

[image: Integrative transcriptomic-physiological analysis deciphers nitrogen-mediated carbon reallocation balancing growth and flavonoid metabolism in Epimedium pubescens]
Integrative transcriptomic-physiological analysis deciphers nitrogen-mediated carbon reallocation balancing growth and flavonoid metabolism in Epimedium pubescens





ORIGINAL RESEARCH

published: 08 May 2025

doi: 10.3389/fpls.2025.1539445

[image: image2]


Integrative transcriptomic-physiological analysis deciphers nitrogen-mediated carbon reallocation balancing growth and flavonoid metabolism in Epimedium pubescens


Shangnian Liu 1,2, Xiaojing An 1,3, Chaoqun Xu 1, Dongmei He 2, Xianen Li 1, Caixia Chen 1*, Baolin Guo 1*, De Xu 4 and Juan Huang 4


1Key Laboratory of Bioactive Substances and Resources Utilization of Chinese Herbal Medicines, Ministry of Education & National Engineering Laboratory for Breeding of Endangered Medicinal Materials, Institute of Medicinal Plant Development, Peking Union Medical College and Chinese Academy of Medical Sciences, Beijing, China, 2School of Pharmacy, State Key Laboratory of Characteristic Chinese Medicine Resources in Southwest China, Chengdu University of Traditional Chinese Medicine, Chengdu, China, 3School of Chinese Materia Medica, Tianjin University of Traditional Chinese Medicine, Tianjin, China, 4Institute of Chinese Materia Medica, Dazhou Academy of Agricultural Sciences, Dazhou, China




Edited by: 

Saad Sulieman, University of Khartoum, Sudan

Reviewed by: 

Aarti Gupta, Central University of Kashmir, India

Kai-Hua Jia, Shandong Academy of Agricultural Sciences, China

*Correspondence: 

Caixia Chen
 cxchen@implad.ac.cn 

Baolin Guo
 blguo@implad.ac.cn


Received: 04 December 2024

Accepted: 14 April 2025

Published: 08 May 2025

Citation:
Liu S, An X, Xu C, He D, Li X, Chen C, Guo B, Xu D and Huang J (2025) Integrative transcriptomic-physiological analysis deciphers nitrogen-mediated carbon reallocation balancing growth and flavonoid metabolism in Epimedium pubescens. Front. Plant Sci. 16:1539445. doi: 10.3389/fpls.2025.1539445



Nitrogen availability critically shapes medicinal plant quality by coordinating the “growth–secondary metabolism” trade-off, yet its regulatory mechanisms remain elusive in the non-model species Epimedium pubescens. Through physiological-transcriptomic integration under five nitrogen levels (0, 3.5, 7.5,15, 22.5 mM NO3−), we demonstrated that moderate nitrogen (MN: 7.5 mM NO3−) optimally balanced biomass accumulation (22%–53% higher than low nitrogen [LN: 0 mM NO3−] and high nitrogen [HN: 22.5 mM NO3−]) with maximal Icariin-type flavonoid production (19%–34% higher than LN/HN). Extreme nitrogen stresses (LN/HN) impaired photosynthetic efficiency (18%–20% reduction), disrupted carbon–nitrogen homeostasis, and restricted flavonoid biosynthesis by hindering carbon reallocation (soluble sugars reduced by 26%–27%, starch by 30%–43%). Time-series transcriptomics revealed distinct response dynamics: LN triggered active transcriptional reprogramming at mid-stage (36 days after treatment, DAT), whereas HN responses were delayed to late-stage (48 DAT). Weighted gene co-expression network analysis (WGCNA) identified the grey60 module as a hub coordinating carbon–nitrogen metabolism and mRNA processing. A tripartite regulatory network linking nitrogen-responsive genes (e.g., EpF3H, UGT), Icariin-type flavonoid/carbon metabolism (e.g., icariin, soluble sugars), and growth phenotypes (e.g., biomass, photosynthesis) elucidated how nitrogen optimizes the trade-off between medicinal quality and yield in E. pubescens. This study provides molecular targets for precision nitrogen management to enhance both medicinal quality and yield, while establishing an integrative framework combining physiological and transcriptomic analyses to investigate metabolic trade-offs in non-model plants.
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1 Introduction

Nitrogen serves as the most critical macronutrient for plant growth and development, playing a fundamental role in synthesizing essential biomolecules including proteins, nucleic acids, and amino acids, while also participating in organic metabolites production and plant signaling pathways (Laursen, 2020). As a primary limiting factor for agricultural productivity, improper nitrogen availability significantly impairs carbon metabolism in plants (Hongbiao et al., 2008), ultimately compromising crop yield and quality (Hadj et al., 2010; Yao et al., 2019; Mu, 2021).

The photosynthetic machinery, being the initial stage of plant carbon metabolism, exhibits particular sensitivity to nitrogen availability (Hohmann-Marriott and Blankenship, 2011; Bracher et al., 2017). Nitrogen deficiency induces chlorophyll degradation and protein breakdown in foliar tissues (Havé et al., 2017; Wen et al., 2022), thereby disrupting photosynthesis efficiency. In Panax notoginseng. Both high and low nitrogen levels concentrations suppress carbon metabolism through distinct mechanisms: elevated nitrogen downregulates carbon assimilation genes and reduces Rubisco activity, while nitrogen limitation decreases expression of Calvin cycle enzymes and light-harvesting complex proteins (Zhang et al., 2020).

However, to prevent yield decline due to nitrogen (N) deficiency, excessive nitrogen fertilization has become prevalent in agricultural practice. Excessive nitrogen application can inhibit root elongation and reduce nitrogen use efficiency (NUE) in plants (Wang et al., 2010), disrupting their carbon-nitrogen metabolic balance and consequently impairing both yield and quality. For instance, rice cultivation frequently demonstrates compromised grain quality and reduced productivity under excessive nitrogen application (Dechorgnat et al., 2011; Gutierrez, 2012). Furthermore, excessive nitrogen fertilizer can lead to an increase in pests and diseases (Chen et al., 2008), destabilize soil ecosystems, and exacerbate production costs while contributing to environmental pollution through nitrate leaching and nitrous oxide emissions (Yin et al., 2007; Shaobing et al., 2010). Consequently, elucidating plant responses to differential nitrogen availability, developing N-efficient cultivars, and optimizing nitrogen management strategies for enhanced utilization efficiency constitute critical research priorities in sustainable crop production.

Epimedium pubescens Maxim. (E. pubescens), a perennial herb in the genus Epimedium in the Berberidaceae family, is valued for its foliage utilized as the traditional Chinese medicine (TCM) “Yin Yang Huo”. It possesses the efficacies of nourishing kidney yang, strengthening bones and muscles, and dispelling rheumatism and dampness (Ma et al., 2011), maintaining an irreplaceable status in TCM formulations. The leaf-derived icariin-type flavonoids (prenylated flavonol glycosides from Epimedium spp.) exhibit diverse pharmacological activities such as immunomodulation, sexual function enhancement, antioxidant properties, and cardiovascular protection (Wu et al., 2003; Ma et al., 2011), thus demonstrating promising application potential in modern TCM and healthcare product development. Current natural populations of E. pubescens remain limited and insufficient to meet growing market demand. Consequently, artificial cultivation has become essential for resolving supply-demand disparities and ensuring sustainable resource utilization. Within cultivation systems, nitrogen fertilization serves as a critical management practice for optimizing both biomass production and secondary metabolite accumulation.

Flavonoids, as a predominant class of plant secondary metabolites, playing a pivotal role in plant adaptation to biotic and abiotic stresses, including nutrient deprivation, thermal fluctuations, and environmental perturbations (Lillo et al., 2008; Kumar and Pandey, 2013; Li et al., 2023). Nitrogen availability profoundly modulates flavonoid biosynthesis by regulating the allocation of carbon skeletons and energy substrates between primary and secondary metabolic pathways. Elevated nitrogen levels in tea plants (cv. Longjing43) enhance free amino acids and organic acids in roots and mature leaves, concomitant with a marked reduction in soluble sugar and flavonoid content in young shoots, indicative of carbon flux redirection towards nitrogen assimilation at the expense of phenylpropanoid metabolism (Liu et al., 2021b). Similarly, this trade-off is corroborated in Capsicum annuum, where increased nitrogen application inversely correlates with fruit flavonoid content (Zhang et al., 2024). In Epimedium pseudowushanense (E. pseudowushanense), optimal nitrogen supply(7–13 mM) maximizes biomass production and icariin flavonoid accumulation, whereas nitrogen limitation severely suppresses photosynthetic capacity (chlorophyll content, Pn) and flavonoid synthesis (Zhang et al., 2017). Nevertheless, the mechanistic interplay between nitrogen levels, carbon-nitrogen metabolic crosstalk, and icariin-type flavonoid accumulation in E. pubescens remains elusive. Based on previous research reports, we hypothesize that under nitrogen deficiency and excess stress conditions, nitrogen availability governs carbon partitioning in E. pubescens through metabolic reprogramming, thereby coordinating plant growth-defense trade-offs and icariin-type flavonoid biosynthesis.

To test this hypothesis, we quantified growth parameters, primary carbon metabolites (soluble sugars, starch), nitrogen status (total N), and icariin flavonoid compounds in E. pubescens leaves under differential nitrogen regimes. Integrating genomic resources (Shen et al., 2022) and developmental transcriptome data of icariin flavonoid biosynthesis (Xu et al., 2023), we performed comparative transcriptomics to delineate nitrogen-responsive regulatory networks. Through weighted gene co-expression network analysis (WGCNA), we constructed a stress-responsive core gene regulatory framework orchestrating carbon-nitrogen metabolic crosstalk and icariin-type flavonoid biosynthesis under nitrogen deficiency and excess stress conditions, identifying pivotal hub genes and thresholds for stress adaptation. These findings establish a theoretical foundation for precision nitrogen management in stress-resilient E. pubescens cultivation, development of nitrogen-deficiency/excess-tolerant genotypes, and targeted genetic enhancement of medicinal compound production under fluctuating nitrogen environments.




2 Materials and methods



2.1 Plant material and experimental design

In October 2022, one-year-old healthy homogeneous seedlings of Epimedium pubescens Maxim. (Berberidaceae) exhibiting comparable developmental stages (5–7 simple leaves and 1–3 trifoliate leaves) were acquired from commercial cultivation bases in Dazhou City, Sichuan Province (31°28′19.90″N, 107°39′8.37″E). Taxonomic authentication was performed by Prof. Baolin Guo (Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences) with voucher specimens (B.L.Guo 0711-3) deposited in the Herbarium of the same institution (Liu et al., 2024).

Seedlings were transplanted into 25 cm × 30 cm cultivation pots containing a 3:2 (v/v) substrate mixture of river sand and horticultural perlite (3:2), then acclimatized in a controlled-environment greenhouse under 14/10 h photoperiod (2000 luX illumination), 22 ± 2°C ambient temperature, and 60-80% relative humidity. Following 20-day pre-cultivation with 12.5% Hoagland nutrient solution (1.82 mM NO3-; pH 6.5), seedlings demonstrating successful root regeneration and stable growth were selected for nitrogen treatments. Five nitrate concentration gradients were established: LN (Low Nitrogen, 0 mM NO3-), LM (Low to Medium Nitrogen, 3.75 mM NO3-), MN (Medium Nitrogen, 7.5 mM NO3-), MH (Medium to High Nitrogen, 15 mM NO3-) and HN (High Nitrogen, 22.5 mM NO3-). Nutrient solutions were formulated using KNO3 and Ca (NO3)2 as primary nitrogen sources, supplemented with NaNO3 for target nitrate adjustments. Ionic balance was maintained through compensatory additions of CaCl2 and K2SO4, with micronutrient concentrations standardized as: 2.86 μM H3BO3, 1.81 μM MnCl2, 0.22 μM ZnSO4, 0.08 μM CuSO4, 0.02 μM H2MoO4, and 0.02 mM Fe-EDTA (full composition in Supplementary Table S1). The pH of the nutrient solution was adjusted to 6.5. Each plant received 200 mL of nutrient solution per irrigation event, a volume determined to saturate the substrate and ensure complete root immersion, which was administered at 10-day intervals.

