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Transcriptome analysis reveals

multiple effects of nitrogen accumulation
and metabolism in the roots, shoots, and leaves
of potato (Solanum tuberosum L.)
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Abstract

Background: Nitrogen (N) is a major element and fundamental constituent of grain yield. N fertilizer plays an essen-
tial role in the roots, shoots, and leaves of crop plants. Here, we obtained two N-sensitive potato cultivars.

Results: The plants were cultivated in the pots using N-deficient and N-sufficient conditions. Crop height, leaf chloro-
phyll content, dry matter, and N-accumulation significantly decreased under N-deficient conditions. Furthermore, we
performed a comprehensive analysis of the phenotype and transcriptome, GO terms, and KEGG pathways. We used
WGCNA of co-expressed genes, and 116 differentially expressed hub genes involved in photosynthesis, nitrogen
metabolism, and secondary metabolites to generate 23 modules. Among those modules, six NRT gene families, four

pigment genes, two auxin-related genes, and two energy-related genes were selected for gRT-PCR validation.

Conclusions: Overall, our study demonstrates the co-expressed genes and potential pathways associated with N
transport and accumulation in potato cultivars' roots, shoots, and leaves under N-deficient conditions. Therefore, this
study provides new ideas to conduct further research on improving nitrogen use efficiency in potatoes.
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Introduction

As a significant cultivated and fertilizer-intensive crop
planted worldwide, potato (Solanum tuberosum L.) is the
third most important food source. Potato serves as an
alternative source for energy production [1]. It yields high
dry matter and calories per unit space and time. Never-
theless, potato is a good source of energy, proteins, vita-
mins, and minerals. Potato is consumed by over a billion
individuals worldwide, and more than one hundred forty
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countries presently plant potatoes [2, 3]. However, the
cultivation technology and production level of potatoes
still needs improvement.

Nitrogen (N) is a constituent of variety of cell ele-
ments, like amino acids, proteins, cell walls, membranes,
and nucleic acids. In leaves, N deficiency reduces plant
growth and development, chemical process, and leaf
space and ultimately limits plant productivity [2-5].
There’s a demand to scale back N fertilizer input and
increase nitrogen use efficiency (NUE). This could be
achieved by understanding the connection between N
nutrition and the chemical action rate within the leaf
[6-8]. Additionally, the best levels of N uptake and uti-
lization efficiency were obtained for nitrate-fed plants.
This resulted in the highest dry biomass, N content, leaf
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chlorophyll, gas exchange, and root growth [9, 10]. Pre-
vious experiments showed necessary root traits in each
high- and low-N environments. For example, in high-N
environments, increasing root biomass [11] and root
length density [12, 13] were shown to be related to larger
N uptake and yield. Studies in N-deficient environments
report that raised ‘early vigor’ [14], raised root: shoot
ratios [15], and lower specific root lengths [16] are related
to higher productivity. Low-N stress will increase shoot-
to-root growth regulator transport, which enhances
root elongation. This happens via auxin-dependent acid
growth and therefore also the auxin-regulated target of
the rapamycin (TOR) pathway in plants [17, 18]. N fer-
tilizer and NUE play essential roles in crop plants’ roots
(R), shoots (S), and leaves (L). Numerous genes, like
nitrate reductase transporters (NRTs), nitrate reductase
(NR), glutamine synthetase (GS), glutamate dehydro-
genase (GDH), and nitrite reductase (NIR), are known
to be related to N absorption and utilization [19, 20].
Therefore, understanding N responsiveness and organic
phenomenon in potato is necessary for high-NUE potato
selection breeding for the best potato genotype has each
high genetic NUE and high N reactivity.

Transcriptome databases offer a valuable resource
for genetic and genomic studies in plant species. Genes
concerned in N accumulation and metabolism, photo-
synthesis, and hormone biosynthesis are identified via
transcriptome sequencing (RNA-Seq) and analysis [2-6,
21]. In the present study, we identified multiple genes,
gene modules and metabolic pathways in our native
potato cultivars by using RNA-Seq and gene co-expres-
sion analysis. We first obtained root, shoot, and leaf tis-
sues from N-deficient and N-sufficient treated potato
plants and then identified genetically and genomically
expressed variation via informatics analyses. Finally, we
examined the relationship between multiple stress treat-
ments and N metabolism to provide new information to
improve NUE in crop plants.

Materials and methods

Plant materials and experimental treatments

Two potato cultivars, Q9 (Qingshu9, with a growth
period of 125days) and 65 (Xiazai65, with a growth
period of 125days), were planted in pots in a green-
house (conditions: 26 £2°C, 60% relative humidity, 14h
light/10h dark) at Qinghai Academy of Agriculture and
Forestry Sciences. Q9 and 65 are provided by Qinghai
Academy of Agriculture and Forestry Sciences. The two
potato cultivars were divided into the NO (N deficiency)
and the N1 (N sufficiency) groups for the N treatment.
Plants in the NO group were treated with 0gN (Urea,
N:46%), 13g P (P,05:12%), and 4.9gK (K,0:40%); Plants
in the N1 group were treated with 3.4gN (Urea, N:46%),
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13g P (P,05:12%), and 4.9 gK (K,0:40%). The amount of
compound fertilizer was converted and mixed accord-
ing to the whole pots. After a growth stage of 50days,
new, fresh roots, shoots, and leaves of Q9 and 65 plants
were collected separately for transcriptome sequencing
analysis. Equal amounts of leaves were selected for physi-
ological and biochemical parameter measurements. For
RT-qPCR validation, fresh tissues from Q9 and 65 plants
were sampled in tubes, frozen in liquid nitrogen, and
then stored at — 80°C until analysis.

