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survive in Korea where the temperatures are variable from 
-15°C to 40°C in a year. However, zoysiagrass suffers from 
low temperature stress during Korean winter when air tem-
peratures are lower than 5°C for 108 days on average (White 
et al., 2001).

Mutation breeding has been successfully applied to im-
prove varieties of many crop species. About 70% of the 
world’s mutant varieties have been induced through gamma 
rays which has advantages over chemical mutagens in that it 
can induce various types of DNA mutations and the frequen-
cy of mutation is moderate for breeding of commercial culti-
vars (Datta, 2009; Tanaka et al., 2010). Radiation mutagene-
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 Summary
Korean lawngrass is a widely-used turfgrass species. 

In this study, we determined the effects of gamma 
irradiation on growth characteristics and cellular 
damages in this species. Seeds were irradiated with 
100, 200, 400, 600, 800, and 1,000 Gy of gamma rays, 
respectively. To evaluate growth characteristics, 
germination rate and morphological traits (shoot 
length and width, root length, fresh weight, leaf blade 
length and width, sheath length, plant width, and 
number of tillers) were measured. We also examined 
the activities of the antioxidant enzymes including 
ascorbate peroxidase, catalase, superoxide dismutase, 
and peroxidase and the content of malondialdehyde. 
The germination rate decreased with an increase of 
gamma-ray dose, and seeds irradiated with doses 
higher than 600 Gy did not germinate at all. The 50% 
lethal dose (LD50) for gamma irradiation was 280–
300 Gy. We also conducted a comet assay to observe 
nuclear DNA damage in the germinated plants. 
Significant differences were identified between the 
control and 400 Gy treatments. Increasing gamma-
ray doses from 0 to 400 Gy, the percentage of head 
DNA decreased significantly from 93.9% to 67.0%. In 
addition, the antioxidant enzyme activities and the 
content of MDA increased with the gamma-ray doses. 
These results showed that higher doses of gamma 
irradiation caused the greater oxidative stress and 
DNA damage in Korean lawngrass.
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Significance of this study
What is already known on this subject?
• According to heat tolerance and winter hardiness, 

Korean lawngrass is one of the important ground 
cover plants in Asia, USA, and other countries. 
Gamma ray have been used to induce mutants with 
various trait in plants. However, gamma ray also 
induce oxidative stress with the overproduction of 
reactive oxygen species (ROS), superoxide radicals 
(O2

-), hydroxyl radicals (•OH), and hydrogen peroxide 
(H2O2). Furthermore, comet assay detected DNA 
damage on nucleus.

What are the new findings?
• Germination rate and morphological traits according 

to plant development reduced with increasing dose 
of gamma ray. Thus, DNA damage of irradiation 
was detected at increasing dose rates with 100 Gy 
and higher. Significant difference was not found in 
activities of oxidative stress related enzymes between 
gamma-irradiation dose rate. But MDA content 
increased with the gamma-ray doses. Thus, higher 
doses of gamma irradiation induced the oxidative 
stresses and DNA damages in Korean lawngrass.

What is the expected impact on horticulture?
• According to these results, gamma rays affected 

morphological traits, lipid peroxidation, and DNA 
damage in Korean lawngrass. These results will 
help further research of mutation breeding using 
irradiation and provide a guidance of selection of dose 
and dose rate for induction of various traits.

Introduction
Korean lawngrass (Zoysia japonica Steud.) is a warm-sea-

son turfgrass species that originated in Korea, Japan, and 
China. Zoysiagrasses, including Korean lawngrass (Zoysia ja-
ponica Steud.), manilagrass (Zoysia matrella [L.] Merr.), and 
mascarenegrass (Zoysia tenuifolia Wild. Ex Trin.), have been 
widely used for golf course greens and fairways in Korea be-
cause of their extremely dense and slow-growing stolons. 
Korean lawngrass is one of the most important turfgrass 
species in Asia and its use is rapidly expanding in the USA 
and other countries (Toyama et al., 2003). Due to its good 
heat tolerance and winter-hardiness, Korean lawngrass can 



304 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

Lee et al.  |  Gamma irradiation effects on Korean lawngrass (Zoysia japonica Steud.)

