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Exogenous brassinolide improves the antioxidant capacity of Pinellia ternata by enhancing the enzymatic and nonenzymatic defense systems under non-stress conditions













	 
	

	TYPE Original Research
PUBLISHED 25 July 2022
DOI 10.3389/fpls.2022.917301





Exogenous brassinolide improves the antioxidant capacity of Pinellia ternata by enhancing the enzymatic and nonenzymatic defense systems under non-stress conditions

Chenchen Guo1, Ying Chen1, Mengyue Wang1, Yu Du1, Dengyun Wu1, Jianzhou Chu1,2* and Xiaoqin Yao1,2,3*

1School of Life Sciences, Hebei University, Baoding, China

2Institute of Life Sciences and Green Development, Hebei University, Baoding, China

3Key Laboratory of Microbial Diversity Research and Application of Hebei Province, Baoding, China

[image: image]

OPEN ACCESS

EDITED BY
Antonella Castagna, University of Pisa

REVIEWED BY
Parvaiz Ahmad, Government Degree College, Pulwama
Mohammed Mujitaba Dawuda, University for Development Studies

*CORRESPONDENCE
Jianzhou Chu, cjz01me@126.com

Xiaoqin Yao, yaoxiao301@126.com

SPECIALTY SECTION
This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science

RECEIVED 11 April 2022
ACCEPTED 27 June 2022
PUBLISHED 25 July 2022

CITATION
Guo C, Chen Y, Wang M, Du Y, Wu D, Chu J and Yao X (2022) Exogenous brassinolide improves the antioxidant capacity of Pinellia ternata by enhancing the enzymatic and nonenzymatic defense systems under non-stress conditions.
Front. Plant Sci. 13:917301.
doi: 10.3389/fpls.2022.917301

COPYRIGHT
© 2022 Guo, Chen, Wang, Du, Wu, Chu and Yao. 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.

Brassinolide (BR) improves the antioxidant capacity of plants under various abiotic stresses. However, it is not clear about the effect of BR on the antioxidant capacity in plants under non-stress conditions. In the present study, the antioxidant defense response of Pinellia ternata was to be assessed by applying BR and propiconazole (Pcz) under non-stress conditions. BR treatment enhanced the flavonoid content, peroxidase, and ascorbate peroxidase (APX) activity by 12.31, 30.62, and 25.08% and led to an increase in 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity by 4.31% and a decrease in malondialdehyde content by 1.04%. Exogenous application of BR improved the expression levels of PAL, CHS, CHI, and DFR genes by 3. 18-, 3. 39-, 2. 21-, and 0.87-fold in flavonoid biosynthesis, PGI, PMI, and GME genes by 6. 60-, 1437. 79-, and 3.11-fold in ascorbic acid (ASA), biosynthesis, and γECs and GSHS genes by 6.08- and 2.61-fold in glutathione (GSH) biosynthesis pathway, and the expression of these genes were inhibited by Pcz treatment. In addition, BR treatment promoted the ASA–GSH cycle by enhancing the expression of APX, DHAR, and MDHAR genes, which were enhanced by 3. 33-, 157. 85-, and 154.91-fold, respectively. These results provided novel insights into the effect of BR on the antioxidant capacity in bulbil of P. ternata under non-stress conditions and useful knowledge of applying BR to enhance the antioxidant capacity of plants.
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Introduction

Brassinolide (BR) is a phytohormone that is essential for plant growth and development (Kaya et al., 2019). It was found that exogenous application of BR improved plants’ tolerance to abiotic stress (Khan et al., 2022). Environmental changes and anthropogenic activities have caused many abiotic stresses to plants, such as water stress, temperature stress, salinity stress, heavy metals stress, UVB and UVA radiation stress, organic pollutants stress, etc., which greatly affect plant growth and development, ultimately leading to reduced plants yields and quality and limiting the sustainability of agriculture (Hasanuzzaman et al., 2020). When changes in the environmental factors exceed the limits of plant tolerance, these factors become stressors to plant growth (Ortiz-Espín et al., 2017). BR improving plant antioxidant capacity is an effective adaptive mechanism for plants to iron deficiency stress, heavy metal stress, low-temperature stress, water stress, drought stress, etc. (Kaya et al., 2020a; Faizan et al., 2021; Sun et al., 2022). Kaya et al. (2020b) reported that brassinosteroid treatment reduced oxidative stress-related parameters by increasing dehydroascorbate reductase (DHAR), ascorbate peroxidase (APX), glutathione reductase (GR), and nitrate reductase activities of pepper under cadmium stress. BR maintains the normal growth of tomatoes by increasing antioxidant capacity under Cr (VI) metal stress (Jan et al., 2020). The epi-brassinolide treatment increased the activity of GR, APX, dismutase (SOD), and catalase (CAT), and the contents of flavonoids, total phenols, ascorbic acid (ASA), and glutathione (GSH) in tomatoes to effectively combat salinity stress (Ahanger et al., 2020). Kaya et al. (2019) have also demonstrated that BR treatment improved pepper to water stress by inducing NO generation and enhancing CAT, and POD activities, thus, reducing the malondialdehyde (MDA) and H2O2 content. It is found that abiotic stress disrupts intracellular homeostasis and leads to an increase in reactive oxygen species contents (ROSs), such as O2– and H2O2 (Faizan et al., 2021; Siddiqi and Husen, 2021). The accumulation of excessive ROS leads to oxidative damage to carbohydrates, proteins, DNA, lipids, and other macromolecules and promotes apoptosis and aging (Raja et al., 2017). Thus, BR treatment improves the antioxidant capacity to eliminate the excessive accumulation of ROSs. The molecular and physiological functions of BR have been well understood under stressful conditions (Hafeez et al., 2021). Although this research field has aroused great interest, it is not clear whether BR treatment regulates the antioxidant capacity of plants under non-stress conditions. Propiconazole (Pcz) is a specific inhibitor of BR biosynthesis in maize, Arabidopsis, and soybean (Hartwig et al., 2012; Song et al., 2019). Furthermore, it has not yet been elucidated how the antioxidant system responds to Pcz treatment under non-stress conditions.

Harmful environmental conditions induce the accumulation of ROS in plant cells. Moreover, low levels of ROS are signals for plants to respond to environmental changes. If the strength of the environmental stress surpasses the antioxidant capacity of the plant cell, it results in an intracellular redox imbalance. There are enzymatic and non-enzymatic antioxidant defense systems in plants, which maintain the balance of the antioxidant defense system and ROS accumulation. The enzymatic defense systems are mainly composed of different enzymes, such as DHAR, APX, GR, monodehydroascorbate reductase (MDHAR), SOD, CAT, and peroxidase (POD) (Ahmad et al., 2010; Basit et al., 2022). In non-enzymatic antioxidant defense, the main components of plant response to oxidative stress are flavonoids, ASA, and GSH. It is well known that abiotic stresses affect plant growth and development. Therefore, there is increasing attention to studying the physiological and molecular mechanisms that enhance plant tolerance to abiotic stress. Understanding plant responses to stress and improving plant tolerance is important to alleviate the effects of changes in environmental factors on crops.

Pinellia ternata is a perennial medicinal plant and is widely found in Eastern Asia, especially in China. In China, P. ternata is being used to treat various diseases such as vomiting, cough, traumatic injury, and inflammation (Lu et al., 2020). The demand for P. ternata is gradually increasing worldwide. Due to environmental changes and anthropogenic activities, the yield of artificial cultivation is low and cannot meet the market demand. Our previous results showed that exogenous application of BR (0.10 mg l–1) BR increased the yield, total flavonoid content, and ascorbic acid content in bulbil of P. ternata by 78.70, 13.77, and 8.04% (Guo et al., 2021). Therefore, it is necessary to further investigate the response of enzymatic and non-enzymatic antioxidant capacity of P. ternata to BR under non-stress conditions, which contributes to a better understanding of the environmental tolerance of P. ternata under artificial cultivation conditions.

