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Abstract

Tree peony is considered as an important ornamental and medicinal plant in China, and ®*Co gamma radiation breeding can
be potentially used to improve its quality. In this study, we have analyzed the biochemical characteristics and transcriptomic
effects induced by different doses of ®°Co gamma radiation on the grafted seedlings to explore the possible mutagenic effects
of ®*Co gamma radiation on the tree peony. The higher radiation doses were found to be harmful to the seedlings, and LDy,
(50% of the lethal value) was 40.30 Gy. ®®Co gamma radiation treatment obviously affected the physiological and biochemical
states of tree peony. The activity of antioxidant enzymes including superoxide dismutase, peroxidase, and catalase gradually
increased after radiation exposure, with maximal at 40 Gy. The total soluble protein content gradually decreased, while the
content of proline and malondialdehyde was significantly increased. A total of 77,699 unigenes were identified, of which 399,
1447 and 1928 identified were differentially expressed genes (DEGs) in HO (control) vs H1 (10 Gy), HO vs H5 (50 Gy), H1
vs HS5, respectively. GO and KEGG results showed that the DEGs were closely related to phenylalanine metabolism, lipid
metabolism, carbohydrate metabolism pathways, plant hormone signal transduction and secondary biosynthesis metabolism.
A total of 768 different expressed transcription factors were identified, which were mainly distributed in MYB, WRKY,
NAC and other families related to plant stress regulation which was up-regulated upon exposure to 50 Gy. This is the first
transcriptome-based study to demonstrate significant variations in the expression of the various genes in response to °°Co
gamma radiation. The findings of this study could be useful in the development of a mutation breeding program for tree peony.
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Introduction

It has been found that exposure to gamma radiation can result
in an increase of plant variability and has been successfully
employed for cultivar breeding of ornamental plants, among
which ®®Co gamma rays are one of the most commonly used
as radiation sources. It has been successfully used in the
breeding of Trifolium repens (Song et al. 2009), Malus
spectabilis (Liu et al. 2010), Dianthus caryophyllus (Desh-
mukh and Malode 2018), and Chrysanthemum X morifolium
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(Wu et al. 2020). Besides phenotypic variations, excellent
characteristics such as salt tolerance, drought resistance,
higher yield and disease resistance have been found in the
plants exposed to radiation (Beyaz 2019; Dawar et al. 2010;
Sarker et al. 2014). Gamma rays could be used to increase
the genetic variability in various plants, and the mutagenic
effects on the physiological, cellular as well as molecular
levels could be elicited in the plants by gamma radiation.
The effects of mutagens on plants have been found to be
species specific (Dawar et al. 2010).

Low doses of gamma radiation can stimulate growth
which is known as ‘hormesis’, and induce different metabolic
and physiological variations (Parchin et al. 2019; Mariadoss
et al. 2020). However, higher doses of gamma radiation have
been reported to have deleterious effects on plants such as
growth inhibition, the loss of pigmentation, chromosomal
aberrations, increased production of reactive oxygen species
(ROS), decrease in protein content, and deletions of DNA
nucleotide sequence which may cause reading-frame shifts,
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thereby leading to the production of inactive or faulty protein
products (Brown 2013; Sheppard and Evenden 1986). Thus
high radiation doses often results in infertility and individual
death in some plants. The determination of optimal radiation
dose and the investigation of response to gamma radiation
could be useful in the development of a mutation breeding
program.

Tree peony (Paeonia suffruticosa Andrews) is a well-
known ornamental and medicinal plant which is native to
China (Zhou et al. 2014). It has been cultivated for more
than 2000 years, and formed cultivars rich in flower color
and flower type. °°Co radiation mutagenic breeding has
been applied to improve tree peony cultivars and mainly
used seeds of P. ostti ‘Fengdanbai’ used as materials (Su
et al. 2012; Yan et al. 2017). For woody plants, the branches
in vitro and seedlings have been used to make the breed-
ing more effective. The potential effects of radiation on the
seedlings of Ginkgo biloba (Liang et al. 2001), Morus alba
(Ramesh et al. 2012) and Rhododendron decorum (Zhao
et al. 2012) were examined. However, there are still no
reports on the seedlings of ®*Co gamma radiation in tree
peony, and information is limited on the possible changes
that can be induced at the biochemical and molecular levels,
as well as the genetic damage and the mutagenesis mecha-
nisms in the tree peony after exposure to radiation.

