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Abstract: Hot pepper (Capsicum annuum L.) is consumed as one of the oldest domesticated crops all over the world. Although mutation breeding using radiation has been performed in hot peppers, little is known about the comparative analysis of mutagenic effects at the molecular level by ion beam irradiation. To comprehend the response mechanism of hot pepper to the ion beam, we used a mutant with favorable economic characteristics induced by lithium-ion beam irradiation to investigate the biological effects. The results indicated that the lithium-ion beam had a positive effect on important agronomic traits, particularly yield unit, but had a negligible effect on the photosynthetic rate of hot pepper, with a specific influence on chlorophyll b rather than chlorophyll a. By RNA-Seq analysis, 671 up-regulated and 376 down-regulated genes were identified as differentially expressed genes (DEGs) between irradiated and unirradiated hot pepper. Based on GO and KEGG network analysis, the auxin metabolic process was the common pathway in these two networks. A total of 118 potential reactive oxygen species (ROS) scavenging genes and 262 signal transduction genes were identified, suggesting a balance between antioxidant enzymes and enhanced ROS transduction. The amounts of 15 metabolite, involved in GABA pathways, secondary metabolism, carbohydrate metabolism, shikimate pathways, TCA cycles, nitrogen metabolism, glycerol metabolism and acetate pathways, were significantly changed in the ion beam irradiated sample. These results highlighted that the enriched pathways could play important roles in response to ion beam irradiation in hot pepper plants. In summary, these data provide valuable information for future research on ion beam irradiation and genomic studies in hot pepper.
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1  Introduction

Due to the complex environmental conditions in space, such as cosmic radiation, microgravity, weak magnetism, high vacuum, and ultralow temperature, spaceflight mutagenesis has been employed to induce stress response and alter DNA or gene expression in plants, leading to heritable changes. Due to the large investment, high technical requirements, and limited test opportunities in outer space, research involving ground-based simulation of aerospace environmental factors is of great significance. Currently, heavy ion beams, which are powerful and efficient mutagenic tools with high linear energy transfer radiation and the ability to cause more DNA double-stranded breaks, have shown promising results in mutation breeding studies compared to conventional radiation methods [1]. The ion beam technique can induce broad-spectrum mutations at high frequencies, resulting in pronounced biological effects while minimizing damage to target species and ensuring stable inheritance of mutations, making it an ideal method for breeding new cultivars [2,3]. So far, this method has already been widely applied to conduct mutagenesis studies of various plants, including maize, rice, wheat, and Arabidopsis [4–6]. However, few studies have used ion beam irradiation technology to breed new hot pepper cultivars.

Mutations are an important resource in phenotypic screening, gene isolation, and function mining, in forward and reverse genetics [7,8]. Heavy-ion beam irradiation has higher linear energy transfer and can generate mutations with high mutation efficiency and a broad mutation spectrum [9]. Therefore, this random mutagenesis technique could produce various types of mutants [10]. Compared to other ion beams, lithium-ion beams could produce a greater number of single base substitutions (SBSs) than short insertions and deletions (InDels) [11]. Moreover, radiation damage to DNA occurs in injury caused by thermal ionization, as well as indirect injury caused by the cytotoxic reaction to energy deposition [12–14]. In the last century, the characterization of mutations induced by radiation focused on phenotype, chromosome aberration, genetic polymorphism, or specific gene sequencing analysis [7,15]. Although mutations induced by ion beam radiation have been applied to improve the yield and quality of crops [16], the biological effect mechanism remains unclear. Transcriptomics and metabolomics are powerful tools for providing a far more precise measurement of levels of transcripts and metabolites than other molecular methods [17]. Many kinds of researches have used these novel techniques to understand the complexity of plant response to ion beams, including in Oryza sativa L. [18], Vitis vinifera L. [19], and Zea mays [20], but no related findings have been reported in hot pepper.

Hot pepper (Capsicum annuum L.), a member of the Solanaceae family, is consumed as one of the oldest domesticated crops in several parts of the world [21]. As an important vegetable crop, it is not only used as a condiment with a long history but also possesses nutritional and health-care effects on the human body [22]. Its fruits are rich in vitamins C and E, provitamin A, and carotenoids-compounds with antioxidant properties [23]. Materska et al. isolated phenolics, flavonoids, and capsaicinoids and studied their antioxidant capacity [24]. The whole-genome sequencing and assembly of this species has been completed and served as a platform for improving the nutritional and medicinal values of Capsicum species [25]. Additionally, based on spatial mutagenesis, we identified differentially expressed genes and conducted comparative proteome analysis in hot pepper after space flight in our previously published papers [26,27]. However, the gene expression and metabolomic changes in mutants induced by ion beams are still unknown.