In recent years, transcriptome sequencing has become an effective method for exploring the molecular mechanisms of different metabolic pathways of plants (Zhang et al., 2019).

Based on the transcriptome sequences and physiological data, the roles of BR on the enzymatic and non-enzymatic antioxidant capacity systems in bulbil of P. ternata under non-stress conditions were revealed. These results provided a reference for understanding the regulation of BR on antioxidant capacity in bulbil of P. ternata under non-stress conditions and useful knowledge of applying BR to improve the plant tolerance to abiotic stresses. We hypothesize that applying BR increases the antioxidant capacity by enhancing the enzymatic and non-enzymatic defense systems under non-stress conditions.



Materials and methods


Plant material and treatments

Seed bulbs of P. ternata were sown in pots containing humus soil. After three-leaf expanded, the control, BR-treated, and Pcz-treated plants were sprayed through the foliage with distilled water, 0.1 mg l–1 BR, and 1 μM Pcz every day, respectively. Tween 20 (0.02%, v/v) as a surfactant was mixed with the distilled water, BR, and Pcz solution. Pots were maintained in a completely randomized design placed under indoor conditions with four replicates for each treatment. Tuber and bulbil samples were collected at the bulbil expansion stage and snap-frozen using liquid nitrogen until RNA extraction and physiological indexes determination.



Measurements of flavonoid, ascorbic acid, glutathione, and malondialdehyde

The levels of flavonoid and ASA in bulbil were measured by the AlCl3 colorimetry and 24-dinitrophenylhydrazine method (Xue et al., 2021). Flavonoid and ASA content were presented as mg g–1 dried weight (DW) and mg g–1 fresh weight (FW), respectively. The levels of GSH in bulbil were determined as described previously (Krivosheeva et al., 1996) and were indicated as mg g–1 FW. MDA contents were measured by the thiobarbituric acid method and were calculated as described by Shi et al. (2017).



Measurements of peroxidase, superoxide dismutase, glutathione reductase, ascorbate peroxidase, and DPPH radical activity

The activity of SOD was measured by the method of Ghassemi-Golezani et al. (2020) and was indicated as U g–1. The activity of POD was measured by the method of Yuan et al. (2017) and was indicated as U g–1 min–1. DPPH radical activity was extracted from a dried sample with ethanol absolute and was calculated as described by Xue et al. (2021). The APX activity was performed based on a literature procedure (Nakano and Asada, 1981) and was indicated as U g–1 min–1. The activity of GR was measured by the method of Krivosheeva et al. (1996) and was presented as U g–1 min–1.



RNA isolation, cDNA library preparation, and sequencing

For RNA-Seq and qRT–PCR, RNA samples were prepared using three replicates of bulbil from each treatment. We used the RNA extraction kit (Cowin Biosciences, Beijing) to extract total RNA and checked the quality and quantity of RNA by NanoDrop2000, Agilent2100 Nano, and RNase-free agarose gel electrophoresis. The Illumina Truseq™ RNA sample preparation kit technology was used to prepare RNA-Seq libraries and the libraries were sequenced on an Illumina Nova seq 6000 platform.



Transcriptome assembly and functional annotation

After sequencing, the clean data were obtained by using the software Seqprep and sickle. We used Trinity software for clean data assembly, and the assembly results were evaluated and optimized using transrate and Busco softwares. We used the software of HMMER3 and DIAMOND to compare the assembled unigenes database with the NR, Pfam, Swiss-Prot, and COG and obtain functional annotations of unigenes by comparing the protein with the highest sequences similarity. In addition, the functional annotations and biological pathway analysis of unigenes were also performed in the KEGG database and GO database using Kobas and Blast2gO software.



Differentially expressed genes analysis

The DEGs after BR and Pcz treatments were analyzed using DEseq2. TPM (transcripts per kilobase per million mapped reads) was used to quantify gene expression. We used a P < 0.05 and | log2 (fold change)| ≥2 as the threshold for determining the significant differences between treatment and control samples. The significant enrichment terms of DEGs on the GO and KEGG database were calculated with adjusted p-values (FDR) <0.05. Subsequently, we screened unigenes participating in the flavonoid, ASA, GSH biosynthesis pathways, and ASA-GSH cycle from the functional annotation results and generated heatmaps of expression levels of these genes.



qRT–PCR analysis of filtered genes

In total, twenty-seven differentially expressed flavonoid, ascorbic acid, glutathione, and ASA–GSH metabolism-related unigenes were selected for qRT–PCR analysis. The reverse transcription kit (Vazyme, Nanjing, China) reverse transcribes 1 μg of total RNA into cDNA for qPCR. The qRT–PCR reactions were carried out using a 20 μl reaction volume containing Chamq universal SYBR qPCR master mix (Vazyme, Nanjing, China), primer, cDNA template, and ddH2O and were performed on a LightCycle 96 system (Roche, Switzerland). All the primers of unigenes were designed online by the Integrated DNA Technologies website (Supplementary Table 1). The relative expression levels of unigenes were calculated by the 2–Δ Δ CT method using the 18s gene of P. ternata as a reference gene (Xue et al., 2019).



Statistical analysis

The physiological data were expressed as mean values representing four biological replicates ± standard error. The physiological data were performed with the software Statistical Package for Social Science (SPSS, version 26.0). Homogeneity of variance was tested using the Levene test before analysis. Results were statistically analyzed using one-way ANOVA, followed by Tukey’s test to ascertain whether they were significantly different (p<0.05).




Results


Effects of applying brassinolide on flavonoid, ascorbic acid, and glutathione contents

Application of BR resulted in an increase of 12.31% in the flavonoid content of bulbil (Figure 1). The effect of Pcz treatment on the flavonoid content was not significantly different compared with the control. The ASA content was improved by 22.77% after the Pcz application. There was no significant difference in ascorbic acid content between BR treatment and control. BR and Pcz treatments decreased the GSH content in bulbil by 2.32 and 3.03%.
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FIGURE 1
Flavonoid (A), ascorbic acid (B), and glutathione (C) content in bulbil of P. ternata under BR and Pcz treatments. The bars with different letters are significantly different from each treatment (p < 0.05). Values are means of four replicates ± SE.




Effects of brassinolide treatment on peroxidase, superoxide dismutase, glutathione reductase, and ascorbate peroxidase activities

There was no significant effect of the BR and Pcz application on the SOD activity (Figure 2A). The POD activity was enhanced by 30.62% after the BR application but was decreased by 18.87% after the Pcz application (Figure 2B). Application of BR and Pcz enhanced the APX activity by 25.08 and 29.95% (Figure 2C). In addition, the GR activity was reduced by 19.56% after the BR application but was raised by 17.91% after the Pcz application (Figure 2D).
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FIGURE 2
Superoxide dismutase [SOD (A)], peroxidase [POD (B)], ascorbate peroxidase [APX (C)], and glutathione reductase [GR (D)] activity in bulbil of P. ternata under BR and Pcz treatments. The bars with different letters are significantly different from each treatment (p < 0.05). Values are means of four replicates ± SE.




Effects of brassinolide treatment on DPPH radical activity and malondialdehyde contents

The DPPH radical scavenging was improved in BR and Pcz treatments by 4.31% and 6.37%, respectively (Figure 3A). The MDA content was reduced in the application of BR by 1.04% but was enhanced in the application of Pcz by 2.13% (Figure 3B).
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FIGURE 3
DPPH radical scavenging activity (A), and malondialdehyde content [MDA (B)] in bulbil of P. ternata under BR and Pcz treatments. The bars with different letters are significantly different from each treatment (p < 0.05). Values are means of four replicates ± SE.