In the present study, we exposed grafted seedlings of P.
suffruticosa ‘Okan’ to ®®°Co gamma radiation. The annual
grafted seedlings were subjected to different radiation doses
to obtain the optimal radiation dose for tree peony. Thereaf-
ter biochemical indexes were determined and transcriptome
sequencing was performed on the irradiated materials to
explore the potential mutagenic effects of ®®Co gamma radia-
tion on the grafted seedlings of tree peony. These findings
enriched our understanding of the use of gamma radiation
for breeding purposes in the tree peony.

Materials and methods
Materials and treatment

The annual grafted seedlings of ‘Okan’ with uniform size
were treated with six different doses of gamma radiation (10,
20, 30, 40, 50 and 60 Gy), with a dose rate of 7 Gy min~".
Non-irradiated grafted seedlings were used as the control.
Gamma radiation was given using %°Co gamma source at
the Radiation Center for the Institute of Agro-Food Sciences
and Technology, Shandong Academy of Agricultural Sci-
ence (Jinan, China). Twenty annual grafted seedlings per
treatment group were exposed to the gamma rays according
to assigned doses. After exposure, the irradiated and non-
irradiated grafted seedlings were planted under the same
cultivation management conditions on the experimental
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farm of Qingdao Agricultural University (Qingdao, China).
The radiated grafted seedlings were dormant in autumn and
winter after the planting but sprouted in March during the
following spring. The survival rate was investigated in April
to calculate LD50 value (50% of the lethal dose) based on
probit analysis (Surakshitha et al. 2017). The mature leaves
of each treatment group were collected for freezing in liquid
nitrogen and stored at — 80 °C for the measurement of bio-
chemical index and extraction of total RNA. The samples
exposed to 0 Gy, 10 Gy, 50 Gy (HO, H1, H5) were collected
for RNA-Seq to obtain transcriptome data.

Measurement of biochemical index and antioxidant
enzyme activity

Biochemical indexes and antioxidant enzyme activity assays
were conducted according to the previously reported meth-
ods (Liu et al. 2017). The activities of SOD, POD and CAT
were measured by nitro blue tetrazolium (NBT) photochemi-
cal reduction, guaiacol colorimetric and ultraviolet absorp-
tion, respectively. The contents of MDA, proline and soluble
protein were measured by thiobarbituric acid method, ninhy-
drin method and coomassie brilliant blue staining method,
respectively.

RNA isolation extraction, database construction
and illumina sequencing

Total RNA was extracted using the RNA prep Pure Plant
Kit (Tiangen Biotech, CO. Ltd, Beijing, China) as per the
manufacturer’s instructions. The purified mRNA was frag-
mented, and the fragment was used as the template for
reverse transcription into cDNA. Following the end repair,
and then were ligated with adapters, and the resulting cDNA
was enriched by PCR amplification, poly(A) was added, and
then sequenced on the [llumina HiSeq™ 2000 platform (I)
in Majorbio (Shanghai, China).

De novo assembly

The raw reads were filtered by removing adapter sequences,
low-quality sequences containing ambiguous bases ‘N’, and
low-quality reads with more than 10% Q <20 bases. Then
clean reads were used for de novo assembly using Trinity
software. The filtered and assembled unigenes sequences
were compared by BLAST (E value < 10E73) to the NCBI
non-redundant protein database (NR), Swiss-Prot protein
database, Protein family (Pfam), Gene Ontology (GO), Clus-
ters of Orthologous Groups of proteins (COG) and Kyoto
Encyclopedia of Genes and Genomes (KEGG). GO anno-
tations of the unigenes were obtained by the BLAST,GO
program (Conesa et al. 2005). The unigenes sequences were
compared with the COG database by Diamond software
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to predict and classify their possible functions (Wu et al.
2014). The KEGG pathways were assigned to the unigenes
sequences using online software (Nakatsuka et al. 2007).

