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Nitrogen (N) is an essential macronutrient for plants, acting as a common limiting factor for crop yield. The application of nitrogen fertilizer is related to the sustainable development of both crops and the environment. To further explore the molecular response of sugar beet under low nitrogen (LN) supply, transcriptome analysis was performed on the LN-tolerant germplasm ‘780016B/12 superior’. In total, 580 differentially expressed genes (DEGs) were identified in leaves, and 1,075 DEGs were identified in roots (log2|FC| ≥ 1; q value < 0.05). Gene Ontology (GO), protein−protein interaction (PPI), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses clarified the role and relationship of DEGs under LN stress. Most of the downregulated DEGs were closely related to “photosynthesis” and the metabolism of “photosynthesis-antenna proteins”, “carbon”, “nitrogen”, and “glutathione”, while the upregulated DEGs were involved in flavonoid and phenylalanine biosynthesis. For example, GLUDB (glutamate dehydrogenase B) was identified as a key downregulated gene, linking carbon, nitrogen, and glutamate metabolism. Thus, low nitrogen-tolerant sugar beet reduced energy expenditure mainly by reducing the synthesis of energy-consuming amino acids, which in turn improved tolerance to low nitrogen stress. The glutathione metabolism biosynthesis pathway was promoted to quench reactive oxygen species (ROS) and protect cells from oxidative damage. The expression levels of nitrogen assimilation and amino acid transport genes, such as NRT2.5  (high-affinity nitrate transporter), NR (nitrate reductase [NADH]), NIR (ferredoxin-nitrite reductase), GS (glutamine synthetase leaf isozyme), GLUDB, GST (glutathione transferase) and GGT3 (glutathione hydrolase 3) at low nitrogen levels play a decisive role in nitrogen utilization and may affect the conversion of the carbon skeleton. DFRA (dihydroflavonol 4-reductase) in roots was negatively correlated with NIR in leaves (coefficient = −0.98, p < 0.05), suggesting that there may be corresponding remote regulation between “flavonoid biosynthesis” and “nitrogen metabolism” in roots and leaves. FBP (fructose 1,6-bisphosphatase) and PGK (phosphoglycerate kinase) were significantly positively correlated (p < 0.001) with Ci (intercellular CO2 concentration). The reliability and reproducibility of the RNA-seq data were further confirmed by real-time fluorescence quantitative PCR (qRT−PCR) validation of 22 genes (R2 = 0.98). This study reveals possible pivotal genes and metabolic pathways for sugar beet adaptation to nitrogen-deficient environments.
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1 Introduction

The current world population is 7.7 billion, and China accounts for 1/5 of the total population (O’Sullivan, 2021). Increasing crop yield has been one of the key objectives to meet the needs of China’s growing population and global agricultural production. Nitrogen (N) is an important mineral element essential for plant life activities and a major limiting factor for crop yield, especially for sugar beet (Beta vulgaris L.). In both developed and developing countries, large amounts of nitrogen fertilizers are applied to meet crop demand (Zhang et al., 2015). However, such operations have led to serious biodiversity and environmental pollution problems and threaten human health (Xu et al., 2017; Ren et al., 2021). As an essential sugar and economic crop (Peleman and van der Voort, 2003; Simões et al., 2016), sugar beet is mainly distributed in northeast, northwest, and north China (Chen et al., 2017). N provides beets with nutrients, and proper N application has attracted increasing attention in recent years for high yield and sugar production of taproots.

In plants, N limitation causes leaf yellowing and plant biomass reduction. Low N application was found to reduce total plant nutrient accumulation and adversely affect yield (Pan et al., 2016). However, Yin et al. (2019) found that N deficiency optimized the distribution of N within wheat and therefore maintained or increased the yield of the grain. This indicates that nitrogen regulation and utilization is a complex process, and different plants in different nitrogen-deficient environments may have similar and different response mechanisms.

Photosynthesis is an important biological process that affects the accumulation of energy and dry matter in plants. The photosystem consists of two parts, photosystem II (PSII) and photosystem I (PSI), including a complex of proteins and photosynthetic pigments (e.g., chlorophyll) that absorb, transmit, and convert light energy. Transcriptome analysis revealed that low nitrogen stress reduced the expression levels of genes related to the apple antenna system, light absorption, and electron transfer (Wen et al., 2022). A reduction in photosynthesis ultimately leads to a decrease in biomass production and yield (Shi et al., 2022). Glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle are the major metabolic pathways in plants and are influenced by nitrogen supply, providing energy and carbon skeletons for other metabolic pathways. Carbon (C) metabolism and nitrogen metabolism in plants are closely coordinated, and their balance is crucial.

The C metabolism and N metabolism of plants are closely coordinated with each other (Bao et al., 2015) and require a common reducing power, ATP, and carbon skeleton (Sweetlove et al., 2010). Under stress conditions, they exhibit complex and diverse responses to abiotic stresses by altering gene and protein expression as well as primary and secondary metabolites (Bhatotia et al., 2015; Onaga and Wydra, 2016). During nitrogen starvation, various defective response genes act to maintain plant survival by altering root architecture (Li et al., 2023), improving nitrogen assimilation (Imamura et al., 2009), and increasing lignin content (Tian et al., 2022). The phenylpropanoid metabolic pathway is closely related to lignin synthesis (Cong et al., 2013), whose pathway is closely related to photosynthetic carbon utilization (Zhang et al., 2018c). Phenylpropanoid polymers such as lignin are mechanical supports for plant growth and facilitate the long-distance transport of water and nutrients (Zhao, 2016). Studies have shown that the enzymatic activities of PAL, 4CL, CAD, and POD and their corresponding gene expression in lignified tissues affect lignin biosynthesis in bamboo shoots, indicating that these enzymes play key roles in lignin biosynthesis (Zheng et al., 2020). Naringenin is a member of the flavonoid family and is the starting point for the synthesis of a variety of other flavonoid molecules. Drought stress induces the expression of the flavonoid structural genes CHS, CHI, FLS, and DFR, which leads to the accumulation of flavonoids such as anthocyanins and improves the tolerance of ginkgo to drought (Yu et al., 2022). Plant flavonoid compounds, especially anthocyanins and rutin, also play a crucial role under nitrogen deficiency conditions (Shen et al., 2022). Carbon metabolism provides the carbon source and energy for nitrogen metabolism (Nunes-Nesi et al., 2010), while nitrogen metabolism provides enzymes and photosynthetic pigments for carbon metabolism. Glutamate is used for the synthesis of N compounds such as proteins and nucleic acids. When the GS/GOGAT cycle assimilates NH3, the carbon skeleton needs to be continuously replenished to meet the demand for N associated with plant growth (Liao et al., 2022). Thus, glutamate metabolism can directly link nitrogen to carbon metabolism.