RNA-seq and assembly of unigenes

To investigate the transcriptome response to BR induction in the bulbil of P. ternata, the Illumina Nova seq 6000 platform was used to sequence nine cDNA libraries constructed from high-quality RNA. These libraries produced 57,117,606, 52,536,920, 53,506,752, 53,506,752, 50,190,552, 62,617,020, 55,852,426, 55,006,196, and 54,818,536 clear reads, respectively. The Q30 (sequencing error rate <0.1%) was at least 94.25%. Subsequently, we obtained 115,445 unigenes with an N50 value of 1,189 bp by assembling clean reads. The length range of these unigenes was 201 to 18,826 bp, with an average length of 754 bp (Table 1).


TABLE 1    Length distribution of assembled unigenes.
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Function annotation and classification

A total of 40,992 unigenes (35.51%) were annotated in the six databases. For GO annotation, the main categories were “cellular process,” “metabolic process,” “cell part,” “membrane part,” “binding,” and “catalytic activity” (Figure 4A). The main classification of KEGG was assigned to “carbohydrate metabolism,” “translation,” “folding, sorting, and degradation,” “acid metabolism,” etc. (Figure 4B).
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FIGURE 4
Functional annotations of the unigenes of P. ternata bulbil transcriptome. (A), GO function annotation. (B), KEGG function annotation.




Comparative analysis of differentially expressed genes

A total of 818 (476 upregulated and 342 downregulated) and 697 (389 upregulated and 308 downregulated) unigenes were differentially expressed in BR-treated and Pcz-treated groups (Figure 5). To further investigate the DEGs in the BR-treated and Pcz-treated groups, we performed GO and KEGG pathway enrichment analysis. The results showed that the higher enrichment groups of GO were a response to oxidative stress (GO: 0006979), hydrogen peroxide catabolic process (GO: 0042744), reactive oxygen species metabolic process (GO: 0072593), antioxidant activity (GO: 0016209), flavone synthase activity (GO: 0033759), hydrogen peroxide metabolic process (GO: 0042743), peroxidase activity (GO: 0004601), response to stress (GO: 0006950), response to stimulus (GO: 0050896), and response to reactive oxygen species (GO: 0000302) in BR-treated groups, and were carbon–oxygen lyase activity (GO: 0016838), and lactoylglutathione lyase activity (GO: 0004462). in Pcz-treated groups (Figures 6A,B). KEGG enrichment analysis showed that the terms of phenylpropanoid biosynthesis (map00940), flavonoid biosynthesis (map00941), ascorbate and aldarate metabolism (map00053), tyrosine metabolism (map00350), and glutathione metabolism (map00480) were enriched under BR treatment, and the terms of phenylpropanoid biosynthesis (map00940), flavone and flavanol biosynthesis (map00944), phenylalanine (map00400), and glutathione metabolism (map00480) were enriched under Pcz treatments, compared to the control, respectively (Figures 6C,D).
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FIGURE 5
Identification of differential expression genes (DEGs) among control, BR, and Pcz treatments. (A), scatter diagram of DEGs in control and BR groups. (B), scatter diagram of DEGs in control and Pcz groups.
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FIGURE 6
Enrichment analyses of differential expression genes among control, BR, and Pcz. (A), GO enrichment analyses in control and BR groups. (B), GO enrichment analyses in control and PCZ groups. (C), KEGG enrichment analyses in control and BR groups. (D), KEGG enrichment analyses in control and Pcz groups.




Differentially expressed genes involved in the flavonoid biosynthesis

Functional annotation results from six databases showed forty-seven unigenes associated with the flavonoid biosynthesis pathway (Figure 7). In the flavonoid biosynthesis pathway, we identified that the phenylalnine ammonialyase (PAL, six genes), cinnamate 4-hydroxylase (C4H, three genes), 4-coumaroyl-CoA ligase (4CL, nine genes), chalcone synthase (CHS, two genes), chalcone isomerase (CHI, three genes), flavanone 3′-hydroxylase (F3H, three genes), flavonoid 3′-hydroxylase (F3′H, two genes), flavanol 4′-sulfotransferase (FST, one gene), and leucoanthocyanidin reductase (LAR, one gene) were higher expressed in BR-treated group. Application of BR improved the expression of flavonoid 3′, 5′-hydroxylase (F3′5′H, one gene), flavanol synthase (FLS, one gene), anthocyanidin synthase (ANS, five genes), and anthocyanidin reductase (ANR, four genes) genes. A total of nineteen unigenes encoding enzymes, including CHS (two genes), F3′5′H (one gene), dihydroflavonol 4-reductase (DFR, four genes), FLS (one gene), ANS (five genes), ANR (four genes), and UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT, two genes), were lower expressed in Pcz treatment. Meanwhile, application of Pcz improved the expression of C4H (three genes), 4CL (nine genes), F3H (three genes), F3′H (two genes), FST (one gene), and LAR (one gene).
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FIGURE 7
Analysis of differentially expressed levels related to flavonoid biosynthesis pathway in bulbil of P. ternata under BR and Pcz treatments. (A), the flavonoid biosynthetic pathway. (B), the expression levels related to the flavonoid biosynthetic pathway. Blue indicates a lower expression level, whereas red indicates a higher expression level. All the data showed the average mean of three biological replicates.




Differentially expressed genes involved in the ascorbic acid biosynthesis

A total of seventeen unigenes encoding enzymes were assigned to the ASA biosynthesis based on the six databases (Figure 8). Among these genes, BR treatment had higher expression levels of phosphoglucose isomerase (PGI, three genes), phosphomannose isomerase (PMI, two genes), phosphomannomutase (PMM, two genes), GDP-d-mannose 3′, 5′-epimerase (GME, one gene), L-L-galactono-1,4-lactone dehydrogenase (GalLDH, one gene), l-galactose dehydrogenase (GalDH, one gene), and myo-inositol oxygenase (MIOX, two genes) and lower expression levels of GDP-d-mannose pyrophosphorylase (GMP, three genes) and l-galactose-1-P phosphatase (VTC4, one gene). Application of Pcz improved the expression of PMI (two genes), PMM (two genes), GMP (three genes), and VTC4 (one gene). Meanwhile, the expression of GDP-L-galactose phosphorylase (VTC2/VTC5, two genes), GalLDH (one gene), GalDH (one gene), and MIOX (two gene) were improved by applying Pcz.
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FIGURE 8
Analysis of differentially expressed levels related to the ascorbic acid pathway in bulbil of P. ternata under BR and Pcz treatments. (A), the ascorbic acid biosynthetic pathway. (B), the expression levels of genes related to the ascorbic acid biosynthetic pathway. Blue indicates a lower expression level, whereas red indicates a higher expression level. All the data showed the average mean of three biological replicates.




Differentially expressed genes involved in the glutathione biosynthesis

As shown in Figure 9, the expression of GSH synthetase (GSHS, 2 genes), DHAR (2 genes), MDHAR (2 genes), and APX (7 genes) was enhanced by applying BR. However, the expression level of GR (1 gene) was downregulated by applying BR. Pcz treatment had lower expression levels of γ-glutamylcyteine synthetase (γECs, 3 genes), DHAR (2 genes), and MDHAR (2 genes) and had higher expression levels of GR (1 gene).


[image: image]

FIGURE 9
Analysis of differentially expressed levels related to glutathione and Ascorbate–Glutathione pathway in bulbil of P. ternata under BR and Pcz treatments. (A), the glutathione biosynthetic pathway. (B), the expression levels of genes related to the glutathione and Ascorbate-Glutathione pathway. (C), the Ascorbate–Glutathione pathway. Blue indicates a lower expression level, whereas red indicates a higher expression level. All the data showed the average mean of three biological replicates.




qRT–PCR validation of the sequencing data

The expression of twenty-seven unigenes was verified by qRT–PCR. The expression trends of GalDH, PMI, F3’H, GSHS, AsA–GSH cycle, CHS, F3’5’H, UFGT, FST, CHI, F3H, 4CL, and C4L unigenes were highly consistent with the transcriptome data, and GaILDH, PMM, γECs, GMP, GME, VTC4, VTC2/VTC5, PGI, DFR, FLS, ANS, LAR, ANR, and PAL unigenes were compatible partially (Supplementary Figure 1). The R2 (COD) and Pearson’s correlation coefficient between the relative expression levels of RNA-Seq and qRT–PCR were 0.9529 and 0.9766, respectively (Supplementary Figure 2).




