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Transcriptomics combined with physiological
analysis and metabolomics revealed

the response of potato tuber formation

to nitrogen

Kaixin Ding"?3", Ying Shan'%*", Lichun Wang'**", Yong Zhang' and Guokui Tian"%?

Abstract

The absorption of the essential element nitrogen by plants affects various aspects of plant physiological activity,
including gene expression, metabolite content and growth. However, the molecular mechanism underlying

the potato tuberization response to nitrogen remains unclear. Potato plants were subjected to pot experiments
under nitrogen deficiency, normal nitrogen levels and nitrogen sufficiency. A comprehensive analysis of the
physiological responses, transcriptomic profiles, and metabolic pathways of potato stolons subjected to nitrogen
stress was conducted. Transcriptomic analysis revealed 2756 differentially expressed genes (DEGs) associated
with nitrogen stress. Metabolomic analysis identified a total of 600 differentially accumulated metabolites
(DAMs). Further correlation analysis of the major DEGs and DAMs revealed that 9 key DEGs were associated with
alpha-linolenic acid metabolism, 16 key DEGs with starch and sucrose metabolism, 7 key DEGs with nitrogen
metabolism, and 16 key DEGs with ABC transporters. Nitrogen deficiency significantly increased the sucrose,
GDP-glucose and L-glutamic acid levels and promoted stolon growth by increasing the expression of AMY
(alpha-amylase), BE (1,4-alpha-glucan branching enzyme), SS (starch synthase), SPS (sucrose—phosphate synthase)
and AGPS (glucose—1-phosphate adenylyltransferase). However, high nitrogen levels had the opposite effect.

In addition, high nitrogen levels upregulated EG (endoglucanase), SUS (sucrose synthase) and GDH (glutamate
dehydrogenase) and led to significant accumulation of 9-Hydroperoxy-10,12,15-octadecatrienoate (9(S)-HpOTrE),
(13 S)-Hydroperoxyoctadeca-9,11,15-trienoate (13 (S)-HpOTrE) and L-glutamine, ultimately affecting the balance
between plant growth and defense. Overall, our comprehensive study revealed the co-expressed genes and
potential pathways related to potato tuber formation under different nitrogen conditions. These data provide a
better understanding needed for improving potato tuber traits at the molecular and metabolic levels.
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Introduction

As the fourth most widely grown food crop in the world,
the potato (Solanum tuberosum L.) takes up a significant
cultivation area, and its cultivation is fertilizer-intensive;
the amount of potatoes consumed directly by humans
is second only to that of rice and wheat [1]. Potatoes are
rich in not only starch but also vitamin C, vitamin B6,
vitamin A and more than ten other vitamins, phenolic
compounds, potassium and other mineral nutrients [2].
It also contains 8 essential amino acids, including lysine
and tryptophan, making it an excellent dietary source
of these nutrients [3]. Therefore, improving cultivation
technology and production levels is highly important for
the development of the potato industry.

Potato tubers are formed by the expansion of the top of
the plant stolons [4]. Given that tubers are economically
important organs of potato plants, their formation time
and growth process are related to the final yield. There-
fore, the potato tuber formation process and mechanism
have been a research focus for botanists. Nitrogen is an
integral component of numerous cellular constituents [5]
and an essential nutrient element for plant growth and
development, so nitrogen application is a very impor-
tant agronomic measure in potato production. However,
there has been an increased focus on the relationship
between nitrogen nutrition and tuber yield as well as the
enhancement of nitrogen fertilizer efficiency [6]. Con-
versely, there has been a paucity of attention devoted to
the impact of nitrogen as a stimulant on potato tuber for-
mation. Tuber formation is the basis of tuber expansion
and yield formation in the late stage of growth [7]. Study-
ing the effects of nitrogen on tuber formation is impor-
tant for optimizing the fertilization time, controlling
fertilization rates during different periods and improving
nitrogen use efficiency.

Numerous studies have shown that low nitrogen con-
centrations are more conducive to the formation of
potato tubers than high nitrogen concentrations are [8].
In addition, tissue culture experiments have shown that
tuber formation occurs significantly earlier under a low
nitrogen supply than under a high nitrogen supply [9].
At the initial stage of potato tuber formation, StBELS
and POTH]1 interact in leaves to induce tuber formation
by inducing the expression of StSP6 A and StCDFI1 and
then regulating multiple downstream tuber formation-
related genes [10]. Research has shown that nitrogen
regulates starch synthesis by affecting the overall activ-
ity of uridine-5-diphosphoglucose pyrophosphorylase
and ultimately affects tuber formation [11]. The effect of
nitrogen on tuber development may be achieved through
the regulation of C/N. Low nitrogen levels can increase
the C/N ratio in tubers and promote tuber formation. In
contrast, high nitrogen levels can reduce the C/N ratio in
tubers and inhibit tuber formation [12]. The formation
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of tubers is also regulated by the form of the nitrogen.
Nitrate nitrogen (NO37-N) promotes the formation of
more tubers, whereas ammonium nitrogen (NH,*-N)
is more conducive to the early formation of tubers [13,
14]. Furthermore, a suitable NH,*-N and NO3™-N ratio
could promote the formation of tubers and the accumu-
lation of glucose, sucrose and starch in tubers [15]. These
studies provide a basis for understanding the effects of
different nitrogen concentrations on potato tuber forma-
tion. Previous studies have provided preliminary insights
into the process by which nitrogen regulates potato tuber
formation. However, the underlying molecular mecha-
nism involved in the response of potato tubers to nitro-
gen remains unclear. Therefore, it is crucial to conduct
further investigations into the alterations in genes and
metabolites within the potato stolon as well as to eluci-
date the molecular mechanisms underlying the response
of potato tubers to varying nitrogen concentrations.

