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cantia (Broertjes, 1968; Nauman et al., 1975), the dose rate 
effect occurred clearly at a higher dose, while the lower dose 
rate had little effect. Moreover, Yamaguchi et al. (2008) re-
ported the effect of the total dose and dose rate on mutation 
induction in chrysanthemum. Recently, Kim et al. (2009) 
reported the most suitable dose showing the highest muta-
tion frequency in sixteen cultivars of single-type chrysan-
themums. Especially, ‘Noble Wine’ exhibited high mutation 
frequency (21.9% at 30 Gy/24 h dose rate) and mutation 
spectrum (5.46%) (Kim et al., 2009). Also, there is no cor-
relation between high dosage and mutation frequency (Goo 
et al., 2003; Yamaguchi et al., 2008). Improper dose and dose 
rate caused chromosomal reduction in plants (Yamaguchi et 
al., 2008). Although endeavour to find proper dose rate have 
been conducted, specific proper dose rate to develop useful 
mutants remain unknown in chrysanthemum.

Many pigments determine plants’ coloration, including 
flavonoid/anthocyanins, betalains and carotenoids (Tanaka 
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 Summary
Gamma rays are useful to develop new cultivars for 

mutation breeding, in which the total dose and dose 
rate are important. On two chrysanthemum cultivars, 
‘Noble Wine’ and ‘Pinky’, were tested the effect of the 
dose rate. Four weeks after irradiation, their survival 
rate and plant height were significantly decreased 
at the dose rate 30 Gy/1 h. The dose rate 30 Gy/4 h 
produced the highest mutation frequency in both 
cultivars, with a wide mutation spectrum. Moreover, 
sucrose is known as stimulus of anthocyanin 
biosynthesis. For the induction of anthocyanin 
related flower-color mutants, we pre-treated 4-week-
old plants with 100, 200 and 300 mM sucrose before 
gamma irradiation. The cultivar ‘Pinky’ showed a high 
survival rate in all treatments; while almost all ‘Noble 
Wine’ plants treated with 200 and 300 mM sucrose 
died. A number of mutated branches were identified 
at 100 mM sucrose + 30 Gy/24 h of irradiation in 
the cultivar ‘Noble Wine’. Thus, a proper dose rate of 
gamma rays and sucrose pre-treatment could induce 
flower color mutation in chrysanthemum.

Keywords
anthocyanin biosynthesis, mutation breeding, mutation 
frequency

Significance of this study
What is already known on this subject?
• Mutation breeding is widely used to develop new 

cultivars including flower color mutants. Especially 
gamma rays are one of the important mutagens. To 
determine proper dose and dose rate is important 
to induce mutation using gamma rays. Furthermore, 
sucrose is a stimulator of anthocyanin biosynthesis. 
When target genes are highly expressed, irradiation is 
more effective.

What are the new findings?
• Survival rate and plant height were decreased with 

increasing dose rate, particularly in the cultivar 
‘Pinky’. Plants irradiated with 30 Gy for 4 h showed a 
high mutation frequency with a wide color spectrum 
in both cultivars. In addition, irradiated plants with 
100 mM sucrose pre-treatment induced many flower 
color mutants however, most all plant wither on 
200 mM and 300 mM of sucrose treatment in the 
cultivar ‘Noble Wine’. 

What is the expected impact on horticulture?
• Based on these results, it will help research suitable 

dose rate in gamma ray mutagenesis with various 
mutation spectrum in chrysanthemum. A combination 
of sucrose pre-treatment and gamma irradiation is 
effective to induce mutants. It would encourage to 
develop new cultivars using gamma rays.

