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Abstract

:

Nitrogen (N) application significantly increases tiller numbers and is accompanied by changes in endogenous hormone content. We treated seedlings of Festuca kirilowii—a perennial forage grass—with nitrogen, determined the endogenous hormone content in the tiller buds, and performed a transcriptome analysis. The application of N reduced GA3, ABA, and 5-DS content and increased ZT and IAA content. By screening DEGs in the transcriptome results, we obtained DEGs annotated to 25 GO entries and 8 KEGG pathways associated with endogenous hormones. Most of these GO entries and KEGG pathways were associated with IAA, GAS, and ABA. We conducted a validation analysis of hormone-related DEGs using qRT-PCR to demonstrate that nitrogen controls the content of endogenous hormones by regulating the expression of these DEGs, which further affects tillering in F. kirilowii.
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1. Introduction


Nitrogen (N) is an essential nutrient for plant growth and development and plays an important role in plant morphological development, organogenesis, and yield formation [1,2]. In grasses, nitrogen fertilizers are widely used in seed production and are key factors impacting seed quality and yield. Inadequate N addition results in reduced seed yield and reduced proceeds for cultivators. Nevertheless, excessive N addition does not produce a substantial improvement in seed yield due to the principle of diminishing returns, and it increases costs [3,4]. In addition, the optimal N application varies according to species, soil fertility, planting density, and climatic conditions [5,6]. The seed yield of forages is influenced by many yield components. A large number of studies have shown that high N significantly increases the number of tillers in perennial forages such as Elymus nutans [7], Kengyilia melanthera [8], and Elymus sibiricus [2] compared to low nitrogen treatments. Therefore, increasing the number of tillers is an effective strategy for improving seed yield.



Tillers are important in agricultural production, providing a key yield component of graminaceous plants [9]. Studies have shown that the addition of a nitrogen fertilizer can effectively regulate tillering in plants by affecting the levels of endogenous hormones in the plant [10]. Low N inhibits rice tillering by increasing the synthesized secretion of rice strigolactone and decreasing cytokinin content. The inhibitory effect of rice tillering has been shown to be ameliorated and the number of tillers increased when exogenous inhibitors of strigolactone synthesis and exogenous cytokinins are applied [11,12]. Studies on Arabidopsis thaliana have shown that nitrogen addition contributes to the synthesis of zeatin and zeatin nucleosides in its root system and, in turn, promotes the elevation of zeatin riboside content [13]. Studies on the development of rice tiller buds under nitrogen regulation showed that high nitrogen treatment increased the zeatin content in tiller buds, and that gibberellin and abscisic acid content in tiller buds was significantly higher under low nitrogen treatment than under high nitrogen treatment. With the increase in nitrogen application, the zeatin riboside content in plants showed an increasing trend [14,15]. Thus, nitrogen mediated by endogenous hormones forms a complex regulatory network during tiller shoot growth.



Previous studies on nitrogen regulation of tiller formation have focused on model plants and field crops [1,16], whereas there have been few studies on pasture grasses. F. kirilowii is one of the few grass species that can produce seeds on a large scale in the Qinghai-Tibet Plateau (QTP), which plays a key role in ecological recovery and alleviating the pressures of animal husbandry. Nevertheless, due to the low productivity of native seed fields, the inefficiency of ecological restoration, and the urgency of using seeds for ecological restoration, there is more demand for F. kirilowii seeds. We applied different nitrogen treatments to clarify the effects of nitrogen on endogenous hormones using morphological observations and endogenous hormone measurements with F. kirilowii Steud cv. Huanhu. The differential expression of genes under nitrogen addition treatments was analyzed using transcriptome sequencing, indicating the molecular mechanism of nitrogen regulation in the tillering of F. kirilowii. The results of this study lay a foundation for understanding the response of F. kirilowii tillering to nitrogen, and provide a theoretical basis for the improvement and popularization of grass species in the QTP.




2. Materials and Methods


2.1. Plant Materials


We chose F. kirilowii Steud cv. Huanhu as the study species. The experiment was conducted in the greenhouse of the Qinghai Provincial Academy of Animal Husbandry and Veterinary Science of Qinghai University, Xining, Qinghai Province (36°68′ N, 101°75′ E, 2283 m a.s.l.). A soil-cultivated potting method was used. The height and diameter of the plastic buckets used for potting were 20 cm and 25 cm, respectively, and each bucket contained 10 kg of fine soil. The soil content was 19.87 g kg−1 organic matter, 1.12 g kg−1 total nitrogen, 1.24 g kg−1 total phosphorus, 1.83 mg kg−1 fast-acting phosphorus, and 115.40 mg kg−1 fast-acting potassium. Seeds with full grains were sterilized in 10% H2O2 for 30 min and washed with ddH2O 4–5 times. The seeds were placed in glass petri dishes lined with two layers of filter paper and incubated in a light incubator (22/18 °C, 16/8 h) for 7 d. Well-grown and uniformly sized seedlings were selected and transplanted into plastic buckets containing fine soil, with 5 seedlings transplanted into each bucket.