To date, the molecular response of potatoes to nitro-
gen during development, from stolons to tubers, has
rarely been studied. Consequently, we used physiological
analysis, RNA sequencing (RNA-Seq) and nontargeted
metabolomics to analyze the mechanism underlying the
response of potato stolons to different nitrogen con-
centrations. The purpose of this study was to determine
the phenotypic and physiological changes in potato
plants under different nitrogen concentrations. Dif-
ferentially expressed genes (DEGs), differentially accu-
mulated metabolites (DAMs) and their key pathways
were identified, and the molecular mechanism underly-
ing the response of potato stolons to different nitrogen
concentrations was revealed. Our study elucidated the
molecular mechanisms by which potato plants respond
to various nitrogen concentrations during development
from stolons to tubers.

Materials and methods

Plant materials and experimental treatments

The experiment was performed at the potted planting
field in the Keshan Branch of the Heilongjiang Academy
of Agricultural Sciences in Northeast China (125°87'E,
48°03'N), in 2023 (conditions: 60% relative humidity,
14 h light/10 h dark). The potato variety Kexinl3 (with
a growth period of 97 days) was obtained from the Kes-
han Branch Potato Breeding Research Institute at Hei-
longjiang Academy of Agricultural Sciences. Seeds were
sown on May 10 and reached the early stage of tuber for-
mation 25 days after sowing. The average temperature
was 19.98 °C during the experiment. The selected seeds
were all virus-free mini-tubers. One seed was planted in
each resin pot (with an upper diameter of 32 cm, a lower
diameter of 25 cm, and a height of 30 cm with 10 holes
in the bottom), and each pot was filled with approxi-
mately 15 kg of black soil. The mineral composition
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of black soil is as follows: clay, 34.65%; silt, 46.13%; and
sand, 19.22%. The soil fertility levels are shown in Table 1.
Regular water irrigation (80% relative soil water con-
tent) was applied until the plants reached maturity. The
potato cultivars were divided into the ANO (nitrogen
deficiency), AN1 (normal nitrogen level, CK) and AN2
(nitrogen sufficiency) groups for nitrogen treatment,
with 60 pots in each treatment group. Each plant in the
ANO group was treated with 0 g of urea, 4.5 g of concen-
trated superphosphate (P,05: 46%), and 6 g of potassium
sulfate (K,O: 50%). Each plant in the AN1 group was
treated with 6.52 g of urea (N: 46%), 4.5 g of concentrated
superphosphate (P,Oz: 46%), and 6 g of potassium sul-
fate (K,O: 50%). Each plant in the AN2 group was treated
with 13.04 g of urea (N: 46%), 4.5 g of concentrated
superphosphate (P,Oz: 46%), and 6 g of potassium sul-
fate (K,0O: 50%). The AN1 treatment group was selected
as the sampling time standard, and samples were taken
when the plants in this group reached the initial stage of
subapical stolon enlargement (after a growth stage of 25
days). Fresh stolons from Kexinl3 plants were selected
for transcriptomic and metabolomic measurements. The
same number of leaves was selected for the determina-
tion of physiological indexes. For quantitative real-time
PCR (qRT-PCR) validation, fresh stolons from Kexinl3
plants were sampled in tubes, frozen in liquid nitrogen,
and then stored at —80 °C until analysis.

Physiological and biochemical parameter assays

Six plants from each treatment group were chosen at
random. The heights of the potato plants were measured
using a meter stick (Qinghai, China). Moreover, the chlo-
rophyll a (Chl ), chlorophyll b (Chl b), carotenoid (Car),
total chlorophyll (Chl a +b), and dry matter contents of
the tubers, roots, shoots, and leaves were determined
using a previously reported method [16]. The total nitro-
gen content was determined with the Kjeldahl method
[17]. The nitrogen accumulation in the plants was calcu-
lated according to the following formula: plant nitrogen
accumulation (g)=plant nitrogen content X plant dry
matter weight.

Determining the ultrastructures of potato stolon cells

The potato stolon tissue was immediately placed in
2.5% glutaraldehyde for fixation; after 2 h, the tissue was
washed with 0.1 mol/L phosphate-buffered saline (PBS,
pH 7.2) 3 times for 15 min each time. Then, the cells were
fixed with 1% OsO4 and washed with PBS after 2 h. After

Table 1 Soil fertility levels
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dehydration with gradient concentrations of ethanol,
propylene oxide transition, epoxy resin infiltration and
embedding, the embedded blocks were polymerized and
cut into 50-70 nm sections on an Ultra-Jung ultrathin
slicer. The sections were double stained with uranyl ace-
tate and lead citrate. Finally, the samples were observed
and photographed under a Philips Tecnail2-TWIN
transmission electron microscope.

Transcriptomic analysis

Fresh stolon samples from NO, N1 and N2 were used for
transcriptomic profiling analysis, with three biological
replicates per treatment. Total RNA was isolated from
the samples using TRIzol reagent (Invitrogen, CA, USA)
according to the manufacturer’s instructions. RNA purity
and quantity were evaluated with a NanoDrop 2000 spec-
trophotometer (Thermo Scientific, USA). RNA integrity
was assessed via an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The libraries were
subsequently constructed using the VAHTS Universal V6
RNA-seq Library Prep Kit according to the manufactur-
er’s instructions. Transcriptome sequencing and analy-
sis were conducted by OE Biotech Co., Ltd. (Shanghai,
China).

The libraries were sequenced on an Illumina NovaSeq
6000 platform, and 150 bp paired-end reads were gener-
ated. Raw reads in fastq format were first processed using
fastp [18], and the low-quality reads were subsequently
removed to obtain a clean set of reads for subsequent
analyses. The clean reads were mapped to the Solanum
tuberosum L. reference genome using HISAT2 [19]. The
Fragments Per Kilobase Million (FPKM) value of each
gene was calculated [20], and the read counts of each
gene were obtained via HTSeq-count [21]. P values<0.05
and |log,-fold changes| > 1 were used as the thresholds
for differential expression. The specific steps used for
data processing were performed as previously described
[22].