Discussions

In the past few decades, with the development of transgenic technology, some advances have been made in improving plant resistance to abiotic stress by developing plants with high-antioxidant capacity. Overexpression of genes encoding substances related to the antioxidant system enhances the abiotic stress tolerance and antioxidant capacity of plants (Hasanuzzaman et al., 2020). In addition, many candidate genes associated with antioxidant capacity have been identified. It was believed that BR induced antioxidant defense systems in plants and activated the expression of numerous genes associated with plant responses to environmental stress (Gill et al., 2017). Exogenous application of BR is an effective alternative to genetic engineering in improving plant antioxidant capacity.

Flavonoids are important non-enzymatic antioxidant substances which contributes to the defense against abiotic stresses (Hichri et al., 2011). Both the hydroxyl groups present in the flavonoid structure and structural modifications, such as glycosylation, prenylation, and methylation, could be beneficial for the scavenging of ROS in plants (Ghassemi-Golezani et al., 2020). Flavonoid biosynthesis pathways have been well described in the last decades and have identified many key genes involved in the environmental stress responses. The possible biosynthesis pathway of flavonoid in bulbil of P. ternata was presented in Figure 7A (Wang et al., 2012). We investigated the response of the flavonoid biosynthesis pathway to applying BR under non-stress conditions. The PAL is a key enzyme for biosynthesis in plants, catalyzing the conversion of phenylalanine to trans-cinnamic acid. Therefore, it is very important for plant growth and tolerance to abiotic stress. Earlier research revealed that the expression level of PAL gene was in line with the changes in flavonoid content (Zhang et al., 2019). We found similar results with BR treatment increasing the total flavonoid content, and the expression levels of two PAL genes (DN24895_c0_g1 and DN33061_c1_g1) were increased by applying BR but were decreased by applying Pcz. The first step of the flavonoid biosynthesis pathway is the production of chalcone catalyzed by CHS from coumaroyl-CoA. Li et al. (1993) reported that inactivation of CHS genes reduced flavonoid accumulation in Arabidopsis. Overexpression of CHS genes enhanced the flavonoid content in Silybum marianum (Rahnama et al., 2013). We identified that two CHS genes (DN6779_c0_g2 and DN106755_c0_g1) were up-regulated in BR treatment but were down-regulated in Pcz treatment compared with the control. In addition, the expression of one CHI gene (DN5131_c0_g1) was enhanced by applying BR but was reduced by applying Pcz. Overexpression of the CHI gene caused an increased flavonols content in tomatoes (Muir et al., 2001). Ma et al. (2014) reported that CHS and CHI had critical roles in protecting wheat from drought stress. This result indicated that applying BR increased the flavonoid content by enhancing the expression levels of CHS and CHI genes. Thus, BR improved P. ternata tolerance to abiotic stress by increasing the flavonoid content. DFR catalyzes the conversion of dihydrokaempferol to leucopelargonidin and is a key enzyme in anthocyanins biosynthesis (Zhang et al., 2019). In the present study, the expression levels of three DFR genes (DN73608_c0_g1, DN31661_c0_g1, and DN17000_c0_g1) were improved by applying BR but were decreased by applying Pcz. Anthocyanin biosynthesis in bayberry was regulated by substrate competition between FLS and DFR (Shi et al., 2018), suggesting that BR treatment increased the anthocyanins content by enhancing the DFR genes expression and decreasing the FLS genes (DN29184_c0_g1) expression. UFGT contributes to the chemical diversity of flavonol and catalyzes the conversion of pelargonidin to anthocyanins (Lai et al., 2015). In the present study, Pcz treatment decreased the expression level of one UFGT gene (DN55857_c0_g1), which was not affected by applying BR. This result suggested that BR has an essential role in UFGT gene expression, and inhibition of endogenous BR synthesis decreased UFGT gene expression.

Ascorbic acid, as a low-molecular-weight non-enzymatic antioxidant, is able to directly scavenge ROS in plants (Kim et al., 2017). Previous studies showed that the accumulation of ASA improved abiotic stress tolerance in strawberries (Galli et al., 2018) and potatoes (Upadhyaya et al., 2009). There are two ways to enhance the accumulation of ASA, including the ASA biosynthesis pathway and recycling pathways (Wang et al., 2013). In the ASA biosynthesis, the main pathway of Smirnoff-wheeler and alternative pathway of myo-inositol were shown in Figure 8A (Ortiz-Espín et al., 2017; Ivanov Kavkova et al., 2018). We identified two PGI genes (DN4425_c0_g2 and DN4425_c0_g1), two PMI genes (DN21232_c0_g1 and DN1067_c0_g1), and two PMM genes (DN8618_c0_g2 and DN8051_c0_g1) were higher expressed in BR treatment but were lower expressed in Pcz treatment. Moreover, the expression of the GME gene (DN5543_c0_g1) was increased by applying BR, which was not affected by applying Pcz. Our results suggested that applying BR improved the ASA content by increasing the expression levels of PGI, PMI, PMM, and GME genes. Similar results were also found that the PMI gene expression was positively correlated with ASA content, and silencing of the PMI gene decreased the ASA content by 50% in Arabidopsis (Maruta et al., 2008). Qian et al. (2007) reported that overexpression of PMM genes increased the ASA levels by 20–50% in Nicotiana benthamiana and Arabidopsis. The PMM genes were associated with the increased ASA content in tobacco, but may not be a critical factor in ASA biosynthesis (Badejo et al., 2009). Silencing of the GME gene using RNAi reduced ASA content in tomatoes (Gilbert et al., 2009). In the present study, ASA content was increased by applying Pcz, which was not affected by applying BR. A research conducted by Dowdle et al. (2007) showed that exogenous ASA suppressed the expression level of the VTC2 gene in Arabidopsis. In this study, the expression level of VTC2/VTC5 (DN490_c0_g2) was reduced by applying BR but was enhanced by applying Pcz, indicating that exogenous application of BR reduced the expression of the VTC2 gene and thus inhibited the ASA biosynthesis.

As shown in Figure 9A, GSH biosynthesis involves two enzymatic steps (Hasanuzzaman et al., 2019). The expression of one γECs (DN33423_c0_g1) and two GSHS (DN80550_c0_g1 and DN4267_c0_g1) genes were enhanced by applying BR but were reduced by applying Pcz (except for DN80550_c0_g1), indicating that applying Pcz decreased the GSH biosynthesis by decreasing the expression levels of γECs and GSHS genes. It has been reported that overexpression of γECs and GSHS increased the GSH content in plants, and the effect of the γECs gene on GSH content was greater than that of the GSHS gene (Noctor et al., 2012). However, our result showed that BR and Pcz treatments significantly decreased the GSH content. This was probably because the BR application reduced the GR activity and enhanced the DHAR activity (Figures 2D, 9B). Thus, BR treatment decreased GSH content in the ASA–GSH cycle. The ASA–GSH cycle is a vital process for the scavenging of ROS, which is mainly detoxification of H2O2 in plant cells, involving MDHAR, DHAR, APX, and GR enzymes (Hasanuzzaman et al., 2019). The expression of six APX (DN23816_c0_g1, DN1642_c0_g1, DN77766_c0_g1, DN63522_c0_g1, DN1886_c0_g1, and DN104232_c0_g1) genes were increased by BR and Pcz treatment, which were associated with the increased APX activity. A similar study reported that 24-epibrassinolide treatment significantly increased the APX activity and enhanced the expression level of the APX gene in Cucumis sativus (Ahammed et al., 2017; Guedes et al., 2021). The GR activity and expression level (DN16364_c2_g1) were reduced by applying BR but were enhanced by applying Pcz. A research conducted by Gill et al. (2017) showed that the application of BR (0.1 mg l–1) had no significant effects on GR activity in the roots of barley. This was probably because the exogenous application of BR increased GSH biosynthesis and decreased GSH content in the ASA–GSH cycle. The expression of two MADAR (DN776_c0_g1 and DN9159_c0_g2) and two DHAR (DN5812_c0_g1 and DN3988_c0_g2) genes was enhanced by applying BR but was reduced by applying Pcz. These results suggested that applying BR was beneficial to ASA recycling and GSH oxidation in the ASA–GSH pathway. Superoxide dismutase and POD are essential components of the enzymatic antioxidant system. In this paper, there was no significant effect of applying BR and Pcz on the SOD activity. Similar results were also found in the study of Kaya et al. (2020b). Previous studies showed that the application of BR (0.1 mg l–1) raised the POD activity in the roots of barley (Gill et al., 2017). In the present study, the POD activity was increased by applying BR but was decreased by applying Pcz.



