. Biol. 2018, 74, 89-96. [CrossRef] [PubMed]

Qin, L.; Walk, T.C.; Han, P; Chen, L.; Zhang, S.; Li, Y,; Hu, X,; Xie, L.; Yang, Y.; Liu, ].; et al. Adaption of Roots to Nitrogen
Deficiency Revealed by 3D Quantification and Proteomic Analysis. Plant Physiol. 2018, 179, 329-347. [CrossRef]

Zheng, M.; Zheng, H.; Wu, Y.; Xiao, Y,; Du, Y,; Xu, W,; Ly, E; Wang, X.; Ouyang, Z. Changes in Nitrogen Budget and Potential
Risk to the Environment Over 20 Years (1990-2010) in the Agroecosystems of the Haihe Basin, China. J. Environ. Sci. 2015, 28,
195-202. [CrossRef] [PubMed]

Jia, Z.; Giehl, R.; Meyer, R.C.; Altmann, T.; Von Wirén, N. Natural Variation of BSK3 Tunes Brassinosteroid Signaling to Regulate
Root Foraging under Low Nitrogen. Nat. Commun. 2019, 10, 2378. [CrossRef] [PubMed]

Flis, A.; Mengin, V.; Ivakov, A.A.; Mugford, S.T.; Hubberten, H.-M.; Encke, B.; Krohn, N.; Hohne, M.; Feil, R.; Hoefgen, R.; et al.
Multiple Circadian Clock Outputs Regulate Diel Turnover of Carbon and Nitrogen Reserves. Plant Cell Environ. 2018, 42, 549-573.
[CrossRef]

Patzke, K.; Prananingrum, P.; Klemens, P.A.W.; Trentmann, O.; Martins Rodrigues, C.; Keller, I.; Fernie, A.R.; Geigenberger, P.;
Bolter, B.; Lehmann, M.; et al. The Plastidic Sugar Transporter pSuT Influences Flowering and Affects Cold Responses. Plant
Physiol. 2018, 179, 569-587. [CrossRef]

Ma, D.; Constabel, C.P. MYB Repressors as Regulators of Phenylpropanoid Metabolism in Plants. Trends Plant Sci. 2019, 24,
275-289. [CrossRef]

Gong, Z.; Xiong, L.; Shi, H.; Yang, S.; Herrera-Estrella, L.R.; Xu, G.; Chao, D.-Y;; Li, J.; Wang, P-Y.; Qin, F,; et al. Plant Abiotic
Stress Response and Nutrient Use Efficiency. Sci. China Life Sci. 2020, 63, 635-674. [CrossRef]

Mounier, E.; Pervent, M.; Ljung, K.; Gojon, A.; Nacry, P. Cell and Environment: Auxin-Mediated Nitrate Signalling by NRT1.1
Participates in the Adaptive Response of Arabidopsis Root Architecture to the Spatial Heterogeneity of Nitrate Availability. Plant
Cell Environ. 2013, 37, 162-174. [CrossRef]

Kajikawa, M.; Sawaragi, Y.; Shinkawa, H.; Yamano, T.; Ando, A.; Kato, M.; Hirono, M.; Sato, N.; Fukuzawa, H. Algal Dual-
Specificity Tyrosine Phosphorylation-Regulated Kinase, Triacylglycerol Accumulation Regulatorl, Regulates Accumulation of
Triacylglycerol in Nitrogen or Sulfur Deficiency. Plant Physiol. 2015, 168, 752-764. [CrossRef] [PubMed]

Nawaporn, O.; Michael, R.; Arjen, V.D.; Schuurink, R.C.; Van Loon, J.J.A.; Dicke, M. Modulation of Flavonoid Metabolites
in Arabidopsis thaliana through Overexpression of the MYB75 Transcription Factor: Role of Kaempferol-3,7-dirhamnoside in
Resistance to the Specialist Insect Herbivore Pieris brassicae. ]. Exp. Bot. 2014, 65, 2203-2217. [CrossRef]

