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Abstract: Excessive nitrogen application has become a hidden danger threatening the sustainable development
of agriculture. Exploring the potential genes will help to improve the nitrogen availability of wheat through
molecular breeding. We therefore conducted wheat transcriptomics and proteomics researches under complete
culture medium without nitrogen (NO) and complete culture medium with nitrogen (N1). The results showed
that, the nitrogen deficit decreased the fresh weight, N content and net photosynthetic rate of winter wheat.
3949 and 2675 differentially expressed genes (DEGs) were identified in the shoot and root, respectively, while
164 and 129 differentially expressed proteins (DEPs) were identified in the shoot and root respectively. 9 genes
in shoot and 26 genes in root showed the same trends in RNA and protein levels. 5 genes in shoot and 4 genes
in root showed the opposite trends in RNA and protein levels. Pathway enrichment of wheat transcriptome
and proteome under nitrogen deficit proposed 3 candidate genes related to photosynthesis in shoot, 4
candidate genes related to carbon metabolism in shoot, and 12 candidate genes related to carbon metabolism
in root. Meanwhile, the chromosomal and subcellular localization of these genes were listed, which will
provide reference for improving nitrogen availability through molecular breeding.

Keywords: carbon metabolism; nitrogen deficit; photosynthesis; proteomics; transcriptomics

1. Introduction

The application of nitrogen fertilizer has greatly increased the yield of crops, however, ecological
environmental pollution caused by nitrogen application are common problems world widely in
recent years (Du 2019; Liu et al. 2019b; Ji et al. 2020). Excessive application of nitrogen fertilizer is the
main reason for the low nitrogen use efficiency and ecological environment pollution, which has
become a hidden danger threatening the sustainable development of agriculture (Sihvonen et al.
2021).

The amount of nitrogen fertilizer application in agriculture per unit area in China is 1.4 times of
the world average level, while the agronomic efficiency and nitrogen use efficiency of nitrogen
fertilizer are only 62% and 67% of the world average level (Zhang et al. 2013; Liu et al. 2019a; Yin et
al. 2019). The nitrogen saving potential of winter wheat in China is more than 15%, and the nitrogen
use efficiency can be increased by more than 23% (Zhang et al. 2013; Yin et al. 2019). Improving the
tolerance of wheat to nitrogen deficit is an effective method to reduce nitrogen application and ensure
crop yield has become an urgent problem.

Previous studies considered that nitrogen deficiency can lead to the change of metabolic process
(Ouyang et al. 2016; Lan et al. 2020; Lv et al. 2020;Liu et al. 2020b). The plant soluble sugar content
and net photosynthesis rate were decreased under nitrogen deficit (Honoki et al. 2018; Gao et al. 2018;
Liu et al. 2020b). As per a study on transcriptome, the nitrogen deficit of wheat affects on the
pathways of photosynthesis, nitrogen metabolism and extracellular region, which leaded to the
adaptive changes of roots and photosynthesis rate (Liu et al. 2020a). To find the limiting factors in the
photosynthesis and carbon metabolism pathways through transcriptome and proteome will be of
helpful for improving wheat growth under nitrogen deficit by molecular regulation in the future.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The combined analysis of transcriptome and proteome provide detailed information of
transcriptional regulation and post transcriptional regulation (Catusse et al. 2008; Dustin N et al. 2009;
Wu et al. 2014). We therefore conducted experiments on transcriptome and proteome under nitrogen
deficit of wheat, which aimed to: (1) explore the difference of transcriptome and proteome in wheat
under nitrogen deficit; (2) provide candidate genes related to photosynthesis and carbon metabolism
pathways for improving the nitrogen availability through molecular breeding.