Differential expression analysis and annotation
of DEGs

The FPKM (Fragments Per Kilobase of transcriptome per
Million mapped reads) values were used to compare the gene
expression differences between the various sample groups,
and DEGSeq was employed to analyze the DEGs (differen-
tially expressed genes). llog, (fold change)l > 1 and false dis-
covery rate (FDR) <0.001 were used as the screening crite-
ria for DEGs (Ji et al. 2016), p adjust is the adjusted p value
as determined by BH (Benjamini Hochberg) multiple times.
The functional classifications of DEGs in six databases were
performed using MapMan software (Thimm et al. 2010),
Goatools were used for GO enrichment analysis of DEGs,
when the corrected p value <0.05, DEGs were defined as
significant enrichment (Klopfenstein et al. 2018). KOBAS
was used for KEGG pathway enrichment analysis of DEGs,
and DEGs were considered to be significantly enriched when
the adjusted p value was <0.05 (Xie et al. 2011).

gRT-PCR verification

The DEGs screened according to the analysis results were
also verified by qRT-PCR. The template was the single-
stranded cDNA synthesized from 1 pl total RNA using the
FastQuant RT Kit (Vazyme, China). The fluorescent dye was
SYBR Green PCR Master Mix (Vazyme, China). The prim-
ers were designed with Primer 5.0 software (Supplementary
file 1). The reactions were carried out in a 20 pl volume con-
taining 2 pl cDNA sample, 10 pl SYBR qPCR Master Mix,
and 0.4 pl each primer under the following conditions: 95 °C
for 30 s, followed by 40 cycles of 95 °C for 60 s and 60 °C
for 30 s. Three replicates were set, and the fublin gene was
used as an internal control. The relative expression levels
were calculated using the 2722 method (Hao et al. 2016).

Statistical analysis

The LDs, values for gamma radiation was measured by
probit analysis. LD50 was estimated through the simple
linear regression model by fitting the straight line equation
y=a+ bx, where y is the response variable (survival rate),
x is the independent variable (radiation dose), while a and
b present the slope and constant, respectively (Surakshitha
et al. 2017). The different obtained values in this study were
expressed as the mean + SE (standard error) and tested with
a one-way analysis of variance (ANOVA) with Duncan’s
multiple comparisons test using the SPSS software package
for windows (version 19.0).

Results
Determination of the LD,

The survival rate was found to gradually decrease as the
radiation dose was increased, and no surviving plants were
found when the radiation dose applied was 60 Gy. When
the seedlings were subjected to radiation dose of only
10 Gy, they appeared to be well sprouted, and the survival
rate was the same to the non-treated ones (100%). LDs, of
‘Okan’ was determined by probit analysis. The survival
rate (y) and radiation dose (x) were negatively correlated
(y=— 1.88 x+ 126, R*=0.94). Where y =50, x=40.30,
that was, the LD50 of ®°Co gamma radiated ‘Okan’ was
identified at 40.30 Gy (Fig. 1).

Physiological and biochemical responses
to radiation

It was found that activities of SOD, POD and CAT increased
after exposure to radiation, and exhibited a maximum value
at 40 Gy. Thereafter, a gradual decline was noted and
these alterations were significantly different from the con-
trol (p <0.05). The MDA and proline levels significantly
increased (p <0.05) in the seedlings exposed to doses from
20 to 50 Gy, except for a radiation dose of 10 Gy. The high-
est MDA and proline concentration was observed after radia-
tion of 50 Gy, and increased by 333% and 345% that of the
controls. The soluble protein content decreased significantly
(» <0.05) as a radiation dose increased and with a minimum
at 50 Gy (Fig. 2). These results indicated that radiation treat-
ment markedly affected the biochemical state of the plants.

