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Abstract: In this study, gene expression changes in cowpea plants irradiated by two different types
of radiation: proton-beams and gamma-rays were investigated. Seeds of the Okdang cultivar were
exposed to 100, 200, and 300 Gy of gamma-rays and proton-beams. In transcriptome analysis, the 32,
75, and 69 differentially expressed genes (DEGs) at each dose of gamma-ray irradiation compared
with that of the control were identified. A total of eight genes were commonly up-regulated for
all gamma-ray doses. However, there were no down-regulated genes. In contrast, 168, 434, and
387 DEGs were identified for each dose of proton-beam irradiation compared with that of the control.
A total of 61 DEGs were commonly up-regulated for all proton-beam doses. As a result of GO and
KEGG analysis, the ranks of functional categories according to the number of DEGs were not the
same in both treatments and were more diverse in terms of pathways in the proton-beam treatments
than gamma-ray treatments. The number of genes related to defense, photosynthesis, reactive oxygen
species (ROS), plant hormones, and transcription factors (TF) that were up-/down-regulated was
higher in the proton beam treatment than that in gamma ray treatment. Proton-beam treatment had
a distinct mutation spectrum and gene expression pattern compared to that of gamma-ray treatment.
These results provide important information on the mechanism for gene regulation in response to

two ionizing radiations in cowpeas.
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1. Introduction

Ionizing radiation has been considered the most powerful source of mutagenesis for
improving agricultural traits of various crops worldwide [1]. Since the 1960s, gamma-rays
and X-rays have been commonly used to induce mutations during plant breeding [2]. In
recent years, new mutant-derived cultivars have been developed using novel mutagens,
such as cosmic rays and ion beams. These ionizing radiations have created various mu-
tations that achieve high yield [3], early maturity [4], improvement of crop quality and
nutritional traits [5], and resistance to biotic [6] and abiotic stress [7].

Gamma-rays are electromagnetic radiation with 0.2 keV um™! linear energy transfer
(LET; the energy transferred per unit length), which can penetrate tissues [8]. The ion
beams are composed of particles of various masses from protons to uranium atoms gener-
ated through particle accelerators and can have high-LET ranging from 22.5 keV pm™ to
4000 keV um™! [8,9]. Compared with gamma-rays, ion beams show high relative biological
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effects (RBE), high mutation frequency, broad mutation spectrum, and induction of novel
mutants [10].

Among ion beams, the proton-beams have recently attracted interest in mutation
studies. Unlike heavy ion-beams, proton-beams have a lower LET (0.23—4.6 keV um=1),
but contain characteristic features of ion beams having a mass and an electrical charge [11].
Additionally, proton-beams have shown different mutant spectrums. In terms of character-
istics of single nucleotide polymorphisms (SNPs), Arabidopsis irradiated with gamma-rays
and carbon-ion beams [12], and Glycine max irradiated with gamma-rays [13] were had
more transitions than transversions, whereas Glycine max irradiated with proton-beams
showed the opposite result [14].

Plant gene expression can be changed by various stresses, such as ionizing radiation,
UV-B, salinity, osmotic stress, and cold [15-17]. The N* beam down-regulated the expres-
sion of genes involved in the photosynthetic pathway [18], and carbon-ion beams highly
up-regulated the expression of genes involved in signal transduction mechanisms [19].
Therefore, comparative analysis of transcripts is very effective in the investigation of gene
expression changes in response to various ionizing radiations. Recently, the emergence
of next-generation sequencing (NGS)-based transcriptome analysis (RNA-seq) allows
genome-wide identification of differentially expressed genes (DEGs) and provides a com-
prehensive overview of the metabolic pathways involved in stimulation through functional
classification of the gene [20].

Cowpeas (Vigna unguiculata (L.) Walp.) are a versatile legume crop in which all stages
of plant growth are used for human food and animal feed [21]. Recently, Lonardi et al. [22]
sequenced the genome of cowpea IT97K-499-35 and identified 29,773 protein-coding loci
with 12,514 alternatively spliced transcripts. Reference genome information made it pos-
sible to study the genome-wide gene expression responses to environmental stresses.
Therefore, this study was conducted to investigate the transcriptional variations and the
functions of the DEGs induced by proton-beams and gamma-rays in cowpeas.

2. Results
2.1. Transcriptional Variations Induced by Two Different Ionizing Radiations in Cowpeas

To compare transcriptional variations induced by gamma-rays and proton-beams
in the cowpeas, RNA-sequencing analysis was performed with a total of 21 samples of
control and irradiation treatments with three different doses (100, 200, and 300 Gy) for
the two radiations. Each treatment was repeated independently three times. As a result
of RNA-seq (Table S1), 600,059,830 transcriptome short reads (average length 101 bp)
were collected from all samples. In the transcriptome short reads, bases with a phred
score (Q) of less than 20, representing base quality, were trimmed, and reads with a
trimmed read length of less than 25 bp were removed. The final value of the total length
of trimmed reads/total length of raw reads was 80.00% using this preprocessing method.
As a result of calculating the expression value by mapping 537,045,136 cleaned reads to
42,287 reference transcripts of cowpeas (Vunguiculata_469_v1.1), the mapping rate was
approximately 91.46%. Additionally, among the 42,287 standard genes used for the analysis,
40,873 genes were expressed, and among them, 38,385 (93.91%) were genes with functional
descriptions. These data indicated that reliable transcriptome data were available for
subsequent differential analysis.

DEGs were screened between the treatments using log2FC (fold change) > 1 and
p-adj (adjusted p-value) < 0.05 (Tables S2-S12). The value of 1og2FC greater than 1 was
defined as upregulation, and less than 1 was defined as downregulation. The number of
DEGs selected between the comparisons is shown in Figure 1. The 32, 75, and 69 DEGs at
each dosage (100 Gy, 200 Gy, and 300 Gy) of gamma-ray irradiation compared with the
control were identified. In contrast, 168, 434, and 387 DEGs were selected for each dose
of proton-beam irradiation compared with the control. In the case of both sources, the
number of DEGs was highest in the 200 Gy treatment, and slightly decreased in the 300 Gy
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treatment. Compared to that of gamma-rays, at all doses, the number of up-regulated and
down- regulated DEGs were significantly higher in proton-beam treatments.
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Figure 1. Number of differentially expressed genes (DEGs) that were identified with a comparison between the treatments
and control in cowpeas. (a) Gamma-ray treatments, (b) Proton-beam treatments.

In the case of gamma-ray treatments (Figure 2a,b, Tables S8 and S9), 3, 26, and 28 DEGs
were dose-specifically up-regulated in a dose-dependent manner for the 100 Gy, 200 Gy,
and 300 Gy doses, and 1, 14, and 26 DEGs were down-regulated in a dose-dependent
manner. Only eight genes were up-regulated in common at all doses, and these genes
mainly encoded the Subtilisin-like serine endopeptidase family protein. In proton-beam
treatments (Figure 2c,d, Tables S10 and S11), 26, 245, and 196 DEGs were up-regulated
in a dose-dependent manner, and 6, 65, and 53 DEGs were down-regulated in a dose-
dependent manner with 100 Gy, 200 Gy, and 300 Gy doses, respectively. A total of 61 DEGs
were commonly up-regulated at all doses, and these genes encoded proteins, heat shock
transcription factor A6B, the chaperone DnaJ-domain superfamily, NAC transcription
factor-like 9, and beta glucosidase 15. One commonly down-regulated DEG encoded the
nodulin MtN21/EamA-like transporter family protein. Overall, 133 and 759 DEGs were
detected in gamma-ray treatments and proton-beam treatments, respectively. Among
these, 95 overlapping DEGs were commonly detected in at least one or more doses for
both radiations (Table S12). These DEGs included the GDSL-like Lipase/Acylhydrolase
superfamily protein, NAD(P)-binding Rossmann-fold superfamily protein, lipoxygenase 1,
and Subtilisin-like serine endopeptidase family protein.