2. Materials and Methods

2.1. Experimental design

A nitrogen sensitive variety Shannong 29 was used in our experiment. Wheat seeds were
disinfected with 75% alcohol for 30 seconds, then washed with distilled water for 3 times. After the
seeds of winter wheat were sterilized, the seedlings were cultured to one leaf and one heart stage in
vermiculite. Then the seedlings were fixed on sponge and transplanted to two nutrient solutions with
different nitrogen concentrations, which were 5mmol* NHsNOs (N1) and Ommol-1 NHsNOs (NO).
Each nitrogen concentration treatment has 90 seedlings and repeated 3 times. The seedlings were
cultured in artificial incubator, and the environmental parameters were set to dark period 8 hours,
photoperiod 16 hours and relative humidity 70%.

The nutrient solution of NO contained 2 mmol L' CaClz, 1.8 mmol L1 KCI, 0.2 mmol L' KH2POs,
0.5 mmol L MgSOs, 0.1 mmol L' FeEDTA, 0.5 umol L-1 KI, 1 umol L-* HsBOs, 1 pumol L' MnSOs, 1
pumol L1 ZnSOs, 1 pmol L1 NazMoOs, 0.1 pumol L' CuSOs, 0.1 umol L CoClz. The nutrient solution
of N1 added 5mmol* NHsNO:s as compared to NO. The pH value was maintained at 6.8 + 0.3.

2.2. Experimental measurements

2.2.1. Phenotypic index

1, 3, 5,7, 9 days after transplanting, fresh weight of shoot and root of 10 plants were measured.
In addition, 10 plants were sampled to measure the N content of root and shoot at 9 days after
transplanting. The N content were measured using Kjeldahl determination (William 1971). The leaf
photosynthesis rates were measured in 5, 7, 9 days after transplanting using LI-6400 portable
photosynthesizer (LI-COR, USA) with a red-blue light source and a light quantum density of 1400
pmol m? s,

2.2.2. Transcriptome and proteome sequencing

20 seedlings were sampled and separated into shoot and root in each experimental repetition at
1 day after transplanting, which were using for transcriptome and proteome sequencing.

The main processes of transcriptome determination were as follows, after the total RNA of the
sample was extracted and digested with DNase, the eukaryotic mRNA was enriched with magnetic
beads with oligo (DT) ; the interruption reagent was added to break the mRNA into short fragments,
and the interrupted mRNA was used as the template, 6 base random primers were used to synthesize
one strand cDNA, and then two strand reaction system was prepared to synthesize two strand cDNA,
and the double strand cDNA was purified by kit; the purified double strand cDNA was repaired at
the end, added a-tail and connected to the sequencing connector, then the fragment size was selected,
and finally PCR amplification was carried out; the constructed library was qualified. After passing
the quality inspection, Illumina sequencer was used for sequencing. Then, transcriptome sequencing
were conducted followed by Liu et al. (2020a).

The main processes of proteome determination were as follows, a part of the sample was taken
for protein concentration determination and SDS-PAGE detection. The other part was enzymolysis
and labeling with trypsin. Then the same amount of labeled samples were mixed and separated by
chromatography. Finally, the samples were analyzed by LC-MS / MS and data analysis (Jiao and Gu
2019; Yuan et al. 2019; Lyu et al. 2019).
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2.3. Data analysis

The differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) were
functionally categorized using Gene Ontology (http://geneontology.org/) (Thomas 2017) and KEGG
database (http://www.genome.jp/kegg/) (Kanehisa et al. 2016; Kanehisa et al. 2017). The protein
database used was Triticum_aestivum IWGSC.pep.all.fasta. The genome and mRNA database used
was Triticum_aestivum.JIWGSC.dna.toplevel.fa.gz. The DEGs and DEPs were marked in pathways
from background lists including all protein-coding genes/transcripts.

The experimental data were represented by the average of three replicates. SPSS version 19.0
(SPSS Inc., Chicago, USA) was used for statistical calculation. One way ANOVA and Duncan
multiple range test (DMRT) were used to compare the experimental treatments. P < 0.05 was
considered statistical significance.

