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Solidago canadensis is an invasive plant that can adapt to variable environmental conditions. To explore the molecular mechanism of the response to nitrogen (N) addition conditions in S. canadensis, physiology and transcriptome analysis were performed with samples that cultured by natural and three N level conditions. Comparative analysis detected many differentially expressed genes (DEGs), including the function of plant growth and development, photosynthesis, antioxidant, sugar metabolism and secondary metabolism pathways. Most genes encoding proteins involved in plant growth, circadian rhythm and photosynthesis were upregulated. Furthermore, secondary metabolism-related genes were specifically expressed among the different groups; for example, most DEGs related to phenol and flavonoid synthesis were downregulated in the N-level environment. Most DEGs related to diterpenoid and monoterpenoid biosynthesis were upregulated. In addition, many physiological responses, such as antioxidant enzyme activities and chlorophyll and soluble sugar contents, were elevated by the N environment, which was consistent with the gene expression levels in each group. Collectively, our observations indicated that S. canadensis may be promoted by N deposition conditions with the alteration of plant growth, secondary metabolism and physiological accumulation.
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Introduction

Biological invasion is a global phenomenon and a threat to global biodiversity and the global economy (Simberloff et al., 2013; Diagne et al., 2021), representing a significant element of global change. Numerous studies have shown that plant invasion can reduce native plant performance. Therefore, invasive species will threaten global biodiversity, and experts are required to effectively determine the main causes of biological invasion (Pysek et al., 2012; Hui et al., 2021). The ecological and economic impact of species invasions showed that managers urgently need to provide meaningful suggestions for how to prevent invasions and how to prioritize the management of invasive species (Luo et al., 2020). To understand the impact of environmental changes caused by human activities on biological invasion, many studies have been performed to explore the responses of invasive plants in common environments (Huang et al., 2022).

The invasiveness of species or habitat conditions can be changed through environmental changes, which may facilitate or inhibit alien invaders (Nguyen et al., 2016; Merow et al., 2017). Global environmental change from human activities acts as the main factor influencing plant invasion in general (Bradley et al., 2010; Carboni et al., 2018; Questad et al., 2021). The main reason for the successful invasion of alien plants is related to the environment in which they grow (Heshmati et al., 2019). Thus, plant invasion can be significantly affected by environmental factors in the receptor habitat, affecting social stability and sustainable development (Ren et al., 2020). Human-mediated interference may increase the invasiveness of alien plants, such as nutrient fluctuations in nitrogen (N) and phosphorus (Zhang et al., 2022). Recently, the distribution of anthropogenic N, which is usually caused by social and urban development, rapid agricultural intensification, and increased fuel utilization, has rapidly increased global N deposition and significantly impacts ecosystems (Yu et al., 2019).

Previous studies have proven that N deposition is accelerated by profound effects on both natural and anthropogenic ecosystems (Yu et al., 2019). Recent research and analysis of the changes in N deposition in China have increased by approximately 60%, which is the highest value in the world (Dentener et al., 2006; Liu et al., 2013). Many studies have shown that N plays an essential role in the rapid growth of invasive plants (Parepa et al., 2013; Ribeiro et al., 2017; Luo et al., 2019). Therefore, N enrichment has become an increasingly important element in global environmental change and has been widely focused on its effect on plant biodiversity and invasive plant ranges (Payne et al., 2017; Midolo et al., 2019). Although some studies have implied that high N levels in soil will promote invasive species to develop into a peak or drop (Mattingly and Reynolds, 2014; Nguyen et al., 2016), there are some evidences that suggests that N addition and enrichment will increase the opportunity to form invasive species and finally facilitate plant flourishing into invasion (Bradley et al., 2010; Vallano et al., 2012; Seabloom et al., 2015; Liu et al., 2017; Liu et al., 2019). To better understand the mechanism of how global climate change affects the mechanism of plant invasion, many novel studies are being conducted. With the development of biology, next-generation RNA sequencing technologies (RNA-seq) have supplied an approach to describe the whole genome or transcriptomes and are being used to explore the regulatory mechanisms of plant responses to many conditions in which they grow (Chu et al., 2019; Khan et al., 2022). Therefore, transcriptomic profiling can be used as an emerging method to reveal the molecular mechanism of plants in response to different environments (Asim et al., 2021; Kayihan et al., 2021; Qu et al., 2021; Li et al., 2022).

Solidago canadensis L., native to North America, is an aggressive invasive plant that successfully invaded Europe, Australia, Asia and New Zealand (Dong et al., 2006; Szymura and Szymura, 2013; Nolf et al., 2014; Gusev, 2015; Dong et al., 2017; Ye et al., 2019). The species can colonize different growth environments and exhibit a variety of phenotypes to adapt to these environments (Li et al., 2016; Jin et al., 2020). Furthermore, recent studies have attempted to suggest that N deposition and enrichment may facilitate S. canadensis invasion and rapid adaptation (Peng et al., 2019; Wan et al., 2019). Extended studies will provide a meaningful model for exploring invasive plants in response to the climate change environment.

Some studies have proved that invasive plants may have corresponding changes in physiological, biochemical and related gene expression levels for the environmental changes (Chuang et al., 2022; Cocozza et al., 2022; Liu Z et al., 2022). Invasive plants may be affected their enzyme activities and the synthesis process of secondary metabolites for the altered external environment (Cocozza et al., 2022; Hura et al., 2022). In this study, to explore the response of S. canadensis to the N addition climate change in physiology and related gene expression, we conducted a simulated N addition environment to detect the effects of altered levels on the physiology and gene expression of S. canadensis. Our aims were as follows: (i) explore physiological differences in plants among different levels of N addition; (ii) screen the differentially expressed transcripts; and (iii) determine the mechanism by which N addition may enhance the invasive ability of S. canadensis.



Materials and methods


Plant materials and experimental design

S. canadensis, as an ornamental plant, was introduced into China in 1935. At present, it is distributed in many provinces of China (Oduor et al., 2022). Mature seeds were collected from a suburb of Wuhan city (30°32′N, 114°25′E) and sown into plastic pots with a diameter of 25 cm.

To simulate increasing rates of N deposition, a total of 12 samples from four differential levels of treatments with three independent replicates for each treatment were carried out. The control group was established by pure water, and the other three levels of simulated N deposition were added by a polyethylene injector with prepared NH4NO3 solution, which included low N with a deposition rate of 5 g m−2 yr−1 (N5), intermediate N with 10 g m−2 yr−1 (N10), and high N with 15 g m−2 yr−1 (N15). All treatments were applied for 5 weeks, and N solution was applied to the corresponding pots. In addition, to provide daily basic water needs, 500 ml of pure water was added every two days in each pot.



Physiological measurements

The soluble sugars, MDA, chlorophyll, superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were quantified. Each measurement was performed with three biological replicates. The chlorophyll content, which included total chlorophyll (Chl a+b) was detected by Wu et al. (2020b).

The content of soluble sugars was detected according to Quinet et al. (2012) with some modifications. The frozen samples (1 g) were put into liquid N, ground to powder, and then incubated at room temperature with 10 mL of pure water. The mixture solution was transferred into a centrifuge tube and centrifuged at 7000 rpm for 10 minutes. The supernatant was collected for estimation by anthrone reagent.

The measurements of malonaldehyde (MDA) and antioxidant enzyme activities were performed based on Cao et al. (2017) with minor modification. The powder of each sample was collected at 0.1 g to prepare 10 mL of 10% TCA solution and then centrifuged at 7000 rpm for 10 minutes. The supernatant (2 mL) was added to 2 mL of 0.6% thiobarbituric acid (TBA). The samples were heated in boiling water for 15 minutes and cooled immediately. The mixture solution was centrifuged at 7000 rpm for 10 minutes, and then the absorbance values were detected at 532 nm, 600 nm and 450 nm.

Antioxidant enzyme activities were assayed according to Zhong et al. (2017). Fresh leaf powder (0.1 g) was collected and incubated in phosphate buffer solution, which was precooled at 4 °C. The mixture was homogenized and then centrifuged at 7000 rpm at 4°C for 15 minutes. We collected the supernatant to detect the activity of SOD, CAT and POD.



RNA and cDNA library preparation

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate total RNA according to the protocol’s instructions, and the quantification of isolated RNA was detected by using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.). The quality and integrity of the RNA samples were assessed with a Bioanalyzer 2100 (Agilent, CA, USA). The total RNA of each sample that satisfied the range of OD260/280 values between 1.8 and 2.2 and an RNA integrity number (RIN) above 7.5 was used for cDNA library preparation. We collected 1 μg of RNA per sample and used it to construct a paired-end cDNA library, and each library was sequenced by the Illumina NovaSeq 6000 sequencing platform at Biomarker Technology (Beijing, China). All the clean data of this study were deposited in the National Genomics Data Center (https://ngdc.cncb.ac.cn/) and are accessible through BioProject accession number PRJCA010244.



De novo transcriptome assembly and annotation

Trinity software (v2.5.1) was used to assemble transcripts (Grabherr et al., 2011), which satisfied the assumption that the assembly length should not be less than 200 bp. The redundant sequences were removed by cd-hit (v4.6.1) and clustered with Tgicl (v2.1) to merge the sequences with a similarity over 90%. The functions of the assembled unigenes were identified by searching against public databases, such as the nonredundant protein (Nr), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Ontology (GO), and eggNOG databases, with a significance threshold of E-value ≤ 10−5.



Gene expression pattern analysis

The assembled unigenes were used to map clean reads by Bowtie software, and the gene expression level was analysed and represented by using RSEM software based on fragments per kilobase of transcript sequence per million base pairs (FPKM) (Li and Dewey, 2011). The differentially expressed genes (DEGs) in each comparison group were identified by DESeq2, and the significant DEGs were collected based on a q-value < 0.01 and a fold change value ≥ 2. To explore which DEGs may play an important role in each comparison group, GO and KEGG pathway enrichment analyses of the DEGs were applied by the topGO R packages and KOBAS software, respectively.