There were no common DEGs in all doses of both sources. However, different DEGs
encoding the same protein have been identified, and the definition of this protein was
a subtilisin-like serine endopeptidase family protein. Interestingly, the DEGs encoding
the heat shock protein 90.1, the heat shock transcription factor A6B, and the Chaperone
DnaJ-domain superfamily protein, which increased in a dose-dependent manner in the
proton-beam treatment, were not differentially expressed at all doses, but were differentially
expressed only at 300 Gy in the gamma-ray treatments.

The qRT-PCR was performed to validate RNA-seq. A total of 15 genes were selected
from the DEGs that commonly detected in gamma-ray treatments and proton-beam treat-
ments (Figure S1). The relative expression levels of 15 genes obtained by gRT-PCR were
similar to results of RN A-sequencing analysis.
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Figure 2. Venn diagram showing the number of common and specific differently expressed genes (DEGs) by gamma-ray
(top) and proton-beam (bottom) treatments. (a,c) Up-regulated, (b,d) Down-regulated.

2.2. Functional Categorization of DEGs Induced by Two Ionizing Radiations in Cowpeas

To further understand the function of DEGs, Gene Ontology (GO) term enrichment
analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment were per-
formed (Tables S2-57). The GO term is presented in three independent categories Biological
Process (BP), Molecular Function (MF), and Cellular Component (CC). Figures 3 and 4
showed the top 20 enriched GO terms of the up/down-regulated genes by gamma-rays
and proton-beams, respectively.

In a result of each treatment excluding overlapping up-regulated and down-regulated
terms, 100 Gy, 200 Gy, and 300 Gy of the gamma-ray treatments showed 21, 81, and
60 terms, and the proton beam treatment showed 97, 157, and 79 terms. Overall, proton-
beam treatments exhibited more diverse GO terms compared to gamma-ray treatments.

Comparing the GO results of up-regulated genes in the 200 Gy gamma-ray and proton-
beam treatments, the most DEGs were detected in metabolic process and biological process
terms in BP from both sources. However, differences existed in the next level. For gamma-
ray treatments, oxidation-reduction process and proteolysis were the most enriched terms
and for proton-beam treatments, organic substance metabolic process and cellular metabolic
process were the most enriched terms. In CC, the apoplast the extracellular region were
the most enriched terms in gamma-ray treatments, and membrane part and membrane
protein complex were the most enriched terms in proton-beam treatments. In MF, catalytic
activity, hydrolase activity, cation binding, metal ion binding, and oxidoreductase activity
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were similarly over-enriched in both sources, except for the molecular function term in
gamma-ray treatments.

Tables 1 and 2 show the enriched KEGG pathways of the up/down-regulated genes
by gamma-ray and proton-beam. The DEGs were most involved in biosynthesis of other
secondary metabolite pathways in all treatments. In proton-beam treatments, the next
major pathways involved were environmental adaptation and signal transduction in 100 Gy,
carbohydrate metabolism and energy metabolism in 200 Gy, environmental adaptation,
folding, and sorting and degradation in 300 Gy. However, in the case of gamma-ray
treatments, metabolism of terpenoids and polyketides in 100 Gy, lipid metabolism in 200 Gy,
and environmental adaptation in 300 Gy were the prominent pathways. In particular, genes
involved in environmental adaptation (plant-pathogen interaction, circadian rhythm—
plant) pathway were generally up-regulated in all treatments of the proton beam treatment.
However, in the gamma-ray treatment group, the number of up/down-regulated genes
was the same or there were more down-regulated genes.
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Figure 3. Gene Ontology (GO) term enrichment analysis of the up (a) down (b) regulated genes of cowpeas exposed to dif-
ferent dose rates of gamma-rays. (Blue bar: Biological Process, Red bar: Cellular Component, Grey bar: Molecular Function).
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Figure 4. Gene Ontology (GO) term enrichment analysis of the up (a) down (b) regulated genes of cowpeas exposed to different
dose rates of proton-beams. (Blue bar: Biological Process, Red bar: Cellular Component, Grey bar: Molecular Function).

Table 1. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the up- and down-regulated genes of

cowpeas exposed to different dose rates of gamma-rays.

Major Classification

Sub Classification

Number of DEGs

Up-Regulated

Down-Regulated

Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism

Cellular Processes
Environmental Information Processing
Environmental Information Processing

Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Organismal Systems

G 100 Gy
Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism
Energy metabolism
Lipid metabolism
Metabolism of terpenoids and polyketides
G 200 Gy
Transport and catabolism
Membrane transport
Signal transduction
Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism
Glycan biosynthesis and metabolism
Lipid metabolism
Metabolism of terpenoids and polyketides
Overview
Environmental adaptation
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Table 1. Cont.

Major Classification

Sub Classification

Number of DEGs

Up-Regulated

Down-Regulated

Environmental Information Processing
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Organismal Systems

G 300 Gy
Signal transduction
Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism
Energy metabolism
Glycan biosynthesis and metabolism
Metabolism of terpenoids and polyketides
Overview
Environmental adaptation
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Table 2. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the up- and down-regulated genes in

cowpeas exposed to different dose rates of proton-beams.

Major Classification

Sub Classification

Number of DEGs

Up-Regulated

Down-Regulated

Cellular Processes
Environmental Information Processing
Environmental Information Processing

Genetic Information Processing
Genetic Information Processing
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Organismal Systems

Cellular Processes
Environmental Information Processing
Environmental Information Processing

Genetic Information Processing
Genetic Information Processing
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Metabolism
Organismal Systems

P 100 Gy
Transport and catabolism
Membrane transport
Signal transduction
Folding, sorting and degradation
Transcription
Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism
Energy metabolism
Lipid metabolism
Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides
Overview
Environmental adaptation
P 200 Gy
Transport and catabolism
Membrane transport
Signal transduction
Folding, sorting and degradation
Transcription
Amino acid metabolism
Biosynthesis of other secondary metabolites
Carbohydrate metabolism
Energy metabolism
Glycan biosynthesis and metabolism
Lipid metabolism
Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides
Nucleotide metabolism
Overview
Environmental adaptation
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Table 2. Cont.

Major Classification

Number of DEG
Sub Classification umbero S

Up-Regulated = Down-Regulated

P 300 Gy
Cellular Processes Transport and catabolism 6 0
Environmental Information Processing Membrane transport 7 0
Environmental Information Processing Signal transduction 15 1
Genetic Information Processing Folding, sorting and degradation 31 0
Genetic Information Processing Transcription 2 0
Genetic Information Processing Translation 8 0
Human Diseases Endocrine and metabolic diseases 0 1
Metabolism Amino acid metabolism 13 3
Metabolism Biosynthesis of other secondary metabolites 103 11
Metabolism Carbohydrate metabolism 20 4
Metabolism Energy metabolism 4 1
Metabolism Lipid metabolism 24 4
Metabolism Metabolism of cofactors and vitamins 1 3
Metabolism Metabolism of other amino acids 17 1
Metabolism Metabolism of terpenoids and polyketides 9 0
Metabolism Overview 6 2
Organismal Systems Environmental adaptation 79 13

2.3. Clustering Analysis of DEGs Induced by Two Different lonizing Radiations in Cowpeas

A clustering analysis was performed to confirm the expression pattern of genes using
differential expression gene information in 100 Gy vs. the control, 200 Gy vs. the control,
and 300 Gy vs. the control comparisons for the two sources. The DEGs of the two sources
were classified into six clusters each. In gamma-ray treatments (Figure 5a), the 82 of 133
DEGs belong to cluster 2 (C2). They showed a higher expression level than that of the
control at all doses, and the level increased at 200 Gy and decreased at 300 Gy. In the GO
analysis of these genes, most were distributed in biological process in BP, apoplast and
extracellular region in CC, catalytic activity in ME. Additionally, KEGG analysis revealed
that most of the genes were involved in biosynthesis of other secondary metabolites,
lipid metabolism, and signal transduction. In proton-beam treatments (Figure 5b), 328 of
759 DEGs belonged to cluster 1(C1) and had a similar pattern to that of C2 of gamma-
ray treatments. The GO analysis showed that most of the genes were distributed in
the biological process in BP, membrane in CC, and catalytic activity in MF. Additionally,
KEGG analysis revealed that most of the genes were involved in biosynthesis of other
secondary metabolites, similar to that of gamma rays, followed by energy metabolism
and carbohydrate metabolism. However, the proportion of genes involved in signal
transduction and lipid metabolism was relatively small.