120 ~
y=-1.88x+126

100 4 R>=0.94
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40+
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Fig.1 The survival rate of grafted seedlings exposed to different
doses of %°Co gamma radiation and the probit analysis graph showing
LDy, (50% lethal dose) in ‘Okan’
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Fig.2 Effect of the gamma radiation dose on the activities of the
antioxidant enzymes SOD, POD and CAT, and the contents of MDA,
proline and soluble protein in leaves. SOD superoxide dismutase,
POD peroxidase, CAT catalase, MDA malondialdehyde. Values are

Sequencing and de novo assembly

Transcriptome of the leaves exposed to the radiation doses
of 0, 10 and 50 Gy was obtained and a total of 59,125,012,
58,502,474, and 53,894,556 reads were generated, respec-
tively. After filtering out low-quality data, 169,858,552
clean reads were finally obtained, and the percentages of
Q20 as well as Q30 bases were both greater than 97.65%
and 93.25% in each sample, respectively. The N50 value
of unigenes was 1328 bp and the average percentage of
GC content was approximately around 45%. The total
number of unigenes assembled by trinity software was
77,629, and the total length as well as the mean length
was 64,216,007 bp and 827.22 bp, respectively (Supple-
mentary file 2). There were 39,593 (51%) of the unigenes
between 201 and 500 bp, 18,065 (23%) were between
501 and 1000 bp, 13,067 (17%) were between 1001 and
2000 bp, and 6904 (8.9%) > 2000 bp in length (Supple-
mentary file 3).

@ Springer

presented as the means+standard error from three replicates. The
bars represent standard error. Different letters above the columns
represent statistically significant differences between mean values at
p <0.05 level

Functional annotation and classification

All unigenes obtained by transcriptome sequence were com-
pared with six different databases to obtain the annotation
information in each specific database. 31,051 (41.16%),
26,657 (35.33%), 26,136 (34.64%), 22,256 (29.50%), 21,648
(28.69%) and 13,285 (17.61%) unigenes were annotated to
NR, GO, COG, Swiss-Prot, Pfam, and KEGG database,
respectively (Supplementary file 4, 5).

The statistical analysis of the e-value distribution of
NR annotation was run in the terms of species statistics,
which demonstrated that 11.97%, 9.83% and 6.08% were
annotated to Vitis vinifera, Nyssa sinensis and Vitis riparia,
respectively (Fig. 3A). 47.37% unigenes were not found in
the known species, which might be possibly specific to the
plant after exposure to radiation.

The unigenes were divided into 50 functional sub-
groups and three major GO groups, “cellular components”
(36.33%), “biological processes” (32.88%) and “molecular
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functions” (30.80%) (Fig. 3B). In the “cellular component”
category, the assignments were mainly given to “cellular
parts” and the “membrane parts”. In the “biological pro-
cesses”, unigenes participating in the various “cellular pro-
cesses” and “metabolic processes”. The binding and cata-
Iytic activities were the most dominant categories among the
“molecular function” classification.

The metabolic pathway analysis conducted using the
KEGG database revealed that 13,285 unigenes were related
to 20 different KEGG pathways (Fig. 3C). The total number
of unigenes was further divided into six separate categories.
Most unigenes were associated with “metabolism” (4413,
49.97%), followed by those regulating “genetic information

Fig.4 Statistics of differentially
expressed genes (DEGs) and
Venn diagrams. HO, H1 and H5

indicate the plants under the o
radiation doses of 0 Gy, 10 Gy

and 50 Gy, respectively. A Venn 14
diagram of up-regulated and 0 31
down-regulated DEGs. The
llog, (fold change)l > 1 and false
discovery rate (FDR) <0.001 103
were the threshold for deter-
mining significant DEGs. B
Number of up-regulated and
down-regulated DEGs in the
pairwise group

728

HO vs HI

Up-regulated DEGs

168

HI vs HS
200

HO vs HI
174

Down-regulated DEGs

HO vs HS

HO vs HS

processing” (2,904, 32.88%), “environmental informa-
tion processing” (556, 6.30%), “cellular processes” (552,
6.25%), organic systems (387, 4.38%), and human diseases
(20, 0.23%).