Nowadays, no studies have been reported to investigate the response of hot pepper in mutagenesis by combining physiology, transcriptomics, and metabolomics analyses. Therefore, we compared transcriptomics and metabolomics under lithium-ion beam-induced mutation to uncover how this species responds to lithium-ion beams (LIB). Our findings will help us better understand the molecular variations induced by lithium-ion beams in hot pepper and provide novel approaches for mutation breeding research.

2  Materials and Methods

2.1 Lithium-Ion Beam Irradiation and Mutant Screening

The seeds of hot pepper (Accession: Longshu No. 5) were collected from the Heilongjiang Forest Botanical Garden (E 126°16′, N 45°45′), China [28]. Approximately 300 seeds were exposed to lithium-ions at 60 Gy (energy, 42.3 MeV/nucleon), generated by the HI-3 tandem accelerator at the China Institute of Atomic Energy, with three replications. The 50 irradiated (60 Gy) and 50 unirradiated seeds were placed in 90 mm Petri dishes for germination and grown in an individual pot at 28°C with five replicates per treatment. We compared the effects of LIB on germination percentage (Germination Percentage = (Number of germinated seeds/Total number of tested seeds) × 100%) and germination rate (Germination Rate = (Number of germinated seeds/Total number of tested seeds)/Number of days) of irradiated and unirradiated seeds to determine the surviving fraction. After 2–3 days, the germination percentage and rate of the hot pepper were recorded. Given its importance as a vegetable crop, its detailed agronomic characteristics were assessed after growth for 30 days, including seed and leaf sizes, plant height, the weight of single fruits, yield per plant, and per unit area.

2.2 Photosynthetic Parameter, Chlorophyll Fluorescence, and Content Analysis

Net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) of leaves were determined using a portable open flow gas exchange photosynthesis system, LI-6400 XT (Li-Cor, Inc., Lincoln, NE, USA). Additionally, chlorophyll fluorescence was measured to calculate the maximal efficiency of PSII photochemistry (Fv/Fm), actual photochemistry efficiency (ФPSII), electron transport rate (ETR), and photochemical quenching (qP) [29]. The content of chlorophyll a, chlorophyll b, and chlorophyll a+b were measured following the methods described in a previous paper [30]. Measurements were repeated six times for each blade from the same position of five plants in each treatment group, and the averages were recorded.

2.3 RNA Sample Preparation, cDNA Library Preparation, and Illumina Hiseq Sequencing

The hot pepper leaves in the control group (without ion beam) and treated samples (with ion beam irradiation) were collected 30 days after sowing at Heilongjiang Forest Botanical Garden, China. The leaf tissues were washed with distilled water, followed by surface drying with filter paper. Harvested tissues were frozen in liquid nitrogen and stored at −80°C until further analysis. Three completely independent harvesting experiments were repeated as biological replicates.

Total RNA was extracted from the leaves using Trizol in accordance with the manufacturer’s protocol (TIANGEN, Beijing, China). The purity and integrity of the obtained RNA were assessed using agarose gel electrophoresis and a Nanophotometer spectrophotometer (IMPLEN, CA, USA). A total of 1.5 μg RNA per sample was used for cDNA synthesis with the PrimeScript™ RT Reagent Kit and gDNA Eraser (TaKaRa, Tokyo, Japan). A cDNA library was used for sequencing analysis via an Illumina HiSeq 4,000 sequencing platform (Illumina Inc., San Diego, CA, USA) and 150 bp paired-end reads were generated.

2.4 Preprocessing of Reads

Raw data in fastq format was first processed through in-house Perl scripts. In this step, clean data were obtained by removing reads containing adapters, poly-N, and reads of low quality. All downstream analyses were based on high-quality clean data. Next, Q20 (quality score of 20), Q30 (quality score of 30), GC-content, and sequence duplication levels of clean reads were calculated in each sample. The clean reads were aligned to the Capsicum annuum cultivar: UCD-10X-F1 genome (PRJNA814299) as the reference genome using HISAT2 [31], and the aligned reads were assembled using StringTie [32]. All genes were then subjected to a blast search (E-value < 10−5) and annotated against various databases, including the Kyoto Encyclopedia of Genes and Genomes Ortholog (KEGG) and Gene Ontology (GO) databases.