sis has been applied to warm-season turfgrasses such as Ber-
muda grass (Cynodon dactylon [L.] Pers.), St. Augustinegrass 
(Stenotaphrum secundatum [Walt.] Kuntze.), and centipe-
degrass (Eremochloa ophiuroides [Munro] Hack.) and also to 
cool-season turfgrasses such as creeping bentgrass (Agrostis 
palustris Huds.), perennial ryegrass (Lolium perenne L.), and 
tall fescue (Festuca arundiancea). As a result, twenty-three 
cultivars developed by irradiation mutagenesis have been re-
leased (IAEA, 2014). Gamma irradiation also has been used 
to develop zoysiagrass and warm-season turfgrass cultivars 
(Lee et al., 2008; Lu et al., 2009; Li et al., 2010). Various mor-
phological mutations induced by radiation have been report-
ed in feed and turf grasses (Kristina et al., 1984). The most 
common mutant trait of irradiated plants was dwarfism.

Gamma rays are known to induce oxidative stress with 
the overproduction of reactive oxygen species (ROS) such as 
superoxide radicals (O2

-), hydroxyl radicals (•OH), and hydro-
gen peroxide (H2O2), which react rapidly with almost all or-
ganic molecules including proteins, lipids, and nucleic acids 
and disrupt cellular metabolism (Al-Rumaih and Al-Rumaih, 
2008; Noreen and Ashraf, 2009). To scavenge ROS, plants have 
evolved enzymatic antioxidant systems involving superox-
ide dismutase (SOD), catalase (CAT), and peroxidase (POD) 
(Scandalios, 1993; Scebba et al., 1999). Because SOD, CAT, and 
POD are considered as key enzymes for antioxidative defense 
mechanism, their activity levels can be used as indices to de-
termine the cellular concentrations of O2

− and H2O2. These en-
zymes also have been used to investigate the physiological ef-
fects of gamma-rays on mutation induction (Kim et al., 2005).

The comet assay has been used to detect DNA damage 
in many plants. This technique is applicable in detection of 
DNA damage in living cells treated with gamma-rays (Col-
lins, 2014). For example, the DNA damage induced by hy-
drogen peroxide in cultured tobacco (Stavreva et al., 2002) 
and onion (Navarrete et al., 1997) cells was detected using 
this method, as was the dose-dependent induction of DNA 
damage in root cells and leaves of plants (Achary et al., 2008; 
Koppen et al., 1999). 

In this study, we investigated the effects of gamma-ray 
through evaluation of physiological responses, lipid peroxi-
dation, and comet assay in Korean lawngrass. 

Materials and methods

Plant materials and irradiation
Korean lawngrass seeds were irradiated with 100, 200, 

400, 600, 800, and 1,000 Gy of gamma-ray, respectively, for 
24 h using a 60Co gamma-irradiator (150 TBq of capacity; 
ACEL, Canada) at the Korea Atomic Energy Research Insti-
tute, Jeongeup, Korea in 2012. After irradiation, 2,000 seeds 
from each treatment were immediately planted in Bio bed 
soil (Dongbu Farm Hannong, Gimje, Korea) and grown in a 
greenhouse under natural daylight at 20 ± 5°C for 2 months. 
Plants were irrigated with tap water to avoid soil dehydra-
tion and were sprayed with pesticides once a week for dis-
ease management.

Measurement of physiological responses
The radiosensitivity was tested by measuring the relative 

germination rate of Korean lawngrass seeds at 4 weeks af-
ter gamma irradiation. To evaluate the growth responses to 
gamma-ray, morphological traits (shoot length, root length, 
shoot width, fresh weight, leaf blade length, leaf blade width, 
sheath length, plant width, and number of tillers) were mea-
sured on 20 plants in each treatment. 