Analysis of DEGs

Analysis of DEGs was performed between every two treat-
ments (HO vs H1, HO vs HS5, and H1 vs H5) based on FPKM
with thresholds FDR) <0.001 and llog, (fold change)l > 1
(Fig. 4). In total, there were 1934 up-regulated and 794
down-regulated DEGs among the three comparison groups
(Fig. 4A). A total of 399 DEGs were identified in HO vs H1,

2500
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among which 148 DEGs were up-regulated whereas 251
were down-regulated. There were 1447 DEGs (1027 up- and
420 down-regulated) between HO and H5 libraries, and 1928
DEGs (1546 up- and 382 down-regulated) obtained from
H1 vs H5 (Fig. 4B). It was found that with an increase in
radiation dose, the number of up-regulated DEGs was also
increased proportionately, and the number of up-regulated
DEGs in HO vs H5 was about 6.94 times that in HO vs H1,
thereby indicating that high dose radiation can promote the
expression of large numbers of related genes in plants and
the influence of 50 Gy dose radiation on the tree peony tran-
scriptome was more pronounced as compared to 10 Gy dose
radiation. There were 14 DEGs that displayed a significant
up-regulation and down-regulation in three comparison
groups, thus revealing that these genes may be involved in
the response to ®’Co gamma radiation (Fig. 4A).

GO enrichment analysis of the DEGs

To obtain a more precise understanding of the functions of
various DEGs in gamma radiated leaves, Go term enrich-
ment analysis was conducted (Fig. 5). The DEGs were anno-
tated into three main categories of Go, that were, cellular
components, biological processes and molecular functions,
which were similar with that in All-unigenes. The up- and
down-regulated transcripts were assessed based on these
three distinct categories. The up-regulated DEGs were more
abundant than the down-regulated for HO vs HS5, H1 vs HS,
except for HO vs H1. The DEGs in H1 vs H5 were most
abundant, followed by HO vs H5, HO vs H1. For the “cellular
components”, DEGs were found to relate primarily to the
“cell part”, there were 121, 380 and 473 DEGs expressed
in HO-H1, HO-HS5 and H1-HS5, respectively, whereas in the
“membrane part”, there were 74, 362 and 419 DEGs, respec-
tively. Moreover, within the “biological process” category,
DEGs identified were mainly involved in the regulation of

GO term

“cellular” and “metabolic processes”. There were 141, 310
and 490 DEGs expressed in HO-H1, HO—H5 and HI1-HS5 of
“cellular process”, respectively. Additionally, 135, 285 and
430 DEGs were noted to be involved in “metabolic process”,
respectively. In “molecular function” analysis, “catalytic
activity” was the most abundant, 138, 525 and 668 DEGs
expressed in HO-H1, HO-H5 and H1-HS5, respectively. This
was followed by “binding”, and 143, 444, 656 DEGs were
expressed, respectively. The results indicated the potential
existence of an exuberant metabolic activity in the transition
period after exposure to ®®°Co gamma radiation.

KEGG pathway analysis of the DEGs

DEGs were also subjected to KEGG pathways analysis,
to ascertain the specific biological pathways that various
DEGs may be involved in (Supplementary file 6). HO vs HS
and H1 vs H5 were divided into six DEG gene sets, while
HO vs H1 were five which was without “Human diseases”.
“Metabolism” and “genetic information process” were the
main processes among the DEG gene sets. For HO vs H1,
“translation in genetic information processing” was found to
be associated with the most DEGs number (39), which were
not rich in HO vs HS and H1 vs H5. While “carbohydrate
metabolism” in the processing of metabolism exhibited the
greatest DEGs number in HO vs HS (55) and H1 vs HS (54).
Furthermore, the KEGG enrichment analysis was performed
to identify the functional features. As shown in Fig. 6, the
“Ribosome”, “Oxidative phosphorylation” and “Glutathione
metabolism” were over-represented among the DEGs of
HO vs H1, while HO vs H5 had significant enrichments in
“Phenylpropanoid biosynthesis”, “Monoterpenoid biosyn-
thesis” and “Plant hormone signal transduction”, and H1 vs
HS were in “Phenylpropanoid biosynthesis”, “Glutathione
metabolism” and “Monoterpenoid biosynthesis”. The results
indicated that the seedlings displayed a significant response