2.5 Identification and Annotation of Differentially Expressed Genes

Differential expression analysis between control and treated samples was performed using the edgeR (1.10.1) [33]. The adjusted p-values (q-value) were calculated using the Benjamini and Hochberg method to control the false discovery rate. For differentially expressed genes (DEGs), the number of unigenes per sample was normalized and counted with TMM (Trimmed Mean of M values) using edgeR package. DEGs were considered if they had a q-value < 0.05, as identified by DESeq, and exhibited a 2-fold or greater change in TMM-normalized fragments per kilobase of gene per million mapped reads (FPKM) using the R package limma (Linear Models for Microarray and RNA-Seq Data) with upper-quantile normalization [34]. Regarding the functional annotation of DEGs, GO enrichment analysis was implemented by the GOseq R packages based on the Wallenius non-central hypergeometric distribution [35]. Finally, KOBAS software was used to test the statistical enrichment of DEGs in KEGG pathways [36].

2.6 Metabolite Extraction and Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

A total of 60 mg of leaves were collected and placed into 1.5 mL microtubes. The samples were freeze-dried, and the metabolites were dissolved in 0.5 mL 80% methanol. Six parallel experiments were performed and analyzed. For GC-MS detection, metabolites were extracted and samples derivatized following Erban et al. [37]. One microliter aliquot of the derivatized solution was injected in splitless mode into the Agilent 7890A-5975C GC-MS system (Agilent, USA). The separation was carried out on a non-polar DB-5 capillary column (30 m × 250 μm I.D., J&W Scientific, Folsom, CA), with high purity helium as the carrier gas at a constant flow rate of 1.0 mL/min.

2.7 Metabolomics Data Processing

The acquired MS data from GC-MS were analyzed by ChromaTOF software (v 4.34, LECO, St Joseph, MI). Briefly, after alignment with the Statistic Compare component, a CSV file was obtained with three-dimensional datasets, including sample information, retention time-m/z, and peak intensities. The detectable peaks of samples in GC-MS were 550 in total, and the internal standard was used for data quality control (reproducibility). After removing internal standards and any known pseudo-positive peaks, such as peaks caused by noise, column bleed, and the BSTFA derivatization procedure, the detectable metabolite was combined with 250 in total. The dataset was normalized using the sum intensity of the peaks in each sample.

The data sets resulting from GC-MS were separately imported into the SIMCA-P+ 14.0 software package (Umetrics, Umeå, Sweden). (Orthogonal) partial least-squares-discriminant analysis (O)PLS-DA was carried out to visualize the metabolic alterations among experimental groups after mean centering and unit variance scaling. Variable importance in the projection (VIP) ranked the overall contribution of each variable to the (O)PLS-DA model, and those variables with VIP > 1.0 were considered relevant for group discrimination [38].

All the differentially expressed compounds in the treated group were selected by comparing the compounds in the treated group with the control using the multivariate statistical method and the Wilcoxon-Mann-Whitney test. Metabolites with both multivariate and univariate statistical significance (VIP > 1.0 and p < 0.05) were annotated with the aid of available reference standards in our lab and the NIST 11 standard mass spectral databases and the Feinh databases linked to ChromaTOF software. A similarity of more than 70% could be considered a reference standard.

2.8 Data Analysis and Statistics

One-way ANOVA was used to test the differences between the control and each treatment. The differences between mean values were considered statistically significant when p < 0.05. All statistical analyses were carried out using SPSS software (Version 15.0, SPSS Inc., USA).

3  Results

3.1 Effects of Lithium-Ion Beams (LIB) Radiation on Plant Growth

In comparison with the control samples, several traits in the irradiated plants showed significant differences after ion beam irradiation. Although the germination percentage and rate of seeds were similar between the irradiated group and the control (Table 1), plant height, weight of single fruit, fruit per plant, yield per plant, and per unit area in the irradiated samples were significantly higher than those of the control (p < 0.05). Importantly, yield per unit area, which is one of the most important indicators at agricultural production levels, was 5992.5 kg/ha in the irradiated group, while that of the control was only 2397.6 kg/ha. In addition, the transverse diameters of seeds and fruits from irradiated hot pepper were slightly decreased (p < 0.05). However, the vertical diameters of seeds and fruits, and the leaf length and width were similar to irradiated and un-irradiated hot pepper (p > 0.05).
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3.2 Photosynthetic Rate and Chlorophyll Fluorescence

We determined the photosynthetic parameters in hot pepper in control and treated samples (Table 2). In contrast with control plants, the net photosynthetic rate (Pn) was significantly reduced, but intercellular CO2 concentration (Ci) significantly increased in the leaves of irradiated plants (p < 0.05). However, stomatal conductance (Gs) and transpiration rate (Tr) were not markedly changed after irradiation. The maximal efficiency of the photosystem (Fv/Fm), actual photochemistry efficiency (ФPSII), electron transport rate (ETR), and photochemical quenching (qP) were determined on leaves (Table 2). The values of chlorophyll fluorescence indexes (Fv/Fm, ФPSII, ETR, qP) were not significantly different between the control and irradiated plants, suggesting that the capacity of photosynthesis was not changed after LIB irradiation.
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Chlorophyll is a well-known pigment reflecting the efficiency of the absorption, transfer, and conversion of light energy in plant photosynthesis [39]. The contents of chlorophyll b and a+b significantly increased in the irradiated group, whereas the chlorophyll a/b content decreased significantly in the irradiated group compared to that of the control group (p < 0.05).