Metabolomic analysis

Sample preparation

Fresh stolon samples from ANO, AN1, and AN2 were
selected for metabolomic analysis, with six biological
replicates per treatment. Sixty milligrams of sample was
weighed into a 1.5 mL centrifuge tube, and two small
steel balls and 600 pL of a methanol-water mixture (V:
V=7:3, containing a mixed internal standard, 4 pg/
mL) were added. After precooling in a freezer at -40 °C

Organic matter  Total nitrogen

Total phosphorus Total potassium

Hydrolytic nitro-  Available phos-  Available potas- pH

g/kg (N) (P (K,0) gen (N) phorus (P) sium (K,0)
% % % mg/kg mg/kg mg/kg
86.4 0.206 0.032 2.05 194.4 122 299 6.53
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for 2 min, the samples were ground in a grinder (60 Hz,
2 min). Ultrasonic extraction was performed in an ice
water bath for 30 min, and the mixture was incubated at
-40 °C overnight. The samples were subsequently centri-
fuged at 4 °C (13000 rpm) for 10 min. The supernatants
(150 pL) from each tube were collected with crystal
syringes, filtered through 0.22 pm microfilters and trans-
ferred to liquid chromatography (LC) vials. The vials
were stored at -80 °C until liquid chromatography-mass
spectrometry (LC-MS) analysis. Quality control (QC)
samples were prepared by mixing aliquots of all the sam-
ples as pooled samples.

Sample preparation and metabolomic data analysis
were performed at Shanghai Ouyi Biomedical Tech-
nology Co., Ltd. (Shanghai, China) according to stan-
dard procedures. Chromatographic separation was
achieved via a Waters ACQUITY UPLC HSS T3 column
(100 mmx2.1 mm, 1.8 pm), and the mobile phases were
water containing 0.1% formic acid (phase A) and acetoni-
trile containing 0.1% formic acid (phase B). The phase A/
phase B ratios during the gradient program were as fol-
lows: 95:5 (v/v) at 0 min, 98:5 (v/v) at 2 min, 0:100 (v/v)
at 14 min, 0:100 (v/v) at 15 min, 95:5 (v/v), at 15.1 min
and 98:5 (v/v) at 16 min. The flow rate was 0.35 mL/min,
and the injection volume was 3 puL. Metabolite extraction
and analysis were performed according to the methods of
Zhou et al. [23].

Metabolomic data preprocessing and statistical analysis

The original LC-MS data were processed with Progen-
esis QI V2.3 software (Nonlinear, Dynamics, Newcastle,
UK) for baseline filtering, peak identification, integra-
tion, retention time correction, peak alignment, and nor-
malization. The main parameters applied here were as
follows: 5 ppm precursor tolerance, 10 ppm product tol-
erance, and 5% product ion threshold. The compounds
were identified on the basis of the precise mass-charge
ratio (M/z), secondary fragments, and isotopic distribu-
tion using the Human Metabolome Database (HMDB),
Lipidmaps (V2.3), Metlin, and custom-built databases.
The extracted data were then further processed by
removing any peaks with a missing value (ion inten-
sity=0) in more than 50% of the groups, replacing the
zero value with half of the minimum value, and screen-
ing according to the qualitative results for the compound.
Compounds with scores below 36 (out of 60) points were
also deemed inaccurately identified and removed. A com-
bined data matrix was generated from the positive and
negative ion data.

The matrix was imported into R to perform princi-
pal component analysis (PCA) to determine the over-
all distribution among the samples and the stability of
the whole analysis process. Orthogonal partial least-
squares-discriminant analysis (OPLS-DA) and partial
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least-squares-discriminant analysis (PLS-DA) were used
to distinguish the metabolites that differed between
groups. To prevent overfitting, 7-fold cross-validation
and 200 response permutation tests (RPTs) were used to
evaluate the quality of the model. Variable importance
in projection (VIP) values obtained from the OPLS-DA
model were used to rank the overall contribution of each
variable to group discrimination. A two-tailed Student’s
t test was further used to verify whether the metabolites
with differences between groups were significant. DAMs
with VIP values greater than 1.0 and p values less than
0.05 were selected. These DAMs were further used for
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway  (http://www.genome.jp/kegg/)  enrichment
analysis.

Quantitative real-time PCR (qRT-PCR) analysis

Seven DEGs were selected for qRT-PCR analysis, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal reference gene. The primer
sequences were designed in the laboratory and syn-
thesized by TsingKe Biotech on the basis of the mRNA
sequences obtained from the NCBI database (Table S9).
qRT-PCR was performed using a LightCycler® 480II real-
time PCR instrument (Roche, Switzerland). The 2744t
method was used to calculate the relative expression
levels of the genes [24]. The qRT-PCR results confirmed
that the RNA-seq data (R?=0.7992) were reliable (Fig.
S1).

Measurement of yield and yield components

Ten mature potato plants were randomly selected from
each treatment group to determine the number of tubers
per plant and the fresh tuber weight per plant.

Statistical analysis

One-way analysis of variance was performed on all col-
lected data using Microsoft Excel 2013, Origin 2021
and SPSS 26.0. The differences among the treatments
were tested via the Duncan test (p<0.05), and the dif-
ferences among the different materials were statistically
significant.

Results

Effects of different nitrogen treatments on the morphology
of potato plants

The plant height, dry matter weight, nitrogen accumula-
tion level and leaf photosynthetic pigment content of the
potato cultivar Kexin 13 under the ANO, AN1 and AN2
treatments were measured (Fig. 1). The plant height, dry
matter weight, nitrogen accumulation, and Chl a, Chl
b, Car, and Chl a+b contents significantly decreased
by 24.15%, 26.22%, 53.42%, 48.42%, 77.64%, 52.95% and
60.70%, respectively, in the ANO treatment group relative


http://www.genome.jp/kegg/
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Fig. 1 Effects of different nitrogen concentrations on (A) plant height, (B) dry matter weight per plant, (C) nitrogen accumulation, and (D) leaf photosyn-
thetic pigment content. All the data are expressed as the means + SEs, n= 3. According to Duncan’s test, the different lowercase letters indicate significant

differences between treatments (P < 0.05)

to those in the AN1 group. However, the change in the
morphological index under high nitrogen levels was the
opposite to that under low nitrogen levels. Specifically,
the plant height, dry matter weight, nitrogen accumula-
tion, Chl a, and CAR contents significantly increased by
16.91%, 24.81%, 36.61%, 16.73%, and 93.06%, respectively,
in the AN2 treatment group relative to those in the AN1

group.

