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Abstract

Quinoa is one of the crops well-adapted to high altitude regions that can grow relatively well under drought, humid, and
high UV radiation conditions. This study was performed to investigate the effects of gamma-radiation on quinoa. Seeds
were treated with various doses of 50 Gy, 100 Gy, 200 Gy, 300 Gy, 400 Gy, 600 Gy, 800 Gy, and 1000 Gy. We investigated
germination, as well as plant height, chlorophyll content, and normalized difference vegetation index (NDVI) at 0, 30, 44,
58, and 88 days after transplanting (DAT) and panicle weight at 88 DAT. The plants grown from the seeds treated at radia-
tion doses greater than 200 Gy showed reduced values in most growth and physiological characteristics. The germination
rate and germination speed were higher in the 50 Gy-treated seeds than in 0 Gy-treated (control) seeds. Plant height and
panicle weight were highest in the plants from 50 Gy-treated seeds. Chlorophyll content was higher in all treated samples
than in the controls. NDVI value showed the highest value in O Gy controls and plants treated with 50 Gy. The antioxidant
activity was also higher in the plants from the seeds treated with 50 Gy and 100 Gy, showing a steady increase as the radia-
tion dose increased even at 200 Gy. The plants from seeds treated with 0 Gy showed higher expression of proteins related
to photorespiration and tubulin chains. The plants from seeds treated with 50 Gy induced more stress-responsive proteins.
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Introduction

Quinoa (Chenopodium quinoa Willd.) is an annual C; plant
belonging to the Chenopodiaceae family which exhibits
extensive environmental adaptability. It grow in various
regions with a preference of over 500 m highlands, and
even above 3000 m above sea level. Several studies have
reported that they show viable characteristics under extreme
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conditions such as salt stress (Adolf et al. 2013; Li et al.
2016), low-temperature stress (Yang et al. 2016), intense
ultraviolet stress (Gonzalez et al. 2009), and heavy metal
stress (Buss et al. 2012). In addition, quinoa can grow under
drought conditions of low (< 150 mm per year) precipitation
(Martinez et al. 2009).

Living organisms exposed to high-dose ionizing radia-
tion have altered cell cycles, inhibiting or delaying normal
cell division. In addition, changes in cytoskeletal proteins
result in various unusual changes such as cell deforma-
tion, chromatin decondensation, and DNA damage (Zhang
et al. 2022). Irradiated plants exhibit changes on various
morphological and molecular levels, including changes in
chlorophyll content, structure and function of cell wall,
chromosome, mitochondria, and cell membrane (Keresztes
and Kovacs 1991; Kovacs and Keresztes 2002; Hilal et al.
2004). These internal changes also lead to the inhibition of
germination and a decline in the growth of the irradiated
plant (Kon et al. 2007; Marcu et al. 2013). There is also an
increase in oxidative stress (Kovacs and Keresztes 2002)
and secondary metabolites (Mackerness et al. 1999), and a
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decrease in nutrient absorption through roots (Sosedov and
Vakar 1963).

On the other hand, low-dose ionizing radiation has been
shown to promote physiological activity in plants (Miller
and Miller 1987). It should be noted that the definition of
low dose in plants, and especially in dry seeds, differs from
the standard definition (Caplin and Willey 2018). This posi-
tive effect is associated with hormesis. For plants, it was
reported that this hormesis promotes initial growth, germi-
nation rate, phytochemical content, and antioxidant activ-
ity and increases the resistance to the external environment
through the induction of enzymes related to plant growth
(Miller and Miller 1987). However, in the case of ionizing
radiation, plants exhibit a variety of physiological and physi-
cal changes depending on the radiation dose, and in some
cases, different mutations occur, so identifying changes
induced by ionizing radiation is very important (Khan and
Goyal 2009; Dhakshanamoorthy et al. 2011). The applica-
tion of ionizing radiation at a low dose causes only a slight
change in the levels of hydrogen peroxide malondialdehyde
(MDA) and O,. Although these changes are not high, they
activate antioxidant enzymes, therefore, the plants become
more resistant to external stress (Mittler et al. 2004; Zhang
et al. 2016).

This study was conducted to investigate how gamma irra-
diation of seeds affects germination, growth and physiologi-
cal parameters of quinoa and to determine whether hormesis
effects occur at low irradiation doses.