Gene coexpression network analysis

The weighted gene correlation network analysis (WGCNA) approach is usually performed to identify gene coexpression networks, which can be used to thoroughly investigate the correlation patterns across multiple samples. All DEGs between the different N level treatments and the control were applied with the R package WGCNA.



Statistical analysis

The evaluation of statistical data, which observed under different N level treatment groups, was tested by normality (Shapiro-Wilk) and homogeneity (Bartlett). We would transform and normalize the data that need to reduce the heterogeneity of variance. ANOVAs were performed to evaluate the significant differences of physiological changes in S. canadensis under different nitrogen levels. Post hoc LSD tests were used to separate differences between pairs of treatments. Three biological replicates were collected and analysed by using variance, and the mean ( ± SD) with the significant difference analysis was satisfied a p value < 0.05.



Validation of qRT-PCR analysis

The isolated RNA was reverse transcribed into cDNA by an M-MuLV cDNA Synthesis Kit (Sangon Biotech). The primers of this study for qRT-PCR were designed by Primer Premier 5.0 software to verify the relative expression level of randomly selected genes with the 18S gene as an internal control. The relative expression of these randomly selected genes was calculated with the 2−△△Ct method. The PCR conditions were set as follows: predenaturation at 95°C for 10 min and 40 cycles of 95°C for 10 s and 60°C for 30 s (Wu et al., 2021).




Result


Physiological and biochemical responses to different N level environments

The physiological and biochemical response analysis showed accumulation of proline, MDA and soluble sugar among different N level environments in S. canadensis. The levels of MDA increased with increasing N levels, while no significant changes were detected among the groups (Figure 1A). The result may show little harm to the cell membrane in S. canadensis. In addition, the soluble sugar contents reached a maximum in the N10 environment with significant changes (Figure 1B). This result showed a significant effect of energy metabolism in S. canadensis among different N level environments.




Figure 1 | Physiological evaluate of S. canadensis in different N addition conditions. (A, B, F) The content of MDA, soluble sugar and total chlorophyll in leaves of various N level environment. (C–E) The activities of POD, SOD and CAT enzymes. The color bar represented each group (mean ± SE), and the significant differences among different N level groups was marked by letters (p <.05). The red, blue, green, and purple color bar represents CK, N5, N10, and N15 group, respectively.



The detected antioxidant enzymes (POD, CAT and SOD) at the different N levels are depicted in Figures 1C–E. The activity of POD was increased in the N environment groups. No significant effect was found between the CK and N5 groups, and a significant increase was observed between the CK and N10 and N15 groups (Figure 1C). The activities of CAT and SOD reached a maximum in the N10 groups, with significant differences among the groups (Figures 1D, E).

The contents of photosynthetic pigment (total chlorophyll) in each group were all affected by the N environment, and a significant difference was also detected among the CK with N5, N10, and N15 groups (Figure 1F). This result indicates that photosynthesis may be promoted by the N environment.



Overview of gene expression patterns

We performed transcriptome analysis to explore the molecular changes in S. canadensis exposed to different doses of N. Fresh leaf samples with different N level conditions and one control check were used for RNA-seq analysis. Based on the deep sequencing of RNA-seq, 96.50 Gb clean reads with no less than 7 Gb per sample was obtained. A total of 106,423 unigenes were obtained according to the assembly result. As a result of the expression analysis, 91,550 unigenes were detected by FPKMs, with 61,981, 56,716, 63,714, and 59,236 unigenes in the CK, N5, N10, and N15 groups, respectively. Among these expressed genes in each group, 38,610 genes were detected in each of the four experimental groups, and 7,799, 5,383, 10,022 and 6,024 genes were specifically expressed in the CK, N5, N10 and N15 groups, respectively (Figure 2A).




Figure 2 | The overlap of expressed genes in each group and DEGs among three comparison groups. (A) The overlap of expressed genes in the CK, N5, N10, and N15 group. (B) The overlap of DEGs at CK-vs-N5, CK-vs-N10 and CK-vs-N15 comparison group.





Analysis of differentially expressed genes

To better determine the difference in response to various N level conditions in S. canadensis leaves, three comparison groups were constructed, including N5-vs.-CK, N10-vs.-CK, and N15-vs.-CK. There were 654 DEGs in the comparison of N5-vs.-CK, with 372 being upregulated and 282 downregulated (Table 1). Furthermore, in the N10-vs.-CK comparison, 1,536 DEGs (745 upregulated and 791 downregulated) (Table 1) were detected. Under the N15 condition compared with the control group, we detected 640 DEGs (331 upregulated and 309 downregulated) (Table 1). It is possible that with the addition of N in the environment, some genes may be depressed. The overlap of DEGs showed that 134 DEGs were detected in all three groups; furthermore, 265 DEGs were specifically expressed in the N5-vs.-CK group, 1,001 in N10-vs.-CK, and 272 in N15-vs.-CK (Figure 2B).


Table 1 | The number of DEGs in three comparison groups.





GO functional analysis of DEGs

To identify and classify the functions of the DEGs, we performed GO classification analysis. In the N5-vs.-CK group, 471 DEGs were classified into 56 GO terms with three main categories: cellular component, molecular function and biological process. In the cellular component category, most DEGs were classified into the ‘membrane’, ‘cell’, ‘cell part’ and ‘membrane part’ subcategories (Supplementary Table S1). Most DEGs were classified into ‘catalytic activity’ and ‘binding’ in the molecular function category (Supplementary Table S1). In the biological process category, most DEGs were classified into ‘metabolic process’, ‘cellular process’ and ‘single-organism process’ (Supplementary Table S1). In addition, we performed GO functional enrichment analysis to identify insight genes that may be vital for each comparison group, and the significantly enriched GO terms were further identified by REVIGO. Many GO terms with biological functions, such as ‘tetrapyrrole biosynthetic process’, ‘photosystem I reaction center’, ‘negative regulation of brassinosteroid mediated signalling pathway’, ‘monooxygenase activity’, ‘chlorophyll binding’, ‘urea transmembrane xyloglucan transport’, and ‘photosynthesis’ (Figure 3A). These significantly enriched genes might play an essential functional role in the N5-vs.-CK group. In the N10-vs.-CK group, 1067 DEGs were classified into 46 GO terms of three categories. Most DEGs were classified into subcategories similar to those in the N5-vs.-CK group (Supplementary Table S2). The GO enrichment and REVIGO analysis found that except for some enriched GO items that were similar to the N5-vs.-CK group, many other items were also enriched, such as ‘regulation of monopolar cell growth’, ‘nitrate assimilation’, ‘nitrogen cycle metabolic process’ and ‘nitrogen utilization’ (Figure 3B). In the N15-vs.-CK comparison, 449 DEGs were classified into 39 GO terms. Most DEGs were classified into subcategories similar to the other two comparison groups (Supplementary Table S3). According to the GO enrichment and REVIGO analysis, some enriched GO terms were the same as those in the other two comparison groups, while some specifically enriched GO terms were also collected, such as ‘protein autophosphorylation’, ‘isoprenoid metabolic process’ and ‘terpene synthase activity’ (Figure 3C).




Figure 3 | The distribution of DEGs and GO functional enrichment analysis. (A) The GO enrichment of CK-vs-N5 comparison; (B) The GO enrichment of CK-vs-N10 comparison. (C) The GO enrichment of CK-vs-N15 comparison. The enriched GO terms were presented in rectangles.





KEGG pathway analysis of DEGs

Based on the KEGG pathway enrichment analysis, 96 pathways were enriched DEGs in the N5-vs.-CK comparison group, which included ‘plant hormone signal transduction’, ‘starch and sucrose metabolism’ and ‘phenylpropanoid biosynthesis’ (Supplementary Table S4). To explore significant enrichment, the pathways were ranked by collected Q-values, which included ‘phenylpropanoid biosynthesis’, ‘monoterpenoid biosynthesis’, ‘plant hormone signal transduction’, ‘photosynthesis-antenna proteins’ and ‘brassinosteroid biosynthesis’ (Figure 4A). The significantly enriched DEGs in these pathways may be essential to respond to N5 conditions. In the N10-vs.-CK comparison group, DEGs were mapped into 106 pathways (Supplementary Table S5), and most of the DEGs were distributed in pathways similar to those in N5-vs.-CK. Based on the significant enrichment analysis, some of the collected pathways of the top 20 were the same as those in N5-vs.-CK, while some other pathways were also enriched, such as the ‘zeatin biosynthesis’, ‘sesquiterpenoid and triterpenoid biosynthesis’, ‘circadian rhythm-plant’, ‘MAPK signalling pathway’ and ‘glutathione metabolism’ pathways (Figure 4B). In the N15-vs.-CK comparison group, DEGs were mapped into 89 pathways (Supplementary Table S6), and most of the DEGs distributed similar pathways with the other two comparison groups. Some of the top 20 significant enriched pathways in this comparison group were same as N5-vs.-CK group, such as ‘riboflavin metabolism’, ‘linoleic acid metabolism’ and ‘brassinosteroid biosynthesis’, and some of the top 20 enriched pathways were same as N10-vs.-CK group, such as ‘plant-pathogen interaction’, ‘sesquiterpenoid and triterpenoid biosynthesis’ and ‘circadian rhythm-plant’. Three pathways of the top 20 were all collected in each comparison group that included pathways of ‘plant hormone signal transduction’, ‘isoflavonoid biosynthesis’ and ‘starch and sucrose metabolism’. Other pathways, such as ‘anthocyanin biosynthesis’ and ‘carotenoid biosynthesis’, were specifically enriched (Figure 4C). DEGs enriched in these pathways may be important in the response to N10 and N15 conditions. Thus, we inferred that with increasing N levels, the expressed functional genes may have changed.