In recent years, continuous progress in sequencing technologies has provided an efficient way to identify functional genes and study their regulatory mechanisms, and the sugar beet genome has also been extensively developed (Dohm et al., 2014; Wascher et al., 2022). Previously, we explored the tolerance and adaptation characteristics of different sugar beet germplasms at both morphological and physiological levels under low N (LN) environments (Li et al., 2022; Li et al., 2023). However, there are still some important phenomena in this process that need to be explained through relevant molecular regulation. Thus, in this study, the sugar beet low N-tolerant germplasm ‘780016B/12 superior’ was subjected to both low N and normal N conditions. Using RNA-seq, we attempted to identify possible metabolic pathways and clarify the functions of candidate genes of sugar beet involved in the response to nitrogen deficiency. This study will help to improve the understanding of the mechanism of the sugar beet response to low N stress and provide a theoretical basis for proper N utilization in sugar beet.




2 Materials and methods



2.1 Plant materials and growing conditions

The experiment was conducted at the National Beet Medium-Term Gene Bank (Harbin, China) using ‘780016B/12 superior’ sugar beet germplasm as the test material. The intact and uniform seeds were sterilized in ethanol (75%) for 1 min and then washed three times in distilled water. Subsequently, they were sown in seedling trays containing vermiculite. After 9 days of cultivation, seedlings with consistent growth were selected and grown in Hoagland nutrient solution. There were two N-level treatments, LN treatment (0.5 mmol/L N) and normal N (CV, 5 mmol/L N), which were adjusted by the dose of KNO3 and Ca(NO3)2 in the modified Hoagland nutrient solution. Seedlings with two pairs of fully expanded leaves (approximately 2 weeks) were subjected to LN. After 12 h of treatment, samples were immediately frozen in liquid nitrogen and then refrigerated at −80°C until RNA was extracted. The hydroponic conditions were 25°C/18°C (day/night) with a 14 h light/10 h dark cycle, 45%–55% relative humidity, and a light intensity of 200 μmol/(m2·s−1). Each treatment was repeated three times.




2.2 Determination of physiological indexes

A CI-340 photosynthesis instrument (Sidi Ecological Instrument Co., Ltd., Beijing, China) was used to determine the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductivity (Gs), and intercellular CO2 concentration (Ci). The second pair of fully expanded true leaves of sugar beet seedlings was measured. Five seedlings of each treatment were dried, and the roots and leaves were ground separately into powder. First, 0.1 g of the sample was digested with potassium sulfate and copper sulfate as catalysts and concentrated sulfuric acid (sulfuric acid), and the nitrogen content was determined using a Hanon K1100 automatic Kjeldahl nitrogen tester (Hanon Instrument Co., Ltd., Shandong, China). The N content (N uptake) was presented as mg per plant.

Correlations between nitrogen-stressed photosynthetic indexes and differentially expressed genes (DEGs) under LN were analyzed using Pearson’s correlation statistics. Independent samples t-tests were performed using SPSS statistical software (version 26.0, SPSS, Chicago, IL, USA). All analyses were performed with p <0.05, 0.01, or 0.001 as the significance levels.




2.3 Illumina sequencing, data analysis, and DEG annotation

After the determination of RNA concentration, purity, and integrity, the cDNA libraries were sequenced using the Illumina high-throughput sequencing platform (NovaSeq 6000, San Diego, CA, USA). The raw reads with low quality, junction contamination, and high content of unknown bases were filtered to obtain clean reads and analyzed for guanine–cytosine (GC) content, Q20, and Q30. HISAT2 was used to align clean reads to the sugar beet reference genome RefBeet-1.2.2. Fragments per kilobase per million fragments localized transcripts (FPKM) values were calculated for each gene in the samples using StringTie software to quantify its expression abundance and variation. EdgeR software (available online: http://www.r-project.org/) was used to screen for DEGs q value <0.05, log2|FC| ≥ 1) (Cosgrove, 2016). Functional enrichment of DEGs was determined using the Gene Ontology (GO) (available online: http://www.r-project.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (available online: http://kobas.cbi.pku.edu.cn/). We used p-values calculated by hypergeometric tests and corrected by FDR with FDR ≤0.05 as the threshold to identify significant functional categories and metabolic pathways.




2.4 Protein interaction network construction

The protein−protein interaction (PPI) network of DEG-encoded proteins identified by transcriptomic analysis was constructed using the STRING v11.5 online database (https://string-db.org/). PPI networks were constructed by targeting upregulated and downregulated DEGs. The core genes were further screened using Cytoscape software v3.9.1 (http://www.cytoscape.org/). The nodes represent proteins, and the connected edges illustrate the relevant interactions between proteins in the PPI network.




2.5 Bioinformatics analysis

The amino acid sequences of sugar beet BvGLUDB (BVRB_3g056180) and BvDFRA (BVRB_1g007170) were used to identify homologous sequences in the NCBI database. The alignment and domain analyses of proteins were performed using Espript3.




2.6 Real-time fluorescence quantitative PCR

Total RNA was extracted from sugar beet roots and leaves using RNA-easy Isolation Reagent (Vazyme R701, Nanjing Novozymes Biotech Co., Nanjing, China). RNA concentration and the OD260/OD230 and OD260/OD280 were determined. The cDNA was reverse transcribed according to the TranScript One-Step gDNA Removal and cDNA Synthesis SuperMix protocol (AT311, Beijing All Style Gold Biotechnology Co., Beijing, China). qPCR was performed on a real-time fluorescence quantitative PCR instrument (Thermo Fisher Scientific Instruments, Shanghai, China; QuantStudio™ 1 Plus) using the SuperReal PreMix Plus kit (Tiangen Biochemical Technology Co., Beijing, China; version FP210831). The PCR procedure was as follows: predenaturation at 95°C for 15 min; 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 32 s; and a melting curve at 65°C–95°C. BvGAPDH (NC_ 024800) was selected as the internal reference gene. The primers were designed using the NCBI database tool (Supplementary Table 1). The real-time fluorescence quantitative PCR (qRT−PCR) analysis was repeated three times for each sample. Correlation coefficients of RNA-seq and qRT−PCR data were plotted and calculated using Origin (version 2021) graphing software.