Measurement of lipid peroxidation
Lipid peroxidation was determined by malondialdehyde 

(MDA) accumulation, according to Dhindsa and Matowe 
(1981). Fresh leaf (0.1 g) was homogenized in 1 mL of 10% 
(w/v) trichloroacetic acid (TCA; Sigma-Aldrich, St. Louis, MO, 
USA). The homogenate was centrifuged at 10,000 × g for 10 
min. The 600 μL supernatant was collected and mixed with 
0.67% (w/v) thiobarbituric acid (TBA; Sigma-Aldrich). Then 
the homogenate was incubated at 95°C for 30 min on a heat 
block, quickly cooled on ice and centrifuged at 10,000 × g 
for 10 min using micro centrifuge (Thermo Scientific, MA, 
USA). The absorbance of the supernatant was measured at 
535 nm and corrected by subtracting the non-specific absor-
bance at 600 nm with spectrophotometer Uvikon 923 (Bio-
Tek Instruments, VT, USA). Because of the limited specificity 
of the method, the concentration of TBA reactive substances 
(TBARS) was calculated using an extinction co-efficient of 
155 mM-1 cm-1 and results were expressed as nmol TBARS 
per gram fresh weight (Egert and Tevini, 2002). MDA content 
was measured using spectrophotometry at 450 nm, 532 nm, 
and 600 nm and calculated as: MDA content = 6.453 ×  
(A532 nm – A600 nm) − 0.563 × A450 nm (Wang et al., 2006).

Measurement of antioxidant enzyme activity 
To extract antioxidant enzymes, 200 mg fresh leaves 

were homogenized with 1.5 mL of 100 mM phosphate buffer 
solution (pH 7.0) containing 0.1 mM EDTA and centrifuged 
at 12,000 × g for 2 min at 4°C. The supernatant was used to 
determine soluble protein concentrations and enzyme activ-
ities. Total protein concentration was measured according to 
the Bradford method (Bradford, 1976).

SOD activity was measured as described by Beyer and 
Fridovich (1987). The activity of the enzyme was quantified 
based on the competitive inhibition of nitroblue tetrazolium 
(NBT) reduction by generated superoxide radicals. One unit 
of SOD was defined as the amount of enzyme required to in-
hibit reduction of NBT (Sigma-Aldrich, MO, USA) by 50% at 
25°C.

POD activity was determined by a modified method 
based on that described by Pütter (1974) using pyrogallol as 
a substrate. The reaction solution contained 0.1 M phosphate 
buffer (pH 6.0), 15 mM pyrogallol, 8 mM H2O2 (Sigma-Al-
drich), and the enzyme extract. One unit of POD activity was 
defined as the amount of enzyme necessary to obtain H2O2 
from pyrogallol in 20 s and monitored at 470 nm.

CAT activity was assayed in a reaction mixture contain-
ing 50 mM potassium phosphate buffer (pH 7.0, containing 
0.1 mM EDTA), 10 mM H2O2 (Sigma-Aldrich), and the en-
zyme extract. The reaction was started with the addition of 
the enzyme extract, and the decomposition rate of H2O2 was 
followed at 240 nm (Aebi, 1974; Chance and Maehly, 1955). 

APX activity was determined by following the decrease 
of absorbance at 290 nm according to Mittler and Zilinskas 
(1993). The reaction mixture contained 50 mM potassium 
phosphate buffer (pH 7.0) containing 0.5 mM ascorbate, 
1 mM H2O2, and 0.1 mM EDTA. The enzyme unit was defined 
as the amount of enzyme which produced as 0.01 absor-
bance change at 290 nm / min for APX.

Comet assay
Comet assay followed the method of Dhawan et al. (2009) 

with some modification. Microscope slides were pre-coated 
with a layer of 1% normal melting point agarose and thor-
oughly dried at room temperature. The seedling root tips 
were sliced in 1 mL phosphate buffered saline (160 mM NaCl, 
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8 mM Na2HPO4, 4 mM NaH2PO4, pH 7.0) containing 50 mM 
EDTA on ice with a fresh razor blade. Two 70 µL drops of 
the resulting suspension of nuclei were placed separately 
on each slide, mixed with an equal volume of liquid 1% low 
melting point agarose (Gibco BRL, Gaithersburg, MD, USA) 
at 60°C, and covered with a 20 mm × 50 mm cover glass. Nu-
clei were subjected to lysis buffer in high salt solution (2.5 M 
NaCl2, 10 mM Tris-HCl pH 7.5, 100 mM EDTA) for 2 h at 4°C. 
For comet assay, unwinding was done in high alkali for 10 
min before electrophoresis in the same solution for 10 min 
with 25 V (0.7 V cm-1) and 300 mA in a chamber cooled on ice, 
followed by a 5 min neutralization step in 100 mM Tris-HCl 
pH 7.5. To remove starch grains in the nuclear suspension 
from gels, the slides were kept for 10 min in 1% Triton prior 
to dehydration for 2 × 5 min in 95% ethanol and air-drying. 
The comet assay was performed in a dark-room with dim red 
light. To visualize DNA content and damage pattern, obser-
vations were conducted using Propidium iodide solution (PI 
solution) stained DNA at a 40× objective under a fluorescent 
microscope.