Materials and methods
Plant material and radiation treatments

Quinoa (cv. Challamocko) seeds were irradiated at the
%9CO gamma radiation facility (AECL, IR-79, MDS Nor-
dion International Co., Ltd., Ottawa, ON, Canada) of the
Advanced Radiation Technology Institute (ARTI) with
50 Gy, 100 Gy, 200 Gy 300 Gy, 400 Gy, 600 Gy, 800 Gy,
and 1000 Gy (Hanafy and Akladious 2018). The seeds were
treated at room temperature with a dose rate of 1.5 kGy/h.
The absorbed dose of seeds in a sample bag was confirmed
with an alanine dosimeter (dia. 5 mm, Bruker Instrument,
Rheinstetten, Germany). The moisture content of seeds was
adjusted to 15% before irradiation.

Germination test

The radiation-treated seeds were placed on the filter paper
(Whatman No. 1) in a 9-cm plastic petri dish. For each treat-
ment, four replications of 50 seeds each on the paper mois-
tened with 5 mL water were incubated under dark conditions
at 25 °C. The germination test was conducted according to
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the International Seed Testing Association (ISTA) (Hamp-
ton and Tekrony 1995). It was performed for 40 h, and ger-
minated seeds were counted every 4 h. Seeds with a pro-
trusion of the radicle by at least I mm were considered as
germinated. Germination rate (%) indicates the proportion
of germinated seeds over total seeds and germination speed
that reflects the germination vigor at each measured time
was calculated by dividing the additionally germinated seed
number by the period (h). Therefore, based on the germina-
tion rate and germination speed, we could evaluate the ger-
mination performance quantitatively as well as qualitatively.
They were calculated as follows.

Germination rate (%) = (germinated seed/total seed) x 100.

Germination speed =(n,/t;), where, n; is the number of
additionally germinated seeds for the period, ¢ is the period

(h).

Plant growth and physiological measurement

Quinoa seeds (5 g) irradiated with various radiation doses
were imbibed in distilled water for 48 h at room tempera-
ture and planted in 48 cell nursery-trays filled with a mix-
ture of soil and peat moss (1:3) at room temperature. After
30 days, the seedlings were transplanted to pots [20 cm (H)
X 20 cm (D)] filled with field soil and moved to a greenhouse
(27 °C/14 °C, light (12 h)/dark (12 h), relative humidity
65%). The photosynthetic photon flux density in the green-
house was about 1500 pmol m~2 s~! at noon. Plant height
was measured every week from 30 days after transplanting
(DAT) to 88 DAT, and panicle weight was measured at 88
DAT after drying at 70 °C for 48 h.

Chlorophyll content was measured for five plants with
five replications on a fifth leaf using a portable chloro-
phyll meter (Soil Plant Analysis Development, SPAD-502,
Minolta, Japan). Normalized difference vegetation index
(NDVI) was measured for five plants with five replications
on fully expanded leaves at 30, 44, 58, and 88 days after
transplanting using Plantpen NDVI 300 (Photon System
Instrument, Czech Republic).

Antioxidative activity (ORAC) assay

Five seedlings (30 days old) were collected and macerated
in liquid nitrogen and stored at — 80 °C until use. The anti-
oxidant activity of leaves was measured by ORAC (oxygen
radical absorbance capacity) assay according to the previ-
ously described method of Gillespie et al. (2007). The anti-
oxidant capacity of a substance can be directly estimated by
comparison with the standard curve of Trolox.



Radiation and Environmental Biophysics (2022) 61:465-477

467

Protein extraction and two-dimensional
electrophoresis

Fully expanded leaves collected from 5 plants at 35 DAT
were powdered in liquid nitrogen, and 5 g of powder was
put into a 15 ml tube. Protein was extracted by the modified
phenol method of Wang et al. (2008). After extraction, lysis
buffer [7 M Urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 40 mM
dithiothreitol (DTT)] was added to the dried protein pel-
let, and the sample was incubated for 1 h at 25 °C. After
centrifugation for 20 min at 20,000g, the supernatant was
transferred to a 1.5 ml tube and stored at — 80 °C until use.
The extracted protein was quantified by the Bradford method
(Bradford 1976) before electrophoresis. Two-dimensional
polyacrylamide gel electrophoresis was carried out. Briefly,
the extracted protein samples (900 pg) were loaded on an
immobilized pH gradient (IPG) strip of 18 cm length and
a pH range of 4-7 (Bio-Rad, USA). After rehydrating with
rehydration solution [7 M urea, 2 M thiourea, 4% CHAPS,
40 mM DTT, 1% (v/v) IPG buffer, pH 4-7] for 16 h iso-
electric focusing was performed using a Protean IEF Cell
(Bio-Rad). After isoelectric focusing the strip was placed
on a 12.5% SDS gel (185x200x 1.0 mm) and subjected to
electrophoresis using a Protean II XI electrophoresis device
(Bio-Rad). The proteins were stained for 24 h in Coomassie
brilliant blue G-250 (Genomic Base) solution.