Ultrastructure of potato stolons

Figure 2 shows that in the AN1 group, the plasma mem-
brane and cell wall of the potato stolons were robust,
the mitochondrial bilayer membrane structure was
intact and mostly spherical or ellipsoidal, and the inter-
nal ridge structure was clearly visible. However, com-
pared with those in ANO, the number of mitochondria
in potato stolons increased in AN1, the cell wall and
plasma membrane became thinner, and the intercellular
space decreased in plants in the AN2 treatment group.
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ANO

AN]

AN2

Fig. 2 Ultrastructural changes in potato stolon cells under different nitrogen concentrations. CW: cell wall, PM: plasma membrane, M: mitochondrion, IS:

intercellular space, and Pe, peroxisome

This result indicated that excessive nitrogen inhibited the
formation of potato tubers, whereas low nitrogen levels
accelerated the transformation of stolons to tubers.

Transcriptomic analysis

To determine the molecular effects of the potato tuber
formation response to nitrogen, the transcriptomes of
the potato stolons were analyzed. A total of 428.27 M
clean reads were obtained from each sample (Table S1).
The GC content of all the clean reads was greater than
43.80%, and the Q30 value was greater than 93.32%. The
mapping rate of the clean reads of all the samples to the
reference genome sequence ranged from 88.61 ~ 90.69%,
and a total of 25,702 genes were found. Pearson correla-
tion coefficient analysis verified the biological consis-
tency among the samples (Fig. 3A), and the dispersion of
the data distribution was better (Fig. 3B). Totals of 724
(514 up- and 210 downregulated), 1359 (1120 up- and
239 downregulated), and 1776 (1097 up- and 679 down-
regulated) DEGs were identified by comparing ANO
vs. AN1, AN2 vs. AN1, and AN2 vs. ANO, respectively
(Fig. 3C). An overview of the expression profiles of all the
identified DEGs is shown in the heat map in Fig. 3D. A
total of 2756 DEGs were identified in the three compari-
son groups (Table S2). The common and unique DEGs
between the different comparison groups are shown in a
Venn diagram (Fig. 3E). A total of 324 DEGs were unique
to the ANO and AN1 comparison groups, 570 DEGs were

unique to the AN2 vs. AN1 comparison group, 787 DEGs
were unique to the AN2 vs. ANO comparison group, and
28 DEGs were shared by the three comparison groups.

GO and KEGG pathway analysis of DEGs

The GO terms were enriched in three functional cat-
egories: molecular function (MF), cellular component
(CC) and biological process (BP). The top 10 enriched
GO terms from the three categories and across differ-
ent comparisons are shown in Fig. 4 (Table S3). In the
ANO vs. AN1 comparison, oxylipin biosynthetic pro-
cess (GO:0031408), response to high light intensity
(GO:0009644) and photosynthesis (GO:0015979) were
the main enriched terms in the BP category; endoplas-
mic reticulum lumen (GO:0005788), chloroplast thy-
lakoid membrane (GO:0009535) and photosystem II
(G0O:0009523) were the main enriched terms in the CC
category; and FAD binding (GO:0071949), protein disul-
fide isomerase activity (GO:0003756) and anthocyanidin
3-O-glucosyltransferase activity (GO:0047213) were the
main enriched terms in the MF category (Fig. 4A, D).
In the AN2 vs. AN1 comparison, plant-type secondary
cell wall biogenesis (GO:0009834), metal ion transport
(G0O:0030001) and sucrose transport (GO:0015770) were
the main enriched terms in the BP category; apoplast
(GO:0048046) and plasma membrane (GO:0005886)
were the main enriched terms in the CC category; and
DNA-binding transcription factor activity (GO:0003700)
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and peroxidase activity (GO:0004601) were the main
enriched terms in the MF category (Fig. 4B, E). In the
AN2 vs. ANO comparison, oxylipin biosynthetic process
(GO:0031408) and plant-type secondary cell wall biogen-
esis (GO:0009834) were the main enriched terms in the
BP category; extracellular region (GO:0005576) and inte-
gral component of membrane (GO:0016021) were the
main enriched terms in the CC category; and heme bind-
ing (GO:0020037) and iron ion binding (GO:0005506)
were the main enriched terms in the MF category
(Fig. 4C, F).

The biological functions of the DEGs were further
analyzed via KEGG pathway enrichment (Fig. 5). In the
ANO vs. AN1 comparison, several pathways, including
protein processing in the endoplasmic reticulum, linoleic

acid metabolism, biosynthesis of various plant secondary
metabolites, photosynthesis-antenna proteins and phen-
ylpropanoid biosynthesis, were significantly enriched
(p<0.01) (Fig. 5A). In the AN2 vs. AN1 comparison, the
phenylpropanoid biosynthesis, cutin, suberin and wax
biosynthesis, plant hormone signal transduction, ABC
transporter and plant-pathogen interaction pathways
were significantly enriched (p<0.01) (Fig. 5B). The ABC
transporter, ascorbate and aldarate metabolism, alpha-
linolenic acid metabolism, phenylpropanoid biosynthe-
sis, cutin, suberin and wax biosynthesis, plant hormone
signal transduction, linoleic acid metabolism, and starch
and sucrose metabolism pathways were significantly
enriched in AN2 vs. ANO (p<0.01) (Fig. 5C).
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Fig.5 KEGG pathway enrichment analysis of DEGs in different comparison groups. A-C: KEGG enrichment analysis of top20 bubble diagram. The ordinate
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Metabonomic analysis

To explore the metabolic variations in potato tuber for-
mation after treatment with different nitrogen levels,

untargeted metabolomic analysis was conducted on

independent biological replicates of ANO, AN1 and AN2;
conventional nitrogen level treatment served as a control.