Ohkubo, Y.; Tanaka, M.; Tabata, R.; Ogawa-Ohnishi, M.; Matsubayashi, Y. Shoot-to-Root Mobile Polypeptides Involved in
Systemic Regulation of Nitrogen Acquisition. Nat. Plants 2017, 3, 17029. [CrossRef] [PubMed]

Taleski, M.; Imin, N.; Djordjevic, M.A. CEP Peptide Hormones: Key Players in Orchestrating Nitrogen-Demand Signalling, Root
Nodulation, and Lateral Root Development. J. Exp. Bot. 2018, 69, 1829-1836. [CrossRef]

Mohd-Radzman, N.A; Binos, S.; Truong, T.T.; Imin, N.; Mariani, M.; Djordjevic, M.A. Novel MtCEP1 Peptides Produced in Vivo
Differentially Regulate Root Development in Medicago truncatula. J. Exp. Bot. 2015, 17, 5289-5300. [CrossRef]

Wu, L.; Huang, Z.; Li, X,; Ma, L.; Gu, Q.; Wu, H,; Liu, ].; Borriss, R.; Wu, Z.; Gao, X. Stomatal Closure and SA-, JA/ET- Signaling
Pathways are Essential for Bacillus amyloliquefaciens FZB42 to restrict leaf disease caused by Phytophthora nicotianae in Nicotiana
benthamiana. Front. Microbiol. 2018, 9, 847. [CrossRef]

Shen, X.J.; Kai, Z.; Liu, L.; Zhang, K.; Li, T. A Role for PacMYBA in ABA-Regulated Anthocyanin Biosynthesis in Red-Colored
Sweet Cherry cv. Hong Deng (Prunus avium L.). Plant Cell Physiol. 2014, 55, 862-880. [CrossRef]

Tan, H.; Man, C,; Xie, Y.; Yan, J.; Chu, J.; Huang, J. A Crucial Role of GA-Regulated Flavonol Biosynthesis in Root Growth of
Arabidopsis. Mol. Plant. 2019, 12, 521-537. [CrossRef]

Buer, C.S.; Muday, G.K.; Djordjevic, M.A. Flavonoids Are Differentially Taken Up and Transported Long Distances in Arabidopsis.
Plant Physiol. 2007, 145, 478-490. [CrossRef]

Wang, Y.; Chen, X,; Zhang, Y.; Chen, X. Antioxidant Activities and Major Anthocyanins of Myrobalan Plum (Prunus cerasifera
Ehrh.). J. Food Sci. 2012, 77, C388—-C393. [CrossRef]

Misyura, M.; Colasanti, J.; Rothstein, S.J. Physiological and Genetic Analysis of Arabidopsis thaliana Anthocyanin Biosynthesis
Mutants under Chronic Adverse Environmental Conditions. J. Exp. Bot. 2012, 64, 229-240. [CrossRef] [PubMed]

Eom, S.H.; Baek, S.-A.; Kim, J.K,; Hyun, T.K. Transcriptome Analysis in Chinese Cabbage (Brassica rapa ssp. pekinensis) Provides
the Role of Glucosinolate Metabolism in Response to Drought Stress. Molecules 2018, 23, 1186. [CrossRef] [PubMed]

Chhajed, S.; Mostafa, I.; He, Y.; Abou-Hashem, M.; El-Domiaty, M.; Chen, S. Glucosinolate Biosynthesis and the Glucosinolate—
Myrosinase System in Plant Defense. Agronomy 2020, 10, 1786. [CrossRef]

Fang, C.; Luo, J. Metabolic GWAS-based Dissection of Genetic Bases Underlying the Diversity of Plant Metabolism. Plant J. 2019,
97,91-100. [CrossRef]