Each treatment involved 36 seedlings. Fresh leaves from plants under different treatments were collected at three developmental time points (24, 36, and 48 days after treatment initiation, DAT), rapidly frozen in liquid nitrogen, and then stored at -80°C to maintain RNA quality for transcriptome profiling.

At 48 DAT, plants in the LN (0 mM NO3-) and HN (22.5 mM NO3-) treatments showed obvious symptoms of damage: chlorosis (LN) in older leaves vs. necrosis (HN) in older leaves. Subsequently, all treated plants underwent final phenotyping followed by destructive sampling at this stage.




2.2 Photosynthetic properties

Photosynthetic parameters were measured using a LI-6400 Portable Photosynthesis System (LI-COR, USA) on mature leaves at the same leaf position (the second compound leaf counted from the rootstock apex) of plants between 8:00-11:00 AM at 48 DAT. Concurrently, SPAD values (relative chlorophyll content) of the same leaves were quantified with an SPAD-502 Chlorophyll Meter (Konica Minolta Inc., Japan) employing 650/940 nm dual-wavelength detection.




2.3 Sample collection

Leaf samples were collected at 24, 36, and 48 DAT from different treated plants were collected (3 replicates per treatment) and immediately frozen in liquid nitrogen, then stored at -80°C for future testing. By 48 DAT plants from the LN and HN treatments exhibited significant symptoms of damage. Subsequently, all treated plants underwent systematic processing: biometric measurement, organ separation (roots, rhizomes, stems, leaves), and desiccation at 45°C until constant weight (3 replicates per treatment). ​​The total dry weight of all leaves harvested from a single plant was used as the leaf dry weight for that plant sample, and the dry weights of roots, rhizomes, stems, and other parts were similarly determined.




2.4 Detection of nitrogen content

Weigh 0.5 g of dried and constant-weight E. pubescens leaf powder, transfer it into a digestion tube, digest it using sulfuric acid-hydrogen peroxide, and then determine the total nitrogen content by the Nash colorimetric method (Bremner, 1960).




2.5 Detection of soluble sugar and starch content

Dried leaf powder of E. pubescens (50.0 mg, constant weight) was weighed into a 10 mL centrifuge tube. 80% ethanol (4.0 mL) was added, and the mixture was sealed and incubated in an 80°C water bath for 30 minutes (duplicate extraction). After centrifugation at 3000 rpm for 5 minutes, the supernatant was collected, mixed with 10 mg activated charcoal, and decolorized at 80°C for 15 min. The solution was then diluted to 25 mL with distilled water, filtered, and used as the test solution for soluble sugar content.

The residue was air-dried and transferred toa 25 mL centrifuge tube. Distilled water (15mL) was added, followed by incubation in a boiling water bath for 15 min. Subsequently,2 mL of 9.2 mol/L perchloric acid solution was added, and the mixture was boiled for another 15 min. After cooling to room temperature, the volume was adjusted to 25 mL with distilled water to obtain the starch test solution.

For quantification, 0.2 mL of the test solution was mixed with 6 mL of anthrone reagent, vortexed thoroughly, and immediately heated at 95°C 15 min. The absorbance was measured at 620 nm after natural cooling. Soluble sugar and starch contents were calculated using a pre-established standard curve:

Calibration curve: (Y = 0.0017X + 0.0075, R2 = 0.9993), where X = glucose concentration (μg/mL), Y = absorbance, with a linear range of 40–500 μg/mL.




2.6 Detection of Icariin-type flavonoids content

The content of Icariin-type flavonoids in E. pubescens leaves was determined byUPLC method (Xu et al., 2023). Briefly, 100 mg of dried leaf powder was subjected to ultrasonic extraction with 10 mL of 50% ethanol for 30 minutes, and then filtered through a 0.22 μm filter membrane. Chromatographic analysis was performed using an ACQUITYTM Ultra-Performance Liquid Chromatography (UPLC) system (Waters Corporation, USA) equipped with an ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm). The mobile phase consisted of solvent A (water) and solvent B (acetonitrile). The gradient elution program was set as follows: 0 min, 79% A; 6 min, 71% A; 12 min, 56% A; 17 min, 5% A. Detection was performed at a wavelength of 270 nm, under which the retention times of the Icariin-type flavonoids were observed as follows: Epimedin A: 5.45 min, Epimedin B: 5.75 min, Epimedin C: 6.10 min, and Icariin: 6.40 min (Supplementary Figure S1).




2.7 Transcriptome analysis

Total RNA extraction from plant leaves was performed using the RNAprep Pure Polysaccharide/Polyphenol Plant Total RNA Extraction Kit (QIAGEN, Germany). The quality and integrity of the RNA were assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). All samples met RNA integrity criteria (RIN >7) with total RNA quantities ≥400 ng. For RNA sequencing (RNA-seq) library preparation, three biological replicates were sequenced for each sample using the Illumina NovaSeq 6000 sequencing platform (Illumina, USA). Gene expression levels were normalized using Fragments Per Kilobase Million (FPKM) to control for sequencing depth and transcript length.

HISAT2 v2.0.5 was employed to align the sequencing data to the reference genome (E. pubescens (Shen et al., 2022), and Stringtie 1.3.3b (Pertea et al., 2015) was used to identify known gene transcripts and predict novel gene transcripts. Differential gene expression between treatments was compared using the DESeq2 software (1.20.0). The resulting P-values were adjusted using the Benjamini & Hochberg method to control the false discovery rate, and genes with a p-adj < 0.05 and |log2FC| ≥ 1 were considered as differentially expressed genes (DEGs). The clusterProfiler (3.8.1) software was employed to conduct GO and KEGG enrichment analysis on the DEGs.




2.8 Real-time quantitative PCR validation

The extracted RNA was reverse transcribed into cDNA using an M-MLV Reverse Transcriptase Kit (Zoman Biotech, Beijing, China) following this protocol: 1 μg total RNA was mixed with 5 μL 4×RT Mix and ddH2O to a final volume of 20 μL. After gentle vertexing, the reaction was incubated at 45°C for 15 min followed by 85°C for 5 min to inactivate the enzyme. The synthesized cDNA was diluted 10-fold for subsequent analysis. Ten candidate genes involved in flavonoid biosynthesis, selected from S3-stage differential genes, were validated, with β-Actin-1 serving as the internal reference gene. The details of the selected genes and their primer sequences are provided in Supplementary Table S2.

Quantitative PCR was performed using 2×HQ SYBR qPCR Mix (Without Rox; Zoman Biotech) with the following reaction system: 1 μL diluted cDNA, 0.4 μL forward primer (10 μM), 0.4 μL reverse primer (10 μM), and 10 μL qPCR Mix in a total volume of 20 μL. Three technical replicates per gene and three biological replicates per treatment were analyzed. Each gene was subjected to three technical replicates, and each treatment sample was replicated biologically three times. Gene expression was quantified via the 2−ΔΔCt method to validate transcriptome reliability. Complete thermal cycling conditions are described in Supplementary Table S3.




2.9 Statistical analysis

Each experiment was conducted using a completely randomized design with three replicates, and the data were analyzed using the statistical software SPSS 26.0. One-Way ANOVA was employed to analyze the differences among different treatments at a significance level of p < 0.05.





3 Result



3.1 Plant growth and development

Growth indicators of E. pubescens varied under different nitrogen treatment levels (Figure 1). Older leaves at the plant base displayed distinct nitrogen-related visual changes: LN-treated plants developed pale green coloration (chlorosis), whereas MH/HN treatments triggered leaf midrib yellowing and edge-to-base browning. Notably, plants under MN treatment (7.5 mM NO3−) retained normal dark green leaves without visible stress symptoms, suggesting ideal nitrogen supply (Figure 1A).




Figure 1 | Differences in growth appearance and indicators of E. pubescens among different nitrogen treatment levels at the S3 stage (48 DAT). (A) Morphological characteristics and performance parameters of older leaves at the plant base in E. pubescens were assessed at the S3 stage (48 DAT) under varying nitrogen levels; (B, C) Root-to-shoot (R/S) ratio(B), and dry weight (g) of plant different parts (leaves, stems, roots), and total plant biomass (g) (C) of E. pubescens under different nitrogen treatment levels; (D, E) Photosynthetic indices including photosynthetic rate (μmol CO2·m-2·s-1) (D) and relative chlorophyll content (SPAD) (E). Different lowercase letters indicate significant differences between treatments; the letters above the bars in (C) represent differences in total plant biomass (One-Way ANOVA, n = 3, p < 0.05).



Organ-specific biomass partitioning in E. pubescens was quantified under different nitrogen level treatments, with whole-plant measurements encompassing leaves, roots, and stems (Figure 1C). Whole-plant leaf dry weight (LDW) varied significantly among nitrogen treatments: LN (24% reduction, 0 mM NO3−), MH (29% reduction, 15 mM NO3−) and HN (39% reduction, 22.5 mM NO3−) treatments exhibited significantly lower leaf dry weight compared to the MN treatment (p < 0.05). Root biomass exhibited particular sensitivity to excess nitrogen, with HN plants producing 30% less root mass than MN (p < 0.05). Among the treatment levels, there were no significant differences in stem dry weight. However, significant variations in total plant dry weight were observed, with the MN treatment exhibiting the highest total plant dry weight (increase 22% vs. LN, increase 54% vs. HN, p < 0.05), followed by the LN treatment, and the HN treatment showing the lowest. These results indicate that moderate nitrogen levels (MN) optimize biomass accumulation in E. pubescens, while both nitrogen deficiency (LN) and excess (MH/HN) reduce total plant productivity, with the strongest suppression observed in leaf biomass.

To gain a deeper understanding of how varying nitrogen levels impact the aboveground-to-belowground biomass allocation in E. pubescens, we calculated and compared the R/S ratios (root-to-shoot ratio, calculated as belowground biomass divided by aboveground biomass) across different treatment levels (Figure 1B). Notably, the R/S ratio in the LN treatment was significantly higher than that in the other treatment levels, suggesting that under nitrogen deficiency, the plants allocated a greater proportion of carbon to their root systems. This enhanced root growth led to increased biomass accumulation, ultimately elevating the root-to-shoot ratio (indicating higher belowground investment). This phenomenon could be interpreted as an adaptive response of E. pubescens to nitrogen deficiency stress, whereby increased root growth facilitates nitrogen uptake. Conversely, excessive nitrogen stress (HN) significantly inhibited root growth (30% reduction vs. MN, p < 0.05, Figure 1C). These findings further elucidate the growth performance of E. pubescens in adapting to different nitrogen levels, emphasizing that an optimal nitrogen level (MN) is conducive to the growth and rational biomass allocation of E. pubescens.