Introduction
Mutation breeding is a powerful tool to develop new cul-

tivars with various colors or shapes in ornamental plants 
(Broertjes and Van Harten, 1988). Since Broertjes et al. 
(1980) produced several flower-color mutants of ‘Horim’ 
and ‘Miros’ using X-rays, many studies have been conducted 
using X-rays and in vitro techniques in chrysanthemums (De 
Jong and Custers, 1986; Nagatomi et al., 1997; Misra et al., 
2007; Park et al., 2007; Kang et al., 2013). In addition, many 
commercial cultivars with various color spectra or morpho-
logical changes were developed using radiation mutation 
breeding in chrysanthemums (Lamseejan et al., 2000; Datta 
et al., 2005; Sung et al., 2013). Mutation breeding using ion-
izing radiation will meet the demand of new varieties in the 
market with various traits. 

The total dose and the dose rate are the most important 
factors of irradiation treatment, which affects lethality, fertil-
ity, growth and various traits (Killion and Constantin, 1971; 
Bottino et al., 1975; Sripichtt et al., 1988). A higher dose rate 
was more effective for mutation induction than a lower dose 
rate in oat and maize (Nishiyama et al., 1966; Mabuchi and 
Matsumura, 1964). In addition, in Saintpaulia and Trades-
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et al., 2008). Anthocyanins are well known as plant second-
ary metabolites belonging to the flavonoids, which con-
tribute red, orange, blue and violet pigments (Tanaka et al., 
2008). Also, sucrose is a stimulator of anthocyanin biosyn-
thesis that activate expressions of anthocyanin biosynthesis-
regulated genes in many plants (Loreti et al., 2000; Gollop 
et al., 2001, 2002; Solfanelli et al., 2006; Hase et al., 2010). 
When target genes are highly expressed, radiation is more 
effective, with mutations occurring at about 2.6 fold with 
carbon ion irradiation alone (Hase et al., 2012). Therefore, 
we hypothesized that gamma irradiation is more effective for 
induction of flower color mutation when sucrose stimulates 
anthocyanin biosynthesis regulated genes.

In this study, we investigated the effects of gamma rays 
dose rates and sucrose pretreatment on the mutation fre-
quency in chrysanthemums. These results will lead to en-
hanced efficiency of mutation induction in ornamental crops, 
including chrysanthemum.

Materials and methods

Plant materials
Spray type chrysanthemum (Dendranthema grandiflo-

rum) cultivars ‘Noble Wine’ (Hwang et al., 2009) and ‘Pinky’ 
(Hwang et al., 2008) were used in this study. Stem were cut 
into 5–6 cm, planted in Bio bed soil (Dongbu Farm Hannong, 
Gimje, Korea) and grown in a greenhouse under natural 
daylight at 20 ± 5°C. After 4 weeks, the rooted explants were 
transplanted to field of the Advanced Radiation Technology 
Institute, Korea Atomic Energy Research Institute, Jeongeup, 
Korea for further analysis. Flower color was determined 
when the ray florets were fully stretched.

Irradiation treatment
At least 128 rooted explants (4-week-old) were irradiat-

ed with 30 Gy of gamma rays for 1, 4, 8, 16, and 24 h, respec-
tively , using 60Co gamma-irradiator (150 Tbq of capacity; 
ACEL, Canada) at Advanced Radiation Technology Institute 
in Jeongeup, Korea. Non-irradiated explants were used as 
control.

Mutation frequency
The mutation frequencies were calculated as the ratio 

of the number of flower color mutants to the 258 of inves-
tigated plants.

Sucrose treatment
For sucrose treatment, 4-week-old rooted explants of 

chrysanthemum were irrigated with 100, 200, and 300 mM 
of sucrose solution every day to avoid soil dehydration for 1 
week , respectively, while control plants were irrigated with 
tap water. We then irradiated sucrose pre-treated plants at 
the 30 Gy for 24 h and measured the plant height and mu-
tation frequency.  Plants were grown in plastic greenhouses 
until rooting, and were then transplanted to the field for ray 
floret characterization.