In contrast to the abovementioned clusters, C4 (16 DEGs) of the gamma-ray treatments
showed lower expression levels than did the control at all doses, and these DEGs distributed
in protein phosphorylation and phosphorylation in BP, and ion binding and catalytic
activity in MF. Additionally, they were mainly involved in environmental adaptation,
biosynthesis of other secondary metabolites and lipid metabolism pathway. C2 of proton-
beam treatments showed a similar trend, including 40 DEGs. It also showed distribution in
peptidase regulator activity, endopeptidase regulator activity, peptidase inhibitor activity,
and endopeptidase inhibitor activity in ME. Furthermore, they were mainly involved in
biosynthesis of other secondary metabolites, and metabolism of terpenoids and polyketides.
The environmental adaptation pathway, which was most often observed in the C4 of
gamma-ray treatments, was not seen in C2 of proton-beam treatments, but most in C3.

Additionally, the C5 (118 DEGs) of proton-beam treatments and C3 (six DEGs) of
gamma-ray treatments had a pattern of increasing expression levels with dose, and the
term oxidoreductase activity in MF was most commonly observed in both. However, the
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C4 (94 DEGs) of proton-beam treatments and the C1 (26 DEGs) of gamma-ray treatments,
which showed a pattern of decreasing expression levels with dose, represented the term
major hydrolase activity and protein dimerization activity in MF, respectively. Detailed
information on the various clusters of each source is shown in Tables S13 and S14.
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Figure 5. As a result of clustering analysis, heatmaps showing the level of differential expression of genes in each cluster.
(a) Gamma-ray treatments; (b) proton-beam treatments. The line plot is a pattern representing the clusters expressed in the
heatmaps. Up or down-regulated ranges from black to red (or green) with a fold-change scale bar shown above the heatmap.

2.4. Target Gene Analysis of DEGs Induced by Two Different lonizing Radiations in Cowpeas

To determine which signaling pathways were activated in response to the two ionizing
radiations, we investigated the significant differences in the expression of genes related
to ROS, plant hormones, defense signals, photosynthesis, and plant transcription factors
(Tables 3 and 4). For both sources, the largest number of DEGs were detected in plant
hormones and transcription factors. For plant hormones, the genes related to SA and
ABA were the most differentially expressed under both radiations. Interestingly, the AUX,
CK, and BR genes were regulated only in proton-beam treatments, but not in gamma-ray
treatments. Among them, CK-related DEGs were up-regulated at all doses, and none
were down-regulated. For the TFs, 23 were regulated for both ionizing radiations. TALE
was controlled only by gamma rays. bHLH, C3H, Dof, ERF, LBD, MIKC_MADS, and
M-type_ MADS were regulated by both sources. ARR-B, B3, bZIP, C2H2, CO-like, DBB,
G2-like, GRE, HSF, MYB, MYB_related, NAC, Trihelix, WOX, and WRKY were regulated
only by the proton beam.
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Table 3. The differently expressed genes (DEGs) list as related to defense, photosynthesis, and ROS of cowpeas exposed to different dose rates of gamma-rays and proton-beams.

X Log2 Fold Change
Category Gene ID E-Value Identity ID Arabi-Defline *
G100Gy G200Gy G300Gy P100Gy P200Gy P300Gy
calcium transporters Vigun05g102200 7 x 10°1 73.02 AT3G51860 —0.40 0.13 0.24 0.97 1.10 0.93 cation exchanger 3
calcium transporters Vigun06g076000 1x1071% 64.37 AT3G51860 1.00 0.85 1.07 0.56 1.09 1.24 cation exchanger 1
calcium transporters Vigun08g119600 3 x 107130 70.66 AT3G51860 0.97 0.84 1.04 0.26 0.99 1.18 cation exchanger 1
chitinases Vigun11g168800 8 x 10755 53.46 AT2G43590 —0.60 —0.68 —0.90 027 —1.10 -1.13 h"m"logh‘;fi;aagft EP3-3
ER-folding Vigun05g013700 0 66.12 AT5G28540 0.03 0.22 0.15 0.39 0.45 1.10 heat shock cognate protein 70-1
ER-folding Vigun05g054000 0 75.64 AT1G08450 0.00 0.33 0.37 0.75 0.68 1.06 calreticulin 3
ER-folding Vigun06g184800 0 56.63 AT5G42020 031 0.35 0.03 0.85 0.62 1.19 heat shock protein 70B
Defense MAPK cascade
Pkl Vigun05g118000 8 x 1017 56.14 AT4G23550 0.23 0.32 0.77 —0.02 1.07 064  WRKY DNA-binding protein 49
immunity
CALRETICULIN3  Vigun05g054000 0 75.64 AT1G08450 0.00 0.33 0.37 0.75 0.68 1.06 calreticulin 3
PR2 Vigun01g111100 1 x 107126 54.47 AT3G57260 1.01 1.49 0.98 0.22 0.56 147 beta-1,3-glucanase 1
PR2 Vigun01g111300 4 x 10102 56.49 AT3G57260 1.24 1.70 1.29 0.31 0.61 1.57 beta-1,3-glucanase 1
PR2 Vigun11g037800 4 x 10718 5238 AT3G57260 ~0.30 ~0.70 —045 —0.34 ~057 —134  Glycosyl hy%rr‘(’}t"’esiffuperfamﬂy
PRXCA Vigun06g141200 4 x 107111 54.06 AT3G49110 0.19 0.77 0.30 0.36 0.20 1.54 Peroxidase superfamily protein
Photosynthesis Vigun01g147100 7 x 10~% 9362  vra:106758006 ~0.32 ~0.05 0.79 0.29 242 0.70 Pho*"sygse]gnzggfggilgn center
Photosynthesis Vigun11g069900 2 x 10~% 7093 vra:106761818 0.52 0.75 0.46 0.14 1.19 0.66 PhOtOSYStepTOItIeirﬁaAC“"“ center
Photosynthesis— : :
antenna Vigun01g226400  1x 10~ 9355  vra:106758023 025 0.13 1.10 0.68 246 121 light harvesting complex
proteins photosystem II
Photosynthesis— : :
antenna Vigun09g238500 2 x 10-157 9659  vra106761217  —0.05 0.19 0.30 0.18 1.08 0.20 photosystem I light harvesting
proteins complex gene 5
Carbon fixation in
photosynthetic Vigun02g098200 0 99.24 vra:106777824 —0.11 0.07 0.14 0.45 1.03 0.29 phosphoribulokinase
) organisms
Photosynthesis ¢, hon fixation in Ribulose bisphosphate
photosynthetic Vigun04g097100 4 x 107116 86.26 vra:106773825 —0.06 0.04 0.28 0.37 1.25 0.43 carboxylase (small chain) family
organisms protein
Carbon fixation in :
photosynthetic Vigun07g217500 3 x 10-13 5074 vra:106754509  —0.29 0.03 0.17 0.43 1.10 0.32 nositel menophosphatase
organisms amily protemn
Carbon fixation in
photosynthetic Vigun07g291200 0 97.37 vra:106772090 0.04 0.30 0.21 0.23 0.96 0.40 Transketolase
organisms
Carbon fixation in fructose-bisphosphate aldol
photosynthetic Vigunl1gl181300 3 x 10713 57.67 vra:106757953 —0.02 0.05 0.31 0.12 1.13 0.21 rictosebIsphopphate aldolase
organisms
Carbon fixation in . :
photosynthetic VigunL056600 3 x 107100 87.35 vra:106779100 021 047 0.34 0.05 113 0.69 rlb“1§’:fl;gf§1};§:§hate

organisms
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Table 3. Cont.