vvvvv

Fig.5 GO (Gene Ontology) classification of the DEGs between HO vs H1, HO vs HS, and H1 vs H5 leaves, respectively
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Fig.6 KEGG enrichment analysis diagram of DEGs between HO vs
H1, HO vs H5, and H1 vs HS5 leaves, respectively. Q values corre-
spond to p-values corrected for multiple hypothesis testing for KEGG

to the gamma radiation, the pathways of “Ribosome” and
“Glutathione metabolism” were closely linked to lower
radiation dose, while “Phenylpropanoid biosynthesis” and
“Monoterpenoid biosynthesis” were closely linked to higher
radiation dose.

Transcription factor analysis

To understand the complex signaling pathway of tree peony
upon exposure to gamma radiation, we performed tran-
scription factor (TF) analysis on 77,629 unigenes that were
assembled to study the alterations in the expression dynam-
ics of TFs in tree peony. A total of 768 TFs belonging to 34
different TF families were identified (Fig. 7). MYB (v-myb
avian myeloblastosis viral oncogene homolog) family
(15.76%) accounted for the highest proportion, and mainly
up-regulated genes (59.60%, 77.12% and 78.15% in HO vs
H1, HO vs H5, H1 vs HS, respectively). This was followed
by AP2/ERF (APETALAZ2/ethylene-responsive factor)
(10.03%), C2C2 (7.81%), bHLH (Basic helix-loop-helix)

Rich Factor Rich Factor

analyses, with values from O to 1, with O indicating more significant
enrichment. KEGG Kyoto Encyclopedia of Genes and Genomes

(7.16%), FAR1 (6.64%), WRKY (5.86%) and NAC (NAM,
ATAF1/2 and CUC) (5.73%) families. These families of TFs
generally play an important regulatory roles in plant second-
ary metabolism, growth and development, biosynthesis, and
response to stress (Khan et al. 2017). The up-regulated genes
were more abundant than the down-regulated for HO vs HS,
H1 vs H5, except for HO vs H1 of the TFs genes.

Gene expression validation by qRT-PCR

To verity the RNA-seq data, 16 DEGs were selected in the
RNA sequence data were confirmed by the QRT-PCR analy-
sis (Fig. 8). As a result, the DEGs that were upregulated
included Unigene61701, Unigene343301, Unigene9251,
Unigene452, Unigene24236, Unigene4843, Unigene48733,
Unigene54881, and downregulated in Unigene9517, Uni-
gene9514, Unigene2048, Unigene76103, Unigene91463,
Unigene95104, Unigene93001, Unigene210431. These
results were consistent with the RNA-seq results, thus
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Fig.7 The up-regulated and down-regulated Transcription Factor (TF) family classification of HO vs H1, HO vs H5, and H1 vs H5. The red indi-

cates up-regulated TFs, while the blue indicates down-regulated TFs
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Fig.8 The qRT-PCR validation results of 16 DEGs in the transcriptome. Relative expression values are presented as the means + standard error

from three replicates. The bars represent standard error

confirming both the accuracy and validity of the RNA-seq
analysis.