Results and discussion

Effect of gamma ray on plant development
To study the effect of gamma irradiation in the chrysan-

themum cultivars ‘Noble Wine’ and ‘Pinky’, explants were 
irradiated with 30 Gy of gamma rays for 1, 4, 8, 16, and 
24 h, respectively. Four weeks later, ‘Noble Wine’ showed a 
significantly decreased survival rate at the 30 Gy/1 h dose 

rate, after which the survival rate increased with decreasing 
dose rate of gamma rays (Figure 1A). In ‘Pinky’, they showed 
lowest survival rate  at 30 Gy/1 h (44.4%) and high survival 
rates as 94.4% at the other dose rate  (Figure 1B). Further-
more, the plants growth gradually decreased with increasing 
dose rates in both cultivars (Figure 2). 30 Gy/1 h irradiated 
‘Noble Wine’ plants showed a low survival rate as 4.2% but 
, a similar plant height of 11.6 and 12.9 cm to 4 h and 8 h 
irradiated plants, respectively (Figure 1A and 2B). It seems 
that high dose rates affect plant survival, but survived plants 
slightly recovered their growth in the cultivar ‘Noble Wine’. 
However, the height of ‘Pinky’ plants at the 30 Gy/1 h dose 
rate (7.3 cm) was much deficient among dose rate, especially 
a third of those at 30 Gy/16 (20.5 cm) and 24 h (22.4 cm) 
(Figure 2C-D).  According to these results, survival rates and 
plant heights were decreased with the increasing dose per 
time unit, particularly in the cultivars ‘Pinky’. High dose rates 
of gamma rays stunted growth in chrysanthemum. Moreover, 
the influence of irradiation on the survival and growth of 
plants differed between the two cultivars ‘Noble Wine’ and 
‘Pinky’.

Recently, many studies have shown that gamma irradia-
tion induces flower color mutations in chrysanthemums 
(Lamseejan et al., 2000; Misra et al., 2003; Yamaguchi et al., 
2008). Single and semi-double flower type chrysanthemum 
cultivar ‘Noble Wine’ and ‘Pinky’ showed relatively high 
frequency of flower color mutation at 30 Gy/24 h and 50 
Gy/24 h dose rate, respectively (Kim et al., 2009). To obtain 
more insights into the relationship between the dose rate 
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FIGURE 1. Survival rate of irradiated ‘Noble Wine’ and ‘Pinky’ after 4 weeks. Survival rate 331 

of ‘Noble Wine’ (A) and ‘Pinky’ (B) with 30 Gy of gamma-ray irradiation for the indicated 332 

irradiation times (h). con, control. 333 
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Figure 1.  Survival  rate of irradiated ‘Noble Wine’ and 
‘Pinky’ after 4 weeks. Survival rate of ‘Noble Wine’ (A) and 
‘Pinky’ (B) with 30 Gy of gamma-ray irradiation for the 
indicated irradiation times (h). con, control.
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FIGURE 2. Plant height of irradiated ‘Noble Wine’ and ‘Pinky’. Phenotypes of ‘Noble Wine’ 337 

(A) and ‘Pinky’ (C) and plant height of ‘Noble Wine’ (B) and ‘Pinky’ (D) at several dose 338 

rates of gamma irradiation. IT, irradiation time. Error bars indicated ± S.D., n = 12. Student’s 339 

t-test was used to calculate statistical significance (*P < 0.05; **P < 0.01). con, control. 340 
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Figure 2.  Plant height of irradiated ‘Noble Wine’ and ‘Pinky’. Phenotypes of ‘Noble Wine’ (A) and ‘Pinky’ (C) and plant height 
of ‘Noble Wine’ (B) and ‘Pinky’ (D) at several dose rates of gamma irradiation. IT, irradiation time. Error bars indicated ±S.D., 
n=12. Student’s t-test was used to calculate statistical significance (*P<0.05; **P<0.01). con, control.
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FIGURE 3. Plant height of ‘Noble Wine’ and ‘Pinky’ at flowering period after irradiation 

with gamma rays. The height of ‘Noble Wine’ (A) and ‘Pinky’ (B) with 30 Gy of gamma 

irradiation for 1, 4, 8, 16, and 24 h. Error bars indicated ± S.D., n = 12. Student’s t-test was 

used to calculate statistical significance (*P < 0.05; **P < 0.01). con, control.  