. Log?2 Fold Change
Category Gene ID E-Value Identity ID Arabi-Defline *
G100Gy G200Gy G300Gy P100Gy P200Gy P 300Gy
ROSbreakdown  Vigun01g050200 3 x 10-% 62.96 ATIG17180 0.01 0.13 0.19 0.81 0.53 128 glutathione S-transferase TAU
ROSbreakdown ~ Vigun01g050300 7 x 10-% 60.38 AT1G17180 ~0.01 015 ~0.10 0.89 0.49 136 glutathione S-transferase TAU
ROSbreakdown  Vigun01g058300 1 x 10~ 63.43 AT1G17180 0.01 0.13 0.19 0.81 0.53 129 glutathione S-transferase TAU
ROS breakdown Vigun05g112200 6 x 1079 52.68 AT3G09270 0.09 0.55 0.27 0.68 0.65 1.22 glutathione S-transferase TAU 8
ROS breakdown Vigun05g177100 2 x 10714 57.67 AT1G17020 0.48 1.00 0.79 0.07 0.28 1.13 senescence-related gene 1
FKBP-type peptidyl-prolyl
ROS induced genes Vigun01g102600 0 53.37 AT5G48570 0.15 0.59 0.89 0.48 1.50 0.77 cis-trans isomerase family
protein
GDSL-like
ROS induced genes Vigun06g052000 2 x 10717 54.28 AT5G55050 0.29 0.52 0.77 0.74 0.86 1.54 Lipase/Acylhydrolase
ROS superfamily protein
ROS induced genes  Vigunllgl6sso0 1 x 10~ 52,61 AT2G43570 ~0.60 —0.68 ~0.90 —027 ~1.10 ~113 homolog of carrot EF3-3
ROS induced genes,
ROS transport to Vigun06g224100 1x 10717 58.65 AT5G64120 —0.64 Peroxidase superfamily protein
apoplast
ROS production Vigun06g141200 2 x 107110 54.06 AT3G49110 0.19 0.77 0.30 0.36 0.20 1.54 Peroxidase superfamily protein
ROS production Vigun07g235300 4 x 1078 63.69 AT2G26400 ~0.16 0.02 0.22 0.72 116 0.70 RmiC-like C;g{g;“Perfamﬂy
ROS production Vigun09g130300 6 x 10717 77.59 AT5G05340 0.19 0.58 0.32 0.32 0.51 1.24 Peroxidase superfamily protein
2-oxoglutarate (20G) and
ROS production Vigun09g139800 4 x 107160 58.33 AT5G24530 0.27 0.34 0.92 111 0.97 1.01 Fe(Il)-dependent oxygenase
superfamily protein
ROS production Vigun10g149500 0 61.51 AT1G01190 1.60 1.52 1.18 —0.12 0.55 0.88 cytochrome P450, family 78,

subfamily A, polypeptide 6

* Arabi-defline: Arabidopsis thaliana gene’s description. The box color indicates the gene expression level from green (down-regulated) to white to red (up-regulated). The black lined box indicates a significant

difference.
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Table 4. The differently expressed genes (DEGs) list related to plant hormone, TF of cowpeas exposed to different dose rates of gamma-rays and proton-beams.

. Log2 Fold Change
Category Gene ID E-Value Identity ID Arabi-Defline *
G100Gy G200Gy G300Gy P100Gy P200Gy P300Gy
JA Vigun05g272300 0 56.17 AT1G55020 1.44 2.01 0.79 0.53 0.70 2.01 lipoxygenase 1
JA Vigun09g243000 0 64.68 AT5G42650 0.08 0.36 0.18 0.52 0.32 1.06 allene oxide synthase
JA Vigun10g168900 0 57.01 AT1G55020 057 0.83 0.05 0.00 —0.25 1.27 lipoxygenase 1
JA Vigun11g024700 5 x 107131 51.83 AT2G06050 0.47 0.46 0.24 0.99 0.27 1.05 12-oxophytodienoate reductase 2
JA Vigun11g025000 5x 107127 50.52 AT2G06050 0.42 0.47 033 1.00 0.26 112 12-oxophytodienoate reductase 2
JA Vigun09g060800 2x 1074 53.06 AT4G28910 —0.15 —0.34 —0.45 —0.83 —0.87 ~1.04 ABI five binding protein 3
SA Vigun01g111100 3 x 107126 54.47 AT3G57260 1.01 1.49 0.98 0.22 0.56 1.47 beta-1,3-glucanase 1
SA Vigun01g111300 1 x 10710 56.49 AT3G57260 1.24 1.70 1.29 0.31 0.61 1.57 beta-1,3-glucanase 1
SA Vigun06g125400 110716 5556 ATAGI7500 065 0388 ~1.02 —032 ~1.00 ~136 Integrase-type DNA-binding
superfamily protein
SA Vigun09g066100 9 x 10712 53.42 AT4G17500 —0.19 —0.29 —0.96 —0.24 —1.43 —1.40 Integrase-type DNA-binding
superfamily protein
SA Vigun10g147000 1x 10716 51.47 AT4G17500 -0.13 —0.40 —058 —0.39 —0.50 —127 Integrase-type DNA-binding
superfamily protein
SA Vigun11g037800 1% 10-102 5238 AT3G57260 ~0.30 —0.70 —045 —0.34 —057 134 Glycosyl hyirr‘;lta;f\ superfamily
SA Vigun05g118000 5x 1021 59.65 AT3G01080 0.23 0.32 0.77 —0.02 1.07 0.64 WRKY DNA-binding protein 49
SA Vigun06g122600 2 x 10714 51.72 AT3G01080 0.36 0.20 0.36 1.15 0.78 0.75 WRKY DNA-binding protein 30
SA Vigun08g112200 1x 102 55.07 AT2G40750 0.25 —0.04 0.53 1.46 135 0.67 WRKY DNA-binding protein 70
SA Vigun03g272400 3 x 107100 55.98 AT2G23620 —0.26 —0.52 —0.96 —0.27 -1.11 —1.08 methyl esterase 1
Plant ETH Vigun03g006800 8 x 10712 73.4 AT1G05010 0.11 0.43 0.29 037 0.66 1.20 ethylene-forming enzyme
hormone ETH Vigun06g125400 1x10°18 54.29 AT2G44840 —0.65 —0.88 ~1.02 —-0.32 —1.00 ~1.36 Integrase-type DNA-binding
superfamily protein
ETH Vigun10g147000 9 x 1020 52 AT2G44840 -0.13 —0.40 —0.58 —0.39 —0.50 —127 Integrase-type DNA-binding
superfamily protein
AUX Vigun02g197800 4 x 10161 60.91 ATA4G27070 0.50 057 0.18 053 ~0.18 1.19 Pyridoxal 5\ -phosphate-dependent
enzyme family protein
AUX Vigun02g197900 2 x 107166 60.14 AT5G54810 0.45 0.66 0.05 0.52 —0.20 1.19 Pyridoxal-5\ -phosphate-dependent
enzyme family protein
AUX Vigun02g200300 5% 10167 62.79 AT5G54810 0.45 0.68 0.04 053 ~0.18 121 Pyridoxal 5\ -phosphate-dependent
enzyme family protein
AUX Vigun08g204500 0 75.13 AT5G55250 —0.31 -0.25 —0.77 -0.19 —1.08 —0.47 IAA carboxylmethyltransferase 1
AUX Vigun01g186200 1x 10712 51.34 AT5G62000 —0.08 —0.11 —0.39 —0.45 -1.19 —0.77 auxin response factor 2
AUX Vigun09g055300 3x 1078 62.02 AT5G57090 —0.35 —0.86 -0.83 —0.58 ~1.29 —1.67 Auxin efflux carrier family protein
CK Vigun01g223000 4 x 107141 50.44 AT5G05870 0.30 0.74 0.67 1.27 1.16 1.17 UDP-Glycosyltransferase
superfamily protein
CK Vigun09g248900 0 68.08 AT1G75450 0.07 0.19 0.42 141 115 0.49 cytokinin oxidase 5
CK Vigun05g236200 1x 10715 5455 AT3G16857 ~0.10 0.12 0.79 0.63 130 0.59 HomEOdomi;jg{‘eli‘fl superfamily
BR Vigun04g063600 0 74 AT3G30180 -0.13 -0.33 —0.98 —0.98 —1.36 —0.84 brassinosteroid-6-oxidase 2
BR Vigun10g199600 0 58.4 AT2G07050 —0.04 —0.39 0.58 0.46 1.20 0.06 Terpenoid cyclases family protein
ABA Vigun01g111100 4 x 107126 54.47 AT3G57260 1.01 1.49 0.98 0.22 0.56 1.47 beta-1,3-glucanase 1
ABA Vigun01g111300 1x 107101 56.49 AT3G57260 1.24 1.70 1.29 0.31 0.61 1.57 beta-1,3-glucanase 1
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Table 4. Cont.