3 Results



3.1 Transcriptome sequencing and alignment

To clarify the regulatory profile of genes related to nitrogen metabolism in sugar beet seedlings under LN stress, the transcriptional changes in the LN-tolerant germplasm (780016B/12 superior) were investigated by RNA sequencing after 0.5 mmol/L N treatment for 12 h. A total of 1,130,329,346 raw reads and 1,088,994,086 clean reads (Supplementary Table 2) were obtained. The GC content ranged from 41.08% to 43.15%, and the Q20 and Q30 values were >97.01% and >92.66%, respectively. Compared with the sugar beet reference genome (RefBeet-1.2.2), the alignment rate within each treatment group was > 98%. Therefore, the depth of this sequencing was sufficient. Principal component analysis (PCA) of the transcriptome showed a high degree of similarity between the three biological replicates within each treatment group. A clear separation of CV_R and LN_R data was observed, while a closer distance between CV_L and LN_L was detected (Figure 1). This indicated that short-term N deficiency influenced more transcription products in roots than in leaves.




Figure 1 | PCA plot of transcriptomes under low N stress in sugar beet. CV_R, control group, root; CV_L, control group, leaf; LN_R, low N group, root; LN_L, low N group, leaf; PCA, principal component analysis. The same abbreviations are used below.






3.2 Differentially expressed genes in leaves and roots of sugar beet seedlings under LN

The transcript levels of the DEGs were measured using FPKM as a metric, which takes into account the effects of sequencing depth and gene length on fragment count. LN-responsive genes were further screened (log2|FC| ≥ 1; q value < 0.05). A total of 580 DEGs were identified in leaves, of which 91 were upregulated and 489 were downregulated (Figure 2A). A total of 1,075 DEGs were found in roots, of which 689 were upregulated and 386 were downregulated (Figure 2B). The number of DEGs in roots was greater and more significant than those in leaves, which might be because roots were the first to respond to stress stimuli.




Figure 2 | Differentially expressed genes (DEGs) of sugar beet under LN treatment. (A, B) Volcano plot of DEGs in leaves and roots between the control and low N treatments, respectively. The x-axis represents changes in gene expression ploidy across LN stress; the y-axis represents statistically significant differences in gene expression. Scattered dots represent individual genes; gray dots indicate no significant differences in transcripts, red dots indicate significant differences in downregulated genes, and green dots indicate significant differences in upregulated genes.



In the top 20 significantly upregulated (log2FC ≥ 1; q value < 0.05) and downregulated (log2FC ≤ −1; q value < 0.05) DEGs (Figure 3, Supplementary Table 3), the differential expression fold changes were all above 5; in roots, between 6.115 and 9.814 were upregulated and between −14.907 and −7.112 were downregulated; and in leaves, between 6.792 and 13.464 were upregulated and between −13.562 and −5.424 were downregulated. Among them, vacuolar sorting protein 39 (VPS39, XM_019250064.1) and cytochrome P450 (CYP76AD1, XM_010697501.2/CYP72A397, and XM_010685350.2/XM_010685351.2/XM_010678432.2) were transcribed at high levels in both leaves and roots of sugar beet and might play important roles in LN tolerance in sugar beet.




Figure 3 | Heatmap of the top 20 significantly upregulated (A, roots; C, leaves) and downregulated (B, roots; D, leaves) DEGs responsive to LN in sugar beet. The redder the color, the more pronounced the expression of that transcript. DEGs, differentially expressed genes.



The transcription factors BIM2 (BIM2, XM_019249651.1) and bHLH67 (BHLH67, XM_019251340.1) were found to be upregulated in leaves (log2FC = 12.620 and log2FC = 10.580). In addition, 6,7,8-trihydroxycoumarin synthase (CYP71AZ3, XM_010672674.2) and arginine—tRNA ligase, chloroplastic/mitochondrial (EMB1027, XM_010680324.2) were also upregulated in leaves (log2FC = 7.814 and log2FC = 7.028); quinolinate synthase, chloroplastic (QS, XM_019247621.1) and gibberellin 3-beta-dioxygenase 1 (GA3OX1, XM_010692935.2) were downregulated in leaves (log2FC = −6.023 and log2FC = −6.224). In roots, NRT1/PTR FAMILY 7.3-like (XM_010694132.1) was upregulated (log2FC = 9.815); DEGs encoding amino acids were also transcribed in roots: primary amine oxidase (AMO, XM_010677915.2) and aspartyl protease family protein 1 (APF1, XR_002039854.1) were upregulated (log2FC = 6.701) and downregulated (log2FC = −8.342), respectively.




3.3 The transcript pattern, biological processes, and pathways of DEGs

GO enrichment analysis of DEGs was performed using GOSeq, topGO, and hmmscan (Release 2.12) (Young et al., 2010). GO terms with FDRs less than 0.05 were considered significantly enriched for DEGs. In leaves, a total of 165 DEGs (log2|FC| ≥ 1, q value < 0.05) were significantly enriched in two biological process (BP), five cellular component (CC), and two molecular function (MF) categories (Figure 4A). They were “photosynthesis, light harvesting (GO:0009765)” and “protein-chromophore linkage (GO:0018298)” in BP. The top three of the CC category were “photosystem I (GO:0009522)”, “chloroplast thylakoid membrane (GO:0009535)”, and “photosystem II (GO:0009523)”. In the MF category, “manganese ion binding (GO:0030145)” and “chlorophyll binding (GO:0016168)” were significantly enriched. A total of 526 DEGs (log2|FC| ≥ 1, q value < 0.05) in the roots were obtained in one BP, three CC, and two MF categories (Figure 4B), and they were mainly related to “negative regulation of translation (GO:0017148)”, “cell wall (GO:0005618)”, “extracellular region (GO:0005576)”, “apoplast (GO:0048046)”, “channel activity (GO:0015267)”, and “rRNA N-glycosylase activity (GO:0030598)”. These results suggested that the DEGs involved in low nitrogen stress were mainly related to photosynthesis, transport, and stimulus response to stress.




Figure 4 | Functional enrichment of DEGs of sugar beet under low N stress. (A, B) Scatter plot of GO functional enrichment in leaves and roots. (C, D) Scatter plot of KEGG enrichment in leaves and roots. The x-axis is the enrichment factor; the y-axis is the enrichment of entries. The size of the bubbles represents the number of DEGs on the annotated items; the color represents the enrichment degree −log10(p-value). DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.