Figure 3.  Plant height of ‘Noble Wine’ and ‘Pinky’ at flower-
ing period after irradiation with gamma rays. The height of 
‘Noble Wine’ (A) and ‘Pinky’ (B) with 30 Gy of gamma irra-
diation for 1, 4, 8, 16, and 24 h. Error bars indicated ±S.D., 
n=12. Student’s t-test was used to calculate statistical signifi-
cance (*P<0.05; **P<0.01). con, control.

Table 1.  Phenotypic distributions of mutants and mutation 
frequency of the chrysanthemum cultivars ‘Noble Wine’ and 
‘Pinky’ induced by gamma irradiation.

Cultivar ‘Noble Wine’

Dose rate Number of mutants/ 
Investigated plants

Flower color 
(number)

Con 0/256 (0%)* –
30 Gy/1 h 0/256 (0%) –

30 Gy/4 h 28/256 (10.9%) Pinkb (12), Wineb (6), Yellowa (6), 
Yellowb (4)

30 Gy/8 h 26/256 (10.2%) Pinkb (13), Yellowa (13)
30 Gy/16 h 11/256 (4.3%) Pinkb (5), Yellowa (6)
30 Gy/24 h 6/256 (2.3%) Pinkb (6)

Cultivar ‘Pinky’

Dose rate Number of mutants/ 
Investigated plants

Flower color 
(number)

Con 0/256 (0%) –
30 Gy/1 h 21/256 (8.2%) Reddish (9), Pink (9), White (3)
30 Gy/4 h 26/256 (10.2%) Reddish (17), Pink (7), White (2)
30 Gy/8 h 11/256 (4.3%) Reddish (7), Pink (2), White (2)
30 Gy/16 h 13/256 (5.1%) Reddish (9), Pink (4)
30 Gy/24 h 2/256 (0.8%) Pink (2)

a Striped type, b Solid colored type.
* Mutation frequency was calculated by No. of mutants divided by No. 
of investigated plants.
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of gamma irradiation and mutant induction in chrysanthe-
mums, first we checked plant growth at the flowering period. 
Plant height was shortest at the high dose rate of 30 Gy/1 h in 
both ‘Noble Wine’ and ‘Pinky’ (Figure 3). In addition, the mu-
tation frequency at the 30 Gy/4 h dose rate was higher than 
for the other dose rates (Table 1). No mutants were induced 
at 30 Gy/1 h; however, various flower color mutants (pink 
with no-stripes, wine with stripes, yellow with and without 
stripes) emerged with 30 Gy/4 h of gamma irradiation in 
‘Noble Wine’ (Table 1 and Figure 4B-D). ‘Pinky’ showed the 
highest mutation frequency at the 30 Gy/4 h dose rate (red-
dish, pink, and white) (Table 1 and Figure 4F-H). Moreover, 
the 30 Gy/4 h irradiated plants showed the broadest spec-
trum of mutants among the dose rates in ‘Noble Wine’, indi-
cating that 30 Gy of gamma ray irradiation for 4 h was effec-
tive to induce various flower color mutants in both cultivars. 
Already Kim et al. (2009) conducted effects of gamma-ray 
irradiation on frequency of flower mutation and mutation 
spectrum in ‘Noble Wine’ and ‘Pinky’. However, evaluation of 
mutation frequency, our results showed significantly lower 
than previous study (Kim et al., 2009). Many factors should 
affect on induction of mutation by internal and/or external 
in plant. Also ionizing radiation caused many kinds of phe-
notype according to their random effect on DNA damage, 
while single- or double-strand DNA breaks with damaged 
end groups whose reparability would be low (Tanaka et al., 
2010). It was suggested that a lack of reproducibility is clear 
indication of random effect of irradiation. Although morpho-
logical changes, such semi-double and double blooms could 
be induced by gamma ray irradiation, we did not obtain any 
such morphological mutants in this study (Lamseejan et al., 
2000).