Protein identification using mass spectrometry
(MALDI-TOF/TOF mass spectrometry)

Protein spots were visualized using an Epson scanner
(Epson Perfection V800 Photo, Japan). For the accuracy
of the data, the 2-DE analysis was performed three times
per sample. The gel image was analyzed using PDQuest
version 7.2.0 software (Bio-Rad). Spots with statistically
significant differences (P < 0.05, Student’s ¢-test) of more
than 1.5 times were used for protein analysis, and then
the protein spots were excised from the gel. In-gel diges-
tion and tryptic peptide extraction were performed by the
method of Shevchenko et al. (1996). The gel pieces were
washed and destained using water and acetonitrile repeat-
edly at 20 °C. The proteins in the gel piece were reduced
with 10 mM DTT in 100 mM NH,HCO; at 56 °C and
then incubated with 55 mM iodoacetamide in 100 mM
NH,HCO; for 30 min at 20 °C. For digestion, the gel
pieces were rehydrated in 50 mM NH,HCO; with 10 ng
trypsin on ice for 45 min and then incubated overnight
at 37 °C. After digestion, peptides were sequentially
extracted using 5 ul of 5% (v/v) trifluoroacetic acid (TFA)
followed by 50 ul of 50% (v/v) acetonitrile with 2.5% (v/v)
TFA. Peptides were desalted using a column of POROS
R2 resin (AB Sciex, Foster City, CA), then the samples

were spotted on a MALDI target plate. Samples were then
analyzed using an AB Sciex 4800 Plus MALDI-TOF/
TOF mass spectrometer (Applied Biosystems, Franklin
Lakes, NJ, USA). The peptide mass fingerprints (PMFs)
obtained were searched against sorghum in the Swissprot
and/or NCBI database using the MS-Fit program (http://
prospector.ucsf.edu), and PMFs were identified by first
searching in the Swissprot database and the NCBI data-
base. The possible functions of identified proteins were
determined according to the information from the UniProt
(www.uniprot.org).

Statistical analysis of plant variable

The data were statistically analyzed using a PROC ANOVA
procedure of SAS software (ver. 9.4, SAS Inst., NC USA),
and the mean values were compared by Tukey’s test at
p <0.05 and expressed with standard error.

Results and discussion
Dose-dependent effects on seed germination

Gamma radiation at low dose has been reported to accel-
erate seed germination (Kim et al. 2000). In the present
study, the germination rate varied with the radiation dose,
and low-dose gamma irradiation at 50 Gy showed promot-
ing effects on germination (Fig. 1). After irradiation with
50 Gy the germination rate at 40 h after imbibition (HAI)
was 88 +2% and thus higher than for the 0 Gy control, which
had an 85 +2% germination rate. However, the germination
rate decreased at doses of 100 Gy and higher, showing 66%
at the highest dose of 1000 Gy. The germination began at
16 h after imbibition (HAI), showing the highest germina-
tion speed at 20 HAI (0 Gy, 50 Gy, 100 Gy) or 24 HAI
(> 100 Gy) depending on the dose. Although the speed did
not show significant differences between seeds irradiated
at O Gy, 50 Gy, and 100 Gy at the peak time (20 HAI), the
speed at the beginning time (16 HAI) was higher in the treat-
ment of 50 Gy than 0 Gy. These results imply that relatively
low irradiation (50 Gy) induces rapidly the germination in
the irradiated seeds. The germination speed was more sensi-
tive to radiation dose than the germination rate at the early
period of germination.