Figure 4 | KEGG pathway functional enrichment analysis of DEGs. (A) The CK-vs-N5 comparison; (B) The CK-vs-N10 comparison. (C) The CK-vs-N15 comparison. The KEGG pathway name were presented in Y-axis, and the rich factor were presented in X-axis. The color bar and bubble size represent the corresponding q-value and number of genes respectively.





Plant growth and development related DEGs

According to the pathway functional enrichment analysis in the three comparison groups, a total of 10 DEGs were involved in the photosynthesis pathway. In the N5-vs.-CK comparison group, 6 DEGs were collected, with 5 upregulated and 1 downregulated DEGs, and in the N10-vs.-CK comparison group, 10 DEGs were collected, with 8 upregulated and 2 downregulated DEGs. In the N15-vs.-CK comparison group, one downregulated DEG was detected (Figure 5A). This result showed that with increasing N addition level, the expression and number of photosynthesis-related DEGs first increased and then decreased. Furthermore, 9 auxin-related DEGs were collected in the three comparison groups. In the N5-vs.-CK comparison group, 5 DEGs were detected, with 3 upregulated and 2 downregulated. Furthermore, 7 DEGs were collected in the N10-vs.-CK and N15-vs.-CK comparison groups, with 5 upregulated and 2 downregulated DEGs in the N10-vs.-CK comparison and 6 upregulated and 1 downregulated DEGs in the N15-vs.-CK comparison (Figure 5B). In addition, 12 DEGs were detected in the ‘circadian rhythm-plant’ pathway in the three comparison groups. In the N5-vs.-CK comparison group, 2 CO genes were detected and upregulated. In the N10-vs.-CK comparison group, 8 DEGs with 5 upregulated and 3 downregulated genes were detected, which included 2 LHY, 3 CO, 1 TOC1, 2 COP1 and 1 CHS genes. In the N15-vs.-CK comparison group, 9 DEGs, including 8 upregulated and 1 downregulated DEGs, were detected, and except for most of the DEGs in the N10-vs.-CK comparison group, 3 PIF3 genes were also detected (Figure 5C). These DEGs may play important functions in responding to different N level environments and regulating plant growth and development in S. canadensis.




Figure 5 | The expression profile of collected functional genes in various N level environments. (A) Photosynthesis; (B) Auxin; (C) Circadian rhythm; (D) Phenylpropanoid biosynthesis; (E) Flavonoids synthesis; (F) sesquiterpenoid and triterpenoid biosynthesis; (G) diterpenoid biosynthesis; (H) monoterpenoid biosynthesis.





Secondary metabolism related DEGs

In this study, most secondary metabolism-related DEGs were collected and enriched in related pathways. For example, in the ‘phenylpropanoid biosynthesis’ pathway, 10 DEGs were collected, with 8 upregulated, such as the F6H and HCT genes, and 2 downregulated in the N5-vs.-CK comparison group. In the N10-vs.-CK comparison group, 17 DEGs, 12 downregulated, including the F5H, HCT, cinnamyl-alcohol dehydrogenase (CAD) and CCR genes, and 5 upregulated. In the N15-vs.-CK comparison group, most DEGs were also downregulated, such as the PAL, CAD and HCT genes (Figure 5D). Furthermore, in the flavonoid biosynthesis pathway, most DEGs were downregulated in the three comparison groups, including CHS, CHI and FLS genes (Figure 5E). Phenol and flavonoid synthesis may be depressed in S. canadensis in an elevated N level environment. Terpenoid biosynthesis-related DEGs, such as those in the ‘monoterpenoid biosynthesis’ and ‘diterpenoid biosynthesis’ pathways, were collected in the three comparison groups. In the comparison groups of N5-vs.-CK and N10-vs.-CK, all of the detected sesquiterpenoid and triterpenoid biosynthesis-related genes were downregulated, such as GERD, beta-amyrin synthase (β-AS) and CYP genes. Nevertheless, in the N15-vs.-CK comparison group, 2 GERD genes were upregulated (Figure 5F). In addition, most of the diterpenoid and monoterpenoid biosynthesis-related DEGs, such as kaurene synthase (KS), momilactone synthase (MS) and carboxylinalool synthase-related genes, were upregulated in the three comparison groups (Figures 5G, H). These results provided different regulation patterns of terpenoid synthesis in response to changes in the N environment.



Gene expression network analysis

Based on the differentially expressed gene analysis, we collected 2117 DEGs from three comparison groups and analysed them with the method of WGCNA. A total of 18 gene expression modules were collected (Figure 6A), and according to the module and trait correlation analysis, the coregulatory modules were identified by correlation coefficient > 0.5 and p value < 0.05 (Figure 6B).




Figure 6 | The analysis of WGCNA. (A) The collected genes were clustered and merged into different modules. (B) Module–trait associations. Each cell contains the corresponding correlation and p-value. The color bar indicates the correlation of each module with each sample.



In the N5-vs.-CK comparison group, the green-yellow, salmon and black modules were collected. The expression profiles of genes in these three modules were depicted by heatmaps across all samples. A total of 61 DEGs were collected in the green-yellow module, and most of the upregulated genes were detected in the N5 group (Figure 7A). Based on the functional annotation, the collected genes in the green-yellow module included plant growth- and photosynthesis-related genes, such as ARF (c91123.graph_c0), auxin efflux carrier family protein (c90097.graph_c0) gene, sucrose synthase (SuSy, c90097.graph_c0) and chlorophyll a/b binding protein 2 (Lhcb2, c82134.graph_c0) genes, and secondary metabolism-related genes, which were enriched in ‘monoterpenoid biosynthesis’ and ‘flavonoid biosynthesis’ pathways, such as CHI (c78025.graph_c0), neomenthol dehydrogenase (NMR, c78860.graph_c0) gene (Figure 8A). In the black module, 100 DEGs were collected, and most of the upregulated genes were also detected in the N5 group (Figure 7B). In addition to Lhcb3 (c88539.graph_c0) gene during photosynthesis and sugar metabolism related genes, other functional genes, such as the POD (c77777.graph_c0) gene, elongation factor (EF, c88198.graph_c0) gene, histone H3 (c69025.graph_c0) gene and E3 ubiquitin-protein ligase (EL, c71740.graph_c0) gene were collected in the network analysis (Figure 8B).




Figure 7 | Gene expression profiles of selected modules. The color bar represent the relative expression, red denotes up-regulation and green denotes down-regulation. (A-F) The modules represented greenyellow, black, brown, blue, red and tan respectively.






Figure 8 | Network analysis of the collected modules. The bubble size indicates connect degree of each gene. (A-F) The networks represented greenyellow, black, brown, blue, red and tan respectively.



In the N10-vs.-CK comparison, the brown, blue, cyan and midnight blue modules were collected. A total of 212 DEGs were collected in the brown module, most of which were upregulated in the N10 group, while some of the genes were also upregulated in the N5 group (Figure 7C). The network analysis showed that some genes related to photosynthesis, such as the psbP (c78379.graph_c0) gene, psaD (c73194.graph_c0) gene and blue-light photoreceptor (c91454.graph_c0) gene, were upregulated in the N10 group. Furthermore, some enzyme synthesis and plant hormone related genes, such as SOD (c80060.graph_c0), GST (c81884.graph_c1), POD (c91380.graph_c0), and auxin-binding protein (c72444.graph_c0) gene were upregulated. In addition, some transcription factor genes were collected in this module, such as MYB (c84062.graph_c0, c92964.graph_c0), bHLH (c69458.graph_c0, c85512.graph_c0, c71271.graph_c0), TCP (c76145.graph_c0) and ERF (c76763.graph_c0) transcription factor genes, all of which were upregulated (Figure 8C). In the blue module, 275 DEGs were most of which were upregulated in the N10 group (Figure 7D). Except for some photosynthesis, plant hormone-related and transcription factor genes, such as Lhcb2 (c81347.graph_c0) gene, psaA and psaB (c81180.graph_c0) gene, auxin responsive protein (c69869.graph_c0) gene, ERF (c68175.graph_c0), SBP (c84523.graph_c1) and MYB (c76609.graph_c0) transcription factor genes and other metabolism and functional genes include the nitronate monooxygenase (c82612.graph_c0) gene, SuSy (c81588.graph_c1) gene, β-AS (c91264.graph_c0), histone H3 (c57400.graph_c0) gene, histone H4 (c30533.graph_c0) gene and zinc finger protein (c93267.graph_c0, c91298.graph_c0) gene were collected in the network (Figure 8D).

In the N15-vs.-CK comparison group, four modules with red, pink, tan and lightcyan were collected. A total of 101 DEGs were collected in the red module, most of which were upregulated in the N15 group (Figure 7E). The network analysis of these DEGs showed that metabolism biosynthesis-related genes, such as the SuSy (c95043.graph_c0) gene and germacrene D synthase (c73694.graph_c1, c95043.graph_c0) gene, were collected. Furthermore, other functional genes included transcription factors and plant hormone-related genes, such as brassinosteroid insensitive 1-associated kinase 1 (BRI1, c86844.graph_c1) gene, PIN-FORMED (PIN) protein (PIN, c89411.graph_c0) gene, zinc finger protein (COL3, c78275.graph_c0) gene and AP2 (c89411.graph_c0) gene were also collected (Figure 8E). In the tan module, 52 DEGs were most of which were upregulated in the N15 and N10 groups (Figure 7F). Many of the upregulated genes in the network, such as POD (c94513.graph_c0), ERF (c67768.graph_c0, c77988.graph_c0), LHY (c81968.graph_c0), zinc finger protein (COL2, c89792.graph_c1) gene and SuSy (c86075.graph_c0) gene, were identified (Figure 8F), some of which were also upregulated in the N10 groups. Secondary metabolism related genes, such CAD (c89681.graph_c0) gene was downregulated in both the N15 and N10 groups. The functional analysis of these collected modules shown that most of DEGs may involved in photosynthesis, plant growth and development and secondary metabolism process (Table 2). These collected genes may be vital for the regulation of the response in the N additional environment.