In organisms, genes usually perform their biological functions in coordination with each other. The important biochemical metabolic and signal transduction pathways in which specific genes are involved (Kanehisa et al., 2008) can be identified by KEGG enrichment analysis. FDR ≤ 0.05 was defined as pathways significantly enriched in DEGs, and we used KOBAS (v2.0) (Mao et al., 2005) for pathway enrichment analysis. Seven and nine pathways were significantly enriched in LN-treated leaves and roots, respectively (Figures 4C, D). The enriched pathways were “photosynthesis (bvg00195)”, “photosynthesis-antenna proteins (bvg00196)”, “metabolic pathways (bvg01100)”, “carbon fixation in photosynthetic organisms (bvg00710)”, “glyoxylate and dicarboxylate metabolism (bvg00630)”, “carbon metabolism (bvg01200)”, and “porphyrin metabolism (bvg00860)” in leaves and “biosynthesis of secondary metabolites (bvg01110)”, “metabolic pathways (bvg01100)”, “flavonoid biosynthesis (bvg00941)”, “nitrogen metabolism (bvg00910)”, “phenylpropanoid biosynthesis (bvg00940)”, “cutin, suberine and wax biosynthesis (bvg00073)”, “fatty acid elongation (bvg00062)”, “ABC transporters (bvg02010)”, and “glutathione metabolism (bvg00480)” in roots. These results indicated that photosynthesis and synthesis of secondary metabolites were key pathways for sugar beet in response to LN.




3.4 Response of differentially expressed hub genes to LN stress

PPI networks were constructed using DEGs (log2|FC| > 1, q value < 0.05) in LN-tolerant germplasm to explain the importance of these interactions in physiological biochemistry and signal transduction. Differential expression was screened for hub genes of each pathway using Cytoscape (Figure 5, Supplementary Table 4). Among the downregulated DEGs, the core genes associated with photosynthesis were photosystem II core complex proteins psbY, chloroplastic (PsbY, BVRB_6g147470) (Figure 5Aa), and chlorophyll a–b binding protein 4, chloroplastic (CAB4/Lhca4, BVRB_5g114540) (Figure 5Ab). The essential genes associated with carbon metabolism are fructose 1,6-bisphosphatase, cytosolic (FBP, BVRB_1g011460) (Figure 5Ad), and phosphoglycerate kinase, chloroplastic (PGK, BVRB_2g038200) (Figure 5Ae). Ferredoxin-nitrite reductase, chloroplastic (NIR, BVRB_4g087070), and nitrate reductase [NADH] (NR, BVRB_1g000370) (Figure 5Ah) are the core genes associated with nitrogen metabolism. Phosphoglycolate phosphatase 1A, chloroplastic (PGLP1A, BVRB_4g074740) (Figure 5Af), is highly associated with the glyoxylate and dicarboxylic acid metabolic pathways. Magnesium protoporphyrin IX methyltransferase, chloroplastic (CHLM, BVRB_7g180360) (Figure 5Ag), is a key gene for secondary metabolite biosynthesis. In conclusion, the downregulated DEGs were mainly closely related to photosynthesis, C/N metabolism, and secondary metabolite synthesis under low N stress in sugar beet.




Figure 5 | PPI network of primary and secondary metabolism of DEGs in sugar beet under LN stress. (A, B) PPI network diagram of downregulated and upregulated DEGs, respectively. Proteins are represented as nodes, and interactions are represented as edges. The color of the proteins indicates the strength of the protein interactions; the redder the color, the stronger the interactions. Only pathways with categories in error incidence rate (FDR) <0.01 were considered (Supplementary Table 4). PPI, protein−protein interaction; DEGs, differentially expressed genes; FDR, false discovery rate.



For upregulated DEGs, the key genes in the secondary metabolic biosynthesis and metabolic pathways are likely cinnamyl alcohol dehydrogenase 6 (CAD6, BVRB_005400) (Figure 5Ba), and proline dehydrogenase 2, mitochondrial (POX2, BVRB_2g025900 (Figure 5Bb). Chalcone-flavanone isomerase (CHI, BVRB_2g036880), chalcone-flavanone isomerase (CHI, BVRB_2g036940), and dihydroflavonol 4-reductase (DFRA, BVRB_1g007170) (Figure 5Bc) play key roles in flavonoid biosynthesis. The key gene for phenylpropanoid biosynthesis is spermidine hydroxycinnamoyl transferase (SHT, BVRB_2g034560) (Figure 5Bd). Cytochrome P450 86A1 (CYP86A1, BVRB_7g172510) is vital for keratin, cork, and wax key genes in the biosynthetic pathway. It can be speculated that the upregulated DEGs involved in secondary metabolite synthesis and flavonoid and phenylpropanoid biosynthesis fulfill crucial functions in the sugar beet response to LN.




3.5 Correlation analysis between low nitrogen stress and the expression levels of key genes

To understand the relationship between DEGs and LN stress, we analyzed the correlation between them using Pearson’s correlation analysis (Figure 6). Nitrogen accumulation in plants was positively correlated with DFRA in the roots (coefficient = 0.99, p < 0.01). PsbY and CAB4 in the leaves were coregulated with four DEGs, FBP, PGK, PGLP1A, and CHLM (coefficient ≥ 0.95, p < 0.05), and the coefficients equal to 1 indicated a stronger correlation with each other. PGK, GLP1A, and CHLM had positive correlations with each other (p < 0.05). DFRA in the roots was negatively correlated with NIR in the leaves (coefficient = −0.98, p < 0.05). There may be remote regulation between flavonoid biosynthesis and nitrogen metabolism in sugar beet roots and leaves.




Figure 6 | Pearson’s correlation coefficient (r) of the expression level of key genes. PSBY. leaf, photosystem II core complex proteins psbY, chloroplastic; CAB4/Lhca4. leaf, chlorophyll a–b binding protein 4; NR. leaf, nitrate reductase [NADH]; FBP. leaf, fructose 1,6-bisphosphatase, cytosolic; PGK. leaf, phosphoglycerate kinase, chloroplastic; PGLP1A. leaf, phosphoglycolate phosphatase 1A; CHLM. leaf, magnesium protoporphyrin IX methyltransferase; NIR. leaf, ferredoxin-nitrite reductase; CAD6. root, probable cinnamyl alcohol dehydrogenase 6; POX2. root, proline dehydrogenase 2, mitochondrial; DFRA. root, dihydroflavonol 4-reductase; CHI. root, chalcone-flavanone isomerase; SHT. root, spermidine hydroxycinnamoyl transferase; CYP86A1. root, cytochrome P450 86A1; NAP, nitrogen accumulation in plants. Scale: bright blue to bright red represents negative to positive correlations. *p < 0.05, **p < 0.01.