2.2. Experimental Design


Four different nitrogen treatments were applied at the tillering stage as follows: no nitrogen (N0), low nitrogen level (LN), medium nitrogen level (MN), and high nitrogen level (HN), with 0 g, 0.22 g, 0.54 g, and 1.09 g of urea (46% N) per bucket, respectively. Each bucket received 0.8 g P5O2 and 0.6 g K2O. Each N fertilizer treatment had 30 buckets, resulting in a total of 120 buckets. Tiller buds were collected at 3, 6, 9, 15, and 30 d after nitrogen treatment, quickly frozen, then stored at −80 °C. Three biological replicates were performed for each sample with each replicate from five independent plants.




2.3. Analysis of Endogenous Hormone


Endogenous hormones were extracted with slight modifications [17]. The samples (2 g FW) were ground with liquid nitrogen and added to 20 mL of pre-cooled 80% methanol solution. The samples were agitated at 160–180 rpm min−1 at 4 °C, avoiding light for 6–8 h, and then extracted at 4 °C, avoiding light, for 16–22 h. After the extraction, the samples were centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was aspirated into 50 mL centrifugal tubes, and the remaining residue was combined with 10 mL of 80% pre-cooled methanol for ultrasonic extraction for 10 min followed by centrifugation. The supernatants were then combined. After centrifugation, the supernatants were combined and the residues were discarded. All the supernatant (25–30 mL) was concentrated to 20 mL under reduced pressure at 40 °C. An amount of 10 mL of petroleum ether was added, and the mixture was well agitated to decolorize the solution. An additional 10 mL of petroleum ether was added to repeat the decolorization process. The sample was then centrifuged at 10,000 rpm min−1 for 10 min. The liquid phase (lower layer) was retained and the ether phase (upper layer) was discarded. The liquid phase was concentrated to 1/3 of the original volume at 40 °C under reduced pressure. An amount of 10 mL of ethyl acetate was added to the extraction twice. The first time it was left to stand. The second time it was centrifuged; the ester phase (upper layer) that remained was combined with the supernatant and concentrated to dryness at 40 °C under reduced pressure. An additional 2 mL of chromatographic methanol was used for re-dissolution and the resulting solution was stored at 4 °C, away from light. The solution was then filtered through 0.22 μm microporous organic filter membrane for the detection of tiller bud endogenous hormones—growth hormone (IAA), zeatin (ZT), abscisic acid (ABA), gibberellic acid (GA3), and 5-Deoxystrigol (5-DS)—using DIONEX Ulti Mate 3000 Ultra High-Performance Liquid Chromatography-Orbitrap Mass Spectrometry (UHPLC-Q/Exactive, Shanghai, China).




2.4. Chromatographic Conditions


Thermo Accucore aQ UHPLC column parameters were as follows: column temperature 35 ± 1 °C; sample plate temperature 15 ± 0.5 °C; mobile phase: 0.1% formic acid–water solution, methanol; gradient elution; elution program: −0.5–0 min, 10% B; 0–8 min, 10–100% B; 8–9 min, 100% B; 9–11 min, 100%–10% B; 11–12 min, 10% B; flow rate 0.3 mL/min; injection volume 1 μL; 11 min, 100–10% B; 11–12 min, 10% B; flow rate 0.3 mL/min; injection volume 1 μL.




2.5. Mass Spectrometry Conditions


Full MS/dd-MS2 (Top5) was selected as the scanning mode using an ESI. The carrier gas was high-purity nitrogen (purity > 99.5%), the flow rate of the sheath gas was 35 units, the flow rate of the auxiliary gas was 15 units, and the flow rate of the purge gas was 0 units. The spray voltage was 3.5 KV for positive-ion scanning, and 2.8 KV for negative-ion scanning. The collision cell was 30% of the energy of the gradient collision. The capillary temperature was 300 °C, the ion lens voltage frequency was 55, and the auxiliary gas heat source temperature was 350 °C using a positive/negative-ion scanning mode.