3.3 De novo Assembly and Quality Assessment of Transcriptome

To determine the molecular characteristics and mechanisms of lithium-ion beam irradiation, we conducted transcriptome sequence analysis in irradiated and control groups. In summary, a total of 307,390,388 paired-end reads were obtained with a sequencing error rate of less than 0.01% (Table 3). The Q20 and Q30 values were over 98.21% and 94.64%, respectively. The GC content among the reads varied from 43.05% to 45.78%. After removing adapters, reads containing poly-N and low-quality reads, a total of 286,627,005 mapped reads were obtained from the raw reads, with the mapped percentage from 86.57% to 95.79% (Table 3).
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3.4 Differentially Expressed Genes (DEGs) in Hot Pepper

To better understand the genes associated with LIB irradiation in hot pepper, we identified DEGs between the control and samples from irradiation using the DESeq R package. In total, 1,047 genes were identified as DEGs, including 671 up-regulated and 376 down-regulated genes (Supplementary Fig. S1 and Table S1).

These DEGs were then successfully assigned GO annotations and classified into three major metabolic pathways (Supplementary Fig. S2). The up-regulated DEGs were mainly involved in metabolic process (273 DEGs), cell (173), and catalytic process (219) in biological processes, cellular components, and molecular function, respectively. For the down-regulated DEGs, metabolic process (133), cell (83), and catalytic process (104) were also the largest subcategories in biological processes, cellular component, and molecular function, respectively. Comparing the DEGs in up- and down-regulated groups, antioxidant activity (4/0), electron carrier activity (6/0), enzyme regulator activity (7/0), guanyl-nucleotide exchange factor activity (1/0), molecular transducer activity (9/0), and receptor activity (6/0) were only enriched by up-regulated genes.

In addition, we analyzed the networks of pathways enriched by the DEGs. In Fig. 1A, the up-regulated genes mainly participated in five pathways, including regulation of the cellular ketone metabolic process, glutamine family amino acid metabolic process, alcohol biosynthetic process, auxin metabolic process, and nucleocytoplasmic transport. Among them, short-chain alcohol dehydrogenase (ABA2) and abscisic-aldehyde oxidase (AAO3) genes were related to three and two different pathways, respectively. Additionally, to better understand the biological function of DEGs involved in LIB radiation in hot pepper, KEGG pathway analysis was performed with five classes, including environmental information processing, genetic information processing, cellular processes, organismal systems, and metabolism (Supplementary Fig. S3). In this network analysis, a total of six pathways were detected based on KEGG, including the regulation of cellular proliferation, auxin metabolic processes, glutamine family amino acid metabolic processes, unsaturated fatty acid metabolic processes, lipid biosynthetic processes, and cellular response to jasmonic acid stimulus (Fig. 1B).
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Figure 1: Functional annotation in GO network (A) and KEGG network (B) of differentially expressed genes based on transcriptome analysis. The size of the circle represents the total number of genes in GO or KEGG pathways. The genes detected in this study (Supplementary Table S1) were colored red

Antioxidant processes play important roles in response to heavy ion beam irradiation. We listed the expression of antioxidant genes in the ROS-scavenging network in Table 4. A total of 118 ROS-scavenging genes were annotated into six subgroups, including catalase (CAT), NADPH oxidase, Ascorbate peroxidase (APX), Superoxide dismutase (SOD), Glutathione peroxidase (GPX) and Thioredoxin (Trx) (Tables 4 and Supplementary Table S2). GPX1 was up-regulated after irradiation by 1.35-fold, whereas NADPH oxidase was the largest down-regulated group, including NADPH oxidase RBOHB (−1.58 fold), ferric-chelate reductase (FRO1), ferric-chelate reductase (FRO5) (−2 fold) and ferric-chelate reductase (FRO7) (−1.34 fold). Interestingly, all APXs were slightly up-regulated by the ion beam treatment, whereas all CATs were down-regulated. In SOD families, Cu/ZnSOD was the largest up-regulated group by 0.88-fold in irradiated samples compared with the control group. Additionally, three types of thioredoxin were somewhat changed after radiation.
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Except for detecting gene expression in the ROS scavenging network, ROS signaling transduction-associated genes are listed in Tables 5 and Supplementary Table S3. A total of six types of genes (262 genes) were significantly up-regulated or down-regulated after LIB irradiation, including phospholipase C (PLC), phospholipase D (PLD), calcium-binding protein, mitogen-activated protein kinase (MAPK), heat shock factor (HSF), and zinc finger protein (Zat). Among these genes, all MAPKs were highly up-regulated by treatment, with changes of more than 2-fold. Three out of five HSF genes were strikingly down-regulated, and five out of seven Zat genes were up-regulated after irradiation. Importantly, Zinc finger CCCH domain-containing protein 31 and MAPK kinase ANP1 were highly up-regulated with 5.09 and 3.18 expression fold changes (Log2), respectively. These results suggested the up-regulated expression level of ROS transduction-associated genes responding to ion beam irradiation.
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3.5 Metabolites Extraction and Metabolomic Profiling Analysis