3.6 Abundant DEGs involved in primary metabolism under LN stress

In the KEGG analysis, photosynthesis was found to be the most regulated pathway in the transcriptome. We annotated 48 genes involved in photosynthesis (Supplementary Table 5), and 15 of them were associated with photosynthesis - antenna protein. All of these genes were significantly downregulated in response to LN. This was similar to genes involved in photosynthesis in Arabidopsis, which were found to be downregulated at the mRNA level under nitrogen starvation conditions (Peng et al., 2007; Kiba et al., 2011). Under LN stress, DEGs involved in PSII (PsbO, PsbP, PsbQ, PsbY, and Psb27-1) were all significantly downregulated in sugar beet (Figure 7A, Supplementary Table 5, q value < 0.01). In LHC II, Lhcb1, Lhcb2, Lhcb3, Lhcb4, Lhcb5, and Lhcb6 involved in the photosynthetic antenna protein pathway were also significantly downregulated (Figure 7B, Supplementary Table 5, q value < 0.01). PetE, PetF, and PetH mediating electron transfer between PS II and PS I were found to be downregulated (Figure 7A, Supplementary Table 5, q value < 0.05). The other downregulated DEGs included photosystem I reaction center subunits (PsaE, PsaF, PsaG, PsaH, PsaK, PsaL, PsaN, and PsaO) (Figure 7A, Supplementary Table 5, q value < 0.01) and Lhca1, Lhca 2, Lhca 3, Lhca 4, and Lhca 5, which are involved in photosynthetic antenna proteins in LHC I (Figure 7B, Supplementary Table 5, q value < 0.01). These data suggested that the light-dependent function of photosynthesis was diminished in 780016B/12 superior leaves due to LN supply.




Figure 7 | Significantly downregulated expression of photosynthesis-regulated genes under low N stress in sugar beet (Supplementary Table 5). (A) Photosynthetic pathway. (B) Photosynthetic antenna protein (Kanehisa et al., 2016; Kanehisa et al., 2017).



In sugar beet, a large number of genes involved in carbon (C) metabolic pathways were significantly transcriptionally altered during nitrogen starvation. Of the 50 DEGs annotated (Supplementary Table 6), 15 are associated with carbon fixation in photosynthetic organisms, and 22 and 12 genes are within carbon metabolic and nitrogen metabolic pathways, respectively. Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) is an important carboxylase and an indispensable oxygenase in photorespiration in C3 plants. The transcript of the small subunit (RBCS) was downregulated under LN treatment (Figure 8, Supplementary Table 6), indicating that N deficiency influenced the N use efficiency for N fixation. C3 is the basic pathway for carbon assimilation, which can synthesize a variety of organic substances, such as sugars and starch. Starch can also be hydrolyzed in leaves to produce fructose and glucose, which need to be phosphorylated to enter glycolysis mediated by phosphofructokinase. Fructose 1,6-bisphosphatase (FBP), fructose-bisphosphate aldolase (FBA5, FBA1), phosphoglycerate kinase (PGK), and glyceraldehyde-3-phosphate dehydrogenase (GAPA, GAPB) were all downregulated under LN conditions (Figure 8, Supplementary Table 6). Decreases in phosphoglycerate lyase and phosphofructokinase are an important basis for the decrease in the C backbone of amino acid biosynthesis (Diop and Gallois, 2022; Fei et al., 2022). Sugar beet nitrogen-tolerant germplasms have less glucose entering the respiratory pathway, which may facilitate starch synthesis to maintain nocturnal leaf metabolism and support the production of other polysaccharides or glycoproteins (Meng et al., 2021).




Figure 8 | DEGs in C, N, and glutathione metabolism biosynthetic pathways under LN. The red to blue colors indicate upregulated to downregulated tendencies. Same as below. DEGs, differentially expressed genes.



During nitrogen starvation, genes directly involved in nitrogen metabolism were differentially transcribed. NRT2.5, GS, GS1, NR, NIR, GLUDB were significantly downregulated (Figure 8, Supplementary Table 6, q value < 0.05). This downregulation under LN was accompanied by extensive changes in cellular transport and was necessary for plant cells to maintain homeostatic growth (Cai et al., 2012). Glutathione (GSH) plays an important role in detoxification, antioxidant response, and redox homeostasis (Yamazaki et al., 2019). Under nitrogen deficiency, GST23 (GST23), glutathione S-transferase (GSTU7, GSTU9, and GSTU17), and l-ascorbate peroxidase 3 (APX3) were detected as significantly upregulated transcripts (Figure 8, Supplementary Table 6, q value < 0.01).




3.7 Essential DEGs in phenanthrene metabolism and flavonoid biosynthesis

In secondary metabolism, phenylpropane metabolism and flavonoid biosynthesis were found to be the most regulated pathways. In sugar beet, 30 and 13 DEGs were derived from phenylpropanoid metabolism and flavonoid biosynthesis, respectively (Supplementary Table 7). Sixteen peroxidase genes (PER, 13 upregulated and three downregulated) were transcriptionally altered due to nitrogen deficiency. The peroxidase multigene family encodes secreted glycoproteins involved in lignin biosynthesis, cell elongation, cell wall construction and differentiation, and pathogen defense responses (Passardi et al., 2004; Silva et al., 2022; Yang et al., 2022) (Figure 9, Supplementary Table 7). Members of the 4-coumarate-CoA ligase (4CL) family are key enzymes in lignin biosynthesis (Liang et al., 2021). In this study, 4CL2 was found to be upregulated for the synthesis of phenylpropanoid derivatives, such as lignin. CAD6 was also upregulated, and it is required for the final step in stimulating lignin biosynthesis (Hirano et al., 2012). Thus, lignin formation and cell wall modification are regulated by morphological changes in the roots in response to nitrogen starvation signals (Liang et al., 2021). A total of five beta-glucosidase genes (BGLU, four upregulated and one downregulated) were observed in response to LN stress in this study. BGLU13 is a defense protein that plays a key role in fighting against plant protection from salinity stress (Jia et al., 2019). β-Glucosidases are active in many metabolic processes, such as hydrolysis of derived oligosaccharides on the cell wall, as well as controlling the reactivity and biological activity of plant secondary metabolites and phytohormones, which regulate plant growth and development (Gan et al., 2022).




Figure 9 | DEGs in the metabolic pathways of phenylpropanoid metabolism and flavonoid biosynthesis under LN. DEGs, differentially expressed genes.



Flavonoids are derived from the phenylpropanoid metabolic pathway and are induced by C metabolism (Zhang et al., 2018b). In sugar beet, genes involved in flavonoid biosynthesis (CHS, CHI, F3H, SHT, HST, DFRA, and FLS1) were significantly upregulated under LN, but SAT was downregulated (Figure 9, Supplementary Table 7, q value < 0.05). Members of CHIs interact with chalcone synthase (CHS), flavonol synthase/flavanone 3-hydroxylase (FLS), naringin, and 2-oxoglutarate 3-dioxygenase (F3H) to form heterodimers, which may jointly play a regulatory role and participate in the flavonoid pathway (Wan et al., 2022).