Previous results showed that seed irradiation at 300 Gy
or higher reduces the germination rate in long bean (Vigna
sequencedalis) (Ellyfa et al. 2007), while a low-dose irra-
diation at 50 Gy showed increased germination in cucum-
ber and okra (Jaipo et al. 2019), similar to our results. The
facilitated germination suggests that a low irradiation dose
below/around 50 Gy may promote the germination of quinoa
seeds. However, since high-dose radiation causes damage
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Fig.1 Changes in germination rate (upper) and germination speed standard error (vertical bars) from four replications. Asterisks indi-

(lower) of Chenopodium quinoa seeds treated with various gamma cate significant difference among radiation doses within an incubation
irradiation dose levels (0 Gy, 50 Gy, 100 Gy, 200 Gy, 300 Gy, period (*P <0.05, ¥**P <0.01, ***P <0.001)
400 Gy, 600 Gy, 800 Gy, and 1000 Gy). Data were the mean and

to protein and DNA structure during plant growth including  embryo growth due to lowered digestion of stored nutrients,
germination (Hilal et al. 2004), it is believed that higher- resulting in a decline in germination.
dose radiation of more than 200 Gy in this study inhibited
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Seeds should absorb water to utilize the stored nutrients
for germination (Nonogaki et al. 2010). In our study, the
germination promotion by low-dose irradiation had positive
effects on germination by enhancing the utilization phase of
storage nutrients as the seeds imbibed well in all treatments
(data not shown).

Plant height and panicle weight of quinoa plant
according to the dose of gamma radiation

Several studies have reported that low-dose ionizing radia-
tion increases the plant height and the panicle weight related
to crop yield, for example (Maity et al. 2005). Early after
transplanting, the plant height of the plants grown from the
seeds treated at 600 Gy was lowest, and the plants from
the seeds treated at 50 Gy, 100 Gy, 200 Gy, 300 Gy, and
400 Gy showed greater plant height than that treated at
0 Gy (Fig. 2). At 44 days after transplanting (DAT), plant
height was 14.5+0.3,13.7+0.2, 13.6+0.2, 13.3+0.4, and
11.6 £ 0.8 cm in the samples treated with 50, 100, 200, 300,
and 400 Gy, respectively, showing a more remarkable growth
than the plants from seeds treated at 0 Gy (11.1 +0.4). Plants
from seeds treated at 600 Gy showed a smaller plant height
of 7.8 + 1.3 cm and they died before 58 DAT. Plants from
the seeds irradiated at 800 Gy and 1000 Gy died at 30 DAT
and were not measured. At 88 DAT, all doses except for 50
and 100 Gy resulted in a smaller plant height as compared
to the control (0 Gy), but the promotive effect of low-dose
radiation of 50 Gy persisted (Fig. 4). The increase in plant
height after low-dose gamma irradiation is presumed to be
due to hormesis caused by metabolic adjustment (Volkova
et al. 2020), improving the energy supply required for stem
growth. The stimulation of growth has also been attributed
to accelerating cell division (Zaka et al. 2004) and increased
activity of auxin (Jan et al. 2012.

Panicle weight was lower in the plants from seeds treated
at 0 Gy (4.6+0.2 g) than those treated at 50 (6.5+0.2 g)
and 100 Gy (5.3+0.2 g), but the weight became smaller as
the irradiation dose increased from 200 Gy (Fig. 2). Simi-
larly, in wheat doses greater than 400 Gy decreased the yield
(Abdel and Ali 2006). However, in the study of Hegazi and
Hamideldin (2010), gamma radiation treatment to seeds at
0, 200, 300, 400, and 500 Gy in Okra (Abelmoschus escu-
lentus) resulted in an increase in plant length and yield by
irradiation with 400 Gy as compared to plant from seeds
treated at O Gy. The dose range that showed positive results
in the previous reports was different from that of our study,
which suggests that the beneficial dose range depends on
various factors such as plant species and treatment condi-
tions (Agathokleous et al. 2019).