2.6. RNA Sequencing and Data Analyses


Total RNA was isolated from tiller buds using a Trizol reagent kit (Tian Gen, Beijing, China) according to the manufacturer’s protocol. RNA integrity was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Double-strand cDNA was synthesized using reverse transcriptase and PCR amplified. PCR products were purified by AMPure XP beads to acquire the final library, which was sequenced using the Illumina NovaSeq 6000 platform (Guangzhou, China). Raw data were filtered to obtain clean data by removing poly N, reads containing aptamers, and low-quality reads. Thus, all subsequent analyses were based on clean data. RNAs between the two different groups were analyzed for differential expression using DESeq2 package from R4.3.1 software [18], and edgeR package from R4.3.1 [19] software was used to analyze the differences between the two samples. The genes with the parameter of FDR < 0.05 and |FC| ≥ 2 were considered DEGs. Expression of hormone-related genes under nitrogen application was identified using qRT-PCR. Primers for these genes are listed in Table S1.




2.7. Statistical Analyses


The effect of N addition on phenotypic indicators and hormone content was analyzed by one-way analysis of variance (ANOVA) using IBM Statistical Package, SPSS v. 27.0 (IBM, Armonk, NY, USA). Graphs were generated using Origin 2021 (OriginLab, Northampton, MA, USA) software.





3. Results


3.1. Effect of Nitrogen Application on Phenotypes and Endogenous Hormone Contents of F. kirilowii


The plant height after nitrogen application treatment is shown in Figure 1A. Plant height increased with the increasing number of days of N application under the same N application treatment. Plant height increased slowly in the first period (3–6 d) of N application and increased faster in the later period (9–30 d) of N application. At the same number of days of N application, plant height showed a trend of increasing and then decreasing with the amount of N applied, except at 3 d. Plants reached maximal heights from 6 to 30 d under the MN treatment. Plant height under both MN and HN treatments was higher than N0 treatment within the same number of days of nitrogen application. These results indicate that N application contributes to increased plant height, especially with the use of appropriate N application. The number of tillers showed an initial increase followed by a decrease as nitrogen application increased (Figure 1B). In addition, the number of tillers at 6–30 d was significantly higher after N application treatment as compared to N0 treatment. The number of tillers with different nitrogen application rates for the same number of days of nitrogen application showed that MN > HN > LN > N0. These studies showed that the MN treatment increased tiller numbers the most and this trend became more significant with time.



The effect of different nitrogen application rates and the number of days of nitrogen application on endogenous hormone content is shown in Figure 2A–E. By maintaining the same level of N application but increasing the number of treatment days, ZT increased and IAA decreased, whereas GA3, ABA, and 5-DS showed an initial increase followed by a decrease. At the same number of days of nitrogen application, ZT and IAA content was positively correlated with the amount of N applied, whereas GA3, ABA, and 5-DS content were negatively correlated. Under MN and HN treatments, the differences in ZT content were largely insignificant (p > 0.05) across treatment days. Under N0, LN, and MN treatments, the differences in ZT content were significant (p < 0.05) under all treatments for all days. This indicated that across a range of N application rates, ZT content was significantly affected, especially at 3, 6, and 9 d. The study of IAA content under different treatments revealed that at 3–9 d, IAA content of nitrogen addition treatments responded significantly to nitrogen addition (p < 0.05). Notably, the effect of nitrogen on IAA content diminished with the increasing days of nitrogen application. The magnitude of change in the content of GA3, 5-DS, and ABA was most pronounced under the treatment time of 3–9 d. F. kirilowii responded more significantly to endogenous hormone content at 3–9 d of treatment time. Combining the results of phenotypic indicators and endogenous hormones, we selected N0 and MN for transcriptome and metabolome sequencing analysis under 3 (1), 6 (2), and 9 d (3) treatments to determine the molecular mechanism of endogenous hormone regulation in tillering in response to nitrogen.




3.2. Transcriptome Analyses


DESeq2 software was used to analyze differentially expressed genes in tiller buds under different treatments based on the sequencing results. The DEGs in the three differential groups, N0-1-vs-MN-1, N0-2-vs-MN-2, and N0-3-vs-MN-3, were screened using the criteria of gene expression multiplicity of change |log2 (FC)|> 1 and FDR < 0.05 (Figure 3A). The results showed that there were 528 DEGs in the N0-1-vs-MN-1 difference group (364 upregulated, 164 downregulated). There were 1738 DEGs in the N0-2-vs-MN-2 difference group (650 upregulated, 1088 downregulated). There were 1352 DEGs in the N0-3-vs-MN-3 difference group (948 upregulated, 404 downregulated). Further analysis of the DEGs in the three differential groups using Venn diagrams showed that the three differential groups shared 107 DEGs. There were 254 DEGs specific to N0-1-vs-MN-1, 1302 DEGs specific to N0-2-vs-MN-2, and 1033 DEGs specific to N0-3-vs-MN-3 (Figure 3B). The volcano plot shows the differential genes of the comparison groups (Figure 3C). The results suggest that nitrogen application can change gene expression in tiller buds. With increasing time after nitrogen application, the DEGs showed an initial increase followed by a decrease in numbers.