. Log2 Fold Change
Category Gene ID E-Value Identity ID Arabi-Defline *
G100Gy G200Gy G300Gy P100Gy P200Gy P300Gy
ABA Vigun02g108000 0 60.09 AT2G29090 0.32 0.42 ~0.19 136 152 ~0.19 cytochrome P450, family 707,
subfamily A, polypeptide 1
ABA Vigun11g037800 1x 107102 52.38 AT3G57260 ~0.30 ~0.70 —045 —0.34 —0.57 ~1.34 Glycosyl hy%rr‘;lta;fl superfamily
ABA Vigun11g124400 1x 10763 5436 AT1G52340 2.33 2.85 192 030 123 2.07 NAD(P)-binding Rossmann-fold
superfamily protein
ABA Vigun05g118000 2 x 1071 56.14 AT1G80840 0.23 0.32 0.77 —0.02 1.07 0.64 WRKY DNA-binding protein 49
ABA Vigun06g125400 3% 10714 67.86  AT2G40220 —0.65 —0.88 ~1.02 —0.32 ~1.00 ~1.36 Integrase-type DNA-binding
superfamily protein
ABA Vigun(08g103000 5 x 107164 71.24 AT3G50500 —0.24 —0.62 —0.36 =013 —0.59 —1.03 Protein kinase superfamily protein
ABA Vigun09g066100 1% 10710 59.65 AT2G40220 ~0.19 029 ~0.96 024 ~143 ~1.40 Integrase-type DNA-binding
superfamily protein
ABA Vigun10g147000 1x 1074 64.29 AT2G40220 -0.13 —0.40 —0.58 —0.39 —0.50 127 Integrase-type DNA-binding
superfamily protein
ABA Vigun01g182800 0 66.91 AT5G06530 ~0.13 ~0.11 0.52 0.73 142 0.86 ABC-2 7pe rasporter family
ABA Vigun07g020000 0 78.00 AT5G06530 0.07 0.42 0.80 —045 1.19 045 ABC-2 type;gigﬁo“er family
ABA Vigun07g208100 0 61.09 AT1G71960 —0.49 ~1.16 —0.86 ~053 —0.99 ~0.53 ATP-binding cassette family G25
GA Vigun01g203100 2 x 10730 54.39 AT1G09530 —0.20 —0.80 —1.10 0.19 —0.92 —0.80 phytochrome interacting factor 3
GA Vigun11g176000 1x 10716 50 AT1G09530 0.03 037 0.59 0.67 1.16 0.38 cryptochrome-interacting
basic-helix-loop-helix 1
ARR-B Vigun05g236200 2% 10715 54.24 Vun001281 ~0.10 0.12 0.79 0.63 1.30 0.59 Home"doma};;g{g;fl superfamily
B3 Vigun01g186200 5x 1078 65.37 Vun008946 —0.08 —0.11 —0.39 —0.45 -1.19 —0.77 auxin response factor 2
bHLH Vigun01g203100 3% 10722 67.21 Vun004469 —0.20 —0.80 ~1.10 0.19 -0.92 —0.80 phytochrome interacting factor 3
bHLH Vigun02g030100 1x 107136 100 Vun010029 ~0.07 ~0.03 0.69 0.45 128 0.39 basic helix-loop-helix (bHLH)
DNA-binding superfamily protein
bHLH Vigun11g176000 0 99.73 Vun001364 0.03 0.37 0.59 0.67 1.16 0.38 cryptochrome-interacting
basic-helix-loop-helix 1
bZIP Vigun05g188500 3% 1022 51.55 Vun006014 0.60 0.64 0.77 0.99 117 0.15 Basic-leucine zipper (bZIP)
transcription factor family protein
TF bZIP Vigun05g211100 1% 102 52.58 Vun006014 0.20 0.45 0.10 1.05 114 0.39 Basic-leucine zipper (bZIP)
transcription factor family protein
C2H2 Vigun05g249900 6 x 107164 91.67 Vun007540 0.09 —0.01 0.52 0.56 1.08 0.23 C2H2-like zinc finger protein
C2H2 Vigun07g117400 3 x 107111 55.04 Vun000818 —0.12 —0.26 —0.36 —0.44 —0.87 -1.23 Indeterminate (ID)-domain 2
C3H Vigun04g004600 2 x 10761 66.93 Vun007793 ~0.50 ~1.16 ~1.14 —0.19 -1.23 —0.92  CCCH-type zinc finger family protein
CO-like Vigun03g017700 2% 1071 66.67 Vun007845 0.19 0.32 0.69 0.19 1.61 0.24 B-box type zinc finger protein with
CCT domain
DBB Vigun03g017700 4x1011 56 Vun005093 0.19 0.32 0.69 0.19 1.61 0.24 B-boxtype s g‘;ﬁf;ﬁmtem with
Dof Vigun03g336800 9 x 102 64.71 Vun009020 —0.18 —0.66 —0.58 —0.38 —0.67 ~1.00 cycling DOF factor 3
Dof Vigun05g041000 2 x 10726 70.69 Vun010069 —0.09 —0.68 -1.02 ~0.90 ~1.10 -1.07 cycling DOF factor 2
ERF Vigun06g125400 3% 10728 68.92 Vun008975 —0.65 —0.88 —1.02 -0.32 —1.00 —1.36 Integrase-type DNA-binding

superfamily protein
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Table 4. Cont.