Conclusion

Exogenous application of BR improved antioxidant capacity in bulbil of P. ternata under non-stress conditions. The antioxidant capacity was also reflected in the increased DPPH radical scavenging activity and reduced MDA content. We observed that the BR treatment upregulated the expression levels of enzymes in the flavonoid, ASA, and GSH biosynthesis pathways to increase their content. In addition, the ASA–GSH cycle and antioxidant enzyme activity were also promoted by applying BR. These results were in line with the previous hypothesis that applying BR increases the antioxidant capacity by enhancing the enzymatic and non-enzymatic defense systems under non-stress conditions. Finally, our results have provided molecular evidence about the role of BR in transcriptional regulation of antioxidant-related genes in P. ternata under non-stressful condition.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/, PRJNA719943.



Author contributions

CG, JC, and XY designed the experiments and contributed to writing and revising the manuscript. CG, YC, MW, YD, and DW performed the experiments. CG analyzed the data. JC and XY supervised the study. All the authors contributed to the article and approved the submitted version.



Acknowledgments

This work was supported by the National Natural Science Foundation of China (Nos. 32071501 and 31300321) and the Natural Science Foundation of Hebei Province (No. C2012201080).



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.917301/full#supplementary-material



References

Ahammed, G. J., He, B. B., Qian, X. J., Zhou, Y. H., Shi, K., Zhou, J., et al. (2017). 24-Epibrassinolide alleviates organic pollutants-retarded root elongation by promoting redox homeostasis and secondary metabolism in Cucumis sativus L. Environ. Pollut. 229, 922–931. doi: 10.1016/j.envpol.2017.07.076

Ahanger, M. A., Mir, R. A., Alyemeni, M. N., and Ahmad, P. (2020). Combined effects of brassinosteroid and kinetin mitigates salinity stress in tomato through the modulation of antioxidant and osmolyte metabolism. Plant Physiol. Biochem. 147, 31–42. doi: 10.1016/j.plaphy.2019.12.007

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit. Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Badejo, A. A., Eltelib, H. A., Fukunaga, K., Fujikawa, Y., and Esaka, M. (2009). Increase in ascorbate content of transgenic tobacco plants overexpressing the acerola (Malpighia glabra) phosphomannomutase gene. Plant Cell Physiol. 50, 423–428.

Basit, F., Bhat, J. A., Dong, Z., Mou, Q., Zhu, X., Wang, Y., et al. (2022). Chromium toxicity induced oxidative damage in two rice cultivars and its mitigation through external supplementation of brassinosteroids and spermine. Chemosphere 302:134423. doi: 10.1016/j.chemosphere.2022.134423

Dowdle, J., Ishikawa, T., Gatzek, S., Rolinski, S., and Smirnoff, N. (2007). Two genes in Arabidopsis thaliana encoding GDP-L-galactose phosphorylase are required for ascorbate biosynthesis and seedling viability. Plant J. 52, 673–689.

Faizan, M., Bhat, J. A., Noureldeen, A., Ahmad, P., and Yu, F. (2021). Zinc oxide nanoparticles and 24-epibrassinolide alleviates Cu toxicity in tomato by regulating ROS scavenging, stomatal movement and photosynthesis. Ecotoxicol. Environ. Saf. 218:112293. doi: 10.1016/j.ecoenv.2021.112293

Galli, V., Messias, R. S., Guzman, F., Perin, E. C., Margis, R., and Rombaldi, C. V. (2018). Transcriptome analysis of strawberry (Fragaria × ananassa) fruits under osmotic stresses and identification of genes related to ascorbic acid pathway. Physiol. Plant. 166, 979–995. doi: 10.1111/ppl.12861

Ghassemi-Golezani, K., Hassanzadeh, N., Shakiba, M.-R., and Esmaeilpour, B. (2020). Exogenous salicylic acid and 24-epi-brassinolide improve antioxidant capacity and secondary metabolites of Brassica nigra. Biocatal. Agric. Biotechnol. 26:101636. doi: 10.1016/j.bcab.2020.101636

Gilbert, L., Alhagdow, M., Nunes-Nesi, A., Quemener, B., Guillon, F., Bouchet, B., et al. (2009). GDP-D-mannose 3, 5-epimerase (GME) plays a key role at the intersection of ascorbate and non-cellulosic cell-wall biosynthesis in tomato. Plant J. 60, 499–508.

Gill, M. B., Cai, K., Zhang, G., and Zeng, F. (2017). Brassinolide alleviates the drought-induced adverse effects in barley by modulation of enzymatic antioxidants and ultrastructure. Plant Growth Regul. 82, 447–455. doi: 10.1007/s10725-017-0271-6

Guedes, F., Maia, C. F., Silva, B., Batista, B. L., Alyemeni, M. N., Ahmad, P., et al. (2021). Exogenous 24-Epibrassinolide stimulates root protection, and leaf antioxidant enzymes in lead stressed rice plants: central roles to minimize Pb content and oxidative stress. Environ. Pollut. 280:116992. doi: 10.1016/j.envpol.2021.116992

Guo, C., Shen, Y., Li, M., Chen, Y., Xu, X., Chu, J., et al. (2021). Principal component analysis to assess the changes of yield and quality of two Pinellia ternata cultivars after brassinolide treatments. J. Plant Growth Regul. [Epub ahead of print]. doi: 10.1007/s00344-021-10434-y

Hafeez, M. B., Zahra, N., Zahra, K., Raza, A., Khan, A., Shaukat, K., et al. (2021). Brassinosteroids: molecular and physiological responses in plant growth and abiotic stresses. Plant Stress 2:100029. doi: 10.1016/j.stress.2021.100029

Hartwig, T., Corvalan, C., Best, N. B., Budka, J. S., Zhu, J. Y., Choe, S., et al. (2012). Propiconazole is a specific and accessible brassinosteroid (BR) biosynthesis inhibitor for Arabidopsis and maize. PLoS One 7:e36625. doi: 10.1371/journal.pone.0036625

Hasanuzzaman, M., Bhuyan, M., Anee, T. I., Parvin, K., Nahar, K., Mahmud, J. A., et al. (2019). Regulation of ascorbate-glutathione pathway in mitigating oxidative damage in plants under abiotic stress. Antioxidants 8:384. doi: 10.3390/antiox8090384

Hasanuzzaman, M., Bhuyan, M., Zulfiqar, F., Raza, A., Mohsin, S. M., Mahmud, J. A., et al. (2020). Reactive oxygen species and antioxidant defense in plants under abiotic stress: revisiting the crucial role of a universal defense regulator. Antioxidants 9:681. doi: 10.3390/antiox9080681