Table 2 | Functional analysis of collected modules with network analysis.





Verification of gene expression by qRT-PCR

We randomly selected 12 candidate genes for qRT-PCR to validate the gene expression results, which were obtained from RNA-seq (Figure 9). As a result of qRT-PCR, the relative expression of each selected gene was detected and was basically in agreement with the RNA-seq data. The primer sequences are listed in the Supplementary Table S7.




Figure 9 | The qRT-PCR analyses of randomly selected genes in CK, N5, N10, and N15 group respectively.






Discussion


Physiological responses of S. canadensis in the N addition environment

Physiological investigations are essential and effective means to evaluate the real influence of various environments (Hu et al., 2019). Physiological traits such as photosynthetic pigments, antioxidant enzymes, and soluble sugars have often been implicated in survival and ecological strategies in plants under different conditions (Mao et al., 2017). Plants, especially invasive plants, in different N-level environments exhibit various physiological and morphological responses (Wan et al., 2019; Huang et al., 2022; Sun et al., 2022). The increased N supply environment can induce a significant effect on resource use in plants (Wang et al., 2017; Wan et al., 2019); therefore, continuous N addition conditions will promote plant invasion (Liu et al., 2018a; Luo et al., 2020), such as facilitating invasive plants to synthesize more photosynthetic compounds in the leaves, which supports plant growth (Huang et al., 2022). The physiological analysis showed that Chl contents increased with elevated N levels, which may contribute to the photosynthetic capacity and growth of S. canadensis. The GO and KEGG pathway enrichment analyses also showed that many genes were related to the GO terms ‘photosynthesis’ and ‘photosystem I reaction center’ and the KEGG pathway ‘photosynthesis-antenna proteins’, which may be related to the Chl contents in response to the N addition environment. Sugars, as energy sources in plants, the metabolism of which can be regulated by N levels (Sun et al., 2019; Zhang et al., 2021), play regulatory roles in plant growth and development (Lastdrager et al., 2014; Ciereszko, 2018). In this study, the soluble sugar content was upaccumulated with the N levels and reached the highest in the N10 environment. This suggests that the N environment may have an effect on the metabolic process of sugars in S. canadensis. Gene expression pattern analysis has shown that the transcription of numerous sucrose and starch metabolism-related genes will change sugar content levels (Gao et al., 2018; Zhu et al., 2018; Shao et al., 2020). The KEGG pathway enrichment analysis found that 35 DEGs were enriched in the ‘starch and sucrose metabolism’ pathway, with 12 enriched in the N5-vs.-CK and N15-vs.-CK comparison groups and 22 DEGs in the N10-vs.-CK comparison groups. The collected functional DEGs might be affected by the N environment and play an essential role in sugar metabolism in S. canadensis. In addition, previous studies have shown that antioxidant enzyme activity in plants is altered in N supplementation and fertilizer environments (Liao et al., 2019; Wang et al., 2022). With the results of this study, all three enzyme activities were elevated with N supplementation levels. For instance, the increased activities of SOD, POD and CAT were significantly elevated in the N-supplemented environment. Based on the RNA-seq dataset, DEGs encoding these enzymes were identified among the comparison groups, which might contribute to the enhanced activity of these enzymes in S. canadensis under the N level environment. Therefore, we can reasonably infer that the activity of these enzymes might be highly regulated at the protein level. Further research into higher levels of regulation will expand our current understanding of how S. canadensis responds to the N-supplemented environment.



Secondary metabolite synthesis in S. canadensis may be altered by the N environment

Plants respond to global changes by simulating special physiological and molecular responses and by modulating distinct metabolism in plant growth and development (Zandalinas et al., 2022). Therefore, plants can adapt to new energy requirements brought about by different climate and environmental scenarios (Dusenge et al., 2019; Fernie et al., 2020). In alien invasive plants, allelopathy is one of the important approaches for successful invasion. Thus, the production of allelopathic chemicals makes introduced invasive plants more competitive against local plants than natives. The allelopathic potential of S. canadensis has significantly affected the production of secondary metabolites, which contribute to its competitive abilities and its successful invasion (Wu et al., 2020a). Previous researchers found that simulated N deposition can reduce phenolic compound synthesis in plants (Sun et al., 2020). The mechanistic evidence of this phenomenon was driven by the effects on PAL, which acts as the rate-limiting enzyme for the generation of phenylpropanoids. Therefore, both PAL gene expression and PAL enzyme activity were markedly inhibited by simulated N deposition. Furthermore, other phenylpropanoid metabolism- and phenolic synthesis-related enzymes of chalcone synthase (CHS) and flavanone-3-hydroxylase (FHT) have also been reported (Deng et al., 2019). In this study, most DEGs involved in phenylpropanoid and flavonoid synthesis were collected and downregulated under N environmental conditions, such as the PAL, CAD, CHS, chalcone isomerase (CHI) and FHT genes, encoding enzymes that promote phenylpropanoid and flavonoid secondary metabolite accumulation.

In addition, based on the KEGG enrichment analysis, some terpenoid synthesis-related DEGs were also collected. Many of these DEGs enriched in the sesquiterpenoid and triterpenoid synthesis pathways were downregulated in the N addition environment, such as the squalene monooxygenase gene, nerolidol synthase gene, α-farnesene synthase gene and β-AS gene. In the monoterpenoid and diterpenoid pathways, except for some of the downregulated DEGs in the N addition environment, such as the 8-hydroxygeraniol dehydrogenase gene, neomenthol dehydrogenase gene, gibberellin 3β-dioxygenase gene, some DEGs were upregulated, such as the (E)-8-carboxylinalool synthase gene, KS gene and gibberellin 2beta-dioxygenase gene. The results suggest that the difference in secondary metabolism-related genes may especially respond to the N environment, which may give rise to the specific accumulation of secondary metabolites. It is thought that the ability of plants to synthesize large numbers of specialized secondary metabolites helps them adapt to changing environments (Panda et al., 2021). These results indicate that the N addition environment may alter the secondary metabolism process in S. canadensis, which would affect allelopathic abilities and change plant chemical defenses with climate change.



Transcriptome analysis of the effects of the N addition response of S. canadensis

Plant invasion is a major component of global change that could affected by other components of global change (Liu et al., 2018b; Ren et al., 2020). It is predicted that plant invasions will further increase as the global environment continues to change (Liu et al., 2017). Environmental change can increase the dispersal rate and population growth of alien species and may promote their invasion range (Sandel and Dangremond, 2012; Liu et al., 2017). In this study, some DEGs were detected of S. canadensis among different N level environment, which may play an important role in responding to changes in N addition environment and promote to spread in new area.

Nitrogen is often the most limiting nutrient for plant growth in most ecosystems, which is very important for fast-growing plants, especially invasive plants (Uddin and Robinson, 2018; Zhang et al., 2022). Invasive plants have more advantages in N allocation than native plants, which will promote the response of invasive plants to the N environment (Hu et al., 2022; Oduor, 2022). To explore the response of S. canadensis under a N environment, transcriptome analysis was performed among different N deposition level environments. Previous studies suggested that N levels can significantly affect the growth of S. canadensis (Wan et al., 2018). The successful invasion of the exotic plant S. canadensis may be significantly affected by the N addition environment (Liu X. S. et al., 2022). In this study, most plant growth- and development-related genes were differentially expressed in the N environment comparison groups. Based on the essential functional GO terms related to the N metabolism process, plant growth and photosystem, such as ‘nitrate assimilation’, ‘reactive nitrogen species metabolic process’, ‘nitrogen cycle metabolic process’, ‘nitrogen utilization’, ‘photosystem I reaction center’, and ‘growth factor activity’. KEGG enrichment analysis showed that many DEGs with the function of plant development-related pathways were significantly enriched, such as plant hormone, sugar metabolism and circadian rhythm-related pathways. As a result of response of other invasive plants under N deposition environment (Huang et al., 2022), N supplement conditions may change the growth, energy metabolism rate and availability of N resources of S. canadensis.

Furthermore, according to the gene expression network analysis, in addition to the plant growth- and development-related DEGs, many regulator genes were collected in the different modules, such as histone genes, zinc finger protein genes, E3 ubiquitin-protein ligase genes and transcription factor genes. These DEGs may play regulatory roles in plant growth and development in an N-addition environment.




Conclusion

In this study, we explored the effect of the N environment response of S. canadensis in physiology and transcriptome analysis. The physiological data showed that the photosynthetic pigment and soluble sugar contents were elevated by N addition. The antioxidant enzyme activities were altered in different N level environments. Transcriptome analysis showed that photosynthesis- and sugar metabolism process-related genes were also upregulated under N addition. In addition, secondary metabolism-related genes were affected in the N environment, and most of the phenol, flavonoid and sesquiterpenoid and triterpenoid metabolism-related DEGs were downregulated in the N environment. Most monoterpenoid- and diterpenoid-related DEGs were upregulated. As a result, many regulated genes were collected and may play vital roles in S. canadensis under N addition. Taken together, our work provides valuable information for the responses of S. canadensis to the N deposition environment, and the elevated N level environment may facilitate the fast growth and spread of invasive plant species.



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 in the article/Supplementary Material.