3.8 Effect of low nitrogen stress on the photosynthetic characteristics of sugar beet seedlings

Furthermore, we detected the net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductivity (Gs), and intercellular CO2 concentration (Ci) of sugar beet under LN conditions. As shown in Supplementary Figures 1A, C, in sugar beet, both Pn and Gs showed significant decreases (p < 0.01) of 42.7% and 21.9%, respectively, under low-N stress conditions; Ci decreased significantly (p < 0.05) (Supplementary Figure 1D). FBP and PGK were significantly positively correlated with Ci and significantly negatively correlated (p < 0.001) with Pn (Supplementary Figure 1E). Tr and Gs exhibited significant negative correlations (p < 0.001) with CHLM, PSBY, and PGLP1A. Tr and Gs were negatively correlated with CHLM, PSBY, and PGLP1A (p < 0.001). This result suggested that the changes in photosynthetic gas exchange parameters under N deficiency might be determined by some photosynthetic DEGs in sugar beet.




3.9 Validation of RNA sequencing data by real-time fluorescence quantitative PCR

Gene fold changes between low nitrogen-stressed tissues and control treatments were confirmed using correlation analysis of qRT−PCR and RNA-seq data. A total of 22 genes were selected for qRT−PCR, including eight upregulated genes and 14 downregulated genes (Figure 10, Supplementary Table 1). There was a strong positive correlation coefficient (R2 = 0.98) for all these genes under low nitrogen stress, which confirmed the reliability and reproducibility of the RNA-seq data.




Figure 10 | qRT−PCR validation of sugar beet RNA-seq results.







4 Discussion



4.1 The crucial role of downregulated DEGs in the photosynthesis of sugar beet suffering from N deficiency

Photosynthesis provides the carbon skeleton and energy for nitrogen assimilation and other metabolic processes (Meng et al., 2021). In the present study, LN stress caused a significant decrease in Pn, Ci, and Gs (Supplementary Figure 1, p < 0.05). It was shown that the reduction in photosynthetic capacity was mainly attributed to stomatal or non-stomatal limitation (Erel et al., 2015), which may depend on the changes in Pn, Ci, and Gs. In plants grown under nitrogen-deficient conditions, coordination between PSII activity and CO2 assimilation is important to maintain photosynthesis efficiency (Sun et al., 2022). In sugar beet, most of the DEGs involved in photosynthesis and photorespiration, including PSI, PSII, ATP synthase, and Rubisco, were downregulated (Figure 7, Supplementary Table 5). The reason for this may be that Rubisco breaks down under low nitrogen stress, plant photosynthetic activity is reduced, and ultimately plant growth may be inhibited (Curci et al., 2017). It was deduced that the downregulated PetE, PetF, and PetH in sugar beet under low nitrogen stress reduced the energy provided by photosynthetic biocarbon fixation due to the decreased Calvin cycle activity and NADPH consumption, resulting in reduced ATP (ATPC and ATPD downregulation) utilization (Figure 7A, q value < 0.01). Some of these genes have been proven to be of general importance for photosynthesis and plant growth, including PSII dissolved oxygen enhancing proteins, cytochrome b6/f complex proteins, PSI subunits, FNRs, and Rubisco (Ermakova et al., 2019; Meng et al., 2021), which is consistent with our hypothesis that the identified DEGs in sugar beet played key roles in nitrogen use efficiency (NUE) under low nitrogen conditions.

Many studies have reported that low nitrogen stress affects photosynthesis by affecting light and dark reactions in chloroplasts (Sultana et al., 2020; Tantray et al., 2022). Excited energy captured by the LHC is transferred to the core antenna complex and ultimately used in PSI and PSII reaction centers (RCs) for photochemical reactions. Both PSII and PSI in sugar beet have an antenna system (Pan et al., 2020) that includes a series of membrane proteins binding chlorophyll and carotenoids and belongs to the light-harvesting complex (LHC) superfamily, including LHCII and LHCI. Lhcb proteins are important components of the PSII-related light-harvesting complex (LHCII), which is composed of the minor antenna complex Lhcb4 (CP29), Lhcb5 (CP26), and Lhcb6 (CP24) and the major antenna complex containing homodimeric and heterodimeric trimers of the Lhcb1, Lhcb2, and Lhcb3 gene products (Boekema et al., 1995; Damkjær et al., 2009). In this study, all chlorophyll a–b binding proteins interacting with low nitrogen regulation were downregulated (Supplementary Table 5), which may be due to the decrease in chlorophyll content. Lhca encodes the LHCI protein and binds to the PSI core complex to form the PSI-LHCI supercomplex (BenShem et al., 2003; Ozawa et al., 2018). Consistent with the study of wheat varieties under nitrogen stress (Sultana et al., 2020), the expression of LHC components in PSII and PSI was significantly reduced in the current study (Figure 7B, Supplementary Table 5).

The identification of functional genes for improving low nitrogen tolerance is a feasible way to improve nitrogen use efficiency. In higher plants, PsbO, PsbP, and PsbQ in PSII have been identified as exogenous proteins required for optimal oxygen release (Bricker et al., 2012). PsbP proteins are important cofactors of PSII and are involved in key processes such as calcium binding and photosynthesis (Kakiuchi et al., 2012). In addition, PsbP proteins can act as signaling response factors in response to various adverse external environments (Liu et al., 2012; Ding et al., 2022). Inhibition of PsbP results in slower growth and some defects in PSII function, such as lower oxygen-evolving activity (oxygen-evolving), lower quantum yield, and slower electron transfer rate on the PSII donor side (Yi et al., 2007; Yi et al., 2009). Allahverdiyeva et al. found that PPD1 is essential at the early stages of seedling development (Allahverdiyeva et al., 2013). In the present study, the PsbP structural domain-containing protein 1 (PPD1) gene, a member of the PsbP gene family, was significantly downregulated in sugar beet leaves under low nitrogen stress.

The core genes of the photosynthetic pathway are PsbY (Figure 5Aa) and CAB4/Lhca4 (Figure 5Ab). Both PsbY1 and PsbY2 were identified in spinach (Gau et al., 1998). The PsbY protein of Arabidopsis photosystem II plays an important role in the redox regulation of cytochrome b559 (PsbE and PsbF) (Lotta et al., 2016). The PsbY gene was similarly found to be repressed in maize under low nitrogen stress (Du et al., 2021). According to Supplementary Table 4, two PsbY proteins are likely present in PSII of sugar beet, as in spinach. This hypothesis requires further confirmation.