Physiological and biochemical parameter assays

Twelve plants in each group were selected, four were
pooled as a repeat, and three biological replicates were
set. The plant heights of each group of Q9 and 65 plants
were measured using a meter stick (Qinghai, China).
Moreover, the chlorophyll contents of potato leaves
were measured using a SPECORD 200 spectrophotom-
eter (Analytik Jena, Germany) according to a previously
reported method [22, 23]. Leaf extractions containing
chloroplast pigments were measured for specific light
absorption at 665 and 649nm. The chlorophyll con-
tent was calculated as follows: Chl=13.95x A_665—
6.88 x A_649+24.96 x A_649-7.32 x A_665. The dry
matter of the roots, shoots, and leaves was measured
by using the following method: the divided tissues were
heated in an oven (105°C, 30 min) and then dried to con-
stant weight (70°C, 8h); the dry matter was weighed on
an electronic balance (METTLER TOLEDO, Shanghai,
China). Statistical analysis of plant morphological data
was conducted using SPSS 19.0 (IBM, Chicago, IL, USA).
N accumulation was also determined using an ultravio-
let spectrophotometer and a methylthymol colorimet-
ric method. Statistical results were obtained by one-way
analysis of variance (ANOVA) followed by Tukey’s test to
evaluate significant treatment effects.

Potato RNA isolation and detection

The roots, shoots, and leaves of Q9 and 65 potato plants
were collected separately. Each leaf sample was obtained
by sampling the completely expanded fourth leaf. More-
over, we selected the stem tissue between the fourth leaf
and the fifth leaf. In addition, we washed and dried the
water after sampling the root tissue of the plants. Then,
36 samples (two cultivars, NO and N1 treatment, three
tissues) with three biological replicates were prepared
for RNA extraction (TRIzol-A+ reagent, TIANGEN
BIOTECH, Beijing) followed by treatment with RNase-
free DNase I (TaKaRa). RNA quantity was measured
with a Nanodrop and Qubit 2.0 Fluorometer (Life Tech-
nologies, CA, USA). RNA quality was evaluated with an
Agilent Bioanalyzer Model 2100 (Agilent Technologies,
Palo Alto, CA). Samples with an RNA integrity number
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(RIN) value greater than 6.6 were deemed acceptable
according to the Illumina transcriptome sequencing
protocol of the Beijing Allwegene Technology Company
(Beijing, China) [24].

Library construction and transcriptome sequencing

In total, 36 cDNA libraries were constructed by using
the NEBNext® UltraTM RNA Library Prep Kit for Illu-
mina® (#E7530L, NEB, USA). Following the protocol,
poly (A) mRNA of the Q9 and 65 potato groups was
enriched using oligo (dT) magnetic beads and then bro-
ken into small pieces using fragmentation buffer. These
mRNA fragments were used as templates for cDNA syn-
thesis. First-strand cDNA was synthesized using reverse
transcriptase and random primers. This was followed by
second-strand cDNA synthesis using DNA Polymerase I
and RNase H. The well-constructed cDNA libraries were
sequenced on an Illumina HiSeq 4000 (Allwegene, Bei-
jing, China) after processing by a QIAquick PCR kit, end
repair, and sequence-adapter joining. The raw reads in
fastq format were first processed through in-house Perl
scripts. In this step, clean reads were obtained by remov-
ing reads containing adapter, poly-N reads, and low-qual-
ity reads from the raw reads. At the same time, the Q30
and GC content of clean data were calculated. Mapping
of the clean reads was performed using STAR (v2.5.2b)
[25] according to the reference genome from Ensembl
plant_release 47 Solanum_tuberosum. SolTub_3.0 (ftp://
ftp.ensemblgenomes.org:21/pub/plants/release-47/fasta/
solanum_tuberosum/) [26].