Different nitrogen levels significantly affected the photosynthetic characteristics of E. pubescens leaves (Figures 1D, E). The photosynthetic rate under MN (0.74 ± 0.05 μmol CO2·m-2·s-1) was significantly higher than other levels (20% increase vs. LN, 18% increase vs. HN, p < 0.05, Figure 1D). Chlorophyll content peaked under MN, showing no significant difference from MH and HN but was markedly higher than LN and LM (Figure 1E). The photosynthetic rate under MN was significantly higher than other treatment levels. Chlorophyll content peaked under MN, showing no significant difference from the MH and HN, but was markedly higher than in the LN and LM. The LN treatment exhibits the lowest chlorophyll content, which is significantly lower than that in the other treatment levels. These results indicates that moderate nitrogen addition promotes plant photosynthesis and chlorophyll synthesis, whereas excessive nitrogen (beyond a threshold) inhibits photosynthesis and reduces chlorophyll synthesis efficiency. This trend align with plant biomass distribution patterns, confirming that that photosynthetic capacity is closely linked to plant biomass accumulation. Thus, optimizing nitrogen levels is critical for enhancing photosynthetic performance and biomass production.




3.2 Nitrogen content, carbon metabolites and icariin-type flavonoids in leaves

There exists a close interaction between nitrogen metabolism and carbon metabolism in plants, which synergistically regulate the growth, development, and metabolism of plants. To further understand the effects of different nitrogen levels on the carbon and nitrogen metabolism of plants, this study measured the nitrogen content and main carbohydrate components in leaves (Figure 2A). The results for nitrogen content indicate that the LN and LM have the lowest nitrogen levels in their leaves, significantly lower than that of the MN. In contrast, the MH and HN exhibit significantly higher nitrogen content in their leaves compared to the MN, but there is no significant difference existed between the MH and HN. In fact, the nitrogen content in the leaves of the HN treatment shows a slight decline. These findings indicate that nitrogen deficiency reduces the nitrogen content in leaves, while nitrogen application significantly increases it; however, excessive nitrogen application yielded diminishing returns on nitrogen accumulation.




Figure 2 | Metabolite and nitrogen concentrations in the leaves of E. pubescens at the S3 stage (48 DAT) were assessed under different nitrogen levels of treatment. (A) Soluble sugar, starch, and nitrogen content (mg/g) in the leaves of E. pubescens under different nitrogen levels; (B) The content of Icariin-type flavonoids in the leaves of E. pubescens under different nitrogen levels of treatment. Different lowercase letters represent significant differences between treatments (n = 3, p < 0.05); the letters above the bars in (B) represent differences in total flavonoid content (Sum of the contents of Epimedin A, Epimedin B, Epimedin C, and Icariin).



Calculations and comparisons of the nitrogen use efficiency (NUE) of leaves, using the formula NUEbala = nitrogen uptake after application/total nitrogen applied (Quan et al., 2021). The results showed that NUELM was 1.64 times that of NUEMN, 4.17 times that of NUEMH, and 7.58 times that of NUEHN, NUEMN was 4.62 times that of NUEHN (NUE for LN was excluded due to zero nitrogen input). Our findings clearly demonstrate that NUE decreases with increasing nitrogen application rates, with the most pronounced decline observed in the high nitrogen treatments (MH and HN). This indicates that excessive nitrogen supply markedly reduces nitrogen use efficiency in E. pubescens.

In terms of carbon metabolism, soluble sugars and starch, as key products of this process, show content changes closely linked to photosynthesis efficiency. Both components peaked under MN (soluble sugars: 122.54 ± 17.11 mg/g, starch: 61.77 ± 7.62 mg/g), significantly exceeding levels in other treatments (soluble sugars: 26% increase vs. LN, 27% increase vs. HN; starch: 43% increase vs. LN, 30% increase vs. HN, p < 0.05, Figure 2A). This finding underscores the profound impact of nitrogen supply on plant carbon metabolism. Moderate nitrogen stimulates carbon metabolism, enhancing accumulation of key products like soluble sugars and starch, whereas nitrogen deficiency or excess disrupts these processes, impairing plant growth and productivity.

The content of Icariin-type flavonoids (main active component) in E. pubescens leaves varied significantly across nitrogen levels. Total flavonoids and individual compounds (Epimedin A, Epimedin B, Epimedin C, Icariin) and in E. pubescens leaves peaked under MN treatment. Except for Icariin and Epimedin B, whose contents showed no significant difference between MN and HN treatments, all components in MN were significantly higher than other treatments. Conversely, LN had the lowest content of all compounds, with Icariin, Epimedin B, and Total flavonoids significantly reduced compared to other levels (Figure 2B). These results indicate that optimal nitrogen levels promotes Icariin-type flavonoid accumulation in leave (Total flavonoids: 24.98 ± 0.80 mg/g, 34% increase vs. LN, 19% increase vs. HN, p < 0.05, Figure 2B), while nitrogen deficiency and excess significantly inhibit this process, with deficiency showing stronger suppression. This underscores the crucial role of appropriate nitrogen supply in Icariin-type flavonoid synthesis in E. pubescens leaves.




3.3 Differential expressed genes and functional enrichment in leaves

The appearance, biomass, and metabolite content of plants showed obvious differences in different nitrogen levels. LN (nitrogen deficiency), MN (nitrogen suitability), and HN treatment (nitrogen excess) were selected as three representatives of different nitrogen levels, and transcriptome analysis was carried out to reveal the internal mechanism of different nitrogen levels regulating plant growth and metabolism. Transcriptome sequencing results of the LN, MN, and HN treatments during the S1-S3 stages (24–48 DAT) ultimately yielded a total of 1,244,447,328 clean reads, representing 186.67G of clean data. The average Q20 quality score was 97.99%, the average Q30 quality score was 94.37%, and the average GC content was 44.92%. Alignment of the clean data from each sample with the E. pubescens reference genome achieved a robust alignment rate ranging from 84.01% to 89.11%.

Comparisons were made among the transcriptome sequencing results of leaves at S1, S2, and S3 stages under different treatments. Compared with the MN treatment, the LN treatment showed 391 upregulated differentially expressed genes (DEGs) and 367 downregulated DEGs at the S1 stage; 633 upregulated DEGs and 465 downregulated DEGs at the S2 stage; and a significant reduction in the number of DEGs at the S3 stage, with more downregulated DEGs observed, specifically 84 upregulated and 129 downregulated DEGs. In contrast, the HN treatment had 490 upregulated DEGs and 479 downregulated DEGs at the S1 stage; 1029 upregulated and 765 downregulated DEGs at the S2 stage; and a notable increase in the number of DEGs at the S3 stage, with 1374 upregulated and 845 downregulated DEGs (Figure 3).




Figure 3 | The number of DEGs in leaves between LN vs MN and HN vs MN at three stages (S1-S3, 24–48 DAT). ​​The volcano plot illustrates the number of upregulated (red) and downregulated (blue) differentially expressed genes (DEGs) across different time periods (S1 to S3, 24 to 48 DAT) under varying treatment comparisons, along with their fold change (|log2FC|, x-axis) and significance (-log10 p-adj, y-axis); The bar chart integrates the changes in the number of upregulated (red) and downregulated (blue) DEGs (y-axis) and their fold differences across the three periods (categorized on the y-axis), allowing clear visualization of DEG variations over time. The legend indicating the |log2FC| values.



For stages S1-S3 (24–48 DAT), Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted on the up- and down-regulated DEGs obtained from LN and HN treatments, respectively, compared to the MN treatment, with results displayed in Figure 4 (GO: left; KEGG: Right).




Figure 4 | Stage-specific functional enrichment of DEGs under LN and HN treatments. (A) GO enrichment for LN vs MN comparisons; (B) KEGG enrichment for LN vs MN; (C) GO enrichment for HN vs MN; (D) KEGG enrichment for HN vs MN, analyzed at S1 (24 DAT), S2 (36 DAT), and S3 (48 DAT). Color intensity corresponds to the significance level (p-value).



GO Enrichment: In the LN treatment, genes up-regulated relative to MN were significantly enriched in GO categories associated with carbohydrate binding and metabolism, copper ion binding, and sulfate transport (Figure 4A). Specifically, “UDP-glycosyltransferase activity”, “copper ion binding”, and “sulfate transmembrane transporter activity” exhibited the strongest enrichment in S1, whereas “carbohydrate binding”, “beta-amylase activity”, and “polysaccharide metabolic process” became prominent in S2 and S3. In contrast, genes down-regulated under LN were enriched in functional terms related to cell wall organization, carbon metabolism, and nitrogen processes. Among these, “cell wall”, “extracellular region”, and “organic acid biosynthetic process” showed the most marked suppression in S1, followed by reduced “proteolysis” and “nitrogen compound transport” in S2, and repression of “cellular amino acid biosynthetic process” in S3.

Under HN treatment, up-regulated genes were enriched in GO categories associated with carbohydrate hydrolysis, cell wall macromolecule catabolism, and ion binding (Figure 4C). Notably, “cellulose synthase (UDP-forming) activity” and “iron ion binding” dominated the enrichment profile in S1, while “hydrolase activity (hydrolyzing O-glycosyl compounds)”, “cell wall macromolecule catabolic process”, and “calcium ion binding” were most prominent in S3. Conversely, down-regulated genes in HN were linked to amino acid and carbon metabolism, with “transferase activity (transferring hexosyl groups)” and “amylase activity” showing the strongest suppression in S1, followed by repressed “carbohydrate catabolic process” and “carboxylic acid biosynthetic process” in S2, and sustained down-regulation of “alpha-amino acid metabolic process” in both S2 and S3.

KEGG Enrichment: Compared to MN, genes up-regulated under LN treatment were enriched in pathways including “Other glycan degradation”, “Cyanoamino acid metabolism”, “Galactose metabolism”, “Lysine degradation”, and “Valine, leucine, and isoleucine degradation” (Figure 4B). Among these, “Other glycan degradation” and “Cyanoamino acid metabolism” showed the strongest enrichment in S1, while “Galactose metabolism” peaked in S2. Conversely, down-regulated genes in LN were associated with pathways such as “Flavone and flavonol biosynthesis”, “Phenylalanine metabolism”, “Tyrosine metabolism”, and “Plant hormone signal transduction”, with the latter two exhibiting the most marked suppression in S3. Additionally, pathways like “Starch and sucrose metabolism” and “Nitrogen metabolism” were dynamically regulated, appearing in both up- and down-regulated DEGs across stages, with “Starch and sucrose metabolism” displaying the strongest up-regulation in S2.

For HN treatment, up-regulated genes were enriched in pathways such as “Other glycan degradation”, “Cutin, suberine, and wax biosynthesis”, “Plant hormone signal transduction”, and nitrogen-related pathways including “Tryptophan metabolism”, “Glycerolipid metabolism”, and “Glutathione metabolism” (Figure 4D). “Glutathione metabolism” dominated the enrichment profile in S1, followed by “Tryptophan metabolism” in S3, while other pathways peaked in S2.

Compared to MN, genes down-regulated under both LN and HN treatments were enriched in pathways associated with photosynthesis and carbon metabolism, including “Carbon fixation in photosynthetic organisms” and “Photosynthesis-antenna proteins” (Figures 4B, D). Similarly, phenylpropanoid and flavonoid synthesis pathways such as “Flavone and flavonol biosynthesis”, “Anthocyanin biosynthesis”, and “Phenylpropanoid biosynthesis” exhibited marked suppression, with the strongest down-regulation observed in S3 across both treatments (Figures 4B, D). The “Starch and sucrose metabolism” pathway displayed dynamic regulation, appearing in both up- and down-regulated DEGs. Up-regulation of this pathway peaked in S3 under LN treatment (Figure 4B), while down-regulation persisted from S1 to S3 under HN treatment, showing the strongest suppression in S1 (Figure 4D). Additionally, some common stress response pathways in plants, such as “Plant-pathogen interaction” and “MAPK signaling pathway-plant” (Takahashi et al., 2011; Zhu et al., 2023), were significantly enriched in the DEGs of LN and HN treatments, respectively.