Statistical analysis
Student’s t-test was used to analyze all data and the re-

sults were represented as mean ± S.D. at the various param-
eters for irradiated and control (non-irradiation) samples. 
The P-value <0.05 and 0.01 were considered to be statisti-
cally significant.

Results and discussion

Physiological responses
To elucidate the effects of gamma irradiation on seed 

germination, we compared germination rate in irradiated 
with 100 to 1,000 Gy of gamma ray and control seeds. Fig-
ure 1 shows that germination rates relative to the control 
decreased with increasing doses. Irradiation of 100 and 
200 Gy reduced the relative germination rates to 73.4% and 
53.1%, respectively, compared with the control. The 400 Gy 
dose significantly lowered the relative germination rate to 
8.4%. Seeds irradiated with doses of 600 Gy and higher did 
not germinate at all. Based on the germination rates, a lethal 
dose 50 (LD50) for gamma irradiation was approximately 
280–300 Gy, which was very similar to the results of Lee et 
al. (2008).

Since the seeds irradiated with gamma-ray in doses high-
er than 600 Gy did not germinate, morphological traits such 
as shoot length, root length, shoot width, fresh weight, leaf 
blade length, leaf blade width, sheath length, plant width, 
and number of tillers, were only evaluated for 0, 100, 200, 
and 400 Gy treatments (Figure 2). Shoot length decreased 
with increasing doses of gamma-ray. Shoot length was sig-
nificantly reduced to 4.5 (200 Gy) and 4.0 cm (400 Gy) when 
those were compared to the control (6.6 cm), respectively 
(Figure 2A). Root length decreased with increasing dose by 
0.8–4.5 cm (Figure 2B). In addition, fresh weight was re-
duced by 0.08–0.27 g compared with the control (Figure 2D). 
Compared with the control, leaf blades of irradiated samples 
were 0.3–1.9 cm shorter and 0.01–0.08 mm narrower (Fig-
ure 2E and F); the sheaths were 0.3–0.6 cm shorter (Figure 
2G). Interestingly, plant width were significantly decreased 
in 200 Gy of gamma irradiated plants (Figure 2H). Number of 
tillers also decreased with increasing dose and showed sig-
nificant difference in 400 Gy of gamma ray irradiated plants 
(Figure 2I).

Irradiated samples were characterized by significantly 
shorter leaf blade length, width, and lighter fresh weight that 
were reduced by up to 60% (Figure 2). Shoot lengths, shoot 
width, root length, sheath lengths, and number of tillers were 
significantly shorter. The most notable phenotype in the ir-
radiated samples was dwarfism. These results were similar 
to those in gamma irradiation of turf-type bermudagrass (Lu 
et al., 2009). On the contrary to this, gamma-ray treatment 
increased the germination rate and promoted growth in corn 
(Kim et al., 2000). In the treatment of radiation over 200 Gy, 
shoot length, shoot width, leaf blade length, and sheath 
length were reduced significantly. In addition, root length, 
plant fresh weight, leaf blade width, and number of tillers 
were significantly reduced in gamma-irradiation in 400 Gy 
which was higher than LD50 (280–300 Gy) determined in 
this study (Figure 2). However, we couldn’t detect any mor-
phological difference between non-irradiated and 100 Gy of 
gamma ray irradiated plants. It seems that 100 Gy of gamma 
ray does not affect plant development in Korean lawngrass. 

Lipid peroxidation and ROS scavenging 
To assess the lipid peroxidation level in the irradiated 

samples, content of MDA, which is a secondary product of 
lipid peroxidation, was measured in the samples irradiated 
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FIGURE 1. Relative germination rate of Korean lawngrass according to the gamma-ray doses. Gamma-ray irradiated 
2,000 seed were sown on soil and calculated germination rate after 4 weeks. Not-irradiated seeds were used for 
control. 
 