Allan, A.C.; Hellens, R.P; Laing, W.A. MYB Transcription Factors that Colour Our Fruit. Trends Plant Sci. 2008, 13, 99-102.
[CrossRef]


http://doi.org/10.1104/pp.112.204420
http://www.ncbi.nlm.nih.gov/pubmed/22972706
http://doi.org/10.1016/j.semcdb.2017.08.034
http://www.ncbi.nlm.nih.gov/pubmed/28838687
http://doi.org/10.1104/pp.18.00716
http://doi.org/10.1016/j.jes.2014.05.053
http://www.ncbi.nlm.nih.gov/pubmed/25662255
http://doi.org/10.1038/s41467-019-10331-9
http://www.ncbi.nlm.nih.gov/pubmed/31147541
http://doi.org/10.1111/pce.13440
http://doi.org/10.1104/pp.18.01036
http://doi.org/10.1016/j.tplants.2018.12.003
http://doi.org/10.1007/s11427-020-1683-x
http://doi.org/10.1111/pce.12143
http://doi.org/10.1104/pp.15.00319
http://www.ncbi.nlm.nih.gov/pubmed/25922058
http://doi.org/10.1093/jxb/eru096
http://doi.org/10.1038/nplants.2017.29
http://www.ncbi.nlm.nih.gov/pubmed/28319056
http://doi.org/10.1093/jxb/ery037
http://doi.org/10.1093/jxb/erv008
http://doi.org/10.3389/fmicb.2018.00847
http://doi.org/10.1093/pcp/pcu013
http://doi.org/10.1016/j.molp.2018.12.021
http://doi.org/10.1104/pp.107.101824
http://doi.org/10.1111/j.1750-3841.2012.02624.x
http://doi.org/10.1093/jxb/ers328
http://www.ncbi.nlm.nih.gov/pubmed/23162120
http://doi.org/10.3390/molecules23051186
http://www.ncbi.nlm.nih.gov/pubmed/29762546
http://doi.org/10.3390/agronomy10111786
http://doi.org/10.1111/tpj.14097
http://doi.org/10.1016/j.tplants.2007.11.012

Int. . Mol. Sci. 2022, 23, 5784 19 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Espley, R.V,; Brendolise, C.; Chagne, D.; Kutty-Amma, S.; Green, S.; Volz, R.; Putterill, J.; Schouten, H.J.; Gardiner, S.E,;
Hellens, R.P; et al. Multiple Repeats of a Promoter Segment Causes Transcription Factor Autoregulation in Red Apples. Plant
Cell 2009, 21, 168-183. [CrossRef]

Shen, X.; Guo, X,; Guo, X,; Zhao, D.; Zhao, W.; Chen, J.; Li, T. PacMYBA, a Sweet Cherry R2R3-MYB Transcription Factor, is a
Positive Regulator of Salt Stress Tolerance and Pathogen Resistance. Plant Physiol. Biochem. 2017, 112, 302-311. [CrossRef]
Akhter, D.; Qin, R.; Nath, U.K,; Eshag, J.; Jin, X.; Shi, C. A rice gene, OsPL, Encoding a MYB Family Transcription Factor Confers
Anthocyanin Synthesis, Heat Stress Response and Hormonal Signaling. Gene 2019, 699, 62-72. [CrossRef]

Usenik, V,; Fabcic, J.; Stampar, F. Sugars, Organic acids, Phenolic Composition and Antioxidant Activity of Sweet Cherry (Prunus
avium L.). Food Chem. 2008, 107, 185-192. [CrossRef]

Yang, X.; Pang, X.; Xu, L.; Fang, R.; Huang, X.; Guan, P,; Lu, W.; Zhang, Z. Accumulation of Soluble Sugars in Peel at High
Temperature Leads to Stay-Green Ripe Banana Fruit. J. Exp. Bot. 2009, 60, 4051-4062. [CrossRef]

Zhao, L.; Yang, T.; Xing, C.; Dong, H.; Qi, K.; Gao, |.; Tao, S.; Wu, J.; Wu, ].; Zhang, S.; et al. The 3-amylase PorBAMS3 from Pear
(Pyrus betulaefolia) Regulates Soluble Sugar Accumulation and ROS Homeostasis in Response to Cold Stress. Plant Sci. 2019,
287,110184. [CrossRef] [PubMed]