. Log2 Fold Change
Category Gene ID E-Value Identity ID Arabi-Defline *
G100Gy G200Gy G300Gy P100Gy P200Gy P300Gy
] 2 Integrase-type DNA-binding
ERF Vigun09g066100 2x 10 60 Vun004651 —0.19 —0.29 —0.96 —0.24 —1.43 —1.40 . :
superfamily protein
ERF Vigun10g147000 5% 10 66.22 Vun004557 ~0.13 040 ~0.58 ~0.39 ~0.50 —1.27 Integrase-type DNA-binding
superfamily protein
G2-like Vigun05g236200 1% 10768 58.91 Vun009285 ~0.10 0.12 0.79 0.63 1.30 0.59 Home"doma;‘;gi(fl superfamily
GRF Vigun01g171000 7 x 107132 99.46 Vun004052 0.03 0.10 —0.44 —0.26 —1.24 —0.62 growth-regulating factor 4
HSF Vigun01g137100 1x107%8 63.83 Vun002051 —0.04 0.14 0.70 1.01 1.32 2.36 heat shock transcription factor A6B
HSF Vigun09g224500 6 x 107% 60.64 Vun002051 026 —0.05 1.24 228 2.38 401 heat shock transcription factor A2
LBD Vigun02g150500 1x 10715 99.45 Vun010679 0.61 0.75 1.11 0.19 0.88 0.24 LOB domain-containing protein 37
LBD Vigun03g285600 9 x 107168 99.56 Vun009383 0.39 0.72 111 —0.11 1.09 —0.09 LOB domain-containing protein 39
MIKC_MADS  Vigun02g125600 610719 50.68 Vun005031 ~0.19 —082 ~1.06 0.01 —0.89 ~1.09 K-box region and MADS-box
transcription factor family protein
MIKC_MADS  Vigun03g126100 1% 107104 97.44 Vun010515 —047 ~058 ~1.04 0.11 —0.64 —045 K-box region and MADS-box
transcription factor family protein
M- . _19 B . _ _ _ K-box region and MADS-box
type_MADS Vigun02g125600 1x10 54.93 Vun006638 0.19 0.82 1.06 0.01 0.89 1.09 transcription factor family protein
M- . _46 _ _ _ _ _ K-box region and MADS-box
type_MADS Vigun03g126100 3% 10 59.02 Vun006638 047 0.58 1.04 0.11 0.64 0.45 ranscription factor family protein
MYB Vigun02g147400 0 100 Vun007952 0.25 0.58 0.43 0.62 1.21 —0.24 myb domain protein 73
MYB Vigun03g281700 0 100 Vun007814 0.16 0.39 0.30 0.87 1.08 0.10 myb domain protein 73
MYB_related Vigun(02g147400 6 x 10720 51.47 Vun001892 0.25 0.58 0.43 0.62 1.21 —-0.24 myb domain protein 73
MYB_related Vigun03g281700 2 x 1072 50 Vun001892 0.16 0.39 0.30 0.87 1.08 0.10 myb domain protein 73
MYB_related  Vigun06g096400 4% 107 60.14 Vun002263 ~031 —091 ~093 —0.67 ~1.02 ~0.90 Home"doma;‘;gﬁ superfamily
MYB_related  Vigun07g078900 1x 10717 100 Vun008084 ~0.10 ~0.32 —0.29 ~0.53 —0.37 ~1.04 Home"d"mé;;‘;ieﬁ superfamily
MYB_related  Vigun08g140800 2% 10175 97.15 Vun002263 —021 ~0.83 ~0.65 ~0.63 ~0.80 ~126 Homef’d"mégg{ieﬁ superfamily
NAC Vigun10g154100 5 x 1072 63.49 Vun011756 —0.04 0.52 0.52 1.53 0.9 1.82
NAC Vigun10g154300 8 x 10722 63.49 Vun011756 0.10 0.49 0.83 1.46 111 1.82 NAC transcription factor-like 9
NAC Vigun10g154700 8 x 107% 59.2 Vun011756 0.14 0.51 0.86 1.48 1.16 1.86 NAC transcription factor-like 9
NAC VigunL060400 7 x 107 62.4 Vun011756 —0.04 0.46 0.60 1.44 0.94 1.72 NAC transcription factor-like 9
NAC VigunL060000 5 x 10752 63.49 Vun011756 0.11 0.50 0.83 147 1.12 1.82 NAC transcription factor-like 9
TALE Vigun08g034600 6% 104 8137 Vun011787 438 3.90 3.40 —041 1.81 ole KNOTIED-like from Arabidopsis
Trihelix Vigun04g131800 4% 107102 91.11 Vun009396 0.40 0.09 0.27 0.67 1.19 0.54 Duplicated homeodomain-like
superfamily protein
WOX Vigun03g004000 5x 107% 72.31 Vun003771 —0.37 —0.48 —0.46 —0.55 —0.90 —1.04 WUSCHEL related homeobox 1
WRKY Vigun05g118000 4x10°5 64.91 Vun007741 0.23 0.32 0.77 —0.02 1.07 0.64 WRKY DNA-binding protein 49
WRKY Vigun06g122600 0 100 Vun001400 0.36 0.20 0.36 1.15 0.78 0.75 WRKY DNA-binding protein 30
WRKY Vigun08g112200 4x10° 64.79 Vun005168 0.25 —0.04 0.53 1.46 135 0.67 WRKY DNA-binding protein 70

* Arabi-defline: Arabidopsis thaliana gene’s description. The box color indicates the gene expression level from green (down-regulated) to white to red (up-regulated). The black line of box mean significant difference.
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The photosynthesis target genes were obtained only in 200 Gy of the proton-beam
treatments. Most of these genes were matched to carbon fixation in photosynthetic or-
ganisms. However, both the ROS and defense genes were significantly up-regulated by
300 Gy in the proton beam treatments compared to that of gamma rays. The ROS-related
genes included glutathione S-transferase TAU 8, 19, and peroxidase superfamily proteins.
Furthermore, the defense-related genes included cation exchanger 1, cation exchanger 3,
and f3,-1,3-glucanase 1.

3. Discussion

Gamma rays have been commonly used as a mutagen to improve agricultural traits of
crops [2]. Recently, it has been reported that proton-beam irradiation induced a different
mutation spectrum compared to that of gamma-rays [14]. This means that the development
of mutation breeding technology using proton-beams can lead to expansion of the genetic
resource pool. Gamma-rays and ion beams caused different gene expression in plants that
lead to changes in type, structure, and activity of proteins [23,24]. Therefore, transcriptome
analysis can be a very useful approach to understanding physiological characteristics in
response to stimuli. Several mutation breeding studies have been attempted to further
understand the response to ionizing radiation through transcriptome analysis [24]. How-
ever, existing gene expression information is insufficient to fully understand the molecular
mechanisms of gamma-rays and proton-beams. Therefore, this study was conducted
to investigate the transcriptional variations and the functions of the DEGs induced by
proton-beams and gamma-rays in cowpeas.

As a result of analyzing transcriptional variation in cowpeas irradiated with two
ionizing radiations, there were clear differences in the numbers and types of DEGs. The
numbers of DEGs were significantly higher with proton-beam treatments compared to
that of gamma-rays. In both treatments, the largest number of DEGs were detected at
200 Gy, and the number of DEGs decreased at the next higher dose (300 Gy). The number of
up-regulated DEGs was higher at all doses and sources than that of down-regulated DEGs.
However, the opposite tendency was observed in rice irradiated with gamma rays and ion
beams [25]. These DEGs were involved in a wide variety of biological functions such as
plant development, abiotic stress responses, signaling, and plant secondary metabolism.
Among them, genes encoding heat shock protein 90.1, the heat shock transcription fac-
tor A6B, and the Chaperone DnaJ-domain superfamily protein were dose-dependently
expressed at all doses in the proton-beam treatments and differentially expressed only at
300 Gy of gamma-ray treatments. In rice, cosmic-ray and ion-beam treatments induced
up-regulation of heat shock protein (HSP) genes, but gamma-ray treatments induced
down-regulation of HSP genes [25]. The HSP and heat shock transcription factor were
known to protect macromolecules to counteract stress, break down and recycle compo-
nents of irreversibly damaged cells, and promote proper adaptive responses [26,27]. It was
suggested that the misfolded proteins were generated or accumulated more in the proton-
beam treatments than the gamma-ray treatments, and the degree increased in proportion
to the dose. There were no common DEGs in all treatments of both sources. However,
the different DEGs encoding the same protein have been identified, and the definition
of this protein was a subtilisin-like serine endopeptidase family protein. This enzyme in
Arabidopsis thaliana has been reported to be involved in the regulation of stomatal density
and distribution [28] and auxin-induced lateral root formation [29]. Additionally, this gene
was associated with stress-induced senescence in wheat [30].

The LET of an ion beam, such as a proton beam, is higher than that of a gamma
ray, and this ion beam results in a higher mutation frequency and different mutation
spectrum compared to that of gamma rays [11,31]. Furthermore, radiation with higher LET
is known to cause more serious and more complex damage to DNA [32]. In the GO and
KEGG analysis, the two treatments showed a different spectrum of terms and pathways,
and a different number of related genes. In general, more terms and various pathways
were revealed in the proton-beam treatments than the gamma-ray treatments. In other
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words, gene expression in cowpeas was more diversely and complexly regulated by a
proton-beam with a higher LET than by gamma-rays, and the main mechanisms of each
source were different. Additionally, it was complexly regulated at high doses (200 and
300 Gy) compared to low doses (100 Gy) in each source. Specifically, the DEGs involved in
carbohydrate metabolism and energy metabolism pathways were excessively accumulated
at 200 Gy and decreased at 300 Gy in the proton-beam treatments. However, the DEGs
involved in environmental adaptation and folding, sorting, and degradation pathways
were most prominent in all treatments (especially 300 Gy) of proton-beam compared to
gamma-ray treatments. These results were similar to those of Lemna minor exposed to
gamma rays, which changed the gene expression mechanism from acclimatization to a
survival response by controlling energy distribution as the dose increased [33]. In the
gamma-ray treatments, no corresponding trend was observed, which was considered a
difference in crops.