Hichri, I., Barrieu, F., Bogs, J., Kappel, C., Delrot, S., and Lauvergeat, V. (2011). Recent advances in the transcriptional regulation of the flavonoid biosynthetic pathway. J. Exp. Bot. 62, 2465–2483. doi: 10.1093/jxb/erq442

Ivanov Kavkova, E., Blöchl, C., Tenhaken, R., and Staiger, D. (2018). The myo-inositol pathway does not contribute to ascorbic acid synthesis. Plant Biol. 21, 95–102. doi: 10.1111/plb.12898

Jan, S., Noman, A., Kaya, C., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020). 24-Epibrassinolide alleviates the injurious effects of Cr(VI) toxicity in tomato plants: insights into growth, physio-biochemical attributes, antioxidant activity and regulation of ascorbate–glutathione and glyoxalase cycles. J. Plant Growth Regul. 39, 1587–1604. doi: 10.1007/s00344-020-10169-2

Kaya, C., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020a). Nitrate reductase rather than nitric oxide synthase activity is involved in 24-epibrassinolide-induced nitric oxide synthesis to improve tolerance to iron deficiency in strawberry (Fragaria x annassa) by up-regulating the ascorbate-glutathione cycle. Plant Physiol. Biochem. 151, 486–499. doi: 10.1016/j.plaphy.2020.04.002

Kaya, C., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020b). The role of nitrate reductase in brassinosteroid-induced endogenous nitric oxide generation to improve cadmium stress tolerance of pepper plants by upregulating the ascorbate-glutathione cycle. Ecotoxicol. Environ. Saf. 196:110483. doi: 10.1016/j.ecoenv.2020.110483

Kaya, C., Ashraf, M., Wijaya, L., and Ahmad, P. (2019). The putative role of endogenous nitric oxide in brassinosteroid-induced antioxidant defence system in pepper (Capsicum annuum L.) plants under water stress. Plant Physiol. Biochem. 143, 119–128. doi: 10.1016/j.plaphy.2019.08.024

Khan, M. T. A., Yusuf, M., Akram, W., and Qazi, F. (2022). “Signal transduction of brassinosteroids under abiotic stresses,” in Brassinosteroids Signalling, eds M. T. A. Khan, M. Yusuf, F. Qazi, and A. Ahmad (Singapore: Springer), 1–16.

Kim, J. Y., Lee, S. I., Kim, J. A., Park, S.-C., and Jeong, M.-J. (2017). Sound waves increases the ascorbic acid content of alfalfa sprouts by affecting the expression of ascorbic acid biosynthesis-related genes. Plant Biotechnol. Rep. 11, 355–364. doi: 10.1007/s11816-017-0456-5

Krivosheeva, A., Tao, D.-L., Ottander, C., Wingsle, G., Dube, S. L., and Öquist, G. (1996). Cold acclimation and photoinhibition of photosynthesis in Scots pine. Planta 200, 296–305.

Lai, B., Hu, B., Qin, Y.-H., Zhao, J.-T., Wang, H.-C., and Hu, G.-B. (2015). Transcriptomic analysis of Litchi chinensis pericarp during maturation with a focus on chlorophyll degradation and flavonoid biosynthesis. BMC Genomics 16:225. doi: 10.1186/s12864-015-1433-4

Li, J., Ou-Lee, T.-M., Raba, R., Amundson, R. G., and Last, R. L. (1993). Arabidopsis flavonoid mutants are hypersensitive to UV-B irradiation. Plant Cell 5, 171–179. doi: 10.1105/tpc.5.2.171

Lu, J., Liu, J. N., Sarsaiya, S., Duns, G. J., Han, J., Jin, L., et al. (2020). Phenotypic and transcriptomic analysis of two Pinellia ternata varieties T2 line and T2 Plus line. Sci. Rep. 10:4614. doi: 10.1038/s41598-020-61512-2

Ma, D., Sun, D., Wang, C., Li, Y., and Guo, T. (2014). Expression of flavonoid biosynthesis genes and accumulation of flavonoid in wheat leaves in response to drought stress. Plant Physiol. Biochem. 80, 60–66. doi: 10.1016/j.plaphy.2014.03.024

Maruta, T., Yonemitsu, M., Yabuta, Y., Tamoi, M., Ishikawa, T., and Shigeoka, S. (2008). Arabidopsis phosphomannose isomerase 1, but not phosphomannose isomerase 2, is essential for ascorbic acid biosynthesis. J. Biol. Chem. 283, 28842–28851. doi: 10.1074/jbc.M805538200

Muir, S. R., Collins, G. J., Robinson, S., Hughes, S., Bovy, A., De Vos, C. R., et al. (2001). Overexpression of petunia chalcone isomerase in tomato results in fruit containing increased levels of flavonols. Nat. Biotechnol. 19, 470–474. doi: 10.1038/88150

Nakano, Y., and Asada, K. (1981). Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880.

Noctor, G., Mhamdi, A., Chaouch, S., Han, Y., Neukermans, J., Marquez-Garcia, B., et al. (2012). Glutathione in plants: an integrated overview. Plant Cell Environ. 35, 454–484. doi: 10.1111/j.1365-3040.2011.02400.x

Ortiz-Espín, A., Sánchez-Guerrero, A., Sevilla, F., and Jiménez, A. (2017). “The role of ascorbate in plant growth and development,” in Ascorbic Acid in Plant Growth, Development and Stress Tolerance, eds M. Hossain, S. Munné-Bosch, D. Burritt, P. Diaz-Vivancos, M. Fujita, and A. Lorence (Singapore: Springer), 25–45. doi: 10.1007/978-3-319-74057-7_2

Qian, W., Yu, C., Qin, H., Liu, X., Zhang, A., Johansen, I. E., et al. (2007). Molecular and functional analysis of phosphomannomutase (PMM) from higher plants and genetic evidence for the involvement of PMM in ascorbic acid biosynthesis in Arabidopsis and Nicotiana benthamiana. Plant J. 49, 399–413. doi: 10.1111/j.1365-313X.2006.02967.x

Rahnama, H., Razi, Z., Dadgar, M. N., and Hasanloo, T. (2013). Enhanced production of flavonolignans in hairy root cultures of Silybum marianum by over-expression of chalcone synthase gene. J. Plant Biochem. Biotechnol. 22, 138–143.

Raja, V., Majeed, U., Kang, H., Andrabi, K. I., and John, R. (2017). Abiotic stress: interplay between ROS, hormones and MAPKs. Environ. Exp. Bot. 137, 142–157. doi: 10.1016/j.envexpbot.2017.02.010

Shi, L., Chen, X., Chen, W., Zheng, Y., and Yang, Z. (2018). Comparative transcriptomic analysis of white and red Chinese bayberry (Myrica rubra) fruits reveals flavonoid biosynthesis regulation. Sci. Hortic. 235, 9–20. doi: 10.1016/j.scienta.2018.02.076

Shi, X.-F., Chu, J.-Z., Zhang, Y.-F., Liu, C.-Q., and Yao, X.-Q. (2017). Nutritional and active ingredients of medicinal chrysanthemum flower heads affected by different drying methods. Ind. Crop Prod. 104, 45–51.

Siddiqi, K. S., and Husen, A. (2021). Significance of brassinosteroids and their derivatives in the development and protection of plants under abiotic stress. Biologia 76, 2837–2857.