Author contributions

MW designed the research, analyzed the data and wrote the manuscript. HL provided the methodology and revised the manuscript. YZ and MS performed the experiments. Investigation. BL and TZ participated in the design of the study. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the science and technology research project of Henan Province (agricultural field): Research on preparation, function and health food of bioactive peptide from Dioscorea opposita Thunb(182102110093).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1005023/full#supplementary-material



References

 Asim, A., Gokce, Z. N. O., Bakhsh, A., Cayli, I. T., Aksoy, E., Caliskan, S., et al. (2021). Individual and combined effect of drought and heat stresses in contrasting potato cultivars overexpressing miR172b-3p. Turkish J. Agric. Forestry 45, 651–668. doi: 10.3906/tar-2103-60

 Bradley, B. A., Blumenthal, D. M., Wilcove, D. S., and Ziska, L. H. (2010). Predicting plant invasions in an era of global change. Trends In Ecol. Evol. 25, 310–318. doi: 10.1016/j.tree.2009.12.003

 Cao, Y., Luo, Q., Tian, Y., and Meng, F. (2017). Physiological and proteomic analyses of the drought stress response in Amygdalus mira (Koehne) yü et Lu roots. BMC Plant Biol. 17, 53. doi: 10.1186/s12870-017-1000-z

 Carboni, M., Gueguen, M., Barros, C., Georges, D., Boulangeat, I., Douzet, R., et al. (2018). Simulating plant invasion dynamics in mountain ecosystems under global change scenarios. Global Change Biol. 24, E289–E302. doi: 10.1111/gcb.13879

 Chu, F. F., Cheng, J., Zhang, X. D., Ye, Q., Chen, S. T., Zhou, J. H., et al. (2019). Transcriptome and key gene expression related to carbon metabolism and fatty acid synthesis of Chlorella vulgaris under a nitrogen starvation and phosphorus repletion regime. J. Appl. Phycol. 31, 2881–2893. doi: 10.1007/s10811-019-01811-y

 Chuang, L., Liu, S. Y., Biedermann, D., and Franke, J. (2022). Identification of early quassinoid biosynthesis in the invasive tree of heaven (Ailanthus altissima) confirms evolutionary origin from protolimonoids. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.958138

 Ciereszko, I. (2018). Regulatory roles of sugars in plant growth and development. Acta Societatis Botanicorum Poloniae 87, 3583. doi: 10.5586/asbp.3583

 Cocozza, C., Bartolini, P., Brunetti, C., Miozzi, L., Pignattelli, S., Podda, A., et al. (2022). Modulation of class III peroxidase pathways and phenylpropanoids in arundo donax under salt and phosphorus stress. Plant Physiol. Biochem. 183, 151–159. doi: 10.1016/j.plaphy.2022.05.002

 Deng, B., Li, Y. Y., Lei, G., and Liu, G. H. (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

 Dentener, F., Drevet, J., Lamarque, J. F., Bey, I., Eickhout, B., Fiore, A. M., et al. (2006). Nitrogen and sulfur deposition on regional and global scales: A multimodel evaluation. Global Biogeochem. Cycles 20, 1–21. doi: 10.1029/2005GB002672

 Diagne, C., Leroy, B., Vaissiere, A. C., Gozlan, R. E., Roiz, D., Jaric, I., et al. (2021). High and rising economic costs of biological invasions worldwide. Nature 592, 571–576. doi: 10.1038/s41586-021-03405-6

 Dong, M., Lu, J., Zhang, W., Chen, J., and Li, B. (2006). Canada Goldenrod (Solidago canadensis): An invasive alien weed rapidly spreading in China. Acta Phytotaxon. Sin. 44, 72–85. doi: 10.1360/aps050068

 Dong, L. J., Yang, J. X., Yu, H. W., and He, W. M. (2017). Dissecting Solidago canadensis-soil feedback in its real invasion. Ecol. Evol. 7, 2307–2315. doi: 10.1002/ece3.2743

 Dusenge, M. E., Duarte, A. G., and Way, D. A. (2019). Plant carbon metabolism and climate change: elevated CO2 and temperature impacts on photosynthesis, photorespiration and respiration. New Phytol. 221, 32–49. doi: 10.1111/nph.15283

 Fernie, A. R., Bachem, C. W. B., Helariutta, Y., Neuhaus, H. E., Prat, S., Ruan, Y. L., et al. (2020). Synchronization of developmental, molecular and metabolic aspects of source-sink interactions. Nat. Plants 6, 55–66. doi: 10.1038/s41477-020-0590-x

 Gao, M., Zhang, S., Luo, C., He, X., Wei, S., Jiang, W., et al. (2018). Transcriptome analysis of starch and sucrose metabolism across bulb development in Sagittaria sagittifolia. Gene 649, 99–112. doi: 10.1016/j.gene.2018.01.075

 Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I., et al. (2011). Full-length transcriptome assembly from RNA-seq data without a reference genome. Nat. Biotechnol. 29, 644–652. doi: 10.1038/nbt.1883

 Gusev, A. P. (2015). The impact of invasive Canadian goldenrod (Solidago canadensis l.) on regenerative succession in old fields (the southeast of Belarus). Russian J. Biol. Invasions 6, 74–77. doi: 10.1134/S2075111715020034

 Heshmati, I., Khorasani, N., Shams-Esfandabad, B., and Riazi, B. (2019). Forthcoming risk of Prosopis juliflora global invasion triggered by climate change: Implications for environmental monitoring and risk assessment. Environ. Monit. Assess. 191, 72. doi: 10.1007/s10661-018-7154-9

 Hu, C. C., Liu, X. Y., Yan, Y. X., Lei, Y. B., Tan, Y. H., and Liu, C. Q. (2022). A new isotope framework to decipher leaf-root nitrogen allocation and assimilation among plants in a tropical invaded ecosystem. Sci. Total Environ. 806, 151203. doi: 10.1016/j.scitotenv.2021.151203

 Hu, Y. B., Peuke, A. D., Zhao, X. Y., Yan, J. X., and Li, C. M. (2019). Effects of simulated atmospheric nitrogen deposition on foliar chemistry and physiology of hybrid poplar seedlings. Plant Physiol. Biochem. 143, 94–108. doi: 10.1016/j.plaphy.2019.08.023

 Huang, F. F., Zhou, G. H., Liao, H. X., Fan, Z. X., and Chen, B. M. (2022). Simulated nitrogen deposition induces shifts in growth and resource-use strategies during range expansion of an invasive plant. Biol. Invasions 24, 621–633. doi: 10.1007/s10530-021-02668-4

 Hui, C., Richardson, D. M., Landi, P., Minoarivelo, H. O., Roy, H. E., Latombe, G., et al. (2021). Trait positions for elevated invasiveness in adaptive ecological networks. Biol. Invasions 23, 1965–1985. doi: 10.1007/s10530-021-02484-w

 Hura, T., Hura, K., Ostrowska, A., Gadzinowska, J., Urban, K., and Pawłowska, B. (2022). The role of invasive plant species in drought resilience in agriculture: the case of sweet briar (Rosa rubiginosa l.). J. Exp. Bot., erac377. doi: 10.1093/jxb/erac377

 Jin, H., Yuan, Y., Gao, F., Oduor, A. M. O., and Li, J. (2020). The invasive plant Solidago canadensis exhibits partial local adaptation to low salinity at germination but not at later life-history stages. Am. J. Bot. 107, 599–606. doi: 10.1002/ajb2.1456

 Kayihan, D. S., Aksoy, E., and Kayihan, C. (2021). Identification and expression profiling of toxic boron-responsive microRNAs and their targets in sensitive and tolerant wheat cultivars. Turkish J. Agric. And Forestry 45, 411–433. doi: 10.3906/tar-2102-5

 Khan, F. S., Gan, Z. M., Li, E. Q., Ren, M. K., Hu, C. G., and Zhang, J. Z. (2022). Transcriptomic and physiological analysis reveals interplay between salicylic acid and drought stress in citrus tree floral initiation. Planta 255, 24. doi: 10.1007/s00425-021-03801-2

 Lastdrager, J., Hanson, J., and Smeekens, S. (2014). Sugar signals and the control of plant growth and development. J. Exp. Bot. 65, 799–807. doi: 10.1093/jxb/ert474

 Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-seq data with or without a reference genome. BMC Bioinf. 12, 323. doi: 10.1186/1471-2105-12-323

 Li, J. M., Du, L. S., Guan, W. B., Yu, F. H., and Van Kleunen, M. (2016). Latitudinal and longitudinal clines of phenotypic plasticity in the invasive herb Solidago canadensis in China. Oecologia 182, 755–764. doi: 10.1007/s00442-016-3699-x

 Li, Y. R. Z., Wang, M. D., Teng, K., Dong, D., Liu, Z. C., Zhang, T. J., et al. (2022). Transcriptome profiling revealed candidate genes, pathways and transcription factors related to nitrogen utilization and excessive nitrogen stress in perennial ryegrass. Sci. Rep. 12, 3353. doi: 10.1038/s41598-022-07329-7

 Liao, L., Dong, T. T., Qiu, X., Rong, Y., Sun, G. C., Wang, Z. H., et al. (2019). Antioxidant enzyme activity and growth responses of Huangguogan citrus cultivar to nitrogen supplementation. Biosci. Biotechnol. Biochem. 83, 1924–1936. doi: 10.1080/09168451.2019.1634513

 Liu, X. S., Cai, J. F., Liu, L., Sun, K., Jiang, F., Shen, Y. L., et al. (2022). Nitrogen addition frequency and propagule pressure influence Solidago canadensis invasion into native plant community. Ecosyst. Health Sustainability, 8:1, 2052763. doi: 10.1080/20964129.2022.2052763

 Liu, Y. J., Liu, M., Xu, X. L., Tian, Y. Q., Zhang, Z., and Van Kleunen, M. (2018b). The effects of changes in water and nitrogen availability on alien plant invasion into a stand of a native grassland species. Oecologia 188, 441–450. doi: 10.1007/s00442-018-4216-1

 Liu, Y. J., Oduor, A. M. O., Zhang, Z., Manea, A., Tooth, I. M., Leishman, M. R., et al. (2017). Do invasive alien plants benefit more from global environmental change than native plants? Global Change Biol. 23, 3363–3370. doi: 10.1111/gcb.13579

 Liu, Y. Y., Sun, Y., Muller-Scharer, H., Yan, R., Zhou, Z. X., Wang, Y. J., et al. (2019). Do invasive alien plants differ from non-invasives in dominance and nitrogen uptake in response to variation of abiotic and biotic environments under global anthropogenic change? Sci. Total Environ. 672, 634–642. doi: 10.1016/j.scitotenv.2019.04.024