Changes in chlorophyll and NDVI of plants
grown from irradiated seeds at different doses
of gamma-ray

The SPAD value, which represents the chlorophyll content
in the leaves, was the lowest after 0 Gy treatment and high-
est in the plants treated by irradiation with 400 Gy and
600 Gy at 30 and 44 DAT, respectively (Fig. 3). However,
the plants from seeds treated at 600 Gy were not avail-
able for SPAD measurement due to no more extended leaf
development from 58 DAT. At 58 DAT, the SPAD value
of the plant treated at 0 Gy was 41.4 + 1.4, which was
lower by more than 4.0 as compared to the plants from
seeds treated at 50—400 Gy. Physiological changes caused
by ionizing irradiation include increased photosynthesis,
chlorophyll content, and associated enzyme activity (Sah
et al. 1996). Our results also reflect that ionizing radiation
induces changes in proteins related to chlorophyll produc-
tion in plants, resulting in an effect on SPAD values that
are measured on the viable part of fully expanded leaves.
This means that the effects of gamma radiation on chloro-
phyll content in plants vary depending on the level of dose
as inhibition or promotion.

NDVI is an indicator that is closely related to the rela-
tive distribution and activity of green plants on the land
surface, leaf area index, chlorophyll content, and absorbed
photosynthetically active radiation. This index is meas-
ured based on the reflectances of specific bands of visible
light (Gamon et al. 1995). NDVI was higher at 0.71 +0.01,
0.73 +0.01 in the plants from seeds treated at 0 Gy and
50 Gy, respectively, and lower at 0.68 +0.01, 0.64 +0.03,
and 0.55 +0.05 in the plants from seeds treated at 300,
400, and 600 Gy at 30 DAT (Fig. 3). However, at 44 DAT,
there was no significant difference in all treatments. At 58
DAT, the plants irradiated at 600 Gy were dead, and the
NDVI tended to increase slightly compared to the results
at 44 DAT. The NDVI was similar among radiation doses
since 58 DAT except for the plants from seeds treated
irradiated at 50 Gy that showed higher NDVI than other
radiation doses. In this study, the NDVI of plants from
seeds treated at 50 Gy was higher throughout the investi-
gated period of quinoa growth than plants treated at other
doses as well as control (Fig. 3). The visible light region
for estimating NDVI is 680-760 nm, closely related to
chlorophyll content (Richardson et al. 2002). In the results,
NDVI was more closely related to growth than chlorophyll
content (SPAD value). Therefore, NDVI was more appro-
priate than chlorophyll content as an indicator of the plant
response to the level of gamma radiation. NDVT results
show that low-dose radiation of 50 Gy has a hormesis
effect of a beneficial contribution to plant growth. NDVI
and SPAD reflect the status of the pigments involved in the
photosynthesis of leaves in plants (Basyouni et al. 2015).
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Fig.2 Changes in plant height (upper) and panicle weight (lower) in
Chenopodium quinoa originated 4 from the seeds treated with various
gamma irradiation dose levels (0 Gy, 50 Gy, 100 Gy, 200 Gy, 300 Gy,
400 Gy, 600 Gy, 800 Gy, and 1000 Gy). Panicle weight was measured

Changes in antioxidant activity of plants
grown from irradiated seeds at different doses
of gamma-ray

The results of the ORAC assay which measured the free
radical scavenging ability of antioxidants showed the low-
est antioxidant activity of 6629 +308 pM Trolox eq./g FW
in the plants treated at 0 Gy and the highest activity of
7477 + 160 pM Trolox eq./g FW in the plants from seeds
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at 88 days after transplanting. The panicles of plants treated at high
doses greater than 400 Gy were not harvested due to abortion. Data
were the means +SE (n=>5). Different letters are significantly differ-
ent at P <0.05 by Tukey’s test

treated at 100 Gy. At a dose range of 200-1000 Gy, antiox-
idant activity slightly increased with the dose of ionizing
radiation (Fig. 4). The changes in antioxidant activity were
attributed to the ionizing radiation causing stress on the
plant, producing excess active oxygen, and increasing the
activity of antioxidant enzymes. Previous studies reported
similar results in arabidopsis (Zhang et al. 2016) and rice
(Kim et al. 2004). Thus, low-dose ionizing radiation
increases antioxidant activity due to the signaling actions
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Fig. 3 Changes in SPAD value (upper) and NDVI (lower) of the 5th
leaf from 30 to 88 DAT in 3 Chenopodium quinoa originated from
the seeds treated with various gamma irradiation dose levels (0 4 Gy,

of active oxygen rather than as a stress factor, increasing
its resistance to abiotic stresses such as drought, cold, and
other oxidative stresses (Gygi et al. 1999). In addition,
low-dose ionizing radiation has a direct effect on their
antioxidant concentration, antioxidant enzyme production
involved in the antioxidant activity, and the genes involved

50 Gy, 100 Gy, 200 Gy, 300 Gy, 400 Gy, and 600 Gy). Data were
the means +SE (n=5). Different letters are significantly different at
P <0.05 by Tukey’s test

in the signaling system between ROS and antioxidative
system (Kim et al. 2011).