Song, L., Chen, W., Yao, Q., Guo, B., Valliyodan, B., Wang, Z., et al. (2019). Genome-wide transcriptional profiling for elucidating the effects of brassinosteroids on Glycine max during early vegetative development. Sci. Rep. 9:16085. doi: 10.1038/s41598-019-52599-3

Sun, S., Yao, X., Liu, X., Qiao, Z., Liu, Y., Li, X., et al. (2022). Brassinolide can improve drought tolerance of maize seedlings under drought stress: by inducing the photosynthetic performance, antioxidant capacity and ZmMYB gene expression of maize seedlings. J. Soil Sci. Plant Nutr. 22, 2092–2104. doi: 10.1007/s42729-022-00796-x

Upadhyaya, C. P., Young, K. E., Akula, N., soon Kim, H., Heung, J. J., Oh, O. M., et al. (2009). Over-expression of strawberry D-galacturonic acid reductase in potato leads to accumulation of vitamin C with enhanced abiotic stress tolerance. Plant Sci. 177, 659–667.

Wang, J., Zhang, Z., and Huang, R. (2013). Regulation of ascorbic acid synthesis in plants. Plant Signal. Behav. 8:e24536. doi: 10.4161/psb.24536

Wang, Y., Gao, L., Shan, Y., Liu, Y., Tian, Y., and Xia, T. (2012). Influence of shade on flavonoid biosynthesis in tea (Camellia sinensis (L.) O. Kuntze). Sci. Hortic. 141, 7–16. doi: 10.1016/j.scienta.2012.04.013

Xue, J., Guo, C., Shen, Y., Li, M., Chu, J., and Yao, X. (2021). Brassinolide soaking and preharvest UV-B radiation influence the shelf life of small black bean sprouts. Food Chem. 352:129322. doi: 10.1016/j.foodchem.2021.129322

Xue, T., Zhang, H., Zhang, Y., Wei, S., Chao, Q., Zhu, Y., et al. (2019). Full-length transcriptome analysis of shade-induced promotion of tuber production in Pinellia ternata. BMC Plant Biol. 19:565. doi: 10.1186/s12870-019-2197-9

Yuan, X. Y., Zhang, L. G., Huang, L., Yang, H. J., Zhong, Y. T., Ning, N., et al. (2017). Spraying brassinolide improves sigma broad tolerance in foxtail millet (Setaria italica L.) through modulation of antioxidant activity and photosynthetic capacity. Sci. Rep. 7:11232. doi: 10.1038/s41598-017-11867-w

Zhang, C., Yao, X., Ren, H., Chang, J., and Wang, K. (2019). RNA-Seq reveals flavonoid biosynthesis-related genes in Pecan (Carya illinoinensis) Kernels. J. Agric. Food Chem. 67, 148–158. doi: 10.1021/acs.jafc.8b05239



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exogenous brassinolide improves the antioxidant capacity of Pinellia ternata by enhancing the enzymatic and nonenzymatic defense systems under non-stress conditions



		Introduction



		Materials and methods



		Plant material and treatments



		Measurements of flavonoid, ascorbic acid, glutathione, and malondialdehyde



		Measurements of peroxidase, superoxide dismutase, glutathione reductase, ascorbate peroxidase, and DPPH radical activity



		RNA isolation, cDNA library preparation, and sequencing



		Transcriptome assembly and functional annotation



		Differentially expressed genes analysis



		qRT–PCR analysis of filtered genes



		Statistical analysis







		Results



		Effects of applying brassinolide on flavonoid, ascorbic acid, and glutathione contents



		Effects of brassinolide treatment on peroxidase, superoxide dismutase, glutathione reductase, and ascorbate peroxidase activities



		Effects of brassinolide treatment on DPPH radical activity and malondialdehyde contents



		RNA-seq and assembly of unigenes



		Function annotation and classification



		Comparative analysis of differentially expressed genes



		Differentially expressed genes involved in the flavonoid biosynthesis



		Differentially expressed genes involved in the ascorbic acid biosynthesis



		Differentially expressed genes involved in the glutathione biosynthesis



		qRT–PCR validation of the sequencing data







		Discussions



		Conclusion



		Data availability statement



		Author contributions



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Exogenous brassinolide
improves the antioxidant
capacity of Pinellia ternata by
enhancing the enzymatic
and nonenzymatic defense
systems under non-stress
conditions












OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







OPS/images/fpls-13-917301-g006.jpg
response to reactive oxygen species

response to stress

response to stimulus

flavone synthase activity

peroxidase activity

antioxidant activity

reactive oxygen species metabolic process

hydrogen peroxide metabolic process

hydrogen peroxide catabolic process

response to oxidative stress

Glutathione metabolism

Tyrosine metabolism

Ascorbate and aldarate metabolism

Flavonoid biosynthesis

Phenylpropanoid biosynthesis

0.00

0.0 0.2

0.4 0.6
Rich Factor

0.8

1.0

0.02

0.04 0.06
Rich Factor

0.08

0.10

1.000

0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250
0.000

lactoylglutathione lyase activity

water channel activity

water transmembrane transporter activity

carbon-oxygen lyase activity, acting on phosphates

0.00 0.02 0.04 0.06 008 0.10 0.12 0.14

Glutathione metabolism

Phenylalanine. tyrosine and tryptophan biosynthesis

Flavone and flavonol biosynthesis

Phenylpropanoid biosynthesis

Rich Factor

0.00 002 004 006 008 0.10 0.12
Rich Factor

Number
@ !

@

FDR

1.000

0.8750
0.7500
0.6250
0.5000
0.3750
0.2500
0.1250

Number
1
2

3

FDR

0.6400
0.5600
0.4800
0.4000
0.3200
0.2400
0.1600
0.08000
0.000





OPS/images/fpls-13-917301-t001.jpg
Length

200~500
501~1000
1001~1500
1501~2000
2001~2500
2501~3000
3001~3500
3501~4000
4001~4500
> 4500

Number of unigenes

67107
25955
8788
5054
3291
2118
1255
844
523
1054

Percent of unigenes

58%
22%
8%
4%
3%
2%
1%
1%
0%
1%





OPS/images/fpls-13-917301-g007.jpg
SO D AR GD GD G D S - - - - —,

Phenylpropanoid pathway i
- 4L .. . CH _ _  PAL__ !
! Coumaroyl-CoA <=—— Coumaric acid <«—— Cinnamic acid <=—— Phenylalanine :
| 1
CHS l
R Flavonoids pathway E
CHI l :
F3'H R3SH _ FST :
Naringenin —>  Eriodictyol =~ — Five hydroxyl flavanol —— Flavone E
Flavonoides :
F3H l F3Hl F3Hl i
. F3'H . . o FLS TUFGT !
Dihydrokaempferol —— Dihydroquercetin—— Dihydromyricetin > Flavonol :
|
|
DFR DFR '
R Proanthocyanidins E
Leucopelargonidin —» Leucocyanidin — Leucodelphinidin :
AR :
ANSl ANS ANS - Flavan-3-ol (Catechins) E
|
Pelargonidin Cyanin Delphinidin ANR lECGT |
. . |
UFGT Esterified catechins E
|
|
Anthocyanins E
B I PAL (DN24895_c0_g1) 1.420

PAL (DN33061 ¢l _gl)
PAL (DN59798 c0 gl)
PAL (DN2399 c0 _gl) 0.8520
PAL (DN13098 c0_gl) —

PAL (DN105583_c0_gl)
C4H (DN2098_c0_g2) — 0.2840
C4H (DN2098 c0_gl)

C4H (DN12656 ¢0 gl) A
4CL (DN22862 ¢0 gl) 0.2840
4CL (DN7718 ¢0 gl)