 Liu, G., Yang, Y. B., and Zhu, Z. H. (2018a). Elevated nitrogen allows the weak invasive plant Galinsoga quadriradiata to become more vigorous with respect to inter-specific competition. Sci. Rep. 8, 3136. doi: 10.1038/s41598-018-21546-z

 Liu, Z., Yu, H. W., Sun, X., and Ding, J. Q. (2022). Effects of elevated temperature on chemistry of an invasive plant, its native congener and their herbivores. J. Plant Ecol. 15, 450–460. doi: 10.1093/jpe/rtab013

 Liu, X. J., Zhang, Y., Han, W. X., Tang, A. H., Shen, J. L., Cui, Z. L., et al. (2013). Enhanced nitrogen deposition over China. Nature 494, 459–462. doi: 10.1038/nature11917

 Luo, X., Xu, X. Y., Zheng, Y., Guo, H., and Hu, S. J. (2019). The role of phenotypic plasticity and rapid adaptation in determining invasion success of Plantago virginica. Biol. Invasions 21, 2679–2692. doi: 10.1007/s10530-019-02004-x

 Luo, X., Zheng, Y., Xu, X. H., Xiao, R., and Guo, H. (2020). The impacts of warming and nitrogen addition on competitive ability of native and invasive populations of Plantago virginica. J. Plant Ecol. 13, 676–682. doi: 10.1093/jpe/rtaa055

 Mao, Q. G., Lu, X. K., Wang, C., Zhou, K. J., and Mo, J. M. (2017). Responses of understory plant physiological traits to a decade of nitrogen addition in a tropical reforested ecosystem. For. Ecol. Manage. 401, 65–74. doi: 10.1016/j.foreco.2017.06.047

 Mattingly, W. B., and Reynolds, H. L. (2014). Soil fertility alters the nature of plant-resource interactions in invaded grassland communities. Biol. Invasions 16, 2465–2478. doi: 10.1007/s10530-014-0678-1

 Merow, C., Bois, S. T., Allen, J. M., Xie, Y., and Silander, J. A. (2017). Climate change both facilitates and inhibits invasive plant ranges in new England. Proc. Natl. Acad. Sci. 114, E3276–E3284. doi: 10.1073/pnas.1609633114

 Midolo, G., Alkemade, R., Schipper, A. M., Benitez-Lopez, A., Perring, M. P., and De Vries, W. (2019). Impacts of nitrogen addition on plant species richness and abundance: A global meta-analysis. Global Ecol. Biogeogr. 28, 398–413. doi: 10.1111/geb.12856

 Nguyen, M. A., Ortega, A. E., Nguyen, K. Q., Kimball, S., Goulden, M. L., and Funk, J. L. (2016). Evolutionary responses of invasive grass species to variation in precipitation and soil nitrogen. J. Ecol. 104, 979–986. doi: 10.1111/1365-2745.12582

 Nolf, M., Pagitz, K., and Mayr, S. (2014). Physiological acclimation to drought stress in Solidago canadensis. Physiol. Plantarum 150, 529–539. doi: 10.1111/ppl.12100

 Oduor, A. M. O. (2022). Native plant species show evolutionary responses to invasion by Parthenium hysterophorus in an African savanna. New Phytol. 233, 983–994. doi: 10.1111/nph.17574

 Oduor, A. M. O., Adomako, M. O., Yuan, Y., and Li, J.-M. (2022). Older populations of the invader Solidago canadensis exhibit stronger positive plant-soil feedbacks and competitive ability in China. Am. J. Bot. 109, 1230–1241. doi: 10.1002/ajb2.16034

 Panda, S., Kazachkova, Y., and Aharoni, A. (2021). Catch-22 in specialized metabolism: balancing defense and growth. J. Exp. Bot. 72, 6027–6041. doi: 10.1093/jxb/erab348

 Parepa, M., Fischer, M., and Bossdorf, O. (2013). Environmental variability promotes plant invasion. Nat. Commun. 4, 1604. doi: 10.1038/ncomms2632

 Payne, R. J., Dise, N. B., Field, C. D., Dore, A. J., Caporn, S. J. M., and Stevens, C. J. (2017). Nitrogen deposition and plant biodiversity: past, present, and future. Front. Ecol. Environ. 15, 431–436. doi: 10.1002/fee.1528

 Peng, Y., Yang, J. X., Zhou, X. H., Peng, P. H., Li, J. J., Zhang, S. M., et al. (2019). An invasive population of Solidago canadensis is less sensitive to warming and nitrogen-addition than its native population in an invaded range. Biol. Invasions 21, 151–162. doi: 10.1007/s10530-018-1812-2

 Pysek, P., Jarosik, V., Hulme, P. E., Pergl, J., Hejda, M., Schaffner, U., et al. (2012). A global assessment of invasive plant impacts on resident species, communities and ecosystems: the interaction of impact measures, invading species' traits and environment. Global Change Biol. 18, 1725–1737. doi: 10.1111/j.1365-2486.2011.02636.x

 Qu, R. J., Cao, Y. W., Zhang, H. B., Miao, Y. J., Wei, L., Tang, X. Q., et al. (2021). Transcriptome analysis of nitrogen metabolism, transcription factors, and indigoid biosynthesis in Isatis indigotica fort. response to nitrogen availability. J. Plant Growth Regul. 40, 1181–1197. doi: 10.1007/s00344-020-10178-1

 Questad, E. J., Fitch, R. L., Paolini, J., Hernandez, E., and Suding, K. N. (2021). Nitrogen addition, not heterogeneity, alters the relationship between invasion and native decline in California grasslands. Oecologia 197, 651–660. doi: 10.1007/s00442-021-05049-9

 Quinet, M., Vromman, D., Clippe, A., Bertin, P., Lequeux, H., Dufey, I., et al. (2012). Combined transcriptomic and physiological approaches reveal strong differences between short- and long-term response of rice (Oryza sativa) to iron toxicity. Plant Cell Environ. 35, 1837–1859. doi: 10.1111/j.1365-3040.2012.02521.x

 Ren, G. Q., Yang, H. Y., Li, J., Prabakaran, K., Dai, Z. C., Wang, X. P., et al. (2020). The effect of nitrogen and temperature changes on Solidago canadensis phenotypic plasticity and fitness. Plant Species Biol. 35, 283–299. doi: 10.1111/1442-1984.12280

 Ribeiro, P. C. D., Menendez, E., Da Silva, D. L., Bonieck, D., Ramirez-Bahena, M. H., Resende-Stoianoff, M. A., et al. (2017). Invasion of the Brazilian campo rupestre by the exotic grass Melinis minutiflora is driven by the high soil n availability and changes in the n cycle. Sci. Total Environ. 577, 202–211. doi: 10.1016/j.scitotenv.2016.10.162

 Sandel, B., and Dangremond, E. M. (2012). Climate change and the invasion of California by grasses. Global Change Biol. 18, 277–289. doi: 10.1111/j.1365-2486.2011.02480.x

 Seabloom, E. W., Borer, E. T., Buckley, Y. M., Cleland, E. E., Davies, K. F., Firn, J., et al. (2015). Plant species' origin predicts dominance and response to nutrient enrichment and herbivores in global grasslands. Nat. Commun. 6, 7710. doi: 10.1038/ncomms8710

 Shao, K., Bai, Z. Q., Li, M. H., Yu, C., Shao, J. W., Sun, Y. Q., et al. (2020). Sucrose metabolism enzymes affect sucrose content rather than root weight in sugar beet (Beta vulgaris) at different growth stages. Sugar Tech 22, 504–517. doi: 10.1007/s12355-019-00781-2

 Simberloff, D., Martin, J. L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, J., et al. (2013). Impacts of biological invasions: what's what and the way forward. Trends Ecol. Evol. 28, 58–66. doi: 10.1016/j.tree.2012.07.013

 Sun, K., Cai, J. F., Zhang, Y., Mu, Y. N., Si-Ha, A., Shen, Y. L., et al. (2022). Heterogeneous nitrogen supply with high frequency and ramet damage increases the benefits of clonal integration in invasive Hydrocotyle vulgaris. Front. Plant Sci. 13, 825492. doi: 10.3389/fpls.2022.825492

 Sun, Y. M., Guo, J. J., Li, Y. R., Luo, G. W., Li, L., Yuan, H. Y., et al. (2020). Negative effects of the simulated nitrogen deposition on plant phenolic metabolism: A meta-analysis. Sci. Total Environ. 719, 137442. doi: 10.1016/j.scitotenv.2020.137442

 Sun, Y. M., Hou, M. L., Mur, L., Yang, Y. H., Zhang, T., Xu, X. Y., et al. (2019). Nitrogen drives plant growth to the detriment of leaf sugar and steviol glycosides metabolisms in stevia (Stevia rebaudiana bertoni). Plant Physiol. Biochem. 141, 240–249. doi: 10.1016/j.plaphy.2019.06.008

 Szymura, M., and Szymura, T. H. (2013). Soil preferences and morphological diversity of goldenrods (Solidago l.) from south-western Poland. Acta Societatis Botanicorum Poloniae 82, 107–115. doi: 10.5586/asbp.2013.005

 Uddin, M. N., and Robinson, R. W. (2018). Can nutrient enrichment influence the invasion of Phragmites australis? Sci. Total Environ. 613, 1449–1459. doi: 10.1016/j.scitotenv.2017.06.131

 Vallano, D. M., Selmants, P. C., and Zavaleta, E. S. (2012). Simulated nitrogen deposition enhances the performance of an exotic grass relative to native serpentine grassland competitors. Plant Ecol. 213, 1015–1026. doi: 10.1007/s11258-012-0061-1

 Wan, L. Y., Qi, S. S., Dai, Z. C., Zou, C. B., Song, Y. G., Hu, Z. Y., et al. (2018). Growth responses of Canada goldenrod (Solidago canadensis l.) to increased nitrogen supply correlate with bioavailability of insoluble phosphorus source. Ecol. Res. 33, 261–269. doi: 10.1007/s11284-017-1552-2