To investigate dynamic transcriptional responses of E. pubescens to nitrogen deficiency (LN) and excess (HN) over time, we analyzed stage-specific differentially expressed genes (DEGs) between S1 and S3 under both treatments, followed by KEGG enrichment (Figure 5).LN Treatment (S1 vs. S3): Genes up-regulated in S3 relative to S1 were enriched in pathways associated with stress adaptation, including “Anthocyanin biosynthesis”, “MAPK signaling pathway-plant”, and “Phenylpropanoid biosynthesis”. Conversely, down-regulated genes were linked to secondary metabolism and biotic interactions, with marked suppression of “Flavonoid biosynthesis”, “Plant-pathogen interaction”, “Flavone and flavonol biosynthesis”, and “Butanoate metabolism”.




Figure 5 | Stage transition (S1 to S3) KEGG pathway enrichment under LN and HN treatments. Significance is represented by color gradient (|log10 p-value|).



HN Treatment (S1 vs. S3): Up-regulated genes in S3 were enriched in pathways related to structural biosynthesis and energy mobilization, notably “Cutin, suberine and wax biosynthesis”, “Starch and sucrose metabolism”, and “Phagosome”. In contrast, down-regulated genes showed reduced activity in “Flavonoid biosynthesis” and “Circadian rhythm-plant”, suggesting disrupted metabolic and physiological synchronization.




3.4 Weighted gene co-expression network analysis

Weighted Gene Co-expression Network Analysis (WGCNA) is a systems biology approach for identifying highly correlated gene clusters (modules) across experimental conditions, widely applied in plant stress response studies (Langfelder and Horvath, 2008). To elucidate dynamic gene network reorganization in E. pubescens under nitrogen variation, we performed WGCNA on transcriptomes from S1-S3 stages of LN, MN, and HN treatments (Figure 6A). Modules were defined with a minimum eigengene correlation threshold of 0.75, yielding 35 distinct co-expression networks (Figure 6B). Among these, the grey60 module exhibited contrasting expression patterns between MN and nitrogen-stressed (LN/HN) treatments at S2-S3 (Figure 6C), suggesting its potential role in nitrogen adaptation.




Figure 6 | Weighted Gene Co-expression Network Analysis (WGCNA) of leaf transcriptomes in E. pubescens under nitrogen treatments. (A) Hierarchical clustering dendrogram of genes. Leaves (vertical lines) represent individual genes, with branches colored to indicate 35 distinct co-expression modules. (B) Module-trait correlation matrix. Cell colors (from blue to red) denote Pearson correlation coefficients between module eigengenes. (C) Expression patterns of the grey60 module across treatments (LN, MN, HN) and stages (S1-S3; 24–48 DAT). (D) KEGG pathways enriched in the grey60 module.



KEGG enrichment of the grey60 module revealed marked involvement in three functional clusters: Translation fidelity and RNA regulation: Enriched pathways included “Aminoacyl-tRNA biosynthesis” and “RNA degradation”; Metabolic coordination: “Biosynthesis of cofactors”, “Porphyrin metabolism”, “Sphingolipid metabolism”, and amino acid biosynthesis pathways (“Valine, leucine and isoleucine biosynthesis”, “Biosynthesis of amino acids”, “Histidine metabolism”); Carbon-energy interface: “2-Oxocarboxylic acid metabolism” and “Pyruvate metabolism”. Additionally, “Plant-pathogen interaction” pathway genes were significantly enriched (Figure 6D), implying crosstalk between nitrogen stress and biotic defense mechanisms.




3.5 Changes in genes related to carbon metabolism, nitrogen metabolism, and Icariin-type flavonoid metabolism

Flavonoids, the primary medicinal components of E. pubescens, play dual roles in plant defense against biotic/abiotic stresses and nutrient deprivation (Lillo et al., 2008; Kumar and Pandey, 2013; Li et al., 2023). These phenylalanine-derived secondary metabolites are synthesized through a well-characterized pathway (Holton and Cornish, 1995; Koes et al., 2005), where carbon skeletons from primary metabolism enter the shikimate pathway, while nitrogen metabolism-derived amino acids contribute to phenylalanine production, ultimately fueling flavonoid biosynthesis (Figure 7A). Icariin-type flavonoid synthesis occurs in three phases: Phase 1: The enzymes phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL) sequentially convert phenylalanine to p-coumaroyl-CoA. Phase 2: Chalcone synthase (CHS) and chalcone isomerase (CHI) transform p-coumaroyl-CoA into chalcone, the precursor for flavonols/flavones (Dao et al., 2011). Subsequently, flavonoid 3’,5’-hydroxylase (F3’5’H), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), and flavonol synthase (FLS) modify chalcone into diverse flavonols. Phase 3: UDP-glycosyltransferases (UGTs), prenyltransferases (PTs), and O-methyltransferases (OMTs) mediate glycosylation, prenylation, and O-methylation of flavonols, yielding icariin-type flavonoids (Figure 7B).




Figure 7 | Integrated carbon-nitrogen-flavonoid metabolic network and transcriptional regulation in E. pubescens. (A) Schematic of metabolic crosstalk between carbon/nitrogen assimilation and flavonoid biosynthesis. The heatmap (right) shows relative levels of key metabolites (rows) and photosynthetic parameters (columns) across treatments (LN, MN, HN). (B) Heatmap of gene expression in the icariin-type flavonoid pathway. Rows: enzyme-coding genes (annotated by EC number); columns: treatments (LN, HN) and stages (S1-S3). Gene IDs are listed on the right.



During the S3 stage, the number of differentially expressed genes (DEGs) in plants under nitrogen deficiency stress was significantly reduced (Figure 3), consistent with previous findings under phosphorus deficiency stress, indicating that nitrogen deficiency stress had entered the late stress phase by this stage. In contrast, the temporal dynamics of DEGs under excess nitrogen stress diverged from those under nitrogen or phosphorus deficiency. Specifically, excess nitrogen exhibited a sustained increase in DEG numbers, with an 85% rise from S1 to S3 (24 to 48 DAT) but only a 25% increase from S2 to S3 (36 to 48 DAT). The deceleration in the upward trend suggests that transcriptional responses had stabilized during this period. Consequently, the transcriptional strategy adopted by plants at this stage reflects a steady state following prolonged stress resistance, which may more accurately reflect plant adaptation mechanisms to distinct nitrogen stress conditions. Under inappropriate nitrogen (LN/HN) at S3 stage (48 DAT), transcriptional suppression was observed across all icariin-type flavonoid biosynthesis phases (Figure 7B): Phase 1: PAL expression was markedly reduced. Phase 2: Key genes (CHS, F3H, FLS, F3’5’H) showed significant downregulation. Phase 3: Most PT and OMT genes were suppressed, though partial UGT upregulation occurred. Notably, upregulated UGT/OMT isoforms may participate in alternative carbon metabolic routes rather than flavonoid synthesis, as substrate availability declined due to Phase 1–2 suppression and reduced photosynthetic input.

To delineate metabolic crosstalk among carbon, nitrogen, and flavonoid pathways, we integrated S3-stage DEGs enriched in these pathways (Figure 7) to reconstruct a tripartite correlation network (Supplementary Table S4). For flavonoid metabolism refinement, we performed gene set enrichment analysis (GSEA) using localized software (http://www.broadinstitute.org/gsea) to identify additional candidate genes ( (Subramanian et al., 2005); Supplementary Table S5). Subsequent Pearson correlation analysis of 84 pathway-related genes, 5 biomass parameters, and 8 metabolites (|r| > 0.70 threshold) revealed interconnected regulatory networks, visualized through Cytoscape (Figure 8). The resultant network comprised 95 nodes with 467 edges, with hub genes identified by maximal node degree: Carbon metabolism: Alpha-amylase (Ebr01G064020), Transcriptional activator (Ebr06G011710), Phosphoglucomutase (Ebr01G030510), Fructokinase-2 (Ebr02G031250), Fructose-1,6-bisphosphatase (Ebr01G044770). Nitrogen metabolism: Amidase (Ebr04G062170), Aromatic aminotransferase (Ebr02G065060), Lamin-like protein (Ebr02G071730). Flavonoid metabolism: UGT (UDP-glycosyltransferase; Ebr06G044290), EpF3H (Ebr04G062950).




Figure 8 | Integrated correlation networks of metabolic pathways and flavonoid biosynthesis in E. pubescens. (A) Tripartite correlation network integrates three categories: genes [carbon metabolism genes (purple nodes), nitrogen metabolism genes (blue nodes), and Epimedium icariin-type flavonoid biosynthetic genes (orange-yellow nodes)], metabolites [icariin-type flavonoids (bright yellow nodes), carbon metabolites (green nodes)], and physiological traits (light green nodes). (B) Correlation network diagram of genes related to Icariin-type flavonoid synthesis. (C) Network diagram combining genes related to Icariin-type flavonoid synthesis with the content of Icariin-type flavonoids. A/B/C, Epimedin A/B/C; I, Icariin. Edges represent Pearson correlations (|r| > 0.70): red = positive, blue = negative; thickness scales with |r|. Hub genes (triangular or prism nodes) were identified by maximal node degree.



Subnetworks focusing on flavonoid biosynthesis (Figure 8B) and gene-flavonoid associations (Figure 8C) highlighted additional regulators: EpCHS5 (Ebr03G073940; chalcone synthase), UGT (Ebr06G044660), EpUGT13_A (Ebr06G044210).

Notably, Epimedin B/C exhibited stronger correlations with flavonoid pathway genes than other icariin-type flavonoids, suggesting their transcriptional responsiveness to metabolic perturbations.




3.6 MYB1 and MYB12 regulate flavonoid metabolism in response to nitrogen levels

Among DEGs in S3 stage (48DAT), 88 transcription factors were identified, including MYB, NAC, WRKY families. NAC and WRKY are known stress-responsive TFs in plants (Wani et al., 2021), while the MYB family is typically involved in regulating flavonoid biosynthesis pathways (Liu et al., 2015; Naik et al., 2022). Co-expression analysis revealed that MYB1 (Ebr04G001770) and MYB12 (Ebr01G065030) showed strong correlations (Pearson >0.9) with UGT genes (Ebr06G045440, Ebr06G044290). Notably, MYB12 exhibited broader network connectivity than MYB1 (Figure 8), suggesting its potential prominence in nitrogen-responsive flavonoid regulation. Key flavonoid genes (e.g., EpFLS3, EpF3H) displayed varying correlation strengths with both TFs across N levels (Figure 9). These patterns align with known MYB functions in flavonoid biosynthesis in other plants (Liu et al., 2015; Naik et al., 2022), although direct regulatory relationships require experimental confirmation.




Figure 9 | Co-expression network of MYB transcription factors and flavonoid metabolism-related genes. Orange-red nodes represent differentially expressed genes (DEGs; |log2FC| > 1, p-adj < 0.05). Edges indicate significant Pearson correlations (|r| > 0.70, p < 0.01), with thickness proportional to |r|.






3.7 Validation of differentially expressed genes through RT-qPCR

To verify the reliability of the RNA-Seq data results, RT-qPCR was utilized to further examine the expression levels of differentially expressed genes (DEGs) between different treatments. Key genes primarily involved in flavonoid synthesis among the DEGs were selected for validation. The RT-qPCR results showed that the expression trends of the selected 10 DEGs were consistent with the transcriptome data, thereby confirming the reliability of the RNA-Seq data used in this study (Figure 10).




Figure 10 | Validation of transcriptomic data by RT-qPCR at the S3 stage. Expression levels of selected genes: Transcriptomic data (blue bars, log2-transformed FPKM) and RT-qPCR results (red bars, normalized to reference genes). Correlation scatterplot between RT-qPCR (x-axis) and RNA-seq (y-axis) data.