As a result of confirming the expression pattern of DEGs through cluster analysis,
most DEGs belonged to cluster 2 in the gamma-ray treatments. In proton-beam treatments,
most of the DEGs belonged to cluster 1, which showed a similar pattern as did cluster 2
of gamma-rays. In both sources, the expression level of genes increased at 200 Gy and
decreased at 300 Gy. This suggested that both sources may have a turning point in which
gene expression tends to change with the dose of ionizing radiation. However, the function
of the gene was not the same. The lipid metabolism (linoleic acid metabolism) pathway
mainly observed in C2 of gamma-rays was observed in C5 of proton-beams. Additionally,
many genes involved in energy metabolism (carbon fixation in photosynthetic organisms,
photosynthesis) were observed in C1 of the proton beams but were not prominent in any
clusters of gamma rays. This means that the response mechanism varies by controlling the
expression of major genes according to the source and dose.

According to target gene analysis, the cowpeas stimulated by two ionizing radiations
were most affected by plant hormones and TFs related genes. Hormones are involved in a
wide range of biological processes and act as a defense in response to stress. ABA exhibits
a prominent defense response against abiotic stresses, such as salinity and drought [34,35],
and SA, JA, and ET are effective against biotic stresses, such as various pathogens and
pests [36]. Additionally, AUX, GA, and CK are important hormones that promote plant
growth [37]. In this study, ABA, SA, JA, ETH, and GA were regulated in gamma-ray
treatments, and AUX, CK, and BR, including these were additionally regulated in the
proton-beam treatments. In particular, the CK-related genes were only up-regulated in
the proton-beam treatment. This hormone is known to be involved in cell division, leaf
senescence, and nitrogen metabolism in plants [38]. The up-regulated cytokinin oxidase 5
is an enzyme that breaks down the hormone. The plant with increased cytokinin oxidase
activity promoted root development and delayed shoot development [39]. When corn was
treated to cold stress, the activity of this enzyme was increased at the root and shoot tips,
and this enzyme was suggested to play a role in controlling the growth and development of
organs [40]. Hormonal defense responses to adverse environmental conditions are known
to rely on the complex crosstalk of signaling pathways rather than individual roles [35,37].
There is very little information on the role of hormones in responding to ionizing radiation.
However, it is clear that compared to gamma-ray treatment, cowpea plants appear to
require more complex hormonal mechanisms, including AUX, CK, and BR, to optimize
development and growth by proton beam treatments.

TFs play an important role in the complex signaling processes, from the recognition of
a stimulus to the expression of genes that respond to it [41]. These are classified according
to the type of DNA-binding domains, and regulate metabolism by promoting or inhibiting
specific gene expression in plants [42]. In this study, more diverse types of TFs were
controlled by proton-beam treatments than by gamma-ray treatments. The Dof, ERF, and
MADS were down-regulated in both sources, and most TFs tended to be up-regulated. In
particular, bZIP, NAC, HSF, WRKY, and MYB were specifically up-regulated by the proton
beams. However, these tended to be down-regulated overall by both ionizing radiation
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in rice irradiated with gamma-rays and carbon ion beams [25]. The AP2/EREBP was
up-regulated by 800 Gy of gamma-rays, and C2H2 zinc finger and WRKY tended to be up-
regulated at 100 Gy and down-regulated at 800 Gy in Arabidopsis plants [17]. In other words,
plant metabolism is complexly regulated by varying the combination and concentration
of TFs according to the ionizing radiation and the type of crop. WRKY controls the
seed size, pathogen defense, senescence, and trichome development [43,44], and bZIP
is involved in pathogen defense, light and stress signaling, seed maturation, and flower
development [42]. DOF regulates metabolism in response to the environment, as well as
tissue differentiation and seed development [45]. Additionally, gene expression regulation
of TFs can ultimately lead to increased resistance to abiotic stress. The overexpression of the
NAC gene significantly increased the resistance to drought and salt in rice without a growth
delay [46]. Furthermore, ERF proteins, a subfamily of the APETALA2 (AP2)/ethylene-
responsive-element-binding protein (EREBP), made tobacco plants resistant to drought
and osmotic stress without having a significant effect on growth and development [47].
However, overexpressed DOF leads to growth defects [48]. Summarizing these results, it is
proposed that TFs perform overlapping functions, such as plant development and stress
tolerance, by controlling the combination and concentration in response to the two ionizing
radiations and the specific role of individual TFs is not clear. However, it is clear that these
TFs reacted more to proton-beams than gamma rays.

Notably, in the case of the photosynthesis target genes, they were all up-regulated only
in 200 Gy proton-beam treatment. Most were involved in carbon fixation in photosynthetic
organism’s pathway. This result was similar in that the low-dose gamma-rays increased
the photosynthetic efficiency of Arabidopsis thaliana, and high-dose gamma-rays did not
differ from those of the control group [49]. However, N+ -beam implantation induced
biological damage through downregulation of photosynthesis-related genes in plants [50].
Our results indicated that gamma-ray and proton-beam irradiation in the cowpeas did not
negatively affect the photosynthesis system. Rather, it implied that certain doses had the
ability to generate more energy to respond or adapt to the stimulation of ionizing radiation.

Stresses, such as ionizing radiation, soil salinity, and drought, cause damage to plants,
including oxidative stress caused by ROS, and affect plant physiology [51,52]. Plants
activate defense mechanisms to protect themselves from this damage [52]. In ROS-related
genes, glutathione S-transferase TAU and peroxidase superfamily proteins are induced by
biotic and abiotic stress and play an important role in resistance to oxidative stress [53-55].
These were significantly up-regulated in the proton-beam treatments compared to the
gamma-ray treatments. In other words, it is predicted that cowpeas were subjected to
more oxidative stress by the proton-beam than by the gamma-ray. Similarly, the MDA and
antioxidant enzyme activity of cowpeas irradiated with proton beam was higher than that
of gamma rays [56]. The defense-related genes tend to be the same as the ROS-related
genes. These include cation exchangers and calreticulin, which play a role in resistance to
biotic and abiotic stress and plant protection against oxidative stress [57,58], and beta-1,3-
glucanase, which retards fungal growth and reducing fruit spoilage [59].

When these results are summarized, it was concluded that the proton beam was a
greater stressor than were gamma rays, which induces more disruption of normal protein
production and accumulation of ROS. On the other hand, because many genes are involved
in energy metabolism and environmental adaptation pathways were overexpressed in
the proton-beam treatments, it is suggested that damage may have been minimized in
terms of plant growth and development, and rather positive effects may have occurred.
Additionally, a potential ability to induce positive changes in agricultural traits, such as
flowering time, seed size, and resistance to biological and non-biological stress, can be
proposed by the various genetic variations that respond to proton-beams.
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4. Materials and Methods
4.1. Plant Materials and Radiation Treatments

A cowpea (Vigna unguiculata L. Walp) cultivar (Okdang) obtained from the Jeol-
lanamdo Agricultural Research and Extension Services (JARES, Naju, Korea) was used in
this study. The Okdang cultivar has an erect plant type with an intermediate plant habit
and a high lodging resistance [60]. Okdang was irradiated with two different types of
radiations, proton-beams and gamma-rays.

4.1.1. Proton-Beam Irradiation

The seeds were irradiated with a 57 MeV proton-beam at 100 MeV using the proton
linear accelerator at the Korea Multi-purpose Accelerator Complex (KOMAC) in Gyeongju,
Korea. Seeds of the Okdang cultivar were exposed to three different doses of proton beams
(100, 200, and 300 Gy). A total of 200 seeds were used for each treatment.

4.1.2. Gamma-Ray Irradiation

Gamma-ray irradiation was conducted using the low-level irradiation facility con-
taining ®°°CO as a source at the Korea Atomic Energy Research Institute. The irradiation
doses were the same as the proton-beam irradiation. A total 200 seeds were used for each
treatment.

The irradiated M1 seeds and non-irradiated control seeds were planted in individual
cells of 50-cell plastic trays (27 x 53 x 11.2 cm) filled with potting mix (coco peat, peat
moss, zeolite, pearlite, caldolomite, wetting agent, and fertilizer).