GC-MS was applied to compare the amount of intracellular metabolites in hot pepper with or without LIB irradiation. A loading plot was constructed based on the OPLS-DA model. Using this model, all samples were classified into two groups (Fig. 2). These values illustrated that a significant variation in the statistical data was attributable to the variation of metabolites between the two groups. A total of 15 metabolites were identified as significant changes in these two groups (Table 6). After being exposed to the ion beam, almost all metabolites were greatly increased, except for allantoic acid, beta-glycerophosphoric acid, and phloroglucinol, suggesting that ion beams might enhance some metabolism pathways. All the significantly changed metabolites were involved in GABA pathways, secondary metabolism, carbohydrate metabolism, shikimate pathways, TCA cycles, nitrogen metabolism, glycerol metabolism, and acetate pathways, effectively reflecting the intracellular metabolic characteristics of hot pepper.
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Figure 2: Score scatter plot of (O)PLS-DA model for the group treated by irradiation vs. control. The scatter color represents different experimental samples
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4  Discussions

4.1 Physiological Changes in Response to Lithium-Ion Beams

Since the 1960s, researchers have applied low-energy ion beams in plant mutagenesis breeding [40]. Compared with X-ray, electron beam, and laser mutagenesis, ion beams have the advantages of minor risk of physical damage, high mutation frequency, and a wide range of mutations [41]. Ion beams could cause great variations in cell ultrastructure and chromosome structure [42]. A previous study suggested that lithium-ion beam has a higher biological impact on energy deposition, momentum transferring, and mass deposition compared to traditional radiation [43]. Ion beam irradiation strongly affected plant growth and development. A significant change in phenotypes has been observed in the model plant Arabidopsis thaliana using carbon-ion beam irradiation [7]. For many agricultural crops like pepper, agronomic traits, such as yield and disease resistance, are of interest to the researchers. In our study, the results showed that the main economic characteristics (plant height, fruit weight, yield) were greatly increased after LIB irradiation (Table 1). Compared to traditional breeding, ion beam treatment could obtain desirable characteristics in a short time [44].

Chlorophyll contents have important functions in photosynthetic efficiency and are often used to evaluate plant response to stresses [45]. In our results, the chlorophyll b and a+b contents in ion-beam-treated samples increased by 1.55-fold and 1.26-fold, respectively. Consistent with the present study, Ling et al. [46] found that a 40 Gy ion beam had a stimulating effect on the chlorophyll content of rice. Kim et al. [18] compared three different types of ionizing radiation and suggested that the chlorophyll contents were slightly lower in rice irradiated by gamma rays and cosmic rays, whereas in the ion beam-irradiated rice, it was significantly increased. However, other studies reported that ion beam radiation inhibited chlorophyll biosynthesis in plants due to the breakdown of the porphyrin ring of the chlorophyll molecule [47,48]. Still, it is difficult to compare the plant physiological and morphological responses to irradiation as the parameters of each experiment varied greatly. For example, the type and dose of irradiation, plant species, and developmental stage could all differ among studies.

4.2 Transcriptome Changes in Response to Lithium-Ion Beam

Compared to the control samples, 671 up-regulated and 376 down-regulated genes were identified as DEGs, suggesting that these genes were involved in response to ion beam irradiation. After several database annotations, some functional proteins were obtained. Five genes were identified as phosphatidylinositol phosphokinase, which is activated by osmotic stress or when quiescent cells are stimulated with growth factors [49,50]. Uroporphyrinogen decarboxylase (UROD, EC 4.1.1.37) is a key regulatory enzyme for the biosynthesis of protoheme and chlorophyll in plants, catalyzing the formation of coproporphyrinogen from uroporphyrinogen [51]. One gene (gene 29706) was annotated as UROD (Supplementary Table S1), and its expression was much higher in the treated groups than in the control. Eighteen genes encode protein related to thionin, which is widely distributed in plant cells, could inhibit or kill pathogenic microorganisms, and has been applied in plant disease resistance breeding in recent years [52]. Six genes encode zinc finger protein, which are important for regulating gene expression. Previous reports suggested that bZIP genes in wheat were strongly induced by multiple abiotic stresses through the abscisic acid (ABA) signaling pathway [53]. All these findings suggested that the induced variety might harbor more resistance and tolerance than the control.