3.3. DEGs Functional Annotation Analysis


To ascertain the function of individual DEGs, we compared all DEGs in each comparison group with GO and KEGG databases. Through functional annotation, we obtained a total of 4327 GO entries and 117 KEGG pathways based on the functional annotations of GO (Figure 4A). We show the Top10 GO entries in terms of abundance at the secondary classification level for each category, with the highest number of DEGs for the metabolic process (GO: 0008152) and cellular process (GO: 0009987) in BP. The cellular anatomical entity (GO: 0110165) and intracellular anatomical structure (GO: 0005622,) in CC had the highest number of DEGs. Catalytic activity (GO: 0003824) and binding (GO: 0005488) had the highest number of DEGs in MF. We also show the KEGG pathways annotated at the secondary classification level (Figure 4B). These DEGs are annotated to the classes of metabolism, organismal systems, genetic information processing, and environmental information processing. Among them, DEGs were heavily enriched in metabolic (ko01100) and biosynthesis of secondary metabolites (ko01110) pathways.



To further examine the biological processes enriched by DEGs, all DEGs from the three comparison groups were analyzed for GO and KEGG pathway enrichment. GO entries significantly enriched in the Top20 are shown using bubble plots (Figure 5A). Among them, the cytosolic large ribosomal subunit (GO: 0022625) and the organellar ribosome (GO: 0000313) were the most enriched, and catalytic activity (GO: 0003824) was enriched with the highest number of DEGs. The KEGG pathways significantly enriched in Top20 are shown in Figure 5B. The photosynthesis–antenna proteins (Ko00196) and glucosinolate biosynthesis (Ko00196) were the most enriched, whereas the metabolic pathway (ko01100) had the highest number of DEGs. Within the Top20 KEGG pathways were alanine, aspartate, and glutamate metabolism (Ko00250); glycerophospholipid metabolism (Ko00564); purine metabolism (Ko00230); α-linolenic acid metabolism (Ko00592); biosynthesis of amino acids (Ko01230), amino sugar and nucleotide metabolism (Ko00520); arginine and proline metabolism (Ko00330); and glucosinolate biosynthesis (Ko00966). These pathways play important roles in the synthesis and metabolism of plant hormones. This suggests that nitrogen addition treatments may regulate tiller bud development by affecting the synthesis and metabolism of phytohormones.




3.4. Screening of Plant Hormone-Related DEGs


To confirm this speculation, we screened for endogenous hormone-related GO entries and KEGG pathways and obtained 25 GO entries and 8 KEGG pathways. There were 22 DEGs enriched in these GO entries, mostly related to auxin, cytokinins, abscisic acid, and gibberellins. These DEGs were mainly enriched in response to the ABA (GO: 0009737), cellular response to ABA stimulus (GO. 0071215), and ABA-activated signaling pathway (GO: 0009738) entries (Figure 6A). A total of 54 DEGs were enriched in hormone-related KEGG pathways. The three KEGG pathways most enriched in DEGs were cysteine and methionine metabolism (ko00270), α-linolenic acid metabolism (ko00592), and the plant hormone signal transduction (ko04075) pathway. Among the eight pathways screened, diterpenoid biosynthesis (ko00904), carotenoid biosynthesis (ko00906), tryptophan metabolism (ko00380), and cysteine and methionine metabolism (ko00270) played important roles in the pathways of gibberellin, abscisic acid, auxin, and ethylene synthesis, respectively (Figure 6B). Thus, N addition may affect the content of phytohormones in tiller buds by modulating phytohormone synthesis and metabolism, further affecting tiller genesis.