A total of 600 DAMs were screened out in the three

six

comparison groups (Table S4). A PCA of the metabolite
content revealed clear separation among the three sam-
ples (Fig. S2). This finding suggested that VIP analysis
could be used to screen for DAMs. By using the criteria
VIP>1 and p<0.05, numerous DAMs were identified in
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the different comparisons, including 169 upregulated and
174 downregulated DAMs in the ANO vs. AN1 compari-
son, 139 upregulated and 156 downregulated DAMs in
the AN2 vs. AN1 comparison, and 187 upregulated and
234 downregulated DAMs in the AN2 vs. ANO compari-
son (Fig. 6A). An overview of the metabolite profiles of
potatoes following treatment with different nitrogen
levels is shown in Fig. 6B. A Venn diagram of the DAMs
revealed that 72 DAMs were unique to the ANO vs. AN1
comparison group, 45 DAMs were unique to the AN2
vs. AN1 comparison group, 87 DAMs were unique to
the AN2 vs. ANO comparison group, and 63 DAMs were
shared among the three comparison groups (Fig. 6C).
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KEGG pathway analysis of DAMs

The top 20 KEGG terms are shown in Fig. 7A, B, and C.
Aminoacyl-tRNA biosynthesis; valine, leucine and iso-
leucine biosynthesis; D-amino acid metabolism; and
alpha-linolenic acid metabolism were the most signifi-
cantly enriched terms in the ANO vs. AN1 comparison
group. In the AN2 vs. AN1 comparison, D-amino acid
metabolism, central carbon metabolism in cancer, argi-
nine biosynthesis, ABC transporters and starch and
sucrose metabolism were the main significantly enriched
terms (Fig. 7B). However, in the AN2 vs. ANO compari-
son, the most enriched terms were aminoacyl-tRNA bio-
synthesis, D-amino acid metabolism, protein digestion
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Fig. 6 Metabolite analysis of nitrogen stress in potato stolons among the different treatment groups. (A) Analysis of the number of DAMs. The abscissa
represents each comparison group, and the ordinate represents the DAMs of the comparison group, where Up is the number of upregulated metabo-
lites with significant differences and Down is the number of downregulated metabolites with significant differences. (B) Heat maps of DAMs in different
comparison groups. The abscissa represents the sample name, and the ordinate represents the DAMs. A change in color from blue to red indicates the
abundance of the metabolite changing from low to high; that is, the redder the color is, the higher the abundance of the differentially abundant metabo-
lites; metabolites that meet the P<0.05 and VIP > 1 thresholds are defined as DAMs. (C) Venn diagram of DAMs
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Fig. 7 KEGG pathway enrichment analysis of DAMs in different comparison groups. A-C: The abscissa represents the enrichment score, and the ordinate
represents the pathway information for the top 20 pathways. The bubble size represents the number of DAMs, and the bubble color gradient represents
the magnitude of the p value; the larger the bubble is, the greater the number of differentially abundant metabolites present in the pathway; the bubble
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and absorption, arginine biosynthesis, ABC transporters
and alpha-linolenic acid metabolism (Fig. 7C).

In addition, the 10 pathways with the smallest P values
in the KEGG analysis were selected, and comparisons
between upregulated and downregulated genes were per-
formed (Fig. 7D, E, and F). The upregulated DAMs in the
ANO vs. AN1 comparison were related primarily to galac-
tose metabolism and fructose and mannose metabolism,
whereas the downregulated DAMs were related to ami-
noacyl-tRNA biosynthesis and D-amino acid metabolism
(Fig. 7D). In the AN2 vs. AN1 comparison, the most sig-
nificantly upregulated term was D-amino acid metabo-
lism, whereas the downregulated DAMs were related
to taste transduction, starch and sucrose metabolism,
purine metabolism, O-antigen nucleotide sugar biosyn-
thesis, and amino sugar and nucleotide sugar metabolism
(Fig. 7E). In the AN2 vs. ANO comparison, the upregu-
lated DAMs were related primarily to aminoacyl-tRNA
biosynthesis and D-amino acid metabolism, and the
downregulated DAMs were related to galactose metabo-
lism and fructose and mannose metabolism (Fig. 7F).

Joint analysis of the transcriptome and metabolome

Figure 8 shows the top 30 enriched KEGG pathways, as
depicted as a histogram. Interestingly, DEGs and DAMs
were simultaneously significantly enriched in linoleic
acid metabolism and alpha-linolenic acid metabolism,
which were induced by nitrogen deficiency in ANO vs.
ANT1 (Fig. 8A). In AN2 vs. AN1, DEGs and DAMs were
significantly enriched in starch and sucrose metabolism
and the ABC transporter pathway (Fig. 8B). In AN2 vs.
ANO, DEGs and DA Ms were significantly enriched in the
ABC transporter, alpha-linolenic acid metabolism, galac-
tose metabolism, linoleic acid metabolism, starch and
sucrose metabolism and nitrogen metabolism pathways
(Fig. 8C). The alpha-linolenic acid metabolism, starch
and sucrose metabolism, nitrogen metabolism, and ABC
transporter pathways were the key pathways involved in
the response of potato tuber formation to nitrogen.

Critical pathway analysis

Nine genes with significant differences in the alpha-lin-
olenic acid metabolism pathway were identified, namely,
two LOX (lipoxygenase) genes, two AOS (allene oxide
synthase) genes, one HPL1 (hydroperoxide lyase) gene,
three OPR (12-oxophytodienoic acid reductase) genes,
one MFP2 (multifunctional protein) gene, and three
metabolites, namely, 9(S)-HpOTrE, 13(S)-HpOTrE
and (13 S)-Hydroxyoctadeca-9,11,15-trienoate (13(S)-
HOTE) (Fig. 9A). One LOX gene and two metabolites
(9(S)-HpOTrE and 13(S)-HpOTrE) were upregulated,
whereas one LOX gene, two AOS genes, one HPL1 gene,
three OPR genes, one MFP2 gene and one metabolite
(13(S)-HOTrE) were downregulated in AN2 vs. ANO.

Page 12 of 19

The results demonstrated that LOX, AOS, HPL1, OPR,
and MFP2 play crucial roles in the alpha-linolenic acid
metabolism pathway and play pivotal roles in the regula-
tion of nitrogen levels (Table S5).