DEG identification and enrichment analysis

Gene expression levels were estimated by fragments per
kilobase of transcript per million mapped reads (FPKM)
using HTSeq [27]. FPKM values were calculated using
RSEM [28]. Differentially expressed genes were identified
using the DEseq R package [29]. DEseq provided statisti-
cal routines for determining differential expression using
a model based on the negative binomial distribution.
The resulting P-values were adjusted using Benjamini
and Hochberg’s approach for controlling the false dis-
covery rate (FDR). An adjusted P-value <0.05 and |log2
fold changes| > 1 were used as the thresholds of differen-
tial expression. In addition, DEGs were annotated with
ShinyGO (v0.61, http://bioinformatics.sdstate.edu/go/)
and KOBAS (v2.0, http://kobas.cbi.pku.edu.cn/) assign-
ments to obtain significantly enriched GO (Gene Ontol-
ogy) terms and KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways [30-32]. GO terms with FDR cor-
rected at a P-value <0.05 were regarded as significantly
enriched [33], and pathways with FDR corrected at a
P-value <0.05 were considered significantly enriched [34].
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Weighted gene co-expression network analysis (WGCNA)
The gene co-expression regulatory network was con-
structed using the WGCNA (v1.29) package in R. The
detailed analysis methods were based on a previous
study [35-37]. A total of 20,594 genes with an average
FPKM>1 from three replicates were selected for the
WGCNA network analysis. The appropriate power value
in this study was determined to be eight. The modules
were obtained by the automatic network construction
function with default parameters in the WGCNA soft-
ware package. The correlation between the modules and
traits was calculated by the Pearson method using the
blockwise module function. The top ten genes with maxi-
mum intramodular connectivity were considered “highly
connected genes” (hub gene).

Quantitative real-time PCR (qRT-PCR) validation

qRT-PCR analysis was employed to verify the DEG
results using Bio-Rad CFX Manager (Bio-Rad, CA, USA)
with SsoFastTM EvaGreen Supermix (Bio-Rad). Primers
for specific N metabolism, photosynthesis, and chloro-
phyll genes were designed using Beacon Designer 7 (Bio-
Rad, USA). Gene-specific primer sequences for qRT-PCR
are listed in Table S1. qRT-PCR assays were performed
in triplicate (technical repeats) with three independent
biological replicates, with StActin as the internal stand-
ard based on the following method [38]: 1ug of total
RNA from the same batch of RNA for high-throughput
RNA-Seq was used for first-strand c¢cDNA synthesis
using iScript (Cat#1708891, BioRad, Hercules, CA, USA)
according to the supplier’s protocol. PCR was conducted
in a total volume of 20 uL with 2L of cDNA template,
400 nM forward primer, 400 nM reverse primer, and 14 uL
of SsoFast EvaGreen Supermix (Cat. #1725200, Bio-Rad,
Hercules, CA, USA). Quantification was determined by
BioRad CFX manager software (V3.1). Quantitative veri-
fication was performed by a relative quantitative method
(2—AACT) [38]

Data availability

The RNA-Seq data of 36 potato samples have been
uploaded to the NCBI SRA database, and the Bioproject
accession: PRJNA741081(https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA741081/).

Results

N treatment affects the morphology of potato plants
Potato cultivars Q9 and 65 under the NO and N1 treat-
ments were observed for plant height; leaf chlorophyll
content; leaf, shoot, and root dry weight; and N accumu-
lation contents (Fig. 1). Potato plants were highly sensi-
tive to N levels. Both cultivars in the NO group showed
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lower plant heights than those in the N1 group (Fig. 1A).
The change patterns for chlorophyll contents or SPAD
remained consistent with that of plant height. N sulffi-
ciency improved the chlorophyll accumulation content in
potato leaves in Q9 and 65 (Fig. 1C). The dry matter and
nitrogen accumulation showed that the contents in leaves
were better than those in roots and shoots. Furthermore,
Q09 had higher dry matter and N accumulation levels than
65 (Fig. 1B and D), suggesting that Q9 had a higher NUE
than 65. The soil N absorption and transport moved from
the roots to the shoots and accumulated in the leaves.

RNA-Seq results and analyses

To verify the mechanism of N metabolism in Q9 and
65 under the NO and N1 conditions, we used transcrip-
tome analysis to identify genes. The quality and quantity
of the 36 RNA samples were high, with an RNA integrity
number (RIN) greater than 6.6 (Table S2). In addition, 36
c¢DNA libraries from Q9 and 65 plants produced more
than 37,000,000 paired-end clean reads, and the Q30 val-
ues were higher than 92%. The total reads were mapped
to the reference genome from Ensembl_plant_release 47
Solanum_tuberosum. SolTub_3.0. More than 92% of the

clean reads from each sample could be mapped, and the
GC content was normal at the 42% level (Table S3). These
results suggested that the sequencing and genetic data
were high quality and provided a basis for the following
analyses.