The DEGs enriched in the phytohormone signaling pathway were further screened and analyzed for changes in their expression under different nitrogen addition treatments (Figure 7). The DEG encoding transport inhibitor response 1 (TIR1) in the IAA signaling pathway was first upregulated and then downregulated under MN treatment compared to N0 treatment, suggesting that MN treatment for a longer period inhibits IAA synthesis and thus induces tiller bud formation. Three DEGs were screened in the CTK signaling pathway, among which two DEGs encoding histidine phosphotransfer proteins (AHP) and one DEG encoding type-A response regulator (A-ARR) were both upregulated under nitrogen addition treatment. The upregulated expression of AHP activated the downstream A-ARR protein through phosphorylation, which led to the upregulated expression of A-ARR and indirectly promoted cellular differentiation of tiller bud sites, which subsequently induced tiller formation. In the GAs signaling pathway, the DEG encoding photosensitive pigment interacting factors (PIF3, PIF4) were downregulated and expressed under the MN-1 treatment which inhibited GAs synthesis and thus favored tillering. In the ABA signaling pathway, the DEG encoding ABF was downregulated and expressed under MN-1 and MN-2 treatments compared with N0-1 and N0-2, thereby inhibiting ABA synthesis. In addition, the expression levels of some genes involved in other hormone signaling were also altered under N addition treatment. For example, the EIN3-binding F-box protein (EBF1/2) gene in the ethylene signaling pathway was upregulated in MN-2 compared with N0-2 treatment, and the one DEG encoding the transcription factor TGA in the salicylic acid signaling pathway was upregulated in N addition treatment, which promoted the expression of the DEG encoding the pathology-associated protein 1 (PR1), increasing its expression. This may explain how N addition promotes tillering.




3.5. Validation of DEGs by qRT-PCR


We performed a PCR to verify the expression levels of nine DEGs involved in phytohormone signaling (Figure 8). The trends of RNA sequencing and qRT-PCR data were similar after nitrogen application. These results confirm the validity of the RNA sequencing results and reflect the observed transcriptomic changes.





4. Discussion


F. kirilowii is highly adaptable and available in Asia, Europe, and North America. With excellent quality and palatability, it is a good choice for all kinds of livestock. With strong regeneration ability and trampling resistance, it plays an important role in natural grassland restoration, artificial grassland planting, and lawn cultivation [20]. However, low seed yield has limited its planting and popularization. Studies have shown that the seed yield of F. kirilowii is significantly and positively correlated with its tiller numbers. Nitrogen application is an effective cultivation measure to increase the number of tillers in grass forage [8,16]. We found that the appropriate amount of N application plays an important role in promoting plant height and tiller numbers.



How does nitrogen play a role in tiller formation? Studies have shown that there is a link between nitrogen and plant hormones [21]. In the process of plant growth and development, especially the growth of tiller buds, nitrogen is dominated by CTK and IAA, forming a complex regulatory network [17]. Adequate nitrogen fertilizer nutrients can promote the above-ground growth of root meristematic tissues, as well as promote the synthesis of cytokinin and accelerate the decomposition of abscisic acid [22]. Low nitrogen treatments upregulate the expression of cytokinin oxidase genes which reduces CTK content, whereas higher nitrogen addition boosts CTK content by promoting the upregulation of cytokinin synthesis gene expression [10]. The addition of nitrogen promotes the synthesis of zeatin and zeatin nucleosides, which promotes the elevation of zeatin nucleoside content [13].



In our study, nitrogen application positively affected zeatin content and inhibited the increase in abscisic acid content. This coincides with the findings of previous studies. Studies on the development of rice tiller buds under nitrogen regulation have shown that zeatin content in tiller buds increases significantly under high nitrogen treatment. The contents of GA3 and ABA in tiller buds under low nitrogen treatment are significantly higher than those under high nitrogen treatment [14]. Low nitrogen conditions elevate the expression of strigolactone synthesis genes, which significantly increases the content of strigolactone [23]. In our study, GA3, ABA, and 5-DS contents decreased with increasing nitrogen application. This is consistent with the findings of previous studies. Studies on maize roots have shown that the content of zeatin and auxin increases with increasing nitrogen application, whereas the contents of abscisic acid and gibberellin are negatively correlated with nitrogen application [24,25]. However, in a study on tall fescue, cytokinin and auxin increased initially and then decreased the longer low nitrogen stress was applied, whereas gibberellin and abscisic acid increased [26,27,28]. Our results aligned more with the tall fescue study, which may be related to the differences in species, sampling components, and sampling periods. These endogenous hormones—especially auxin, cytokinin, strigolactone, and abscisic acid—play an important role in the tillering of plants [29,30].



To clarify the role of endogenous hormones in plant tillering under nitrogen application treatment, we used transcriptome sequencing. The results showed that nitrogen addition changed the number of DEGs in the tillering buds of F. kirilowii. As nitrogen application treatment time increased, DEGs showed an initial increase followed by a decrease in number, indicating that the tiller buds were most sensitive to a nitrogen response under the nitrogen application treatment on day 6. The KEGG pathways—α-linolenic acid metabolism (Ko00592); arginine and proline metabolism (Ko00330); alanine, aspartate, and glutamate metabolism (Ko00250); and arginine and proline metabolism (Ko00330)—were enriched by a large number of DEGs These pathways play important roles in the synthesis and metabolism of plant hormones [31,32,33].