In our study, 50 Gy and 100 Gy treatments improved the
ability to increase resistance, but doses of radiation above
200 Gy did not show positive effects. Thus, it is not clear
whether the signaling result arising from low-dose radiation
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is essential or the role of metabolic adjustment is necessary.
However, since the regulation of different metabolisms also
causes antioxidant capacity, it can be deduced that the regu-
lation of metabolism, especially the regulation of antioxidant
metabolism, is enhanced by low-dose radiation.

Differences in protein expression in the plant grown
from the seeds irradiated with different doses
of gamma radiation

Protein changes in plants from quinoa seeds that were
gamma-irradiated were identified through two-dimensional
electrophoresis and MALDI-TOF-TOF analysis. A total of
49 proteins were found at 35 DAT to differ in their induction
depending on the dose of gamma radiation (Fig. 5; Table 1).
Furthermore, as a result of categorizing the identified pro-
teins by metabolic type, 51% of the proteins were associ-
ated with the primary metabolism, and 12.2% of the proteins
were associated with stress response (Fig. 6).

The proteins in the primary metabolism were those
mainly associated with photosynthesis and respiration, car-
bohydrate metabolism, protein metabolism (spot numbers:
47, 51, 57, 58, 60), and fat metabolism (Table 1). Rubisco
activase (spot 75, 76, 77) and PS I BNR domain-containing
protein (spot 45, 46) which play an essential role in photo-
synthesis in plants, were more highly expressed in the plants
from seeds treated at 0 Gy than in the plants grown from
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400 Gy, 600 Gy, 800 Gy, and 1000 Gy). Data were the means +SE
(n=3). Different letters are significantly different at P <0.05 by Tuk-
ey’s test

seeds treated at 50 and 100 Gy. However, carbonic anhy-
drase (spot 14, 15, 16, 18), which regulates the pH of chloro-
plasts and the fixation of CO, while preventing protein dena-
turation, was higher in plants grown from seeds treated by
gamma-rays at 50 and 100 Gy than in plants treated at 0 Gy.
In addition, ribulose-phosphate 3-epimerase (spot 13), which
is involved in the synthesis of intermediates in the pentose
phosphate pathway, showed enhanced induction in the plants
from seeds treated at 50 Gy. Phosphoglycolate phosphatase
(spot 42, 43), an enzyme involved in photorespiration, was
increased in the plants from seeds treated at 0 Gy compared
to 50 Gy and 100 Gy-treated plants. Changes in proteins
reflected that photosynthesis, internal carbon dioxide con-
centration, transpiration rate, and stomatal conductance were
lower in 0 and 100 Gy-treated plants than in 50 Gy-treated
plants. Proteins induced in the plants grown from the seeds
irradiated at 50 Gy have roles linked to the acceleration of
primary metabolism through metabolic adjustments for
improving the fundamental growth of quinoa plants. The
promotion of primary metabolism by low dose further
improves the ability to supply the energy sources needed
to increase resistance to stress, allowing stress response
metabolism to be carried out efficiently.

Hayashi et al. (2015) reported the expression of stress-
related proteins according to gamma irradiation. Our study
also showed similar results that increased the expression of
stress-related proteins in the plants grown from the seeds



Radiation and Environmental Biophysics (2022) 61:465-477

473

MW _
(kDaj

150 -

75

25

20
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podium quinoa at 35 DAT. A, B, and C Indicate 0 Gy, 50 Gy and
100 Gy, respectively. Arrows indicate up- and down-regulated expres-