For DEQG analysis, the DEG heat map shows that roots
(abbreviated “R”), shoots (abbreviated “S”), and leaves
(abbreviated “L”) were clustered into three groups: group
1: NO_Q9_R, N1_Q9_R, NO_65_R, and N1_65_R; group
2: NO_Q9_S, N1_Q9_S, N0_65_S, and N1_65_S; and
group 3: NO_Q9_L, N1_Q9_L, N0_65_L, and N1_65_L.
The gene expression patterns in each group were simi-
lar. However, the gene cluster profiles were different in
different plant tissues. The whole comparison groups of
R, S, and L are shown in Fig. 2A and Table S4. For the
whole comparison groups, Root 1-4 represent NO_Q9_R
vs NO_65_R, N1_Q9_R vs N1_65_R, NO_Q9_R vs N1_
Q9_R, and NO_65_R vs N1_65_R; Shoot 1-4 represent
NO_Q9_S vs NO_65_S, N1_Q9_S vs N1_65_S, N0_Q9_S
vs N1_Q9_S, and NO_65_S vs N1_65_S; and Leaf 1-4
represent NO_Q9_L vs NO_65_L, N1_Q9_L vs N1_65_L,
NO_Q9 L vs N1_Q9 L, and NO_65_L vs N1_65_L.
The NO nitrogen treatment caused most genes to be
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differentially expressed between Q9 and 65 in the roots,
leaves, and shoots. This was followed by the N1 nitrogen
treatment in leaves between Q9 and 65, as well as other
comparison groups (Fig. 2B). The Venn analysis of the
roots, shoots, and leaves of four groups showed many
overlapping and specific DEGs. The leaf comparison
groups shared the most DEGs, followed by the root and
shoot comparison groups, which generated the fewest
DEGs (Fig. 2C and Table S5). These results suggest that
Q9 and 65 were more sensitive to N deficiency, and the
leaves were most vulnerable to changes in N nutrition.

DEG classification and GO functional annotation

To classify the DEG functions, we used the GO data-
base to divide the DEGs into three categories (Blue: bio-
logical process, Yellow: cellular component, and Red:
molecular function). Among these GO terms, “orga-
nonitrogen compound metabolic process,” “phosphate
and containing compound metabolic process,” and
“phosphorylation” from the biological process category
were mainly enriched. Moreover, “cellular; “membrane;’
and “plastid containing chloroplast and thylakoid” were
enriched in the cellular component category, and in the
molecular function category, “binding” was the major
GO term (Fig. 3A and Table S6). The selected 116 hub
genes (Table S7) mainly were enriched in “photosynthe-
sis (including PS I and PS II),” “membrane,” “chloroplast,’
and “chlorophyll-binding” GO terms (Fig. 3B and Table

S6). These results show that N deficiency and sufficiency

affect the photosynthetic process, N transport, and meta-
bolic process. Roots also adapt to the growth process of
different light signals through photomorphogenesis by
sensing light signals from the ground. Light signals can
help roots better adapt to the soil environment [39, 40].

Significant KEGG pathways of DEGs in roots, shoots,

and leaves

Total DEGs in roots, shoots, and leaves under the NO
and N1 treatments were examined using the KEGG data-
base. The results contained multiple significant path-
ways, including “Biosynthesis of secondary metabolites,’
“Photosynthesis-antenna proteins,” “Plant hormone
signal transduction,” and “Nicotinate and nicotinamide
metabolism” DEGs in metabolic pathways, such as sec-
ondary metabolites and amino acids, were the most
enriched in the roots. The most enriched shoots were
ABC transporters, secondary metabolites, flavonoids,
monoterpenoids, starch and sucrose, and vitamin biosyn-
thesis and metabolism. Carotenoid biosynthesis, other
pigments, and photosynthesis were significantly enriched
in the leaves. In addition, several DEGs were enriched, as
shown in Table 1. These results suggested that differential
expression of functional genes might affect multiple met-
abolic pathways in different tissues of potato cultivars.

Identification of a weighted gene co-expression network
WGCNA was used to obtain candidate key genes or
hub genes associated with the related phenotypic traits,
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including chlorophyll content, dry matter weight, and
nitrogen accumulation of roots, shoots, and leaves. After
removing the genes with low FPKM levels, 20,594 genes
were retained for further analysis. A total of 23 modules
(labeled in different colors) were obtained, and three mod-
ules (MEturquoise, MEdarkorange, MEgreen) were sig-
nificantly related to the various phenotypical traits noted
above (Fig. 4). The relationships of the 23 modules are
shown in Fig. S1. The MEturquoise module had higher cor-
relation values of 0.92, 0.74, and 0.81 for chlorophyll, dry
matter, and N accumulation. MEdarkorange showed 0.69,
0.75, and 0.78, and MEgreen showed 0.7, 0.74, and 0.78 for
those traits. The eigengenes in the three modules were con-
served and significant for further mining and analysis.

Hub genes involved in N-related and N-affected metabolic
pathways

Furthermore, 116 hub genes and DEGs from the three
modules in the above WGCNA results were analyzed.
The expression heat map shows three cluster profiles.
Among these, profile 1 DEGs are gradually upregulated
from the roots to the shoots to the leaves. Profile 2 DEGs
are downregulated from the roots to the leaves. Profile 3
DEGs are upregulated in the shoots and slightly down-
regulated in the roots and leaves (Fig. 5A, Table S7).
Then, the KEGG pathway enrichment analysis of 116
DEGs showed that 19 were enriched in photosynthesis-
antenna proteins (Fig. 5B and S2), 46 in metabolic path-
ways, and 8 in nitrogen metabolism (Fig. 5B and C). The
metabolic pathways including N-glycan, starch, lipid
acid, amino acid, pigments, and vitamins. The 8 DEGs
NR, NRT, NIR, NIRA, GS, GDH, CA, and formamidase

play important roles in methane metabolism, glyoxylate
metabolism, and glutamate metabolism, which are asso-
ciated with N metabolism. These DEGs and their func-
tions are essential to potato NUE and trait variations.