Fichtner, F,; Olas, ].].; Feil, R.; Watanabe, M.; Krause, U.; Hoefgen, R.; Stitt, M.; Lunn, J. Functional Features of TREHALOSE-6-
PHOSPHATE SYNTHASE1—An Essential Enzyme in Arabidopsis thaliana. Plant Cell 2020, 32, 1949-1972. [CrossRef] [PubMed]
Zhu, G.; Wang, S.; Huang, Z.; Zhang, S.; Liao, Q.; Zhang, C.; Lin, T.; Qin, M.; Peng, M.; Yang, C.; et al. Rewiring of the Fruit
Metabolome in Tomato Breeding. Cell 2018, 172, 249-261. [CrossRef] [PubMed]

Wang, S.; Alseekh, S.; Fernie, A.R.; Luo, J. The Structure and Function of Major Plant Metabolite Modifications. Mol. Plant 2019,
12, 899-919. [CrossRef] [PubMed]

Li, K;; Wang, D.; Gong, L,; Lyu, Y.; Guo, H.; Chen, W,; Jin, C; Liu, X,; Fang, C.; Luo, ]. Comparative Analysis of Metabolome of
Rice Seeds at Three Developmental Stages Using a Recombinant Inbred Line Population. Plant J. 2019, 100, 908-922. [CrossRef]
[PubMed]

Panida, Y.; Suchada, S.; Muenduen, P. Isolation, Separation and Purification of Rutin from Banana Leaves (Musa balbisiana)—
ScienceDirect. Ind. Crops Prod. 2020, 149, 112307. [CrossRef]

Hussain, J.; Bassal, M.; Sarhan, H.; Aga, M. Qualitative and Quantitative Comparison of Rutin, Quercetin and Gallic Acid
Concentrations in Syrian Capparis spinosa L. Leaves. |. Pharmacogn. Phytochem. 2017, 6, 407-415.

Diab, H.; Limami, A.M. Reconfiguration of N Metabolism upon Hypoxia Stress and Recovery: Roles of Alanine Aminotransferase
(AlaAT) and Glutamate Dehydrogenase (GDH). Plants 2016, 5, 25. [CrossRef]

Nostadt, R.; Hilbert, M.; Nizam, S.; Rovenich, H.; Wawra, S.; Martin, J.; Kiipper, H.; Mijovilovich, A.; Ursinus, A.; Langen, G.; et al.
A Secreted Fungal Histidineand Alanine-Rich Protein Regulates Metal Ion Homeostasis and Oxidative Stress. New Phytol. 2020,
227,1174-1188. [CrossRef]

Raimbault, A.-K.; Zuily-Fodil, Y.; Soler, A.; de Carvalhoa, M.H.C. A Novel Aspartic Acid Protease Gene from Pineapple Fruit
(Ananas comosus): Cloning, Characterization and Relation to Postharvest Chilling Stress Resistance. . Plant Physiol. 2013, 170,
1536-1540. [CrossRef]

Guo, R;; Zhao, J.; Wang, X.; Guo, C.; Li, Z.; Wang, Y.; Wang, X. Constitutive Expression of a Grape Aspartic Protease Gene in
Transgenic Arabidopsis Confers Osmotic Stress Tolerance. Plant Cell Tissue Organ Cult. 2015, 121, 275-287. [CrossRef]

Rizwan, M.; Ali, S.; Zaheer, A.M.; Shakoor, M.B.; Mahmood, A.; Ishaque, W.; Hussain, A. Foliar Application of Aspartic Acid
Lowers Cadmium Uptake. and Cd-Induced Oxidative Stress in Rice under Cd Stress. Environ. Sci. Pollut. Res. 2017, 24,
21938-21947. [CrossRef] [PubMed]

Wingler, A.; Tijero, V.; Miiller, M.; Yuan, B.; Munné-Bosch, S. Interactions Between Sucrose and Jasmonate Signalling in the
Response to Cold Stress. BMC Plant Biol. 2020, 20, 176. [CrossRef] [PubMed]