Fe is a major element in the photosynthetic process and is involved in plant C metabolism (Quan et al., 2017). PetF is the major photosynthetic iron oxygen returning protein in chloroplasts and plays a role in electron transfer between PSI and FNR (Schmitter et al., 1988; Terauchi et al., 2009). Lin et al. found that overexpression of PetF increases the efficiency of chloroplasts in scavenging reactive oxygen species, thus conferring heat tolerance to plants (Lin et al., 2013). However, the results of the present study showed that PetF in sugar beet leaves was downregulated under low nitrogen stress. Its role is to reduce trivalent Fe(III) to divalent Fe(II) (Li et al., 2019), and thus, Fe may function in maintaining homeostasis in sugar beet under low nitrogen stress.




4.2 DEG performance on the balance of C and N metabolism in sugar beet under low N supply

The maintenance of coordinated carbon and nitrogen metabolism and the proper C/N balance is important for plant growth, development, and yield (Krapp and Traong, 2006). In sugar beet, as shown in the genes in Figure 8 and Supplementary Table 6, carbon, nitrogen, and glutamate metabolism were found to play important roles in response to nitrogen deficiency, and the downregulation of glutamate dehydrogenase B (GLUDB) was a pivotal link between these processes, similar to the results of Li et al. (2018). Sequence alignment showed that BvGLUDB was highly homologous with GDHs in Arabidopsis (Fontaine et al., 2012). They share the same conserved structural domain of Glu/Leu/Phe/Val dehydrogenase, dimerization domain (InterPro: IPR006097) (Supplementary Figure 2A). In the gdh1-2-3 mutation, the main physiological function of NADH-GDH is to provide 2-oxoglutarate for the tricarboxylic acid cycle by altering primary C and N metabolism (Fontaine et al., 2012). In the present study, BvGLUDB was found to be downregulated in leaves, which is speculated that the cycle of the metabolites Glu and 2-oxoglutarate is weakened. GDH controls the levels of C and N metabolites by changing the structure of heterohexamers (Tercé-Laforgue et al., 2013), and the related metabolic pathways play a major role in nitrogen assimilation (Tercé-Laforgue et al., 2015).

Rubisco and 2-oxoglutarate act as carbon and nitrogen starvation signals, respectively (Laurent et al., 2005). Carbon and nitrogen metabolism are fundamental metabolic processes in plants, and nitrogen assimilation requires carbon metabolism to provide energy and a carbon skeleton, which is mainly formed by α-ketoglutarate. α-Ketoglutarate changes significantly under low nitrogen treatment (Li et al., 2018), and it affects the conversion pathway to glutamate as a carbon source. Glutamate has been reported to exhibit considerable stability in amino acid profile changes, suggesting its homeostasis function in plants (Liao et al., 2022). The expression levels of nitrogen assimilation and amino acid transport genes play a decisive role in nitrogen utilization. In this study, we found that the NRT2.5, NR, NIR, GS, GLUDB, GST, and GGT3 genes are involved in the regulation of homeostasis in sugar beet seedlings under low nitrogen application. They were significantly downregulated except for GST and GGT3, which were significantly upregulated. Reduced expression levels of NRT2.5 lead to decreased high-affinity nitrate uptake (Lezhneva et al., 2014). NR and NIR are mainly responsible for the conversion of   to nitrite and nitrite to  , respectively (Rana et al., 2010), and GLUDB mediates the conversion of   to glutamate. GSTU and GGT3 participate in glutathione (GSH) to R-S-glutathione to l-glutamate conversion. Glutamate is used as an amino donor for the synthesis of many other amino acids, such as proline, arginine, and lysine. This indicates that a low supply of nitrogen significantly promotes the glutathione metabolic biosynthetic pathway to quench reactive oxygen species (ROS) and protect cells from oxidative damage under short-term stress (Kumar and Trivedi, 2018).

Under stress conditions, different levels of regulation exist in cells to maintain a properly balanced metabolic ratio between carbon and nitrogen, which is necessary to avoid metabolic inefficiencies (Zhang et al., 2018a). In plants, photosynthesis is the energy source for carbon and nitrogen metabolism, and nitrogen deficiency has been reported to significantly reduce the photosynthetic capacity of plants (Tantray et al., 2022). Low nitrogen significantly attenuated the expression of genes controlling nitrogen metabolism (Figure 8, Supplementary Table 6). As a result, it competes with photosynthetic carbon sources for ATP and NADPH, increasing the photosynthetic electron transport burden while reducing the overall activity of PSII in sugar beet. Increasing nitrogen application can alleviate this competitive relationship and make it easier to balance carbon and nitrogen metabolism. In the present study, the transcript levels of ribulose bisphosphate carboxylase small subunit (RBCS) and phosphoglycolate phosphatase 1A (PGLP1A) were significantly downregulated (Figure 8), which may inhibit glycolate as a carbon backbone to synthesize other amino acids such as glutamate, interfering with the fixation or assimilation of photosynthetic carbon in sugar beet seedlings under low N conditions. When N is insufficient, plants can enhance the regulation of carbon metabolism in the roots. Phosphoglycerate kinase (PGK) catalyzes the first ATP production of the glycolytic pathway (Bowler, 2013). Glyceraldehyde-3-phosphate dehydrogenase (GAPA, GAPB), fructose-bisphosphate aldolase (FBA1, FBA5), and PGK were all downregulated, indicating that the intermediate steps of glycolysis were inhibited. FBP catalyzes the production of fructose-6P (F6P) from fructose-1,6P2 (FDP) in the gluconeogenesis pathway (Li et al., 2020). FBP was significantly downregulated under low nitrogen stress in sugar beet, indicating that the fructose phosphate pathway in glycolysis was inhibited. Therefore, the fructose content in sugar beet seedlings may be related to their tolerance to LN stress. Transketolase (TKL) was downregulated (Figure 8); it catalyzes reversible reactions in the carbon skeleton and plays a large role in carbon metabolism. We hypothesized that the conversion of the carbon skeleton is disturbed by nitrogen deficiency. Therefore, nitrogen deficiency not only leads to a decrease in nitrogen and carbon metabolism but also inhibits the synthesis of most amino acids to some extent (Hao et al., 2021). DFRA in the roots was found to be negatively correlated with NIR in the leaves (coefficient = −0.98, p < 0.05). Regulation of carbon and nitrogen balance can promote uptake, assimilation, and metabolic efficiency of carbon- and nitrogen-containing nutrients, which is a guide to improving low nitrogen tolerance in crops.