Verification of selected DEGs via qRT-PCR

qRT-PCR was performed to validate the transcriptome
analysis. Fourteen key DEGs participating in photosyn-
thetic, nitrogen, chlorophyll, and hormone metabolism were
selected (Fig. 6). The expression levels of 14 DEGs based
on RNA-Seq analysis are shown in Fig. 6A. Four DEGs
(PGSC0003DMG400002865: NRT, PGSC0003DMG400020139:
auxin-induced, = PGSC0003DMG40002939%: NRT, and
PGSC0003DMG400030309:  auxin-regulated) were upregu-
lated in roots, and 2 DEGs (PGSC0003DMG400004329: NRT
and PGSC0003DMG402000668: NRT1.1) were upregulated
in shoots. The other 8 DEGs (PGSC0003DMG400008488:
chloroplast ~ pigment-binding, = PGSC0003DMG400012590
and PGSC0003DMG400013460: chlorophyll a-b binding,
PGSC0003DMG400016996: NRT, PGSC0003DMG400019248:
chlorophyll a-b binding, PGSC0003DMG400025106: ATP syn-
thase, PGSC0003DMG402015827: wall-associated kinase, and
PGSC0003DMG401011339: NADPH) were all upregulated
in leaves. The expression data and regulation patterns were
similar compared with the corresponding values from the
qRT-PCR analyses (Fig. 6B). Five NRTs, three pigment genes,
two auxin-related genes, and two energy-related genes were
consistent with those obtained by qRT-PCR. Generally, the
results of selected target DEGs between RNA-Seq and qPCR
show that the data are consistent for relevant genes and
pathways.
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Table 1 The most enrichment KEGG pathways of root (R), shoot (S), and leaf (L) DEGs

KEGG term KO_ID Root_DEGs Shoot_DEGs Leaf_DEGs p_value
ABC transporters s0t02010 0.192 0.040 0.199 <0.001
alpha-Linolenic acid metabolism s0t00592 0.031 0.031 0.015 0.001 ~0.005
Arginine and proline metabolism sot00330 0.072 0.182 0.033 0.005~0.01
beta-Alanine metabolism so0t00410 0.085 0.020 0.109 0.01~0.05
Biosynthesis of secondary metabolites sot01110 0.003 0.001 0.004 0.05~0.1
Butanoate metabolism s0t00650 0.029 0.203 0.253 >0.1
Carbon fixation in photosynthetic organisms so0t00710 0.067 0441 0.015

Carotenoid biosynthesis s0t00906 0.014 0.038 0.001

Cyanoamino acid metabolism s0t00460 0.096 0.142 0.037

Ether lipid metabolism s0t00565 0.046 0.053 0.038

Flavone and flavonol biosynthesis s0t00944 0.054 0.030 0.361

Flavonoid biosynthesis s0t00941 0.008 0.001 0.501

Glutathione metabolism s0t00480 4.02E-05 0.158 0.184

Glycerolipid metabolism s0t00561 0.025 0.091 0.004

Glyoxylate and dicarboxylate metabolism s0t00630 0.142 0361 0.043

Histidine metabolism s0t00340 0.078 0.220 0.015

Homologous recombination s0t03440 0.027 0.008 0.052

Inositol phosphate metabolism s0t00562 0.191 0.266 0.020

Limonene and pinene degradation 50t00903 0.113 0.065 0.025

Metabolic pathways so0t01100 0.001 0.059 0.084

Monoterpenoid biosynthesis 50t00902 0.005 0.005 0.182

Nitrogen metabolism 50t00910 0.226 0.752 0.236

Nicotinate and nicotinamide metabolism s0t00760 0.076 0.011 0.044

Phenylalanine metabolism 50t00360 0.058 0.021 0.028

Phenylalanine, tyrosine and tryptophan biosynthesis 50t00400 0.046 0.573 0.383

Phenylpropanoid biosynthesis 50t00940 0.092 0.011 0.023

Photosynthesis sot00195 9.59E-05 0.007 0.366

Photosynthesis - antenna proteins sot00196 1.93E-05 1.34E-11 2.65E-07

Plant hormone signal transduction s0t04075 2.11E-07 0.004 0.030

Porphyrin and chlorophyll metabolism s0t00860 0.062 0.053 0.029

Protein processing in endoplasmic reticulum sot04141 0.038 0.297 0.672

Ribosome s0t03010 0.001 4.03E-12 0.002

Sesquiterpenoid and triterpenoid biosynthesis s0t00909 0.004 0.015 0.077

Starch and sucrose metabolism s0t00500 0.129 0.007 0.045

Tryptophan metabolism 50t00380 0.044 0.029 0.001

Tyrosine metabolism so0t00350 0.244 0.010 0.246

Valine, leucine and isoleucine biosynthesis s0t00290 0.026 0312 0.544

Vitamin B6 metabolism s0t00750 0.035 0.009 0.081

Discussion

This study bred two new cultivated potato varieties,
Q9 and 65, with high-yielding and high-resistance
properties in Qinghai, China. We mainly focused on
the phenotypic traits and correlated genetic infor-
mation in the roots, shoots, and leaves of Q9 and 65
under N deficiency and sufficiency. RNA-Seq analysis
is an efficient method to study genome-wide changes
in gene transcription and to screen existing gene
resources in response to different N concentrations