treated by gamma radiation at 50 Gy (spot 19, 40, 56, 61,
62, 82). In particular, the expression of superoxide dis-
mutase [Fe] (FeSOD, spot 1) in the leaves of plants from
seeds treated at 50 and 100 Gy was higher than that of plants
from seeds treated at 0 Gy. In addition, the expression of
ascorbate peroxidase (APX, spot 82), one of the antioxidant
enzymes, was also increased in 50 Gy-treated plants. Under
environmental stress, such as strong light and drought, plants
produce superoxides due to electron accumulation in the thy-
lakoid membrane (Foyer and Noctor 2000), O, is a ROS
that causes serious injury to the cell membrane, so SOD
scavenges O, into hydrogen peroxide and oxygen (McCord
and Fridovich 1969; Apel and Hirt 2004) and at the same
time, one of the antioxidant enzymes, ascorbate peroxidase
(spot 82), converts hydrogen peroxide into water (Asada
1999; Pilon et al. 2011). In this study, we showed that these
SOD and APX were increased together by low-dose gamma
radiation. The stress-related proteins identified in our results
were mainly associated with antioxidant systems, consistent
with the results of increased antioxidant activity in 50 Gy-
treated plants.

Among the proteins associated with cellular structures,
tubulin proteins (spot 70, 71, 73, 74) were identified (Fig. 5;
Table 1). Structural proteins were more highly expressed in
the plants from seeds treated at 0 Gy than those treated with
gamma radiation. The main function of tubulin is known
to be involved in cell plate formation and cell wall produc-
tion, and in this study, increased curvature of the stem was
observed as the dose of gamma radiation increased, which
is attributed to its lower expression than in the controls.
Structural proteins like cytoskeleton contribute to enhanc-
ing adaptability to the external environment by inducing

sion by irradiation treatments. Up- and down were compared to the
lowest spot intensity between treatments. The numbers beside arrows
were presented in Table 1

inhibition of abnormal growth or malformation and mechan-
ical reinforcement (Wang and Mao 2019), thus contributing
to the positive effects of low dose radiation as in the results
of plant growth.

The hormesis effect of low-dose gamma radiation treated
to seeds was identified during vegetative growth, indicating
that the hormesis effect of low-dose ionizing radiation was
caused by improved photosynthetic efficiency and improved
resistance to stress. Furthermore, the occurrence of malfor-
mation caused by high-dose of gamma radiation is thought
to be due to the inhibition of the synthesis of structural pro-
teins such as tubulin. The hormesis effect is likely to be
better if the negative effect on the production of tubulin is
reduced.

Conclusions

This study was conducted to investigate the responses that
occur after ionizing radiation treatment in quinoa seeds. The
results showed that germination rate and germination speed
were higher at 50 Gy treatments than in untreated controls
and after irradiation at higher doses, and germination rates
and germination rates decreased as doses increased from
200 Gy. Plant growth after germination and panicle weight
also showed the highest value in the plants from seeds
treated at 50 Gy. Physiological parameters such as chlo-
rophyll content, chlorophyll fluorescence, and NDVI were
also the highest after 50 Gy treatment of seeds, confirming
the beneficial effects of low-dose radiations. Antioxidant
capacity was increased by the low-dose ionizing radiation,
especially at 100 Gy, indicating that low-dose gamma rays

@ Springer



474

Radiation and Environmental Biophysics (2022) 61:465-477

Table 1 Differentially expressed proteins identified in quinoa leaves at 35 DAT

Spot no Accession no Protein name Score® Mp pI° scd
(kD) (%)

1 XP_010676714 Superoxide dismutase [Fe], chloroplastic-like, predicted 116 31,312 5.83 13
4 P12863 Triosephosphate isomerase, cytosolic 128 27,236 5.52 7
8 AES82313 Peptidyl-prolyl cis—trans isomerase, putative 209 28,592 8.66