The phytohormone auxin is a key metabolite in regulating plant growth and development stages [54]. Indole-3-acetic acid (IAA) has been recognized as the most abundant auxin in plants [55]. In this study, we detected a gene (gene32888, Supplementary Table S1) annotated to IAA-amino acid hydrolase ILR1-L like, which helps regulate free IAA concentrations in Arabidopsis by cleaving their conjugates [56,57]. Indole-3-acetaldehyde (IAId) oxidase-like (gene31897, Supplementary Table S1) was up-regulated in irradiated samples. This enzyme is involved in the synthesis of IAId, which is a precursor of IAA [58].

Jasmonates are important lipid regulators in plants that mediate responses to both mechanical trauma and pathogenesis and play pivotal roles in reproduction and metabolic regulation [59]. Plants employ ubiquitin-proteasome system-dependent proteolysis of MYC transcription factor (MYC2) as a mechanism to control plant responses to various environmental stresses in the jasmonic acid pathway [60], while the down-regulated MYC2 (gene4128, Table 4) was detected in the treated group. Ethylene response factor1 (ERF1) functions as a transcription factor that integrates signals from ethylene and jasmonic acid pathway [61]. The up-regulated ERF1 (gene15698, Table 4) in irradiated samples suggested the involvement of ERF1 in ethylene response to abiotic stress.

Reactive oxygen species (ROS) have been recognized as key regulators in the complex signaling network in plants in response to abiotic stress [62]. Kim et al. found 33 and 42 genes associated with ROS scavenging and signal transduction pathways, respectively, were induced or repressed in Arabidopsis [63]. After different doses of ion beam treatments in rice, 118 and 813 rice genes involved in ROS scavenging and signal transduction pathways showed induction or repression after ionization treatment [18]. Similarly, we also identified the differentially expressed genes in ROS scavenging pathways and signaling transduction (Tables 4 and 5). Most of the genes associated with ROS transduction were up-regulated under irradiated samples, suggesting that the exposure of the plants to ion beams directly or indirectly influenced ROS-related processes. In addition, Matsumoto et al. [64] suggested that the generation of ROS was imbalanced at the molecular level after carbon-ion induction. The carbon ion beam could modulate the physiological response and cause high expression of cold signaling genes to mitigate cold stress in Arabidopsis [65]. The activities of antioxidant enzymes induced by ROS played important roles in growth promotion in Arabidopsis after ion beam irradiation [66]. Zhang et al. indicated that ion implantation activated antioxidant enzymes and inhibited the ROS system, thus enhancing cell viability and division activity [67].

4.3 Metabolic Changes in Response to Lithium-Ion Beam

Furthermore, we identified 15 metabolites with significant differences in amount between these two groups. Allantoin and allantoic acid are regarded as important transport compounds of fixed nitrogen from soybean nodules to other parts of the plant [68]. Therefore, allantoic acid plays a vital role in nitrogen metabolism. Allantoic acid increased significantly after irradiation, suggesting that ion beam radiation could change nitrogen metabolism in hot pepper. Beta-glycerophosphoric acid is the initial substrate of glycerophospholipids, which are the main constituent in the cellular membrane. Phloroglucinol is naturally found in certain plants and has various useful biological properties, such as anti-inflammatory, anticancer, anti-microbial, antioxidant, and neuro-regenerative activities [69].

Gamma-aminobutyric acid (GABA) metabolism has been found in plants under many abiotic stress conditions, and its metabolism is regulated by the GABA shunt pathway [70]. Earlier studies have demonstrated that GABA metabolism increased under various abiotic stresses [71]. A similar finding was detected in our observation that aminobutyric acid was markedly increased after irradiation (Table 6). A study demonstrated that an enhanced GABA shunt pathway might provide intermediates for the TCA cycle, thus maintaining metabolic homeostasis during abiotic stress [72].

The shikimic acid pathway has been identified for the biosynthesis of most aromatic amino acids in plants, and it mainly links carbohydrate metabolism to aromatic compound biosynthesis [73]. Chlorogenic acid is a phenylpropanoid compound produced by the shikimate pathway during aerobic respiration [74]. Here, chlorogenic acid was increased (2.3-fold) in the ion beam irradiated sample (Table 6). Recently, transcriptomic analysis revealed changes in chlorogenic acid after frost in Mulberry [74]. Additionally, metabolomic studies showed a significant increase in chlorogenic acid as a response of sugarcane to biotic stress [75].