Sixteen genes and 2 metabolites with significantly
different abundances were enriched in the starch and
sucrose metabolism pathways (Fig. 9B). Three SUS
(sucrose synthase) and four EG (endoglucanase) genes
were upregulated, whereas one SPS (sucrose-phos-
phate synthase), one AGPS (glucose-1-phosphate ade-
nylyltransferase), three SS (starch synthase), one BE
(1,4-alpha-glucan branching enzyme), one AMY (alpha-
amylase), one BMY (beta-amylase), and one EG gene and
two metabolites (sucrose and GDP-glucose) were down-
regulated in AN2 vs. ANO. SUS, SS, SPS, AGPS, AMY,
BMY, BE and EG were identified as key genes in the
starch and sucrose metabolism pathway (Table S6).

The 7 nitrogen metabolism-related genes whose
abundance significantly differed were one NR (nitrate
reductase), two Nrts (nitrite transporters), one NiR (fer-
redoxin-nitrite reductase), one CA (carbonic anhydrase),
and one GDH (glutamate dehydrogenase) gene. Two
metabolites (L-glutamine and L-glutamate) also showed
significant differences in abundance (Fig. 9C). One GDH
gene and one metabolite (L-glutamine) were upregulated,
whereas one NR gene, two Nrt genes, one NiR gene, one
CA gene and one metabolite (L-glutamate) were down-
regulated in AN2 vs. ANO (Table S7).

In the ABC transporter pathway, 16 ABC transporter
family member genes and 14 DAMs were significantly
enriched (Fig. 10, Table S8). Ten genes and 10 metabo-
lites were significantly upregulated, and 6 genes and 4
metabolites were significantly downregulated in AN2 vs.
ANO (Fig. 10A, B).

Association analysis of key differentially expressed genes

A network diagram was created depicting the interac-
tions of the key pathways and genes to understand the
detailed molecular mechanisms involved in the response
of potato stolons to different concentrations of nitrogen
(Fig. 11). The most relevant DEGs in the network dia-
gram were screened out. Among them, one significantly
downregulated AMY (AMY1) gene interacted with one
alpha-linolenic acid metabolism gene (LOX), ten starch
and sucrose metabolism genes (SPS, SUS, AGPS, SS, SBE,
BMY, and EG), and one nitrogen metabolism gene (NR).
A significantly downregulated SBE (LOC102590711)
gene interacted with 8 starch and sucrose metabolism
genes (SPS, SUS, AGPS, SS, and AMY) and 12 ABC
transporter genes (ABCG). Three significantly down-
regulated SS3 genes (LOC102577506, LOC102577674,
and LOC102583115) interacted with nine starch and
sucrose metabolism genes (SPS, SUS, AGPS, SS, SBE,
and AMY) and one nitrogen metabolism gene (NR). A
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Fig. 8 Top 30 KEGG pathways from the enrichment analysis of DEGs and DAMs according to transcriptomic and metabolomic data. A-C: KEGG Pathway

Histogram the abscissa represents metabolic pathways, and the ordinate represents the P values of enriched DEGs (red) and DAMs (blue), as shown as

the -log (p value) with thresholds of P<0.01 and P<0.05

and one nitrogen metabolism gene (NR). A

and AMY),

significantly downregulated SPS (LOC102581151) gene
interacted with eight starch and sucrose metabolism

downregulated AGPS (LOC102592916)

significantly

gene interacted with nine starch and sucrose metabo-

genes (SPS, SUS, AGPS, SS, and SBE) and one nitrogen

lism genes (SPS, SUS, SS, SBE, AMY, and BMY) and
one nitrogen metabolism gene (NR). One significantly

downregulated NR (NR3) gene interacted with two

metabolism gene (NR). Two significantly downregulated
SUS (LOC102586510, LOC102588355) genes interacted

with one alpha-linolenic acid metabolism gene (LOX),
seven starch and sucrose metabolism-related genes with
significant differential expression (SPS, AGPS, SS3, SBE,

alpha-linolenic acid metabolism genes (OPR, MPF2),
eight starch and sucrose metabolism genes (SPS, SUS,
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Fig. 9 Changes in DEGs and DAMs involved in the main metabolic pathways in potato stolons under different nitrogen concentrations. (A) Alpha-
linolenic acid metabolism. PLA1: phospholipase A1; PLA2: phospholipase A2; LOX: lipoxygenase; HPL1: hydroperoxide lyase; AOS: allene oxide synthase;
AQOC: allene oxide cyclase; OPR: 12-oxophytodienoic acid reductase; OPCL: OPC-8:0 CoA ligase; ACX: acyl-CoA oxidase; KAT2: 3-ketoacyl-CoA thiolase 2;
MFP2: multifunctional protein. (B) Starch and sucrose metabolism. SPS: sucrose—phosphate synthase; SPP: sucrose—phosphatase; SUS: sucrose synthase;
ENPP: ectonucleotide pyrophosphatase; EG: endoglucanase; AGPS: glucose—1—phosphate adenylyltransferase; SS: starch synthase; BE: 1,4—glucan branch-
ing enzyme; AMY: alpha—amylase; BMY: beta—amylase. (C) Nitrogen metabolism. NR: nitrate reductase; NiR: ferredoxin-nitrite reductase; Nrt: nitrite trans-
porter; GS: glutamine synthetase; GOGAT: glutamate synthase; GDH: glutamate dehydrogenase; CA: carbonic anhydrase; and CYN: cyanate hydratase.
Red represents relatively highly expressed genes and metabolites, blue represents relatively poorly expressed genes and metabolites, and genes that met
the P<0.05 and |log,-fold changes|>1 thresholds were defined as DEGs. Metabolites that met the P<0.05 and VIP > 1 thresholds were defined as DAMs
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AGPS, SS, and AMY), three nitrogen metabolism genes
(Nrt, NirA, and GDH), and one ABC transporter gene
(ABCGQ). In addition, the SPS and AGPS genes interact
with one BES1 transcription factor. Network analysis
revealed that the AMY (AMY1), SBE (LOC102590711),
SS (LOC102577506, LOC102577674, LOC102583115),
SPS (LOC102581151), SuUs (LOC102586510,
LOC102588355), AGPS (LOC102592916) and NR
(NR3) genes could effectively influence genes related to
a-linolenic acid, starch and sucrose metabolism; nitrogen
metabolism; and ABC transporters.