GO entries and KEGG pathways associated with plant hormones were further screened. Most GO entries were associated with auxin, cytokinin, abscisic acid, and gibberellin. In the KEGG pathway, diterpenoid biosynthesis (ko00904), carotenoid biosynthesis (ko00906), tryptophan metabolism (ko00380), and cysteine and methionine metabolism (ko00270) were enriched. Among them, carotenoids are used as precursor substances for strigolactone, which are dehydrogenated and oxidized to produce strigol, which is then converted into biologically active strigolactone [34]. In addition, carotenoids have been implicated as precursors for the synthesis of signaling molecules such as ABA [35]. Tryptophan and methionine are important in phytohormone synthesis as precursor substances for the synthesis of auxin and ethylene, respectively [36,37]. By analyzing hormone-related DEGs, the downregulated expression of the AUX/IAA transcription factor degradation protein TIR1 under nitrogen application conditions limits IAA signaling, which in turn reduces IAA content in plants [38]. After nitrogen application, the upregulated expression of AHP activates the downstream A-ARR protein through phosphorylation [39], which leads to the upregulated expression of A-ARR which indirectly promotes cell differentiation at the tiller bud site and induces tillering. We found that nitrogen application affected tillering in F. kirilowii by affecting the expression of TF, ABF, EBF1/2, TGA, and PR-1 to regulate phytohormone content and thus tillering.




5. Conclusions


In summary, nitrogen addition treatments increased CTK and decreased IAA, ABA, and GAs in tillering buds by affecting the expression of TIR1, AHP, A-ARR, TF, and ABF, which in turn promoted tillering in F. kirilowii.
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Figure 1. Effect of nitrogen application on plant height and number of tillers in F. kirilowii. (A) Plant height. Different uppercase letters indicate significant differences (p < 0.05) in different amounts of nitrogen applied at the same time during nitrogen application, and different lowercase letters indicate significant differences (p < 0.05) in the same amount of nitrogen applied at different times during nitrogen application. (B) Number of tillers. Different letters indicate significant differences (p < 0.05) between different nitrogen application rates at the same treatment time. 
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Figure 2. Effect of nitrogen application on endogenous hormone content in F. kirilowii. (A–E) The content of ZT, IAA, GA3, ABA, and 5-DS. Different uppercase letters mean significant differences (p < 0.05) in different amounts of nitrogen applied at the same time during nitrogen application, and different lowercase letters mean significant differences (p < 0.05) in the same amount of nitrogen applied at different times during nitrogen application. 
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Figure 3. Statistical analysis of DEGs. (A) Histograms of DEGs in three comparison groups. (B) Venn diagram of DEGs in three comparison groups. (C) Volcano plots of DEGs in three comparison groups. 
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Figure 4. Annotated analysis of functional classification of DEGs. (A) Functionally annotated GO term for DEGs. (B) DEGs functionally annotated KEGG pathway. 
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Figure 5. Functional enrichment analysis of DEGs. (A) GO enriched bubble diagram of DEGs. (B) KEGG pathway-enriched bubble diagram of DEGs. 
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Figure 6. Plant hormone-related GO terms and KEGG pathways. (A) Hormone-related GO terms. (B) Hormone-related KEGG pathways. 
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Figure 7. DEGs in the plant hormone signal transduction pathway and their expression changes under different treatments. The red box in the pathway diagram indicates upregulated expression of the gene encoding the protein. 
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Figure 8. Relative expression levels of 9 DEGs by RNA sequencing and qRT-PCR in different comparison groups and regression analysis. 






Figure 8. Relative expression levels of 9 DEGs by RNA sequencing and qRT-PCR in different comparison groups and regression analysis.



[image: Genes 15 00223 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  genes-15-00223


  
    		
      genes-15-00223
    


  




  





media/file8.jpg





media/file11.png
A response to ethylene
cellular response to ethylene stimulus
ethylene-activated signaling pathway

gibberellic acid homeostasis

cellular response to cytokinin stimulus
cytokinin-activated signaling pathway
cytokinin catabolic process

cytokinin biosynthetic process

auxin binding

auxin receptor activity

response to gibberellin

cellular response to gibberellin stimulus
gibberellin mediated signaling pathway
gibberellic acid mediated signaling pathway
regulation of ABA-activated signaling pathway
negative regulation of ABA-activated signaling pathway
cellular response to auxin stimulus
auxin-activated signaling pathway
cytokinin dehydrogenase activity

response to auxin

response to cytokinin

cytokinin metabolic process

cellular response to ABA stimulus
ABA-activated signaling pathway

response to ABA

GO term

B Carotenoid biosynthesis
Diterpenoid biosynthesis
Zeatin biosynthesis

Phenylalanine, tyrosine and tryptophan biosynthesis

Pathway

Tryptophan metabolism
Plant hormone signal transduction
alpha-Linolenic acid metabolism