4 Discussion

Nitrogen is a crucial nutrient element for plant growth and productivity, but both excess and deficiency of nitrogen fertilizer can adversely affect plants. The medicinal plant Epimedium pubescens (E. pubescens), which has high medicinal value and is widely used in traditional Chinese medicine, primarily contains flavonoids as its active ingredients. However, the physiological and molecular mechanisms underlying the adaptation of E. pubescens to different nitrogen levels remain unclear. This study analyzed the effects of various nitrogen levels on the growth, carbon metabolites, and flavonoid accumulation in E. pubescens, and revealed two response mechanisms of the plant to nitrogen deficiency and excess stress.



4.1 Effects of nitrogen deficiency and excess nitrogen stress on the appearance and growth of E. pubescens

Under appropriate nitrogen levels (MN treatment, 7.5 mM NO3-), the growth and development of E. pubescens plants were normal, with healthy leaf color. However, under nitrogen deficiency stress, the leaves exhibited a pale green color, while under excessive nitrogen stress, the leaves turned scorched brown (Figure 1A). This change in appearance closely resembles the visual observations reported in pear seedlings grown hydroponically under varying nitrogen levels (Chen et al., 2018). The pale green color of leaves due to nitrogen deficiency stress is related to a decrease in chlorophyll content (Figure 1E). On the one hand, the nitrogen content in leaves significantly decreased (Figure 2A), resulting in a reduction of substances available for chlorophyll synthesis (Hudson et al., 2011); on the other hand, the “Porphyrin and chlorophyll metabolism” pathway in leaves was downregulated (Supplementary Table S6), leading to enhanced chlorophyll decomposition and conversion into mobile forms, which were then transported to new growth sites (Hudson et al., 2011; Havé et al., 2017).The browning of leaves caused by excessive nitrogen stress may be associated with water stress under HN treatment (Wang et al., 2021) and reduced potassium (K) and phosphorus (P) content (Chen et al., 2018), which leads to excessive ROS accumulation in leaves and subsequent cellular structural damage. However, in this study, the chlorophyll content of HN-treated leaves was higher than that of LN-treated leaves (Figure 1E), while both HN and LN treatments exhibited a decline in photosynthetic rate with no significant difference between them (Figure 1D). This discrepancy may be attributed to the multifaceted regulation of photosynthetic rate. Under LN conditions, the decline in photosynthetic rate is primarily due to chlorophyll limitation, whereas under HN conditions, factors such as water stress or excessive ROS accumulation may lead to cellular structural damage (Wang et al., 2021; Xing et al., 2021), or reduced Rubisco enzyme activity (Zhang et al., 2020). Further studies could investigate ultrastructural differences in leaves and changes in Rubisco enzyme activity to elucidate the underlying mechanisms of this phenomenon. Furthermore, under these two stresses, the downregulation of gene expression in the “Photosynthesis-antenna proteins” pathway in E. pubescens leaves leads to reduced efficiency in light energy harvesting and absorption, as well as impaired photoprotection ability (Bag, 2021), ultimately resulting in a decline in photosynthetic rate.

Nitrogen deficiency also increased the root-to-shoot ratio of the plants. Studies on soybeans and corn have confirmed that reduced nitrogen supply usually increases the accumulation of indole-3-acetic acid (IAA) in plant roots, thereby promoting root elongation (Caba et al., 2000; Tian et al., 2008). Additionally, low nitrogen stress may promote the transport of carbon assimilates and nitrogen nutrients to the roots (Lemoine et al., 2013; Liu et al., 2021b), which is beneficial for enhancing the foraging ability of plant roots (Giehl and von Wiren, 2014). Excessive nitrogen stress, on the other hand, results in a decrease in root biomass (Figure 1C), which may be related to a decrease in photosynthetic rate and carbon assimilation, as well as the plant’s reduction of nitrogen absorption by slowing down root growth (Cun et al., 2023). The effects of nitrogen deficiency and excessive nitrogen stress on plant roots are similar to those observed in studies on Panax notoginseng and Cotton (Chen et al., 2020; Cun et al., 2023).




4.2 Transcriptional strategies of E. pubescens in response to nitrogen deficiency and excess nitrogen stress

Under nitrogen deficiency and excess nitrogen stress, the number of differentially expressed genes (DEGs) obtained from E. pubescens leaves at S1-S3 stages (24 -48 DAT) exhibited different trends (Figure 3). Specifically, during the S2 stage (36 DAT), the number of DEGs under nitrogen deficiency stress (LN, 0 mM NO3-) peaked and then significantly decreased during the S3 stage (48 DAT), with a notable increase in the proportion of downregulated genes. In contrast, the number of DEGs under excess nitrogen treatment (HN, 22.5 mM NO3-) gradually increased over time, reaching a maximum at the S3 stage, with most DEGs showing upregulation (Figure 3). Therefore, it is reasonable to hypothesize that the transcriptional response strategies of E. pubescens leaves under nitrogen deficiency and excess nitrogen stress differ: under nitrogen deficiency stress, the leaves may reach their highest response level at the S2 stage (36 DAT), while under nitrogen excess stress, the most active response occurs at the S3 stage.

In the later stages of nitrogen deficiency stress (S3 stage, 48 DAT), the leaves transition from a storage reservoir of nutrients to a source of nutrient transport, with enhanced decomposition and senescence, and are discarded to decompose and produce nitrogen sources for other organs (Havé et al., 2017). Therefore, their transcriptional response weakens in the later stages (Figure 3). This is similar to the transcriptional response strategy found in previous studies of E. pubescens under phosphorus deficiency stress (Liu et al., 2024). The downregulation of cell wall-related gene expression and the “Porphyrin and chlorophyll metabolism” pathway in leaves under nitrogen deficiency stress further support this view (Figure 4A; Supplementary Table S6). Under excess nitrogen stress, plants may transfer excess nitrogen to senescent or matureleaves through nitrate transporter proteins and other pathways (Supplementary Figure S2) to alleviate stress pressure on other parts (such as bud). In the later stages of excess nitrogen stress (S3 stage, 48 DAT), the accumulation of excess nitrogen further increases, affecting more leaves and stimulating a more active transcriptional response.

The significant upregulation of the “Starch and sucrose metabolism” pathway at different stages under different nitrogen stresses also supports this view. “Starch and sucrose metabolism” is a common upregulated pathway in plants under stress responses, contributing to the production of more energy and soluble sugars to cope with stress (Li and Li, 2005; Chen et al., 2023). Specifically, this pathway was most significantly upregulated during the S2 stage (36 DAT) under nitrogen deficiency stress and during the S3 stage (48 DAT) under excess nitrogen stress (Figures 4B, D). Consequently, the content of carbon metabolites (soluble sugars and starch) decreased in leaves under nitrogen deficiency and nitrogen excess stress (Figure 2A).

Both nitrogen deficiency and excess stress led to the downregulation of the “Flavonoid biosynthesis” pathway in the later stages (Figures 4B, D, 7B), which accounted for the decrease in Icariin-type flavonoids content in the leaves (Figure 2B). The upregulation of “Anthocyanin biosynthesis” pathway under nitrogen deficiency stress, which may be related to the damage of the leaf photosynthetic system and the decrease in chlorophyll content, could protect the leaves from light damage (Ferreira Da Silva et al., 2012). In the later stages of excess nitrogen stress, the “Phenylpropanoid biosynthesis” and “Cutin, suberine, and wax biosynthesis” pathways were upregulated in E. pubescens leaves (Figures 4D, 5). This upregulation might be related to the water stress experienced by the leaves (Wang et al., 2021). It promoted lignin synthesis, enhanced the leatheriness and waxiness of the leaves, which helped reduce water loss and increase the plant’s tolerance to stress (Wu et al., 2022).

Different nitrogen levels affected the ion binding of nutrient elements within plants. In this study, “copper ion binding” was upregulated under nitrogen deficiency stress, while “calcium ion binding” and “iron ion binding” were upregulated under excess nitrogen stress (Figure 4C). Studies on pear cultivation at different nitrogen levels found significant changes in the content of calcium, magnesium, and iron ions in leaves (Chen et al., 2018). This might be related to the synergistic absorption and antagonism between nitrogen and other mineral elements (Feil and B Nziger, 1993).

Furthermore, the “Circadian rhythm-plant” pathway was downregulated in the later stages of excess nitrogen stress. Nitrate serves as a non-photonic signal in the plant’s circadian rhythm system (Roenneberg and Rehman, 1996), and similar phenomena have been observed in other plants. Cultivation of walnut seedlings at different nitrogen levels found that nitrogen signals might affect the circadian rhythm by regulating genes such as CRY1 and LHY (Song et al., 2022).




4.3 WGCNA reveals common modules in E. pubescens responses to nitrogen deficiency and excess stress

WGCNA revealed gene modules (grey60 module) with similar expression patterns under nitrogen deficiency and excess stress (Figure 6C). The KEGG enrichment results of the grey60 module demonstrated that, in addition to pathways related to carbon and nitrogen metabolism (such as amino acid synthesis and carbohydrate metabolism), “Biosynthesis of cofactors” was also enriched. This indicated that both nitrogen stresses affected carbon and nitrogen metabolism in E. pubescens leaves, and further, due to the impact on cofactor biosynthesis, they potentially influenced enzyme activities in other metabolic processes. Additionally, the enrichment of “Porphyrin metabolism” suggested that, both nitrogen deficiency and excess stresses impact chlorophyll structure. “Sphingolipid metabolism” was also enriched (Figure 6D), suggesting that both stresses might disrupt the structure of cell membranes. While nitrogen deficiency might lead to chlorophyll degradation for reuse, excess nitrogen stress could damage chloroplast structure due to ROS accumulation (Figure 6D). Meanwhile, in the later stages of excess nitrogen stress, the upregulation of the “Glutathione metabolism” pathway (Figure 4C) helps alleviate ROS accumulation (Gao et al., 2023), further demonstrating the complex interplay between nitrogen status and metabolic pathways in E. pubescens.

In addition to generating active transcriptional responses, E. pubescens leaves under these two stresses also responded through post-transcriptional regulation, as evidenced by the enrichment of “Aminoacyl-tRNA biosynthesis” and “RNA degradation” (Figure 6D).




4.4 Nitrogen deficiency and excess nitrogen stress significantly affect the carbon-nitrogen metabolism balance and icariin-type flavonoid metabolism in E. pubescens

Under nitrogen deficiency and excess nitrogen stress, significant changes occur in carbon-nitrogen metabolism. Photosynthesis, the initial pathway of plant carbon metabolism, is reduced in leaves under both nitrogen deficiency and excess stress (Figure 1D). As the main products of photosynthesis and important participants in carbon metabolism processes, starch and soluble sugars exhibit the same trend as photosynthesis under different nitrogen levels. Compared to optimal nitrogen levels, the contents of starch and soluble sugars are significantly reduced under nitrogen deficiency and excess stress (Figure 2A). This change is related to both the impairment of photosynthesis in plants and the regulation of internal carbon metabolism-related enzyme activity and gene expression by nitrogen levels (Zhang et al., 2020). Transcriptome analysis results show that “Starch and Sucrose Metabolism” is the primary carbon metabolism pathway affected in E. pubescens under nitrogen deficiency and excess stress (Figures 4B, D). After optimal nitrogen application, the nitrogen content in leaves significantly increases, but excess nitrogen application has a limited effect on further increasing leaf nitrogen content (Figure 2A), resulting in decreased nitrogen use efficiency in plants. This is because plants have limited nitrogen absorption rates and capacities, and the remaining excess nitrogen after absorption is lost, leading to reduced nitrogen use efficiency. In summary, optimal nitrogen application promotes the accumulation of carbon metabolites in plants, while nitrogen deficiency and excess stress inhibit photosynthesis in E. pubescens, disrupting its internal carbon-nitrogen metabolism balance and reducing plant nitrogen use efficiency.