Effects of different nitrogen treatments on potato yield
and yield components

Table 2 shows that, compared with those in the AN1
treatment, the number of tubers per plant in the AN2
treatment significantly decreased, by 37.80%. Com-
pared with those in the AN1 treatment, the tuber weight
per plant in the ANO and AN2 treatments significantly
decreased, by 20.19% and 51.35%, respectively. Com-
pared with those in the ANI1 treatment, the commod-
ity rates in the ANO and AN2 treatments decreased by
71.16% and 31.05%, respectively. Compared with that of
AN1, the tuber dry weights per plant of ANO and AN2
decreased by 21.70% and 54.20%, respectively.

Discussion

As an indispensable mineral nutrient element, nitrogen is
required by plants. It plays an irreplaceable role in plant
life activities and is a key factor affecting plant produc-
tion and quality [25, 26]. Physiological and biochemical
index analyses have revealed that nitrogen has diverse
regulatory effects on plant growth [27, 28]. Previous
studies have shown that nitrogen deficiency can lead to
a decrease in plant height, leaf chlorophyll content, root
and bud dry matter weight and nitrogen accumulation
[5], which is similar to the results of this study. In the
present study, nitrogen deficiency resulted in a dwarfing
of potato plants, decreased dry matter mass and nitrogen
accumulation, and decreased leaf Chl 4, Chl b, Car, and
Chl a + b contents. However, excessive nitrogen increased
plant height, dry matter weight and nitrogen accumula-
tion, and the Chl a4 and Car contents also increased. The
formation of potato tubers is a complex developmental
process. After the initiation of tuber formation, the sto-
lon stops growing, and the increase in the number and

Table 2 Changes in potato yield components
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volume of pith, ring pith and cortex cells in the subapi-
cal region of the stolon leads to tuber formation, accom-
panied by starch synthesis and protein accumulation [4,
29]. In this study, through ultrastructural analysis of sto-
lons, it was found that low nitrogen could lead to thick-
ening of the stolon cell wall and plasma membrane and
an increase in the cell gap, which indicated that nitrogen
deficiency led to premature expansion of stolon cells and
earlier formation of tubers. In contrast, excessive nitro-
gen increased the number of mitochondria, the cell wall
and plasma membrane became thinner, and the inter-
cellular space decreased, indicating that high nitrogen
delayed the formation of tubers in stolon cells such that
they were still in the young stage for a long period. In
addition, the changes in potato yield traits verified that
the nitrogen level could regulate the tuber formation pro-
cess. In this study, high nitrogen significantly reduced
the number of tubers per plant and the tuber weight per
plant, and low nitrogen significantly reduced the com-
modity potato rate. Furthermore, high nitrogen leads to
excessive development of the aboveground part of the
potato plant, whereas low nitrogen leads to insufficient
nutrients in the plant and the formation of excessively
small potatoes.

Transcriptomic and metabolomic studies have shown
that alpha-linolenic acid metabolism plays an important
physiological role in plant resistance to stress [30, 31] and
that the accumulation of many metabolites and genes is
induced or inhibited under abiotic stress [32, 33]. This
study revealed that many DEGs and DAMs were associ-
ated with alpha-linolenic acid metabolism, starch and
sucrose metabolism, nitrogen metabolism, and the ABC
transporter pathway, which are key pathways involved
in the response of potato stolons to nitrogen stress
(Figs. 9, 10 and 11). Moreover, this study identified 13(S)-
HpOTTE as a key metabolite, as well as LOX, AOS, HPL1,
OPR and MFP2 (Fig. 10A), which are related to jasmonic
acid (JA) production, as key genes. These results indicate
that nitrogen deficiency and excess nitrogen significantly
affect alpha-linolenic acid metabolism, which may lead to
the accumulation of key metabolites and gene expression,
thereby promoting JA biosynthesis. JA biosynthesis can
affect plant stress resistance [34]. Taken together with the
observed vyield, these findings suggest that JA biosynthe-
sis can affect tuber formation.

Treatment Tuber number per plant Tuber weight per plant (g) Commodity rate>50 g (%) Tuber dry weight per plant (g)
ANO 11.67+0.88a 306.90+0.20b 20.97 £1.44c 7040+0.20b
AN1 12.33+£0.33a 384.53+£0.57a 73.59+3.06a 89.90+£2.26a
AN2 7.67+0.88b 187.07+4.17¢ 50.74+3.87b 41.17+7.67¢

Note All the data are expressed as the means*SEs, n=10. According to Duncan’s test, the different lowercase letters indicate significant differences between
treatments (P<0.05). Commercial potato rate=commercially acceptable tuber weight per plant (>50 g tuber weight)/total tuber weight per plant x 100%
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The results of the transcriptomic and metabolomic
analyses of potato stolons revealed that seven genes
related to sucrose synthase and endoglucanase in the
starch and sucrose metabolism pathway, which pro-
vides carbon sources for stolon growth, were upregu-
lated under high nitrogen levels, namely LOC102582945,
LOC102586510,  LOC102588355, LOC102605343,
LOC102592181, LOC102583923 and LOC102578932,.
Previous studies have confirmed that SUS, SPS, and SPP
can affect the synthesis and accumulation of sucrose
[35-37]. Among them, SUS can reversibly synthesize
sucrose, and SPS catalyzes the conversion of uridine
diphosphate glucose and fructose-6-phosphoric acid to
sucrose-6-phosphoric acid, which is then irreversibly
converted to sucrose by SPP [38, 39]. Previous studies
have shown that plants resist the damage caused by stress
to roots by accumulating a large amount of sugar in the
roots and that soluble sugars (such as glucose, sucrose
and trehalose) reduce the membrane osmotic potential
by binding to membrane lipid bilayers to reduce osmotic
pressure changes and maintain the ability of cells to
expand, increasing plant tolerance to abiotic stress [40].
In addition, sugars can act as small molecule signaling
substances against abiotic stresses [41]. We also obtained
similar results. We found that nitrogen deficiency upreg-
ulated the expression of genes related to SPS, AGPS, SS,
BE, AMY and BMY in stolons and that the contents of
sucrose and GDP-glucose also increased. These find-
ings indicate that under nitrogen deficiency, the sugar
content in the stolons of potato plants increases to pro-
mote tuberization. This phenomenon may be one of the
reasons why nitrogen deficiency leads to early tuberiza-
tion of stolons. However, the commodity rate of potatoes
was significantly reduced, which may be due to the lack
of nutrients during the expansion of potato tubers caused
by nitrogen deficiency, resulting in the failure of tubers
to expand fully. These results are consistent with those of
previous studies, which have shown that stresses applied
during the tuber initiation and tuberization stages not
only restrain foliage and plant development but also limit
tuber mass [42].