Forcat, S.; Bennett, M.; Grant, M.; Mansfield, ]. Rapid Linkage of Indole Carboxylic Acid to the Plant Cell Wall Identified as a
Component of Basal Defence in Arabidopsis against hrp Mutant Bacteria. Phytochemistry 2010, 71, 870-876. [CrossRef] [PubMed]
Yang, K; An, J.P; Li, C.Y;; Shen, X.N.; Liu, Y.J.; Wang, D.R;; Ji, X.L.; Hao, Y.J.; You, C.X. The Apple C2H2-Type Zinc Finger
Transcription Factor MAZAT10 Positively Regulates JA-Induced Leaf Senescence by Interacting with MdBT2. Hortic. Res. 2021,
8, 159. [CrossRef]

Jibran, R.; Hunter, D.; Dijkwel, P. Hormonal Regulation of Leaf Senescence through Integration of Developmental and Stress
Signals. Plant Mol. Biol. 2013, 82, 547-561. [CrossRef]

Dun, X.; Shi, J.; Liu, H.; Wang, J.; Wang, X.; Wang, H. Genetic Dissection of Root Morphological Traits as Related to Potassium Use
Efficiency in Rapeseed under Two Contrasting Potassium Levels by Hydroponics. Sci. China Life Sci. 2019, 62, 746-757. [CrossRef]


http://doi.org/10.1105/tpc.108.059329
http://doi.org/10.1016/j.plaphy.2017.01.015
http://doi.org/10.1016/j.gene.2019.03.013
http://doi.org/10.1016/j.foodchem.2007.08.004
http://doi.org/10.1093/jxb/erp238
http://doi.org/10.1016/j.plantsci.2019.110184
http://www.ncbi.nlm.nih.gov/pubmed/31481191
http://doi.org/10.1105/tpc.19.00837
http://www.ncbi.nlm.nih.gov/pubmed/32276986
http://doi.org/10.1016/j.cell.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/29328914
http://doi.org/10.1016/j.molp.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31200079
http://doi.org/10.1111/tpj.14482
http://www.ncbi.nlm.nih.gov/pubmed/31355982
http://doi.org/10.1016/j.indcrop.2020.112307
http://doi.org/10.3390/plants5020025
http://doi.org/10.1111/nph.16606
http://doi.org/10.1016/j.jplph.2013.06.007
http://doi.org/10.1007/s11240-014-0699-6
http://doi.org/10.1007/s11356-017-9860-1
http://www.ncbi.nlm.nih.gov/pubmed/28780693
http://doi.org/10.1186/s12870-020-02376-6
http://www.ncbi.nlm.nih.gov/pubmed/32321430
http://doi.org/10.1016/j.phytochem.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20359727
http://doi.org/10.1038/s41438-021-00593-0
http://doi.org/10.1007/s11103-013-0043-2
http://doi.org/10.1007/s11427-018-9503-x

	Introduction 
	Results 
	Phenotypic Characterization of Rapeseed between the HN and LN Treatments 
	Multivariate Analysis of Identified Metabolites 
	Metabolic Changes in the Leaves and Roots of Rapeseed during the HN and LN Treatments 
	KEGG Analysis 
	LN Treatment Increased Flavonoid and Sugar Accumulation in Rapeseed 
	LN Treatment Affects Amino Acids and Their Derivative Metabolites in Rapeseed 
	LN Treatment Alter Phytohormone Accumulation in Rapeseed 
	LN Treatment Can Modulate the Carbon-Nitrogen Metabolite Balance in the Leaves and Roots of Rapeseed and Increase the Accumulation of Multiple Stress-Related Metabolites 

	Discussion 
	N Deficiency Led to Architectural Changes in Rapeseed Roots 
	N Deficiency Led to Substantial Changes in Metabolite Contents in the Leaves and Roots of Rapeseed 
	Flavonoids Play an Important Protective Role in Rapeseed under N Starvation Conditions 
	Amino Acids and Their Derivative Metabolites May Enhance Rapeseed Resistance to N Starvation Conditions 
	Plant Hormones Function Synergistically to Regulate and Maintain Rapeseed Growth under N Starvation 

	Conclusions 
	Materials and Methods 
	Rapeseed Seedlings and N-Deficient Treatment 
	Phenotypic Characterization 
	Plant Sample Preparation and Extraction of Secondary Metabolites 
	LC–MS Analysis 
	Metabolite Profiling 

	References