The disruption of carbon-nitrogen metabolic balance has impacts on various aspects such as the growth and development of E. pubescens and flavonoid metabolism. The metabolic pathway diagram (Figure 7) illustrates that carbon and nitrogen metabolism provide substrates for flavonoid synthesis. In particular, the accumulation of carbon metabolites plays a crucial role in providing the carbon skeleton. The effects of nitrogen deficiency and excessive nitrogen stress on the carbon-nitrogen metabolic balance result in a reduction in carbon metabolites, significantly decreasing the carbon substrate source for the flavonoid synthesis pathway, thereby hindering the synthesis and glycosylation modification of Icariin-type flavonoids and leading to a decrease in its content (Figure 7B). Similar results were also observed in studies of Cyclocarya paliurus (C. paliurus) and Coreopsis tinctoria (C. tinctoria). Deng B (Deng et al., 2019) found that the flavonoid content in C. paliurus was significantly positively correlated with total carbon content and starch levels. At moderate nitrogen levels, both starch and flavonoid contents in C. paliurus reached their highest levels. As nitrogen levels continued to increase, more carbon flowed into nitrogen metabolism, reducing carbon substrates and subsequently decreasing flavonoid content. Li Z (Li et al., 2021) found that low to moderate nitrogen levels promoted the accumulation of carbohydrates in C. tinctoria but reduced the content of nitrogen metabolites. Flavonoid content was significantly positively correlated with carbohydrate content and negatively correlated with nitrogen metabolite content. This confirms that insufficient or excessive nitrogen levels inhibit the accumulation of carbon-containing metabolites. The accumulation of carbon-containing compounds is a necessary but not sufficient condition for the increase of secondary metabolism, which aligns with the Growth-Differentiation Balance Hypothesis (Glynn et al., 2007), which suggests that appropriate nutrient levels (nitrogen levels) promote a balance between growth (primary metabolism) and differentiation (secondary metabolism). Transcriptional results showed that both LN and HN treatments significantly downregulated the expression of genes related to the flavonoid synthesis pathway at 48d, with most of the key genes in the Icariin-type flavonoid synthesis pathway showing downregulation (Figure 7B). RT-qPCR validated these results (Figure 10).

The downregulation of gene expression related to the flavonoid pathway under excessive nitrogen stress is consistent with many research findings, such as Xu X (Xu et al., 2022) found that “Fuji” Apple under high nitrogen downregulated the expression of structural genes (e.g., MdPALs, Md4CLs, MdF3H) and their regulators (MdMYBs and MdbHLHs) involved in the anthocyanin synthesis pathway. Liu J (Liu et al., 2021a) found that under high nitrogen levels, the expression levels of genes related to flavonoid synthesis (PAL, CHI, CHS, F3H) in hydroponic tea plant branches significantly declined. However, the downregulation of gene expression related to the flavonoid synthesis pathway in the leaves of E. pubescens caused by nitrogen deficiency is contrary to the results observed in many other species. For example, Shao CH (Shao et al., 2020) found that under nitrogen deficiency, the expression levels of key genes involved in the flavonoid synthesis pathway, such as DFR, CHS, and CHFI, were significantly upregulated in Rice. Huang H (Huang et al., 2018) found that nitrogen deficiency caused tea plants to accumulate various flavonoids and increased the expression levels of hub genes involved in flavonoid synthesis, such as F3H, FNS, UFGT, bHLH35, and bHLH36. This indicates that different species have different response mechanisms to nitrogen deficiency stress, and the trends in the expression changes of flavonoid synthesis-related genes are not conserved in the response to nitrogen deficiency stress among species.




4.5 Integrated regulatory network of carbon-nitrogen metabolism and icariin-type flavonoid biosynthesis

By constructing correlation networks of genes related to carbon and nitrogen metabolism, as well as flavonoid metabolism, from the LN and HN treatments (nitrogen deficiency and excessive nitrogen stress) during the S3 stage (48d) (Figures 7, 8), we found that the hub genes regulating carbon metabolism in response to nitrogen levels are mainly involved in starch degradation and phosphorylation and decomposition of glucose, fructose, etc., such as Ebr01G064020 (α-amylase) and Ebr01G044770 (fructose-1,6-bisphosphatase). This is consistent with the research on C. paliurus by Deng B (Deng et al., 2019) and the study on C. tinctoria by Li Z (Li et al., 2021), indicating that starch content is the primary carbon metabolite affected by different nitrogen levels. The hub genes of nitrogen metabolism are primarily associated with amino acid synthesis, such as Ebr04G062170 (amidase) and Ebr02G065060 (aromatic aminotransferase). This aligns with the findings by Liu J (Liu et al., 2021a) that increased nitrogen levels lead to an increase in the free content of various amino acids in hydroponic tea plant branches, suggesting that nitrogen levels mainly influence amino acid content during nitrogen metabolism. The hub genes involved in the synthesis of Icariin-type flavonoids glycosides are related to the conversion of chalcones into flavones and the synthetic modification of flavones, such as Ebr06G044290 (UGT, UDP-glycosyltransferase) and Ebr04G062950 (EpF3H, flavanone 3-hydroxylase). These findings are similar to those of most studies affecting flavonoid genes, with significant changes in the expression levels of genes such as F3H, which are involved in the conversion of chalcones into flavones in tea plants under different nitrogen levels (Huang et al., 2018; Liu et al., 2021b). Research on Salix fluviatilis indicates that nitrogen deposition promotes methylation of flavonoids in male plants and glycosylation in females (Cai et al., 2023).

Furthermore, our study revealed differential expression of MYB1 and MYB12 under varying nitrogen stress conditions, with significant correlations to genes involved in the icariin-type flavonoid biosynthesis pathway, including UGT (Ebr06G045440), UGT (Ebr06G044290), EpF3H (Ebr04G062950), and EpCHS5 (Ebr03G073940). However, while these high correlations suggest potential regulatory interactions, they do not confirm direct regulation of these genes by MYB1 or MYB12, which requires further functional validation. Notably, in Crocosmia crocosmiiflora, CcMYB1 has been experimentally shown to enhance 4′-hydroxyflavonoid biosynthesis (Irmisch et al., 2019), and MYB12 is known to activate the expression of CHS, CHI, F3H, and FLS, playing a critical role in UV-B stress responses (Mehrtens et al., 2005). Nevertheless, due to the lack of an established genetic transformation system in E. pubescens, the specific roles of MYB1 and MYB12 in nitrogen stress adaptation within this species remain to be further elucidated.





5 Conclusion

Through comparative physiological, biochemical, and transcriptomic analyses of E. pubescens under nitrogen deficiency, excess nitrogen stress, and moderate nitrogen conditions, this study revealed for the first time the multifaceted effects of extreme nitrogen levels on growth performance and secondary metabolite accumulation in E. pubescens. We elucidated the relationship between carbon/nitrogen metabolism and icariin-type flavonoid biosynthesis and identified key genes within their interconnected regulatory networks. Notably, critical candidate genes (e.g., Ebr04G062950: EpF3H; Ebr06G044290: UGT) were identified as pivotal regulators of nitrogen-mediated icariin-flavonoid biosynthesis in E. pubescens leaves. These findings provide a critical foundation for understanding the nitrogen-dependent regulatory mechanisms governing medicinal plant growth and secondary metabolism. Furthermore, this work offers theoretical guidance for optimizing nitrogen fertilization strategies and breeding nitrogen-efficient cultivars in E. pubescens production, with the identified genes serving as valuable genetic resources for future research.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, GSE273547.





Author contributions

SL: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Validation, Visualization, Writing – original draft, Writing – review & editing. XA: Data curation, Formal Analysis, Investigation, Validation, Visualization, Writing – original draft, Writing – review & editing. CX: Data curation, Formal Analysis, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. DH: Conceptualization, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. XL: Conceptualization, Investigation, Project administration, Supervision, Writing – original draft, Writing – review & editing. CC: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. BG: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – original draft, Writing – review & editing. DX: Resources, Writing – original draft, Writing – review & editing. JH: Resources, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was financially supported by the CAMS Innovation Fund for Medical Sciences (CIFMS) (2021-I2M-1-031).




Acknowledgments

We express our gratitude to Sichuan Zhongtai Chinese Herbal Medicine Co., Ltd. for their assistance in sample collection, and acknowledge the financial support from the Sichuan Innovation Team of the National Modern Agricultural Industry Technology System (SCCXTD-2024-19).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1539445/full#supplementary-material



Abbreviations


C4H, cinnamic acid 4-hydroxylase; CHS, chalcone synthase; CHI, chalcone isomerase; 4CL, 4-coumarate CoA ligase; d, day; DEGs, Differentially expressed genes; DFR, dihydroflavonol-4-reductase; E. pubescens, Epimedium pubescens; F3H, flavanone 3-hydroxylas; F3’5’H, flavanone 3’5’-hydroxylase; FLS, flavonol synthase; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; K, Kalium; KEGG, Kyoto Encyclopedia of Genes and Genomes; P, Phosphorus; PAL, phenylalanine ammonia-lyase; PCR, Polymerase Chain Reaction; Photo, Photosynthetic rate; PT, prenyltransferase; qRT-PCR, Quantitative Real-time Polymerase Chain Reaction; R/S, Root-to-Shoot Ratio; ROS, Reactive oxygen species; TF, transcription factor; UPLC, Ultra-Performance Liquid Chromatography; UGT, UDP-glucuronosyltransferase.




References

 Bag, P. (2021). Light harvesting in fluctuating environments: evolution and function of antenna proteins across photosynthetic lineage. Plants 10, 1184. doi: 10.3390/plants10061184

 Bracher, A., Whitney, S. M., Hartl, F. U., and Hayer-Hartl, M. (2017). Biogenesis and metabolic maintenance of Rubisco. Annu. Rev. Plant Biol. 68, 29–60. doi: 10.1146/annurev-arplant-043015-111633

 Bremner, J. M. (1960). Determination of nitrogen in soil by the Kjeldahl method. J. Agric. Sci. 55, 11–33. doi: 10.1017/S0021859600021572

 Caba, J. M., Centeno, M. L., Fernández, B., Gresshoff, P. M., and Ligero, F. (2000). Inoculation and nitrate alter phytohormone levels in soybean roots: differences between a supernodulating mutant and the wild type. Planta 211, 98–104. doi: 10.1007/s004250000265

 Cai, Z., Fu, M., Yao, Y., Chen, Y., Song, H., and Zhang, S. (2023). Differences in phytohormone and flavonoid metabolism explain the sex differences in responses of Salix rehderiana to drought and nitrogen deposition. Plant Journal: For Cell Mol. Biol. 114, 534–553. doi: 10.1111/tpj.16152

 Chen, J., Liu, L., Wang, Z., Zhang, Y., Sun, H., Song, S., et al. (2020). Nitrogen fertilization increases root growth and coordinates the root-shoot relationship in cotton. Front. Plant Sci. 11, 880. doi: 10.3389/fpls.2020.00880

 Chen, L., Meng, Y., Bai, Y., Yu, H., Qian, Y., Zhang, D., et al. (2023). Starch and sucrose metabolism and plant hormone signaling pathways play crucial roles in Aquilegia salt stress adaption. Int. J. Mol. Sci. 24, 3948. doi: 10.3390/ijms24043948