11 F2CTA2 Uncharacterized protein 72 22,576 5.28 20
12 I3SRLO Peptidyl-prolyl cis—trans isomerase, putative 80 20,419 4.92 11
13 XP_010678478 Ribulose-phosphate 3-epimerase, chloroplastic, predicted 130 30,539 7.68 13
14 XP_010687996 Carbonic anhydrase, chloroplastic-like, predicted 228 35,774 6.90 13
15 XP_010687996 Carbonic anhydrase, chloroplastic-like, predicted 279 35,774 6.90 13
16 P16016 Carbonic anhydrase, chloroplastic 277 34,947 6.61 13
18 AOAIS2YMW4 Thylakoid formation1, chloroplastic-like 75 34,561 6.78 6
19 AOA067KHDS5 NAD(P)-bd_dom domain-containing protein 84 27,671 6.02 16
23 XP_007039204 Ribosome-binding factor PSRP1, chloroplastic, predicted 98 35,827 6.29 6
29 D7KFA4 Uncharacterized protein 82 24,774 5.43 28
32 C1K5B6 Chlorophyll a-b binding protein, chloroplastic 129 21,288 5.55 11
40 QIZWQ8 Plastid-lipid-associated protein, chloroplastic 94 35,252 5.24 6
41 AOAOK9S1C1 ACT domain-containing protein 159 31,087 5.41 30
42 M8C200 Phosphoglycolate phosphatase 155 33,669 4.93 21
43 M8C200 Phosphoglycolate phosphatase 210 33,669 4.93 16
45 WIPQE9 PSII_BNR domain-containing protein 128 45,305 8.41 29
46 AOAOKO9RV67 PSII_BNR domain-containing protein 187 46,101 8.23 29
47 B5U9VO Cysteine synthase 149 41,179 8.13 36
49 AOAOK9QAP4 Nmr A domain-containing protein 206 33,767 5.30 26
50 AOAO0K9S085 Uncharacterized protein 114 41,675 8.59 41
51 B5U9U9 Cysteine synthase 191 34,279 5.52 50
52 AOAOK9RVS6 Pterin-binding domain-containing protein 85 41,041 6.40 28
53 AOAOK9SORO Phosphoglycerate kinase 168 42,452 5.48 27
54 AOAOK9RTPO Glyceraldehyde-3-phosphate dehydrogenase 111 48,536 6.72 23
55 AOAOK9RTPO Glyceraldehyde-3-phosphate dehydrogenase 160 48,552 6.72 28
56 AOAOK9RD45 Pyr_redox_2 domain-containing protein 198 47,304 5.69 30
57 METKI_BETVU S-adenosylmethionine synthase 1 318 43,645 5.57 43
58 METKI_BETVU S-adenosylmethionine synthase 1 113 43,645 5.57 24
59 AOAOK9RD41 Uncharacterized protein 80 57,622 5.71 28
60 AOAOK9RCD3 Uncharacterized protein 159 61,677 5.77 32
61 H9B3R7 Stress-induced protein stil-like protein 166 51,575 5.52 30
62 HOB3R7 Stress-induced protein stil-like protein 141 51,575 5.52 34
63 AOAOK9RDFO Uncharacterized protein 67 63,831 5.61 19
65 ATPA_SPIOL ATP synthase subunit alpha, chloroplastic 646 55,474 5.16 37
66 AO0A1X9WDK4 ATP synthase subunit alpha, chloroplastic 846 55,554 5.29 47
69 AOA1X9WDD4 ATP synthase subunit beta, chloroplastic 667 53,755 5.23 73
70 AOAOK9RYBI1 Protein disulfide-isomerase 64 56,325 4.76 15
71 AOAOK9RBD6 Tubulin beta chain 121 50,788 478 27
72 AOAOK9RZD4 Vacuolar proton pump subunit B 453 54,119 4.85 54
73 AOAOK9QA67 Tubulin alpha chain 97 50,268 4.85 35
74 AOAOK9QA67 Tubulin alpha chain 191 50,268 4.85 43
75 Q8L5T3 Rubisco activase 550 47,925 6.56 40
76 Q8LS5T3 Rubisco activase 681 47,925 6.56 42
77 Q8L5T3 Rubisco activase 224 47,925 6.56 35
78 049937 508 ribosomal protein L4, chloroplastic 81 32,415 7.85 16
82 Q42459 Ascorbate peroxidase 243 27,836 5.41 35

*Protein match score

®Nominal mass

‘Isoelectric point
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Table 1 (continued)
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Fig.6 Functional classification of proteins induced differentially in the leaves of Chenopodium quinoa leaves at 35 DAT. Proteins were extracted
from the leaves of plants grown from the seeds irradiated at 0 Gy, 50 Gy, and 100 Gy

improved antioxidant activity. Protein expression analy-
sis confirmed the induction of stress-related proteins and
cellular structural proteins by low-dose ionizing radiation.
Therefore, low-dose gamma radiations were found to induce
hormesis due to increased stress tolerance and enhanced cell
structure. In quinoa, the appropriate dose of gamma radia-
tion to seeds for hormesis induction is 50 Gy, with inhibitory
effects occurring if dose was higher than 200 Gy. Hormesis,
caused by a low level of irradiation, is believed to be due to
enhanced metabolism and antioxidant metabolism.
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