Effect of sucrose treatment before irradiation
Sugars stimulate anthocyanin biosynthesis signaling, and 

sucrose pretreatment with ion beam irradiation was highly 
effective to induce flower color mutants (Solfanelli et al., 
2006; Hase et al., 2010). This led us to speculate that sucrose 
treatment before gamma irradiation also help to increase 

the mutation frequency with activation of anthocyanin bio-
synthesis related genes in ‘Noble Wine’ and ‘Pinky’. Plant re-
sponses to sucrose treatment were significantly different in 
each cultivar (Figure 5). ‘Pinky’ showed fresh green leaves 
and vitality, while ‘Noble Wine’ showed severe wilting symp-
toms after 200 mM and 300 mM sucrose treatment. Moreo-
ver, almost all plants of ‘Noble Wine’ were damaged by 300 
mM sucrose application. The plant heights of the irradiated 
plant with sucrose pre-treatment were the same between su-
crose treatment and controls  as 50.6 ± 3.9 cm (‘Noble Wine’) 
and 35.8 ± 3.2 cm (‘Pinky’) (Table 2). Sucrose treatment be-
fore irradiation induced higher mutation frequencies than 
in the untreated control. In ‘Noble Wine’, 100 mM sucrose 
pre-treatment caused the plants to display 62 flower color 
mutated branches, while ‘Pinky’ under sucrose pre-treat-
ment showed similar mutation frequency and spectra as the 
control. In addition, flowering was delayed by 100 mM and 
200 mM of sucrose pre-treatment in ‘Noble Wine’, 200 mM 
and 300 mM of sucrose in ‘Pinky’, respectively.  These results 
indicated that sucrose treatment before gamma irradiation 
promotes the induction flower color mutants; however, high 
concentrations of sucrose may inhibit plant growth in chry-
santhemums.

Previous studies revealed that higher dose rates were 
more effective in mutation induction than lower dose rates in 
oat and Saintpaulia (Nishiyama et al., 1966; Broertjes, 1968). 
However, Yamaguchi et al. (2008) suggested that the total ra-
diation dose plays an important role in the induction of mu-
tants. Moreover, they showed significantly higher induction 
of flower color mutants and a wider color spectrum using 
the combination of chronic irradiation and culture methods: 
plants were damaged by acute irradiation in regenerated 
lines (Nagatomi et al., 1997). Our results support the sugges-
tion that the effect of dose rate on mutation frequency might 
differ among species and varieties (Yamaguchi et al., 2008).

Sucrose is also involved in the accumulation of antho-cy-
anin (Mita et al., 1997; Hara et al., 2003; Solfanelli et al., 
2006). Also, genes involved anthocyanin synthesis pathway, 
such as PAP, CHS, CHI, F3H, F3’H, FLS, and UF3GT are up reg-

Ye-Sol Kim et al.  |  Sucrose induced gamma ray irradiated mutants in chrysanthemum

18 

 

 
 
 
 
 
 
FIGURE 4. Flower color mutants of the cultivars ‘Noble Wine’ and ‘Pinky’ derived by 

gamma irradiation. Original flower of ‘Noble Wine’ (A), and its gamma-irradiated mutants 

(B–D). Original flower of ‘Pinky’ (E) and its gamma-irradiated mutants (F–H). 