3. Results

3.1. Phenotype of wheat under nitrogen deficit

Under the condition of nitrogen deficit (NO), the shoot fresh weight of wheat almost stopped
growing on the fifth day after emergence (Figure 1a); the fresh weight of root was still growing, but
the growth was obviously slow compared with the normal nitrogen condition (Figure 1b). 9 days
after emergence, the shoot fresh weight of NO was only 25% of N1, and the root of NO was 56% of N1.
At 9 days after emergence, the N content of shoot of NO was 49% of N1 (Figure 1c), and that of NO
was 35% of N1 (Figure 1d). The net photosynthetic rate (Pn) of NO was about half of that of N1 at 5
days after emergence. The Pn of N1 was almost unchanged at 5, 7, 9 days after emergence, while the
Pn of NO was continuing declined. The net photosynthetic rate (Pn) of NO was less than 20% of that
of N1 at 9 days after emergence (Figure 1e).
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Figure 1. Fresh weight, N content and net photosynthetic rate of winter wheat shoot and root under
nitrogen deficit. (a) Shoot fresh weight dynamics during 1-9 days after emergence; (b) Root fresh
weight dynamics during 1-9 days after emergence; (c) N content of shoot at 9 days after emergence;
(d) N content of root at 9 days after emergence; (e) net photosynthetic rate at 5, 7, 9 days after
emergence. Significance levels of differences between NO and N1 group were estimated using the
two-tailed t-test method. Different lowercase letters represent significant differences.
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3.2. DEGs and DEPs of wheat under nitrogen deficit

Under the condition of nitrogen deficit (NO), the number of up regulated DEGs in wheat shoot
was 1535, while the number of down regulated DEGs in wheat shoot was 2414 (Figure 2c). In wheat
root, the number of up regulated DEGs and down regulated DEGs were 1236 and 2675 respectively.
The number of up regulated DEPs in wheat shoot was 55, while down regulated DEPs of wheat shoot
was 109 (Figure 2d). The number of up regulated DEPs in wheat root was 50, while down regulated
DEPs of wheat root was 79.

The scatter plots of DEGs and DEPs of wheat shoot and root were dispersed (Figure 3a, b),
indicating that post transcriptional regulation played an important role in protein content. In wheat
shoot, the trends of RNA and protein of 9 genes were the same, but 5 genes were opposite; in wheat
root, the trends of RNA and protein of 26 genes were the same, but 4 genes were opposite (Figure 3).
Among the 1535 up regulated DEGs of wheat shoot, 1 DEP was up regulated and 1 DEP was down
regulated (Figure 3c). Among the 2414 down regulated DEGs of wheat shoot, 4 DEPs were up
regulated and 8 DEP was down regulated. Among there were 1236 up regulated DEGs of wheat root,
2 DEPs were up regulated and 0 DEP was down regulated (Figure 3d). Among the 2675 down
regulated DEGs of wheat shoot, 4 DEPs were up regulated and 24 DEPs were down regulated.
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Figure 2. Screening of differential proteins in wheat under nitrogen deficit. (a) heat map of the
expression of shoot, blue represents down regulation, red represents up regulation; (b) heat map of
root expression, blue represents down regulation, red represents up regulation; (c¢) DEG number of
shoot and root; (d) number of DEP of shoot and root. The foldchange of up-regulated DEG was greater
than 2, and that of down regulating DEG was less than 0.5; foldchange of up regulating DEG was
greater than 1.5, and foldchange of down regulating dep was less than 1/1.5. All P values of DEGs
and DEPs were less than 0.05.
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Figure 3. Relationship and overlap of DEPs and DEGs in shoot and root of wheat under nitrogen
deficit. (a) Scatter plot of wheat shoot DEPs and DEGs; (b) Scatter plot of wheat root DEPs and DEGs
(c) Wayne diagram of wheat shoot DEPs and DEGs; (d) Wayne diagram of wheat root DEPs and
DEGs.