Discussion

Determination of optimal radiation dose
of seedlings for tree peony

Low doses of radiation can accelerate the metabolic activ-
ity in plants, and may not cause any mutations or induce
minor mutations, that may not be very effective (Nazir et al.
1998). While, high doses can make the plants susceptible to
mutations, which may be fatal and also cause direct negative
effects on the tissues (Ramesh et al. 2012). Therefore, select-
ing the optimal dose is essential to induce a higher mutation
rate on target traits without affecting other ones (Surakshi-
tha et al. 2017). The LD50 is generally considered to be
the appropriate radiation dose, which can produce effective
mutagenic effects. The study of ®°Co radiation breeding on
tree peony was primarily focused on seeds of the tree peony
(P. ostti ‘Fengdanbai’), however, LDy, value was obtained in
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a previously published study. Shi et al. (2010) reported that
the LDs, value was 4.97 Gy used dry seeds, and Yan et al.
(2017) found that the LD, value was18.94 Gy and 9.51 Gy
for dry seeds and wet seeds, respectively. The germination
rate of seeds could be affected by different sowing conditions
and seed moisture to impact the LD5, value. The seed mois-
ture can also affect the radiation sensitivity of the seeds. In
this study, we tried to use the grafted seedlings as the radia-
tion materials for the first time to the best of our knowledge.
According to this study, the LDs, of grafted seedlings of
tree peony (‘Okan’) was 40.30 Gy, which was significantly
higher than the reported LDs, dose of seeds. The grafted
seedlings of tree peony were found to be more resistant to
the radiation as compared to the seeds.

Physiological and biochemical response of tree
peony by radiation

Gamma radiation can induce physiological responses in
a plant (Beyaz et al. 2016). One of the major effects of
gamma radiation is increased production of ROS. To pro-
tect themselves against ROS, plant cells generally employ
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various antioxidant defense systems. SOD and POD are
two important antioxidant enzymes, which can remove
excessive ROS produced in the plants and repair the dam-
age within the affected cells (Shah et al. 2001). Proline
is a scavenger of ROS. It can stabilize the structure and
function of different macromolecules such as DNA, pro-
teins and membranes (Akshatha et al. 2013). CAT can
catalyze the decomposition of H,0, into H,O and O,,
thus removing H,O, to maintain the stability of the plant
cell membrane (Alam et al. 2019). Exposure to gamma
radiation can lead to increases in the activities of SOD and
CAT (Beyaz 2019). MDA is the major mutagenic prod-
uct generated by lipid peroxidation (Huang et al. 2018).
In this study, the content of proline and MDA as well as
the activities of SOD, POD and CAT were all found to
be significantly increased in irradiated tree peony, which
indicated that the radiation dose used in this study could
lead to the membrane lipid peroxidation, damage the struc-
tures of the cell membranes, and thus the various cellular
antioxidant defense mechanisms were activated to protect
against the damage caused by the radiation. These results
suggested that gamma radiation treatment could affect
both the physiological and biochemical states of the plants.

Characterization of the tree peony transcriptome

Transcriptome sequencing technology (RNA-seq) has been
widely used in biological research related to tree peony
to study the low-temperature dormancy in the buds (Gai
et al. 2012), anthocyanin biosynthesis in the petals and
leaves (Zhang et al. 2014, 2015), fatty acids present in the
seeds (Li et al. 2015), and effect of the drought resistance
(Zhao et al. 2012). However, there are no existing reports
describing the transcriptome sequencing study in °°Co
gamma radiation breeding of the tree peony. Transcrip-
tomic sequence comparative analysis on radiation-treated
tree peony was performed to broaden our understanding of
radiation breeding. Approximately 75,444 (97.18%) uni-
genes were found to match accurately to the known pro-
teins in these databases, thereby suggesting that the non-
annotated unigenes may be unique to peony after radiation.
We also found that the cell part, membrane part, binding,
catalytic activity, cellular process and metabolic process
were the most represented parameters in GO database. The
result was similar to the gene ontology analysis obtained
in the study of petal development transcriptome in P. suf-
fruticosa (Li et al. 2017) as well as Capsicum annuum (Lu
etal. 2011). The metabolism and genetic-related informa-
tion processing accounted for a large proportion of KEGG
database, and similar results were obtained in transcrip-
tome comparative studies of Chrysanthemum indicum
(Han et al. 2018).