[2-5]. Previous studies showed N-responsive genes
using two approaches: one involves reducing and/
or depletion of N in the growth media, work low-N
stress (N starvation). The opposite is achieved by
resupplying traditional N to seedlings mature in
media with no or very little N, targeted on NUE. Key
genes functioning in plant survival were concerned
in response to N starvation, including those involved
in the overall stress response, chlorophyll synthesis,
and N assimilation.
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Fig. 4 Weighted gene co-expression network analysis (WGCNA) of gene expressions and the related traits

Furthermore, N absorption and assimilation genes
were upregulated throughout N supplementation [21, 33,
41-43]. To enhance NUE, it’s essential to grasp the plant
response to N treatments, particularly to N limitation at
each the physiological and transcriptomic levels. During
this study, the candidate genes selected were supported
by the previous studies, and can have a potential role in
rising NUE [1, 3, 44].

Multiple responsive mechanisms to N treatment are
known in crop plants. Among these, photosynthesis, PS

I and PS II, N metabolism, transcription factors, and hor-
mone signaling, were associated with mechanisms of N
treatment and tolerance [4, 45—49]. However, our study
integrated all hub genes related to traits that occurred
in the roots, shoots, and leaves of potatoes (Figs. 2, 4,
5). We first analyzed the potato plant heights, chloro-
phyll contents, dry matter levels, and N accumulation
contents (Fig. 1). Both potato cultivars are sensitive to
N deficiency conditions. This ends up in a smaller plant
height, lower leaf chlorophyll contents, and fewer dry



Guo et al. BMC Plant Biology (2022) 22:282 Page 9 of 12
B
i and other id-quil
Tryptophan metabolism
Pyruvate metabolism °
phyrin and °
Photosynthesis - antenna proteins [ ]

® 10
® 20
@® 30
@ 4

qvalue
1.00
0.75
0.50

0.25
0.00

Gene_number

Photosynthesis{ ©

Pentose phosphate pathway

Oxidative phosphorylation (]
Nitrogen metabolism °

and

Metabolic pathways .

Carbon fixation in photosynthetic organisms °

Amino sugar and nucleotide sugar metabolism{ ©

Alanine, and

and di °
Diterpenoid biosynthesis °
Cysteine and methionine metabolism{
Citrate cycle (TCA cycle) °

Carbon metabolism °

Arginine biosynthesis

0.0 0.2 0.4
Rich factor

_ Methane
metabolism

C Cyanoamina acid | _ _ _ _‘:'
metabolism IL" =
it | CoO, CA HCO;.

T
NarB Nitrite NirA i p—
|—|R —~ <N yoxy! .ate
O IN_J N’ NIT-6 metabolism
Nitrate NasAB - CYN Cyanate
Carbamate
Nrt Ni}r:te | NR | Nilfrfte NiR Ammoma — NAD(P)+
Nitrate NrtABCD b |_dehydrogenase |
(extracellular)
TNt | Glutamine Glutamate Clutamate
Nitrite — synthetase synthase metabohsm
L Glutamine L-Glutamate

(extracellular)

Fig. 5 The selected 116 DEGs are involved in N absorb, transport, and biosynthesis metabolism. A Heat-map of 116 hub-genes. B The top20
enriched KEGG pathways of 116 DEGs. C The nitrogen metabolism of potato cultivars and DEGs involved in the pathway (www.kegg.jp/kegg/keggl.

html)

matter weight and N accumulation, particularly in roots
and shoots. These results are in accordance with those
of a previous study [2—8]. In plants, photosynthesis plays
a decisive role in carbon fixation and biomass accumu-
lation. In higher plants, the sunshine reaction of photo-
synthesis is accomplished by the two photosystems PS I
and PS II. These two photosynthesis act in series through
the photosynthetic energy transport chain. They’re con-
cerned in the light-dependent reactions of carbon fixa-
tion [50]. In the present study, nineteen genes involved in
the photosynthesis pathway were downregulated below
N deficiency (Table 1, Fig. 5B and S2). All nineteen were
enriched in the light-harvesting chlorophyll protein com-
plex (LHC), such as Lhca/b1, Lhca/b 2, Lhca/b 3, Lhca/b
4, and Lhcb6, which bind to PS I and PS II. The results
suggest that N nutrition and NUE enhance the photosyn-
thetic pathways. Besides, those genes also are enriched