3.3. Pathway enrichment of wheat shoot and root under nitrogen deficit

GO pathway enrichment in transcriptome and proteome showed that DEGs with binding
function were the most in shoot's molecular function, accounting for 46.4% of total DEGs, while 71.4%
of total DEPs (Figure 4a); DEGs with membrane function were the most in cellular component,
accounting for 19.3% of total DEGs, while 76.9% in total DEPs; among the biological programs,
cellular programs had the most DEGs, accounting for 22.7% of the total DEGs, while 11.1% of the
total DEDPs.

The DEGs of binding function were the most in root's molecular function, accounting for 42.6%
of the total DEGs, while 8.3% of the total DEPs (Figure 4b); the DEGs of membrane function were the
most in cellular component, accounting for 25.5% of the total DEGs, while 58.3% of the total DEPs;
the DEGs of metabolic progress were the most in biological progress, accounting for 25.6% of the total
DEGs, while 56.2% of the total DEPs.

The enrichment of KEGG pathways in shoot's transcriptome and proteome showed that, among
the cor-up enrichment pathways, cAMP signaling pathway achieved the highest enrichment score
(Figure 4c); among the cor-down enrichment pathways, MAPK signaling pathway achieved the
highest enrichment score; among the opposite enrichment pathways, Alanine, aspartate and
glutamate metabolism achieved the highest enrichment score.
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Figure 4. Pathway enrichment of DEGs and DEPs. DEGs and DEPs enrichment pathway of shoot (a)
and root (b), DEPs KEGG enrichment bubble chart of shoot (c) and root (d) under nitrogen deficit.
Fold change of transcription and protein were adjusted to 1.2 for pathway enrichment.

The enrichment of KEGG pathways in root's transcriptome and proteome showed that, among
the cor-up enrichment pathways, Glycine, serine and threonine metabolism achieved the highest
enrichment score (Figure 4d); among the cor-down enrichment pathways, Monoterpenoid
biosynthesis achieved the highest enrichment score; among the opposite enrichment pathways,
Biosynthesis of amino acids achieved the highest enrichment score.

3.4. Differential genes in photosynthesis and carbon metabolism

Under nitrogen deficit, the cor-down enrichment score enriched in shoot carbon metabolism and
photosynthesis pathway of wheat ranked 6th and 9th in all pathways, and the cor-down enrichment
score enriched in root carbon metabolism of wheat ranked 16th in all pathways (Figure 4b, d).

The candidate genes of the above four pathways were queried in NCBI and UNIPROT
databases. TraesC54A02G134100 and TraesCS4A02G28670 involved in shoot photosynthesis
pathway (Figure 5, Table 1); TraesCS5D02G027600, TraesCS1D02G313800, TraesCS4B02G220200 and
TraesC54A02G083900 involved in shoot carbon metabolism; 12 genes, such as TraesCS1A02G357200,
TraesCS7A02G075600 and TraesCS5D02G422000, were involved in carbon metabolism of wheat root.
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Figure 5. Enriched pathways in photosynthesis and carbon metabolism of wheat under nitrogen
deficit. (a) DEGs and DEPs enrichment in carbon metabolism pathway of wheat shoot; (b) DEGs and
DEPs enrichment in carbon metabolism pathway of wheat root; (c) DEGs and DEPs enrichment in

photosynthesis pathway of wheat shoot.

Table 1. List of candidate genes associated with photosynthesis and carbon metabolism under

nitrogen deficit.