4.3 DEGs involved in conservative secondary metabolic regulatory networks in sugar beet in response to nitrogen starvation

In terms of energy and substrate availability, C status is considered to be a key factor in the accumulation of secondary metabolites (Beshir et al., 2019). Phenylpropanoids are an important metabolic pathway in which a large number of phenylalanine or tyrosine secondary metabolites, such as flavonoids and isoflavonoids, are produced. These important molecules are involved in many biological processes in plants (Betti et al., 2014). The phenylpropanoid metabolic pathway is closely related to lignin synthesis (Cong et al., 2013). Lignin is a major component of the plant skeleton and functions in plant root growth (Guo et al., 2001). Peroxidase superfamily protein (PER) is one of the key proteins involved in lignin synthesis and is able to catalyze lignin monomer precursors to produce p-hydroxyphenyl lignin (Figure 9). In the present study, 4-coumarate-CoA ligase 2 (4CL2) and probable cinnamyl alcohol dehydrogenase 6 (CAD6) were significantly upregulated and were speculated to be the major enzymes involved in lignin synthesis under low nitrogen application in sugar beet. Among the genes encoding peroxidase in this pathway, DEGs (PER4, PER5, PER7, PER11, PER20, PER21, and PER42) were upregulated compared to the downregulated PER25 and PER57 genes (Figure 9, Supplementary Table 7). This is different from previous results in rice (Guo et al., 2001) and oilseed rape (Qin et al., 2019). The reason is speculated to be that the reduction in PER25 and PER57 transcripts further triggered the response of sugar beet to a low nitrogen environment, but LN stress seems to promote lignin biosynthesis, which could contribute to the response of plants to various abiotic stresses (Dong and Lin, 2021).

The expression of beta-glucosidases (BGLU13, BGLU18, and BGLU46) involved in phenylalanine biosynthesis was upregulated under low nitrogen stress, and BGLU13 catalyzed the conversion of β-d-glucosyl-2-coumarate to β-d-glucosyl-2-coumarinate and then to coumarin (Figure 9, Supplementary Table 7). Recent studies have shown that BGLU13 is involved in glucose synthesis under saline stress (Jia et al., 2019). Han et al. (2020) found that BGLU18 in Arabidopsis is abundant in the petiole and localized mainly in the endoplasmic reticulum (ER), suggesting its involvement in defense against biotic stresses in the petiole. BGLU46 is mainly located in the primary xylem (Baiya et al., 2018) and functions in the lignification process with 4CL2 (Figure 9). Os4BGlu18 was found to be closely associated with Arabidopsis BGLU46 in the rice genome (Opassiri et al., 2006). Further detailed examination of the distribution of BGLU needs to be verified in aboveground tissues of sugar beet (mainly leaves and petioles). Thus, BGLUs may be defense proteins in response to stress, and their upregulation may protect sugar beet from low nitrogen stress. The upregulated POX2 and APX (Supplementary Tables 6, 7) can alleviate low nitrogen stress and improve LN tolerance, which is consistent with previous findings (Hao et al., 2021; Zhang et al., 2023). These results confirm that oxidative damage and compositional changes are sensitive responses for sugar beet to cope with low nitrogen stress.

Although a number of studies have investigated the effect of C or N on flavonoid biosynthesis, the mechanism by which C/N interactions affect flavonoid metabolism remains unclear (Klem et al., 2022). Chalcone synthase (CHS) is involved in the biosynthesis of precursor molecules for flavonoids and isoflavones (García-Calderón et al., 2020), generating naringenin chalcone with p-coumaroyl-CoA. Naringenin can also be catalyzed by chalcone isomerase (CHI) as a precursor of other flavonoids. The present study found that CHS, F3H, and p-coumaroyl-CoA were used as precursors of other flavonoids in sugar beet (Figure 9). CHS, F3H, DFRA, FLS, and CHI interacted with each other and played important roles in flavonoid biosynthesis (Figures 5Bc, 9). CHI in the roots was closely associated with PsbY, CAB4, PGK, and PGLP1A involved in the photosynthetic carbon pathway (coefficient ≥ 0.8, p < 0.05, Figure 6), suggesting that dynamic changes in beet carbon metabolism directly affect the expression of genes related to photosynthesis (Sweetlove and Fernie, 2013; García-Calderón et al., 2020). CHS provides the basic carbon shelf structure for flavonoids and is a key step in the synthesis of flavonols, flavanones, and other substances. Upregulation of CHS and CHI facilitates the accumulation of naringenin and high-sage phenols (Figure 9) (Chen et al., 2021).

Flavonoids act as antioxidants to reduce oxidative damage caused by ROS accumulation due to abiotic stresses (Nakabayashi and Saito, 2015; Jia et al., 2019; Jiao et al., 2020). 2-Oxoglutarate 3-dioxygenase (F3H) has been shown to be a key gene for cold stress tolerance in tomatoes (Hu et al., 2019). F3H catalyzed the oxidation of the 3′ position of naringenin to produce dihydrokaempferol and catalyzed eriodictyol to dihydrotricetin and subsequently dihydromyricetin (Figure 9). They were then catalyzed by dihydroflavonol 4-reductase (DFRA) to produce leucocyanidin, anthocyanin, and leucodelphinnidin; flavonol synthase/flavanone 3-hydroxylase (FLS1) was used to produce kaempferol, quercetin, and myricetin (Figure 9). The upregulated flavonoid biosynthesis genes could increase the accumulation of flavonoids and thus reduce oxidative damage, thus improving the tolerance of sugar beet to low nitrogen stress. Amino acid sequence analysis revealed the presence of a common conserved structural domain in both sugar beet BvDFRA and AtDFR, the putative NADP binding site (Supplementary Figure 2B). It has been shown that the AtDFR gene ectopic expression determines the increase of anthocyanins and thus confers salt stress tolerance in Brassica napus L. (Kim et al., 2017). It is known that low nitrogen stress interferes with redox homeostasis in plant cells, which induces ROS production and leads to oxidative stress. DFRi transgenic plants by downregulation of IbDFR expression have reduced antioxidant capacity and are more sensitive to abiotic stress, implying an important biological role of flavonoids such as anthocyanins against oxidative stress in vivo (Wang et al., 2013).





5 Conclusion

The molecular tolerance and adaptation mechanisms of sugar beet to low nitrogen stress were identified by comprehensive transcriptome analysis. In summary, DEGs were extensively involved in the network of sugar beet primary and secondary metabolism (Figure 11). Low nitrogen stress suppressed the transcription of various genes involved in photosynthesis and C, N, and glutathione metabolism by regulating them in both leaves and roots. More C skeleton is used in secondary metabolism in sugar beet, which contributed to the increased expression of functional genes in phenylalanine and flavonoid biosynthesis. The present study contributed to the understanding of responsive relationships of gene networks related to the nitrogen metabolic pathway in sugar beet under low N conditions and provided a series of excellent genes for the improvement of sugar beet.




Figure 11 | Modeling the response of sugar beet seedlings to low N stress.
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