 Chen, Y., Ruberson, J. R., and Olson, D. M. (2008). Nitrogen fertilization rate affects feeding, larval performance, and oviposition preference of the beet armyworm, Spodoptera exigua, on cotton. Entomol. Exp. Appl. 126, 244–255. doi: 10.1111/j.1570-7458.2007.00662.x

 Chen, G., Wang, L., Fabrice, M. R., Tian, Y., Qi, K., Chen, Q., et al. (2018). Physiological and nutritional responses of pear seedlings to nitrate concentrations. Front. Plant Sci. 9, 1679. doi: 10.3389/fpls.2018.01679

 Cun, Z., Wu, H., Zhang, J., Shuang, S., Hong, J., An, T., et al. (2023). High nitrogen inhibits biomass and saponins accumulation in a medicinal plant Panax notoginseng. PeerJ (San Francisco CA). 11, e14933. doi: 10.7717/peerj.14933

 Dao, T. T., Linthorst, H. J., and Verpoorte, R. (2011). Chalcone synthase and its functions in plant resistance. Phytochem. Rev. 10, 397–412. doi: 10.1007/s11101-011-9211-7

 Dechorgnat, J., Nguyen, C. T., Armengaud, P., Jossier, M., Diatloff, E., Filleur, S., et al. (2011). From the soil to the seeds: the long journey of nitrate in plants. J. Exp. Bot. 62, 1349–1359. doi: 10.1093/jxb/erq409

 Deng, B., Li, Y., Lei, G., and Liu, G. (2019). Effects of nitrogen availability on mineral nutrient balance and flavonoid accumulation in Cyclocarya paliurus. Plant Physiol. Biochem. 135, 111–118. doi: 10.1016/j.plaphy.2018.12.001

 Feil, B., and B Nziger, M. (1993). Nitrogen and cultivar effects on the mineral element concentration in the grain of spring wheat. Eur. J. Agron. 2, 205–212. doi: 10.1016/S1161-0301(14)80130-5

 Ferreira Da Silva, P., Paulo, L., Barbafina, A., Elisei, F., Quina, F. H., et al. (2012). Photoprotection and the photophysics of acylated anthocyanins. Chemistry: A Eur. J. 18, 3736–3744. doi: 10.1002/chem.201102247

 Gao, S., Guo, R., Liu, Z., Hu, Y., Guo, J., Sun, M., et al. (2023). Integration of the transcriptome and metabolome reveals the mechanism of resistance to low phosphorus in wild soybean seedling leaves. Plant Physiol. Biochem. 194, 406–417. doi: 10.1016/j.plaphy.2022.11.038

 Giehl, R. F., and von Wiren, N. (2014). Root nutrient foraging. Plant Physiol. 166, 509–517. doi: 10.1104/pp.114.245225

 Glynn, C., Herms, D. A., Orians, C. M., Hansen, R. C., and Larsson, S. (2007). Testing the growth-differentiation balance hypothesis: dynamic responses of willows to nutrient availability. New Phytol. 176, 623–634. doi: 10.1111/j.1469-8137.2007.02203.x

 Gutierrez, R. A. (2012). Systems biology for enhanced plant nitrogen nutrition: plant metabolism. Sci. (American Assoc. Advancement Science) 336, 1673–1675. doi: 10.1126/science.1217620

 Hadj, B. E., Lemeur,, Labeke, V. M. C., Braham, M., Zgallai,, et al. (2010). Effects of nitrogen deficiency on leaf photosynthesis, carbohydrate status and biomass production in two olive cultivars Meski’ and Koroneiki’. Sci. Hortic. 123, 336–342. doi: 10.1016/j.scienta.2009.09.023

 Havé, M., Marmagne, A., Chardon, F., and Masclaux-Daubresse, C. (2017). Nitrogen remobilization during leaf senescence: lessons from Arabidopsis to crops. J. Exp. Bot. 68, 2513–2529. doi: 10.1093/jxb/erw365

 Hohmann-Marriott, M. F., and Blankenship, R. E. (2011). Evolution of photosynthesis. Annu. Rev. Plant Biol. 62, 515–548. doi: 10.1146/annurev-arplant-042110-103811

 Holton, T. A., and Cornish, E. C. (1995). Genetics and biochemistry of anthocyanin biosynthesis. Plant Cell. 7, 1071–1083. doi: 10.1105/tpc.7.7.1071

 Hongbiao, H., Wenjing, Z., and Binglin, C. (2008). Changes of C/N ratio in the subtending leaf of cotton boll and its relationship to cotton boll dry matter accumulation and distribution. Zuo Wu Xue Bao 34, 254–260. doi: 10.3724/SP.J.1006.2008.00254

 Huang, H., Yao, Q., Xia, E., and Gao, L. (2018). Metabolomics and transcriptomics analyses reveal nitrogen influences on the accumulation of flavonoids and amino acids in young shoots of tea plant (Camellia sinensis L.) associated with tea flavor. J. Agric. Food. Chem. 66, 9828–9838. doi: 10.1021/acs.jafc.8b01995

 Hudson, D., Guevara, D., Yaish, M. W., Hannam, C., Long, N., Clarke, J. D., et al. (2011). GNC and CGA1 modulate chlorophyll biosynthesis and glutamate synthase (GLU1/Fd-GOGAT) expression in Arabidopsis. PLoS One 6, e26765. doi: 10.1371/journal.pone.0026765

 Irmisch, S., Ruebsam, H., Jancsik, S., Man, S. Y. M., Madilao, L. L., and Bohlmann, J. (2019). Flavonol Biosynthesis Genes and their Use in Engineering the Plant Antidiabetic Metabolite Montbretin a. Plant Physiol. 180, 1277–1290. doi: 10.1104/pp.19.00254

 Koes, R., Verweij, W., and Quattrocchio, F. (2005). Flavonoids: a colorful model for the regulation and evolution of biochemical pathways. Trends Plant Sci. 10, 236–242. doi: 10.1016/j.tplants.2005.03.002

 Kumar, S., and Pandey, A. K. (2013). Chemistry and biological activities of flavonoids: an overview. ScientificWorldJournal 2013, 162750. doi: 10.1155/2013/162750

 Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinf. 9, 559. doi: 10.1186/1471-2105-9-559

 Laursen, K. H. (2020). The molecular-hysiological functions of mineral macronutrients and their consequences for deficiency symptoms in plants. New Phytol. 229, 2446–2469. doi: 10.1111/nph.17074

 Lemoine, R., La Camera, S., Atanassova, R., Dedaldechamp, F., Allario, T., Pourtau, N., et al. (2013). Source-to-sink transport of sugar and regulation by environmental factors. Front. Plant Sci. 4, 272. doi: 10.3389/fpls.2013.00272

 Li, Y., Chen, Y., Chen, J., and Shen, C. (2023). Flavonoid metabolites in tea plant (Camellia sinensis) stress response: Insights from bibliometric analysis. Plant Physiol. Biochem. 202, 107934. doi: 10.1016/j.plaphy.2023.107934

 Li, Z., Jiang, H., Yan, H., Jiang, X., Ma, Y., and Qin, Y. (2021). Carbon and nitrogen metabolism under nitrogen variation affects flavonoid accumulation in the leaves of Coreopsis tinctoria. PeerJ 9, e12152. doi: 10.7717/peerj.12152

 Li, T. H., and Li, S. H. (2005). Leaf responses of micropropagated apple plants to water stress: nonstructural carbohydrate composition and regulatory role of metabolic enzymes. Tree Physiol. 25, 495–504. doi: 10.1093/treephys/25.4.495

 Lillo, C., Lea, U. S., and Ruoff, P. (2008). Nutrient depletion as a key factor for manipulating gene expression and product formation in different branches of the flavonoid pathway. Plant Cell Environ. 31, 587–601. doi: 10.1111/j.1365-3040.2007.01748.x

 Liu, S., An, X., Xu, C., Guo, B., Li, X., Chen, C., et al. (2024). Exploring the dynamic adaptive responses of Epimedium pubescens to phosphorus deficiency by Integrated transcriptome and miRNA analysis. BMC Plant Biol. 24, 480. doi: 10.1186/s12870-024-05063-y

 Liu, Y., Duan, X., Zhao, X., Ding, W., Wang, Y., and Xiong, Y. (2021b). Diverse nitrogen signals activate convergent ROP2-TOR signaling in Arabidopsis - ScienceDirect. Dev. Cell. 56, 1283–1295. doi: 10.1016/j.devcel.2021.03.022

 Liu, J., Liu, M., Fang, H., Zhang, Q., and Ruan, J. (2021a). Accumulation of amino acids and flavonoids in young tea shoots is highly correlated with carbon and nitrogen metabolism in roots and mature leaves. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.756433

 Liu, J., Osbourn, A., and Ma, P. (2015). MYB transcription factors as regulators of phenylpropanoid metabolism in plants. Mol. Plant 8, 689–708. doi: 10.1016/j.molp.2015.03.012

 Ma, H., He, X., Yang, Y., Li, M., Hao, D., and Jia, Z. (2011). The genus Epimedium: an ethnopharmacological and phytochemical review. J. Ethnopharmacol. 134, 519–541. doi: 10.1016/j.jep.2011.01.001

 Mehrtens, F., Kranz, H., Bednarek, P., and Weisshaar, B. (2005). The Arabidopsis transcription factor MYB12 is a flavonol-specific regulator of phenylpropanoid biosynthesis. Plant Physiol. 138, 1083–1096. doi: 10.1104/pp.104.058032

 Mu, X. C. Y. (2021). The physiological response of photosynthesis to nitrogen deficiency. Plant Physiol. Biochem. 158, 76–82. doi: 10.1016/j.plaphy.2020.11.019

 Naik, J., Misra, P., Trivedi, P. K., and Pandey, A. (2022). Molecular components associated with the regulation of flavonoid biosynthesis. Plant Sci. 317, 111196. doi: 10.1016/j.plantsci.2022.111196

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S.L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

 Quan, Z., Zhang, X., Fang, Y., and Davidson, E. A. (2021). Different quantification approaches for nitrogen use efficiency lead to divergent estimates with varying advantages. Nat. Food 2, 241–245. doi: 10.1038/s43016-021-00263-3

 Roenneberg, T. L. M. G., and Rehman, J. (1996). Nitrate, a nonphotic signal for the circadian system. FASEB J. 10, 1443–1447. doi: 10.1096/fasebj.10.12.8903515

 Shao, C. H., Qiu, C. F., Qian, Y. F., and Liu, G. R. (2020). Nitrate deficiency decreased photosynthesis and oxidation-reduction processes, but increased cellular transport, lignin biosynthesis and flavonoid metabolism revealed by RNA-Seq in Oryza sativa leaves. PLoS One 15, e0235975. doi: 10.1371/journal.pone.0235975

 Shaobing, P., Roland, J., Buresh, R., Jianliang, L., Peng, S., and Witt, C. (2010). Improving nitrogen fertilization in rice by sitespecific N management. A review. Agron. Sustain. Dev. 30, 649–656. doi: 10.1051/agro/2010002

 Shen, G., Luo, Y., Yao, Y., Meng, G., Zhang, Y., Wang, Y., et al. (2022). The discovery of a key prenyltransferase gene assisted by a chromosome-level Epimedium pubescens genome. Front. Plant Sci. 13, 1034943. doi: 10.3389/fpls.2022.1034943

 Song, Y., Zhang, R., Gao, S., Pan, Z., Guo, Z., Yu, S., et al. (2022). Transcriptome analysis and phenotyping of walnut seedling roots under nitrogen stresses. Sci. Rep. 12, 12066. doi: 10.1038/s41598-022-14850-2

 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102, 15545–15550. doi: 10.1073/pnas.0506580102

 Takahashi, F., Mizoguchi, T., Yoshida, R., Ichimura, K., and Shinozaki, K. (2011). Calmodulin-dependent activation of MAP kinase for ROS homeostasis in Arabidopsis. Mol. Cell 41, 649–660. doi: 10.1016/j.molcel.2011.02.029

 Tian, Q., Chen, F., Liu, J., Zhang, F., and Mi, G. (2008). Inhibition of maize root growth by high nitrate supply is correlated with reduced IAA levels in roots. J. Plant Physiol. 165, 942–951. doi: 10.1016/j.jplph.2007.02.011

 Wang, Y., He, X., Li, F., Deng, H., Wang, Z., Huang, C., et al. (2021). Effects of water and nitrogen coupling on the photosynthetic characteristics, yield, and quality of Isatis indigotica. Sci. Rep. 11, 17356. doi: 10.1038/s41598-021-96747-0

 Wang, L., Huang, H., Shen, D., Zhang, J., and Tang, D. (2010). Nitrate and phosphate availability and distribution have different effects on root system architecture of Arabidopsis. Plant J. Cell Mol. Biol. 29, 751–760.