in GO terms “phosphate and containing compound
metabolic process;,” “photosynthesis,” “membrane,” and
“binding” (Fig. 3). All results show the interconnected
relationship between photosynthesis and N metabolism.
Previous studies demonstrated potential roles of those N
metabolism-associated genes, especially transporters under
N stress tolerance in potato [2, 51, 52]. NRTs are respon-
sible for the absorption of nitrate from soil and transloca-
tion among completely different components of plants.
They deliver nitrate wherever required and take measures
in addressing adverse environmental conditions [53].
Moreover, as per the previous report, the NRT fam-
ily was found to be concerned in root growth, flower-
ing time, and transcriptional regulation of multiple
physiological processes, hormonal and nitrate signal-
ing [54-56]. The upregulated DEGs included members
of NIR and NRT gene families, which increased crop


http://www.kegg.jp/kegg/kegg1.html
http://www.kegg.jp/kegg/kegg1.html

Guo etal. BMC Plant Biology ~ (2022) 22:282 Page 10 of 12
PGSC0003DMG400020139  Auxin-induced protein 22B 2 0 -2 o Jg
0003DMG400029396 Nitrate transporter | B | < 16 %

0003DMG. Auxi

0003DMG400002865 Nitrate transporter

0003DMG400007512
0003DMG400009021
0003DMG400004329
PGSC0003DMG402000668

z Z Z Z Z 72 Z Z
< - > Il— IO ‘i-l IO In—
o E - < Y < T -
‘\e ]\5 I(II I!II |‘° ‘\9 I(II I!Il l\e ‘\0 I(II I(II
I R NI S ST o o
rascC NAcseq ===qRT-PCR PGSCON03DMGA00008488 ——RNAseq ——qRT-PCR
g g £ 2m 13
: 120 5 3 < 16 %
z s 2 z 14z
Z 10 , § £ 1500 40
E Z H . z
H 1
i - B £ 1m0 0w E
B 4 3 e &
Zw tog 3 s 04 £
= s = H 02 3
HETH RAVAT! SRR S [o* 3
E oo 0 £ TS TS 9.9,5 VY, Y,y
KIR @L’e- ICHC NI IO g E olel e’ ;hh/ ST & &7
,,,,, &PV ¥ ¥ PACHO I IS ICICIS IS
SEAESTS g@@@é%@@ ISR A A A SR
P “GRT-PCR PGSCO003DMG400012590 —— RNA-seq = GRT-PCR
; 60 %0 3 ; =
80 2 7w 4 2
e bt} 2w Z
Z w0 o £ g o Er
& i : .
- ok Em £
in w0 % I V&
£ 10 :‘; K 2 ol I 1 0 £
s £ H Tl el el el oY oY oY oY 2
20 ° 2 q@ 97 &GS e & £
E IO IR I SCHCHCBURC Y £ & ? SIS .
TS a,&,&g,\ o7 97 0 & &7 ST DTS DTN S
ST IIITIISTS
v ——qRT.PCR PGSCONIDMGH1827 —R¥Asq ——aRTPCR
3 - g m P
] Iw s %
25 3 z® e
: 4§ o 2§
3 @ s 7
s E o : k
z “ 15 4
1o » ot
] 0 ]
= s 0s F 1 05 %
g ol LN N E ol o
Y o ST E S 5 e Sy vy Ly
St et el ¢ ;?@y oY e¥ ¢ BRI IR R R
STATSTST ISR SN NN SN SN AT

gulated protein
Nitrate excretion transporter 2
erellin 2-oxidase 1
te transporter
te transporter NRT1.1
PGSC0003DMG400016996 Nitrate transporter CICIC IR S
PGSC0003DMG400013460  Chirophyll a-b binding protein 3C, chloroplastic N
PGSC0003DMG400019248 Chl a-b binding protein 13, chloroplastic
PGSCO003DMG400008488 Chloroplast pigment-binding protein CP29
PGSC0003DMG400012590 Chloroplast a-b pigmen
PGSC0003DMG402015827 Wall-associated kinase
PGSC0003DMG400002068 Gibberellin 2-oxidase 1
PGSC0003DMG400025106 ATP synthase epsilon chaind, chloroplastic

PGSCO003DMG401011339 NAD(P)H quinone oxidoreductase chain 4, chloroplaste

Fig. 6 The gRT-PCR validation of fourteen DEGs involved in potato root (R), shoot (S), and leaf (L) under NO and N1 conditions. A The heat-map of
selected validation DEGs. B The fourteen DEGs expression pattern in N9 and 65 according to the gRT-PCR method