Cysteine and methionine metabolism

I abscisic acid related
B cytokinin related
I auxin related

[ gibberellins related
B cthylene related

4 6 8 10
Number of Genes

6 8 10 12 14 16

Number of Genes





media/file6.jpg
Number of






media/file1.png
6d 9d 15d

3d
Days after nitrogen application

:
1

sz5z
ttet

T
Q) (@1 (@) O oN S
—_ —

SI9[[1} JO JaqunN

m

B 15 30
Days after nitrogen application

6

(wo) 1y31ay Jueld





media/file13.png
PLANT HORMONE SIGNAL TRANSDUCTION

Tryptophan metabolism - — —>O———
Auxin

;

——vo—agm}

&

Cytokinine

Diterpenoid biosynthesis j— — >0

DNA/

faupcins]
*—!—m—vo—»-
T e

(E=)

P B ARR] ARR O_»T ———» Gelldivision
I
i
+u
N&
> GIDI | TF_ O ———m Stera grovdh

Gibbere llin

|
\— Ublqmtm roe diated
olysis

 Carotenoid biosynthesis } =0

Abscisic acid

Endoplasric reticulura (ER)

Cysteine and
e

Ethylene

| |
B d %
rassinosterol ———
——
Brassinosteroid
[ Bsu1 | IE‘.EEI [BZR112) O
m

w-Linolenic acid =0
e tabolism ~

Jasmonic acid [ 4RI |

' T
DNA&
— — — —p» Fruitripeni
M »[_ENZ ] [ EN3 | [ErF12] o P Senescinee

degmdaton I

[ORCA3]

0—"-—|—| ——|—-—' o"
JA-lle
\ qu\ui].n roe diated |
proteolysis

Induced germination

——— Sbmahlclosm
*@—i-—’—i-—-—'o P 3eed dormancy

L — Ublqunm mediated
proteolysis

| TCH4 | ———™ Cell elongation
m ———M Cell division

— ——p Cell enlargement
» Blant growth

AHP

(rvbmurpmabmma's)
((Indole alkaloid biossmhesis )

IPhen Lani; } =0
mh&ismm Y
Salicylic acid

04075 9i6/16
{c) Kanehisa Laboratories

I DNA&
| NERI1 O———b- Disease resistance
I

» JENMESCENCE
¥ Stress response

N
RPN @1@”@’5

Unigene0037443

[Uni gene0034079
Unigene0152973
Unigene0049317

Unigene0125409

Unigene0172823 N,

Unigene0050756 R BT

Unigene0076234 ]
Unigene0185392 HENN.

2.00
1.50
1.00
0.50
0.00
-0.50
-1.00
-1.50





media/file10.jpg
A i eponse ST SETS
covkne S mloe iy
e
et ot

e
[k e
bl sck mliiod palng pabway
ol el mles
e S f ABA Sl Sl by
S s b s

i o ey
e
.t
e R
P

oo et

GO tem

B Carotenid biosynibesis- MNumberof ¢

Ditepenoid iosynhess

Zeatin biosyniesis-

Phenylalanie, tyroine and yptophan biosythsis

Pathway

Trypophan metabalis
Plan hormone igna ansduction-
apha-Linoknic acd metabolism

Cyscineand methionine metabalism

D
[re——

- abscisic acid related
- yokinin related

i related
[ gibberelins elated
- thylene relaed






media/file7.png
GO term

cellular nitrogen compound metabo

Pathway

orgdnomlrogcn C()l]'l]i)()lll‘ld metabo

' o lastid

protein-containing complex

membran

intracellular membrane-bounded organe
membrane-bounded organe
intracellular 019am

Olﬂﬂﬂﬂ

. cytoplasm
intracellular anatomical structure

cellular anatomical entity

a oo

a o

nucleotide binding
anion bmdmg

small molecule bmdmg
hydrolase activ 1tv
transferase actiy 1tv

101] m(mg

organic cyclic compound binding
heterocyclic compound binding
binding

catalytic activity

ic process
1C process
1C process
ic process
1C process
ic process
1C process
iC process
ic process
ar process

cellular macromolecule metabo

macromolecule metabo
nitrogen compound metabo
cellular metabo
rimary metabo
stance metabo
metabo

cellu

organic su

Metabolic pathways

Biosynthesis of secondary metabolites
Biosynthesis of amino acids
Glycerophospholipid metabolism
Glycerolipid metabolism