 
  

Figure 1. Relative germination rate 
of Korean lawngrass according to 
the gamma-ray doses. Gamma-ray 
irradiated 2,000 seed were sown on 
soil and calculated germination rate 
after 4 weeks. Not-irradiated seeds 
were used for control.
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with 100, 200, and 400 Gy of gamma-ray, respectively. The 
MDA content of the sample irradiated with 400 Gy was about 
1.5-fold as high as the control (Figure 3). Thus, higher dos-
es of gamma-rays appeared to increase oxidative damage in 
cells of Korean lawngrass. Such increases have been found in 
rice under radiation stress (Kim et al., 2011). Dhindsa and 
Matowe (1981) reported that the increase of MDA content 
indicated membrane lipid peroxidation which is related with 
cell membrane damage. Intra-cellular free radicals induced 
by radiation caused the peroxidation of lipids, which result-
ed in the increase of MDA contents (Lutts et al., 1996).

When ROS increased in plants, they increase the expres-
sion of antioxidant enzymes in order to protect themselves. 
Under biotic and abiotic stimuli, inordinate generation of 
ROS can overwhelm the enzymatic and non-enzymatic de-
toxification mechanisms, giving rise to oxidative stress. ROS, 
such as superoxide radicals, hydroxyl radicals, and hydrogen 
peroxide, react very rapidly with DNA, lipids, and proteins 
and cause cellular damage (Wu and Cederbaum, 2003). 

The samples irradiated with 400 Gy of gamma-rays indi-
cated significantly different activities of CAT, APX, POD, and 
SOD compared with the control (Figure 4). CAT activity was 
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FIGURE 2. Morphological characteristics of gamma ray irradiated plants in Korean lawngrass. 4-week-old irradiated 
plants are estimated (A) shoot length, (B) root length, (C) shoot width, (D) fresh weight, (E) leaf blade length, (F) 
leaf blade width, (G) sheath length, (H) plant width, and (I) number of tillers. Means and SDs were obtained from 
more than three experimental replicates. Error bars indicated ±S.D., n=20. Student’s t-test was used to calculated 
statistical significance (*P<0.05; **P< 0.01). 
 
 
  

Figure 2. Morphological characteristics of gamma ray irradiated plants in Korean lawngrass. 4-week-old irradiated plants are 
estimated (A) shoot length, (B) root length, (C) shoot width, (D) fresh weight, (E) leaf blade length, (F) leaf blade width, (G) 
sheath length, (H) plant width, and (I) number of tillers. Means and SDs were obtained from more than three experimental 
replicates. Error bars indicated ±S.D., n = 20. Student’s t-test was used to calculate statistical significance (*P < 0.05; **P < 0.01).
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FIGURE 3. Malondialdehyde (MDA) content of 4-week-old gamma-ray irradiated plants in Korean lawngrass. Means 
and SDs were obtained from more than three experimental replicates. Error bars indicated ±SD, n=3. Student’s t-
test was used to calculated statistical significance (*P<0.05). FW=fresh weight. 
 
  

Figure 3. Malondialdehyde  (MDA) content of 4-week-old 
gamma-ray irradiated plants in Korean lawngrass. Means 
and SDs were obtained from more than three experimental 
replicates. Error bars indicated ± SD, n = 3. Student’s t-test 
was used to calculate statistical significance (*P < 0.05). 
FW = fresh weight.
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95.3, 118.6, 148.1, and 180.0 Unit mg protein-1 at 0, 100, 200, 
400 Gy, respectively (Figure 4A). APX activity was slightly 
higher than the control at 200 Gy and about 1.5 fold high-
er at 400 Gy (Figure 4B). POD activity was 45% (33.3 Unit 
mg protein-1) and 56% (35.8 Unit mg protein-1) higher than 
the control at 200 Gy and 400 Gy, respectively (Figure 4C). 
However, these differences in CAT, APX, and POD activities 
according to gamma-irradiation doses were not significant. 
SOD activity neither did not show a significant difference at 
100, 200 Gy compared to the control (99.9 Unit mg protein-1), 
however, it increased by 57.6% (157 Unit mg protein-1) at 
400 Gy (Figure 4D).