 Wan, L. Y., Qi, S. S., Zou, C. B., Dai, Z. C., Ren, G. Q., Chen, Q., et al. (2019). Elevated nitrogen deposition may advance invasive weed, Solidago canadensis, in calcareous soils. J. Plant Ecol. 12, 846–856. doi: 10.1093/jpe/rtz019

 Wang, W. X., Shen, C. C., Xu, Q., Zafar, S., Du, B., and Xing, D. Y. (2022). Grain yield, nitrogen use efficiency and antioxidant enzymes of rice under different fertilizer n inputs and planting density. Agronomy-Basel 12, 430. doi: 10.3390/agronomy12020430

 Wang, C. Y., Zhou, J. W., Liu, J., and Jiang, K. (2017). Differences in functional traits between invasive and native Amaranthus species under different forms of n deposition. Sci. Nat. 104, 59. doi: 10.1007/s00114-017-1482-4

 Wu, M., Ge, Y. M., Xu, C. C., and Wang, J. B. (2020a). Metabolome and transcriptome analysis of hexaploid Solidago canadensis roots reveals its invasive capacity related to polyploidy. Genes 11, 187. doi: 10.3390/genes11020187

 Wu, M., Li, Z., and Wang, J. (2020b). Transcriptional analyses reveal the molecular mechanism governing shade tolerance in the invasive plant Solidago canadensis. Ecol. Evol. 10, 4397–4406. doi: 10.1002/ece3.6206

 Wu, M., Liu, H. Y., Li, B. B., and Zhu, T. (2021). Integrated analysis of mRNA-seq and miRNA-seq reveals the advantage of polyploid Solidago canadensis in sexual reproduction. BMC Plant Biol. 21, 462. doi: 10.1186/s12870-021-03240-x

 Ye, X. Q., Yan, Y. N., Wu, M., and Yu, F. H. (2019). High capacity of nutrient accumulation by invasive Solidago canadensis in a coastal grassland. Front. Plant Sci. 10, 575. doi: 10.3389/fpls.2019.00575

 Yu, G. R., Jia, Y. L., He, N. P., Zhu, J. X., Chen, Z., Wang, Q. F., et al. (2019). Stabilization of atmospheric nitrogen deposition in China over the past decade. Nat. Geosci. 12, 424–429. doi: 10.1038/s41561-019-0352-4

 Zandalinas, S. I., Balfagon, D., Gomez-Cadenas, A., and Mittler, R. (2022). Plant responses to climate change: metabolic changes under combined abiotic stresses. J. Exp. Bot. 73, 3339–3354. doi: 10.1093/jxb/erac073

 Zhang, Y. L., Leng, Z. R., Wu, Y. M., Jia, H., Yan, C. L., Wang, X. H., et al. (2022). Interaction between nitrogen, phosphorus, and invasive alien plants. Sustainability 14, 746. doi: 10.3390/su14020746

 Zhang, L. H., Sun, S. M., Liang, Y. H., Li, B. Y., Ma, S. Y., Wang, Z. Y., et al. (2021). Nitrogen levels regulate sugar metabolism and transport in the shoot tips of crabapple plants. Front. Plant Sci. 12, 626149. doi: 10.3389/fpls.2021.626149

 Zhong, G., Wu, Z., Yin, J., and Chai, L. (2017). Responses of Hydrilla verticillata (L.f.) royle and Vallisneria natans (Lour.) hara to glyphosate exposure. Chemosphere 193, 385–393. doi: 10.1016/j.chemosphere.2017.10.173

 Zhu, J. H., Qi, J. Y., Fang, Y. J., Xiao, X. H., Li, J. H., Lan, J. X., et al. (2018). Characterization of sugar contents and sucrose metabolizing enzymes in developing leaves of Hevea brasiliensis. Front. Plant Sci. 9, 58. doi: 10.3389/fpls.2018.00058


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 © 2023 Wu, Liu, Zhang, Li, Zhu and Sun. 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-14-1005023-g002.jpg
N15-vs-CK
NS N10

N5-vs-CK N10-vs-CK






OEBPS/Images/fpls-14-1005023-g007.jpg
black

greenyellow

|

L]

]
]
L

L
]
L

90 v0 <Z0 00 <¢0-
uoIssaxdxa auan

DDDHHHDDDDDD

v0 ¢O0 00 ¢ 0-
uoIssaIdxa duan)

N5 NIO NI5

CK

N5 NI10 NIS

CK

blue

brown

v0 ¢O0 00 ¢ 0-
uoISSaIdxd ouan)

]
]
]

vo <¢0 00 v'0-
UOISSAIdXd Quan)

N5 NI10 NIS5

CK

N5 NI10O NI5

CK

DUDDUUUUUUHH

€0 10 L °0- € 0-
uoIssaIdxd quan)

DDDEDDDDDHHD

90 v0 ¢0 00 <¢0-
UuOoIsSaIdXd UAN)

N5 NI10O NI15

CK

N5 NI10 NI15

CK





OEBPS/Images/fpls-14-1005023-g004.jpg
Pathway enrichment

Stencid blosynthesis

Starch and sucrose metabolsm
Riboflavin metabolsm

Plant hormone signal transduction
Photosynthesis-antanna proteins
Photosynihesis

Phonyipropancid biosyrthesis

Moncterpencid biosyrthesis
Lingle acd metabolsm
Isoqunolne alkalcid biosynihesis
Isoflavoncid biosynthess
Homologous recombinaton
Glycosphingolpid biosyrihesis
Glutahione matabolsm

DA replcaton
Cyancamng acid motabolsm
Brassinoslercid biosyrihess
Benzoxazinoid biosynthesis
Base excision repair

25 5.0 75

009
006

003

Gene number
® 5
®
®
@ »

Pathway enrichment

Ascorbate and aldarate metabolism

®
® «
@ =

Pathway enrichment

Qvalue
03
02

01

Gene number
e
®
@ »





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Physiology and transcriptome analysis of the response mechanism of Solidago canadensis to the nitrogen addition environment

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and experimental design

          



          		

            Physiological measurements

          



          		

            RNA and cDNA library preparation

          



          		

            De novo transcriptome assembly and annotation

          



          		

            Gene expression pattern analysis

          



          		

            Gene coexpression network analysis

          



          		

            Statistical analysis

          



          		

            Validation of qRT-PCR analysis

          



        



        



        		

          Result

        

          		

            Physiological and biochemical responses to different N level environments

          



          		

            Overview of gene expression patterns

          



          		

            Analysis of differentially expressed genes

          



          		

            GO functional analysis of DEGs

          



          		

            KEGG pathway analysis of DEGs

          



          		

            Plant growth and development related DEGs

          



          		

            Secondary metabolism related DEGs

          



          		

            Gene expression network analysis

          



          		

            Verification of gene expression by qRT-PCR

          



        



        



        		

          Discussion

        

          		

            Physiological responses of S. canadensis in the N addition environment

          



          		

            Secondary metabolite synthesis in S. canadensis may be altered by the N environment

          



          		

            Transcriptome analysis of the effects of the N addition response of S. canadensis

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Number of
genes

GO terms

KEGG pahtways

Related genes

greenyellow

black

brown

blue

red

61

100

212

275

101

52

Photosynthesis, light harvesting in
photosystem T

Regulation of ARF protein signal
transduction

Chloroplast organization

Developmental growth

Protein heterodimerization activity
Integral component of membrane

Photosynthesis, light harvesting in

photosystem I

Photosystem II oxygen evolving complex

Superoxide dismutase activity
Regulation of transcription

peroxidase activity

DNA-binding transcription factor activity

Antioxidant activity

Integral component of membrane

Signal transduction

Nitronate monooxygenase activity

Auxin-activated signaling pathway
Zinc ion binding

Terpene synthase activity

DNA-binding transcription factor activity

Starch biosynthetic process

Hydrogen peroxide catabolic process

Monoterpenoid biosynthesis

Isoflavonoid biosynthesis

Phenylpropanoid biosynthesis
Photosynthesis - antenna proteins
Flavonoid biosynthesis

Starch and sucrose metabolism
Photosynthesis - antenna proteins

Phenylpropanoid biosynthesis

Photosynthesis

Peroxisome

Sesquiterpenoid and triterpenoid
biosynthesis

Starch and sucrose metabolism
Photosynthesis

Nitrogen metabolism

Plant hormone signal transduction
Starch and sucrose metabolism
MAPK signaling pathway - plant

Sesquiterpenoid and triterpenoid
biosynthesis

Circadian rhythm - plant
Plant hormone signal transduction
Circadian rhythm - plant

Phenylpropanoid biosynthesis

ARF, CHI, Lhcb2, MNR, SuSy, etc.

EF, POD, Lhcb3, Lhcbd, etc.

PsbP, PsaD, CRY, EL, etc.

EL, Lhcb2, ERF, SBP, psaA, psaB, SuSy, -
AS, etc.

SuSy, BRI1, PIN, AP2, COL3, etc.

POD, ERF, LHY, CAD, COL2, etc.





OEBPS/Images/fpls-14-1005023-g008.jpg
¢84085.graph_c0

090345‘aph <0 c79917.graph_c0

c87314.graph_c0 /
€63932.graph_c0 . e

076969.aph_C1 089895.aph_00
€93958.graph_c0 c8409

c6359¢ 63052

v

sgp-°"

c83275.graph_c0

ph_c0
B

73293 /grag *

c66758

c64718.graph_c1 689527623
¢82350.graph_c0 93108
c819

c69037.graph_c0

aph_c0
ph_co €96758.graph_c0

86374 .graph_c0 €947
c7306 phCe8

c84523 . graph_c1

| c73849.graph_c0
_7 ] ph_c0

92682
78156.graph
co3684.grait P OLaRh S8 120 Ot e

«

oI IRPL "

c85474 .graph_c1

c84127.graph_c0
94314 .graphcd3P96-graph_c0

€69025.graph_c0

79850 graph_c0

¢81051.graph_c0

¢82104.graph_c0

¢73133(graph_c0
(g?ﬁ) aph_
¢91619.graph_c0 g4 655.graph_ 856 ph_c0

€95043.97

©73694 Gaph 1

679398 graph_c0
88337 Gaph_c0 {
88907(@aph c0

c76779@8aph_c0

c74744.graph_c0

c74991(graph_cO
c91046{graph c0

c97133.