Photosynthesis - antenna proteins

Alanine, aspartate and glutamate metabolism
Carbon metabolism

Purine metabolism

Amino sugar and nucleotide sugar metabolism
Cyanoamino acid metabolism

Starch and sucrose metabolism

Biosynthesis of various plant secondary metabolites

Nitrogen metabolism
Glycolysis Gluconeogcnesls
Cysteine and methionine metabolism

Ribosome

Protein processing in endoplasmic reticulum
Plant-pathogen interaction
Phosphatidy linositol signaling system

200

400
Num

600

800

Il Cellular Component
B Molecular Function
B Biological Process

T
1000 1200

ber of genes

Metabolism

Genetic Information Processing

Organismal Systems
Environmental Information Processing

18

2'3

2I9

a9
]

17 19 26 27 43

Number of genes

45 54 251419





media/file12.jpg
FEEEE

Unigenc0037443,

[Unisenco0ssans
Unigenc0152973
Unigenc0049317

Unigenc0125409

Unigenc0172523

Unigenc0050756 NI I

-
Unfeovo; M






media/file9.png
GO Term

A Plastid

Chloroplast
Catalytic activity
Plastid stroma

Alpha-amino acid metabolic process
Cellular amino acid biosynthetic process
Alpha-amino acid biosynthetic process

Chloroplast stroma
Organic acid biosynthetic process

Small molecule biosynthetic process
Carboxylic acid biosynthetic process

Plastid envelope

Cellular amino acid metabolic process

Organellar ribosome

DNA integration

Organic acid metabolic process
Oxoacid metabolic process
Cytosolic ribosome

Cytosolic large ribosomal subunit
Ribosomal subunit

]

0.04 0.06 0.08
Gene Ratio

0.1

Gene number

23
e 50
e 100
® 150
® 939

-log,,(Qvalue)

Pathway

B Metabolic pathways
Photosynthesis - antenna proteins
Biosynthesis of secondary metabolites
Alanine, aspartate and glutamate metabolism
Glycerophospholipid metabolism

Porphyrin metabolism

Glycerolipid metabolism

Biosynthesis of amino acids

Nitrogen metabolism

Linoleic acid metabolism

Purine metabolism

Riboflavin metabolism

Alpha-Linolenic acid metabolism

Amino sugar and nucleotide sugar metabolism
Isoquinoline alkaloid biosynthesis

Arginine and proline metabolism

Mismatch repair

2-Oxocarboxylic acid metabolism
Glucosinolate biosynthesis

Stilbenoid, diarylheptanoid and gingerol biosynthesis

0.1 0.15

Gene Ratio

Gene number

3
10
20
30
200

-log,o(Qvalue)
8

6
4
2





media/file14.jpg





media/file5.png
1200
] -Up 1088 NO-1-vs-MN-1 NO-2-vs-MN-2
1000 -
w
O 800 -
8a
-
ks
= 600 -
L
g 400
Z.
200 -
0- NO-3-vs-MN-3
NO-1-vs-NO-2 NO-1-vs-NO-3 MN-1-vs-MN-2
0| NO-1-vs-MN: 1 NO-2-vs-MN:2 | NO-3-vs-MN:3
: 751 I T
o . .
Q . ® up |
o - g © nosig
3 . 20 @ down
o)) .
2 501 R .
[ 251 ".-:- s 2 b
g 10
Of ===~ M sr=~m---1 of--"--= R~ %Y A
-20 : 20 ‘0‘ 10
log2(fc)

log2(fc)

log2(fc)





media/file15.png
Relative expression

Unigene0037443

I NO
El MN

3d 6d 9d

Unigene0049317

3d 6d 9d

0.5+

0.0-

log2(qRT-PCR)
e o 2o o o -
(=T S B - - - - = ]

|
=
(3]

Unigene0050756

\

3d 6d

1

1

y=0.023x+0.312
R?=0.897

T T T T T
=3 -2 -1 0 1 2

log2(FPKM)

20

30

Unigene0034079

3.0

Unigene0125409

Unigene0076234

50 2.0

3d

Unigene0152973

6d

9d

Unigene0172823

6d

-0.5

0.0

60

Unigene0185392
L ]






media/file3.png
qey

qeg

-
N

(M | _3-3u) wauod fyon

od
%
g
s

M

oy
POy
pd

p

A
4
oV

BN NO BN LN

B MN EE HN
O

20
00

(M |_3-3u)judjuod 17

9 15 30

6
Days after nitrogen application

3

30

15

30

15

15 30

Days after nitrogen application

)
904
od

4

T 1 L

1

o0 O = i