5  Conclusion

In summary, physiological, transcriptome, and metabolic analyses of hot pepper under lithium-ion beam irradiation demonstrated that 60 Gy of ion beam exposure could significantly improve all-important agronomic traits (particularly yield unit) through the regulation of multiple physiological processes and metabolic pathways, including the improvement of chlorophyll content, the balance of antioxidant enzymes and the enhancement of ROS transduction adjustment, as well as the accumulation of amino acids, carbohydrates, and organic acids. The enhanced carbohydrate metabolism, shikimic acid pathways, GABA shunts, and TCA cycles could play important roles in ion beam-irradiated plants.
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Table 1: Effect of lithium-ion beam irradiation on hot pepper

Agronomic characters

Control (0 Gy)

Treated (60 Gy)

Germination percentage (%)

Germination rate (%)

Plant height (cm)

Weight of single fruit (g)

Fruit per plant
Yield per plant (g)

Yield per unit area (kg/ha)

Seed size

Leaf size

Fruit size

Vertical diameter (cm)
Transverse diameter (cm)
Length (cm)

Width (cm)

Vertical diameter (cm)

Transverse diameter (cm)

96 +£2.08a

92 £2.08a
79.10 £ 5.16b
29.60 + 2.03b
27.00 + 3.61b
799.20 + 20.66b
2397.60 + 38.15b
436 £ 0.20a
3.69 +0.12a
23.40 + 0.42a
5.60 £ 0.44a
21.00 + 0.49a
4.50 £ 0.49a

99 £ 1.00a

92 £2.52a

89.60 + 3.56a
49.20 = 1.73a
40.60 + 1.52a
1997.50 £ 29.74a
5992.50 + 98.14a
4.51+0.13a
349+ 0.11b
24.30 + 0.49a
550+ 0.42a
21.80 £ 0.95a
3.00 + 0.40b

Note: Data are presented as average values of five biological replicates + SE; the differences were considered significant when p <
0.01 and indicated by different letters.
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Table 3: Sequencing output statistics for hot pepper

Samples Clean reads Mapped reads Q20 (%) Q30 (%) GC (%)
Controll 41732668 39882880 (95.57%) 98.40 95.06 44.33
Control2 45769626 42543354 (92.95%) 98.21 94.64 45.78
Control3 54549420 47221758 (86.57%) 98.38 95.03 43.07
Treated1 46287702 43369538 (93.70%) 98.35 94.96 45.47
Treated2 64733440 61577229 (95.12%) 98.43 95.17 43.05
Treated3 54317532 52032246 (95.79%) 98.37 95.00 43.30

Note: Q20 (quality score of 20); Q30 (quality score of 30).
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Table 6: Significant fold changes in the concentration of metabolites present in hot pepper

Metabolites (Involved pathway) Mass RT Treated Control Fold p-value
(min) change

4-aminobutyric acid (GABA pathway) 174 18.68  390.12 27250 1.43 0.04
Pyridoxine (Secondary metabolism) 280 20.14 6138 3532 1.74 0.02
D-Talose (Carbohydrate metabolism) 160 23.86 20.19 6.18 3.27 0.04
Gallic acid (Shikimate pathway) 283 12.61  7.30 424 1.72 0.01
Chlorogenic acid (Shikimate pathway) 219 3423 626 2.67 234 0.02
Maleic acid (TCA cycle) 245 1493  1.83 1.14 1.60 0.02
(+/-)-Taxifolin 368 2354 14.11 8.15 1.73 0.02
Allantoic acid (Nitrogen metabolism) 299 25.18 0.039 0.11 0.36 0.03
Orotic acid (Secondary metabolism) 254 2175  8.18 3.16 2.59 0.04
Ribose (Nitrogen metabolism) 160 2093  0.93 0.36 2.57 0.04
4-Hydroxybenzoic acid (Shikimate pathway) 267 20.08 490  3.49 1.40 0.04
beta-Glycerophosphoric acid (Glycerol 211 27,65 036  0.61 0.60 0.04
metabolism)

Lactic acid (Carbohydrate metabolism) 117 1053 420 3.12 1.35 0.04
Phloroglucinol (Acetate pathway) 253 2027 0.21 0.33 0.66 0.05
Erythrose (Carbohydrate metabolism) 73 1756  10.61 7.88 1.35 0.05