4CL (DN73490 ¢c0 gl) -0.8520

4CL (DN52110_c0_gl)
4CL (DN5081 c0_gl)
4CL (DN32699 c0 gl) -1.420
4CL (DN21797 ¢0_gl)
4CL (DN1806_c0 gl)
4CL (DN10086_c0_gl)
CHS (DN6779 ¢0_g2)
CHS (DN116755 _¢c0_gl)
CHI (DN5131 ¢0_gl)
CHI (DN1615 c0 gl)
CHI (DN10182 ¢c0 g2)
F3H (DN96 _c0 gl)
F3H (DN42658 0 g2)
F3H (DN42658 c0_gl)
F3'H (DN76532 ¢0_gl)
F3'H (DN1878 cl_g2)
F3'S'H (DN22683 c0_gl)
FST (DN97834 ¢0 gl)
i DFR (DN36078 c0_g2)
DFR (DN73608 c0 gl)
DFR (DN31661 c0 gl)
DFR (DN17000 c0 gl)
' FLS (DN29184 ¢c0 gl)
' ANS (DN80653 c0_gl)
ANS (DN42169 ¢l gl)
ANS (DN36594 c0 gl)
ANS (DN17345 _c0_gl)
ANS (DN14007 c0_g2)
LAR (DN8185 c0_gl)
ANR (DN6441_c0_gl)
ANR (DN510 c0 g2)
ANR (DN510 ¢c0 gl)
ANR (DN45980 ¢2 gl)
UFGT (DN55857 ¢0_g2)
UFGT (DN91935_¢0_gl)

Control BR Po





OPS/images/fpls-13-917301-g008.jpg
A Smimoff-Wheeler pathway

D-Glucose-6-P

PGI (DN4425_cl_g2) 1420

| PGI(DN114584_c0_gl) 0.8520

: \
I
I I
: :
: :
| I PGI (DN4425 ¢l gl) KB
! PGI ! PMI (DN21232_¢c0 gl) LD
- : PMI (DN1067_c0_gl) 8520
1 & Y & 1 PMM (DN8618 ¢c0 gl) e
I D-Fructose-6-P | PMM (DN8051_c0_gl)
- : GME (DN5543 c0 gl)
GMP (DN7227 ¢0 gl)
: PMI : GMP (DN3467 0 _gl)
! ! GMP (DN92826_c0_gl)
| VTC2/VTC5 (DN26147 c0_gl)
: D-Mannose-6-P : VTC2/VTCS (DN490 0 _g2)
I | VTC4 (DN2741_c0 gl)
: : GalLDH (DN57996 c0 gl)
! PMM I GalDH (DN25207_c0_gl)
| | MIOX (DN8486 0 _g2)
! ! MIOX (DN8486 _c0_gl)
: D-Mannose-1-P - Control BR Pcz
: GTP :
| |
DD - Py TV, ;
] | .
; GDP-D-Mannose t  myo-Inositol pathway
| I
| I
n GME § SRR R \
1 ]
: i " myo-Inositol '
| 1) Yy :
E GDP-L-Galactose § !
: p— GGP/VTC2/VTCS | ! !
: L1 D-GI
| b i -Glucuronate :
: L-Galactose-1-P v :
1 I
| I ) !
: GPP/VTC4 : | E
| 3 1l
' 1oy L-Gulonate :
E L-Galactose E ! !
I
I 1) '
- GalDH ¥ :
| 1 '
I 1 I
! L-Galactono-1,4-lactone 1 1L-Gulono-1.4-lactone |

Ascorbic acid





OPS/images/fpls-13-917301-g009.jpg
vEC

Cys
GSH
Chloroplast

B YECs (DN71151_c1_g2) o
yECs (DN33423_¢c0_gl) ! .
YECs (DN10108_c0_gl) Nid
GSHS (DN80550 ¢c0_gl) P—
GSHS (DN4267 c0 gl) P
DHAR (DN5812_c0 _gl)

DHAR (DN3988_c0_g2)
MDHAR (DN776_¢c0_gl)
MDHAR (DN9159 ¢0 g2)
GR (DN16364 _c2 gl)
APX (DN23816 c0 gl)
APX (DN1642_c0 _gl)
APX (DN48657 c0 gl)
APX (DN77766 c0 gl)
APX (DN63522 c0_gl)
APX (DN1886_c0 _gl)
APX (DN104232_¢c0_gl)

Control
C
0, H,O
APX ASA

AS A/\MDHA /‘ » DHA GSSG NAD(P)

MDHAR DHAR GR

NAD(P)H NAD(P)’ ASA GSH NAD(P)H





OPS/images/fpls-13-917301-g002.jpg
N

Control

o /
| I : | |
() ) - - +
) ) = = =
(o @) A & S A
< _l/
| a7
< | / -
E
S g
(@)
/ £
: ]
3 =
Q =

Q
ATW N) A1Ande (qOS

Pez

Pecz

BR

Pcz

"N

BR

Control

e _I/
_ _ _
V@) o - L
e\ = o -
a 9-&8 _-w N) AAnoe Yo
_ / "
< _ 3
o
< :/ B
[
Ol | 5
S)
/ £
I _ _ _
i Vo)

10 |

(Lurw 8 ) AnAnoe X4y





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fpls-13-917301-g003.jpg
N
na_lv/ A
CT/ mm
IS
=
a ) S
S
K2
I [ (R N [ S R R
s & B & B B = & B B B B
= B & ®w B @9 =" ¥ &m A =
0 (T 10ww) VAN
N
Q
aT/ -
naT/ m]m
o
—
Nal g
S
O
| N L -
s » B = & &8 = 8 &
= = =& ®©u = W W -
<

(94) SuI3udARdS [BIIpeI Hddd





OPS/images/fpls-13-917301-g004.jpg
0.

Percent of unigene
00 0.6
|

=]
—Ww
(e
W

cellular process

metabolic process

biological regulation

response to stimulus
localization

cellular component organization or biogenesis
developmental process
reproductive process
multicellular organismal process
multi-organism process

gro

immune system process
rhythmic process

detoxification

reproduction

locomotion

pigmentation

nitrogen utilization

carbon utilization

biological adhesion

cell part

membrane part
11

organelle part

protein-containing complex
1

cell junction

extracellular region

cel

supramolecular complex other
organism part membrane-
enclosed lumen extracellular
region part nucleoid

binding

catalytic activity

transporter activity transcription
regulator activity structural
molecule activity molecular
function regulator translation
regulator activity molecular
transducer activity antioxidant
activity

protein folding chaperone protein
tag

small molecule sensor activity
nutrient reservoir activity
molecular carrier activity toxin
activi

g =
|| e "“"

cargo adaptor activity

Nucleotide metabolism

Metabolism of terpenoids and polyketides
Glycan biosynthesis and metabolism

Lipid metabolism

Energy metabolism

Metabolism of other amino acids
Metabolism of cofactors and vitamins Amino
acid metabolism

Biosynthesis of other secondary metabolites
Carbohydrate metabolism

Transcription

Translation

Number of unigenes

Replication and repair

Folding, sorting and degradation
Signal transduction

Membrane transport

Transport and catabolism
Environmental adaptation

Drug resistance: antimicrobial

Endocrine and metabolic disease

| | |
4982 9964 14945 19927

Number of unigene

o -

265
241
716
615

375

810

381

1314

1,110

929

579

602

M biological process
B cellular component
M molecular function

B Metabolism

Bl Genetic Information Processing

B Environmental Information Processing
B Cellular Processes

© Organismal Systems

B Human Diseases

I 1 I I I 1 I 1 I I I

L
BN

KEGG pathways

.
=
1o » v I CGEESEEED G

S & &® & & &
S & & S &S
9 & O A O F P





OPS/images/fpls-13-917301-g005.jpg
35

logl0(BR ) TPM

—
W

0.5

log10(Control) TPM

log 10(Pcz)TPM

4.5

log10(Control mean) TPM

e NOSig

= down





OPS/images/fpls-13-917301-g001.jpg
Vez

i\

BR

i\

Control

|
<
—

o0

= S
(.8 Sw) proe 01qI00sy

O

0.4 I

b//

BR

PN\

Control

] ]
%)

0.9

S =
(.8 Sw) prouoAey,]

0.6 |

Pez

bT%

Pcz

D

"

BR

Control

0.9

o0

=
(.8 Sw) suoryeIN|H

0.7