The response of biological processes caused
by radiation exposure in tree peony

There were hundreds of DEGs that were found to be mainly
involved in carbohydrate metabolism, secondary compound
biosynthesis, plant hormone signal transduction and lipid
metabolism which were similar to the enrichment pathways
of tree peony under drought stress (Zhao et al. 2012). In
carbohydrate metabolism, many DEGs that were closely
associated with starch and sucrose metabolism were dis-
covered in our study. Under stress conditions, sucrose may
have a direct protective function, by providing easily acces-
sible energy sources for the plants, and thus serving as an
optimal osmotic regulator and for signaling purposes (Ducat
et al. 2012).

Gamma radiation has been considered a rapid and reliable
method for inducing variations in a plant’s metabolic as well
as physiological conditions, and as a novel technique for
the enhanced production of secondary metabolites (Parchin
et al. 2019; Mariadoss et al. 2020). ®*Co gamma radiation
has been proved to be an effective inducer of oxidative stress,
which can promote the production of several secondary
metabolites in plants (Kapare et al. 2017). Radiation-induced
stress could significantly increase linolenic acid levels and
stimulate the activation of plant defense mechanisms (Zhang
et al. 2017). More DEGs involved in metabolic processes
were found in higher radiation dose than in lower dose in
our study. In lipid metabolism, many DEGs associated with
linoleic acid, alpha-linolenic acid metabolism, etc. were
discovered, which indicated that exposure to the high dose
radiation could induce the regulation of linolenic acid syn-
thesis genes, stimulate the initiation of defense mechanisms
and improve the overall resistance of the pants. Tree peony
is an important woody oil crop rich in alpha-linolenic acid,
and thus DEGs associated with alpha-linolenic acid metabo-
lism obtained in this study might contribute to the quality
improvement of oil peony. ®°Co gamma radiation breeding
could be used as a novel strategy for oil tree peony breeding.
Hormones can initiate diverse response mechanisms in plant
biotic and abiotic stress processes (Mendy et al. 2017). Some
DEGs related to hormone signal transduction were found in
the tree peony leaves exposure to high doses of radiation.
The failure of some plants to grow normally after radia-
tion may be due to the destruction of auxin in the hormone
(Smith and Kersten 1942).

In addition, a total of 768 TFs were identified, belong-
ing to 34 TF families, and most families were involved
in the stress control process. It has been reported that
TFs such as bZIP, MYB, NAC and WRKY could play
an important regulatory role in plant stress response (Liu
et al. 2018; Lopez-Galiano et al. 2018). TFs also can mod-
ulate the plant response to adversity stress by affecting
ROS levels (Kong et al. 2018), for example, the dominant
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inhibition of Arabidopsis thaliana TF MYB44 could cause
oxidative damage and lead to the accumulation of ROS
(Persak and Pitzschke 2014), and the TF NAC55 as well
as NACS56 in Brassica campestris could induce the expres-
sion of the various anti-oxidant genes, reduce the accumu-
lation of ROS, and thus improve abiotic stress tolerance
(Chen et al. 2017).

Conclusions

Our study has shown that exposure to ®®Co gamma radia-
tion in the grafted seedlings could cause significant bio-
chemical and transcriptome response. The higher radiation
doses were found to be harmful to the tree peony, and
LD50 was 40.30 Gy. There was a certain tolerance in tree
peony seedlings to 60Co gamma radiation dose based on
the results of biochemical indexes. The content of MDA
and the activity of SOD, POD and CAT increased gradu-
ally after exposure to radiation, while the total soluble
protein content decreased. To our knowledge, this is the
first transcriptome-based study that demonstrates varia-
tions in the expression of various genes in response to
0Co gamma radiation. The DEGs number, Go enrichment,
KEGG pathway and TF number in HO vs HS5, H1 vs HS
were more than in HO vs H1, which showed distinct tran-
scriptome response to gamma radiation. This study will be
potentially helpful to understand the pleiotropic mutagenic
effects of ®®Co gamma radiation in tree peony to further
accelerate germplasm innovation.
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