Carbon and nitrogen metabolism in plants is closely
related, and there is a mechanism of mutual regulation.
Carbon metabolism provides energy and organic mat-
ter to support plant growth and development, whereas
nitrogen metabolism is involved in the synthesis and
distribution of photosynthetic products [43]. Previous
studies have demonstrated potential roles for these nitro-
gen metabolism-associated genes, especially transporter
genes, in nitrogen stress tolerance in potatoes [44—46].
Nitrite transporters are responsible for absorbing nitrate
from the soil and transporting it between completely
different parts of the plant. They provide nitrates where
they are needed to respond to adverse environmental
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conditions [47]. Moreover, according to previous reports,
the NRT family is involved in root growth, flowering
time, various physiological processes, and the tran-
scriptional regulation of hormone and nitrate signals
[48-50]. Studies have shown that the upregulated DEGs
include members of the NIR and NRT gene families,
which increase crop nutrient uptake [51]. We identified
several Nrt family genes (Fig. 10C). The transcriptomic
and metabolomic data revealed that the NR-, Nrt-, NiR-,
and CA-related DEGs play important roles in meth-
ane metabolism, glyoxylate metabolism, and glutamate
metabolism, which are associated with nitrogen metabo-
lism. In addition, high nitrogen levels increase the activ-
ity of the GDH gene, which is involved in the catalysis of
NH,* and 2-oxogluconate to produce glutamic acid [52]
and plays an important role in ammonium assimilation
and stress resistance [53]. These results suggest that sto-
lons respond to nitrogen stress by regulating nitrogen
metabolic pathways. These DEGs and their functions are
essential for potato nitrogen use efficiency and trait vari-
ation [54]. The ABC transporter-related AtABCBI gene
has been shown to be expressed primarily in primary and
lateral roots, promoting root hair growth and regulating
root development [55]. Studies have shown that plant
ABCG transporters are involved in the transport of JA
and are among the main transporters of plant hormones
[56]. ABCG transporters are localized on the plasma
membrane and nuclear membrane. By regulating the
transport of JA to the extracellular space and JA-isoleu-
cine to the nucleus, the distribution of JA and JA-isoleu-
cine in the cytoplasm and nucleus is controlled, thereby
affecting JA signal transduction [57]. In this study, ABC
transporters constitute one of the key pathways regulat-
ing tuber formation. It is speculated that ABC transport-
ers are associated with alpha-linolenic acid metabolism
related to JA biosynthesis, which mediates JA transport
between cells and regulates potato tuber formation. In
this study, L-valine, L-lysine, L-aspartate, L-isoleucine,
and L-histidine were identified as the key metabolites
in the ABC transporter pathway. In addition, network
analysis revealed that the AMY, SBE, SS, SPS, SUS, AGPS
and NR genes play important roles in alpha-linolenic acid
metabolism, starch and sucrose metabolism, nitrogen
metabolism, and the ABC transporter pathway, which
are associated with tuber formation. Finally, to verify the
accuracy of the transcriptomic results, we performed
qRT-PCR verification. The candidate genes could be
used for genetic manipulation to increase nitrogen utili-
zation efficiency in potatoes via transgenic, CRISPR/Cas9
or base-editing technologies [58]. Further experimental
verification is needed to substantiate the findings regard-
ing the molecular functions of these genes.
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Conclusion

In this study, the mechanism underlying the response of
potato tuber formation to nitrogen concentration was
explored via a combined multiomics analysis method.
Under nitrogen deficiency, the physiological indexes and
metabolites presented positive comprehensive responses.
However, high nitrogen levels significantly increased
the plant height, dry matter weight and nitrogen accu-
mulation, and the Chl a and Car levels also increased.
Transcriptomic analysis revealed that 2756 genes were
differentially expressed under nitrogen stress. The metab-
olomics results revealed that 600 DAMs were involved in
the response to nitrogen stress. Moreover, an integrated
analysis of the transcriptome and metabolome revealed
that nitrogen primarily influences pathways associated
with alpha-linolenic acid metabolism, starch and sucrose
metabolism, nitrogen metabolism, and ABC transport-
ers. Nitrogen deficiency significantly promoted the
accumulation of sucrose, GDP-glucose and L-glutamate
by increasing the expression of genes related to AMY,
SBE, SS, SPS, and AGPS and regulating the starch and
sucrose metabolism and nitrogen metabolism pathways
to promote the formation of stolon tubers. However,
high nitrogen levels had the opposite effect. Further-
more, a high nitrogen supply increased the expression of
EG-, SUS-, and GDH-related genes; increased the con-
tents of 9(S)-HpOTrE, 13(S)-HpOTrE and L-glutamine;
increased the nitrogen tolerance in the stolon; and ulti-
mately decreased the tuber number per plant, the tuber
weight per plant and the commodity rate. Our findings
are expected to provide new insights into the molecular
pathways of potato tuberization in response to different
nitrogen supply levels and strengthen future research on
tuber yield formation and increased nitrogen use effi-
ciency in potatoes.
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