4.2. RNA Extraction

At 4 weeks after planting, young leaves from 21 plants were pooled for RNA extraction.
Three independent pooled samples were prepared for each treatment. Isolation of total
RNA was performed according to the manufacturer’s instructions for the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). RNA was quantified based on absorbance at 260 nm
measured with a Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA,
USA). After the extracted RNA was stained with Dyne LoadingSTAR (DYNEBIO Inc.,
Seongnam, Korea), the integrity of the sample was confirmed using 1.5% agarose gel
electrophoresis.

4.3. cDNA Library Construction and Massively Parallel Sequencing

RNA-Seq paired end libraries were prepared using the Illumina TruSeq RNA Sample
Preparation Kit v2 (catalog #RS-122-2001, Illumina, San Diego, CA, USA). With total
RNA, mRNA was purified using poly (A) selection or rRNA depleted, then RNA was
chemically fragmented and converted into single-stranded cDNA using random hexamer
priming. Next, the second strand was generated to create double-stranded cDNA. A
library was constructed with blunt-end cDNA fragments from ds-cDNA. Then, A-base
was added to the blunt-end ready them for ligation of sequencing adapters. After the
size selection of ligates, the ligated cDNA fragments that contained adapter sequences
were enhanced via PCR using adapter specific primers. The library was quantified with
a KAPA library quantification kit (KK4854, Kapa Biosystems, Cape Town, South Africa)
following the manufacturer’s instructions. Each library was sequenced on the Illumina
Hiseq2000 platform.

4.4. Preprocessing and Short Read Mapping

Sequence data, for which the quality of bp was indicated by Q > 20, were extracted
by SolexaQA [61]. Trimming resulted in reads with a mean length of 90.28 bp across all
samples and a minimum length of 25 bp. Trimmed reads were mapped using the RNA-
seq mapping algorithm implemented in bowtie2 (v2.1.0) software [62] to the reference
transcripts of Vigna unguiculata (v1.1) downloaded from the Phytozome database (http:
//phytozome.jgi.doe.gov/ (accessed on 27 February 2021)), allowing all aligning with
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a maximum of two mismatches. The number of mapped clean reads for each gene was
counted and then normalized with DESeq package in R [63] to avoid bias because of
different sequencing amounts.

4.5. Identification of Differentially Expressed Genes (DEGs)

DEGs were identified by a >two-fold change in the number of mapped reads, a
binomial test with a false discovery rate (FDR) <0.01, and a read count > 100 between
samples. The FDR was applied to identify the threshold p-value for multiple tests and was
calculated using DESeq. Correlation analysis and hierarchical clustering was performed to
group the genes according to patterns of expression using the AMAP library in R [64].

4.6. Functional Enrichment Analysis

To functionally annotate each DEG gene list, GO (Gene Ontology) analysis was con-
ducted based on the sequence similarity (e-value cut off < 1 x 10719, best hits) of proteins in
the Gene Ontology database [65]. The significance level was set to 0.05 using Blast2GO [66]
and classified into functional categories: Biological Process (BP), Cellular Component (CC),
and Molecular Function (MF). Additionally, the KEGG pathway was studied using the
sequence similarity (e-value cut off < 1 x 10710, best hits) with the Vigna radiata protein in
the KEGG database [67].

4.7. Target Gene Analysis

To obtain candidate genes related to ROS and hormones in cowpeas, protein sequences
of Arabidopsis were used as a query, and 42,287 cowpea transcripts as a subject were
compared and analyzed using the BLASTX (e-value < 1 x 1071, identity > 50%). Repair
system and photosynthesis-related genes were summarized by using the mung bean (Vigna
radiata) gene information in the KEGG database. The comparative analysis used a BLAST
tool and determined a gene aligned to the gene through a filter (e-value < 1 x 10719,
identity > 50%). The information of putative candidates of transcription factor (TFs) in
cowpeas was obtained from PlantTFDB v3.0 [68].

4.8. Quantitative Reverse-Transcription PCR Validation of DEGs

For the validation analysis of mRINA expression levels quantitative real-time reverse
transcription PCR (qRT-PCR) was conducted. The first-strand cDNA was synthesized
from DNase-treated total RNA following the instructions of the SuperScript™ III First-
Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA). Gene-specific primers were
designed based on the nucleotide sequences of the selected DEGs for qRT-PCR analysis
using Primer3 (v2.3.5) software (Table S15). The qRT-PCR were performed with a Bio-
Rad iQ™ SYBR Green Supermix Kit (Invitrogen) using a StepOne Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The reaction mixtures (total volume of 20 uL)
contained 100 ng of cDNA, each primer at 300 uM, 6 pL of ddH,O, and 10 uL of Bio-Rad
iQ™ SYBR Green Supermix. The PCR conditions were set as follows: 95 °C for 3 min;
95 °C for 15 s, 60 °C for 60 s for 40 cycles; and the melt curve analysis was performed
to confirm the absence of multiple products and the formation of primer dimers. The
relative gene expression values were calculated by the 2~**Ct method [69]. The elongation
factor 1p (EF-1p3) gene was chosen as a reference gene for normalization of target gene
expression in cowpeas [70]. For each of the three biological replicates, two technical
replicates were included. For statistical analysis, the results were subjected to analysis of
variance (ANOVA) using the SPSS version 25 software package (IBM, Armonk, NY, USA).
Separation of means was performed using the Duncan’s multiple range test (DMRT) with
significance at p < 0.05.

5. Conclusions

After irradiation of three different doses of gamma rays and proton beams to the
cowpea seeds, transcriptional variations were investigated. The numbers of DEGs were
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significantly higher in the proton beams when compared to gamma ray treatments. These
DEGs were involved in a wide variety of biological functions, such as plant development,
abiotic stress responses, signaling, and plant secondary metabolism. However, there were
no common DEGs in all treatments for both sources. As a result of the GO and KEGG
analysis, the two treatments showed a different spectrum of terms and pathways, and a
difference in the number related genes. In other words, the gene expressions of cowpeas in
response to the two ionizing radiations were highly diverse and complex, and their specific
mechanisms were different. These results provided insights into genes that were regulated
by gamma rays and proton beams and their functional relationships.

Supplementary Materials: The following are available online at https://www.mdpi.com/2223-7
747/10/3/567/s1, Figure S1: Quantitative Reverse-Transcription PCR validation of differently ex-
pressed genes (DEGs). Blue and orange bar graph represent relative expression level from RNA-seq
and qRT-PCR, respectively. Error bars represent the SE for three independent replicates, Table S1:
Read statistics for RNA sequencing of cowpeas exposed to gamma-rays and proton beams, Table S2:
The information and functional analysis results of differentially expressed genes (DEGs) in cowpeas
exposed to 100 Gy gamma-ray, Table S3: The information and functional analysis results of differen-
tially expressed genes (DEGs) in cowpeas exposed to 200 Gy gamma-ray, Table S4: The information
and functional analysis results of differentially expressed genes (DEGs) in cowpeas exposed to 300 Gy
gamma-ray, Table S5: The information and functional analysis results of differentially expressed
genes (DEGs) in cowpeas exposed to 100 Gy proton-beam, Table S6: The information and functional
analysis results of differentially expressed genes (DEGs) in cowpeas exposed to 200 Gy proton-beam,
Table S7: The information and functional analysis results of differentially expressed genes (DEGs) in
cowpeas exposed to 300 Gy proton-beam, Table S8: The differently expressed genes (DEGs) list for
each area of Venn diagram created using up-regulated DEGs in gamma-ray treatments, Table S9: The
differently expressed genes (DEGs) list for each area of Venn diagram created using down-regulated
DEGs in gamma-ray treatments, Table S10: The differently expressed genes (DEGs) list for each
area of Venn diagram created using up-regulated DEGs in proton-beam treatments, Table S11: The
differently expressed genes (DEGs) list for each area of Venn diagram created using down-regulated
DEGs in proton-beam treatments Table S12: The differently expressed genes (DEGs) list for each area
of Venn diagram created using DEGs in gamma-ray and proton-beam treatments, Table S13: The
comprehensive results of clustering analysis performed using differently expressed genes (DEGs) in
gamma-ray treatments, Table S14: The comprehensive results of clustering analysis performed using
differently expressed genes (DEGs) in proton-beam treatments, Table S15: Primers used for qRT-PCR
analysis for validation of differently expressed genes (DEGs).
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