Posit . Gene . Chromosomal Subcellular
. Pathway Gene id Protein name . ..
ion name location localization

Shoo Photosyn  TraesCS4A02  PSB27- 4A:182128608-

t thesis G134100 1 PSB27 182129419 Chloroplast
TraesCS4B02 PetF Ferredoxin 4B:11734874- Chloroplast

G015800 11735616
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4A:591919576-

G286700 PetF Ferredoxin 501921832 Chloroplast
Carbon
. TraesCS5D02 . 5D:25277866-
metj:OhS G027600 CYS1 Cysteine synthase 25982033 N/A
TraesCS1D02 . 1D:409048850-
G313800 N/A Phosphoglycerate kinase 409052150 Cytosol
TraesCS4B02 Phosphoenolpyruvate 4B:463208678-
G220200 N/A carboxykinase 463213325 Cytosol
TraesCS4A02 Phosphoenolpyruvate 4A:88427962-
G083900 N/A carboxykinase 88432958 Cytosol
Carbon
. TraesCS2B02 Glucose-6-phosphate 1- 2B:44424162-
Root tabol PD2 A
oot me f:o s Gosoooo O dehydrogenase 44429300 N/
TraesCS1A02  G6PG 6-phosphogluconate 1A:539899281- Cvtosol
G357200 H2 dehydrogenase, decarboxylating 539901954 ¥
TraesCS7D02 GAPC Glyceraldehyde-3-phosphate 7D:392821248- N/A
G309500 dehydrogenase 392824662
TraesCS5D02 . 5D:25277866-
G027600 CYS1 Cysteine synthase 25282033 N/A
TraesCS4A02 4A:675600394- .
G401700 CYSK N/A 675603117 Other locations
TraesCS7A02 7A:41439093-
G075600 ENO1 Phosphopyruvate hydratase 41442954 Cytosol
TraesCS5B02 5B:327603933- .
G179800 N/A Phosphoenolpyruvate carboxylase 307609868 Other locations
TraesCS7D02 7D:425502517- .
G333900 PEPC Phosphoenolpyruvate carboxylase 425509830 Other locations
TraesCS7B02 7B:443292417- .
G237900 PEPC Phosphoenolpyruvate carboxylase 443299286 Other locations
TraesCS1B02 N/A Aminotr.an._l_Z dor?ain- 1B:112748629- N/A
G102700 containing protein 112753960
TraesCS1A02 N/A Aminotr.an._l_Z dor?ain- 1A:71689760- N/A
G085600 containing protein 71695155
TraesCS5D02 . 5D:482102459- . .
G422000 CSY3 Citrate synthase 482108460 Mitochondrion

4. Discussion

Photosystem I (PS I) and photosystem II (PS II) absorbed photons with wavelengths of 700nm
and 680nm as energy, respectively, and electrons are continuously transferred from the photolysis
process of water molecules, finally, it was transferred to NADP+ (Milo 2009; Efrati et al. 2013).

In PS, the primary receptor of P700 is chloroplast A molecule and the secondary receptor is two
leaf quinone molecules, then, the electron is transferred to a 4Fe-4S center ferrithionein (FeSx). Finally,
the electron is supplied to the Ferredoxin containing 2Fe-2S center, and NADP + was reduced to
NADPH by NADP reductase (FNR). Ferredoxin is an iron- and sulphur-containing protein found in
plants and microorganisms and involved in photosynthesis and nitrogen fixation [28-32] (Li et al.
1991; QA et al. 1994; Sonoike 1996; Sonoike et al. 1997; Krzysztof et al. 2001).

Under nitrogen deficit, two genes (TraesC54B02G015800 and TraesCS4A02G286700), which
related to Ferredoxin, were down regulated in both RNA and protein levels (Figure 6, yellow part).
The decrease of Ferredoxin (named PetF in photosystem I) may result in the obstruction of
photoelectron reception and the reduction reaction of NADP+in PS L.
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Figure 6. Inhibited reactions or decreased components of photosynthesis and carbon metabolism in
wheat shoot under nitrogen deficiency. Yellow part showed the blocked pathways in Photosystem I
and Photosystem II, which happened in chloroplast. Blue part showed the blocked pathways in
carbon metabolism, which happened in cytosol.