  

Figure 4.  Flower color mutants of the cultivars ‘Noble Wine’ and ‘Pinky’ derived by gamma irradiation. Original flower of ‘Noble 
Wine’ (A), and its gamma-irradiated mutants (B–D). Original flower of ‘Pinky’ (E) and its gamma-irradiated mutants (F–H).
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ulated by sucrose (Solfanelli et al., 2006). Sucrose pretreat-
ment significantly increased the frequency of flower color 
mutations with ion beam irradiation in Petunia seedlings 
(Hase et al., 2010). It was suggested that sucrose helps induc-
tion of flower color mutant with radiation according to pro-
motion of anthocyanin biosynthesis regulated genes. In this 
study, we confirmed that sucrose treatment before gamma 
ray irradiation could induce mutations effectively, although 
the mutation frequency differed according to the cultivars. 
However, high concentrations of sucrose damaged plant 
growth. Thus, the most suitable concentration for sucrose 
pre-treatment remains to be determined. This finding will 
helps improvement of mutation breeding for flower color, es-
pecially anthocyanin accumulation by sucrose pre-treatment 
and gamma ray.

Conclusion
In this study, we demonstrated the effects of gamma ir-

radiation at several dose rates by assessing plant growth and 

mutation frequency in two chrysanthemum cultivars, ‘Noble 
Wine’ and ‘Pinky’. Furthermore, we found that irradiation af-
ter pre-treatment with a moderate concentration of sucrose 
also increased the mutation frequency. Thus, the dose and 
dose rate of gamma rays affect mutation induction as well 
as a suitable concentration of sucrose before gamma irradia-
tion. However, it needs to find out how the mechanism occurs 
by sucrose and/or gamma ray with regard to anthocyanin 
biosynthesis. Further identification of biosynthetic pathways 
producing flower color pigment and the molecular and bio-
logical changes in irradiated plants is essential to provide 
more insights into the effects of gamma irradiation in flower 
color mutation .
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FIGURE 5. Growth of chrysanthemums under different sucrose treatments (100, 200 and 

300 mM) before the gamma irradiation. Control plants irrigated with tap water (A, E; total 

128 plants). ‘Noble Wine’ (A–D) with 100 mM (B), 200 mM (C), and 300 mM (D) sucrose 

treated for 1 week (256 plants), respectively. ‘Pinky’ (E–H) with 100 mM (F), 200 mM (G), 

and 300 mM (H) sucrose treated for 1 week (256 plants), respectively. 

  

Figure 5.  Growth of chrysanthemums under different sucrose treatments (100, 200 and 300 mM) before the gamma 
irradiation. Control plants irrigated with tap water (A, E; total 128 plants ). ‘Noble Wine’ (A–D) with 100 mM (B), 200 mM (C), 
and 300 mM (D) sucrose treated for 1 week (256 plants), respectively. ‘Pinky’ (E–H) with 100 mM (F), 200 mM (G), and 300 
mM (H) sucrose treated for 1 week (256 plants), respectively.

Table 2 .  Phenotypic distribution of ‘Noble Wine’ and ‘Pinky’ mutants by sucrose treatment before gamma irradiation.

Cultivar ‘Noble Wine’

Variant Plant height 
(cm)

Number of mutants/ 
Investigated plants

Mutation description 
(number)

30 Gy/24 h control 50.6 ± 3.9  3/128 (2.3%)* Purpleb (2), Yellowa (1)
30 Gy/24 h 100 mM 46.7 ± 4.8 62/256 (24.2%) Purpleb (36), Yellowa (6), Whiteb (4), Ivoryb (4), Delay of flowering (12)
30 Gy/24 h 200 mM 48.4 ± 5.4 12/256   (4.7%) Yellowa (4), Delay of flowering (8)

Cultivar ‘Pinky’

Variant Plant height 
(cm)

Number of mutants/ 
Investigated plants

Mutation description 
(number)

30 Gy/24 h control 35.8 ± 3.2 1/128 (0.8%)* White (1 )
30 Gy/24 h 100 mM 33.5 ± 3.1 4/256 (1.6%) White (2), Pink (2)
30 Gy/24 h 200 mM 30.0 ± 2.1 4/256 (1.6%) White (2), Delay of flowering (2)
30 Gy/24 h 300 mM 35.6 ± 4.2 4/256 (1.6%) White (2), Delay of flowering (2)

a Striped type, b Solid-colored type.
* Mutation frequency was calculated by No. of mutants divided by No. of investigated plants.
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