FPKM resulted from RNA-seq
3
N
Relative Expression

=

GSCO003DMG400029396 —RNA-seq ~—qRT-PCR

inding protein CP24, chloroplastic

fu 63
in sk
zn 4z
E 37
s ;
Ly '
Y Vg
HIR 0%
LERNC IS 0 B0 S IS 0 G R H
z o CICICN NN H
} SEITIIIIIISET s
; » ——arTrCR
g z s g
2 5 s
£ 400 2 25 %
H g2 2 3
£ 300 H £
H < s 5
e z 1w
z os 3
Z ol z o 2
E SO IR IR SO oY oS o £ © .2 .9.5 vy
S ST e e R I IR
B e B e e R
PGSCIOSDVGHM0L3460 —RNAseq ——RTPCR rasc —kTPCR
z‘ 2500 :‘; 3 g 1000 0 3
2 i iom =k
E] 4 5 Z 0 =
£ 1500 23 Z H
£ ] E oo s 3
3 100 s £ S s 0 =
£ 6 I 5 4
s O B 1 O
§ ] Z w0 s &
s St St et ety oY e B0 s ssoe .
SESEIIISIIISSTS DCCOCR IO
ST <« B SIS
PGSCO003DMGA00016996 ——RNAseq =—=qRT-PCR T S— ——RNAseq ——qRT-PCR
< 1w P -
g : g s 3
Z N H §i® 3
iw =i Iy s
2 7 0 § ) 25
g 60 7 Al 2
& s 15 E ) 15
R z £ 5
EE oy g 1
i ) os
s o P = Lo
E 0 2 + T 9.9.9.9. Y V vy
E T E T T 00022 VYL ) q@éﬂ,a&,&,@,hﬁ,,&, oY ¥ &

e‘e‘@'é“‘“ ‘%‘e“e\e"e‘

nutrient uptake [57]. We find several NRT gene families
(Figs. 5C and 6, Table S7). Interestingly, the expression of
NRT gene family members in N-deficient potato groups
was upregulated in root and shoot. We also found that
the aminoalkanoic acid, organic compound transport-
ers, and basic principle transporters play key roles in N
uptake and transformation from potato root to shoot,
and lastly, to leaf (Table 1). The best enrichment score of
those metabolic pathways in potato cultivars below NO
and N1 treatment indicated that multiple transcription
differences strongly influenced the root, shoot, and leaf
nitrogen metabolism.

Furthermore, the plant hormone auxin is critical
for plant growth and development processes. It plays
its regulatory role primarily by inducing the expres-
sion of early auxin response genes. The low nitrogen
condition induced the biosynthesis of auxin and accu-
mulation of transcripts, and the source of auxin or
auxin transport revealed a role for auxin in regulat-
ing N remobilization [58, 59]. Using WGCNA and co-
expression methodology, we identified many DEGs
involved in auxin -induced and auxin-regulated (Figs. 4
and 6). We obtained several DEGs associated with the

photosynthetic pathway and nitrogen metabolism path-
way (Fig. 5). The eight DEGs NR, NRT, NIR, NIRA, GS,
GDH, CA, and formamidase play important roles in
methane metabolism, glyoxylate metabolism, and gluta-
mate metabolism, which are associated with N metab-
olism. These DEGs and their functions are essential
to potato NUE and trait variations [19, 20]. Finally, to
identify the expression level and patterns, we selected
fourteen DEGs from the 116, which were extremely
co-expressed and connected with the traits. The NRTs,
auxin-induced, auxin-regulated, NRT1.1, chloroplast
pigment-binding, chlorophyll a-b binding, ATP syn-
thase, wall-associated kinase, and NADPH genes kept
consistent between RNA-Seq and qPCR detection. The
candidate genes could be used for genetic manipula-
tion for increasing NUE in potatoes via transgenic or
CRISPR/Cas9 or base-editing technologies [44]. Explor-
ing the molecular functions of these genes requires fur-
ther experimental verification.

This study has several limitations: (i) This study did not
conduct multiple growth stages rather one growth stage.
(ii) The genetic correlation among multiple crop plants
could not be conducted in this present study. (iii) The
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cultivar-specific expression pattern of genes and corre-
sponding mutants’ performance throughout N deficiency
were not presented in this present study. (iv) The new-
est potato genome DMv6.1, was not used in this present
study which might be useful for distinguishing the iso-
forms. Therefore, we tend to shall use these in our future
study of this subject with extended experiments.

Conclusions

In conclusion, according to the RNA-Seq method and
analyses, we obtain the whole-genome-wide transcrip-
tional regulation and processes potentially implicated
in response to N-deficiency in typical Qinghai potato
plants. Metabolic pathways, like secondary metabo-
lites including N-glycan, starch, lipid acid, amino acid,
pigments, and vitamins; and nitrogen metabolism and
photosynthesis caused multiple effects of nitrogen trans-
porter and accumulation in the root, shoot and leaf
under N-deficiency conditions. Hub-genes related to
NRTs, NRT1.1, auxin induction, auxin regulation, chlo-
roplast pigment binding, chlorophyll a-b binding, ATP
synthase, wall-associated kinase, and NADPH lead to a
biomass decrease in potato with N deficiency. The bal-
ance of plant hormones and N nutrients might regulate
growth and development. The present study has greatly
improved our knowledge of the enrichment of gene
networks and regulatory elements involved in potato N
metabolism pathways, strengthening future research on
N metabolism and higher NUE in potatoes.
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