 Wani, S. H., Anand, S., Singh, B., Bohra, A., and Joshi, R. (2021). WRKY transcription factors and plant defense responses: latest discoveries and future prospects. Plant Cell Rep. 40, 1071–1085. doi: 10.1007/s00299-021-02691-8

 Wen, B., Gong, X., Chen, X., Tan, Q., Li, L., et al. (2022). Transcriptome analysis reveals candidate genes involved in nitrogen deficiency stress in apples. J. Plant Physiol. 279, 153822. doi: 10.1016/j.jplph.2022.153822

 Wu, H., Lien, E. J., and Lien, L. L. (2003). Chemical and pharmacological investigations of Epimedium species: a survey. Prog. Drug Res. 60, 1–57. doi: 10.1007/978-3-0348-8012-1_1

 Wu, Q., Yang, L., Liang, H., Yin, L., Chen, D., et al. (2022). Integrated analyses reveal the response of peanut to phosphorus deficiency on phenotype, transcriptome and metabolome. BMC Plant Biol. 22, 1–26. doi: 10.1186/s12870-022-03867-4

 Xing, H., Zhou, W., Wang, C., Li, L., Li, X., Cui, N., et al. (2021). Excessive nitrogen application under moderate soil water deficit decreases photosynthesis, respiration, carbon gain and water use efficiency of maize. Plant Physiol. Biochem. 166, 1065–1075. doi: 10.1016/j.plaphy.2021.07.014

 Xu, C., Liu, X., Shen, G., Fan, X., Zhang, Y., Sun, C., et al. (2023). Time-series transcriptome provides insights into the gene regulation network involved in the icariin-flavonoid metabolism during the leaf development of Epimedium pubescens. Front. Plant Sci. 14, 1183481. doi: 10.3389/fpls.2023.1183481

 Xu, X., Qin, H., Liu, C., Liu, J., Lyu, M., Wang, F., et al. (2022). Transcriptome and metabolome analysis reveals the effect of nitrogen-potassium on anthocyanin biosynthesis in “Fuji” Apple. J. Agric. Food. Chem. 70, 15057–15068. doi: 10.1021/acs.jafc.2c06287

 Yao, Y., Zhang, C., Camberato, J. J., and Jiang, Y. (2019). Nitrogen and carbon contents, nitrogen use efficiency, and antioxidant responses of perennial ryegrass accessions to nitrogen deficiency. J. Plant Nutr. 42, 1–10. doi: 10.1080/01904167.2019.1655047

 Yin, F., Fu, B., and Mao, R. (2007). Effects of nitrogen fertilizer application rates on nitrate nitrogen distribution in saline soil in the Hai River Basin, China. J. Soils Sediments 7, 136–142. doi: 10.1065/jss2007.04.218

 Zhang, J., Cun, Z., and Chen, J. (2020). Photosynthetic performance and photosynthesis-related gene expression coordinated in a shade-tolerant species Panax notoginseng under nitrogen regimes. BMC Plant Biol. 20, 273. doi: 10.1186/s12870-020-02434-z

 Zhang, Y., Guo, B., Yang, X., Li, L., Jiang, Z., and Mo, Y. (2017). Effects of nitrogen on yields and flavonoids contents of Epimedium pseudowushanense in hydroponic conditions. Zhongguo Zhongyao Zazhi 42, 4574–4581. doi: 10.19540/j.cnki.cjcmm.20171030.014

 Zhang, L., Zhang, F., He, X., Dong, Y., Sun, K., Liu, S., et al. (2024). Comparative metabolomics reveals complex metabolic shifts associated with nitrogen-induced color development in mature pepper fruit. Front. Plant Sci. 15, 1319680. doi: 10.3389/fpls.2024.1319680

 Zhu, J., Moreno-Pérez, A., and Coaker, G. (2023). Understanding plant pathogen interactions using spatial and single-cell technologies. Commun. Biol. 6, 814. doi: 10.1038/s42003-023-05156-8




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Liu, An, Xu, He, Li, Chen, Guo, Xu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1539445-g003.jpg
Voleano Plot z 3 Voleano Plot | _[log,fold change|






OEBPS/Images/fpls-16-1539445-g005.jpg
logiop-val

L] KEGG logwpval  HIN KEGG
T [Anthocyanin biosynthesis Cutin, suberine and wax biosynthesis
Up |MAPK signaling pathway - plant I Up Starch and sucrose metabolism
Phenylpropanoid biosynthesis ] Phagosome
Flavonoid biosynthesis Flavonoid biosynthesis
Down|

Plant-pathogen interaction
Down Flavone and flavonol biosynthesis

MAPK signaling pathway — plant

Butanoate metabolism

Circadian thythm - plant

logygp-vall = 1O 2.0 30 405060 708090






OEBPS/Images/fpls-16-1539445-g008.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

        		Cover



  		

        Integrative transcriptomic-physiological analysis deciphers nitrogen-mediated carbon reallocation balancing growth and flavonoid metabolism in Epimedium pubescens

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant material and experimental design

          



          		

            2.2 Photosynthetic properties

          



          		

            2.3 Sample collection

          



          		

            2.4 Detection of nitrogen content

          



          		

            2.5 Detection of soluble sugar and starch content

          



          		

            2.6 Detection of Icariin-type flavonoids content

          



          		

            2.7 Transcriptome analysis

          



          		

            2.8 Real-time quantitative PCR validation

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Result

        

          		

            3.1 Plant growth and development

          



          		

            3.2 Nitrogen content, carbon metabolites and icariin-type flavonoids in leaves

          



          		

            3.3 Differential expressed genes and functional enrichment in leaves

          



          		

            3.4 Weighted gene co-expression network analysis

          



          		

            3.5 Changes in genes related to carbon metabolism, nitrogen metabolism, and Icariin-type flavonoid metabolism

          



          		

            3.6 MYB1 and MYB12 regulate flavonoid metabolism in response to nitrogen levels

          



          		

            3.7 Validation of differentially expressed genes through RT-qPCR

          



        



        



        		

          4 Discussion

        

          		

            4.1 Effects of nitrogen deficiency and excess nitrogen stress on the appearance and growth of E. pubescens

          



          		

            4.2 Transcriptional strategies of E. pubescens in response to nitrogen deficiency and excess nitrogen stress

          



          		

            4.3 WGCNA reveals common modules in E. pubescens responses to nitrogen deficiency and excess stress

          



          		

            4.4 Nitrogen deficiency and excess nitrogen stress significantly affect the carbon-nitrogen metabolism balance and icariin-type flavonoid metabolism in E. pubescens

          



          		

            4.5 Integrated regulatory network of carbon-nitrogen metabolism and icariin-type flavonoid biosynthesis

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1539445-g006.jpg
C Grey60 module cigengene expression
S s2 S3

_
LWl

v | sev i

TETTITTE17






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2025.1539445_cover.jpg
& frontiers | Frontiers in Plant Science

Integrative transcriptomic-physiological
analysis deciphers nitrogen-mediated
carbon reallocation balancing growth and
flavonoid metabolism in Epimedium
pubescens





OEBPS/Images/fpls-16-1539445-g002.jpg
B
o ax 35
i  Solube sugar
140 O Streh 30
o1 e b & b §25 b
100 E 3
220
S 50 H
H b
o 3 Zis
60 b 3 b b
o 0
b a ab|
204< < 3 b
0 0

IN M MN MH HN M





OEBPS/Images/fpls-16-1539445-g004.jpg
GO

KEGG

A o— S B = -
rapcontmemenin || sgncopumtmpe QAL || Povssbcs o JRBITT NAP g by -
IN| e et i Peimicpriessal () |t
o Ssamsimann] | Rinowsrsowd O ghendensioo ! Ty bl
s v, g o hco s L e i s et oce] B dopsticnl B P bl
M| Tyl [MEE———— S st bl SRR S——
ewamylse sty H proecty] ‘Nurogen metaboln h el
[RSeten— vl Gt et i

copper e S | ] S g et p SR oo oo oo (MR

i oo S | o v, g cngheo O st I Suchiod oot |

Sen | i 15 Sissi | Suw
C  oveomtmos oo I | [— D T
ccotpvowanes poces S | Aty e [T

[ snen—— g | Prnopand s [
HN prosipatend I ] sy sty Teeacon Y| Pbess s
T S———— e | | {T——-————
V5 | ot e (UDp iy J| [l | *PP e widmenbol I o H s
1 cutoy g by AT i S m———
MN| st NN | R o ! o e o
st T St Py | e
fiitmortr il it (o [[OOTR ed
compous W | it sahand e oo,
EECH EE] s ase






OEBPS/Images/fpls-16-1539445-g010.jpg
il

MN | HN
EpPTS

LN

R
[

L

Tovafworssauds oago

B B3

0.0-

R —

i

MN

EpF3'SHI

LN

MN  HN
MYBI2_ ARATH

IN

Relative expression level
RT-gPCR

10

bosvNa

00

= oneg wiasSen g

ot Vo o

S = EY [T L o p—
s F S
LRS-
5 f z
4 £ m 3
g &
g3 g5
& &
5 i1
& z S 3 5 £
E F S
-, S st orssontss an
g g
: g 3¢ g 3 Z
s I i &
g8 £33 N
& g 3
] ] ]
E) B B
S 2 S

[99] uosssaidxa o






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1539445-g009.jpg
Ebr06G044100

Ebr03G024040
EbrC‘%O

Ebr01G073610
pCHIL

Ebr03G066540 Ebr04G012170

br03G036300

_ Ebr 660
Ebr06G004160

EpCHI2

Ebr02G039640 \

Ebr05G009110 . Ebr05G009080

Ebr06G043210
Ebr03G031780
EpFAP3 2

Eb

Ebr06G044110

Ebr06G043640
Ebr02G055900 Ebi 400






OEBPS/Images/fpls-16-1539445-g001.jpg
OmM LM M o B

04
03{a
bbb
2ol AR AR
o1
00
LN LMMNMHHN
C 16 SRt E 60
Osr O 7 0
14 ab & @t ’ of 2o
12 — s be
i be ) 1] cd Eosic b lbcbc 040c+++"
£ 101 @ ns| i 4 ) [ [ =
= O 06 &
=08 s < I I %30
5 ns| = Bs o ] =
g'j [ i T 504 S 20
2 alla )
02 b b||b go.z 10-
0.0 o0

. 0
LN LM MN MH HN LN LM MN MH HN LN LM MN MH HN





OEBPS/Images/fpls-16-1539445-g007.jpg
el
=t

o=