PS II complex is a photosynthetic unit in thylakoid membrane, which is to use the energy
absorbed from light to cleave water and transfer the electron to plastid quinone, meanwhile, H+
proton gradient is established on both sides of thylakoid membrane (Gerken et al. 1988; Post et al.
2010; Lukas et al. 2016). Because P700 in PS I becomes excited and loses one electron when exposed
to light, it needs to be supplemented by electrons transferred from PS II. The two photosystems jointly
transfer the electrons released from water splitting interpretation to NADP+.

PSB protein family members are important subassemblies of Photosystem II complex (Thornton
et al. 2004; Dobakova et al. 2009; Torabi et al. 2014; Fristedt et al. 2017). Photosystem II complex is a
photosynthetic unit in thylakoid membrane, which is to use the energy absorbed from light to cleave
water and transfer the electron to plastid quinone. Under nitrogen deficit, previous study provided
8 down-regulated DEGs belonged to the Psb family. This study proposed PSB27 protein
(TraesCS4A02G134100) was both down-regulated in RNA and protein levels, and may weaken the
function of photosystem II (Figure 6, yellow part).

In the carbon metabolism pathway of wheat shoot, both RNA and protein of Cysteine synthase
(Wang et al. 2020), Phosphoenolpyruvate carboxykinase (Walker et al. 2015), Phosphoglycerate
kinase (Rosa-Tellez et al. 2018) were decreased under nitrogen deficit. The decrease of the above
enzymes may lead to the decline of acetate, L-cysteine, phosphoenolpyruvate, (2R)-3-phospho-
glyceroyl phosphate, and it is not conducive to the conversion of ATP to ADP (Figure 6, blue part).

In the carbon metabolism pathway of wheat root, both RNA and protein of Glucose-6-phosphate
1-dehydrogenase (Sharkey and Weise 2017), 6-phosphogluconate dehydrogenase (Christian et al.
2016), decarboxylating (Greenway and Sims 1974), Glyceraldehyde-3-phosphate dehydrogenase
(Tsuchiya et al. 2015), Cysteine synthase (Wang et al. 2020), Phosphopyruvate hydratase (Sun et al.
2016), Phosphoenolpyruvate carboxylase (Walker et al. 2015) were decreased under nitrogen deficit.
The decrease of the above enzymes may lead to the decline of corresponding biochemical reactions.


https://doi.org/10.20944/preprints202312.1557.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2023 doi:10.20944/preprints202312.1557.v1

10

Meanwhile, we discovered that the RNA and protein of Cysteine synthase,
Phosphoenolpyruvate carboxykinase were both declined in wheat root and shoot under nitrogen
deficit. The decreased Cysteine synthase might lead to the decrease of L-Cysteine (Li et al. 2016), and
decline the function of resistance and elimination of crop pathogens.

Through our research on transcriptome and proteome of wheat root and shoot under nitrogen
deficit, pathway enrichment of photosynthesis and carbon metabolism illustrated candidate genes,
which could be used in improving nitrogen availability of wheat by molecular breeding in the future.

5. Conclusions

Under nitrogen deficit condition, the fresh weight, N content and net photosynthetic rate of
winter wheat shoot and root were reduced as compared to control. 3949 and 2675 differentially
expressed genes (DEGs) were identified in the shoot and root, respectively, while 164 and 129
differentially expressed proteins (DEPs) were identified in the shoot and root respectively.

The scatter plots of DEGs and DEPs of wheat shoot and root were discrete. 9 genes in shoot and
26 genes in root showed the same trends in RNA and protein levels. 5 genes in shoot and 4 genes in
root showed the opposite trends in RNA and protein levels.

Pathway enrichment of wheat transcriptome and proteome under nitrogen deficit proposed 3
candidate genes related to photosynthesis in shoot, 4 candidate genes related to carbon metabolism
in shoot, and 12 candidate genes related to carbon metabolism in root.
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