93653 graph c2
64328.graph c0
c35885.graph.c0

©79449.graph_c0
c81313.graph. c0 |
©92199.graph 0 3

¢91766.graph.c0

c86797‘

¢71926.graph_c0
ph_cO  ¢77207.graph_c0

cs7sa4oaph_c998
¢8504

c37152.graph_c0

c71158.graph_c0

; ﬁ‘ L c8a928.@aph ot
i TS . o8o730@Boh_co
HAR: ke A Pk S0 c8geT2@aph_c2

©91499.raph_c0

S S c89942.guph o0
Sk ey | c8092 h_c0
S c7933Tigh o0
BN, '<;76,{79L'9'aph_c1

"ﬁraph_cz
5 ph_c0

4067 .graph_c1
089201 §748R 0945.graph_c0
c{7718.graph_c0
83575.graph 84531 graph o _
B5728.ara0n o8 OEAR38 Graph O

c82936. 82358 graph_cO

085678 graph_2p > (oG ataph_cO

92519.graph_c0 c9088:

R Saraph_c0c72444.graph_c0

_27 B427Gr 48K 095822 graph_c

c74277.graph_c0
_682431.graph_c0

aph._c86572.9ra#998M graph_c2

c90908.’a%%ﬁ% 1 &_
I\ /(0947358raph_c0 41645 graph_co

c77455.graph_c0"

¢85157.graph_cl

Aph_c0 68941 graph_c0
A AN oT4a13 geaph S0 9P
Besilh_co’ ©92971.graph o2 graph_c0

. }

66421 graph_c0  c75674 oF 488 a9raph_c0

€65010.9e85188508vaph_cO ®
93347 @graph_c0 .

73272.graph_c0 . -
¢ graph- 77341 Sanh, S Ph-c0

¢88708 graph_c1

81619 graph. €437 graph_co






OEBPS/Images/fpls-14-1005023-g001.jpg
o
w o o o <t (s0] (9] S o

(M4 -8, -uw.N)qOd (M4 S8wW)yD

b
a I

T T T
5 0 5
1

04

(A 8/8w)aedns ojqnog

a
a I

a

a
| '
0

0.

N

(A S/jow) VN () (MJ -8 _um.N) VD

0.3





OEBPS/Images/fpls-14-1005023-g006.jpg
Height
04 05 06 07 08 09 10

0.3

Module colors

Cluster Dendrogram

MEgrey60
MEmagenta
MEgreen
MEturquoise
MEpurple
MEyellow
MEsalmon
MEblack
MEgreenyellow
MEpink

MEred [}
MElightcyan
MEtan
MEbrown
MEcyan
MEblue
MEmidnightblue
MEgrey

Module-trait relationships

N5 NI10 NIS5






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





OEBPS/Images/fpls-14-1005023-g003.jpg
m nopo!ar carboxy-lyase omrochio

cel?growth
process = regufation of

brassinosteroid
mediated

endopeptidase
inhibitor
activity

ligand-gated
ion
channel
activity

B PIOCESSH

[

COPII-coated

vesicle cargo
loading

mitotic
DNA 3

W.
orotein-chvomophore| defense
L0550 response
itiation

replication|Phosphate| tumes aphasphate
iation | #2120 | - metsoi process

hydrolase
activity,

s Ingla-stra?
telomeric
DNA
binding

extracellular |

response
to
strigolactone

response to
s| organic cyclic
compound

r‘esponse
to

cstrlgolactone

response
to fungus

~ pigment |
biosynthetic|

u-ent-arecesjMolecular| prosthetic
hosis| mee | carrier | group
activif binding

response
to

photosynthesis,
light
harvesting

“ amino-acid
racemase
activity

pOTphyrm—cfontammg
compound

priotein
autophosphorylation

protein—disulfide”
reductase
cullin-RING
ubiquitin
ligase comp

'endopeptidase

inhibitor
acﬁvﬁy

integrall i oacid [Fokeee:
[ cicl | component of | racemase
membrane | activity

ofa’hranching

phloem.-

| wnth incol oratlop or
reduction of moiecular

activity,
hydrolyzing

nltrogan
cycle
tabolic]
glucose process
import = ]

response|molecula
to cam-r
stlmulus activi

family
protein
binding

i ”
stimulus mihs

molecular [oxalate-Coa| Prosthetic|

group.
by binding

carrier
activity | act

1 \ e
process
helicase|pl

] ACHIV

small

pigment
Imolecule]viosynthetic] l
Pemcess " [utiization]

binding

calalyﬂc
activity,
cllng on

protein|





OEBPS/Images/fpls-14-1005023-g005.jpg
A

c78379.graph_c0

S csesgmph el

c88021.graph_c0

--- c55044.graph_c0

c47300.graph_c0

L
c73194.graph_c0
P ) N B 533858 graph_co
c95348.graph_c0
I

c81180.graph_c0
¢89257.graph_c0
CK N5 N10 N15

D

c81198.graph_c0
c88520.graph_c0
c77777.graph_c0
c94513.graph_c0
-- ¢90242.graph_c0
c90988.graph_c0
c87610.graph_c0

_7 W-- c70952.graph_c2
c85994.graph_c0

MY | S F] 77022, graph 0

€79639.graph_c0
c87935.graph_c2
c79103.graph_cl
c85272.graph_c0
--- c63627.graph_c0

b‘ ¢71050.graph_c0
€92342.graph_c0
c95890.graph_c0
c88506.graph_c0
c89681.graph_c0
c74429.graph_c0

| 00

C R ] c8s442.graph 0

|
A

|

c87427.graph_c0
¢70952.graph_cl

CK NS5 N10 N15

; c70616.graph_c0
--- ¢91606.graph_c0
c81708.graph_cl
© R R cs9434.graph_co
C [ N ] c76850.graph _co

c90156.graph c2
c83749.graph _c0
€79226.graph _c0
c91045.graph c0

CK N5 NI10 N15

c66307.graph_c0

--- c91081.graph_c0
c78025.graph_c0

c95159.graph_c0

c86482.graph_c0

c92342.graph c0

- -- c88520.graph_c0
c89168.graph_c0

-- c93377.graph_c0
“Q‘-- c82384.graph_c0
-- c87484.graph_c0

BN R 53736 graph_c0

c94607.graph_c0

CK N5 N10 NI15

G
c84780.graph_cl
B R 76353 graph <0
c74954.graph_c0
c94412.graph c0
c78860.graph_c0

- e I c1486.graph cl
CK N5 N15

N10

c90818.graph_c0
¢76026.graph_c0
¢85395.graph_c0
c81968.graph_c0

- c66307.graph_c0
AR A S 76458 graph_c0
c89792.graph cl
c87406.graph_c0
c95017.graph_cl

I
c78275.graph_c0
-- - c88516.graph_c0
CK N5 N15

N10

B cs5417.graph 0
I

F
(A N :92299.graph <0
-

SR osigmph o0
- e

c86881.graph cl
c86073.graph_c0

c88399.graph _c0

C [ I 56817, graph 0
--- c68955.graph_c0
-- €73694.graph_cl
-- c91264.graph c0
c96746.graph _c0
CK N5 N10 N15

H
---- 670231 graph_c0

¢82996.graph_c0
c85763.graph cl

| c66679.graph 0
I I 75567.graph_co
CK N5

N10 N15






OEBPS/Images/fpls.2023.1005023_cover.jpg
& frontiers | Frontiers in Plant Science

Physiology and transcriptome
analysis of the response
mechanism of Solidago

canadensis to the nitrogen
addition environment





OEBPS/Images/fpls-14-1005023-g009.jpg
H CK
N5

B N10
~ NI5

c78025.graph_c0

l...

D

—

.0

pil
(=]
uorssardxo aAne[ey

2.0
0.0

—

c74429.graph c0

1.0

e
S

*® N
& S

uorIssa1dxa aAnR[Y

<
S

0.0

c66307.graph_c0

T T T T T
o T B A V) |
— (=] (=] (=] (=]

uorssaIdxa 9ANR[Y

1.2
0.0

c63627.graph_c0

L

1.6
1.4
1.2
1.0
.8
0.6
0.4
0.2
0.0

(e}
uorssa1dxa aane[oy

<
=)

e
S

<t

; N
S

(=]
uoIssa1dxa oATIR[Y

c89681.graph_c0

lins

c89168.graph_c0

*
=)

e
S

<t

; N
S

(=]
uoIssa1dxa oAne[oyY

c95159.graph_c0

0.0

c94607.graph_c0

uoIssaxdxa aA1IR[OY

=

=] v o n
e —_ -

2.0

\n
I

Ne}
)

uorIssaxdxa aane[oy

¢88520.graph_c0

2.51

5

2

—

2.0
5

—

(e}
UuoISSaIdxa 9AB[OY

0.0

0.0

c87484.graph_c0

.04

1

T T T T
o b <
= S S S

uorssa1dxa sane[oy

0.0

uoISsaIdxa dATIR[OY

T T T T T
e X 4q
=) (e [
uoIssaIdxo oATJE[OY

<
=

c93377.graph_c0

c91081.graph _c0





OEBPS/Images/table1.jpg
Groups Total number  Up-regulated = Down-regulated

CK-vs-N5 654 ‘ 372 282
CK-vs-N10 1536 745 791
CK-vs-N15 640 ‘ 331 309