Gamma rays have been reported to induce oxidative 
stress through the overproduction of ROS such as superox-
ide radicals (O2-), hydroxyl radicals (OH-), and H2O2 (Apel 
and Hirt, 2004) causing oxidative stress within the plant 
cells (Mascher et al., 2002). In addition to severe damage on 
cellular and organelle membranes by oxidative degradation 
of lipids, ROS radicals can attack DNA inducing single-strand 
or double-strand breaks which can result in inheritable DNA 
mutations in turn (Lagoda, 2012). Thus, activities of enzymes 
involved in defense system against oxidative stress may be 
indicators for possible DNA mutation caused by ROS. In this 
study, although statistical significance was not found in most 
cases, a tendency of increased activities was detected for four 

enzymes related to oxidative stress defense in gamma-irradi-
ation dosage was increased. This implies utility of activities 
of those enzymes as an indirect indicator for mutation induc-
tion rate if a detailed relationship between enzyme activities 
after irradiation and mutation frequency in subsequent gen-
erations is determined by further studies.

Evaluation of DNA damage by comet assay
The comet assay is a sensitive and rapid method for de-

tecting DNA single-strand and double-strand breaks and an 
individual cell’s DNA repair profile. To evaluate DNA damage 
induced by gamma irradiation, nuclei were isolated from 
roots of plants at 4 weeks after irradiation and DNA dam-
age was examined using the comet assay. A clear difference 
was identified between the 0 and 100 Gy treatments. With 
increasing doses of gamma-ray from 0 to 400 Gy, the percent-
age of head DNA decreased significantly from 93.9 ± 3.6% 
(control) to 67.0 ± 9.8% (400 Gy). The content and length of 
tail DNA in irradiated samples increased significantly from 
6.1 ± 3.6% and 10.5 ± 0.7 µm (control) to 33.0±9.8% and 
25.9±5.3 µm (400 Gy) (Figure 5). 

These results indicated that the decrease of nuclear DNA 
content was significantly co-related with the dose of gamma 
rays. Similarly, DNA damage increased in yeast (Nemavark-
ar et al., 2004) and barley (Georgieva and Stoilov, 2008) ex-
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FIGURE 4. Activities of antioxidant enzymes of 4-week-old gamma-ray irradiated plants in Korean lawngrass. 
Activity of (A) CAT, (B) APX, (C) POD, and (D) SOD are conducted, respectively. The values are expressed as the 
units per mg protein of each antioxidant enzyme activity. Means and SDs were obtained from more than three 
experimental replicates. Error bars indicated ±SD, n=3. Student’s t-test was used to calculated statistical 
significance (*P<0.05). 
 
 
  

Figure 4. Activities of antioxidant enzymes of 4-week-old gamma-ray irradiated plants in Korean lawngrass. Activity of  
(A) CAT, (B) APX, (C) POD, and (D) SOD are conducted, respectively. The values are expressed as the units per mg protein of 
each antioxidant enzyme activity. Means and SDs were obtained from more than three experimental replicates. Error bars 
indicated ± SD, n = 3. Student’s t-test was used to calculate statistical significance (*P < 0.05).
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posed to gamma rays, and in Arabidopsis treated with geno-
toxic stress such as methyl-methanesulfonate (MNU) and 
N-methyl-N-nitrosourea (MNS) (Merten et al., 2001).

Conclusions
The present results showed the reverse relationship of 

germination rate and parameters of plant development with 
dosage of irradiated gamma-ray from which LD50 was deter-
mined. In addition, the higher doses of gamma-ray, especially 
400 Gy, caused the greater oxidative stress and DNA damage 
in Korean lawngrass. We expect these results provide basic 
information to determine adequate gamma-ray dose for mu-
tagenesis and mutation population development in further 
studies.
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(B) tail DNA, and (C) tail DNA length. Means and SDs were obtained from more than three experimental replicates. 
Error bars indicated ± SD, n=20. Student’s t-test was used to calculated statistical significance (*P<0.05; **P<0.01). 
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