Note: RT: retention time; Fold change: Treated/Group.
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Table 4: Antioxidant gene expression in the reactive oxygen species (ROS) scavenging network in response
to ion beam irradiation

Enzyme Gene name Log, (Treated/Control)
Catalase (CAT) Catalase B —-0.31
Catalase isozyme 2 —-0.51
Catalase isozyme3 —-0.16
Catalase —0.49
NADPH oxidase NADPH oxidase RBOHA 0.25
NADPH oxidase RBOHB —1.58
NADPH oxidase RBOHC 0.07
NADPH oxidase RBOHD 0.35
NADPH oxidase RBOHE —0.14
NADPH oxidase RBOHH 0.00
Ferric-chelate reductase (FRO1) =2.00
Ferric-chelate reductase (FRO2) -0.21
Ferric-chelate reductase (FROS) —1.58
Ferric-chelate reductase (FRO7) -1.34
Ascorbate peroxidase (APX) APXI 0.03
APX2 0.42
APX3 0.22
APX4 0.21
APX6 0.13
APXS 0.23
APX1 0.03
Superoxide dismutase (SOD) MnSOD 0.08
Cu/ZnSOD 0.88
FeSOD —0.18
SOD 0.47
Superoxide dismutase copper chaperone (CCS) —0.12
Glutathione peroxidase (GPX) GPX1 1.35
GPX2 —0.11
GPX4 0.26
GPX5 0.00
GPX6 0.16
GPX7 —0.11
GPX8 0.23
PHGPX 0.01
Thioredoxin (Trx) Thioredoxin —-0.09
Thioredoxin reductase 0.06

Ferredoxin-thioredoxin reductase -0.15
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Table 2: Effects of lithtum-ion beam irradiation on photosynthetic and chlorophyll fluorescence parameters
of hot pepper

Parameters Control (0 Gy) Treated (60 Gy)
Net photosynthetic rate (Pn) 8.15+0.01a 6.15 £ 0.00b
Stomatal conductance (Gs) 0.09 £ 0.01a 0.10 + 0.00a
Transpiration rate (77) 2.50 + 0.01a 248 +0.0la
Intercellular CO, concentration (Ci) 181.74 £ 11.76b 242.08 £ 5.59a
Maximal efficiency of PSII photochemistry (Fv/Fm) 0.82 £ 0.00a 0.81 £0.01a
Actual photochemistry efficiency (@PSII) 0.20 £0.01a 0.23 £0.01a
Electron transport rate (ETR) 89.36 + 4.48a 99.37 + 3.64a
Photochemical quenching (gP) 0.39 £ 0.02a 0.44 £ 0.02a
Chlorophyll a (mg/g) 417.68 + 63.80a 465.89 £ 26.24a
Chlorophyll b (mg/g) 202.47 £17.27b 313.23 £16.62a
Chlorophyll a+b (mg/g) 620.14 £+ 79.87b 779.12 £ 42 .81a
Chlorophyll a/b 2.05+0.17a 1.49 £0.01b

Note: Data are presented as average values of five biological replicates + SE; the differences were considered significant when p <
0.01 and indicated by different letters.
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Table 5: Gene expression associated with the reactive oxygen species (ROS) transduction in response to ion

beam i1rradiation

Enzyme Gene name Log, p-value
(Treated/Control)
Phospholipase C (PLC) PLC2 1.64 1.75E-04
Phospholipase D (PLD) PLD zetal —2.04 7.95E-10
Calcium binding protein Calcium-binding protein CML38  —2.2 3.81E-05
Mitogen-activated protein kinase =~ MAPK/ERK kinase 1 2.61 5.90E-08
(MAPK) MAPK kinase kinase ANP1 3.18 1.20E-06
MAP kinase 9 1.55 8.88E-04
MAPK/ERK kinase 1 2.02 1.09E-03
Heat shock factor (HSF) Heat stress transcription factor 18  —1.49 1.61E-05
Small heat shock protein —2.45 2.97E-04
Heat stress transcription factor 11~ 1.25 7.50E-04
Heat shock protein 83 —1.25 8.17E-04
Heat shock transcription factor 24  1.38 1.15E-03
Zinc finger protein (Zat) Zmc finger CCCH domain- 5.09 6.41E-14
containing protein 31
Zmnc finger protein CONSTANS-  —2.21 7.15E-08
LIKE 5
Zmc finger protein CONSTANS-  1.66 5.24E-06
LIKE 4
Zmc finger CCCH domain- 2.13 9.49E-05
containing protein 18
Znc finger protein ZATS 2.26 9.22E-04
Znc finger protein ZATS 2.13 1.02E-03
Zmc finger protein CONSTANS-  —1.02 1.76E-03

LIKE 5
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